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Summary

Planet formation is a topic that still has many unanswered questions, particularly regarding the forma-
tion of wide orbit giant planets. Detecting more of these types of planets can aid understanding of how
they form by giving examples of what kind of planets exist. Direct imaging is uniquely well suited to
detecting these kinds of planets, which is why several direct imaging surveys have been launched with
this goal. Including the Young Suns Exoplanet Survey, which is looking specifically for wide orbit giant
planets around young solar analogues.

The survey makes use of the IRDIS instrument on the VLT, which images in parallel with the IFS. By
analyzing the IRDIS data, the researchers have already detected three planets in two systems. How-
ever, the IFS data has not yet been analyzed. That was the goal for this thesis: to contribute to YSES
and the broader scientific community by analyzing the IFS data to search for potential companions.

In total, 41 observations of 37 different star systems were analyzed. The data was pre- and post-
processed (with SDI), and candidate companions were identified and examined. Eight candidate com-
panions were found in five systems. Of those candidates, all were determined to be background stars
and not related to the host. Two were bright single stars. One system had two M-dwarf candidate
companions that were in a binary system together. The last two systems each had two candidate com-
panions, and in both cases it was revealed that these candidates form a triple system of their own, with
one of the candidates being an unresolved binary. One of these triple systems was previously thought
to be an equal mass binary with the host star, however this thesis has proved that this is not the case.

All of the systems analyzed also had detection limits computed. This gives a good idea for what size of
objects could have been seen if they had been in the images. For most systems, the limit after SDI is
around 5-10M; at 0.3"-0.5". This leaves room for planetary mass companions in these systems which
could be found in follow-up observations. The two background triple systems should also have follow-
up observations performed, as this configuration is somewhat unusual and warrants further study.
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Introduction

The topic of planet formation is not yet well understood, especially regarding the formation mechanisms
of wide orbit giant planets.(Morbidelliand Raymond, 2016) The best method to detect and analyze such
planets is with direct imaging, as other detection methods (such as transits or radial velocity) have a
drop off in sensitivity at larger distances.(Marois et al., 2008) In recent years, several surveys have
been initiated with the goal of finding these wide orbit companions, including the Gemini Planet Imager
Survey (GPIES; Nielsen et al., 2019), the SpHere INfrared survey for Exoplanets (SHINE; Vigan et al.,
2021), and the Young Suns Exoplanet Survey (YSES; Bohn et al., 2021). These surveys aim to in-
crease our understanding of how these objects form by looking at what type of planets are out there,
and where and how readily they form.

YSES focuses on young (<20Myrs old), sun-like stars (approximately 11/)) to search for companions
there. The survey is being performed with the Spectro-Polarimetric High-contrast Exoplanet REsearch
(SPHERE) extreme adaptive optics (AO) system of the Very Large Telescope (VLT). So far YSES has
detected three new planets in two different systems using the InfraRed Dual-band Imager and Spectro-
graph (IRDIS).(Bohn et al., 2020a,b, 2021) During the survey, images were also made of most of the
systems utilizing the Integral Field Spectrograph (IFS) instrument imaging in parallel with IRDIS. This
data from the IFS has not yet been analyzed, so there may still be some companions hiding in those
images. This thesis aims to further the goals of the YSES survey and the broader scientific community
by analyzing these images to find new wide orbit planets, and answer the main research question:

What companions can be identified in the IFS data from YSES, and what are the characteristics
of these companions?

This thesis will present the work performed over the past few months to answer this question. It will be
broken down into three parts. Part | gives background information necessary for the thesis, beginning
with information on previous direct imaging research in Chapter 2. A brief explanation of YSES, the
survey this thesis is contributing to, will be presented in Chapter 3. And Chapter 4 will present some
information about the instrument used for the thesis. The methodology used to carry out this work will
be presented in Part II: Chapter 5 will discuss the reduction, the first step to processing the images;
then Chapter 6 will explain postprocessing, the method by which the light of the star is subtracted
out to reveal the companions. The methods used to characterize the companions will be outlined in
Chapter 7. Finally, Part 1l gives the results of the companions detected and their properties in Chapter 8
and conclusions and recommendations for future work in Chapter 9.
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History of Direct Imaging

Before trying to detect new planets with direct imaging, it is useful to see what has been achieved with
direct imaging thus far. In Section 2.1 an overview of direct imaging and its merits compared to other
exoplanet detection methods will be given. Then a select group of significant detections of planetary
mass companions will be discussed in Section 2.2. In Section 2.3 some results from current direct
imaging surveys will be mentioned.

2.1. Direct Imaging vs. Other Detection Methods

At time of writing, there are 5539 confirmed exoplanets discovered with various different methods." In
Figure 2.1, a number of these planets are plotted by mass and semi-major axis, and labeled by what
method they were detected with. Around 60 of these exoplanets were detected using direct imaging.?
This is a comparatively low number of detections compared to other methods like radial velocity or
transits, however direct imaging works very well to detect those planets the other methods cannot.

2021: 175 planets with spectroscopic measurements
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Figure 2.1: Distribution of planetary-mass companions detected with various methods. The bold symbols denote those planets

with spectroscopic measurements (175 planets as of 2021). Solar system planets are included for comparison. Direct imaging

is ideal for detecting wide orbit giant planets, and for retrieving spectra, which cannot be done with other methods. Taken from
Currie et al. (2023).

Other methods decrease in effectiveness with separation from the host star, whereas direct imaging
performs best for wide separations.(Marois et al., 2008) With current methods, direct imaging can only

"Exoplanet catalog: https://exoplanets.nasa.gov/discovery/exoplanet-catalog/, accessed 2023-11-13
2See footnote 1.
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detect giant planets, specifically those that are young and thus hot and self luminous. Imaging can help
fill in the gaps of wide orbit planets that the other methods cannot detect. Direct imaging is the only way
to retrieve spectra for planets that are not transiting. In Figure 2.1 it can be seen that directly imaged
planets make up a significant portion of those planets which have spectroscopic measurements. Hope-
fully with the next generation of extremely large telescopes, it will be possible to image smaller planets,
and/or planets at smaller separations, and thus retrieve spectra for some of those planets originally
detected with radial velocity.(Artigau et al., 2018)

2.2. Notable Direct Imaging Detections

Too many planets have been discovered with direct imaging to discuss all of them, so only a few of the
most notable planets will be discussed here, with their most important features highlighted. Images of
a select few of these are displayed in Figure 2.2.

First Detections

The first planetary mass companion to be discovered with direct imaging was found orbiting 2MASSWJ
1207334-393254 (or 2M1207) in 2004.(Chauvin et al., 2004) It was confirmed as a companion in 2005
after follow up observations proved it had common proper motion.(Chauvin et al., 2005) The compan-
ion has a mass of approximately 5 M, and orbits a 25 M ; M dwarf. This was quickly followed by
the detections of DH Tau b and GQ Lup b in 2005.(Itoh et al., 2005; Neuhauser et al., 2005) These
detections were made with the first generation of AO systems (VLT/NACO for 2M1207b and GQ Lup b,
and Subaru/CIAO for DH Tau b). A few more detections were made in the next couple years, but the
real watershed moment for direct imaging came with the detections of HR 8799 bcd in late 2008 and 3
Pictoris b in early 2009.(Marois et al., 2008; Lagrange et al., 2009)

HR 8799

HR 8799 is a mid-A field star with a massive debris disk, which shows signs of perturbation due to
massive planets.(Su et al., 2009) Three of these planets were discovered in 2008, with a fourth, inner
planet discovered two years later.(Marois et al., 2008, 2010) This was the first ever multiple planet
system discovered via direct imaging, and one of only six to be confirmed thus far.® The system still
boasts more confirmed planets than any other directly imaged system. The planets were also discov-
ered in older archival images of the system.(Lafreniére et al., 2009) A decade of archival data allowed
for placing constraints on the orbits of these planets, which appear to be in or close to a 1:2:4:8 orbital
resonance.(Konopacky et al., 2016) These planets have projected separations ranging from 15-70 AU;
their masses are calculated to range from 5-13 M ; based on their magnitude, but dynamical constraints
put the masses below 10 M ; for cde or 7 M ; for b.(Marois et al., 2010) This is one of the best studied
systems, with a number of papers about characterizing the planets and their orbits.(e.g. Greenbaum
et al., 2018; Molliére et al., 2020; Wang et al., 2018) The system is said to resemble a scaled up version
of the outer part of our solar system.(Marois et al., 2008) An image of the four planets can be found in
Figure 2.2a.

(5 Pictoris

5 Pic is an A type star, and is the eponymous member of the 5 Pic Moving Group. It has a debris disk,
which has been imaged many times over several decades. The disk was long thought to be associated
with planet formation due to its flattened shape.(Smith and Terrile, 1984) In 2009 5 Pic b was imaged
within the inner edge of the disk, at a projected separation of about 8 AU.(Lagrange et al., 2009) The
detection was confirmed with follow-up observations the following year.(Lagrange et al., 2010) The
planet’s separation of 8-15 AU is still one of the smallest separations of any directly imaged planet. In
2019, Lagrange et al. (2019) found a second planet in the system via the radial velocity method and
the planet was directly imaged one year later with the Very Large Telescope Interferometer instrument
Gravity. 8 Pic ¢ has a mass of 8.2 M, slightly smaller than the 9.3 M; mass of 8 Pic b, and has a

3Exoplanet catalog: https://exoplanets.nasa.gov/discovery/exoplanet-catalog/, accessed 2023-11-13
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projected separation of only 2.7 AU.(Nowak et al., 2020) HR 8799 and g Pictoris are probably the most
famous and best studied of all the directly imaged planetary systems. The planet g Pic b can be seen
in Figure 2.2b.

(a) HR8799 system with all four planets labeled. Adapted from Marois (b) 3 Pic b. 3 Pic c is not visible in this image. Taken from
et al. (2010). Currie et al. (2023).

(c) Image of 51 Eridani b. Taken from Macintosh et al. (2015) (d) Image of the PDS 70 system. The protoplanetary disk
is clearly visible, as well as the planet PDS 70 b on the
center right. PDS 70 c is not shown in this image. Taken
from ESO.*

Figure 2.2: Images of four notable systems with directly imaged planetary mass companions.

51 Eridani

51 Eridani b was the first planet to be discovered with the current generation of extreme AO systems,
using the Gemini Planet Imager. The planet has a separation of about 13 AU, and a mass from 2 to 9
My, with the lower end meaning it would be one of the lowest mass companions imaged.(Macintosh
et al., 2015) The star is an F type and part of the 5 Pic Moving Group. It is part of a wide triple system
with binary M dwarfs GJ 3305AB.(Feigelson et al., 2006) This makes it one of few exoplanets discov-
ered in such a multi star system.®> GJ 3305 may be the cause of the estimated high eccentricity in the
orbit of 51 Eri b.(Maire et al., 2019) In Figure 2.2c an image of the planet can be found.

4The PDS 70 system as seen with ALMA: https://www.eso.org/public/images/eso2111b/, accessed 2023-12-17
SPlanets in binary systems: http://www.openexoplanetcatalogue.com/systems/?filters=multistar, accessed 2023-
11-13
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PDS 70

PDS 70 b was discovered in a gap in the dust cloud of its host star.(Keppler et al., 2018) It was followed
by the detection of a second planet c the following year.(Haffert et al., 2019) These planets are still ac-
tively accreting, making these the first detections of protoplanets still undergoing formation. The mass
of the host star is around 0.9 M), making it one of very few planetary systems found around a sun-like
star. Both PDS b and c have some of the lowest mass ratios of any directly imaged companions.(Bohn
et al., 2020a) PDS 70 b and the protoplanetary disk around the star can be seen in Figure 2.2d.

