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ABSTRAKT

Cielom tejto prace bolo zvolit' si vhodnych kandidatov na exoplanéty z databaze druzice
TESS, ktoré by bolo mozné doplnkovo pozorovat' naSimi pozemskymi dalekohladmi a
ziskat' €0 mozno najviac fotometrickych tranzitov. Materské hviezdy TOI-1518, TOI-
1834, TOI-2046, TOI-2109, TOI-3604 a TOI-3856 su jasnejSie ako 12,5 mag. Dostupné
TESS déata som zredukoval, rovnako ako aj pozemsku fotometriu. VSetky data boli
pouzité na periodova analyzu, aby sa spresnila efemerida tranzitov a modelovali
parametre priemerného tranzitu, navyse v roznych farbach. Diskutujem aj zmenu
farby pocas tranzitov. Dalej som skonstruoval O — C diagramy pre vietky objekty. V
pripade TOI-1834.01 som navrhol iny scenar, ktory by mohol vysvetlovat' pozorvané
svetelné krivky a je nezlu€itelny s pévodnym predpokladom o tranzitujucej exoplanéte.
TOI-3604 bola modelovana aj so zohladnenim parazitického tretieho svetla. Modely
naznacuju, Ze obiehajuce teleso je pravdepodobne privelké na exoplanétu. Jednotlivé
vysledky naznacuju, Ze ostatni kandidati su pravdepodobne substelarne objekty.
Naopak moja analyza TOI-3856.01 naznaCuje, Ze sa zrejme jedna o objekt nehviezdnej
povahy, mozno exoplanétu, o ktorej v literature zatial nebolo zmienky.



ABSTRACT

The goal of this thesis was to select suitable exoplanetary candidates from the TESS
database which will be observable by our ground-based telescopes and collect all
available photometric transits as follow-up. The parent stars TOI-1518, TOI-1834,
TOI-2046, TOI-2109, TOI-3604, and TOI-3856 are brighter than 12.5 mag. | have
reduced available TESS data as well as ground-based photometry. All data were used
for period analysis to refine the ephemeris of transits and model the parameters of
mean transit, also in dilerknt colours. The colour change during transits is discussed.
Furthermore, the O — C diagram was constructed for all objects. In the case of
TOI-1834.01, I have proposed another scenario that may explain observed light curves
and is incompatible with the previous assumption of a transiting exoplanet. TOI-3604
was modelled with respect to the parasitic third light. The models suggest the
orbiting body is probably too large for an exoplanet. Individual results indicate that
other candidates are probably sub-stellar objects. On the contrary, my analysis of
TOI-3856.01 indicates that this object is seemingly of substellar nature, maybe an
exoplanet that was not yet mentioned in the literature.
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Introduction

People have been interested in the existence of other worlds similar to our Earth for
centuries. By discovering and exploring planets in our Solar system, we concluded that
life and humanity itself can be more unique than we thought. This, however, did not
discourage humanity from detecting planets orbiting distant alien suns, some of which
could be potentially habitable worlds after our solid research. Nowadays, extra-solar planet
research advances rapidly with the ever-improving technology with which our ground
telescopes and space telescopes may be equipped. Up to tt@" of May 2023, there were
more than 5347 extra-solar planets con rmed, and more than 9600 are catalogued as
potential candidates (exoplanets.nasa, 2023).

Nowadays, the bulk of discoveries is done by dedicated space observatories liKepler
or TESS. These observe large portions of the sky and use automatic pipelines to nd signals
that mimic features of transiting exoplanets. The problem remains, that the actual discovery
puts the object only into the candidate status. More follow-up observations are necessary to
rule out possible false positives, such as background contamination stars, eclipsing binaries
with grazing shallow eclipses etc.

In my thesis, | focused on the validation of six exoplanetary candidates identi ed by
the TESS space telescope. | am using publicly available data as well as ground-based
photometry gathered during an observation campaign managed by me.

The thesis is organized into six sections. The rst three summarize some theoretical
aspects of extra-solar planets, methods of their detection, their classi cation, and typical
parameters. In today's astronomy, digital detectors are used. | discuss some common
themes of CCD detectors and basic photometry procedures in Section 2. | have planned for
colour ground-based follow-up photometry, so | summarize some features of di erent Iters
used in the following Section 3.

The core of the thesis is in the last three sections. In Section 4, | describe how the
objects were selected and the used software as well as their functionalities that | used to
reduce the ground-based data. All results are summarized in Section 5. | also discuss the
ts of individual transits, colour changes, and O C diagrams for each individual target.
In the last Section 6, | deal with special models and scenarios relevant to TOI-1834.01 and
TOI-3604.01 that are outside the scope of analysis common to all objects. All my results
are divided into sub-sections for each single object for better clarity.

Several pages with tables generated for this work and also many supplemental gures are
shown in three appendices at the end of the thesis. | list all used bibliographies including
several electronic sources in the section References.

"We live in a historic time; future generations will look back and say this is where we
emerged from Earth's cradle!
Alan Stern, American engineer and planetary scientist



Planets beyond the Solar system

1.1 History of extra-solar planets detection

Our Galaxy has approximately 170,000 200,000 light years in diameter (Rix & Bovy,
2013), contains betweer200 10° 400 10° stars and at least that many planets (Cassan
et al., 2012). Thousands of years ago, humanity did not have such information about
our Galaxy, especially about the existence of extra-solar planets possible other worlds.
Nevertheless, since Ancient history, some people believed in the existence of planets around
other stars and even in life in these worlds, e.g. Greek philosopher Epicurus (341 270 BC).
However, his contemporary Aristotle (384 322 BC), a highly educated man, disagreed with
Epicurus. He claimed that there could be no more worlds than one and, therefore, believed
that our Earth is the centre of the universe. In those times, Aristotle was a great authority,
thus, his idea of the non-existence of other worlds was considered to be true.

