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Abstrakt

Klasifikaéni systém proménnych hvézd rozliSuje mechanismy proménnosti na zdkladé podob-
nosti v chovani jednotlivych objekti. U objektl, které vykazuji charakteristiky vice kategorii je
problematické urcit piivod jejich proménnosti a ¢asto jej 1ze odhalit pouze dodate¢nym pozorovanim
a podrobnym zkoumdnim. V této praci zkoumdm TIC 229741985, abych odhalila mechanismus
zodpovédny za pozorované svételné zmény a popsala jeho parametry. Pozorovand perioda svétel-
nych zmén spadala do typického rozsahu & Scuti pulzitort; kdeZto tvar svételné kiivky fazovany
s dvojndsobnou periodou byl podobny svételnym kiivkdm dvojhvézd typu W UMa. Zkoumdm
ruzné hypotézy popisujici povahu téchto svételnych zmén pomoci fotometrickych dat z mise TESS,
vlastnich fotometrickych pozorovani a spekter z Ondiejovského Echelletového Spektrografu, do-
plnénych daty z nejriznejsich katalogi. Ovéfuji moZnost existence systému s t€mito parametry,
porovnavam vysledky se vztahy zjiSténymi z pfedchozich pozorovani proménnych hvézd typu
0 Scuti a W UMa a diskutuji mozny vliv tfetiho objektu ve dvojhvézdné soustavé. Ackoliv
vysledky stale nejsou jednoznaéné, TIC 229741985 je s nejveétsi pravdépodobnosti pulzujici hvézda
typu 0 Sct.

Abstract

The classification system of variable stars differentiates between mechanisms of variability
based on similarities in the behavior of individual objects. Determining the origin of light variations
is problematic for objects that exhibit characteristics of multiple categories and often can be
resolved only by additional observations and detailed examination. In this thesis, I investigate
TIC 229741985 to reveal the mechanism responsible for observed light variations and describe
its parameters. The observed period of light variations fell within the range typical of & Scuti
pulsators; however, the shape of the light curve phased with double the period was similar to the W
UMa binary. I investigate various hypotheses that describe the nature of these light changes with
photometric data from the TESS mission, original photometric observations, and spectra from the
Ondfejov Echelle Spectrograph, supplemented by catalog data. I verify the possibility of existence
of a system with these parameters, compare the results with relations determined from previous
observations of 8 Scuti, and W UMa variables, and discuss the possible influence of a third object
in a binary system. Although the results are still not conclusive, they favor the § Scuti nature of
TIC 229741985.
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Introduction

The classification system of variable stars was founded to distinguish between different mechanisms
of variability and group objects with similar behavior, where individual classes are characterized
by the shape of their light curve, supplemented by additional information. However, determining
the origin of light variations in a studied object is often not as straightforward as it might seem.
The obtained data may show behavior that fits into multiple categories and can be resolved only by
additional observations and detailed examination. The most interesting are the objects that seem-
ingly fall outside the parameters determined for each class because they expand our understanding
of these objects and challenge the theoretical models.

TIC 229741985 was first identified during a large-scale classification of A-F stars in the northern
TESS continuous viewing zone by Skarka et al. (2022), but an unambiguous classification could
not be made. When analyzing the time series data, the dominant frequency of light variations
was identified at 11 c¢/d, a typical frequency of & Scuti variables. However, when we phased the
photometric observations with half the dominant frequency at 5.5 c/d, the obtained light curve had
a shape typical of W UMa binary systems, with minima of similar depth and continuous light
variations.

This study presents a detailed examination of available data for TIC 229741985 to determine
the origin of its variability and explain its behavior. The photometric data were taken from the
TESS mission and supplemented by original observations in different photometric filters at Krav{
Hora and VySkov observatories. Spectroscopic data were the product of the Ondiejov Echelle
Spectrograph at the Astronomical Institute of Czech Academy of Science.

In chapter 1, I overview the information about various variable objects and provide details
about their classification. This chapter focuses on the description of binary systems, the mechanics
of their light variations, and the description of pulsation mechanisms for radial and non-radial
pulsators. Chapter 2 introduces the object of interest and lists its parameters from the Gaia Archive
and the TIC catalog. Chapter 3 presents comprehensive information about the photometric and
spectroscopic data sources and the procedures necessary to process the collected data. Chapter 4
focuses on analyzing gathered data and investigating various hypotheses regarding the origin of
TIC 229741985 light variations. Additional parameters are calculated to verify the possibility
of such a system’s existence and compared with relations derived from previous observations of
W UMa and 6 Scuti systems. Furthermore, this study discusses a possible third-light hypothesis.






Chapter 1

Variable Stars

Variable stars are objects that change their brightness over a period of time. Depending on their
nature, these changes range from 1073 to tens of magnitude. The time scales of these changes can
also be different: from 10~ s to the time needed for the star to reach its next evolutionary step
(Mikulédsek & Zejda 2013).

With the development of new and more precise observational techniques and the rising quality
of instruments used for photometric observation, variable stars needed to be categorized by their
behavior and the causes of their variability. The main defining factor was the shape of their
light curve, later supplemented by data from spectral observations (lines present in their spectrum,
changes in intensity, equivalent width and profile of spectral lines, and radial velocities).

Figure 1.1 shows the ”Variability tree,” which provides an overview of several different types
of variable photometric phenomena among stars and other celestial objects.
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Figure 1.1: Stellar variability classification diagram (Gaia Collaboration et al. 2019).

According to the mechanisms of their variability, stars can be divided into two groups: intrinsic
and extrinsic. This is the first level of division in the diagram in Fig. 1.1. The second level
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4 CHAPTER 1. VARIABLE STARS

comprises individual types of objects: stars, asteroids, and active galactic nuclei (AGN), further
divided according to the phenomena responsible for their variability. The last level of division
groups objects with similar characteristics or behavior (Eyer & Mowlavi 2008). Assigning the
correct class to the specific star can be difficult, as some attributes of different classes may overlap,
or the transition between them is continuous (Skarka et al. 2022).

Extrinsic variables

Extrinsic variables are objects whose irregularities in brightness are caused by external processes
while their physical parameters remain unchanged. According to Catelan & Smith (2015), proto-
typical examples of this class are eclipsing stars, where the changes in brightness are caused by
two or more bodies eclipsing one another in the observer’s line of sight. Therefore, the system’s
geometry causes the object’s variability.

Another example of a variable where the luminosity remains constant, but the observed bright-
ness changes over time are the rotational variable stars. These stars have inhomogeneous tem-
peratures across their surface, caused by cooler or hotter areas, e.g., starspots created by strong
magnetic fields, faculae, etc. As the stars rotate, these areas enter or disappear from the observer’s
sight, leading to brightness fluctuations. Furthermore, stars do not have ideal spherical symmetry
and can be deformed by their rotation. This leads to higher temperatures around the poles and
variability of these objects if the rotational axis is subject to precession. Similar speculations can
be made about asteroids - the change in the reflectivity across the surface leads to changes in their
apparent brightness as the asteroid rotates.

Intrinsic variables

Intrinsic variable stars are divided into five categories, three of which I describe below. The other
two categories are further discussed in the following sections. Most of these are connected with
the evolution of stars or represent a stage in their lives.

e Stars with secular variations undergo slow and steady evolution, often characterized by
long-term linear trends.

* Eruptive stars experience fluctuations in their brightness due to massive eruptions in their
atmospheres. This subclass somewhat overlaps with subclasses of rotating variables because
the eruptions in the chromosphere and coronae are associated with the interaction of magnetic
fields on the star, as are the stellar spots and other phenomena. Flares of stellar energy and
plasma can have life spans of various lengths. Among the effects characterizing different
subclasses among eruptive stars also belong disk accretion and outflow (Catelan & Smith
2015).

» Cataclysmic variables contain the final stages of stellar evolution. The fate of a star depends
solely on its mass. After the star burns through all available material, it finishes its life in
one of two ways: it either remains an inactive object in hydrostatic equilibrium or explodes
as a nova, supernova, or dwarf nova (Mikuldsek & Krticka 2005). The star’s collapse may
continue even after the explosion, which leads to the creation of black holes.

Fig. 1.2 shows the positions of different types of variable stars against a reference sample
(grey stars in the background) on color-magnitude diagrams. The top diagram shows different
characteristics for individual types of pulsating stars in selected regions of the plot. In contrast, the
bottom diagram shows that the eclipsing binaries can be found almost anywhere on the plot.



CHAPTER 1. VARIABLE STARS

10

Absolute G-band Median Magnitude

12

14

16

10

Absolute G-band Median Magnitude

12

14

16

o « Cygni
~ Doradus

< §Scuti

> RRLyrae (c)
4 RV Tauri

& Slow Puls.B
® 3 Cephei

% SX Phoenicis
Cepheid
Type-11 Cep.
PV Telescopii
Rap.Osc. Am
Rap.Osc. Ap
+ V361 Hya

© V1093 Her

® ZZCeti

4 nu

[

» LongPer.Var.

