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Zusammenfassung

Bedeckungsveranderliche Doppelsterne zahlen zu den tegdisten Informationsquel-
len fir die Zustandsgrof3en von Sternen. Der weitaus grofteufiseres Wissens uber
stellare Parameter wie Massen und Radien basiert auf Wistexragen von Doppelster-
nen — eine besondere Bedeutung kommt dabei den Bedeckuégdedichen zu. Durch
technische Grenzen war die Erforschung von Doppelstearagel Zeit auf unsere eige-
ne Galaxie beschrankt. Inzwischen sind die Ergebnisseegidiilnmelsdurchmusterun-
gen verfugbar, mit denen mehrere zehn Millionen extragaieler Sterne kontinuierlich
Uberwacht wurden. Daraus ergeben sich einzigartige Makgiten, unser Wissen uber
Sterne in Millionen von Lichtjahren entfernten Galaxiegrsfikant zu erweitern.

Zu den seltensten und daher am durftigsten untersuchtezk®hjgehdren OB-Sterne
frihen Spektraltyps, insbesondere in Umgebungen gerivgéallizitat. Aufbauend auf
Tausenden von Lichtkurven dieser bedeutenden Objekte Kidimen (SMC) und Grol3en
Magellanschen Wolke (LMC), unseren unmittelbaren Nadiddaxien, ist es nun durch
Kombination mit spektroskopischen Daten moglich, ihreollten stellaren Zustands-
grélRen wie Massen, Radien und Leuchtkrafte direkt zu bestim Quasi als Nebenef-
fekt kann ihre Entfernung unabhangig von anderen Methodaregsen werden, wodurch
sie als Schlusselelemente fur die Kalibration der nach wraunstrittenen ,kosmischen
Entfernungsleiter” gelten.

Auf diesen Uberlegungen baut die vorliegende Arbeit aut Bi@l war die Entwick-
lung eines &ektiven Konzeptes fir eine simultane photometrische ue#tspskopische
Analyse, womit es moglich sein sollte, ein hdchst konsisgrhomogenes und prazises
Set von absoluten Parametern fir eine grof3e Zahl von Bedgskaranderlichen in den
Magellanschen Wolken zu bestimmen.

25 Bedeckungsveranderliche frihen Spektraltyps (OBeBys) aus der LMC wurden
mit einem fur heil3e, enge Doppelsterne konzipierten nigoleein Lichtkurvensynthese-
und Analyseprogramm (MORO) untersucht. Anhand von Voiigghevurde bereits ge-
zeigt, dass die Ergebnisse einer rein photometrischenydadlinsichtlich des Massen-
verhaltnisses entartet sind. Eindeutige Losungen sindmiuHilfe einer unabhangigen
spektroskopischen Festlegung des Massenverhaltnissgmad\hnlich verhalt es sich
mit den dfektiven Oberflachentemperaturen und Leuchtkraften delelbd{omponenten,
die aus der Lichtkurve nicht absolut, sondern nur in ihnremh&knis abgeleitet werden
kénnen. Auch die Radien ergeben sich ohne spektroskopRatimlgeschwindigkeits-
messungen nicht absolut, sondern nur relativ zum Kompenabstand.

Fur das gewéhlte Sample von OB-Systemen wurde eine Eingngres vieldimen-
sionalen Losungsraums dadurch erreicht, dass das Maskséahresq Uber seinen gesam-
ten Bereich systematisch variiert wurde und in Abhangigken q die besten Loésungen
und damit mdgliche Wertebereiche fur alle anderen Pararbestimmt wurden. Dieses



Verfahren ermoglichte einerseits eine Untersuchung veoarReterkorrelationen auf sta-
tistischer Basis — unterschiedlich fur die verschiedengsteénkonfigurationen von ge-
trennten, halbgetrennten und Kontaktsystemen — und drtaitspaterer Verfugbarkeit
von Radialgeschwindigkeitsmessungen auch eine einfagsiéegung der absoluten Pa-
rameter der einzelnen Systeme.

Wegen der tUberragenden Bedeutung der AbsolutparameteérEntiernungsbestim-
mung enthéalt diese Arbeit einen zweiten Teil, der sich mit@efeinerten Analyse einiger
als Fallstudie anzusehender Doppelsterne aus der SMCasagtiDie funf vorgestell-
ten Sterne in diesem Teil der Arbeit zeigen deutlich dasgfdential der verwendeten
Vorgehensweise. Die ermittelten Resultate sind in sichsigd@nter und mit wesentlich
geringeren Fehlern behaftet als sie mit bisherigen Methbastimmbar waren.

Die Arbeit ist in funf Kapitel gegliedert, die sich wie folgufteilen:

Kapitel 1 enthélt eine kurze Einflihrung in die Doppelstaalgse mit besonderem
Schwerpunkt auf der Bedeutung von Bedeckungsverandenlialligemein.

Kapitel 2 stellt detailliert die bei der photometrischerdwpektroskopischen Ana-
lyse verwendeten Methoden und Techniken vor.

Kapitel 3 beschreibt die verfigbaren photometrischenaiel erlautert inre Klas-
sifizierung, Auswahl, Reduktion und Vorbereitung fir dieadyse. Die Ergebnisse
der Einzelanalysen von LMC-Doppelsternen werden degdilviedergegeben und
die wahrend der Untersuchung aufgetretenen Besonderttbdeutiert.

Kapitel 4 enthalt die simultane photometrische und spsktipische Analyse von
funf Bedeckungsveranderlichen aus der SMC. Jedes Objedtseparat bespro-
chen und die Ergebnisse diskutiert.

Kapitel 5 fasst alle Ergebnisse zusammen und vergleichhgianderen aktuellen
Forschungensergebnissen. Ein Ausblick auf die kinftigeviEklung des Gebietes
schliel3t die Arbeit ab.



Abstract

Eclipsing binaries are among the most important sourcesfofmation about the fun-
damental properties of stars. Most of our knowledge of atglarameters like masses
and radii is based on the analysis of binary stars — with aiapeealth of insights com-
ing from eclipsing binaries. For a long time, technical bations restricted binary star
research to our own galaxy. In the meantime the results of ldagk matter survey pro-
grams have become available which have constantly modildaezally tens of millions
of extra-galactic stars. This is a unique opportunity faesrchers to greatly expand our
knowledge of stars to members of other galaxies millionggbittyears away.

Among the rarest and therefore most scarcely analyzedtslgee early-type OB-stars,
especially in low-metallicity environments. With the dedility of thousands of high-
quality light curves of such objects located in the Small (§\vand Large Magellanic
Clouds (LMC), our next neighbor galaxies, researchers cangain additional spectro-
scopic observations for these stars, and directly deteratfasolute stellar parameters like
masses, radii and luminosities for these objects. Thisalsas us to accurately measure
their distance independently from other methods, makiegitimportant corner stones
in the still ongoint debate about the calibration of the ‘foasdistance ladder”.

These promising prospects were the main motivation forvilugk. The aim was the
development and proof of feasibility of affective concept for a combines photometric
and spectroscopic analysis, capable to derive a highlyistems, homogeneous and pre-
cise set of absolute parameters for a large number of eafjgsnaries in the Magellanic
Clouds.

25 early-type eclipsing binaries (OB systems) from the LMErevanalyzed with a
numeric light curve synthesis and analysis program (MOR®)sd vor hot, close bina-
ries. In preparatory work it has already been shown thaigbelts of a purely photometric
analysis are degenerate with respect to the massqgatimambiguous solutions are not
possible without fixing the mass ratio at an independenthvdé spectroscopic value.
Similarly, absolute values offkective surface temperatures and luminosities of both bi-
nary components cannot be derived from the light curvey, thrdir respective ratios are
accessible. Also the radii can only be derived relative ®odlbital separation without
spectroscopic measurements of radial velocities.

For the selected sample the multi-dimensional parameteswas confined by sys-
tematic variation of the mass ratgpover all relevant values and determination of best
solution regimes and parameter ranges dependeqt dhis approach allowed for an in-
vestigation of parameter correlations on a statisticaisbasor detached, semi-detached
and contact systems. Based on this confinement of paranpetee and the quantitative
knowledge of the relevant parameter correlations an ea&yrdmation of absolute pa-



rameters of the photometrically analyzed systems will besjixde once complementary
spectroscopic data will become available.

Due to the high importance of absolute parameter and distdeterminations and to
prove the feasibility of the proposed approach, a secontdop#nis work is devoted to a
careful case study of a sample of early-type SMC binariaswfach both photometric
and spectroscopic data are available. The five stars amhlyith this method impres-
sively illustrate the power of this kind of investigationhd derived results provide much
better consistency and accuracy than would have been po$siachieve with previous
methods.

This work is divided into the following five parts:

Chapter 1 gives a short introduction to binary star researtthan emphasis on the
significance of eclipsing binaries in general.

Chapter 2 discusses in detail the methods and techniqudsrusige photometric
as well as spectroscopic analysis.

Chapter 3 gives an overview of all available photometriadés classification,
selection, reduction and preparation for analysis. Dedaisults for each analyzed
LMC binary are presented and various issues and problenmsuetered during
analysis are discussed.

Chapter 4 is concerned with the complete photometric andisgseopic analysis
of five SMC binaries. For each star a thorough interpretatidhe results is given.

Chapter 5 contains a summary of all results and compares wignthe findings
of related contemporary research. An outlook to future graents in the field
concludes the work.



1 Introduction

1.1 Binary stars and their relevance to astrophysics

One of the most important disciplines of stellar astronoswgancerned with the analysis
of binary stars. This class of stars is of utmost importarsca major part of our knowl-
edge of absolute physical stellar parameters has beereddrivm binaries. Since even
with today’s 10-meter-class telescopes virtually no staine sky can actually be spacially
resolved, we need indirect measurements to determinarstatli. These mainly come
from observing stellar occultations where one componelipss its companion. The
exact shape of the resulting light curve allows conclusainsut the relative radii of the
involved stars.

A similar problem arises for the determination of stellarsses. To derive these, we
need to observe the gravitational interactions betweenstareand its companion. For
example, the mass of our sun has been accurately establisinegrecise observations
of the planetary orbits. Due to the enormous distances a@rattars we must rely on
something else than planets in order to determine their@sassellar companions. Rel-
ative masses of two components can be established by dgreliigerving their relative
motion, usually via spectroscopic methods.

In order to determine absolute masses and radii one musiruskaneous photometric
and spectroscopic observations to overcome their respdatrinsic limitations regard-
ing the information they convey. Deriving absolute stefjarameters is of outstanding
importance to calibrate, test and enhance theories oéstelimation, structure and evo-
lution. Much of our understanding of the universe dependsteltar astronomy, which
has a strong impact also on other fields like galaxy formagioa evolution. Thus it is
indispensable that stellar astronomical observations@nénuously being supported as
technology advances and do not lose further weight in fa¥gruoe extragalactic and
cosmological research.

Since binary stars with known absolute parameters can ssregcellent distance in-
dicators via their luminosities, especially binaries im naighbor galaxies should be ob-
served, because they form the first step in the cosmic distecade. Such a new, binary-
based method of distance determination is very desiraibleg & not only complements,
but considerably surpasses the classical methods. AcaptdiPacziiski (1997), dis-
tance determination via binary stars can easily reach amacg of~ 1%, much in excess
of other methods.

One of the advantages of the binary method stems from the she®er of extragalac-
tic spectroscopic and eclipsing binaries which are ob&devevith today’s technology.
According to Halbwachs (1986), about 75% of all stars are besiof binary or multi-



ple systems. This huge number of stars opens up the possibitlistance determinations
to nearby galaxies with unprecedented accuracy via statishethods. Apart from these
considerations, the mere fact that binary stars form thentgjof visible matter in the
universe, should be reason enough to warrant their contiinidepth analysis.

This work focuses on the analysis of close, early-type statise Magellanic Clouds.
Especially for OB stars there is urgent need for more ancbptrameters, since these
most massive and most luminous stars are very rare, edgecitie solar neighborhood.
Their enormous luminosity, on the other hand, makes themargble with reasonable
effort even over extragalactic distance scales, thereby congpseveral advantages:

¢ Availability of extended data archives of photometric alvaiions with good signal-
to-noise ratios

e An excellent opportunity to supply theoretical astronosn@ith new data for the
type of stars with the scarcest base of known parameters

e The opportunity to determine extragalactic distancespeddently of other me-
thods with high accuracy.

1.2 Classification of binary stars

Binary stars can be classified according to varioti®ent criteria. One basic classifica-
tion scheme involves the equipment which is necessary &bksth the binary nature of a
system. It subdivides the binary population into visual apéctroscopic binaries.

Visual binaries are binary stars which can actually be xegbés two individual stars,
even if a large telescope and interferometric techniqueshaanecessary. Depending on
its distance, this type of binary system is usually welleseged, therefore involving large
orbits and very long orbital periods of at least several msnyears or decades. These
long time scales make it impossible to gather informationfia full orbit in a reasonable
amount of time. On the other hand, the orbit can be directlgrd@ined from astrometric
measurements and is accessible on an absolute scale, ifthea is also known. Visual
binaries are gravitationally bound to each other and musbaaconfused with optical
binaries, two completely independent stars which just bap lie near the same line of
sight.

The vast majority of binary stars are classified as speatmedinaries. It is not pos-
sible to resolve the individual components with any exgstiachnology. They always
appear as just one dot in the sky to the observer. The binéwyanaf these objects is only
revealed by spectroscopic observations. Caused by thilomotion, the spectral lines
of both components exhibit periodic anti-phased shifts ave¥ength due to the Doppler
effect. As one component approaches the Earth, its lines aftedshowards the blue
end of the spectrum, while the other component shows a iéashis spectral lines.
Spectroscopic binaries are further subclassified intolsiliged and double-lined bina-
ries, depending on the visibility of one or both componentthe common spectrum. If
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Figure 1.1: The prototypes of the three eclipsing binary types showettugy with their light curves. Note
that light curve shape is a direct indicator of relative comgnt separation (after Karttunen et al. 1994).

one component is considerably less luminous than the atmeay be dificult or impos-
sible to detect it in the spectrum. Nevertheless, the binatyre of the object can also
be established by observing the periodic shifts of the salelmes corresponding to the
more luminous component.

A special subgroup of spectroscopic binaries is formed leyeitlipsing binaries. In
terms of astrophysical information which can be gained ftbem, eclipsing binaries are
the most important representatives of binary stars. Thidkwsconcerned exclusively
with the analysis of eclipsing binaries. They are normaktspscopic binaries with the
distinctiveness of a fortunate orientation of their orbtiane with respect to our line of
sight. Due to this fact, both components periodically esgipheir respective companion
as they orbit around each other. We can observe these ecfipstometrically as periodic
light changes of the binary star. From a time series of phetdmmeasurements one can
construct a light curve which exhibits a characteristicpgghsensitive to certain physical
and geometrical parameters of the binary and its orbit.

A subclassification of eclipsing binaries has long beenbdisteed in the literature,
for which essentially three well-analyzed objects withtidigtive light curve shapes are
selected as prototypes of their classes. According to thisrae, most eclipsing binaries
can be classified as of Algg,Lyrae or W Ursae Majoris type (see Fig. 1.1). Their light



curves mainly dier with respect to shape and relative depths of the minimaetiawthe
strength of out-of-eclipse variability.

1.3 Determination of binary star masses

One of the most important benefits which comes with the arsabfsbinary stars is the
possibility to directly and accurately determine their sesfrom observations of their
orbits. In the following considerations, a circular orbittbe stars will be assumed. For
those close binaries which are discussed in this work, itresagonable assumption that
their orbits have been ficiently circularized due to tidal interactions. Nevertdss, the
determination of stellar masses is completely analogoukdrcase of eccentric orbits,
only the equations given here would contain the additioneéptricity parametes.

The starting point for mass determination is Kepler’s Thiagv, which connects orbital
separatiora (semimajor axis of the relative orbit) and orbital per®with the component
massedM; andM,:

P? 3 4n

a3 G(My+ My’
with a = a; + a, denoting the sum of the semimajor axes of the absolute atwtnd the
center of mass. This fundamental equation can be rewrittgive the total mass of the
binary system:

(1.1)

4n’a’
My + M = . (1.2)
For the circular orbits found in most close binaries thetathielocityv,, is given by
Vi = 2”—;“. (1.3)

with n denoting the respective binary component. As most bindoitoare inclined at
some angle relative to the line of sight, we can only measure the pr@ed, = v, sini.
If we add up the orbital velocities of both components, we find

_ki+k  2ra
PV =g T (1.4)
Combined with Eq. (1.2) this gives the total mass of the twmgonents:
P (kl + k2)3
Mi+ My = ————. 15
YRR T 240G sin (15)
With the definition of the center of mass,
M1 ay k2
-z = 1.6
M- a; kl ( )



we can substituté, in Eq. (1.5), ending up with

P k]_ (kl + k2)2

M- =
T 21G sirf|

1.7)
For M; the procedure is completely analogous. Of course, thenaiitini is still un-
known. Therefore, assuming= 90°, we can only give lower limits for the masses. The
inclination has to be determined by other means. Usualiy,garameter can be readily
and unambiguously determined from the light curves of aipsiclg binary. Withi from
the light curvesP from spectroscopy (or from the light curves as well) &nffom spec-
troscopy, the absolute masses of both stars can be determith®ut making any further
assumptions about the system.

As it is evident from Eqg. (1.7), one needs to know the progaibital velocities of
both binary components in order to determine their indigldmasses. In the case of
single-lined spectroscopic binaries this is not possiilece only the more luminous of
the components is seen in the spectrum. In that case it igpeskible to gain some
information about the masses, though. Witk a; + a, in combination with Eq. (1.6) we
get

aM,

a1
Substituting this into Eq. (1.3) yields

_ P kl(M1+ Mz)

27 Ms,sini (.9)

This can again be substituted into Kepler’'s Third Law (E) 10 give the so-called mass
function:

P M3sin’|
G (Mg + M2)2.
If additional knowledge is available to constrain the masere of the stars, the mass
function can be easily solved for the mass of the companiargys assuming the incli-
nationi is known. Otherwise again only minimum masses can be derived

f (M) = (1.10)

1.4 Distance determination with eclipsing binaries

Since the method of stellar parallaxes works only on shatadces up to a few tens of
light years, for a long time the only way to determine dis&san longer — and especially
extragalactic — scales has been the well-known periodrlasiiy relation of Cepheid vari-
ables. With the possibility to acquire good photometric apéctroscopic data even from
extragalactic eclipsing binaries, there is now anothetgpendent method available for
distance determination on larger scales, with the poteoitieven higher accuracy.

From the eclipe light curve the fractional radji of the two components can be de-
termined either by computer-based light curve analysignahe favorable case of total



eclipses, by directly measuring the ratio of eclipse doraéind orbital period. The abso-
lute stellar radiiR, scale with the separatianof the components:

= 5 (1.11)
ais readily determined from the orbital period, the compdmeasses and Kepler’s Third
Law. Well-detached binaries are best suited for deterrgisiellar radii since they usu-
ally do not siifer from ellipsoidal deformations often encountered in v&@oge binaries.
These deformations make itficult to accurately define the stellar radius. Also the min-
ima do not begin and end abruptly, rather the light curve é&dn and out gradually,
thereby hampering the measurement of accurate eclipsgéahga

Unfortunately, one still needs some additional physicaividedge about the binary
stars, as their surface brightnessgsneed to be derived. If good spectroscopic mea-
surements are available, temperature and therefore susfaghtness determination are
relatively straightforward, though. The luminosities otlhcomponents can be written in
the Stefan-Boltzmann approximation as

Ly = 47R2F . (1.12)

As the total amount of energy, which leaves each star pertiamd is the same which
passes through the surface of an arbitrarily sized sphereresl on the origin of the
radiation (and particularly a sphere with a radius equatécdistancel, between star and
observer), we can write

AnR2F,, = 4nd2Fobs (1.13)

with Fpqps denoting the amount of energy per time and unit area the wlisezceives
from the respective star. Solving Eq. (1.13) éQrgives

F L
dy = Rm/ LIS ,/ AR 1.14
" I:n,obs 47TFn,0bs ( )

As d; = d, = d is an excellent approximation for all practical purposes,can choose
either star to determine the distandg,,ns has to be taken from the light curve. Again,
total stellar eclipses are of great value, as one can metsisnount of energy arriving
from each star separately during minimum times. Otherwisea¢lative fractions of light
have to be determined from computerized light curve anslysi

According to Paczyski (1997), extragalactic distances can be determinegitecision
of 1% with this method. This publication also features a mardepth discussion of
distance determination with eclipsing binaries, alonghvatreview of possible errors
which have to be taken into account.

10



1.5 The Roche model

In order to derive eclipsing binary parameters from thghticurves, one needs a sulit-
able theoretical model for the structure of the underlyimgby system, from which syn-
thetic light curves can be derived and compared with therghiens. When analyzing
close binaries, it is very important that a physical modelgplied, which can adequately
reproduce the complicated geometrical shapes of the stacs tidal distortion of the
components (due to the presence of a close companion) hatsgfiteence on the actual
shape of the light curves. The nature of this influence cannoenstood easily: during
and close to eclipses, we see the stars almost undistottedgdjuadrature phases (view-
ing the “sides” of the stars) the components present lagjengated projected surfaces
to the observer. Therefore additional light is observeduadyature phases compared to
undistorted components. The impact this has on the ligivesucan be seen in Fig. 1.1:
the stronger the stars are tidally distorted, the more detcbpse variation can be seen in
the light curves.

It is therefore necessary to model theffieets when comparing synthetic light curves
with the observations. One of the most widespread modelth@binary structure used
in contemporary light curve analysis is based on the worlhefRrench mathematician
Edouard Albert Roche. Its basic concept dates back to thelStid century, when it
was originally published by Roche (1849). The Roche modehsed on the well-known
restricted three-body problem. Therefore several assomgpabout the stars are made in
order to treat them with the Roche model:

e With respect to the gravitational forces exerted on the comgn, both components
are considered as point masses.

e Both components orbit their common center of mass, thesdoé circular.
e The rotational axes of both stars are perpendicular to thbital plane.

e Both components are tidally locked to their orbits (syndlanags rotation).

These limitations mean that only gravitational and cemgyafl forces are taken into ac-
count. Tidal forces due to unsynchronized rotation of tlaessas well as radiation pres-
sure are specifically not included. Of course, in moderntlgirve analysis programs
these restrictions have been overcome (see Section 21liprbilne sake of simplicity,
only the original Roche model will be described here.

In the Roche treatment, a binary system is usually modefiedni orthogonal, co-
rotating (with the orbit of the components) coordinate egstith the origin at the center
of mass. The x-axis corresponds to the radius vector ofivelatbital motion, and thus
the line connecting the centers of mass of both componemis.zdaxis is orthogonal to
the orbital plane (see Fig. 1.2). For a more convenientrireat, the origin can be placed
at the center of mass of the component of interest. For exagriphe origin is placed at
the mass center of the more massive component, the systentar of mass is found on

the x-axis at
M,a

M1+ Mz.
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Figure 1.2: Co-rotating coordinate system of the Roche motiel.andM, denote point masses
corresponding to the binary components, separated by ii@/eesemi-major axis. The total force
exerted on a test masswith coordinates as given in the figure is evaluated. (aftar@l & Ostlie 1996).

The total éfective potential taking into account gravitational andtagérgal forces at an
arbitrary pointP (X, y, z) can therefore be written as

My My w? Moa \?
¥ = G— — = - 11
Grl +Gr2+ 2{(x M1+M2) +y° (1.15)

with

= \Vx+y2+2, [y = \/(a—x)2+y2+z2
and the gravitational consta@ the relative semi-major axsand the angular velocity
w of orbital movement. According to Kepler’s third law thisclhe written as

W2 = SMit Ma)

= (1.16)
Thus Eq. (1.15) can be rewritten as the so-called Roche fiaten
1, 1 q q+1., ~ o
Q= GMl‘P_r1+r2+ 5 (x +y2) qx+2(1+q), (1.17)

wherea is the unit of length in this equation amgdenotes the mass rathd,/M; with
M; > M,. The last term in Eq. (1.17) is independent of position, itssally discarded.
The advantage of Eq. (1.17) is that at every given coorditieggotential only depends
on a single parameter, the mass ratio

The surfaces of the components are formed by equipotentiiEices on which matter
can flow without energy exchange. In order to facilitate thkewalation of these equipo-
tential surfaces, one usually switches to spherical coatdsr, 9, ¢. Again, the origin is
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Figure 1.3: Two-dimensional cross-section through selected Rochigpetantial surfaces for a binary
system withM,/M; = 0.17 (after Karttunen et al. 1994); also denoted are the fivedragian and libration
pointsL s respectively, as well as the center of m&ss

placed at the center of the component of interest. In theselowates, the Roche potential
for the primary (more massive) component can be written as

1 1 i1
Q== +q _ar |+ rqu (1-42). (1.18)
! J1-2ar+r2

For the secondary (less massive) component one gets

1 1 1
Q== +q — ary +r§q%

2 J1-2ar+r12
M= X+ Y2+ 2, A = sind cosy, v = COSH.

The Roche equipotential surfaces correspond to pointsatichl potential energf (see
Fig. 1.3). Their actual shapes are determined by the cormibimaf the mass ratiqwith a
numerical value for the potential. Large valuegbtorrespond to equipotential surfaces
close to the origin, which assume circular shapeior . If smaller values are chosen
for Q, the component surfaces depart from circular shape, tefifinally touch the inner
Lagrangian point.;. This is a point of unstable equilibrium located betweerhlz@nters

(1-7)+ ?, (1.19)

with
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(X0 O
<0 X0

Figure 1.4: The four possible configurations of binary systems: detd¢top left), semi-detached (top
right), contact (bottom left) und overcontact configuratigbottom right); after Karttunen et al. (1994).

of mass. If one of the components completely fills this sdedainner critical Roche
lobe, it can lose matter towards its companion if it expamgsfarther (this phenomenon
is generally known as Roche lobe overflow). If the surfaceepiidls of both stars are
chosen smaller than the potential of the inner Lagrangiantpa common envelope of
both stars results. For a physically meaningful result ii@sessary to choose the same
potential for both stars in this case.

The limit for a reasonable binary star configuration is fodrbg the equipotential sur-
face including the outer Lagrangian polgt, another point of unstable equilibrium. Any
further expansion of the stars would result in an immediaés bf mass which would be
ejected from the system via. Still another point of unstable equilibriurhg, can be
found on the side of the more massive companion. For thenteratof binary stars, it is
of theoretical interest only. Furthermore, there are twaealiion pointsL, andLs which
are points of stable equilibrium. In our solar system the &nith Jupiter have common
libration points which are occupied by a group of asteroiusvin as the “Trojans”.

According to Kopal (1959) one can classify the possible lyirstar configurations as
detached, semi-detached and contact systems, see FiglHedast class has been ex-
tended to include the so-called overcontact systems. Atgatwve discrimination be-
tween these system configurations is possible by compdregurface potential?; und
Q, with the equipotential surface containing the inner Lagran pointQ (L,):

1. Detached systenf2;, Q, > Q(L,)

2. Semi-detached systef2; = Q(L1),Q, > Q(Ly) orQq > Q(L1),Q = Q(Ly)
3. Contact system2; = Q, = Q(L,)

4. Overcontact systenf2 (L;) > Q; = Q, > Q(Ly)

14



2 Methods of analysis

In order to derive absolute parameters of binary starsegsential to £ectively combine
as much information as possible from photometric and spsotipic observations. As
can be seen from the discussion in Sections 1.3 and 1.4, #inereertain parameters
which cannot be derived from either single type of obseovatiFor instance the orbital
inclination i of the system is not accessible through spectroscopic dé¢aertheless,
it is required to determine the true orbital velocities of tomponents, since only the
projected radial velocity amplitudes manifest themseindhe spectra. The only way to
derive the orbital inclination is by careful analysis of pormetric light curves.

On the other hand, the light curves usuallyfeufrom a pronounced degeneracy with
respect to the mass ratipof the components. As has been shown by Nef3linger (2004),
even very good photometric data can usually be fitted by gyiathight curves derived
for wide ranges ofj (i.e. 03 < g < 1.0). Since correlations exist betwegrand other
important parameters like orbital inclinatiomnd the values of the surface potent@ls
andQ;, (which in turn influence relative stellar radii and luminges), it is very important
to pinpoint the mass ratio first before attempting a predgde turve solution. Here the
spectroscopic observations come into play againy ean be readily measured from a
time series of double-lined spectra without any furthenkieolge about the system.

Information about many of the other parameters like tentpegaatio, relative lumi-
nosities and even the radii of the stars is contained to angegree in photometric
and spectroscopic data alikefering a certain amount of redundancy. At the same time,
the methods of analysis are largely independent due toegntiifferent models which
are used to fit photometric and spectroscopic data. Tiessoan excellent opportunity
to cross-check the independently derived values. If thestelmwithin the expected er-
rors, good confidence can be gained about their validitylendyistematic errors or other
problems can be more easily identified if there are serioumtiens of the results.

Itis this interrelation between photometric and spectpgrobservations which makes
the determination of absolute binary parameters intergstt challenging, since it is of-
ten dificult to collect stficient data of adequate quality. Especially the high demands
associated with gaining spectroscopic data of faint stanstér than about 14 mag) con-
siderably hampered the progress of this work. Neverthetassmethod is successfully
applied in this work to a number of case studies of stars irStnall Magellanic Cloud.
The following sections give an overview of the software mgss involved in the analysis
of both types of data, while detailed information about trecpdures applied is discussed
in Sections 3.6 and 4.6.
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2.1 Photometric analysis

Due to the wealth and complexity of the information contdine eclipsing binary light

curves, the analysis of such data is most frequently madetiagthelp of synthetic model
light curves. As has been discussed in Section 1.5, gootdigive modelling is highly

dependent on a realistic physical model. The Roche modaléxeellent approximation.
It forms the basis of most light curve synthesis programsmtoday.

2.1.1 MORO design

The software used for this work is called “MORO” (for MOdifi&Dche model). It has
been developed at the Dr. Remeis Observatory in Bambergrenhades, as its name
implies, several modifications to the original Roche modéle modified Roche model,
which forms the basis of MORO, contains 17 individual pareerg five of which are
wavelength-dependent. Therefore in a typical situatioanetight curves are available in
two passbands, the corresponding synthetic light cunesalculated from a total of 22
parameters. The light contribution of each component isutated via breaking down the
surface into small segments, and adding up the light reddieen each segment which
is visible to the observer at the orbital phase considerda.oOrse, possible eclipses by
the companion and the angle at which every segment normatiisiéd to the line of
sight are taken into account appropriately. An importamitition of the program is its
restriction to circular orbits. A detailed description bétprogram and its geometrical and
physical background is given in Drechsel et al. (1995), /hitdepth information about
its effective use and several tips from practical experience cdéoumel in Lorenz (1988).
Some examples of thefects certain parameter changes have on a given light cueve ar
shown in Figs. 2.1 to 2.3, while Table 2.1 provides a list bpalameters comprising the
binary star model of MORO.

i Orbital inclination

O1, 92 Gravity darkening cocients
Ter1, Ter2 | Effective temperatures

A, Ao Albedos

Q1, Q) Surface potentials

q Mass ratio

01, 02 Radiation pressure cficients

L1(1), L2(2) | Luminosities
X1(1), X2(1) | Limb darkening cofficients
13(2) Third light

Table 2.1: List of all light curve parameters adjustable by MORO. Foetaded description of their usage
in this work refer to Section 3.6.3. Some examples of thdiluénce on light curve shapes are shown in
Figs. 2.1t0 2.3.
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Figure 2.1: Synthetic light curves for dlierent values of orbital inclinationin the detached (left) and
overcontact case (right). Inclination range is from #9090, incremented linearly in between.
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Figure 2.2: The dfects of surface potenti&l, variation on the light curve of a detached system (left) and
variation of both surface potential andQ, for an overcontact configuration (right). For the detached
systemg andQ; were held constant. Therefore increasidyis identical to a decreasing ratio of the radii
R>/R:1. Q(L1) andQ(L,) denote the potentials of the inner and outer Lagrangiantpoi
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Figure 2.3: Influence of (unrealistically strong) radiation pressuréhe secondary component (left) and
of extreme values of the primary limb darkening fia@ents (right) on the light curves of a detached

system.
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2.1.2 Modified Roche model

The main modification of the original Roche model in MORO cenms the implementa-
tion of radiation pressurdiects. Especially in hot, close binary stars, it can be necgss
to take the associated surface deformations into accouihtle\wadiation pressure and
gravity act in approximately opposite directions in theiaidg component and can be
accounted for by a reduced gravitational potential

GM
(1—5)7,

things are much more complicated for the irradiated surd@s companion.

The actual shape of the surface of the irradiated componest be considered by
including radiation pressure parameters in a numericatgminined modified Roche po-
tential. At the same time these parameters are dependeiné docation on the irradiated
surface. Therefore the radiation pressure-induced shiagege can only be calculated
iteratively via the Newton-Raphson algorithm. For detait®ut the radiation pressure
implementation see Haas (1993) and Drechsel et al. (199%)e@ treatment of radia-
tion pressureféects also for overcontact binaries has been implementecbgrg2004).

2.1.3 Parameter optimization

The derivation of parameters from binary light curves witRIO follows the classical
2 minimization procedure: for a given set of photometric déta user supplies a set of
initial parameter values, which the software uses to cateuhe corresponding synthetic
light curve. The residuals with respect to the observatidata are determined andyd
value is calculated which takes into account the errors efitldividual data points, if
supplied. According to a predefined “recipe” a new light auis then calculated from
slightly different parameters, again checked against the observatidrasreew? calcu-
lated. This procedure is repeated until a set abort critersureached which is defined by
the rate ofy? minimization in each step. The final synthetic light curveassidered the
best solution of the observational data.

