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Abstrakt

V této diplomove préci jsme se vénovali analyze spekter dvou hvézd patficich k bilym
trpaslikdm. Konkrétné se jednalo o hvézdy s oznacenim BD+08 102 a GD 803. Tyto
hvézdy byly naSim pfedmétem zajmu diky jejich pfedchozi fotomerické analyze, ktera
odhalila jejich pravidelnou svételnou proménnost. Vysvétlenim této proménnosti by mohl
byt dvouhvézdny charakter. V této praci jsme provedli spektralni analyzu, abychom
odhalili pravdépodobnou pfiCinu této proménnosti. Analyzovana spekra byla zhotovena
dalekohledy VLT na Evropskeé jizni observatofi. PFi studiu dvouhvézdného charakteru
jsme sestrojili kfivky radialnich rychlosti a diskutovali jejich moZnou proménnost.

Abstract

In this diploma thesis, we analyzed the spectra of two stars identified as white dwarfs.
Specifically, the white dwarfs with identifiers BD+08 102 and GD 803. These stars were
of interest to us due to their previous photomeric analysis, which revealed their regular
luminosity variability. Binary origin of these stars could be the explanation of these
photometric changes. In this work we performed spectral analysis to reveal the probable
cause of the light variability. The analyzed spectra were taken by the VLT telescopes at
the European Southern Observatory. While studying the binary character we constructed
radial velocity curves and discussed their possible variability.
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Introduction

White dwarfs are remnants of stars which have exhausted their fuel for fusion. These stars,
which are in their nal stage of evolution are slowly cooling over time as they radiate away
their residual thermal energy. The remnant in the form of white dwarf has a large density
and consist of electron degenerate matter. The upper limit for their mass was derived in
the 1930's by scientist Chandrasekhar and it is equal to 1.43hapiro et al., 1983 [36]).
White dwarfs were originally found as companions of bright stars (e.g. Sirius B). The
study of white dwarfs is an important tool for revealing and understanding the evolution,
structure and history of most stars (Toonen et al., 2017 [38]).

{1{



Chapter 1

Physics of binary star systems

A signi cant fraction of the stars in the Sun's proximity are in fact members of binary
star systems. Such stars are gravitationally bound and are orbiting each other around the
common centre of gravity. There are also systems which are composed of three or more
stars. In order for these stars to be stable, they need to form close binary system with
the third or fourth component orbiting around the binary. Thus, the binary star system is
fundamental even in multiple star systems (Mikuldlek & Krtieka, 2005 [28]).

1.1 Classi cation of binary star systems

The binary star systems can be divided into four categories according to the way they have
been observed:

1. visual binaries (observed optically using telescope or interferometer),
2. astrometric binaries (deviation in star's position),

3. spectroscopic binaries (periodic changes of position of spectral lines),
4. photometric binaries (changes in star brightness),

(Mikulatek & Krtieka, 2005 [28]).

1.1.1 Visual binaries

The rst discoveries of binary stars are dated to the 17th century, when Galileo Galilei and
Benedetto Castelli found series of binary star systems. They made this happen through
telescope observations. The observation is limited due to resolution of telescope 1.1. The
equation is comparing the angular resolution of the observational instrumaevith the
wavelength of monochromatic radiation, which we see from distant objextd D the
diameter of the instrument

|
h= 1:22-: (1.1)

Ground based observations of distant objects with telescopes are negatively infulenced
by effect called seeing. This phenomenon is caused by the motion of the air in the earth
atmosphere and dramatically reduces the resolution of the telescope. There are in fact

{2{



Chapter 1. Physics of binary star systems 3

ways to improve this effect, for example by using the active optics or space observations
(Mikulatek & Krtieka, 2005 [28]).

1.1.2 Astrometric binaries

The astrometric binaries are resolved as binaries by deviations of proper motion of one of
the star components. In some cases there is a binary system in which one of the components
has lower mass and it does not radiate as much as its companion. Thus we can not detect
the star by visual method. When studying the proper motion of stars we expect the motion
to be uniform and straightforward. In the case of another "invisible" companion, the
proper motion shows deviations from the uniform and straightforward motion (Mikulatek

& Krtieka, 2005 [28]).

1.1.3 Spectroscopic binaries

Spectroscopic binaries are detected by studies of stellar spectra. The rst spectroscopic
binaries were discovered by Maury and Pickering in the 19th century, while studying the
spectra of Mizar. It was noticed that the spectra of Mizar has doubled spectral lines.
These changes in spectra occured with period of 20 days. Later it was con rmed that this
happened due to Doppler effect of orbital motion of the two stellar components (Mikulatek
& Krtieka, 2005 [28]).

1.1.4 Photometric binaries

The photometric binaries are a type of binary systems discovered thanks to light variations.
The rst discovered system of this type was Algbl Per). Light curve of eclipsing binary

can be seen in Fig.1.1. The effect which needs to be considered in interpretation of the
light curve of binary star systems is limb darkening. The radiation emitted from stellar
source vary in respect to the depth from which we see the radiation. From the observer
point of view the central part of the stellar disk appears to be hotter than the edge. And
thus it comes to the limb darkening of the stellar disc (Mikuldlek & Krtieka, 2005 [28]).

Figure 1.1: Light curve of eclipsing binary [credit: ESA [E16]].
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1.2 Effects of photometric variability in close binaries

The close binaries are star systems in which the two star components can interact with each
other. The interaction between the components is gravitational as well as radiative. The
objects in such system can be close enough to Il their effective potential surface and the
mass accretion can be triggered. There are several effects which take place in the physical
description of interacting binaries such as tidal deformation, reflection effect and Doppler
beaming (Mikulalek & Zejda, 2013 [29]).

The gravitational interaction in close binaries results in deformation of the shape of the
star components. Due to this interaction the stars are altered into drop like shapes rather
then the standard spherical surface. The radiation of the star depends on the gravitational
acceleration, which is not constant among the irregularly shaped object. Thus the binary
shows light variability due to the tidal deformation of the star shape (Mikulalek & Zejda,
2013 [29]). This effect is also referred to as ellipsoidal variability.

