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Abstrakt

Tato bakalarska prace se vénuje zakrytovym dvojhvézdam, u nichZ dochazi ke zménam
v obézné periodé. Hlavnim cilem je identifikovat a analyzovat tyto zmény pomoci
O - C diagram0. Pro tfi vybrané systémy (V366 Cyg, S Cnc, DX Vel) byla vyuZita data
z vesmirnych prehlidek TESS a K2, pozemni pfehlidky ASAS-SN a v pfipadé V366 Cyg
také vlastni fotometricka pozorovani. Pro kazdy systém byl vytvorfen fyzikalni model po-
moci softwaru PHOEBE, na jehoz zakladé byly urceny klicové parametry. Kromé nové
uréenych ¢asli minim byly pfi tvorbé O — C diagram0 vyuzity také zaznamy z databazi
VarAstro a Timing Database at Krakow. U systému V366 Cyg byla zjiSténa rostouci perioda
s naznaky dalSich odchylek, které mohou byt dlisledkem pretoku hmoty mezi slozkami, pfi-
padné i vlivem tfetiho télesa nebo kombinaci vice efektl. V pripadé S Cnc byla potvrzena
zkracujici se perioda a stanovena kvadraticka efemerida popisujici tuto zménu. U DX Vel
odhalil O — C diagram trend potvrzujici pfitomnost tretiho télesa v systému. Tento zaver
podpofila i detekce tfetiho svétla v modelu svételné kfivky. Ziskané vysledky prispivaji
k hlubSimu pochopeni dynamiky téchto soustav.

Abstract

This bachelor thesis focuses on eclipsing binary stars exhibiting changes in their orbital pe-
riods. The main objective is to identify and analyze these variations using O — C diagrams.
For three selected systems (V366 Cyg, S Cnc, and DX Vel), data were obtained from
space-based surveys TESS and K2, the ground-based survey ASAS-SN, and in the case
of V366 Cyg, also from own photometric observations. A physical model was constructed
for each system using the PHOEBE software to determine key parameters. In addition to
newly derived times of minima, archival data from the VarAstro and Timing Database at
Krakow were used to create the O — C diagrams. In the case of V366 Cyg, an increasing
period was found, with indications of additional period variations that may result from
mass transfer between components, the influence of a third body, or a combination of
multiple effects. For S Cnc, a decreasing period was confirmed, and a quadratic ephemeris
describing this change was determined. The O — C diagram of DX Vel revealed a trend
confirming the presence of a third body in the system, which was further supported by
the detection of a third light in the light curve model. The obtained results contribute to
a deeper understanding of the dynamics of the studied systems.
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1. Variable Stars

1.1 What are Variable Stars?

Variable stars are objects that change their brightness over time. The reasons for variability
differ, as do the range of observed variations and the timescales over which they occur. We
observe brightness variations ranging frbt ® magnitudes to several tens of magnitudes,
occurring over timescales frod0 4 seconds to billions of years. Essentially, it can be
said that every star is variable throughout its entire life (Mikulalek and Zejda, 2013).

Variable stars can be classi ed based on the mechanism responsible for their brightness
changes amtrinsic andextrinsic The luminosity ofintrinsic variable stars undergoes real
changes. These variations originate both in the surface or subsurface layers of the star,
as well as in its core. This category is further divided into pulsating, eruptive, and
cataclysmic variable stars. Fextrinsicvariable stars, the luminosity remains constant
while their brightness varies. They can be categorized into rotating variables, where
changes are caused by the star's rotation (such as stars with extreme starspots); variables
with exoplanet transits, in which a planet passes between Earth and the star; and eclipsing
variables, which include binary or multiple eclipsing systems. This thesis will focus on
the last group, speci cally eclipsing binary stars.

1.2 Binary Stars

Binary stars can be classi ed into two categoriegtical andphysical Optical binaries

are not relevant for this thesis, as they are simply two stars that appear close to each other
in the sky but are not gravitationally bound. A physical binary star is a system in which
two stars orbit a common center of mass in either elliptical or circular paths. In this thesis,
the brighter star is referred to as themary star, while the dimmer one is referred to

as thesecondary star Physical binaries can be classi ed into four groups based on the
observational methods used to study them (Harmanec et al., 2023):

If we can individually identify the two stars in a binary system by observation, we
talk aboutvisual binaries These stars are typically separated by large distances and have
orbital periods several years long.

If the secondary star is much fainter than the primary, we cannot separate them visually.
However, we can detect their presence through gravitational effects. Normally, we would
observe the proper motion of a single star, but the presence of the second star alters this
motion. Such systems are callastrometric binaries

Another type isspectroscopic binariesvhich are characterized by periodic changes

{1{



2 1. Variable Stars

in the radial velocities due to tHeoppler effect If the spectral lines of both components

are visible in the spectrum, the system is classi ed as an SB2 (double-lined spectroscopic
binary). If the binary star follows a circular orbit, the graph of radial velocities over
time shows two sinusoids in opposite phases. If the orbit is elliptical, we observe two
asymmetrical but periodic functions (as shown in Fig. 1.1). In cases where the components
of a binary system differ signi cantly in brightness, the spectrum typically displays only
the lines of the brighter star. Such systems are classi ed as SB1 (single-lined spectroscopic
binaries).

Figure 1.1: Radial velocity curves. Left: circular orbit; right: elliptical orbit. Taken and
edited from http://burro.cwru.edu/Academics/Astr221/StarProp/speclipse.
html .

The last group we are going to discusseiglipsing binaries which are the most
important for this thesis and are covered in section 1.3.

1.3 Eclipsing Binary Stars

1.3.1 Introduction

If the orbital plane of a binary star is oriented in space so that our solar system lies within it,
we can observe mutual eclipses of both components, classifying itedipsing binaries

For spherical stars of radid; andR, and separatioa, the condition for eclipses to be seen

at an orbital inclination is (Hilditch, 2001)

R+ R

sin(90 i) : (1.2)

These eclipses are mainly detected through photometric observations as periodic decreases
in brightness. The graph representing the change in brightness over time is dajled a

curve where thex-axis typically represents time, usually in Julian Date, whileytaxis

shows the stellar magnitude or flux. There are two types of minima in the light curve of the
eclipsing binary star. When the dimmsgcondarystar eclipses the brighterimary star,

the resulting drop in brightness is more signi cant and is calledgptim@ary minimum On

the other hand, when the brighterimary star passes in front of the dimmsecondary
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star, the decrease in brightness is smaller, referred to asetmdary minimumThis is
shown in Fig. 1.2. The topic of the light curve is discussed in more detail in section 2.4.

Figure 1.2: Example of a light curve with primary and secondary minima. Taken and
edited fromhttps://en.wikipedia.org/wiki/Variable _star

1.3.2 Classi cations

There are three main types of eclipsing binary stars, classi ed based on the shape of their
light curves (Kallrath and Milone, 1998)Algol-type (EA), Beta Lyraetype (EB) and
W Ursae Majoristype (W UMa or EW).

The light curve ofAlgolvariables is characterised by signi cant differences between the
depths of the primary and secondary minima. The primary minimum s typically very sharp
and narrow, whereas the secondary minimum can be dif cult to observe. Between eclipses,
the brightness remains mostly constant. Their light curve can also vary signi cantly in
different Iters. The orbital periods oflgol variables can be very diverse, ranging from
less than a day to years. In extreme cases { such as systems involving white dwarfs { the
period can be as short as a few minutes. It is important to mention that although the light
curve of such a system might resemble that o”A&gol-type binary, it does not reflect the
physical structure of the system or its components. An example &lgw-type variable
light curve is shown in Fig. 1.3.