2.1.4 Mathematical recipes

The “recipe” for changing the parameters of the synthegistlcurves in subsequent iter-
ation steps depends on the mathematical model used. One ofdkt widespread tech-
niques is the so-called Wilson-Devinney scheme (WD), whiates back more than 35
years (Wilson & Devinney 1971). The procedure involves tiethad of diferential cor-
rections. It is a fast-converging non-linear least squaresedure, which unfortunately
sufers from some severe drawbacks, most notably numericalliisy due to inade-
guate start parameters or simultaneous adjustment of tog (aad possibly correlated)
parameters.

Therefore MORO is built around aftierent “recipe” which is called the “simplex al-
gorithm” (Kallrath & Linnell 1987). This method is not setige to the number of simul-
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Figure 2.4: Two-dimensional parameter space showing inclination ffecgve temperature of the
secondary component. The z-axis shows the residuals ofittleetic light curve with respect to the
observations for any given combination of inclination afféetive temperature. (illustration reproduced
from Kallrath & Milone 1999).

taneously adjusted parameters and generally exhibiteragly high numerical stability.
One of the main advantages is that the simplex algorithm aadiverge, since every
step of the iteration must yield an equal or better resuh tine preceding one. This is
accomplished in the following way: from the user-supplied af start parameters the
“simplex” is constructed which is essentially a polygonlittngm+ 1 vertices in then-
dimensional parameter space, centered on the start pataseetEach vertex represents a
distinctive set of model parameters. After each iteratsymthetic light curves calculated
from parameters corresponding to all vertices are compaittdthe observational data.
The vertex yielding the worst fit is discarded in favor of a netex which is calculated
according to a pre-defined scheme. This ensures that ntatecan produce a worse fit
than the preceding one. For an in-depth discussion of theadetee Kallrath & Linnell
(1987), and Lorenz (1988) for one of the first applicationkght curve analysis.
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One can easily visualize the simplex procedure in a two-dsimmal parameter space
(see Fig. 2.4): in this case, the simplex is a triangle whidves around in parameter
space, at each step discarding one point in favor of a newlortiee course of parameter
adjustment, the triangle shrinks until it contracts tovgaadsingle point. After the abort
criterium is reached, the center of this (diminutive) tghlnis output as the best solution.

2.2 Spectroscopic analysis

As has been pointed out, no absolute stellar parametersecderlved from photometric
data alone. It is necessary to incorporate spectroscoperaditions in the analysis. From
double-lined binary spectra essential data like the ragiaicities as well asféective tem-
peratures and surface gravities can be gained. One neaue adries of spectroscopic
observations with (near) full phase coverage in order tstant a radial velocity curve
from the varying Doppler shifts of the spectral lines. Faedmination of the physical pa-
rameters, on the other hand, single spectra of the indiVihraponents with the highest
signal-to-noise ratio possible are necessary. Howewvesgthannot be easily recorded for
close (and therefore short-period) binaries, as excegsiggration times result in con-
siderable “phase smearing” of the spectra and thereforgrafisant reduction of their
resolution.

2.2.1 Disentangling spectra

Generally the favored method for extracting componenttspémm a combined binary
spectrum is a procedure known as “disentangling”. It is Basethe assumption that the
total spectrum is a linear combination of the componenttspet any given orbital phase.
The individual spectra can be extracted by essentially @img the line profiles of both
stars at dierent orbital phases. The methods most widely used for spelisentangling
are the singular value decomposition scheme as describ8drimn & Sturm (1994) and
a procedure which involves the Fourier transform of the speevhich is discussed by
Hadrava (1995, 1997).

The disentangling procedure readily yields the radial eiéiles of the individual spectra
as well as a spectrum for each component at every orbitabpnaslable. These individ-
ual spectra can then be shifted to the rest frame velocityafierdvards combined to form
a single spectrum with much bett8fN ratio, alleviating the disadvantages of the rela-
tively short integration times necessitated by short atlgériods. From these combined
spectra fective temperatures and surface gravities can be derivagfnppriate means.

2.2.2 FITSB2 design

The software package “FITSB2” used in this work employsféedent technique, which
is equivalent to the disentangling procedure with respettié information which can be
extracted from the observations. Itis able to manage thet@imanalyzing process from

20



JDO Julian date of zero phase

P Orbital period

y Systemic radial velocity
ki, ko Orbital velocitiesx sini
Viot1, Vriot2 Rotational velocitiex sini

Tef 1, Tef2 Effective temperatures
logg,, logg, | Surface gravities

Table 2.2: List of all binary star parameters adjustable by FITSB2. &detailed description of their
usage in this work refer to Section 4.6.1.

the reduced spectra to the extraction of all relevant paersieFurthermore, it is still be-
ing actively developed and new features are added in regutawvals. The software has
been originally designed to analyze more than 1000 douléstispectra observed for
the ESO Supernova Progenitor Survey at the Very Large Tapeswith the UVES spec-
trograph (Napiwotzki et al. 2003, 2004). It performs a sitankous ?-based fit of the
complete set of spectra of a given system, employing thelsirgarameter optimization
algorithm, which is also used by MORO (see Sections 2.1.32ahdl). The compos-
ite spectra observed atftirent orbital phases are a superposition of the spectratbf bo
components, Doppler-shifted against each other accotditftgir anti-phased radial ve-
locities. FITSB2 searches for the best representatioreoiitivle set of composite spectra
by optimizing the radial velocity shifts of the superimpds®mponent spectra (yielding
the radial velocity curves of both components in an SB2 syjtevhile at the same time
an optimum representation of both component spectra theessby best-fitting model
atmospheres is determined (corresponding to a spectrulysanaith determination of
atmospheric parameters for both stars). If phase zero pashorbital period of the an-
alyzed object are known, additional restrictions can bdieggdo the radial velocities,
thereby facilitating the solution process (see Sectior32.2

Adequate grids of theoretical spectra must be provideddditting algorithm. In this
case of early-type OB stars actually twdfdrent grids of synthetic spectra were used:
state-of-the-art NLTE model atmospheres by Lanz & Hube®p8 2007) and by Nieva
& Przybilla (2007) for the appropriate rangeslig:, logg and metallicity. For a given set
of parameters, the actual synthetic spectra are lineadypolated from the nearest points
of the grid. The resulting spectra are then convolved withsSan functions to simulate
“smearing” dfects due to rotational broadening of the lines and limitedlkgion of the
spectrograph. After completion of the fitting procedureybsequent application of the
bootstrap algorithm also permitted a reliable and realistimation of the parameter
errors (see Section 2.2.4). Further details about FITSEBRitaroriginal application can
be found in Napiwotzki et al. (2001, 2003).
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2.2.3 Orbit mode

In a highly complex context like fitting a binary star speatrwith a sophisticated model
grid, any reduction of complexity facilitates a swift sotut enormously. FITSB2 in-
cludes a very important tool to greatly reduce the degreésetflom of the fitting prob-
lem. If orbital periods and zero points can be inferred exdby, important constraints can
be placed on the radial velocities for each spectrum. Simee the only free parameters
of orbital motion are the velocity amplitudes of both coments, but not the individual
radial velocities of each spectrum anymore, one degreeetlrm is eliminated for each
spectrum. This of course requires that all observationsapplied together with Julian
Date of exposure start, integration time and the coordiate¢he object for calculating
phase and heliocentric correction.

Especially for this work this so-called “orbit mode” of FIB3 was very helpful, since
orbital periods and zero points were determined with greatipion from high-quality
light curves with time bases up to several years. Aside frioendbvious advantage re-
garding the required computing time, the parameters usoativerge much faster and
more reliably if the number of adjusted parameters is heldwss possible.

2.2.4 Error estimates

After the simplex iterations are complete, errors of alluatid parameters can be esti-
mated. This is done by means of the “bootstrap algorithm’cwiassentially works the
following way: for each spectrum supplied a data point idanly selected from tha
measurements contained in the spectrum. The proceduneaatszh times in total. Be-
cause selected points will not be removed from the origiagd ¢hool, the same measure-
ment can be selected multiple times. Others will not be seteat all. The information
density of the original observation is thus reduced in a eaméashion. This procedure
is repeatedn times yieldingm new spectra for each original one. The original iterative
fit procedure is then repeated with the “crippled” spectrae €rrors of the individual
parameters are found by taking the respectialues of the new set of solutions. The
largermis chosen, the more reliable the error estimates will be. Bidagstrap algorithm
is one of the best error estimation procedures, yet due ttatje number of required
repetitions, it is also very time-consuming and takes $iggmtly longer than acquiring
the original solution. The procedure is described in motaitie Section 3.6.4.

22



3 Photometric analysis of LMC
binaries

3.1 Motivation

An important aim of this work was the derivation of absolutegmeters of early-type
close LMC binaries through the combined analysis of photaméata from the MACHO
archives and new spectroscopic observations to be cordldatang this work. Telescope
time at the 3.9 m Anglo-Australian Telescope (AAT) was altyugranted by the time
allocation committee, but could not be used as the 2dF fitestemyraph was decommis-
sioned early in favor of its successor AAOMEGA. Another optio secure spectroscopic
time was dfered through a collaboration with a group at Gottingen Ursig Guaran-
teed observing time of thie institute at the new 11 m Soutidritan Large Telescope
(SALT) was promised to be used for a joint proposal to obtpecsra for the LMC pro-
gram stars. Unfortunately, diverse technical problemsnipassociated with a poor
main focus of the instrument, have prevented these obsamgab be conducted up to the
present time.

Therefore, as an alternative archival spectroscopic de8diC eclipsing binaries was
used in combination with photometric light curves from th8IE archive. These analy-
ses are presented in Chapter 4.

On the other hand, since so much excellent photometric datathe LMC was avail-
able, it was decided that a purely photometric analysis e$e¢hlight curves should be
performed, in spite of the associated drawbacks like theterchinateness of the mass
ratio g (see Chapter 2). These problems were alleviated as muclsablgoby using an
analysis approach to be described in detail in Section 3/Gr8defining a wide range of
mass ratios for each binary and conducting independengsaglvithq fixed at a variety
of values a great deal could be learned about the stars thexasad especially the nature
of correlations of the binary parameters. Once spectrosafjservations of these stars
will become available in the future, it will be easy to deterenthe mass ratios and pin
down the associated photometric solution, immediateliding the absolute parameters
of the analyzed binary. As will be shown in Section 3.7, tleadtis of the derived param-
eters with changing mass ratio arefstiently predictable that they can be interpolated
from the results presented in this chapter for virtually amss ratio which future spec-
troscopic analysis will provide. Therefore, the work ddsed in this chapter is an ideal
basis for future researchers attempting to derive absphr@meters of LMC binaries.
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3.2 Previous work

Several attempts have been made in the past few years tee dkeavproperties of ex-
tragalactic eclipsing binaries on a purely photometriddaswo case studies of photo-
metric analyses of SMC eclipsing binaries were conductetMgighe & Wilson (2001,
2002). These authors selected subsamples of detachedranrdetached binaries from
the OGLE catalogue and analyzed their light curves with aoraated version of the
Wilson-Devinney software. Since they generally assumecssmatio ofg = 1 for de-
tached systems, the derived relative radii of the comp@nesminot be reliable. In the
case of semi-detached systems, they tried to derive phatiemess ratios, which is also
problematic, since the degeneracy of the solutions witanetpq is only broken in the
presence of total eclipses.

The same argument applies to the study by Graczyk (2003)jnviestigated a sample
of 19 eclipsing binaries in the SMC, again taken from the OGlaEabase. In this study,
photometric mass ratios were derived even for detachediegavhich is very unlikely
to give reliable results, as shown by Terrell & Wilson (2005)

Michalska & Pigulski (2005) analyzed the light curves of 98IC binaries, many of
them with eccentric orbits. OGLE data was combined with mesaments from the MA-
CHO and EROS surveys. In this case, the mass ratio was siraptp g = 1, resulting
in good parameter determinateness, but possibly very knrges for systems deviating
from this assumption. Due to this reason, only the sum ofivelaadii was given by the
authors.

Neflinger (2004) and Michalska & Pigulski (2004) showed fffaotometric solutions
of identical quality can be found for a wide range of mas®ogaith most cases of eclipsing
binaries. Therefore, it should not be attempted to derieentlass ratio from photomet-
ric data alone. This limitation is appropriately considkne this work by independent
derivation of solutions for various fixed mass ratios.

3.3 Available Data

During the last decade, an enormous amount of photometaadanillions of galactic as
well as extragalactic stars became available as a byprodsetveral large-scale surveys
searching for dark matter candidates called MACHRA EsiveCompactHalo Objects).
Their existence was proposed to explain the mysterious@ataurves of spiral galaxies
including our Milky Way, which require the presence of lasgmounts of dark matter. The
MACHO objects are thought to be dark, compact objects likaordwarfs, white dwarfs,
neutron stars or black holes. The surveys were intendeddoffenproposed MACHOSs by
detecting so-called “microlensing” events which arise wheassive objects are seen in
conjunction with background stars. Gravitational lendimgn results in a characteristic
short-term increase in brightness of the distant star, artius revealing the invisible
non-luminous foreground object. The shape of the resuligig curve does not depend
on wavelength, making these events discernible from othenpmena of variability. The
duration of the brightness increase allows to derive thesrofithe foreground object.
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In order to ascertain a flicient detection probability of microlensing objects, ahhig
density of background objects is necessary so that a langd&uof stars can be moni-
tored simultaneously. On the other hand, a continuous roiangt over several years is
needed in order to reliably detect “slow” events caused Iy n&ssive objects like Black
Holes. All in all microlensing surveys are very complex aog@lsisticated programs ex-
tending over long time bases. Preferred sky regions indhadle Magellanic Clouds and
the Galactic center due to their high star density. Morerimgttion on the microlens-
ing technique and theoretical estimates of the number oéarp events as well as the
associated brightness changes can be found in Rakiz{1986).

By conducting photometric monitoring of millions of stamsje was able to find nu-
merous previously unknown variables offdrent kinds. The database of known eclips-
ing binaries, cepheids and other variable stars quicklyeged while the surveys were
being conducted. This database was also used as sourcetofm@toc data in this work.
The following sections describe the most important miarsieg programs and their in-
dividual advantages and limitations regarding their esthig binary data. Reasons for the
selection of the program stars will be explained in Secti@n 3

3.3.1 EROS

The program EROSHxperience pour l&Recherche dDbjets Sombres) was conceived
as the first large survey to search the Halo of our Milky Waydark matter in form
of MACHOs. It was started at ESO’s La Silla observatory in @99n the beginning
a 40-cm-telescope with a CCD camera was used to search foolerising events on
short timescales, while the 1 m ESO Schmidt telescope congpited the survey by
means of photographic plates. Eight million stars in thegedvlagellanic Cloud (LMC)
were monitored. Only two possible candidates for micralem&vents were detected
during that time, one of which was identified as a variable Istir (Ansari et al. 1995).
A second phase of the program called EROS 2 was initiated wheed0 cm telescope
was replaced by a larger, fully automated instrument. Maferimation about EROS
and references to all relevant publications can be foundhénworld wide web under
http://eros.in2p3.fr/.

Grison et al. (1995) published a catalogue of 79 eclipsingfdes in the LMC identi-
fied during the original EROS survey, containing photoneatieasurements iB andR
bands. These objects are 15 to 18 mag bright, have relashelt orbital periods and are
mainly hot, luminous stars of early spectral type. AlthoumghEROS light curves were
analysed in this work, the calibration relations between EROS instrumental system
and the standard Johnson ind&x- V; given by Grison et al. (1995) proved to be a major
corner stone for establishing a temperature scale for thelypphotometric work (see
Subsections 3.3.3 and 3.5.2).

3.3.2 OGLE

OGLE (Optical GravitationalL ensingExperiment) began as a cooperation between the
University of Warsaw and the Washington Carnegie Insbtuin 1992. The only in-
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Figure 3.1: Typical | band light curves from the OGLE project (reproduced from Igkizet al. 1998).

strument available was a 1 m telescope at Las Campanas @tmsgrin Chile. The
early observations were limited to the galactic center (sldat al. 1992). As soon as
1993 a possible first microlensing event was detected by Oldalski et al. 1993).
The second and much expanded phase of OGLE started in Jal@@ry A dedicated
1.3 m telescope had been commissioned at Las Campanas &bsgrvOGLE-Il has
detected several hundred possible microlensing eventalgkicet al. 1997, 2000). The
galactic disk as well as both Magellanic Clouds were obskr¥ée discovery of several
thousand new eclipsing binaries was published in sepaast¢ogues for SMC (Udalski
et al. 1998) and LMC (Wyrzykowski et al. 2003). Since JuneRQWLE’s third phase
(OGLE-II) has been implemented. One specific aim of thiggpam is the detection of
transits by compact objects. Konacki et al. (2003) were tiseth discover an extrasolar
planet in OGLE-III data with the transit method. Altogetl@GLE regularly monitored
170 million stars in the galactic center and 33 million stawrshe Magellanic Clouds.
Detailed information regarding the OGLE projects and adifsassociated publications
can be found undéittp://sirius.astrouw.edu.pl/~ogle/. Data access is facil-
itated via a web-based query interface with which it is palssio find each individual
object quickly. The system is described in Szymanski (2@0&) can be accessed under
http://ogledb.astrouw.edu.pl/~ogle/photdb/.

Many publications concerning the analysis of SMC or LMC ynstars have drawn
their photometric data from the OGLE surveys since the lagaber of detected bina-
ries makes a selection of suitable objects quite easy. Tiersevere drawback, though:
for most objects, good phase coverage (with approximatelyrheasurements) is only
available in thd band. In theB andV bands phase coverage is usually pofieaively
reducing the achievable definiteness of light curve sahstippreciably. Also, the ma-
jority of objects are very faint with magnitudes rangingnrd.7 to 20 mag, resulting in
significant scatter of the observations. Typical exampl€®LE light curves from Udal-
ski et al. (1998) are depicted in Fig. 3.1. Disregarding ¢hsisadvantages, some OGLE
data had to be used for the combined photometric and specpigsanalysis in this work,
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since spectroscopic data was available only for certain 3fih@ries selected from the
OGLE archive.

3.3.3 MACHO

The most recently initiated of the three large microlensngreys is known as the MA-
CHO project MA ssiveCompactHalo Objects). It was started in June 1992 as a US-
Australian cooperation. Its observations were carriedvatit a 1.3 m telescope at Mt.
Stromlo Observatory in combination with eight CCD detestoomprising 204& 2048
pixels each. 45 microlensing events were detected towaelSalactic center (Alcock
et al. 1997b, 1998), while the observations of the Magetl&liouds yielded only spo-
radic results (Axelrod et al. 1994). Further informatiordanlist of publications can be
found undehttp://wwwmacho.anu.edu.au/.

Aside from the microlensing events, several hundred daljpkinaries were detected
amongst the tens of millions of constantly monitored starse final catalogue was pub-
lished by Alcock et al. (1997a). The big advantage of the MAIDdthta compared with the
other two surveys discussed here certainly is the uniquébottion of excellent phase
coverage in two filters\( andR bands) with usually 500 to 1500 data points each, the
large number of available systems and the relatively lowtscaf the observations (see
Fig. 3.2). Due to these factors, the MACHO binary archive BIC stars was selected as
the primary source of photometric data for this work.
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Figure 3.2: Typical V andR band light curves from the MACHO project.
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3.4 Data selection criteria

Since one important goal was to analyze the photometry seddC binaries with the
highest possible precision, it was necessary to restedttfal number of systems covered.
Therefore the first step was to define suitable preselectiteria for the 611 data sets
listed in Alcock et al. (1997a). Restricting the selectinraccordance with a number of
parameters was easy with the “VizieR” service of “Centre deiées astronomiques de
Strasbourg” which is found &tttp://vizier.u-strasbg. fr/viz-bin/VizieR.

The aim of this work was the analysis of early-type, closdesys. Therefore only
short-period binaries with relatively highfective temperature came into consideration.
Moreover, only binaries with circular orbits could be calesied since the light-curve
analysis software used for carrying out fits of the photomelata is not suited for mod-
elling eccentric orbits (see Section 2.1.1). In close hirsgsstems, where the separation
of the components is of the same order of magnitude as the gizbe stars, this condi-
tion is usually satisfied, since tidal forces tend to cirdakathe orbits in relatively short
time frames.

3.4.1 Orbital period

The orbital periods of the stars listed in Alcock et al. (18Pp@re given with reasonable
accuracy. To ensure a dense phase coverage of the lighsauitt®ut cutting the number
of available systems too much, the selection criterionHerdrbital period was set to

P < 2 days

Binary star components with such short periods will usushpw significant ffects of
interaction. First of all, clear deviations from spherisatface geometry will be present
because of tidal interaction and radiation presstiiects. However, a sophisticated and
thorough light curve analysis can shed light on these sefiets of gravitational inter-
action between the components. For the actual analysi®eafata, the orbital periods of
all systems were recalculated to ensure the best precisssilpje and reduce the scatter
of the phase-folded data (see Section 3.5.1).

3.4.2 Effective temperature

Alcock et al. (1997a) do not give thétective surface temperatures of the stars because
for most systems no spectroscopic data is available. Asioresd earlier, determining
approximate ffective temperatures was a necessary criterion for idengjthe early-type
systems relevant for this work. The only way to do this was l®ans of the color index

V — R, which was available for all systems (and has been derivathdgter for actual
analysis). Since there is only a poor correlation betwéenR and dfective temperature

of hot stars, some fliculties were encountered when deriving the relevant catiiom.

For a detailed description of the procedures employed aadititertainties associated

28



with the method, see Section 3.5.2. For a first, rough seledf suitable systems the
appropriate selection criterion was set to

V-R<O.

This choice ensured the exclusion of later spectral typesatevant for this work.

3.4.3 Light curve quality

Since a sflicient confinement of the relevant data sets could not be \@aihieia orbital
period and color index constraints alone, a reasonableaddthd to be found for sorting
the remaining 239 data sets. In order to maximize qualitydefthiteness of parameter
determination, it seemed desirable to use only data setgwghest signal-to-noise ratios.
Therefore, the data sets were sorted by magnitude fromtesgto faintest (fronV =
1354 down toV = 18.20). The 25 brightest stars of this list were selected whiduead
that only high-quality data were analyzed.

3.5 Data preparation

In order to successfully analyze the photometric ddtared by the MACHO archive,
several steps had to be taken to process the raw data inttallsunput format for the
MORO light curve analysis software.

3.5.1 Light curve processing
Raw data preparation

The original data can be freely downloaded in ASCII formainirthe websitéattp:
//wwwmacho.anu.edu.au/. The celestial coordinates of the object are input into a
search engine, and the objects closest to the given positeoshown. It is easy to select
the correct object and download the appropriate file comtgithe measurement data. The
header consists of a MACHO star identifier, coordinates efstiar, the number of obser-
vations and information regarding calibration of the datethe main part of the file the
actual measurements are given in lines containing moditigahJDate of the observation
together with observation number, instrumeriRandB magnitudes and their respective
individual errors. From this raw data file all relevant dab@nps and errors were extracted
together with important information for calibration andibeentric correction.

Processing the raw data

The instrumental magnitudes were then converted to Kroms®gV andR magnitudes.
This is important for extracting approximat&ective temperatures via an appropriate
color-temperature relation. For the light curve analyssslf no standard system cali-
bration is necessary since all measurements are converteckés and normalized to 1
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for usage with MORO. The calibration relations are given byogk et al. (1999) along
with in-depth information about their derivation by the MAO collaboration. Some
program routines for the calibration were kindly providedhe author by Becker (2005).
The calibrated data from theftirent filters were stored in two separate files for further
processing.

Orbital period search

In a next step, exact orbital periods were determined. Herprpose a period finding
algorithm proposed by Stellingwerf (1978) was applied.oltl$ the data of both filters
with different periods in a user-specified range, creates a numbleasépins (depending
on the number of measurements usually betweeen 30 and 50dongputes the variance
of each bin with regard to its median value and adds them upeteum of variances. This
way, with some user interaction, a minimum of bin variance s@ught and the associated
period is used as the orbital period of the star. The numbenigeti were usually quite
close to those given by Alcock et al. (1997a), who had onlyiag@n automated period
search. Nevertheless in some cases the orbital periods dediretely improved with
strong impact on the light curves. The measurements wenehttlecentrically corrected
and folded with the best period found.

Photometric minimum search

Since the synthetic light curves of MORO are constructedmsgirically with respect to
phase point 0, coinciding with the primary light curve minim, it is essential that this
point is correctly identified in the observations. This waselafter phase folding the data
by fitting both primary and secondary minima with a parabolicve and determining the
positions of their minima. In an iterative process the zdrage position was derived as
precisely as possible. At the same time, slight eccenigricitan be detected by noting
any deviation of the secondary minimum from phase 0.5. Stta=se binaries with strong
tidal interactions are analyzed in this work, only zero etgeities were found among the
selected objects.

Outlier removal

An important step in the reduction process is the “cleanioigiindesired artifacts like
outliers wide outside the normal scatter of the measuresneBince some of the MA-
CHO light curves contain a large number of these obviousiityadata points, a manual
removal would have been tedious. Therefore, this task wesmpged by an automatic
algorithm which constructs an appropriate number of phase (dependent on the total
number of measurements), calculates the median magnifuekech bin and rejects all
data points beyond predefined limits below and above thd ligta curve level. These
limits have to be appropriately specified by the user to tat@account the scatter of each
individual light curve. It is important to avoid rejectinghd data points, so care must be
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used when setting these limits to remove the outliers orttg fEmaining points are con-
verted to fluxes and normalized to 1.0 at phase 0.25, comelspg to the maximum of
the light curve.

Preparing MORO input

Since even after outlier removal typical MACHO light cunatain roughly between
500 and 1500 data points in each filter, MORO would requireraatceptable amount of
CPU time if all of these points were used as input. Therefand-in order to smooth out
the light curves — usually 100 phase bins for each filter weegliio form normal points as
input for MORO. This resulted in a significant reduction oé tight curve scatter while
at the same time retaining good phase resolution of impbligint curve features like
the shapes of both minima. The errors of the individual mesamsants were propagated
through the entire preparation sequence for the weighfitiggaonput data.

MORO needs the input in a specific format, whereas the datdgéan processed in a
different three-column format up to this point in the reductidihe binned data points
were then converted to the required format, the data frorh tiéérs were written in one
file together with the initial stellar parameters deterrdime a procedure described in
Section 3.6.2. From there, the data can either be analyzechatively, or subjected to
the semi-automatic procedure devised for this work whiatigsussed in Section 3.6.3.

3.5.2 Temperature extraction

Since the MACHO archive contains measurements in tvi@wint filters which can be
converted to a standard (Kron-Cousins) photometric sygfdaock et al. 1999), & - R
color index can be derived from which an estimate of the coexbefective temperature
of the binary can be made. Nevertheless, there are someeprslassociated with this
procedure which results in large uncertainties for tenipeea derived in this way. First,
there is a weak dependency\f Rvs. temperature in the range relevant for hot OB-type
stars (see Fig. 3.3). Therefore, no reliable color-tentpesarelations exist for Kron-
CousinsV — R colors and hot stars, since calibrations in this tempegategime are
usually done by use of the more suitable JohridenB color index, which of course was
not an option here since such data did not exist. Therefomegtaod had to be devised
to extract temperature information from the color inforroatcontained in the MACHO
data.

Converting colors

Since no reliable color-temperature relation for Kron-€ias filters and the relevant pa-
rameter range exists in the literature, such a relation bdm testablished first. For this
purpose, 16 binary stars contained in both the MACHO and EROves were used, as
the EROS collaboration provides a transformation of threstrumental colors to standard
JohnsorB - V colors in Grison et al. (1995). First all measurements usee\appro-

priately dereddened with the help of an LMC foreground rediug map (see Fig. 3.4)
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provided by Schwering & Israel (1991). The colors of eachhef $elected EROS stars
were then derived by performing linear fits to the instruraéBt — Re light curves and
converting the result to the standddd- V system. A similar procedure was used with the
(V — R)¢ color observations of the associated MACHO stars. MACNG-(R)c colors
were then plotted againsB(- V); colors, establishing a well-defined linear relationship
(see Fig. 3.5), yielding a transformation equation betweasth color systems:

(V = R)c — 0.029
0579

(B-V), = (3.1)

Temperature calibration

With the derived color-color relation, th¥ ¢ R)¢ color of each MACHO binary subjected
to the calibration procedure described in 3.5.1 and deresttiaccording to Schwering &
Israel (1991), can be converted to standBrd V color. For the final temperature cali-
bration a relationship betwed— V color and &ective temperature was needed. As an
approximation Planck’s law was used to calculate fluxes &ious stellar temperatures,
folded by JohnsomB andV filter curves. A detailed investigation with synthetic spec
tra based on a state-of-the-art NLTE stellar atmosphereetr{dlileva & Przybilla 2007)
showed that application of Planck’s law was adequate toiexdjue desired accuracy —
the corrections tended to be very small. The resulBng V vs. temperature relation
was fitted to empirical data from Cox (2000), thereby essintig the desired calibration.
For this purpose, a program was written by the author whikbs€g8 — V); as input and
automatically calculates the associatéi@eive temperature. Comparisons made to re-
cently published new empirical color-temperature catibres by Worthey & Lee (2006)
showed good agreement. The largestedences observed amounted to roughly 3000
K. Considering the relatively crude method of deriving t@mrgtures from color indices,
these discrepancies can be considered minor.
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Figure 3.3: Flux ratio at the &ective wavelenghts of MACHQ® andR filters for different stellar surface
temperatures, according to Planck’s Law. Note the low &ditgiof the flux ratio for hot stars (left panel)
compared with that for cooler stars (right panel). The fluiorat two diferent wavelengths is related to
the color index measured with the corresponding filterss Explains the diiculty of obtaining reliable
temperature estimates for hot stars frédm R colors.
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Deriving component temperatures

Since in the calibration presented above both binary compisncontribute to the total

flux, only a representative temperattrgof the binary can be derived. Since this work
is concerned with hot OB-type stars only, the Rayleigh-degproximation can be used.
The luminosities of both stars are then linear functionshefrtrespective temperatures.
An average temperature of the binary can therefore be esgulesver the component
temperatures weighted by the associated luminosities:
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Figure 3.4: LMC foreground reddening map reproduced from Schweringr&dbs(1991).
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Figure 3.5: Empirically derived conversion betwee¥i £ R)c and B — V).

This can be rewritten as

Ty = To— . (3.3)

Thus, if the luminosity ratio and the temperature ratio afhbmomponents can be estab-
lished, the individual #ective temperatures of both stars can be derived. Bothsrati®
a result of the initial light curve fitting process which issdebed in Section 3.6.3.

3.6 Light curve analysis

3.6.1 General concept

Due to the large number of adjustable parameters, the atéricorrelations between sev-
eral parameters and the degeneracy of certain solutigid,durve analysis without the
aid of spectroscopically determined data is ficlilt task. In order to facilitate the prob-
lem, a concept was developed to extract the greatest pessiunt of information from
the light curves in a reliable and reproducable way. Usuatlyal-and-error procedure is
applied to find a reasonable start parameter set from whibkdo the parameter adjust-
ment. Given the large number of program stars this appeared &n unpracticable task,
which would have been a too time-consuming and unsystematoess. Therefore it was
decided to proceed in an automated way by use of an extergtedtirve “library”, com-
pletely covering the relevant physical parameter space. ddvelopment of such a light
curve grid is described in Section 3.6.2. Owing to the degmayeof the solutions with
respect to the mass ratio, a large number of initial paransetis was used as iteration
starting points, and multiple consecutive MORO runs were@a out to get as close to
the “best” solution as possible. The procedure is describekktail in Section 3.6.3. A
disadvantage of the simplex solution scheme as presengetiion 2.1.4 is the impossi-
bility to calculate realistic errors for the derived pardeneets. Since error margins are of
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utmost importance for judging the significance of a solutamother way had to be found
to estimate errors. A practicable method is the so-calledbt$trap algorithm” which is
discussed in Section 3.6.4.

3.6.2 Light curve grid

One of the main problems of light curve analysis is the selaaif appropriate initial pa-
rameters from which to start the parameter adjustmentllydé&ae parameters should be
close to the final solution for whatever mathematical re@pesed during the adjustment
process to eliminate numerical instabilities and avoiel@vant portions of the parameter
space. Naturally, hitting the vicinity of the final solutiby pure guessing (even backed
up by experience or additional information from externalrses) is not too likely even
under favorable circumstances. There are also cases wineectiian one region of sim-
ilarly good solutions exist in parameter space. Even if dnb@se was initially guessed
correctly, other ones may completely be disregarded dueetbias introduced by the first
try guess.

In order to alleviate these possible complications, amptimeich more reproducible
procedure has been devised for this work. For two possilmlarpistar configurations
— detached and overcontact (semi-detached and contacf beider cases) — synthetic
light curve grids have been calculated, densely coveriegctimplete relevant parame-
ter space. For this purpose, an iterative procedure wasetkvivhich used MORO to
compute a synthetic light curve for every possible comlbomabf parameters inside the
portion of the parameter space, which was deemed relevattidanalysis of all binary
stars investigated in this work. The delimiting parameteese the mass ratiq and the
orbital inclinationi. g was varied in the range of® < q < 1.0 for detached configura-
tions and QL < g < 1.0 for overcontact configurations, in both cases by incremeft
0.05.i varied in the range of 60< i < 9¢° in the detached case and°30i < 9¢° in the
overcontact case, with an increment 6f For each possible combination @aindi de-
fined by these limits, the parameter space was densely ablgneultiple combinations
of relative temperatur@,/T, and relative radiR; /a andR;/a, the latter ones by variation
of the surface potential?; andQ, within their respective limits dictated by detached and
overcontact configuration3,/T; was covered betweenl0< T,/T; < 1.0 in 30 steps.

