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“I will find something to quote here.”



Abstract

Context: A group of freshly born white dwarfs are distinguished with absorption lines
of ultra-highly excited (UHE) metals (e.g. O VIII) in their optical spectra. This is an
unprecedented phenomenon among astrophysical objects and a link to He II line problem
white dwarfs is strongly indicated. The occurrence of such lines in these stars’ spectra
still awaits an explanation since their formation requires temperatures on the order of
a million K. A recent study speculated that the presence of a wind-fed circumstellar
magnetosphere can explain the existence of these features. It has been also established
that the UHE as well as the He II line problem white dwarfs show a high variability
rate and their observed period distribution, light curve amplitudes and shapes can be

described with both reflection effect binaries and the magnetosphere model.

Aims & Methods: This work aims to explicate which scenario favors the observed photo-
metric and spectroscopic properties of these perplexing objects. Therefore, the light curves
of six UHE white dwarfs have been investigated. Furthermore, a search for changes in
the EWs of the UHE and He II lines was performed for seven UHE white dwarfs. Finally,
the spectra of 12 UHE and seven He II line problem white dwarfs were inspected for RV

variations.

Results: The light curve analysis of the UHE white dwarfs reveals that the amplitudes
observed in different bands agree with each other as reported previously. Moreover, the
EW variations of the UHE lines that were detected in the spectra of UHE white dwarf
J0146+3236 is validated. However, no EW variations could be detected in the other
objects due to their insufficient S/N spectra. Finally, the spectra of investigated objects
do not exhibit significant RV variations.

Conclusions: The consistency of measured photometric amplitudes in the different bands
and the non-detection of RV variations in the sample implies that the photometric vari-
ability, most likely, does not transpire as a result of stellar type close binarity. The
hypothesis of encountering substellar companions around UHE white dwarfs is regarded
as very unlikely due to the lack of irradiation effect signatures along with the discrepancies
observed in the occurrence rates of two samples. Thus, weak magnetic fields still remain
as the most viable option to explain observed photometric variability.



Contents

1 Introduction 4
2 Stellar Evolution 6
2.1 The Hertzsprung-Russell Diagram . . . . . . . . ... ... ... ... ... 6
2.2 Stellar Evolution of Low and Intermediate Mass Stars . . . . . . . ... .. 8

3 White Dwarfs 11
3.1 White Dwarf Classification and Spectral Types . . . . .. ... ... ... 12
3.1.1 DA White Dwarfs . . . . . . . . .. ... ... ... 13

3.1.2 DO White Dwarfs . . . . . . . . ... .. ... ... 14

3.1.3 DB White Dwarfs . . . . . . . . ... ... 14

3.1.4 DQ White Dwarfs . . . . . . . . . .. ... 14

3.1.5 DZ White Dwarfs . . . . . . . . ... ... ... 15

3.1.6 DS White Dwarfs . . . . . . ... .. ... ... ... 16

3.1.7 DC White Dwarfs . . . . . . . .. ... ... ... 16

3.1.8  Sub-spectral Types . . . . . . . . . . 16

4 Photometric Variability in Hot Stars 17
4.1 Extrinsic Variables . . . . . . . .. 17
4.1.1 Ellipsoidal Deformation & (Over-)Contact Binaries . . . . ... .. 17

4.1.2 Reflection Effect Binaries. . . . . . . . . . . ... ... ... .... 18

4.2 Intrinsic Variables . . . . . . . . .. 19
4.2.1 Pulsations . . . . . ... 19

4.2.2 Spots. . . . ..o 19

4.2.3 Magnetosphere . . . . ... 20

5 White Dwarfs Showing Ultra-High Excitation Lines & He II Line Prob-

lem White Dwarfs 22
5.1 Stateof the Art . . . . . . . . . 22
5.1.1 Origin of Ultra-High Excitation Lines . . . . . . . . ... ... ... 22

5.1.2  Photometric Variability . . . . .. ... ... ... ... ... 29

5.2 The Goal of This Thesis . . . . . . . . . .. ... ... .. ... ...... 31

6 Photometry 32
6.1 Observations. . . . . . . . . . .. 34
6.2 Data Reduction . . . . . . . . . . 35



CONTENTS

6.3 Aperture Photometry . . . . . ... ..o
6.4 Light Curve Analysis with VARTOOLS . . . . . . .. ...
6.5 Results. . . .. ... ... ..
6.5.1 HS 0158+2335 . . . . . .. .. ... ... ...,
6.5.2 HS 072746003 . . . . . .. ...
6.5.3 HS 071343958 & J12154+1203 . . . . . . . . . . ..
6.5.4 JOT06+6134 . . . . . . . ...
6.5.5 JOT02+0514 . . . . . ...

6.6 Discussion . . . . . ...

7 Equivalent Width Inspection

7.1 Observations & Data . . . . . . .. ... ... ... ....
7.2 Line Identifications . . . . . . . . ... ... ... ...
7.3 Continuum Normalization . . . . . ... ... ... ....
7.4 Equivalent Width Calculation . . . . .. .. ... ... ..
7.5 Equivalent Width Variation . . .. .. .. ... ... ...

8 Radial Velocity Measurements

8.1 Cross-Correlation with fxcor . . . . . . . . ... ... ...
8.2 Statistical Significance of RV Variations . . . . . . . . . ..

8.3 The Upper Limit for the Minimum Companion Mass

84 RV Discussion . . . . . . . . ...

9 Summary & Conclusion
References
Appendix A: Tables

Acknowledgements

48

......... 20
......... 20
......... 52
......... 53
......... 95

65

......... 66
......... 70
......... 70
......... 70

73

74

80

88



1

Introduction

Our comprehension of the cosmos advances each day and undoubtedly humankind’s affin-
ity for stars played a major role in this progress. Emanating light from the stars has been
dazzling humankind with its stunning view, and raising also plenty of questions since the
ancient times. A great deal about the stars were shrouded by mist; how far they are
away, what they are made of, how many of them exist... Modern astrophysics has made
remarkable headway in the effort to shed light on these questions and the advancements
guided us to the discovery of a particular type of star with an intriguing nature: white
dwarfs.

First detections of white dwarfs coincide to the mid-19" Century when the stellar
parallax has just been demonstrated. Fascinatingly, those two breakthroughs were made
by the same astronomer, Friedrich Bessel. In 1844, Bessel detected inconsistencies in
the proper motion of Sirius, which he associated with an invisible companion that is
attracted gravitationally, though, as expected, he was oblivious of the fact that the unseen
companion was a white dwarf. It was 1862 when the companion of Sirius was observed
visually by coincidence for the first time. Alvan Graham Clark was testing an 18.5-inch
lens and he detected the small and faint companion, though he was neither aware of the
companion being a white dwarf nor Bessel’s conclusions regarding the irregularities in the

proper motion of Sirius occurring due to the companion (Wendell, 1898).

The interesting nature of the white dwarfs was not known until the early 20" Century
and was only possible to be revealed with the progress in stellar spectroscopy. The first
two objects of which spectra were taken were 40 Eridani B and Sirius B. Adams (1915)
reported that spectra of Sirius A and Sirius B exhibit almost the same features, and
also coined the term “white dwarf”. Spectral similarity suggested similar temperatures
for Sirius B and A, however Sirius B was several orders of magnitudes fainter, which
could be only explained by Sirius B having a much smaller radius. Because of the binary
nature, the mass of Sirus B had been already calculated as nearly 1 Mp. However, it
was confusing because with the calculated mass and radius this indicated a much higher

density for Sirius B than other stars which induced a lot of speculations.