Beta Lyraevariables, on the other hand, are characterized by a light curve that lacks
a constant phase, which means their light curve continuously increases or decreases
throughout the period. The small distance between the two stars causes them to be
distorted into an ellipsoidal shape due to mutual gravitational forces. The orbital periods
of Beta Lyraevariables can also vary quite a lot, ranging from less than a day to several
tens of days. An example of tligeta Lyraevariable light curve is shown in Fig. 1.4.

W Ursae Majorisvariables, likeBeta Lyraevariables, have a continuously changing
light curve without a constant phase. The primary and secondary minima are approximately
the same depth, and it is not possible to determine the exact time of the beginning and end
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of the eclipse from the light curve. Binnendijk (1970) further divided EW variables into
two subclasses, depending on their spectral type and orbital period: A-type and W-type.
In A-type systems, the larger component has the higher temperature, whereas in W-type
systems, the smaller component has the higher temperature. In most cases, the orbital
periods of W-type systems are shorter than those of A-type systems (Wadhwa, 2005). An
example of thaV Ursae Majorisvariable light curve is shown in Fig. 1.5. The curves in
Figs. 1.3, 1.4 and 1.5 are constructed from data from the TESS satellite.

Figure 1.3: Light curve of aAlgol-type variable (R CMa).

Figure 1.4: Light curve of 8eta Lyraevariable (V0810 Cep).

A different classi cation of eclipsing binary stars, based on the degree of lling of
their Roche lobes, was proposed by Kopal (1955). In the binary star system, equipotential
surfaces are referred to as Hill surfaces. The shape of the system of Hill surfaces depends
strongly on the mass ratio of the components of the binary

= = 1.2)



1. Variable Stars 5

Figure 1.5: Light curve of & Ursae Majorisvariable (W UMa).

The Hill surface shared by both stars, passing through the Lagrangd-positommonly

known as the Roche surface or Roche limit. It de nes a region around each component of
the binary system, referred to as the Roche lobe (Mikulatek and Zejda, 2013). The size of
the Roche lobe can be calculated exactly, but it can often be estimated using approximations.
For instance, according to Eggleton (1983), the radius of the Rochdlloamund a star

can be approximated as

R = 0:49 g2 _
0:6 923+ 1In 1+ =3’

wherea is the distance between the stars. The classi cation is as follows (Percy, 2007):

(1.3)

» Detached systemsBoth components are well within their Roche lobes. The stars
are almost spherical, as the tidal distortion is minimal (Fig. 1.6a).

» Semi-detached systefn®ne component, remaining well within its Roche lobe, is
nearly spherical, while the other, lling its Roche lobe, is distorted and likely loses
mass through the inner Lagrangian point. (Fig. 1.6b).

» Contact systems Both components Il their Roche lobes and are essentially in
contact. A common envelope may also surround the two stars, making it dif cult
to distinguish them individually. In such cases, they are referred to as over-contact
binaries (Fig. 1.6c).

(a) A detached system. (b) A semi-detached system.  (c) An over-contact system.

Figure 1.6: Figures were taken from (Terrell, 2001).






2. Photometry

Photometry is one of the oldest observational techniques in astronomy, focusing on mea-
suring the luminous flux emitted by celestial objects. Photometry has evolved over time,
beginning with the use of the human eye, followed by photographic emulsions, photomul-
tipliers, and CCD or CMOS cameras, which are now the most commonly used.
Photometry can be divided into several categories (descriptions from Janik, 2021):

» Absolute photometr{/In absolute photometry, the object under study is observed,
and the incoming radiation is analyzed to determine its actual brightness. So-called
standard stars are used for calibration, as their brightness has been measured with high
precision in various photometric lters, and itis known, due to the long-term monitor-
ing, that they are non-variable. To obtain absolute luminosities from ground-based
observations with minimal error, stars must be observed for a period longer than
a single night.

« Differential Photometry{ This method involves using a comparison star, which is
assumed to have a similar spectral distribution as the object being observed. The
stars should be as close as possible (angularly) to minimize the difference in air mass.
This approach is effective due to its time ef ciency and high precision (thousandths
of magnitudes for ground-based observations).

» Aperture photometry§ This is the most commonly used photometric method. The
observed object is placed within an aperture of a speci ¢ diameter, while the rest of
the eld of view is blocked out (photoelectric photometry) or not taken into account
(CCD/CMOS). The information about the incoming radiation from the object is
obtained by summing the signal detected within the aperture. However, this signal
is still contaminated by background radiation, which must be subtracted from the
result. Itis crucial to choose an aperture around the object that is small enough to
avoid losing signal from the object, yet not too large to prevent a reduction in the
signal-to-noise ratio (Fig. 2.1).

2.1 Selected Detectors in Astronomy

211 CCD

A CCD (Charge-Coupled Deviges a light-sensitive semiconductor imaging sensor used
to capture light. It is a collection of pixels, arranged linearly or in a matrix, with each

{7{



8 2. Photometry

Figure 2.1: On the left, the aperture is too small; in the middle, it is too big. On the right,
the size is optimal.

pixel acting as a tiny capacitor that can collect and store electrons. These electrons are
generated throughhotoelectric effectvhen incoming photons strike the silicon surface
and are absorbed if they have the right energy. This process causes the material to release
a valence electron. During exposure, electrons accumulate in each pixel, which acts like
a potential well. Once the exposure is nished, these charges are transferred through the
device by modifying voltage levels across subpixel-sized electrodes called gates. They are
moved row by row and then sent to an output ampli er, where the signals are translated from
analog format into digital format to be processed by a computer. The resultis then animage
in FITS format (Flexible Image Transport System), which is commonly used in astronomy,
where the values of the individual pixels are expressed in ADU (Analog-to-Digital-Unit).

One of the main advantages of CCDs over detectors used in the past is their ability
to convert a signi cant percentage of incoming photons into electrons. The ratio of
emitted electrons to the number of incoming photons is cajlexhtum ef ciency Other
advantages of CCD cameras include their linearity, low noise levels, and wide spectral
range. Descriptions taken from Howell and Tavackolimehr (2019). An image of CCD
sensors is shown in Fig. 2.2.

Figure 2.2: CCDs: KAF-0402ME, KAF-1603ME, KAF-3200ME and KAF-6303E. Taken
from https://www.gxccd.com/art?id=303&lang=409
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2.1.2 CMOS

Another technology that has become widely used in astronomy for capturing lightis CMOS
(Complementary Metal-Oxide-Semiconductor) sensors. Although both CCD and CMOS
aim for the same result and work based on phmtoelectric effecttheir methods of
recreating images differ. The main difference is that CMOS sensors include an ampli er
in each pixel (the charge-to-voltage conversion takes place in each pixel), which leads to
lower power consumption and faster signal processing. On the other hand, the addition
of ampli ers and an Analog-to-Digital converter in the circuit generates more noise in the
output image (Litwiller, 2001).

2.2 Calibration Frames

Raw images from a CCD or CMOS camera need to be calibrated before further analysis, as
they contain unwanted signals or artifacts. This section will discuss the two most crucial
calibration frames used in astronondark andflat eld frame.

During observations, it is desirable to cool the camera chip, as higher temperatures
cause an increase in thermal noise, resulting in the so-addiddcurrent However, even
when the chip is cooled, sontiark currentwill always be left, which must be removed.
This can be done with the help ofdark frame which has the same exposure time,
temperature, and binning as the original frame but without any light reaching the chip.
It is very common to combine multipl@ark framesnto themasterdark framéFig. 2.3),
which is then subtracted from the original image.