Parameter space coverage for the relative radii was no¢aathiby fixed increments,
rather the density of computed points was calculated adgaptiregions where small pa-
rameter changes have large impact on the light curve shagre, sovered more densely
than less sensitive parameter regions. For example, thedigve shape is strongly sen-
sitive to surface potential variations in close-to-cohtaanfigurations due to the van-
ishing potential gradient in the vicinity of the inner Lagga@an point. This has been
adequately accounted for by increased parameter spaceagevewards the contact and
semi-contact configurations.

The resulting light curves were then normalized and orgahiato single files contain-
ing certain parameter ranges, in order to make them seddgaecessible to a systematic
search of best matches with a measured light curve. Altegdtie detached grid contains
slightly more than 9« 1(° points, while the over-contact grid comprises approxityate
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9 x 10° points, the diference of factor 10 owing to the stronger confinement of the pa
rameter space for overcontact binaries as well as the eonistif both surface potentials
being identical.

The procedure for finding start parameter sets was as falltvesV light curve pre-
pared as described in Section 3.5.1 was compared to eack bkt curves contained
in the appropriate grid. When in doubt, both detached andowetact grids were used.
From the weighted residuals of all available poinggaalue was calculated and stored.
The best-fitting 100 of all grid points were retained, uspedintaining parameter sets over
a wide range of mass ratios, owing to the mass ratio deggnefdight curve solutions.

3.6.3 Parameter adjustment

The 100 light curves found in the grid search procedure wesga examined for multi-
ple solution regimes, for example clustering arountedent orbital inclination values or
temperature ratios. Usually, only one or two such regimegvieind. For each of those,
the best-fitting light curve parameters for each individuaks ratio value was extracted.
Typically, parameter sets extending over several tentlipvaliues were found. Each of
these sets was used as a starting point for the subsequegtgitbcedure. From the start
parameters, two consecutive MORO runs were initiated, ¢kersd one using the output
of the first one as new starting point, thereby decreasinghheace of getting trapped in
a local minimum of parameter space. The light curves of bagspands were analyzed
simultaneously. Since MORO can only produce monochronsatinthetic light curves
(as opposed to passband light curves), the monochromatielevaghts were set to the
respective central wavelenghts of the calibrated datat 6438 A andv at 5454 A. The
adjusted parameters comprise:

e Orbital inclinationi
e Effective temperature of the secondary compoignt
e Surface potential®; and(Q,
e Luminosity of the primary componehf
Of course, several more parameters are considered by MOR¢h wan have a pro-
found influence on the light curve shapes, as has been sho®adtion 2.1.1. These
parameters are either calculated by MORO according to palysbnstraints or set to
pre-defined values:
e Massratiqqis fixed at the individual values found during the light cugral search
to avoid the severe correlatioffects with other parameters likandQ, ,. Thereby,
the whole range of valid mass ratios was independently aadlfor each individual

system. As has been discussed at the beginning of ChapgezaZinot usually be
unambiguously derived from photometric data alone.
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The dfective temperature of the primary componé&ntvas derived as discussed in
Section 3.5.2 and fixed at this value. After the first run of M@QRew temperature
and luminosity ratios resulted, yielding an improved vadfié; andT, which were
used as starting points for the second MORO run.

The luminosity of the secondary componépts derived from the temperature ratio
T,/T, and the secondary radius (given by mass rqamd(,).

“Third light” 13 is used to simulate a third (constant-flux) component wisaither
part of the system or located on the line of sight in front obehind the eclipsing
binary. Since this parameter is heavily correlated withghmary and secondary
luminosities, and the presence of such a disturbance simmtilde inferred with-
out good reason, this parameter was generally sif to 0. For most stars this
assumption should be correct.

Limb darkening cofficientsx; andx, have a small, but characteristic influence on
the light curve shapes. For this work, the tables publisheddn Hamme (1993)
containing the values for a linear limb darkening law weredualong with an inter-
polation program which calculates limb darkeningfteents for specific #ective
temperature, log and metallicity in predefined passbands. Approximateglogl-
ues were taken from Harmanec (1988) and Repolust et al. (2@@érding to the
derived temperature and associated spectral type, whilallngy [ M/H] was set

to the generally accepted value-60.3 for LMC stars, since no individual informa-
tion was available. After the first MORO rum; andx, were reset for the second
run according to the new temperatures.

e Gravity darkening co@cients were set tg; = g, = 1.0 according to Lucy (1976).
This assumption is realistic since all analyzed stars amadl/ spectral type and
should therefore have radiative envelopes. Various tésiwed that the influence
of these parameters on light curve shapes is only marginal.

¢ AlbedosA; andA;, can have a significantiect on the light curves of hot stars due
to an increased reflectiorfect. As shown by Ruéiski (1969),A; = A, = 1.0 can
mostly be assumed for early-type stars.

e Radiation pressure parametégsandds, control the &ectiveness of mutual irradi-
ation. Details are described in Section 2.1.2. Aside frotneexely hot stars, the
effects are usually quite small and were therefore not coresidier this analysis
(61 = 62 = 0) to save CPU time. Light curves of much better quality walodd
needed for these parameters to have appreciable impact.

3.6.4 Error assessment

In any serious scientific work, every quoted result must cevitk an associated error
margin to permit a proper judgement of the quality of the tesithis is one of the main
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problems with most light curve analysis programs, sincartathematical parameter opti-
mization algorithms do not allow for a propagation of err@@sme parameter adjustment
schemes like the method ofttérential corrections (see Section 2.1.4) do support the out
put of standard errors after each iteration step, but theseseare mostly unrealistically
small.

In order to overcome these deficiencies, a procedure bast#te@o-called bootstrap
algorithm was devised and implemented for this work. It wesduafter the actual fitting
routines were finished. Due to its nature, CPU usage is ra&tensive, amounting to
more than 70% of the entire light curve analysis procedustail® of the procedure can
be found in Efron (1979) and Efron & Tibshirani (1993). A geadeutline of the method
can be described as follows: after the fitting is done, theagional data is subjected
to a procedure whichfiectively reduces the information content of the data. Iflitlet
curve in question consists afdata points, the following procedure is repeatdines: a
data point is drawn from the whole set and stored in a new fiis.not removed from the
original data; rather, the same point can be drawn multipled. Thus the new “infor-
mation reduced” light curve contains anywhere between lresiata points. The whole
procedure is conducted a large number of times. Afterwangésesulting light curves are
subjected to exactly the same fitting scheme as the origatal et was. Each analysis
will yield a slightly different solution parameter set. From these, mean values aitimg
associated standard errors are computed. The mean valaeloparameter is adopted as
its final value, while the bootstrap-derived errors can s@y realistic estimates for the
guality of the parameter determination.

The number of times the bootstrap procedure is being regpdatecach system has
to be a compromise between the desired significance andaagcan one side and the
available limited computing time on the other side. Fromgheceding description, it is
clear that required CPU time scales linearly with the nundfdrootstrap runs. During
the course of this work experience showed that 500 bootségtitions resulted in a
reasonable accuracy of the error estimates while keepimgating time at an acceptable
level.

3.7 Results for individual objects

After the details of the entire light curve analysis proaediave been described in the
preceding sections, the results derived for individuaeotg will be discussed next. For
each analyzed binary, the original, non-binned light camél be shown together with
examples of the solution light curves and the associateahpeters including their error
margins. Due to lack of space not all data can be presenteg &&results are available
for several values of the mass ratio for each star, only tfavsbe most likely mass ratios
(determined from temperature ratio and luminosity ratiosiderations) are shown. Since
no derivation of absolute parameters and therefore nomdistdetermination is possible
by these purely photometric analyses (as discussed ino&ektl), no absolute parameter
scale can be given except for orbital inclination afiéeive temperatures, as long as no
spectroscopic data are provided.
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The error of the secondary temperature is the bootstrap eoraputed withT; fixed
and does not reflect the uncertainty with which the primamperature has been orig-
inally derived. It is given in the text for each individuabst Owing to the lack of an
absolute scale, the radii of the stars are given relativbeootbital separatioa. Since
many of the binaries analyzed in this worki&u from strong tidal distortion, it is not clear
how “the” radius of such a component can be characterizedtipliradii are defined
along the diferent axes (see Fig. 3.6). Therefore a “volume radius” ismgivhich cor-
responds to a sphere with the actual volume of the star. $tiae of the most common
radius definitions used in close-binary research. The losiiies are only given for the
V band and scaled to total system luminosityin

The consistency of the results and the associated errdrbeviliscussed, with partic-
ular emphasis on the weakly determined absolute temperatale as well as the mass
ratio degeneracy problem and the dependencies of othamptees on mass ratio varia-
tion. Some conclusions about the absolute parameters afytems will be attempted
with the help of standard mass-radius relations. For eadsmaio, an “optimum” or-
bital separation will be determined for which the compomeasses derived from Kepler’s
Third Law (see 1.2) and the associated radii taken from medists relations published
by Harmanec (1988) and Repolust et al. (2004) are in beseagnet with the relative
radii determined from the photometric analysis. These sgmasd radii, along with as-
sociated spectral types anffextive temperatures will be presented as possible (rough)
estimates for the absolute parameters of the binary in igmesit must be emphasized,

Figure 3.6: Definition of the various radii of a tidally distorted binatgmponent.
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though, that these estimates are only valid for stars on #ie sequence. Evolved stars or
the intricacies of close-binary interactions are not ideldi in the considerations. Where
these approximations obviously do not apply, the discrejgarwill be discussed. Checks
will also be made via the luminosity ascribed to the assuntetlate parameters and
the actual apparent brightness observed. For each objeot is lgiven containing some
of its properties in concise form, including apparent biigiss, orbital period, standard
deviation of the measurements from the fit and the derivedigimation of the system.
The standard deviatian is defined as

o= n Zin=1Widi2
n-m YLw’

with n denoting the number of measurememisthe number of adjusted parametens,
the weights of the individual measurements ahdhe residuals of the measurements.
Note that this quantity is a combined measure for the scattdie measurements and the
quality of the fit. For clarity, all stars are labeled with timelex numbers of the online
catalogue published by Alcock et al. (1997a). Additionatheir “official” identifiers
containing their celestial coordinates are given to suip@oreasy access of their entries
in the MACHO light curve data base undetrtp: //wwwmacho.anu.edu.au/.
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3.7.1 Overcontact systems
MACHO 513 (05:34:41.3 —69:31:39)

my [mag] P [d] o | Conf.
13.7 1.4047420 0.010| OC

— overcontact system

— possible O’Connellféect

MACHO 513 is a typical example of an overcontact binary systdhe light curve
clearly exhibits a continuous magnitude variation thraughall orbital phases, exact
ingress or egress points of the eclipses cannot be definedyudlity of the light curves is
very good due to the relative brightness of the system ragehj = 13.7 during quadra-
ture phases. An orbital period of 1.4047420 days was deewedused for phase-folding
the light curves. During the ingress to both eclipses onesfamdmall amount of asym-
metry in the light curves which is more pronounced in Yhéand. Such asymmetries
cannot be modelled by MORO in its current version, resultmgjustering of the residu-
als above the mean curve at the associated orbital phaseplEénomenon is frequently
encountered in interacting early-type systems githyr-type light curves and known
as the O’Connell £ect. The first maximum is somewhat brighter than the secord on
which is usually explained in terms of a non-uniform surfadghtness distribution, with
the primary being slightly brighter at its leading hemisgghel he reason for this is often
guoted to be some local heating caused by the interactidmea$tellar atmosphere with
circumstellar material through which the star is propagatn its orbit. Following the
procedures described in Section 3.5.2, a primdfgctive temperature of 28000 K was
derived. The temperatures of both components are quitdasjras is evident from the
nearly equal depths of both eclipse minima (see Fig. 3.79n# assumes both compo-
nents to be near-main sequence stars and further assuymagjustified byT,/T; ~ 1),

q i [deg] Te2 [K] Li/(Li+Lp) | Lo/(Li+Lp) Ri/a Rq/a

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

74.42+0.45
71.06+0.31
70.00+ 0.29
69.03+ 0.27
68.33+0.21
67.59+ 0.24
67.31+ 0.26
67.34+0.19
66.92+ 0.17
66.62+ 0.21
66.51+ 0.24
66.67+0.18
66.56+ 0.18
66.40+0.14
66.28+ 0.13
66.30+ 0.26
66.33+0.18

26316+ 205
26835+ 216
26782+ 229
26828+ 200
26937+ 197
27133+ 211
27234+ 195
26618+ 176
26856+ 184
27021+ 192
27222+ 174
26933+ 170
26756+ 155
26620+ 192
26782+ 151
26913+ 222
27145+ 244

0.818+ 0.013
0.783+ 0.016
0.757+0.019
0.731+ 0.017
0.706+ 0.016
0.682+ 0.018
0.661+ 0.018
0.650+ 0.017
0.629+ 0.018
0.610+ 0.019
0.592+ 0.018
0.581+ 0.019
0.569+ 0.018
0.558+ 0.022
0.543+0.018
0.529+ 0.027

0.515+ 0.030

0.182+0.013
0.217+ 0.016
0.243+0.019
0.269+ 0.017
0.294+ 0.016
0.318+ 0.018
0.339+ 0.018
0.350+ 0.017
0.371+ 0.018
0.390+ 0.019
0.408+ 0.018
0.419+ 0.019
0.431+0.018
0.442+ 0.022
0.457+0.018
0.471+ 0.027
0.485+ 0.030

0.5445+ 0.0009
0.5282+ 0.0015
0.5103+ 0.0015
0.4963+ 0.0016
0.4859+ 0.0009
0.4754+ 0.0012
0.4649+ 0.0015
0.4510+ 0.0004
0.4436+ 0.0004
0.4367+ 0.0007
0.4296+ 0.0006
0.4200+ 0.0006
0.4146+ 0.0003
0.4095+ 0.0000
0.4048+ 0.0002
0.4003+ 0.0008
0.3957+ 0.0004

0.2751+ 0.0014
0.2940+ 0.0020
0.3052+ 0.0019
0.3165+ 0.0019
0.3285+ 0.0011
0.3377+ 0.0013
0.3450+ 0.0016
0.3470+ 0.0005
0.3547+ 0.0005
0.3619+ 0.0007
0.3675+ 0.0006
0.3696+ 0.0006
0.3753+ 0.0003
0.3809+ 0.0000
0.3863+ 0.0003
0.3913+ 0.0008
0.3957+ 0.0004

Table 3.1: Parameters of MACHO 513 (05:34:4189:31:39) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.7: V andRlight curves of MACHO 513 (05:34:41-39:31:39) shown together with best fits for
mass ratiay = 1.0. For clarity, error bars of the individual data points angitted and theR light curve is
shifted down 0.25 light units.

from an dfective temperature of about 28000 K (spectral type BO) omedegive com-
ponent masses of about4. From Eqg. 1.2a ~ 16R, can be computed, leading to
component radii of aboutRs,. Assuming an accepted mean value of the LMC distance
modulus of 18.5 and distributing the apparent magnitude,of 13.7 evenly among both
components, one derives absolute magnituded\pk —4.0 for each star which again is

in very good agreement with a spectral type of BO on the maijne&ece.

The specifics of the solution-finding process and the mutoaktations and interac-
tions of the light curve parameters can be illustrated gieath MACHO 513. As is
often the case for semi-contact or overcontact systemg golutions were only found
in one specific region of the parameter space, notwithstgntlie usual indefiniteness
with respect to the mass ratgp The derived parameters are shown in Table 3.1. This
example clearly demonstrates how the change in mass ratourgeracted by appropri-
ate varations of the other parameters. The orbital inagbnastays nearly constant for
0.65 < g < 1.00, indicating the good reliability with which this parareetan be derived
from photometry. Only for smaller and less realistic mas®sathe inclination shows a

42



75 ¢ 0.98
74+ -
0.97 | E
_ 73+ —
5 I
g 72t - 0.96 | J[ } J[ §
5 71t T 4 & I
e ~, 095 J[ J{ } % .
E 70 E 1 - J[
2 69 T 4 094 + 7]
e}
68 - I i ]
Ifs 0.93 - -
67 T g - :
66 1 1 1 1 $ I 0.92 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 1.0 02 03 04 05 06 07 08 09 1.0
q q
0.56 0.40
ES ES
0.54 & B 038 F LT i
052 F T - e+ T
0.36 - -
050 . § . "
< 048 | * . c 034 : E B
A . A
< 046 | z 4 ' ozt * -
* T
0.44 - + -
* . 0.30 T a
0.42 - ., - 2
0.40 | AR 0.28 T
038 1 1 1 1 1 1 1 ] 026 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0
q q
1.00 1.10
0.90 |- = 1.00 |- -
* 0.90 | =t
0.80 L ® - : e
- F .
< 070 f £ 5 { o, 080 oE
< + < 070 F - .
- 0.60 + 4 = o
\N . . CE\‘ 0.60 + : $ a
& 050 | . 1 = o080k E} |
- + . .
0.40 + 0.40 F E 4
* E
0.30 . B 0.30 . F ]
020 T 1 1 1 1 1 1 1 020 ) 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0
q q

Figure 3.8: Final parameters of MACHO 513 (05:34:4169:31:39) for dfferent values of mass ratip
plotted together with theird bootstrap errors. A linear fit is shown in the bottom rightgtaam to
demonstrate the linear relationship betw%m% andq for overcontact binaries.

marked increase (see Fig. 3.8). Tlikeetive temperature of the secondary component re-
mains practically constant through the entireange. Since the relative depths of eclipse
minima (regardless df are a direct measure for the rafig/T,, this parameter cannot
change to accomodate other parameter variations.

On the other hand, the relative stellar radii do change inr@iceway (see Fig. 3.8).
These changes can be explained easily: in an overcontdetisyise surface potentials of
both stars must necessarily have the same value. Theré&oige= 1 (where the center
of mass is exactly halfway between both components), theaadoth components are
identical. If the value ofy is decreased, the center of mass shifts towards the primary
component. As the surface potentials are still identided,ratio of radii changes. Since
any decrease dR,/R; causes less pronounced light curve minima (as can be seen in
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Figure 3.9: 3D plots of MACHO 513 (05:34:41-:369:31:39) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments. Note how changing ratio of thaiireeflects the condition of equal surface
potentials in this overcontact configuration.

Fig. 2.2), it has to be counteracted by increasing orbitginationi which deepens the
minima again. Sinc&,/T; = const follows directly from the relative depths of eclipses
the luminosity ratio can be given as

4
BOCE.L“%,
L R TR

From the light curve fits in Fig. 3.8 we see thafL, also scales linearly with. Therefore
for overcontact systems we can conclude that

R
qocﬁ

1

which can be clearly seen in the bottom right plot of Fig. 3780 note the very small
errors of the radii, indicative of the accuracy with whiclesle can be derived from light
curves with strong ellipsoidal variation, even if no totelipses are present.
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MACHO 027 (04:57:30.5 -68:49:51)

my [mag]

P [d]

o

Conf.

154

0.7873555

0.005

oC

— overcontact system
— large temperature discrepancy

Very much like MACHO 513 (see Section 3.7.1, MACHO 027 is aidgpexample
for a binary star in a pronounced overcontact configuratidgain, the quality of the
light curves is excellent, the system reaches a brightrfes® &= 15.4. With 0.7873555
days its orbital period is half as long as that of MACHO 593jlevthe light curves and
configurations of both stars are remarkably similar (ses.F3g1l0 and 3.12 and compare
with 3.7 and 3.9). The light curves in both passbands are wetlydefined and exhibit
the classical continuous brightness variation typicabfopvercontact configuration. The
phase coverage is also excellent. The fits are even bettetitbae of MACHO 513, with

the residuals showing no signs of systematic deviationeyaphase.

Using the method described in 3.5.2, a primary temperatut8@00 K (corresponding
to spectral type O5) is derived for MACHO 027. The tempematatio is very close to 1,
indicated by the identical depths of the primary and seconlight curve minima. The
extremely high &ective temperatures of both components are problematit iegpect
to the very short orbital period, though. Even if both staesewon the main sequence and
therefore as compact as possible, the mass-radius refgities a mass of M, and a
radius of 1R, for O5 stars. With the observed orbital period and a totalswds 88M,,
Kepler's Third Law gives an orbital separation0fl6R,, whereas the light curve solution
for g = 1.0 assigns radii of @ - a ~ 7R, to both components.

There are three possible explanations for this discrepdist, one must keep in mind
that the derivation of temperatures from tie- R index for hot stars is very inaccurate
and the temperatures could be overestimated. With the appaystem magnitude of

q i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ri/a

Ry/a

0.25 | 72.67+0.18
0.30 | 71.79+0.25
0.35 | 71.16+0.17
0.40 | 70.55+0.20
0.45 | 69.90+0.13
0.50 | 69.80+0.16
0.55 | 69.30+0.13
0.60 | 69.23+0.12
0.65 | 68.99+0.15
0.70 | 68.66+0.13
0.75 | 68.43+0.12
0.80 | 68.50+0.11
0.85 | 68.48+0.15
0.90 | 68.48+0.17
0.95 | 68.35+0.19
1.00 | 68.34+0.18

52615+ 306
52116+ 417
51206+ 252
51420+ 277
51676+ 253
50399+ 298
51313+ 236
50680+ 217
50819+ 263
51013+ 282
51273+ 241
50982+ 223
51354+ 232
51498+ 243
51310+ 292
51357+ 252

0.757+ 0.009
0.731+0.013
0.708+ 0.009
0.685+ 0.009
0.661+ 0.009
0.648+ 0.010
0.625+ 0.010
0.610+ 0.009
0.593+ 0.012
0.576+ 0.013
0.560+ 0.011
0.548+ 0.011
0.533+0.011
0.520+ 0.012
0.510+ 0.015

0.498+ 0.014

0.243+ 0.009
0.269+ 0.013
0.292+ 0.009
0.315+ 0.009
0.339+ 0.009
0.352+ 0.010
0.375+ 0.010
0.390+ 0.009
0.407+0.012
0.424+ 0.013
0.440+ 0.011
0.452+ 0.011
0.467+0.011
0.480+ 0.012
0.490+ 0.015
0.502+ 0.014

0.5416+ 0.0004
0.5231+ 0.0015
0.5108+ 0.0007
0.4983+ 0.0008
0.4882+ 0.0008
0.4749+ 0.0010
0.4689+ 0.0006
0.4585+ 0.0006
0.4514+ 0.0006
0.4455+ 0.0006
0.4403+ 0.0005
0.4327+ 0.0006
0.4270+ 0.0006
0.4211+ 0.0008
0.4171+ 0.0007
0.4129+ 0.0007

0.3095+ 0.0007
0.3196+ 0.0021
0.3324+ 0.0010
0.3418+ 0.0011
0.3515+ 0.0010
0.3555+ 0.0011
0.3658+ 0.0007
0.3702+ 0.0006
0.3768+ 0.0007
0.3839+ 0.0006
0.3905+ 0.0005
0.3942+ 0.0006
0.3988+ 0.0006
0.4028+ 0.0008
0.4081+ 0.0007
0.4129+ 0.0007

Table 3.2: Parameters of MACHO 027 (04:57:36.:68:49:51) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.10: V andR light curves of MACHO 027 (04:57:30-%58:49:51) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.

my = 15.4, the distance modulus— M = 185 of the LMC and the appropriate interstel-
lar absorption, one can compute absolute magnitudéds,of —2.7 for the components
(assuming equal radii) which indicates stars of spectiaé 1 — B2 with an ffective
temperature between 22000 and 25000 K. The stellar sizesegradlation would be much
more compatible with these parameters, although with abOMt, and 56R, the com-
ponents would still be somewhat larger than indicated byigfe curve solution and the
orbital separation o ~ 10R..

It is also likely that the coarse resolution of the extinatroap by Schwering & Israel
(1991) smears out large extinction variations on small &rgscales (as suggested by
Oestreicher et al. 1995), occasionally leading to erroag¢eonperature determinations.

An alternative explanation would be the possibility that ®AO 027 may have been
misclassified as a member of the LMC, and may in fact be a fotegt system belong-
ing to the Milky Way. While this would instantly alleviate yamproblems with the two
components being too large for their separation, it woulckessitate assumindtective
temperatures in the 10000 to 11000 K range, in contrast tolikerved color index.
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Figure 3.11: Final parameters of MACHO 027 (04:57:368:49:51) for diferent values of mass ratip
plotted together with theird bootstrap errors. Note the samp@ependency of the parameters as with
MACHO 513 (see Fig. 3.8).

It must be concluded that the most probable solution to thélpm is the first alter-
native which suggests a faulty temperature determinatidmfortunately, it is the only
way of determining temperatures for purely photometriadatalyzed here. Since the
light curve parameters react very weakly to a change in tiselate temperature scale
(in contrast to the temperature ratio!), even a grossly gramperature determination
should not much alter the light curve solutions. They renvaiid in a wide temperature
domain as long as the temperature ratio of the system is begtant.

Regarding the analysis, only one region containing goodtsols was found in the
parameter space, as in the case of MACHO 513. The range abjpoesass ratiog) is
even greater for this system (see Table 3.2). The paran@tetations are found identical
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Figure 3.12: 3D plots of MACHO 027 (04:57:30-568:49:51) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

to those of MACHO 513, especially with regard to the existeata linear dependency
of R3/R? on the mass ratio (see Table 3.11).
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MACHO 363 (05:22:55.8 —-69:51:13)

my [mag] | P[d] o
15.3 0.7664386| 0.006
— marginal overcontact configuration
— extreme range of photometrically possible mass ratioesglu
— low orbital inclination

Conf.
OoC

MACHO 363 is another typical overcontact binary. Contrarfd ACHO 513 and MA-
CHO 027 (see Subsubsections 3.7.1 and 3.7.1), the stateenfamtact is just marginal
in this system, with a very narrow “bottleneck” connectihg two components (see Fig.
3.14). The scatter of the light curves is adequate fox,a= 153 mag system, and the
phase coverage is excellent in most parts. The derivedabgietiod is 0.7664386 days
and therefore very similar to that of MACHO 027. Intereshinglespite the similar pe-
riod and system configuration, thiexctive primary temperature of about 20000 K derived
from the color index is much lower than that of MACHO 027, pblsalleviating some
of the dfficulties encountered in interpreting that system.

A surface temperature of 20000 K corresponds to a spectral type of B2.5, in this
case for both components, since the temperature ratio rsumig, as suggested by the
identical depths of the light curve minima. In this regioriteé HRD, the changes in mass
and radius with spectral type are drastic. From the mainesszpirelations component
masses oM; = M, ~ 6.5M,, can be inferred, corresponding to stellar radiRpf= R, ~
3.5R,. Together with the orbital period of 0.7664386 days, Keépl€hird Law then gives
an orbital separation @& ~ 8.5R,. This fits well with the relative radii derived during the
light curve solutions (see Fig. 3.15).

The light curves cover the whole phase range very well andagood quality. As

frequently encountered in MACHO data, tRdight curve shows a slightly bette$/N

i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ry/a

Ry/a

0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

65.15+ 0.09
64.00+ 0.34
63.50+ 0.24
62.85+ 0.27
62.13+ 0.17
61.69+ 0.24
61.69+ 0.14
61.41+0.15
61.08+0.18
60.83+ 0.21
60.59+ 0.23
60.43+ 0.26
60.52+ 0.23
60.53+ 0.22
60.52+0.18
60.53+0.19
60.62+ 0.20
60.65+ 0.21

20582+ 96

19892+ 183
19460+ 131
19528+ 105
19670+ 98

19755+ 121
19345+ 97

19594+ 96

19481+ 100
19660+ 95

19528+ 125
19510+ 105
19732+ 101
19773+ 111
19812+ 116
19793+ 106
19834+ 108
19835+ 135

0.828+ 0.007
0.803+ 0.017
0.779+ 0.013
0.750+ 0.013
0.722+ 0.012
0.696+ 0.016
0.681+ 0.012
0.655+ 0.012
0.637+0.013
0.616+ 0.015
0.601+0.018
0.585+ 0.015
0.565+ 0.018
0.550+ 0.020
0.535+ 0.022
0.522+ 0.020
0.509+ 0.021
0.497+ 0.027

0.172+ 0.007
0.197+0.017
0.221+ 0.013
0.250+ 0.013
0.278+ 0.012
0.304+ 0.016
0.319+ 0.012
0.345+ 0.012
0.363+0.013
0.384+ 0.015
0.399+ 0.018
0.415+ 0.015
0.435+0.018
0.450+ 0.020
0.465+ 0.022
0.478+ 0.020
0.491+ 0.021
0.503+ 0.027

0.5665+ 0.0001
0.5390+ 0.0009
0.5157+ 0.0006
0.4973+ 0.0006
0.4834+ 0.0004
0.4711+ 0.0005
0.4581+ 0.0003
0.4485+ 0.0003
0.4403+ 0.0002
0.4323+ 0.0003
0.4255+ 0.0004
0.4190+ 0.0004
0.4122+ 0.0004
0.4060+ 0.0003
0.4008+ 0.0003
0.3957+ 0.0004
0.3907+ 0.0004
0.3860+ 0.0003

0.2534+ 0.0001
0.2687+ 0.0011
0.2800+ 0.0007
0.2906+ 0.0007
0.3022+ 0.0004
0.3124+ 0.0005
0.3191+ 0.0003
0.3276+ 0.0003
0.3358+ 0.0003
0.3428+ 0.0003
0.3500+ 0.0004
0.3565+ 0.0004
0.3616+ 0.0004
0.3668+ 0.0003
0.3722+ 0.0003
0.3772+ 0.0004
0.3817+ 0.0004
0.3860+ 0.0003

Table 3.3: Parameters of MACHO 363 (05:22:55.89:51:13) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.13:V andR light curves of MACHO 363 (05:22:55-89:51:13) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.

ratio than theV light curve. The eclipse depths are not very large, withtligisses

of about 20% compared to quadrature phases. This is due to arlatal inclination

of hardly more than 60 degrees. There are no obvious systethatrepancies of the
residuals.

Figure 3.14: 3D plots of MACHO 363 (05:22:55:859:51:13) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.
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Figure 3.15: Final parameters of MACHO 363 (05:22:55@9:51:13) for diferent values of mass ratip
plotted together with theird bootstrap errors.

The parameter correlations are again typical for an oveacboonfiguration. Solutions
of practically identical quality have been found over a mad® range of A5 < q <
1.00 which is truly remarkable if one keeps in mind the sevewngke in relative stellar
sizes as a consequence of such a mass ratio variation. Siticelbpsoidal variation
and eclipse depth become less distinct with decreasingabrbclination, even a more
extreme range of relative radii is compatible with the lightves. Probably, even mass
ratiosg < 0.15 would have yielded good solutions, but in this case thé nthe light
curve grid described in Section 3.6.2 was hit, since it da¢sntlude smaller values of
It must be noted, though, that such extreme values of the raagsre highly improbable
to be encountered.
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MACHO 304 (05:19:45.7 —-71:14:20)

Conf.
oC

my [mag] |  P[d] o
15.7 0.7960634| 0.019

— well-detached system

— may contain evolved components

MACHO 304 displays the most extreme overcontact configomaif all systems an-
alyzed in this work. It is clear that both components mustigaiicantly evolved and
close-binary interactions must occur in this system. Tgletilcurves clearly indicate such
a configuration by extremely large out-of-eclipse variasi@and smooth transitions to the
eclipse minima. The large light loss of about 50% in both miamisuggests a very high
orbital inclination and components of similar size. Theitabperiod was determined
as 0.7960634 days, while the apparent brightness duringnmuiax ism, = 157 mag.
The light curves exhibit a large amount of scatter for thiggmtude which can either
be attributed to measurement problems encountered in taeded fields or to intrinsic
short-term stellar variations independent of orbital ghaghich cannot be ruled out for
such an extreme system.

From the configuration of this binary and thiéeetive temperature of the primary com-
ponent of about 35000 K it is immediately clear that no magusace or even near-main
sequence configurations can lead to reasonable results icatbe. From the luminosity
required at LMC distance to yield the observed apparenhbrggss, a very rough esti-
mate can be made about the physical properties of the syJteenmost likely assump-
tion would be that MACHO 304 is composed of two B2—B4 compas&rhich have left
the main sequence and are evolving towards their first gtages The quoted tempera-
ture is at the upper end for this assumption, but as has glte=eh discussed, the color
index-derived temperatures should usually be consideyegbjper limits. In this case, the
interstellar reddening has a relatively high valuee¢B — V) = 0.14 which may be an
artefact of the limited resolution of the reddening map pted by Schwering & Israel
(1991).