An another important effect that leads to light variability of binary stars is the reflection
effect. In the binary star system, there are two radiating components. Lets assume there is
one star A and the other star B, star A emits electromagnetic radiation into its surroundings
and illuminates part of the star B. This radiation will be partially dispersed and consequently
emitted in the photosphere of star B and partially absorbed by the neighbour star B. The
consequence of this effect is that the near sides of the stars are always radiating more
than their far sides. As the system rotates, different parts of the stars are visible from
the observer point of view and the periodic light variability is seen in the light curve
(Mikulatek & Zejda, 2013 [29]).

Doppler beaming or relativistic beaming is an effect during which the luminosity of
the star is changing due to orbital motion around the center of mass. This effect was rst
mentioned in the late 20th century by Hills & Dale (Hills & Dale, 1974 [15]). The stars
are orbiting and the flux from the part of the object which is moving towards the observer
appears to be higher than the flux from the part which is moving away respectively to
the observer (Groot, 2012 [13]). In binary star system this effect is applied thanks to the
line-of-sight motion of its components. In the case of the binaries with p&d0 days,
the effect of Doppler beaming is more signi cant than reflection effect and ellipsoidal
effect (Zucker et.al., 2007 [40]).

1.3 The Two-body Problem

The motion in binary system can be approximated by solving the two body problem. Lets
assume we have two bodies with magsandm, and the positional vectors with the origin
in the common centre of gravity arg andr, (Benacquista, 2013 [7]). The schematic
visualisation can be seen in Fig. 1.2.

The barycentric coordinate system gives

mri+ mpro= 0: 1.2
The relative separation is

r=rq ro 1.3)
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Figure 1.2: Barycentric coordinate description of a binary system [Benacquista, 2013 [7]].

Forrq andr, we can write using equations 1.2 and 1.3

My
= M. 1.4
VAL (1.4)
m
= _—r- 1.
ro il (1.5)

whereM = my + my.

The motion of two bodies is found from Lagrangian

> in r2j: (1.6)

From the gure 1.2 we can expreggsasqgi = g2 p = (, sincep is constant angle in
radiansg; = g2 = q,

my 2
visri+riaf= 35 (P4 ried); (1.7)
m 2
Bz rgerdg= ™ (e g 19
For Lagrangian we then have
1my 1 mpn? Gmymy
L = 5—,\,,2%(r2+ g%+ S (P2 P+ ——; (1.9)
e R SR i
We will mark ™2 = mwhich is reduced mass
1 1 GnmM
L = Zmr2+ Znr2g2+ : (1.11)

2 2 r
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From the equation 1.11, we can see that the two-body problem is reduced to the solution
of motion of one body massiin central force eld with potentiaV (r) = % So, the
potential energy is proportional o % This is known as the Keppler problem. The
solution for Lagrange equation for elliptic orbits is

_ a1 &)

"~ 1+ ecosq’ (1.12)

where a is the semimajor axis, de ned as= (1—'627 | is semilatus rectum and is
eccentricity which is describing the deviation from the circular shape (Nipoti, 2018 [31]).

1.4 The Roche model

In this section we will study the gravitational potential around binary system in non-inertial
rotating frame. We assume that the bodies move in circular orbits. Another assumption is
that in the system there is a ctional third body and its mass is negligible in relation to the
masses of the two body systeam andm,. The rotational frequency of such system is
r
G(my+ ) |
ad '
In the equation 1.13 there is a quanttywhich represents the distance from one point
of massm to the second body, .
The potential of such system consists of sum of three components proportional to
potential of bodym,, potential of bodym, and the ctional centrifugal force potential.

W= (1.13)

_ Gmm N Gmpm
on r2

Ther, andr, in the equation 1.14 are the distances from the ctional body to the bodies
my andm.

The equipotential surfaces are calculated by determining the points in which the poten-
tial F is constant. The gure 1.3 shows the cross section of equipotential surfaces in orbital
plane. The inner surface called Roche surface is crucial in understanding the process of
the mass transfer within the binary star systems (Benacquista, 2013 [7]).

F

+ %mwz(x2+ v9) (1.14)
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Figure 1.3: Contours of the Roche equipotentials in an equatorial plane of the binary. L
L5 are Lagrange points and CM is common centre of the mass [Hall, 2016 [E17]].



Chapter 2

Evolution of stars in binary systems

A signi cant number of stars are found in binary systems and approximateBo 50

such binaries are close enough to start the mass accretion from one star component to the
other in the future. This can happen in all different kinds of binary systems, e.g. two
non-degenerate stars, one compact star/object (white dwarf, neutron star, black hole) and
one normal star or even double degenerate systems (Podsiadlowski, 2012 [32]).

2.1 The Roche Lobes

Assume we have a binary system with circular orbit, we will describe this system in a
non-inertial coordinate system that rotates along with the objects or so called comoving
frame. In such system we can de ne an effective potential as mentioned above in previous
chapter 1.4. This potential has ve points where the gradient of the effective potential is
equal to zero. These points are called the Lagrange points. In the gure 2.1 we can see
the Lagrange points, points, L3 andL, are laying along the line that connects the two
stars. The poink; plays an important role in matter accretion, since this point connects
the gravitational influence of the two stars. The mechanism of mass flow lays in the lling
of so called Roche lobe of one star. If this lobe is fully lled mass transfer from one star
to the other through the Lagrange pointcan occur. This is called Roche-lobe overflow
(Podsiadlowski, 2012 [32]).

According to how stars lltheir Roche lobes we can divide binaries into three categories:

1. detached binaries (both stars under Il their Roche lobes) - no mass transfer,

2. semi-detached binaries (one star lIs its Roche lobe) - mass transfer,

3. contact binaries (both stars Il their Roche lobes) - when stars |l their Roche lobes, a
common envelope is formed. If the common envelope is big enough to reach Lagrange
pointL, the mass can flow out of this point and therefore form a circumbinary disc
around the binary system (Podsiadlowski, 2012 [32]).