GJ 504

The star GJ 504 is a 1.2 M, with an age of about 160 Myr. This makes GJ 504 b one of few planets
imaged around a sun-like star, and one of the oldest (and thus coolest) planets imaged to date. The
planet likely has a mass of between 3 and 5.5 M ;.(Kuzuhara et al., 2013) This gives it the lowest mass
ratio with its host star of any planet discovered with direct imaging around a sun-like star to date.(Bohn
et al., 2020a)

TYC 8998

TYC 8998, also known as YSES 1, is one of few imaged systems with a sun-like host star (mass 1 M),
and one of even fewer multi planet systems discovered with direct imaging. There are two planets: b
with a mass of about 14 M ; and projected separation of 162 AU, and ¢ with a mass of around 6 M ; and
projected separation of 320 AU.(Bohn et al., 2020a,b) Both planets have very low mass ratios with their
host star relative to other directly imaged planets. YSES 1c has one of the furthest separations from
its host star of any confirmed exoplanet. An image of the YSES 1 system can be found in Figure 3.1a.

2.3. Direct Imaging Surveys

Over the years several large and small scale direct imaging surveys have been carried out to detect
wide orbit giant planets. The current generation of direct imaging surveys target hundreds of stars
using 8 m class telescopes, extreme adaptive optics, sophisticated speckle suppression, and coronog-
raphy.(Currie et al., 2023) Some current surveys and their most important findings will be discussed
here. SHINE and GPIES are the two largest ongoing surveys. Some smaller more focused surveys
will also be mentioned, but this is not an exhaustive list. A summary of all the surveys mentioned here
is given in Table 2.1. Based on meta-analysis, most surveys tend to detect about one planetary mass
companion per 100 stars.(Bowler and Nielsen, 2018)

Table 2.1: Summary of current direct imaging surveys.

Survey Number of stars  Type of targets Example paper
SHINE 500 0.5-3 M, Langlois et al. (2021)
GPIES 600 All types Nielsen et al. (2019)
COCONUTS 3 x 10° Ultrawide orbit companions Zhang et al. (2020)
SCExXAO/CHARIS - Accelerating stars Currie et al. (2021)
SPOTS 62 Binary stars Asensio-Torres et al. (2018)
YSES 70 1 Mg Bohn et al. (2021)

SHINE

SHINE is a 500 star survey utilizing VLT/SPHERE. The survey began in 2015 with the goal of constrain-
ing the frequency of substellar companions with separation >5 AU for varying host star mass.(Desidera
et al., 2021) 17 substellar companions were imaged during the course of the survey, including seven
brown dwarfs and 10 planetary mass companions. Only two of these companions are new detections:
planetary mass companion HIP 65426 b and brown dwarf HIP 64892 B.(Langlois et al., 2021) The
survey has determined an occurrence rate of at least one substellar companion of 23.0%, 5.8%, and
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12.6% for BA, FGK, and M stars, respectively.(Vigan et al., 2021)

GPIES

GPIES is a counterpart to SHINE, but using the Gemini Planet Imager instead of SPHERE. This sur-
vey targets a similar number of stars, with similar goals of inferring the occurrence rate of wide orbit
substellar companions. The survey has detected two new companions including planet 51 Eri b (men-
tioned above) and brown dwarf HR 2562, as well as performing additional observations of previously
detected companions. Based on the first half of the survey, the researchers conclude an occurrence
rate of specifically planetary mass companions of 9% around stars >1.5 M. They additionally find
that higher mass stars are more likely to have wide orbit giant planet companions.(Nielsen et al., 2019)

COCONUTS

COCONUTS (COol Companions ON Ultrawide orbiTS) is a smaller survey focused on companions at
ultra wide separations above 500 AU. The survey has so far discovered two new brown dwarfs, and a
new planetary mass companion.(Zhang et al., 2020, 2022, 2021) The planet, COCONUTS-2b, is the
nearest imaged planet to Earth known to date, at 10.9 pc.

SCExAO/CHARIS HGCA

This survey uses the Hipparcos Gaia Catalog of Accelerations to determine targets that show acceler-
ations with precise radial velocity measurements, likely due to companions orbiting them. These are
then imaged using SCExAO/CHARIS.(Currie et al., 2021) Thus far at least one new brown dwarf com-
panion has been detected around a sun-like star with this approach.(Currie et al., 2020)

SPOTS

SPOTS is the Search for Planets Orbiting Two Stars. The survey focused specifically on imaging binary
stars, as these targets are often excluded from other surveys. This way they could hopefully derive
meaning results about the occurrence rates of planets orbiting binary stars. The survey has not discov-
ered any new companions, but was able to use detection limits on their observations to set an upper
bound for the occurrence rate of such planets.(Asensio-Torres et al., 2018)

YSES
YSES is the survey that the thesis work is contributing to, and is explained much more thoroughly in its
own section in Chapter 3.



Data

In order to perform data analysis, there must be a dataset to analyze. The thesis will make use of
data from YSES. This chapter will explain where the data is coming from, and what YSES is all about.
Section 3.1 will deliver some background information about YSES and its goals, as well as explaining
what data from the survey will be used for the thesis. Then in Section 3.2, the details of the targets
that were observed with YSES will be explained. Finally the strategy used by YSES to observe these
targets will be outlined in Section 3.3.

3.1. YSES Background

YSES is a survey that was led by Leiden Observatory PhD student Alexander Bohn, as well as other
researchers from Leiden Observatory and abroad. It was initiated with the goal to get better estima-
tions of the fraction of sun-like stars with planets, and to better understand the formation mechanisms of
planets around sun-like stars.(Kenworthy et al., 2021) Prior to the survey, few planets had been imaged
around sun-like stars, with the majority of imaged planets being found around B, A, or F stars, which
are at least 1.5 My, .(Currie et al., 2023) To achieve this goal it is necessary to investigate sun-like stars
and hopefully discover planetary mass companions orbiting them.

Searching for systems similar to our own can help to answer a lot of questions about our own solar
system. Questions like how common are systems like ours? and how did the planets of our solar sys-
tem form and evolve over time?(Barbato et al., 2018; Martin and Livio, 2015) An even more interesting
question is whether or not there is life elsewhere in the universe, and a natural place to start looking
for this life is in systems similar to our own. The planets of our own system do not seem especially
unusual when compared to known exoplanetary systems. The orbits of our system’s planets are some-
what unique, with lower eccentricities and wider orbits than most other systems. However, this may
simply be because wider orbit planets are more difficult to detect.(Martin and Livio, 2015) This is why it
is important to try to find these systems and why it is particularly interesting to image sun-like stars to
try and find planets there. Direct imaging is especially useful for finding and characterizing outer giant
planets similar to Jupiter and Saturn, and with the advancement of telescopes and AO systems, may
one day be able to image an Earth-like planet in the habitable zone.(Currie et al., 2023) This is why a
survey such as YSES looking to directly image planets around sun-like stars is important.

Thus far the survey has three confirmed detections of planetary mass companions orbiting two different
sun-like stars, as well as a protoplanetary disk.(Bohn et al., 2021, 2020a,b, 2019) Images of the three
planetary mass companions can be seen in Figure 3.1. This is already a much higher detection rate
than other similar surveys, which might point to the fact that planets are more likely to form around stars
in the region where YSES was looking, or that the occurrence rates for planets around sun-like stars
has been underestimated thus far.(Bohn et al., 2021) Thus far all of the companions found by YSES
were discovered with SPHERE/IRDIS, and this instrument operates in parallel with SPHERE/IFS (both
of which will be described in more detail in Chapter 4). The data from the IFS instrument has not yet
been analyzed by the YSES team. To complete the survey, it is necessary to analyze the data from
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SPHERE/H, 2018-04-30
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(a)l f the YSES 1 system. The two planet 1.0 0.0 1.0

a) Image of the system. The two planets are

marked, with the other point sources being background ARA [arcsec]

objects. The speckles around the star are optical artifacts. (b) Image of YSES 2, with the planet marked. Taken from Bohn
Taken from ESO." et al. (2021).

Figure 3.1: The planets discovered by YSES thus far.

the IFS as well to see if there are any other companions that can be identified. These images taken
by SPHERE/IFS as part of YSES will make up the dataset for the thesis work which will follow this report.

In addition to the observations taken as part of YSES, use will be made of the calibration data provided
by ESO, which operates SPHERE. This calibration data is necessary for the reduction, which is ex-
plained in Chapter 5.

3.2. YSES Target Selection

One of the most important parts of carrying out a survey such as YSES is the selection of which targets
to observe. Telescope time is limited so observations cannot be made of everything, but instead the
most promising targets must carefully selected. Directimaging is currently only able to observe planets
around young, nearby stars.(Currie et al., 2023) If the stars are too far away the projected separation
between the planet and its host star will be too small, and it will be impossible to observe. If the planet
is too old, it will be too cold to observe. Currently we can only image planets that are self luminous:
those that give off a significant amount of radiation in the IR spectrum due to their high temperature just
after forming. As the planet ages, it will cool down and have a lower luminosity.(Marley et al., 2007)
The next generation of 30m class telescopes might be able to image planets in the optical by looking
at the light they reflect from their host star, however current technology is limited to only imaging these
self luminous (and thus young) planets.(Artigau et al., 2018)

YSES is attempting to determine the frequency and type of planets that form around sun-like stars.
Thus, the target stars should ideally be around 1 M. This gives three clear criteria for target selection,
as the target stars should all be: (1) approximately 1 M), (2) relatively young, and (3) not too far from
Earth.

One such place a large group of young stars can be found is in OB associations. These are unbound
“moving groups” of recently formed stars which share a common origin and age.(de Zeeuw et al., 1999)
They are so named due to the high concentration of the massive, bright O and B type stars in such
groups. The closest such group is the Scorpius Centaurus association (Sco-Cen). The existence of the
Sco-Cen group was first proposed in Kapteyn (1914) and subsequently confirmed by other astronomers

'First ever image of a multi-planet system around a Sun-like star: https://www.eso.org/public/images/es02011b/, ac-
cessed 2022-08-21
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of the era. Since then it has been examined widely, most notably by de Zeeuw et al. (1999), who were
the first to confirm the membership of less massive, sun-like stars within the group. More recently the
group has been extensively studied in a number of papers by Pecaut and Mamajek (2010, 2016), who
focused specifically on low mass members of the association.

Sco-Cen has three sub-groups: Upper Scorpius, Upper Centaurus—Lupus, and Lower Centaurus—Crux
(LCC). Of the three, LCC is the closest, with the member stars having a mean distance of about 118
pc.(de Zeeuw et al., 1999) The LCC subgroup is the oldest of the three, but is still young with a median
age of 17 Myr.(Pecaut and Mamajek, 2010) Thus, LCC represents a perfect selection of young, nearby
stars.

The YSES targets are drawn from this group of stars, and consists of 70 stars in LCC which are all
K-type stars with masses ranging from 0.8-1.2 M, ages from 0-20 Myr, and a median distance of 112
pc.(Kenworthy et al., 2021) All of the stars were identified as members of the LCC subgroup by Pecaut
and Mamaijek (2016).

