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Abstrakt

Tato bakabrska pace se zabna pvodem fotometriclke variability u vybrare
skupiny horkych hwezd, ptene zkouna hypotzu, ze by tato variabilita mohla
byt zpsobena rotac hvezd v kombinaci s ptomnost skvrn na jejich povrchu.
Na aklace analzy spekter pazerych na Ondejovsle observatai AV CR byly uceny
purety rotacnch rychlost, ktee byly rasledre porovrany s frekvencemi zskarymi
ze swetelrych kivek z drwzice TESS. Ucty z peti hvezd byla nalezena doba shoda
mezi fotometrickou a rotacn frekvenc, ca podporuje interpretaci,ze pozorovara vari-
abilita nee byt zpsobena povrchowmi nehomogenitami. U jedre z hvezd (HT Cet)
se \sak jako pravcepodobreg jev pulzace, typicke pro pronennost typu Do-
radus. Ackoliv powit metoda nepires jednoznary dkaz, pedstavuje nepny
rastroj pro identi kaci variability zpsobere rotac a naznacuje,ze skvrny mohou kyt
ptomre i u hwezd s teplotou vys nez 6000 K. Wsledky koresponduj s nedavrymi
studiemi, ktee taktz naznacuj existenci skvrn u horkych hvezd, a podtrhuj wznam
kombinace spektroskopickych a fotometrickych metod i jejich zkouman.

Abstract

This bachelor thesis investigates the origin of photometric variability in a se-
lected sample of hot stars, focusing on the hypothesis that such variability may arise
from stellar rotation combined with surface spots occurence. Spectroscopic data
obtained at the Ondejov Observatory of CAS were analysed to measure projected
rotational velocities. These values were then compared with frequencies derived
from light curves, from TESS satellite, to assess the likelihood of rotational modu-
lation. In four out of ve stars, the rotational and photometric frequencies showed
good agreement, supporting the interpretation that surface inhomogeneities may be
responsible for the observed light curve variability. For one target (HT Cet), pulsa-
tions typical for Doradus-type stars, remain a more likely explanation. Although
the method does not o er conclusive proof, it provides an indirect means to identify
candidates for rotation-induced variability and suggests that spot activity may occur
even in stars hotter than 6000 K. These ndings align with recent studies proposing
the possible presence of spots in hot stars and underline the importance of combining
spectroscopic and photometric diagnostics in such investigations.
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Introduction

Understanding the mechanisms behind photometric variability, linked to starspots,
in stars is a cornerstone of stellar astrophysics. While such variability is well-
documented and understood in solar-like stars, similar phenomena have been observed
in hotter stars, where the underlying causes remain ambiguous. Light variations may
stem from diverse physical processes, including stellar rotation, pulsations, or surface
inhomogeneities. However, the relative contributions of these mechanisms in hotter
stars are not yet fully understood, posing a compelling challenge to researchers
in the eld.

This thesis aims to investigate the potential rotational origin of photometric vari-
ability in a sample of hotter stars. Speci cally, it focuses on measuring the projected
rotational velocities (vsini) of selected targets observed at the Ondejov Observatory.
By analysing high-resolution spectroscopic data, the study seeks to determine whether
rotational modulation could account for the observed variability in these stars.

The scope of the research is con ned to stars with temperatures higher than those
of solar-like stars, ensuring that the study addresses the unique physical conditions
that may contribute to variability in this regime. The analysis is based on observational
data collected using Ondejov Echelle Spectrograph (OES), which are processed and
interpreted to derive meaningful insights into stellar rotation.

This thesis is structured as follows: Chapter 1 provides an overview of stellar
variability and discusses the potential physical mechanisms behind it. This chapter
focusses on stellar activity and convection, as well as the conditions that enable
convective processes. Chapter 2 introduces the fundamentals of spectral analysis,
describing the nature of stellar spectra and the key characteristics of spectrographs,
as well as methods for extracting stellar parameters from spectra. Chapter 3 explores
photometric variability by analysing light curves and frequency spectra. This in-
cludes interpreting periodograms and considering manifestations of rotational modu-
lation, pulsations, and binarity. Chapter 4 presents observational data and details
the methodology employed to measure projected rotational velocities and analyse
photometric variability. Finally, Chapter 5 summarises the results and presents
conclusions about the role of rotation in the observed variability of the selected stars.
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Variability and Rotation

1.1 Variable Stars

This thesis focusses on variable stars and aims to provide new insights into these
remarkable celestial objects. Variability allows us to gather information that would
otherwise remain hidden. If a star changes its brightness over time, it is classi ed
as a variable star.

The class of variable stars is not only diverse but also numerous. It includes
single stars, binary systems and even multiple star systems. Current estimates
suggest that more than 50% of stars in a randomly selected stellar population exhibit
variability. As such, variable stars represent a signi cant and informative group
in astrophysics. With advances in observational technology, this percentage continues
to increase, revealing more and more variable stars.

The brightness variationsthat reveal stellar variability are very diverse themselves.
Some variable stars show large variations in brightness, ranging from several to tens
of magnitudes, while others show very subtle variations, with amplitudes as small
as a thousandth of a magnitude. The more sensitive our instruments become, the more
variable stars we will be able to detect (Mikubsek & Kricka 2005).

Another important aspect of variability is the timescale over which these changes
occur. The slowest variations in brightness are related to the evolution of the star
itself|the result of nuclear processes in the core|and can last for millions or even
billions of years. At the other end of the spectrum, some stars undergo rapid changes
over a few days or minutes, usually due to perturbations in their hydrostatic equilib-
rium. In such cases, the stellar material must react quickly to restore the equilibrium.
These abrupt changes often occur either in very young stars or in old stars nearing
the end of their life cycle (Mikubsek & Zejda 2013).

The study of variable stars is uniquely compelling, not only because we can
observe changes in real time|something rare in the context of the vast and often
static universe|but also because variability reveals a wealth of information that would
otherwise remain hidden in stars of constant brightness.

Over the years, astronomers have recognised the need to classify variable stars
into larger groups. As the number of known variable stars increased, classi cations
based on common characteristics began to emerge. A systematic approach has
been taken to organising these stars, but the classi cation is still far from perfect.
Occasionally stars are misclassi ed, especially when large data sets are automatically
processed and individual stars are not examined in detail. Such misclassi cations can
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Chapter 1 3

distort statistics and lead to misunderstandings about the physical nature of stars.

Several such misclassi cations have been discussed in the article Skarka et al.
(2022). Building on this work, my thesis focuses on stars that deviate from standard
classi cation schemes. These are stars that exhibit brightness variations similar
to those caused by spots in stellar photospheres, but have higher surface temperatures
than the Sun. The exact mechanism behind their variability is still unclear. At such
high temperatures, one would usually expect the variability to be caused by pulsations
rather than rotation, since stellar activity associated with convection is not expected
at these temperatures (Skarka et al. 2022).

Let us take a closer look at origins of stellar variability, stellar activity and
how convection relates to rotational variability, and at the conditions necessary
for convection in stellar environments.

