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Abstrakt

Tato bakaláøská práce se zabývá identi�kací promìnných hvìzd v kulové hvìzdokupì
NGC 4833. Fotometrická data získaná pomocí 1.54 m dalekohledu na observatoøi La Silla
v Chile byla analyzována pomocí programu ISIS, zalo¾eného na metodì odeèítání snímkù,
a pro�lové fotometrie. Analyzovaný soubor dat obsahoval celkem 343 snímkù v R �l-
tru poøízených bìhem 11 pozorovacích nocí. V pozorovaném poli bylo identi�kováno
celkem 23 kandidátù na promìnné hvìzdy. Pro v¹echny detekované objekty byly ses-
trojeny svìtelné køivky a byly odhadnuty jejich periody promìnnosti. Na základì tvaru
svìtelných køivek a odvozených period byla navr¾ena pøedbì¾ná klasi�kace detekovaných
promìnných hvìzd. Vìt¹ina identi�kovaných objektù byla klasi�kována jako kandidáti na
pulzující hvìzdy typu RR Lyrae. Dále byli identi�kováni dva kandidáti na pulzující hvìzdy
typu SX Phoenicis a nìkolik mo¾ných zákrytových dvojhvìzd nebo rotaèních promìnných
hvìzd. U nìkterých objektù zùstává klasi�kace nejistá z dùvodu omezeného èasového
pokrytí pozorování a pøítomnosti frekvenèních aliasù. Detekované promìné hvìzdy byly
také porovnány s kandidáty na chemicky pekuliární hvìzdy poblikované v literatuøe, av¹ak
u tìchto objektù nebyla detekována ¾ádná zjevná promìnnost.

Abstract

This thesis investigates the identi�cation of variable stars in the globular cluster
NGC 4833. Photometric data obtained from the 1.54 m telescope at La Silla observatory
in Chile were analyzed using the ISIS image subtraction software and pro�le photometry.
The analyzed dataset consisted of 343 R-band frames obtained during 11 observing nights.
A total of 23 candidate variable stars were identi�ed in the observed �eld. Light curves
were constructed for all detected objects and their variability periods were estimated. Based
on the shapes of the light curves and the derived periods, the classi�cations of the detected
variable stars were proposed. Most of the identi�ed objects were classi�ed as RR Lyrae
candidates. In addition, two candidates for SX Phoenicis stars and several possible eclips-
ing binaries or rotational variables were identi�ed. For some objects, the preliminary
classi�cation remains uncertain due to limited temporal sampling and the presence of alias
frequencies. The detected variable stars were also compared with chemically peculiar star
candidates reported in the literature. However, no clear variability was detected for these
objects.
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Introduction

A study of variable stars is a fundamental area of stellar astrophysics. The changing
brightness of stars provides direct insight into stellar structure, evolution and physical
properties that cannot be obtained from stationary objects alone. The analysis of their light
curves allows astronomers to determine stellar parameters such as mass, radius, temperature
and internal structure. In addition, certain types of variable stars, such as RR Lyrae and
Cepheids, serve as standard candles and are essential tools for determining distances on
both galactic and extragalactic scales. For this reason, study of variable stars remains an
important topic in modern astrophysical research.

Globular clusters represent an ideal environment for the study of variable stars. These
systems contain large numbers of stars located at approximately the same distance from the
observer, making it possible to compare their properties without the uncertainty introduced
by distance variations. Many globular clusters host a signi�cant population of variable
stars, which are commonly used to determine cluster properties such as ages, distance
and metallicities. These properties contribute to a better understanding of the structure,
dynamical evolution and formation history of galaxies.

The main aim of this thesis is to analyze variable stars in the globular cluster NGC 4833.
This globular cluster, located in the Milky Way halo, has not been studied as extensively
as some other globular clusters, which makes it a suitable target for further analysis.
The work includes the detection of variability, the construction and analysis of light
curves and the classi�cation of individual variable stars according to their variability type.
Investigating variable stars in NGC 4833 can contribute to a better understanding of its
physical properties. To achieve these goals, photometric methods suitable for crowded
stellar �elds are employed. In particular, image subtraction and pro�le photometry are
used for obtaining brightness measurements from observational data.

