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Abstrakt

PredloZena prace se zabyva zplsobem uréovamivaych vzdalenosti pomoci zakry-
tovych dvojhvézd. PouZita je metoda 'rozmotavanéldpr’, tj. vypocet orbitalnich
parametrll spolu s rozdélenim pozorovanych spektepdktsr jednotlivych slozZek, po-
moci softwaru vyvinutého vedoucim prace. Oproti mieakzim studiim jsou zde pouZita i
spektra pofizena béhem zakrytu a také Casti spékintaminované mezihvézdnou latkou.
Ué&elem je rozpracovani metodiky vypoé&tu hodnot dilbitzh a astrofyzikalnich parametr(i
véetné vzdalenosti a rozmotani ¢ar mezihvézdtig/larato metodika byla uZita pro Ctyfi
vybrané dvojhvézdy a vysledky prokazaly jeji predtio

Abstract

In the present work we study the method of universal distaneasurement using
eclipsing binaries. We use the method of 'spectra diselfitagigi.e. separation of the
observed spectrum into components’ spectra along with #heukation of orbital and
stellar parameters, using software developed by the sigoeref this work. Unlike
previous studies, spectra obtained during eclipses artd phspectra contaminated by
interstellar matter are used. The purpose is to develop hadeif determining the values
of orbital and astrophysical parameters including theadis¢ and disentangling the lines

of interstellar matter. The method was used for 4 selectedri@s and the results proved
its qualities.
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Chapter 1

Theoretical I ntroduction

1.1 Eclipsing Binariesas Distance Indicators

Deriving the distances of stellar objects is one of the mnstial steps in our understan-
ding of the universe. The methods of measuring distancdeiniverse can be divided
into two groups: Primary and secondary. Primary methodbased on a straightforward
geometrical or physical principle, they do not need anybecation and can be used
directly to measure the distance. Secondary methods aesl lmesa more complicated
astrophysical relation, which usually needs a primaryatise marker to be properly calib-
rated. The primary methods of distance measurement ardyubaaed on trigonometry
or photometry.

Trigonometric methods are based only on the geometry of engivoblem and there
is no physics involved. The basic trigonometric method,cllis also widely used for
calibrating astrophysical relations needed to use otheerfar-reaching methods, is a
trigonometric parallax. The basic idea is measuring thegbaf angular position of an
object in the sky during the Earth’s motion around the Sure fMlestly used trigonometric
annual parallaxt (we can also define e.g. a daily parallax) is defined as a diffar in
the object’s angular position as seen from the Earth and frenSun. Should this angular
difference be measured, with the knowledge of the dizé the Earth’s orbit and basic
geometry, the distand® to the object can be easily calculated as

D=d/m. (1.1)

In a similar way, the distand@ to an object can be calculated if we know its linear slze
and are able to measure its angular sizelhe basic assumption for these methods is an
Euclid space between the object and observer, which meacanmveeglect cosmological
curvature or the influence of gravitational lensing.

However, because of the enormous distances in the uniibes@arallax angles are
so minute and difficult to measure, that the maximum distgossible to be determined
in this way is very limited. Space missions HIPPARCOS and &Alesigned to measure
parallaxes of nearby stars in the Galaxy were launcheddmitbie Earth’s atmosphere,
which helped greatly to increase the precision. Furthegggnound-based interferometry
can help a lot in increasing the possible reach of the parafiathods and in the near
future, large interferometers should be able to measutartiss to the Magellanic Clouds

—1-



Chapter 1. Theoretical Introduction 2

[23]. Other types of parallaxes include dynamical parallayessed on coherent motion of a
group of objects, statistical parallaxes based on steltdiomin the Galaxy and pulsational
parallax which measures pulsations of variable stars.

The methods based on photometry have proved to be moreaening in the so-
called cosmic distance ladder than the trigonometric otiese want to be able to use
the photometric methods we first have to know several lawstahe propagation of light
in space. The Euclid space is again an important assumpfibe. radiative fluxF of
an object is the total amount of light energy of all wavelésgthat crosses a unit area
perpendicular to the direction of light propagation pett time. It depends on the object’s
intrinsic luminosityL (energy emitted per second) and the distance from obsdfuse
assume an object surrounded by a spherical shell of rading provided that no light is

absorbed, we get the equation
L

412’
where the denominator is the area of the sphere. Therefemathative flux is inversely
proportional to the square of the distance from the objetiicivis the inverse square
law first suggested by Kepler. However, one has to includeeffect of interstellar
extinction, strongly dependent on the radiation wavelengir real calculations. On
its way between the emitting object and the observer, sor&phk can be absorbed or
scattered by interstellar matter, which has a significdatebn the accuracy of the distance
calculation. Therefore it is crucial to have a good estinsdtibe intestellar extinction.

The brightness of an object can be described by the logadthmagnitude scale. The
apparent magnitudm is the observed magnitude in a given distance and the absolut
magnitudeM is the apparent magnitude from the distance of 10 parseasdifference of
5 magnitudes between the apparent magnitudes of two olg@ctssponds to the smaller-
magnitude star having 100 times higher flux than the largagmtude star. Therefore the
flux ratio can be expressed as

(1.2)

%2 _ jogm-ms, (1.3)
F
alternatively written as
F
M —mp = —2.5Iog—1, (1.4)

P

which is called the Pogson equation. Combining the invegsai® law {.2) with equation
(1.3), we get the connection between the object’s apparent asaltb magnitude and its
distance:

Jogm-ys _ Fio _ (4 \* (1.5)
F 10pc/ ’

whereFg is the flux received in the distance of 10 parsecsdistthe distance in parsecs.
When we solve fod and use logarithm on both sides of the equation, we get aoelfatr
the object’s distance modulus— M:

m—M:SIogd—5:5Iog%IOC (1.6)

It is clear that for the calculation of the distande¢he absolute magnitudd is needed.
Standard candles are objects with known absolute magmsitadié should we be able to
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identify the type of a standard candle (usually they haveeaifip light curve), the distance
can be calculated using the inverse square law. Howevediskence to at least one near
standard candle has to be estimated by a different methadablb to calculate its absolute
magnitude. This task can be quite difficult, as will be seemfthe following examples.

The most known primary method based on photometry is thedarperiod-luminosity
(P-L) relation of Cepheids. Cepheids are very bright puigatariable stars, which means
they change their magnitude together with their dimensioAs the beginning of the
twentieth century, some Cepheids were discovered and@asar the Small Magellanic
Cloud and a linear dependence of the mean apparent magartuke period in logarithmic
scale was found out (Cepheids observed in SMC were assunbedrtaughly in the same
distance). That means that by measuring the pulsationalpeira Cepheid in an unknown
distance, we can calculate the apparent magnitude thatah&veuld have if it was in
the same distance as the comparison Cepheid and by complagicglculated apparent
magnitude to the observed one, we get the ratio of distaritles comparison and observed
Cepheid. Therefore, the relation can be used to measureltdi&e distances of different
Cepheids, but to get the actual distance from the obsehesdistance to a near Cepheid
has to be first found out by a different and precise methods Pploved to be a difficult
task, as even the nearest Cepheid, Polaris, is so far awaitgttagonometric parallax
was hard to measure precisely (until the launch of Hipparc@sother problem with
the Cepheid method is that the P-L relation depends on nuo#tgliwhich means that
when the Cepheids are observed in other galaxies, theiog&rminosity relation can
be different from the one found out originally. The calilboat can be again made by
measuring the distance of at least two Cepheids using otimaagy methods (which in
this case essentially makes the Cepheid method not a priome)ybut fortunately there
are methods, such as the Baade-Wesselink method, allowitggabtain the P-L relation
directly. Other photometric methods using variable stactide the absolute magnitude -
metallicity relation of RR Lyrae variables and P-L relatimnMira variables §].

Type la supernovae are also standard candles. The same ofatheir absolute
magnitude comes from the fact that they light up at a specifiment, when a white dwarf
star reaches the Chandrasekhar mass limit. Above the lingtdegenerated electron
pressure is not able to resist the gravitational pressudenaiclear reactions energetic
enough to blow the star apart are lit. This usually happeasiiose binary system, where
matter from one component accretes to the other one. larsonss have a specific light
curve and they can be identified in very distant galaxiegwaiig us to calculate their
distance. X-ray bursts from the surface of neutron starshvavde are other examples of
standard candles.