Figure 2.3:Master dark framereated from thirteedark frameswith an exposure time of
40 seconds, taken on the Masaryk University telescope AZ800 in ®danice.

Also, individual pixels may not have exactly the same sensitivity to incoming photons,
which is caused by imperfections in the manufacturing of the chip itself. Even small
variations in thickness can lead to a difference in sensitivity between any two pixels of
up to 10 % (Janik, 2021). At the same time, light does not reach the chip uniformly due
to the design of the optical system itself, which results in vignetting. There can also be
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dust on the optics, which can degrade the quality of the nal image. These problems can
be corrected using flat eld frame. To obtain aflat eld frame, we need to capture an
evenly lit area. This can be a cloud-free sky without the moon (sky-flat) or an arti cially
lit area (dome-flat). As witldark framesit is common to take multiplfat eld frames
Each is rst individually corrected using @ark frameexplicitly created for thatlat eld
frame(that is, the same exposure and temperature) and then combined to amrezdten
flat eld frame (Fig. 2.4). It is necessary to captuilat eld framesseparately for each
Iter used during observations, as the camera's sensitivity varies across different parts of
the spectrum, and each lter may have its own dust particles.

In Fig. 2.5, we can see an image of a gal&$00 before and after subtracting the
master dark framand applying thenaster flat eld frame

Figure 2.4:Master flat eld framein ther' lter.

2.3 Photometric Filters

Stars radiate across the entire electromagnetic spectrum with different intensities at differ-
ent wavelengths. Stellar magnitudes should, therefore, always be given together with the
wavelength at which the star was observed. Since no previously mentioned detector is ca-
pable of observing an object over the entire electromagnetic spectrum, various color lters
are used in astronomy to allow only a certain range of wavelengths of the incoming light.
Photometric lters can be classi ed into three groups based on their bandwidth (Janik,
2021): Broadband Iters, which have a bandwidth greater than 30 rintermediate band
Iters, which have a bandwidth ranging from 10 to 30 nm; aradrow band Iters, which
have a bandwidth less than 10 nm.

One of the most commonly used photometric systems & system, introduced
by Johnson and Morgan (1953). Itis based on a set of broadband lte(siaximum at
360 nm),B (maximum at 420 nm), and (maximum at 535nm). This system was later
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(a) An image of a galaxyv¥100 (Prokop Ohlidal) beforenas-
terdark and masterflatcorrections. A brightening towards the
center is visible, along with some artefacts caused by dust parti-
cles and dark current.

(b) Animage of a galaxi100(Prokop Ohlidal) aftemasterdark
andmasterflatcorrections.

Figure 2.5: Images of galaxy100before and aftemasterdarkandmasterflatcorrections.

extended to includ& (maximum at 700 nm) and(maximum at 900 nm) lters, which is
why it is also referred to as tHéBVRI system (Fig. 2.6).
Recently, the Sload', g, r, I', Z' photometric system (Fig. 2.7) has also become very

popular. It has been used for t8an Digital Sky Survey (SDS8)d is characterized by its
wide bandpasses, even wider than those of the standard Johnson-Morgan-Cousins system.
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These lters are very ef cient at detecting faint objects and cover the entire accessible
optical wavelength range (Fukugita et al., 1996).

Figure 2.6: UBVRI Johnson-Morgan-Cousins lIters. Taken from (Tawalbeh and Al-
Wardat, 2018).

Figure 2.7: Sloan Digital Sky Survey (SDS8grs. Taken from https://www.cfht.
hawaii.edu/Science/mswg/filters.html

2.4 Light Curve

As mentioned earlier in subsection 1.3.1, the light curve is a graph that shows the change in
brightness over time. Theaxis typically represents time in Julian date, while yh&xis
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shows the stellar magnituden); the differential magnitudeDm), if using differential
photometry; or flux. The differential magnitud@m is obtained by using the ratio of the
brightness of the variable stgyto the brightness of a properly chosen comparisonjgtar
or by the difference betwean,sr andmeomp using the following equation (Mikulaek and
Zejda, 2013): _

Dm= 25109’ = Mar  Meom (2.1)
For eclipsing systems, where the brightness varies periodically, the phase is often plotted
on thex-axis instead of time. To create a phase curve from a time series, all measured
points corresponding to the same phase of the cycle are overlaid. To do this, itis necessary
to know the system's orbital perid@dand the reference epobhy, from which the phase is
calculated. The phage(t) is then

. M
j (t)= frac t 5 0 ; (2.2)

wheret is the observation time and tifiac function returns the decimal part of a number,
ensuring that the phase remains within the interval from 0 to 1. Some examples of time
series and their phased light curves are shown in Fig. 2.8. Light curve analysis can provide
valuable information about the system, such as its orbital inclination and eccentricity, the
relative sizes and shapes of the stars, the mass ratio in some cases, or the ratio of surface
brightnesses. To determine absolute values, such as the masses, radii, or luminosities in
Sl units, radial velocities would also be required (Kallrath and Milone, 1998).

Figure 2.8: Kepler time series (left) and phased light curves (right) of KIC 5513861, KIC
8074045, and KIC 3127873, top-to-bottom. Taken from (Pr'a et al., 2016).






3. Eclipsing Binary Stars with Period
Changes

The orbital period is one of the key parameters to describe eclipsing binaries. As stated in
subsection 1.1, every star is essentially variable throughout its entire life, implying that the
orbital period of every binary star should also be variable. However, these variations are
typically evolutionary, occurring on time scales far longer than a human lifetime. Still, we
can observe period changes occurring on measurable time scales. The causes can be, for
example (Mikulalek and Zejda, 2013; Harmanec et al., 2023):

* Interacting binaries{ Changes in the orbital period appear if a transfer of matter
and angular momentum occurs between the two stars. If the total mass of both
components and the system's orbital angular momentum remain constant (i.e., no
mass escapes the systevh= M1+ M, L = L+ Lo, andM = L = 0), then this
is referred to agonservative mass transfelt can be shown that the rate of period
changeP=P is directly proportional to the amount of overflow madg= M, as
given by the following equation:

P_3(M1 My

—= —— = My: 3.1

P MMy 3-1)
The largest mass transfer values (calculated numerically) reachifp fov per
year.

» Apsidal motion{ Changes in the orbital period can also result from the apsidal
motion in systems with eccentric orbits. We can identify this mechanism by the fact
that it is not only the period that changes over time but also the appearance of the
light curve, particularly due to the mutual approaching and receding of the primary
and secondary minima.

» LiTE (Light-Time Effectf The actual orbital period remains the same, but the
observed orbital period changes as the whole system moves closer to or further away
from us, due to the presence of a third body (for example, another star, binary system
or an exoplanet).

» Dynamic effects due to a third bogli is the influence of a third body on the eclipsing
system, gravitationally affecting it and altering its orbital period. This category
includes mechanisms such as the previously mentioned LIiTE, the Kozai-Lidov effect
(Naoz, 2016), tidal effects, or induced pulsations.