The quality of the light curves is among the worst in this warkierms of scatter.
Also, phase coverage is poorer compared with other systekgain a slightly better

i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ry/a

Ry/a

0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

86.27+ 1.02
85.67+0.99
83.73+ 0.81
82.85+ 0.58
82.47+ 0.47
82.27+ 0.46
81.74+ 0.43
81.66+ 0.33
81.84+ 0.56
81.66+ 0.63
81.53+ 0.39

34478+ 375
34123+ 321
34220+ 314
34307+ 382
34177+ 328
34070+ 342
34088+ 313
34157+ 376
34049+ 360
33883+ 391
33967+ 372

0.644+ 0.029
0.630+ 0.026
0.611+ 0.027
0.594+ 0.033
0.580+ 0.029
0.568+ 0.032
0.554+ 0.030
0.541+ 0.036
0.530+ 0.035
0.520+ 0.039
0.509+ 0.038

0.356+ 0.029
0.370+ 0.026
0.389+ 0.027
0.406+ 0.033
0.420+ 0.029
0.432+ 0.032
0.446+ 0.030
0.459+ 0.036
0.470+ 0.035
0.480+ 0.039
0.491+ 0.038

0.4941+ 0.0021
0.4826+ 0.0022
0.4768+ 0.0030
0.4709+ 0.0033
0.4655+ 0.0029
0.4576+ 0.0037
0.4531+ 0.0036
0.4482+ 0.0034
0.4432+ 0.0036
0.4388+ 0.0040
0.4331+ 0.0035

0.3763+ 0.0028
0.3806+ 0.0027
0.3895+ 0.0037
0.3973+ 0.0039
0.4045+ 0.0033
0.4083+ 0.0041
0.4149+ 0.0040
0.4203+ 0.0036
0.4252+ 0.0037
0.4301+ 0.0041
0.4331+ 0.0035

Table 3.4: Parameters of MACHO 304 (05:19:45.71:14:20) derived from the photometric analysis

shown together with& bootstrap errors.
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S/N can be observed in the band than in thé/ band. The achieved fits match the
observations satisfactorily with no systematic deviaishatsoever. Some problems may
actually be masked by the large scatter of the measurentbotggh. Nevertheless, the
overall characteristic light curve of this extreme oveteah configuration is very well
reproduced.

The parameters are found to be subject to the same depeasi@mgj as observed in
most overcontact binaries. The trends are extremely smootbutliers are present. The
relatively large error bars are a direct consequence ofitye Iscatter of the light curves.
It is interesting to adress the question why no mass ratinegabelowg = 0.5 have
been found. For smaller mass ratios the secondary radiuklveeuforced to decrease,
thereby necessitating a larger orbital inclination. lasiag inclination in conjunction
with an increasing dierence in relative radii results in the formation of totahima with
extended phases of near-constant light. This is defini@lgompatible with the observed
light curves (also because a light loss near 50% implies corapts of comparable size).
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Figure 3.16: V andR light curves of MACHO 304 (05:19:45-771:14:20) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.17: Final parameters of MACHO 304 (05:19:4571:14:20) for dfferent values of mass ratip
plotted together with theird bootstrap errors.

Figure 3.18: 3D plots of MACHO 304 (05:19:45-771:14:20) for mass ratio 0.5 (upper left) to 1.0 (lower
right) with 0.1 increments.
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3.7.2 Semi-detached systems

MACHO 529 (05 35 25.5-69 41 24)

my [mag]

P [d]

(o

Conf.

14.5

1.5771629

0.006

SD

— semi-detached system
— case A mass transfer

As illustrated in Fig. 3.21, MACHO 529 is unambiguously iners-detached state
where the secondary component fills its Roche lobe. The tightes represent a typical
example of this kind of binary configuration. They exhibit@ntnuous variation during
all phases, but the ingress and egress points of the eclipsmancan still be discerned
(e. g., see the primary eclipse ingress point ofRtight curve at an orbital phase of about
-0.1). The phase coverage of the light curves is reasonaloleéhe scatter is quite low,
owing to the system’s brightnessiof, = 14.5 mag. The orbital period was determined to
be 1.5771629 days, while the temperature determinatiddsygeprimary temperature of
about 40000 K. If one assumes that both components arerstlt at least near the main
sequence, the photometrically derived temperature raggests a mass ratio of 0.75.
The primary star would have about 26 and 80R,, the secondary 20, and 76R,,
with an orbital separation of 20R,. The associated relative radii derived through the
analysis of the light curves are in excellent agreement thiglse values. MACHO 529 is
a semi-detached system with possible mass transfer whaeeafithe components seems
to be significantly evolved. The secondary component haaredgd just a little to fill its
Roche lobe on the main sequence, suggesting that the sysismeny close right from

the beginning of its existence and Case A mass transferirsgghkace.

The dfective temperatures derived from main sequence relatimms88000 K and
34000 K respectively. This corresponds to components altsgdeypes O7 and O9. Their
absolute brightnesses together with the apparent magnatidy, = 14.5 mag place the
binary at the correct distance to be an LMC member. In the oatlee map given by
Schwering & Israel (1991), overestimation B{B — V) seems much more likely than
underestimation, since the values given in that publicatisually tend to lie at the upper

q i [deg] Ten2 [K] Li/(Li+Lp) | Lo/(Li+Llp) Ri/a Rq/a
0.45 | 64.26+0.22 | 42299+ 338 0.703+ 0.021 | 0.297+0.021 | 0.4274+ 0.0024 | 0.3120+ 0.0002
0.50 | 63.63+0.18 | 42123+ 306 0.689+ 0.014 | 0.311+0.014 | 0.4244+ 0.0010 | 0.3203+ 0.0008
0.55 | 63.71+0.42 | 43390+ 1077 | 0.657+ 0.087 | 0.343+0.087 | 0.4112+ 0.0046 | 0.3279+ 0.0015
0.60 | 63.06+0.25 | 42163+ 198 0.666+ 0.015 | 0.334+ 0.015 | 0.4174+ 0.0014 | 0.3301+ 0.0014
0.65 | 62.86+ 0.25 | 42333+ 403 0.636+ 0.016 | 0.364+ 0.016 | 0.4031+ 0.0015 | 0.3414+ 0.0013
0.70 | 63.18+ 0.25 | 43068+ 329 0.602+ 0.021 | 0.398+ 0.021 | 0.3865+ 0.0016 | 0.3488+ 0.0001
0.75 | 63.04+ 0.26 | 42937+ 307 0.591+ 0.019 | 0.409+ 0.019 | 0.3838+0.0018 | 0.3547+ 0.0004
0.80 | 62.74+0.22 | 42741+ 263 0.583+ 0.014 | 0.417+0.014 | 0.3825+ 0.0012 | 0.3595+ 0.0013
0.85 | 62.84+ 0.24 | 42908+ 281 0.566+ 0.015 | 0.434+ 0.015 | 0.3750+ 0.0015 | 0.3648+ 0.0011
0.90 | 62.86+ 0.21 | 42718+ 280 0.550+ 0.018 | 0.450+ 0.018 | 0.3674+ 0.0013 | 0.3704+ 0.0007
0.95 | 62.85+0.19 | 42639+ 219 0.537+ 0.016 | 0.463+ 0.016 | 0.3616+ 0.0012 | 0.3751+ 0.0007
1.00 | 62.98+0.17 | 42603+ 300 0.521+ 0.018 | 0.479+ 0.018 | 0.3543+ 0.0008 | 0.3798+ 0.0004

Table 3.5: Parameters of MACHO 529 (05 35 25.69 41 24) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.19:V andR light curves of MACHO 529 (05 35 25-%9 41 24) shown together with best fits for
mass ratiay = 0.75. For clarity, error bars of the individual data points angitted and théR light curve is
shifted down 0.25 light units.

end of those given by various authors for the LMC. Given thetéd angular resolution,
one should therefore expect the derived temperatures tpgoer limits.

The light curves are represented nicely with no systematadions of the residuals
in the whole phase range except for one small dip betweernabytinases -0.2 and -
0.1 just before ingress to primary eclipse. It is observeldath passbands and may be
caused by a mass stream from the secondary component tartreypstar, occulting a
certain fraction of the primary stellar disk at this phaskee Torrelations of the parameters
are similar to those of the overcontact systems describ&dlosections 3.7.1 and 3.7.1,
yet it is obvious that the additional free parameter, théaser potential of the primary
component, makes the solutions less definitive. Neverdbelke expected opposite trends
of the relative radii with changing mass ratio can be obsgras well as the associated
increase in secondary luminosity and the small reductionrbital inclinationi with
increasingg, owing to R,/R;)? getting closer to 1 and the associated increase in eclipse
depths. The temperature ratio is generally close to a vdlaeand 0.85 — 0.86.

56



64.6 0.90
64.4 - . .
642 | 1 osef .
T 64 L -
S 638 i 0.88 4
. -
5 636 | } 1 = |
£ ~ 087 -
T 63.4 | 1 o } i
S 63.2 e 0.86 - n
(@] 63 B |
62.8 | 4 085 L } ! } 1
62.6 B
62.4 1 1 1 1 1 0.84 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q q
0.43 } 0.38
042 | £ . . 037 | . A
E3
041 | } - 0.36 | . .
0.40 t . 0.35 - * .
© © +
~, 039 | 4 = o03sf : -
o i E @
0.38 | 3 . 033 | I -
037 : : § 032 b . -
0.36 | Ea 031 + B
0.35 1 1 1 1 1 3 0'30 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q q
1.00 1.20
0.90 3 1.10 } E
* 1.00 {
. 080 F * 4o 1
< = Pay
< 5 0.90 | I -
S 070 F L+ F =4 = {
< * S 080 - 1 -
3 T
0.60 . 070 L b |
0.50 } * T 0.60 { 1 7
* ES
0.40 * 1 1 1 1 0.50 t 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q q

Figure 3.20: Final parameters of MACHO 529 (05 35 2560 41 24) for dfferent values of mass ratip
plotted together with theird bootstrap errors.

There is one result with considerably increased error mangirg = 0.55, where espe-
cially T,/T; and the relative radii deviate from the otherwise clearlijrael trend of the
parameters with the mass ratio. It is probably due to the Isixngolution process being
trapped in a local minimum of parameter space during thalrphase of the solution-
finding process (see Section 3.6.3). From there, also thendedORO run could not
escape. It is however clear that this result does not cotestfgart of an alternative so-
lution regime, as its error margins as displayed in Fig. ag0far above those of the
other solutions found. It was therefore decided not to refieasolution process for this
particular mass ratio, as it is not a physically probableitsoh, and no further insights
could be expected, since the trend of the parameters witigag mass ratio is obvious.
It should be noted that this otherwise frequently met phesymm of convergence to a
local minimum in parameter space happened only sporadicethe course of this work.
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Figure 3.21: 3D plots of MACHO 529 (05 35 25:559 41 24) for mass ratio 0.45 (upper left) to 1.0 (lower
right) with 0.05 increments.

Obviously, the special method applied here with which thelelparameter space is first
scanned and the found parameter combinations are thewugjgrsubjected to multiple
MORO runs can fectively avoid problems connected with the indeterminacsnolti-
ple solutions of purely photometric analyses. Of courseait also not guarantee to find
the global minimum and one still has to take care and checgtgsically consistent re-
sults. The bootstrap-derived errors are a good indicatidmeotrustworthiness of a given
solution, as has been clearly shown in this case.
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MACHO 082 (05:05:08.4 —67:59:23)

my [mag]

P [d]

(o

Conf.

14.8

1.3689654

0.015

SD

— large temperature discrepancy
—noisy light curves

MACHO 082 is a good example for an Algol-type system, whidrtsd its evolution
from a detached state. Subsequently one component sligydlyed to produce a semi-
detached configuration, possibly with on-going mass tendgh this case the evolved
component is the secondary, less massive one, indicatatgatinass ratio reversal has
occurred due to mass exchange. The light curve is relatflalguring quadrature phases
and shows eclipses of moderate depths, suggesting a efydtiw inclination angle. The
apparent brightness im, = 14.8, yet the light curves show a considerable amount of
scatter in both passbands. Due to the good phase coveragaréhstill reasonably well

defined, though.

If both stars are near the main sequence, the observed tatuggeratio of about 0.81
implies a mass ratio af ~ 0.8. Component masses bf; ~ 12M, andM, ~ 10M,, fol-
low. The stellar radii can be found Bs ~ 4.9R, andR, ~ 5.5R, respectively. This would
be compatible with an orbital separationaot 14.5R,. These values are consistent with
components of spectral types B0.5 and BXeEtive temperatures around 28000 K and
25000 K should be expected from this classification. Yet tleretemperature calibration
of Section 3.5.2 gives an unrealistiffextive temperature for the primary component of
~ 81000 K, a huge discrepancy even when taking into accounate errors associated
with the method. If one assumes that no interstellar reddewas present at all at the
position of MACHO 082, the derived temperature would stdliigher than suggested by
the main sequence relations. Therefore, until no speapiseneasurements are avail-
able for this particular object, it must be assumed that &reeerror occurred during
magnitude extraction from the raw data. On contrast, theebga absolute luminosities
of BO.5 and B1 components are very well compatible with theQ Mstance modulus.

Despite the considerable scatter found in both filter light/es, the synthetic curves
fit the observations well and without any visible systemdgwgiations of the residuals.

q i [deg] Ten2 [K] Li/(Li+Lp) | Lo/(Li+Llp) Ri/a R2/a
0.55 | 72.25+0.38 | 67856+ 1806 | 0.587+ 0.111 | 0.413+0.111 | 0.3456+ 0.0042 | 0.3283+ 0.0008
0.60 | 71.62+0.29 | 65553+ 567 0.594+ 0.021 | 0.406+ 0.021 | 0.3518+ 0.0010 | 0.3356+ 0.0006
0.65 | 72.04+ 0.20 | 66528+ 702 0.548+ 0.039 | 0.452+ 0.039 | 0.3283+ 0.0015 | 0.3425+ 0.0003
0.70 | 71.64+0.25 | 66596+ 1097 | 0.540+ 0.046 | 0.460+ 0.046 | 0.3337+ 0.0015 | 0.3486+ 0.0008
0.75 | 71.35+0.28 | 65110+ 724 0.536+ 0.033 | 0.464+ 0.033 | 0.3315+ 0.0008 | 0.3543+ 0.0011
0.80 | 71.04+0.33 | 64761+ 622 0.531+ 0.025 | 0.469+ 0.025 | 0.3324+ 0.0008 | 0.3593+ 0.0019
0.85 | 70.86+ 0.39 | 65869+ 468 0.519+ 0.021 | 0.481+ 0.021 | 0.3294+ 0.0010 | 0.3645+ 0.0019
0.90 | 70.92+0.41 | 65489+ 675 0.501+ 0.033 | 0.499+ 0.033 | 0.3241+ 0.0016 | 0.3692+ 0.0020
0.95 | 71.89+0.25 | 66892+ 621 0.447+ 0.033 | 0.553+0.033 | 0.2950+ 0.0009 | 0.3752+ 0.0006
1.00 | 71.71+0.25 | 66348+ 569 0.441+ 0.028 | 0.559+ 0.028 | 0.2968+ 0.0008 | 0.3797+ 0.0006

Table 3.6: Parameters of MACHO 082 (05:05:08-@7:59:23) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.22:V andR light curves of MACHO 082 (05:05:08-467:59:23) shown together with best fits
for mass ratiay = 0.8. For clarity, error bars of the individual data points angitted and theR light curve

is shifted down 0.25 light units.

Only during the primary minimum there seems to be a dip inhesiduals, but since
this dfect is not observed in the light curve, it can probably be attributed to the general

level of noise in the measurements.

Three diterent of solution regimes do exist, manifesting themseheedifferent values
of the relative radius of the primary component. Fot 0.6 itis R; ~ 0.354, for the large
range of values between®< q < 0.9 it is almost constant &; ~ 0.33a, while for
g > 0.9 it drops toR; ~ 0.30a. The reason for this is not clear, especially as the radius of

the secondary component follows an almost linear relatigpnsith q.
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Figure 3.23: Final parameters of MACHO 082 (05:05:0887:59:23) for diferent values of mass ratip
plotted together with theird bootstrap errors.

SR

Figure 3.24: 3D plots of MACHO 082 (05:05:08-467:59:23) for mass ratio 0.6 (upper left) to 1.0 (lower
right) with 0.1 increments.

61



MACHO 579 (05:38:40.5 -69:29:22)

my [mag] P [d] o Conf.
15.0 1.5249987| 0.005 SD
— system close to or actually in semi-detached configurgtion
— evolved components suggested
— light curves of excellent quality

MACHO 579 is very similar to MACHO 082 (see Section 3.7.2)ardling its config-
uration and light curve shape. The secondary componentsaloracompletely fills its
Roche lobe. Mass transfer may be taking place, althoughgmagire can be detected in
the light curves. Interestingly, the light curve of tlmg = 15.0 mag system has a much
higherS/N than that of MACHO 082, in spite of MACHO 579 being the fainsgstem.
This is possibly due to tlierent degrees of crowding in the two fields. The phase coeerag
is reasonable but not as good as for many other MACHO obijects.

Assuming main sequence or near-main sequence stars wittss naizo ofq = 0.7
(implied by the observed temperature ratio), one can dewverbital separation & ~
19R,. Masses oM; ~ 22M, andM, ~ 15M,, follow, as well as radii oR; ~ 7.1R, and
R, ~ 6.8R,. These parameters correspond to components of spectesl @9 and BO.
The associatedfiective temperatures should be ~ 35000 K andT, ~ 31000 K. The
observed color index yields a primary temperature of abdQ0R K, this time lower than
suggested by the main sequence relations. In this caseestwveation of the foreground
extinction does not seem to be a problem. Since the derivegdgrature is too low for
main sequence star companions, it is suggested that botpatmnts may actually be
lower-mass stars in a slightly evolved state. The orbitabpleof 1.5249987 is larger than
that of MACHO 082, so with similar relative radii, somewhatder components are a
distinct possibility.

The fit to the light curves is excellent, with the residualsmbevenly distributed around
0. If any signs of mass transfer were present in the lightesirthey are probably too weak
to be noticed due to the limited phase coverage. Of coursesytitem may not be in a
real semi-detached configuration, but only just before tisebof Roche lobe overflow as
evident from the 3D plot fog = 1.0, which shows that the secondary does not yet really

q i [deg] Ter2 [K] Li/(Li+Lp) | Lo/(Li+Lp) Ri/a Ro/a
0.55 | 69.28+0.14 | 19148+ 102 | 0.693+ 0.020 | 0.307+0.020 | 0.3997+ 0.0010 | 0.3278+ 0.0012
0.60 | 69.01+0.14 | 19263+ 103 | 0.672+ 0.019 | 0.328+ 0.019 | 0.3914+ 0.0012 | 0.3352+ 0.0009
0.65 | 68.85+0.18 | 19173+ 90 0.668+ 0.027 | 0.332+0.027 | 0.3909+ 0.0016 | 0.3375+ 0.0019
0.70 | 68.58+ 0.13 | 19305+ 91 0.635+ 0.018 | 0.365+ 0.018 | 0.3753+ 0.0010 | 0.3486+ 0.0008
0.75 | 68.43+0.15 | 19377+ 80 0.624+ 0.022 | 0.376+0.022 | 0.3733+ 0.0016 | 0.3525+ 0.0015
0.80 | 68.36+ 0.12 | 19459+ 98 0.599+ 0.018 | 0.401+ 0.018 | 0.3619+ 0.0007 | 0.3603+ 0.0003
0.85 | 68.20+0.14 | 19401+ 66 0.589+ 0.010 | 0.411+0.010 | 0.3584+ 0.0007 | 0.3653+ 0.0007
0.90 | 68.20+0.12 | 19431+ 62 0.573+ 0.011 | 0.427+0.011 | 0.3523+ 0.0007 | 0.3704+ 0.0007
0.95 | 68.19+ 0.14 | 19426+ 44 0.561+ 0.012 | 0.439+ 0.012 | 0.3478+ 0.0006 | 0.3750+ 0.0008
1.00 | 68.29+0.17 | 19593+ 77 0.552+ 0.020 | 0.448+0.020 | 0.3470+ 0.0009 | 0.3771+ 0.0015

Table 3.7: Parameters of MACHO 579 (05:38:46.69:29:22) derived from the photometric analysis

shown together with& bootstrap errors.
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Figure 3.25:V andRlight curves of MACHO 579 (05:38:40-%59:29:22) shown together with best fits
for mass ratiay = 0.7. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.

touch the inner Lagrangian point, which is the case for mtdstromass ratios (see Fig.
3.27).

The derived parameters show the usual correlation with thesmatio. The error bars
generally are very small, undoubtedly owing to the exceliiefinition of both light curves
without much scatter. There is a little deviation of the paggers forg = 0.75 which is
probably due to a local minimum in parameter space very dioghe actual solution.
Neither does it disrupt the parameter trends, nor are tlog lears considerably larger, so
it can still be considered as a valid, if not optimal solutitins interesting to note how the
primary component is smaller than the secondary for low metsss, and then gradually
becomes the larger component as the mass ratio is increisedh perfect example to
demonstrate that the light curves are insensitive to a savef the relative sizes of both
components: the eclipse depths only depend on the relaiimganent sizes. The orbital
inclination reaches a minimum foR{/R;)? = 1, where eclipses are strongest, and slowly
increases forRy,/Ry)? values departing from unity to counteract the weakeninghef t
eclipse minima (see Fig. 3.26).
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Figure 3.26: Final parameters of MACHO 579 (05:38:4660:29:22) for diferent values of mass ratip
plotted together with theird bootstrap errors.

Figure 3.27: 3D plots of MACHO 579 (05:38:40:569:29:22) for mass ratio 0.6 (upper left) to 1.0 (lower
right) with 0.1 increments.
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MACHO 020 (04:56:11.4 -69:11:55)

my [mag] P [d] o Conf.
155 1.7320187| 0.008 SD
— system close to or actually in semi-detached configurgtion
— evolved components suggested
— light curves of excellent quality

MACHO 020 is an eclipsing binary which is clearly in a semtat#ed configuration.
Its light curves are of adequate quality for an apparentibnigss during quadrature phases
of V = 155 mag. They display the classical shape of a semi-detach&tdnsywith
very strong out-of-eclipse variation, but clearly visilahgress and egress points of the
eclipse minima. The dierent depths of the minima point to a significanffelience in
effective temperature of the components. The orbital periddeo$ystem was determined
to be 1.7320187 days, and from the color index calibraticairagn unrealistic primary
temperature of 63000 K would be suggested.

It is clear that the main sequence relations cannot be us#usircase. The photo-
metrically derived temperature ratio of the order 0.7 wanigly grossly diferent stellar
masses and radii. As can be seen in Table 3.29 and Fig. 38@elttive radii of both
components are however comparable. To satisfy the photanbemperature ratio con-
straint, the secondary component, which is also the Rodieefitling one, must be in an
evolved state. Since it is the less massive component, disggrt amount of mass may
already have been transferred to the primary star. Additignthe color index-based
temperature of 63000 K seems way too high to be physicallystea It is very likely
that with a value oE(B — V) = 0.15 the foreground reddening is largely overestimated at
the position of MACHO 020. A still very higle(B - V) value of 0.13 would immediately
cut the temperature to 44000 K. This is due to the extreme&Wskensitivity of theV — R
color index against temperature change in this very hotegiSince a probable mass
ratio cannot be derived without the assumption of main secgieomponents, the light
curves were plotted fag = 0.75 (see Fig. 3.28) which lies in the middle of the possible
mass ratio range.

The observational data are fitted very well by the synth@jiatlcurves. There are no
clear systematic deviations of the residuals, althoughessmmall deviations are observed,

q i [deg] Ten2 [K] Li/(Li+Llp) | Lo/(Li+Lp) Ri/a Rq/a

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

73.03+0.21
72.94+0.17
79.60+ 0.86
72.79+0.18
72.25+0.11
72.05+ 0.14
71.86+0.12
71.92+0.14
71.94+0.18
72.07+0.11

41855+ 280
42661+ 306
36451+ 261
43977+ 482
43735+ 322
43738+ 345
43514+ 249
43864+ 216
43917+ 205
44439+ 261

0.718+ 0.013
0.690+ 0.016
0.860+ 0.027
0.635+ 0.046
0.632+ 0.019
0.621+ 0.019
0.605+ 0.011
0.584+ 0.012
0.571+ 0.011
0.551+ 0.015

0.282+0.013
0.310+ 0.016
0.140+ 0.027
0.365+ 0.046
0.368+ 0.019
0.379+ 0.019
0.395+ 0.011
0.416+ 0.012
0.429+ 0.011
0.449+ 0.015

0.3982+ 0.0015
0.3863+ 0.0011
0.4177+ 0.0009
0.3613+ 0.0021
0.3642+ 0.0010
0.3612+ 0.0013
0.3535+ 0.0008
0.3443+ 0.0007
0.3397+ 0.0006
0.3325+ 0.0006

0.3277+ 0.0014
0.3354+ 0.0009
0.2340+ 0.0028
0.3488+ 0.0002
0.3548+ 0.0001
0.3601+ 0.0007
0.3656+ 0.0001
0.3706+ 0.0001
0.3754+ 0.0001
0.3799+ 0.0000

Table 3.8: Parameters of MACHO 020 (04:56:11@9:11:55) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.28:V andR light curves of MACHO 020 (04:56:11-469:11:55) shown together with best fits
for mass ratiay = 0.75. For clarity, error bars of the individual data points angitted and théR light
curve is shifted down 0.25 light units.

which can be explained by poor phase sampling in some regibtise light curves.
On the other hand there is a shallow dip in both light curves lpefore the onset of the
secondary minimum, which may be caused by a stream of méisg/fahto the secondary
component via the inner Lagrangian point.

The parameter correlations are found similar to those obther semi-detached bina-
ries analyzed in this work. The temperature ratio stayslyeanstant and the radii shift
their values according to the changing tidal distortionhwitcreasing mass ratio. This
has to happen while at the same time retaining a semi-detardiguration, therefore
the parameters are determined quite well. There is an eroefpr mass ratia) = 0.65,
where the simplex algorithm probably got stuck in a localimumm which is actually far
away in parameter space from the global minimum. The onlymomfeature of this
solution with the rest is the semi-detached configuratian,tbe roles of primary and
secondary component are interchanged and thierdnce in size is much more drastic.
Accordingly, the orbital inclination is much higher.
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Figure 3.29: Final parameters of MACHO 020 (04:56:1189:11:55) for diferent values of mass ratip
plotted together with theird bootstrap errors.

This problem probably occurred, because the Roche lolregfitlondition of the sec-
ondary star was not explicitly set as boundary conditionciwhis in principle possible
to do in MORO. In order to search the largest possible regfopacameter space this
was not usually done during the analyses of this work, thougtthis case, it opened
up the possibility of the simplex getting trapped in a cortgliedifferent configuration,
which does not yield a fit quality as good as the rest of therpataer sets. It is however
very instructive to see how this kind of problem arises andifeats itself, therefore the
respective results are shown in Figs. 3.29 and 3.30. Oneohlasep in mind that the
traditional procedure of guessing initial parameters amidating trial fitting runs from
these start values is very dangerous because of the locahmrmproblem. Usually, if
the fit is of reasonable quality, one would not even doubtéiselt. If there are no obvious
physical arguments against it (and with the lack of spectpi data these are generally
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Figure 3.30: 3D plots of MACHO 020 (04:56:11-469:11:55) for mass ratio 0.6 (upper left) to 1.0 (lower
middle) with 0.1 increments. The “freak” configuration fipe 0.65 which results from simplex
entrapment in a local minimum is shown at the lower right.

rarely accessible), the error may not be discovered. Onlynaptete and thorough scan
of the relevant parameter space, like it was performed feryesystem in this work, can
help to reveal such a problem and find the most probable saluti
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3.7.3 Detached systems

MACHO 468 (05:31:30.3 -69:17:40)

my [mag]

P [d]

(o

Conf.

14.4

1.1972837

0.009

DE

— detached system with some tidal distorti

— configuration change gt= 0.9

on

The eclipsing binary MACHO 468 is shown to be in a very closg,detached config-
uration. An inspection of the light curves clearly reveastrang out-of-eclipse variation,
while at the same time ingress and egress points of the eafippsima are discernible
without problems. An orbital period of 1.1972837 days wasveel. The phase coverage
of thism, = 14.4 mag system is very good and the well-defined light curvegednly
normal scatter. There is a pronounced dip in the light cutuénd the primary minimum
which occurs just before phase 0. Therefore the expectedhgymy around this point in
phase is broken. The residuals, which are otherwise evealyesed around their mean
value, clearly show the deviation. Thé&ext seems to be real, as it is observed in both
passbands. Any problem related to weather, telescope ectdetmalfunction can be
ruled out, since several independent measurements wigitiorespans in between form
the dip. Since the rest of the light curves and especiallystwmndary minima exhibit
very good symmetry, neither a phase-folding problem nasresf the orbital period can

be the cause of the deviation.

An effective temperature of about 22500 K was derived for the pgnsamponent.
The relative depths of the light curve minima give an apprate temperature ratio of
T,/T, = 0.75. Using this ratio, and again assuming a main sequenceefstdboth stars
a mass ratio of] ~ 0.7 is suggested. Primary and secondary massesf, Bhd 8V,
follow, as well as radii ofR; ~ 4.7R, andR, ~ 3.9R,, respectively. In that case, the
orbital separation would b~ 12.7R..

i [deg]

Te2 [K]

Li/(L1+Lp)

Lo/(Ly+ Lp)

Ri/a

Ry/a

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

72.83+0.37
72.53+ 0.56
72.27+0.47
72.03+ 0.27
71.67+0.24
71.37+0.26
71.31+0.36
71.96+ 0.54
71.69+ 0.53
71.46+0.39
71.47+0.37
71.70+0.44
71.16+0.28
70.91+ 0.39
70.82+ 0.36

21111+ 207
20971+ 227
21203+ 203
21321+ 188
21184+ 140
21162+ 131
20901+ 175
20497+ 164
20309+ 143
20393+ 145
20282+ 155
20140+ 140
21392+ 218
21093+ 176
21137+ 176

0.731+0.021
0.719+ 0.021
0.676+ 0.024
0.635+ 0.026
0.634+ 0.019
0.622+ 0.015
0.641+ 0.026
0.675+ 0.028
0.670+ 0.030
0.657+ 0.023
0.658+ 0.023
0.664+ 0.029
0.504+ 0.036
0.523+ 0.036
0.515+ 0.031

0.269+ 0.021
0.281+ 0.021
0.324+ 0.024
0.365+ 0.026
0.366+ 0.019
0.378+ 0.015
0.359+ 0.026
0.325+ 0.028
0.330+ 0.030
0.343+ 0.023
0.342+ 0.023
0.336+ 0.029
0.496+ 0.036
0.477+ 0.036
0.485+ 0.031

0.3856+ 0.0021
0.3822+ 0.0019
0.3617+ 0.0021
0.3436+ 0.0012
0.3469+ 0.0010
0.3435+ 0.0011
0.3540+ 0.0010
0.3639+ 0.0014
0.3613+ 0.0015
0.3572+ 0.0015
0.3568+ 0.0013
0.3562+ 0.0016
0.3050+ 0.0012
0.3135+ 0.0016
0.3118+ 0.0015

0.2762+ 0.0018
0.2820+ 0.0024
0.2941+ 0.0018
0.3049+ 0.0014
0.3087+ 0.0014
0.3134+ 0.0016
0.3109+ 0.0019
0.2978+ 0.0025
0.3011+ 0.0028
0.3052+ 0.0021
0.3040+ 0.0020
0.3002+ 0.0023
0.3496+ 0.0018
0.3490+ 0.0021
0.3513+ 0.0021

Table 3.9: Parameters of MACHO 468 (05:31:36-:89:17:40) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.31:V andRlight curves of MACHO 468 (05:31:30-39:17:40) shown together with best fits
for mass ratiay = 0.7. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.

These parameters are compatible With~ 27000 K andl, ~ 22000 K (corresponding
to spectral types B0.5 and B2), which is higher than the teatpees derived according
to Section 3.5.2. Nevertheless, the discussion from Se&tin.2 applies here as well: in
addition to the well-known uncertainties of temperaturgedaination via color indices,
the interstellar extinction used is a major factor, and fhgsannot be determined with
the accuracy that would be desirable. This problem is oleseiv this case, too, as the
originally derived primary temperature 22500 K shows.

The correlations of the derived light curve parameters cewurse diterent from those
of overcontact binaries. Naturally, since the secondarfase potential is not identical
to that of the primary component, it is one additional freeap@eter which tends to make
the solutions less definitive. As can be seen in Fig. 3.32p#tameter correlations are
not as clear as in the overcontact case. The most strikinggohenon is the obvious
existence of two dferent solution regions within the parameter space. Fgom 0.9
upwards, the parameters shift to a somewhfiecent configuration. This can also be
seen in the 3D plots (see Fig. 3.33): in the configurationg fo10.9 andq = 1.0 the sizes
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Figure 3.32: Final parameters of MACHO 468 (05:31:36:&9:17:40) for diferent values of mass ratip
plotted together with theird bootstrap errors.

of the components interchange and the secondary compoeeaoires the larger one in
this solution regime.

The temperature ratio stays fairly constant again becausércked by the given rela-
tive depths of the eclipse minima. In the rang® € g < 0.9 one can clearly see how the
compensation mechanisms for changing mass ratio worke $inth surface potentials
are adjusted independently, it is fairly easy for the ligitve program to keep the radii of
both stars constant for theffrent values of. Nevertheless, there is a certain change in
tidal distortion to be taken into account, as for increagjtige center of mass shifts away
from the primary component. This results in a reduced distoof the secondary compo-
nent, which has to be counteracted by a slight increase otthtve radiux,. Equally,
the increasing distortion of the primary component is conspéed by a slightly reduced
relative radiusR;. The ratio R,/R;)? gets closer to 1 for increasing The associated
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Figure 3.33: 3D plots of MACHO 468 (05:31:30-369:17:40) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

increase in minimum depths is counteracted by a slightlyedesing orbital inclination.
These tendencies can be clearly seen in Fig. 3.32. Also hatete errors oR; andR,
are of course much larger than for overcontact systems (dese$tions 3.7.1 and 3.7.1).