The importance of eclipsing binaries among previous mettaiddistance determi-
nation is unquestionable. Eclipsing binaries are binaayssivhich have orbital planes
oriented approximately along the observer’s line of sidtsthey are orbiting their center
of mass, they periodically eclipse each other, causingatiaris in the amount of light
observed. It is originally a photometric method, but indeoimetry has recently made
it possible for the distance of a bright binary to be detesdipurely geometrically by
measuring separation of the two stars in the sky. The stasAthcated in Pleiades, is such
a visual and spectroscopic binary. There has been a comsgoeencerning the distance to
this star and to the Pleiades cluster, as the results difighen using the method of main
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sequence fitting and using the trigonometric parallax oletiby Hipparcosd4]. The
purely geometrical measurement helped to resolve this@eensy in favour of the main
sequence fitting, discovering a serious problem with thehlipos parallax measurements
[33].

This work, however, will be dealing with the traditional rhetl of distance determi-
nation, which is based on photometric and spectroscopiereasons, and is discussed in
detail in the following subchapter. For this method, thepsthg binary must also be a
spectroscopic one. Orbital motion of a spectroscopic gihas a component along the
line of sight, which results in periodic shifts of spectiiakis in the blended spectra. The
components should have similar luminosities for lines ahbmmponents to be visible
(these binaries are called double-line, eclipsing, andtspscopic ones). Then it is pos-
sible to measure the radial velocities, which are essefatighe method. In the cosmic
distance ladder, eclipsing binaries play a fundamental as they are very common and a
vast number of them have recently been discovered in nealbyigs. Eclipsing binaries
can be used not only to measure the Galactic distances,data proved by more recent
studies (e.qg. 3]), to measure distances to the closest large spiral galdiAgl and M33,
which enables a precise calibration of secondary methosksban properties of galaxies.

Main sequence fitting is a method based on determining thetrgppéypes of a group
of stars. If these stars are in their hydrogen-burning jgetirey are on the main sequence
in the Hertzsprung-Russel diagram. The H-R diagram is aalatesmagnitude to spect-
ral type dependence, absolute magnitudes of the obseraesicstn be determined and
therefore also their distance.

There are also methods, which are less precise but which earséd to measure
enormous distances, such as the Globular Cluster Lumynfasittion, which is used to
compare the luminosities of globular clusters orbitingagé&s in known distance to the
luminosities of globular clusters orbiting galaxies fuatlaway.

1.2 TheEllipse Geometry and Orbital Parameters

To understand the way of deriving orbital parameters of fyirsiars from spectra and
light curves, it is first crucial to understand the geomefrglbpse and the way in which
the components of binary stars orbit each other. When Kep#sr analyzing Brahe’s
observations in order to support the heliocentric modehef$olar system, he was not
only forced to admit that it is the planets that orbit the Suut,he also had to accept that
the orbits were not perfectly circular. His analysis led mmi609 to publishing his first
two laws, the first one stating that planets orbit the Sun ielépse, with the Sun at one
of its foci and the second one stating that a line connectpigret to the Sun sweeps out
equal areas in equal time intervals. We now know that ellipse fact a special case of
orbit and that two celestial objects can follow an orbit of aonic section, namely a circle
and an ellipse for a closed orbit and a parabola or a hypefbolan open orbit. When
observing binary stars, the orbits are generally elliptibat often the orbits are nearly
circular as (mostly close) binaries tend to circularizertbebits through tidal interaction.

The ellipse is a planar curve defined as a set of points witmataat sum of distances
from two points called foci. The mostimportant characterisf an ellipse is its eccentricity
e. On Fig. 1.1the distance from the center C to the foci F1 or F2 is equald@tbducte,
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v = true anomaly
E = eccantric anomaly

Figure 1.1: Ellipse geometry

wherea is the semimajor axis. Therefore the eccentricity is a nurbeéveen O (ellipse
becoming a circle) and 1 (ellipse becoming a line). The pBimnd called periastron and
it corresponds to the closest approach of orbiting objestather important aspect of an
ellipse is the true anomaly, which is related to the eccentric anom&as

1+e E
vV = arctan —tan— 1.7
({5, ar

andE is related to the mean anoma¥y/via Kepler’s equation
E—esinE=M (1.8)

The mean anomaly is a mathematically convenient quantdy ¢changes linearly with
time and it relates the position of a body on the orbit with acsjic epoch. It does not
correspond to any real geometric angle, but can be conviettedccentric or true anomaly
in the way outlined above.

When we consider orbits of binary stars, we have to diststgbetween absolute and
relative orbits. When we talk about absolute orbits, we im&stihat the two components of
a binary orbit around a common center of mass, with two edbpsgith semimajor axes;
anday describing the orbital motion. Therefore it is useful to defa relative orbit, which
describes the orbital motion of one component relativest¢nitore massive) companion’s
center of mass. This orbit is then described by only ones#dliwith a semimajor axis
a= a; +ax. The Keplerian orbital motion can be expressed as

_al-¢€)
~ 1+4ecosv’ (1.9)

wherer is the distance of one component from the other one’s cehtaases.
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orbital

iin'lne: of plane

\ nodes

tangent plane

to sky

¥
observer

Figure 1.2: Orbital elements

Ten years after publication of his first two laws, Kepler psifsbd the so-called Har-
monic law, which states that the second power of orbitalgoE is proportional to the
third power of orbit’s semimajor axia. In a precise form, this is expressed by equation

A )aS, (1.10)

PP=
G(Ml—i— M>

whereMy , are masses of the component stars @nsl the gravity constant.

The third Kepler’s law is one of the most important laws inr@asbmy as it provides
the most direct way of calculating masses of celestial abjesmong other applications,
it is used to calculate the masses of components of binary i$teve know their orbital
period and the absolute size of the orbit.

If we want to fully describe a relative orbit of a binary stare need to know the
Keplerian orbital elements (Figl.2). The first two are related to the shape of orbital
ellipse: the semimajor axsand the eccentricitg. Next is the orbital inclinatiom equal
to 90 when we see the orbit from side and toWhen we see it from the top and the
longitude of the ascending no@edetermining the angular position of the intersection of
the orbital ellipse with the reference plane (a tangentetarthe sky). Then there is the
argument of periastrow which is the angular distance of periastron from the ascendi
node in the direction of motion, the epoch of periastron ags%, and the orbital period
P.
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1.3 Obtaining Stellar and Orbital Parameter sfrom Spec-
traand Light Curves

The method of measuring the distance of a double-line, golip spectroscopic binary
dates back about a century (the history of the developmehtiae of the method can be
found in [19]). Both the light curves originating from photometry ane tfadial velocity
curves from spectroscopy are needed. The method is mositpmietric, with only one
relation needed to be estimated from the theory of stellaoapheres. It is the relation
between the temperatures and surface luminosities of teeyocomponents. Other stellar
parameters can be obtained directly from the light curvesspectra.

Let us first focus on analyzing the light curve. The light @irs a graph showing the
object’s (usually a variable star) magnitude dependend&ma In the simplest case of
an eclipsing binary without any proximity effects it is aasgyht line showing two minima
corresponding to the two eclipses. If the components of ariwith circular orbit have
different temperatures (and consequently the specifinitte of surface radiation), the
depths of the minima are also different, therefore we oleséme so-called primary and
secondary minima. The deeper primary minimum correspamdset cooler component
eclipsing the hotter one (for main sequence stars, therhgitie also has a larger radius,
therefore this eclipse is a partial one) and the secondarymim corresponds to the hotter
component eclipsing the cooler one. For eccentric orbits,differences in projected
distances of star centers may also influence the depths efcthpses.The light curve of
an eclipsing binary is usually drawn only during one period éhe time dependence is
exchanged for the orbital phase dependence (with the phasg ® one corresponding
to one full orbit). From the analysis of a light curve of a giveinary, we can get well-
constrained information about the orbital period and matiion of the orbit. The period
can be calculated directly from the time difference betwesem consecutive primary or
secondary eclipses. The longer the time of photometricegéation, the more minima
occur and the period can be calculated more precisely. Tdimation of the orbit can
be obtained from analysing the shapes of minima. For inttindeing close to the ideal
value of 90, at least one of the eclipses is a total one, therefore themam corresponding
to it will be constant. For inclination differing from 90the eclipses are usually partial
only and the minima are sharp and no longer constant. Theidaseof the primary and
secondary minima indicate the components’ radii scaletiécsize of the orbit and also
the ratio of surface luminosities can be estima2gj 15].