It was not until the 16" century when the Polish astronomer Nicolaus Copernicus
claimed, based on observations of the planets of the Solar system, that the Earth, together
with other planets, orbit the Sun which is the centre of the Solar system. This system is
called heliocentrism. Later, an Italian Giordano Bruno who was a proponent of heliocentrism,
correctly claimed that even the Sun is not the centre of the universe as Copernicus thought.
Giordano Bruno considered our closest star to be one of many of the in nite number of
stars, which may also have their own planetary systems with habitable worlds. In the18"
century, Isaac Newton expressed a similar thought in his workPrincipia (Newton & Cotes,
1713).

In the middle of the 20" century, O. Struve came up with the idea of detecting extra-solar
planets by measurement of radial velocities. With the technology of that time, detection
would have been possible if the exoplanets were located at a distance of 1/50 au from their
parent stars (Struve, 1952). Based on a transit event later, in the '80s Borucki and Summers
devised a proposal on how to e ectively detect mainly large planets orbiting distant stars.
The main idea was to continuously monitor as many stars as possible at the same time
using a photometric detector. They assumed the detection of at least one planet per year
(Borucki & Summers, 1984).

In 1992, the rst detection of the extra-solar planet was con rmed by radio-astronomers
A. Wolszczan and D. Frail. They discovered two planets that orbit the pulsar PSR1257 +
12 using the Arecibo radio telescope, even though it was later con rmed that there was a
third planet. The system is located in the constellation of Virgo (Wolszczan & Frail, 1992).

M. Mayor and D. Queloz in 1995, detected and con rmed the rst extra-solar planet
orbiting a main-sequence star (G2-type) 51 Pegasi b. Jupiter-like planet 51 Pegasi b orbits
its parent star at the distance of 0.05 au with a period of 4.2 days and it was discovered by
using the radial velocity measurements (Mayor & Queloz, 1995). In 2019, M. Mayor and D.
Queloz were awarded the Nobel Prize for this discovery.

Although the exoplanet HD 209458 b was discovered by using radial velocity measure-
ments in 1999, it is still the rst planet that was also detected by two independently working
teams of astronomers using transit photometry method (Henry et al., 1999; Charbonneau
et al., 2000). This planet was also the rst one where an evaporating hydrogen atmosphere,
containing both oxygen and carbon, was detected (Garcia Munoz et al., 2005).

On the 26" of December 2006, the FrenciCoRoT satellite launched, and in May of
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2007, it discovered its rst exoplanet orbiting yellow dwarf star CoRoT-1. CoRoT-1b is
a Jupiter-like planet and it is the rst extra-solar planet detected by a space photometry
satellite (Barge et al., 2008). Although its greatest discovery is CoRoT-7b, the rst transiting
terrestrial exoplanet (Léger et al., 2009).

In 2014, NASA's Kepler (Borucki et al., 2010) space telescope discovered Kepler-186f
which is the rst Earth-sized extra-solar planet orbiting a red dwarf star in the habitable
zone. The planet is only 10% larger than Earth and the water in the liquid state can exist
on its surface (Quintana et al., 2014). Later in 2015, an exoplanet fully comparable to the
Earth was discovered Kepler-452b. It has 1.6 Earth's size, orbiting a G2-type star with
a period of 385 days. Scientists assume that Kepler-452b could have liquid water on its
surface, although its composition is unknown (Jenkins et al., 2015), (exoplanets.nasa, 2023).

1.2 De nition and classi cation of exoplanets

A planet that is discovered beyond the Solar system and usually orbits a star is called an
extra-solar planet or in short, an exoplanet However, there are also exoplanets that do not
orbit a star but oat freely through space, we call them rogue or nomad planets. There are
also objects in the universe known asrown dwarfs These bodies represent a transitional
space between planets and stars. Brown dwarfs are de ned by their speci ¢ value of mass
approximately from 13My to 80M y, whereM y is the mass of Jupiter (Boss, 2001). Objects
in this range of mass are not massive enough to sustain the fusion of hydrogen in their
cores, but on the other hand, they are su ciently massive to fuse deuterium or lithium for

a short time.

More than 5347 exoplanets were discovered so far (UT 16 May 2023; exoplanets.nasa,
2023) and various attempts have been made to classify them. The following "de nitions'
are not universally accepted but represent at least an indicative classi cation based on the
planet size (Borucki et al., 2011) and the planet mass (Valencia et al., 2007; Charbonneau
et al., 2009; Stevens & Gaudi, 2013).

Terrestrial exoplanets in general, are mostly made of rocks and metals and have a liquid
or solid surface. Some of them could possess oceans or atmospheres, thus, may be habitable.
Exoplanets in this class have a radius smaller tharl:25R (R is Earth's radius) and a
mass up to2M (M is Earth's mass). In our Solar system, Mercury, Venus, Earth, and
Mars belong to this category. From the discovered exoplanets, a system of seven exoplanets
orbiting the red dwarf star Trappist-1 (Gillon et al., 2017) belong to this class. Up until
the 16" of May 2023, 190 terrestrial exoplanets have been con rmed out of 9618 discovered
ones (exoplanets.nasa, 2023).

A class of Super-Earth exoplanetsis typically made of rocks, gasses, or both. Planets in
this category have a radius from1:25R to 2R and mass in the range o2M to 10M
thus, they are more massive than Earth but lighter than Neptune or Uranus. The nature of
these objects remains uncertain, because there is nothing like them in our Solar system,
although as it is shown, they are common among con rmed exoplanets. Our second closest
(so far) exoplanetary neighbour belongs to this class Barnard's Star b. Up to the16" of
May 2023, 1619 super-Earth exoplanets have been con rmed out of 9618 discovered ones
(exoplanets.nasa, 2023).