{15{
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3.1 O{C Diagram

To study the changes in the orbital periods of the eclipsing systems, we use the so-called
O { C diagrams. The epodh is typically plotted on the horizontal axis to represent the
number of cycles that have passed since the reference &ppodhcan be calculated using

the equation

E(t) = floor © PMO ; (3.2)

wheret is the time of the observation and tHeor function rounds a number to the next
lower integer. The differenc® (observed} C (calculated)s plotted on the vertical axis.
Theobservedart refers to the time at which a signi cant moment was observed, typically
the center of the primary or secondary minimum. Based on the selected reference epoch
Mp and the known orbital peridé, we can determine thealculatedpart using the equation

C= Mo+ PE: (3.3)

This is valid for cases where the period is constant. If the period is not constant and this
equation is used, the resulting curve in ¢ C diagram will not be a straight line (which
Is one of the methods of detecting that the orbital period is changing).

3.2 Overview of O { C Diagram Shapes

By analyzing theO { C diagram, it is possible to determine whether the orbital period

P or the reference epodly of the eclipsing system is correct, whether the orbital period
remains constant or changes over time, and possibly identify the mechanisms responsible
for its variability. Below are some curve shapes that can appear @ @€ diagram,

along with explanations of their meanings (Mikulad'ek and Zejda, 2013; Litka, 2015):

* A horizontal line at O { C = 0{ The system has a constant orbital period with no
changes. Both the peridd and the reference epod, are correctly determined
(Fig. 3.1).

* A horizontal line at O { C6 0 { The orbital period is constant and correctly
determined, but the reference epddhis incorrect and needs to be adjusted.

» Oblique line{ The orbital period remains constant, but its value is incorrect and
needs to be adjusted. If the line intersedt$ C = 0, thenMy is correct, and vice
versa.

» Double horizontal ling] The system has an eccentric orbit (secondary minima do
not occur exactly at the 0.5 phase). The orbital period remains constant (Fig. 3.2).

 Parabolic shapg The orbital period shortens or lengthens (Fig. 3.3). If the pe-
riod changes linearly with epoch, the following equation can be used to correctly
determine thealculatedpart (Sterken, 2005):
1dP

_ il ==
C= Mo+ RE+ 5o PE (3.4)
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wherePy is the period at = 0 and P is the average period over the whole time
interval.

 Sinusoidal curve, primary and secondary minima in the same pghaghird body
in the system gravitationally influences the other bodies (Fig. 3.4).

* Sinusoidal curve, primary and secondary minima in the opposite phagsidal
motion occurring in binary stars with an eccentric orbit (Fig. 3.5).

» Other curve shapes, which are very chaotic or irregular, may also be encountered,
often caused by abrupt changes in the star or by a combination of the previously
mentioned effects occurring simultaneously (Fig. 3.6).

All data used to construct th@ { C diagrams below were taken from the VarAstro portal.

Figure 3.1: The orbital perio® and reference epodiy are determined correctly; the
period remains constant.
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Figure 3.2: An eccentric orbit. The orbital period remains constant.

Figure 3.3: A parabolic shape. The orbital period is changing (shortening in this case).
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Figure 3.4: The third body gravitationally affects the system, changing its orbital period.

Figure 3.5: A system with an apsidal motion.
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Figure 3.6: A combination of several effects.



4. Data Analysis Tools

4.1 SIPS

SIPS(Scienti ¢ I mageProcessingSystem) is a freely available software package, that can
be downloaded from the Moravian Instruments website. The areas of fo@IB8¢an be
divided into two categories:

1. Managing astronomical observations, including camera and Iter wheel operation,
image capturing, and automated guiding. It supports the control of various de-
vices and observational equipment, such as focusers, telescope mounts, observatory
domes, weather stations, and so on.

2. Scienti ¢ processing of astronomical images, including raw image calibration (such
asdark framesubtraction anflat eld frame application), and image manipulations
like median combining, alignment, or stacking. It also includes two fundamental
image processing workflows commonly used in research: astrometry image reduc-
tion and time-series photometrylPSastrometry and photometry algorithms are
described in Appendix A of the article Pejcha et al. (2022).

TheSIPSsoftware was used during observations with the university's AZ800 telescope
in ®danice to control the camera C5A-150Nh the Imaging Cameraab, the observer
can adjust various imaging parameters, including the type of images to be capigred (

Dark, Flat, Biag, exposure time, chosen lter, the number of frames to be taken, or, for
example, the destination folder for saving images in FITS format. If an observation requires
capturing an object in multiple ItersSIPSoffers an automatic Iter-switching feature that
allows the user to specify exposure time and binning settings for each lIter individually.
This tab also controls the camera's cooling. The tab for adjusting the image and the camera
parameters is displayed in Fig. 4.1.

SIPSalso provides tools such &wage infqg which allows the observer to see real-time
information about the image they have just captured (image counts, exposure time, sensor
temperature, etc.), or the FITS editor, where the observer can view or change the data
stored in the FITS header.

However, this software has been primarily used to process the captured frames, includ-
ing dark framesandflat eld frames(subsection 2.2), as well ight frames(images of the
star eld itself). Itis very ef cient to do photometry of captured imagesSiPSusing the
Photometry taskunction. The user simply speci es the folder containing ligat frames

https:/iwww.gxced.com/cat?id=2&lang=409
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uploads thanaster dark framendmaster flat eld frame and selects a reference image.
Additionally, the user has the option to upload a eld description or de ne an astrometric
catalog. This allows the program to compare objects in the star eld with those from the
catalog. When this function is executed, the program loads all images from the selected
folder, aligns them to ensure that all objects are in the same position, determines the sizes
of the automatic apertures, and then performs astrometric and photometric calculations.
To generate the light curve, the variable stear], a properly chosen comparison star
(comp, and the check staclieck are selected within the star eld (Fig. 4.2). The nal

light curve might look like the one shown in Fig. 4.3. Itis important to examine the light
curve not only in thevar-comparrangement but also in tte@mp-checlor thevar-check

con gurations to verify whether the comparison star is truly non-variable. It is possible to
save the task le and reload it at any time to repeat the entire process, which is what makes
Photometry tasko ef cient and time-saving.

Figure 4.1: The tab for adjusting the image and the camera parame&R3n
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Figure 4.2: On the left is a star eld with selected objects, on the right is a list of images.

Figure 4.3: Light curve of the obje®366 Cygn ther' Iter (VAR/CMP and VAR/CHK),
resulting from observations on the night of 28. 9. 2024 using the AZ800 telescope in
®danice (Prokop Ohlidal), plotted 81PS The empty space in the rst third of the light
curve corresponds to the moment when weather conditions were poor, and the images
had to be manually removed. The CMP/CHK curve (not plotted for better clarity) forms

a straight line.
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4.2 SILICUPS

SILICUPS(SImpleLIl ghtCUrveProcessingystem) is a freely available software package
that can be downloaded from the Moravian Instruments website. As the name suggests, this
program focuses on light curve processing, including its organization and analysis. It can
even assist with observation planning, as it provides visibility predictions, expected light
curves based on phenomenological models, and the object's altitude above the horizon at
speci c times.

SILICUPSenables users to plot light curves, including time series (Fig. 4.4), com-
pressed series, and phased curves (Fig. 4.5). It allows determining minima timings
(Fig. 4.7), plotting ofO { C diagrams, nding periods (either by using times of min-
ima or by frequency analysis), and phased curve tting with phenomenological models
(Fig. 4.6) using a combination of functions from Mikulatek (2015). Additionally, it offers
many other useful featureSILICUPSIs described in greater detail in Appendix A of the
article Pejcha et al. (2022). The curves below are constructed from the TESS satellite data.