The radial velocity curves (RV curves), which are usuallgakated from the shifts of
specific lines of the components’ spectra (several methagls@lined in the following
subchapter), yield information about the velocity semibimgesK;,. From the semi-
amplitudes we immediately know also the mass ratigg; M—i = q. From the shape of
RV curves itis also possible to determine eccentrieifyp a certain extent eccentricity can
be derived from the light curve as well, but the RV curves t@ms the information better).
For a circular orbit, the radial velocity curves are sindsdi The orbital inclination does
not change the shape of the curves, but only their amplitbges factor sin. When
the orbit is eccentric, radial velocity curves are no longieusoidal and become skewed.
From the exact shape of the curves, eccentricity and pesrakingitude can be calculated.
But fortunately, many close binares tend to circularizertbebits, therefore making the
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analysis easier. If we assume almost circular orletg (1), the orbital velocities are
constant and connected to the component masses:

M1 w
— == 1.11
My vt ( )

Because the radial velocities can be calculateg as/sini, the mass ratio can be calculated
without the knowledge of orbital inclination:

M1 v2r/sini Vor
M> N vlr/sini N V1r

(1.12)

When we combine the radial velocities with the period andination obtained from the
light curve, the absolute size of the orbit can be calculéteel semimajor axig)

a:al-i-az:%(vl-l—Vz), (1.13)
as well as linear radiR; » of the components. Then, using the third Kepler’'s lawi ()
and with the mass ratig known, also the masses can be found out. For circular otists t
law (1.10) becomes:

P (vir +V2r>3
2nG  sinid
Therefore, for the absolute masses to be calculated, thialdrizlination is needed.

Then the most complicated step of the method comes: Theceurfeghtnesses have to
be estimated. For that, we need to know the effective tenyoeravhich can be calculated
when photometry in different bands is available (this casodle used to calculate the
interstellar reddening), or using the separated composgattra (from the continuum
ratios or from line-strength ratios). If we consider ther $tabe a black body, it emits
electromagnetic radiation according to Planck’s law, \utgan be expressed in terms of
the radiation frequency as:

My + My = (1.14)

_ 2hv3 1

By(T
V( ) C2 EXp(lg—VT)—l,

(1.15)

whereB, is the energy radiated at frequeneyrom unit areah is the Planck constant,

is the speed of lighkg is the Boltzmann constant afdis the surface temperature. If we
integrate this expression over all frequencies and ovesahd angles corresponding to a
hemisphere above the surface, we get the Stefan-Boltznaann |

L=o0Td;, (1.16)

whereo = % is the Stefan-Boltzmann constant. The Stefan-Boltzmawrstates the
total luminosityL , i.e. the total energy radiated from unit area of an objeth wifective

temperaturdcs ;. Therefore the expression:

L = 4nR?0 TS, (1.17)
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states the total luminosity of an object of radRsnd effective temperatuiis¢. Then,
finally, the distance can be calculated from the inversersjasv [23].

The ideal eclipsing binary, thought traditionally to be thest distance indicator, is
composed of two stars of similar temperature and luminpsiith their distance signifi-
cantly larger than radii. Also, the orbit should not be togestric [7/]. These binaries
can be assumed to be spherical and there is no need to be memedrout mass transfer
between the components and other effects resulting froradhgponents being too close
to each other. However, according 8%, detached binaries with proximity effects, semi-
detached binaries and even contact ones, constrain the pi@lameters and therefore the
distance even better.

1.4 Theory of spectra disentangling

In the past, spectra of binary stars were obtained usingoghaphic plates as detectors.
Radial velocities of the components were then calculatednbgsuring the difference
between positions of stellar lines and comparison linesgusistruments like the Abbe
comparator. Since then the methods of RV measurement hgrewed a lot and some of
them allow for the full spectra disentangling, i.e. separadf the observed spectrum into
component spectra along with the calculation of orbital stetlar parameters.

One of the methods of measuring the radial velocitites orclvtisentangling is based
is the method of cross-correlatioh7. The idea of cross-correlation is to compare the
observed spectrum with a template spectrum, which shoddnéially be the same as
the observed one apart from the Doppler shifts caused bglraghtion. The template
spectrum can be a spectrum of a comparison star of the sarmtieadpgpe or a synthetic
spectrum created by modelling the stars’ atmospheres. driotm of an equation, the
cross-correlation can be expressed as

F(v) = / | (X v)I(X)dx, (1.18)

wherel (x) is the observed spectrum abk) the chosen template. Maxima of the resulting
function F(v) then indicate the radial velocity shifts corresponding to the template
spectral features detected in the observed spectrum.nifgsrtant to use the logarithmic
wavelength scale

Xx=clnA, (1.19)

in which the Doppler shifts are equivalent for all waveldrg(this holds also for the
following method as well as for the disentangling). The némda template spectrum
essentialy makes this method a problematic one as it is soe®hot easy to estimate
it. A way to avoid this problem is to use blended spectrum efgame binary taken near
conjunction as a template, if the components are of a sirspactral type. A similar
method using a template spectrum is the method of broadé&mnagion [26] expressed as

| =BxJ, (1.20)

whereB is the broadening function to be solved by deconvolutionouiththe template
match the intrinsic stellar spectrum exactly, it is a Dirattafunction shifted for the radial
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velocity. Generally, it can also include broadening of timedprofiles of the observed
spectrum due to e.g. rotation effect. However, the probleath e need of using a
template spectrum remains.

The first true disentangling method was introduced by SimoB8t&m [B0]. The
method is based on solving the set of linear equations, septed by a product of a linear
transformation matrix M and the component spetiidg being equal to the composite
spectrd (t):

Ma1 Mg | (1)

L (,’Q) = (1.21)

Man  Man I (tn)
For a binary star this system of equations is overdetermiheeg use three or more
composite spectra observed at different phases. The evgsosioiould not be taken during
eclipses, as it is assumed that spectra and the light ratimot@ary with phase. The
continuum levels of component spectra can not be deriveddephotometric observation
is needed. For the matrix M to have a simple form of a set of sumitmatrices with
diagonals shifted for the corresponding value of radiabe®y, rebinning the input data
into an equidistant wavelength scale is needed. The systéinear equations is solved
using the numerical method of singular value decompositibhe main improvement
over previous methods is no need for template spectra, #sealixposures are mutually
compared during the calculation.

The disentangling method developed by P. Hadr8j/ads a similar principle, the main
difference being the use of Fourier image of the input spedthis method solves for the
radial velocities which are functions of parameters charang orbital motions of the
components (orbital elements) or physical and geomet@aditions of formation of their
spectra. Therefore it is possible to directly fit these paans from the observed spectra.
A by-product of the calculation are the mean component spdot each exposure. A
necessary assumption is that the radial velocities arengyea known law of orbital
motion. The calculation itself is based on least-squartsdiof transformed spectra with
direct analytical calculation of linear coefficients andiopzation in the non-linear ones.

In the simplest case with the component spectra being aunstdme, the observed
spectrunml (x,t) can be expressed by the convolution:

l(x,t) = illj(x)*é(x—vj(t)), (1.22)
=

wherel j(X) rj‘:l are the component spectraddtars Doppler shifted for instantaneous radial
velocity vj(t) of the starj at the timet and the variablex is logarithmic in wavelength
(equidistant in radial velocities),= cIn(A). The Fourier transform of this equation is:

[(y,t) =S Tj(y) exp(iyvj(t)). (1.23)

M-

J

If we havek spectra > n) observed at timetsH‘:1 corresponding to radial velocities
vj(t}), it is possible to fit them searching for appropriate valueg; t;) andl;(y), where
vj(t)) are functions of parametrgs The least squares fits kandy spaces are equivalent,
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following from the Parseval theorenti (f (y)|2dy = 27t [ | f (x)|2dx). Therefore the sum of
squaresSto be minimized can be written as:

n

k
S=IZ/)f(y,t| Z y) exp(iyvj(ti; p)) dy (1.24)
=1

By varying the sun8with respect to individual Fourier modes, we obtain a set lofear
equations for each Fourier mode. This fact makes the disgimg of observed spectra
easier in comparison to disentangling in the wavelengthadlonBy solving these sets of
equations we obtain the radial velocitigst;) and parameter.

