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summary

Background: A master thesis research project was conducted from 2021 to 2022 on improving
the data reduction techniques used in the direct imaging of exoplanets.
Goals: The research conducted during this master’s thesis provided the opportunity for the
researcher to learn the flow of professional academic research endeavors in general, and become
an expert on direct imaging of exoplanets to a master’s degree level in particular.
Methods: This work has also allowed the growth and flourishing of a familiarity of particular
science and software coming from:

e European Southern e Spectro-Polarimetric High- e Atacama Large Millimeter

Observatory (ESO) contrast Exoplanet Array (ALMA) data archive

REsearch (SPHERE)

* ESO Science Archive e Numerous libraries in python
Facility's raw data e Very Large Telescope (VLT) Py
o ESOReflex e PynPoint e Shell scripting

The workflow of this research started by obtaining data taken with the SPHERE instrument

at the VLT in Chile from the ESO data archive. This was accomplished with shell scripts and
ESO Reflex. PynPoint was used to reduce the obtained data. Python was then used for a
thorough analysis of the data. The ALMA archive was used as an aside to the main body of
this research to complement the specialized knowledge acquired in the bulk of the work.
Results: With such tools at the disposal, various relationships between Principal Component
Analysis (PCA) and the optimal wavelength detectors have been compared. This has allowed
for optimal signal-to-noise ratios to be determined for different observations made of one star.
The relationships between signal-to-noise have been compared for each of the wavelengths
available in the data over multiple direct images and their regimes of: Coronagraphic speckle
noise, planetary detection, and (distant) background noise. Initial attempts at negating the
data reduction pipeline’'s automatic signal suppression artifact have been made; no definitive
conclusions have been drawn from this line of research, but there is evidence that future work
in this area might draw out useful parameters that could minimize the suppressive artifact and
allow for smaller and more sensitive exoplanet detections. Lastly, the evolutions of wavelengths
over planet position are analyzed with curve fitting models; patterns in the models’ variations
are regressed to make linear and polynomial models of the observed planet position’s evolution;
an error analysis is provided for the uncertainty of such models and regressions.
Conclusion: There are unique PCA combinations that yield optimal detection parameters.
Mitigation of a suppressive data reduction artifact appears to be another worthwhile path of
research that can be pursued with more time. The behavior of the movement or migration
of the artifact can be well modeled in the case of clear observations, partially modeled in
the case of semi-clear observations, and appears to be unmodelable in the case of obscured
observations.



Summary for general audiences

With clear skies and good timing, you can see ve nearby planets at night; and yet we are
aware of about 5000 more planets today (and the number keeps growing). Most of them
are far away and require large telescopes to observe; even then we can often only infer their
existence from indirect ways of seeing. This thesis is about the far away planets that are bright
enough to actually be seen directly with modern technology.

Optical and telescopic technology is coupled with software and computational coding to
make the best images. Here, we have investigated how di erent techniques of manipulating
data obtained from the SPHERE telescope in Chile can lead to better and stronger seeing of
a distant planet going around its host star.

The techniques used in this research are Angular Di erential Imaging (ADI), Spectral Dif-
ferential Imaging (SDI), Angular-Spectral Di erential Imaging (ASDI), Spectral-Angular Dif-
ferential Imaging (SADI), and Combined Di erential Imaging (CODI). All of these can be
coupled with Principal Component Analysis (PCA) which can help further simplify and reduce
the large amount of data available.

ADI happens after a telescope tracks and captures multiple images of a star over a duration
of time. It is the subtracting from each image the average of all images, and then the rotating
and stacking of the di erential images so that an exoplanet is located at the same place
in those images (this is possible due to the Altitude-Azimouth mount that rotates SPHERE
during its tracking and observations).

SDI is a similar process, where each of the (39) wavelengths images (except the largest)
are expanded to the size of the largest; cropping away the outside portion of the smaller
wavelength images allows for the creation of a standard or base image. This base image is
then resized to each observed image and then subtracted out to leave the planet on the same
spot in the new images.

ASDI is performing the methods of ADI followed by SDI on a set of observed images, while
SADI is the same in reverse order. CODI is performing the two methods of ADI and SDI
simultaneously on the observation's data.

Though the results are best seen graphically and require more than a few words to describe
accurately, we can generalize or simplify the results by saying that using more complex data
reduction tools (ASDI, SADI, and CODI) allows for better contrast between a host star and
its observed exoplanet. This is further improved by the use of small, but not unary PCAs in
the various reductions.
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Chapter 1

Introduction

Exoplanets or extrasolar planets are any planets outside our solar system [NASA, 2022].
Though the thought of detecting them arose much earlier (in 1952, Otto Struve proposed to
use the radial velocity and transit methods to detect short-period exoplanets [Struve, 1952]),
the rst exoplanet orbiting a solar-like star was discovered in 1995 [Mayor and Queloz, 1995],
and over 5000 more have been discovered since [NASA, 2022]. This massive increase in less
than 30 years is seen in Figure 1.1. The large jumps in Transit (green) cumulative detections

Figure 1.1: Exoplanet Detections Over Time. Figure Credit: [NASA, 2022]

in 2014 and 2016 were made primarily from the novel Kepler space telescope [Johnson, 2015],
[NASA, 2022]. Increases in the detection rates of some of the currently less fruitful methods
(colors) are expected in the next decade; this will be discussed more in the conclusion of the
thesis.



CHAPTER 1. INTRODUCTION 2

1.1 Planet Formation

The eld of star and planet formation is broad. The timescales of almost all astrophysical
phenomena vastly exceeds a human life, and most are much longer than the age of modern
astronomy. This means that we develop astrophysical models by looking at di erent systems
and assuming they are undergoing the same process, but are only of di erent physical char-
acteristics (i.e., mass) and at di erent parts of the process. The overarching model suggests
that large clouds of (molecular) gas and dust fragment into smaller collapsing regions. This
continues until the energy and density in a (central) region can begin to do nuclear fusion;
a star is born. The heat, expansion, and rotation of the star lead the remaining gas and
dust to vacate or collapse onto the plane of the star's rotation; a protoplanetary disk is born.
Planetary growing is then accomplished in di erent phases [De Koter].

Collisions lead to aggregation of microscopic dust grains that stops when it reaches a size
on the order of a centimeter. An intermediate regime is necessary (and an area of modern
cutting-edge research) for the structures to grow into kilometer sized "planetesimals.” After
reaching this size, two (or more) planetesimals are massive enough to gravitationally attract
each other through the protoplanetary (or soon todabrig disk. At this point, collisions are
not likely to cause a large decrease in total mass because even material ejected from surfaces
is likely to still remain in the gravitational well of the now-one body and fall back down to
it. Growth proceeds rapidly until the orbit is su ciently cleared [De Koter], then the title of
planet is given. Research is going into every part of this process; the research on the nal
planetary bodies is exoplanet research.

1.2 Types of Exoplanets

Planets similar to the solar system ones can be seen in other parts of the nearby galaxy, but
planets that are distinctly di erent from anything nearby have also been detected. Especially in

such a nascent eld as exoplanet science, only a few quantities are known about the detected
planets. The distribution of exoplanets detected with respect to their mass and period is seen
in gure 1.2

The three dense clusters around 1 Jupiter mass, 5-day period; 5 Jupiter mass, 1000-day
period; and 0.01 Jupiter mass, 10-day period show the prevalence of "hot Jupiters,” "exo-
jupiters,” and "mini-Neptunes” or "super-Earths" respectively. Jupiter (and less so Saturn)
is the most familiar analog that we can nd in our solar system for most of today's known
exoplanets. Kepler-20e might be the smallest exoplanet known to us [Kep]; the worlds that are
smaller exist in an entirely unknown abundance. Naturally, The smaller the planet, the more
di cult it is to detect; thus there might be billions of super-mercuries or even mini-mercuries
and many earth-like planets in the Milky Way, but our ability to detect them is currently limited
to the sensitivities of today's range of telescopes.