Neptune-like exoplanetsare similar in their size to our Uranus or Neptune. This class of
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planets typically have cores made of rock and heavier elements, but hydrogen or helium
dominate in their atmospheres. Neptunian exoplanets have radii in the range 02R to 6R
and masses fromlOM to 100M . Till 16" of May 2023, 1831 Neptune-like exoplanets
have been con rmed out of 9618 discovered ones (exoplanets.nasa, 2023).

A category of Jupiter-sized exoplanetsis similar to our Saturn and Jupiter. These
exoplanets are mostly composed of swirling gases of hydrogen and/or helium in their
atmospheres and do not have a solid surface. Their radius is in the range 6R to 15R
and their masses are fromlOOM to 10°M . Nevertheless, there is more diversity in this
category. If the mass consists of more than 50% hydrogen and helium it is gas giant
(Clanton & Gaudi, 2014) and if the planet's mass consists of more than 50% water in the
atmosphere it is anice giant. In case a range of mass is betweeh®®M and 13My we
speak aboutsuper-Jupiters (Perryman, 2018).

One of the last divisions is based on the orbital period P) and the semi-major axis @).
Hot Jupiters have P shorter than 9 days and theira is up to 0.1 au. Very hot Jupiters have
P for up to 3 days and ultra-short-period hot Jupiters orbit their parent star for up to 1
day. 51 Pegasi b belongs to the class dfot Jupiters (Mayor & Queloz, 1995). Up to the
16" of May 2023, 1702 Jupiter-size gas-giant exoplanets have been con rmed out of 9618
discovered ones (exoplanets.nasa, 2023).

1.3 TESS Exoplanet mission

The Transiting Exoplanet Survey Satellite (TESS, Figure 1.1) (Ricker et al., 2015) is an
MIT-led ( Massachusetts Institute of Technology NASA's space observatory, which follows
the 8-year missions ofKepler (Borucki et al., 2010) and K2 (Howell et al., 2014). TESS
space telescope launched on April 18, 2018, from Cape Canaveral aboard a SpaceX Falcon 9
rocket. To provide continuous observations with a highly stable thermal and low-radiation
environment TESS orbits the Earth with a period of 13.7 days, at distances of17R to
59R (R is Earth's radius). Even more, the spacecraft is in 21 resonance with the Moon.
As a result, onceTESS spacecraft reaches its nal mission trajectory, it is expected that
its highly eccentric orbit around the Earth and resonance with the Moon keep the probe
in its orbit for several decades. Furthermore, this kind of orbit provides a settled thermal
environment for the cameras, which is needed for high-precision measurements.

It was expected that during the two-year primary mission, the TESS space telescope
would detect more than 1200 transiting exoplanets orbiting the targeted stars, and an
additional 13,000 exoplanets orbiting additional stars in the observed elds (Barclay et
al., 2018). TESS spacecraft is currently in its extended mission, searching for planets,
outside of our Solar system, orbiting bright (V < 11 mag) nearby stars based on the
transit-photometry method (see sub-subsection 1.4.1). To detect potential exoplanets, the
spacecraft uses four identical wide- eld-of-view CCD cameras, each with a diameter of 10.5
cm, with a bandpass range from about 600 nm to 1040 nm (Ricker et al., 2015) as it is
shown in the Figure 1.2. The spatial resolution for the cameras i21%per pixel. The CCDs
readout time is at intervals of 20 ms with an integration time of 2 seconds for individual
images, which are then stacked in groups of 60 or 900 producing the 2-minute respectively
30-minute cadence for observationsTESS is the rst space telescope that gradually surveys
the entire sky by breaking it up into 26 sectors, each24 by 96 across (Figure 1.3), whereas
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each of the sectors is observed for 27.4 days. As it may be seen in Figure 1.3 the sectors
overlap more gradually towards the ecliptic poles, which means that some stars (depending
mainly on the star's ecliptic latitude) are observed in longer intervals than one month
(TESS Instrument Handbook, 2018). The longest observing stars are optimal targets for
follow-up observations with the James Webb Space Telescofg&ardner et al., 2006).

Figure 1.1: TESS space telescope and its components (edited, credit: tess.mit.edu, 2023).

Figure 1.2: The relative transmittance of the TESS space telescope's camera's lters. For
comparison, Johnson CousinsV, Rc¢, I¢ Iter curves and the Sloan Digital Sky Survey
(SDSS) z lter curve are plotted (edited, credit: Ricker et al., 2015).



Figure 1.3: TESS coverage map. Left the combined eld of view of the 4 TESS cameras,
middle division of the celestial sphere into 26 sectors, right duration of observations on
the celestial sphere (edited, credit: Ricker et al., 2015).

1.4 Exoplanet detection methods

In the following subsection, | will describe the most commonly used method, which is used
mainly for the detection of exoplanets. It is called the Transit-photometry method and is the
most e cient in the discovery of new extra-solar planets so far (Figure 1.4). Scientists have
discovered more than 3960 exoplanets using this method, which is 74.6% of all con rmed
extra-solar planets (UT 16 May 2023; exoplanets.nasa, 2023). The second most e cient
method is called the radial velocity method, and by using it, scientists discovered more
than 1028 exoplanets which make up 19.4% of all con rmed exoplanets (UT 16 May 2023;
exoplanets.nasa, 2023). By combining transit photometry and radial velocity methods
we are able to get many parameters that allow us to determine even if an exoplanet is
hospitable for life. Until the time when an exoplanet is con rmed by another independent
method, it is only an exoplanetary candidate.
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Figure 1.4:. The number of exoplanet detections per year for di erent detection methods.
The sharp increase around 2014 and 2016 is due to the data released from tKepler Space
Telescope transit survey (edited, credit: caltech.edu, 2023).