1.2 The Origins of Stellar Variability

Stellar variability is driven by a variety of physical mechanisms that alter a star's
emitted light over time. These mechanisms can be intrinsic, where the variability
is caused by processes occurring within the star itself, or extrinsic, where external
factors, such as eclipses in binary systems or circumstellar material, cause the observed
changes in brightness. Among the intrinsic causes are pulsations, ares, magnetic
activity, rotation, and even evolutionary changes in stellar structure. The extrinsic
causes usually involve geometric con guration, such as eclipses in binary systems
or occultations by surrounding dust and gas (Mikuksek & Zejda 2013).

The imprint of these processes is evident in thigght curves which o er insights
into a star's internal structure, rotation, and surface phenomena. By analysing
the pattern, amplitude, and period of variability, we can identify the dominant
mechanism and use it as a diagnostic tool to infer physical properties such as mass,
age, and composition.

1.2.1 Stellar Activity

The following section will examine stellar activity as a contributing factor to stellar
variability. Stellar activity encompasses a set of phenomena resulting from magnetic
processes in the outer layers of stars. It is most commonly observed in the form
of starspots, ares, chromospheric emission lines, and coronal X-ray radiation.
These manifestations are typical for stars with convective envelopes, where magnetic
elds are generated through dynamo mechanisms. Stellar activity often in uences
the observed light curves, a ecting the classi cation of variable stars. Understanding
stellar activity is therefore crucial for correctly interpreting the origin of variability

in certain types of stars (Mikubsek & Krtcka 2005).

Next, | will focus on one of the most prominent manifestations of stellar activity,
which is related to the presence of convective zones|the spots in the photospheres
of stars. Stellar spots appear in the active regions of a star and are caused by the decay
of strong local magnetic elds. These phenomena are mainly found in stars with
temperatures similar to those of the Sun or in cooler stars (Mikuksek & Zejda 2013).
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Starspots are dark regions in the photosphere that are cooler than their surround-
ings and therefore emit light of longer wavelengths. They are caused by magnetic
elds that disrupt the motion of matter in these areas, preventing the e cient transfer
of energy by convection. As a result, the area becomes colder and darker.

The intensity of stellar activity is in uenced by the star's rotational velocity
and the presence of convective zones. Magnetic elds, responsible for phenomena
such as starspots, are generated by the so-called dynamo mechanism, which operates
e ciently when rapid rotation is combined with su cient convection. Although
faster rotation can enhance magnetic activity, it is the presence of convection that
primarily enables the dynamo process. Consequently, even though hot stars often
rotate more rapidly than cooler stars, their typically shallow or absent convective
layers limit the e ectiveness of the dynamo, and thus their overall magnetic activity
tends to be lower.

The spots have a direct e ect on the star's light curve, where they appear
as a decrease in brightness. The rotating spot then causes periodic variability. Since
the occurrence of spots is closely related to convective processes, it is now appropriate
to take a closer look at convection itself in stars, which plays a key role in stellar
energy transfer.

1.2.2 Convection

The following paragraphs are based on Mikutsek & Krtcka (2005); Seeds (2016) and
Zejda (2021).
Consider a star that is spherically symmetric and in hydrostatic equilibrium. In such
a con guration, the pressure varies with radius in such a way that the gravitational
force acting on each unit volume of stellar material is balanced. This relationship
is given by the equation
dP _ _
ar " g,
whereP is the pressurer is the radial distance from the center of the starg is the local
gravitational acceleration, and is the mass density of the stellar material.

In such a stable star, there must also be a speci ¢ temperature gradiemtT =dr,
su cient to transport energy from the core to the surface. If radiative di usion
is the main mechanism of energy transport, this temperature gradient is directly
related to the energy ux and the opacity of the material at that location, expressed
as

(1.1)

L .
4r 2’
where is the energy ux (energy per unit area per unit time), L is the luminosity
of the star (total energy output per unit time), and r is again the radial distance
from the center of the star and the opacity of the material at studied location.

However, in real stars, particularly in their innermost and outermost regions,
certain physical conditions can reach extreme levels. For example, in the cooler
outer shells of some stars, the hydrogen remains only partially ionised. This partial
ionisation increases the interactions between matter and radiation, greatly reducing
the mean free path of photons and causing the opacity to rise sharply. In such zones,

(1.2)
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radiative di usion becomes ine cient unless accompanied by an exceptionally steep
temperature gradient. Meanwhile, in the stellar core, energy production is highly
concentrated due to thermonuclear fusion, with reaction rates that are extremely
sensitive to temperature|typi ed by processes such as the CNO cycle or the triple-
alpha reaction. These reactions take place in a compact central volume where
temperatures are highest, producing a very intense outward energy ux. This ux,
which scales approximately withr 2, must pass through regions of limited photon
availability, making the transfer of energy to the surface particularly challenging.

When a uid or gas is subjected to gravitational forces and has a temperature drop
that is too steep, it will not remain stationary. Any vertical uctuation would trigger
the movement of large volumes of material, leading to the initiation of a process
known as convection. In this event, warmer gas rises, while cooler material from
the outer layers descends to replace it. This macroscopic motion e ectively facilitates
the transfer of energy from the interior to the surface. The structure and extent
of convective and radiative zones dier signi cantly depending on stellar mass,
as illustrated in Fig. 1.1.

Figure 1.1: Convective layers dependent on stellar mass (Seeds 2016).

1.2.3 Conditions for the Development of Convection in Stars

In a stellar environment, whether or not convection takes place depends on how a small
region of gas behaves when it is slightly perturbed from its equilibrium. To explore
this, imagine that a localised region of gas is displaced vertically within the star.
If the motion is slow enough (subsonic), the surrounding pressure will quickly equalise
with that inside the displaced gas. Because this pressure equalisation is so e cient,
heat exchange processes such as radiation are too slow to have a signi cant e ect
during the motion. As a result, the behaviour of the gas can be considered to be
almost adiabatic.

The next step when determining the onset of convection is to compare the prop-
erties of this displaced gas with those of the surrounding medium. Assuming that
both behave as ideal gases and maintain a constant composition throughout the mo-
tion, the outcome depends primarily on the di erences in density and temperature
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at the new position. The key question is whether the parcel will end up denser or lighter
than the surrounding gas, since the pressure will remain adapted to the local environ-
ment. If, after being lifted, the displaced gas remains denser than the surrounding
gas, gravity will exert a restoring force that pulls it back to its original position.

In such regions, vertical motions are suppressed and the star is said to be stable
against convection.

However, if the parcel becomes less dense than the surrounding material as it rises,
it will continue to rise. The pressure gradient no longer balances the gravitational
forces, and the resulting lift force accelerates the parcel upward. This behaviour
initiates convective instability and marks the presence of convection within the stellar
layer.

This physical situation is captured quantitatively by the Schwarzschild criterion,
which de nes the stability of a layer in terms of how quickly the temperature changes
with pressure, de ned as

d(n P) .
d(InT) 1

where represents the adiabatic exponent (Poisson's constant). If the actual temper-
ature gradient is steeper than this threshold, convection will occur.