Signi cantly more information on the variety and distribution of exoplanet characteristics
is available at NASA [2022]; some of the most insightful is seen in the plots of Figure 1.3.
These include relationships between orbital period, planetary mass and radius, and irradiation
and equilibrium temperature.

Mass and Radius (and thus density) con ne exoplanets to falling on ranges within distinct
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Figure 1.2: Exoplanet Distribution on Mass and Period. Figure Credit: [NASA, 2022]

(size) regimes. This is seen in Chen and Kipping [2017]'s Figure 1.4. The Earth lies in the
left-most regime along with similarly small worlds (planets, su ciently large moons, or other
planet-like celestial bodies). Other bodies with relatively thin atmospheres can be found in
this region. Only slightly more massive planets are going to contain a larger, more volatile
envelope. This leads to the increase in slope seen in the Neptunian worlds' regime compared to
the Terran worlds. This continues for some time, but comes to an end when the additional mass
makes for a gravitational strength that is su cient to cause self-compression. This explains
the inverse relationship between the mass and radius within the Jovian regime. Finally, with
more mass, the gravitational energy in the center of a planet becomes strong enough that
nuclear fusion can occur, the proportional relationship resumes (see right-most regime), and
the world stops being a planet and becomes categorized as a star.

Though many more masses and periods of exoplanets have been detected than are observed
in our solar system, many more may be present in the universe. Each detection method has
a bias to observe a di erent type of exoplanet; with a variety of methods we are able to see
more kinds of exoplanets, but still not all of them.

1.3 Detection methods of exoplanets

There are a variety of methods astronomers use to detect (and characterize) exoplanets. In this
thesis, we will introduce the fundamentals behind the Radial Velocity, Transiting, Astrometry,
(pulsar) Timing, Gravitational Microlensing, and Direct Imaging techniques. A more detailed
emphasis will be provided for the last technique as it was used throughout our research.
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Figure 1.3: Distributions of Exoplanets Plotted on Various Parameters. Theop left
plot shows radii on mass, with di erent material references (water, rock, iron). Thép
right plot shows radii on period for ve detection methods. Thebottom left plot shows
irradiation on period for ve detection methods. Thebottom right plot shows radii on
temperature; the inset zooms in on the planets with earth-like radius and temperature.
Figure Credit: [NASA, 2022]

Radial Velocity

The Radial Velocity Method of detecting exoplanets is one of the most popular methods. It
had tremendous initial success when it was used to nd the rst exoplanet around a solar-
like star [Mayor and Queloz, 1995]. This nding led being awarded the 2019 Nobel Prize in
Physics. Through the rest of the 1990s and the 2000s, Radial Velocities have accounted for
the vast majority of exoplanetary detections (see Fig. 1.1).

Mechanistically, light emitted from a moving source is red-shifted or blue-shifted on the
axis of its movement. A star emits light and moves around a center of mass that is shared
between it and its exoplanet(s). If the plane of the stellar system is parallel (or rather, not
perpendicular) to our line of sight, there will be red-shifted and blue-shifted oscillations in
the light coming from that star. This is shown visually in Figure 1.5. Using this method,
astronomers can extract parameters of the exoplanet, namely: the minimum mass and orbital
period.
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Figure 1.4: Exoplanet regimes, based on mass and radius. Figure Credit: [Chen and
Kipping, 2017]

Figure 1.5: Diagram of the Radial Velocity method of exoplanetary detection. Figure
Credit: [Ollivier et al., 2009]
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More locally, the HERMES instrument at the Mercator Telescope has been recording astro-
physical spectra since "the beginning of 2009" [Gielen, 2023] and will soon be joined by the
MARVEL, which is an array of four 80 centimeter telescopes connected via optical ber to a
single high-resolution echelle spectrograph, which "builds on the heritage of HERMES." These
future observations will be optimized for extreme-precision radial velocity measurements and
should be on "a fast track to commissioning" this year. [Raskin et al., 2020].

Transits

During the 2010s, the transit method of detecting exoplanets took the spotlight in the com-
munity. The space missions Kepler, K-2 [Borucki et al., 2008], and the more recent TESS
[Ricker et al., 2014] have all relied on the transit method to detect most of the planets that
we know of today. Its recent popularity is shown in Figure 1.6 The transit method detects

Figure 1.6: Fractions of detection methods that contributed to known planet discoveries
from 1995-2018. Figure Credit: [Deeg and Alonso, 2018]

exoplanets by measuring the drop in light obtained from a star as an exoplanet passes between
the star and the detector. The radial velocity method is most e cient when the plane of the
stellar system is parallel to the line of sight, but it can still work when there are more than a
few degrees of inclination between the plane of the system and our line of sight; this is not
the case for the transit method, which relies on occultations (eclipses) for detections. This
method most naturally nds planets that are large and close to their host star (small orbital
period). The latter is partially because of a decrease in probability that the star-planet plane
will be in an alignment with the line of sight as the separation between the two bodies grows.
This probability decreases quickly as the period and orbital distance grow. By observing an
exoplanet's transits of a star, detection will, be more favorable for planets at short distances
from their host star; this is independent of detectability considerations [Ollivier et al., 2009].
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Figure 1.7: Diagram of the Transits method of exoplanetary detection. Figure Credit:
[Ollivier et al., 2009]

Transit detections lead to estimates of the size (radius) of the exoplanets. If this size can be
coupled with a mass estimate (see radial velocity), then a planetary density can be calculated.

Astrometry

Astrometry is a detection method that observes the gravitational pull that an exoplanet exerts
on its host star. In this regard, is it very similar to the radial velocity method, but the
key di erence between the two is the geometry that planets can most readily be detected in.
Unlike the radial velocity method, where we see changes in the spectra of a star, the astrometry
detection method observes changes in the location of a star. This is because astrometry works
best when the plane of the exoplanet and host star is perpendicular to our line of sight.
The orbit of the star around the system's center of mass makes a circle, which will not have
signi cant red-shifting or blue-shifting of its light. Astronomers use the astrometry method,
like the radial velocity method, to estimate the masses of orbiting exoplanets. The circular
motion observed on the sky combines with the apparent motion of the earth's rotation. Thus,
ground-based astrometry detections are made through the careful observations of spirals.

A spiral trajectory is seen in Figure 1.8; the dashed line is the system barycentric motion.
The dotted line is the e ect of earth's parallax. The solid line is the astrometric motion, the
e ect is magni ed 30x for visibility. The dots are locations in time indicated in years (arbitrarily
chosen to begin in April 2018). The system has been set up with a distadfepafsecs,
a proper motion ofy = 50 milliarcseconds yr !, and a planet of mass ofp = 15M,
orbiting with eccentricity ofe = 0:2, and semi-major axig, = 0:6 AU. For observations that
occur over substantial periods of a year (so the location of the earth is no longer approximately
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Figure 1.8: Astrometric trajectory of motion in combination with the apparent motion and
orbit of the earth. The system is at a distance ofl = 50 parsecs, orbits with eccentricity
e = 0:2, and semi-major axisa = 0:6 AU, and has a planet of massn = 15M;, and a
proper motion ofv = 50 milliarcseconds yr *. Figure Credit: [Perryman, 2018]

constant), the parallax of the earth is to be considered as well. In the gure, the spiral loops
can then be used, while compensating for earth's orbit, to extract properties of the exoplanet
and its orbit [Perryman, 2018].