{8{
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Figure 2.1: Lagrange points [NASA, 1999 [E18]].

2.2 Common-envelope phase (CE)

In star system in which Roche-lobe over Il occurs we distinguish two modes of mass
transfer. The transfer can be either stable or unstable. In the case of stable mass transfer
there is mass accreted by the companion star, which leads to widening of the binary. This
transfer ends when the envelope of a donor star has been transferred to its companion. On
the other hand there is an unstable mass accretion. Mass transfer becomes unstable when
the star receiving matter cannot handle all the material being transferred from the donor
star. This accumulated material then leads to Iling the Roche lobes and the common
envelope is formed. After the CE is formed, friction between binary system and the
envelope causes the two stars in binary system spiral towards each other. This leads to
release of orbital energy and ejection of the envelope. When the binary system undergoes
the common envelope phase it can lead to formation of star binary that consists of compact
object and companion. Common envelope phase can produce cataclysmic variables, X-ray
binaries and close white dwarf binaries (Podsiadlowski, 2012 [32]).

It is important to mention that the interaction between the stars in the binary system
can happen even when the star does not |l the Roche lobe. The processes through the
interaction can occur are tidal effects, irradiation of the star or wind-orbit coupling. The
binary stellar system can also form stable contact systems (Marchant & Bodensteiner, 2023
[25]).

2.3 White dwarfs in binary systems

White dwarf stars are found in binary systems as well as isolated stars. In case of binary
system in which accretion of matter takes place there can be various phenomena alternating
the evolution of the binary system (Saumon et.al., 2022 [35]). The rst discovered white
dwarfs were in fact white dwarfs in binary systems e.g. Sirius B or Eri B. White dwarfs



10 Chapter 2. Evolution of stars in binary systems

found in binary systems can be categorized into Sirius-like binaries, white dwarf and low
mass star binaries and white dwarf - white dwarf binaries also called double degenerate
systems (Holberg, 2009 [17]).

2.3.1 Cataclysmic variables

The cataclysmic variables are pairs of normal star (Sun-like star) and white dwarf star.
These systems are rather smaller in size. In these systems the donor star is accreting
material onto the white dwarf's surface. While accreting the material onto the white dwarf
with large gravitational potential energy there is an X-ray emission. Thus the cataclysmic
variables are brighter in X-ray than typical stars. The source of energy of white dwarf is
from accretion and fusion. According to the phase in which the binary is we can divide
the cataclysmic variables into fusion-dominated phase and accretion-dominated phase
(Camendiz, 2007 [9]).

2.3.2 Symbiotic binaries

The term symbiotic binaries denotes an interacting binary star pair that generally consist
of evolved red giant and compact white dwarf. The non-compact companion is covered in
dust envelope from which the mass is transferred onto the white dwarf. Such systems tend
to have long orbital periods and large separation of its components, due to large scale of the
evolved red giant. Symbiotic binaries also belong to the variable star group. The timescales
of the variability differ from minutes usually linked with period oscillations of the compact
star to years associated with pulsations of cooler stellar companion (Mikolajewska, 2007
[27]). The mass transfer in symbiotic binaries usually occurs thanks to stellar wind of
the red giant. The wind is ionized by the white dwarf and creates hot dust envelope with
temperatures 7 000 - 15 000 K. In the stellar spectra we can observe emissions due to the
stellar winds (Mikuldlek & Zejda, 2013 [29]).

2.4 Mass transfer in binary systems

In the binary system in which the mass accretion occurs we distinguish several types of
mass transfer from the star that the material is being accreted from (donor) and the star
onto which is the material accreted (accretor).

The main objects of interest are the binaries in which at least one of the stars being a
compact object such as white dwarf, neutron star or black hole. Since the compact objects
typically posses large magnetic and gravitational elds, such binaries with the active mass
transfer show impressive effects.

Cataclysmic binaries and low mass X-ray systems consist of evolved white dwarf star
and main sequence star or red giant. The accretion of matter generally takes place by
the material transfer onto the compact object, in this case onto a white dwarf. During
the transfer, donor star will emit a stellar wind or the accretor will eject matter. This is
commonly observed in novae and galactic jet sources (Negu & Tessema, 2015 [30]).
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2.4.1 Classi cation of mass transfer

According to work of Kippenhahn & Weigert (1967) [22] and Lauterborn (1970) [24], we
can classify the mass transfer into three categories following:

Type A - mass transfer occurs in the main sequence phase,
Type B - mass transfer occurs before the helium burning,
Type C - mass transfer occurs after helium exhaustion,
(Thomas, 1977 [37]).

For the case of type A mass transfer, the orbital period of the two objects is in order
of a few days and the star can expand slowly through the main-sequence phase while still
burning hydrogen in its core and Il its Roche lobe. Type A mass transfer is triggered
during the so called slow growth phase.

For the mass transfer type B the initial orbital period is less than 100 days and the star
lIs its Roche lobe while expanding to the red giant. This newly formed red giant has a
helium core which can ignite and therefore it can stop the accretion. The rapid expansion
phase is the origin for the type B mass transfer.

Lastly, in the case of mass transfer type C the star may enter the asymptotic giant branch
before reaching the point of Iling its Roche lobe. The orbital period is over 100 days and
the star in this scenario can be left with CO and ONe core. Type C mass transfer starts
while the star is in the nal expansion phase.

Thus the properties of the stellar remnant depends strongly on the state in which the
Roche lobe overflow occurs. The orbital properties of a binary system after the accretion
is influenced by the mechanisms of the mass transfer (Negu & Tessema, 2015 [30]).

2.5 Subdwarfs in binary systems

In the early 20th century Adams (1935) was working on the luminosity classi cation of
stellar spectra. During his research he discovered three A type stars that were not very
luminous. After his study on these faint objects he characterized them as intermediate
white dwarfs. This intermediate white dwarfs had absolute magnitute approximately +5
mag and were located about 2 mag bellow the main sequence on the Hertzsprung-Russell
diagram 2.2.