Once convection sets in, it radically changes the transport of energy. Radiative
processes become ine cient in such areas, and instead massive uid motion dominates.
Gas patrticles that are slightly hotter and less dense than their surroundings move
upwards, while cooler, heavier particles sink downwards. This results in a continuous
circulation that e ectively transports energy from deeper layers to the surface.

The temperature pro le within convective zones does not follow the purely adia-
batic gradient but instead takes on a slightly adjusted form known as the superadia-
batic gradient

(1.3)

dT _ 1 TdP.
dr ~ - Pdr
Convection is not just a way of moving energy; it also stirs up the stellar material.
The result is a nearly uniform chemical composition in the convective regions, which
is especially critical near the stellar cores where fusion reactions take place. Here,
convection ensures a continuous supply of unburnt fuel to the energy-producing zones.
In addition, in the outer layers of cooler stars, convective zones give rise to large-scale
magnetic phenomena by generating and amplifying magnetic elds. These processes
contribute to many types of observable stellar activity, from stellar spots to ares.

(1.4)



Spectral Analysis

Spectroscopy is one of the fundamental methods for exploring the universe and was
instrumental in the very foundation of astrophysics. This key technique enables
us to determine the chemical composition, temperature, motion, and other essential
properties of celestial objects, which are crucial for the advancement of physics and
astrophysics. Spectroscopy analyzes light emitted, absorbed, or scattered by celes-
tial bodies to reveal their physical and chemical characteristics. In this process,
light is dispersed into its component wavelengths (spectrum) using instruments
such as spectrographs. This chapter provides a brief overview of stellar spectra
and the information that can be extracted from them. | will be using spectra and
will attempt to obtain important and valuable information and outputs from them.
This entire chapter is based on Mikubsek (2021); Mikubsek & Zejda (2013) and
Zejda (2021).

2.1 Characteristics of Spectra

The spectrum is the distribution of electromagnetic radiation according to wavelength
or frequency and represents the spectral density of radiant ux received from the ob-
served object. In the case of stars, the spectrum serves as a unique ngerprint,
providing a wealth of information about the star's properties and conditions because
the spectra originate in the photosphere|the outer layer of the star that forms

its visible surface.

Stellar spectra typically consist of a continuous spectrum with absorption lines
and, in some cases, emission lines. The continuum is the smooth, continuous part
of the spectrum that forms the base level of radiation emitted by the star at various
wavelengths. It is the result of the thermal radiation from the star's atmosphere, which
can be approximated as blackbody radiation corresponding to the star's e ective
temperature. Such radiation is described by Planck's law (Eq. 2.5), which describes
the dependence of ux on wavelength or frequency

2hcc 1
B(T)s —————; 2.5
M= =< (2.5)
whereT is temperature, h is Planck's constant,c is the speed of light, andk is Boltz-
man's constant.

{7{
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A direct consequence of Planck's radiation law is Wien's displacement law (Eq. 2.6),
which describes how the position of the maximum radiation of an absolute black
body changes as the temperature of that body changes

T max = b; (2.6)

whereb is the constant of proportionality known as Wien's constant. Wien's dis-
placement law simply states that hot stars have their maximum emission at shorter
wavelengths, and conversely, stars at lower temperatures have their maximum emis-
sion shifted to higher wavelengths, as shown in the Figure 2.2. This law thus
provides an explanation for the darker appearance of stellar spots in comparison
to their surroundings.

Figure 2.2: Intensity of radiation emitted by a black body at di erent temperatures
dependent on wavelength (MIT 2024).

Spectral lines are the result of bound-bound transitions between di erent en-
ergy levels of atoms or molecules. Such a transition is clearly visible in Fig. 2.3.
When an electron transitions between discrete energy levels within an atom, it un-
dergoes either excitation or de-excitation. During excitation, the electron absorbs
energy and moves to a higher energy level (see left panel of Fig. 2.3); during de-
excitation, it returns to a lower level and emits a photon (right-hand panel of Fig. 2.3).
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Figure 2.3: Transition of a particle between di erent energy levels by absorbing
energy or emitting photon. Adopted from Mastnowa (2015) and edited.

The resulting spectral lines can be absorption lines when the electron absorbs
energy or emission lines when the electron releases energy. The energy di erence
between the two levels (in the Fig. 2.3 value ofH; - Ep)) determines the energy
of the absorbed or emitted photon. This energi is directly related to the wavelength
of the photon , which is shown in the following formula

E = E:; (2.7)

whereh is Planck’'s constant andc is the speed of light in vacuum. The spectral lines
provide crucial information about the composition, temperature, and other properties
of the star.

Hydrogen, the most abundant element in stars, plays a signi cant role in forming
the spectrum through bound-free transitions. These transitions occur when an electron
moves from a bound state to a free state (ionization), or when a free electron
is captured by a hydrogen ion and settles on one of the lower energy levels.

Spectral lines are de ned with high precision. However, the precision of the mea-
sured quantities of energy ( E) and time ( t) must be consistent with Heisenberg's
uncertainty principle (Eq. 2.8), which leads to the natural broadening of each spectral
line de ned as:

E t&~ (2.8)

where ~ is reduced Planck's constant, de ned as the Planck's constant divided
by two times . This broadening is primarily in uenced by the frequency of collisions
between excited atoms and other ions (pressure broadening). The width and overall
pro le of the spectral lines are also a ected by other factors, such as the Doppler e ect
(due to the rotation of the star, turbulence, and thermal motion), proper motion
(shifting of spectral lines) and the Zeeman e ect (shifting and splitting of spectral
lines in the presence of the magnetic eld) or Stark e ect (splitting of spectral lines
in the presence of an electric eld). To obtain detailed information about stars
from the pro les of lines, the complex spectral analysis must be conducted, comparing
the observed spectrum with model spectra of the star.
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2.2 Key Parameters of Spectrographs

Spectra are beeing obtained using spectrographs, whose key characteristics include
spectral resolution and dispersionDispersion describes how light of di erent wave-
lengths is spread across the detector. We distinguish between angular and linear
dispersion, which expresses the change in wavelength per unit length on the detector
(e.g., nm/mm). Higher dispersion enables more precise measurements of spectral line
positions; however, it can also result in reduced sensitivity.

Spectral resolution refers to the smallest di erence in wavelength ( ) that
a spectrograph can distinguish. It is often characterized by theesolving powerR,
which is de ned as the ratio of a given wavelength to this minimum resolvable
di erence

R= —: (2.9)

A higher resolving power means that the spectrograph can separate spectral lines
that are closer together in wavelength. Higher spectral resolution allows us to see
ner details in the spectrum, but often at the cost of reduced overall sensitivity,
because higher resolution often reduces sensitivity while spreading the incoming light
over more detector pixels or more nely. This means that while we get more detail,
the instrument may require more light (longer exposure times or a brighter source)
to detect a clear signal.

The response of a spectrograph to a monochromatic input signal is described
by the instrumental pro le. Due to aberration and di raction, spectral lines become
distorted after passing through the instrument. Ideally, a spectral line should have
zero width and no distortion, but in practice, this is not achievable. For precise
measurements, it is necessary to account for this pro le.