We see few detections made via the astrometry method in Figure 1.1. This is because
the sensitivity of currently used instruments is lacking compared to what is necessary to make
a detection using the transit and radial velocity methods. Astrometry is highly promising,
but its relative slowness in reaching an advanced and proli ¢ stage has made it one of the
more obscure techniques. One can see some results of an observation and the associated
error bars in Figure 1.9. The modeling of such orbital motion is complex, and even more so
for many-body systems. In this gure's research, 21 free parameters were identi ed; most of
which had stable solutions determined by using Markov chain Monte Carlo (MCMC) chains.
The parameter estimates made quasi-Gaussian posterior distributions; which suggested that
the model is well-constrained and the astrometric orbit was detected from their measurements
(also made at the VLT). In order for us to detect exoplanets with the astrometry method, we
can consider the in uence of our neighboring planets on our G-type star. Figure 1.10 shows how
the variations over 20 years would be seen ih filliarcsec) astrometric movements around
an average central location. Though it has not been as fruitful as other detection methods,
the near-future is bright because GAIA's up-and-coming data releases are expected to provide
many more astrometry detections [Gaia Collaboration, 2020]. See future investigations for
details.
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Figure 1.9: Astrometric motion of (star) GJ 676A believed to be from a planet orbiting
in a plane near-perpendicular to our line of sight. Measurements are black dots, the
calculated orbit is a large black ellipse, the gray dashed lines connect to gray dots at the
best planetary locations in time. Figure Credit: [Malbet and Sozzetti, 2018]

Figure 1.10: Astrometric motion of the sun from a distance of 10 parsecs. There are
thousands of celestial bodies within this distance [Reyk et al., 2021]; and any observer
(looking at the solar system face-on) would see this much (or more, if closer) astrometric
motion. Figure Credit: [Ollivier et al., 2009]
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Timing (pulsar)

The rst exoplanet orbiting a solar-like star was detected in 1995 [Mayor and Queloz, 1995],
but the rst true exoplanet was discovered slightly earliepbisar timing[Wolszczan and

Frail, 1992]. Detecting small planets is always more di cult than large planets. However, with
this particular, pulsar timing technique, it is theoretically so precise that it is able to detect
planets with no more mass than that of a large asteroid. This detection method observes the
extremely stable rotation of neutron stars to their corresponding pulse, as well as the subtle,
small changes from uniform regularity. These are small changes in the time of arrival of
pulsar signal; they are used to develop models of planetary orbits and thus allow for exoplanet
detections [Seager, 2010]. This method's origins are seen in the Figure 1.11.

Figure 1.11: Pulsar Timing Method of exoplanet detection. Radio emissions are rapidly
rotated. The emission can be observed if the sweeping beam comes in contact with our
detectors. Figure Credit: [Ollivier et al., 2009]

Gravitational microlensing

A famous quote of John Wheeler regarding General Relativity is that "Space-time tells matter
how to move; matter tells space-time how to curve." This is shown in gure 1.12 where the
light emitted by a source, S does not travel along the straight dotted line to the observer, but
rather takes a path that is akin to the solid line because of the in uence of the lens, L. This
is depicted in Figure 1.12.

Though this technigue has not provided an abundance of exoplanets to observe compared
to the radial velocity and transits methods, it has the current capability of nding exoplanets
that are far more distant than what other techniques are currently capable of. Future missions
in the eld of gravitational microlensing have very promising results. More information on
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Figure 1.12: Gravitation Lensing Diagram: Deviation of a light ray from the gravity

of a massive body. The diagram simpli es the more complex behavior that would be
exhibited in a curving light ray into a discretely redirected light ray; this is a reasonable
approximation to make if the distances between the source, lens, and observer are far
apart (with respect to the speed and travel time of light) Figure Credit: [Batista, 2018].

the Nancy Grace Roman Space Telescope mission can be seen in the conclusion's future work
section.

Direct Imaging

The direct imaging technique of exoplanetary detection was analyzed extensively in the research
of this thesis. It is also possibly the most familiar or intuitive detection method for most
audiences: picture taking. Though portrait or landscape photography and direct imaging have
some aspects in common, there are di erences that separate the two procedures to think of
them as unique. Because of these, the rst direct images of exoplanets were published 12
years after exoplanets were rst detected. The challenges with directly imaging an exoplanet
are primarily the contrast di erence between it and its host star and the angular separation
between the planet and its host star [Seager, 2010]; and so special solutions are necessary to
overcome these, which are not readily available in the common earthly photography market.

There are solutions to overcome the challenges posed to the direct imaging of exoplanets.
During observations, instruments are to have the capabilities of suppressing the starlight, but
not the emitted infrared or thermal light of the planet, and of suppressing scattered light
entering the telescope. The thermal planet light comes from the contracting it, as a young
planet, is still undergoing. Starlight has been suppressed through the use of interferometry
and (in the case of SPHERE) coronagraphy. Scattered light can be suppressed by Adaptive
Optics (AO), which uses guide stars (often arti cially generated ones via lasers) and deformable
mirrors [Seager, 2010].

Blocking the light from a star, but receiving the light of a planet, is necessary to directly
image exoplanets. The technique of coronagraphy allows for valuable planetary photons to be
insightfully isolated from the stellar light [Guyon et al., 2006]. Though the use of coronagraphy
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is relatively new in the eld of exoplanets, it has been in use elsewhere for almost a century.
Bernard Lyot invented the coronagraph in the early 1930s. Its original purpose was to make
observations of the sun's corona [Loyt, a] [Loyt, b]. The coronagraph was, and still is, to
reach a maximal reduction of the light diracted and scattered along the optical pathway.
[Ollivier et al., 2009]. This method of observation has evolved of the last 90 years and is
one of the key components of the Spectro-Polarimetric High-contrast Exoplanet REsearch
(SPHERE), which made the observations that are analyzed throughout the body of this thesis
[Beuzit et al., 2019]. A second approach to starlight suppression is through interferometry.
SPHERE and the research of this thesis do not rely on traditional interferometric techniques,
however this technique is and has been in use around the world for extensive periods of time.
One of the famous workhorses of modern astronomy, the VLT in Chile, became the VLTI
(VLT-Interferometer) on 17 March 2011 when it Combined Light from all Four VLT Unit
Telescopes for the First Time [Berger et al., 2011]. Interferometry is a large and complex
eld, and so we will give it only a cursory introduction here by saying there are di erent types
of interferometers, most notably nulling interferometers and imagining interferometers, and
they suppress starlight by con guring the incoming light in multiple detectors to be out of
phase and thus interfere (as the name suggests) destructively where the (central) starlight is
coming from [Seager, 2010].

A third approach is to use external occulters, also known as, star shades [Seager, 2010].
This approach is beyond the scope of this thesis but is discussed brie y in the conclusion as a
potential part to multiple upcoming space missions.

Di erential Imaging: Angular, Spectral, and Combined

The methods of Angular, Spectral, and Combined Di erential Imaging (ADI, SDI, and CODI)
are discussed individually and in detail in the methods section 2.5. We introduce them here as
various techniques of data reduction that uniquely negate central starlight and stack peripheral
planet light that is located at di erent pixel positions (due to observations made at di erent
times or wavelengths). ADI, SDI, and CODI, are ways to organize photometric and spectro-
scopic data, after making an observation, they improve the detection of planet signal while
incurring minimal additional error (for example, by assuming constant atmospheric conditions
between two sequential exposures).

