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Abstract

This Habilitation thesis is a compilation of my most distinct publications regarding stellar
variability among stars with temperatures between 6500 and 10000K. The goal of all these efforts
has been to identify common features and correlations between the observational characteristics
of variable stars, improve their classification, and reveal the underlying causes of their behaviour.
A better understanding of stellar pulsations, processes in stellar atmospheres, and stellar
multiplicity is essential because it impacts many applications of variable stars in astrophysics,
for example, distance determination. The thesis comprises my research on main-sequence, as
well as on horizontal-branch stars, represented by seven first- and one second-author papers.
Apart from that, I have participated in general studies dedicated to stellar variability, research
focused on exoplanets, instrumentation and collaboration with citizen astronomers. According
to the NASA ADS database, my efforts have resulted in the publication of 152 papers and
conference proceedings (38 of them as the first author) with almost 1800 citations (without
self-citations). Only about two-thirds of these are listed in WoS and/or SCOPUS databases.

The thesis begins with a brief introduction and is followed by my investigations of large
samples of RRLyrae stars in the Galactic bulge and the Galactic field to study the modulation
(the Blazhko effect) and binarity of these old, radially pulsating stars. We discovered a gap in
the modulation-period distribution at around 1000 days, which we named the Blazhko valley.
We sorted Blazhko stars into six groups, considering the shapes of their modulation envelopes,
and showed that there are basically no differences between Blazhko and non-Blazhko stars. On
the example of Z CVn, we showed that spectroscopic confirmation of binary candidates with
an RRLyr component is an absolute necessity. The third chapter of the thesis is dedicated to
chemically peculiar (CP) stars in binary systems. We studied a tight binary system HD99458
that may contain the first magnetic CP star which pulsates as a δ Sct pulsator. Magnetism, δ
Sct pulsations and binarity are not expected to work together in such configuration. The other
presented system is 50Dra, which consists of two slowly-rotating metallic chemically peculiar
components that most likely show high-order g-mode oscillations. In the fourth chapter of the
thesis, I present my results on stellar variability classification based on TESS space-mission data,
where I thoroughly discuss shortcomings in classification and reveal substantial discrepancies
between classification in various catalogues. I conclude and provide future prospects in the last
chapter.
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CHAPTER 1

Introduction

Stars evolve and experience many physical processes that make them vary in brightness
on timescales observable by humans. Such stars, which often also change their spectral
characteristics, are called variable stars, or shortly variables. Since the variations re�ect real
physical processes, variables represent unique objects that help us better understand stars, their
atmospheres and interiors, and indirectly the whole Universe (for example, formation history of
galaxies, distances using standard candles, etc.). This Habilitation thesis is a compilation of my
studies focused on observational aspects of periodic A-F spectral type variable stars, particularly,
research of long-term (quasi)periodic variations, chemical peculiarity and classi�cation of these
objects. As such, the thesis re�ects my scienti�c development since my PhD, and evolution
from highly specialised phenomena in RR Lyrae stars (RRLs) to general questions connected
with the origin of the variations and their classi�cation.

I start with RRLs, one of the most important classes of variables that comprises hundreds
of thousands of catalogised examples (Watson et al., 2006; Gaia Collaboration et al., 2019).
These old, helium-core-burning pulsating stars with characteristic fast rise and slow decay
of brightness obey period-luminosity-metallicity relations and serve as important distance
indicators (e.g., Drake et al., 2013; Ngeow et al., 2022). They help us map and investigate
the evolutionary past of the Milky Way Galaxy (e.g. Kunder et al., 2025; Prudil et al., 2025),
understand the late stellar evolutionary phases, and mass loss on the red-giant branch that
precedes the horizontal-branch evolution (e.g. Caloi & D'Antona, 2008; Tailo et al., 2025).

In Chapter 2, I elaborate on our �ndings of RRLs with the light curve modulation known as
the Blazhko e�ect (papers 1, 2, and 5 from the list of publications, Skarka et al., 2016; Prudil &
Skarka, 2017; Skarka et al., 2020) and discuss the long-term period variations originally assumed
to be connected with binarity. This issue is demonstrated on an RRL star Z CVn (publication 3
from the list of included papers, Skarka et al., 2018). Our investigation on statistically large
samples of RRLs revealed correlations in modulation periods, modulation shapes and amplitudes.
In the case of Z CVn, we showed that the long-term cyclic pulsation-period variations usually
considered as a consequence of binarity (e.g. Li²ka et al., 2016; Hajdu et al., 2021) might be
wrong, at least in some RRLs.

In contrast to Z CVn, main-sequence stars HD 99458 and 50 Dra are in binary systems
for sure. Stars in both systems show peculiar chemical composition, classifying them as
chemically peculiar (CP) stars. For some reason, the presence of stars in tight binary systems
prevents strong magnetic �elds from appearing. Thus, the existence of magnetic CP stars
(mCP, alternatively Ap stars) in tight binary systems is still a matter of debate, and only a
few candidates have been identi�ed (Paunzen, 2020). On the other hand, binarity is one of
the important conditions allowing chemical peculiarity of the metallic-type stars (Am stars).
HD 99458 was identi�ed as one of the very few candidates of an Ap star in a short-period binary
system (paper 4 from the list of publications Skarka et al., 2019). The star 50 Dra (paper 8
from the list of publications Skarka et al., 2025) shows very interesting additional variability
that is di�cult to explain. Both systems are discussed in Chapter 3.