3.3. YSES Methodology

YSES takes a new approach to finding planets with direct imaging. Whereas most other surveys use
long integration times(Nielsen et al., 2019; Zhang et al., 2020), YSES uses a "snapshot” method: they
have a total integration time of only roughly five minutes per observation per star.(Bohn et al., 2021)
All the targets were observed with SPHERE on the VLT (which is discussed in more detail in Chap-
ter 4). Each target is observed twice, with each observation about a year apart, so that the common
proper motion of the companions with their host star can be used to differentiate them from background
objects.(Bohn et al., 2021) In this way, this survey has an improved efficiency compared to others by
increasing the number of detections per hour of telescope time.

The YSES team primarily uses the IRDIS instrument for their observations, which can image together
with the IFS (as will be explained in Chapter 4). The IFS images are what is being used for this thesis.
However, the IFS was not turned on for the first epoch of YSES observations. Thus, only the second
epoch observations can be used. The survey is still waiting on more telescope time to complete the
observations, and only 37 of the 70 target stars have been imaged for the second epoch.

This makes up the complete dataset used for the thesis: a set of 41 IFS observations of 37 different
K-type stars located in LCC.



Instrumentation

All of the targets for YSES were observed using SPHERE, an extreme AO and coronagraphic system
which is installed on the Nasmyth platform of the VLT. A picture of the outside of the system can be
found in Figure 4.1. The system is specifically designed to enable direct imaging of exoplanets. It
consists of three instruments and the common path which feeds all of them. The Common Path Infras-
tructure (CPI) will be described in Section 4.1, followed by information about the science instruments.
Only the IFS will be used for the thesis work, however all three will be briefly touched upon. The Zurich
IMaging POLarimeter (ZIMPOL) is examined in Section 4.2, then the InfraRed Dual-band Imager and
Spectrograph (IRDIS) in Section 4.3. Finally the Integral Field Spectrograph (IFS) will be described in
Section 4.4.

Common Path

Fore optics

Y
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pe ol & Coronagraph
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NIR Coronagraph

H>— ZIMPOL
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IFs
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IRDIS

Figure 4.2: Block diagram of SPHERE, showing
the main parts of the CPI and how they connect to

Figure 4.1: Picture of SPHERE on the VLT. The location of each of each of the instruments. Orange beams represent
the instruments is labeled. Adapted from ESO instrument VIS+NIR light, Blue is only VIS, and Red is only
description. NIR. Taken from Beuzit et al. (2019).

CPI is the common path and infrastructure, which is the optical elements that are common to all the
instruments. A block diagram of SPHERE can be found in Figure 4.2, which shows the main parts of
the CPI and how they feed to the science instruments. Each of the four main elements from the CPI
will be discussed in a subsection below. The full layout of the CPI with most of the components labeled
is shown in Figure 4.3.

1SPHERE: https://www.eso.org/sci/facilities/paranal/instruments/sphere.html, accessed 2023-11-15
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Figure 4.3: Layout of the CPI for SPHERE, with various components marked. Taken from Beuzit et al. (2019).

4.1.1. Fore optics

The fore optics mainly serve to stabilize and to focus the incoming light into the instrument. Near the
beginning of the instrument is the de-rotator, which corrects for the rotation of the Earth as observations
are being made. This can be set to either pupil or image stabilization.(Beuzit et al., 2019) A series of
several toroidal mirrors focus the light onto the various elements of the adaptive optics system, SAXO
(Sphere Ao for eXoplanet Observation), which will be explained below.

After the adaptive optics system, the light is split using a dichroic beam splitter, and the VIS light is sent
to the wave front sensor (WFS) and ZIMPOL, while the NIR light is sent to IRDIS and IFS.

4.1.2. SAXO

SAXO is the extreme AO system of SPHERE. Adaptive optics is used to correct for the effects of at-
mospheric turbulence in order to achieve as clear a picture as possible. A block diagram of the main
components of SAXO and the control loops can be found in Figure 4.4. A beam splitter sends part
of the visible light to ZIMPOL and part to the WFS, or all of the light to the WFS if ZIMPOL is not in
use.(Beuzit et al., 2019)

Pupil Image - _ | Corone
> it [P Tptin [ M g ¥ graph

DTT ‘ bTT

Figure 4.4: Block diagram of the AO components and control loops of SPHERE. Orange beams represent VIS+NIR light, Blue
is only VIS, Red is only NIR, and Light Blue is for the control loops. Taken from Beuzit et al. (2019).
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The WFS utilized by SPHERE is a spatially filtered Shack-Hartmann sensor.(Fusco et al., 2016) This
sensor works by using a number of subapertures with the same focus, which are focused onto the sen-
sor. Measuring the gradient of the wavefront across the sensor allows for measuring the error, which
can be used for reconstructing the aberrations. The spatial filtering is done using a stop which blocks
the higher-order spatial frequencies.(Poyneer and Macintosh, 2003) This stop is adjusted based on the
atmospheric conditions.(Fusco et al., 2016)

The WFS communicates the necessary corrections to the deformable mirror, which uses its 41x41 ac-
tuators to correct for phase perturbations, while image tip-tilt errors are corrected by the image tip-tilt
mirror, and pupil tip-tilt errors by the pupil tip-tilt mirror.(Fusco et al., 2016) There is an additional con-
trol loop for fine centering of the IR coronagraph, using a separate differential tip-tilt sensor and tip-tilt
mirror.(Fusco et al., 2016)

All of this put together allows for vastly improved performance of the instruments, and enables it to
reach a Strehl Ratio of >0.9 in the H band.

4.1.3. Coronagraphs

SPHERE has multiple options for coronagraphs, both for VIS for ZIMPOL and for NIR for IRDIS and
IFS. The YSES observations made use of the apodized pupil Lyot coronagraph (ALC), so that is the
one that will be discussed here.(Bohn et al., 2021) Coronagraphs are used to block the light of a bright,
on-axis point source, in this case the central star, improving sensitivity to faint off-axis sources, such as
disks or planets.(Sivaramakrishnan et al., 2001) A classical Lyot coronagraph has an occulting mask
which blocks out the central light, followed by a Lyot stop, which further reduces any stray light that
bends around the occulter.(Sivaramakrishnan et al., 2001) An ALC adds an apodizer at the entrance
pupil, which helps to further reduce diffraction wings, thus improving the performance.(Carbillet et al.,
2011) A diagram of an ALC can be found in Figure 4.5.

Occulting Lyot
Aperture Mask Stop Detector

Figure 4.5: Diagram of a classical Lyot coronagraph. For an ALC, an apodizer would be added at the aperture. Taken from
Sivaramakrishnan et al. (2001).

4.2. ZIMPOL

ZIMPOL is the imaging polarimeter of SPHERE. As the young planets YSES is targeting largely emit in
IR and notin VIS, this instrument is not utilized by the YSES team.(Marley et al., 2007) As this instrument
is only tangentially related to the thesis work, it will only be described very briefly here. ZIMPOL can
be used to measure the polarization of light, or to image in the visible spectrum. It has a fairly narrow
field of view (FOV) of only 3.5"x3.5”, so it is used to look very close in to nearby stars.(Thalmann et al.,
2008) The polarimetry can be used to look at the polarized light which is reflected off a protoplanetary
or debris disk.(Thalmann et al., 2015)

4.3. IRDIS

IRDIS is the InfraRed Dual-band Imager and Spectrograph. IRDIS provides classical imaging (Cl),
dual-band imaging (DBI, where two images are made simultaneously in two neighboring filters), long-
slit spectroscopy, and differential polarimetric imaging (where two images are made simultaneously
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with different polarization directions).(Dohlen et al., 2008) It has a wavelength range of 0.95-2.4 um
over a wide FOV of 11°x11” in imaging.(Beuzit et al., 2019) The YSES observations (in particular those
of the YSES 1 and 2 systems) primarily make use of both the Cl and DBI modes, so both modes will
be discussed here.(Bohn et al., 2021, 2020a,b)

The layout of IRDIS with the most important components labeled can be found in Figure 4.6.
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Figure 4.6: IRDIS layout. Adapted from ESO instrument description.2

. Dual Filter Wheel

4.3.1. CI

The Cl mode can image in the Y, J, H, and Ks bands. There are two possible filters: narrow-band,
which images over a narrower wavelength range, but with a higher spectral resolution of R=70-80; and
broadband, which is over a wider range, but with a lower resolution of R=5.(Beuzit et al., 2019) The
YSES observations all use the broadband filter, imaging primarily in both the H and Ks bands.(Bohn
etal., 2021, 2020a,b). This mode has a contrast of 10~* at0.1”, and 3 x 10~* at 0.5” separations.(Beuzit
etal.,, 2019)

4.3.2. DBI

DBI is the main mode for IRDIS, and is specifically designed for detecting planetary mass companions.
In this mode, the beam is split into two parallel beams, which are filtered with two different neighboring
filters before each being imaged on one half of the detector. These filters are optimized to be centered
around features that are expected to be sharp in the expected planet spectra based on models.(Beuzit
etal., 2019) The various filter pairs are listed in Table 4.1. This mode has a contrast of 107 at 0.1” and
107 at 0.5”, which is only slightly better than the contrast for Cl. An example of an image taken with
DBI in various phases of the data reduction process can be seen in Figure 4.7.

This mode allows for imaging the same object with IFS in parallel. A dichroic beam splitter sends some
of the light to IRDIS and some to IFS depending on the wavelength. This will be explained more in
Section 4.4. The YSES observations have made use of the DBI mode in both H and K bands.(Bohn
et al., 2021, 2020a,b)

2SPHERE instrument description: https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst.html, ac-
cessed 2023-11-15
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Table 4.1: Filter pairs for IRDIS DBI. From Vigan et al. (2010).

Pair name Filter O Filter 1

Ao (pm)  Ro A1 (um) Ry
Y2Y3 1.020 20 1.073 20
J2J3 1.190 25 1.270 25
H2H3 1.587 30 1.667 30
H3H4 1.667 30 1.731 30
K1K2 2.100 20 2.244 20

(a) (b) (c) (d)

Figure 4.7: Example of an image taken with IRDIS DBI in various steps of the science reduction. "MOV star 10pc image with
DBI (H2H3), the detected planets are located at 0.17, 0.2”, 0.5”, 17, 2” from the star and correspond to : 1MJ at 10My - 3MJ at
100My - 11MJ at 1Gy - 25MJ at 5Gy. The illustrations show the star PSF (a), the 4QPM raw image (b), the 4QPM single
subtraction of 2 wavelengths H2H3 (c), the double subtraction image including calibration of differential aberrations and
chromatic residual (d). Gray scales are arbitrary.” Image and caption taken from Dohlen et al. (2008).

44. IFS

IFS is the integral field spectrograph of SPHERE. It provides low resolution spectroscopy over a very
narrow FOV. The opto-mechanical layout of the instrument is shown in Figure 4.8. This is the instru-
ment that will be utilized for the thesis work, so it will be discussed in detail.

4.4.1. Instrument Description

IFS allows for taking images in a full range of wavelengths at once. It does this by utilizing an Inte-
gral Field Unit (IFU) which consists of a grid of 122x122 hexagonal lenslets which cover the full FOV.
Each lenslet acts as its own slit for spectroscopy, dispersing the light received by that lenslet onto the
detector.(Claudi et al., 2006) The lenslets are rotated by 10.5° with respect to the detector, allowing
for longer spectra. These hexagonal lenslets with the spectra projected onto them can be seen in Fig-
ure 4.9. Each of the spectra are 35 pixels long, with a separation of about 5 pixels from the nearest
spectra in each direction.(Antichi et al., 2009) A close up of these spectra in an unreduced image can
be seen in Figure 4.10.