Much of the work done for this thesis was inspired by Kiefer et al. [2021], which showed
that using SDI and ADI consistently yielded results with greater signal-to-noise ratios than
the more traditional or classic approach of using ADI alone. The rst steps of their work are
expanded greatly in this thesis. The work of Flasseur et al. [2020] has shown one way of
generating clear detection maps with adjustable thresholds for con dence intervals around a
given detection. Their PACO ASDI method is sensitive to small variations in the data, robust
against false detections, and capable of making smoothed spectra from observations. All of
these detections methods, including the ones made in this research, form the basis for the
closely related, but more di cult, practice of exoplanet characterization.

Characterization of Exoplanets

After knowing that an exoplanet is around a nearby star, the natural follow-up is to ask,
"what kind of planet is it?" There are few instruments available today that are sensitive
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enough to accurately characterize complex parameters of exoplanets (for example, atmospheric
composition); none of them have been analyzed in this research. Therefore, this topic goes
beyond the scope of the research done here, despite the two elds of exoplanetary detection
and characterization being closely related. Nevertheless, future missions are planned with
state-of-the-art technology (often still in development) that will allow for characterization in
ways we have never been able to do before; this will be revisited in the conclusion's future
work section.

1.4 Open Scienti ¢ Questions

There are many exciting areas of modern exoplanet research; some are addressed in the research
of this thesis. Fundamentally, the theme of most of the topics revolves around the question of
how can we best detect exoplanets. This is a means to answering another pair of key questions:
what can we learn from a greater understanding of exoplanet populations & characterizations,
and how diverse are exoplanet systems. Perhaps the most inspirational to humanity is the big
guestion of is there life beyond our planet. The research done in this thesis lends itself to the
more practical question of how can we obtain a spectrum of an exoplanet (using SPHERE/IFS),
and as the spectrum gets more accurate with better instruments, what can each step teach
us along the way.

1.5 Objectives

The objective of this thesis is to discover the optimal combination (or combinations) of high-
contrast imaging techniques for detecting an exoplanet as a function of the characteristics of
the data-set: size, observing condition, and separation of the exoplanet. It is also to make a
proof-of-concept investigation into the mitigation of suppressive data reduction artifacts, and
compare preliminary results using di erent methodologies. The introduction and conclusion
are broad, which are designed to bring people from outside astronomical circles up to date on
many aspects in the eld of exoplanetary astronomy.
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Methods

This chapter is organized into six parts. First and second are a discussion of data acquisition,
which is accomplished with tH@PHERE instrument andESO Archive. The third part
introduceseSO Re ex as a bridge between the raw data stored in the ESO Archive and
functional data reduction software. We then discuss the workhorse soffyaRoint fourth;

this performsdi erential imaging techniques , which is the fth part (and sub-parts) of

this chapter. PynPoint can also perform reductions while applyipgnaipal component
analysis, which is the sixth and nal part.

2.1 SPHERE at the VLT { The Instrument of Choice

This section introduces the physical characteristics of the SPHERE instrument and how it
performs the techniques in section 1.3, provides a de nition and short description of the
coronagraph in it, clari es contrast limit capabilities, and introduces the technique of adaptive
optics, which works in conjunction with the instrument.

SPHERE Speci cations

The observations that are analyzed in this thesis were obtained by the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE) at the Very Large Telescope (VLT) in Chile
[Beuzit et al.,, 2019]. In particular, we used the Integral Field Spectrograph (IFS) [Claudi
et al., 2008] [Mesa et al., 2015], which is an instrument that is capable of binning light into
di erent pixels, and then subsequently, dispersing the light in each pixel in order to generate
a spectrum for that pixel [European Southern Observatory, 2021b]. Diagrams of the two
instruments can be seen in Figures 2.1 & 2.2. The IFS has as an output a data cube of 39
monochromatic images. The images have a spectral resoluti®n 060 in light wavelengths
between 0.95 { 1.35m (Y-J bands) and &k 30 between 0.95 { 1.65m (Y-H bands)

[The European Southern Observatory, 2019]. The particular ranges of wavelengths that each
channel is sensitive to is tabulated here 3.1.

14
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Figure 2.1: Diagram of the Spectro-Polarimetric High-contrast Exoplanet REsearch
(SPHERE). Figure Credit: [European Southern Observatory, 2021b]

Figure 2.2: Diagram of the Integral Field Spectrograph (IFS) on SPHERE. Figure Credit:
[European Southern Observatory, 2021b]
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Coronagraphy

The Common Path and Infrastructure of SPHERE obtains light from the VLT, and passes
adaptive-optically focused, stable, and coronagraphic beams to the IFS (and to two other
sub-instruments). The coronagraphs are con gured by a mask in the focal plane, a Lyot stop
in the downstream pupil, as well as an apodizer in the upstream pupil. Field stops are included
in the wheels for the coronagraphs. [European Southern Observatory, 2021b].

High-contrast imaging

Because of the advanced coronagrapy utilized by SPHERE, relatively large contrasts between
stars and planets can be overcome. Design and use considerations were made during its con-
struction, and to meet the required observing capability in both the visible and NIR, SPHERE
has a limited ultimate performance. It has been estimated to remain tolerable up to a contrast
of approximatelyl0 © times luminosity di erence, it is believed that pushing for much higher
contrasts would cause other parts of the system to begin to fail [Beuzit et al., 2019].

Adaptive optics

For ground-based observations, the scattering of light in the layers of the atmosphere can
signi cantly disturb the resolution of an image. This is a challenge that must be overcome
to make direct imaging detections. A good, though not perfect, solution to dealing with
these aberrations in light wavefront arrival is through Adaptive Optics (AO). AO intends to
compensate for the uctuations in the atmosphere in order to reach the resolution limited
by diraction across the pupil of a telescope [Perryman, 2018]. AO uses guide stars (often
arti cially generated by lasers) and deformable mirrors. The change in plane-parallel wave-
fronts of starlight is seen in Figure 2.3, the machinery used to deform the mirrors is shown
schematically in Figure 2.4. This gure shows the path of the target's light and the reference
star's light. The control system measures the departure of the received wavefront from a
plane-parallel wave. Throughout the observation, the reference light is used to deform the
mirror for the science light. The feedback cycle continues until the wavefront error is reduced
to a limit imposed by noise. When the loop is closed, the image of the reference star, and
those of all objects near it, are continuously corrected.

An example of the results that can be obtained with AO is shown in Figure 2.5. Though a
numerical scale is missing from the gure, we can see the large comparative advantage AO has
over non-AO with respect to capturing the natural point spread function of a distant object.