Both stars mentioned in the previous paragraph show a combination of variability that
would be detectable from the ground with a great di�culty. With the advent of space missions,
such asCoRoT (Auvergne et al., 2009),Kepler (Borucki et al., 2010) and TESS (Ricker et al.,
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1. Introduction

2015), and their enhanced precision, e�ects in the mmag regime become signi�cant. Thus, space
missions triggered the need to explain various phenomena under various, previously unexpected
and undetected, physical conditions. In addition, ultra-precise space observations have shown
the need for a better-de�ned multi-parametric classi�cation, which is rapidly evolving with
the evolution of machine learning methods. In Chapter 4, we discuss manual classi�cation
of thousands of bright stars observed by the space missionTESS which is based on results
in papers 6 and 7 from the list of publications (Skarka et al., 2022; Skarka & Henzl, 2024).
We revealed serious issues in the classi�cation of variable stars when using space data and
demonstrated how poor the classi�cation can be when using low-quality ground-based data.
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CHAPTER 2

Period changes and other variations
in RR Lyrae stars

As mentioned in Chapter 1, RRL stars are considered old (> 10Gyr) and evolved horizontal
branch stars that fuse helium in their cores (Catelan & Smith, 2015). The main source of their
light variations is radial stellar pulsations generated by variations in opacity � the � mechanism
(Eddington, 1926). RRLs show three basic types of period variations that di�er in nature and
time scales. First, very slow evolutionary period changes in both directions appear due to
changes in the internal structure of stars (typically in the order of about � 0:1d Myr � 1, e.g.,
Lee, 1991; Le Borgne et al., 2007). Second, quasi-periodic variations in the order of days to
decades, that are induced by dynamical e�ects connected with pulsations, are observed in a
large portion of RRLs (the Blazhko e�ect, Blaºko, 1907; Jurcsik et al., 2009; Smolec, 2016;
Molnár et al., 2022). The third type of period variations observed in RRLs is strictly periodic
with cycle periods in the order of years or decades (Li²ka et al., 2016; Prudil et al., 2019; Hajdu
et al., 2021). These variations are assumed to be connected with binarity. However, in some
cases they might be caused by an unknown phenomenon intrinsic to the stars that is likely
connected with pulsations and evolution of the stars (see Skarka et al., 2018, and Sect.2.2). In
addition to these three types of period variations, some stars were reported to show erratic
period changes likely connected with evolutionary instabilities (e.g., Le Borgne et al., 2007).

2.1 Blazhko effect in RR Lyrae stars

Already a few years after the discovery of RRLs, Blaºko (1907) noticed regular period instability
of RW Dra, while Shapley (1916) reported pulsation period and amplitude variations of RR
Lyrae itself. The nature of these amplitude and period/phase modulations, which we call the
Blazhko e�ect 1 now, has not been fully explained yet. This e�ect is common among RRLs, and
it a�ects the mean luminosity (Jurcsik, 2019). Since RRLs serve as distance indicators, it is
important to understand the background of this phenomenon. In addition to RRLs, modulation
similar to the Blazhko e�ect also appears among other pulsators, for example, Cepheids (e.g.
Molnár & Szabados, 2014; Smolec, 2017; Rathour et al., 2021).

A huge progress in the Blazhko e�ect investigation has been made in the last 15 years, mainly
due to the advent of space missionsKepler (Borucki et al., 2010) and TESS, and ground-based
surveys such as OGLE (Udalski et al., 1992; Soszy«ski et al., 2014). Long-term monitoring
and precise observations are crucial because the manifestations of the Blazhko e�ect become
more apparent in long-time-span and high-quality data sets. The light curves of Blazhko RRLs
show a typical modulation pattern. An example is shown in the top and bottom left panels of
Fig. 2.1.

The brightness variations in amplitude are always accompanied by period/phase and mean-
magnitude variations (e.g., Szeidl et al., 2012). The modulation is not always apparent visually
from the light curve. However, it can be e�ciently detected in Fourier spectra from the presence

1Kurtz (2022) suggests to call the modulation Tseraskaya�Blazhko e�ect since it was Lidiya Petrovna
Tseraskaya who actually �rst noticed the variations in RW Dra.
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2. Period changes and other variations in RR Lyrae stars

Figure 2.1: left panels: Example of a star that shows the Blazhko e�ect. The top panel shows
the light curve (magnitude versus Julian date), while the bottom panels show data phase-folded
with the modulation frequency (left) and pulsation frequency (right). The middle panels
show the frequency spectra close to the pulsation frequency (the red vertical line) with the
equidistant peaks (cyan lines) produced by modulation.right panels: Blazhko period versus the
pulsation period as a density map (top panel) and a classical plot (bottom panel) with di�erent
modulation types shown. Figures from Skarka et al. (2020).

of a characteristic equidistant pattern close to the main pulsation frequencyf 0 and its harmonics
kf 0 (k being an integer number) that are products of the modulation (Benk® et al., 2011;
Szeidl et al., 2012). The frequency di�erence between the peaks in this pattern is equal to the
modulation frequency f m .

In 2015, we established the SERMON project (SEarch for Rr Lyrae stars with MOdulatioN,
Skarka et al., 2016, publication 1 from the list of publications) in cooperation with students and
enthusiastic citizen astronomers, to search for modulated stars in survey data and describe their
characteristics on a statistical basis. Additionally, a master project dedicated to RRL stars in
the Galactic bulge under my supervision started in the same year (student Zden¥k Prudil). We
manually searched for modulated fundamental mode RR Lyrae stars (RRab) by investigating
frequency spectra and light curves from the ASAS (1234 Galactic �eld stars, Skarka et al.,
2016) and OGLE survey data (8282 Galactic bulge stars Prudil & Skarka, 2017, publication 2
from the list of publications).

In Skarka et al. (2016), we identi�ed 87 Blazhko stars, of which 48 were new detections.
Back in 2016, the new identi�cations constituted almost 20 % of all known Blazhko stars from
the Galactic �eld. The detected portion of modulated stars in the ASAS data was 12 %, which
was about two times higher than that detected by Szczygieª & Fabrycky (2007), who used
semi-automated routines applied to the ASAS data. Our approach demonstrated the e�ciency
of individual manual investigation. However, the detection e�ciency depends on data quality,
sampling and time span of the data. We showed that modulation with periods as long as
two-thirds of the time span of the data can be reliably detected.

In the Galactic bulge stars, the percentage of Blazhko stars was at least 40.3 %. We identi�ed
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2.1. Blazhko effect in RR Lyrae stars

3341 Blazhko stars2 out of 8282 investigated fundamental-mode RRLs (RRab) (Prudil & Skarka,
2017, publication 2 from the list of included papers). The actual percentage remains a matter
of debate. Kovacs (2018) identi�ed modulation in 91 % of stars from theK2 mission, while
Molnár et al. (2022) found that up to 72 % of RRab stars are modulated (based onTESS data).
This is in line with the most recent study by Kovacs (2025)3 who corrected the modulation
distributions for noise and time span of the data and found the underlying occurrence rate
at least 75 %. In any case, the modulation is widespread among RRLs. Nevertheless, what
determines whether the star shows the Blazhko e�ect? Why do some RRLs show modulation
and others not?