The quality of the spectra depends on several factors such as noise, resolution and
detector sensitivity, which is related to noise. These parameters determine how well
individual spectral components can be analyzed and in uence the overall performance
of the spectrograph and its suitability for speci ¢ scienti ¢ applications.

The nal appearance of a spectrum depends not only on the observed object,
where the radiation originates, but also on all the environments the light passes
through before reaching the detector in the spectrograph. Key in uences may include
the interstellar medium, the Earth's atmosphere, temperature, pressure, the char-
acteristics of the spectrograph and detector and, last but not least, the observing
conditions. Additionally, the properties of the recording system, including the storage
medium, must also be considered.

For my measurements, | used Echelle spectra obtained by Ondejov Echelle
Spectrograph (OES, Koubsky et al. 2004; Kakath et al. 2020). This instrument
is a bre-fed high-resolution spectrograph. The light re ected from the main mirror
(D in Fig. 2.4) is directed via an optical bre to the coude room, where it is re-
ected to an echelle grating (C). The light is then re ected by the optical mirror (F)
to an equilateral prism (G), which separates the orders. These orders are subsequently
brought to a focus on the detector (H), which is a nitrogen-cooled CCD camera with
a working temperature of -110C. The rst dispersive element (grating (C)) disperses
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light into high spectral orders, which overlap. A second dispersive element (prism
(G)) is then used to separate the spectral orders vertically, thus removing the overlap.
The resulting spectral image contains an extended spectral range distributed across
multiple orders. The spectrograph can be fed independently through the same bre
by Thorium-Argon calibration lamp and at eld calibration lamp. Additionally,

the iodine cell is mounted on the telescope-spectrograph interface, providing a sec-
ondary (optional) spectral calibration source §lechta 2025). The wavelength coverage
of the spectrograph is from 375 to 920 nm, with a resolving power in Hregion

of about R = 50 000 and spectral sampling 0.24 nm/mm. The accuracy of radial
velocity measurements for a star with a visual magnitude of 9.5 is approximately
200-300 m/s (Kakath et al. 2020).

Figure 2.4: OES spectrograph optical layout and light path from the slit to the detector.
A { slit, B { collimator, C { echelle grating, D { rst parabolic mirror, E { small at
mirror, F { second parabolic mirror (optical elements D, E and F are parts of so called
white pupil, making the light beam more narrow), G { prism, H { objective lens and
dewar vessel $lechta 2025).

2.3 Spectral Line Properties

When focusing on the appearance of the spectral lines themselves, we can observe
that a spectral line consists of a central core (the region near the center of the line)
and wings (regions farther from the center). These lines can vary in depth/height,

a parameter commonly referred to as the intensity of the line. The intensity of the line
can be numerically expressed using the equivalent width.
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Figure 2.5: Schematic representation of the spectral line pro le, showing the central
intensity (1¢), the line width at half depth (FWHM) and also the equivalent width
(EW). Adopted from Harmanec & Bra (2010) and edited.

The equivalent widthof a spectral line represents the width of a rectangular
region with a unit height and the same area as the area under the spectral line.
It is, therefore, a measure of the reduction in intensity of radiation in the region
of the spectral line, compared to the intensity in the continuous regions. The strength
of a spectral line increases as the equivalent width grows. This measure is typically
expressed in nanometers or angst®ms. This parameter is often used to determine
the abundance of a particular element or ion in the stellar atmosphere. Stronger lines
usually indicate a higher concentration of the given element or ion within the star's
atmosphere.

Another important parameter for spectral lines is thecentral depth or the intensity
at the center of the line. By examining the depth of the line, we can determine
the strength of absorption or emission at a particular wavelength. In some measure-
ments, the half-width of spectral lines can also be used. Half-width refers to the width
of the spectral line, measured at half the depth of the line, between the center
of the line and the level of continuous radiation.

Spectral analysis is a complex task. In observed star spectra, di erent spectral
lines often overlap, and even seemingly \clean" lines can actually be the result
of such overlaps, known as \blends".

By examining the appearance of a star's spectrum, it is possible to determine
its spectral type, including its luminosity class. In addition, the following can
be estimated or determined: temperature and pressure (from the intensity and
width of spectral lines of various elements), luminosity (from spectral lines, typically
hydrogen lines, or by comparing the intensity of certain spectral lines), chemical
composition (from the width of spectral lines, taking temperature into account),
multiplicity of the star (from periodic shifts or splitting of lines), presence and polarity
of the magnetic eld (causes line broadening, and in strong elds, line splitting,
due to the Zeeman e ect). Furthermore, rotation and turbulent gas movements
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in the upper layers of the star's atmosphere (from the Doppler e ect, which broadens
the lines and attens their pro les) and radial motion (as well from the Doppler
e ect).

2.3.1 Determining Parameters from Stellar Spectra

Radial Velocity, Surface Gravity and E ective Temperature

The spectrum of a star is key to understand its motion, gravity and temperature.
Each of these three parameters changes a pro le of spectral lineRadial veloc-
ity refers to the motion of a star along the line of sight|that is, either towards

us or away from us. As illustrated in Fig. 2.6, the Doppler shift occurs not only
when a star moves directly in our direction or recedes from us, but also as a result
of stellar rotation. This occurs because one limb of the rotating star is approach-
ing us (shown by the blue arrow in Fig. 2.6), while the opposite limb is receding
(indicated by the red arrow). These motions cause measurable shifts in the star's
spectral lines compared to their known laboratory wavelengths. A redshift (where
lines are displaced towards longer wavelengths) indicates motion away from us, while
a blueshift (displacement towards shorter wavelengths) indicates motion towards us.

Figure 2.6: Doppler shift of a star's spectrum. Adopted from Hustak (2025) and
edited.

Surface gravity (logg) describes the gravitational acceleration at the surface
of a star. Higher surface gravity results in greater atmospheric pressure. This leads
to pressure broadening of spectral lines (Fig. 2.7). Stars with low surface gravity
(such as supergiants) have less pressure broadening, leading to narrower spectral lines.
This allows us to distinguish between main-sequence stars, giants, and supergiants.



Chapter 2 14

Figure 2.7: Comparison of the solar spectra with those obtained using the same
parameters, except for the log parameter, which has been modi ed.

We can also determine a star'® ective temperature from its spectrum, which
is a direct result of the radiation emitted from its photosphere. Planck's law tells
us that hotter stars emit more energy at shorter wavelengths (blue and ultraviolet
regions), while cooler stars radiate more strongly at longer wavelengths (red and
infrared regions). You can see this shift of wavelength of maximum radiation emitted
in Fig. 2.8. Wien's displacement law relates the peak wavelength to the star's
temperature, enabling us to estimate the peak of the spectral energy distribution.
Comparing observed spectra with models allows precise temperature classi cation.
Some of the models for di erent temperatures are shown in Fig. 2.9. The lower
e ective temperature results in deeper lines.
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Figure 2.8: The spectra of seven stars ordered by spectral type ranging from the hottest
(O-type) at the top to the coolest (M-type at the bottom). Each spectrum is normal-
ized (the ux at each wavelength is divided by the maximum ux in that spectrum)
and the spectra are then o set from each other along the vertical-axis to make the plot
easier to view (Deacon 2025).