RR Lyrae (ab)

1.0

15 20 25 3.0
Median BP — Median RP (mag)

35

4.0 4.5 5.0

o Eclipsing Binary (EA)

= Eclipsing Binary (EW)

+ Eclipsing Binary (EB)
Star with Exoplanet

-0.5

0.5

1.0

1.5 2.0 2.5 3.0
Median BP — Median RP (mag)

35

4.0 4.5 5.0

5.5

Figure 1.2: Positions of different types of variable stars on color-magnitude diagrams from Gaia

Collaboration et al. (2019).

1.1 Binary Stars

Binary stars are systems where two stellar bodies orbit each other around their common center of
mass. According to the various methods of observation, binary stars can be divided into four main
groups (CSIRO n.d.):

* Visual binaries are systems where both components are observed near each other in the sky.
Stars may be projected next to each other during observation but may not be gravitationally
bound and have various distances from the observer. In that case, we refer to them as optical
binaries. Astrometrical or spectroscopical observations can resolve this problem.

* Astrometric binaries were discovered by observing a spiral-like perturbation in their proper
motions, indicating the presence of a second, often invisible component.
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* Spectroscopic binaries were discovered by studying the shift of spectral lines in the detected
spectrum. These systems cannot be visually observed as separate stars, but the presence of
a second companion is indicated by the periodically changing wavelength of spectral lines.
The period of these changes is the same as the orbital period of the system (Kamilla et al.
2011).

* Eclipsing binaries are mainly detected through photometric measurements. Fluctuations in
their brightness are coincidental with eclipses of the components in the observer’s line of
sight.

Binary stars are gravitationally bound. All points that have the same potential are called
equipotential surfaces. In a binary system, this potential is calculated as a sum of gravitational
potentials from both components and an element that belongs to the centrifugal force in the given
position. The shape of equipotential surfaces (Hill surfaces) depends on the mass ratio of binary
components. Hill surface that passes through a Lagrangian point L; defines the shape of the Roche
lobe. It is a boundary that defines space, where one component’s gravitational effect outweighs the
other component’s gravitational influence (MikuldSek & Zejda 2013).

Stars take the shape of their equipotential surfaces. Single stars often have spherical equipo-
tentials; therefore, their shape is spherical. Close binary stars are deformed into a teardrop shape
by the other component. Kopal (1955) defined three categories of close binary systems based on
how they fill out their Roche lobes: detached, semi-detached, and contact (overcontact) systems.

Detached binaries are systems where the volumes of both components are smaller than the
volume of their Roche lobes. The typical representatives of this category are Algol type I variables.
Their light curves have sharp and narrow primary minima and shallower but distinctive secondary
minima caused by eclipses of the components. Brightness between the minima is almost constant;
slight variations are linked with the ellipsoidal shape of the components or the reflection effect.
Fig. 1.3 shows examples of detached eclipsing binaries’ light curves.

Semi-detached systems refer to systems where only one of the components fills its Roche lobe.
Algol type II stars are semi-detached systems typically with periods of several days with continuous
light variations outside of their eclipses caused by the teardrop shape of one of its components.
Typical for these binaries are the mass transfer from the larger star through the lagrangian point L1
and angular momentum loss. Example light curves of these systems are shown in Fig. 1.3.

Contact (Overcontact) binaries are systems where both stars fill out or exceed their Roche lobes.
The components share a common envelope. Tidal forces from the second component and mass
transfer deform close interacting binary systems. Among the effects in play are also disc accretion
and reflection effects, where the light from one component reflects off the surface of the second
component. This radiation is partly absorbed by the photosphere facing the first component, leading
to a rise in temperature. The mass transfer also plays a vital role in their evolution; it speeds up the
development of the less massive star.

W Ursae Majoris (W UMa) is a close or overcontact binary system with a shared envelope around
both components. Because of this, stars in a W UMa system have the same surface temperatures
and are of a similar spectral type. Orbital periods of these binary systems are relatively short,
ranging from 0.25 to 1.0 days. Light curves show similar minima and continuous light variations
because of the components’ equal size and temperature (Malatesta n.d.). Examples of overcontact
binaries’ light curves are shown in the last two lines in Fig. 1.3.

In the first approximation, the motion of stars can be analytically solved as a two-body problem
(Verbunt 2015). We can determine the masses of stars, orbital period, or system separation by
applying Kepler’s laws to a binary star system. In practice, the observations of trajectories are
mostly relative because most systems do not have distinguishable components (Mikulasek & Krticka
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Figure 1.3: Example light curves of detached binaries (the two top diagrams), semi-detached binary
systems (the two middle diagrams), and contact binary systems (the two bottom diagrams) (PrSa
et al. 2011).

2005). The fainter component orbits around the stationary brighter star on a relative ellipsoidal
trajectory. The orbital period P can be determined from Kepler’s third law:

2
4r 3

2 —
G(Ml —I—Mz)

(1.1)
where G is a gravitational constant, My, M, are masses of the stars, and major axis a is given as a

sum of their respective major axes. The study of eclipsing binaries makes it possible to determine
stars’ radii and masses.

Eclipses of binary stars cause changes in the observed light curves. According to Mikulasek &
Zejda (2013), for an eclipse to occur, the system’s inclination (an angle between the observer’s line
of sight and the normal vector to the orbital plane) has to be i > 90°—a. The angle « is defined as
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sin(xzm, (1.2)
r

where R; and R; are the radii of the stars, and r is the radius of their circular trajectory around
a common center of mass. If the smaller star passes through the center of the disc of its larger
companion, the inclination is equal to 90°.

Light curves reflect the characteristics of studied systems, and many parameters affect their
shapes. Light curves with similar characteristics often belong to the stars of a particular type.

1.2 Pulsating Stars

Changes in the surface characteristics caused by stellar pulsations are relatively stable phenomena
that induce brightness variations. Changes in the star’s radius generate radial pulsations, whereas
nonradial pulsations result from changes in a star’s shape. The energy needed for each pulsation
cycle is fed through various driving mechanisms. Without this dotation, pulsations in the star would
be damped by internal friction. Four known pulsation mechanisms are k-mechanism, stochastic
mechanism, &-mechanism and y-mechanism.

Within a star with pulsations driven by k-mechanism exists a region where the material does
not lose heat during compression and instead accumulates enough energy to sustain oscillations in
the entire volume. This is not standard behavior for the stellar matter. It is only possible in the
region with partially ionized hydrogen and helium, where the material’s opacity blocks radiation
and prompts the region’s expansion beyond its equilibrium point. The ionized gas then reduces the
opacity and becomes more transparent to radiation, which causes the region to contract again and
the elements to recombine. Hydrogen and helium absorb energy during recombination, and the
layer gains heat (Kurtz 2006). The effectivity of the k-mechanism depends on the position of the
ionized layer inside the star; if the region lies too close to the core, the amplitude of pulsations is
negligible. On the other hand, if it lies too close to the star’s surface, it cannot accumulate enough
energy because the mass and density of the layer are insufficient (Mikuldsek & Zejda 2013). For
classical pulsators, radial pulsations appear during the evolutionary stage, when the star crosses
across a region of an H-R diagram called the instability strip. It is a narrow band defined by stars
of different effective temperatures that can maintain radial pulsations in their volume. Different
pulsating stars are distinguished according to their mean density, connected to their position inside
the strip.

The x-mechanism is reinforced by processes that supply the compressed layer with heat because
of the higher temperatures in the adjacent partially ionized layers, prompting further ionization.
Increasing thermal capacities ¢, and ¢, cause the compressed layer to absorb more heat. This effect
is called the y-mechanism.

The stochastic mechanism is described as a mechanism that converts energy from the stochastic
noise because the star resonates in some of its oscillation frequencies. This mechanism is a driving
force for solar-like pulsators and red giants (Kurtz 2006).

Variations in energy generation in the star’s core can supply the stellar pulsations. This type of
driving mechanism is believed to be possible in massive stars and is known as the e-mechanism.

When an object deviates from its equilibrium point, a restoring force appears, which tries to
bring it back into balance. Stellar oscillations can also be divided into two groups according to the
primary restoring force responsible for the pulsations:

* Pressure modes (p-modes) are acoustic waves, where the restoring force is pressure.

* Gravity modes (g-modes) have buoyance as the primary restoring force.
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To understand the p-modes in a star, we can describe the behavior of sound waves in a pipe
with one end closed and one open. At the closed end of the pipe, the sound wave always has a
displacement node, and at the open end, a displacement antinode. Individual modes’ frequencies
depend on the environment’s characteristics, primarily the pipe’s length, air temperature, and
chemical composition. If the individual overtones have small integer ratios with the fundamental
frequency, we refer to them as harmonics.

When describing the p-modes, we can think of a star as a three-dimensional oscillator with a
displacement node in the star’s center and a displacement antinode on its surface. The oscillation
modes can be described with three quantum numbers representing directions in a spherical coordi-
nate system: n is called an overtone of the mode and refers to the number of radial nodes, [ refers
to the number of surface nodes and is called a degree of the mode, and m is the azimuthal order,
describing the number of surface nodes along the longitude.

Radial pulsations are analogous to the oscillations in the half-enclosed pipe, while the non-
radial quantum numbers are equal to zero. In the fundamental mode n = 0, the star expands and
contracts with only one node located in the star’s center. The first overtone has one additional node
inside the star; the second overtone has two, etc. The sphere that defines the node is static, and
the material below and above it moves in an antiphase. Overtones in the stars are not harmonic
because the temperature and the chemical composition gradually change with the distance from the
core, changing the speed of the sound in the material.