The detector itself is a 2kx2k Hawaii 2RG array. It has an efficiency of around 96% in the J and H
bands.(Claudi et al., 2008) To reduce the thermal noise, the detector is cooled to 80K, and a filter is
used to block all wavelengths of light not being imaged by IFS (above 1.35 or 1.68 um, depending on
the mode).

IFS has a narrow FOV of 1.73"x1.73”, but allows for high contrast at small separations. IFS can image
in two modes: a Y-J mode imaging from 0.95-1.35 ym and a Y-H mode from 0.95-1.68 um. The Y-J
mode has a spectral resolution of about 50, whereas the Y—H mode only has a spectral resolution of
about 30, but allows for better contrast. Utilizing a dichroic beam splitter, both modes can be used in
parallel with IRDIS DBI: IRDIS images in H (H2H3 or H3H4) while IFS images in Y-J, or IRDIS images
in K (K1K2) while IFS images in Y=H. Under ordinary observing conditions, IFS has a contrast of 10~°
at 0.5”.(Beuzit et al., 2019) The observations analyzed for the thesis are in the Y-J band.
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Figure 4.8: IFS layout. Taken from ESO instrument description.3

it

Figure 4.9: Hexagonal lenslet array with spectra
projected onto them. The numbered lines represent the
orientation of the detector. Taken from Claudi et al. Figure 4.10: Close up of spectra in science image prior
(2006). to data reduction. Taken from Mesa et al. (2015).

4.4.2. Instrument Calibration

IFS has a number of internal calibration sources used to calibrate the instrument. Proper calibration
is necessary to ensure observations are of the best possible quality. Calibration also produces many
files which are necessary for the data reduction process as will be explained in Chapter 5.

On the CPI there are a number of calibration sources. There are a number of lamps used to mea-
sure the throughput of the optical components. There are also four lasers with wavelengths of 0.9877,
1.1237, 1.3094, and 1.5451 um. These produce four evenly spaced lines in the spectra, and allow for
determining the wavelength which lands on each pixel of the detector, which is necessary for extracting
the spectra.(Beuzit et al., 2019)

3SPHERE instrument description: https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst.html, ac-
cessed 2022-07-07


https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst.html
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On the IFS bench itself there are an additional five calibration lamps: one white light lamp as well as
four narrow band lamps. The narrow band lamps have \. = 1.0, 1.2, 1.3 and 1.5 um respectively, and
each has a FWHM of 0.01-0.04 um. There is also an integrating sphere, which is used to spread the
light of the lamps evenly over the detector. These sources are located after the IFU and are used to
calibrate the detector itself by making detector Flat Fields (FF) and checking the FF dependence on
wavelength. As these sources are internal to IFS they can be used at the same time that IRDIS is being
calibrated, saving time on the calibration procedures.(Desidera et al., 2008)

During the observations with the coronagraph (ideally immediately before and after the science ob-
servations), both flux and star center calibration observations should be made. The flux observation
measures the peak flux of the star by placing it to the side of the coronagraph; this ensures accurate
relative photometry. The star center observation applies a special waffle pattern on the DM, which will
show up in the image. This ensures that the final science image can be centered on the star, so that
the precise position of any companions can be measured.*

A number of other calibrations are performed by the observatory staff during the day, usually directly
following the science observations. These can then be used to help process the science images. A list
of which calibrations are performed for IFS is given in Table 4.2.

Table 4.2: IFS calibrations. The matching parameters list which variables for the calibration must match the science
observation. Examples of some of the resulting calibration images are shown in Figure 5.1. Information from SPHERE user

manual.®
Calibration Matching parameter(s) Validity
Dark DIT 1 day
Lamp Flat Prism 1 week
Wavelength calibration  Prism 1 week
Spectra registration Prism 1 day
Distortion map Filter (+dichroic), Coronagraph combination 1 week

4.5. Comparison of IRDIS and IFS

The YSES survey has made use of both the IRDIS and IFS instruments. For this thesis, only the data
from the IFS will be analyzed. However, it is useful to compare the instruments and their capabilities.
Figure 4.11 shows images from IFS and IRDIS taken at the same time side by side. These are of HD
114174, a sun-like star with a white dwarf companion, which is used as a photometric calibrator for the
SHINE survey.(Beuzit et al., 2019) The IFS image was processed using angular differential imaging
(ADI) and spectral differential imaging (SDI, both together ASDI), while the IRDIS one only used ADI.

The companion is much more clearly visible in the IFS image. This is due to the improved contrast
of IFS compared to IRDIS. The contrast curves for this target for both instruments are shown in Fig-
ure 4.12. IFS has a full order of magnitude better contrast than IRDIS (IFS: 10~¢ at 0.5”, IRDIS: 10~ at
0.5” with DBI). However, IRDIS has a much wider FOV of 11"x11” vs. IFS with only 1.73"x1.73”. This
means IRDIS can detect ultra wide orbit companions that are not in the IFS FOV.

IRDIS and IFS can image together in different wavelengths: IRDIS imaging in H while IFS images in
Y-J, or IRDIS imaging in K while IFS images in Y—H. This extends the spectral information, allowing
better characterization of any targets. IFS itself provides low resolution spectra of all objects it images.
This gives a lot of extra information about the companions without needing to perform follow-up obser-
vations. Additionally, this spectral information allows for using SDI, which can be very helpful to reveal
companions hidden in the stellar halo (as will be explained in more detail in Chapter 6). The spectral

4 SPHERE user manual: https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc/
VLT-MAN-SPH-14690-0430_v96.pdf, accessed 2023-11-15


https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc/VLT-MAN-SPH-14690-0430_v96.pdf
https://www.eso.org/sci/facilities/paranal/instruments/sphere/doc/VLT-MAN-SPH-14690-0430_v96.pdf
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Figure 4.11: IFS (Y-J, left) and IRDIS (H2 filter, right) images of HD 114174 using ASDI/ADI. The IFS image has much better
contrast, but IRDIS has a much wider FOV. Taken from Beuzit et al. (2019)
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Figure 4.12: 50 contrast curves for IFS (Y=J) and IRDIS (DBI H23) for HD 114174 using ASDI/ADI. IFS clearly performs better
than IRDIS at small separations. Taken from Beuzit et al. (2019).

information can help to determine the mass of any potential companions, which will be explained in
Section 7.3.

IRDIS and IFS are both complementary and are very strong together. However, IFS should be much
better than IRDIS at detecting companions that are closer in to their host star. Thus, analyzing the IFS
data may reveal smaller and fainter companions that were missed in the analysis of the IRDIS images.
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Reduction

In order to analyze the images in the dataset, they must first be reduced. Reduction is the process
of removing the instrument signature and noise sources such that the signal of the target can be re-
trieved.(Freudling et al., 2013) The data reduction can sometimes be used to refer to the science reduc-
tion steps, including differential imaging and other post-processing techniques. Here data reduction is
used to mean only the pre-processing: the basic steps performed on any image from the instrument in
order to prepare it for further analysis. The post-processing will be discussed in Chapter 6.

To perform this basic data reduction the automatic reduction pipeline provided by ESO, ESO Reflex,
will be used in combination with the SPHERE reduction Python package by Arthur Vigan.(Freudling
et al., 2013; Vigan, 2020) This package allows for writing and executing ESO Reflex recipes in Python.

The IFS can be tricky to work with as the science image presents both the spatial and spectral informa-
tion together. The spectra must be extracted to go from a 2D image to a 3D (z, y, A) data cube. Various
noise sources must also be removed to improve the image quality. This reduction follows a number of
different steps, the most important of which will be explained here.(Desidera et al., 2008)

Data Organization

The first step is to organize the data, including collecting the data from ESO. Each separate observation
is downloaded from the ESO portal, packaged together with the necessary calibration files. Then all
of the files are assessed and categorized according to their purpose. The science files are separated
from the various calibration files. All the files are prepared such that the following steps can access the
necessary files.

Master Dark

During calibration several "darks” are made by reading out the detector with no light on it. This gives
the thermal background noise which can be subtracted later. An example of a dark frame is shown in
Figure 5.1a. The dark needs to have the same exposure time as the science image.

Bad Pixel Map

The dark is combined with the detector flat field (an image made with a white lamp shining on the de-
tector, see Figure 5.1b) to create a bad pixel map. This shows the location of all the bad pixels on the
detector, so that they can be removed later.

Wavelength Calibration Map
The external calibration sources include four lasers, which, when imaged on the IFS, produce four dis-
tinct lines in the spectra. Interpolating between these four wavelengths allows for determining which

20
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(b) Example of a detector flat field for IFS. Taken from

(a) Example of a dark frame for IFS. Taken from example example data included with ESO REFLEX.(Desidera
et al., 2008)

data included with ESO REFLEX.(Desidera et al., 2008)

Figure 5.1: Example of frames used for calibrating IFS.

wavelength is on which pixel. This is used to create a map of where the spectra appear to aid in ex-
tracting them.

Corrections
The bad pixel map and the dark are subtracted from the science image to remove the effects of thermal

noise and bad pixels.

Spectrum Location
The spectra can appear at slightly different positions in the science image, so they must be located

in the image. The position of the spectra can be measured on the detector using cross-correlation.
A spectrum position map is created which shows the position of each spectra from each lenslet. An

example of this map can be found in Figure 5.2.

HIHI R HIH

Figure 5.2: Example of a spectra position map. The image is zoomed in to show the lines more clearly. Taken from example
data included with ESO REFLEX.(Desidera et al., 2008)

Spectrum Extraction
Now that the spectra position map has been constructed and the major noise has been removed, the

spectra can be extracted from the image. 39 wavelength slices are created and filled with all the pixels
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of the corresponding wavelength. The science image is transformed from a single 2048x2048 image
to a data cube with 39 slices of 290x290 where each slice corresponds to a certain wavelength. At this
point the data cube is derotated and final, minor corrections are applied. An example of an unreduced
science image and a slice of the final, reduced data cube can both be seen in Figure 5.3.

(b) Example of a single wavelength slice of a reduced IFS
data cube. The lines of the spectra are gone as they have
been separated out, and the stellar halo is much more

(a) Example of a science image taken with IFS before clearly visible. The image is not completely square due to
data reduction. Here the lines of the spectra are visible as the offset of the IFU with respect to the detector. Taken
they have not yet been extracted. Taken from example from example data included with ESO REFLEX.(Desidera
data included with ESO REFLEX.(Desidera et al., 2008) et al., 2008)

Figure 5.3: A science image before (left) and after (right) reduction.



Post Processing

Post-processing involves using various techniques to further subtract the light of the star and reveal
any faint objects in the image. For this thesis, spectral differential imaging was used, as this works very
well for IFS data. Section 6.1 will discuss how spectral differential imaging works and its limitations.

6.1. Spectral Differential Imaging

Spectral differential imaging (SDI), makes use of the spectral differences between the companion and
the host star point spread function (PSF). It requires having images of the system at multiple different
wavelengths. Due to diffraction, the host star PSF will increase in size proportional to %. However the
companion’s position does not change with wavelength. This can be seen clearly by looking at a cube
in the separation vs. wavelength space, as is shown in Figure 6.1. By scaling the wavelength slices
proportional to the wavelength, now the companion moves, but the star PSF is always in the same
position. Taking the median of this cube gives just the star PSF, which can be subtracted from all the
slices. The slices are then scaled back down to original size, and can either be combined or left as
individual slices.(Kiefer et al., 2021) This can improve the contrast of the images drastically, revealing
fainter objects that could otherwise not be seen. A graphical representation of how SDI works can be
found in Figure 6.2.