2.2 ESO Archive

Data from the observations of SPHERE are sent to the ESO Archive and made publicly
available after one year [European Southern Observatory, b]. The data used here was obtained
from a query of the data from: SPHERE/VLT on Spectroscopy, the Science (and if necessary
Calib) category, and the IFU mode. The target was chosen to be the Beta Pictoris system
(more systems are discussed in future investigations). Those seeking con rmation of the
methodology may examine Figure 2.6, which shows the current layout of ESO Archive and
how data, in particular how science IFU SPHERE data, can be obtained. Those wishing to
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Figure 2.3: lllustration of the development of phase distortion in light propagating through
the atmosphere. Figure Credit: [Surdej, 2021]

Figure 2.4: Block diagram of a simple AO system. Light from a reference source, such
as a star, bounces o a deformable mirror and a portion enters a wavefront sensor. This
control system generates a correction signal which moves the deformable mirror, reducing
the error. The light leaving the deformable mirror is refocused onto a detector or science
camera. Figure Credit: David Carter, Liverpool John Mores University [Carrasco, 2009].
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Figure 2.5: The right panel shows an image of the starburst galaxy NGC7469 taken in
natural seeing (top) and with adaptive optics (bottom). The left panel shows the image of

a star with and without AO. Figure Credit: Canada-France-Hawaii Telescope, [Graham,

2022]

familiarize themselves with the archive can follow this link: ESO Archive For those endeavoring
to replicate or extend the line of this research, more technical or detailed steps are as follows:
Download unpack and savehe data les. Downloading is accomplished after selecting the
nights, targets, and other search parameters, in the datasets page. We marked the datasets
for our request, ran association for calibration les and marked them as well. Finally, we
downloaded the request in a shell script le. Timgacking and saving were accomplished

by standard terminal commands (i.elpcompress *.Z ) and the PynPoint pipeline, see
section 2.4.

2.3 ESO Re ex

After obtaining the data from the ESO Archive, it is to be reduced. This was partially
accomplished by ESO Re ex, which can be described as a tool capable of reducing VLT-I data
easily and exibly using ESO pipelines. [European Southern Observatory, 2021a] [Freudling
et al., 2013]. ESO Re ex is the necessary bridge between the ESO's data, and the particular
specialized data reduction software used to perform the various di erential imaging techniques
called PynPoint.

2.4 PynPoint

PynPoint is an astronomical pipeline that reduces and analyzes high-contrast imaging data
for exoplanets [Amara and Quanz, 2012] [Stolker et al., 2019]. It uses principal component
analysis (PCA) to subtract out stellar PSFs; and it can readily perform image post-processing
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Figure 2.6: The ESO Raw Data Archive Database Portal. Currently, check-marked boxes
indicate the type of data that was obtained for the use of this thesis. Figure Credit:
European Southern Observatory [2021b]
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with ADI, RDI, and SDI techniques [Soummer et al., 2012]. It is stable, extensively tested, and
actively maintained. We have used it in this project to analyze the data obtained by SPHERE,
but its capabilities extend to other imagers' data, for example the NaCo Nasmyth Adaptive
Optics System (NACO) [Lenzen et al., 2003] [Rousset et al., 2003].

2.5 Dierential imaging: ASDI, SADI, CODI

The work done in this thesis builds on the work of others. ADI, SDI, and PCA have been
present in the literature for several years. The novelty of this project has been to combine
these practices and determine the e ectiveness of ASDI and SADI both while using PCA. This
kind of combination relies on performing observations over su ciently broad durations of time
or wavelengths. Figure 2.7 shows how observations of a (central) star and its environment will
appear to rotate because of the con guration of altitude-azimuth telescopes and the rotation
of the earth. This research and the individual imaging techniques capitalize on these types of
phenomena.

Figure 2.7: Rotation of viewing perspective of altitude-azimuth (Alt-Az) telescopes, which

is caused by the apparent motion of the earth. Long-term viewing for small objects (stars)
in the center of the eld of view is a standard practice. Peripheral objects (exoplanets)
appear to rotate around their stars from earth throughout the observational time. Figure

Credit: [Gomez, 2016] and Christian Thalmann

ADI

Angular Di erential Imaging (ADI) is a method of combining the light from multiple exposures
or images such that in the resulting images, starlight is suppressed, and planet light is captured.
The work of Marois et al. [2006] provides a wealth of information on ADI, and only a brief
summary is given here. Due to the rotation of the earth and apparent motion, an altitude-
azimuth telescope, or a telescope in an altitude-azimouth con guration, over time will capture
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images with angular rotation within them. At the exact center, there is no rotation; as a
planet's radial separation from an image center increases, so does the extent of rotation in
images. Therefore, any companion body would also appear to rotate around the star over
time. This means that if an average image of all images is obtained, it will have the signal
from the planet spread or smeared over some degree of arc around the star. This average
signal can be used to make a series of new images, which show the di erence between any
one image and the average of all images. At this point, we have relatively little starlight and
a hint of a planet's signal in a di erent place on an arc of each di erent image. Finally, if we
assume the orbital motion of a planet around a star is negligible on the timescale of a single
night of observations, then we can calculate the amount of rotation that has occurred during
the image exposures. Backtracking, or de-rotating, this makes the images line up on the same
spot. Stacking these de-rotated images then allows the planet signal from each picture to
grow to be the planet signal for all pictures [Marois et al., 2006]. A visualization of ADI is
shown in Figure 2.8 in the methodology section.

Various complexities will make this data reduction less than perfect. AO is capable of
improving ground-based detections, but optical path aberrations and vibrations persist and
observations from space will always be superior. Yet even from space, other phenomena like
stellar winds, space weather, and astroseismologic e ects can increase the amount of stellar
light in one or two exposures, while leaving the others relatively una ected. This means the
average image used as a subtraction for all of the images will be insu cient for the one or
two exposures mentioned, and excessively bright in all of the other images. This in turn can
result in modest swings in the luminosity of the planet and an uneven weighting of individual
exposures in the making of average exposures (in the nal set of images).

SDI

Whereas ADI functions on the basis of planetary position changing within a eld of view with
respect to time, Spectral Di erential Imaging (SDI) functions on the basis of wavelength. Stars
are large massive objects, but their distances to us, even for the closest ones, are so great that
the light coming from all known stars behaves as if it is from a point source. Whether it is with
our eyes or with the photodetectors that technology has to o er, the light from this point-like
source appears to have an actual area on the sky. This area is the distribution of di racted
light, and the distribution is referred to as the Point Spread Function (PSF). Objects that
emit light at multiple wavelengths will have PSFs for each wavelength emitted. The shape
of PSFs is approximately equal for each wavelength; but the wings will change. That is,
low-energy long-wavelength light will be detected broadly around the star, while high-energy
short-wavelength light will be detected only relatively close to the star. Given a constant
telescope diameter, there is a proportional relationship between the size of a PSF and the
wavelength one is observing at:

PSF / (2.1)

This can be used to manipulate images so that they can form a single image with minimal
stellar light and planetary signal additively stacked in one location.

The gure 2.9 shows the process of SDI data reduction. It begins by expanding or stretching
all of the exposure images (except the largest wavelength's image) by a factor that varies with
wavelength. This allows alignment of the spectral noise from each observation to occur within
the same radius on each new image. Furthermore, this will separate (spread out) any and



CHAPTER 2. METHODS 22

Figure 2.8: ADI descriptive diagram. The telescope and detector capture images An
average image from all Aforms image B. Each Image Ais subtracted by the B image,
which forms G. C; images are de-rotated an amount proportional to the time di erence
taken of the reference image (here= 1), which forms D;. The D; images are stacked
and averaged to form the nal image, E. Figure Credit: [Gomez, 2016] and Christian
Thalmann

all signal from a planet onto di erent radii for each of the new images. An average picture
is obtained after cropping the outer edges of all pictures that were expanded. This average
picture is then compressed down to the sizes of the original images (based on their observational
wavelength). This average image at each wavelength's dimensions is subtracted from each
of the original images, leaving a set of images with very little starlight, but with the planet's
position still spread out over a di erent radius for each image. Finally, the low starlight images
are expanded by the same wavelength-dependent factor as before, resulting in the frames of
each image aligning to form a nal image with the planet light all at the same point [Kiefer

et al., 2021].