Figure 4.4: Time series of ASASSN-V J07484443-3749600, plott&ILhCUPS
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Figure 4.5: Phased curve of ASASSN-V J07484443-37496@G- (0:5055810d,
Mo = 2457668833, plotted inSILICUPS

Figure 4.6: Phased curve t of ASASSN-V J07484443-3749600, plott&IlhiCUPS
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Figure 4.7: Fit of a primary minima iBILICUPS

4.3 Python

Pythonis a programming language with numerous applications. It can be used for
astrophysics, which may be very effective thanks to its wide range of libraries. These
libraries contain pre-written code that can be used in different programs without having to
be rewritten. This saves users a lot of time and effort since they do not have to start from
scratch.

Python was used for several purposes in data processing, but the most important ones
were downloading data from the TESS satellite and detrending the light curves. These
processes are described below.

4.3.1 Downloading Data From the TESS Satellite

TESS {Transiting ExoplanetSurvey Satellite) (Ricker et al., 2015) is a space telescope
designed to detect exoplanetary systems using the transit method. The four CCD cameras
attached to the telescope have an effective aperture size of 10cm in diameter and pro-
vide a combined eld of view of 24 deg 96 deg. The northern and southern ecliptic
hemispheres are each split into 13 partially overlapping sectors, each 24 @gleg.
Each sector is observed continuously for two spacecraft orbits, which last 27.4 days. Even
though the satellite is primarily designed to search for exoplanets, its data can also be
used to study variable stars. Since the satellite continuously monitors a speci ¢ region of
the sky for a duration of 27 days, the data is highly valuable for capturing the complete
cycle of changes, even for systems with longer orbital periods. TESS uses a long-pass
Iter to ensure a cutoff at 600 nm, while the upper limit at 2000 nm is determined by the
quantum-ef ciency curve of the CCDs. As of today, March 4, 2025, TESS is in Orbit 186,
Sector 89.

To download data from the TESS satellite, | used a similar code presented by the
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doc. Mgr. Ondgej Pejcha, Ph.D. atthe 52nd Conference On Variable Star Research (Pejcha,
2020) (script A.1). This code uses thghtkurvelibrary, which allows us to create a light
curve from the TESS data (Lightkurve Collaboration et al., 2018).

The coordinates or the name of the star to be studied are rst entered into the script.
The program then lists the sectors in which the object was observed. If the star appears
in multiple sectors, the user selects which sector to use. The script then generates a map
with the studied star in it, and the user must choose an appropriate aperture (mask) from
which the signal will be extracted (Fig. 4.8). Afterward, the background is subtracted,
and a light curve is created. The light curve needs to be normalized and, to some extent,
detrended/smoothed (Fig. 4.9) using tlatenfunction included in théightkurvelibrary.

The periodP and the reference epodfy are then entered, and the program also plots

the phased light curve. The same process is repeated for the selected comparison star and
then for all sectors where the star is present. Finally, the change in intensity is converted
to a change in magnitude. After completing this process, a text le is saved for each
sector, containing information about the time (in barycentric Julian date (BJD)), the stellar
magnitude, and its uncertainty. These values are suf cient for further analysis of the curve
(Section 4.2).

Figure 4.8: Selected aperture for the star LY Aur.

4.3.2 Light Curve Detrending

A trend or unwanted signal is often present in the obtained light curve, requiring correction.
To address this, we can usePgthonscript written by Mgr. Jakub Kolag, which uses
Chebyshev polynomialsr detrending (script A.2).

The script rst loads the residuals from the phenomenological t of the studied star's
light curve and then applies a t using the selected ordeCloébyshev polynomiald his
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t, representing the trend, is then subtracted from the light curve to obtain a detrended
version.

Figure 4.9: Normalized and smoothed light curve of LY Aur.

4.4 PHOEBE

PHOEBE(PHysicsOf EclipsingBinariEs) (Prta and Zwitter, 2005) is a modeling software

for eclipsing binary stars, built on the WD program (Wilson and Devinney, 1971). Version
0.32 of the software was used in this thesis to create physical models based on obtained
light curves. Besides modeling light curves, PHOEBE can also be used to model radial
velocity curves when such data are available. A step-by-step manual for rst-time users is
presented in Zasche (2016).

PHOEBE works by adjusting input parameters to improve the model. Unlike a phe-
nomenological model, a physical model requires more than replicating the observed light
curve { the resulting physical parameters must be physically meaningful and provide a
realistic description of the system under study. The accuracy of the t is given by the
chi-square ¢2) value (cost function), which should be minimized. However, it is impor-
tant to note that the model with the smallest value may not be the correct physical
solution of the system, and the resulting parameters should always be carefully examined.

The process starts by uploading a light curve and selecting the Iter used during the
observation. Ideally, the orbital perid®land the reference epody should already be
known. Although PHOEBE can tthese two parameters, it is generally not recommended.
Once these values are provided, a phased curve can be plotted in both magnitudes and
flux. When generating the synthetic curve, initially using default parameters, it becomes
apparent that the observed and synthetic curves are not vertically aligned. This can be
corrected by tting the 'Primary luminosity' parameter. Speci c input parameters, such as
the temperature of the primary component, which remains xed during the tting process,
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can be obtained from catalogs or at least initially estimated based on spectral type or color
index. Some parameters can be adjusted to better initial values by inspecting the shape of
the light curve before tting. For instance, the depth of the eclipses can be influenced by
the system'’s inclination or the presence of a third light, while their width is affected by the
stellar radii. Although the radius cannot be directly modi ed in PHOEBE, it is possible to
adjust the surface potential of the stars, which is directly related to their size.

Once the model has been manually adjusted to resemble the observed light curve
as closely as possible, the tting process might begin. It is not recommended to t all
parameters simultaneously. PHOEBE provides a correlation matrix that helps determine
whether it is appropriate to t certain parameters together. When working solely with the
light curve, itis possible to t parameters such as the orbital inclination and eccentricity, the
temperature of one component, the surface potentials of both stars, the primary luminosity,
and the third light. Additional parameters like limb darkening, gravity brightening, or
albedo for both components can be set manually or taken from reference tables.

The absolute masses of the two components cannot be determined from the light curve
alone, but there are methods to estimate their mass tgtidyl,.=M1. One approach is to
obtain this value from a catalog or previous publication and use it directly in the model.
Another method is the so-callegsearch, which involves varying tlggparameter over a
range of values and evaluating which model provides the best result. For main-sequence
stars, the consistency of the mass ratio with the rest of the model can also be veri ed using,
for example, the mass-luminosity relation, as given by Graczyk (2003):

Mpor2  Mpor:
log(Li=ly) = =22 =0 (4.1)
log(Lo=L
logg= % (4.2)

After modeling the light curve, we obtain the bolometric magnitudgs».1. These values
can then be used to calculate the logarithm of the luminosity iagid.1=L>) using relation
(4.1), from which the mass ratpcan be derived using relation (4.2). We can input this
value ofg into PHOEBE and re-model the light curve. This iterative process is repeated
until the results become consistent and the valugstébilizes. Speci ¢ parameters, such
as the semi-major axis or center-of-mass velocity, cannot be determined from the light
curve alone and remain xed throughout the modeling.

The outcome of this process is a physical model of the light curve of the eclipsing
binary star (Fig. 4.10).

4.5 OCFit

TheO { C diagrams were analyzed using OCFit (Gajdo* and Parimucha, 2019). The process
begins by uploading a list of observed minima timé@3, @long with their uncertainties if
available. Based on the orbital periBdind the reference epobhy provided, the program

then automatically calculates the corresponding predicted ti@esThe program also
provides an option to adjust the phase of secondary minima in cases where the system
is eccentric and the secondary minima do not occur at phase 0.5. At this point, the
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Figure 4.10: Model of the light curve in PHOEBE.