For this thesis, the Python package PynPoint was utilized to apply SDI to all the observations.(Stolker
et al., 2019; Amara and Quanz, 2012)

6.1.1. Limitations

SDI is a very powerful tool, but it comes with a few limitations. Chief among these is the risk of self-
subtraction. If the wavelength range is not broad enough then when the images are scaled by wave-
length, the companion can end up still partially on top of itself. This can lead to some of the light of
the companion being subtracted out. This problem becomes worse if there are multiple companions
aligned radially, as the interior companion will end up on top of the exterior companion when resizing.
This can be seen in Figure 6.3, which shows a cube in the \ vs. separation space before and after
resizing.

Additionally, the effective FOV is reduced when performing SDI. This is because when the images are
scaled, only the portion of the PSF that appears in every slice can be used. This effect can be seen
in Figure 6.2. For IFS, scaling based on the longest wavelength reduces the FOV from 1.73"x1.73” to
1.22"x1.22” for Y-J band, or 1.00"x1.00” for Y-H.(Kiefer et al., 2021)
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Figure 6.1: Slice of data cube showing intensity for wavelength vs angular separation. The dark portion around +/-0.1” is from
the coronagraph. The bright horizontal line at around -0.2” is a companion. The left image is before PSF subtraction, showing
how the stellar PSF increases proportional to the wavelength while the planet’s position is constant. The right image shows

after subtraction, leaving only the light of the planet. Taken from Beuzit et al. (2019).
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Figure 6.2: Graphical representation of the SDI technique. Taken from Kiefer et al. (2021).
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Before scaling

Separation [arcsec]
After scaling

Figure 6.3: )\ vs. separation slice of a data cube before and after resizing. The two vertical lines in the top image are planets
that have been injected into the image at the same angle with a small separation. After resizing by wavelength, the planets are
smeared out such that one planet at one wavelength ends up on top of the other planet at a different wavelength. When taking

the mean or median of the resized cube, the signal from the two planets will interfere.



Companion Characterization

After the images have been pre- and post-processed, they can be analyzed for companions. Any can-
didate companions that are discovered can then be characterized to determine their key properties. In
this chapter this identification and characterization process will be discussed. Section 7.1 will discuss
the identification of candidate companions. Then Section 7.2 will explain how the candidates’ astrome-
try (the precise position relative to the host star) was measured. The measurement and analysis of the
candidates’ spectra will be discussed in Section 7.3, as well as how this can be used to delineate be-
tween gravitationally bound companions and background objects. Finally in Section 7.4, a discussion
will be made on how detection limits are computed for each system.

7.1. Companion Identification
Candidate companions are first identified visually. This is done by co-adding all the wavelength slices of
the cube, which should increase the signal to noise ratio (SNR) of the companion by a factor /n where
n is the number of slices. In this case, the first two and last two slices of the cube are discarded as
they are typically significantly noisier than other slices, so n is 35. Any particularly bright point sources
in the images are noted to be checked further.

Each potential candidate is checked using hypothesis testing. Hypothesis testing compares the null
hypothesis: that the candidate is just noise and drawn from the same distribution as the noise, with
the alternative hypothesis: that the candidate is an astrophysical object, and thus drawn from a differ-
ent distribution. This is done by measuring the noise at the same distance from the star as the point
source and fitting a Gaussian distribution to it, then calculating the likelihood that the point source could
have come from that distribution or if it is from a separate distribution.(Bonse et al., 2022) The noise
distribution is corrected for any effects of small-sample statistics as described in Mawet et al. (2014). A
graphical depiction of hypothesis testing can be seen in Figure 7.1. The threshold for detection is typi-
cally set at 50 or a false positive fraction (FPF, the chance that noise will be identified as a companion)
of 3 x 10~ 7.(Mawet et al., 2014) This is a very conservative FPF, however this is ideal as it reduces the
chance of identifying noise as a planet and wasting time and resources performing follow-up observa-
tions.(Currie et al., 2023)

Unfortunately, although hypothesis testing can do a reasonably good job of determining whether a
bright point source is astrophysical or noise, it cannot determine whether the object is gravitationally
bound to the host. Meaning with hypothesis testing alone there is no way to determine if an object is a
true companion or if it is a background star. For this project, that was determined with the spectra, and
will be explained in Section 7.3.

The measuring of the candidate’s brightness and calculating the FPF was performed in Python with
PynPoint.Stolker et al. (2019)
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Figure 7.1: Example of hypothesis testing for direct imaging. At left is an image with a potential companion Y and all the spots
X where the noise is sampled at the same distance. At right are the two different scenarios or "hypotheses”: that the candidate
is just noise, or that it is in fact a companion. Taken from Bonse et al. (2022).

7.2. Astrometry

Astrometry is the measurement of the precise position of an object, in this case the candidate compan-
ions relative to the host star. This is crucial so that future researchers know where to look if follow-up
observations are to be made.

The airy disk of a point source (i.e. the diffraction limited PSF) is a 2D Gaussian. This fact can be
used to find the position of the companions. A 2D Gaussian can be fit to the image in the region of the
companion, lining up the peak of the function with the peak of the companion PSF.(Stone, 1989) In this
way, sub-pixel precision can be achieved for the companion position. The fit also gives an estimation of
the error on the companion position. This 2D Gaussian fitting was implemented using PynPoint.(Stolker
etal., 2019)

7.3. Spectra

7.3.1. Measuring and Correcting Spectra

With a precise measurement of the companion position, the spectra can now be extracted. This is done
by drawing a circular aperture around this position. The radius of this aperture was determined visually,
and was set to 0.035”, or roughly 5.9 pixels in the IFS images. An example of what this aperture looks
like in context can be seen in Figure 7.2. The average value of all the pixels inside the aperture is then
measured. This was done for each wavelength slice of the cube, giving a very low resolution spectrum
of the companions.

Measurements of the noise were made at each wavelength to give a margin of error on the spectrum.
This is done by measuring several noise elements in a ring around the host star at the same separation
as the companion, using the same size aperture. A Gaussian distribution is fit to the noise. The mean
of the noise distribution is subtracted from the companion spectrum, and the standard deviation gives
the 1-sigma error on the companion spectrum. This standard deviation is corrected for any possible
effects of small sample statistics (due to having too few noise elements) as described in Mawet et al.
(2014). This was done using PynPoint.(Stolker et al., 2019)

As part of each SPHERE observation, the telescope is moved so that the host star is just outside the
coronograph and can be imaged. This allows for comparing the photometry of the companion to that
of its host star. For this purpose, the spectrum of each host star was also measured in the same way.
The noise of the host star spectra is estimated by measuring the noise just outside the aperture, with
a ring of apertures of the same size, and is fit with a Gaussian distribution, same as for the companion
noise. This noise is used to estimate the sky background at the observation. The mean of the noise is
subtracted from the host star spectrum, and the standard deviation gives an estimation of the error on
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Figure 7.2: Example of the aperture used for measuring the candidate companions. The RA and Dec are measured relative to
the host star.

the host star spectrum.

Due to absorption features from the Earth atmosphere, there are aberrations in the spectra which
needed to be corrected (see Figure 7.3). This was done by finding a representative model of the host
star and using that to correct the spectrum. Measurements of each of the host stars have been made
in the past, and have noted the host star temperature.(Pecaut and Mamajek, 2016) This can be used to
select the correct model. The models used were the BT-Settl spectra models from Allard et al. (2013)
At each wavelength, it was determined what correction factor was necessary to map the measured
host star spectrum to the model spectrum. Then these same correction factors were applied to the
companion spectra to correct for the same effects.

7.3.2. Estimating Companion Type

With a low resolution spectrum of the companions, an estimation can now be made of their their tem-
perature and thus spectral type and size. Stars and giant planets have distinct spectra corresponding
to their temperature. The temperature is in turn related to mass, as larger mass stars burn brighter,
and larger mass planets are heated more during formation. By comparing the measured spectrum to
various models (again using the BT-Settl models from Allard et al. (2013)), and determining which fits
best, an estimation can be made of the temperature or spectral type of the companion.

This fitting is done both visually and by calculating the normalized root mean square error (NRMSE)
of each model vs. the candidate’s spectrum. The normalization is using the mean of the candidate
spectrum, so that the fit is independent of the candidate’s brightness. The first and last data point of
each are ignored as these are typically noisier than the rest of the data points. The BT-Settl models are
available in 100K increments, and for the fitting a range of models from 7T s ; of 400K—6000K was used.
All the models are with metallicity and log(g) equal to the solar values. These parameters do influence
the spectra slightly, but have a much smaller effect than T, ¢, which is the main parameter of interest.

Comparing the brightness of the companion to hypothetical model objects placed at the same distance
as the host star can also provide evidence for if a candidate companion is gravitationally bound to the
host star or not. If the candidate matches up very well with the models of similar brightness, this is
evidence that the candidate is at the same distance as the host star, and thus likely to be gravitationally
bound to it. However, if it does not match up well against models of a similar brightness, or the best fit
model is significantly brighter, that suggests the candidate is likely to be an unrelated background star.
Calculating the exact difference in apparent magnitude between the candidate and its best fit model
allows for estimating the distance to the candidate, and thus how far behind the host star it is.
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Figure 7.3: Earth atmosphere transmission in the NIR. There are clear absorption features at 0.95, 1.15, and 1.35 um. This
causes a reduction in the observed host star and planet spectra at these wavelengths, which must be corrected. Taken from
Gemini Observatory."

7.4. Detection Limits

Detection limits set an upper bound on how bright an object would need to be to have been found in
a given observation. This is essentially the opposite of hypothesis testing (described in Section 7.1):
instead of finding out if a given candidate is above a threshold, one calculates how bright a companion
would need to be to be exactly at the threshold.

This is done by artificially injecting a planet into the observations, coadding the wavelength slices, and
then computing the FPF of the companion. The process is iterated, adjusting the planet’s brightness
each time, until the FPF is close enough to the threshold of 3 x 10~7. This must be done at a range of
separations and angles to compute the detection limits in each part of the image. Here, the detection
limits have been computed from just outside the inner working angle at 0.15” to the edge of the image
at 0.8”,in 0.05” steps. At each separation the limit is then also computed at 60° intervals from 0° to 360°.
The limits should be roughly the same at each separation, so the values at each angle are averaged
to make a contrast curve with contrast vs. separation. The standard deviation of the values at each
angle gives an estimate of the error on the contrast limit.

An example showing these injected planets at various positions in an IFS image can be seen in Fig-
ure 7.4.

By performing SDI just before measuring the FPF, the contrast limit can be obtained for before and after
subtraction. This allows for determining how well the subtraction performed to improve the contrast.

The fake planet injected is taken from the image of a host star from one of the systems. The same fake
planet is used for all the contrast curves to keep it more consistent. The observation chosen was of
2MASS J13064012-5159386 from observation 2023-06-15-2, because the host star observation was
particularly clean with little noise. The brightness of the planet is measured relative to this star, by
determining how many magnitudes fainter it should be.

The iterating is handled by scipy.optimize.root_scalar, which is well suited to these types of problems.

'Gemini observatory: https://www.gemini.edu/observing/telescopes-and-sites/sites#Transmission, accessed
2023-11-27
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Figure 7.4: Coadded observation of 2MASS J13064012-5159386 with fake planets injected at various positions in the image.
The planets shown are all exactly at the threshold for definitive detection at that position in the image.

Before subtraction the upper and lower bounds for this optimization are set to [0,10). After subtraction,
the upper bound is set to the result for before subtraction at this same position (+2 magnitudes to avoid
edge cases) and the lower bound is at 15; the subtraction should improve contrast, allowing fainter
planets to be seen. For each separation and angle, the value from the previous run is taken as the
initial guess.