This thesis is organized as follows. Chapter 1 provides a complex overview of variable
stars, including the physical mechanisms underlying their variability and their classi�-
cation. Chapter 2 focuses on the properties of globular clusters and their connection to
variable stars. Chapter 3 presents photometric methods used for the identi�cation of vari-
able stars in crowded stellar �elds. Chapter 4 describes observational data and the data
reduction process. Chapter 5 presents the analysis of light curves and the classi�cation
of variable stars in NGC 4833. Finally, the results are discussed and summarized in the
conclusion.
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Chapter 1

Variable stars

1.1 De�nition

Variable stars are stars whose brightness changes in time as observed from the Earth.
Some of the variable stars exhibit only subtle variations, in the order of fractions of
magnitudes, while others undergo abrupt and dramatic changes of several magnitudes.
These variations may be periodic, semi-regular or irregular. They arise from a variety
of physical processes, which form the basis for the classi�cation of variable stars into
multiple categories. The theoretical background presented in this chapter is primarily
based on Mikulá¹ek and Zejda (2013), unless stated otherwise.

1.2 Classi�cation of variable stars

Variable stars can generally be divided into two main groups according to the origin
of their variability. The �rst category consists of extrinsic variable stars. The light output
of extrinsic variable stars does not change; instead, their observed brightness is affected
by external factors such as eclipses by an orbiting companion or surrounding material
that blocks or modulates the emitted light. In contrast, intrinsic variable stars undergo
real changes in their physical properties, leading to variations in their luminosity. These
processes include pulsations, flares and explosive outbursts (Bognár and Sódor 2025).

1.3 Extrinsic variable stars

1.3.1 Rotating variable stars

The brightness variation may arise from stellar rotation. Rapidly rotating stars have
an aspherical shape with higher temperatures at the poles and lower temperatures near the
equator. To observe a change in brightness of an aspherical star, precession of the star's
rotating axis is necessary. Precession will cause axial asymmetry of the star and therefore
variation in brightness with the stellar rotation.

Variability can also result from surface inhomogeneities such as starspots, which can
be divided into two main categories. Photometric spots are characterized by a different
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Chapter 1. Variable stars 3

effective temperature compared to their surroundings. The most common are spots with
lower effective temperature, therefore, are darker than the rest of the star's surface. They
are caused by magnetic �elds, which suppress the convection and, as a result, create a
cooler spot. Bright spots with higher temperatures may also form, often due to accretion
from a companion star or as a consequence of the reflection effect in close binary systems
(Bognár and Sódor 2025). Chemical spots, on the other hand, have the same effective
temperature but a different chemical composition from the rest of the star's surface.

The rotation is closely related to stellar activity and age. The magnetic �eld responsible
for starspot formation is generated by a dynamo mechanism driven by the star's rotation.
As stars age, they lose angular momentum, leading to slower rotation, reduced activity and
fewer surface spots. Rotating variable stars can be further divided into subcategories with
more speci�c properties.

Solar-type stars are main-sequence stars of spectral type G and K. These stars exhibit
two types of variability: short-term variations caused by the rotation and movement of
active regions across the stellar disk and long-term variations, which are analogous to the
sun's eleven-year cycle. In addition, they may also exhibit solar-like oscillations.

FK Comae Berenices stars are giants of spectral type G and K that rotate very rapidly.
This rapid rotation results in an ellipsoidal shape and high activity. The explanation
for extremely fast rotation is not fully understood, but the most widely accepted theory
proposes that FK Com stars form through the merger of a close binary system. The periods
of their light variations correspond to the rotational periods of the stars and are typically
on the order of several days. The amplitudes of the brightness variations can reach several
tenths of a magnitude.

RS Canum Venaticorum stars exhibit multiple types of variability. They are part
of a binary system that produces periodic brightness variation due to orbital motion. In
addition, surface spots create semi-periodic or irregular changes in a star's brightness. This
spot-induced variations typically have amplitudes up to 0.2 mag and occur on timescales
ranging from days to years. The resulting light curve, presented in Fig. 1.1, is a combination
of eclipses modi�ed by a distortion wave caused by spots.

BY Draconis are magnetically active main-sequence stars of spectral types K and M.
They may occur in binary systems or as single stars. They typically exhibit low-amplitude
variability and strong chromospheric emission (Chahal et al. 2022). The periods of light
variations are consistent with the rotational periods, ranging from a fraction of a day to
several days.

Chemically peculiar stars are main-sequence stars with unusual abundances of par-
ticular chemical elements in their atmospheres. Their spectra show abnormally strong or
weak spectral lines of certain elements. These stars often rotate slowly, and some possess
magnetic �elds that can be detected through polarization measurements of spectral lines
(Schöller and Hubrig 2015). Elements on CP stars with a magnetic �eld concentrate in
speci�c regions and create chemical spots.