Later Kuiper (1938) worked on stellar spectra and found large group of stars which
were shifted down 2-3 magnitudes from the main sequence stars and were stretched along
the full length of the main sequence. The notation subdwarfs in short sd came from Kuiper
since the stars in this section have similar properties as the main sequence star but are
brighter than white dwarfs (Buscome, 1959 [8]).

The subdwarf star class can be divided to the cool and hot subdwarfs. Hot subdwarfs
are stars with spectral type B or O (sdB and sdO) and in their core there comes to the
helium burning. A notable portion of subdwarfs are in fact the members of binary systems
with the other component being low-mass main sequence star or white dwarf. SdB and
sdO stars indicate the late evolutionary stage of a low-mass stars (Heber, 2016 [14]).
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2.5.1 Evolution from subdwarf to the white dwarf

Star binary pairs that consist of hot subdwarfs sdB and a white dwarfs stars can interact by
Roche-lobe overflow and therefore start mass accretion from sdB star to white dwarf. Inthe
case of sdB there is still ongoing nuclear helium burning. When the mass transfer between
the subdwarf and white dwarf is possible the hot subdwarf's nuclear helium burning can
be terminated and the hot subwarf contracts forming a white dwarf (Bauer & Kupfer, 2021

[5D.

Figure 2.2: Position of Subdwarfs sdO & sdB on Hertzsprung-Russell diagram [Heber,
2016 [14]].



Chapter 3

Evolution of single stars towards white
dwarfs

The evolutionary prospects of the majority of stars include eventually becoming white
dwarfs. This is a fate of approximately @/of all stars in the Galaxy. Thus, the study

of these last evolutionary states of stars is key to understanding the nature of the stellar
life (Fontaine, et al., 2000 [11]). White dwarfs in the binary systems such as cataclysmic
variables also play an important role in stellar evolution. Since the interaction between the
stars can lead to the mass transfer, it is believed that white dwarf binaries are progenitors of
Type la supernovae. When the white dwarf exceeds so called Chandrasekhar limit which
sets a boundary on the maximum mass of white dwarf 1.4yl accretion of material

from its stellar companion it can lead to explosion of the white dwarf (Althaus, et al., 2010

[2]).

3.1 From Main Sequence Star to White Dwarf

For the large portion of life the star remains in the main sequence phase during which the
central hydrogen burning is the main source of the star's energy. When the star runs out
of the hydrogen in its core the central hydrogen burning stops and the star becomes a red
giant. As the star evolves from the main sequence star into the red giant the hydrogen shell
burning takes place. The stellar core is contracting and heating up while the outer layers
expand and cool down. As the helium core heats up the temperature eventually becomes
high enough for helium to ignite. After this phase of red giant the star eventually burns
down the central helium and evolves into the asymptotic giant branch (AGB). As the star
enters the AGB stage the thermal instabilities occur in the helium shell so called thermal
pulses. In the AGB phase the star's carbon-oxygen core is gaining mass and most of the
hydrogen envelope is being ejected. After the mass of star's envelope reaches the mass of
10 3M the star becomes the central star of planetary nebulae. The star may experience
additional thermal pulses and reduce its envelope's mass to approxirh@téiyM and
the star continues to its nal life stage as white dwarf (Althaus, et al., 2010 [2]).

In the stage of white dwarf the star's source of energy is provided by gravitational and
thermal energy and the single white dwarf starts to cool down over time (Althaus, et al.,
2010 [2]).

{13{
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Figure 3.1: HR diagram of the evolutionary stages of main sequence star to the white dwarf
stage. The initial mass of the star is 3.5 NAlthaus, et al., 2010 [2]].
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3.2 Properties of white dwarf stars

After the star enters the nal stage as a white dwarf and expels its outer layers, only the
hot core of a star is left. The stellar core remnant called white dwarf has a temperature
T > 100 000 K. In single star scenario the core cools down over the course of billions of
years and eventually becomes a black dwarf. In the case of white dwarfs in binary systems
the accretion of material can increase the temperature of white dwarf.

The typical mass of a white dwarf is a fraction of the Sun mass, with its maximum at
1.4 M so called Chandrasekhar limit. Typical white dwarf's radius is measured in orders
of few Earth's radii. With their masses and much smaller radii the white dwarfs are one
of the densest objects in the universe. The material that makes up a white dwarf is in a
degenerate state (Camendiz, 2007 [9]).
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Description of data sources ESO and
Kepler

4.1 European Southern Observatory

European Organization for Astronomical Research in the Southern Hemisphere (ESO) is
an institution located in Chile that consist of 16 member states. The organisation was found
in 1962 and the main goal is to convey the possibility of space research to over 22 000
users worldwide. From 2007 Czech Republic is one of the member countries of the ESO
(ESO, [EB)).

4.2 Instruments of ESO

The instruments for observations are situated in Chilean Atacama Desert thanks to its great
observing possibilities. There are currently three sites for sky observations, speci cally
in La Silla, Paranal and Chajnantor. The rst observatory is homed in La Silla with its
largest 4-metre telescope. Paranal's Very Large Telescope (VLT) with its Very Large
Telescope Interferometer (VLTI) is popular amongst the scienti ¢ public. The Paranal site
is also going to posses the Cherenkov Telescope Array which is the biggest gamma-ray
observatory with great sensitivity. Last but not least there is the Chajnantor site with its
Atacama Large Milimeter/submilimeter Array (ALMA) which is operated thanks to ESO
and international members of the organisation (ESO, [E5]).

4.3 History of ESO

The idea of building the European Southern Observatory came in the early 1954 from
twelve astronomers in six European countries including Germany, Belgium, France, Great
Britain, Netherlands and Sweden. They proposed a construction of a shared observatory
in southern hemisphere. The need for such institution came from the lack of opportunities
of european astronomers to make southern sky observations (Blaauw, 2010 [1]).