Once the detection limits have been computed in terms of magnitude, this can be converted to a mass.
The distance to the system and the relative magnitude of the host star can be used to compute the
absolute magnitude of the injected companion at the threshold. Then using the age of the system and
evolutionary models, the corresponding mass for an object of this age and brightness can be computed.
The age and distance estimates for all the targets in this survey were obtained from Pecaut and Ma-
majek (2016) and the evolution models used were those from Phillips et al. (2020).

Converting to mass introduces a lot more uncertainty as there are additional errors on the age and
distance estimates, and the evolution of low mass objects like planets is still not completely understood.
However, having a mass estimate allows for better comparison of the detection limits between systems,
and a better intuitive understanding of what the limits represent.
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Results

This chapter presents the final results of the processing and analysis performed during this thesis.
Section 8.1 discusses the reduction and subtraction steps, including identification of candidates. Then
Section 8.2 will discuss each system with candidate companions one by one and the properties of these
candidates. Finally the detection limits of each system will be given in Section 8.3.

8.1. Reduction and Subtraction

The first step for each cube was to download the data from the ESO portal, and then perform the re-
duction and PSF subtraction (here using SDI). For more details on the specifics of this process, see
Chapter 5 for the reduction and Chapter 6 for the subtraction.

There were a total of 41 observations that were analyzed. Table 8.1 lists all the observations with the
corresponding target. They are labeled according to the date of observation, and in cases when multi-
ple observations were performed in the same night an additional number is added for which observation
of that night it was. Three targets had repeated observations due to issues with the first observation(s);
these are color coded in the table.

Careful examination of the reduced and subtracted cubes revealed a number of potential point sources

in five different observations:
« 2023-05-27 2MASS J12182762-5943128

+ 2023-05-30-2 2MASS J12404664-5211046

+ 2023-06-15-1 2MASS J12560830-6926539

e 2023-07-26-1 2MASS J13130714-4537438

« 2023-08-07-2 2MASS J13015435-4249422
Each of these observations and the candidate companions will be discussed in detail in Section 8.2.
For those systems without candidate companions, the coadded images can be found in Appendix A.

8.2. Candidate Companions

Careful examination of the resulting cubes revealed eight candidate companions in five systems. Each
of the systems with candidates will be discussed here one by one, by date of observation.

For all five observations, the candidates were already bright enough before SDI, and in most cases the
SDI caused a large amount of self-subtraction: especially for some of the systems where candidate
companions were aligned radially, as scaling by wavelength shifts one of the companions on top of the
other (see Section 6.1). Thus, it was decided to characterize the companions using the reduced cubes
without SDI.

32
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Table 8.1: All observations and corresponding targets. Repeat observations have been highlighted with the same color.

Observation Target (2MASS J) Observation Target (2MASS J)
2022-12-20 12505143-5156353 2023-07-08-2 12185802-5737191
2023-01-28 10065573-6352086 2023-07-08-3 12092655-4923487
2023-03-03-1 10065573-6352086 2023-07-08-4 13065439-4541313
2023-03-03-2 10065573-6352086 2023-07-14-1 12383556-5916438
2023-04-20-1 11445217-6438548 2023-07-14-2 12374883-5209463
2023-04-20-2 11454278-5739285 2023-07-22-1 12160114-5614068
2023-05-16 13015069-5304581 2023-07-22-2 12454884-5410583
2023-05-27 12182762-5943128 2023-07-22-3 13055087-5304181
2023-05-28-1 12333381-5714066 2023-07-22-4 13334410-6359345
2023-05-28-2 12264842-5215070 2023-07-23-1 12113142-5816533
2023-05-28-3 12240975-6003416 2023-07-23-2 12472196-6808397
2023-05-30-1 12405458-5031550 2023-07-23-3 13095880-4527388
2023-05-30-2 12404664-5211046 2023-07-23-4 13335481-6536414
2023-05-30-3 12391404-5454469 2023-07-26-1 13130714-4537438
2023-06-15-1 12560830-6926539 = 2023-07-26-2 13444279-6347495
2023-06-15-2 13064012-5159386 2023-08-07-1 12483152-5944493
2023-06-16 13334410-6359345 2023-08-07-2 13015435-4249422
2023-06-17-1 12210808-5212226 2023-08-07-3 13343188-4209305
2023-06-17-2 12195938-5018404 ' 2023-08-07-4 13444279-6347495
2023-06-17-3 12192161-6454101 2023-08-20 12205449-6457242
2023-07-08-1  12210499-7116493

8.2.1. 2023-05-27: 2MASS J12182762-5943128

An image of the coadded cube of this observation before and after subtraction can be seen in Fig-
ure 8.1. There are two candidate companions. The first (referred to as candidate or companion "1”)
is at a separation of 0.61”, and an angle of 271° (measured counterclockwise from north); it is around
one magnitude fainter than the host star. The second candidate (candidate or companion "2”) is at a
separation of 0.644” and angle of 278°, and is slightly fainter at 1.5 magnitudes less than the host star.

The SNR of these two candidates is shown in Figure 8.2. Candidate 1 has an FPF of 1.72e-24, and for
candidate 2 this is 2.58e-10. This puts both of them well above the detection threshold of 3e-7. This
means that these point sources are real astrophysical objects. However it does not prove that they are
gravitationally bound to the host star. To test this the next step is to look at the spectra.

Figure 8.3 plots the spectra of the two candidates alongside the spectra of the host star and various rep-
resentative models. These spectra have been corrected for the earth atmosphere by adjusting the host
spectra to match up with the corresponding model, and adjusting the candidate spectra the same way.
One notable thing is that the spectra of the two candidates have almost identical shapes, and candidate
1 is about twice as bright as candidate 2: 1.8 times brighter to be exact. This suggests that candidate
1 may be an unresolved binary which forms a triple system with candidate 2. This would explain how
it can be twice as bright but be the same kind of object. The best fit spectra for these two (displayed
in Figure 8.4) also shows that they are similar types, although candidate 1 is potentially hotter which
could also explain the difference in brightness. These are the two possible hypotheses: that candidate
1is an unresolved binary and this is a triple system, or that candidate 1 is just brighter than candidate 2.

The difference in brightness between the best fit models is much larger than between the candidates
(after adjusting for 1 being a binary), as can be seen in Figure 8.5. This would suggest the triple sys-
tem hypothesis, as this can only be explained by the fits being incorrect (due to noise or other issues),
by candidate 1 being an unresolved binary, or by candidate 2 being around 10pc further away than
candidate 2 (which is unlikely). The NRMSE of the candidates compared to each other is 0.027, which
is comparable to the error of the companions with their respective best fit spectra. This does not lend
much support to either hypothesis.
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2023-05-27: 2MASS J12182762-5943128
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Figure 8.1: Observation of 2MASS J12182762-5943128 (2023-05-27) with SPHERE/IFS before (left) and after (right) SDI.
There are two point sources in the images, which are shown in more detail in the second row. The images are rotated such that
north is up and east is left.
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Figure 8.3: Spectra of candidate companion to 2MASS J12182762-5943128 (2023-05-27) with model spectra of various
temperatures.
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Figure 8.4: Best fit spectra for the candidate companions to 2MASS J12182762-5943128 (2023-05-27). Left shows the
spectra and the best fitting models, right shows the NRMSE of each model compared to the candidates’ spectra.
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Figure 8.5: Candidate companions to 2MASS J12182762-5943128 (2023-05-27) compared to select spectral models near
their best fit temperature. If companion 1 is not an unresolved binary it should be at the same brightness as the 4400K model,
and companion 2 should be around the same brightness as the 4000K model, however companion 2 is significantly dimmer.
When halved, companion 1 is much closer to companion 2, suggesting it is likely an unresolved binary.



8.2. Candidate Companions 37

1.004 regression
observations

0.95 1

0.90

e
)
o)

o
o0
S

Separation [arcsec]

e
g
a

0.70

1990 1995 2000 2005 2010 2015 2020
Year

Figure 8.6: Proper motion of candidate companions relative to 2MASS J12182762-5943128 (2023-05-27). The first two
observations are from the Washington Double Stars Catalog, and the error is assumed at 0.1”.(Mason et al., 2023) The third
observation is the one analyzed for this thesis. The regression is just an example showing that it is possible to fit a straight line
through these three observations when considering the error.

From this observation alone it is impossible to prove whether the candidates form an equal mass triple
system or an unequal mass binary system where candidate 1 is slightly brighter. This uncertainty is
compounded by the fact that the AO system was not functioning correctly for the observation of the
host star, introducing additional noise which could have affected the atmospheric corrections applied
to the candidate spectra. Based on the spectra as analyzed here, the most likely scenario seems to
be that they form an equal mass triple system. To conclusively delineate between these hypotheses, it
would be necessary to perform follow up observations to look for orbital motion of the objects relative
to each other.

The spectra of the companions seem to line up with the models at around 3500K, but the best fit is
that the companions are brighter, hotter objects at around 4000—4400K. This suggests that these can-
didates are likely unrelated background stars, and that is why they appear slightly fainter. Assuming
that the candidates are a triple system with temperature of 4200K (the average of the two best fits),
that would put them at a distance of around 170pc from Earth. The distance to the host star is only
90pc.(Pecaut and Mamajek, 2016)

This system has two previous observations from the Washington Visual Double Star Catalog.(Mason
et al., 2023) These candidates were previously incorrectly assumed to be an equal mass binary com-
panion to the host star. This is due to the fact that the triple system combined appears roughly as
bright as the host. The previous observations were not using high contrast imaging and thus could not
resolve the candidates into separate sources. The previous observations noted the separation of the
host and this triple system, so the proper motion of the candidates relative to the host can be assessed.
This is plotted in Figure 8.6.

8.2.2. 2023-05-30-2: 2MASS J12404664-5211046

An image of this observation before and after subtraction is presented in Figure 8.7. There is one faint
point source visible in the images at a separation of 0.43” and angle of 295° (measured counterclock-
wise from north), which is six magnitudes fainter than the host star. The signal to noise of this candidate
was measured at each wavelength and is shown in Figure 8.8. This SNR corresponds to an FPF of
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3.26e-9, which is below the detection threshold of 3e-7. This means that this point source is a real
astrophysical object, however it does not prove that it is gravitationally bound to the host star.

2023-05-30-2: 2MASS ]12404664-5211046
Before subtraction After subtraction

80

Dec [arcsec]

70

60

50

0.5 0.0 -0.5 0.5 0.0 -0.5
RA [arcsec] RA [arcsec] 0

Closeup on companions

40

30 Closeup on companions

Flux [counts]
Flux [counts]

0.4
20

10

o
w

e
[N

Dec [arcsec]

o
[

0.0

-0.2 -03 -04 -05 -0
RA [arcsec] RA [arcsec]

-02 -03 -04 -05 -0.6

Figure 8.7: Observation of 2MASS J12404664-5211046 (2023-05-30-2) with SPHERE/IFS before (left) and after (right) SDI.
There is one point source which is shown in more detail in the second row. The images are rotated such that north is up and
east is left. The shape visible in the background after subtraction is the detector with a cut off due to the offset with the IFU.

The next step is to look at the candidate’s spectra. This will give an idea of what kind of object it is, and
whether it is possible for it to be gravitationally bound to the host star. Figure 8.9 shows the spectra of
the companion plotted together with the spectra of the host star and model spectra of several different
temperatures. The spectra of both the host star and the companion have been corrected for the Earth
atmosphere by matching the host star to the corresponding model spectrum as described in Section 7.3.