In practise, only limited spectral regions containing rexksbectral features are selected
for the disentangling in order to achieve a good resolutiaadial velocity. Itis important
to have the edges of these regions close to continuum bedabhsee was a line at the
edge, the periodicity of Fourier tranform would expect iafgpear on the other edge when
Doppler shifted out of the region.

Several generalizations which include calculating wittelstrength variations, limb
darkening, intrinsic line-profile variations and broadenby pulsations, have been intro-
duced to the Fourier mode disentangling techniq@é][L1][12]). With the line-strength
variation included, delta functiordgx— v;j(t)) representing the Doppler shifts are replaced
by a product;(t)d(x—vj(t)) where the factors;(t) can be fitted to the data to find the
variations in strengths of lines. This is important whemgsxposures obtained close to
conjunctions, as during eclipses the component spectracandined in a different pro-
portion. Without a line-strength variation included, r@dielocities calculated using these
exposures suffer from a much larger scatter. An importagitifathat the line-strengths
of an eclipsed component do not necesarilly need to decesasae would expect, but
may be enhanced due to limb-darkening during a partial lifhis can be explained by
the fact that when the limb area of a stellar disk is eclipseti@ly the inner part can be
seen, there is more light missing from the absorption liregraating in the photosphere
than from the continuum, making the absorption lines evespde This fact makes the
interpretation of thesj(t) factors somewhat complicated. Apart from the possible dise o
eclipsed spectra without any loss in precision, this gdizatéon also in principle enables
disentangling of telluric and interstellar lines.

In a more general case where line profiles could be varialdia dunctions in the
productss;(t)d(x—vj(t)) representing the Doppler shifts are exchanged for some@ene
broadening functiondj(x,t, p). The variation ofS could be done with respect to the
parametery themselves but as the dependencé\m/,t, p) on p can be complicated,
it is more convenient to minimiz8 with respect td| j(y) and use a numerical method of
optimization to solve fop. An important note is that the continua of observed spectra
cannot be directly decomposed as they are not influencedadyappler shifts.

The generalizations introducing disentangling with imérc line-profile variations due
to e.g. cepheid pulsations and rotational effect (e 14])[represent another important
progress in the interpretation of spectra of spectroscbipiaries. However, these were
not used in the present study.
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Figure 1.3:The hierarchical structure of a stellar system used in Kddelmbers in brackets denote
numbers of orbits and numbers in circles denote the numbiexsnaponents. All components do
not have to be stellar, but can represent also a circumsteliaterstellar matter.

1.5 TheCodesFotel, Korel and Bazant

Fotel is a fortran code written by P.Hadrava (prior to depeig the Fourier disentangling
method) for solution of photometric elements of eclipsingabies. Both the radial velocity
curves and the light curves in different colour bands candael &s an input, together with
additional datasets such as the angular distance betwekimtry components, the position
angle and the timing of minima. Fotel assumes the geomethtlan orbital motion as
outlined in Sectiorl.2. The solution of orbital elements and other parametersssdban
the minimization of the sum ofO —C) as a function of the elements. As some orbital
paramaters are more sensitive to either the RV curves oigihiteeclurves (RV curves do not
give information about the inclination and the light cunage typically insensitive to the
mass ratio and less sensitive to the eccentricity), themigation of the sunfO —C) can
be done simultaneously for all datasets and their influeanebe adjusted by appropriate
choice of the dataset weights. The minimization in nondimgarameters is done by the
numerical simplex method.B]. Up to 20 parameters can be chosen to converge at once.
For the calculation itis possible to choose between ramhati the approximation of three-
axial ellipsoid shapes of the component stars or the morgashapes of stars in the
Roche model. Apart from the calculation of the basic Keplerbital elements, i.e. the
periodP, periastron epochiy, eccentricitye, periastron longitudes, amplitude of RVK1,
mass ratiaj and from the light curve only the inclinationthe components’ radii in units
of the semimajor axi®; andR, and the colour magnitude of one of the componemts
the model embedded in Fotel includes more subtle paramatetsas the third light (or
a possible third component, including its orbital elemetd radius), components’ limb
darkening coefficients, albedos, gravity darkening caefiitls and others. For detailed
overview, see the FOTEL4 User’s guided].

Korel is a fortran code enabling the use of the method of Eowtomain spectra
disentangling of spectroscopically variable stellar sy outlined in the previous section.
The hierarchical structure of the stellar system used ireKeain be seen in Fidl.3. For
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detailed theory and also a manual for Korel, see Disentaggif spectra - theory and
practise 12].

Bazant, the merging of Fotel and Korel into one code has beeerudevelopment
for some time and although it has not been published at the diimvriting this thesis, a
preliminary version was provided to me by its author. Onehefpgiurposes of the present
work was to test the run of this code and to help debugging itth& results presented
here were calculated using Bazant, which allows for sinmaitais solution for the light
curves, radial velocities and observed spectra. What rersdatlined above for Fotel and
Korel stands also for Bazant, with the observed spectragliedated as a separate dataset
with adjustable weight.

1.6 Broader framework of thethesis project

Small Magelanic Cloud (SMC) and Large Magellanic Cloud (LjviZe dwarf irregular
galaxies forming an interacting system with the Milky WayMlL Apart from their smaller
size and different shape, the main differences from the M&\lagir high content of gas
and a lower heavy element abundance resulting in a lowerahugent and a stronger
interstellar radiation fieldZ9]. The formation and evolution of the Magellanic system has
been a subject of scientific interest for a long time and thake been some controversies
associated with its origin, three-dimensional structurd depth along the line of sight.
It has been a target of several radio surveys of HI 21cm eamsgnost recently4]),
revealing a large filamentary gaseous structures, possileants of the past LMC-SMC-
MW interaction, extending to both high negative and positiocal State of Rest radial
velocities (Fig. 1.5. These structures include a common envelope in which SMLC an
LMC are embedded, the Magellanic Bridge connecting theemMhagellanic Stream - a
huge gaseous tail spreading acres$00° of the plane of sky- , the Leading Arm and the
Interface Region (Figl.4). The history of interaction of the Magellanic System witle t
MW has been a subject of complex dynamical modeling with astigated model using
the Genetic Algorithm for searching for the free paramebeiag introduced recently by
Ruzicka et al. 7, 28]). This model includes such parameters as a shape and iextens
of the dark matter halo around the MW.

The results presented in this work are a part of precise measunts of spacial and
kinematic structure of Magellanic Clouds, which will be ds@ further develop the
mentioned dynamical model, specifically to put more comstisan some free parameters.
In order to do that it is important to obtain not only the depthucture of the stellar
components of the SMC but also of the interstellar matter.foldnnately, the radio
surveys provide distribution in the right ascension, aetion and radial velocity only,
providing no information on the real three-dimensionalstiure. However, our method of
spectra disentangling allows not only to separate the spetthe binary components, but
also (if present) the emission of the circumstellar HIl amel @absorption of the interstellar
HI matter including, naturally, emission or absorptionimek not only of hydrogen but
also of ions of heavier elements. This would not be possibitesingle stars without
changes in their radial velocity. By disentangling the iistellar absorption, it is possible
to put an upper limit on the distance of the HI interstellas ¢ga which the absorption
originates) in corresponding part of its RV-distributionhis is a novelty of this project
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Figure 1.5:Position/velocity peak intensity map of the Magellanic #8ys. The position corre-
sponds to the y-axis in Fidl.4[4]

unattainable by any other known method which should helpvanag open questions
about the SMC-LMC-MW interaction history. The strengthmtierstellar absorption lines
also enables to determine the column density of ISM, theemunant extinction and thus
to improve the distance of the star. The upper limit of disais not available for the ISM

emission lines as the emission may originate further therstllar spectrum, but their
disentangling is needed to measure correctly the stellanpaters and radial velocities of
emission lines may also yield interesting information alibe kinematics of the HIl gas

in the SMC. By-products will be an observational test of masBus-luminosity relations

for massive low-metallicity stars predicted by theordt@alutionary models, and test of
the methods of primary distance measurements.