Pulsars are rapidly rotating, highly magnetized neutron stars. They have periods
ranging from 1.4 ms to 8.5 s. Pulsars produce beams of radiation that can be observed
as periodic pulses. The different energy sources that power the pulsars' emission divide
pulsars into different categories. The rotational energy of a neutron star can be used to
power the emission, which can be observed as an increasing spin period of pulsars. Another
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Figure 1.1: Schematic light curve of RS CVn variable with combination of distortion wave
and eclipses (Percy 2007b).

Figure 1.2: Example light curves of type BY Draconis variables (Chahal et al. 2022).

source of energy can be accretion of mass from a companion star, which is the case of
X-ray binaries. The magnetic energy is the source of energy for pulsars with powerful
magnetic �elds called magnetars (Mereghetti 2013).
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1.3.2 Eclipsing binaries

In a binary system, brightness variations occur due to eclipses and interaction between
the two components. If the plane of orbital motion of the binary system is oriented favorably
to the observer, one star passes periodically in front of the other, causing eclipses. The
probability of observing eclipses increases for systems with smaller orbit relatively to the
size of stars.

Based on the shape of their light curves, binary systems can be divided into the following
three phenomenological classes.

Algol type (EA) systems exhibit light curves with deep and narrow primary minima
and typically shallower but also narrow secondary minima. This decrease in brightness
is caused by mutual eclipses of the two components. Outside of eclipses, the brightness
of the systems remains constant. Algolid of type I has primary and secondary minima of
similar depth and not deeper than 0.8 mag. Algolid of type II is characterized by deep
primary minima, but secondary minima are not very distinct or are not present at all.

b Lyrae type (EB) systems show continuous variation in brightness, even outside
eclipses. The primary and secondary minima have different depths. These systems
generally have periods longer than one day.

W Ursae Majoris type (EW) systems display continuous brightness variations, with
no clearly de�ned beginning or end of eclipses. The primary and secondary minima have
nearly equal depths. These systems typically have short periods of less than one day.

Figure 1.3: Light curves of eclipsing binaries: Algol type (left), b Lyrae type (middle),
W Ursae Majoris type (right) (Liu et al. 2026).

Gravitational potential can also be used for the classi�cation of binary systems (Kopal
1955). In such systems, the gravitational influence of both stars, together with the rotation
of the system, creates surfaces of equal potential known as Roche equipotentials. The
shape of the Roche equipotentials depends mainly on the mass ratio of the components and
the distance between them. Of particular importance is the critical equipotential passing
through the Lagrangian point L1, where matter can flow from one component to another.

The extent to which the stars �ll their Roche limit, or the largest closed equipotential
capable of containing the masses of both stars, forms the basis for the classi�cation of
close binary systems.

Detached systems: The volumes of both components are smaller than the limit Roche
equipotential. For this type of systems orbital period remains constant.

Semi-detached systems: The secondary component's volume is exactly the same as
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its Roche limit, unlike the primary component, whose volume is smaller than its Roche
limit.

Contact systems: Both components �ll exactly their limit Roche equipotentials. This
means that components are probably in contact at the location of the Lagrangian point L1.
In contrast to detached systems, the orbital periods of semi-detached and contact systems
can change abruptly.

1.4 Intrinsic variable stars

1.4.1 Pulsating stars

Pulsating stars vary in brightness due to periodic changes in the shape and size of
their surface. In case of radial pulsation, the radius of the star changes, which affects its
temperature. As the radius increases, the surface temperature decreases and vice versa.
Stars can be approximated as spheres, therefore radial pulsation represents the simplest
form of pulsation. Radial pulsation corresponds to spherically symmetric expansion and
contraction of the stellar surface and may occur in different pulsation modes. The simplest
mode is called the fundamental mode, when all parts of a star expand and contract together.
The next mode, which is more complicated than fundamental, is called the �rst overtone.
In this mode, there is a nodal sphere in the star. The material that is part of the nodal
sphere remains at rest, while the part of the star that is outside this sphere is expanding,
and the part inside the sphere is contracting and vice versa. In the next mode, the second
overtone, there are two nodal spheres where material remains at rest (Percy 2007a).

Stars are in hydrostatic balance, meaning all the forces acting on each element of
the star compensate each other. This balance is stable, which means that in case of a
disturbance, the forces try to bring the system back to equilibrium. Due to inertia, the
star trying to reach the equilibrium surpasses this state and continues in its motion. This
process creates oscillations around the equilibrium. Period P of pulsations is a function of
the mean density of a starr̄ as follows:

P �
1

p
Gr̄

(1.1)

where G denotes the gravitational constant. Eq. 1.1 shows that bigger stars with lower
density have longer pulsation periods, which extend to hundreds of days. On the other
hand, smaller, more compact stars, for example, d Scuti stars, can have periods shorter
than one hour.