The candidate’s brightness is consistent with a temperature of 1000K, however the shape of the spec-
trum is different from the models at this temperature, with an opposite slope that matches better with
higher temperature spectra. Checking the NRMSE of the companion spectrum compared to the mod-
els gives the best fit as T, ;=6000K, as can be seen from Figure 8.10. The models used for fitting only
go up to 6000K, so the object may be even hotter. This proves the object is an unrelated background
star not gravitationally bound to the host star. For such an object with 7 ; ;/=6000K to appear this faint,

it would need to be located at a distance of 4400pc. The host star is at a distance of 160pc.(Pecaut
and Mamajek, 2016)
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Figure 8.8: SNR of candidate companion to 2MASS J12404664-5211046 (2023-05-30-2) vs .
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Figure 8.9: Spectra of candidate companion to 2MASS J12404664-5211046 (2023-05-30-2) with model spectra of various
temperatures.
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Figure 8.10: Best fit spectra for the candidate companion to 2MASS J12404664-5211046 (2023-05-30-2). Left shows the
spectra and the best fitting model, right shows the NRMSE of each model compared to the candidate’s spectra.

8.2.3. 2023-06-15-1: 2MASS J12560830-6926539

The coadded observation is shown in Figure 8.11, with one candidate that has been circled. This candi-
date has an extended shape compared to the other candidate companions, which means it is very likely
a binary object, with two different sources orbiting each other. Due to this extended shape, a larger
aperture of 0.5” was used to measure its brightness, vs. the 0.35” aperture used for the other candidate
companions. The center of the pair is at a separation of around 0.19” and an angle of 39° (measured
counterclockwise from north), and their combined brightness is around one magnitude fainter than the
host star. The SNR is plotted in Figure 8.12, and gives an FPF of 4.67e-9, which is well below the
threshold for detection, proving this signal is from a real object and not just noise.

To investigate the relative masses of the two halves of the binary, the average frame of the cube was
subtracted from each wavelength slice. If one of the objects had a different spectral slope than the other
then one half of the object would be brighter at some wavelengths and the other half would be brighter
at others. However, both halves of the object showed roughly equal brightness at all wavelengths. This
means that both halves of the binary have the same spectral slope, and thus are equal in size. This is
the most commonly seen type of binary.(Duchéne and Kraus, 2013)

The spectra of the object is plotted in Figure 8.13 with models of various temperatures. The candidate’s
spectrum has been divided by two to scale it for the fact that it is a binary. Its brightness compared
to the host puts it near 2500K, however the slope does not match up with these models. The best fit
temperature is a hotter 3400K, as can be seen from Figure 8.14. This suggests the binary is in the
background of the image and not a bound companion to the host star. An equal mass binary of 3400K
and this apparent brightness would need to be located at around 170pc away. The host star is at a
distance of 100pc.(Pecaut and Mamajek, 2016)
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Figure 8.11: Observation of 2MASS J13130714-4537438 (2023-06-15-1) with SPHERE/IFS before (left) and after (right) SDI.
There is one (slightly extended) source in the images, which is shown in more detail in the second row. The images are rotated
such that north is up and east is left.
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Figure 8.12: SNR of candidate companion to 2MASS J12560830-6926539 (2023-06-15-1) vs .
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Figure 8.13: Spectra of candidate companion to 2MASS J12560830-6926539 (2023-06-15-1) with model spectra of various

temperatures.
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Figure 8.14: Best fit spectra for the candidate companion to 2MASS J13130714-4537438 (2023-06-15-1). Left shows the
spectra and the best fitting model, right shows the NRMSE of each model compared to the candidate’s spectra.

8.2.4. 2023-07-26-1: 2MASS J13130714-4537438

The observation of 2023-07-26-1 has one very bright point source, visible in Figure 8.15. It is almost
exactly the same apparent magnitude as its host star, and is located at a separation of 0.56” and angle
of 158°. It has an extremely high SNR (as can be seen in Figure 8.16), with corresponding FPF of
4.73e-37. This leaves no doubt that this is a real astrophysical object.

Figure 8.17 shows the spectrum of the candidate companion plotted alongside the host star and mod-
els of various temperatures. At these wavelengths, the candidate is actually slightly brighter than the
host star, once the sky background is subtracted from the host star spectrum. There was an issue with
the AO system of the telescope when making the observation of the host star, so this observation is
extremely noisy and bad quality. This could have a big effect on the host star spectrum, and thus the
atmospheric correction applied to the candidate. Assuming that these spectra are correct, there are a
couple possibilities for why the candidate may be brighter than the host star. The telescope operator
may have accidentally centered the observation on the wrong star, which is definitely possible given
that they are both quite bright and both very close together. Alternatively, the candidate may be dimmer
in visible light (which is used to point the telescope), but brighter at these NIR wavelengths. This could
be the case if the companion is a background star with dust in front of it, as the dust would cause more
extinction at shorter wavelengths.

Comparing the spectra of the companion with the models of equal brightness show that the slope of
the candidate is slightly steeper, which suggests it may be a hotter background object. Checking the fit
of all the models with the NRMSE shows that the best fit temperature for the candidate is 5600K (see
Figure 8.18). This puts the candidate behind the host star at a distance of 260pc from Earth, whereas
the target star is at around 140pc according to Pecaut and Mamajek (2016).
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Figure 8.15: Observation of 2MASS J13130714-4537438 (2023-07-26-1) with SPHERE/IFS before (left) and after (right) SDI.
There is one point source in the images, which is shown in more detail in the second row. The images are rotated such that

north is up and east is left.
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Figure 8.16: SNR of candidate companion to 2MASS J13130714-4537438 (2023-07-26-1) vs \.
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Figure 8.17: Spectra of candidate companion to 2MASS J13130714-4537438 (2023-07-26-1) with model spectra of various
temperatures.
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Figure 8.18: Best fit spectra for the candidate companion to 2MASS J13130714-4537438 (2023-07-26-1). Left shows the
spectra and the best fitting model, right shows the NRMSE of each model compared to the candidate’s spectra.

8.2.5. 2023-08-07-2: 2MASS J13015435-4249422

An image of the observation of this system is shown in Figure 8.19. There are two point sources here.
The SNR for both is plotted in Figure 8.20. The closer candidate (hereby referred to as candidate or
companion "1”) is located at a separation of 0.52” and angle of 231°, and is 2.5 magnitudes fainter
than the host star, with an FPF of 1.48e-39. The further candidate is at a separation of 0.59” and angle
of 233°, and is slightly fainter, being three magnitudes below the host star, and with an FPF of 1.37e-37.

Looking at the spectra for both candidates (which is shown in Figure 8.21), the two appear to be back-
ground stars as the shape of their spectra do not match the models of equivalent brightness. Also,
both seem to have very similar shapes for the spectra, and candidate 1 is a little less than two times as
bright as candidate 2. (1.6 times as bright to be precise.) This suggests that candidate 1 may actually
be an unresolved binary which is together in a triple system with candidate 2. The fact that the two
candidates appear so close together in the images lends support to this idea. That the brightness of 1
is slightly less than double 2 could be explained by one of the stars partially eclipsing the other. The
NRMSE of both candidates compared to each other is 0.01, which shows the two spectra are nearly
identical. Looking at the best fitting model spectra for each candidate in Figure 8.22 provides further
evidence: both candidates have almost exactly the same best fit temperature, despite the difference in
brightness. This can only be explained if candidate 1 is an unresolved binary, or if candidate 2 is further
away and thus appears dimmer. Given the very high occurrence rates of multiple star systems (see
Duchéne and Kraus, 2013), it seems more likely that this represents a triple star system, compared to
the alternative that candidate 2 is an unrelated star even further away which happens to be the same
type as candidate 1. To prove this definitively, additional observations should be made to look for orbital
motion of the candidates relative to each other.

Given that this is a triple system with all three stars at T, s around 3400K, that puts the candidates at
a distance of around 360pc. The host star is at a distance of 130pc.(Pecaut and Mamajek, 2016)
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Figure 8.19: Observation of 2MASS J13015435-4249422 (2023-08-07-2) with SPHERE/IFS before (left) and after (right) SDI.
There are two point sources in the images, which are shown in more detail in the second row. The images are rotated such that
north is up and east is left.
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Figure 8.20: SNR of candidate companions to 2MASS J13015435-4249422 (2023-08-07-2) vs .
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Figure 8.21: Spectra of candidate companions to 2MASS J13015435-4249422 (2023-08-07-2) with model spectra of various

temperatures.
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Figure 8.22: Best fit spectra for the candidate companions to 2MASS J13015435-4249422 (2023-08-07-2). Left shows the
spectra and the best fitting model, right shows the NRMSE of each model compared to the candidate’s spectra.

8.2.6. Final Companion Determination
For all the systems with candidates, these were determined to be unrelated background objects. Ta-
ble 8.2 summarizes some of the key properties of the target systems and the candidate companions.

8.3. Detection Limits

Detection limits for each system were also computed. These give a rough idea of what planets may still
exist in these systems that could not be detected. Curves for all the observations together are plotted
in Figure 8.23. Individual curves for every system can be seen in Appendix B, with curves for both
before and after SDI.

Anything above the curve is bright enough that it would have been detectable in these observations,
and below the line would be too faint to be confidently detectable in these observations. Thus there is
still the possibility that fainter objects may be detected when looking with other instruments in the future.

It can be seen that in almost all the contrast curves, after around 0.5”, the post SDI contrast becomes
much worse. This is because 1” (thus 0.5” separation in any direction) is the effective FOV for the IFS
after SDI, as this is the portion of the PSF that is visible at all wavelengths. See Section 6.1 for more
detail.

The contrast limits have not been computed for those systems with candidate companions, as the
candidates interfere with the computation of these curves. Figure 8.24 shows an example of a contrast
curve which has been (incorrectly) computed for a system with candidates. The true contrast limits for
these systems can be assumed to be similar to the systems without candidates.

Figure 8.25 puts these detection limits in context by overplotting them on a graph of all exoplanets that
have thus far been detected. The search space that this work is sensitive to is only massive, wide
orbit planets, however this is a region that is still very under-represented compared to the multitude of
detections of close in planets by other methods. The same figure is shown zoomed in on the region of
interest in Figure 8.26
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Table 8.2: Key properties of systems with candidate companions.
(a) Systems with one candidate.
Observation 2023-05-30-2 2023-06-15-1 2023-07-26-1
12404664- 12560830- 13130714-
Host star name 2MASS I 5211046 6926539 4537438
Separation [arcsec] 0.43 0.19 0.56
Angle [deq] 295 39 158
FPF - 3.3e-9 4.7e-9 4.7e-37
Best fit temp. [K] 6000+ 3500 5600
Host star distance [pc] 160 100 140
Candidate distance [pc] 4400+ 170 260
Background

Candidate determination

Background star

binary system

Background star

(b) Systems with multiple candidates.