In the large picture, the main goal is to yield important d¢oaiats on galactic physics
and cosmology - tidal evolution, the total mass includingkdaatter, star-formation etc.
The mapping of depth and radial velocity structure of SMA W used to explore the
history of interaction between the Magellanic Clouds arel Milky Way, and possibly
answer the question whether it is the first encounter of SM@ thie MW on a hyperbolic
orbit, or if SMC periphery is mainly perturbed by the LMC.
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Data used in the present study and their
reduction

2.1 Datasetsused in the present study

The vast number of discovered eclipsing binaries in neaatgxies came as a by-product of
several surveys focused on gravitational lensing, sucheaEROS experiment Microlen-
sing Survey, the Massive Compact Halo Objects (MACHO) mipjéhe Microlensing
Observations in Astrophysics (MOA), and more recently tpé€al Gravitational Lensing
Experiment (OGLE). The purpose of these projects, for wHigheter class telescopes
were used, was to find halos of dark matter mainly around SMCLANC. Many newly
discovered variable stars including hundreds of eclipbingries then renewed interest in
precise distance determination of these satellite gadaxide I-band light curves used as
one of the datasets in the present study come from the OGL&dlague
(http://ogledb.astrouw.edu.plbgle/photdb) 81].

Purpose of several recent observations using 4-8 metey tellescopes was to obtain
spectra for at least some of the objects for which the lighvesi are known, as both
photometry and spectroscopy are needed for distance deterom.

Harries et al. 15] and Hilditch et al. [L6] analyzed spectra of 50 SMC eclipsing
binaries of spectral types O and B, obtained with the 2dFirablect spectrograph on the
3.9-m Anglo-Australian Telescope (AAT). Multi-object speograph is fed with a number
of optical fibres which allow for measuring spectra of manyjeots at once in a certain
field of view. According to 2], this was the first use of multi-object spectroscopy for
objects outside the Galaxy. Radial velocities of the selkstars found out by Harries et
al. [15] were intended to be used as one of the datasets in the pstadwgt but were later
discarded because of their large scatter compared to tbeittes calculated from the Very
Large Telescope (VLT) spectra.

North et al. P2] analyzed spectra of 33 objects from the SMC, obtained byiken
VLT FLAMES facility (also a multi-object spectrograph). &éced and calibrated spectra
of all the objects including 3 of the selected stars were idiex¥ to us by the authors.
It should be noted that the reduction by North et al. was daieguan old version of
reduction software, which is no longer maintained. The speeduced by North et al.
were used for preliminary disentangling and calculatiothefradial velocities, prior to my

—16—
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Table 2.1:Spectroscopic observations: number of the exposure,degitdc Julian dates at mid
exposure, exposure times, air mass at mid exposure, avezagey and days elapsed since the last
full moon (taken from 22])

Exposure HJD (-2450000)tep (s) Airmass Seeing (") Moon age (d)

1 2959.5423 2595 1.526 0.77 21.00
2 2959.7115 2595 1.744 0.53 21.16
3 2960.5394 2595 1.526 1.27 21.96
4 2960.6778 2595 1.645 0.95 22.09
5 2961.5336 2595 1.529 0.80 22.94
6 2961.7090 2595 1.755 0.96 23.12
7 2962.5435 2595 1.519 1.00 23.97
8 2962.7269 2595 1.845 0.67 24.16
9 2963.5335 2595 1.524 1.01 25.02
10 2964.5358 707 1.518 0.98 26.13
11 2964.5560 2595 1.512 0.83 26.14
12 2964.7501 2595 1.998 0.74 26.35
13 2965.5287 2595 1.523 0.94 27.23
14 2965.7037 2595 1.779 0.92 27.43
15 2966.5454 2595 1.514 0.68 28.40
16 2966.7002 2595 1.778 1.02 28.58

Table 2.2:The reduced spectra: signal-to-noise ratio, signal-isenatio of spectra reduced by
North et al. R2], number of spectra used (out of 16), number of spectra ugétbith et al.

Object S/N SIN nsp NspN
4163552 90-171 73-132 16 9
5038089 112-234 128-216 16 11
5123390 98-195 91-179 16 14
6017316 85-181 - 16 -

stay at ESO (European Southern Observatory) Vitacura affiGantiago, Chile, where
| received training in reduction of raw data from the FLAMESestrograph using an
up-to-date reduction software. The improvement in the cédn process can be seen
from slightly improved values of S/N ratios of the reduceddpa (Tab.2.2). The spectra
reduced and calibrated by myself were used as the main tlatasplementing the OGLE
photometry.

Fundamental parameters and distances of 5 OB eclipsingésvaere also determined
in a recent work by Drechsel & Nesslingeb).
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2.2 Reduction of raw data from the
FLAMES/GIRAFFE multi-object
spectrograph

FLAMES (Fibre Large Array Multi Element Spectrograph) (Fig.1) [25] is the multi-
object, intermediate and high-resolution fibre facilitgdted at the Very Large Telescope,
ESO'’s premier site for observations in the visible and irgfadight at Cerro Paranal, Chile.
It is mounted at Nasmyth A platform of UT2 (Kueyen Telescoas)l offers a circular
field of view with 25 arcmin diameter. It consists of a FibresRioner (OzPoz) hosting
two circular plates, each of which can host up to 560 optidakE8, which are attached
to the plates with magnetic buttons. The two plates allowlifoiting the dead time
between observations: While one plate is observing, therathe is positioning the fibres
for subsequent observations. The fibres are feeding twerdiit echelle spectrographs
covering the whole visible range: The high-resolution U\dp8ctrograph with eight fibres
connected to each plate and a medium-high resolution GIEEAdffectrograph. The latter
is equipped with two echelles, allowing to choose betweandad high resolution, and
interference order sorting filters allowing to select thguieed spectral range (6000—-10000
A in low resolution and 2000-4008in high resolution). GIRAFFE fibre feeding system
is equipped with 2 MEDUSA fibre slits (one for each plate), dyiah up to 132 separate
objects (including sky fibres which can be later used for siytr®ction) can be observed,
2 IFU (Integral Field Unit) slits for a total aperture of 3x&aeconds and 1 ARGUS silit,
a large integral unit with a total aperture of 12x7 arcsesondl coordinating observing
software allows for simultaneous UVES and GIRAFFE obséonat In the present study,
only spectra from GIRAFFE using the MEDUSA fibre slits weredis

The data that were acquired by North et aRZ)[ originating from the observing
program 0.72.A-0474A, are available for download afterstegtion from the ESO archive
(http://archive.eso.org/eso/eacchivemain.html). The spectroscopy was acquired on
eight consecutive nights, from 2003 November 16 to 23. Tleetspgraph was used in the
low resolution (LR2) Medusa mode: resolving power R = 64GHdwidthAA = 6030A
centered on 4278&. One field in SMC and one in LMC were observed in turn (onlyealbg
from the SMC field are used in the present study) at a rate opdsxes per night with
integration time of 2595 s (only the tenth exposure had natiggn time only 707 s due
to a technical problem). So, overall 16 spectra per targetaequired for 104 targets in
SMC and 44 targets in LMC (analysis of 33 SMC objects only heenlpublished so far).
Additionaly, 21 sky spectra for each exposure in SMC weraiokbt. Further information
about the spectrospopic observations is listed in Pab.

The whole reduction process of the FLAMES data was done bylhgsring a three-
months stay as an interim student in the ESO Vitacura offieek&ges of software used
for reduction of the raw data are called data reduction pips| and there are different ones
for most VLT instruments and their specific setups. Data ctdn pipelines have three
main purposes: Monitoring the instrument performancedpecing master calibration
products from the raw calibration images (combined biasés, super-flats, wavelength
dispersion solutions) and creating science products mgubke pipeline-generated master
calibrations. The GIRAFFE data reduction pipeliBgif available at
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Figure 2.1:GIRAFFE Spectrograph layout

http://www.eso.org/sci/software/pipelines/girafieadpipe-recipes.html. It contains the
data processing modules called recipes, together with ppbications which can be used
for running them (Gasgano and EsoRex) and several additibraies. Downloading the
GIRAFFE Standard Calibration Data Sets is also crucialdaning the pipeline recipes.