{16{
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4.4 \ery Large Telescope

The Very Large Telescope is ESO's complex consisting of four main unit telescopes with
mirror diameter 8.2 m as well as four additional 1.8 m movable telescopes. VLT is situated
in Paranal site in the altitude of 2635 m above the sea level. The gure 4.1 shows the Very
Large Telescope complex.

The rst launch of the site of four unit telescopes is dated in early 1999. To this day all
four main telescopes are fully operational individually as well as simultaneously. The large
diameter of the instruments allows to observe object as faint as 30 mag. VLT observations
are possible in the broad section of wavelengths ranging from UV 300 nm to mid-infrared
24 um.

Each of the single unit telescopes are equiped with instruments such as specrographs,
large- eld imagers or adaptive optics modules (ESO, [E6]).

4.4.1 X-shooter Spectrograph

X-shooter is and important tool for spectroscopy in the large range of wavelenghts from
ultraviolet to near-infrared. The instrument was a component of the Unit Telescope 2. The
spectrograph consist of three individual parts called arms which provide the dispersion of
light into different wavelengths creating a spectrum.

The main aim of the X-shooter is to provide broad-range spectroscopy of many objects
of interest such as white dwarfs, supernovae progenitors and gamma-ray bursts. The
outcomes of this observations are discoveries of binary stars, formation of stardust in
supernovae, galaxies, etc (ESO, [E7]).

Figure 4.1: VLT telescopes and instruments in Paranal Observatory [ESO, 2009 [E13]].
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4.5 Kepler Mission

The Kepler space telescope was launched in 2009 by NASA. The goal of launching the
Kepler telescope was primarily the search for exoplanets, more speci cally earth-like
planets. The method of searching for the exoplanets lies in the monitoring of transits.
The small changes in star brightness indicate the transit of an exoplanet (NASA, 2018
[E8]). The photometric observations were done in the position of the Cygnus and Lyra
constellations (Howell et al., 2014 [18]).

After only 4 years after being lunched unfortunately the two out of four reaction
wheels have failed, meaning that the precise pointing of the Kepler space telescope was
disabled. After the major failure of reaction wheels the proposal of the K2 mission also
called "Second Light" was approved. The K2 used the solar wind for stabilization of the
instrument (NASA, 2018 [E9]). The new mission K2 was providing the observations of
approximately 40 000 objects a year in both northern and southern hemisphere (Howell et
al., 2014 [18]). With the launch of K2 mission came the possibilities to study star clusters,
active galaxies, old stars and supernovae (NASA, 2013 [E10]).

The Kepler mission came to the end in the 2018 after the fuel tank of the spacecraft
ran out (SPACE, 2021 [E11]).

4.6 Properties of Kepler space telescope

The telescope consisted of a single telescope with mirror diameter 1.4m and image sensor
array. The goal was to monitor 100 000 stars over several years. The Kepler's photometer
was assembled from the series of charge-coupled devices (CCDs). The bandpass of the
spacecraft was established from 400 nm to 850 nm (NASA, 2018 [E12]). The gure 4.2
shows a schematic image of Kepler telescope with its components.

Figure 4.2: Description of devices in Kepler space telescope [NASA, 2017 [E14]].
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Analyzed white dwarfs

White dwarfs that are part of binary stellar systems, especially white dwarf and bright main
sequence star pairs were hard to detect on optical frequencies. Therefore spectroscopy and
ultraviolet photometry are crucial tools for the detection of the less luminous white dwarf
companions (Kawka & Vennes, 2010 [20]). For the spectroscopic study of possible white
dwarf binaries, we used the available data from VLT telescope obtained via proposal
0103.D-0194(A). The objects that were analyzed are both white dwarfs with identi ers
BD+08 102 and GD 803.

5.1 BD+08 102

According to Simbad [E3] the star BD+08 102 also known under the identi er EPIC
220623236 is identi ed as a cataclysmic binary. The star's celestial coordinates are right
ascensio0'44™01:16° and declination- 09 33 02:2" (Mason et al., 1995 [26]).

The star systems like BD+08 102 are thought to be white dwarf binaries because of
UV or EUV emission. Though many of the binary candidates including BD+08 102 still
remain photometrically unresolved systems. There were not detected any variations of
radial velocity from observation in order of a few days, suggesting longer orbital period.
The upper limit for the orbital period is roughBipper= 9:7 yr (Barstow et.al, 2001 [3]).

The high resolution spectra of this object have shown the strong Ca Il H and K emission
lines corresponding to the active companion (Barstow et al., 1994 [4]). Calcium spectral
lines K and H are shown in the gure 5.1.

Spectral classi cation as well as derivation of stellar parameters of this binary was
done by Holberg and others [16]. According to Holberg, the binary BD+08 102 belongs
to so called Sirius-like star system in which the white dwarf is part of a binary star system
with younger star. The primary component of BD+08 102 binary system is a white
dwarf with spectral type DA 2.1 and the secondary component is a K2V star. Holberg's
work [16] provides estimate of temperature of white dwiif = 23 740 K. Distance of
the white dwarf binary is approximately 81 pc (Gaia EDR3, 2020 [12]). The estimate
of the white dwarf's surface gravity as well as its mass was done by using ultraviolet
spectroscopy. Logarithm of surface gravity Igg 7:31 0:04 and the mass of white
dwarfisMyp = 0:39 0:.01M (Kawka & Vennes, 2010 [20]). In comparison the mass
of both stellar components derived by the Holberg's analysis are the mass of white dwarf
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Figure 5.1: UV spectrum of BD+08 102 showing Ca K and Ca H emission lines. For
comparison are also shown spectra of stars RE 2047-36 and RE 0545-59. Broadening of
the BD+08 102 spectra is noticable [Kellet, et al., 1995 [21]].
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Mwp = 0:39M and the estimate of a mass of its compariiyg = 0:84 M  (Holberg
et al., 2013 [16]). The determined mass of a white dwarf is smaller then expected for
hydrogen white dwarf . This implies that the star may have experienced mass loss due to
interaction with a binary companion. The white dwarf's radius calculation yields in the
resultRyp = 0:0088R (Kellett et al., 1995 [21]).