Nonradial modes are symmetric along the star’s rotational axis, except for rapidly oscillating
Ap stars, which are symmetric along the axis connecting its magnetic poles. They can exist only
for n > 1. The simplest nonradial mode, where the star’s equator is a node, and its hemispheres
move in an antiphase, has / = 1 and m = 0. The center of mass for a star is not displaced during
these oscillations. The m-modes are described as waves moving against the direction of rotation
(retrograde modes) or waves traveling in the direction of its rotation (prograde modes).

Stars can pulsate in a combination of different modes; for example, the fundamental mode is
the strongest in RR Lyrae stars and cepheids. In which mode the star pulsates is determined by its
characteristics; chemical composition, magnetic field, the depth of the ionization zone, evolutionary
stage, and many more. Asteroseismology studies the properties of the inner parts of stellar objects
by determining their pulsation modes (Kurtz 2006).

According to the Stefan-Boltzmann relation, the luminosity of a star is tied to its temperature.
As the star or its region expands due to pulsation, the surface temperature measured by an observer
decreases, changing the star’s observed brightness.

Stellar objects inside the instability strip with similar temperatures but different luminosity
vary in density. The period of pulsations is related to the object’s absolute magnitude because the
periods of fundamental modes are closely related to the density inside the star and the position of
the ionized layer.

Pulsating stars are divided into many subcategories according to their periods, amplitudes of
light variations, and the shape of their light curves. One of the hypotheses for an object studied in
this work describes it as a & Scuti pulsator; therefore, I will only detail the characteristics of this
subgroup.

J Scuti

0 Scuti stars are a subgroup of pulsating stars located in an instability strip near the main sequence.
They are radial and nonradial pulsators with spectral types AO to FO with relatively short periods
ranging from 0.01 to 0.2 days. Their lightcurves depend on their pulsation mode; if the star
oscillates in several different modes, its lightcurve changes amplitude and shape. Pulsations in
different modes can cancel each other out or strengthen themselves, changing the amplitude of their
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light variations. Fig. 1.4 shows several light curves of d Scuti pulsators that resemble the W UMa
binaries when the period is doubled.
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Figure 1.4: Example light curves of § Scuti variable stars (Pietrukowicz et al. 2020).



Chapter 2
Characteritics of TIC 229741985

The first attempt at classifying the object studied in this thesis was made during a large-scale
classification of A-F stars in the northern TESS continuous viewing zone described in Skarka et al.
(2022). Using only photometric data from TESS all-sky mission (see chapter 3) and corresponding
Fourier transform, a clear classification of the variability of TIC 229741985 could not be performed.
The object was marked as either a § Scuti variable according to its most significant frequency in the
frequency spectrum that lies in the & Scuti regime (approximately 11.49 c/d) or a W UMa binary
system according to the shape of its light curve (assuming that the real frequency is half the most
significant one). Fig. 2.1 shows the classification image from Skarka et al. (2022).
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Figure 2.1: Classification image of the studied object from Skarka et al. (2022).

TIC 229741985 was assigned different designations used by various catalogs with astronomical
data, some shown in Table 2.1. All known identifiers are provided by the SIMBAD database [E3].
The studied object is located in the Draco constellation. Its position in the equatorial coordinate
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system is in Table 2.1, and its position in the selected sky region with a diameter of 20’ is displayed
in Fig. 2.2. The star is circumpolar for most of the northern hemisphere from the latitude of 19
degrees.

Table 2.1: Parameters of TIC 229741985

Parameters Values References
TYC 4438-48-1 [E3], accessed Feb 11, 2023

Identifiers GSC 04438-00048 [E3], accessed Feb 11, 2023
Gaia DR3 2265748153772929408 [E3], accessed Feb 11, 2023

RA J2000 [°] 279.7694042015368 Gaia Collaboration et al. (2022)

DEC J2000 [°] | +71.3410112355028 Gaia Collaboration et al. (2022)

7 [mas] 3.278+£0.012 Gaia Collaboration et al. (2022)
305.1+1.1 calculated from &

d [pc] 305.096 Gaia Collaboration et al. (2022)
306.791 Paegert et al. (2022)

G [mag] 10.484 Gaia Collaboration et al. (2022)

BP — RP [mag] | 0.548 Gaia Collaboration et al. (2022)

Spectral Type | F5 [ES], accessed Feb 11, 2023

T [K] 6722.959 Gaia Collaboration et al. (2022)
6805.0+126.1 Paegert et al. (2022)

logg [cms2] 4.1371 Gaia Collaboration et al. (2022)
4.22+0.09 Paegert et al. (2022)

Mt [Mo] 1.5+0.3 Paegert et al. (2022)

Rt [Re] 1.56+0.06 Paegert et al. (2022)

Lt [Lo] 4.7+0.2 Paegert et al. (2022)

A [mag] 0.054 Gaia Collaboration et al. (2022)

Gaia ESA Archive provides the value of absolute stellar parallax 7 at the reference epoch of
the source [E1] and its standard error, used to establish the object’s distance from the Earth. The
relation between the distance in parsecs and parallax in arcseconds used for the calculation of the

star’s distance in Table 2.1 is

a1 2.1
T

The distance was also determined by the Gaia Archive (Gaia Collaboration et al. 2016) and from
the data in the TESS Input Catalog (TIC)' (Paegert et al. 2022). For the data acquired from the
Gaia mission, the distance calculated from the parallax corresponds to the determined value within
the error bars.

Other parameters in Table 2.1 were taken from the Gaia mission and TESS Input Catalog
accessed through Vizier. Monochromatic extinction A was determined from the spectral analysis
of TIC 229741985 (Paegert et al. 2022).

ITIC catalog is further discussed in chapter 3.
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pssZ color,

Figure 2.2: Sky region around TIC 229741985, image provided by the interactive Aladin sky atlas
(Bonnarel et al. 2000) from the SDSS sky survey (Almeida et al. 2023).

Surface temperatures of the stars are defining parameters in stellar classification into spectral
types. This classification system is based on the observed absorption lines in the spectrum of the
studied object. The spectral type of TIC 229741985 was determined from the table on [E5] as FS.

Using data from the TESS Input Catalog Paegert et al. (2022), I determined the position of
TIC 229741985 in the Hertzsprung—Russell diagram. Fig. 2.3 shows the location of various
pulsating stars on the HR diagram taken from Skarka et al. (2022). The red circle added to the
image represents an approximate location of TIC 229741985 in relation to the depicted instability
strip.
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Figure 2.3: Location of pulsating variable stars in Hertzsprung—Russell diagram taken from Skarka
et al. (2022). The dashed line represents the zero-age main sequence, and the continuous blue and
red lines mark the edges of the instability strip taken from Murphy et al. (2020). The red circle
represents an approximate location of TIC 229741985.



Chapter 3

Data Sources

3.1 Photometry

The main source of the photometric data used to analyze the light curve of TIC 229741985 and
determine the origin of the observed variability was the Transiting Exoplanet Survey Satellite (TESS)
(Ricker et al. 2015). Additional photometric measurements were obtained from my observations
in the Kravi Hora and VySkov observatory in the Czech Republic, using 60 cm and 50 cm reflecting
telescopes, respectively.

TESS All-Sky Survey Mission

TESS is a space telescope designed to detect exoplanets orbiting around bright stars using the transit
photometry method (Ricker et al. 2015). It is a followup to a Kepler mission (Borucki et al. 2010)
that was launched nine years earlier to primarily observe Earth-size and smaller exoplanets near
the habitable zone. Compared to Kepler, TESS studies stars 30 to 100 times brighter to allow
subsequent observations with ground-based telescopes and radial-velocity measurements. The
observed range of magnitudes for exoplanet host stars compared to the targets of Kepler mission is
shown in Fig. 3.1.

TESS has an eccentric, high orbit around the Earth with 2:1 resonance with the Moon and an
orbital period of 13.7 days, suggested by Gangestad et al. (2013) and shown in Fig. 3.2. Resonance
of TESS and Moon periods provides further spacecraft stability without requiring extensive course-
keeping corrections (Keesey 2017). The orbit’s inclination eliminates Earth’s and Moon’s eclipses,
which could interfere with the observations.

The instrument is comprised of four identical wide-field cameras, which cover a 24° by 96° re-
gion of the sky oriented along the ecliptic longitude, with one of the cameras centered on an ecliptic
pole. Each camera’s detector assembly comprises four identical CCD devices aligned into two by
two matrix with gaps between individual CCDs less than 10° (Vanderspek et al. 2018). Each pixel
represents an area of 20x20 arcseconds in the sky with stars typically spread in a 1-2 pixel radius
(Stassun et al. 2018). The spacecraft does not pass through the Earth’s radiation belt, providing a
thermally stable environment for cameras, with temperature variations less than 0.01°C/h for most
of the orbit. The lenses are optimized for a bandpass shifted into the red spectral region between
wavelengths of 600-1000 nm. Earth-like exoplanets are being searched for around stars with spec-
tral types G and K, whose emission of stellar radiation has maxima in this range (Vanderspek et al.
2018). Habitable zones around these stars are at such a distance that their stellar activity is not a
problem for the potential life inhabiting the exoplanet.