We used our large samples of RRLs to investigate di�erences between modulated and
non-modulated stars, and to describe the modulation characteristics based on the light curves.
In Prudil & Skarka (2017), we performed a Fourier decomposition of the light curves and
investigated the so-called Fourier amplitude and phase parameters (ratios of thei -th and the
�rst amplitude Ri 1 = A i =A1 and phase di�erences betweeni -th and the �rst ( ' i 1 = ' i � ' 1)
sine components). The interrelations of the Fourier parameters allowed us to de�ne empirical
relations that are powerful in the identi�cation of modulated stars.

In combination with the fact that the Fourier parameters are connected with metallicity
[Fe/H] (Jurcsik & Kovacs, 1996), which is in turn connected with luminosity (e.g., Lee et al.,
1990), we were also able to estimate the spatial distribution of modulated and non-modulated
stars in the Galactic bulge. We found no di�erences in the spatial distribution of non- and
modulated stars, their mean dereddened colours, absolute magnitudes, and metallicity (see
table 2 and �gs. 11, 12, 13 in Prudil & Skarka, 2017). This was the �rst time that such a
comparison was made on a statistically large and homogeneous sample of stars. Our results
suggest that the modulation is only a temporary episode in the life of RRL stars, which is
supported also by other authors who reported diminishing/reappearance of modulation in some
RRL stars (e.g. Sódor et al., 2007; Soszy«ski et al., 2014; Jurcsik, 2019).

All the characteristics of the mean light curves, including amplitudes and phase Fourier
parameters, as well as the pulsation periods, are lower for modulated stars than for regular
RRL stars Prudil & Skarka (2017). This means that the Blazhko e�ect suppresses the pulsation
amplitude, which has been demonstrated in �g. 7 in Prudil & Skarka (2017) and �g. 10 in
Skarka et al. (2020, publication 5 from the list of included papers). The shorter pulsation
periods of Blazhko stars are given by the fact that the modulation does not appear among
RRLs with periods longer than about 0.65 days.

Our studies on amplitudes, shapes and periods of modulation led to a de�nition of six
basic morphological types, with the majority of modulated stars (90 %) showing symmetric and
sinusoidal modulation envelopes (Skarka et al., 2020, 2021). We were able to quantify limits
of modulation amplitudes and periods regarding the pulsation period. We clearly con�rmed
previous assumptions that long-pulsation-period Blazhko stars have small modulation amplitudes
and their modulation periods are longer than in their short-pulsation-period counterparts (Skarka
et al., 2020). We discovered that the distribution of the modulation periods is log-normal
(Skarka et al., 2016) and bimodal, separated with a well-de�ned gap in the modulation versus
pulsation period plane (see the right-hand panels of Fig. 2.1). We named this less populated
region 'The Blazhko valley' (Skarka et al., 2020). The signs of this region have been apparent
already in Skarka et al. (2016) but clearly proven with the OGLE data in Skarka et al. (2020).

A big step toward explaining the Blazhko e�ect has been made in infrared wavelengths
when Jurcsik et al. (2018) discovered that the modulation is mainly driven by temperature
variations, while the radius variations are marginal. From many theories that have been proposed
(see Smolec, 2016; Kolláth, 2018), the model involving non-linear resonance 9:2 between the
fundamental and the 9th pulsation overtone seems to be the most likely one to explain the
Blazhko e�ect and period doubling discovered in theKepler data (Kolláth et al., 2011; Kolláth,
2018). Space observations also revealed that modulated stars almost exclusively show additional

2about 10 times more than all known modulated Galactic �eld RRLs known in 2017 and 10 % more than
previous estimates for the Galactic bulge.

3The study largely uses our results from Prudil & Skarka (2017) and Skarka et al. (2020).
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2. Period changes and other variations in RR Lyrae stars

pulsation modes (e.g., Molnár et al., 2022, and references therein). Our contribution to the
research of the Blazhko e�ect is in a detailed light-curve investigation of a large number of
modulated stars, providing reliable statistical RRL characteristics that have not been available
before.

2.2 Binarity or other effects

Together with the Blazhko e�ect, a lack of RRL stars in binary systems is the most intriguing
mystery of these old stars. Only TU UMa, a single example, has been directly proven to reside
in a binary system via radial velocity observations (Wade et al., 1999; Li²ka et al., 2016; Kervella
et al., 2019a). No other candidate has been unambiguously proven. A few tens of candidates
have been identi�ed by their common proper motion in the Gaia DR2 catalogue (Kervella et al.,
2019a,b). An additional few tens of RRLs have been reported to show a cyclic pulsation period
variations (Le Borgne et al., 2007; Li²ka et al., 2016; Prudil et al., 2019; Hajdu et al., 2021)4,
that can be linked with binarity and the Light-Travel-Time E�ect, shortly LTTE (e.g. Irwin,
1952; Sterken, 2005; Liska & Skarka, 2015). The origin of the LTTE is in the �nite speed of light
and orbital motion around a common centre of mass. Observations of the pulsation timings in
the most distant point of the orbit from the observer would appear later than calculated, while
they would appear earlier in the closest point of the orbit, resulting in apparent cyclic period
variations.

It seems that classical RRLs can only arise in wide systems with large orbital separations,
where the mass transfer does not trigger another evolutionary path of a star, creating objects
of di�erent types, for example, a blue horizontal branch star. Hajdu et al. (2021) studied the
largest sample of RRLs showing cyclic pulsation period variations. They discovered that the
population of RRLs in such systems increases towards systems with periods between 3000 and
4000 days. Most of their candidate systems have high eccentricities. The distribution of their
mass function suggests trimodality, which can be associated with three groups of companions -
white dwarfs, low-mass main-sequence stars and Brown dwarfs.

Within my collaboration with citizen astronomers, we started monitoring a Blazhko star
Z CVn to describe its modulation (Skarka et al., 2018, article 3 from the list of included
papers). However, already shortly after our observations, it appeared that the star is far more
interesting even beyond its modulation since it shows spectacular long-term cyclic pulsation
period variations (see the top panel of Fig. 2.2). The full amplitude of the Observer-Calculated
(O-C) variations is approximately 0.6 days, and the period is about 78 years. If the assumption
of binarity was true, Z CVn would orbit around a black hole with a mass of about 56 M� . We
used available radial velocity observations and showed that the binary scenario cannot be true
since the observed radial velocities do not follow the orbital model values at all (bottom panel
of Fig. 2.2). Thus, we discovered an unknown e�ect that produces pulsation period changes in
RR Lyrae stars and mimics LTTE.