GIRAFFE data can be separated into raw frames (unprocessaate of the GIRAFFE
instrument) and product frames (results of GIRAFFE pipeprocessing). After scientific
observations are made at night, raw calibration imagesspecific configurations are
taken during the following day. For each observing nighttahig raw calibration data
may be downloaded in addition to the raw images containimgnse observations. One
would not necessarily need to do this and could use the adiliiorimages included in the
Standard Calibration Data Set (averaged calibration filg)that should serve only as a
first, quick-look result.

Raw FITS (Flexible Image Transport System) files generayettid GIRAFFE instru-
mentinclude the image data stored in the primary data uditaa binary table extensions:
The OzPoz table containing the list of magnetic buttonsqaaan one of the fibre posi-
tioner plates and a FLAMES FIBRE table containing the fibrecdption specifying the
association between fibre buttons, fibre positions in the ahd also lab-measured fibre
transmission values (as the fibres usually differ from oralzar). While the OzPoz table
is, naturally, variable from observation to observatitve, ELAMES FIBRE table is static.
Product images contain an extension table called FIEFEH UP, which contains merged
information from both extensions of the raw images.

The best option for sorting both the raw and product imaggsraebably to use a
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graphical interface application Gasgarid. [While for running the recipes Gasgano can
be used as well, | used a command-line controlled applic&goRex
(http://www.eso.org/sci/software/cpl/esorex.html).

The steps needed to be carried out for a proper data redwtatime following: sub-
tracting the bias and dark frames, locating fibres on thecttateapplying flat-field and
fibre-to-fibre transmission correction, applying dispanssolution to establish a wave-
length scale and finally extracting the individual spectimthe case of GIRAFFE, this
means firstly creating master calibration products by nogrihe recipes gimasterbias,
gimasterdark, gimasterflat and giwavecalibration in thideoand then using the master
calibrations on the raw science frames using the recipaegise. The extraction of in-
dividual spectra from the final cube product frame can be doge with IRAF (Image
Reduction and Analysis Facility).

Each recipe has a number of required and optional input fsaomee or more output
frames and a lot of adjustable parameters. For details #etgcipes and their parameters,
one should consult the GIRAFFE Pipeline User Man@8al [

The first step in the reduction process is to download the caamse data and matching
raw calibrations. The raw calibrations include (for eaajjht): 5 raw bias frames, 3 raw
flat-field frames (Fig. 2.2) for each slit and a ThAr arc lamp spectrum (also for each
slit) later used for a proper wavelength calibration (Fig.2). The first recipe to run
then is gimasterbias. It takes the set of raw bias frames andupes a master bias
and optionally a map of bad detector pixels to be (also optlghused in subsequent
steps. The bad pixel map should be created if it differs fraenliad pixel map present
in the static calibrations. Running the gimasterdark reapn usually be skipped, as
subtracting the master dark frame is not strictly neces&arynodern CCD detectors.
The recipe to follow is gimasterflat. This recipe creates &teraflat-field from a set
of raw flat-fields, but more importantly it detects the fibrestbe master flat-field and
records the location and width of corresponding spectrhercalibration products called
the localisation centroid frame and the localisation widéme. With the fibre positions
and width, also an extracted and normalised flat-field isteceaTwo static calibration
frames are required for gimasterflat: the slit geometry {atepand the grating physical
parameters. The following giwavecalibration recipe takedibre positions obtained from
gimasterflat and calculates a dispersion solution from tbdéaanp spectrum. An optional
output is the setup specific slit geometry table, which camide subsequently instead
of the static slit geometry table, should the wavelengtiutsmh be bad (Fig.2.2). The
following gistandard recipe is relevant only to IFU and Asgabservations, primarily to
monitor the instrument health. The final step is then to userthster calibration products
by the recipe giscience, results of which are bias corre¢tgationally) dark subtracted,
wavelength calibrated spectra corrected for fibre-to-fltmasmission and pixel-to-pixel
variations. A fine tuning of the wavelength scale is done nfitdtaneous calibration
lamps were used during the observations and the baryceiméliocentric and geocentric
corrections are computed for the individual spectra if thgct positions are available.

In our specific case, | decided to use a new bad pixel map crdatehe recipe
gimasterbias instead of a static one. However, | did not nsartaster bias frame itself
in the other recipes, because of a ’history effect’ of biasé&en before July 7th 2008,
which meant that not all the biases had the same flux. In subs¢gteps, | subtracted the



Figure 2.2:0n the right: A raw flat-field frame. The vertical lines remesindividual fibres with dispersion along the verticalediion. Thirteen
subslits are visible with one broken fibre in the third subsbm the left (taken on November 16 2003). On the left: P& oebinned arc lamp
spectrum (product of a raw lamp spectrum taken on Novemb@0@8). If the lines were not straight in the horizontal diiet, a new slit geometry
setup would have to be created by the giwavecalibratiompeeci
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Figure 2.3:Static master dark frame: detail of a glow feature in the upigit part of the CCD
detector Bruce

static master dark frame, as the observations were donedlg &CD Bruce, which had a
prominent glow feature in the upper right part (F&3) and which was later exchanged for
anew CCD Carreras (for which the dark subtraction is no longeessary). In gimasterflat
| set the parameters to create a scattered light model (chtom the inter-spectrum
regions) and then to remove the scattered light. | decideédonose a new specific slit
geometry setup created by the giwavecalibration recipgheasvavelength solution was
good (Fig.2.2). The final product of the giscience recipe, i.e. the rebdng®ence spectra
was split into individual spectra by IRAF.

After reducing data from all observing nights | acquired pédcra of all 132 objects
(including the sky and calibration lamp spectra). The disjezbe used for further analysis
were chosen on the basis of following criteria: the lowestsigde S/N, well-resolved
spectral lines of both components and presence of the caldiline.

2.3 Possibilitiesto improvethe previous
studies

In the analysis of the SMC eclipsing binaries by North et &2],[ disentangling of H
Balmer lines was avoided because of their large width (whielkes them more sensitive
to systematic errors) and their possible contaminationdipufar emission. The contami-
nation allows us, however, to disentangle not only theatslbectra but also the spectrum
of circumstellar matter. North et al. also avoided the paftspectra containing the
interstellar absorption Calcium H-line. By using all thetgaof spectra avoided in their
study, we should be able (additionally to the goals outlimethe sectionl.6) to obtain
much better constrained orbital and astrophysical parmef the binaries. North et al.
also avoided the spectra taken during or near eclipses (Zd), although they admit
that Korel can in fact use the eclipsed spectra thanks todhsilplity of converging the
line-strength factors.

Harries et al. 15] also avoided spectra obtained during eclipses becausedtieds
they used (they used the wavelength domain disentanglinlgadg30]) assume that the
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component spectra do not change with the orbital phase.

More importantly, the possibility of converging both photetry and spectroscopy at
the same time by the Bazant code avoids the need to use inttmessults and therefore
lowers error accumulation.
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Disentangling of selected spectra

3.1 Preparation of selected spectrafor disentangling

Several crucial steps need to be done with the spectra im trédeiccessfully begin their
disentangling. These include: the sky subtraction, nasatbn to continuum, correction
for artifacts and smoothing. A few attempts to properly satitthe sky were made by
averaging the sky spectra positioned near to the stell@cobHowever, the results were
deemed unsatisfactory, as both the science spectra angetiyacontain a lot of cosmic
rays and instrument artifacts, resulting in the subtractiausing a distortion of some
of the line profiles needed for disentangling. An option vebbé to manually remove
the cosmics and artifacts from the sky spectra and then gedireem, but eventually
| decided to skip the sky subtraction. This can be justifiesb dly the fact that the

selected spectra belong to bright objects, for which thessiytraction is not so crucial.
Normalisation to continuum and correction for artifactsswdone using ESO-MIDAS

(http://www.eso.org/sci/software/esomidas/).