1.4.1 Transit-photometry method

The transit method is a photometric technique that indirectly detects presence of the one
or more extra-solar planets moving along their orbits. Using photometric measurements,
astronomers try to detect a drop in the received ux of a star, which can be caused by an
exoplanet crossing of a stellar disk (see section 2 how CCD photometry works). Moreover,
periodic decreases in the star's brightness with the same drop depth transit, are primary
indicators that the observed object can be an extra-solar planet. If that criterion is not
present, then there is a high probability that it is a false positive the non-planetary source.
The technique of transit photometry is commonly used with the radial velocity method. By
analyzing the transit data, we can derive parameters e.g., radius, inclination, and orbital
period of the distant exoplanet. Additionally, the radial velocity method allows us to
determine at least the lower limit of the exoplanet's mass. Therefore, by combining these
methods and obtained results, we can infer missing parameters and gather comprehensive
information about the observed system.

To simplify the situation, in the next models, we will assume a circular orbit of the
exoplanet. It is not surprising that the orbits of exoplanets are orientated di erently relative
to the observer. Thus, when scientists want to capture the exoplanet's passage in front of
the stellar disk, using ground-based or space-based telescopes, devices must be in a suitable
position with respect to the observed system. The transit's occurrence is conditioned by
the fact that the orbital plane of the extra-solar planet crosses the plane of the observer
(Figure 1.5). Hence, for a detectable transit, the following formula must apply

a cosi  R»>+ Ryp; (1.1
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where R, is the radius of the exoplanet, R» represents the radius of the star,a is the
semi-major axis and i is the orbital inclination the angle between the plane of the orbit
relative to the plane perpendicular to the line of sight from the Earth to the planet. From
the formula 1.1, it can be derived the minimum inclination for the occurrence of the transit

R,+ R
=27 Rp (1.2)

imin = arccos
Together with i is generally introduced a dimensionlessmpact parameter b, which is
de ned as the sky-projected distance between centres of the star and extra-solar planet at
the conjunction (Figure 1.6). It can be expressed as

a N
b R cosi: (1.3)

Figure 1.5: The various scenarios for di erent inclinations of the extra-solar planet on its
orbit around the parent star that can be observed from the Earth (inspired by: Zeilik &
Gregory, 1998).

As can be seen in Figure 1.5, three situations can occur during an orbit of an extra-solar
planet around the host star. The rst of it is that exoplanet transit cannot be seen, because
i =0 , Figure 1.5a. The second situation is shown in Figure 1.5b, where=90 and b=0.
If this type of orbit occurs, the so-called edge-on orbit the duration of transit is the longest
exoplanet passes through the whole diameter of the host star. Such an observed passage
in front of the star is known as full transit (Figure 1.7). In Figure 1.5c, the third case is
shown where the inclination isO <i< 90 and b6 0. This kind of orbital motion is called
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a tilted orbit and has a shorter transit duration compared to a full transit. As it follows
from Figure 1.5c, there can be a situation where an exoplanet only partially transits its
parent star, then it is called a grazing transit (Figure 1.7; stated with the grazing transit
condition, b+ Rp=R, > 1).

Figure 1.6: Schematic illustration of a transit light curve. The passage of the exoplanet in
front of its parent star blocks a certain amount of light. After the transit, as the extra-solar
planet moves further along its orbit the brighter day-side gradually comes into view, which
causes the total ux to rise. Later, as the exoplanet gets behind its parent star (secondary
eclipse), the total ux drops again (edited, credit: Perryman, 2018).

Figure 1.7: Close-up geometry of an exoplanet orbit showing two scenarios for an observer
and, thus, when the transits are full (represented by thin lines), and when they are grazing
(represented by thick lines) (Inspired by: Winn, 2010).

The probability of full or grazing transit for a randomly oriented extra-solar planet on a
circular orbit can be expressed as (Borucki & Summers, 1984)
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R’) Rp

p= T ; (1.4)

where term R, excludes or includes grazing transits. The closer the exoplanet orbits its
parent star and the bigger the star is, the higher probability that the passage in front of
the stellar disk will be detected (Figurel.8).

Figure 1.8: Schematic illustration of the same inclination but di erent distance from a
parent star for two exoplanets. Only an exoplanet that is closer to its parent star is
detectable because it passes in front of a stellar disk from the observer's point of view.
The second, more distant exoplanet would not pass in front of the stellar disk from the
observer's point of view and, thus, would not be detected.

If we display the photometric measurement dependency of the studied star's brightness
as a function of time, we obtain the so-calledight curve as is shown in Figure 1.6. However,
in the light curve, two kinds of transits can be found primary transit and secondary
eclipse also called aroccultation (Figure 1.6). In this work, only primary transit will be
analysed and discussed as it constitutes the core of the transit method. Several properties
can be determined from the primary transit, such as the orbital period P (at least from
two drops), the inclination i, the ratio of the semi-major axis to the star radius a/ R, the
mid-time of the transit Tig and even mean stellar density%. Nevertheless, from the depth
of the primary transit can be estimated size of the extra-solar planet relative to the star
which is given by

R. 2
Rp
R, '
where F is the relative ux of the star expressing how much of the light is blocked by
the exoplanet during transit. For stars, that have similar size to the Sun, the transit of
Jupiter-sized planets will cause about 1% decrease in brightness, while a decrease in the
order of 0.001% will be caused by Earth-sized planets.

Moreover, a light curve of exoplanets is typically U-shaped (Figure 1.9) compared
with V-shaped transits caused by eclipsing binaries most of the time. However, there are
situations that are not the case, thus, when a body only partially eclipses its parent star, i.e.
performs a grazing transit. This means that the point of minimum ux does not last long
before the ux starts to increase. This produces a shallow V-shaped transit. Therefore,
spectroscopic observations are needed to distinguish whether a transiting object with its
mass is closer to an exoplanet or to a stellar body. As can be seen in Figure 1.9, the
light curve for the same transiting exoplanet with Rp,=R> ratio looks di erent because of a

F (1.5)
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1 PLANETS BEYOND THE SOLAR SYSTEM

di erent value of i. From the edge-on orbit with a U-shaped till the grazing transit with a
V-shaped light curve, where a transit duration is signi cantly shorter because the exoplanet
transits only through the edge of the stellar disk.