Another case of pulsations are non-radial pulsations, which are harder to describe as
they are not spherically symmetric. This type of pulsation is often characterized by the
simultaneous presence of multiple pulsation modes. They usually exhibit lower amplitudes
and more complex frequency spectra. In contrast, radial pulsations are usually dominated
by one or a few modes and frequently exhibit larger amplitudes (Eggen 2008). Non-radial
pulsations are commonly observed in d Scuti and SX Phoenicis stars, while high-amplitude
radial pulsations are characteristic of RR Lyrae stars and Cepheids.

Cepheids are radial pulsators with characteristic periods ranging from 1 to 100 days and
high-amplitude light variations. Cepheids can be divided into two subcategories. Classical
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Cepheids or type I Cepheids are young supergiants. They evolved from the main-sequence
and have masses from 4 M� to 9 M� . Type II Cepheids are old low-mass stars, with
their mass in the range 0:5 � 0:6 M� . They have a burning helium in a shell around their
core, a highly inflated atmosphere and therefore high luminosity (Bognár and Sódor 2025).
Cepheids are also called standard candles because of their well-de�ned period-luminosity
relation. Cepheids with longer periods are more luminous. Their brightness and high
amplitude light variations make Cepheids important distance indicators on the galactic and
even extragalactic scales.

Figure 1.4: Light curve of classical Cepheid (OGLE Project 2011a).

RR Lyrae stars are large-amplitude pulsators with mainly fundamental and �rst over-
tone radial modes. However, additional non-radial pulsations have also been recently
observed in their light variations. They are old giants and subgiants with typical masses
between 0.5 and 0.8 M� and spectral classes from A to F. Owing to their old age, RR Lyrae
stars may also be found in globular clusters. Periods of pulsation are in the interval from
0.2 to 1.2 days with amplitude variation from 0.2 to 2.5 mag. In the case of RR Lyrae
stars, it is also possible to determine some physical properties of a star, such as metallicity,
by analyzing the light curves (Fig. 1.5). In many RR Lyrae stars, periodic modulations of
shape and period of the light curves have been observed. These modulations are known
as the Blazhko effect and are the main open question in RR Lyrae research (Bognár and
Sódor 2025).

Another type of pulsating variables are d Scuti stars, which are stars of spectral types of
A and F with radial and non-radial pulsation. They are in the main-sequence or immediate
post main-sequence stage of evolution. The pulsations in d Scuti stars are excited by the
opacity mechanism in zone He II (Bognár and Sódor 2025). Observed amplitude variations
are typically from 0.003 mag to 0.9 mag, with short periods of 0.01-0.2 days. Stars with
higher amplitude variation are called high amplitude delta Scuti stars (HADS). The shape
of the light curve and amplitude usually change with time. This is caused by the fact that
these stars have many pulsation periods and different pulsating modes. Subcategory of
stars of d Scuti type are SX Phoenicis. Compared to classical d Scuti stars, they exhibit
higher amplitude variations with periods ranging from 0.03 to 0.08 days and are often
found in the blue stragglers region of globular clusters (Sect. 2.4).
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Figure 1.5: Light curve of RR Lyrae (OGLE Project 2011b).

Figure 1.6: Light curve of SX Phe variables in globular cluster M55 (Pych et al. 2001).

1.4.2 Cataclysmic stars

Novae form from binary systems that consist of a white dwarf and a companion star
�lling its Roche lobe. Material transferred from the companion accumulates on the surface
of a withe dwarf. This process heats the white dwarf and the layer of transferred material.
When suf�cient temperature and pressure are reached, unstable nuclear burning occurs,
producing a sudden increase in brightness of up to 10-12 magnitudes. After an explosion,
a white dwarf remains intact, and the process may repeat in the future (Chomiuk, Metzger,
and Shen 2021).

Supernovae are variable stars that are not periodic and their variability is nonrecurring.
A star can explode as a supernova only once. After the explosion, the star changes
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dramatically. Either it ceases to exist, or it becomes a neutron star or a black hole.
Classi�cation of supernovas is based on the presence of chemical elements in their spectra.