Observation 2023-05-27 2023-08-07-2

Host star name 2MASS J 12182762-5943128 13015435-4249422
Candidate - 1 2 1 2
Separation [arcsec] 0.61 0.64 0.52 0.59
Angle [deq] 271 278 231 233

FPF - 1.7e-24 2.6e-10 1.48e-39 1.37e-37
Best fit temp. K] 4400 4000 3500 3400
Host star distance [pc] 90 a0 130 130
Candidate distance [pc] 170 170 360 360

Candidate determination

Background triple system

Background triple system




8.3. Detection Limits 51

10 1

12

Absolute magnitude [-]

102 i

Mass [My,p]

101 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Separation [arcsec]

Figure 8.23: Contrast curves for all observations after SDI has been applied. Systems with candidate companions have been

excluded.
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Figure 8.24: Contrast curve for 2MASS J12182762-5943128 (2023-05-27). This system has two bright candidate companions
at around 0.61” and 0.64”, which interfere with the estimation of the contrast limits. This prevents the limits from being
accurately determined for this system and others with candidate companions.
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Figure 8.25: Detection limits for these observations plotted on top of a graph of most exoplanets that have been discovered
thus far. The red region shows the region these observations would be sensitive to after SDI has been applied. The darkness
of the region corresponds to what percentage of the observations shown here are sensitive to that part of the search space.
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Figure 8.26: Detection limits for these observations plotted on top of a graph of most exoplanets that have been discovered
thus far, zoomed in on the region of interest. Again, the red region shows the region these observations are sensitive to after
SDI. In this figure it can be seen that this region represents a good portion of the full direct imaging search space, but is shifted
closer in than most direct imaging detections because of the small FOV of the IFS instrument.



Conclusion

This thesis followed the process of analyzing 41 observations from YSES taken with SPHERE/IFS.
The ultimate goal was to aid this survey and the broader scientific community by detecting new wide
orbit giant planets which would help the understanding of how these objects form. The main research
question for this thesis was as follows:

What companions can be identified in the IFS data from YSES, and what are the characteristics
of these companions?

During this thesis, the 41 YSES observations were reduced, post processed by applying SDI, and care-
fully examined. On this specific dataset the SDI unfortunately did not reveal any fainter objects for study.
However, it still pushes the contrast limit deeper and shows that if any wide orbit giant planets were
in the images, they likely would have been seen. Detection limits were computed for all the observed
systems, and for most systems the result is that planets down to around 5-10M/; at a separation of
0.3-0.5".

The reduced cubes revealed eight candidate companions in five systems. These candidates were then
characterized by measuring their SNR and spectra. All eight candidates were well above the detection
threshold, and are real astrophysical objects. All the candidates were determined to be unrelated back-
ground stars which are not gravitationally bound to the host star. These candidates range in effective
temperature from around 3500K up to 6000K, with the majority of candidates being M or K type stars.
In two separate systems with two candidates each (the observations of 2023-05-27 and 2023-08-07-2),
these candidates proved to be a triple system, with one of the point sources being an unresolved bi-
nary. One of these triple systems was previously identified as an equal mass binary object to the host
star, however this thesis has proved that this is not the case. In addition one other binary system was
discovered (in 2023-06-15-1), and two other bright background stars were found.

The IFS was particularly useful for this work, as having low resolution spectra of the objects made it
possible to estimate whether the object is a background star or a companion without needing to perform
follow-up observations.

Although no planetary mass objects were detected, and indeed no gravitationally bound companions
were detected, these results are still beneficial to the scientific community. Non-detections can help
refine occurrence estimates for planets around these types of stars, which is one of the goals of YSES.
Additionally, one of the systems that was once thought to be a binary system was proved to be a sin-
gle star. This system may have been understudied because binary systems are usually ignored when
hunting for planets. This work shows that it is still useful to do follow up observations on such systems
to be sure. This work has also shown what kind of objects may still exist in these systems, and that they
are worth performing follow-up observations on to look for fainter planetary mass companions. The two
background triple systems warrant further study to verify these observations as these are somewhat
unusual objects. Additional observations will be able to confirm if these are indeed triple systems by
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looking for orbital motion of the objects relative to each other.

That no new planets were detected is not unusual. Meta-analysis of other surveys puts the occurrence
rate of wide orbit giant planets and brown dwarfs around sun-like stars at around 1%.(Bowler and
Nielsen, 2018) This work only had a sample of 37 stars; not finding any planetary mass companions in
that sample is consistent with this occurrence rate.
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Other Observations

Here the coadded images from the reduced and subtracted cubes are shown for all systems where
companions were not detected. For targets that were observed more than once (see Table 8.1) only
the latest observation of is shown. However, all of these observations were analyzed, and no candidate
companions were visible in the earlier observations either.
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Figure A.1: Coadded cubes for the observation of 2MASS J12505143-5156353. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.

65



66

2023-03-03-2: 2MASS J10065573-6352086
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Figure A.2: Coadded cubes for the observation of 2MASS J10065573-6352086. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.3: Coadded cubes for the observation of 2MASS J11445217-6438548. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.



67

2023-04-20-2: 2MASS J11454278-5739285 .
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Figure A.4: Coadded cubes for the observation of 2MASS J11454278-5739285. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.5: Coadded cubes for the observation of 2MASS J13015069-5304581. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-05-28-1: 2MASS J12333381-5714066
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Figure A.6: Coadded cubes for the observation of 2MASS J12333381-5714066. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.7: Coadded cubes for the observation of 2MASS J12264842-5215070. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-05-28-3: 2MASS J12240975-6003416
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Figure A.8: Coadded cubes for the observation of 2MASS J12240975-6003416. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.9: Coadded cubes for the observation of 2MASS J12405458-5031550. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-05-30-3: 2MASS J12391404-5454469
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Figure A.10: Coadded cubes for the observation of 2MASS J12391404-5454469. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.11: Coadded cubes for the observation of 2MASS J13064012-5159386. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-06-17-1: 2MASS J12210808-5212226
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Figure A.12: Coadded cubes for the observation of 2MASS J12210808-5212226. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.13: Coadded cubes for the observation of 2MASS J12195938-5018404. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-06-17-3: 2MASS J12192161-6454101
Before subtraction After subtraction
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Figure A.14: Coadded cubes for the observation of 2MASS J12192161-6454101. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.15: Coadded cubes for the observation of 2MASS J12210499-7116493. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-08-2: 2MASS J12185802-5737191
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Figure A.16: Coadded cubes for the observation of 2MASS J12185802-5737191. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.

2023-07-08-3: 2MASS J]12092655-4923487
Before subtraction After subtraction

200

> - 0 7

£1s0y g

5] b 2

S 100y & B

x U =<

[} —

2 sofl 8 103

0

0.5 0.0 -0.5 0.5 0.0 -0.5
RA [arcsec] RA [arcsec]

Figure A.17: Coadded cubes for the observation of 2MASS J12092655-4923487. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-08-4: 2MASS J13065439-4541313
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Figure A.18: Coadded cubes for the observation of 2MASS J13065439-4541313. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.19: Coadded cubes for the observation of 2MASS J12383556-5916438. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-14-2: 2MASS J12374883-5209463
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Figure A.20: Coadded cubes for the observation of 2MASS J12374883-5209463. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset

of the detector with respect to the IFU.
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Figure A.21: Coadded cubes for the observation of 2MASS J12160114-5614068. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset

of the detector with respect to the IFU.
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2023-07-22-2: 2MASS ]12454884-5410583
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Figure A.22: Coadded cubes for the observation of 2MASS J12454884-5410583. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.23: Coadded cubes for the observation of 2MASS J13055087-5304181. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-22-4: 2MASS J13334410-6359345
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Figure A.24: Coadded cubes for the observation of 2MASS J13334410-6359345. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.25: Coadded cubes for the observation of 2MASS J12113142-5816533. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-23-2: 2MASS J12472196-6808397
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Figure A.26: Coadded cubes for the observation of 2MASS J12472196-6808397. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.27: Coadded cubes for the observation of 2MASS J13095880-4527388. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-07-23-4: 2MASS J13335481-6536414
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Figure A.28: Coadded cubes for the observation of 2MASS J13335481-6536414. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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Figure A.29: Coadded cubes for the observation of 2MASS J12483152-5944493. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-08-07-3: 2MASS J13343188-4209305
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Figure A.30: Coadded cubes for the observation of 2MASS J13343188-4209305. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.

2023-08-07-4: 2MASS ]13444279-6347495
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Figure A.31: Coadded cubes for the observation of 2MASS J13444279-6347495. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.
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2023-08-20: 2MASS J12205449-6457242
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Figure A.32: Coadded cubes for the observation of 2MASS J12205449-6457242. The cubes have been derotated such that
north is up and east is left. The square shape visible in the images is the shape of the detector, with part cut off due to the offset
of the detector with respect to the IFU.



Individual Detection Limits

Here the detection limits are shown for all systems where companions were not detected. For targets
that were observed more than once (see Table 8.1) only the contrast curve computed from the latest
observation is shown.
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Figure B.1: Contrast curve for the observation of 2MASS J12505143-5156353.
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Figure B.2: Contrast curve for the observation of 2MASS J10065573-6352086.
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Figure B.3: Contrast curve for the observation of 2MASS J11445217-6438548.
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Figure B.4: Contrast curve for the observation of 2MASS J11454278-5739285.
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Figure B.5: Contrast curve for the observation of 2MASS J13015069-5304581.
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Figure B.6: Contrast curve for the observation of 2MASS J12333381-5714066.
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Figure B.7: Contrast curve for the observation of 2MASS J12264842-5215070.
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Figure B.8: Contrast curve for the observation of 2MASS J12240975-6003416.
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Figure B.9: Contrast curve for the observation of 2MASS J12405458-5031550.
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Figure B.10: Contrast curve for the observation of 2MASS J12391404-5454469.
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Figure B.11: Contrast curve for the observation of 2MASS J13064012-5159386.
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Figure B.12: Contrast curve for the observation of 2MASS J12210808-5212226.
2023-06-17-2
7_
—4— Before SDI
54 After SDI [ 100
9. -50
-25
10 -
11 \{\
12 _ \_V;\__ B 12
13+ . . .
0.0 0.2 0.4 0.6

Separation [arcsec]

Figure B.13: Contrast curve for the observation of 2MASS J12195938-5018404.
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Figure B.14: Contrast curve for the observation of 2MASS J12192161-6454101.
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Figure B.15: Contrast curve for the observation of 2MASS J12210499-7116493.
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Figure B.16: Contrast curve for the observation of 2MASS J12185802-5737191.
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Figure B.17: Contrast curve for the observation of 2MASS J12092655-4923487.
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Figure B.18: Contrast curve for the observation of 2MASS J13065439-4541313.
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Figure B.19: Contrast curve for the observation of 2MASS J12383556-5916438.
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Figure B.20: Contrast curve for the observation of 2MASS J12374883-5209463.
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Figure B.21: Contrast curve for the observation of 2MASS J12160114-5614068.
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Figure B.22: Contrast curve for the observation of 2MASS J12454884-5410583.
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Figure B.23: Contrast curve for the observation of 2MASS J13055087-5304181.
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Figure B.24: Contrast curve for the observation of 2MASS J13334410-6359345.
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Figure B.25: Contrast curve for the observation of 2MASS J12113142-5816533.
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Figure B.26: Contrast curve for the observation of 2MASS J12472196-6808397.
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Figure B.27: Contrast curve for the observation of 2MASS J13095880-4527388.
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Figure B.28: Contrast curve for the observation of 2MASS J13335481-6536414.
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Figure B.29: Contrast curve for the observation of 2MASS J12483152-5944493.
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Figure B.30: Contrast curve for the observation of 2MASS J13343188-4209305.
2023-08-07-4
—4— Before SDI 100
7_
+ After SDI L 50
8_
-25
9_
10 -
-12
11 -
12 -
-6
13 - . . .
0.0 0.2 0.4 0.6

Separation [arcsec]

Figure B.31: Contrast curve for the observation of 2MASS J13444279-6347495.
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Figure B.32: Contrast curve for the observation of 2MASS J12205449-6457242.
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