There have been objects similar to Z CVn reported in the literature. The common
characteristics of these objects are large amplitudes of their O-C diagrams and high companion
masses. For example, in Li²ka et al. (2016), we identi�ed two possible systems with a black
hole (AQ Lyr and AE Peg, assumed companion masses of 6-9 and 18.6 M� ). Furthermore, we
detected O-C variations consistent with an 8-solar-mass companion of KIC 2831097 (Sódor et
al., 2017). Derekas et al. (2004) detected O-C variations in the pulsation period of BE Dor
that would assume a companion with the mass of about 60 M� . However, later spectroscopic
observations, together with new photometric observations, ruled out the binary scenario of BE
Dor. Derekas et al. (2021) and Li et al. (2022) revealed that the pulsation period variations
of BE Dor are abrupt and quasi-periodic and radial-velocity observations do not show the
expected variations.

4Binary candidates known before 2019 are listed in the online RRL bincan database ht-
tps://rrlyrbincan.physics.muni.cz/ (Liska & Skarka, 2016).
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2.2. Binarity or other effects

Our results (Skarka et al., 2018), together with results on BE Dor (Derekas et al., 2021; Li
et al., 2022) move all the RRLs showing cyclic pulsation period variations to a candidate class
unless con�rmed by spectroscopic observations.
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2. Period changes and other variations in RR Lyrae stars

Figure 2.2: The top panel shows the LTTE e�ect and variations of the pulsation period. The
bottom panel shows the expected radial velocities (full line) and available observations (points).
Figures from Skarka et al. (2018).
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CHAPTER 3

Chemical peculiarity in tight binary
systems

In stars hotter than about 7000 K, slow to moderate rotation of < � 100km/s and radiative
transfer of energy in their envelopes can result in their chemical peculiarity1. In these stars,
rotational mixing is weak, and elements with large cross-sections (typically rare-earth elements)
are radiatively levitated to the stellar surface, while other elements (e.g. He) gravitationally
settle down (Michaud et al., 1976; Abt & Morrell, 1995). Stars that have strong globally-
organised magnetic �elds (300 G to several tens of kG, Paunzen, 2020) with over-abundances of
metals such as Sr, Cr, Eu, and Si are labelled as CP2 stars (Preston, 1974). The magnetic �eld,
which is assumed to be of fossil nature in CP2 stars, sustains long-living stable chemical spots
producing periodic brightness modulation. These variations are connected with the rotation
that itself can be variable (both decelerating or accelerating, Mikulá²ek et al., 2011).

Although the binary fraction of wide, long-period systems with CP2 stars is up to 50 %
(Paunzen, 2020), only very few binary systems with periods below 50 days have been discovered,
with a complete lack of binaries with periods below 1.5 days (e.g. Abt & Snowden, 1973; Carrier
et al., 2002; Paunzen, 2020). As a result of the Binarity and Magnetic Interactions in various
classes of Stars (BinaMIcS) survey, (Alecian et al., 2015) found that the incidence rate of close
binary systems hosting a main-sequence star with a strong magnetic �eld is only about 2 %.
It is about three to �ve times lower incidence rate of strong magnetic �elds occurrence than
among single massive main-sequence stars.

We still know very little about the role of binarity in CP2 stars. It seems that there is some
interplay between binarity and magnetism that prevents CP2 stars from appearing in tight
binary systems (Abt & Snowden, 1973; Budaj, 1999). The rarity of magnetic CP stars in tight
binaries is likely related to the formation mechanism of fossil magnetic �elds of these objects.
The three basic theories of magnetic-�eld formation are listed by Shultz et al. (2019). During
the formation process, strong magnetic �elds might inhibit the cloud fragmentation and prevent
the formation of a binary system (Commerçon et al., 2011). In already formed close binaries,
turbulent tidal �ows may lead to a rapid decay of the fossil magnetic �eld (Vidal et al., 2019).
A fossil magnetic �eld may also appear after merger of two stars (Ferrario et al., 2009; Tutukov
& Fedorova, 2010; Schneider et al., 2016).

Contrary to CP2 stars, only weak magnetic �elds with a strength of up to tenths of Gauss
were reported in CP1 stars (e.g., Petit et al., 2011; Blazère et al., 2016). CP1 stars are de�cient
in He, Ca and/or Sr and overabundant in iron-group and rare-earth elements (Preston, 1974).
Thus, CP1 stars are also called metallic stars, shortly AmFm stars. CP1 stars were not expected
to host spots nor to show rotational modulation. However, in space photometry from theKepler
and TESS satellites, it was discovered that most of Am stars show some kind of variability
that may be related to rotation (Balona, 2013; Balona et al., 2015; Henriksen et al., 2023a).
However, the origin of the rotational variability is still a matter of debate (Henriksen et al.,

1There are also examples of fast-rotating magnetic chemically peculiar stars, for example, HD 60431
(Mikulá²ek et al., 2022).
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3. Chemical peculiarity in tight binary systems

2023b), although there is evidence that spots might be formed in CP1 stars (Antoci et al.,
2025).

About 70 % of CP1 stars are bound in binary systems, with the majority of those with orbital
periods shorter than 20 days (peaking at about 5 days), where tidal e�ects slow down the stars'
rotation rate (Abt, 1961, 1985; Carquillat & Prieur, 2007). Thus, in CP1 stars, binarity plays a
crucial role in slowing down the rotation through tides and allowing the chemical peculiarity to
emerge.

Although helium is gravitationally settled down in CP1 stars and the role of the classical
� mechanism is suppressed, they can still pulsate in low-overtone pressure modes (� Sct type
pulsations with periods between minutes and hours). The� mechanism may be reinforced by
other mechanisms to drive the pulsations, such as turbulent pressure in the hydrogen ionisation
zone (Antoci et al., 2014; Smalley et al., 2017) and bump in Rosseland mean opacity resulting
from the discontinuous H-ionisation edge in bound-free opacity (Murphy et al., 2020). Thus, we
know � Sct pulsators among CP1 stars (Balona et al., 2015; Smalley et al., 2017; Dürfeldt-Pedros
et al., 2024). CP1 stars can also pulsate in high-order gravity modes, as was found recently by
Dürfeldt-Pedros et al. (2024). In case of CP2 stars, the strong magnetic �eld suppresses the
low-overtone pressure and high-order gravity modes (Saio, 2005; Murphy et al., 2020), explaining
why � Sct and 
 Dor2 pulsators are not commonly observed among CP2 stars, although some
exceptions exist (Murphy et al., 2020).