As to the configuration change @qt= 0.9, it is unclear why it happens. Most probably,
a similar solution regime exists for smaller values of thessneatio, but the configura-
tion with the larger primary component seems to consistemgld lower y? values here.
Possibly due to some subtle features in the light curve, sdmaee around) = 0.9 the
configuration with larger secondary starts to produce #iidtetter results and is there-
fore favored by the light curve solution process.
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MACHO 599 (05:40:11.7 —69:55:04)

Conf.
DE

mv [mag] | P[d] o
14.6 1.2482550) 0.012

— deep eclipses

— large light curve scatter

Even though it is a very close system, MACHO 599 is still inigldly detached con-
figuration. It is similar to MACHO 468 (see Section 3.7.3) immy respects, including
apparent brightness, orbital period artketive temperature. The light curve minima are
much deeper, though, with a light loss of almost 50% betwemaature phases. This in-
dicates a higher orbital inclination and possibly largéatree radii, although there is not
much space to expand and at the same time still remain in algtatate. It is however
evident from the light curve that MACHO 599 is not an over@msystem, as the ingress
and egress points of the minima are clearly visible. Thetakperiod is 1.2482550 days,
the system has an apparent brightness of 14.6 mag.

If one assumes both components to be on the main sequencly stightly evolved, a
mass ratio of] ~ 0.85 is implied by the observed temperature ratio. Taking atwount
the photometrically derived relative radii of the starspapital separation oh ~ 15.6R,
can be determined, with the primary component havinld&nd 62R,, and the sec-
ondary component being a W& star with 59R,. This corresponds nicely with the rel-
ative radii determined from the analysis of the light curvé@fese absolute parameters
correspond to components of spectral types O9 and BO, ridgggc The expected in-
dividual absolute brightnesses place this binary at theecbdistance to be an LMC
member.

The light curves are very well defined, although quite sonstscis present in the
measurements, maybe owing to the very crowded stellar fidiey are fitted nicely by
the synthetic light curves, and no systematic deviationthefresiduals are evident. As
to the derived parameters, the temperature ratio is pedigticonstant for every value of
g considered, as can be expected. The other parameters shahagisical correlations
with R; and R, exhibiting opposite trends with changing mass ratio. Thaihosity
ratio changes accordingly, and a slightly decreasing alrbitlination compensates the

q i [deg] Ten2 [K] Li/(Li+Lp) | Lp/(Li+Lp) Ri/a Rq/a

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

83.84+ 0.43
83.02+ 0.29
82.25+ 0.23
82.29+ 0.25
81.97+0.27
81.67+0.19
81.09+ 0.15
81.10+ 0.15
80.99+ 0.17
80.82+ 0.21

16390+ 83
16329+ 77
16402+ 69
16217+ 62
16207+ 70
16244+ 66
16504+ 64
16333+ 57
16280+ 59
16280+ 66

0.680+ 0.023
0.669+ 0.021
0.647+0.018
0.650+ 0.015
0.637+ 0.020
0.620+ 0.019
0.583+0.023
0.587+0.017
0.582+ 0.016
0.572+ 0.020

0.320+ 0.023
0.331+ 0.021
0.353+0.018
0.350+ 0.015
0.363+ 0.020
0.380+ 0.019
0.417+0.023
0.413+ 0.017
0.418+ 0.016
0.428+ 0.020

0.4233+ 0.0013
0.4183+ 0.0013
0.4099+ 0.0011
0.4089+ 0.0013
0.4030+ 0.0014
0.3963+ 0.0013
0.3844+ 0.0012
0.3849+ 0.0011
0.3823+ 0.0012
0.3787+ 0.0010

0.3252+ 0.0019
0.3298+ 0.0018
0.3381+ 0.0020
0.3364+ 0.0015
0.3416+ 0.0018
0.3478+ 0.0017
0.3616+ 0.0018
0.3605+ 0.0017
0.3618+ 0.0016
0.3652+ 0.0018

Table 3.10: Parameters of MACHO 599 (05:40:1169:55:04) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.34: Final parameters of MACHO 599 (05:40:1169:55:04) for diferent values of mass ratip
plotted together with theird bootstrap errors.

increasing minimum depths caused B /R;)> — 1.0 for increasingy. Most solutions
obey the overall trend and there are no unphysical exceptidust the solution fog =
0.85 seems to be slightlyflp which manifests itself in an increased temperature ratio
T,/T (but only by an amount of about 0.01 which is not much largentthe associated
errors). Also a small “jump” can be observedjat 0.85 for the other parameters as well
which may be indeed due to the solution process again beapgéd in a local minimum
very close to the optimum solution. Nevertheless, the patantrends look good and the
values can be established with reasonably good accuracy.
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Figure 3.35:V andRlight curves of MACHO 599 (05:40:11-%69:55:04) shown together with best fits
for mass ratiay = 0.85. For clarity, error bars of the individual data points engitted and theR light
curve is shifted down 0.25 light units.

Figure 3.36: 3D plots of MACHO 599 (05:40:11:769:55:04) for mass ratio 0.55 (upper left) to 1.0
(lower right) with 0.05 increments.
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MACHO 496 (05:33:01.8 -69:26:47)

Conf.
DE

my [mag]| PId] o
14.7 1.7495007| 0.012

— well-detached system

— may contain evolved components

MACHO 496 is a typical example for a well-detached eclipdangary with relatively
little amount of tidal distortion. Ingress and egress oflthkt curve minima are defined
clearly and there is only slight out-of-eclipse varialiliThe system has a total apparent
brightness ofn, = 14.7 and an orbital period of 1.7495007 days, hinting at a sultisia
orbital separatiom. Given a primary temperature ef31000 K (and a temperature ratio
near 1) this suggests quite massive components.

Assuming both stars to be at or near the main sequence, tipetatare ratio of about 1
(clearly seen from the almost equal depths of both eclipsgénai) leads to a mass ratio of
g ~ 1. With the main sequence relations given by component maésé, = M, ~ 18M,,
and radii ofR; = R, ~ 6.4R, can be derived. An orbital separationaf 20R, can be
assumed. Thefkective temperature for these kinds of stars would be in tHE0GX
region. This is one of the cases where the temperatures sebavé been slightly un-
derestimated. The discrepancy is not too large, thoughcandeasily explained by the
inevitable uncertainties of the color-temperature catibn. Alternatively, the compo-
nents may be evolved to some degree, in contrast to the aisangh main sequence
components and thereby permitting low#ieetive temperatures.

A reasonable amount of scatter can be found in the light sumgh notably better
S/N ratio in theR passband. The light curve fits are very good (see Fig. 3.38) an
do not exhibit any major discrepancies from the observati@nly in the center of the
primary minimum the residuals seem to be slightly biasedato® the negative. Upon
closer inspection, though, it is revealed that actuallytobthe R band residuals are O
while in theV light curve, where thefeect is noticed more prominently, the scatter is

i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(Ly + Lp)

Ry/a

Ro/a

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

79.49+ 0.43
78.65+ 0.41
78.56+ 0.28
77.54+0.19
77.54+0.20
77.44+0.23
77.59+ 0.27
76.83+0.34
77.71+0.31
76.81+0.29
76.76+ 0.19
76.66+ 0.29
76.84+0.27
76.65+ 0.21
76.56+ 0.30

30056+ 236
30071+ 202
29726+ 216
30184+ 201
29982+ 181
29770+ 186
29252+ 194
29927+ 203
28852+ 212
30214+ 195
30406+ 184
29680+ 197
29461+ 221
29863+ 148
30177+ 206

0.708+ 0.023
0.689+ 0.023
0.681+0.019
0.622+ 0.017
0.629+ 0.019
0.624+ 0.021
0.638+ 0.023
0.585+ 0.030
0.644+ 0.025
0.519+ 0.029
0.503+ 0.023
0.549+ 0.029
0.579+ 0.028
0.511+ 0.022

0.488+ 0.034

0.292+ 0.023
0.311+ 0.023
0.319+ 0.019
0.378+ 0.017
0.371+0.019
0.376+ 0.021
0.362+ 0.023
0.415+ 0.030
0.356+ 0.025
0.481+ 0.029
0.497+ 0.023
0.451+ 0.029
0.421+0.028
0.489+ 0.022
0.512+ 0.034

0.3773+ 0.0013
0.3737+ 0.0011
0.3683+ 0.0010
0.3481+ 0.0009
0.3523+ 0.0007
0.3497+ 0.0009
0.3531+ 0.0009
0.3379+ 0.0012
0.3521+ 0.0012
0.3154+ 0.0007
0.3111+ 0.0006
0.3259+ 0.0012
0.3344+ 0.0011
0.3148+ 0.0009
0.3082+ 0.0011

0.2487+ 0.0020
0.2567+ 0.0019
0.2594+ 0.0014
0.2776+ 0.0014
0.2766+ 0.0014
0.2781+ 0.0016
0.2747+ 0.0020
0.2905+ 0.0026
0.2715+ 0.0021
0.3091+ 0.0019
0.3136+ 0.0016
0.3021+ 0.0021
0.2914+ 0.0023
0.3143+ 0.0018
0.3202+ 0.0020

Table 3.11:Parameters of MACHO 496 (05:33:0%.89:26:47) derived from the photometric analysis

shown together with& bootstrap errors.
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Figure 3.37: 3D plots of MACHO 496 (05:33:01-:89:26:47) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

much higher. Therefore th¢ data points are not fitted with the same weight asRhe
observations, resulting in the observeffelience of fit quality in the primary minimum.
Moreover, there is quite some scatter in the parameterff@rdnt mass ratios are con-
sidered. It is obvious that the more detached a system bex;dhgemore local parameter
space minima in the vicinity of the global minimum will arigéhile at the same time
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Figure 3.38:V andR light curves of MACHO 496 (05:33:01-89:26:47) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.39: Final parameters of MACHO 496 (05:33:01@9:26:47) for diferent values of mass ratip
plotted together with theird bootstrap errors.

the global minimum itself gets morefticult to identify. This is due to the light curve
shape being not nearly as sensitive to small parameter ekan@ well-detached system
like MACHO 496 as it is in a system with strong tidal distortjavhere minor parameter
modifications change the physical appearance of the compooensiderably.
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MACHO 325 (05:21:00.7 —69:29:46)

Conf.
DE

my [mag] | P[d] o
15.1 1.3007974 0.012

— well-detached system

— configuration change gt= 0.5

The well-detached system MACHO 325 is very similar to MACH@64see Section
3.7.3). However, it shows a greater variation in relativdiiraver the whole mass ratio
range. Also the orbital inclination is much lower than for IHO 496 which explains the
shallower eclipse minima. The out-of-eclipse variabilggimilar, indicating a compara-
ble tidal distortion of the components. With an apparerghtness om, = 151 mag and
an orbital period of 1.3007974 days, the light curve showgelascatter than MACHO
496.

If the assumption of main sequence components is made, #ieegeal depths of the
light curve minima suggest a temperature ratio and thezefomass ratio near unity.
Component massdgl; = M, ~ 6M, and radiiR; = R, ~ 3.5R, are derived from
the main sequence relations, corresponding to stars ofrapé&ge B3 and an orbital
separation o ~ 114R,. Effective temperatures of about 18800 K would be expected
for such stars. Keeping in mind that the color-based tentpess of the MACHO stars
are generally to be considered upper limits, this value fél with the 22000 K from the
V — R color index and lies within the error margin. The small remnag discrepancy can
be explained by a local variation of interstellar extinotio

The light curves display a considerable amount of scattértveR light curve showing
a slightly bettelS/N than theV light curve. Field crowding is the most likely reason for
the large scatter compared with some other systems of sibmiightness. The fits are

very good with no systematic deviations of the residuals.
The parameters themselves generally follow the usual $renith varying mass ratio.
Between mass ratiog = 0.50 andg = 0.55 a “jump” in the parameter trends can be

i [deg]

Te2 [K]

Li/(L1+Lp)

Lo/(Ly+ Lp)

Ri/a

Ry/a

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

72.83+0.38
72.95+ 0.46
72.39+0.48
72.39+ 0.44
72.45+ 0.54
71.23+0.34
71.07+0.35
70.95+ 0.36
70.89+ 0.30
71.12+0.38
70.86+ 0.27
70.85+0.28
70.81+0.31
70.80+ 0.37
70.94+0.34

21599+ 193
21388+ 229
21485+ 263
21420+ 223
21450+ 236
21932+ 223
22024+ 219
22116+ 205
22182+ 196
22419+ 259
22110+ 137
22157+ 148
21953+ 177
22217+ 211
21756+ 133

0.768+ 0.020
0.772+ 0.031
0.742+ 0.038
0.739+ 0.033
0.738+ 0.046
0.633+ 0.033
0.617+ 0.037
0.566+ 0.039
0.555+ 0.032
0.501+ 0.050
0.551+ 0.030
0.547+ 0.035
0.550+ 0.028
0.511+ 0.041

0.548+ 0.036

0.232+ 0.020
0.228+ 0.031
0.258+ 0.038
0.261+ 0.033
0.262+ 0.046
0.367+ 0.033
0.383+ 0.037
0.434+ 0.039
0.445+ 0.032
0.499+ 0.050
0.449+ 0.030
0.453+ 0.035
0.450+ 0.028
0.489+ 0.041
0.452+ 0.036

0.3906+ 0.0015
0.3889+ 0.0016
0.3766+ 0.0016
0.3731+ 0.0016
0.3708+ 0.0021
0.3419+ 0.0012
0.3382+ 0.0012
0.3196+ 0.0010
0.3173+ 0.0009
0.2961+ 0.0012
0.3159+ 0.0010
0.3148+ 0.0010
0.3152+ 0.0014
0.3044+ 0.0013
0.3121+ 0.0014

0.2200+ 0.0021
0.2170+ 0.0026
0.2272+ 0.0029
0.2267+ 0.0027
0.2247+ 0.0032
0.2637+ 0.0024
0.2686+ 0.0024
0.2833+ 0.0023
0.2859+ 0.0018
0.2966+ 0.0024
0.2864+ 0.0018
0.2871+ 0.0020
0.2872+ 0.0020
0.2981+ 0.0027
0.2869+ 0.0024

Table 3.12: Parameters of MACHO 325 (05:21:00:69:29:46) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.40: 3D plots of MACHO 325 (05:21:00-69:29:46) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

recognized, corresponding to the region where lacking tddortion of the secondary
component must be counteracted by its increase in relatee $he orbital inclination
drops accordingly, as the rising value & (R,)? results in deeper eclipse minima. Af-
terwards, the values remain more or less constant whichsgsilple for well-detached
systems, since foq — 1 the variation in tidal distortion is not large enough to unfl

0.05 |
0.00
-0.05 "
0.05 |
0.00
-0.05 T

0-C (V)

0-C (R)

Norm. light

04

03¢

<D
x

0.2 : : : : : : : :
-03  -02 -01 00 0.1 0.2 03 0.4 0.5 0.6 0.7

Orbital phase

Figure 3.41:V andRlight curves of MACHO 325 (05:21:00-69:29:46) shown together with best fits
for mass ratiaqq = 1.0. For clarity, error bars of the individual data points angitbed and theR light curve
is shifted down 0.25 light units.
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Figure 3.42: Final parameters of MACHO 325 (05:21:00.69:29:46) for diferent values of mass ratip
plotted together with theird bootstrap errors.

ence the light curve shape very much. There is one deviaangnpeter set aj = 0.75
and another, less prominent onegat 0.95. These can be attributed to local minima in
parameter space.
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MACHO 397 (05:26:03.5 -69:26:38)

mv [mag] |  P[d] o
15.2 1.9037204| 0.004

—well-detached system

— probably contains evolved components

Conf.
DE

MACHO 397 is a unique system with interesting peculiariti€gst of all, it has the
longest orbital period of all binaries analyzed in the phagtric part of this work, namely
1.9037204 days. From the enormouffetience in size between the components and the
almost Roche lobe-filling configuration of the primary compot it is clear that the pri-
mary is a significantly evolved star, while the secondary stdijpe on the main sequence.
The light curves are of adequate quality for this system tvhigs an apparent magnitude
of 15.2 during quadrature phases. The phase coverage iseex@nd turns out to be the
best of all analyzed stars. The pronounced total eclipsksasumique in this work, due
to the large size dlierence the flat bottoms of the minima are extremely extendéeed.
strong out-of-eclipse variability points at strong tidatdrtion of the very large primary
component.

As the main sequence assumption is certainly not appregndhis case, other means
have to be found to guess the nature of the components of MAGHO In this case a
moderate ffective temperature of about 22000 K is found for the primaay. sAs the
V —Rcolor index is still of acceptable accuracy in this tempam@tegion and a relatively
low interstellar extinction is given by Schwering & Isra&b@1), this temperature can be
— with proper caution — used as guideline for the physicaperies of MACHO 397. A
realistic assumption would be to classify the primary congyd as a giant of luminosity
class lll. An dfective temperature of 22000 K would imply a B2 giant, the &ltsdu-
minosity of which would put it at approximately the correctdnce to the LMC. From
the photometrically derived temperature ratio~00.7 a secondary temperature of about
15400 K can be inferred, which would correspond to a mainasecgistar of spectral type
B5. The masses would be approximat®ly ~ 12M, and M, ~ 6M, yielding a mass
ratio of g ~ 0.5 which is right in the middle of the mass ratio values founitedile by the
photometric solutions. With these values Kepler's ThiravL&qg. 1.1) gives an orbital
separation oh ~ 17R,. While the expected radius & ~ 3.9R, matches reasonably
well the photometrically derived relative radius of aboutQR; ~ 12R, would be too

q i [deg] Ter2 [K] Li/(Li+Lp) | Lo/(Li+Lp) Ri/a Ro/a
0.35 | 80.76+ 0.20 | 20524+ 119 | 0.908+ 0.007 | 0.092+ 0.007 | 0.4507+ 0.0010 | 0.1817+ 0.0004
0.40 | 81.49+ 0.23 | 20283+ 79 0.911+ 0.005 | 0.089+ 0.005 | 0.4397+ 0.0007 | 0.1750+ 0.0002
0.45 | 82.50+ 0.30 | 20089+ 97 0.913+ 0.006 | 0.087+0.006 | 0.4293+ 0.0007 | 0.1697+ 0.0004
0.50 | 83.29+0.28 | 20068+ 102 | 0.916+ 0.006 | 0.084+ 0.006 | 0.4204+ 0.0006 | 0.1638+ 0.0003
0.55 | 86.33+0.10 | 20074+ 98 0.917+ 0.005 | 0.083+0.005 | 0.4096+ 0.0006 | 0.1579+ 0.0002
0.60 | 88.58+ 0.07 | 19592+ 101 | 0.919+ 0.005 | 0.081+ 0.005 | 0.4014+ 0.0006 | 0.1567+ 0.0003
0.65 | 88.69+ 0.07 | 19518+ 99 0.920+ 0.005 | 0.080+ 0.005 | 0.3947+ 0.0007 | 0.1534+ 0.0003
0.70 | 87.69+0.14 | 19647+ 117 | 0.921+ 0.006 | 0.079+ 0.006 | 0.3892+ 0.0007 | 0.1488+ 0.0004

Table 3.13:Parameters of MACHO 397 (05:26:03.69:26:38) derived from the photometric analysis

shown together with& bootstrap errors.
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large for this separation. Therefore it can be concludettti®aprimary probably has not
yet reached the tip of the giant stage, but is definitely owiyg up the first giant branch
in the Hertzsprung-Russell diagram.

As can be seen in Fig. 3.43, the light curves are of good qualdith the R band
displaying less scatter than theband. Also, the phase coverage is extremely good and
allows to judge the quality of the fit throughout the entirbital phase. The synthetic
light curves match the observations very well, with the @tiom of the ascending branch
of the secondary minimum. There the residuals are biasearttsithe negative in both
passbands. Sometimes this kind of light curve distortioasisribed to extinction by a
mass transfer stream seen projected onto the primary sulfatthis system is definitely
well separated and there are no reasons to assume the mesemass exchange. Due to
the excellent definition of the light curves and the verysatitory fit at all other phases,
it is not likely that this problem will have significantfects on the validity of parameter
determination.
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Figure 3.43:V andRlight curves of MACHO 397 (05:26:03-%59:26:38) shown together with best fits
for mass ratiay = 0.5. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.44: Final parameters of MACHO 397 (05:26:03.60:26:38) for diferent values of mass ratip
plotted together with theird bootstrap errors.

The g-dependencies of the parameters show very interestingtdegs from the usual
relationships (See Fig. 3.44). The relative radius of the@ry component behaves in a
conventional way, i. e. it decreases with increasing mdssiraorder to counteract grow-
ing tidal distortion. The other parameters however exflmbompletely unusual behavior,
which is mainly caused by the largefidrence in size and the presence of total eclipses.
As can be seen from the near-constaR/R;)? value, the relative stellar sizes cannot
vary with changing mass ratio. This is due to the duratiometftotal and annular eclipses
defining these relative sizes. TherefoRg,must decrease simultaneously wRkRh This
leads to a larger orbital separation of the components. ¥dtistant orbital inclination,
this would result in a reduction of the depth of both eclipseima. Counteraction of this
effect is accomplished by the inclination to rise with incregsi, producing the correct
minimum depths. From this consideration it is clear why nlutons were found for
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Figure 3.45: 3D plots of MACHO 397 (05:26:03:569:26:38) for mass ratio 0.35 (upper left) to 0.70
(lower right) with 0.05 increments.

g > 0.7: the inclination rises to nearly 9@t this mass ratio. A further decrease of the
radii can therefore not be compensated by increasing bmbaienation anymore.

This is a very instructive example for how much insight intceglipsing binary system
can be gained by careful photometric analysis of the lighvesiand how much can
be learned by a careful screening of the entire relevaninpetex space. The favorable
definition of the solution parameters in systems exhibitaigl eclipses like this one make
the discovery and thorough analysis of such binaries a tiopityrtask.
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MACHO 383 (05:25:02.5-68:31:12)

my [mag] P [d] o Conf.
15.2 0.9922025| 0.007| DE &OC

— detached system just at inner contact

— high orbital inclination — almost total eclipses

— excellent definition of solutions

MACHO 383 is a very interesting system due to the fact thad @tithe edge of the
classic “contact” configuration where both binary compdaetcurately fill their Roche
lobes, but do not have a common envelope yet. Moreover, tjie drbital inclination
yields almost total eclipses, which result in a parametégrdenation of unprecedented
accuracy. The light curves show a significant out-of-eeipariability and almost no
well-defined ingress and egress points of the minima, initigahis system is indeed ex-
tremely close to an overcontact configuration. The measeméso not stlier from much
scatter and the phase coverage is reasonably dense. Aal pegiiod of 0.9922025 days
was derived for thisny, = 152 mag eclipsing binary, along with a color index-based
primary temperature of about 22000 K.

The assuption of main sequence components is not very litkebe correct in this
case. Nevertheless, the temperature ratio of about 0.9dwmitonsistent with a mass
ratio of roughlyq ~ 0.85. Stars of spectral types B0.5 and B1 follow, with compdnen
masses oM; ~ 12M, and M, ~ 10M,. The corresponding radii af®, ~ 4.9R, and
R, ~ 4.5R,, with an orbital separation add ~ 118R,, in close coincidence with the
photometrically derived relative radii of the compone@$course, the expectedtective
temperatures of these kind of stars would lie in the regid26600—-28000 K. The reasons
for the discrepancy to the color index-based temperaturest be sought in a possible
underestimation of the local interstellar extinction ahd timits of the empirical main
sequence relations in application to close binary stars.

The light curve fits are mostly very good with a slight exceptshortly after the pri-
mary minimum. In both passbands, there is a distinct risa@bbserved light level over
the synthetic light curves. Since thiffect is asymmetric (it does not exist right before
the primary minimum), it is probably due to a “hot spot” on ttr@nary component, in-
dicating possible slight mass transfer from the secondamyponent, hitting the primary

q i [deg] Ter2 [K] Li/(Li+Lp) | Lo/(Li+Lp) Ri/a Rq/a

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

83.83+0.28
82.75+ 0.24
82.17+0.15
81.58+0.12
81.22+0.13
81.12+ 0.19
80.86+ 0.21
80.74+0.10
80.65+ 0.10
80.54+ 0.22

19974+ 105
19995+ 108
20024+ 94

20059+ 99

20048+ 109
20071+ 108
20068+ 110
20122+ 100
20147+ 92

20169+ 101

0.678+0.014
0.659+ 0.015
0.642+0.014
0.625+ 0.015
0.610+ 0.017
0.595+ 0.017
0.582+0.018
0.567+0.017
0.555+ 0.016

0.542+ 0.018

0.322+0.014
0.341+ 0.015
0.358+0.014
0.375+ 0.015
0.390+ 0.017
0.405+ 0.017
0.418+0.018
0.433+0.017
0.445+ 0.016
0.458+ 0.018

0.4333+ 0.0002
0.4255+ 0.0002
0.4183+ 0.0002
0.4116+ 0.0003
0.4054+ 0.0002
0.3996+ 0.0003
0.3941+ 0.0004
0.3891+ 0.0003
0.3843+ 0.0002
0.3797+ 0.0002

0.3283+ 0.0004
0.3357+ 0.0003
0.3424+ 0.0004
0.3488+ 0.0002
0.3547+ 0.0002
0.3601+ 0.0005
0.3655+ 0.0004
0.3705+ 0.0002
0.3750+ 0.0005
0.3794+ 0.0007

Table 3.14:Parameters of MACHO 383 (05:25:02.68:31:12) derived from the photometric analysis

shown together with& bootstrap errors.
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at a spot being obscured during primary minimum ingress awming visible during
egress. Otherwise, no discrepancies are found in the lighedits.

Due to the special nature of this system, its parametersedetermined with excellent
accuracy. The light curves in this marginally detached cumétion is most sensitive
against minimal parameter adjustments, since they havea mfluence on component
shapes. Additionally, the high orbital inclination am@githe sensitivity of the light
curves because any geometrical change is directly reflégtedrresponding light curve
changes and not dampened out through thelsiw. Unfortunately, the system does not
have total eclipses, otherwise according to Terrell & WAl$2005) a mass ratio could be
deducted from the light curves alone, which is a very raredy situation. Nevertheless,
the range of mass ratio values is smaller in this case thasusual for detached or
overcontact systems of lower orbital inclination. To coapossible cases, multiple runs
of the light curve analysis procedure have been conductethi® system. Especially a
possible (if slight) overcontact configuration was invgated thoroughly. Good solutions
were indeed found when applying this restriction, too, beytconsistently were of worse
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Figure 3.46:V andR light curves of MACHO 383 (05:25:02-%8:31:12) shown together with best fits
for mass ratiay = 0.85. For clarity, error bars of the individual data points angitted and théR light
curve is shifted down 0.25 light units.
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Figure 3.47: Final parameters of MACHO 383 (05:25:0268:31:12) for diferent values of mass ratip
plotted together with theird bootstrap errors.

numerical quality than those computed for the detached garaiion. Also, they always
tended to extremely marginal overcontact states whereipaflg no “bottleneck” exists
between the components. Therefore, the final solutions werrilated for a detached
configuration, not ruling out a complete filling of both Rodbbes, though. 3D plots for
both configurations are compared in Fig. 3.48.

The parameters follow the standard correlation with thesmaso. There are no out-
liers and the bootstrap-derived error bars are extremedfisimdicating a very high defi-
niteness of the solutions. The fact that the light curvesatesignificantly above average
(neither in scatter nor in phase coverage) drastically destnates the utmost importance
of the actual configuration of the system when deriving pa&tans from the light curves.
Or the other way around: even perfect light curves cannativeghe multiple correla-
tions of various stellar parameters if the system is in a-dlethched configuration. Fur-
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Figure 3.48: 3D plots of MACHO 383 (05:25:02:58:31:12) for mass ratio 0.55 to 1.00 and detached
configuration (upper row) with 0.15 increments. Compariglmts with identical mass ratios are shown for
overcontact configuration in the lower row.

ther constraints are always needed which are only foundiguersystems like MACHO
383.
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MACHO 002 (04:49:52.1 -67:42:10)

Conf.
DE

my [mag]| PId] o
15.2 1.6330514 0.006

— well-detached system

— may contain evolved components

MACHO 002 is a widely detached system. This becomes alrelsdy apon a cursory
inspection of the light curve, as it shows only little outexdlipse variability, indicating
only slight tidal distortion. Additionally, the sizes ofglcomponents must be compara-
ble and the orbital inclination must be high, since the ediminima show a light loss
of almost 50%. Due to the similar components, no broad taigyge minimum can be
expected. With 1.6330514 days, the orbital period is nedtitilong. The apparent bright-
ness of 15.2 mag yields light curves of good quality, withtdéelimore scatter in th§/
than in theR band.

If main sequence or near-main sequence stars are assumeaisaratio ofg ~ 1
seems appropriate due to the temperature ratio being négr(both eclipses having
equal depths). The main sequence relations fit best for tmediawide system of orbital
separatiora ~ 17R,. The relative radii derived through the photometric analyseld
component masses M; = M, ~ 13M, and radii ofR; = R, ~ 5.2R,, corresponding
to spectral type BO. The correspondirfteetive temperatures would lie around 29000 K.
From the color index a primary temperature of 53000 K wasvedrivhich is of course
way too high. Since th¥ — Rindex becomes very insensitive against temperature varia-
tions in this range, a large temperature error follows ewersmallE(B — V) variations.
Additionally, the temperature fierence can be explained by the likely overestimation of
interstellar extinction.

The light curves are of reasonable quality W8N being marginally better iR than
in V. The derived fits are very satisfactory, no systematic srgseem to be present in the
residuals. The good reproduction of both light curves tghmut the whole phase range
indicates that no complications like mass accretion or potssexist in the system. This
is to be expected for a well-detached binary, of course. Befigicts may be hidden in

q i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ry/a

Ry/a

0.50 | 87.03+0.29
0.55 | 86.89+0.21
0.60 | 86.26+0.25
0.65 | 85.96+0.18
0.70 | 85.41+0.15
0.75 | 86.06+0.21
0.80 | 85.28+0.14
0.85 | 85.77+0.20
0.90 | 85.50+0.10
0.95 | 85.53+0.10
1.00 | 85.14+0.16

54670+ 374
54677+ 178
54581+ 194
54489+ 213
54708+ 188
53767+ 206
54314+ 149
53464+ 188
53609+ 124
53236+ 173
53754+ 171

0.598+ 0.026
0.595+ 0.014
0.583+ 0.014
0.573+0.013
0.541+0.013
0.582+ 0.012
0.538+ 0.011
0.570+ 0.014
0.553+0.010
0.556+ 0.010
0.524+0.013

0.402+ 0.026
0.405+0.014
0.417+0.014
0.427+0.013
0.459+ 0.013
0.418+0.012
0.462+ 0.011
0.430+0.014
0.447+0.010
0.444+ 0.010
0.476+ 0.013

0.3290+ 0.0008
0.3287+ 0.0005
0.3250+ 0.0004
0.3219+ 0.0004
0.3125+ 0.0003
0.3239+ 0.0006
0.3119+ 0.0003
0.3200+ 0.0005
0.3152+ 0.0004
0.3152+ 0.0005
0.3071+ 0.0006

0.2678+ 0.0007
0.2685+ 0.0007
0.2723+ 0.0008
0.2751+ 0.0006
0.2848+ 0.0007
0.2731+ 0.0007
0.2864+ 0.0007
0.2769+ 0.0007
0.2820+ 0.0005
0.2810+ 0.0005
0.2909+ 0.0008

Table 3.15:Parameters of MACHO 002 (04:49:52.87:42:10) derived from the photometric analysis

shown together with& bootstrap errors.
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Figure 3.49: 3D plots of MACHO 002 (04:49:52-467:42:10) for mass ratio 0.5 (upper left) to 1.0 (lower
right) with 0.1 increments.

the general scatter of the data points, but are not relevaan tanalysis at this level of
precision.
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Figure 3.50: V andR light curves of MACHO 002 (05:21:00-69:29:46) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.51: Final parameters of MACHO 002 (04:49:5287:42:10) for diferent values of mass ratip
plotted together with theird bootstrap errors.

The derived parameters show some interesting deviationstfie usuad-dependencies.
A slight tendency of the primary radius to decrease witheasingq can be observed,
and vice versa for the radius of the secondary. Neverthdlesse changes remain small.
Aside from the constraint of similar-sized componentgéacthanges in radii are not nec-
essary to compensate an increasing mass ratio, as not ndatlkligtortion is present in
this system. Two departures from the optimal solution caoliserved ay = 0.75 and
g = 0.85 which are due to local minima in parameter space. Thetsegud their small er-
ror bars show that even for a well-detached system well-défolutions can be achieved
when the light curves are sensitive to small adjustmentgwik the case for this system
with high orbital inclination and components of nearly elcgize.
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MACHO 530 (05:35:26.2 -69:37:20)

Conf.
DE

my [mag]| P[d] o
15.5 1.4739979 0.009

— well-detached system

— significant light curve scatter

— possible slight eccentricity

Just like MACHO 002 (see Section 3.7.3), MACHO 530 is a cleddtached system,
as can be seen from the light curves which do not show strags f tidal distortion
or other dfects indicative of a closely interacting binary. Unlike MAO 002, though,
MACHO 530 shows relatively shallow eclipse minima of undgigpths. It is therefore
obvious that the orbital inclination is lower and the comgats are of dierent size. The
orbital period of 1.4739979 days shows that this well-de¢glcsystem cannot consist of
significantly evolved stars, while the apparent brightre#sks.5 mag explains at least in
part the relatively high scatter of both available light\as, withR again displaying a
slightly better quality thaiv.