O { C diagram can be plotted, saved, and modeled. OCFit uses linear or robust regression,
as well as the Monte Carlo method for modeling. Once the tis complete, its parameters
can be saved, along with additional information such as the period change rate, if present.



5. Data Collection and Processing

Two main objectives were set for this thesis:

1. Improving Both Observational and Analytical Ski{l§ his includes learning how
to operate telescopes and carry out observations both independently and remotely,
acquiring the necessary skills to process data correctly, using dedicated software for
data analysis, and working with publicly available survey databases.

2. Research Goal$ This involves producing meaningful results, including physical
models of observed binaries, determining possible system parameters, and deriving
and interpreting { C diagrams.

5.1 Selected Objects

Three objects were selected for analysis in this work based on speci c criteria. The primary
criterion was that the system had to be an eclipsing binary, which is already known from
previous publications to show some variations in its orbital period. Moreover, these
variations were either not well studied or still uncertain, which made them good candidates
for further analysis. Another practical consideration was the system's apparent magnitude,
which had to fall within a suitable range { neither too bright nor too faint. As a result,
systems with apparent magnitudes between 8 and 15 were sought. Other factors were also
considered during the selection process, such as the length of the orbital period or the
availability of data from various surveys. Ultimately, the obje¢366 CygS Cng andDX
Velwere selected for analysis and are described in more detail in the following subsections.

5.1.1 V366 Cyg

The eclipsing binary systemi366 Cygwas discovered by Schneller (1929). Beyer (1939)
classi ed this star as a Beta Lyrae type variable and determined the system's period to
be 1.09601 days. The rst to obtain a light curve using a photoelectric photometer was
van Houten (1956), who con rmed the system type and determined the depths of both
the primary (0.46 mag) and secondary minima (0.19 mag). However, no potential period
changes were mentioned at that time. A variation of the period was found by Kreiner and
Tremko (1987). They discovered that the minimum epochs obtained from more recent
observations, including their own, differ quite signi cantly from those published by van
Houten (1956). They found a quadratic ephemeris and also discussed the reason for
these variations. They suggest mass transfer as a possible explanation, estimating it at

{31{
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2 10 "M /year based on various approximations. However, they immediately note that:
\This value is too high. According to Brancewicz and Dworak (1980b), both stars are
distinctly below the Roche limit, expressed as a percentage just over 70". At the end of the
article, they state that the cause of these period variations remains unexplained.

Since then, the system has been included in various catalogs of eclipsing variables (such
as their classi cation, times of minima, etc.), but no further research has been conducted,
for example, on the cause of the period variability in this particular system.

Basic information abou¥/366 Cygis presented in Table 5.1TYC 3951-850-as
selected as the comparison star; basic information about it is provided in Table 5.2.

Table 5.1: Basic information abow366 Cyg

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 20°44' 29.77" | (Gaia Collab., 2020
Declination (ep = J2000) +54° 06' 06.99" | (Gaia Collab., 2020
PeriodP (days) 1.0960183 VSX
Reference epochily (HJD) 2434489.593 VSX
Type of system EB VSX
Apparent magnitude in the band (mag) 9.51 (H g et al., 2000)
Spectral type A5 VSX
B{ V (mag) 0.29 SIMBAD
J{ K (mag) 0.18 SIMBAD

Table 5.2: Basic information abouityC 3951-850-1

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 20°44' 06.79" | (Gaia Collab., 2020
Declination (ep = J2000) +54° 05' 14.23" | (Gaia Collab., 2020
Apparent magnitude in the band (mag) 11.35 (H g et al., 2000)
B{ V (mag) 0.37 SIMBAD
J{ K (mag) 0.22 SIMBAD

51.2 SCnc

S Cnchas been known as an eclipsing binary for a long time since its discovery by
Hind (1852). He described it as a variable star with a period of approximately 9 days and
1 hour, experiencing a brightness drop from magnitude 8 to 10.11 at its primary minimum.
The possibility of period variation was already discussed in Plavec et al. (1961),
including anO { C diagram. However, the authors noted the absence of a complete
photoelectric light curve and pointed out that the measured minima were highly inaccu-
rate due to their reliance on visual observations. Photometric and spectroscopic obser-
vations and analysis of this system have been carried out by many people over the past
60 years, for example: Linnell and Proctor (1971), Weis (1976), Etzel and Olson (1985),
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van Hamme and Wilson (1993), Olson and Etzel (1993), Glazunova et al. (2008), or
Ibanalu et al. (2012).

According to Glazunova et al. (2008), the rotation velocities of the primary component
differ from the synchronous rotation, which she explains by high values of the mass transfer
rate,10 ® 10 'M /year. She also states th&atCncis now a detached system where
the subgiant does not Il its Roche lobe, as well as the secondary very low mass star,
suggesting that mass transfer may not be as evident as it was in the recent past when the
system was still in a semi-detached con guration.

The existence of a gaseous envelope was also pointed out by Popper and Tomkin (1984).
Evidence of a thin extended atmosphere around the secondary component, both from
photometric and spectroscopic observations, was presented by Olson and Etzel (1993).

Erdem and Oztiirk (2014) states that the obta@€dC diagram, which forms a down-
ward parabola (indicating a shortening of the orbital period), suggests magnetic braking as
the dominant mechanism behind this decrease.

Basic information abous Cnds presented in Table 5.3.YC 1396-224-Was selected
as the comparison star; basic information about it is provided in Table 5.4.

Table 5.3: Basic information abo8tCnc

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 08° 43'56.14" | (Gaia Collab., 2020
Declination (ep = J2000) +19° 02' 03.04" | (Gaia Collab., 2020
PeriodP (days) 9.484477 (Kreiner, 2004)
Reference epocig (HID) 2452501.667 (Kreiner, 2004)
Type of system EA/DS? VSX
Apparent magnitude in thé band (mag) 8.26 (Henden et al., 2015
Spectral type BOV + G8IV VSX
B{ V (mag) 0.09 SIMBAD
J{ K (mag) 0.38 SIMBAD

Table 5.4: Basic information abotityC 1396-224-1

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 08° 44'50.93" | (Gaia Collab., 2020
Declination (ep = J2000) +19° 05' 42.53" | (Gaia Collab., 2020
Apparent magnitude in thé band (mag) 11.64 (H g et al., 2000)
B{ V (mag) 0.16 SIMBAD
J{ K (mag) 0.18 SIMBAD

5.1.3 DX Vel

The rst observations oDX Velwere published by van Houten (1950). This system was
later included in various catalogs, where some of its parameters were also listed, such as

DS { Detached systems with a subgiant. The subgiant also does not Il its inner critical surface.
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in Brancewicz and Dworak (1980a) or Budding (1984). The full photoelectric light curve
in multiple colors was published by van Houten et al. (2009).

The rst publication to discuss the period change in this system is Volkov et al. (2013).
Their physical model of the system provides parameters listed in the publication, and they
note that the solution allows for up to 12 percent of third light in the system. They t the
obtainedO { C diagram using both a parabola (representing continuous period change)
and a third-body orbit. Additionally, they interpret the system's spectral type based on the
assumption of a third body. They conclude that the period change is either real, resulting
from mass transfer, or apparent, caused by the presence of a third body in the system.