3.1 HD 99458 - The �rst Ap star in a short-period binary?

We observed HD 99458 spectroscopically in 2017 and 2018 to con�rm the proposed exoplanetary
nature of its transits detected in the K2 mission data (Howell et al., 2014; Barros et al., 2016).
The radial-velocity analysis (see Fig. 3.1) showed that the primary star with the mass of
M 1 = 2 :15M � and temperature of T1 = 7600K is accompanied by a small, cool dwarf star
(M 2 = 0 :45M � ) on a circular orbit, not by an exoplanet. However, a more interesting discovery
emerged from the abundance analysis that showed that the primary component of the HD 99458
system is likely a CP2 star with an overabundance of Fe, Si, Mn, Ni, and other elements typical
for CP2 stars. Thus, HD 99458 with an orbital period of 2.7 days was identi�ed as an additional
item to the list of a very few CP2 known candidates in short-period binary systems.

The other candidates for binaries with CP2 component are HD 62658 (Shultz et al., 2019),
HD 66051 (Kochukhov et al., 2018), V772 Cas (Gandet, 2008), and non-eclipsing HD 200405
(Carrier et al., 2002). The assumption of the CP2 nature of our star was further reinforced by
the shape of the light curve from the K2 mission (right-hand panel of Fig. 3.1), which could be
described assuming two spots which are also typical for CP2 stars.

Figure 3.1: Radial-velocity curve (left) and light curve (right) of HD 99458. Figures from Skarka
et al. (2019).

The last surprise came with the analysis of the residual light curve after the binary model
was subtracted from the K2 data. The star shows� Sct type pulsations (Fig. 3.2). Due to the

2g-mode pulsators with periods typically between 0.3 and 3 days.

10
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30-minute cadence of theK2 data, the amplitudes of the fast pulsations were suppressed due
to averaging, and we were only able to search frequencies up to 24 c/d (cycles per day), that
is, the Nyquist frequency for the data with a 30-minute cadence. New observations from the
TESS satellite showed that the original frequencies identi�ed in the K2 data were only Nyquist
re�ections of the real frequencies (black frequency spectrum in Fig. 3.2). In any case, HD 99458
looked like a very promising and unique object that showed characteristics not expected to be
present among CP2 stars.

Figure 3.2: A comparison of frequency spectra of HD 99458 fromK2 (30-minutes cadence)
and TESS (SPOC 2-minutes cadence data) missions after prewhitening with two dominant
rotational frequencies.

Unfortunately, at the time of publication of the study of HD 99458, we did not have
spectropolarimetric observations that would prove a strong magnetic �eld and CP2 nature of
HD 99458. Such observations were gathered afterwards with the 3.6m CFHT in Hawai and
the 6m telescope in Russia. Both observations showed very weak or no magnetic �eld, which
disquali�es HD 99458 from being of CP2 type (Semenko et al., in prep.). Thus, it seems that
HD 99458 is more likely a CP1 star because the abundance pattern of CP1 and CP2 may be
similar and di�cult to distinguish in some cases. In addition, CP1 nature would easily explain
binarity, but also the presence of� Sct pulsations since they have been observed among CP1
stars (e.g. Dürfeldt-Pedros et al., 2024). Alternative explanation proposed by Semenko et al.
(in prep.) would be that HD 99458 is an intrinsically metal-poor Population I star.

Similar troubles with a proper identi�cation of the peculiarity type were experienced with
the other mentioned candidates. First, HD 66051 was assumed to be a HgMn star (CP3 type,
Niemczura et al., 2017). Subsequently, it was found that the chemical pattern is closer to
CP2 stars (Kochukhov et al., 2018). Two years later, Paunzen et al. (2020) speculated that
HD 66051 is likely a CP1 star. The same situation occurred with another CP2 candidate in an
eclipsing binary, V772 Cas. Gandet (2008) assumed this star to be a CP2 candidate, while a
detailed investigation by Kochukhov et al. (2021) showed that it is actually a CP3 star. These
examples, together with HD 99458, show that the investigation of CP stars might be di�cult
and sometimes ambiguous. The out-of-transit variations of HD 99458, which we linked with
spots back in 2019, likely originate from the e�ects of close binarity such as tidal deformation,
Doppler beaming and re�ection. In addition, photometric observations taken after our study
suggest that the system is actually triple and contains an additional component that can impact
the light curve. Detailed analysis of HD 99458 with new data is expected in the near future
(Semenko et al., in prep.).
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3.2 50 Dra - hot CP1 twins in a non-eclipsing system

During our classi�cation of stars close to the northern ecliptic pole (see Chapter 4 Skarka et al.,
2022), we noticed that 50 Dra shows a double-wave light curve in TESS data that might be a
signature of either spots or proximity e�ects in a close binary system. The fact that 50 Dra has
been known to be a spectroscopic binary (Harper, 1919) suggests that the latter might be the
correct explanation. However, it appeared that 50 Dra is a very interesting system of two hot
CP1 stars showing additional low-amplitude variability.

We obtained 20 spectra with the OES spectrograph installed at the 2m Perek telescope in
Ondrejov, covering the whole orbital phase in 2022. Further, we used 440 thousand 2-minute
photometric observations from 28 sectors gathered byTESS for the analysis. After re�ning
the orbital period based on modelling the light curve, we were able to model the orbit and
disentangle spectra withKorel (Hadrava, 1995) and fully describe the system by modelling in
Phoebe (Pr²a et al., 2016; Conroy et al., 2020).