Type I supernovae are characterized by the absence of lines of Hydrogen, while type II
supernovae contain these lines in their spectrum. We can further divide type I supernovas
into three other subcategories, which are type Ia, Ib and Ic. These can be distinguished by
the presence of the Si II line and He lines. Type Ia supernovae generally originate from
binary systems containing a white dwarf accreting matter from a companion star. When
the white dwarf approaches critical mass, termonuclear reactions ignite through the star,
leading to its complete disruption. Type II supernovae are the result of the evolution of
massive stars. They are produced by the core collapse of these stars after nuclear fuel in
their core is exhausted. The resulting explosion ejects the outer layers of the star into the
surrounding space.



Chapter 2

Globular clusters

2.1 De�nition and basic properties

Globular clusters are gravitationally bound objects. They are composed of tens of
thousands to millions of stars that are relatively close to one another. Their concentration
increases towards the center of the cluster. They typically exhibit a symmetrical spherical
shape, as shown in Fig. 2.1 of the brightest globular cluster w Centauri (NGC 5139).
However, there are exceptions to this rule, as some globular clusters display an elliptical
shape, but such cases are relatively rare. Typical values for the radius of a globular cluster
are on the order of 3 to 5 pc (Gratton et al. 2019). Moreover, they are among the oldest
objects in the universe, with ages ranging from 11 to 12.5 Gyr (VandenBerg et al. 2013).

Figure 2.1: Image of w Centauri (European Southern Observatory (ESO) 2008).

{ 10 {
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2.2 Classi�cation of globular clusters

Globular clusters in the Milky Way can be divided into two main categories. These
groups differ in their location in the Galaxy, metallicity and origin. Clusters located in the
galactic halo are often referred to as blue globular clusters. They have low metallicity and
probably previously belonged to the satellite galaxy. They may have been accreted during
mergers with such a galaxy or captured through tidal interactions. In contrast, red globular
clusters are found in the Galactic disk or bulge. They are more concentrated towards the
Galactic center and tend to rotate with it. These globular clusters are relatively younger
and metal-rich. They are believed to have formed in-situ within the Galaxy (Arkelyan and
Pilipenko 2022).

2.3 Comparison with open clusters

There are several important differences between open and globular clusters. Open clus-
ters generally have irregular shapes, while globular clusters are approximately spherically
symmetric (Fernie, Chaisson, and Hogg-Priestly 2025). The number of stars in open clus-
ters is typically lower, from tens to thousands. In the case of globular clusters, the number
of stars can reach up to millions. Furthermore, stars in globular clusters are strongly grav-
itationally bound, whereas open clusters can gradually disperse into individual stars over
time. As a consequence, globular clusters are much older structures than open clusters,
as their strong gravitational binding allows them to remain intact over long timescales.
The stellar population of clusters also differs. Globular clusters consist predominantly of
population II stars, which are older and metal-poor, while open clusters contain younger
population I stars. Open clusters are primarily located in the Galactic disk, whereas most
of the globular clusters are found in the Galactic halo or bulge (Gratton et al. 2019).

2.4 (Variable) stars in globular clusters

The analysis of stars in globular clusters allows us to determine the properties of these
systems. Since the stars within the globular cluster can be considered to lie at approximately
the same distance from the Earth. The effect of distance on their observed brightness is
practically the same for all cluster members. This represents a signi�cant advantage, as
differences in luminosity between stars can be studied independently of distance effects.

For this purpose, the Hertzsprung-Russell (HR) diagram is commonly used. This
diagram represents the relationship between the color index or spectral type of a star and
its magnitude. HR diagrams of globular clusters show a major grouping of stars along
the lower main sequence. From this sequence extends the giant branch, containing more
luminous stars, curving to the upper right part of the diagram. Horizontal branch stars are
located roughly halfway up the giant branch and extend horizontally toward the left part of
the diagram (Fernie, Chaisson, and Hogg-Priestly 2025).

The point at which the stars begin to leave the main sequence and evolve toward the
giant branch is known as the turnoff point, and it is commonly used to estimate the age of
the cluster. In younger clusters, the formation of the turnoff point begins with the more
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Figure 2.2: HR diagram of a globular cluster showing the main sequence, turn off point,
blue stragglers, giant branch and horizontal branch (Fernie, Chaisson, and Hogg-Priestly
2025).

massive, hotter stars evolving off the main sequence. With increasing age of the globular
cluster, the turnoff point moves to colder stars.

One feature of globular cluster HR diagrams remains an open question: the presence
of stars known as blue stragglers. These stars are located near the main sequence, even
though, based on their mass and temperature, they should already have evolved off the
main-sequence, similarly to the majority of stars with comparable properties within the
cluster. One possible explanation is that blue stragglers formed through the merger of two
less massive stars. This turned them into more massive and apparently younger star located
near the main sequence. However, this explanation does not account for all observed cases
of blue stragglers (Fernie, Chaisson, and Hogg-Priestly 2025).