15
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Figure 3.1: Potentional host stars observed by the TESS compared to the targets of Kepler mission
(Barclay 2023b).
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Figure 3.2: Schematic of maneuvers leading to the final TESS orbit marked by the light blue line
(Ricker et al. 2015).

The scattering of light from bright objects in the sky increases the background sky level. TESS
cameras are equipped with lens hoods to reduce the excess light reflected off Earth and the Moon.
When one of these objects enters the camera’s field of view, the increase in background levels and
saturation of pixels make the observations useless.

The sky covered by TESS is divided into sectors, each observed for two spacecraft orbits
(Barclay 2023b, 27.4 days). These sectors systematically cover the sky region between the ecliptic
poles and the latitude of 6 degrees from the ecliptic, with increasing overlap toward the poles.
Afterwards, the field of view (FOV) is shifted by approximately 26°, and the process repeats
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(Vanderspek et al. 2018). The location of sectors observed during the mission is shown in Fig. 3.3.
An offset from the ecliptic in some sectors was increased to 37 degrees to prevent interference of
the light scattered from the Earth and Moon. The FOV of the extended missions is shifted and
rotated to observe regions of the sky in the gaps between CCDs not covered during the previous
missions (Barclay 2023c¢).

Figure 3.3: Sky coverage maps in the ecliptic coordinate system depicting the observed sky regions.
The first row of schematics maps sectors covered during the primary mission, the second row depicts
sectors observed during the first extended mission, and the third row shows sectors covered during
the second extension of the mission (MIT n.d.).

Raw data from the spacecraft are processed by The Science Processing Operations Center
(SPOC) at NASA Ames Research Center into calibrated pixels and lightcurves. TESS transmits the
data at the orbit’s perigee located 17 R, from Earth through the Deep Space Network. SPOC cali-
brates them by orbit and individual sectors using calibration models provided by the Massachusetts
Institute of Technology Payload Operations Center (Jenkins 2015) and generates target pixel files
(see below) and light curves of selected objects.

TESS cameras combine images with a 2-second exposure into a single image. There are three
primary data products derived from the two-second observations (Twicken et al. 2020):

* Full Frame Image (FFI) - set of all pixels across all CCDs of a given camera. It was taken
every 30 minutes during the primary mission, every 10 minutes during the first extended
mission, and every 200 seconds during the second extension of the mission (see Fig. 3.3).
FFIs are created onboard the spacecraft by co-adding the two-second observations in groups
according to the desired exposure time. FFIs are provided as uncalibrated or calibrated files
in FITS format.

» Target Pixel File (TPF) - set of pixels around a selected target with a 2-minute cadence with
the addition of a 20-second cadence data from the first extension onward. They contain raw
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data from pixels around a selected object with an aperture pipeline mask to indicate which
pixels were selected and further processed.

* Light Curve File (LCF) - file containing time-flux dependency processed by SPOC pipeline
from TPFs and FFIs and by the MIT Quick-Look Pipeline (QLP) from FFIs of selected
targets.

Light curves processed by the SPOC pipeline from TPFs onboard the spacecraft have author
names (provenance names) 'SPOC.” Author name *TESS-SPOC’ (Caldwell et al. 2020) refers to
TPFs, and light curves derived directly from the FFIs by the SPOC pipeline with 30 min, 10 min,
and 200s cadence. Light curves referred to as "QLP’ are produced by the MIT Quick-Look Pipeline
from a set of stars with limited magnitude from the TESS Full Frame Images, further described in
Huang et al. (2020a), Huang et al. (20205), Kunimoto et al. (2021), Kunimoto et al. (2022).

The secondary data products include collateral data describing the calibration of pixels and
auxiliary data products providing files with engineering and telemetry data for image calibration
and documenting the spacecraft’s state.

TESS uses the TESS Input Catalog (TIC) for target selection and creation of TPF and LCF files.
The TIC contains over 473 million stars and provides astronomical information about possible
targets for exoplanet detection, such as coordinates in an equatorial coordinate system, proper
motions, magnitudes, and many more. A Candidate Target List (CTL) is a list of objects derived
from the TIC that meet certain criteria for creating a list of high-priority targets optimized for
detecting small planets (Stassun et al. 2018).

Data from the TESS mission are available for download in the Mikulski Archive for Space
Telescopes (MAST) [E6] directly from the MAST Portal or through data analysis tools. In this
thesis, I used LIGHTKURVE (Lightkurve Collaboration et al. 2018), a Python package for analyzing
data products of Kepler and TESS space telescopes and time series data of variable objects.
Through this package, I obtained light curve files from the SPOC, TESS-SPOC, and QLP pipelines
with individual time-series data from different authors. I processed 17 SPOC light curves with an
exposure time of 120 seconds, 13 TESS-SPOC light curves with an exposure of 1800 seconds, and
13 QLP light curves with 1800 seconds of exposure.

The raw data contain flaws from light scattering and detection of high-energy particles, mani-
festing as peaks in the light curves and deformed profiles due to long-term trends. Individual sectors
have different mean magnitudes due to the conditions during observation, such as the background
sky levels, relative position of other objects in the sky, and position of TESS in its orbit. The
LCF files contain two types of measured flux: SAP Flux, calculated as a sum of the brightness
in a chosen aperture mask, and PDCSAP Flux, with removed systematic trends (Barclay 2023a).
A comparison of raw PDCSAP and SAP fluxes from the SPOC sector 57 is shown in Fig3.4.
An illustration of the raw PDCSAP data from all sectors in the TESS-SPOC pipeline is shown in
Fig.3.5.

LIGHTKURVE package allows for the automatic removal of outliers, the remnants of high-energy
particle detection, and the removal of long-term trends by flattening the light curve. I used the
remove_outliers() routine to eliminate the stray points in the graphs by sigma-clipping. Points
deviating by more than 30 were removed. Afterward, [ used the flatten() function to remove
long-term trends and artifacts from the detector. The individual sectors were then stitched together,
as is shown in an example of the corrected light curve from the TESS-SPOC routine in Fig. 3.6.
Comparison of corrected light curves in Fig. 3.7 clearly shows the light variations within a range
of one day.
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Figure 3.4: Comparison of raw PDCSAP and SAP flux produced by the SPOC pipeline.
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Figure 3.5: The raw PDCSAP photometric data produced by the TESS-SPOC pipeline.

Kravi Hora and VysSkov Observatory

Complementary material to TESS observations, original photometric observations, were gathered
on Kravi Hora and Vyskov observatories. These additional measurements aimed to create light
curves in different photometric filters and compare the amplitude of variations in the spectra’s blue
and red regions, which can help us better estimate the nature of the variations.

Observatory on Kravi Hora is located near the center of Brno and is maintained and operated
by the Brno Observatory and Planetarium. The telescope has a primary mirror with a diameter of
60 centimeters and is equipped with a G2-4000 CCD camera observing with the Johnson-Cousins
UBVRI photometric filters [E7]. The observatory was founded in 1948 with the help of the
Astronomical Institute of Masaryk University members and was maintained by the Department of
theoretical physics and astrophysics until 2020 [E8]. The observing site’s quality deteriorated with
Brno’s expansion around the observatory. The low elevation of approximately 310 meters above
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Figure 3.7: The corrected light curves of SPOC, TESS-SPOC, and QLP routines measured during
one day.

sea level, pollution from traffic, industry, and light pollution limit the observations to a few dozen
days a year with the restricted observing season (Mikuldsek et al. 2000).

Compared to the Kravi Hora observatory, observational conditions in VySkov observatory are
much better thanks to its distance from towns and other sources of light pollution. The observatory is
maintained and operated by ZOO PARK Vyskov. Newtonian reflecting telescope with a diameter of
50 cm that was mounted in 2014 and uses a CCD camera with Johnson-Cousins UBVRI photometric
filters [E9].

TIC 229741985 observations on Kravi Hora observatory yielded 94 images taken in the B
photometric filter with 60-second exposure times and 94 images in the / photometric filter with
40-second exposition. Before extracting a light curve, the acquired images must be corrected. Pre-
processing of the images eliminates the influence of a telescope and the effects caused by a CCD
camera, such as a dark current, zero offsets, vignetting, etc. Dark current refers to a small electrical
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current generated by charged particles from the detector when no light enters the camera and is
proportional to the temperature of the CCD and exposition time. From the images, I subtracted
a master dark frame. This image maps the dark current inside the used camera calculated as the
median of several dark frames with the exposition time identical to the corrected frames. Another
important correction is the division of the images by a master flat-field from the same photometric
filter. Flat-field frame smoothens any light variations caused by the different sensitivity of the
individual pixels, dust shadows on the telescope’s filters, filter non-homogeneity, and vignetting.
Unfortunately, I could not obtain them on the same night as the rest of the images. The additionally
measured flat-fields worsened the quality of observations, so I omitted this part of the correction.
The images in the respective photometric filters and dark frames were made on October 7 from
5:33PM to 1:15 AM, with flat fields measured on October 19 from 4:00 PM to 4:13PM. All
observations were processed using MUNIPACK (Hroch 2014).