Figure 2.9: Comparison of the Solar spectra with those obtained using the same
parameters, except for the e ective temperaturd, , which has been modi ed.

In order to determine these parameters, we use metal, speci cally iron, lines.
By comparing the wavelengths measured in the laboratory with those observed, we can
accurately determine the shift, broadening and di erence in strength of the lines
(Pettini 2025).

Projected Rotational Velocity

The projected rotational velocity (vsini) of a star, which represents the component
of rotational velocity along our line of sight, can be determined from spectral line
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broadening. As a star rotates, light from its approaching limb is slightly blueshifted,
while light from the receding limb is redshifted due to the Doppler e ect. This causes
spectral lines to broaden proportionally to the rotational velocity of the star.

To determinevsini, we compare observed spectral line pro les with synthetic
spectra that include di erent rotational velocities. Since the inclination anglei
of the rotational axis is usually unknown, only the projected rotational velocity
can be measured, meaning we determinesini rather than the absolute equatorial
velocity v.

Fast rotators (e.g., O- and B-type stars) exhibit signi cantly broadened spec-
tral lines (as illustrated in Fig. 2.10, faster rotation results in fewer lines that are
both shallow and wide), sometimes merging multiple lines together, whereas slow
rotators (e.g., evolved giants) show sharper, well-de ned lines (as well illustrated
in the Fig. 2.10, slow rotation results in narrow single lines, as demonstrated by the Sun
line). The typical range of measurabley sini values varies from a few km/s (for slow
rotators) up to several hundred km/s (for very fast rotators).

Figure 2.10: Comparison of the Solar spectra with those obtained using the same
parameters, except for the projected rotational velocity sini, which has been
modi ed.



Light Curves and Frequency Spectra

Another very important concepts in this work are light curves and frequency spectra,
or periodograms. Alight curve is the dependence of the brightness of an observed
object over time, where time is usually recorded in Julian date (JD), measured
in days. Brightness can be expressed either in magnitudes or in ux (or relative ux).
The frequency spectrunis obtained from the light curve using a Fourier transform
or other techniques. The frequency spectrum represents the distribution of signal
strength across di erent frequencies. In photometric studies, the amplitude can be
derived from any form of brightness measurement. feriodogramis an estimate
of the frequency spectrum based on the analysis of discrete, and often irregular, data.
In astronomy, periodograms are widely used to detect dominant periodic variations
in observed light curves (Scargle 1982; VanderPlas 2018).

Constructing frequency spectra not only enables us to detect periodic variations
in stellar brightness, but also provides insight into the underlying causes of variability,
such as rotation, pulsation or binarity. Frequency analysis has become an irreplaceable
tool in the study of variable stars, especially when combined with spectroscopic
methods. These powerful techniques enable the detection of periodic activity and
the estimation of important physical parameters, including rotational velocity, surface
inhomogeneities and the presence of stellar spots. In this thesis, frequency analysis was
a crucial step for comparing photometric variations with spectroscopic estimates and
for assessing the possible existence of photospheric spots on the surfaces of the studied
stars.

The most common method of constructing frequency spectra is the Fourier trans-
form, which converts series of brightness measurements over time into the frequency
spectrum. When the data are not regularly sampled | a common situation in as-
tronomy | the Lomb{Scargle periodogram is often used, as it can handle unevenly
spaced observations e ciently (VanderPlas 2018). The Lomb-Scargle method was
applied to construct periodograms in this work.

3.1 Interpretation of Periodograms

The Lomb-Scargle periodogram is a method speci cally designed to handle unevenly
spaced observational data, which is common in astronomical time series. Unlike
the classical Fourier transform, which requires evenly sampled data, the Lomb-Scargle
technique modi es the Fourier approach to accommodate irregular time intervals
(Scargle 1982). The method ts sinusoidal functions of di erent frequencies to the data
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and evaluates how well each frequency explains the observed variations. It computes
a normalised power for each test frequency, providing a direct estimate of the sig-
ni cance of periodic signals. Peaks in the Lomb-Scargle periodogram correspond
to frequencies where the model ts the data particularly well. One of the major
advantages of the Lomb-Scargle periodogram is that it is statistically well-de ned
even for data sets with missing observations or irregular sampling, and it allows
an easy estimation of the false alarm probability for detected peaks (VanderPlas
2018). Thus, the Lomb-Scargle method has become a standard tool for time-series
analysis in modern astrophysics, particularly in the search for exoplanets, variable
stars, and stellar rotation periods.

Periodograms, or frequency spectra, can have various appearances depending
on the type of variability present. As previously mentioned, they allow insights
into the origin of brightness changes. | will discuss several examples to illustrate
typical features in periodograms related to di erent astrophysical mechanisms.

3.1.1 Rotational Modulation

The dominant peak in the frequency spectrum is usually linked to the stellar rotation
period, particularly in stars with surface spots. These spots periodically modulate
the star's brightness as it rotates. The presence of harmonic frequencies|integer
multiples of the fundamental frequency|suggests non-sinusoidal brightness variations,
which are consistent with an asymmetric or uneven distribution of spots on the stellar
surface (Santos et al. 2017).

One example of this behavior is harmonic brightness variations, as illustrated
in Fig. 3.11. The gure shows the light curve (left panel), which exhibits a smooth,
strictly repeating pattern with superimposed waveforms, characteristic of stable
starspot modulation. The pattern displays periodic variations without sharp features,
with the maxima and minima di ering in shape and amplitude, suggesting the su-
perposition of multiple periodic signals. The periodogram (right-hand panel) reveals
a dominant frequency and its harmonics, indicating non-sinusoidal variability caused
by complex distribution of starspots on the stellar surface (Skarka et al. 2022).

Figure 3.11: Light curve and periodogram of a star with stable spots.

In contrast to the harmonic and stable variability, the Fig. 3.12 shows a light
curve with a less regular structure where short-term variations are superimposed
on an underlying periodic trend, indicating semi-regular brightness variations that



Chapter 3 19

are likely caused by evolving or migrating starspots. The corresponding periodogram
reveals groups of peaks near harmonic frequencies (Skarka et al. 2022).

Figure 3.12: Light curve and periodogram of a star with unstable spots.

3.1.2 Pulsations

Figure 3.13 shows the light curve (left panel) and periodogram (right-hand panel)
of a typical Doradus pulsating star. This type of light curve often exhibits irreg-
ular brightness variations, such as beating patterns, bumps or sharp uctuations.
In the periodogram, this complexity manifests as multiple closely spaced peaks, typi-
cally appearing below ve cycles per day. These peaks tend to be grouped rather than
forming a simple harmonic series. Well-de ned single peaks are generally not present.
Interestingly, groups of peaks may occur near the expected positions of harmonics;
however, they do not represent true harmonic relationships.

Figure 3.13: Light curve and periodogram of a typical pulsating star.