A follow-up publication by Volkov et al. (2017), published four years later, discusses
the period change in even greater detail. In the previous paper, the system was assumed
to be detached; however, in this study, a semi-detached con guration is proposed, with
the secondary component lling its Roche lobe. This solution allows up to 40 percent
of third light in all bands and also enables physical models for different bands with the
same parameters, only varying the inclination. They also note changes in the depths of the
minima over time and suggest the precession of the system's orbit as an explanation. The
conclusion of this study is th&X Velis a semi-detached system with variations in both
the depths of the minima and the period, which are attributed to the presence of a third
body.

Basic information aboudX Velis presented in Table 5.5D 297656was selected as
the comparison star; basic information about it is provided in Table 5.6.

Table 5.5: Basic information aboDiX Vel

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 09° 51'45.99" | (Gaia Collab., 2020
Declination (ep = J2000) {50° 53'23.72" | (Gaia Collab., 2020
PeriodP (days) 1.1173003 (Kreiner, 2004)
Reference epochly (HID) 2452500.6730| (Kreiner, 2004)
Type of system EA/SD? VSX
Apparent magnitude in thé band (mag) 10.66 (H g et al., 2000)
Spectral type A5 VSX
B{ V (mag) 0.36 SIMBAD
J{ K (mag) 0.24 SIMBAD

5.2 Data Collection

5.2.1 My Observations

Data collection was intended to be carried out using two university telescopes: the
AZ800 at the Oldgich Kotik Observatory and Planetarium in ®danice, and the Celestron

3SD { Semi-detached systems in which the surface of the less massive component is close to its inner
Roche lobe.
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Table 5.6: Basic information abohtD 297656

| Parameter \ Value \ Source |
Right ascension (ep = J2000) 09° 50'54.17" | (Gaia Collab., 2020
Declination (ep = J2000) {50° 56' 06.60" | (Gaia Collab., 2020
Apparent magnitude in the¢ band (mag) 10.33 (H g etal., 2000)
B{ V (mag) 0.32 SIMBAD
J{ K (mag) 0.15 SIMBAD

CGE 1400 XLT at the Boyden Observatory in South AfricBhe plan was to observe the
northern systenv366 Cygwith the AZ800 telescope at ®danice and the southern system
DX Vel with the telescope at Boyden Observatory. | successfully captured a complete
phase curve iig' andr' Iters of V366 Cygover eight nights (Table 5.7). However, due to
technical issues with the telescope at Boyden Observatory, it was not possible to observe
DX Vel The problem witts Cncwas its long period, which made it impossible to capture

a complete phase curve. A few minima could be observed foDth€ diagram, but the
predicted moments of minima often coincided with poor weather conditions. Moreover,
there is suf cient data on times of minima available from various studies and surveys, and
for the physical model of this system, data from the surveys must be used anyway, as they
provide a complete phase light curve. As a result, the source of light curves and times of
minima for S Cncand DX Vel will be data from surveys, databases, or publications that
contain this information.

Table 5.7: Overview of observations 4866 Cygn ®déanice (Prokop Ohlidal).

| Date of observationt Number of frameg Filter |

04.09. 2024 378 g,r
21.09.2024 486 g,r
22.09.2024 488 g,r
28.09.2024 415 g, r
29.09.2024 465 g,r
02.11.2024 154 g, r
08.11.2024 450 g, r
20.11.2024 352 g,r

5.2.2 TESS

Data from the TESS satellite were used for all three objects. Ten sectors were available for
V366 Cyg however, sector 82 had to be excluded. The star was probably positioned at the
very edge of the detector | or possibly even outside its active area | so it did not appear
in the eld cutout, making a photometric analysis impossible.

The S Cncis available in four sectors, but only one provides usable data. Sectors 44,
45, and 46 were excluded for the same reason ag3l6é Cygsectors.

4https://astro.physics.muni.cz/observatory/
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Seven sectors were available foX Vet however, sector 36 had to be excluded for the
same reason as in the two previous cases.
An overview of the sectors used for each object is given in Tables 5.8, 5.9, and 5.10.

Table 5.8: Overview of TESS sectors usedV@66 Cyg

| Sector| Year | Exposure time (s)

15 | 2019 1426
16 | 2019 1426
55 | 2022 475
56 | 2022 158
57 | 2022 158
75 | 2024 158
76 | 2024 158
83 | 2024 158
84 | 2024 158

Table 5.9: The TESS sector used nc

| Sector| Year | Exposure time (s)
[ 72 [2023] 158 |

Table 5.10: Overview of TESS sectors usedot Vel

| Sector| Year | Exposure time (s)

09 | 2019 1426
10 | 2019 1426
62 | 2023 158
63 | 2023 158
89 | 2025 158
90 | 2025 158

5.2.3 The Kepler and K2 Mission

The Kepler mission (Borucki et al., 2010) aimed to discover Earth-sized exoplanets by
monitoring transits across stars similar to the Sun. The spacecraft was equipped with
a Schmidt telescope featuring a 1.4 m mirror and an image sensor array with a 110 square
degree eld of view. The Kepler photometer used a single broad bandpass, covering a range
from 420 to 900 nm. It was a groundbreaking mission in astrophysics, delivering tens of
thousands of highly precise, high-cadence, continuous light curves. In May 2013, the
Kepler spacecraft lost its second reaction wheel, which was critical for the precise pointing
of the telescope, effectively ending its primary mission.
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The K2 mission (Howell et al., 2014) can be considered a continuation or second
phase of the Kepler mission. The success of the mission depended on the spacecraft's
ability to control its orientation along all three axes using only two reaction wheels and
the solar radiation pressure. The redesigned K2 mission continued to focus on exoplanet
observations, but with the difference that it observed along the ecliptic plane.

Data from the K2 mission were used f& Cn¢ as there was relatively little data
available from the TESS satellite. Three precise light curves from three different years,
containing a total of 22 primary minima, were downloaded from the NASA Exoplanet
Archive (Akeson et al., 2013). The overview of this data is presented in Table 5.11.

Table 5.11: Overview of data from the K2 mission usedSdtnc

| Campaign| Year | Number of primary minimg

5 2015 8
16 2017 9
18 2018 5

5.2.4 ASAS-SN

ASAS-SN (All-Sky Automated Survey for Supernovae) (Shappee et al. 2014; Hart et al.,
2023) began observations in 2011. Since 2017, it has been monitoring the entire sky nightly
using 24 telescopes distributed across the globe. The project mainly aims to nd bright
supernovae, but its data are also useful for studying variable stars. The data are freely
available for downloatlin the g andV lters. This work uses data from the survey to
determine a few times of minima for ti@@-{ C diagram ofDX Vel

5.3 Results

This subsection presents the results of this work, including the physical models and ob-
tained parameters created in PHOEBE for all three systems based on TESS and K2 data.
Additionally, it includes the physical model and obtained parameters from own observa-
tions of thevV366 Cygsystem. FinallyD { C diagrams for all three systems are shown. The
times of minima were determined from TESS, K2, and ASAS-SN data, as well as from
available databases and publications. The times of minima used to constr@f the
diagrams are provided in text les together with this thesis.

5.3.1 V366 Cyg

The TESS sectors used for modeling the light curv&/866 Cygare listed in Table 5.8,
resulting in a total of nine synthetic light curves from PHOEBE. The temperature of the
primary component was xed af; = 8400K, estimated based on the system's spectral
type and the value from Brancewicz and Dworak (1980b). The massqatidhe two

Shitps://asas-sn.osu.edu/
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components was initially determined using thpsearch method and was later xed at

g= 0:33through an iterative procedure based on equations (4.1) and (4.2). The obtained

parameters from the models for all sectors are given in Tables 5.12 and 5.13. The phased
light curves from the TESS data, along with the corresponding models and residuals, are

shown in Figs. 5.1, 5.2, and 5.3.