1. INTRODUCTION

Eddington (1924) suggested that gravitational redshift of Sirius B's spectrum can con-
rm the calculated high density. According to Eddington's calculations, with the given
parameters of spectral type FO indicating an e ective temperature of 8000 K, an absolute
magnitude of 11.3 mag, a radius of 19 600 km and assuming a mass of 0.85fidm the
calculated mass range 0.75 to 0.95 Mfor Sirius B, the gravitational redshift in the spec-
trum was predicted as 20 km/s. One year after, the prediction was con rmed by Adams
(1925) and thereafter, the progress made on white dwarf research increased substantially
In 1926, Fowler stated that white dwarfs must consist of degenerate matter which was
explained by the Pauli principle. In the 1930s, Chandrasekhar made a breakthrough with
his work on the mass-radius relation of white dwarfs. In 1945, Schatzman revealed that
gravitational settling is responsible for white dwarfs with single element spectra. In 1952,
Mestel pointed out that the evolution of white dwarfs can be explained as a cooling pro-
cess. Between 1958 and 1970, large proper motion surveys aided to locate white dwarfs
(Eggen & Greenstein, 1965, 1967; Greenstein, 1966; Sandage & Luyten, 1967; Sandage,
1969). From that time forward, photometric and spectroscopic studies conducted by many
astronomers contributed to have a better comprehension of white dwarfs (Strittmatter &
Wickramasinghe, 1971; Bern & Wramdemark, 1973; Greenstein & Sargent, 1974; Sion &
Liebert, 1977; Green, 1980; Liebert et al., 1988).

LFollowing information has been collected from Koester (2013)
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Stellar Evolution

2.1 The Hertzsprung-Russell Diagram

Stars observed in the night sky are in di erent evolutionary stages with distinct properties.
For that reason, the Hertzsprung-Russel diagram (HRD) remains as an essential tool in
astronomical research to inspect stellar evolution, which distributes stars according to
their stellar spectral type (or e ective temperature, hence colour) and luminosity (or
absolute magnitude) (see Fig. 2.1). In the early 1900s, Ejnar Hertzsprung and Henry
Norris Russell recognized the relation between color and the absolute magnitude of the
stars. They identi ed that the stars clustered in distinct places on the diagram rather
than being randomly distributed. Later, it was found out that the distribution of the
stars in the HRD correspond to di erent evolutionary stages. Most of the stars reside
on a strip, spanning the HRD from the bottom right corner to the upper left corner,
called main sequence (MS). Additionally, other major groups consist of subgiants, giants,
supergiants and white dwarfs. White dwarfs inhabit the bottom left corner of the HRD
and when the rst HRD was constructed (1910-1915) only 3 objects were placed in this
region (Koester, 2013).



2. STELLAR EVOLUTION

Figure 2.1: Observational Herztsprung-Russel Diagram constructed with the European Space
Agency's (ESA) Gaia satellite mission. The vertical axis indicates absolute magnitude (or lumi-
nosity) and the horizontal axis indicates color (or temperature). As illustrated most of the stars
lie on the main sequence. White dwarfs representing the nal stage of stellar evolution reside
on the bottom left corner. Copyright: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO



2. STELLAR EVOLUTION

2.2 Stellar Evolution of Low and Intermediate Mass
Stars

Stars form in the stellar nurseries called molecular clouds. These low-temperature inter-
stellar gas clouds have enough mass €10 10° M ) to collapse under the in uence of
their own gravity, which leads to the formation of protostars. The central temperature of
newly formed protostar is not high enough for hydrogen fusion and its energy source is
gravitational energy. If the protostar can't accrete enough mass, it will become a brown
dwarf, a failed star. Brown dwarfs are massive enough (.01 - 0.08 M) to support
deuterium-burning for a short while.

If the protostar continues to accrete material from its surroundings, it contracts fur-
ther. Once the mass ( 0.08 M H- burning limit), the central density and temperature
of the protostar are high enough, it starts fusing hydrogen to helium and at this point the
star enters to the zero age main sequence (ZAMS). As long as hydrogen burning continues
in the core, the star is on the MS. How much time the star will spend on the MS depends
on its initial mass and it can be estimated with

tws  10°(M;[M ]) 2years (2.1)

which means that stars with higher initial masses spend less time on the MS than lower
mass stars.

Figure 2.2: Artist impression of stellar evolution starting from a molecular cloud to a planetary
system. Image Credit: Bill Saxton/NRAO/AUI/NSF



2. STELLAR EVOLUTION

The evolution of the stars on the MS is highly a ected by inner convection. Stars
with M; < 1.15 M do not have convection in their interiors. Without the convection,
the fused He clumps together in the center due to its high mean molecular weight. When
the He core becomes massive enough, the central fusion stops and it smoothly transitions
to H shell burning. The absence of the convection leads to an intact He core which is
isothermal. These objects follow a smooth transition from H shell burning MS objects to
red giant branch stars (See Fig. 2.3). Stars with M> 1.15 M , on the other hand, have
convection in their interiors. Due to convection, core material mixes with the envelope
material, therefore H rich material is transferred to the core. This results in more fusion
and an increase in core temperature, hence the luminosity increases. When the He core
reaches 0.5 M of He mass, H fusion in the core suddenly stops which leads to core
temperature decrease and further contraction of the core. After this point the star enters
the terminal age main sequence (TAMS). Because of contraction, the outer edges of the
He core show a temperature increase, which heats up the surroundings to start H shell
burning. The evolution of the H shell burning depends on the initial mass.

Figure 2.3: Locations of the zero-age main sequence (ZAMS, blue line) and the terminal-age
main sequence (TAMS, black dashed line) on the logr ¢ - log L diagram overplotted with
evolutionary tracks (green and black solid lines) from Schaller et al. (1992). Taken from de Boer
& Seggewiss (2008).



2. STELLAR EVOLUTION

The non-degenerate He core of a intermediate mass star (2 M M; 8 M ) continues

to grow as the H shell burning carries on, until it reaches the Scheneberg-Chandrasekhar
limit which corresponds to a core mass limit 10 % of the stellar mass. Since H fusion
in the core already ceased to exist, the core can not withstand the gravitational pressure
and contracts further. This results in an expansion of the envelope and the star enters the
red giant branch (RGB). After further H shell burning on the RGB, the He core reaches
a temperature of 10 K, which is high enough to start He fusion. To reach the thermal
equilibrium, the core expands and the luminosity drops with the contracting envelope.
At this point the star reaches the blue loop core He burning stage.

For the low mass stars (M 2 M ), the He piles up in the core as the H shell burning
continues. When the star enters the RGB phase, its core has already become degenerate
and can not expand to cool down. The degenerate matter cools by neutrino emission
which is most e ective in the central region of the core. In other words a shell around
the center will have higher temperatures. Ultimately, the outer regions of the He core
(shell) will reach temperatures (T 10°) high enough to allow He fusion. However the
He fusion does not continue for a long time and it produces a ash of energy called He
ash. This brief energy outburst is comparable to what is emitted by the entire galaxy
(L =10 L ). The increase in temperature causes the degeneracy to vanish and until
the degeneracy is lifted in the entire core these ashes continue. When He core burning
starts and the star stabilizes, it reaches the horizontal branch (HB). Only objects with a
horizontal branch mass 0.52 M advance to the asymptotic giant branch (AGB).

Once He core burning ends, He fusion continues in the shell and the star enters the
AGB. Events in this phase proceed similar to the end of the MS. In addition to He shell
burning, the AGB star at the same time maintains H shell burning. In the nal stages
of the AGB phase, He shell burning is nearly exhausted. But H shell burning adds more
He to the core. This generates an increase in the core temperature and, consequently,
causes He burning to occur as ashes which happen rapidly (thermal pulses). The thermal
pulses and the increased luminosity induces heavy mass loss in this stage. Later, the star
further contracts to a post-AGB star. Due to contraction, theT . of the star increases
substantially and if the star reachesT ¢ 30 KK, it ionizes the shed material, becoming
a central star of a planetary nebula (CSPN). Ultimately, fusion stops and the star enters
the white dwarf cooling sequence.