The BD+08 102 system shows little variations in radial velocity, but the less evolved
star component shows signi cant rotatigsini = 90 10km/s (Kellett et al., 1995 [21]).
It is thought that this white dwarf with its K star companion form a wide binary, common
proper motion system or completely separate system. The mean value of the measured
radial velocity iSViagiai = 20:7 1:7 km/s. However the photometry suggests an optical
variability with best t of a periodP = 9:992h. Light curve of BD+08 102 shows variable
amplitude, with differences around 0.04 mag. The light curve of BD+08 102 obtained
from 2 year observations can be seen inthe gure 5.2 (Kellett et al., 1995 [21]).

Figure 5.2: Light curve of BD+08 102 done by V band photometry over 2 year observation.
Dotted line represents an observation from one year meanwhile the solid line is the t of
the data from the second year [Kellett et al., 1995 [21]].
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5.2 GD 803

Star GD 803 known as EPIC 220171396 is classi ed as a white dwarf type star with
coordinates right ascensi@"10™42:02° and declination 01 0839:35 (SDSS DR12,
2015 [E19]).

Following stellar parameters of object GD 803 were derived from Sloan Digital Sky
Survey data release 12. The study of hot white dwarfg ( 30 000 K) done by Bé-
dard and others [6] analyzed 1806 spectroscopically observed white dwarfs. For each star
in the selection, that also included white dwarf GD 803, atmospheric as well as stellar
parameters were derived. GD 803 was established as hydrogen white dwarf with com-
panion, therefore DA+M spectral type. The effective temperature of the white dwarf
stellar component with rather large uncertaintyTigs = 60 400 2 700 K. Derived
surface gravity is in logarithmic scale lag= 7:54 0:15. The stellar mass of GD
803 in units of solar masses Myp = 0:53 0:.05M . Another important stellar pa-
rameter is radiuR= 0:0205 0:0026R . Logarithm of luminosity was established to
be logL=L )= 0:70 0:14. Nonetheless, the cooling age of white dwarf GD 803 is
log(t =1yr) = 5:74 0:58 (Bédard et al., 2020 [6]).

Similar study of white dwarf binaries was done also in 2010 from Sloan Digital Sky
Survey data release 6 [E4]. From the sample data it was possible to identify 440 new white
dwarf-main sequence binaries, which when taken into account the previously known pairs,
add up to a total of 1602 white dwarf binaries. Applying the decomposition/ tting method
it was possible to determine stellar parameters such as effective temperature, surface
gravity, stellar mass and distances of the white dwarfs and respectively their companions.
Among the studied white dwarf-main sequence pairs was also our object of interest GD
803 (Rebassa-Mansergas et al., 2010 [33]).

The measured effective temperature of GD 803 according to this analysis is for the white
dwarf componente = 70 500K and for the companion stdgg = 6 500K. Therefore the
spectral type of GD 803 star system was established as DA + K. Surface gravity calculations
predict values logwp = 7:49 for white dwarf and loggc = 8:91 for the white dwarf's
companion. GD 803 masses of both componentMgjg = 0:55M andMc = 1:15M .

The distance to white dwarf GD 803 in parsecBigp = 322pc (Gaia EDR3, 2020 [12]).
For the measurement of radial velocity they have used Na | doublet as wedl apéttral
line. Value of radial velocity measured from Na | doubletjigi= 79:1 14:9km/s. The
radial velocity determined according t@Hs viag= 735 11:7km/s (Rebassa-Mansergas
et al., 2010 [33]).
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Analysis of the VLT Spectra

6.1 Kepler photometric results

The selection of the white dwarf stars GD 803 and BD+08 102 for spectral analysis was done
based on their periodic light variability. The origin of photometric variability can be the
existence of a second component gravitationally bound to the white dwarf. The light curves
of inspected stars were derived from Kepler data and are shown in the gures 6.1 and 6.2.
The x axis in the plots is phase calculated from photometric period. The y-axis represents
flux difference divided by the mean value of the flux. The light curve data was obtained
from MAST: Barbara A. Mikulski Archive for Space Telescopes (MAST, [E15]). Light
curves of both objects were tted by sine wave functiip ) = asin(2pj + b). The phase
calculation of BD+08 102 was done with period 0.416486 d and epoch 2458669.9168 d.
For the white dwarf GD 803 period used in phase determination was 0.471987 d and epoch
2458711.7022 d.

{23{
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Figure 6.1: Phase-folded light curve of GD 803.

Figure 6.2: Phase-folded light curve of BD+08 102.
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6.2 Spectral analysis

Our goal in this work was to calculate radial velocities of photometrically variable white
dwarfs and analyze the variability in radial velocities to test the binary origin of these stars.

The spectra that was used for spectral analysis of the two stars were obtained based
on the ESO proposal 0103.D-0194(A). The data are from X-shoooter spectrograph 4.4.1.
For each of the investigated object, we had spectra from near infrared wavelength range
(NIR) , visual wavelength range spectra (VIS) and lastly spectra from near ultraviolet and
visual wavelength range (UVB). The speci c information about the individual spectra are
summarized in the table 6.1. The wavelength range for NIR region is from 994.02 nm
to 2478.96 nm. For VIS region the wavelength region is from 533.66 nm to 1020.0 nm
and lastly for the UVB part of the spectra the range is from 298.92 nm to 555.98 nm. It
is important to mention that not all data in respective wavelengths were eligible for doing
spectral analysis. All spectra had noise at the short wavelength part of the spectra, so for
the purpose of spectral analysis these parts of the spectra were excluded 6.3. The graphs
and ts of the spectra were done using Python and its respective libraries [E2].