Because SDI works on the basis of radiance, it becomes a function of radius to the star.
This is in contrast to ADI, which operated on eld of view changes over time and were thus
a function of angle or, and time itself. Because SDI relies on a set of images taken during
a single exposure of time, it is a superior technique for making exoplanet detections close to
a star. This is because stellar speckles will change over the course of time, and cause many
false positives or negatives when using the ADI technique. The weakness of SDI is that the
expansion, averaging, compression, subtraction, and expansion again means that the edges of
the eld of view will be cropped o . Thus, it might be e ective enough to detect a planet with
large separation, but it might not because the planet would be in the region that is outside of
the maximum image radius.
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Figure 2.9: SDI descriptive diagram. Images Aare taken, the high frequency images
are stretched by a scaling factor inversely proportional to making B . The stretched
images' edges are cropped o. These are averaged to form a median image, This
is shrunk to multiple sizes; the new set is D The A images are subtracted by the D
images, making E. A median of the E images cut to the smallest E image's size makes
a nal image, F. Figure Credit: Kiefer et al. [2021]

Combined Di erential Imaging

As the name suggests, this technique combines aspects of ADI and SDI. Initially, an SDI-like
approach is performed: All exposures are expanded by a scaling factor which is proportional
to the ratio between each wavelengths' exposure and the maximum wavelength's exposure.
An average image of the PSFs (now all being on the same order of visible size) is obtained.
The average image is subtracted from each of the images, and then all images are returned
to their original sizes by an inverse of the scaling factor from the beginning. Subsequently, an
ADI-like technique is applied: These equivalent images are de-rotated and stacked to create
the nished image [Kiefer et al., 2021].

2.6 Principal Component Analysis

Principal Component Analysis (PCA) is a tool to reduce all exposures from a dataset by
modeling the stellar PSF and then subtracting it out of the images that are given to it. In
PynPoint, PCA computations are done by the program Scikit-learn [Pedregosa et al., 2011].
Mathematically, PCA is accomplished by generating an orthonormal basis, B:

B = By;By; By (2.2)

The pieces of the basis are called principal components. The rst compddgntifaracter-

izes the direction of maximum variance in the basis. The second comp8agb(responds

to the direction of maximum variance orthogonal to the rst component. More and Biore
terms are added to the basis until an orthonormal basis is established. The usefulness of this
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method arises because an exoplanet (or any other companion body) migrates between the
exposures, and will thus not contribute to the variance of the PSF signi cantly. This means
that the rst principal components will only reduce the stellar PSF, and leave the planetary
signal alone in the vast majority of situations. This means if the basis is truncated as:

B0O= B;;By;:::; B, (2.3)

wheren N thenBPis a model of the stellar PSF, which can be used to subtract out speckles
and other stellar light contaminants. With the speckle noise reduced by the subtraction, the
images can be de-rotated and stacked to augment the signal of collected of the planet. When
n is very small, the stellar noise dominates and PCA might as well not be done, no change is
made, and no improvements will be seen. Wines large, or as approachedN, the PSF

of the star will be e ectively removed, but much if not all of the planetary signal will also be
removed. This means that some intermediate value should optimize the detection scheme of
an exoplanet (given the conditions of a particular observation). The size of the best basis to
use for detections has been studied in this research; the plots in the results section show what
PCAs are best, but we have found that the best intermediate values usually range between
two and six.



Chapter 3

Results

We present the ndings of our data and results for the Beta Pictoris system. Beta Pictoris
(beta Pic), also known as HD 39060, is a stellar system that lies approximately 60 light-years
(20 parsecs) away Gaia Collaboration [2020]. The discovery of its circumstellar disk is seen
on the left in Figure 3.1. The star's known planets orbit within 11 AU, and are not seen in
the wide angle (left) gure image, but the planet b is seen in the newer (right) gure image.
Attendance at the 2022 ALMA Archive Science School led to a personal Beta Pic image
generation based on radial velocity measurements of the disk, which is seen in the appendix
(C.2).

Figure 3.1: Left The 1984 discovery of a circumstellar disk around Beta Pictoris image.
Figure credit: [Smith and Terrile, 1984]. Right An composite infrared image from 2008
with annotations of the Beta Pictoris system. Figure credit: [European Southern Obser-
vatory, aJ.

In this chapter, we rst discuss how SPHERE's saved data is to be understood; then we
discuss the nature of the observations analyzed; the heart of the research is in sections on
the spectral characteristics, signal-to-noise, and principal component analysis of the di erent
observations; nally modeling of the results is shown, which uniquely quanti es many of the

25
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previous results and highlights the e orts of characterizing and possibly mitigating a data
artifact of signal suppression.

3.1 Interpreting SPHERE's Data

Figures in this thesis use wavelength channels (or index numbers) on the x-axis frequently.
These numbers come from the SPHERE instrument at the VLT, discreetly from 1 to 39. This
ease of viewing is supported by table 3.1 as the numbers of wavelength detector channels are
matched with their corresponding wavelength sensitivity ranges. The 39 wavelength channels
denote the middle of the wavelength bin; the di erence between two numbel® M ) is

the width of the bins.

Wavelength Channel Index Numbers & Wavelength Ranges

Wavelength Channel No. Wavelength in ] | Wavelength Channel No. Wavelength in ]
1 954.3 21 1159.4
2 962.6 22 1169.3
3 971.8 23 1179.4
4 981.9 24 1189.4
5 991.6 25 1199.5
6 1001.7 26 1209.9
7 1012.7 27 1220.0
8 1023.3 28 1230.0
9 1033.6 29 1240.6
10 1043.9 30 1250.6
11 1054.2 31 1261.0
12 1064.9 32 1271.4
13 1075.5 33 1281.9
14 1085.5 34 1291.7
15 1095.4 35 1300.6
16 1105.1 36 1309.6
17 1115.2 37 1318.8
18 1127.1 38 1327.1
19 1138.8 39 1333.6
20 1149.4

Table 3.1: Wavelength Detection Channel Ranges of the SPHERE instrument at the VLT.
The numbers indicate the middle of the wavelength bin in micrometers; the di erence
between two numbers ( 10m ) is the width of the bins. Note The visible spectrum
ends at 0:7m ; SPHERE straddles the boarder between IR and microwave light.

3.2 Observation Times and Parameters

Throughout this thesis we will discuss Beta Pictoris and its exoplanets; especially with regard
to four observations made of it in 2015, 2016, 2018, and 2020; exact dates are tabulated in
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3.2.

Times of Beta Pic Observations

Date Time Exposures

2015-11-30 5:18:29-6:51:3¢ 10

2016-11-18 5:42:12-6:06:14 25

2018-12-15 4:26:36-5:33:44 32

2020-02-08 0:40:47-1:26:53 32

Table 3.2: Observation Times of Beta Pictoris made by the SPHERE instrument at the
VLT.

Physically, beta Pic b is compared to Jupiter as it has a masg ef 13My,, Terr =
1724, R = 1:46R,,,, andlog(g) = 4:18 Chilcote et al. [2017]. However, given that Jupiter
is (by de nition) 1M, and signi cantly cooler than 1724 K, as calculated by,

r4 L(1 a
16 D 2
wherel is the star's luminositya is the planetary albedo, is the Stefan{Boltzmann constant,
and D is the distance between the star and the planet; Jupiter h@gsa= 90K, while its
(thermal) surface temperatures with respect to atmospheric depth have been approximated as
Tp=0:1 bary = 130 K and T(p-=1 par) = 170 K Stevenson [2020]) we can fairly say that even
though Jupiter is the most similar, our solar system does not contain a planet quite like beta
Pic b.