10
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White Dwarfs

With Gaia, approximately 359 000 high-con dence white dwarf candidates were identi ed
in the Milky Way (Gentile Fusillo et al., 2021) and more than 37 000 white dwarfs have
been spectroscopically con rmed (Kepler et al., 2021). They are the most common end
products of the stellar evolution and all stars with initial masses 8 - 10 M will end up as
white dwarfs (Dobbie et al., 2006). Estimations show that it corresponds to approximately
97 % of all stars in the Milky Way (Fontaine et al., 2001). Apart from their substantial
numbers, also their unique physical state that can not be achieved in any laboratory on
Earth makes them viable objects for research (Koester, 2013). A typical white dwarf has
a mass of 0.6 M (see Fig. 3.1), but its size is comparable to a planet. In this dense
environment, quantum mechanical e ects become the dominant factor for the electrons,
which as a result form a degenerate electron gas. According to the Pauli principle, as the
volume decreases, electrons go up to higher momentum states which serves as a basis of
the mass-radius relation for fully degenerate zero-temperature white dwarfs established
by Chandrasekhar. In order for the star to stay in hydrostatic equilibrium, the pressure
produced by the gravitational force (Eq. 3.1) should be stabilized by the degenerate
electron pressure since nuclear reactions have already ceased to exist.

GM?
Pe RA (3.1)
In the non-relativistic limit, it translates to
''e=3 M l'5=3
P. = =3 (3.2)
e e
and hence
R e 5=3M 1=3 (33)

In other words, Eg. 3.3 can be rephrased as the well known property: the more massive
the white dwarf, the smaller its size. On the other hand, relativistic degeneracy leads to
another property, the Chandrasekhar mass ( 1.4 M ), which is the maximum mass that

a white dwarf can possess.

LEquations are taken from Koester (2013).
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3. WHITE DWARFS

(a) Taken from Madej et al. (2004) (b) Taken from Bergeron et al. (2019)

Figure 3.1: Observed mass distribution of white dwarfs from two di erent studies. In both of
them, the mass distribution centers around 0.6 M and extends to low-mass and high-mass
ends decreasingly. It is believed that binary interaction is responsible for the low-mass end of
the mass distribution since low-mass progenitors would need more than a Hubble time to reach
the white dwarf stage (Fontaine et al., 2001; Althaus et al., 2010).

White dwarfs provide an insight into the nal stages of stellar evolution for low and
intermediate mass stars. With the initial- nal mass relation (IFMR), it is possible to
constrain the masses of the white dwarf progenitors when they entered the main sequence.
This relation is not only important for stellar evolution, but also for the evolution of the
galaxy, since it is the only viable method to learn how much mass is lost from the main
sequence to the white dwarf stage. With this valuable information, the mass returned
to the interstellar medium can be estimated, which is important for the star formation
rate (Koester, 2013). White dwarfs can also be used to determine ages of the di erent
galactic populations. Fontaine et al. (2001) states that the oldest white dwarfs in the solar
neighborhood can be utilized to predict the age of the galactic disk. Since white dwarfs
are progenitors of type la supernovae, they represent an essential element for cosmology
(Perlmutter et al., 1998; Weinberg et al., 2013) as well.

3.1 White Dwarf Classi cation and Spectral Types

White dwarf spectral types can be divided into two basic categories: hydrogen rich and
hydrogen de cient of which the occurrence ratio is approximately 4:1 (Hagelmeyer et al.,
2006). Several processes that take place in the atmospheres generate the unique spectra of
white dwarfs. Due togravitational settling  of heavy elements, most of the white dwarf
spectra show only spectral lines of one element: either hydrogen or helium. Moreover, a
strong radiation eld can transfer momentum to trace metals in the atmosphere. This
process is named agadiative levitation  and it supports heavier elements against the
gravitational settling, driving them upward into the atmosphere. In addition, as the white

12



3. WHITE DWARFS

dwarfs cool down, in a certain temperature range the atmospheres becoomvective
which results in dredge up of elements (see section 3.1.4). Furthermore, because of grav-
itational settling heavy elements are expected to sink in the atmosphere, which should
make them undetectable in the spectra. However, many white dwarfs show additional
metal lines in their spectra, which indicates ongoing accretion of metals (Vauclair et al.,
1979). For the white dwarfs in which the dominant mechanism is expected to be grav-
itational settling (meaning no radiative levitation or dredge up), the general consensus
is that the metals originate fromaccreted planetesimals (Farihi et al., 2010; Jura &
Young, 2014).

White dwarf spectral classi cation is a ected by temperature. As the star cools down,
a change in the spectral type can be observed depending on the initial composition and
with the e ect of arising aforementioned processes. The temperature of a white dwarf is
an important parameter which allows to determine luminosity and age of the object when
combined with the spectroscopically derived surface gravity log and the evolutionary
models. Therefore, a temperature index described as 10, (= 50400=T, ) was intro-
duced (Sion et al., 1983). Finally, the main WD spectral and sub-spectral types are listed
in Table 3.1 and 3.2, respectively.

Spectral Type Main Characteristics Spectral Lines

DA H-rich H I

DO He-rich (T ¢ 80 000 K) He Il
He-rich (45000 K T, 80 000 K) He Il + He |

DB He-rich (T ¢ 45 000) He |

DQ Cool DQs: He-dominated (T 13 000) Molecular and/or atomic C, He |
Hot DQs: C-rich (18 000 K T 24000K) ClI,Cl,0Ol

Dz Metal Lines e.g. Call, Mg, |

DS O-rich O |, O Il, metal lines

DC Featureless spectrum No lines

Table 3.1: Main white dwarf spectral types.

Sub-spectral Type Characteristic

H Magnetic (shows Zeeman splitting)

Vv Variable

UHE Ultra-high excitation absorption lines

Z Indicating metal lines

E Emission lines

+MS Composite spectrum (WD + Main sequence star)
X Peculiar or unclassi able spectrum

? Uncertain assigned classi cation

Table 3.2: White dwarf sub-spectral types.

3.1.1 DA White Dwarfs

Hydrogen rich white dwarfs form the spectral type DA. They are observed in a broad ef-
fective temperature range from 4 500 K to 170 000 K (Sion, 2011) and constitute80 %

13



3. WHITE DWARFS

of all white dwarfs (Eisenstein et al., 2006a). DA white dwarfs can be classi ed conve-
niently, because Balmer lines of hydrogen can be detected in a wide temperature range
from 4000 K T, 120 000 K. However, as the temperature increases or decreases,
the Balmer lines become weaker since most of the H is ionized or in the ground state,
respectively. For the estimation ofT ¢ and log g of the hot DAs in addition to Balmer
lines, the Lyman series in UV can be utilized as well.

3.1.2 DO White Dwarfs

DO white dwarfs show He rich spectra in a broad temperature range (45 000 KT,

200 000 K). Depending on their temperature, these objects show He | and He Il lines
(Te 45 000 K) or only He Il lines [ ¢ 80 000 K). Kepler et al. (2021) report
137 spectroscopically con rmed DO white dwarfs. The dearth of DOs can be explained
because the early stages of white dwarf cooling happen in only 2 Myr (Althaus et al.,
2009).

PG 1159 Stars

PG 1159 stars are observed in a vast temperature interval (75 000 KT, 200 000 K;
see Fig. 3.2). These H-de cient objects additionally show C- and O-rich spectra and are
regarded as progenitors of DO white dwarfs (Werner et al., 2014). DOZ white dwarfs
(logg 7) with C abundances C/He 0.02 (by number) may be classi ed as PG 1159
stars (Werner et al., 2014). On the other hand, PG 1159 stars with lag< 7 are actually
post AGB stars and their H de ciency is more likely due to (very) late thermal pulses
(Werner & Herwig, 2006).

3.1.3 DB White Dwarfs

DB type white dwarf spectra are composed of neutral helium which is the product of
recombined He Il as the DO white dwarf cools down (Althaus et al., 2010) which requires
Te 45 000 K. Most of the DB white dwarfs are observed in &, range from 30 000 K

to 12 000 K (Sion, 2011). The lack of the objects in this transition phase is named
as DB gap and only a few objects have been reported in this region (Eisenstein et al.,
2006b; Kleinman et al., 2013). However, the idea of the DB gap being an empty hole
with boundaries was later discarded since in this region objects have been found and the
hotter boundary of this region does not show a clear cut (Bedard et al., 2020).