Our analysis showed that 50 Dra consists of two almost identically big (R1;2 � 2R� ) and
massive stars (M 1;2 � 2 M� ) with temperatures of Te� ;1 = 9800K and Te� ;2 = 9200K. We
showed that the stars have synchronised rotation and orbit the common centre of mass at
almost perfectly circular orbits (e = 0 :002) with a period of 4.117 d. The abundance analysis
of the disentangled spectra revealed that both components are metallic chemically peculiar
stars (CP1) having an underabundance of Sc and overabundance of iron-peak and rare-earth
elements. The abundances of 50 Dra components are typical for CP1 stars, as can be seen from
Fig. 3.3, which makes them great representatives of this class of stars. What makes 50 Dra
special regarding its chemical peculiarity is the high temperature of both components. CP1
peculiarity is typically observed among stars with temperatures between 7200 and 8200 K, with
a peak at 7750 K (based on LAMOST spectroscopic observations of more than 9000 stars,
Qin et al., 2019). Only a very small fraction of CP1 stars have temperatures above 9000 K
(Catanzaro et al., 2019; Qin et al., 2019).

Figure 3.3: Abundances of 50 Dra components compared to abundances of catalogued CP1
stars. Figure from Skarka et al. (2025).

In recent years, thanks to the data from space-based observatories, it was discovered that
stars hotter than about 6000 K might also show rotational variability even though they do not
have strong large-scale magnetic �elds usually required to stabilise chemical spots (Sikora et
al., 2019; Kochukhov et al., 2021; Trust et al., 2020). This type of variability is less regular
in normal A-type and CP1 stars than in CP2 stars and resembles longitudinal di�erential
rotation and spot evolution in cool stars (e.g. Balona, 2013; Sikora et al., 2019). As such, this
kind of rotational modulation manifests itself as a group of unresolved peaks that might be
approximated with a Gaussian centred at the rotational frequency. This group of peaks is
usually called 'spike'. Only recently, Antoci et al. (2025) demonstrated that these variations
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are really connected with spots, which are induced by local magnetic �elds. These magnetic
�elds are dynamo-generated by the subsurface convection layers, rather than by the g-modes
resonantly induced by the overstable convective modes in the core as suggested by Lee & Saio
(2020) and Lee (2021).

The spike feature, which has been identi�ed in many A-type stars, is usually accompanied
by another group of peaks that is called 'hump' (Balona, 2013; Balona et al., 2015; Saio et al.,
2018; Henriksen et al., 2023a,b). Saio et al. (2018) explained the hump either as a product of
prograde g-modes or Rossby modes mechanically excited by deviated �ows caused by stellar
spots or mass outbursts, and by non-synchronous tidal forces. In the case of prograde g-modes,
the hump has a higher frequency than the spike. 50 Dra shows a group of unresolved peaks at
frequency around 0.275 c/d that is slightly higher than the orbital period.

We proved that the components of 50 Dra show synchronised rotation with the orbital
period. The frequencies calculated from the observedv sin i , radii and inclination derived from
binary modelling are consistent with the orbital frequency. Therefore, we can safely assume
that the spike, if present, would be at the position of the orbital frequency peak in the Fourier
spectrum. The group of unresolved peaks with higher frequency could then be explained as
prograde g-mode pulsations. On the other hand, we cannot rule out the so-called anti-solar
rotation when the polar regions rotate faster than the equator, which could explain rotational
modulation with higher frequencies. However, the anti-solar rotation has not been commonly
observed (see the discussion in e.g. Rüdiger et al., 2019), preferring prograde g-modes as the
more likely explanation of the additional variations observed in 50 Dra.

The system of 50 Dra represents a very complex laboratory showing many interesting
features. It can serve as an ideal example of typical Am stars regarding their abundances,
but at high temperatures, which are, on the other hand, unusual. In addition, 50 Dra shows
prograde g-modes and can be used for investigating the co-existence of chemical peculiarity,
tidal interactions, and internal oscillations and rotation. In that sense, 50 Dra is a unique object.
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CHAPTER 4

Classi�cation of variable stars

Each study of a variable star starts with an estimation of the nature of its variations. The
proper classi�cation not only allows description of the observed variations with an appropriate
model, but also enables performing statistical studies on large samples of stars and de�ning
limits of the physical processes. Brightness variations can be intrinsic to the stars, meaning
that the physical conditions on the surface or close surrounding of the stars change. The second
channel of variations is extrinsic, which means that the overall �ux of the star (or stars in
a system) is more or less constant, and the change of geometry of observations causes the
variations.

The current catalogues contain a few million variable stars detected mainly in the last few
years. The increase in the number of known variable stars can be demonstrated by the number
of stars in the Variable Star Index (VSX, Watson et al., 2006), the most used and one of the
largest variable star catalogues. In 2009, VSX contained 178 thousand stars, while in July 2025,
there were about 10.2 million variable stars. Another gigantic catalogue has been released once
the analysis of millions sources from theGaia satellite was �nished. The Gaia DR3 variable
star catalogue contains 12.4 million variable sources (Rimoldini et al., 2023).

The stars are classi�ed based on their common features. Mostly it is the similarity in shape
of their light curves together with periods and amplitudes of variations. An example of such a
classi�cation scheme of variable stars, that has been adopted by theGaia mission researchers
(Gaia Collaboration et al., 2019), is shown in Fig. 4.1. This logical sorting system has evolved
through decades from the General Catalogue of Variable Stars (GCVS, Samus et al., 2017) �rst
established already in forties of 20th century (Samus et al., 2001).

As can be seen, the classi�cation becomes more and more detailed with lots of variability
types, especially among pulsating stars. This is the consequence of accurate data produced by
space missions and long-term surveys that allow the detection of subtle variations. Subgroups
are named after the �rst or most distinct member of the class. However, the classi�cation often
becomes ambiguous, and the borders between di�erent types are not well de�ned. In addition,
di�erent physical e�ects may produce variations with similar amplitudes and can combine. For
example, rotation can be observed together with pulsations.

The problem with classi�cation is most distinct among main-sequence A-F spectral type
stars (region approximately corresponding to the green colour-coded stars in Fig.4.2). This
part of the Hertzsprung-Russell (H-R) diagram is extremely interesting. It is a region where
the energy transfer via convection becomes ine�cient in the upper layers, and energy transfer
through radiation starts to dominate (e.g. Kraft, 1967; Cantiello & Braithwaite, 2019; Beyer
& White, 2024). The transition of energy transfer is correlated with the transition from slow
to fast rotation (e.g. Royer et al., 2007; Nielsen et al., 2013; McQuillan et al., 2014; Beyer &
White, 2024). These e�ects go hand in hand with the dominance of dynamo-generated and fossil
large-scale magnetic �elds in cool stars and hot stars, respectively (e.g. Donati & Landstreet,
2009; Cantiello & Braithwaite, 2019; David-Uraz et al., 2019).