Figure 1.9: The e ect of di erent inclination (left) and the ratio of radii (right). Left, we
have the sameRp=R» = 0:12 with four typical values of i. Right, planets with the same
I =90 but with a dierent ratio of Rp=R»> are shown. This plot was made using the
batman code (Kreidberg, 2015).

Other typical parameters describing the transit light curve are tt the total transit
duration and tg the full transit duration . In Figure 1.6 tt indicates the rst and last
contact when exoplanetary and stellar disks are tangent, whereat- denotes the interval
between the second and third contact. A mathematical expression of these two parameters
for circular orbits is as follows

8 29 p 39
< 2 =
<R 1+ F 2
tr = — arcsin, —> 4 ( . .) S (1.6)
a sin i ;
8 20— p 39
< 2 =
R 1 F 2
tr = — arcsin, — 4 ( — ) (1.7)
a sin i ;

Furthermore, by combining Equation 1.5 and Equation 1.6 we obtain a formula to calculate
the ratio of the semi-major axis to the star radius
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8 b 2 91
a 21+ F ¥ 1 sin’(ty =P) 2
R, > sin? (tr  =P) > (8
Additionally, if we apply Kepler's third law
P2 3
a (1.9)

427 G(Ms+ Mp)’

where M, is the mass of the exoplanetM - is the mass of the star andG is the gravitational
constant, stellar density can be derived using the Equation 1.8 assuming approximation

8 o, 9 2
% &_ 4 2 i 3_ 4 2 2 1+ F o1 Sinz(t‘r:P)E . (1.10)
° RI PG R, PG > sinZ (tr =P ) >

Limb darkening

In astrophysics, limb darkening is a wavelength-dependent gradual decrease in brightness
of the stellar disk which can be observed from its centre to its edge, or limb. This optical
phenomenon is caused by two reasons. The rst of them is that the radiation which arises
in the photosphere has mainly a radial direction of propagation. Thus, from the areas
that are farther from the centre of the stellar disk much of visible light goes in a di erent
direction than to the observer. The second reason is that the temperature of the stellar
surface increases with depth. At the centre of the stellar disk, the deepest and warmest
layers, more dense parts can be seen. While at the limb, only the upper and cooler layers,
less dense parts which emit radiation of di erent wavelengths can be seen.

The limb darkening e ect crucially a ects the transit depth, the ingress/egress, and the
bottom part of the light curve (Figure 1.9, 1.10). This becomes important when we want to
t an extra-solar planet transit light curve and its shape is modulated by the e ect (Mandel
& Agol, 2002). Incorrect assumptions about the e ect can lead to biases in the retrieved
transit parameters. Some of the limb darkening laws that are used in the exoplanet transit
light-curve tting are listed below.

The uniform law considering the uniform stellar surface:

()= Ig: (1.11)
The linear law (Milne, 1921):
L()=lo[l <@ I (1.12)
The quadratic law (Kopal, 1950):
I()=1o[l c(l ) @ )3 (1.13)

12



1 PLANETS BEYOND THE SOLAR SYSTEM

The square-root law (Diaz-Cordoves & Gimenez, 1992):
(O)=Toll a@ ) o@ PO (114)
The logarithmic law (Klinglesmith & Sobieski, 1970):
I()=1Toll c(l ) c In | (1.15)
The exponential law (Claret & Hauschildt, 2003):
I()=10[]1 @ ) =1 exp )]; (1.16)
The non-linear law (Claret, 2000):

1I()=1o[l al ) ol ) @ %2 wld I (1.17)

Figure 1.10: Changes in the shape of transit when various limb darkening laws are considered.
Calculated limb darkening coe cients for this simulation correspond to a Sun-like star in
assumption usingTESS lIter (Claret, 2017). This plot was made using the batmancode
(Kreidberg, 2015).

In these laws, | ( ) is an analytical function, which describes the limb-darkening pro le,
and | g is the speci ¢ intensity at the centre of the stellar disk. Parametersc;, c;, &3, and ¢y
represent the limb darkening coe cients, denotes a direction cosine = cos = (1 r?)
where is the angle between the surface normal and the line of sight and (0 r 1)
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is the projected radial coordinate normalized to a reference radius (Figure 1.11). After
consideration of the limb darkening case, the ux of the light curve is given by (Mandel &
Agol, 2002)

F(p;2) = Oldr o 1(r) e d_F(p=rz=n) r*

dr
where | (r) is the limb darkening law and F€ is the uniform source's ux. Parameter

p = Rp=R», z = d=R, where d represents the centre-to-centre distance between the star
and the exoplanet, andz is the normalized separation of the centres (Figure 1.11.

(1.18)

Figure 1.11: Limb darkening geometry.

The OC diagram

A useful technique for a better understanding of repeating transits is the so-called® C
diagram. The O C denotes the di erence between the observed O value of a time-
varying astronomical quantity and the calculated C (or predicted) of some time-varying
astronomical quantity. In the case of exoplanets, the quantity is usually the time and date
of mid-transit. Inthe O C diagram, the di erence between observed and predicted times
of mid-transit (for a given epoch) is plotted as a function of time (or epoch). This kind of
analysis is used to re ne periods and determine period changes in a light curve if they are
some, or also reveal the presence of another object in the system.

If the transit event is perfectly periodic, has a mid-transit determination at time T
(the mid-time of a transit that is used as reference is then called the zero epoch), and the
period P, then we are able to calculate transits timesT¢y in the past and future using

Tecac=To+ N P; (1.19)

where N represents the number of periods that have elapsed since the reference transiky).