Tert = (3.1)

The plane of its debris disk and exoplanetary orbits is almost edge-on or perpendicular to
the plane of the sky; its exoplanets beta Pic b and beta Pic ¢ orbit with an inclination of
89 degrees Feng et al. [2022]. As such, long-term direct imaging observations should show
the host star's planets disappearing and appearing from in front or behind the star and then
moving away until the visual separation is maximized (before moving in again). We believe this
is happening in the images obtained from PynPoint as seen in Figure 3.2. The fourth image
of the gure will be the topic of much analysis in this thesis. The images were generated from
the raw data using PynPoint performing an ASDI reduction of a median wavelength scaling.
The image shows the light signals received in the 1276-1286vavelength region of light
(the 33rd wavelength channel). Later gures (3.5 & 3.6) illuminate why this bin of light was
selected.

3.3 Spectral characteristics of signal and PCA

The signal-to-noise ratio is a parameter that is commonly used to quantify how good a detec-

tion is. _
Signal
Noise

= S=N = SNR (3.2)
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Figure 3.2: Images of Beta Pictoris system taken over multiple years. Ordered left to right
from top to bottom, as rst to fourth, the planet beta Pic b is visible on the lower-right

of the rstimage, has minimal SNR and no separate signal in the second image, is seen in
the upper-left of the third image, and is most clearly visible in the upper-left of the fourth
image. Note: The dierent colors of the backgrounds are primarily due to the depth of
the largest minima in the speckle noise in each picture, each image's background color
corresponds to slightly above zero in its own color bar.
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Like the standard distribution in statistics, the signal-to-noise ratio (along with other metrics)

is used to determine if some object or phenomena is really present, or if some kind of random
or systematic error is occurring in the telescope, local environment, or other outside in uence.
In this research, SNR is calculated from the ratio of the ux of the pixel element encapsulating
the planet with respect to the average ux from pixel elements at the same radial separation.

average flux from planetary pixels - " (33

SNR, = . -
P average flux from background pixels at equal separation bg

Analogous to the use of the popular "6-signéa )’ in industrial quality assurance and control,
a large signal-to-noise ratio indicates that the likelihood of something (i.e., a planet) being
there is high.

There is useful information that is not clearly captured from a single image in a single
observation. Figure 3.3 shows the signal-to-noise ratios of the planet on wavelength channel
for all possible PCA combinations up to a I® matrix for ADI and SDI on the observation
made in the year 2020. The data reductions possible from di erent PCA combinations lead to
di erent signal intensities for each wavelength (index). Peaks and troughs will align (approx-
imately) for all di erent wavelengths and PCAs. However, the height of peaks and troughs
at one wavelength will vary with respect to PCAs. Likewise, the height of peaks and troughs
at one PCA will vary with wavelength. The result is similar, but not the same as, a (partial)
spectra of the planet.

The known planet position was obtained in 2015 from Lagrange et al. [2019] Later ob-
servations were published in Lagrange et al. [2020]; separation in the units of pixels was
accomplished by converting right ascension and declination given in the literature into x and
y pixel positions.

Figure 3.4 shows a zoomed in cut of the highest peak's signal-to-noise ratio. Regardless
of the PCA applied to the data, these high wavelength channels capture the greatest SNR of
Beta Pictoris b. Interestingly, we can see that the di erences in PCA done result in signi cant
di erences between the SNRs' peak heights. At the highest point of the strongest peak, the
PCA combination can yield an SNR of approximately 128, while at the highest point of the
weakest peak, the SNR falls o after reaching 17. This factor of 7.5 indicates PCA is indeed
a method that can be useful in data reduction techniques.

If we select the channel for which we obtain the highest SNR, we can study the dependence
of the SNR or the signal with the azimuthal angle. Figure 3.5 shows the relationship between
signal and azimuthal angle (of the 2020 observation's 33rd wavelength channel). The vibrating
noise along most of the plot is to be expected. The dips before and after the peak, and the
peak's shape and height are of great interest in this, and potentially future, research. The
peak height is so much more than the noise around before and after, as expected in the case
of a real detection. This is not possible in an earlier (2016) observation, where the conjunction
makes the noise as large as or larger than any signal detection.

Complementary to the signal detected over varying angles, Figure 3.6 shows the signal
detected over increasing radius. Naturally, the angle of the radius line has been chosen to
match the angle that corresponded to the peak angle of the previous (graph and) analysis.
Here in the 2020 observation, we nd chaotic behavior in the radii close to the star, a large
peak at a middle distance to the star, and then a noise close to O signal far away from the
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Figure 3.3: Signal-to-noise ratios as functions of wavelength channel index for all possible
combinations of ADI and SDI PCA up to 8 components each on the 2020 beta Pic obser-
vation.
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Figure 3.4: Zoom in on peak region of previous Figure 3.3. The highest peak occurs at
an SNR of 128, while the lowest peak is at 17 a factor of 7:5). The highest peaks
have combinations which are scattered around di erent PCA components. The many
light yellow lines at the bottom of the peak come from high SDI PCAs; this is indicative
of over tting, and using such will lead to inferior models.

star. These three phenomena can be interpreted as the speckle noise of the star that arises
from a bleeding of the stellar light around SPHERE's coronagraph, the signal of the planet
in a clearly high-quality detection, and the background noise or apparent nothingness that is
below SPHERE's detection limits. The maxima of the radius and angle provide a coordinate
for the observed position of the planet.

Using the observed planet position from the maximum signal strengths from the previous
two plots and the images in 3.2 we can visually verify that the lines passing through the peak
maxima are in fact the lines that run between the star and planet. This is seen in Figure 3.7.
The line connects the star (center of the image) with the maximal peak signal of the planet,
but we can see that in this image (at this wavelength range) the planet's demarcated position
is located slightly outside of the visual center of the signal (PSF). This will be analyzed in
great depth in upcoming sections: We will plot planetary signal peaks over all wavelengths
with respect to angular separation, make continuous curve tted models of planet signal from
the relatively discrete or distantly connected data (points), and compare our models' planet
locations with the known literature values.

3.4 Signal-to-noise and PCA { Heat Maps

Much of the inspiration of this research comes from Kiefer et al. [2021]. One area of research
that was only very brie y investigated there was the scope and optimization of PCAs in the
data reduction. This work has expanded such earlier results. It is important to determine
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Figure 3.5: Signal plotted over parallactic angle at a radius=43 pixels. The small bumps
about a zero value are typical background noise, the dips before and after the peak are
the consequence of the (ADI) data reduction method, and the large peak is the planetary
signal. Referencing Figure 3.2, the zero angle occurs towards the north/upwards direction,
and then proceeds in a counterclockwise direction.