3.1.3 Binarity

Figure 3.14 shows the light curve and periodogram of an eclipsing binary system.
The light curve is characterised by periodic, sharp minima that correspond to eclipses.
These are often of a similar depth in the case of equal primary eclipses, while the max-
ima between eclipses remain relatively constant. These features are characteristic
of detached binary systems, although similar dips can also be produced by tran-
siting exoplanets. The periodogram reveals a strong peak at the orbital frequency,
as well as multiple well-de ned harmonics, which re ect the non-sinusoidal shape

of the light curve. In some cases, these features may also indicate ellipsoidal variations
caused by tidal deformation of a stellar components (Prsa et al. 2011). However,
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distinguishing between true eclipsing events and other forms of variability, such as ro-
tational modulation or stellar pulsations, requires careful analysis of the morphology
of the light curve and its frequency distribution.

Figure 3.14: Light curve and periodogram of a typical binary system.

3.2 Limitations of the Method

Although frequency analysis is extremely useful and often irreplaceable, it has several
limitations. One important issue relates to data gaps and observational cadence. Ide-
ally, long, continuous observations of brightness variations are necessary for accurate
frequency determination. However, this is often unachievable due to the limitations
of ground-based observatories, including weather conditions, the day/night cycle
and atmospheric disturbances. Even space-based data, such as that from TESS,
inevitably contain gaps caused by the satellite's observational schedule (Ricker et al.
2015). Another limitation arises from instrumental noise and precision. Photometric
noise, instrumental systematics, and limited measurement precision have the poten-
tial to create a false image of real astrophysical signals. Low-amplitude variations
in particular may become di cult to detect reliably (Sullivan et al. 2015). Finally,
aliasing e ects can complicate the interpretation of results. Such e ects occur when
the sampling rate is inadequate to properly resolve high-frequency signals, resulting
in their misrepresentation at lower frequencies. This can lead to the incorrect identi-
cation of periods, thus complicating the interpretation of periodograms (Deeming
1975).



Data Collection and Analysis

4.1 Data

Candidate stars were selected primarily based on data from the TESS mission,
with particular attention paid to light curves indicating potential rotational variabil-
ity. Only stars exhibiting such variability were selected. These objects were then
matched with a sample of bright, well-visible stars from the Ondejov Observatory
with an apparent magnitude limit of 9 and e ective temperatures above 6000 K.
After careful consideration, ve objects were selected for further study. It was
noted that three of these objects had temperatures above 6000 K, while two had
temperatures above 7000 K.

Table 4.1: Stellar parameters and observation details obtained using TIC catalogue,
SIMBAD (Ochsenbein et al. 2000) and ts le headers. SNR estimated from uxes
in blocks of 30 points using iSpec (Blanco-Cuaresma et al. 2014).

Stellar Parameters

Star ID \ RA [deg] DEC [deg] Vmag Te [K] logg MM ] RIR ]

HD 197039| 310.1471 15.6432 6.8 6533 391 1.350 2.146

HD 204485| 322.0343 32.2253 5.8 7186 413 1.610 1.801

HD 219487 348.9911 24.7709 6.6 6869 433 1.490 1.380

5 Peg 324.4392 19.3186 55 7112 3.37 1580 4.306

HT Cet 045.8673 06.2267 6.7 6929 400 1.510 2.020
Observation Details

Star ID \ Date Exptime [s] SNR SIMBAD Category

HD 197039| 16+17.8.2024 1200 84.25 Double or Multiple Star

HD 204485| 17.8.2024 1200 88.82 High Proper Motion Star

HD 219487 23.8.2024 1200 88.82 High Proper Motion Star

5 Peg 21.9.2011 400 187.95 High Proper Motion Star

HT Cet 22.8.2024 1800 134.73 gamma Dor Variable

Once suitable candidates were selected and observed, | began the analysis.
The spectra were already reduced and | used merged spectra. The original plan was
to use the spectra measured by the OES, however some complications arose and
for one of the ve selected objects, star 5 Peg, it was not possible to use its spectrum
at all, due to poor quality resulting from incorrect normalisation. Fitting the data was
out of the question. We therefore resorted to using the spectrum measured by another
spectrograph with higher resolution, better observing conditions and therefore a better
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quality output spectrum. The spectra were obtained with the Hermes spectrograph,
installed on the Mercator telescope in the Roque de Los Muchachos observatory
on the island of La Palma, operated by the KU Leuven university (Royer et al. 2024).

| used the open source Melchiors catalogue to download the data. In the Fig. 4.15,
| show a comparison of the spectra from the OES, Hermes spectrograph and the syn-
thetic spectrum corresponding to the parameters of the star 5 Peg, obtained from
TIC catalogue. It is clear from the Fig. 4.15 that for rapidly rotating objects, such

as the star 5 Peg, the spectrum measured by the OES (blue spectra in the Fig. 4.15)
is completely unsuitable for determining the rotational velocity of the object, since
the synthetic spectra t almost nowhere.

Figure 4.15: Comparison of the spectra from the OES, the Hermes spectrograph and
the synthetic spectrum according to the parameters of the star 5 Peg.

The other selected objects were not such fast rotators, so | was able to use
the spectra measured by the OES.

4.2 Methodology

My aim was to determine the projected rotational velocities from the spectra of the se-
lected stars, calculate the rotational frequencies from the velocities, and then compare
these frequencies with the frequencies of the brightness variations. This comparison
allowed me to determine whether these two di erent frequencies (the star's rotational
frequency and the frequency of the star's brightness variations) could be related,
since it was not clear at the beginning, whether the brightness variations were caused
by spots in the star's photosphere or by some other mechanism like pulsations.

4.2.1 Rotational Variability|Projected Rotational Velocity

| used ISpec tool (Blanco-Cuaresma et al. 2014) for the treatment and analysis
of the spectra. First, | re-normalized the spectra and removed cosmic-ray artifacts.
The spectra from the OES were already normalized using the Image Reduction and
Analysis Facility (IRAF, Tody 1986), a general-purpose software system for the re-
duction and analysis of astronomical data. Since the normalisation from IRAF was
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mostly not appropriate, | had to perfrom an additional normalisation using ISpec
functions t continuum and normalize continuum The Fig. 4.16 shows the di erence
in the normalisations of the HD 219487 spectrum. It is clear from the gure that
the additional normalisation did help a little bit and that the additionally normalised
spectrum was a slightly better one.

Figure 4.16: Comparison of automatic (IRAF) and additional (iSpec) normalisation
of the HD 219487 spectra.

Further, | had to trim the remaining cosmic-ray artifacts, correct the spectra
for radial velocity, and determine the region of interest on each spectrum. This time
| used theClean uxes and errorsfunction in iSpec, where | trimmed the cosmic-
rays artifacts to Iter out bad measurements. For usage of this function | rst
had to specify the base and peak ux and error, then it automatically removed
the interfering cosmic-rays artifacts. A comparison of the original spectrum and
the cleaned spectrum is shown in the Fig. 4.17.