Important conditions for successful disentangling aregaaito-noise (S/N) ratio in
the order of tens at least and a good phase coverage of thewergo A visibility of
lines of both components in the spectra is not necessarpéodisentangling, however it
is necessary for a precise calculation of the mass ratio wexteally the distance. The
first selection of suitable spectra from the observing paogne was based on the highest
possible S/N ratio. After this preliminary selection, twittlee stars had to be discarded,
one of them because of a poor phase coverage (due to the pdrtad being very close
to two days) and another one because the lines of the segoodianponent were not
sufficiently visible.

3.2 Thedisentangling procedure

Four systems were finally selected for a detailed analysib, three of them being pre-
viously analysed by North. et al. and/or Harries and Hildiet al. Resulting values of
parameters of the object not previously analyzed are ofdheesprecision as parameters
of the other three objects (for which reliable initial guesare available). This shows that
the method may be applicable to most of the 104 SMC objectsntbee observed. The

—24—
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analysis of all these objects is, however, far beyond theeod this work. Analysis of
additional objects will be published in a paper which is isgaration.

The analyzed stars are hot, luminous, early-type stars exdtsy types O or B with
an effective temperature 30000 K and luminositys 10* solar luminosities. With the
exception of SMC 5-123390, which is slightly eccentric, thi objects have a circular
orbit. The strongest lines in their spectra are the hydr@&gmer lines and neutral helium
lines. Only specific regions centered around these lines wsed for the disentangling of
orbital parameters. The spectral regions disentanglelisniork are: 4 regions around
He | lines and 3 regions around H Balmer lines with &#1d H> usually contaminated by
the circumstellar emission andsktontaining also the interstellar absorption Ca H-line in
its wing.

The four strong neutral helium lines were used for calcafatin a single run) of the
orbital parameters. These lines are usually clearly segu@uring the orbital motion,
because their width is smaller than that of the Balmer limekthey are not contaminated
by circumstellar emission. After inserting initial guess# the basic parameters from
previous studies (where available), zero weight was gigehd dataset containing spectra
in order to get possibly improved values of photometry-gemsparameters such as
the periodP, epoch of primary minimunTo, radii in units of the semimajor axig; »,
inclinationi and a magnitude of the primary component After that, lower weight was
given to the photometry dataset and mass i@éind velocity semiamplitude of the primary
K1 (more sensitive to the spectra) were allowed to convergdlowimg this, the same
weight was given to the two datasets and the parameters weveiged again. The time
difference between photometric and spectroscopic obsengds useful for a more precise
determination of orbital period. With the parameters fixibe, line-strength factors were
calculated. For disentangling the Balmer linegahd H, results of parameters obtained
from the helium lines as well as the line-strength factorgfe stellar components were
used. For successful disentangling of the circumstellarpgoment, temporary templates
for the emission lines were usually needed. With the terefiat the third component
included in the calculation, line-strength factors of Allele components were converged
again, and their subsequent use resulted in a good solutem ater the template was
removed. The line strengths of the emission lines were fdonde variable, but not
correlated with the orbital motion. A similar procedure asthe emission was done for
the interstellar absorption line. The line strengths ofahsorption are essentially different
from those of the emission and were found to be more stablagltire orbit.

Results of the disentangling procedure with simultanedtiadiof photometry and
spectroscopy include the Keplerian orbital elements atndaisysical parameters including
linear masses, radii and surface gravities. Basic paramate listed in Tab.3.1 The
resulting values of orbital and astrophysical parameterfsted in Table8.2 3.3and3.4.
The light curves and RV curves are determined directly froendpectra and photometric
data but they can also be calculated using the resultingnmeeas. The resulting LC and
RV curves are plotted in Figureés2 and 3.3, with O-C in the lower parts of the figures.
Some of them show a significant reduction of the O-C scatteoimparison with previous
studies, as can be also seen in Talhand Tab.3.6. The disentangled hydrogen Balmer
lines are shown in Figures 4, 3.5and3.6.

For determination of systemic velocities, rotational w#ies of the components and
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most importantly the effective temperatures, we used gfittlspectra downloaded from
Tlusty OSTAR200220] and BSTAR2006 21] grid of optical spectra derived for metali-
city Z = 0.2 andviyrp = 2kms ™t
(http://nova.astro.umd.edu/Tlusty2002/tlusty-framesdels.html). The rectified and re-
binned synthetic spectra were used as templates for tHarstemponents in a run of
Bazant with the whole spectra included (in a lower resotutltan the narrower spectral
regions used for disentangling of orbital parameters). Minging the synthetic spect-
rum as a template, the line-strength factors of the corredipg component have to be
allowed to converge because the synthetic spectra are hpech@o a continuum of a
single star. From the resulting line-strength factors, @eap estimate on the ratio of the
components’ luminosities, which is otherwise obtainalslly &rom photometry. From the
relative shift of spectral lines of the observed and symthsdectrum, Bazant calculates
the systemic velocity and from the rotational line-broadgrthe rotational velocities of
the components. A grid of synthetic spectra correspondindjfferent surface gravities
and effective temperatures were fitted into the observedtispand the resulting values of
Tef f Were interpolated from the best fitting ones. Figl shows an example of a synthetic
spectrum, how it differs with changing metalicity and temgtere and an example of a
whole disentangled spectrum of SC5-38089.

3.3 Reaults

3.3.1 SMC SC4-163552

Object previously analyzed by North et al22] and Harries et al. 5. The spectra
show a very narrow and unusually strong circumstellar eonss the Balmer lines,
hinting at a high amount of ionized hydrogen in the surrongdiof the binary. The
strong emission was causing difficulties with separatirgggpectra of circumstellar and
interstellar component from the spectra of the stellar comepts, as often part of the
wide absorption contaminated the disentangled circutastigies. Unlike the remaining
objects, the emission is significant also in the lkhe, which resulted in the need of two
sets of temporary templates, one for the emission and ortbéabsorption. The spectra
were then separated into 4 components. Photometry wasiselttethe presence of third
light which is 0.236 mag fainter than the primary and 0.194 fiaanter than the secondary
component. The resulting light curve and RV curves showativly low (O-C) scatter,
with the RV scatter being significantly lower than in the poes studies (see Tal3.6).

3.3.2 SMC SC5-38089

This object has also been analyzed 22][and [15], providing us with reliable initial
guesses for the stellar and orbital parameters. The speieathe highest S/N ratio of
the studied objects and possibly of all the objects obtaingde observing programme.
Balmer lines Hyand HY are contaminated by circumstellar emission. Photomattidisn
includes converging of the limb darkening coefficients. @nslicant reduction in (O-C)
of the light curve was achieved over the previous studies.
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Figure 3.1:Example of a synthetic spectrum: The lowest curve shows thastia spectrum from
the BSTAR2006 library withles = 30000 and log g = 4.00. The upper curves show a difference
between this spectrum and a synthetic spectrum with logrgtmie step (0.25) lower and witb ¢
being one step (1000 K) lower respectively. The remainirgdurves are disentangled component
spectra of the object SC5-38089.
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3.3.3 SMC SC5-123390

The faintest object in our selection, previously studief®, also shows the shallowest
eclipses. The orbit is slightly eccentric, therefore thedakpof periastron does not coincide
with the epoch of primary minimum. The absence of circuntetedmission made the
disentangling of Balmer lines ydand H> easier, as the disentangling was needed for two
components only and there was no need for temporary temsplake light curve and RV
curve scatter are again very low with the RV scatter beingiBaantly lower than in22].

334 SMC SC6-17316

The only object previously not analysed. The shape of thn tigrve suggests a possibility
of significant tidal distortions of the components. The waddf the primary component
scaled to the semimajor axis is equal to 0.4712 and its atesddius is almost twice as
high as the radius of the secondary. This suggests that timanqyrhas already filled its
Roche lobe and a mass transfer onto the secondary is takiog. prherefore itis somewhat
surprising that the light curve solution is good even whely tre basic parameters (radii,
inclination and the luminosity ratio) were converged. TharBer lines  and Hb are
contaminated by a weak interstellar emission. The anabfslse object was not included
in [22] for unknown reasons. However, even without the initialgges, a reliable solution
was found with the same precision as for the other objects.