Figure 3.6: Signal plotted on distance/radius to the host star for a single wavelength
channel in the 2020 Beta Pictoris observation. The signal around zero is thought to be
speckle noise; the large peak at a distance of43 pixels from the center is deemed the
planet. The attening of the signal near its ends suggests there are no more large or
bright planets like Beta Pictoris b at larger orbits (within the orbital distance observed).
The large drop in signal after the peak is an artifact of the data reduction (SDI) process.
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Figure 3.7: A combination of a (data) reduced image from SPHERE and the calculated
line intersecting the planet position (red dot) and central star (green dot). The pixels
underneath the solid orange line are identi ed and used in the determination of signal
behavior as a function of (linear) distance to the star.
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which combination of PCAs is optimal because it leads to a maximization of the SNR. This
allows for tighter constraints on parameters, like mass and semi-major axis, to be placed on
the planet and its spectrum. Figure 3.8 shows the relationship between three variables (PCAs
of ADI, PCAs of SDI, and maximal SNR) in what is called a heat map. The gure's signal-to-
noise ratios are seen as changing gradations of color (yellow being largest); they are functions
of di erent combinations of ASDI and SADI principal components. We see that in the best
detection (2020) that using 6 ADI and 2 SDI PCAs provides the largest signal-to-noise ratio.
Having a maximum is a good way to begin, but the decay beyond the maximum is a particularly
useful result, as it suggests that we have covered the entire relevant parameter space in this
research.

The slight di erence in Figure 3.8 between the axes of the 2015 (bottom) observation
compared to the other years. This is because the data available in the ESO Archive for this
earliest observation limits performing data reductions with maximum PCAs of, where
n =10, so nine, whera is the number of observations made (seelfeexposures in Table
3.2).

These heat maps are a useful way to display many comparisons between PCAs, but it
homogenizes a distribution of signal data into a simple maximum. Therefore, some diverse
data sets are now investigated in their own rights.

Considering the wavelength dependence of signal-to-noise for di erent PCAs is a valuable
line of inquiry and study. If optimization is the goal, and a comparison of the best that each
PCA combination can provide is sought, then the maximum of the dispersed SNR information
is selected and plotted in a heat map with respect to the di erent possible PCA combinations.
The results of this are seen in Figure 3.8.

Of the many possible ways, this research approached calculating signal-to-noise ratios by
comparisons of similarly de ned planet position areas in what we call the ring of circles method.
A picture is worth a thousand words here, and is located in Figure 3.10. This circles within
ring approach allows us to de ne the signal all around the edge of the naturally occurring point
spread function (PSF). It also uses the noise that naturally occurs at the level of separation
between the host star and exoplanet; except for the rare case of a system that is perfectly
perpendicular to our line of sight, this distance and thus ring (in which there are circles) grow,
shrink, and can change dramatically with time.

Thoroughness and the most robust testing would compare the signal-to-noise ratios ob-
tained from the ring of circles method to other methods. Though dierent results might
be obtained by performing a fragment within solid ring method, a planet circle within local
environmental circle method, or a circle within (extra) thick semi (or quarter) circle method,
these methodologies have been tabled for future investigations that are beyond the scope of
this project.

3.5 Signal, distance, and all wavelength channels

The simpler and more intuitive plots of signal with respect to angle and radii seen in Figures
3.5 and 3.6 are the basis of studying how radii is a key component in SDI data reduction.
Recall how the method of SDI expands and shrinks multiple wavelength-based exposures,
which leads to radial migration of the planetary signal between them. A more complex plot of
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Figure 3.8: Heat Maps of maximum Signal to Noise ratios for di erent combinations of
PCA components in the ASDI and SADI data reductions of Beta Pictoris b during the
four observations. Note: The Apparent lack of signal in the results of the 2018, 2016, and
2015 are caused by the range of the color bar, which is the same in all plots. Figure 3.9
shows the other observations’ maximum SNRs by using unequal color bars.
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Figure 3.9: Heat Maps of maximum SNR for varied PCA components in the data reduc-
tions of Beta Pictoris b over four observations. Unlike 3.8, this gure has unique color
bars.
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Figure 3.10: Areas used to calculate Signal to Noise Ratio (SNR). This example, from the
2015 Beta Pictoris observation, shows how the signal circle is captured (in the red circle)
by the calculation algorithm and is compared to signal strength of the visually equivalent
regions (in the white circles) around the star. The omissions of two would-be white circles
adjacent to the red circle is due to the data reduction artifact that is generated during
the ADI process.

the signal with respect to radii for all wavelengths is seen in Figure 3.11. We are again able
to see a pattern like before: coronagraphic speckles around radius equal to zero, a planetary
signal peak further out (for 2020, the peak at radius equal to approximately 40 [pixels]),
and low-level oscillations extending to the edges of the plot that are believed to arise from
background and instrument noise. We can focus in particular on the data reduction’s creation
of a suppressive artifact of signal around the signal center. The dips in signal that drop
below the zero threshold are nonphysical, and the ones that do so before and after the signal
peak maximum are a systematic e ect or thdifact of the data reduction accomplished by
PynPoint in this research. These can be more readily seen in Figure 3.12, which zooms in on
the planet position area, showing the signal peak'’s distinct shape.

3.6 Modeling and mitigating the suppressive data re-
duction artifact

The scope of this research includes a brief foray into possible methods of removing the artifact
from the reduced data. An approach that considers rst principles and the steps undertaking
within the data reduction itself was said to be excessively complex and is not considered within
this thesis. After the completion of the data reduction and the size, shape, and locations of
the artifact are deemed given, we looked into overlaying signal peak regions (on radial signal
cuts, see Figure 3.7 for orientation) with simple cosine functions for multiple observations.

This research applied cosine functions to the 39 wavelengths' signal as functions of radii.
This was done by locating the planetary signal peak, and then de ning a range around it,
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Figure 3.11: Signal plotted on radius (or distance) to the host star for all wavelength
channels. From the left to the right of the plot: There is low-level background noise at
large negative radii, intense coronagraphic speckle noise around zero, the planet signal
around 40, and low-level background noise beyond the planet.

Figure 3.12: A zoomed in plot around the planet position signal peak from the previous
gure. Notice the dierences in the position of the peak planet signal as functions of
radius for the 39 di erent wavelength channel detectors. From Fig. 3.11.
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multiplying by a single period cosine function.

Signalmodified (rmin <r peak <r max) = Signaloriginal (rmin <r peak <r max) COS( ) (34)

Wherer i, andrma are some equal distance below and abover g value (usually 10

pixel lengths), and is bound between 2 and?2 while spanning the radius range. This
equation was applied in two ways. The rst was simplest; the radial distance between the
artifact's minimal trough and the signal's maximal peak was calculated. This distance was
doubled to the left and right of the signal peak, which e ectively isolated a range of radii
for our consideration. This range starts at the inside edge and ends at the outside edge of
the artifact, planet, and detection. The inside artifact suppression is in the rst quarter of
the range, the signal peak at one half the range, the outside artifact suppression is at three
guarters the range, and the outside of the artifact is at the end of the range. The second
application of the cosine function began in the same way as the rst, but instead of using the
maximal signal peak for all wavelengths, each wavelength's maximum was found, and then
the cosine was applied in the same way to the several peak maxima locations.

The results are varied. The 2020 observation and the second application (for each wave-
length maximum) were the most promising initially; this is seen in Figure 3.13. The Many

Figure 3.13: Results of mitigating the suppressive artifact with the rst cosine application.
It is natural to compare this plot with the one seen in Figure 3.12.

troughs dipping far below zero (often between -1 and -3) are pushed upward, creating a more
normal distribution function (often between 0 and -1) between the planet and the background.
This is one piece of evidence that this approach might be useful for exoplanet detection with
direct imaging; however, it is far from a durable, robust, or even recommended approach given
the immense lack of testing. If we pick unfavorable parameters, like the 2018 observation and
the rst application on the cosine function, then we see that the shifting of the original signal
becomes partially deleted, instead of partially reshaped into a normal distribution (function).
This is seen in 3.15.
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