3.1.4 DQ White Dwarfs

DQ white dwarfs show carbon dominated spectra which can be identi ed with the C
molecules (Swan band) or atomic C. According to their temperature, they are divided
into two sub-categories: cool (normal) DQs and hot DQs. Normal DQs are recognized
with the Swan bands. Most of the objects withT ¢ 10 000 K are believed to have He
dominated atmospheres, however this element can not be spectroscopically detected. It
is acknowledged that the spectra of cool DQs are produced due to dredge-up of carbon in

14



3. WHITE DWARFS

Figure 3.2: Locations of PG 1159 stars (black triangles) and DO white dwarfs (purple circles,
diamonds and triangles) in the Kiel diagram with the evolutionary tracks from Althaus et al.
(2009). Taken from Reindl et al. (2014)

the convective He atmosphere (Koester et al., 1982). Cool DQ white dwarfs have similar
masses as DA and DB white dwarfs. Hot DQs, however, are completely di erent from cool
DQs with masses above 0.9 M(Koester et al., 2020). It is believed that these objects are
merger products of two white dwarfs (Dunlap & Clemens, 2015). Hot DQs are observed
in an e ective temperature interval from 18 000 K to 24 000 K, but do not exhibit any H
or He lines in their optical spectra (Sion, 2011).

3.1.5 DZ White Dwarfs

In the recent years, many metal polluted white dwarfs have been detected (Gansicke et al.,
2012; Manser et al., 2016; Dennihy et al., 2018). However, due to gravitational settling it
Is expected that heavy elements such as Ca, Mg and Fe should not be detectable in the
spectra since the expected di usion timescales are shorter than the evolutionary timescales
of the white dwarfs (Koester, 2009). This indicates that the metals must be accreted on
the white dwarf from an external source. DZ white dwarfs only exhibit metallic lines
in their spectra and their atmospheres are believed to be helium dominated. Therefore,
these objects must have cooled down below a certain temperatuiies( 12 000 K) since
He lines are not present (Hollands et al., 2017).

15



3. WHITE DWARFS

3.1.6 DS White Dwarfs

DS white dwarfs show oxygen dominated spectra and so far only four objects have been
detected (Kepler et al., 2021). Gansicke et al. (2010) reported a peculiar object with a
Te 8 000 K that exhibits a highly O-rich atmosphere as well as weak H-and H-
lines. Also Kepler et al. (2016) presented a unique object that shows dominantly O 1, in
addition to O Il and Mg Il lines. They state that no He or H lines are present contrary

to what is expected. Later it was suggested that oxygen rich objects can be categorized
as DS white dwarfs (Williams et al., 2019).

3.1.7 DC White Dwarfs

DC white dwarfs exhibit featureless spectra which indicates that these objects must have
cooled below a certain temperature. Ifthd . 5000 K, it is assumed that these white
dwarfs have He dominated atmospheres since above 5 000 K H lines should be still present
in the spectra.

3.1.8 Sub-spectral Types

The symbols in 3.2 describe any peculiarities that are present in the white dwarf spectra.
Letter \H" denotes magnetic white dwarfs showing Zeeman splitting in the spectra. Letter
\V" indicates photometric variability. Sub-types such as DOV, DBV, and DAV represent
the pulsating white dwarfs on the cooling sequence. \UHE" indicates white dwarfs show-
ing ultra highly excited metals in the optical spectra. If the spectra exhibit metal lines,
in addition to the main element, letter \Z" added to the main spectral type (e.g. DOZ,
DBz, DAZ). \E" indicates that the white dwarf spectrum contains emission lines. The
\+MS" symbol represents a composite spectrum which shows the spectral signature of a
main sequence star in addition to the spectral lines of a white dwarf. \x" indicates that
the spectrum is peculiar or unclassi able and \?" denotes an uncertain classi cation.
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Photometric Variability in Hot Stars

Brightness changes can unveil ongoing processes in the stars. These variations are studied
via their light curves which not only can inform about their internal properties but also
interactions with their surroundings. Stars that show periodic ux changes are called
variable stars and can be categorized in 2 main groups:

Intrinsic variable stars

Extrinsic variable stars

Intrinsic variability occurs due to the star's internal mechanisms whereas extrinsic vari-
ables are a ected by external sources such as a companion. In this chapter, some of the
intrinsic and extrinsic variability types detected in hot stars are discussed.

4.1 Extrinsic Variables

4.1.1 Ellipsoidal Deformation & (Over-)Contact Binaries

In a close detached binary system (stars staying within their Roche lobes), one star
with strong tidal forces may in uence its companion gravitationally causing it to have a
deformed shape. This leads to sinusoidal variations in the light curve with the half orbital
period of the system (Wilson & Vaccaro, 1997). In other words, the light curves of such
systems show two maxima and minima in one orbital period (see Fig. 4.2). Ellipsoidal
deformation is commonly observed in sdB + WD binaries (Geier et al., 2007, 2008, 2015;
Bloemen et al., 2011) and may con rm tidal synchronisation in binaries (Geier et al.,
2008).

(Over)-Contact binaries are formed when both of the components (over-) Il their
Roche lobes. This causes recurrent variations in the light curves which show extended
maxima and two uneven minima (Drake et al., 2014). Such systems are also sometimes
observed with V-shaped light curves (see Fig. 4.1). The evolution of the components
In such systems is a ected by the mass transfer and the tidal interactions and follows a
di erent path than single stellar evolution.
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(a) (b)
Figure 4.1: Example of an over-contact binary. Panel (a) a shows multi-band light curve of
V2388 Oph. Panel (b) shows the 3-D representation of V2388 Oph at phase 0.75. Taken from
Yakut et al. (2004)

4.1.2 Re ection E ect Binaries

Re ection (irradiation) e ect binaries are composed of a hot primary and a cool compan-
ion. In these close binary systems, the cool companion is expected to be synchronized
to the primary. Therefore, one side of the cool companion is constantly heated by the
primary which is detected in the light curves as a periodic ux variation as the orbital
con guration of the system changes. The amplitudes of the re ection e ect light curves
depend on the temperature dierence, radii and orbital separation of the components
(Wilson, 1990; Budaj, 2011). So, for binaries with similar radii, smaller orbital separation
and higher temperature di erence, the observed light curve amplitudes are larger (Schaf-
fenroth et al., 2018). Multi-band photometry of objects might point out to re ection e ect
systems, in case the observed light curve amplitude is larger in the redder wavelengths
than in the blue. This is simply because the day side of the cool companion will have a
more prominent contribution in the redder bands. Moreover, the inclination angle of a

re ection e ect system can be constrained with light curve modelling, which remains as
an integral part to determine the masses of the binary components. For systems with a
low inclination angle (  10°), the light curve varies sinusoidal (see Fig. 4.2), whereas
larger inclination angles result in narrower maxima and at minima. Eclipses become
visible for the binaries with high inclination.
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Figure 4.2: A comparison of re ection e ect and ellipsoidal deformation light curve models for a
given orbital period and several inclination angles {) of sdB binaries. Models marked with \dM"
indicate a re ection e ect system (sdB binary with low-mass stellar or substellar companion).
As i increases, eclipses become visiblé £ 70°). Models designated with \WD" represent a
sdB binary system with a low mass WD (ellipsoidal deformation). Amplitudes measured from
re ection e ect models are much larger than ellipsoidal deformation models for the same period.
Taken from Scha enroth et al. (2018)

4.2 Intrinsic Variables

4.2.1 Pulsations

Pulsations are important mechanisms to probe the interior structure of the stars and are
observed in many regions on the HRD (see Fig. 4.3). Parameters such as sound speed
and density can be determined for a set of quantum numbers (Bellinger et al., 2021).
Oscillations that occur due to radial expansion and contraction of the star's atmosphere
are named as radial pulsations. On the contrary, non-radial pulsations describe the os-
cillations which are generated because of irregular inward and outward movements of the
stellar surface. GW Vir and sdBV types are examples for hot non-radial oscillating stars
(Christensen-Dalsgaard, 2008).