The above-mentioned implies that we can expect signatures of rotational variability induced
by both temperature and chemical spots, and signatures of pulsations that are either stochastic,
classical p-modes, or g-modes. In addition, binarity and the combination of all the discussed
e�ects can be observed simultaneously. Thus, it is not surprising that the percentage of variable
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Figure 4.1: Variability tree (Gaia Collaboration et al., 2019).

Figure 4.2: The Hertzsprung-Russel diagram showing the incidence rate of variable stars (Gaia
Collaboration et al., 2019).
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4.1. Variable stars of A-F spectral types in the TESS continuous viewing zones

stars among intermediate stars of A to F spectral types is high (see Fig. 4.2). As complex
variables, stars of A-F spectral types can help us better understand many physical e�ects and
their interplay. For example, studying stellar pulsations (e.g. Aerts, 2021; Kurtz, 2022) can
help us better understand the angular-momentum transport and rotation of the inner and outer
parts of the stars (e.g. Aerts et al., 2019; Mombarg, 2023; Aerts & Tkachenko, 2024; Aerts et
al., 2025). The intermediate stars also o�er a way to study the interplay between magnetism,
chemical peculiarity and pulsations (e.g. Quentin & Tout, 2018; Thomson-Paressant et al., 2024;
Dürfeldt-Pedros et al., 2024).

As an addition to physical variability, instrumental e�ects, data processing and low-angular
resolution of the photometric missions started to play a signi�cant role, introducing arti�cial
signals to the data (e.g. Jenkins et al., 2016; Higgins & Bell, 2023). Keeping all the above-
mentioned in mind, the proper classi�cation and disentanglement of all observable e�ects might
be a true challenge.

4.1 Variable stars of A-F spectral types in the TESS continuous viewing
zones

In Skarka et al. (2022) and Skarka & Henzl (2024) (papers 6 and 7 from the list of included
papers), we took advantage of the availability of quasi-continuous data produced by the
Transiting Exoplanet Space Satellite, shortly TESS (Ricker et al., 2015). We performed a
detailed and careful visual investigation of thousands of light curves of stars brighter than 11
and 9 mag, respectively, around both ecliptic poles to provide a reliable classi�cation.

In our studies, we found and emphasized that di�erent available data products (SPOC
and QLP, Jenkins et al., 2016; Huang et al., 2020a,b) with di�erent cadences can provide
signi�cantly di�erent light curves that may lead to wrong classi�cation. For example, there
might be unexpected instrumental trends in di�erent data products, data with a 30-minute
cadence are not suitable for the investigation of fast variations (for instance, in� Sct stars). In
(Skarka et al., 2022), we pointed out that there are no �rmly de�ned classi�cation criteria in
the literature. Thus, we provided a detailed description of the variability types that we used,
together with examples of light curves and Fourier spectra.

By careful visual inspection of every particular star, we classi�ed them into three rotational
classes (ROTM, ROTS, ROT), four classes of binary stars (EA, EB, EW, ELL), and two
pulsation classes (DSCT, GDOR). In cases where we were unable to decide about the dominant
variability type, we just put a note that the star is variable (VAR). Studies around both ecliptic
poles give a consistent incidence rate of variable stars of approximately 51 %. This percentage
is in great agreement with the percentage of variable stars identi�ed inGaia (see the green
points in Fig. 4.2, Gaia Collaboration et al., 2019).

The distribution of variability types is shown in Fig. 4.3. There are small di�erences in the
methodology and nomenclature between studies from 2022 and 2024. There is a larger fraction
of pulsating stars in the northern continuous viewing zone (CVZ, 65 %) than in the southern
CVZ (43 %). The di�erence is too high to be caused by some instrumental e�ects. Perhaps
di�erent stellar population characteristics could account for this discrepancy between northern
and southern CVZs.

There are small di�erences between the two studies in the methodology and nomenclature.
In Skarka & Henzl (2024), the 'Uncertain' class also contains the VAR class, the BIN contains
all binary types, and we do not distinguish between ROTM and ELL. This is because it is
impossible to distinguish between a single star with stable spots and a non-eclipsing binary
with tidally deformed components, as we discussed in (Skarka et al., 2022). This problem was
subsequently studied and elaborated under my supervision as an MSc project by Ema ’ipková,
who spectroscopically monitored 35 stars with sinusoidal photometric variability in TESS data
(MSc thesis, ’ipková, 2025; ’ipková et al., 2025, accepted in A&A). The classi�cation was
possible in 75 % of the studied stars. ’ipková et al. (2025) found that at least half of the
studied stars are binary stars. In addition to that, in about 25 % of the stars, the radial velocity
variations did not show any apparent trend. Thus, there might also be ELL stars with low
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Figure 4.3: Statistics of the variability types identi�ed in the northern (left, Skarka et al., 2022)
and southern (right, Skarka & Henzl, 2024) TESS CVZ, respectively.

inclination angles among these stars, and even spectroscopic time series are not much helpful
to di�erentiate between spotted stars and binaries. Except for the light curves generated for
spotted stars and binary systems in Skarka et al. (2022) and the thorough discussion in the
same study, the results by ’ipková et al. (2025) clearly demonstrate the impossibility of reliable
classi�cation of such stars based purely on single-channel photometry provided byTESS.

When we plot all pulsating variables from both CVZs into H-R diagrams (Fig. 4.4), we realise
that GDOR stars cluster within the ZAMS in the theoretical instability strip (the violet-shaded
area, Dupret et al., 2005) and that DSCT stars and DSCT-GDOR hybrids are mainly located
near the red edge of the DSCT instability strip that has been empirically determined by Murphy
et al. (2019). Similar preference for the red edge has been observed by Dürfeldt-Pedros et al.
(2024) among metallic (Am) DSCT stars. These are important results that will allow us to
better understand the excitation mechanisms in DSCT and GDOR stars. In chemically peculiar
Am stars, the classical� mechanism in the HeII zone is suppressed, and the turbulent pressure
mechanism likely becomes more e�cient (Antoci et al., 2014, 2019).