An overview of my observations 8366 Cygs presented in Table 5.7. The temperature
of the primary component and the mass ratio were xethat 8400K andq= 0:33, the
same as for the TESS data. The obtained parameters from the models for both lters are
given in Table 5.14. Both phased light curves, along with the corresponding models and
residuals, are shown in Fig. 5.4.

The completeO { C diagram, compiled using times of minima from the Timing
Database at Krakow (TDK) (Kreiner, 2004) and TESS, is presented in Fig. 5.5. Figure 5.6
displays the TESS data only, along with a linear t. This t was used to determine the
linear ephemeris for the near future, which has the form:

HJD = 2434489587(3)+ 1:09601842) E: (5.1)

53.2 SCnc

The TESS and K2 data used for modeling the light curv8 @ncare listed in Tables 5.9
and 5.11. The temperature of the primary componentwas x&gat10550K, estimated
based on the system's spectral type. The mass gaiiche two components was xed at
g= 0:095 following the value reported by Olson and Etzel (1993). The obtained parameters
from the models are presented in Tables 5.15 (TESS) and 5.16 (K2). The phased light curves
from both the TESS and K2 data, along with the corresponding models and residuals, are
shown in Figs. 5.7 (TESS) and 5.8 (K2).

The complete { C diagram, compiled using times of minima from the TDK, TESS,
and K2, along with a quadratic t, is presented in Fig. 5.9. This t was used to determine
the quadratic ephemeris, which has the form:

HJD= 243698503854)+ 9:484508%1) E 9:51(6) 10 ® EZ (5.2)
The value of the period chang®@dlerived from the tis

dP=7:32(5) 10 "diyr: (5.3)

5.3.3 DX Vel

The TESS sectors used for modeling the light curvéXfVel are listed in Table 5.10,
resulting in a total of six synthetic light curves from PHOEBE. The temperature of the
primary component was xed af; = 7950K, estimated based on the system's spectral
type and the value from Volkov et al. (2017). The mass rgtaf the two components

was initially estimated based on the value from Volkov et al. (2017) and was later xed at
g= 0:35after ag-search method. The obtained parameters from the models for all sectors
are givenin Tables 5.17 and 5.18. The phased light curves from the TESS data, along with
the corresponding models and residuals, are shown in Figs. 5.10 and 5.12.
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TheO { C diagram, compiled using times of minima from the VarAstro portal, TESS,
ASAS-SN, and Table 6 from Volkov et al. (2017), is presented in Fig. 5.11. It goes with
a combination of a quadratic and LIiTE model t. Figure 5.13 shows the s@neC
diagram, but with the rst two data points excluded. This allows for a closer view of the
sinusoidal variation and the LiTE model t. Both of the€e{ C diagrams are discussed
further in subsection 5.4.3. Table 5.19 lists the derived parameters of the third body in the
system, responsible for the observed shape ofXH{eC diagram. The parameters were
derived with OCFit based on the LITE model t presented in Fig. 5.13. Since OCFit does
not provide exact uncertainties, the tting steps are shown alongside the derived values.

Table 5.12: Parameters obtained from the models in PHOEB¥366 Cyg TESS data.

[ Parameter [ TESS 15] TESS 16] TESS 55| TESS 56 TESS 57| Error |

T (K) 8400 | 8400 | 8400 | 8400 | 8400 | {

T (K) 4600 | 4850 | 4470 | 4560 | 4560 | 100
Ri=a 0.483 | 0472 | 0483 | 0.483 | 0.483 | 0.010
R.=a 0.226 | 0201 | 0222 | 0232 | 0.228 | 0.010

Moor1 (Mag)| -0.304 | -0.253 | -0.302 | -0.301 | -0.303 | {

Mootz (Mag)| 3.957 | 3.986 | 4.118 | 4.025 | 3.985 | {
i (deg) 88.78 | 88.26 | 88.46 | 88.21 | 88.31 | 0.04

q 0.33 0.33 0.33 0.33 0.33 {

Table 5.13: Parameters obtained from the models in PHOEB¥366 Cyg TESS data.

| Parameter | TESS 75| TESS 76| TESS 83| TESS 84 Error |

T1 (K) 8400 | 8400 | 8400 | 8400 | {

T (K) 4500 | 4600 | 4630 | 4580 | 10
Ri=a 0.483 | 0483 | 0482 | 0.482 | 0.010
R.=a 0.225 | 0.224 | 0.222 | 0.223 |0.010

Mbort (Mag)| -0.304 | -0.302 | -0.298 | -0.300 | {

Mootz (Mag)| 3.978 | 3.974 | 3.965 | 4.012 | {
i (deg) 88.53 | 88.35 | 88.37 | 88.26 | 0.04

q 0.33 0.33 0.33 0.33 {
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Table 5.14: Parameters obtained from the models in PHOEBY¥366 Cyg my observa-
tions ing®andr® Iters.

| Parameter| g¢° | % | Error|

Ty (K) 8400 | 8400 | {
T2 (K) 5040 | 5000 | 30
Ri=a 0.473 | 0.480 | 0.010
R.=a 0.224 | 0.227 | 0.010
Mbot1 (Mag) | -0.260| -0.289| {
Moor2 (mag)| 3.579 | 3.585| {
i (deg) | 88.38| 88.47| 0.05
q 033 | 033 | {

Table 5.15: Parameters obtained from the model in PHOEBE fon¢ TESS data.

| Parameter | TESS 72| Error |

T: (K) 10550 | {

T (K) 4690 | 10
Ri=a 0.081 | 0.010
R.=a 0.196 | 0.010

Mpor1 (Mag)| 2.574 {

Mpoi2 (Mag) | 4.187 {
i (deg) 84.74 | 0.01

q 0.095 {

Table 5.16: Parameters obtained from the models in PHOEBSE n¢ K2 data.

| Parameter | Campaign 5 Campaign 16 Campaign 18 Error |

T: (K) 10550 10550 10550 {
T (K) 5200 5170 5180 10
Ri=a 0.088 0.087 0.087 | 0.010
R.=a 0.194 0.195 0.195 | 0.010
Mbor1 (Mag)|  2.408 2.432 2.436 {
Mootz (Mag)|  3.752 3.777 3.764 {
i (deg) 85.07 84.99 84.94 0.01
q 0.095 0.095 0.095 {




5. Data Collection and Processing 41

Figure 5.1: Phased light curves\¥866 Cygrom TESS sectors 15, 16, and 55, along with
the corresponding models and residuals.

Table 5.17: Parameters obtained from the models in PHOEBBEXovel TESS data.

| Parameter | TESS 09| TESS 10| TESS 62| Error |

T (K) 7950 | 7950 | 7950 | {

T (K) 4190 | 4180 | 4030 | 100
Ri=a 0.325 | 0.325 | 0.320 | 0.010
Ro=a 0.239 | 0.236 | 0.239 | 0.010

Moors (Mag) | 0.797 | 0.794 | 0827 | {
Mootz (Mag) | 4.250 | 4.279 | 4.414 | {

i (deg) 87.26 | 87.03 | 89.08 | 0.05
q 0.35 0.35 0.35 {

Third light (flux) | 0.22 0.22 0.25 | 0.05
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