4.2.2 Spots

Spots on the stellar surface may produce photometric variability due to rotational modu-
lation of the star which is commonly observed in MS stars (Sundqvist et al., 2012; Sikora

et al., 2019). Unlike the cool stars e.g. the Sun on which the spots are observed as
cooler regions and hence, cause a decrease in brightness, spots produced on hot stars
are expected to be generated by magnetic elds and have higher temperatures than the
stellar surface (Cantiello & Braithwaite, 2011). Depending on the observed waveband
and element distribution, such regions may induce brightness increase or decrease in the
light curves (Krtcka et al., 2018). It is proposed that magnetic elds are also responsible
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Figure 4.3: Location of pulsating stars on the HR diagram. Taken from Christensen-Dalsgaard
(2008).

for the creation of spots on white dwarf surfaces via accumulation of metals around the
magnetic poles (Hermes et al., 2017).

4.2.3 Magnetosphere

Magnetospheres are formed when the radiation driven stellar wind of the star is con ned
by the closed magnetic loops. Magnetic OB type stars commonly exhibit properties of
such magnetospheres and several projects were conducted to better comprehend the com-
bined e ects of the magnetism and stellar winds in hot stars (Wade et al., 2011, 2012;
Sundqvist et al., 2012; Petit et al., 2014). It has been hypothesized that the photometric
variability observed in the magnetic O-type stars is caused by magnetospheric electron
scattering (Munoz et al., 2020). As the star rotates, the projected area of the magne-
tosphere changes if the rotation axis is tilted with respect to the magnetic axis. This
results in ux variations. Munoz et al. (2020) modelled synthetic light curves of magnetic
O-type stars with several parameters. Inclination anglé, magnetic obliquity angle
mass-feeding ratéMg -, dipolar magnetic eld strength Bg, terminal wind velocity v; ,
and smoothing length . It has been shown that variations in geometric angleisand

a ect the light curve shapes, whereas the latter four parameters change the amplitudes
(see Fig. 4.4).
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(a) Blue, orange and green lines represent val- (b) Blue, orange and green lines represent values
ues ofMg- = f1.0, 2.0, 3.9 10° M yr!, of Bq= f25, 5.0, 7.5 kG, respectively.
respectively.

(c) Blue, orange and green lines represent values (d) Blue, orange and green lines represent values
of vi = 1500, 2500, 3500 km s?, respectively. of /R = f0.1, 0.3, 0.5, respectively.

Figure 4.4: Grid of model light curves as a function of inclinationi, and obliquity . Panel (a),
(b), (c), and (d) show varying stellar parameters. In each panel only one parameter changes
and remaining values are based on HD 191612. Taken from Munoz et al. (2020).
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White Dwarfs Showing Ultra-High
Excitation Lines & He Il Line
Problem White Dwarfs

5.1 State of the Art

5.1.1 Origin of Ultra-High Excitation Lines

Combined X-Ray, UV and optical studies revealed many exotic objects, however, a par-
ticular type that reside among the hottest white dwarfs conceals an interesting yet per-
plexing phenomenon: white dwarfs showing ultra-highly excited (UHE) metals (e.g. C
V, C VI/N VI, N VII/O VII, O VI, Ne IX, and Ne X) in their optical spectra. These
enigmatic objects were discovered nearly three decades ago by Werner et al. (1995) in
the Hamburg-Schmidt objective prism surveys (Wisotzki, 1994; Hagen et al., 1994) and
previous to that these features have never been observed in any other astrophysical object.

Considering the fact that the maximum observed white dwarf temperatures do not
exceed 250 000 K (Werner & Rauch, 2015), it is puzzling to encounter UHE absorption
features in a white dwarf spectrum. UHE line formation requires temperatures on the or-
der of a million K (Werner et al., 1995) which surpasses the stellar e ective temperatures.
This temperature range would also not allow to detect Balmer/He Il lines, therefore the
possibility of UHE lines originating from the photosphere can be rejected. Because of the
asymmetrical shapes of the line pro les, it was suggested that UHE features stem from
an optically thick, hot stellar wind (Werner et al., 1995). Therefore, these objects are also
commonly known ashot wind white dwarfs . Furthermore, due to their high tempera-
tures and indications of mass loss, a search for planetary nebulae around hot wind white
dwarfs was also attempted. However, it resulted in non-detection (Werner et al., 1997).

The Balmer/He Il line problem was known to be inherited by hot wind white dwarfs
which exhibit broader and deeper aforementioned spectral lines than the models predict
(Werner et al., 1995; Dreizler et al., 1995). Additionally, Werner et al. (2004) reported
an unusual DO white dwarf without the presence of UHE features but exhibiting strong
He Il lines that can not be tted by any model (see Fig. 5.2). Previous to that, the
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Figure 5.1: Normalized spectra of the rst discovered UHE white dwarfs HE 0504-2408 and
HS 0713+3958 as well as the DO white dwarf PG 0108+101. UHE lines are marked as C, N,
O, and Ne ions. Taken from Werner et al. (1995).
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so-called Balmer line problem had been already encountered in DA white dwarf spectra
(Napiwotzki, 1993) and was shown to occur due to improper inclusion of metal opacities
in the models (Werner, 1996). However, this solution remains ine ective in some cases
for the DAs showing the Balmer line problem (Werner et al., 2018b, 2019) and for all
the DOs showing the He Il line problem (Werner et al., 2018a). Werner et al. (2014)
suggested that UHE and DO white dwarfs showing the He Il line problem are a ected by
the same unknown mechanism which, however, fails to produce UHE lines in the He Il
line problem white dwarf spectra.

Figure 5.2: Normalized UVES spectrum of the rst detected DO white dwarf showing the He Il
line problem. Red lines represent a model withT ¢ = 60 000 K. log g = 7.5, and C/He =0.001.
He Il lines can not be tted precisely. Taken from Werner et al. (2004).

A proper assessment of parameters such &s , log g and mass highly depends on
the correct employment of the model atmospheres, for which H and He lines are tted.
However, the Balmer/He Il line problem complicates the accurate determination of these
parameters. For that reason, Werner et al. (2018a) analyzed UV spectra of 3 UHE white
dwarfs by constraining theT . range with H and/or He models and utilizing several
ionization stages of UV metals. They reported . values similar to what was inferred
from optical spectra, except for one object. In addition, they did not encounter indications
of ongoing mass loss in the UV spectra, however, they reported that this was not surprising
considering the mass-loss rates anticipated by radiation-driven wind theory (Unglaub &
Bues, 2000) are too low to be spectroscopically identi ed from the studied metal lines in
uV.

Werner et al. (2018a) argued that the \superionization" process responsible for the
occurrence of UHE lines could be frictional heating in multi-component radiation driven
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winds which was explained as radiation pressure accelerating only metal ions, but He
and/or H remaining static. It is predicted that the static material (H and He) builds a
cloud around the star which could be the forming region of both UHE and H/He Il lines,
yet UHE lines arising due to frictionally heated metals (Werner et al., 2018a). Fig. 5.3
shows aT, - log gdiagram including a narrow band where frictionally heated multi-
component winds are theorized to happen (Kricka & Kulat, 2005). This narrow band
could clarify the reason behind the observetl range (65 000 to 120 000 K) of UHE white
dwarfs (Werner et al., 2018a). However, the frictionally heated wind model is unable to
justify why not every hot white dwarf in this band exhibits the UHE phenomenon (Reindl
et al., 2021). Reindl et al. (2021) also argued that the multi-component wind model is
insu cient to describe the observed photometric and spectroscopic variability of the bright
UHE white dwarf J0146+3236.

Figure 5.3: T, - log g diagram showing di erent type of stellar winds with models derived
for 0.6 M stars. The black line represents the evolutionary track (Bloecker, 1995). The pink
region where frictional heating in the winds is expected to occur coincides with the same region
in Te -log g at which hot wind white dwarfs are observed (Werner et al., 2018a; Reindl et al.,
2021). Taken from Kritka & Kulat (2005).