Table 3.1:Basic parameters of the observed eclipsing binaries: O@keRtifying code, coordi-
nates (J2000), orbital period, epoch of periastron anchlraagnitude

Object a (hms) o0(°") Porb (d)  To (HID-2450000) | (mag)
4163552 00:47:53.24 -73:15:56.5 1.5458148 620.73053 743.7
5038089 00:49:01.85 -73:06:06.9 2.3894197 466.16139 718.2
5123390 00:49:22.66 -73:03:42.8 2.1728999 463.97478 096.2
6017316 00:51:40.32 -73:13:20.3 2.3238747 464.72378 698.3
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Table 3.2:Orbital parameters: eccentricity, argument of periastioclination, semimajor axis,
mass ratio and systemic velocity

Object e () i() aRs) q=Ms/Mp V,(kms?)
4163552 0O 90 86.70 14.70  0.9254 154.19
5038089 O 90 76.91 18.09  0.8716 160.02
5123390 0.032 63.01 74.07 18.87  0.8024 141.07
6017316 0 90 64.94 17.70  0.8264 181.05

Table 3.3:Astrophysical parameters for the primary component: adinass, effective tempera-
ture, surface gravity and rotational velocity

Object Rp(Rs) Mp(Mo) Ty (K) logge vig (kms ™)
4163552  5.27 9.29 24844 3.9615 218
5038089 503  13.63 31181 4.1691 162
5123390 4.24 1059 30109 4.2078 129
6017316  8.34 7.60 29000 3.4766 203

Table 3.4:Astrophysical parameters for the secondary component

Object Rs(R:) Ms(Mo) T (K) loggs vig (kms™)
4163552 5.16 8.60 24455 3.9475 193
5038089 6.15  11.88 30130 3.9346 136
5123390  3.66 8.50 30458 4.2405 104
6017316  4.84 6.28 30000 3.8662 265

Table 3.5:Light curves: depth of primary minimum, ratio of the primanjnimum to the rms,
rms scatter, rms scatter fror@g]

Object  Almin (mag) Almini/ 0 (o] O North et al.
4 163552 0.47 52.2 0.009 0.009
5038089 0.30 42.9 0.007 0.014
5123390 0.75 75.0 0.010 0.010
6 017316 0.30 33.3 0.009 -

Table 3.6:Radial velocity curves: velocity semiamplitudes of thexpiy and secondary compo-
nent, rms scatters and rms scatters fr@d [

Object Kp(kms®) Ks(kms?!) op 0s Opnortheta. OsnNorthetal.
4 163552 231.03 249.65 1.88 1.75 10.5 8.8
5038089 212.64 243.96 211 252 3.1 2.9
5123390 188.17 234.50 2.19 3.80 8.4 14.1
6017316 158.34 191.61 2.89 2.09 - -
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Figure 3.2:Light curves with (O-C) scatter in the lower parts of the plot
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Figure 3.4:He with the disentangled interstellar absorption line. In¢hse of SC4-163552, also the nebular emission had to betaligged. One tic

mark on the y-axis represents one tenth of the continuun.leve
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Figure 3.5:Hd with the disentangled nebular emission line (SC5-1233%@imid of nebular emission). One tic mark on the y-axis regmés one
tenth of the continuum level.
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Figure 3.6:Hy with the disentangled nebular emission line (SC5-1233%®i®id of nebular emission). One tic mark on the y-axis regmés one
tenth of the continuum level.
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Chapter 4

Distance deter mination

4.1 Themethod used for the calculation of distance

The distances have been determined in the way describedrith Mbal. R2]. The
following equation was used for the distance modulus cateun:

5logd —5=19—MJ + (V — )3 —0.600A, (4.1)

wherel is the I-band magnituddjy is the visual absolute magnitudé;- 1g is the intrinsic
colour index, and\y is the visual extinction present in the relatigp = Ay /Eg_v, where
Ry is the extinction parameter assumed to have a standard v&l8d andEg v =
(B—V)—(B—V)o is the colour excess. The superscdplenotes values at quadrature.
As we were calculating with the I-band photometry only, tlidoar excess could not
be determined, so the values &j calculated by North et al. 2pP] were adopted. The
correctness of the factor 0.600, calculated by North etramfthe ratio of the absorptions
in the infrared and optical bands will be questioned in thpegpan preparation. The
absolute visual magnitudcﬁ:ﬂ;f,)’S of the components were determined from

P,S PS PS

whereBC\';’S are the bolometric corrections interpolated by North efrain the bolometric
corrections calculated by Lanz & Huber3( 21]:

BCy ~ 21.72—5.51l0GTef . (4.3)

(,)ls were determined from

RPS\2 [/ TP® 4
MPS— _2510 < ) )+ Mool o, 4.4
bol g R@ Teff,@ 0l,© ( )

With Mpg o, = 4.74 mag andest = 5781 K [2]. The intrinsic colour indicegV —1)g
were calculated by North et al. from the fluxes of synthetecsa from the BSTAR2006
library for stars cooler than 30000 K and from the fluxes byu&ar
(http://kurucz.harvard.edu.grids.html) for stars hottean 30000 K, as the OSTAR2002

The absolute bolometric magnitu

—-35—
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Table 4.1: Distance determination: visual absolute magnitude, betdm correction, intrinsic
color index, distance modulus, and distance modulus diiyeNorth et al. 2]

Object M{ (mag) My (mag) BCY (mag) BC; (V—1)o DM DMy

4163552 -2.72 -2.62 -2.48 -2.47 -0.246 18.60 18.36
5038089 -3.11 -3.37 -2.98 -3.01 -0.292 18.30 18.83
5123390 -2.79 -2.47 -2.78 -2.83 -0.274 19.16 18.76
6 017316 -4.00 -2.89 -2.87 -2.95 -0.285 19.09 -

library does not give fluxes beyond 7580 The following first-order approximation was
used:
(V —1)p~0.502— 0.178l0gTes . (4.5)

The resulting values of the distance moduli and other gtiestised for the distance
determination are listed in Tab4.1. Note that the value of the distance modulus for
SC6-17316 represents its upper limit. As it was not includete analysis by North et al.,
the visual extinctiory, for this object was not available and a coloured photometyld/
be needed for its calculation. If we use an average of the R@sdfor one of the objects,
coloured photometry was not available) for the objectsistlith [22] (Ay average = 0.41),
the distance modulus would become 18.85.
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4.2 Conclusions

Raw data from the FLAMES/GIRAFFE multi-object spectrodrajpntaining 16 spectra
of 104 eclipsing binaries in the SMC, have been reduced. Wihnclusion of OGLE
I-band photometry, absolute orbital and astrophysicahpaters were derived for 4 of
these objects, one of which has not been analyzed beforere Hne several reasons to
believe that our results represent an improvement in theracyg of the resulting values of
parameters over the study of North et &2]} where analysis of 33 of the 104 objects has
been published. Our spectra have a higher S/N ratio due testhef an updated reduction
software and our method allowed the use of spectra obtaimedgeclipses, while North
et al. in some cases discarded up to almost half of the sgectraing taken during or near
eclipses (Tal2.2). To determine the parameters, we were converging bottopteity and
spectroscopy at the same time by the new code Bazant, wisichegresents a significant
improvement over any of the previous studies. Apart fronearining the stellar and
orbital parameters from the 4 neutral helium lines, hydrnadgalmer lines contaminated by
nebular emission (apart from the object SC5-123390) andtansitellar H-line of ionized
calcium were disentangled (Figur8s4, 3.5 and 3.6). However, our distance moduli
may suffer from an error accumulation, as values of sevexnarpeters such as the visual
extinction and the colour indices were adopted fr@#| lthough they could have been
determined more precisely if we used photometry from dzfféicolour bands.

Several aspects of the method will be looked into in moreideta paper which is in
preparation. Already mentioned is the inclusion of coldysbotometry and revising some
steps in the distance determination done by North et 22). [Disentangled interstellar
absorption line in the 4 objects will also be studied in matad. Apart from providing us
with the upper limit on the distance of the interstellar nuedl{(the distances of the binaries),
the disentangled lines will also provide us with the estaraftthe column density of the
interstellar matter. Their equivalent widths and linefpes will be compared with the
extinction, the distance and possibly the 21cm HI profilee Thcertainties of the resulting
parameters will also be looked into in more detail, as thetednination can be a rather
complex task.
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