It is reasonable to assume both components to be on or atdi@astear the main
sequence. For this premise, the observed temperaturentaith was extracted from the
relative depths of the eclipse minima points to a mass rétp~00.7, which is well inside
the covered mass ratio range. The photometrically derigtdive radii are compatible
with component masses M; ~ 7M, andM, ~ 5M,, with the appropriate radii dR; ~
3.7R, andR; ~ 3.1R,. With an orbital separation & ~ 115R,, the radii of the main
sequence relations are actually somewhat larger than tessed by photometry. These
values belong to stars of spectral types B2 and B4, correspgto dfective temperatures
of about 21500 K and 17000 K. The temperatures found from dler index calibration
are much higher, with a primary temperature of about 37000 He luminosity of a
star with this temperature would of course not be compatilitle the observed apparent
brightness ofv = 155 at the distance of the LMC. The reason for the discrepancy in

q i [deg] Te2 [K] Li/(Li+Llp) | Lo/(Li+Lp) Ri/a Ry/a

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

77.09+ 0.26
77.05+ 0.32
76.36+ 0.20
75.60+ 0.22
76.05+ 0.22
75.97+0.19
75.17+0.24
74.93+0.21
74.58+0.21
74.85+0.26
74.53+0.22
74.58+ 0.20
74.73+0.24
74.46+0.18
74.55+0.23

28807+ 230
28396+ 229
28661+ 234
29110+ 188
28461+ 186
28346+ 161
29043+ 213
29393+ 192
29549+ 179
29312+ 231
29394+ 227
29406+ 197
29317+ 284
29457+ 187
29091+ 211

0.790+ 0.019
0.791+ 0.022
0.770+ 0.016
0.721+ 0.018
0.757+ 0.017
0.754+ 0.013
0.694+ 0.019
0.665+ 0.019
0.606+ 0.021
0.652+ 0.024
0.611+ 0.026
0.591+ 0.026
0.587+ 0.036
0.591+ 0.029
0.608+ 0.025

0.210+ 0.019
0.209+ 0.022
0.230+ 0.016
0.279+ 0.018
0.243+ 0.017
0.246+ 0.013
0.306+ 0.019
0.335+0.019
0.394+ 0.021
0.348+ 0.024
0.389+ 0.026
0.409+ 0.026
0.413+ 0.036
0.409+ 0.029
0.392+ 0.025

0.3303+ 0.0010
0.3284+ 0.0008
0.3238+ 0.0008
0.3071+ 0.0006
0.3181+ 0.0009
0.3159+ 0.0009
0.2987+ 0.0008
0.2914+ 0.0008
0.2738+ 0.0006
0.2872+ 0.0009
0.2758+ 0.0007
0.2693+ 0.0009
0.2660+ 0.0014
0.2710+ 0.0007
0.2737+ 0.0009

0.2061+ 0.0016
0.2059+ 0.0019
0.2147+ 0.0013
0.2295+ 0.0015
0.2188+ 0.0014
0.2195+ 0.0013
0.2380+ 0.0017
0.2464+ 0.0016
0.2632+ 0.0016
0.2496+ 0.0018
0.2624+ 0.0016
0.2670+ 0.0016
0.2662+ 0.0017
0.2676+ 0.0017
0.2628+ 0.0018

Table 3.16: Parameters of MACHO 530 (05:35:26.29:37:20) derived from the photometric analysis
shown together with& bootstrap errors.

93



temperatures must again be sought in a probable overesgtimtdtinterstellar reddening
due to the limited resolution of the extinction map provitdgdSchwering & Israel (1991).
Also, the color-temperature-relation is of course verycoaate for high temperatures
like in this case.

MACHO 530 has light curves of acceptable quality with quiteng scatter throughout
the whole range of orbital phase. The synthetic light cufitedbe observations generally
well. Only during the secondary minimum there are some dgsmncies which are indica-
tive of a slight eccentricity of the system: both observetiticurves seem to be shifted
upwards in phase, indicated by the residuals during theeesticondary minimum. The
deviation is not very strong, though, considering the digamt scatter of the light curves.

The photometrically derived parameters show a conventiogizavior with regard to
the variation in mass ratig. The slight tidal distortion of both stars necessitatesamge
of radii with increasing mass ratio, as the projected serfduaring quadrature phase of
the primary component grows, while that of the secondarypmrent decreases. The
declining orbital inclination counteracts the eclipse imia becoming more equal in depth
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Figure 3.52:V andR light curves of MACHO 530 (05:35:26-269:37:20) shown together with best fits
for mass ratiaqq = 0.7. For clarity, error bars of the individual data points angitbed and theR light curve
is shifted down 0.25 light units.
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Figure 3.53: Final parameters of MACHO 530 (05:35:26.&9:37:20) for diferent values of mass ratip
plotted together with theird bootstrap errors.

forg — 1. There are two sets of solution parameters at mass rqties0.45 and

Figure 3.54: 3D plots of MACHO 530 (05:35:26:269:37:20) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

95



g = 0.70 which somewhat deviate from the observed trends of thenpeters. For many
well-detached binaries, especially with noisier lightvas, there is a tendency to end up
in some local minimum of the parameter space near the optisalution. It is a problem
which cannot be easily alleviated due to the complex mdtjphrameter correlations.
Light curves of better quality would help, but better coastts can be set in the less
rugged parameter space of semi-detached and overcomntadesi. Nevertheless, in spite
of relatively low orbital inclination, a possible slight @tricity, and significant light
curve scatter the definiteness of almost all parameterdligesty good and again shows
the power of photometric analysis if well-covered lightwes like the MACHO ones are
used.

96



MACHO 075 (05:04:51.0 -70:08:59)

my [mag]

P [d]

o

Conf.

15.4

1.1668692

0.005

DE

— marginally detached configuration
— large temperature discrepancy
— very low orbital inclination

Like MACHO 383 (see Section 3.7.3), MACHO 075 is a good exaaript a system
in a marginally detached configuration. In fact, it is so el¢isat it cannot be decided
unambiguously whether the system is detached or in a setaciied state, and if the
latter is the case, which of the components is filling its Roldibe. In contrast to MACHO
383, part of this uncertainty may be due to the very low othitalination of ~ 60°,
apparent from the shallow minima with a light loss of only ab80%. Most of the
solutions tend towards a slightly detached configuratione Fomponents should be of
similar temperature, due to the equal depths of the lighteearinima. The period of this
15.4 mag system was determined as 1.1668692 days.

The extremely high féective temperature of about 86000 K derived for the primary
component is certainly unrealistic because of the preladiscussed problems with the
applicability of the color-temperature relation to verylgdype stars. In this case it is
also unlikely that an overestimation of interstellar remidg can be claimed as a reason
for the excessively high temperature. The value used is nmhndiferent from most
other stars in this work. Like with MACHO 082 (see Section.3)7/the problem here
could be in part due to the calibration of the observations.

If the assumption is made that both components are main segue near-main se-
guence components, more realistic values can be derivedoli$erved temperature ratio
would then suggest a mass ratiogp 0.95, leading to a binary with an orbital separation
of a ~ 15R, and component massesMf ~ 17M, andM, ~ 16M,. The associated radii
can be determined d8, ~ 6.0R, andR, ~ 5.8R,. These values together with the or-

q i [deg] Te2 [K] Li/(Li+Lp) | Lo/(Li+Llp) Ri/a R2/a
0.30 | 62.94+0.21 | 81474+ 1811 | 0.763+ 0.034 | 0.237+ 0.034 | 0.4864+ 0.0013 | 0.2796+ 0.0013
0.35 | 62.42+0.14 | 80131+ 510 0.741+ 0.011 | 0.259+ 0.011 | 0.4732+ 0.0006 | 0.2912+ 0.0009
0.40 | 61.67+0.19 | 81232+ 1063 | 0.713+0.021 | 0.287+ 0.021 | 0.4614+ 0.0010 | 0.3021+ 0.0008
0.45 | 61.58+0.16 | 80588+ 366 0.694+ 0.009 | 0.306+ 0.009 | 0.4506+ 0.0006 | 0.3104+ 0.0009
0.50 | 61.32+0.20 | 81014+ 328 0.672+ 0.012 | 0.328+ 0.012 | 0.4409+ 0.0007 | 0.3184+ 0.0012
0.55 | 61.16+ 0.39 | 82282+ 1153 | 0.642+ 0.045 | 0.358+ 0.045 | 0.4279+ 0.0039 | 0.3280+ 0.0010
0.60 | 60.63+0.22 | 81496+ 398 0.629+ 0.012 | 0.371+0.012 | 0.4234+ 0.0009 | 0.3353+ 0.0006
0.65 | 60.57+0.20 | 81902+ 482 0.610+ 0.014 | 0.390+ 0.014 | 0.4161+ 0.0009 | 0.3418+ 0.0009
0.70 | 60.49+ 0.17 | 82553+ 527 0.591+ 0.015 | 0.409+ 0.015 | 0.4087+ 0.0008 | 0.3480+ 0.0010
0.75 | 60.60+ 0.18 | 82068+ 198 0.585+ 0.012 | 0.415+ 0.012 | 0.4050+ 0.0006 | 0.3496+ 0.0013
0.80 | 60.37+0.17 | 81757+ 317 0.562+ 0.010 | 0.438+ 0.010 | 0.3961+ 0.0009 | 0.3596+ 0.0007
0.85 | 60.30+0.17 | 81767+ 279 0.548+ 0.009 | 0.452+ 0.009 | 0.3904+ 0.0007 | 0.3652+ 0.0007
0.90 | 60.25+0.18 | 82373+ 372 0.533+ 0.012 | 0.467+0.012 | 0.3858+ 0.0009 | 0.3700+ 0.0009
0.95 | 60.30+0.19 | 82637+ 392 0.524+ 0.013 | 0.476+ 0.013 | 0.3826+ 0.0008 | 0.3725+ 0.0013
1.00 | 60.44+0.17 | 81943+ 141 0.518+ 0.010 | 0.482+ 0.010 | 0.3795+ 0.0004 | 0.3751+ 0.0010

Table 3.17:Parameters of MACHO 075 (05:04:5%.100:08:59) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.55: 3D plots of MACHO 075 (05:04:51:070:08:59) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

bital separation nicely comply with the relative stelladiralerived from the photometric
solution.

The light curves of MACHO 075 fit the observations with higleg@sion. The measure-
ments are of very good quality with only a small amount of tecadnd excellent phase
coverage. The residuals are evenly distributed and do raw simy systematic trends.
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Figure 3.56:V andR light curves of MACHO 075 (05:04:51-70:08:59) shown together with best fits
for mass ratiaq = 0.95. For clarity, error bars of the individual data points aneitted and thd light
curve is shifted down 0.25 light units.

98



63.5 0.98
63 - { 7 097 + T .
= 625 E {
g 1 0.96 } I { 1
3 62r 1 11 i
£ { ~ 095F T i
s 615 1 } 4 & {
2 94 + { -
£ 61 L } i 0.9 {
60.5 |- {{}}{{ {_; 093 L i
60 1 1 1 1 1 1 { 092 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
q q
0.50 0.38
. 0.37 . =3
0.48 g
. 0.36 - L 7 e
0.46 = B 0.35 |- . = b
+ 0.34 = -
© 044 - + 4 ® a3l + i
Z 2o .
¢ 042 | 1. 4 &£ 032+ . i
A 031 | = .
0.40 - . . 0.30 | + y
* - .
0.38 I + 4 0.29 *
028 - 4 —
036 1 1 1 1 1 1 1 027 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
q q
1.00 1.00
. . s
0.90 L 0.90 . E
0.80 . . 0.80 * -
; o = T
< 070 £ ¥ 4 g 070 . -
2 * ~ .
B 0.60 . * 1 & 0601 I —
ES
0.50 | - - 0.50 . —
+ =
0.40 - - 0.40 . —
+
030 x 1 1 1 1 1 1 030 ? 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
q q

Figure 3.57: Final parameters of MACHO 075 (05:04:5%10:08:59) for diferent values of mass ratip
plotted together with theird bootstrap errors.

The parameters exhibit the usual dependencies on the ntassVary small error bars
are also caused by the fortuitous fact that the system isdfoua near-contact configu-
ration. Due to the large tidal distortions, the light curveact sensitively to changes in
the radii. Therefore these can be precisely determinedgvatiher patameters like the
orbital inclination and the temperature ratio are more uagg, probably due to the low
inclination which reduces the light curve sensitivity agsivariations of these parame-
ters. Convergence to local minima in the parameter spaaaesmore likely, as can be
seen forg = 0.30,q = 0.40 andqg = 0.55.
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MACHO 240 (05:15:41.5-70:04:39)

Conf.
DE

my [mag] |  P[d] o
15.5 1.7610180, 0.008

— well-detached configuration

— total eclipse minima

— constraints for relative stellar radii

MACHO 240 is a very interesting example of a well-detachethhy. Together with
MACHO 397 it is the only binary analyzed in this work which mmaiguously exhibits
total eclipses. Their presence greatly supports the defieds of the photometric analysis.
Of course, due to the total eclipses the system must be seerydtigh orbital inclination.
The moderate light loss during minima therefore points tmgonents with quite a large
difference in size. The apparent brightness during quadrabasep i3/ = 15.5 mag and
the orbital period was determined as 1.7610180 days whidngsenough to accomodate
the massive components within their Roche lobes. The colbex suggests a primary
temperature of about 50000 K.

Assuming near-main sequence components the observedfrsgimperatures suggests
a mass ratio off ~ 0.7. This yields massive stars witl; ~ 30M, andM, ~ 21M,, and
associated radii oR; ~ 8.8R, andR, ~ 5.6R,. These values correspond well with the
relative radii derived from the photometric analysis. Thghhtemperatures of O7 and
08 stars indicated by the mass values match reasonablyheetiaior index calibration:
39000 K and 35000 K would be expected, while a primary tentpezaof 50000 K was
derived. The deviation might be due to an overestimatedstekar reddening. A high
value ofE(B — V) = 0.12 is found at the particular position of MACHO 240.

The observations of MACHO 240 are somewhat noisy at all arlphases. Like is
often the case, thR band data is of slightly better quality than doand data. The phase
coverage is very good. It is therefore possible to judgeat®ns from the optimum fit
quite easily. Generally the fits are good.

i [deg]

Ter2 [K]

L1/(L1+Lp)

Lo/(L1+ Lp)

Ry/a

Ry/a

0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

84.04+ 0.70
84.03+0.70
84.11+ 0.58
84.12+ 0.42
88.53+ 0.17
84.36+ 0.56
84.58+ 0.64
85.55+ 0.67
86.01+ 0.46
79.71+ 0.24
79.66+ 0.29
79.43+0.18
79.41+ 0.18
79.53+ 0.22

49443+ 255
48674+ 222
47785+ 183
47556+ 200
46790+ 224
46587+ 178
46332+ 208
46250+ 158
45815+ 147
48080+ 214
48146+ 211
49636+ 179
49467+ 216
49724+ 219

0.690+ 0.016
0.694+ 0.016
0.702+ 0.013
0.705+ 0.011
0.711+0.011
0.711+ 0.012
0.714+ 0.015
0.715+ 0.018
0.719+ 0.013
0.583+ 0.015
0.573+0.018
0.468+ 0.015
0.469+ 0.016
0.458+ 0.016

0.310+ 0.016
0.306+ 0.016
0.298+ 0.013
0.295+ 0.011
0.289+ 0.011
0.289+ 0.012
0.286+ 0.015
0.285+ 0.018
0.281+0.013
0.417+ 0.015
0.427+0.018
0.532+ 0.015
0.531+ 0.016
0.542+ 0.016

0.3888+ 0.0011
0.3891+ 0.0012
0.3911+ 0.0009
0.3905+ 0.0008
0.3805+ 0.0008
0.3859+ 0.0010
0.3838+ 0.0009
0.3789+ 0.0008
0.3759+ 0.0008
0.3539+ 0.0006
0.3502+ 0.0008
0.3156+ 0.0004
0.3164+ 0.0004
0.3134+ 0.0005

0.2631+ 0.0013
0.2622+ 0.0013
0.2603+ 0.0011
0.2581+ 0.0008
0.2495+ 0.0007
0.2535+ 0.0010
0.2505+ 0.0011
0.2462+ 0.0011
0.2431+ 0.0008
0.3043+ 0.0014
0.3069+ 0.0015
0.3395+ 0.0011
0.3398+ 0.0011
0.3426+ 0.0011

Table 3.18:Parameters of MACHO 240 (05:15:4+.%0:04:39) derived from the photometric analysis

shown together with& bootstrap errors.
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This system fiers a good opportunity to recognize the constraints, wietptesence
of total eclipses places on all the parameters, especialtii@mass ratig. Though good
fits were only found in the range3b < g < 0.75, the results of some trial runs for higher
mass ratio values are also shown in Table 3.18 and Fig. 3#@gpare highly instructive.
Only in the lower mass ratio range the synthetic light cunyietd total eclipses. In this
region the orbital inclination has high values around 845al8g with one exception at
g = 0.55, which is probably again caused by a local minimum of thaip&ter space.

Due to the presence of total eclipses the relative radii iomgly determined, as is
indicated by the near-constant value &/R;)?. For increasing mass ratio, the inner
Lagrangian point shifts towards the primary component,ciigufers a stronger tidal
distortion. Therefore the radius must get gradually sm&bleompensate for this change.
On the other hand, due to thB,(R;)?> = const constraintR, cannot grow to counteract
the diminishing distortion of the secondary star, but mestrdase along witR;. At some
point between 05 < g < 0.80 in this case, the primary component would reach a Roche
lobe-filling configuration. Ifq was increased beyond that poirR,(R;)? could no longer
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Figure 3.58: V andR light curves of MACHO 240 (05:15:41-50:04:39) shown together with best fits
for mass ratiay = 0.7. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.59: Final parameters of MACHO 240 (05:15:4+80:04:39) for diferent values of mass ratip
plotted together with theird bootstrap errors.

be held constant. At this point, no fit of competitive quatign be achieved anymore. The

Figure 3.60: 3D plots of MACHO 240 (05:15:41:570:04:39) for mass ratio 0.4 (upper left) to 1.0 (lower
right) with 0.1 increments.
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best-fitting synthetic light curves are then produced atdrastic configuration change
with components of similar size, but at a much lower inciimatsee Fig. 3.59), which

does not lead to total eclipses anymore. Therefore a salutithis region can be ruled
out by the nature of the eclipse minima.
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MACHO 074 (05:04:45.4 -69:01:48)

my [mag] P [d] o Conf.
15.6 1.8176111 0.007 DE

— very close system with strong tidal distortion

— high orbital inclination

— relative stellar radii tightly constrained

MACHO 074 is in a very close configuration where one of thessemost fills its
Roche lobe. Via the large loss of light during eclipses tigatlicurves suggest a high
orbital inclination (but not high enough to warrant totaligses) and stellar companions
of comparable size. The ingress and egress points of themmaiare clearly defined,
therefore the system must still be far from a contact configom. For the observed
apparent brightness & = 15.6 mag the quality of the light curves is quite satisfactory.
The relatively large orbital period of 1.8176111 days matkesorbit compatible with
large, massive components.

If main sequence components are assumed, a mass ragiccol must be inferred
due to the photometrically derived temperature ratio neéyuFrom the main sequence
relations stars with high masskt = M, ~ 19M,, can be derived, which would require
stellar radii ofR; = R, ~ 7.3R,. These values correspond to a spectral type of O9
with effective temperatures of about 33600 K. The color index catlibn gives a primary
temperature of 34000 K, which is in excellent agreement withtemperature derived
from the standard main sequence relations.

The light curves of MACHO 074 are well-defined and show an ptadde amount of
scatter for the observed brightness. The fits are mostlyg@og. During the eclipse min-
ima the residuals exhibit a slight systematic trend whicim{scat a somewhat inaccurate
determination of minimum time. Thefect is extremely small, though, and especially
during the secondary minimum barely visible in the lightvas. It surely does noftict
the accuracy of the parameter determination which is dot@éhlay other problems here.

i [deg]

Ter2 [K]

L1/(L1+Lp)

Lo/(L1+ Lp)

Ry/a

Ry/a

0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

84.71+ 0.29
83.80+ 0.23
83.15+ 0.20
82.63+ 0.15
82.58+ 0.14
82.59+ 0.18
82.05+ 0.12
82.27+0.14
82.09+ 0.15
82.65+ 0.15
82.67+0.16
82.17+0.19
82.89+ 0.21
82.73+0.18

34421+ 200
34278+ 165
34158+ 170
34051+ 146
33708+ 165
33471+ 154
34067+ 150
33186+ 146
33266+ 126
32195+ 168
32012+ 164
32375+ 164
31395+ 129
31432+ 140

0.641+ 0.019
0.626+ 0.013
0.609+ 0.012
0.590+ 0.012
0.597+0.013
0.592+ 0.012
0.540+ 0.013
0.569+ 0.012
0.553+0.011
0.613+ 0.015
0.613+0.013
0.565+ 0.017
0.626+ 0.012
0.617+0.015

0.359+ 0.019
0.374+0.013
0.391+ 0.012
0.410+ 0.012
0.403+0.013
0.408+ 0.012
0.460+ 0.013
0.431+ 0.012
0.447+0.011
0.387+ 0.015
0.387+0.013
0.435+0.017
0.374+0.012
0.383+ 0.015

0.3813+ 0.0011
0.3793+ 0.0009
0.3751+ 0.0007
0.3680+ 0.0006
0.3734+ 0.0005
0.3706=+ 0.0007
0.3513+ 0.0006
0.3617+ 0.0005
0.3563+ 0.0005
0.3747+ 0.0009
0.3729+ 0.0008
0.3583+ 0.0009
0.3722+ 0.0008
0.3683+ 0.0010

0.2919+ 0.0004
0.3001+ 0.0012
0.3076+ 0.0012
0.3146+ 0.0010
0.3149+ 0.0009
0.3168+ 0.0008
0.3316+ 0.0010
0.3251+ 0.0009
0.3307+ 0.0011
0.3100+ 0.0009
0.3090+ 0.0010
0.3273+ 0.0013
0.3023+ 0.0011
0.3046+ 0.0011

Table 3.19: Parameters of MACHO 074 (05:04:45.d9:01:48) derived from the photometric analysis

shown together with& bootstrap errors.
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Figure 3.61: 3D plots of MACHO 074 (05:04:45-469:01:48) for mass ratio 0.4 (upper left) to 1.0 (lower
right) with 0.1 increments.

The trends of the parameters with mass rgtaye generally normal, but especially the
values of the relative radii are disrupted by many deviatifsom the expected scheme,
mainly for medium values of the mass ratio. However, theserdpancies are small.
This is due to the high inclination near the point of occuceenf total eclipses — where
the radii are confined to a narrow range. Therefore the tesmyer ratio must change
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Figure 3.62:V andRlight curves of MACHO 074 (05:04:45-49:01:48) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points aneitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.63: Final parameters of MACHO 074 (05:04:4589:01:48) for diferent values of mass ratip
plotted together with theird bootstrap errors.

to counteract the varying tidal distortion with increasimin this case. Of course, the
influence of this parameter is very limited due to the retatelipse depths constraining
its value. With increasing, the secondary becomes less distorted, while the shape of th
primary approaches gradually its critical lobe.
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MACHO 421 (05:28:08.9 -69:27:35)

Conf.
DE

my [mag]| PId] o
15.7 1.5778154 0.006

— widely detached system

— very good light curve fits

— only weak parameter constraints possiple

MACHO 421 shows a distinctly detached configuration wheegttévo components are
very well separated. It is clear that this configuration wdimewhat hamper precise pa-
rameter determination without spectroscopic data, sime@mbiguity of the light curves
with respect to many stellar parameters increases withratpa, due to the lack of sen-
sitivity of tidal distortion against parameter changes.thétellar radii of similar size,
it is obvious that the light loss of only about 20% during batinima implies quite a
low orbital inclination. The quality of the light curves i®gd, considering the apparent
brightness o = 15.7 mag. The phase coverage is not complete, with a few gapgin th
descending branches of both eclipse minima.

With the derived orbital period of 1.5778154 days and unterassumption of both
components being close to the main sequence, the photoaitiderived temperature
ratio suggests a probable mass ratig ef 0.85. Stellar masses &fl; ~ 12M, andM, ~
10M, follow, resulting in component radii d®; ~ 4.8R, andR, ~ 5.3R,. With an orbital
separation of ~ 16R, inferred from Kepler’s Third Law (1.1), the relative radeved
from the light curves are rather well compatible with theakigs. It is doubtful whether
the main sequence assumption holds in this case. It is wedliple that both components
may be evolved to a certain degree. There are other indicatar this assumption: the
estimated absolute stellar parameters imply hot stars edtegd types B0.5 and B1 in
contrast to the color-based temperature calibration whighs a primary temperature
of only 21000 K. Nevertheless, this may also be a problem ectea with interstellar
reddening. With a value dE(B — V) = 0.08 it is relatively low at the coordinates of

q i [deg] Te2 [K] Li/(Li+Llp) | Lo/(Li+Lp) Ri/a R2/a
0.30 | 71.28+0.17 | 19268+ 90 0.648+ 0.010 | 0.352+ 0.010 | 0.3310+ 0.0007 | 0.2687+ 0.0008
0.35 | 70.79+ 0.19 | 19000+ 90 0.663+ 0.015 | 0.337+0.015 | 0.3460+ 0.0010 | 0.2728+ 0.0012
0.40 | 70.64+0.13 | 19073+ 87 0.617+0.017 | 0.383+0.017 | 0.3256+ 0.0007 | 0.2835+ 0.0009
0.45 | 70.55+0.16 | 19310+ 142 | 0.583+ 0.050 | 0.417+ 0.050 | 0.3155+ 0.0016 | 0.2913+ 0.0011
0.50 | 70.16+ 0.15 | 18970+ 50 0.603+ 0.015 | 0.397+ 0.015 | 0.3268+ 0.0005 | 0.2925+ 0.0011
0.55 | 70.10+0.17 | 18985+ 70 0.595+ 0.018 | 0.405+ 0.018 | 0.3258+ 0.0005 | 0.2951+ 0.0012
0.60 | 70.17+0.19 | 19191+ 89 0.535+ 0.014 | 0.465+ 0.014 | 0.3019+ 0.0005 | 0.3082+ 0.0012
0.65 | 70.04+0.17 | 19133+ 85 0.527+0.018 | 0.473+0.018 | 0.3013+0.0005 | 0.3123+ 0.0011
0.70 | 69.84+0.16 | 18940+ 71 0.546+ 0.017 | 0.454+ 0.017 | 0.3109+ 0.0005 | 0.3109+ 0.0010
0.75 | 69.85+0.16 | 19044+ 70 0.515+ 0.014 | 0.485+ 0.014 | 0.2996+ 0.0004 | 0.3185+ 0.0010
0.80 | 69.91+0.16 | 19001+ 70 0.500+ 0.013 | 0.500+ 0.013 | 0.2940+ 0.0005 | 0.3231+ 0.0012
0.85 | 69.76+0.17 | 18952+ 78 0.507+ 0.015 | 0.493+ 0.015 | 0.2991+ 0.0005 | 0.3232+ 0.0013
0.90 | 69.73+0.16 | 18971+ 59 0.490+ 0.017 | 0.510+0.017 | 0.2942+ 0.0004 | 0.3282+ 0.0012
0.95 | 69.68+ 0.15 | 18896+ 51 0.499+ 0.016 | 0.501+ 0.016 | 0.2981+ 0.0004 | 0.3270+ 0.0011
1.00 | 70.19+0.14 | 19267+ 54 0.431+ 0.018 | 0.569+ 0.018 | 0.2737+0.0004 | 0.3401+ 0.0011

Table 3.20: Parameters of MACHO 421 (05:28:08.89:27:35) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.64: 3D plots of MACHO 421 (05:28:08:9%69:27:35) for mass ratio 0.3 (upper left) to 1.0 (lower
right) with 0.1 increments.

MACHO 421. Due to the limited resolution of the reddening mesed and a probably
very low reddening in the immediate vicinity, the value magiMde underestimated here.
A higher reddening value would of course result in highergeratures.

MACHO 421 shows light curves of good quality. As far as it canjibdged, the fits
are very good and do not show any systematic deviations fh@amobservations. It can
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Figure 3.65:V andR light curves of MACHO 421 (05:28:08-%59:27:35) shown together with best fits
for mass ratiaq = 0.85. For clarity, error bars of the individual data points aneitted and thd light
curve is shifted down 0.25 light units.
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Figure 3.66: Final parameters of MACHO 421 (05:28:0889:27:35) for diferent values of mass ratip
plotted together with theird bootstrap errors.

therefore be safely concluded that no interactibects are evident as expected in a widely
separated binary like MACHO 421.

The parameters follow the usual trends with no conspicueustions except the larger
error bars forg = 0.45. It is however clear that this type of system does not alow
definite determination of parameters due to the complicatactture of its parameter
space. Additional constraints from the spectroscopic wiogld be necessary to achieve
a unique solution.
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MACHO 337 (05:21:34.4 —69:31:28)

Conf.
DE

my [mag] | P[d] o
15.9 1.1419771 0.008

— very close, but still detached system

— secondary component nearly filling Roche lobe

—weak phase coverage, compared with other systems

MACHO 337 is in a detached configuration, yet the secondamypament sffers very
strong tidal distortion and is very close to its Roche lobkigh mass ratios. The system
has a relatively short orbital period of 1.1419771 days dms light curves of good
quality for its apparent quadrature brightnesswgf = 159 mag. However, there are
a few gaps in phase. Actually, the phase coverage is amongadrst of all systems
analyzed in this work, but still adequate to allow for a dethphotometric analysis.

If once again main sequence stars are assumed, the obsemveerature ratio implies
a mass ratio of abow ~ 0.7. Through the main sequence relations and Kepler's Third
Law (1.1), stellar masses &, ~ 5.8M, and M, ~ 4.1M, and radii ofR; ~ 3.3R, and
R, ~ 3.6R, can be derived. The orbital separatiorais: 10R,. These absolute param-
eters suggest the components to be stars with spectral Besd B6, corresponding
to temperatures of about 18700 K and 14700 K. For the primaryasvalue of 20000 K
follows from the color index, again being in line with the find that the temperatures
determined that way are usually to be regarded as uppeslimit

The light curve fits are satisfactory and show no large-segdtematic discrepancies.
More data points would be needed to better judge the actudityjwf the fits in the
ascending branch just after the primary minimum, and dutiegsecondary minimum as
well.

The parameters behave as expected for a close, yet detaatechsThe almost Roche
lobe-filling condition of the secondary is reflected in thegse trends and small error

q i [deg] Ter2 [K] Li/(Li+Lp) | Lo/(Li+Lp) Ri/a Ro/a
0.30 | 76.55+0.22 | 15268+ 98 0.793+ 0.017 | 0.207+0.017 | 0.4013+ 0.0011 | 0.2801+ 0.0006
0.35 | 75.54+0.15 | 15339+ 98 0.764+ 0.018 | 0.236+ 0.018 | 0.3859+ 0.0010 | 0.2918+ 0.0006
0.40 | 74.86+ 0.21 | 15452+ 102 | 0.731+0.029 | 0.269+ 0.029 | 0.3690+ 0.0017 | 0.3025+ 0.0004
0.45 | 74.40+ 0.21 | 15495+ 100 | 0.706+ 0.029 | 0.294+ 0.029 | 0.3584+ 0.0016 | 0.3118+ 0.0008
0.50 | 74.19+ 0.14 | 15628+ 88 0.672+ 0.031 | 0.328+ 0.031 | 0.3424+ 0.0018 | 0.3202+ 0.0008
0.55 | 73.67+0.15 | 15604+ 82 0.656+ 0.020 | 0.344+0.020 | 0.3384+ 0.0013 | 0.3280+ 0.0010
0.60 | 73.73+0.22 | 15313+ 68 0.685+ 0.014 | 0.315+ 0.014 | 0.3542+ 0.0010 | 0.3240+ 0.0021
0.65 | 73.21+0.16 | 15715+ 73 0.616+ 0.015 | 0.384+0.015 | 0.3256+ 0.0010 | 0.3411+ 0.0012
0.70 | 73.00+ 0.18 | 15654+ 66 0.617+ 0.016 | 0.383+0.016 | 0.3291+ 0.0007 | 0.3443+ 0.0015
0.75 | 72.84+0.20 | 15497+ 68 0.623+ 0.022 | 0.377+0.022 | 0.3329+ 0.0007 | 0.3451+ 0.0015
0.80 | 72.97+0.27 | 15677+ 64 0.594+ 0.024 | 0.406+ 0.024 | 0.3221+ 0.0008 | 0.3517+ 0.0020
0.85 | 72.91+0.31 | 15712+ 71 0.580+ 0.025 | 0.420+0.025 | 0.3180+ 0.0007 | 0.3561+ 0.0022
0.90 | 72.89+0.31 | 15571+ 61 0.595+ 0.026 | 0.405+0.026 | 0.3246+ 0.0011 | 0.3533+ 0.0023
0.95 | 72.79+ 0.24 | 15733+ 65 0.547+ 0.026 | 0.453+ 0.026 | 0.3058+ 0.0009 | 0.3664+ 0.0021
1.00 | 72.68+0.25 | 15733+ 68 0.530+ 0.033 | 0.470+0.033 | 0.2996+ 0.0012 | 0.3720+ 0.0023

Table 3.21:Parameters of MACHO 337 (05:21:34.@9:31:28) derived from the photometric analysis

shown together with& bootstrap errors.
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Figure 3.67: 3D plots of MACHO 337 (05:21:34:469:31:28) for mass ratio 0.3 (upper left) to 1.0 (lower

right) with 0.1 increments.

bars of the relative radii. An outlier is observedcpt= 0.6, but does not have large

influence on the general trend.
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Figure 3.68: Final parameters of MACHO 337 (05:21:3489:31:28) for diferent values of mass ratip

plotted together with theird bootstrap errors.
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Figure 3.69:V andR light curves of MACHO 337 (05:21:34-469:31:28) shown together with best fits
for mass ratiay = 0.7. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.
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3.7.4 Special cases
MACHO 547 (05:35:58.7 —69:40:17)

mv [mag] | P[d] o
15.9 0.8046281| 0.006

— system exactly at inner contact

— both components nearly completely filling Roche lobes

Conf.
CcO

Together with OGLE 9 175323 (see Section 4.7.1) MACHO 547isique case among
the binary systems analyzed in this work, since it is neaticty at inner contact where
both components exactly fill their respective Roche lobédsviQusly, this is a very rare
case, as any further expansion of one of the stars will reésatt overcontact configuration
with a common envelope. It is of course unlikely that MACHOr'5¢ in a perfect contact
configuration, but it is certainly very close to it. Its odditperiod is very short with
only 0.8046281 days and it has an apparent brightness dguiadyrature phases of, =
159 mag. The orbital inclination is rather low and thereforépses are shallow. This
is unfortunate since at higher inclination with possibliateclipses MACHO 547 could
be one of the best-determined systems of this entire workaltlee sharp constraints on
both surface potentials.