The study of variable stars in globular clusters also contributes to determining some of
the cluster properties. The most common variable stars in globular clusters are RR Lyrae
stars (described in Sect. 1.4.1). In Arellano Ferro and Prudil (2026), light curves of
RR Lyrae variables are used to determine the distance and metallicities of 24 globular
clusters located in the Galactic bulge. Additionally, Boyles et al. (2011) suggests a possible
relation between the presence of pulsars (Sect. 1.3.1) and the metallicity of the cluster.
Other types of variable stars found in globular clusters include Cepheids (Sect. 1.4.1),
eclipsing binaries (Sect. 1.3.2), and others.
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2.5 NGC 4833

NGC 4833 is one of the globular clusters located within the Milky Way at a distance
of 6.6 kpc from Earth (Boyles et al. 2011). It is situated in the constellation Musca and is
therefore visible only from the Southern Hemisphere. It is a metal-poor ([Fe/H] = -2.04) (E.
Carretta et al. 2014) globular cluster that exhibits evidence of multiple stellar populations
(Eugenio Carretta 2021). According to Forbes and Bridges (2010), the estimated age of
NGC 4833 is 12.54 Gyr.

This globular cluster was discovered by Abbe Lacaille during his expedition to South
Africa in 1751-1752. It was later observed and classi�ed by James Dunlop and Sir John
Herschel, who were able to resolve it into individual stars with the help of their instruments.

Figure 2.3: Image of globular cluster NGC 4833 obtained with the 1.54 m telescope at La
Silla observatory.

This globular cluster has also been the subject of photometric studies. In ©poková et al.
(2026), candidates for chemically peculiar stars were identi�ed in a sample of Milky Way
globular clusters, including NGC 4833, using multicolor photometry. The photometric
measurements were obtained using pro�le photometry performed in the IRAF software
package. The identi�cation of the chemically peculiar stars is particularly relevant in the
context of this thesis. One of the objectives of the analysis is to investigate whether any
of the detected variable stars can be associated with these previously identi�ed candidates
for chemically peculiar stars. Such a connection could provide additional insight into the
nature of the variability and physical properties of these objects.
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Photometry

3.1 Fundamental concepts

Light coming from a distant object can be interpreted as a stream of photons with
different energies. For energy E and momentum p of photon we can write

E = h n; p =
h
l

; (3.1)

where n = c
l is frequency of the photon, l denotes wavelength, h = 6:626069 �10�34 Js is

Plank's constant and c = 2:99792458 �108 ms�1 is the speed of light.
The luminosity L of a star is de�ned as the total amount of energy emitted over all

wavelengths per unit time in all directions. In practice, however, only a fraction of the
emitted energy can be detected. This fraction depends on the collecting area of the detector
and its distance from the source. The energy received per unit area per unit time is called
the flux F and is given as

F =
L

4pr2 ; (3.2)

with r being the distance of the detector from the source.
The brightness of a star is commonly expressed using the quantity called magnitude m.

It is linked to flux F by Pogson's equation (Pogson 1856)

m1 �m 2 = �2:5 log
�

F1

F2

�
: (3.3)

Magnitude differences can be used to compare either two different objects or the brightness
of the same object observed at different times. In this equation, m1 and m2 represent the
corresponding magnitudes, while F2 and F1 denote the measured fluxes.

Magnitude m de�ned in Eq. 3.3 is referred to as apparent magnitude. This quantity
depends on the distance to the star. A star, that is intrinsically brighter than another star,
can have a higher apparent magnitude (fainter) if it is located farther away from the Earth.
For this reason, the absolute magnitude M is introduced. It is de�ned as the apparent
magnitude a star would have if it were observed from a distance of 10 parsecs and is
calculated as follows:

m �M = 5log(d) � 5: (3.4)

{ 14 {
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This equation connects the apparent and absolute magnitude of a source with its distance
d in parsecs. Expression m �M is known as the distance modulus.

The star emits radiation across the entire electromagnetic spectrum. In photometry,
however, observations are usually performed only within selected wavelength intervals
de�ned by photometric �lters. Measurements in different �lters provide information about
the spectral energy distribution (SED) of a star and allow the determination of its physical
properties, such as temperature.

One of the most widely used systems of photometric �lters is Johnson's photometric
system (Johnson and Morgan 1953). It consists of three primary �lters: U (300-420 nm,
peak at 360 nm), B (360-560 nm, peak at 420 nm) and V (460-740 nm, peak at 535 nm).
The Johnson's system was expanded with additional �lters R (700 nm) and I (900 nm)
(Kron and Smith 1951; Cousins 1976) and by infrared �lters J (1250 nm), H (1650 nm)
and K (2200 nm).