In Vyskov, I was able to gather 124 images in the photometric filter B and 124 images in the
photometric filter /, both with the exposition of 60 seconds. The scientific and dark-frame exposures
were made on October 9 from 5:48 PM to 1:26 AM. The images were corrected with a master
dark frame and constructed by median-averaging individual dark frames. Flat fields could not be
obtained because of the observing conditions during the night. The pre-processed images in / filter
from both observing sites are compared in Fig. 3.8.

Figure 3.8: Calibrated images of TIC 229741985 in photometric filter / from Kravi Hora observatory
(image on the right) and from the VySkov observatory (image on the left). In both images,
TIC 229741985 is marked with a red cross.

When the calibrated images were prepared, I used MUNIPACK routines to detect stars on all
frames and do astrometry and differential photometry calibration, which extracted the magnitudes in
the relevant filter by comparing the flux from TIC 229741985 to the flux of non-variable stars in its
vicinity. The automatic routine in MUNIPACK identified reference stars from the UCAC4 catalog.
I constructed light curves for both filters shown in Fig. 3.9. Due to the less-than-satisfactory
conditions during the observation nights, such as the light pollution and low clouds, many images
were useless, manifesting as gaps in the extracted light curves.

Due to the poor observing conditions and relatively faint target with amplitude variations around
1-2mmag in the TESS passband, the variability of TIC 229741985 cannot be deduced from the
observations gathered in Brno and Vyskov. These data are not further used in the thesis.
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Figure 3.9: Light curves of TIC 229741985 observed in photometric filter B and / on Kravi Hora
observatory (top image) and on the Vyskov observatory (bottom image).

3.2 Spectroscopy

Spectroscopic observations by ground-based telescopes are essential for further analysis of objects
measured in photometric sky surveys like Kepler or TESS. Follow-up observations differentiate
between candidates for exoplanets and false positives, such as binary star systems or pulsators, and
provide additional information about the studied objects. Spectral analysis of TIC 229741985 aimed
to measure the radial velocities of the studied object and determine the presence of a companion
from the shift in spectral lines.
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All spectroscopic observations of TIC 229741985 used in this thesis were obtained with Ondfe-
jov Echelle Spectrograph (OES, Koubsky et al. 2004, Kabath et al. 2020). connected to the Perek
telescope located in Ondfejov, approximately 30 kilometers from Prague. The primary mirror has
a diameter of 2 meters. Echelle spectrograph uses a diffraction grating with a particular shape of its
elements to display high diffraction orders, which increase the spacing of spectral features (Chaffee
& Schroeder 1976). An example of a two-dimensional spectrum obtained with OES is shown in
Fig. 3.10. The individual spectral orders are imaged as nearly horizontal parallel lines at a CCD
chip, which makes the data reduction of these spectra complex and very sensitive to the reduction
process (Skoda et al. 2008). OES was built in 2007 at the Stellar department of the Astronomical
Institute of the Academy of Sciences of the Czech Republic and installed in a thermally stable room
beneath the Perek telescope at its coude focus.

Figure 3.10: Part of echelle spectra of Vega from Ondiejov Echelle Spectrograph (Skoda et al.
2008).

The observing site is located in an area with minimal light pollution and typical seeing between
2 — 3", which allows the observation of objects to the 13th magnitude in the V filter. Due to the
location’s climate and weather conditions, only 25-30% of the observing hours throughout the year
yield good data (Kabith et al. 2020).

From August to November 2022, eleven spectra of TIC 229741985 were gathered from the
Ondrejov Echelle Spectrograph . Table 3.1 shows the expositions, times of the observations, and
respective Julian dates of the beginning of the expositions for individual spectra. The exposure time
was chosen in such a way as to obtain a sufficient signal-to-noise ratio (SNR) and, at the same time
to have a good cadence due to the short period. The spectra were processed in IRAF - a software
package for spectral data reduction (Tody 1986). SNR of the individual spectra was computed by
splot routine in IRAF as mean divided by the root mean square within a specific range. I used a
range with a small number of spectral lines between 6600 and 6860 A.

The raw spectra produced by the echelle spectrograph have many defects caused by the instru-
ments used for their observations and unwanted detections of high-energy particles. A bias frame
was used to correct the raw images and remove the noise of the CCD camera, with subsequent re-
moval of bad pixels and pixels affected by the impact of high-energy cosmic radiation. Afterwards,
individual apertures had to be identified and extracted. One of the problems in reducing echelle
spectra is the removal of the grating blaze function, which reduces the intensity of the spectrum



24 CHAPTER 3. DATA SOURCES

Table 3.1: Information about individual spectra obtained by the OES.

Date Time D Exptime SNR
[yyyy-mm-dd] | [hh-mm-ss] [s]

1 2022-08-29 19-20-01 | 2459821.30557 3600 245
2 2022-10-09 17-57-04 | 2459862.24796 | 2400 22.3
3 2022-10-09 18-43-49 | 2459862.28043 2400 22.3
4 2022-10-09 19-24-32 | 2459862.30870 | 2400 19.7
5 2022-10-09 20-05-15 | 2459862.33698 2400 15.5
6 2022-10-09 20-45-58 | 2459862.36525 2400 12.5
7 2022-10-09 21-26-41 | 2459862.39353 2400 15.0
8 2022-10-09 22-07-24 | 2459862.42181 2400 13.8
9 2022-10-09 22-48-07 | 2459862.45008 2400 14.5
10 | 2022-10-09 23-28-50 | 2459862.47836 | 2400 13.5
11 2022-11-02 16-57-31 | 2459886.20661 2400 19.9

toward the edge of each order and strongly influences the shape of the object’s continuum (Skoda
et al. 2008). By defining the regions between individual spectral lines, the continuum was fitted
with a polynomial and flattened to reduce the blaze function’s influence. After identifying spectral
lines, wavelength calibration, and stitching the apertures together, I obtained a 1D spectrum of
TIC 229741985 from the individual exposures.

Fig. 3.11 is a cutout from the TIC 229741985 spectra around the Mg I triplet and a spectral line
Ho indicating the quality of the given observation. The spectrum from August had the best SNR
and was used as a template for the relative velocity calculations.
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Figure 3.11: A cutout of TIC 229741985 spectra showing the Mg I triplet and Ho spectral line and
the noise of spectra continuum.
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Data Analysis

4.1 Origin of the Variable Signal

Because TESS has a very small angular resolution (217/px), signals from nearby objects can mix in
very easily. Therefore, verifying that the signal comes from a particular object, not from a nearby
star, is necessary.

TIC 229741985 and the stars located within 2’ radius are shown in Fig. 4.1. The stars identified
in Fig. 4.1 were numbered according to their brightness in the G band [E4], the brightest object
in the set labeled as number one being TIC 229741985. Data for these objects, including their
brightness, were gathered from the Gaia DR2 catalog and are listed in the appendix in Table A.1.

Skyview for TESS 229741985 Sector 18, Camera 4.2
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Figure 4.1: The TPF from sector 18 showing close vicinity of TIC 229741985.

For the analysis of photometric data of TIC 229741985, I used an aperture mask determined
by the data processing pipeline (for sector 18 highlighted with white squares in Fig.4.1). There

25
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are two possible contaminating stars; a bright star with the number two (0.427 mags fainter than
the target) and star number 8 (6-mag fainter than the target). If the signal came from the fainter
star, amplitude variations would be visible only in the pixels containing the fainter source (the two
most-right pixels). Contamination from the bright object would be, on the other hand, visible in
the outer pixels of the selected aperture mask near the bright source with number 2.

Detailed examination of individual pixels can reveal the source of the observed variability.
Using the LIGHTKURVE package, 1 constructed pixel maps (task tpf.plot_pixels) for all the
sectors (Fig.A.1-A.15 in Appendix) detailing the frequency spectra on individual pixels in TPFs.
The TPF of sector 18 is shown in Fig. 4.2 with the aperture highlighted by red squares. All pixels
inside the aperture mask across all sectors contain the frequency peak at 11.49c/d. In contrast,
pixels around the bright star in the upper-left corner of Fig. 4.2 do not show the same frequency,
eliminating the possibility of data contamination from star number 2 in Fig. 4.1. Furthermore,
the faint source with the number 8 in Fig. 4.1 would not produce changes in the distant pixels.
Therefore, the origin of light variations is TIC 229741985.

Target ID: 229741985, 1790.66 - 1815.03 [BT)D days]
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Figure 4.2: Pixel map of TIC 229741985 (sector 18) showing frequency spectra in different pixels
with an aperture mask highlighted by red squares. The frequency range in each pixel is 0-23.5 c/d.
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4.2 Time Series Analysis

The variability of stars is determined by periodic events that correspond with periods of light
changes observed in the measured data. Light curve analysis is a basic procedure for understanding
the time changes in the flux of variable objects. One of the basic goals of the time-series analysis is
the determination of the measured signal’s periodicity and the identification of fake periods, trends,
and aliases. Fake periods are the results of periodicity in systematic errors during data reduction.
They can be easily fixed by comparing the light curve of a variable object to a non-variable star
subjected to the same data reduction process. Aliases arise as a result of the measurement’s sampling
rate and can be described using Tanner’s relation (Mikulasek & Zejda 2013):

1 1 &k

AR|PTR
F is the period of an alias, P is the real period, and P, is a sampling period, for example, for
Earth-based observations, the sampling periods are typically one day, one year, etc.