Reindl et al. (2019) reported the analysis of the hot wind white dwarf J0146+3236,
which shows changing equivalent widths (EWs) of UHE features as well as photometric
variability. Strikingly, the recurrent variations of both, the EWs of the UHE line at 6060A
and the light curve of the object, correspond to the same phase (see Fig. 5.4). Fig. 5.5
shows the spectra of J0146+3236 taken at di erent phases in which the drastic changes
of the EWs of the UHE lines (especially at 606@) can be noticed even visually. The
EWs of UHE features reach their maximum at 0 and their minimum at 0.5,
with some of the lines completely fading away at this phase.

Assuming the photometric period to be the rotational period of the star, Reindl et al.
(2019) suggested that a spot on the surface can explain photometric variability. Since stel-
lar atmospheres are highly radiative in this temperature rangel(e 100 kK), they dis-
carded the possibility of convection generating the spots and argued that spots should be
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Figure 5.4. (a) Phase folded light curve of J0146+3236 including a bright spot model (black
line). The model assumes an inclination angle of = 50° and 125 % spot brightness relative
to the stellar surface. Panel (b) and (c) display equivalent width variations of the UHE line at
6060A and the He Il line at 6560 A, respectively. Taken from Reindl et al. (2019).

created by magnetic elds. However, none of the UHE white dwarfs including J0146+3236
exhibit Zeeman splitting, which constrains the magnetic eld strength to an upper limit

of 100 kG (Reindl et al., 2019). Nevertheless, the occurrence of the spots has been en-
countered on white dwarfs even with magnetic eld strengths less than 10 kG (Hermes
et al., 2017).

Figure 5.5: Normalized TWIN spectra (grey) of J0146+3236 including a pure He TMAP model
with T =100 000 K and logg = 7.5 (red). UHE features and He Il lines are highlighted in
yellow and pink, respectively. Taken from Reindl et al. (2019).

Reindl et al. (2019) showed that a wind fed circumstellar magnetosphere and a possi-
ble bright spot on the stellar surface can explain the photometric variability and spectro-
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scopic variations of UHE features as well as their presence. Circumstellar magnetospheres
are formed when the star's radiatively driven wind material is trapped inside the closed
magnetic loops, which are commonly detected around massive O and B type stars with
magnetic elds more than 1 kG (Owocki et al., 2016). As the wind material is chan-
neled along the opposite parts of closed magnetic loops, ows from both sides collide
in the equator, creating magnetically con ned wind shocks (MCWS) (Babel & Mont-
merle, 1997; ud Doula & Naz, 2016). MCWSs can increase the temperature to order
of a million K (ud Doula & Naz, 2016; Wade et al., 2015) which is necessary for the
occurrence of UHE features (Reindl et al., 2019).

Reindl et al. (2019) explained the occurrence of variable UHE lines and photometric
variability that were observed in J0146+3236 with rotational modulation of our viewing
angle of the star and the circumstellar magnetosphere, if the magnetic axis is tilted by°45
with respect to the rotation axis. As the star rotates, the amount of seen shock-heated
plasma changes, hence the line strengths of the UHE lines and the brightness of the system
varies (see Fig. 5.6). It is predicted that the UHE lines originate from higher latitudes
of the magnetosphere which is less dense, but hotter compared to lower latitudes and too
deep and strong He Il lines likely stem from cooler parts of the magnetosphere (Reindl
et al., 2019).

Figure 5.6: lllustration of J0146+3236 with the magnetosphere. The star is represented in blue
and the magnetosphere is represented in blue, purple, and magenta. Spots on the magnetic
poles are shown in light blue. The angle between magnetic axis and rotation axis is assumed to
be 45. At = 0 the system is viewed magnetic pole-on and the entire magnetosphere as well
as a possible bright spot are visible. Hence, the UHE features and the light curve have their
maximum. At = 0.5, the system is seen edge-on. The magnetosphere is occulted by the star
and the amount of shock heated plasma decreases. Therefore, both the UHE features and the
light curve diminish. Image taken from Reindl et al. (2019).

Magnetospheres are categorized by the rotation speed of the star (Petit et al., 2013).
But before the characterization of the magnetospheres, several parameters should be
de ned. Whether the dipole magnetic eld can de ect the stellar wind is described by
the magnetic wind con nement parameter

27



5. WHITE DWARFS SHOWING ULTRA-HIGH EXCITATION LINES & HE I
LINE PROBLEM WHITE DWARFS

Figure 5.7: lllustration of two di erent types of magnetospheres: dynamical magnetosphere
(DM) and centrifugal magnetosphere (CM). The top panel depicts a DM for slow rotators
(Ra < Rk) of which the Alf\en radius ( Ra) lies beneath the Kepler rotation radius Rk . The
bottom panel illustrates the CM of rapidly rotating stars which is supported by the centrifugal
force (Ra > Rk ). In this case, the Alfen radius (Ra) is located beyond the Kepler rotation
radius Rx . Image taken from Petit et al. (2013).

_ B&R?
Mg =0 V1

where B¢q is the eld strength at the magnetic equatorial surface radiusR ), Mg is
the mass-loss rate and; is the terminal wind speed which the star would show without
a magnetic eld (ud Doula & Owocki, 2002; Ud-Doula et al., 2008). For > 1, the wind
is con ned within the Alfven radius ( Ra), resulting in the formation of a magnetosphere.
Ra is the point where the magnetic energy density is equal to the wind kinetic energy
density (ud-Doula et al., 2006). In other words, magnetic loops reaching beyoRqd stay
open and the ones remain withirR, stay closed (Petit et al., 2013). Another essential
parameter is theKepler corotation radius (R ) which is de ned as the point where the
centrifugal force due to corotation is equal to the local gravitational force of the star
(ud-Doula et al., 2006).

; (5.1)

Fig. 5.7 illustrates the formation requirements of two kinds of magnetospheres, namely
dynamical and centrifugal (rigidly rotating) magnetosphere (DM and CM). The top panel
illustrates the condition Ry < Rk which is valid for slowly rotating stars. In this case
(DM), magnetically con ned wind material falls back to the star on a dynamical time-
scales (Sundqvist et al., 2012; Petit et al., 2013). On the other hand, the bottom panel
shows the condition,Rx > R, for fast rotating stars. Here, the wind material trapped
between R, and Rk is supported by the centrifugal forces, which generates a rigidly
rotating magnetosphere (CM) (Townsend & Owocki, 2005). However, regions within the
Rk are still characterized as DM even for the fast rotators (Petit et al., 2013).
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5.1.2 Photometric Variability

UHE and He Il line problem white dwarfs reside on a narrow region in the HRD (see
Fig. 5.8). Both are clearly separated from the hot subdwarf cloud and located on the
top of the white dwarf cooling track. Other than their shared location in the HRD, both
show a photometric variability rate of 75 % (Reindl et al., 2021). In addition, their period
distribution, light curve shapes and amplitudes are similar. Due the to aforementioned
reasons it was concluded that UHE and He Il line problem white dwarfs are related
(Reindl et al., 2021).

Reindl et al. (2021) showed that the period distribution of UHE and He Il line problem
white dwarfs is consistent with the orbital period distribution of post-common envelope
binaries. Furthermore, they explained that the period distribution of their sample could
be still in agreement with the rotational period distribution of magnetic white dwarfs, if it
Is considered that the white dwarfs in the sample are at the top of the white dwarf cooling
track and as they cool down their radius will shrink further (Althaus et al., 2009). As
a result of conservation of the angular momentum, the rotational speed of the stars will
increase, which leads to a statistically meaningful agreement with the rotational period
distribution of magnetic white dwarfs.

Figure 5.8: Location of the UHE white dwarfs (star symbols) and white dwarfs showing the
He Il line problem (diamonds) in the Gaia HRD. Triangle, dot, and plus symbols represent
hot subdwarfs, SDSS white dwarfs, and hot white dwarfs T ¢ 50 000 K) + main sequence
binaries, respectively. Color coding shows the e ective temperature of the stars. Taken from
Reindl et al. (2021).
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Figure 5.9: Period distribution of UHE and He Il line problem white dwarfs compared to post-
common envelope binaries, magnetic and non-magnetic white dwarfs. Taken from Reindl et al.
(2021).