As can be seen, there are also pulsating stars outside the instability strips. This has been
noticed already by other authors (e.g. Murphy et al., 2019). In the case of GDOR, it can be
likely due to misclassi�cation with rotating spotted solar-like stars (ROTS type), as they may
look very similar (as we discussed in Skarka et al., 2022). For DSCT, there might be a few
reasons for the strange position in the HRD: 1) Poorly determined temperature, 2) poorly known
physical limits of excitations (loosely de�ned limits of the instability strip), 3) missclassi�cation
of the star as DSCT due to contamination. The latter option has been investigated by Václav
Chmela° as a BSc project at Masaryk University (Chmela°, 2025) under my supervision. The
student investigated ten DSCT stars with the lowest temperatures from the sample of DSCT
stars in Skarka et al. (2022).

After performing a detailed investigation of the TESS data using Lightcurve (Lightkurve
Collaboration et al., 2018) and TESS-Localize (Higgins & Bell, 2023), and new ground-based
photometry with higher angular resolution, we now know that all the DSCT candidates with
low temperatures were false positives. They were stars contaminated by nearby faint DSCT
stars or by binary stars. As was already shown in Skarka & Henzl (2024), the light can be
contaminated even by surprisingly faint stars a few pixels away from the target stars. If the light
curves of such stars are symmetric, the highest frequency apparent in the contaminated light
can be a harmonic of a real frequency that is above the 5 c/d (the limit for DSCT pulsations).
Thus, it only mimics this kind of pulsation. Further troubles can be caused by red giant and
red clump stars that show a characteristic pattern of their stochastic p-modes. In case of these
types of stars, the pattern can be located in the DSCT and GDOR frequency ranges.
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Figure 4.4: Pulsating stars in the HRD from the northern (left, Skarka et al., 2022) and southern
(right, Skarka & Henzl, 2024) TESS CVZ, respectively.

Our classi�cation of variable stars based onTESS data shows signi�cant di�erences when
compared with previous studies of available catalogues. In Skarka et al. (2022), we performed
a new analysis of data from theKepler satellite using our methodology and compared the
classi�cation with previous studies. The main discrepancies were found between GDOR and
rotating variables. For example, among stars classi�ed as rotating variables by Balona (2013),
we identi�ed GDOR variability. On the other hand, we were in total agreement with the GDOR
classi�cation with Balona (2013). In the crossmatch with classi�cations provided by general
catalogues, such as VSX (Watson et al., 2006) orGaia variability catalogue (Rimoldini et al.,
2023), we got signi�cant discrepancies reaching mostly tens of per cent. This may point towards
the need for a detailed contamination analysis and revision of catalogues. It is appropriate to
note that we did not perform detailed contamination analysis and only provided the numbers
of contaminating stars with the magnitude di�erence of 5 mag from the target star as a kind of
proxy for the contamination warning.
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CHAPTER 5

Conclusions and future prospects

The investigation of stellar variability has become an integral part of stellar research because it
is a natural outcome of physical processes in stars. This compilation contains studies focused on
interesting targets, trying to expand our knowledge on RR Lyrae stars and intermediate-mass
stars on the main sequence. As was demonstrated, the classi�cation of variable stars becomes
di�cult with the availability of precise data that spans many years. Such data reveal details
that were previously hidden or were not observable at a given moment due to unstable nature
of the processes. It becomes obvious that the e�ects of rotation and pulsations are commonly
detectable in single stars, making a proper classi�cation di�cult in some cases. The community
would bene�t from a general agreement on classi�cation criteria and a common system re�ecting
the multi-variable character of stars. In the case of HD 99458 (Sect. 3.1), we have seen that
long-term monitoring is vital for understanding stellar variability. By analysing short time
series, although precise, it may happen that we only get a snapshot of a full movie and get
misleading results.

Regarding the topics noted in this compilation, we can expect large developments in all
aspects of stellar variability research in future. The current and near-future instruments will
enable us to employ all possible techniques, including multi-wavelength photometry, spectroscopy,
and astrometry, both from the ground and from space. The ongoing photometric surveys, such
as OGLE (Udalski et al., 1992, 2015; Soszy«ski, 2024) andTESS (Ricker et al., 2015), will be
complemented by the Vera Rubin observatory (in operation since 2025, Ivezi¢ et al., 2019) and
PLATO mission (launch in January 2027, Rauer et al., 2024). The Vera Rubin Observatory will
provide us with precise observations of faint targets across almost the whole sky (valuable mostly
for distant RR Lyrae stars), while PLATO will produce uninterrupted long-term observations
of brighter targets with high precision and cadence (valuable for asteroseismology, chemical
peculiarity, stellar activity). The optical observations will be complemented with already
available infra-red observations (e.g. VISTA Dalton et al., 2006; Emerson et al., 2006) and
future ultraviolet space observations from ULTRASAT (launch in 2027-2028, Shvartzvald et al.,
2024) and QUVIK (launch 2028-2029, Werner et al., 2024; Krti£ka et al., 2024) satellites.

Spectroscopic surveys and instruments will make a further step towards a better
understanding of stellar variability. The ongoing LAMOST (Zhao et al., 2012; Yan et al.,
2022), APOGEE (Majewski et al., 2017), WEAVE (Jin et al., 2024) and other spectroscopic
projects will be complemented in the near future with 4MOST (de Jong et al., 2019), andGaia
DR4 and DR5 releases (Brown, 2025). We will have a truly outstanding set of data, allowing
us to study the ages and populations of stars and model various physical processes in detail,
everything possible by means of statistical studies on large samples of stars. Small telescopes
with versatile spectrographs such as OES (Kabáth et al., 2020) or PLATOSpec (Kabáth et al.,
2025) will allow dedicated studies through the available observing time. The amount of data
and stellar parameters together with the development of classi�cation techniques will allow
accurate automatic variability classi�cation through machine learning methods (e.g. Audenaert,
2025; Wang et al., 2025).

My personal journey will continue mostly with studies of intermediate-mass stars and the
relation between chemical peculiarity, rotation, and pulsations. An integral part of my future
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5. Conclusions and future prospects

research will be the classi�cation of variable stars because only properly classi�ed stars can
provide reliable results. In particular, this will be essential for the preparation of training
samples for automated routines that enable the reliable preparation of a catalogue of variable
stars in the LOPS2 �eld of the PLATO mission. I will continue my work within Czech and
international teams, in cooperation with professionals, and citizen astronomers. Last, but not
least, I will do my best to introduce the interesting topics covered by stellar variability to
enthusiastic students and the public. The future is not bright, nor faint. It is variable!
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