Various methods for detecting and analyzing periodicity in discrete data sets, such as astro-
nomical observations, have been developed to find repeating patterns in evenly or unevenly spaced
values. In this work, I will use a discrete Fourier transform for period analysis of the extracted
light curve. For a continuous signal g(¢), the Fourier transform g(f) is given by relation from
VanderPlas (2018), where f is the frequency of the signal and df is the infinitesimal time step:

L k=41,+2,.... (4.1)

)= [ sear “2)

Information about the frequencies can be fully recovered only if the signal lies between the
frequencies +f./2, where f, is the sampling rate of the data. This condition is known as the
Nyquist limit. The Rayleigh frequency criterium determines the lowest resolvable frequency as
fe/N, where N is the number of data points.

The real observations have a finite number of samples, and the continuous function is subject
to sampling at regular intervals Az. We can substitute the Fourier integral for a Fourier sum with N
evenly-spaced time steps:

N
gA(f) — Z gne—Zﬂ:iant‘ (43)
n=0

The power spectrum of a function represents a positive function with real values depending on the
frequency and measures the degree to which each frequency f contributes to the overall signal.
This function is computed as a squared amplitude of the Fourier transforms. Classical periodogram,
also known as Schuster periodogram, is computed from the discrete Fourier transform using the
relation:
2
1

Ps(f):N

4.4)

N . p
Z gne—menAt
n=0

To determine the period of light variations, I used PERIOD04 (Lenz & Breger 2005), software for
analyzing time series data containing gaps. PERIOD04 uses a discrete Fourier transform algorithm
to construct a frequency spectrum for unevenly spaced data sets. Fig. 4.3 shows the calculated
frequency spectra for data produced by different pipelines.

In the computed spectra in all pipelines, I identified all significant peaks with SNR > 4 shown
in Fig. 4.3. The frequency peaks are not independent and can be interpreted as fy, fo/2, and
harmonics of fp, as seen in Fig.4.3. Frequency fy could be the harmonic of frequency fy/2 if
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Figure 4.3: Fourier spectra of SPOC, TESS-SPOC, and QLP routines in a frequency range 0-50 c/d,
with residua for the SPOC pipeline. The red vertical lines represent the Nyquist frequency and its

harmonic at 48 c/d.
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Table 4.1: Frequency values in SPOC, TESS-SPOC, and QLP pipelines.

A
f SNR f r
[d~'] [d'] [d']
fo | 11.498813(11) 40.1
fo/2 | 5.7494851 7.9 0.000079
SPOC 21 22.9975054 33.1 0.000121 0.00738
3% 34.4962581 24.3 0.000181
4f, 22.9975054 8.5 0.000276
fo 11.498815(5)  60.98698
fo/2 | 5.7493142 10.1 0.000093
TESS-SPOC 0.00313
2fo 22.9976834 40.9 0.000053
310 34.4965962 14.1 0.000151
fo 11.49891(9) 75.7
fo/2 | 5.7492572 9.0 0.000198
QLP 0.00321
2fo 22.9976031 43.4 0.000219
3/ 34.4964056 14.7 0.000327

we consider fp/2 to be the real frequency. Table 4.1 shows the values of individual peaks in
all pipelines with their respective SNR and errors calculated using LC FIT because PERIOD04
underestimates real error calculations for harmonics. The difference between the frequency peak’s
detected position and the respective harmonic’s expected value is marked as Af. The value of Af
is smaller than the calculated Rayleigh criterium f, which indicates that all identified frequencies
are not independent.

The Nyquist frequency for the SPOC pipeline was 359.1 d~! and 24.0 d~! for the QLP and
TESS-SPOC pipelines, respectively (marked in Fig. 4.3 with a dashed vertical line). Nyquist
reflections of the real frequencies are labeled with 'R’ in the superscript in Fig. 4.3.

The long-cadence data show additional frequency at 3 f§ =13.5036 c/d, which is not present in
the SPOC pipeline, as shown in Fig. 4.3. This is a Nyquist reflection of 3 fy. Instrumental effects
cause frequency peaks close to 0 c/d in all pipelines and even multiples of Nyquist frequency.

Fig. 4.4 compares individual frequency spectra from different routines around the dominant
peak. After subtracting the significant harmonics up to 4 fy, L have not identified any other significant
frequency (see the SPOC residuals in the top panel of Fig.4.3). Frequency fy corresponds to the
hypothesis that the studied object is a § Scuti pulsator with f being the main pulsation frequency.
In contrast, the halved frequency fy/2 can indicate that the system is a binary star, according to
the shape of the phase diagram created using the period F; ), (see below). The details are further
discussed in the following sections.

Periods of pulsations are derived from the respective frequencies from the TESS-SPOC pipeline
because the periodogram offered the most precise frequency calculations, thanks to the largest data
set. The values are:

Py, = 0.08696548 (3)d,
Py, /2 = 0.17393096 (16)d.
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Figure 4.4: Comparison of Fourier spectra for different routines between frequency 0 and 20 c/d.

4.3 Pulsation Hypothesis

According to the amplitude and observed period of light variations, one of the possible explanations
for TIC 229741985 light changes is the hypothesis that the studied object is a pulsating star of the &
Scuti type. In this section, I will present data corresponding to the pulsation hypothesis and utilize
photometric observations and catalog data to verify the pulsational nature of the light variations.
Phase diagrams have been constructed using period P;,. Fig. 4.5 shows the relation between phased
data in the SPOC pipeline and binned curve, and Fig. 4.6 compares the binned phase diagrams of
individual pipelines. Each dataset was divided into 51 equal-width bins, and the arithmetic mean
of each bin was calculated. The shape of § Scuti light curve may be reminiscent of W UMa binary
system, as is shown on & Scuti example light curves displayed in Fig. 1.4.

The phase diagram contains magnitudes on the vertical axis and a phase value on the horizontal
axis. Using Pogson’s equation, I obtained relative magnitudes from the relative flux around zero.
By adding the magnitude from the TIC catalog, I received calibrated magnitudes for the studied
object in the TESS photometric system. The phase of each point was determined using the following
relation:

0 = (t —1tp) mod P, 4.5)

where #j is the moment of the first minima, P is the period of light variations, and ¢ is the time of the
procured data points. The time of the first minima was visually estimated as 7o = 24571 790.74d,
corresponding with the first minima observed in the SPOC data.

Using the information gathered from the Gaia Archive and TIC displayed in table 2.1, I calcu-
lated luminosity, radius, and mass and verified whether a system with such parameters could exist.
I corrected the calibrated magnitude G from the Gaia Archive by extinction A, displayed in table 2.1
and applied bolometric correction BC = 0.109 mag determined by Jordi et al. (2010) to the absolute
magnitude in G calculated from the Pogson’s equation. Calculated parameters of TIC 229741985
with their respective errors corresponding to the pulsation hypothesis are listed in table 4.2 in the
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Figure 4.5: Phase diagram with binned data plotted over the light curve in SPOC corresponding to
the pulsation hypothesis.
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32 CHAPTER 4. DATA ANALYSIS

’Single-star hypothesis’ column. Effective temperature from the Gaia Archive, shown in table 2.1,
was used to determine the star’s radius R, which appears in the equation:

L=47R’0 T, (4.6)

where L is the luminosity of TIC 229741985 estimated from the bolometric magnitudes (Mpo =
3.198(8) mag) and the distance d calculated from the parallax (see table2.1). According to the
shape of the TIC 229741985 light curve for binary star hypothesis (discussed in section 4.4), which
has almost the same minima, I assume similar temperatures of stars, the same radii and masses of
both components and, therefore, the same luminosity. The luminosity of individual components
will be half the luminosity L calculated from the distance and bolometric magnitudes. The mass
M was calculated from logg in table2.1. I used equation 1.1 and period P/, to calculate the
semi-major axis a, assuming that individual components in W UMa binary system have identical
parameters as listed in column ’Binary star hypothesis’ in Table 4.2.

Table 4.2: Parameters of TIC 229741985
Parameters Single-star hypothesis Binary star hypothesis

L[Ls] 4.51+0.03 2.254+0.02
R [Rs] 1.57£0.06 1.11+0.04
M [Mg] 1.234+0.09 0.61+£0.05
a[Re] 1.414+0.04

The calculated values of luminosity and radius for a single-star hypothesis correspond with the
values from the TIC shown in table 2.1. The calculated mass of TIC 229741985 was closer to the
value of the sun’s mass than the mass Mt from the TIC catalog in table 2.1, but its value was within
Mt errors. Parameters for a binary star hypothesis are vastly different from the values in catalogs
because, in them, TIC 229741985 was considered a single star.