It is unlikely that MACHO 547 is constituted of main sequercenponents, because
these would have too small luminosities to be compatiblé wWie observed brightness
at LMC distance. The primary temperature derived from thilercmdex lies at about
30000 K. Because of the temperature ratio being near uniytla® comparable sizes
of both components, both stars are similar and belong totispeégpe BO. Again, this
should be regarded as an upper limit. According to the appdrgghtness spectral type
B3 seems a more likely possibility.

The light curves of MACHO 547 are of good quality and displaytyyoa moderate
amount of scatter. With the currently available measuremero systematic deviations
of the residuals are observed. All parts of both light curaesfitted equally well and
no asymmetries can be detected. Therefore it is likely thatamplicating close-binary
effects, should they exist, are relatively weak in this system.

q i [deg] Ten2 [K] Li/(Li+Llp) | Lo/(Li+Lp) Ri/a Rq/a

0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

65.61+ 0.14
65.36+ 0.13
65.06+ 0.17
64.87+0.13
64.77+0.15
64.68+ 0.13
64.84+0.18
64.69+ 0.16
64.50+ 0.13
64.47+0.12
64.33+ 0.12
64.30+0.11

30515+ 222
30526+ 209
30435+ 201
30521+ 190
30524+ 192
30534+ 181
30275+ 178
30286+ 179
30383+ 182
30629+ 142
30553+ 159
30679+ 181

0.674+ 0.017
0.652+ 0.017
0.633+0.017
0.614+ 0.016
0.596+ 0.017
0.579+ 0.017
0.569+ 0.021
0.553+ 0.022
0.537+ 0.020
0.521+0.015
0.509+ 0.017
0.495+ 0.020

0.326+ 0.017
0.348+ 0.017
0.367+0.017
0.386+ 0.016
0.404+0.017
0.421+ 0.017
0.431+ 0.021
0.447+ 0.022
0.463+ 0.020
0.479+ 0.015
0.491+ 0.017
0.505+ 0.020

0.4515+ 0.0001
0.4417+ 0.0006
0.4333+ 0.0003
0.4255+ 0.0003
0.4182+ 0.0003
0.4115+ 0.0005
0.4054+ 0.0002
0.3996+ 0.0001
0.3942+ 0.0002
0.3891+ 0.0002
0.3843+ 0.0003
0.3798+ 0.0002

0.3121+ 0.0002
0.3206+ 0.0003
0.3284+ 0.0003
0.3357+ 0.0005
0.3424+ 0.0006
0.3485+ 0.0010
0.3525+ 0.0016
0.3587+ 0.0013
0.3646+ 0.0009
0.3700+ 0.0005
0.3751+ 0.0003
0.3797+ 0.0004

Table 3.22: Parameters of MACHO 547 (05:35:58.69:40:17) derived from the photometric analysis
shown together with& bootstrap errors.
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Figure 3.70: 3D plots of MACHO 547 (05:35:58-469:40:17) for mass ratio 0.5 (upper left) to 1.0 (lower
right) with 0.1 increments.

The parameters are very well determined which can be exppéatesuch a strongly
constrained system. The Roche lobe-filling condition ohbadmponents severely re-
stricts any variations in the relative radii for each fixedueaof the mass ratio. The
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Figure 3.71:V andR light curves of MACHO 547 (05:35:58-69:40:17) shown together with best fits
for mass ratiay = 1.0. For clarity, error bars of the individual data points angitted and theR light curve
is shifted down 0.25 light units.
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Figure 3.72: Final parameters of MACHO 547 (05:35:5869:40:17) for diferent values of mass ratip
plotted together with theird bootstrap errors.

radius changes caused by changes in mass ratio and theadsdatifting of the inner
Lagrangian point are compensated by slight variations efatbital inclination. Since
it is rather low, the sensitivity of the light curves agaiparameter changes is relatively
weak. The low inclination therefore sets a definite limithe taccuracy with which pa-
rameter determination can be achieved for this system. Meless, due to its unique
configuration it is one of the most interesting and instugchinary stars analyzed in this
work.
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MACHO 307 (05:19:47.9 —69:28:45)

my [mag] P [d] o Conf.

15.4 1.7185537, 0.008| SD/DE
— two entirely diferent solution parameter sets
— No main sequence stars
— diversity of solutions

Completely in contrast to MACHO 383 (see Section 3.7.3), NHEL307 is one of the
most ambiguous systems analyzed in this work. Two entirgfgre@nt sets of parameters
have been found in parameter space which yield solutionsroparable quality. Together
with a relatively low orbital inclination and an above-aage amount of scatter in the
light curves it is again demonstrated how problematic thampater determination from
photometric data alone can be. In this case, even a spegpioally determined mass
ratio would not necessarily alleviate the problem, sincedysolutions have been found
for exactly the same range of mass ratio values in both paeamegions. The orbital
period of MACHO 307, having a maximum apparent brightnessof 15.4 was found
to be 1.7185537 days.

In this case the assumption that both components are maireiseg stars is certainly
not justified. The observed temperatur@elience of the components would require a
mass ratio of] < 0.5, which is not covered by any of the solutions found, becaoselid
binary configuration exists for such a low mass ratio, whicluld be compatible with the
observed light curves. Therefore, at least one of the coesrhas to be an evolved star.
The two parameter regions mainhyfidr by the fact, which of the components is the larger

i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(Ly + Lp)

Ry/a

Ro/a

0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

68.97+ 0.07
69.21+ 0.09
69.55+ 0.14
69.06+ 0.13
69.02+ 0.13
68.90+ 0.16
69.57+ 0.08
69.14+ 0.08

25949+ 133
26292+ 140
26438+ 159
26287+ 165
26283+ 155
26207+ 154
26531+ 167
26319+ 116

0.630+ 0.014
0.592+ 0.020
0.554+ 0.027
0.555+ 0.025
0.537+0.023
0.529+ 0.021
0.480+ 0.028
0.484+ 0.019

0.370+ 0.014
0.408+ 0.020
0.446+ 0.027
0.445+ 0.025
0.463+ 0.023
0.471+0.021
0.520+ 0.028
0.516+ 0.019

0.3339+ 0.0006
0.3160+ 0.0006
0.2985+ 0.0011
0.3028+ 0.0008
0.2961+ 0.0005
0.2948+ 0.0005
0.2728+ 0.0004
0.2763+ 0.0003

0.3426+ 0.0001
0.3489+ 0.0000
0.3548+ 0.0000
0.3604+ 0.0000
0.3656+ 0.0000
0.3706+ 0.0000
0.3754+ 0.0000
0.3799+ 0.0000

Table 3.23: Parameters (semi-detached configuration) of MACHO 3071@87.9-69:28:45) derived

from the photometric analysis shown together withdootstrap errors.

q

i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(Ly + Lp)

Ry/a

Ro/a

0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

77.31+0.36
76.88+ 0.34
76.88+ 0.39
75.95+ 0.31
76.36+ 0.36
76.70+ 0.28
76.62+ 0.26
74.94+ 0.39

18923+ 179
18806+ 188
18664+ 181
18825+ 172
18646+ 194
18433+ 155
18408+ 165
19053+ 181

0.910+ 0.010
0.908+ 0.009
0.908+ 0.007
0.900+ 0.009
0.903+ 0.008
0.906+ 0.006
0.905+ 0.007
0.880+ 0.016

0.090+ 0.010
0.092+ 0.009
0.092+ 0.007
0.100+ 0.009
0.097+ 0.008
0.094+ 0.006
0.095+ 0.007
0.120+ 0.016

0.4014+ 0.0010
0.3959+ 0.0009
0.3903+ 0.0010
0.3858+ 0.0009
0.3804+ 0.0008
0.3755+ 0.0007
0.3711+ 0.0007
0.3678+ 0.0009

0.1946+ 0.0012
0.1955+ 0.0012
0.1934+ 0.0014
0.1992+ 0.0011
0.1945+ 0.0016
0.1900+ 0.0010
0.1895+ 0.0011
0.2079+ 0.0020

Table 3.24: Parameters (detached configuration) of MACHO 307 (05:19:469:28:45) derived from the

photometric analysis shown together witt hootstrap errors.
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one. Since one set of solutions finds the secondary to fillaish lobe, it is designated
the SD (semi-detached) set, while the other set shows dycléetached configuration
(with the primary sffering severe tidal distortion) and is therefore design&iEd(see
Fig. 3.76).

The light curve fits for both solution regimes are both not e$toquality, indicating
possible complications like mass transfer, accretiongd@kother distortions by circum-
stellar matter, which prevent a truly global solution. ImgFi3.73 typical solutions for
both parameter regions are compared, in this case only ilRthassband. Both light
curves were computed for= 1.0, since for evolved components no further information
about this value can be extracted from the ratios of tempersitor radii. It is clear that
both solutions have their individual strengths and weasegsWhile the SD solution fits
the secondary minimum very well, particularly during theesg phase, this cannot be
reproduced adequately by the DE solution. On the other lguratjrature phases and the
shoulders of the primary minimum are perfectly fitted by tHe &lution, while the SD
solution gives a poorer fit there. The primary minimum itsgkot covered very well by

0.05 |
0.00 £
-0.05 |
0.05 |
0.00 [
-0.05 |

O-C (DE) O-C (SD)

Norm. light

031

SD  x
DE ~+
0.2 .

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Orbital phase

Figure 3.73: Rlight curves of MACHO 307 (05:19:47-9%9:28:45) for SD (top) and DE configuration
(bottom) shown together with best fits for mass ratie 1.0. For clarity, error bars of the individual data
points are omitted and the DE light curve is shifted down Oig% units.
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Figure 3.74: Final parameters of MACHO 307 (05:19:4789:28:45) for diferent values of mass ratip
and SD configuration plotted together with their hootstrap errors.

either of the solutions, but this is due to a certain assymetthe profile which cannot be
modelled by MORO whatsoever.

The parameters found in each of the solution regimé&erdsignificantly from each
other. Of course, the most obvioudfdrence lies in the relative radii, which in the case
of the SD solution follow the standard relations with thelaately determined secondary
radius for each value af due to the fact that its surface potential is fixed by the semi-
detached component constraint. In the DE configurationrtmeds are not so clear. With
the primary component being close to its Roche lobe, theggmadius does not have
much freedom to vary and follows the usual trend. The redatadius of the secondary
component, though, is nearly constant throughout the rahgeass ratios. This is clear,
since it has a comparably small valueRyf/a ~ 0.2 and small parameter changes will
not result in a significant distortion of this component. miere changing its radius
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Figure 3.75: Final parameters of MACHO 307 (05:19:4789:28:45) for diferent values of mass ratip
and detached configuration plotted together with theibbotstrap errors.

cannot accomplish a fiicient compensation for variations of other parametersdikéal
inclination. Interestingly, the temperature ratios founddoth solution regimes ffer
from each other quite significantly. Thiffect is rather intricate and requires an in-depth
discussion, which can be found in Section 3.7.4, where asiemjfar eclipsing binary is
analyzed.

This example illustrates how poorer measurement qualityléoed with an assumed
inadequate configuration can yield a satisfactory solutaine complete light curve, re-
sulting in a serious indeterminacy of system parametetsadtto be mentioned that with
the classic “guessing” method of determining initial paedens for light curve fits this
kind of problem is easily overlooked. Only a thorough seatthe entire relevant pa-
rameter space, as described in Section 3.6.2 and employbd iwork, can &ectively
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Figure 3.76: 3D plots of MACHO 307 (05:19:47:9%69:28:45) for mass ratio 0.7 to 1.0 and SD
configuration (upper row) with 0.1 increments. Comparisimtspwith identical mass ratios are shown for
DE configuration in the lower row.

alert the researcher to exercise even more caution thatiyuss@mmended when deriv-
ing stellar parameters from eclipsing binary light curves.
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MACHO 443 (05:30:18.2 -68:55:16)

my [mag] P [d] o Conf.
15.7 1.6690412 0.007 SD/DE

— two completely dierent solution parameter sets

— very similar to MACHO 307

— ambiguity in temperature ratio

Just like MACHO 307 (see Section 3.7.4), MACHO 443 is a systgth two com-
pletely diferent sets of solutions. In fact, the light curves of botheays are very simi-
lar. Therefore the same kind of ambiguity is encountereth wine semi-detached (SD)
and one detached (DE) set of solutions. A further similastthe orbital period which
in both cases lies around 1.7 days, giving room for evolvedpmmnents in the systems.
With my = 15.7 mag the apparent brightness of MACHO 443 is somewhat lokgar t
that of MACHO 307. Nevertheless, the light curves are of caraple quality. The phase
sampling is not as good MACHO 443, though.

Again, no main sequence components can be assumed for ¢heg stystem. The
temperature dierence between primary and secondary stars is too largeltbgimass
ratio which is covered by the photometric solutions. Itkely that one of the components
has evolved far beyond its main sequence size. For the aetactution, the evolved star
would be the primary component on its way to a Roche lobadjltondition. In case of

q i [deg] Ter2 [K] Li/(Li+Lp) | Lp/(Li+Lp) Ri/a Rq/a
0.55 | 70.02+0.18 | 15302+ 73 | 0.677+0.024 | 0.323+0.024 | 0.3381+ 0.0013 | 0.3285+ 0.0001
0.60 | 69.68+ 0.10 | 15274+ 57 | 0.662+ 0.011 | 0.338+ 0.011 | 0.3337+ 0.0010 | 0.3357+ 0.0002
0.65 | 69.58+ 0.10 | 15405+ 52 | 0.632+ 0.014 | 0.368+ 0.014 | 0.3218+ 0.0007 | 0.3425+ 0.0002
0.70 | 69.82+ 0.15 | 15520+ 76 | 0.595+ 0.030 | 0.405+ 0.030 | 0.3045+ 0.0011 | 0.3488+ 0.0003
0.75 | 69.51+0.23 | 15454+ 61 | 0.588+ 0.034 | 0.412+ 0.034 | 0.3044+ 0.0015 | 0.3546+ 0.0005
0.80 | 69.85+ 0.15 | 15521+ 56 | 0.552+ 0.025 | 0.448+ 0.025 | 0.2879+ 0.0011 | 0.3603+ 0.0003
0.85 | 69.51+0.17 | 15499+ 63 | 0.551+ 0.038 | 0.449+ 0.038 | 0.2911+ 0.0017 | 0.3653+ 0.0006
0.90 | 69.36+0.09 | 15421+58 | 0.541+ 0.027 | 0.459+ 0.027 | 0.2880+ 0.0010 | 0.3702+ 0.0008
0.95 | 69.21+0.18 | 15502+ 58 | 0.529+ 0.022 | 0.471+ 0.022 | 0.2858+ 0.0010 | 0.3744+ 0.0010
1.00 | 69.18+0.11 | 15517+56 | 0.517+0.015 | 0.483+ 0.015 | 0.2828+ 0.0006 | 0.3786+ 0.0011

Table 3.25: Parameters (semi-detached configuration) of MACHO 443@38.2-68:55:16) derived
from the photometric analysis shown together withootstrap errors.

q i [deg] Ten2 [K] Li/(Li+Llp) | Lo/(Li+Lp) Ri/a Ro/a
0.55 | 77.49+0.42 | 12557+ 123 | 0.914+ 0.018 | 0.086+ 0.018 | 0.4087+ 0.0012 | 0.2041+ 0.0016
0.60 | 77.82+0.54 | 12486+ 123 | 0.915+ 0.022 | 0.085+ 0.022 | 0.4014+ 0.0012 | 0.2000+ 0.0020
0.65 | 76.47+0.75 | 12529+ 96 0.906+ 0.023 | 0.094+ 0.023 | 0.3962+ 0.0013 | 0.2080+ 0.0027
0.70 | 75.25+0.53 | 12633+ 69 0.893+ 0.021 | 0.107+0.021 | 0.3912+ 0.0011 | 0.2189+ 0.0026
0.75 | 76.51+0.42 | 12330+ 97 0.908+ 0.018 | 0.092+ 0.018 | 0.3851+ 0.0009 | 0.2037+ 0.0016
0.80 | 74.16+0.30 | 12873+ 87 0.871+0.019 | 0.129+ 0.019 | 0.3798+ 0.0009 | 0.2314+ 0.0015
0.85 | 74.24+0.33 | 12812+ 87 0.871+ 0.022 | 0.129+ 0.022 | 0.3752+0.0010 | 0.2294+ 0.0018
0.90 | 73.74+0.35 | 12914+ 89 0.860+ 0.026 | 0.140+ 0.026 | 0.3704+ 0.0010 | 0.2361+ 0.0020
0.95 | 73.39+0.24 | 13034+ 94 0.848+ 0.021 | 0.152+ 0.021 | 0.3660+ 0.0010 | 0.2418+ 0.0013
1.00 | 73.43+0.24 | 13032+ 107 | 0.845+ 0.026 | 0.155+ 0.026 | 0.3620+ 0.0009 | 0.2416+ 0.0014

Table 3.26: Parameters (detached configuration) of MACHO 443 (05:3@:468:55:16) derived from the
photometric analysis shown together witt hootstrap errors.
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the semi-detached solution where both components are déssize, it is possible that
the secondary component originally was the more massivelutdias lost a significant
amount of its mass during its evolution to the new primary ponent (see Fig. 3.80).

The fits of the light curves (see Fig. 3.77) are better thasdlaf MACHO 307 (see
Fig. 3.73). There are only subtlefiirences between the SD and the DE solutions.
For example, the shoulders of the primary minimum are reyred diferently, but it is
difficult to decide which of the two fits matches better in this eang

The parameters naturally exhibit a similar behavior ase¢l@disACHO 443. The pa-
rameters of both solution sets are vastlffetient. Generally, the standagedependencies
are followed very well. It is obvious that the determinatenef the radii is closely con-
nected to the Roche lobe filling factor. For the semi-detdaunfiguration in which the
secondary star completely fills its Roche lobe, the variarides radius is very small and
the error bars nearly vanish. The santkeet can also be noted for the second configu-
ration where both stars are detached. The error bars armr,larfgcourse, nevertheless
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Figure 3.77: R light curves of MACHO 443 (05:30:18-568:55:16) for SD (top) and DE configuration
(bottom) shown together with best fits for mass ratie 1.0. For clarity, error bars of the individual data
points are omitted and the DE light curve is shifted down Gigt& units.
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Figure 3.78: Final parameters of MACHO 443 (05:30:18.28:55:16) for diferent values of mass ratip
and SD configuration plotted together with their hootstrap errors.

the trend withq is much better defined than for the radius of the (very smealipadary
component.

The question remains why a significanffdrence in temperature ratio can exist be-
tween the two solution sets, since it is the only parametégradened by the relative
depths of the minima. The samffext was observed with MACHO 307. It is clear that
the stellar temperatures must be seen as an average valuthewehole stellar disk.
Since the synthetic light curves must fit the observatioestidally for both configura-
tions, it is necessary that the eclipsed parts have the sanpetature in both cases. Since
the (average) secondary temperature is derived signifyclmter for the detached con-
figuration, it must be concluded that theet is due to irradiation by the primary star:
the hemisphere of the secondary facing the primary composéeated by its radiation.
The presence of this reflectioffect can be detected in the light curves by comparing the
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Figure 3.79: Final parameters of MACHO 443 (05:30:1828:55:16) for diferent values of mass ratip
and detached configuration plotted together with theibbotstrap errors.
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Figure 3.80: 3D plots of MACHO 443 (05:30:18:268:55:16) for mass ratio 0.55 to 1.00 and SD
configuration (upper row) with 0.15 increments. Compariglmts with identical mass ratios are shown for
DE configuration in the lower row.
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ingress points of the primary and secondary minimum. Therlane is higher, indicating
irradiation of the secondary component by the (hotter) prinstar. It can clearly be seen
that in the DE case the shoulder of the secondary minimungtsehithan in the SD case,
indicating a stronger reflectioritect. This explains why temperature ratios can be derived
differently from the same light curves forfiirent stellar configurations. Otherwise, the
temperature ratio can be precisely extracted, as has besmmndé&ated for numerous other
binaries in this work.
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MACHO 557 (05:36:26.8 —69:35:19)

my [mag] P [d] o Conf.
15.7 0.8332756| 0.009| DE/OC

— two slightly diferent solution parameter sets

— very short orbital period

Other than MACHO 307 and MACHO 443 (see Sections 3.7.4 and)3.MMACHO
557 can be represented by two only slightlffeling solution sets. The system consists
of components of similar size which are either still detacbe may also be in a slight
overcontact configuration. For both cases solutions oftidaiquality can be derived and
it cannot be decided from the fits which assumption is actualirect. The two results are
discussed here individually not due to largé&eliences between their parameters (as they
are nearly identical), but because they are extremelyuaste regarding the fundamental
differences between detached and overcontact configuratioesrie of parameter defi-
niteness and correlations. The additional physical camgt valid even for the slightest
overcontact configuration can be illustrated impressibglyhis example.

With only 0.8332756 days the orbital period of MACHO 557 itateely short. The
light curves are of very good quality for a system with= 15.7 mag. If main sequence
components are assumed, the observed temperature ragsmonds to a mass ratio of
aboutq ~ 0.85. Component masses come out\Mgs ~ 7.3M, and M, ~ 6.2M,, and

q i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ry/a

Ry/a

0.60 | 81.53+0.33
0.65 | 81.13+0.31
0.70 | 80.48+0.17
0.75 | 80.08+0.20
0.80 | 79.85+0.15
0.85 | 79.96+ 0.24
0.90 | 79.61+0.31
0.95 | 79.75+0.18
1.00 | 79.72+0.18

26593+ 161
26508+ 162
26978+ 192
27065+ 191
27008+ 180
26721+ 180
27055+ 191
27192+ 175
27093+ 186

0.653+ 0.014
0.643+ 0.015
0.609+ 0.022
0.591+ 0.023
0.582+ 0.021
0.585+ 0.024
0.552+ 0.026
0.534+ 0.025
0.530+ 0.028

0.347+0.014
0.357+0.015
0.391+ 0.022
0.409+ 0.023
0.418+ 0.021
0.415+ 0.024
0.448+ 0.026
0.466+ 0.025
0.470+ 0.028

0.4223+ 0.0012
0.4175+ 0.0007
0.4046+ 0.0011
0.3976+ 0.0012
0.3953+ 0.0009
0.3940+ 0.0005
0.3831+ 0.0013
0.3762+ 0.0014
0.3751+ 0.0011

0.3340+ 0.0014
0.3377+ 0.0015
0.3486+ 0.0006
0.3547+ 0.0003
0.3597+ 0.0010
0.3577+ 0.0019
0.3704+ 0.0008
0.3752+ 0.0006
0.3780+ 0.0016

Table 3.27: Parameters (detached configuration) of MACHO 557 (05:38:280:35:19) derived from the

photometric analysis shown together witt hootstrap errors.

q i [deg]

Ter2 [K]

Li/(L1+Lp)

Lo/(L1+Lp)

Ry/a

Ry/a

0.50 | 82.51+0.33
0.55 | 81.80+0.36
0.60 | 81.07+0.39
0.65 | 80.58+0.40
0.70 | 80.28+0.24
0.75 | 79.87+0.23
0.80 | 79.66+0.14
0.85 | 79.41+0.26
0.90 | 79.22+0.27
0.95 | 79.20+0.22
1.00 | 79.42+0.29

26920+ 315
26848+ 286
26916+ 272
26941+ 265
26981+ 266
27049+ 277
27108+ 249
27164+ 280
27163+ 282
27201+ 269
27281+ 257

0.690=+ 0.027
0.672+ 0.026
0.653+ 0.025
0.636+ 0.026
0.619+ 0.027
0.603+ 0.029
0.587+ 0.026
0.573+ 0.030
0.560+ 0.031
0.547+ 0.031
0.534+ 0.030

0.310+ 0.027
0.328+ 0.026
0.347+ 0.025
0.364+ 0.026
0.381+ 0.027
0.397+ 0.029
0.413+ 0.026
0.427+ 0.030
0.440+ 0.031
0.453+ 0.031
0.466+ 0.030

0.4420+ 0.0000
0.4334+ 0.0000
0.4256+ 0.0000
0.4183+ 0.0000
0.4117+ 0.0000
0.4055+ 0.0000
0.3997+ 0.0000
0.3943+ 0.0000
0.3892+ 0.0000
0.3844+ 0.0000
0.3799+ 0.0000

0.3207+ 0.0000
0.3286+ 0.0000
0.3358+ 0.0000
0.3426+ 0.0000
0.3489+ 0.0000
0.3548+ 0.0000
0.3604+ 0.0000
0.3656+ 0.0000
0.3706+ 0.0000
0.3754+ 0.0000
0.3799+ 0.0000

Table 3.28:Parameters (overcontact configuration) of MACHO 557 (0288-69:35:19) derived from
the photometric analysis shown together withdootstrap errors.
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stellar radii ofR; ~ 3.7R, andR, ~ 3.3R, can be derived, along with an orbital separation
of a » 8.9R,. The photometrically derived relative radii match theskies very well.
However, the resulting temperatures of about 21400 and A 840espectively, imply
stars of spectral types B2 and B3. From the color index a pyirteanperature of about
30000 K is derived, corresponding to a BO star. Thereforss umnlikely that the main
sequence assumption holds in this case, as was alreadyfuldobsome other systems
with very short periods. Only if no interstellar reddeningsapresent at all at the position
of MACHO 557, the color index calibration would yield a pringgemperature consistent
with the values derived from the main sequence relation.

The light curves of MACHO 557 have higbyN, but there are some phase ranges with
gaps or poorer coverage. There are some problems, whicloaseiccessfully adressed
by either of the solution regimes. The first and most obvious i3 that both eclipse
minima are not adequately fitted by the solutions. It is cfe@n direct inspection of the
light curves that severe systematic errors are preseneiM #ndR passbands. Fig. 3.81
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Figure 3.81: Rlight curves of MACHO 557 (05:36:26-89:35:19) for DE (top) and OC configuration
(bottom) shown together with best fits for mass ratie 0.85. For clarity, error bars of the individual data
points are omitted and the DE light curve is shifted down Oig% units.
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Figure 3.82: Final parameters of MACHO 557 (05:36:26.@9:35:19) for diferent values of mass ratip
and DE configuration plotted together with their bootstrap errors.

shows theR light curves for a detached and an overcontact solutioneiise, the fits
represent the measurements quite well.

It is most interesting to investigate thext of the configuration change from detached
to marginal overcontact a little closer. While the valuedhsf derived parameters do
not change in a significant way and thelependencies follow the generally established
trends, the definiteness of the individual parameter detextion diters appreciably be-
tween both configurations. While in the detached configonathey are already rather
well-determined with small error bars (with the exceptidragossible local minimum
encountered af = 0.85, see Fig. 3.82), the parameters found for an OC configurati
are even more accurate. Especially the relative radii hatreraely small errors, and the
linear relation of R,/Ry)? vs. qis perfect, as indicated by the linear fit (see Fig. 3.84).
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Figure 3.83: 3D plots of MACHO 557 (05:36:26-:89:35:19) for mass ratio 0.7 to 1.0 and DE
configuration (upper row) with 0.1 increments. Comparistotsowvith identical mass ratios are shown for

OC configuration in the lower row.
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Figure 3.84: Final parameters of MACHO 557 (05:36:26.&9:35:19) for diferent values of mass ratip
and OC configuration plotted together with their hootstrap errors.
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In this case, the positive influence of an overcontact cordiipn on parameter de-
terminateness is especially extreme, since the degreeent@vtact is very small; also
a high orbital inclination is present and light curves haeeyvhighS/N. There is no
degree of freedom for the relative radii to change; togetbihr the constraint that both
surface potentials have to be identical, this serves as &nghoMboundary condition for
the light curve solutions by arffective reduction of the number of free parameters. Even
the very slight varations of relative radii allowed by thergiaally detached configuration
instantly changes this situation and leads to a larger vegi®f the parameters. Unfortu-
nately, none of the solution regimes is really favored bylidpiet curves, so the question
of the actual configuration of MACHO 557 remains unsolvedsso f
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4 Combined spectroscopic and
photometric analysis of SMC
binaries

4.1 Motivation

The goal of this work was to derive accurate absolute pamnsdéor a sample of se-
lected eclipsing binary stars in the LMC. The main idea wasdmbine the powerful
new approach of simultaneous SB2 spectral analysis by nwahs FITSB2 software
with an analysis of excellent binary light curves from the GO archive of long-term
photometric observations of the LMC. With state-of-theHastruments like the multiob-
ject spectrographs 2dF at the Anglo-Australian ObseryatoiFLAMES at ESO’s VLT
in Chile, it is possible to secure a reasonable amount oftspéar between 50 and 150
objects within a few nights. The combined photometric aretgpscopic approach out-
lined in Chapter 2 can then yield precise fundamental stgllantities for the early-type
program stars.

As explained earlier in the motivation for the purely photdrt analysis in Section 3.1,
during the the past two years, no spectroscopic time cousgbered for various reasons
not to be anticipated at the start of the project. Betweed 20@ 2006, six proposals were
submitted for use of the following powerful instrumentse tiK Schmidt telscope at the
Anglo-Australian Observatory (AAO) equipped with the 6dkltrobject spectrograph,
the NTT telescope at ESO La Silla with its EMMI spectrograple,ESO 10 m Very Large
Telescope (VLT) with its FLAMES instrument, the 3.9 m AATdstope at AAO with the
2dF spectrograph and later with its follow-up ZABOMEGA instrument, and finally the
new 11 m Southern African Large Telescope (SALT) with its®Epectrograph.

The major part of the available observing time with all ofdbdarge telescopes and
instruments is allocated to extragalactic projects, leganly few space for stellar astro-
nomical work. Nevertheless, our proposal for use of the 3. AAM telescope with the
multi-object 2dF spectrograph was allocated time in Noven#©05 provided that the
follow-up AAOMEGA instrument was not yet ready for its scoenverification phase at
that date. However, it was delivered shortly before the doleal observations. Finally,
the author participated in a collaboration with a researchug of Gottingen University
which has guaranteed observing time at the new 11 m SALTdepes The proposal
to obtain time-resolved spectroscopy of OB systems in th&€lwidth the PFIS spectro-
graph was accepted as part of the Goéttingen projects. Thiosghght of SALT could be
achieved as scheduled, it shortly later turned out thaetivere severe technical problems
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with the main focus of the new-technology telescope andwaldovarious instruments.
These problems could not be solved to date.

Nevertheless, besides the “fall-back” program of photeimeinalysis, the results of
which were discussed in Chapter 3, the combined analysisades so promising, that
it was decided to show its potential anflextiveness by use of archive data, in this case
binary stars in the SMC. With our new method the absolutematers of the stars could
be derived to very good accuracy. Also, the results can be tasderive a value for the
distance of the individual stars within the SMC, which is amportant step in the so-
called cosmic “distance ladder”, still under debate tod&ymethods independent of the
classical Cepheid period-luminosity relation are needefinally ascertain the distance
to our nearest neighbor galaxies.

Another reason for demonstrating the power of the appraatiei urgent need of pre-
cise stellar parameters of early-type stars, and espgeilly-type binaries in metal-poor
environments, for which only few reliable investigatiorre &nown today. One of the
main problems is that these hot stars are rare and cannotubd fa the solar neigh-
borhood. Even more problematic is the metallicity conte8ince all early-type stars
must necessarily be young, they always exhibit relativeiyn hmetallicity in the Milky
Way. Therefore the only chance to gather insight in thesg seecial class of stars is in
metal-poor environments like the LMC and especially the SK&Cwhich a metal con-
tent of about one fifth of the solar value is assumed. In thistlthe present work must
be seen as a foundation to encourage future researcherpliotap proposed method
to a much larger number of extragalactic early-type bisarsence its fectiveness and
the validity of the results can be convincingly proven. As lb@en mentioned earlier,
future researchers could greatly benefit from the photamitvestigation of Chapter 3
by collecting spectra for the photometrically analyzedssta

4.2 Previous work

Since new technology telescopes and instrumentation epawerful enough to con-
duct time-resolved spectroscopic observations of extaafje binary stars, various au-
thors attempted to derive absolute parameter of such sgstéfinst important results
were published by Guinan et al. (1998) and Ribas et al. (20@00) combined UV spec-
troscopy with photometric data to derive accurate pararsetiea single LMC system.