Figure 4.17: Comparison of original spectrum with cosmic-rays artifacts and cleaned
and additionally normalised spectrum of HD 219487.
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| also corrected the normalised and cleaned spectra for radial velocity. For this step
| used the function Determine velocity relative to atomic lines (radial velocity)and
then Correct velocity relative to atomic lines (radial velocity) The generation of the ve-
locity pro le in iSpec is done by an implementation of the cross-match correlation
algorithm. If the option to use atomic lines is selected, which | did, a mask is used
instead of a template, which means that the cross-correlation is performed using a list
of prede ned atomic line positions rather than an observed or synthetic reference
spectrum (template) (Blanco-Cuaresma et al. 2014). This approach relies on matching
individual spectral lines to determine radial velocity. Among the available mask line
lists, | used one based on the Vienna Atomic Line Database (VALD, Kupka et al.
1999)|a collection of atomic and molecular transition parameters of astronomical
interest, covering the wavelength range from 300 to 1100 nm. VALD provides tools
for selecting subsets of lines for various astrophysical applications, including line
identi cation, spectroscopic observation planning, chemical composition and radial
velocity measurements, and model atmosphere calculations. Once the velocity pro le
has been generated, the spectrum and the regions can be shifted with respect to the de-
termined velocity. Just for a quick demonstration, | show the result of this process
for HD 219487 in Fig. 4.18.

Figure 4.18: Result of the radial velocity cross-correlation process.

Correcting the spectra for radial velocity is important because if this velocity is not
zero, then the whole spectrum will be shifted by a xed value relative to the synthetic
spectrum, which is undesirable in a t. The tting errors would be huge without
the radial velocity correction. A comparison of the original spectrum and the spectrum
corrected for radial velocity is shown in the Fig. 4.19.
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Figure 4.19: Comparison of the original spectrum and the spectrum corrected for radial
velocity for the star HD 219487.

Then | selected a part of a spectrum that would be suitable for tting. The upper
limit of the wavelength | used for the actual spectrum analysis was mainly determined
by the telluric lines. These lines are produced by the Earth's atmosphere and
would induce an arti cial signal into stellar spectra. Therefore, these lines interfered
with my measurements, so | limited the spectra, that they did not contain these
lines at all. To do this, | used the telluric lines provided by my supervisor from
Molect (Smette et al. 2015). | show used telluric lines in Fig. 4.20. Molec't
is an instrument-independent software tool to correct astronomical observations
for atmospheric absorption features, based on tting synthetic transmission spectra
to the astronomical data. It can also estimate molecular abundances, especially
the water vapour content of the Earth's atmosphere.

Figure 4.20: Telluric lines used in this theses to determine the upper limit of spectra
tting.

| also avoided tting near the Balmer lines in the spectra because it was bet-
ter to include as many metal lines as possible, especially iron. When measuring



Chapter 4 26

the projected rotational velocity, we usually use iron and other metal lines instead
of Balmer lines, since metal lines are not as a ected by Stark broadening (which
comes from electric elds in ionised regions, Slettebak 1985). The bottom wavelength
limit of the used parts of the spectrum were mainly limited by the H line. So overall
| tted spectra in the visible region of the electromagnetic spectrum from about
490 to 550 nm. For some spectra it was possible to use longer wavelengths, up to about
580 nm, depending on how the spectrum looked in this region (presence of useful
iron lines, interference artifacts associated with the measuring instrument, and gaps
in the measured data).

Before | could proceed with the actual tting, | had to provide the t of the con-
tinuum. As | had already normalised the spectra, | used thEixed value tting option
in the Fit continuum function, i.e. the continuum was only interleaved with the unit
horizontal line. This step was required to create the actual t of the whole se-
lected part of the spectra. | then used théetermine parameters and abundances
with synthesisefunction, which allowed me to t di erent parameters of the spec-
trum, from the e ective temperature to the metallicity to di erent velocities, such
as macro/microturbulence and projected rotational velocity, for a total of ten tting
parameters. A detail of the window with the possibility of setting di erent parameters
is shown in the Fig. 4.21.
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Figure 4.21: A detail of the window with the possibility of setting di erent parameters
of tting in iISpec program.
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The most important parameter for me in this work was the projected rotational
velocity, which | obtained by tting the spectra. The tting procedure in iSpec allows
more tting parameters to be left free and thus t more variables at the same time,
but if the other parameters are known it is a good idea to set them as xed and
t as few parameters as possible. Since | was trying to get the rotational velocity
projection from the tting process, it was convenient to get the other parameters from
available sources in the archives. | obtained the e ective temperature and surface
gravity from one of the public catalogues (TESS Input Catalogue version 8.2 (TIC
v8.2), Paegert et al. 2021), the latest version of the catalogue for objects observed
by the TESS satellite. The use of this catalogue follows on from previous steps, when
the original paper by Skarka et al. (2022), was based on data measured by the TESS
satellite. | accessed the TIC catalogue via the freely available serwéizieR. VizieR
provides the most complete library of published astronomical catalogues, tables and
associated data with veri ed and enriched data (Ochsenbein et al. 2000).

At this point | moved on to entering the tting parameters. Some of the values
were calculated directly in iSpec using the empirical relations, others were found
in TIC catalogue, as meantioned earlier. | let iSpec calculate the values fori-
cro/macroturbulence i.e. | set the option Automatic Vmic/Vmac from empirical
relation. These values are calculated from the relationships given in Blanco-Cuaresma
(2019), Worley et al. (2024) and Doyle et al. (2014). As the spectra had previously been
corrected for radial velocity, this value now remained zero. The resolution of the spec-
tra depends on the instrument used for the measurements. For the OES the resolution
is 50 000 and for the Hermes spectrograph it is slightly higher, up to 85 000 (Raskin
et al. 2011). I left the alpha enhancement and limb darkening parameters at their
default values, i.e. O for alpha enhancement and 0.6 for limb darkening.

| also had to select options for the code, model atmosphere, solar abundances
and line list. For the spectral analysis performed in this thesis, | chose the MOOG
code (Sneden et al. 2012) for its established reputation and extensive use in Local
Thermodynamic Equilibrium (LTE) abundance and synthetic spectral analyses, par-
ticularly for FGK stars with e ective temperatures exceeding 6000 K. MOOG's ability
to provide both equivalent width measurements and synthetic spectral tting enables
accurate modeling of spectral line pro les, which is essential for precise determination
of the projected rotational velocity (vsini). In addition, integration of MOOG into
the iISpec framework facilitates consistent and reliable analysis by combining robust
radiative transfer calculations with comprehensive line lists and model atmospheres
(Blanco-Cuaresma 2019). To match the characteristics of my target stars, which have
e ective temperatures around 6000-7000 K, | used the ATLAS9.Castelli model atmo-
spheres (Castelli & Kurucz 2003). These are particularly well-suited for hotter stars
and o er a good balance between physical realism and computational e ciency, using
opacity distribution functions optimized for high-temperature stellar photospheres
(Gustafsson et al. 2008; Meszaros et al. 2012). For solar abundances, | adopted
the Grevesse.2007 set (Grevesse et al. 2007), which re ects modern revisions based
on 3D hydrodynamic models and non-LTE e ects. This choice ensures consistency
with the ATLAS.9 models and is widely used in high-resolution spectroscopic studies.
Lastly, | used the VALD.300{1100 nm line list, which provides comprehensive atomic
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transition data over the relevant spectral range, including both visible and near-
infrared lines. This selection ensures high accuracy and completeness for modeling
and tting the observed spectra (Kupka et al. 1999). Finally, | entered the values
for Te and logg from TIC catalogue. Once | had all the parameters set, | moved
on to the actual tting of the spectrum. The only free parameters were the pro-
jected rotational velocity and the metallicity. However, as it later became apparent
that the metallicity t was quite confused and had a high error for some objects,