If the result of a diagram is a constant horizontal line passing through the average value
of O C =0, we may say that P and Ty parameters are determined correctly (Figure 1.12
a)). On the other hand when O C 6 0 then the P is correct, but the Ty is inaccurate
(Figure 1.12 b)).
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When the tof O C values is a linear function passing through the origin of a diagram,
but the function is not horizontal, it means that the Ty is determined correctly, but the P
is not (Figure 1.12 c)). The new periodP, can be calculated as

@o ©)

@E
where the value of the slope is added to the original (incorrect) period?. In case that
linear function does not pass through the origin of a diagram, bothP and Ty are needed to
be changed. The new value for thel , will di er from To by a shiftof O C =0. After
correction, Equation 1.20 can be used to obtain correctedy.

The parabolic shape of theO C diagram is seen when theP of the exoplanet linearly
increases (Figure 1.12 d)) or decreases (Figure 1.12 €)). In case values of the diagram
form a shape of a periodic function, then the observed extra-solar planet gravitationally
interacts with another hidden body (Figure 1.12 f)). This causes the periodic advance and
delay of the signal during the orbit of the exoplanet due to the nite speed of the light
(Light-Travel-Time E ect LTTE). This phenomenon is commonly observed in eclipsing
binary systems and refers to the di erences in the timing of mid-eclipse events caused by
the in uence of an external massive object, such as a third star in a tertiary system. In
an unperturbed eclipsing binary system, the two stars move along a regular orbit around
their common center of mass. However, when a third, massive object perturbs the star
system, the center of mass of the binary stars undergoes a wobbling motion around the
center of mass of the entire three-body system. As a consequence, the binary appears closer
to the observer, while at other times it appears farther away. This wobbling, known as
re ex motion, leads to varying light-travel paths, resulting in di erences in the timing of
mid-eclipse events for the binary stars.

The basic equation describing the prediction of the observed time of minimum light is
given by Irwin (1959)

Phn=P+ (1.20)

#

aszsini 1 sin( + 1)+ esin! (1.21)

c 1+ ecos

Imin = JDo+ PE + QE%+

whereJDo + PE + QE? is the quadratic ephemeris of the eclipsing pairc is the speed of
light, aio;i;e;! are orbital parameters (semi-major axis, inclination, eccentricity, argument
of pericentre) and is the true anomaly of the binary on the orbit around the common
center of gravity with the third body.
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Figure 1.12: SimulatedO C diagrams for di erent scenarios.
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Photometry with CCDs

2.1 Characterization and key parameters of CCD

Photometry is a branch of optics that is used in astronomy for measuring the luminous ux
and determining the brightness of the sky objects. At rst, visual photometry was used

to capture the brightness of objects in the sky. However, this method was very subjective
as the observations were made through the astronomer's eyes. The measurements of the
objects needed to be done with much greater accuracy and without the in uence of human
factors. The development of science is closely connected to the development of technology.
Objective radiation detectors gradually became more widespread, such as light-sensitive
emulsions on photographic plates, photo-multipliers, and photographs.

In 1969 employees of Bell Laboratories, Willard Boyle and George E. Smith, invented
the CCD Charge Coupled Devicewhich was meant to be used as a memory device (Boyle
& Smith, 1970). After their publication in 1970 scientists began experimenting with the
technology and it showed up that CCD o ers great photo-sensitivity. Due to this feature, it
produces high-resolution images of distant objects. Nowadays, CCDs are used to study the
universe as the imaging component of scienti ¢ devices such as telescopes (Figure 2.1).

Figure 2.1: One segment of CCD chips out of four oTESS space probe: the detector with
titanium mounting exures, and a copper strap, which absorbs heat from the CCDs (left);
the full detector assembly (right), including a light shield and spacer that separates the
detector housing and the focal plane electronics (edited, credit: tess.mit.edu, 2023).

A CCD's basis is a chip formed by a matrix of tiny light-sensitive elements calledpixels.
The electrodes, which are made of poly-silicon, a transparent material, for the incoming
light, are located on the top of each pixel. The insulator composed of a thin layer of silicon
dioxide is situated under the electrodes. The bottom layer is a semiconductor (substrate)
that is composed of a p-type and an n-type silicon layer as it is shown in Figure 2.2.

During an exposure by applying a positive voltage through electrodes to the n-type layer
and by grounding the p-type layer, the p-n junction is formed. Subsequently, adepletion
region is created between the p-type and n-type silicon layers where the electron-hole pairs
are created by incident photons due to thephoto e ect. Electrons that are excited during
the photo e ect are known as photoelectrons The photoelectrons afterward move upwards
because they are attracted by electrodes and they are stored in the n-type layer (Figure 2.2).
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2 PHOTOMETRY WITH CCDS

This layer behaves as a potential well because it con nes the photoelectrons in the vertical
direction. The thickness of the depletion region should be as thick as possible because
this region is devoid of electrons (Dhillon, University of She eld, 2022). Thence, one may
state that any photoelectron that appears there was produced by an incident photon. The
necessary energy for the electron's excitation is given by
c

E=h f=h —; (2.1)
where h is a Plank constant, ¢ is the speed of light in vacuum,f is a radiation frequency
and is its wavelength.

Figure 2.2: A closer look at one pixel with its individual layers (left) and a schematic
illustration of reading out the photoelectrons (right). Pixels are separated from each other
by a so-calledchannel stopthat prevents photoelectrons from moving spontaneously during
the exposure or readout process. Almost all CCD devices use lauried-channel type which
employs a p-n junction to bury the depletion zone below the silicon surface. The width of the
depletion zone is possible to control by applying a voltage across the junction. This, in turn,
controls the capacity of the p-n junction to store charge. In this case, the depletion zone is
represented by the buried channel that also represents storage for photoelectrons. Positive
holes arise together with photoelectrons which are immediately attracted by grounded
p-type layer (edited, credit: Teledyne Imaging, 2022).