Most & Scuti variables are stars with pulsation periods shorter than 0.3 d and low amplitudes
(< 0.1 mag). They lie in the lower part of the instability strip on the intersection with the main
sequence in the mass range of 1.5 to 2.3 M, for population I stars and 1.0 to 1.3 Mg, for population
II stars (Pietrukowicz et al. 2020). The theoretical boundaries of the instability strip may differ
from the observed data because pulsations are dampened by convection toward the red edge and
the contribution of turbulent pressure at the blue edge. Both boundaries also depend on the chosen
value of the mixing length oapr, a parameter used in time-dependent convection models to create
accurate pulsation models. Higher values of ot shift the red edge of the instability strip towards
hotter stars (Murphy et al. 2020).

The location of TIC 229741985 in relation to the red and blue edge of the instability strip
determined in Murphy et al. (2020) is shown in Fig. 2.3 taken from Skarka et al. (2022) marked
with the red circle. The studied object lies below the red edge of the theoretical instability strip,
but, according to Murphy et al. (2020), pulsators can also be found outside this boundary.

Relation between period and luminosity (P-L relation) can be found when a class of pulsating
stars is characterized by a relatively limited range of effective temperatures. Consequently, a
significant correlation exists between luminosity and stellar density, associated with the pulsation
periods of pressure modes (Ziaali et al. 2019). McNamara (2011) determined a fit to the P-L
relation for a sample of radially pulsating § Scuti stars:

My = (—2.8940.13)1logP — (1.31 £0.10), 4.7)



CHAPTER 4. DATA ANALYSIS 33

where P is the period of pulsations and My is the absolute magnitude in the V photometric filter.
Another fit to the P-L relation was determined by Ziaali et al. (2019) on a larger sample of 6 Scuti
pulsators:

My = (—2.944+0.06)log P — (1.34£0.06). 4.8)

The graph in Fig.4.7 compares the relation from McNamara (2011) (dashed green line) and the
relation determined by Ziaali et al. (2019) (solid black line). From the period of TIC 229741985
light variations P,, I have determined the value of absolute magnitude Myeor = 1.78(9) mag from
eq. 4.8 observed for a star with this pulsation period. To compare the theoretical value with the
observed, I converted the corrected magnitudes in the G filter to magnitude in the Johnson-Cousin
photometric filter V using the relation (Gaia Collaboration et al. 2022):

V = 0.02704 — 0.01424(BP — RP) +0.2156(BP — RP)*> —0.01426(BP —RP)*+ G.  (4.9)

Kepler
» Rodriguez et al, (2000)
Additional bright & Scuti stars
—0.61 «  Fundamental mode
A KIC9700322
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Figure 4.7: Comparison of P-L relations from McNamara (2011) (dashed green line) and Ziaali
et al. (2019) (solid black line). Different symbols represent stars from various sources, used to fit
the P-L relation from Ziaali et al. (2019). The big red dot represents the location of TIC 229741985.
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The observed absolute magnitude in V filter My = 3.090(8) mag is almost two times the
theoretical magnitude Myior and therefore I can conclude, that the pulsations of TIC 229741985
are not following the & Scuti relation. Fig. 4.7 displays the position of the studied object depending
on the P-L relations for the & Scuti pulsators and shows that observed variations do not satisfy the
determined relations. The P-L relations for 6 Scuti variables described in McNamara (2011) and
Ziaali et al. (2019) are determined only for pulsations in the fundamental radial mode. One of the
possible explanations why TIC 229741985 does not follow the P-L relation is that the strongest
pulsations in the star are excited in higher radial and non-radial modes, or the nature of the light
variations is not in pulsations.

4.4 Binary Hypothesis

In this section, I will present data relevant to the binary hypothesis and verify the system’s existence
from photometric and spectroscopic observations and data from the Gaia Archive. Using the period
P, /2, I have constructed a phase diagram of TIC 229741985 for all pipelines. Individual phase
diagrams have been binned for clarity; Fig. 4.8 shows the relation between the binned data and
the phased plot in the SPOC pipeline, and Fig. 4.9 compares the binned data in different pipelines.
By examining the shape of the data phase-folded with Py, ,, and comparing it to the example light
curves of binary contact systems displayed in Fig. 1.3, it seems that the studied object shows typical
signs of W UMa binary systems.
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Figure 4.8: Phase diagram with binned data plotted over the light curve in SPOC.

According to Rucinski (1992), the orbital period distribution of contact binaries exhibits a
distinct boundary at around 0.22d, with only a few systems with periods below this threshold.
Since then, multiple sky surveys have discovered many eclipsing binary systems in the galactic
bulge with short periods with light curves similar to the W UMa stars. Binary systems with periods
below the 0.22 d threshold exist and were also detected by Soszynski et al. (2015). Soszynski et al.
(2016) analyzed a large number of eclipsing and ellipsoidal binary systems with periods ranging
from 0.05d to over 2600 d and a wide range of variability amplitudes from milimagnitudes to light
variations in the order of magnitudes. Fig. 4.10 shows the period distribution of their sample in the
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Figure 4.9: Phase diagram of binned TIC 229741985 data showing one orbital cycle in SPOC,
TESS-SPOC, and QLP pipelines.

linear scale (the first plot) and logarithmic scale (the second plot). The graph shows a maximum at
0.4 d and the limit for the orbital periods at 0.22 d.
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Figure 4.10: Orbital period distribution for binary systems analyzed in Soszyrski et al. (2016).
Several hypotheses explain the scarcity of short-period contact binary systems. A system with

two low-mass components detached in the beginning would not have time to fill out its Roche
lobes within the lifespan of the Universe. However, the existence of such systems may indicate
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shorter periods at their birth or high angular momentum loss during the formation process from
the protostellar cloud. Jiang et al. (2012) stated that the orbital period limit is caused by the stable
mass transfer between the individual components in a binary contact system with the initial primary
mass higher than 0.63 M. Below this limit, the mass transfer becomes unstable, which leads to
the formation of a common envelope and the eventual merging of components. Under exceptional
circumstances, the Kozai cycles with tidal friction (KCTF) mechanism can shrink the periods of
contact binaries and reach the 0.22 d limit (Fabrycky & Tremaine 2007). KCFT mechanism works
in a binary system with a third component that induces strong oscillations of eccentricity and,
combined with tidal friction, reduces the orbital period of the binary stars. The existence of binary
systems with short orbital periods brings new challenges for the theory of the evolution of binary
stars; therefore, it is important to identify other objects that could contribute to this sample.

Parameters of TIC 229741985 corresponding to the binary hypothesis are listed in table 4.2 in
the *Binary star hypothesis’ column. These values do not correspond with those found in the TIC
catalog, as discussed in the previous section. The calculated major axis a is only 0.3R, greater
than the radii of stars, which means that the major axis is smaller than the sum of radii of individual
components. The second component would need to orbit inside the primary star for the system to
exist, which is impossible and rules out the binary hypothesis.

Another possibility to theoretically rule out the binary star hypothesis is calculating the critical
period. Soszyniski et al. (2015) suggested a relation that calculates the critical period of a system,
where both components have equal mass M and radii R and fill their Roche lobes. For a system to
exist, the orbital period has to be higher than the critical period:

R3
P>P.=0.174 U 4.10)

For TIC 229741985 assuming the parameters in column ’Binary hypothesis’ in the table 4.2, the
critical period would be P = 0.259(24)d~! which is higher than the orbital period . The
components in a binary system with these parameters orbit inside each other. Therefore, the binary
explanation of the light variations of TIC 229741985 seems highly unlikely.

Radial Velocities

In the previous section, I argued why the binary hypothesis is not valid for the observed system
based on parameters calculated from catalog data and determined period of light variations. It is
necessary to independently confirm the binary hypothesis through radial velocity measurements in
case of an error in the data from the catalogs, in which case the calculations would be wrong.

The spectral analysis of TIC 229741985 aimed to observe a shift in spectral lines caused by two
orbiting stars. Similar luminosity is assumed for the individual components of the studied system;
therefore, the Doppler shift should be observable in the spectra, and the lines of both stars would be
of similar depth. I calculated the value of semi-amplitude of radial velocities K = (4094-10)kms ™!
from TIC 229741985 parameters in table 4.2 using a relation:

2xasini
K= m, (4.11)
where I assumed the system’s inclination to be i = 90°and circular orbits e = 0.

Calculating radial velocities involves determining the displacement of spectral lines caused
by the motion of the source either towards or away from the observer. In a binary system, the
components move in different directions; while the first moves toward the observer and its spectral
lines are blue-shifted, the second component moves away, resulting in a red-shift. In a system
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Figure 4.12: Radial velocities of a main and secondary peak in cross-correlation plot.

with similarly luminous components, the constructed radial velocity curve would show the radial
velocities of both components in antiphase with identical periods.

Before calculating radial velocities, telluric and heliocentric corrections must be applied to
get the most accurate value for radial velocity measurements with dopcor task in IRAF. The
relative radial velocity calculations were made by cross-correlating the other spectra against a
chosen template (in this case, the spectrum from August was chosen because of its high SNR) in a
range of 4900-5800 A (task fxcor). The presence of a second peak in the cross-correlation plots
can indicate a presence of a second companion. Figures showing the cross-correlation plots of
TIC 229741985 spectra are shown in Fig. 4.11. The secondary peak is visible only in a few spectra
and does not correspond with the expected phases. In addition, the second peak is always to the
right of the dominant peak. It has a significantly lower amplitude than the dominant peak, which
does not correspond with the expectations (two peaks with similar amplitudes). The nature of the
peak is unclear.