| decided to re-t these objects and set the metallicity as a xed parameter to zero|
i.e. the solar metallicity. |1 used 6 iterations for the t, which is the default setting

in iISpec. After a successful tting, if the errors were not greater than the results
and there were no other complications, | checked the t. If the curve did not t well

on some lines, | looked to see which of the spectral lines were iron lines. If there
were large deviations on the iron lines, | tried to get a better tting curve, using
the Synthesize Spectruniunction. This function synthesises the spectrum of the star
with the speci ed parameters, but does not t. So again, as with tting, the param-
eters were entered into the table. | provide a table for specifying the parameters
for synthesis in the Fig. 4.22.

Figure 4.22: A detail of the window with the possibility of setting di erent parameters
of synthesize in iSpec program.
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As soon as | was satis ed with the t and the retrieved values in the form
of vsini, my work in iSpec was nished. The resulting ts are shown in Fig. 4.23
and the parameters obtained for each tin the Tab. 4.2.

Figure 4.23: The result of the iSpec spectrum tting.

When looking at Fig. 4.23 containing the spectra, the rst thing to notice is the ob-
served curves themselves. These consist of the continuum and spectral lines mentioned
earlier. The vertical axis is in units of relative ux. | used the same wavelength
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region for HD 197039, HD 204485, HD 219487, and HT Cet. However, 5 Peg re-
quired a di erent and broader wavelength region due to its faster rotation, which
spreads out the spectral lines. This choice of wavelength range refers speci cally
to the plotted graph and does not correspond to the tting region used in the spectral
analysis. The broader range of wavelengths for star 5 Peg was selected because
it more clearly illustrates the key feature being demonstrated here. As the lines are
below the continuum value, these are absorption lines at di erent wavelengths.

The most important regions for tting the vsini are those with indistinct lines
where there is splitting at the top or bottom of the line, but the cleavage does not
reach at the continuum value. For a better demonstration of these regions, see
Fig. 4.23, in which such regions are indicated. In the rst four spectra, these regions
are found around 532.9 nm, in the spectrum of HD 197039, HD 219487 and HT Cet,
around 553.8nm. In the 5 Peg spectrum, the regions are visible around 556{558 nm
and 559.5nm. These regions are good indicators of the projected rotational velocity.
We refer the reader to Fig. 2.10 in the chapter on spectral analysis, where it is visible,
that higher v sini values imply the formation of smeared peaks. This is clearly visible
in Fig. 2.10 in the 525.5{525.6 nm region: wheresini is equal to 10 km/s, only
two irregular, bumpy lines remain from the six peaks of the original solar spectrum
(projected rotational velocity equal to 1.6 km/s). Moving to the highest velocity
shown in the same gure reveals that one line contains all six original lines, forming
a single shallow depression. This clearly demonstrates the formation of smeared peaks
at higher rotational velocities.

Furthermore, Fig. 4.23 shows that the t is not perfect everywhere. This occurs
due to various factors, such as the fact that not all lines in the shown area are
iron lines that | tted because of their high sensitivity to variations in rotational
velocity (Cabrera Solana et al. 2005). There is also imperfect spectrum normalisation,
measurement errors, and ultimately, only an approximate t. In fact, the t merely
attempts to approximate the star's real spectrum and is therefore never perfect,
containing uncertainties in the tted values.

As illustrated in Tab. 4.2, the T, values were determined without uncertainties
due to the absence of a column designated for their entry in iSpec. A similar approach
was adopted fologg. In addition, iSpec was used to calculate the metallicity for only
two of our ve objects, where the tted spectrum was better with the use of metallicity
than without. The metallicity of the remaining three objects was deemed unreliable
for use, as it did not improve the t and had signi cant uncertainties. The 5th and
6th column of Table 4.2 present the calculated values fof,ic and Viac, derived from
the empirical relations that were discussed in the previous section of this chapter.
The nal 7th column of the Tab. 4.2 presents the determined value of sini, along
with its associated uncertainties. It is important to note once again that the values
of vsini were obtained by tting the spectra.
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Table 4.2: Used parametersTe and logg from TIC catalogue) and iSpec tting
results for metallicity ([M/H]), microturbulence (vpic), macroturbulence {mac), and
projected rotational velocity (vsini).

Star ID \Te [K] logg [M/H] Vimic [KM/S]  Vmac [kKM/s]  vsini [km/s]

HD 197039| 6533 3.91 0 1.48 9.50 27(3)
HD 204485 7186 4.13 0 1.88 5.50 9(2)

HD 219487 6869 4.33 0 1.63 12.99 28(4)
5 Peg 7112 3.37  -0.44(2) 2.77 3.85 159(5)
HT Cet 6929 4.01 -0.20(10) 1.70 14.06 29(5)

4.2.2 Photometric Variability|the Periodogram

The next step in the data processing was to determine the frequency and nature
of the light variations in the selected stars.

To obtain and analyse the light curves, | used thdghtkurve  Python package
(Lightkurve Collaboration et al. 2018), which is speci cally designed for working
with time-series data from space telescopes such as Kepler and TESS. Using this tool,
| accessed public TESS data from the Science Processing Operations Center (SPOC,
Caldwell et al. 2020) pipeline, with a 2-minute cadence, which was a straight-forward
and e cient process. Once the data had been acquired, | plotted the normalised

ux of each object initially to visually inspect their variability. This enabled me
to observe and compare brightness variations of all ve stars.

The plots in Fig. 4.24 clearly show that each star exhibits a unique light curve.
The amplitude of variation di ers signi cantly, ranging from subtle changes at the fourth
decimal place in relative ux for the star 5 Peg to more prominent variations visible
already at the second decimal place for HD 204485. The timescale of the variability
di ers widely as well as the amplitude. For example, HD 204485 exhibits the slowest
variations, spanning nearly fteen days, whereas HT Cet shows the fastest uctuations,
occurring on the scale of single days.

There is also a wide range in the regularity of these variations. For example,
HT Cet exhibits remarkably regular and clean periodic changes, resulting in a well-
de ned light curve. In contrast, the variability in HD 219487 is less obvious, partly
due to its relatively small amplitude and higher data noise. As well the star 5 Peg
exhibits somewhat less apparent variations, making its periodicity harder to interpret
at rst sight. Despite these di erences, measurable brightness variations are clearly
apparent in all ve stars, thus con rming their status as variable objects.
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