The number of photoelectrons is directly proportional to the light intensity, and exposure
time. The non-linearly depends on the wavelength of the light. At the end of the exposure,
the accumulated charge created by photoelectrons is transferred downwards along the
columns in a vertical direction using changing voltage on electrodes. Typically three or
four electrodes per pixel are used for scienti ¢ devices to control the transfer. At the end
of the chip, there is the readout register which transfers horizontally the charge from each
pixel out of the CCD. Such charge packages are moved to aautput ampli er where the
charge is converted to a voltage. During the readout process, electrodes are alternately
biased with voltage which causes the movement of photoelectrons as can be seen in Figure
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2.3. Then the electronic of the camera measures and converts voltage to a number using
an Analog/Digital converter . This gives information about the accumulated charge in the
speci ¢ pixel in units of ADU (Analog to Digital Unit). The top value of the ADU is given

by an Analog/Digital converter, which can be 65,536 ADUs if a 16-bit converter was used.
By reading out all the pixels, we obtain a computer data le representing a CCD image
which is saved in theFITS format (Flexible Image Transport System).

Figure 2.3: The scheme of the charge principle transfer using alternately biased electrodes
in the n-type region. In this way, one row of the charge is transferred into the readout
register at a time (edited, credit: Teledyne Imaging, 2022).

One of the key parameters for CCD cameras iguantum e ciency (QE). It has a statisti-
cal character and gives information about how many photons, in percentage representation,
are converted into a signal. For example, human eyes have a QE of approximately 20%,
and photographic Im is at around 10%. In contrast, the QE of modern CCD cameras is
between 80% and 90% (Teledyne Imaging, 2022).

Another important feature of CCD chip characterisation is gain. It is usually denoted
by the letter G and gives us information about how many photoelectrons are needed to
generate one ADU (expressed in units e/ADU). Knowledge of gain is extremely important.
Firstly, due to the fact that in a CCD image, quantities can only be measured in units
of ADU. Secondly, if di erent CCD cameras were used in observation and each of them
has a di erent e /ADU per pixel, without knowing the gain comparing results would be
meaningless. The lower the gain, the higher the e ciency of the chip.

In CCD astronomy, it is good to know the charge (photoelectrons) that is able to retain
one pixel of the chip. This is known asFull-Well Capacity and is measured in units of
e . Exceeding this value causes saturation of the pixel. Larger pixels have higher full-well
capacity, thus, higher the dynamic range.

The dynamic rangeis also a very useful property of a CCD detector. It expresses the
di erence between the brightest and the faintest source that the detector can accurately
see in the same image. In other words, we can say that the dynamic range represents the
minimum and maximum number of photoelectrons that can be imaged. The minimum
detected signal of the device is determined by readout noise and the maximum by the
full-well capacity (Howell, 2006).

The readout noise represents measurement uncertainty that is caused by the camera's
internal electronics. These internal components are primarily an ampli er and an A/D
converter. Much of today's electronics generate such a small noise that the readout noise
of the ampli er dominates. Therefore, the noise of the entire system corresponds only to
the readout noise of the ampli er itself. Readout noise is measured in units of electrons
per pixel and ADU (e /px ADU) and it should be as low as possible, especially when we

19



2 PHOTOMETRY WITH CCDS

measure very faint sources.

For precise photometric measurementslinearity is one of the most desirable properties
of astrophysical CCD chips. The amount of incoming photons that interact with the sensor
is proportional to the output signal in the entire dynamic range of the detector. However,
CCD chips are not perfectly linear especially when photoelectrons in a pixel approach to
the maximum of full well capacity. Then the slight non-linearity appears because some
photoelectrons start to lose in the inactive parts of the silicon substrate or in adjacent
pixels.

In order to obtain a better signal-to-noise ratio, binning is often used. This process
combines photoelectrons from several pixels together at the expense of the CCD camera
resolution but the chip's sensitivity increase signi cantly. Merging of the pixels does not
occur directly on the chip, but only during the process of readout from the chip, by merging
neighbouring pixels. The most often used binning is 2 2 or 3 3 where, instead of one pixel,
we get a collection of four, respectively nine pixels in an area (Moravian Instruments, 2023).

2.2 Processing of the photometric CCD image

CCD images, known aslight frames (Figure 2.4 c)), are not perfect after the readout.
Frames do not contain a signal from the object of our interest only, but also a contaminating
background signal. Nevertheless, CCD cameras are electronic devices and produce random
signals noise, which is contained in each image. Unwanted signals reduce measurement
accuracy, but there are several methods how we can eliminate them.

Electrons that arise due to the heating up of the CCD chip during its use and pass into
pixels, create the so-calledhermal noise Since thermal noise occurs even if the chip is
not illuminated, it is also known as the dark current. The higher the exposition time and
temperature, the more thermal electrons arise. This kind of noise can be minimized by
cooling CCD's sensor with e.g., liquid nitrogen, Peltier's cooler, or even dry ice. To get rid
of the dark current from the light frames the so-calleddark image is needed. CCD dark
images are taken with the same exposure time and temperature as the light frames, but
the camera's shutter is closed. Since the value of thermal noise for each frame is slightly
di erent, it is useful to take multiple darks. Then weighted median from the darks is made
in order to create onemaster dark image (Figure 2.4 b)) which is subtracted from the raw
frame. Using this procedure we eliminate thermal noise.