Between the measured object and the detector exists a medium that is not perfectly
transparent. Radiation can be absorbed or dispersed by interstellar material or by molecules
of air and water in Earth's atmosphere. As a result, the observed light source is attenuated.
This effect is known as extinction.

Photometric measurements are typically represented by a light curve, which shows
the variation of brightness as a function of time, usually in Julian Date. The analysis
of light curves provides valuable information about stellar properties, including periods,
amplitudes of variability, and possible mechanisms responsible for the observed brightness
changes. The shape of the light curve can also be used for classi�cation of variable stars,
since different types of variability produce characteristic light-curve pro�les Sect. (1).

An example of the obtained light curve in this work is shown in Fig. 3.1. The �gure
presents the brightness variations of one of the identi�ed variable stars during the observing
night with the largest number of acquired frames. The changes in brightness visible in the
light curve indicate the variable nature of the object.

Figure 3.1: Example of light curve of one of the identi�ed variable stars in NGC 4833.
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3.2 Periodic variability

Variability of stellar brightness can be periodic, semi-periodic or irregular. In the case
of periodic variable stars, the brightness changes repeat after a certain interval of time
called the period P. Determination of the period is one of the fundamental tasks in the
analysis of variable stars, since it provides important information about the physical nature
of the observed object.

The period of variability can be determined using frequency analysis methods, most
commonly based on the Fourier transformation. These methods search for dominant
frequencies present in the light curve data. The period can then be determined from the
corresponding dominant frequency f

P =
1
f
: (3.5)

Once the period is determined, the observational data can be transformed into a phase-
folded light curve. The phase f is de�ned as

f = frac
�

t �M 0

P

�
(3.6)

where t is the observation time, M0 is a reference epoch and frac denotes the fractional
part of the expression. The phase therefore takes values in the interval from 0 to 1.

This process, known as phase-folding, makes it possible to combine measurements from
multiple cycles into a single representation of the variability. As a result, the characteristic
shape of the light curve becomes more clearly visible, which facilitates the classi�cation
and analysis of variable stars.

An example of phase-folding is shown in Fig. 3.2. Figure 3.2a presents the original
unphased light curve, where the periodic behavior is dif�cult to recognize. After applying
the derived period, the measurements can be transformed into phase space, producing the
phase-folded light curve shown in Fig. 3.2b. The periodic variability and characteristic
shape of the light curve become signi�cantly more visible after phase-folding.

3.3 Aperture photometry

In order to measure the brightness of an object, it is �rst necessary to determine the
signal recorded on the detector and subsequently calibrate the measurement. Aperture
photometry is the most widely used photometric method. It is based on isolating the
measured object in order to determine the amount of light originating from that object.

Historically, this method was �rst implemented using photomultipliers. The observed
object was placed within a physical aperture that blocked the rest of the �eld of view.
In this con�guration, only the light from the object entered the detector. However, the
measured signal was contaminated by the background light. Therefore, an additional
measurement of the background was required, and its contribution was subtracted from the
object measurement to obtain the �nal flux (Janík 2021).

In the case of CCD detectors, the same principle is applied, but the apertures are
de�ned digitally after the frames are acquired. This approach allows aperture photometry
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(a) Unphased light curve. (b) Phase-folded light curve.

Figure 3.2: Example of phase-folding.

to be performed simultaneously for a large number of objects within a single frame, which
represents a signi�cant advantage compared to the photomultiplier-based observations.

The choice of an appropriate aperture size is crucial. If the aperture is too small, a
fraction of the object's flux is lost. On the other hand, if the aperture is too large, additional
noise from the background is included. This is illustrated in Fig. 3.3.

Figure 3.3: Example of different aperture sizes. The aperture in the left is too large, the
one on the right is too small, and the middle aperture represents an optimal choice (Janík
2021).

The brightness of an object is de�ned as

m = C �2:5 log
å i; j wi; j Ai; j � b

texp
(3.7)

where Ai; j represents the recorded signal in the pixel at position (i; j), wi; j is a weight
assigned to each pixel, the term b de�nes the contribution of the background, texp is
exposure time, and constant C is used to transform instrumental magnitude to a standard
photometric system.
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3.4 Pro�le photometry

Pro�le photometry is another method suitable for crowded �elds. This type of pho-
tometry is described in Stetson (1987) and is based on modeling the point spread function
(PSF) to determine the magnitudes of stars in the frame.