Figure 6.3: Example of unedited 17 VIS spectrum of GD 803.
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| No.| Object | Region| Date of obs, Mid exp. time UT| MJD mid exp. [d]]| Time elapsed [s]

1 | BD+08 102| NIR 15.08.2019 09:46:37.197 58710.40824302 150
2 | BD+08102| UVB 15.08.2019 09:46:39.016 58710.40826407 150
3 | BD+08 102| VIS 15.08.2019 09:47:26.006 58710.40826396 56

4 | BD+08 102| NIR 15.09.2019 07:29:04.026 58741.31272020 150
5 | BD+08 102| UVB 15.09.2019 07:29:06.004 58741.31274310 150
6 | BD+08 102| VIS 15.09.2019 07:29:53.009 58741.31274314 56

7 | BD+08102| NIR 06.08.2019 09:47:00.220 58701.40850948 150
8 | BD+08 102| UVB 06.08.2019 09:47:02.005 58701.40853015 150
9 | BD+08 102| VIS 06.08.2019 09:47:49.023 58701.40853035 56

10 | BD+08 102| NIR 05.07.2019 09:59:00.510 58669.41684618 150
11 | BD+08 102| UVB 05.07.2019 09:59:02.004 58669.41686347 150
12 | BD+08 102| VIS 05.07.2019 09:59:49.018 58669.41686363 56

13 | BD+08 102| NIR 16.08.2019 04:29:13.325 58711.18782783 150
14 | BD+08 102| UVB 16.08.2019 04:29:15.006 58711.18784729 150
15 | BD+08 102| VIS 16.08.2019 04:30:02.010 58711.18784733 56

16 GD 803 UvB 20.09.2019 08:56:35.003 58746.38015050 1300
17 GD 803 VIS 20.09.2019 08:57:22.007 58746.38015054 1206
18 GD 803 NIR 20.09.2019 08:57:22.960 58746.38012685 1200
19 GD 803 UuvB 15.09.2019 07:41:02.005 58741.32768524 1300
20 GD 803 VIS 15.09.2019 07:41:49.027 58741.32768549 1206
21 GD 803 NIR 15.09.2019 07:41:50.440 58741.32766712 1200
22 GD 803 uvB 16.08.2019 04:40:24.014 58711.20224552 1300
23 GD 803 VIS 16.08.2019 04:41:11.008 58711.20224546 1206
24 GD 803 NIR 16.08.2019 04:41:12.100 58711.20222337 1200
25 GD 803 UvB 01.09.2019 07:58:50.000 58727.34004630 1300
26 GD 803 VIS 01.09.2019 07:59:37.004 58727.34004634 1206
27 GD 803 NIR 01.09.2019 07:59:37.547 58727.34001790 1200

Table 6.1: Information about spectral dataset obtained from VLT.
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The standard procedure in astrophysics related to processing the spectra is their nor-
malization. For the process of spectra normalization we used an available software for
stellar spectra analysis SPLAT VO [E1]. The normalization was done by estimating of a
curve describing a continuum which was then subtracted from the original spectrum. For
the calculation of the radial velocities we needed to perform identi cation of the prominent
spectral lines. The identi cation itself was done by comparison of the VLT spectra with
the SYNSPEC model spectra (Lanz & Hubeny, 2017 [19]). The model was calculated for
temperaturd = 4250K and logarithm of surface gravity log= 4. With the identi ed
individual spectral lines in hand, we knew their rest wavelengths and we needed to establish
their observed wavelengths.

6.3 Fitting of the spectral lines

The initial attempt to obtain the observed wavelengths of the spectral lines was done
by tting the lines by Gaussian prole 6.1. Parameters of the Gauss functidr,cs
represent the amplitude of the curve, mean value and deviation in this order. The observed
wavelength was estimated from the Gaussian t as the mean value of the tted curve.

(I 19?2

fl)=1 ce w2 (6.1)

However, under closer inspection not all spectra were possible to normalize properly, so
for the better estimate of the observed wavelengths we decided to t the lines by Gaussian
pro le multiplied by a linear function 6.2. This step was done to better describe the pro les
of spectral lines.

( 1932

fl)y=(a +b) 1 ce =2 (6.2)

The demonstration of the difference between the initial t of the spectral lindoy
Gaussian pro le and the t by adjusted Gaussian pro le is shown in the gure 6.4 and 6.5.
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Figure 6.4: Fitting of the i line in 16 UVB spectrum of GD 803 by Gaussian pro le.

Figure 6.5: Fitting of the i line in 16 UVB spectrum of GD 803 by adjusted Gaussian
pro le.
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6.4 Radial velocity

After the tting the spectral lines by adjusted Gaussian pro le, we acquired the observed
wavelengths of the lines. This allowed us to determine the Doppler shifts of the lines.
The radial velocity for each of the line was then calculated from the Doppler shift of the
spectral line as is in equation 6.3.

Dl i
Vrad = CJI—OJ (6.3)

Where c denotes the speed of light, is the shift in wavelength observed for the object
compared to the rest wavelength dngds rest wavelength.
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6.5 GD 803 Spectra

6.5.1 UVB spectra

With the analysis we started rstly on white dwarf spectra of GD 803. In the UVB spectra
we could identify the wide spectral lines of Balmer series of hydrogen. According to the
very broad pro le of these lines we can connect these lines to the white dwarf. Particularly,
they were lines Id, Hd, Hg and Hb . The hydrogen lines were present in all available
UVB spectra of GD 803 6.6, 6.7, 6.8, 6.9.