During exposure of light frames, anomalies may appear in the optical path, such as the
speck of dust on the optical surface of the CCD camera or the so-calledgnetting not
uniformly illuminated area of the chip (Figure 2.4 a), c)). Moreover, even small di erences
in silicon's thickness on the CCD chip can cause sensitivity variances between pixels. To
reduce all of these e ects, the so-calledat eld image is used, which is a calibration frame
of a uniformly illuminated eld. Flats are generally taken before sunrise or after sunset
with a switched-o pointing clock drive. During the exposure, a telescope is aimed at the
opposite azimuth as the Sun was before dawn or after dusk. Accordingly that the gradient
of the morning/evening sky changes so fast, short exposition time must be used in order
to get an evenly illuminated at eld. The most optimal position for taking ats is up to
50 above the horizon on the opposite side of the sunrise/sunset (Chromey & Hasselbacher,
1996). The recommended signal interval for at images should be betweet=3 till 1=2 of
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the CCD's total range to be higher than the level of thermal and reading noise. In addition,
at eld calibration frames are needed for each photometric lter that was used during the
exposition of light frames. Moreover, the dark current is contained in the at eld, but

it can be easily removed by a dark frame taken with the same temperature and exposure
as the at eld was taken. Subsequently, the master dark frame for the at is made and
subtracted from each at. Then a weighted median is created from ats in order to get one
master at eld (Figure 2.4 a)).

As the readout of the images from CCD is connected with readout noise, the correction
image known asbias is needed. It is exposed with a closed camera's shutter in the shortest
possible time that the device can o er (ideal 0 seconds). Such a short time ensures that the
bias frame does not include the dark current. Nevertheless, the bias correction image is
included in every single frame, hence, by subtracting any two frames from each other, we
actually remove readout noise (bias) that is roughly the same for all frames.

Total calibration is given by
Li Dm .

Fm Dmf ’

where P; is the processed image of the object (Figure 2.4 d))L.; is the raw (light) image of
the object, D, is the master dark frame, Fp, is the master at eld and Dy is the master
dark for at.

Pi = (22)

Figure 2.4: Images display: a) master at, b) master dark, c) raw (light), and d) processed
frame in R Iter. Vertical stripes in the images are bad pixels in the column and in the
frames a), c) can be seen vignetting. Images have a eld of vie8® by 80° and they were
captured on 2"4 September 2022 using a 0.6-m telescope located at the Kravi hora, Brno.

2.3 Dierential aperture photometry

In di erential aperture photometry, the ux of a target star relative to the combined ux is
measured, usually of morecheck stars The most signi cant advantage of using multiple
check stars is that random variations which can occur in the measurements, tend to be
smoothed out and, therefore, results give smaller errors. The di erential ux of a target
star is calculated by dividing its net integrated counts, by the sum of the net integrated
counts of all check stars.

This method uses the fact that all stars in the CCD image have the same eld of view,
exposure time, used lIter and also they are observed through the same optical path of an
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atmosphere. As a result, the atmospheric e ects or seeing can be neglected because their
impact is strongly reduced. The only signi cant parameter to be taken into account is the
exactness of the target and the check stars' di erence. For this reason, the selection of
check stars is crucial, therefore, it should be stars that are non-variable, unsaturated, not
blended with close distance to the target star, and also with a similar colour index and
magnitude as the target star.

After the CCD image corrections of the master dark and master at frame (see subsection
2.2), the image would not only contain signal from the stars but also the uctuation of
background sky signal. This signal must be eliminated and it could be done by the most
frequently used technique the aperture photometry. As can be seen in Figure 2.5 a), a
circular patch known as stellar aperture borders and sums up the signal of a star, while
the background sky signal is bounded, and summed up by dackground annulus(Figure
2.5 b)). Consequently, the background signal is then subtracted from the star signal. It is
necessary that no other stars are located in the background annulus because the results
would contain a more signi cant error.

Figure 2.5: A zoom-in scheme of a star aperture with a circular pro le (a) along with
a practical example (b). Blue-marked pixels belong to the aperture by their whole area,
whereas turquoise-coloured pixels belong to the aperture partially (edited, credit: Mighell,
1999). Various sizes of black dots represent stars of di erent brightness.

The selection of the right aperture size starts with nding the so-called Full Width at
Half Maximum (FWHM) of the point spread function (PSF). The PSF describes the shape
of a point source of light and it can be approximated by a Gaussian distribution when
imaged on a CCD. The FWHM represents a measure of the quality of a CCD image based
on how much atmosphere and the telescope's camera have smeared a point source (star),
over several pixels (Figure 2.6 a)). As it can be seen in Figure 2.6 b), the proper aperture
radius might be lead to expect use that, which collects all of the ux from the object, thus,

3 FWHM . While the statement is correct, the best radius aperture is that-one which
provides the optimal signal/noise ratio for the source, generally 1 FWHM (Howell, 1995),
(Figure 2.7). If this value is underestimated, measurements may not include a signi cant
part of collected light. On the contrary, if it is overestimated, too much background light
might be included in the measurement. Regarding that is not possible to remove all the
noise, the over-estimated aperture would contain a large amount of background signal. For
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bright stars, this large degree of background noise does not necessarily need to cause higher
errors in the results. It is because the signal from the source is assumed to be higher by
several orders of magnitude than the background contamination (Figure 2.7). Whereas,
for faint stars, this background contamination can be the whole di erence between reliable
and invalid results. Nowadays, most software can calculate aperture size automatically
based on the best signal-to-noise ratio (Howell, 2006). In Figure 2.8 are shown plots for
speci ¢ aperture radius as a function of maximum signal-to-noise ratio and photometric
precision. The maxima, or minima, respectively, in Figure 2.8 are not necessarily the same
for di erent objects.

Figure 2.6: A typical PSF is known as a Gaussian distribution (left), with the total encircled
signal by aperture radius in FWHM units (right). In the CCD image, all photons collected
from stars will follow this distribution. A value for FWHM can be calculated from the
Gaussian pro le, which is used for the selection of optimal aperture. A circular area of
radius 3 FWHM contains 98% of the total ux (edited, credit: Merline & Howell,
1995).
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