Using IRAF, I calculated relative radial velocities for the main and secondary peaks in the
cross-correlation plots, which I compared in Fig. 4.12. The graph shows phased radial velocities
across the orbital period Py, with their respective error bars. The time of the first minimum was
determined as tp = 24571790.74d. Radial velocity curves do not show periodic changes in the
gathered data, and the amplitudes of these curves do not reach the calculated range. It is safe
to assume that despite less than satisfactory observational conditions, the studied object is not
composed of two orbiting stars.

4.5 Third Light Hypothesis

The third light hypothesis assumes an eclipsing binary and a third component that significantly
contributes to the overall observed brightness and effectively decreases the amplitude of light
variations. In this section, I investigate the possibility of a triple system with a main-sequence
component with an eclipsing binary consisting of degenerate components.
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From the period F;/, of light variations, it is possible to calculate the ratio R?/M, assuming
the observed orbital period of the contact binary is critical. When I calculated the ratio for stars
of various spectral types (eq.4.10) using their typical mass and radius [E10], I discovered that
the resulting value R?/M = 1 was possible only for solar-like stars. However, a contact system
with these parameters cannot exist since the semi-major axis is smaller than the sum of radii of
individual components, and the stars would need to orbit inside each other. On the other hand, if
it was a system of solar-like stars, both components would be visible in the spectrum, and it could
explain the second peak in cross-correlation plots.

Because of the similar depth of minima and continuous light variations, both binary system
components would have to have similar luminosities, masses, and radii. The only option to solve
the critical period issue is to assume degenerate stars in a short-period system. Keller et al. (2022)
studied several eclipsing systems composed of two white dwarf stars with orbital periods up to
2.4 h. In my investigation, I can therefore assume that the eclipsing binary is composed of detached
white dwarf stars in a system where the third body outshines the binary system. The dwarf stars
are not observable, and the detected light variations result from their eclipses. The calculated
parameters for the single-star hypothesis of TIC 229741985 displayed in table 4.2 suggest that the
object we observe (the third body) is a main sequence star slightly larger than the Sun.

Fig. 4.13 shows the HR diagram of a great number of objects observed by the Gaia mission
[E11]. The third body in the studied system is a main sequence star with an absolute magnitude
observed in G band Mg = 3.008(8) mag. The eclipsing binary composed of two white dwarf stars
with similar luminosities has the amplitude of light variations Amwp = 0.753 mag in case of a total
eclipse. We do not observe total eclipses, which means that the system’s inclination is not i = 90°,
and the observed amplitude of light variations would be lower than the value I specified. The
presence of a third light in this system decreases the amplitude even more.

Using Pogson’s equation, I calculated the theoretical magnitude difference from the observed
amplitude of light variations Am = 0.003 mag assuming the highest possible amplitude 0.753 mag,
derived from Fig. 4.9, between moments when all three system components were visible and when
only the main sequence star and one dwarf were visible due to eclipses. The magnitude difference
between the components of the eclipsing binary and the third body would be AMe,; = 6.4mag
to yield such amplitudes. However, when looking at the HR diagram, this would mean that the
components of the eclipsing binary would be white dwarfs with absolute magnitude around the
value of 10 mag or brighter, which is a very sparsely covered region. The amplitude of the system
would be even smaller due to an inclination angle other than 90°, and the magnitude difference
between the components would have to be smaller to reach 0.003 mag. The white dwarves then
move to an even more sparsely covered region of HRD. It is highly unlikely that TIC 229741985 is
a system in such a configuration.
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Conclusion

This thesis aimed to reveal the mechanism responsible for observed light variations and describe
the respective parameters of TIC 229741985. The period of light changes fell within the range of
typical 8 Scuti pulsators, while the shape of the light curve constructed using double this period
resembled that of W UMa binary light curves. Data from various catalogs and photometric and
spectroscopic observations were used to investigate the nature of light variations and classify the
studied object.

The analysis of TIC 229741985 was performed on photometric data collected from the TESS
mission using the LIGHTKURVE package in Python and PERIOD04 - a software for time series
analysis. Additional information was extracted from 11 spectra taken with the Ondfejov Echelle
Spectrograph reduced and processed with IRAF. Supplementary photometric data from Kravi
Hora and Vyskov observatory aimed to measure the amplitude difference between blue and red
photometric filters to better describe the nature of variations. However, due to the low amplitude
and poor observing conditions, these data were inconclusive and were not used further in the work.

Chapter 4 describes various hypotheses explaining the origin of TIC 229741985 variability. The
first hypothesis assumes the object to be a 6 Scuti pulsator, as its observed period of light variations
falls within the typical range for this class of objects. & Scuti pulsators lie in the intersection
of the main sequence and the instability strip and follow well-defined period-luminosity relation
for fundamental radial modes. However, it seems that TIC 229741985, if it were a 0 Scuti star,
does not follow this P-L relation, which can be explained by higher radial and non-radial modes.
Alternatively, its variability does not originate in pulsations.

The second hypothesis considers the object a contact binary system with two main-sequence
stars with similar masses and radii orbiting each other. However, when I calculated the parameters
of this system using the catalog data, the semi-major axis was shorter than the sum of their radii,
meaning that one component would need to orbit inside the other. Additionally, the observed period
was lower than the critical period of the contact system. Therefore, I can conclude that a system
containing two main-sequence stars with these parameters cannot exist. The binary hypothesis
needed to be verified through the spectroscopic measurement of radial velocities in case of an error
in the catalog data, but no variations in radial velocity were observed. This makes the binary
hypothesis not probable.

As the last option, I considered the possibility that a third component in the system contributes to
the brightness and effectively decreases the amplitude of light variations caused by a binary system
that is significantly fainter than the third component. The third object would be a main-sequence
star with parameters corresponding to the single-star hypothesis. The only option to solve this issue
with the critical period is for the components of the binary system to be degenerate remnants, for
example, white dwarves. However, the calculated magnitude difference between the bright object
and the binary system places the white dwarf stars in a sparsely populated area of the HR diagram.
The system in this configuration is not very probable. Therefore, I consider this hypothesis as
unlike.
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In conclusion, the most probable explanation for the light variations of TIC 229741985 is the
pulsation hypothesis, where the pulsations are in higher radial or non-radial modes. Further analysis
of this object with larger telescopes allowing to get high SNR spectra with better time resolution,
will be necessary to make a final decision about the nature of the light variations.
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Appendix

Pixel maps for SPOC and TESS-SPOC pipelines, containing frequency spectrum of each TPF pixel
in arange 0 - 23.5 cd. The aperture mask for TIC 229741985 is highlighted with the red squares in

all sectors

Target ID: 229741985, 1790.66 - 1815.03 [BT)D days]
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Figure A.1: Pixel map of TIC 229741985 for sector 18 for the SPOC pipeline.
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Figure A.2: Pixel map of TIC 229741985 for sec
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Figure A.3: Pixel map of TIC 229741985 for sector 41 (the first image) and sector 47 (the secon d
image) for the SPOC pipeline.
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Figure A.4: Pixel map of TIC 229741985 for
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Figure A.5: Pixel map of TIC 229741985 for sector 51 (the first image) and sector 52 (the secon d
image) for the SPOC pipeline.




54

APPENDIX

& i _u_i_n_i i i

o
N o
N o

N Lokl
Lo L i
B Ll

A i il i
il

MWMMJWWWJWMJWM

MMWWWMWMMWM
G i NI

O
M L a a
Lo

Nl ol
o
A ool

At NI

Figure A.6: Pixel map of TIC 229741985 for

image) for the SPOC pipeline.

ector 53 (the first image) and sector 54 (the secon d



APPENDIX 55

& Ak il i
AN i
Ll

B i i

i i

YN B YW
VY VBRI VY
i
WMWWMMWMWMWW

Ao __ts
B o
At _
LN i
PV VR STV
POV SRR Y Y Y
L A
i
MMJWWWMWMMMM

Figure A.7: Pixel map of TIC 229741985 for sector 56 (the first image) and sector 57 (the secon d
image) for the SPOC pipeline.
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Figure A.8: Pixel map of TIC 229741985 for sec
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Figure A.9: Pixel map of TIC 229741985 for sec
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Figure A.10: Pixel map of TIC 229741985 for sector 15 (the first image) and sector 16 (the second
image) for the TESS-SPOC pipeline.
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Figure A.11: Pixel map of TIC 229741985 for sector 17 (the first image) and sector 18 (the secon d
image) for the TESS-SPOC pipeline.
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Figure A.12: Pixel map of TIC 229741985 for sector 19 (the first image) and sector 20 (the second
image) for the TESS-SPOC pipeline.
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Figure A.13: Pixel map of TIC 229741985 for sector 21 (the first image) and sector 22 (the secon d
image) for the TESS-SPOC pipeline.
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Figure A.14: Pixel map of TIC 229741985 for sector 23 (the first image) and sector 24 (the second
image) for the TESS-SPOC pipeline.
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Figure A.15: Pixel map of TIC 229741985 for sector 25 (the first image) and sector 26 (the secon d
image) for the TESS-SPOC pipeline.
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