Since the photometric period of UHE and He Il line problem white dwarfs are longer
than nonradial g-mode pulsations that are observed in PG 1159 stars, Reindl| et al. (2021)
concluded that because of the good agreement with the period distributions, photometric
variability should either be induced by magnetic elds or transpire as a result of binarity.
They further explored re ection e ect binaries as the source of the photometric variabil-
ity. However, none of the objects in the sample shows an amplitude increase towards
redder wavelengths in the light curve (Reindl et al., 2021). Furthermore, none of the
sample spectra exhibit emission lines originating from the heated side of the cool com-
panion, which was observed in re ection e ect systems that consist of a hot white dwarf
(Te 60 000 K) and a cool companion (Reindl et al., 2021).

Reindl et al. (2019) have already demonstrated that the photometric variability of
J0146+3236 can be explained with a bright spot model (see Fig. 5.4). In addition, the
observed relatively large amplitude variations in the light curves can be described with
chemical spots (Reindl et al., 2021) which were shown to be generated by magnetic elds
and to cause periodic variations of spectral lines and light curves (Krttka et al., 2018,
2020). Finally, the theoretical light curves presented by Munoz et al. (2020) illustrated
that the photometric variability observed in magnetic O-type stars can be explained with
corotating circumstellar magnetospheres that are tilted with respect to the rotation axis
(see Chapter 4.2.3). In fact, the synthetic light curves generated by these latter authors
for the intermediate inclination and magnetic obliquity anglesi( 50°) can explain
almost at minima that were encountered in the light curves of seven of the stars in the
sample of Reindl et al. (2021). Considering all of the aforementioned statements, Reind|
et al. (2021) concluded that the photometric variability is most likely caused by weak
magnetic elds and not binaries, however further investigations are needed.
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5.2 The Goal of This Thesis

The goal of this thesis is to investigate the multi-band BUSCA light curves of some known
UHE white dwarfs and archival light curves of two newly discovered objects, and to check
their spectra for changes in the equivalent widths (EWs) and radial velocities (RVs) in
order to provide more constraints on the mysterious nature of these objects. With the
aforementioned methods, whether binarity or magnetic elds are the driving mechanism
can be further explored. For the former scenario, it would be expected to detect larger
amplitudes in the light curves for the redder bands compared to the bluer ones. In
addition, close binarity can be revealed with statistically signi cant RV variations. For
the latter scenario, the amplitudes measured in the light curves of di erent bands should
be comparable to each other. Furthermore, it would be expected to detect EW variations
only for photometrically variable objects and these EW variations would be expected to
be correlated with their respective light curves.
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Photometry

From the times when the naked eye was the primary optical instrument to modern days,
the starlight has been the main source of information for the stargazers. Photometry is
the technique that deals with the incoming light from the stars and traditionally it refers
to visible light. Variable stars are discovered and studied by time-resolved photometry
that allows us to inspect the brightness changes of the star over a period of time.

Photometry can be divided into two main categories: absolute and di erential. By
performing absolute photometry, the actual brightness of the object can be measured,
whereas with the dierential photometry, the relative ux of the object with respect
to a comparison object can be obtained. However, absolute photometry is challenging
because it requires a series of separate calibrations (rst and second order extinction
coe cient, transformation coe cient, zero point), therefore dierential photometry is
frequently employed.

To perform di erential photometry, the target star and a few comparison stars are
observed over a period of time (typically at least one full photometric period) with the
same instrument and Iter simultaneously. Then, dividing the light curve of the target by
the ones of the comparison stars (see Fig. 6.1) results in the relative brightness variations
of the target, which also corrects for the atmospheric e ects.

While choosing the comparison stars, care must be taken though. Primarily, the
comparison stars must not be variable since they can induce false variability to the target.
Furthermore, it is desired that target and comparison stars are a ected by the same air-
mass and atmospheric conditions (clouds etc.). Since the target and the comparison stars
are observed with the same exposure all at once, a substantial brightness di erence may
cause saturation. Also, di erent color indices might induce false variability since Iters
are used during the observation and di erent wavelengths are a ected by the atmosphere
diversely. However, the target stars in this study are amongst the bluest known stars and
those are rare compared to redder stars. Hence, it is challenging to nd comparison stars
as blue as our targets.
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Figure 6.1: In the top panel the light curve of the target star (HS 0158+2335) is shown in
orange. Below the light curves of the four comparison stars are shown in blue. The dips and
scatters in the light curves are caused by the dominant atmospheric e ects.
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6.1 Observations

The objects HS 0727+6003, HS 0158+2335, HS 0713+3958, SDSSJ121523.08+120300.7,
as well as the comparison stars, were observed using the Bonn University Simultaneous
Camera (BUSCA,; Reif et al., 1999) at the 2.2 m telescope of the Calar Alto Observatory.
The beamsplitters of BUSCA (see Fig. 6.2) allow us to collect visible light simultane-
ously in four di erent bands namely Ug, Bg, Rg, and Ig. Due to technical problems

with BUSCA, no data in Ig for the objects HS 0727+6003 and HS 0158+2335 could be
obtained. In Table 6.1 observation dates as well as observing conditions are listed. In
addition, archival data (Catalina Sky Survey, TESS, ATLAS, and ZTF; Larson et al.,
2003; Ricker et al., 2015; Tonry et al., 2018; Masci et al., 2019) of two newly discovered
objects J0706+6134 and J0702+0514 were analysed in this study.

Calar Alto BUSCA Observations

Name Exposure Time || Observation] Comment On Observation
Date
HS 0158+2335 | 60s, 120s, 180s || 10.10.2018| Partly cloudy
HS 0158+2335 | 120s 21.12.2018 | A few cirrus
HS 0158+2335 | 120s 22.12.2018 | Cirrus and moonlight di usion
HS 0727+6003 || 100s 21.12.2018 | A few cirrus
HS 0727+6003 | 80s 22.12.2018 | Cirrus and moonlight di usion
HS 0713+3958 | 150s 14.01.2019 | Thin cirrus, a ected by time of

opportunity program
HS 0713+3958 | 250s, 300s, 400s| 15.01.2019| Thin cirrus, a ected by time of
opportunity program

J1215+1203 840s 14.01.2019 | Thin cirrus, a ected by time of
opportunity program
J1215+1203 600s, 840s 15.01.2019 | Thin cirrus, a ected by time of

opportunity program

Table 6.1: Observing conditions of the targets.

Figure 6.2: BUSCA with its four CCD systems mounted at the mirror cell of the 2.2m telescope.
Copyright: CAHA
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6.2 Data Reduction

Raw images come along with defects that cause noise in the data. In this regard noise is
any unwanted signal that is embedded in the image caused by the electronic instrument,
imperfections in the optics, and cosmic rays. For this purpose, the Image Reduction
and Analysis Facility (IRAF) is an important tool that was developed by the National
Optical Astronomy Observatories (NOAO). IRAF supplies a range of data reduction and
photometric analysis tools for astronomical data, though it was also used in other scienti c
elds for the purpose of general image processing. This software runs in the terminal and
consists of di erent software packages. Additional packages can be installed in form of
scripts dependent on the purpose of the study.

Bias Correction

A CCD is an electronic detector that consists of photosensitive cells called "pixels". Ideally,
each photon that strikes a pixel should produce an electron which can be counted by
an analog-to-digital converter (ADC). However, it is not the case in practice. Random
uctuations in the readout electronics introduce a type of noise callegtadout noise This
means that even if every pixel in the CCD accommodates the same amount of electrons,
due to readout noise, the number of electrons can be dierent. This can be solved by
applying a constant bias voltage before analog-to-digital conversion. However, this must
be corrected before doing photometry. A bias frame is a 0-s exposure, with the shutter
closed. In that case, the camera goes to a read cycle without being exposed to any light.
Therefore, any noise due to the reading process can be measured. It is advised to take
multiple bias images and average or median combine them in order to eliminate any
readout discrepancy and cosmic ray in uence. For this purpose IRAFzerocombinetask
can be utilized, creating amasterbiasframe. Then this masterbias frame is subtracted
from raw images to discard the noise.