Along with hydrogen lines there is also another absorption line visible in the spectra at
wavelength around 478 nm. We suspect that this absorption line is the ultra-high excitation
(UHE) line observed in hot white dwarfs. UHE lines belong to ultra-high excited metals
such as NVII, OVIII. The temperature for formation of such highly excited lines is much
higher than the typical effective temperature of white dwarf, therefore UHE lines do not
have photospheric origin. Unfortunately, the formation of the UHE lines in white dwarf
spectra is not yet fully understood. According to research done by Werner and others
it was proposed that these lines originate in hot stellar wind (Werner et al., 1995 [39]).
Approximately 10 % of white dwarfs in their cooling sequence show UHE absorption lines.
Majority of the white dwarfs showing the UHE phenomenon are photometrically variable
(Reindl et al., 2021 [34]). Reindl and others studied ultra-high excitation absorption lines
in the spectra of hot white dwarfs and detected new UHE lines around 3872, 4330, 4655,
4785, 5280, 6060 and 647X. Hence, the absorption line around 478 nm or 4780
observed in GD 803 matches the ultra-high excitation line detected by Reindl et al., 2021
[34].

Figure 6.6: ldenti ed white dwarf spectral lines in GD 803 16 UVB spectrum.
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Figure 6.7: Identi ed white dwarf spectral lines in GD 803 19 UVB spectrum.

Figure 6.8: Identi ed white dwarf spectral lines in GD 803 22 UVB spectrum.



32 Chapter 6. Analysis of the VLT Spectra

Figure 6.9: Identi ed white dwarf spectral lines in GD 803 25 UVB spectrum.

From the analysis of the UVB spectra we can see there are noticeable central emissions
in the hydrogen lines. For the purpose of determination of observed wavelengths we did
not consider this part of the spectrum. Overall there were 4 individual UVB spectra from
which we could identify 4 hydrogen lines giving us 16 radial velocity measurements. Inthe
gure 6.10 there are shown hydrogen lines tted by adjusted Gaussian pro le. Measured
radial velocities of the hydrogen lines from ultraviolet spectra are shown in the table 6.2.
The radial velocities values differ among each spectra with rather large deviation.
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Figure 6.10: Hydrogen Balmer series of GD803, in the rows from top to bottom there are
different spectra 16, 19, 22, and 25, in the columns there are hydrogen lines from left to
right Hb, Hd, He, Hg.
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| No. | Spectral line] Rest wavelength [nm] Obs. wavelength [nm] Radial velocity [km/s]|

He 397.0075 397.6311 471.2
16 Hd 410.1734 410.7029 387.3
Hg 434.0472 434.1774 90.0
Hb 486.1350 486.3959 161.0
He 397.0075 397.0297 16.8
19 Hd 410.1734 410.3715 144.9
Hg 434.0472 434.0858 26.7
Hb 486.1350 486.5669 266.6
He 397.0075 396.9007 80.7
22 Hd 410.1734 410.3686 142.8
Hg 434.0472 433.9745 50.3
Hb 486.1350 486.1487 8.4
He 397.0075 397.0306 17.5
25 Hd 410.1734 410.4168 178.0
Hg 434.0472 434.0029 30.7
Hb 486.1350 486.3539 135.1

Table 6.2: Calculated radial velocity of Balmer series for different UVB spectra.

To investigate potential variations in radial velocity, we plotted the mean radial velocity
from each of the spectra against the time in units of Julian date. The resultis in the gure
6.11. The radial velocity curve does not exhibit clear trend in radial velocity variability.
Additionally, the radial velocity was plotted as a function of phase 6.12. The phase was
determined by relation 6.4 , as the decimal part of the quotient of the time difference and
the period, wheré is the epoch detected as the rst value of the time measurement. The
photometric period used for the phase estimation was acquired from personal calculation
of prof. Mikula'ek. The value of the period is 0.471987(6) daystard 24587117022d.

In the table 6.3 there is mean value of radial velocity from UVB spectra with its standard
deviation.

j =frac —— (6.4)

No. | Region| Radial velocity [km/s]

16 | UVB 277 157
19 | UVB 114 101
22 | UVB 71 49
25 | UVB 90 68

Table 6.3: Mean values of radial velocity obtained from individual UVB spectra of GD
803.
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Figure 6.11: Radial velocity curve of GD 803 as a function of time. The blue points
represent radial velocity values and vertical lines are respective error bars for each value.

Figure 6.12: Radial velocity curve of GD 803 as a function of phase. The blue points
represent radial velocity values and vertical lines are respective error bars for each value.
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6.5.2 Central emissions in Balmer lines

The central parts of the absorption hydrogen lines identi ed from UVB region revealed
noticeable central emissions. For the purpose of determining the wavelength of respective
spectral lines we did not consider these central region of the lines. However, the presence
of these emissions suggest that such lines originate from binary interaction. The material
of the wind from the cooler star can interact with white dwarf which then can ionize this
matter. The result of such interaction can explain the central emissions. The following
gures 6.13, 6.14, 6.15, 6.16 display the UVB spectra with inlets showing the centres of
the hygrogen lines.

Figure 6.13: 16 UVB spectrum of star GD 803. The spectrum shows hydrogen absorption
Balmer lines with central emission.
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Figure 6.14: 19 UVB spectrum of star GD 803. The spectrum shows hydrogen absorption
Balmer lines with central emission.

Figure 6.15: 22 UVB spectrum of star GD 803. The spectrum shows hydrogen absorption
Balmer lines with central emission.
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Figure 6.16: 25 UVB spectrum of star GD 803. The spectrum shows hydrogen absorption
Balmer lines with central emission.

6.5.3 VIS spectra

The equivalent approach of analysis was performed for obtained visual spectra. Upon
examination of visual spectra, the initial observation revealed a signi cantly higher density
of spectral lines compared to the UVB spectra. In addition, the width of the spectral lines
in the visual spectra appeared more narrow. Based on this observation, it can be concluded
that these lines are actually associated with the cooler star rather than the white dwarf.

The identi cation reveals the most prominent lines in the visual spectra to be sodium,
calcium and iron lines. Since the spectra were obtained from ground observation, Earth's
atmosphere absorption lines called telluric lines are present in some sections of the spectra.
For our analysis, we speci cally selected lines that are outside of telluric lines region. All
the visual spectra are plotted in the gures 6.17, 6.18, 6.19 and continuing in Appendix
chapter 6.7.
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Figure 6.17: Spectral lines identi cation in 17 VIS spectrum of GD 803
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