The point spread function describes the two-dimensional brightness distribution pro-
duced by a luminous object such as a star. Its shape varies from frame to frame due to
changes in observational conditions (temperature, seeing and other atmospheric condi-
tions). Therefore, determining the PSF represents a challenging task for astronomers. In
Stetson (1987), the author proposes a method for de�ning PSF that combines an analytic
and empirical approach. The principle of this method is to start with a Gaussian function

F0(n) =
1

p
p=2

e�(n�n 0)2=s 2
(3.8)

as the �rst-order approximation to the actual stellar pro�le. The residuals, which represent
the difference between the model PSF (Gaussian) and the actual data, are used to correct
the model function. This process is repeated until the corrections become negligible.

In practice, several stars are chosen whose observed pro�les are �tted with the �rst-
approximated function. These �tted pro�les are added to the empirical PSF, which is built
star by star. In the case of a crowded �eld, the majority of the stars are blended with nearby
neighbors. This results in the model PSF not accurately representing the true PSF in the
frame.

Nevertheless, the �tting of the �rst estimated PSF to the stars and their known neighbors
in the frame is performed. Subtraction of the �tted pro�les produces residuals, and the
neighboring stars, which blend with the chosen stars, are no longer present in the subtracted
frame. However, subtraction of the neighboring stars is not perfect, but they contaminate
the pro�les of the bright stars less than they did in the original frame.

After the subtraction of the neighbors, the chosen stars are once again added together
to produce a new model PSF. This new function is again �tted to the stars and their
neighbors in the original frame, and they are again subtracted. The �ts are considerably
better this time. After repeating this process the third time, there is almost no evidence of
the systematic errors caused by the bright stars' neighbors.

Once the PSF is successfully determined, the magnitude m can be obtained by inte-
grating it:

m = �2:5 log
Z

x;y
F(n) dxdy+C (3.9)

where F(n) represents the PSF and constant C is used in transformation into standard
photometric system.

3.5 Image subtraction

In crowded stellar �elds, specialized techniques are required for the analysis of photo-
metric data. One such method is image subtraction, described in Alard and Lupton (1998).
It is based on detecting the variation in a star's brightness by subtracting images from a
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reference frame. In practice, it combines elements of aperture and pro�le photometry to
achieve accurate measurements in densely populated regions.

Selecting an optimal reference frame is essential for the proper functioning of this
method. A reference frame with the best seeing is typically chosen to ensure optimal
results. The remaining frames often differ slightly in orientation and center from the
reference frame. Therefore, an astrometric transformation must be performed to align the
coordinates of all frames with the reference frame. In Alard and Lupton (1998), 500 stars
are selected on the reference frame and the other frame to determine the transformation
using a two-dimensional polynomial. As a result, all frames are on the same coordinate
system as the reference frame.

After coordinate alignment, it is necessary to match the seeing of the reference frame
and the rest of the frames. A complication arises because the frames do not have the
same point spread functions. Assuming that most stars on the frame do not exhibit large
amplitude variations, a large number of the pixels in different frames would be very similar
if the seeing were identical. Therefore, the kernel, which represents the transformation
needed to match the PSF of the reference image and the rest of the frames, can be found
by �nding the least square solution of the following equation:

Ref(x;y) 
Kernel(u;v) = I(x;y) (3.10)

where Ref is the reference frame and I is the frame we want to align with the reference.
The symbol 
 stands for convolution.

Although this problem is formally nonlinear, it can be transformed into a linear least-
squares problem. In Alard and Lupton (1998), the authors propose a solution by de-
composing the kernel into basic functions. Thanks to the decomposition, the non-linear
problem becomes a standard linear least squares problem. The decomposition of the kernel
is described in the equation below:

Kernel(u;v) = å
i

ai � B i(u;v) (3.11)

The solution for the least squares gives the matrix equation for the coef�cients ai .

Ma = V (3.12)

Matrix M represents scalar products of the vectors Ci and the vector V represents the scalar
product of Ci with the I. Set of vectors Ci is de�ned as:

Ci(x;y) = I(x;y) 
B i(x;y) (3.13)

The solution to this problem is to �nd a suitable basis of functions to model the kernel.
In Alard and Lupton (1998), a set of Gaussian functions is used, which are modi�ed by
multiplication with a polynomial. Consequently, the decomposition of the kernel has the
following structure:

Kernel(u;v) = å
n

å
dx

n

å
dy

n

an � e �(u 2+v 2)=2s 2
n udx

nvdy
n (3.14)
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