Dark Correction

CCD pixels are semi-conductor capacitors and generally produced from silicon. If the
silicon in the CCD is much above the absolute zero i.e room temperature, it will generate
thermal noiseor dark current due to atoms in the material colliding with each other and
creating free electrons. Cooling down the instrument cause the atoms to move slowly and
decrease the collision between atoms, hence less free electrons and less thermal noise. In
order to discard any noise due to the dark current, dark frames are used. However dark
frames can not eliminate all the noise generated by the dark current, because the thermal
noise is not a xed value. A dark frame is taken shutter closed, at the same temperature
and with the same exposure time as raw science frames. Multiple dark frames should be
taken. Then the set of images can be average or median combined intasterdark frame

by using IRAF's darkcombinetask. Masterdark image should be subtracted from raw
science images as it was done with masterbias.
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Figure 6.3: The top panel shows raw science images, the middle panel shows bias corrected
science images and the bottom panel shows bias and at corrected science images.

Flat Correction

Not all pixels can be manufactured evenly. Some pixels can be more or less sensitive than
others. In addition, problems in the optical path such as dust particles on the Iter or
camera, nonuniform illumination of pixels due to the telescope aperture being circular
and arrays being rectangular should be corrected as well. This can be solved to some
extent by taking a at frame. Multiple at frames should be taken while the camera is
exposed to uniform light. For this purpose, at frames are taken in twilight (sky ats)

or by lighting inside of the telescope dome (dome ats) when the dome is closed. Due to
at frames being a ected by the bias voltage, they need to be rst bias-corrected. Then,
bias-corrected at frames can be combined by using IRAF'satcombine task. Unlike
bias and dark correction, bias-corrected science frames should be divided by the obtained
master at frame.

All of the aforementioned reduction processes except dark reductibhave been performed
by using a pipeline as an external package for IRAF.

6.3 Aperture Photometry

Aperture photometry is a simple yet important technique. Itis done by setting an aperture
(approximately 3-4 times the full width half maximum (FWHM) of the point spread
function (PSF)) around the target, with the aim of collecting as much light from the
target as possible. However, by summing all the signal in this area, the pixels within
the set aperture, not only the signal from the target but also the signal from the sky
background is collected. To avoid the background signal, sky annulusis set and the
signal is measured. Then, the measured pixel value in the annulus is subtracted from the

1Because of the e cient nitrogen cooling of BUSCA dark frames were not needed.
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measured pixel value in the aperture. In that way, the background-corrected ux from
the source can be calculated.

For the aperture photometry of target and the comparison stars, IRAF'ghot task in the
daophot package was utilized. Thephot task comes with default parameter values. In
order to use thephot task with the desired parameters, parameters should be edited with
the datapars centerpars tskypars and photparstasks that are included in thedaophot
package. To correct all stars for the e ects of atmospheric disturbance in a similar way,
di erential photometry was performed. In order to obtain the target ux without the

e ects of the atmosphere, the target ux was divided by the sum of the comparison star
uxes. Then the target ux was normalized by dividing each data point by the mean value
of the target ux. By using IRAF's hedit command, the observation time was extracted
asJulian Date from the FITS le headers.

6.4 Light Curve Analysis with VARTOOLS

VARTOOLS (Hartman & Bakos, 2016) is a command line program that is used for time-
series data, mainly for light curves. This software supports the processing of light curves
l.e. signal identi cation, Itering, light curve manipulation, time conversions, modeling
and simulating of light curves.

First of all, the obtained Julian Dates (JDs) were converted to Heliocentric Julian Dates
(HJDs) by using the converttime command. This conversion is necessary to correct for
di erences in the Earth's position with respect to Sun. In addition, to phase all data
together the phasecommand was used. Moreover, by using th&iHharm command a
harmonic series of the form

Ne

mg + a;1sin(2f it) + ;1 cos(2f t) (6.1)

i=1
was tted to each phased light curve and a harmonic series of the form

Xp n Nhayg ;i +1
Mo + ai;1sin(2f it) + h;pcos(2f it) +

i=1 k=2

[a;1sin(2kf it) + b;; cos(2kf it)]O

(6.2)
was tted to the light curve of HS 0158+2335 to achieve a better t. The peak-to-
peak amplitudes for all the light curves were calculated as the di erence between the
maximum and minimum of the t. The uncertair&ies on the amplitudes were estimated
by calculating the standard deviation viastd = (observed fit )2. To determine the
period, a generalized Lomb-Scargle search (Zechmeister & Kurster, 2009) was performed.
With the -LS command periodic sinusoidal signals were searched. If more than one
signi cant period were detected, the original data were whitened by removing the most
signi cant signal and the periodogram was recalculated. The false alarm probability
(FAP) is the probability to detect a primary signal even though there is no signal. In that
sense smaller values of the FAP refer to more accurate detections of the primary signal.
If log(FAP) is -4, the object is classi ed as signi cantly variable.
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6.5 Results

6.5.1 HS 0158+2335

In Fig. 6.4 the tted light curves of HS 0158+2335 are shown. The observations of
HS 0158+2335 do not cover a full photometric period. Nonetheless, the maximum and
the minimum of the light curve could be recorded. The amplitudes and standard deviation
of the target object for theUg, Bg, Rg are calculated as 267 0:010 mag, @211 0:.010
mag and 0193 0:011 mag, respectively. In Fig. 6.4, it can be clearly seen thak -band
observations are a ected by the air-mass. While the ux levels in thég- and Rg-band
increases after HID 258402.671856, th -band ux level remains constant. Thus, the
Ug -band amplitude must not be trusted. The amplitudes measured in thBg- and Rg -
band agree with what is reported by (Reindl et al., 2021) from the ATLAS, CSS, and
ZTF light curves.

Figure 6.4: Fitted light curves of HS 0158+2335 forUg, Bg, and Rg-band. The grey dashed
lines indicate after which time the air mass exceeded 1.3
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6.5.2 HS 0727+6003

HS 0727+6003 was observed covering almost two photometric phases and it is the only
object that was observed more than once. In Fig. 6.5, the heliocentric corrected and tted
light curves of HS 0727+6003 are shown. The data taken in the shaded regions where
the air mass exceeds 1.3 were excluded from the phased light curves, since in Fig. 6.5
it can be clearly recognized that the observation conditions became worse when the air
mass exceeded 1.3. In Fig. 6.9, the phase-folded and tted light curves of HS 0727+6003
are shown. A generalized Lomb-Scargle (LS) search for periodic sinusoidal signals was
performed for HS 0727+6003 (See Fig. 6.6, 6.7, 6.8). The periods from tlg, Bg,

and Rg light curves were calculated as 0.218811, 0.221077 and 0.221577 d, respectively.
Fitting a harmonic series to the phase-folded light curve, amplitudes ofI28 0:014 mag,
0:131 0:008 mag and 128 0:011 mag are obtained fotJs, Bg, and Rg respectively.
The amplitudes from the di erent bands agree with each other.

Figure 6.5: Light curves of HS 0727+6003 for theUg, Bg, and Rg-band. The shaded regions
indicate an air mass more than 1.3.
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Figure 6.6: Ug-band Lomb-Scargle Periodogram of HS 0727+6003. The grey lines show the pe-
riodogram of the original data, whereas the blue lines represent the data after the rst whitening
cycle. The red line corresponds to log (FAP) =-4.

Figure 6.7: Bg-band Lomb-Scargle Periodogram of HS 0727+6003. The grey lines show the pe-
riodogram of the original data, whereas the blue lines represent the data after the rst whitening
cycle. The red line corresponds to log (FAP) =-4.

Figure 6.8: Rg-band Lomb-Scargle Periodogram of HS 0727+6003. The grey lines show the pe-
riodogram of the original data, whereas the blue lines represent the data after the rst whitening
cycle. The red line corresponds to log (FAP) =-4.
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