Clausen et al. (2003) analyzed four eclipsing binarieselilC and SMC with uvby
photometry combined with spectroscopic observations thHEWES spectrograph.

Besides this pioneering work, a few other studies of spewititvidual systems were
published; e. g. Ribas et al. (2002), Fitzpatrick et al. @0ind Fitzpatrick et al. (2003)
derived absolute parameters for binaries in the LMC.

Recently, Harries et al. (2003) and Hilditch et al. (2005blmhed the first large-scale
studies of absolute parameters and distances of SMC ksnaitie 10 and 40 individually
analyzed systems, respectively. Some of the caveats regdhegse investigations were,
however, mentioned earlier.
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4.3 Available data

Since despite bestferts no observation time could be secured at suitable ims&tnts,
existing spectra had to be used to apply the FITSB2 softwadetermine atmospheric
parameters. Since a pioneering group (Harries, Hilditath lHowarth) in the field of
extragalactic binary research had secured suitable de&&i&f binaries with the same
instrument that had been proposed to be used for this woFkg2AAO), it was decided to
analyze their data with the approach described in this wodkessibly derive parameters
of better accuracy based on a more “physical” model. Theiglu#ad results of their work
can be found in Harries et al. (2003), where they describie thethod and present the
analysis of the spectra of 10 SMC binaries and of light cufva® the OGLE archive.
Hilditch et al. (2005) extended the analyzed sample to 4@ sRifferences between this
work and that of Harries et al. (2003) will be discussed iraden the presentations of
the analyzed stars (see Section 4.7) as well as in the comtlis Chapter 5.

The spectra were gathered at the Anglo-Australian 3.9 rsdefee with the 2dF multi-
object spectrograph. With this instrument it is possibleg¢oure 400 spectra simultane-
ously, distributed over two fields feeding two spectrogsapta fiber links. With its 2
field of view it is predestined to observe a large number oéctsj spread-out over large
areas like the Magellanic Clouds. Details about the instmincan be found in Lewis
et al. (2002). Both fields, containing 124 SMC binaries, wategrated two times for
15 minutes, amounting to a 30 minute exposure of each oliganvaVith these settings,
typical S/N values of 30 can be achieved for these objects. Binariesawd in only
one of the fields were observed about 16 to 18 times in totgctbwithin the overlap-
ping part of both fields usually have more than 30 phase palitis spectrograph grating
used in the observing runs resulted in a continuous wavtHarayerage from 3900 A to
4900 A where many important absorption lines likg, #Hiy, Hs, several He | and in case
of very hot stars also Helll lines are found. The analysis ofimweaker metal lines is
not appropriate because of a too I&/AN.

4.4 Data selection

For this work, binary spectra obtained by Harries et al. @@ the 3.9 m AAT telescope
of the Anglo-Australian Observatory (AAO) equipped witletBdF multi-object spec-
trograph were selected. These have been secured durirg) aftaine nights distributed
over three observation runs in the years 2001, 2002 and ZDig.data from seven nights
in 2001 and 2003 could be used since the spectra from 2003fa@rssed so poorly on
the CCD plane that the reduction washdult and the spectra were not usable. The other
spectra usually have an adequdi®\ ratio of about 30. The objects were selected such
that a variety of systems with a broad range of orbital pesjoelative sizes, masses and
values of &ective temperatures were covered.

After a two-year proprietary period all data secured at tiAg Aan be retrieved from
the AAT archive or downloaded via FTP server upon user reagiféish prompt assistance
by the very helpful s, the raw data could be downloaded without problems. The OGLE

133



Axizs 2 pixel
aoo 800 1600

400

200

O 200 400 GO0 5OO 1000

Axis 1 pixel

Figure 4.1: A typical raw image from the 2dF multi-object spectrographise spectra from ¢lierent
objects are visible with the wavelength dispersion actimigdrizontal direction. The exact position of
each spectrum has to be determined before its extractiamtfie image by using so-called “tramlines”.

| light curves associated with the selected systems wera fak@ the internet archive of
the OGLE database (see Section 3.3.2). Additionally, theCM® archive (see Section
3.3.3) was checked for light curves of the stars in questimheed, MACHO light curves
did exist for some of the analyzed stars, so that in theseyloakes photometry in three
different passbands, (R andV) with very good phase coverage was available for light
curve analysis.

4.5 Data preparation

4.5.1 Spectroscopic data

Since the spectroscopic data was still in raw format, it ftade reduced first. For this
purpose a semi-automatic reduction software called 2DFD&ailable from the AAT
website. It has a graphical user interface and is relatiuer-friendly. With some user
interaction, it can reduce entire observation runs at ohcthis case, the procedure was
a little more problematic, since the data used for this wods wome years old while

134



the 2DFDR software package is adjusted for the format ofnte2dF and AAOMEGA
data. One special issue which required great care was thistagjnt to the so-called
“tramlines” before each reduction run. These are the coatds of the lines on the CCD
surface in which the spectra from the individual fibers amgrald. They tend to shift and
bend between observations, so in order to accurately éxtragndividual spectra, one
has to check and possibly adjust the coincidence of the itnasith the actual positions
of the spectra before the reduction of each observationKgge4.1). Once this step
is complete, the software automatically extracts fiber f&dt§, bias frames, spectra and
calibration frames. They are processed accordingly andwbesubsequent 15-minute
science frames of each observation are automatically adpged one 30-minute frame
containing the reduced spectra of all stars. From thereddkee of the individual spectra
can be extracted in ASCII format for further processing. $pectrum of the relevant star
is extracted from each observation in which it is containédhe star is situated in the
overlap of both 2dF fields, it may be containedi85 single frames. The extracted ASCI|
files are modified by some additional data needed for orbitaisafor example date and
time of mid-exposure, exposure time and coordinates of thjec and then directly
serve as input for FITSB2. Normalization of the continuadsmecessary, since FITSB2
does this automatically via pre-defined “continuum windbarsund the absorption lines
chosen for fitting.

4.5.2 Photometric data

The preparation of the MACHO light curves was performed atiog to the description
given in Section 3.5.1. The OGLE light curves were treatedlarly, with some excep-
tions: for instance, it is not necessary to apply a calibratf instrumental magnitudes,
since the data is readily available as standdrednd photometry. The OGLE light curves
were also not phase-binned, since the phase coverage is gobd as that of MACHO
data, so too much information would have been lost by apglgirbinning procedure.
Instead, the complete light curve data is used as input foRQalong with the MA-
CHO photometry. Due to the long time base of the MACHO photioyni can be used to
determine the orbital period very precisely. This way theqas given by Udalski et al.
(1998), which were also used by Harries et al. (2003), coalddnsiderably improved.

4.6 Combined spectroscopic and photometric
analysis

The concept of this analysis was to use a purely physicaloagprwhenever feasible.
Some binary parameters can be derived from spectroscotacattane, though mostly
not with suficient accuracy. However, one of the most important paraimetee orbital
inclination, can only be determined by light curve analy3ikis in turn requires a spec-
troscopically determined mass ratio. For data of relagivelv signal-to-noise it is also
desirable to constrain the temperature ratio during specénalysis to the value derived
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from the light curves. As has been demonstrated in Chaptie3emperature ratio can
be extracted from the light curves very precisely, even aitrknowledge of the mass
ratio (which should be assigned a reasonable value, though)

4.6.1 Parameter adjustment

The technique used for parameter adjustment during phatmnagmalysis was identical
with the one described in Section 3.6, with the exceptiotitttemass ratiq was input di-
rectly from the analysis of the spectra and not photomélyiedjusted over a wide range
of possible values. This reduced the computational demsigdgicantly, of course. The
reduced spectra were fed into FITSB2 along with a pre-defse¢df spectral lines to be
fitted and a list of start parameters. Usually th& Hy, H6 and He lines were fit together
with the Hel lines at 4026, 4388 and 4471A. Only for very hatrstthe Hell line at
4686A was taken into account. The parameters to be adjustmtitn be set to reasonable
initial values. These include the following:

e Effective temperaturek, andT,, as well as surface gravities Iggand logg, were
taken from Harries et al. (2003). In that publication, th@peratures are assigned
according to spectral type, while the surface gravitiescateulated from stellar
masses and radii. Both methods are not nearly as accuratsiestde, nevertheless
the values serve as reasonable starting points.

e Approximate radial velocity amplitudds; andK, and the system velocity were
taken from Harries et al. (2003) as well.

¢ Rotational velocities of the stars were not considered hyiekaet al. (2003), there-
fore these were initially calculated under the assumptf@yochronous rotation of
both components.

Parameters which are pre-defined and are not adjusted dberanalysis:

e Heliocentric Julian Date HJDO serves as designation of #re point in phase
and was taken from Udalski et al. (1998). In most cases, thdighed values
proved stficiently accurate and no further processing was requirederé/heces-
sary, small corrections were applied until all light curtxsl their primary minima
exactly at phase 0. It is important to note that the zero-pliaginitions of MORO
and FITSB2 difer by exactly 0.5 in phase: while MORO expects the secondary
component to be in front of the primary at phase 0 (primaryimim), FITSB2
assumes the primary in front of the secondary. Therefore0Hu&s set to dier by
0.5 times the orbital period between spectra and photooita.

e Orbital period<sP are newly determined for each star, as the values given biskida
et al. (1998) and adopted by Harries et al. (2003) are not@gaie as possible, as
discussed in Section 4.5.2.
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e Scale factor,/L; (denoting the phase-dependent luminosity ratio of therlina
components) was taken from the solution of the light curitdsad to be separately
calculated for each point in phase for which a spectrum wasadle so that the
changing relative line strengths (due to tidal distortioredipse &ects) could be
fitted accordingly.

After having checked that the start parameters give redéépgaod fits to the observed
spectra, the first step in the parameter adjustment was teamaation of the systemic
velocity y and the radial velocity amplitudd§, andK,. Since the actual radial veloc-
ities of each spectrum depend on the Julian Date of observatid the orbital period
in FITSB2’s “orbit mode” (see Section 2.2.3), and just thexmmaum amplitude is a free
variable, they can be determined quickly and unambiguo&stm these, a very accurate
mass ratio can be derived immediatelygas M,/M; = K;/K,. This was then used to
derive preliminary values of the photometrically accelesgarameters (orbital inclination
i and dfective temperature ratio. In a next step, the rotationadarges Vo1 and Voo
were adjusted. Initial values for the surface gravitieschlgause varying broadening of
the spectral lines could be taken from Harries et al. (2003).

Then the parameter determination entered a computatyomalie demanding phase.
The dfective temperature$; andT,, as well as the surface gravities lggand logg,
were adjusted. This is where the quality of the grid of sytithepectra used for fitting
came into play. For the analysis synthetic spectra were wéech are based on state-
of-the-art NLTE model atmospheres by Hubeny & Lanz (199%cHjrally adjusted for
the prevalent metallicity of the SMC, which is widely acasptas~ 1/5 of the solar
amount. The resulting synthetic spectra of O- and B-sta&slscussed in detail in Lanz
& Hubeny (2003, 2007). As a crosscheck another set of syiotbeectra was used based
on the new models by Nieva & Przybilla (2007). These speciset on the first method
were provided by Przybilla (2007), while those by Lanz & Hop€2003, 2007) were
downloaded from the WWW via the TLUSTY homepalgetp://nova.astro.umd.
edu/. It became evident that the parameters derived from tiierdnt approaches are
very consistent, with diierences not exceeding their respective error margins.

Only after the first independent determination dffeetive temperatures these were
constrained to the photometrically derived temperatutie cduring all further iterations
where it was necessary. An independent spectroscopictadjos of both temperatures
was always conducted and compared with the photometricdeatyre ratio before launch-
ing the full parameter adjustment. Mostly, photometricalhd spectroscopically derived
temperature ratios were very consistent, though.

After effective temperatures and surface gravities had been esttadlio the desired
accuracyy, K, Ky, Vo1 andV,q 2 were reiterated to achieve an optimum fit, as the small
changes caused by the adjustment of temperature and sgriadges could have influ-
enced the values slightly. The resulting new (usually venylar) value ofq again served
as input for the light curve analysis procedure which wagebtezl again to optimize the
photometric fit, yielding a new value for the orbital incliroan i as well as (very small)
corrections for the temperature ratio. Along with the updaemperature ratio, in a final
run all parameters were then adjusted simultaneously b$B2T During this last run

137



the bootstrap error assessment was activated (see Seztibhsand 3.6.4). This was by
far the most time-consuming step in the entire analysis@ashitiple runs of the fitting
routine required by the bootstrap method typically tookgayeven weeks.

After completion of the FITSB2 run, a final MORO run of simikxtent was executed
with active bootstrap error processing routines as desdrib Section 3.6.4 in order to
yield a final value of the orbital inclinationalong with a realistic error.

4.6.2 Absolute parameter determination

From the combined spectroscopic and photometric analysisissed in Section 4.6.1 all
absolute parameters of the investigated binaries coulcehbeedl, including their orbital
separation, masses, radii and distance. An overview of ¢élcegsary prerequisites has
been given in Sections 1.3 and 1.4. The actual procedurefaspdrameter determina-
tion and especially distance determination is quite iateéand is now described in more
detail.

From the spectrum analysis the velocity semiamplitudes v; sini andk, = v, sini
can be derived while the analysis of the light curves yietasdrbital inclination. Sub-
stituted in Eq. (1.7) these parameters give the absoluts ofdbe secondary component.
The primary mass is immediately obtained via the mass gatidVl,/M; = Ky /Ko.

From the sum of the absolute masses and the orbital peridiedfytstem the orbital
separation can be derived in absolute units via Eq. (1.1e r&dii of the components
relative to the separation of the stars are determinedghddurve analysis. Together with
the orbital separation they yield the absolute radii of b&itirs. As has been discussed
in Section 3.7, these are given as “volume radius”, i. e. dmiseof a hypothetical sphere
with the same volume that the (tidally deformed) star atyuads.

With the dfective temperatures derived directly from the spectroscapalysis, all
absolute parameters of the stars are known at this poinedBas the absolute luminosity
the distance of the objects can be determined. It is comnpelsented in the form of the
distance modulus

m-M, = —5+5logd+A| (41)

with the interstellar absorptioA,. This readily yields the distance in parsec (po
and M, are to be evaluated in the same spectral passband, of c&@@&e= photometry
is taken in a proprietary band and then converted to the standiagystem defined in
Bessell (1990). The details of the conversion can be fouttiaski et al. (2002). Great
care has been taken to comply exactly with the stantlérahd, and especially for blue
stars systematic deviations should be almost non-existent

To derivem, for each component of a given binary, the flux ratio in thband is
substituted into

Ln
m' —m, = -2.5log L+ 4.2)

with n denoting the component index 1 or 2. The resulting value lnas to be modified
in order to account for interstellar absorptidn In principle,A, is determined from the
reddeningg(B — 1). The measured colors ahdand magnitudes taken from the OGLE
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database show subtlefiirences from the values given by Harries et al. (2003), theore
for which is unknown. They should not be the cause for sevevetions, though. After
the interstellar absorption has been properly taken intoaat, the resultingg magnitude
has to be converted to tHeband flux in order to be compared with the absolute flux
emitted by the star. For this the zero-point calibrationggiby Bessell et al. (1998) are
used. The same relations were chosen by Harries et al. (2f2@8)tating comparison
between their work and the parameters derived here.

To be properly compared with the local flux, the absolute fléceach star in thd
passband has to be calculated. This can be achieved by sgrgpectroscopy. First a
synthetic spectrum is produced with the parameters defroea spectral analysis. For
this purpose, the BSTAR2006 and OSTAR2002 grids by Lanz &éthyt(2003, 2007)
are used as they give absolute fluxes over a wide wavelenggfe ral he actual ¢ and
logg values are interpolated linearly in these grids. The respHlbsolute-flux synthetic
spectrum is then convolved with the standahssband to yield the absolute flux being
transmitted through this filter per unit surface area of #akating star. To yield the total
| band luminosity, this value is multiplied by the surfacezaoéthe star which is readily
computed from the absolute radius derived earlier. Theadcgt can then be calculated
with Eqg. 1.14 and substituted in Eq. 4.1 to yield the distamoelulus. The procedure is
repeated independently for both components of each arthlymary. The mean value of
both distance moduli is then accepted as the distance n®dtithe binary in question.
The results are given for each individual object in Sectigh 4

4.7 Results for individual objects

This section presents the results gathered from the comhlainalysis of photometric and
spectroscopic data of five eclipsing binary systems in theCSWhe selected stars are
examples to illustrate how powerful the presented methad derive accurate absolute
parameters. Each analyzed system will be presented in &asifashion like the pho-
tometrically analyzed systems of Section 3.7. Light cumvésbe shown together with
best fits, and pseudo-3D representations of their georaksiapes will be displayed.
Additionally, examples for fitted stellar absorption lin@® shown. Since photometric
and spectroscopic data has been analyzed simultaneagltycdnstraints can be placed
on the absolute parameters. These parameters will be giviables together with the
errors derived by application of the bootstrap method. Toesistency between inde-
pendently derived photometric and spectroscopic resulide discussed, such as the
effective temperature ratio of the binary components.

Among the most important results will be the determinedagisés to the stars. The
quality and reliability of these will be emphasized. Theagiverrors are fully and consis-
tently propagated from the bootstrap errors of the photooaty and spectroscopically
determined relative and absolute parameters through tdistence and distance modu-
lus, including déective temperatures, masses, radii, orbital separatrbitabinclination,
apparent magnitude, luminosity ratio and interstellaogtison.
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The OGLE stars will be designated with their identifiers friva OGLE catalogue. An
example for these identifiers is OGLE 5 38089, which meartsiiesobject is No. 38089
in the 5th of 11 fields with which the OGLE survey covered theGGM
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4.7.1 OGLE 9 175323

m, [mag] P [d] Ter1 [K] Conf.
13.8 | 2.206045| 37474+ 819 | CO

Just like MACHO 547 (see Section 3.7.4) in the photometrit pithis work, OGLE
9 175323 is one of the very rare examples of binary systemsiohaboth components
accurately fill their respective Roche lobes. It is verydodte to have the opportunity to
analyze two of this remarkable kind of star in this work. OGRE75323 is similar in
many respects to MACHO 547. Fortunately, in this case spsctipic data is available
in addition, so all parameters can be determined to very goecision. OGLE 9 175323
is an especially bright system with arnmagnitude of about 13.8 mag. Therefore it is
clear that this binary consists of very luminous componerksbiting high éfective tem-
peratures. Unfortunately, no light curves were availabbenfthe MACHO survey for
this system, so the analysis had to be limited toltiband photometry of OGLE alone.
The light curve is of good quality, the overall scatter is ddniger than average for other
OGLE data in this work, though (see Fig. 4.2). This is esplgciamarkable in light of
the fact that it is one of the brightest of all systems analy&ossibly there is a problem
with field crowding. The phase coverage, on the other hampliite favorable. The orbital
period of the system was derived as 2.206045 days.

The fit of thel light curve is very good with no obvious systematic deviasithrough
the entire phase range. The light curve displays all theadaristics expected for a
contact system. A strong out-of-eclipse variation is pnéseving to the significant tidal
distortion of both components; in this case it is howeveratated by the low orbital incli-
nation which reduces the depths of the minima to only litteeethan 15%. Additionally,
the ingress and egress points of the actual eclipses ary bieggeernible, but still visible
upon close examination of the light curve at a light levet plsove 90%. It is remarkable
that more than half of the complete light curve amplitudeassed by tidal distortion,
while the impact of the eclipses is smaller. In a similar wéyeo factors influencing the
light curve shape become less significant with decreasibgabinclination. Therefore

i [deg] 56.97= 0.22
T, [K] (fixed) 37474

T, [K] 36701+ 589
R/a 0.424+ N/A
R./a 0.337+ N/A
Li/(L1 + Lp)in 1 | 0.618+ 0.003
Lo/(L1 + Lp)in | | 0.382+0.003

Table 4.1: Parameters of OGLE 9 175323 derived from the photometrityaissshown together withdt
bootstrap errors. Errors for the relative radii are notlaidé because the surface potentials were fixed to a
contact configuration and the radii are therefore entirelgdnined by the mass ratio inferred from
spectroscopy.
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Figure 4.2: 1 light curve of OGLE 9 175323 shown together with best fit. Harity, error bars of the
individual data points are omitted. Note the scale of thenate is much larger than for the other systems
in this work as the light change is quite small due to the lobitaf inclination of OGLE 9 175323.

it is very important to check the photometrically derivedgraeters for consistency with
the spectroscopic results.

As already indicated by its enormous brightness, speatedyais confirmed that OGLE
9 175323 contains very hot stars of spectral types O7 and&3pectively. These spec-
tral types disagree with those found by Harries et al. (2@®@)ugh visual classification.
Since this work is built on a quantitative analysis of thecspgeand not just on a quali-

Figure 4.3: 3D plots of OGLE 9 175323 at fierent orbital phases.
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T, [K] 37474+ 819
T, [K] 36701
M [Mg] 274+ 1.4
M, [Mg] 16.6+ 0.7
R: [Ro] 10.6+ 0.1
R [Ro] 84+0.1
logg; (fromg=GM/R?) | 3.82+0.03
logg, (fromg=GM/R?) | 3.80+0.02
logg: (from spectra) 4.02+ 0.05
log g, (from spectra) 3.41+0.02
a[Ro] 25.0+0.3
vy sini [km/s] 182.0+ 4.0
V, sini [km/s] 301.2+ 4.9
v [km/s] 187.7+ 3.05
Viot1 Sini [km/s] 208.5+ 5.3
Viot2 Sini [km/s] 2245+ 5.1

Table 4.2: Absolute parameters of OGLE 9 175323 derived from speabmis@nd photometric analysis
shown together with propagated bootstrap errors. The secondary temperature was fixed to the
photometrically derived value in this case.

tative classification scheme, it seems reasonable to faeaemperatures and according
spectral types derived here. One must keep in mind that thetrsp type-temperature
calibration becomes increasinglyfiiult for extremely early-type stars, therefore some
discrepancies betweenfiirent researchers and their methods must be expected. It is
clear that these very hot stars exhibit He Il absorptionslings can be seen in Fig. 4.4,
the contributions of both components to the superimposeddrofile can be resolved in
the spectra. The spectroscopic observations are of godityquih a high S/N ratio due

to the relative brightness of the system. The spectrosatipiderived temperature of the
secondary component tended to be about 2000 K lower compatiedhe photometric
value. Since temperature ratios determined from lighteamnalysis are very reliable and
also showed smaller bootstrap errors in this case, the ptedtc values were preferred
and the secondary temperature fixed in the spectroscopimfieps. Both components
seem to rotate somewhat faster than would be expected &ytldcked stars. It is how-
ever reasonable to assume that both components actuallgtate Isynchronously and
there were possibly some problems with extracting thesanpeters from the spectra in
this case. One should bear in mind that the precision of dgiesterived from Doppler
shifts like the rotational velocities is reduced by the lowital inclination of the sys-
tem. Also, the values for logderived from the spectra deviate somewhat from the ones
derived from masses and radii. This is an indication to egercaution with extracting
parameters of more subtle influence from stellar spectramthese circumstances. The
systemic velocity of about 188 Kisiis perfectly consistent with the overall radial velocity
of the SMC.
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Figure 4.4: Spectral line fits of OGLE 9 175323 shown together with obstonal data for orbital phase
0.81 (between second quadrature and primary minimum).

The fits of the spectral lines generally are of good qualitye He Il fits are not perfect,
though, as can be seen in Fig. 4.4. It should be mentionedriliae case of extreme
O-type systems like OGLE 9 175323 complicating factors Bk&llar winds and wind
collision zones — which are not modelled by the fitting sofeva lead to distortions of

1.02 : : : : : 1.10
1.00 |
E 0.98 E
2 o096t 3
= =
2 094} 2
0.92
He | (4471) Hg (4861)
0.90 0.70
-5 0 5 10 15 -15 -10 -5 0 5 10 15 20
DA [A] DA [A]
1.05 — : : ; ; " " " 1.05
1.00 F 1.00
0.95 | 0.95 |
x x
3 3
; 0.90 - ; 0.90 |
2 2
® 085 ® 085
[ [
0.80 t 0.80 t
0.75 t 1 0.75 t
H, (4340) H, (3970)
0.70 0.70
-15 -10 -5 0 5 10 15 20 -15 -10 -5 0 5 10 15 20
DA [A] DA [A]

Figure 4.5: Spectral line fits of OGLE 9 175323 shown together with obstonal data for orbital phase
0.02 (during primary eclipse).
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the light curve and also influence the line profiles. Some sionsis seen in the center
of the H3 line which may be caused by circumstellar matter or adjanebtlosity like

in the case of OGLE 5 38089 (see Section 4.7.4). It is much &raakthis case, though.
Only 18 usable spectra were available for OGLE 9 175323, wastnecessary to use as
many lines as possible to derive reliable parameter vallies fits in Fig. 4.5 show how
good the method of a variable scale factor works even duchgses. These spectra were
taken right at the center of primary eclipse, and still thedite very good and consistent
with those of other orbital phases.

From the derived absolute parameters the distance wasdodily determined for both
components of OGLE 9 175323. Note that the secondary tertyperaas fixed to the
photometrically derived value. The excellent agreemehwéen the independently de-
rived distances to both stars shows that the photometripeesture ratio should normally
be trusted if deviations from the spectroscopic value exist

component distance [kpc] dist. mod.

primary 59.5+1.9 18.87+ 0.07
secondary | 60.0+ 1.0 18.89+ 0.04
both 50.7+ 1.1 18.88+ 0.04

Had the spectroscopically derived secondary temperateee ised, a discrepancy in
the distances in excess of the error margins would appear.digtance derived is fully
compatible with the general distance of the SMC and has arkatinly small uncertainty.
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4.7.2 OGLE 11 30116

my [mag] P [d] Ter1 [K] Conf.
15.0 | 2.954203| 27349+ 513 | SD

OGLE 11 30116 is clearly in a semi-detached configuratiore (5g. 4.7). No other
configurations were compatible with the light curves of th&tem. The quality especially
of the OGLEI band curve is quite good, in spite of a few phase gaps duritigdmipses.
Fortunately, the MACHOV andR light curves cover this region and also the secondary
eclipse more densely. The scatter of these measuremers@amhat higher than that
of the OGLE light curve, however. The semi-detached conditjoin is evident from
the strong out-of-eclipse variations of the light curveslevkiery deep primary eclipses
with light loss of about 50% indicate components of complaralzes and a high orbital
inclination. The system reaches a brightnesspf= 14.6 andm, = 150. An orbital
period of 2.954203 days is derived, leaving room for largesgibly evolved components.

The fits to the light curves are generally good. There are lientsvo dfects of close
binary interaction apparent (see Fig. 4.6). First, theemiasymmetry of the shoulders of
the primary minimum. Such a feature cannot be modelled by RA(QRerefore system-
atically negative residuals are observed during ingresiseoprimary eclipse. Thisfiect
may be due to partial obscuration of the primary star’'s s@rfay a matter stream falling
in from the Roche lobe-filling secondary component. It igaiefy not a measurement
artefact since it is clearly observable in all three lightves. There is also indication
for the presence of the O’Connelfect causing a slightly unequal height of the maxima.
During the first half of the primary minimum there is a sligleigative trend of the resid-
uals which is only visible in thé band curve. During the secondary minimum there is no
such défect, and it cannot be reproduced in e@andR curves. Therefore it is probably
not real and likely an observational artefact due to the pbaise coverage of thecurve.

The light curve solution indicates comparable radii of bgitirs, but a large temperature
difference between the two components. Furthermorey thand light ratio ofL,/L; ~
0.44 indicates that the secondary is overluminous for itsvedrigfective temperature
(see Table 4.3). Therefore the cooler secondary star seeimes ¢volved to a certain

i [deg] 84.62+ 0.14
T, [K] (fixed) 27349

T, [K] 20273+ 64
Ri/a 0.356 0.002
R./a 0.312+ N/A
Li/(Li + Ly)in1 | 0.675+0.002
Lo/(L1 + Lp)in1 | 0.325+0.002

Table 4.3: Parameters of OGLE 11 30116 derived from the photometrityaissshown together withdt
bootstrap errors. An error for the relative radius of theoselary component is not available because the
surface potential was fixed to a semi-detached configuratidrithe secondary radius is therefore entirely
determined by the mass ratio inferred from spectroscopy.
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Figure 4.6: V, Randl light curves of OGLE 11 30116 shown together with best fitg. dfarity, error bars
of the individual data points are omitted and tandl light curves are shifted down 0.2 and 0.4 light
units, respectively.

degree. This is the typical situation usually met for Algge binaries, in which the
original primary first evolved and started case A mass tensftil the mass ratio was
reverted and primary and secondary exchanged their roléss fihding is confirmed
by the analysis of the spectra where the temperature ratibeo$tars is reproduced in
excellent agreement (see Table 4.4 for absolute systermpéges). In this case, it even
proved unnecessary to fix the temperature ratio during sgdestalysis, as the secondary
temperature was derived exactly as suggested by the phototeenperature ratio. The
photometrically derived value (with the primary temperatiixed from spectral analysis)
of 20314 K is practically identical to the 20300 K determirmdspectrum analysis. The
temperature of the primary component has been derived &802K3corresponding to
spectral type B0.5, with the secondary being classified estsgd type B2. These results
are consistent with the visual spectroscopic classifinadioHarries et al. (2003). The
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T: [K] 27349+ 513

T, [K] 20300+ 709
My [Mo] 14.5+ 0.9
M, [Mo] 6.5+ 0.3
R: [Ro] 8.5+ 0.1
R, [Ro] 7.4+0.1

logg; (fromg=GM/R? | 3.74+0.03
logg, (fromg=GM/R?) | 3.51+0.03

logg; (from spectra) 3.63+0.04
logg, (from spectra) 3.28+ 0.07
a[R:] 23.8+04
vy sini [km/s] 126.1+ 3.7
V, sini [km/s] 280.6+ 4.8
v [km/s] 172.3+ 2.5
Viot1 SiNi [km/s] 233.5+ 6.5
Viot2 SiNi [km/s] 151.4+11.0

Table 4.4: Absolute parameters of OGLE 11 30116 derived from the spsotipic and photometric
analysis shown together with propagateddootstrap errors.

low surface gravities indicate that both stars are evoliszkssalues of log) ~ 4.0 would
be normally expected for main sequence stars of the obséevageratures. The lay
values derived from spectral analysis are consistenthetawan those computed from
g = GM/R2. This has to be expected, since the spectroscopically etbrmalues are
determined with due account to centrifugal and tidal foreeghe surfaces of the fast-
rotating stars, yieldingféectively lower surface gravities than encountered on &osiaty
star of same mass and radius.

The rotational velocity of the primary is higher than exgectn the case of orbital
synchronization. The value for the secondary componermtughly consistent with syn-
chronized rotation, though. The ratio of the orbital radiglocity semiamplitudes yields

Figure 4.7: 3D plots of OGLE 11 30116 at fierent orbital phases.
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Figure 4.8: Spectral line fits of OGLE 11 30116 shown together with obsgownal data for orbital phase
0.65 (between secondary eclipse and second quadrature).

a mass ratio of] ~ 0.45 which has been used as basis for the light curve analybis. T
systemic velocity of about 172 kisiis well compatible with the mean redshift of the SMC
of about 150 kn's.
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Figure 4.9: Spectral line fits of OGLE 11 30116 shown together with obsgownal data for orbital phase
0.34 (between first quadrature and primary eclipse).

149



The fits to the spectral line profiles of OGLE 11 30116 are nyasttellent. As can be
seen in Figs. 4.8 and 4.9, the lines show a strong rotatianadening so that especially
the hydrogen lines of both components are severely blendedre are no systematic
deviations of the fits neither with orbital phase nor wavgtén 22 single spectra were
available, and all of them were used simultaneously duheditting procedure.

From the absolute parameters found and its apparent beghin thd band the dis-
tance to OGLE 11 30116 can be determined. Via the proced@ssibded in Section
4.6.2 the following values are found:

component distance [kpc] dist. mod.

primary 60.0+ 1.3 18.89+ 0.05
secondary | 59.4+ 1.9 18.87+ 0.07
both 50.7+ 1.1 18.88+ 0.04

As can be seen the values for both components agree to excatieuracy and lie well
within the error margins of each other.
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4.7.3 OGLE 7 243913

my, [mag] P [d] Ter1 [K] Conf.
149 | 2.631631| 32131+ 173| SD

OGLE 7 243913 is quite similar to OGLE 11 30116 (see Secti@i2} regarding its
system configuration and light curve shape. It is a semiethetd binary with the second
component filling its Roche lobe. Due to the much smallerlaepf the eclipse minima
it is obvious, however, that OGLE 7 243913 has a lower orhitelination. The phase
coverage of the light curves is reasonable. While the MACH@nd R measurements
lack coverage especially in the branches of the primarymum, the OGLH band data
points are distributed relatively evenly over the orbithhpe. The quality of the data is
good, with especially low scatter in the OGLE light curve.eTdtrongest noise is found
in the MACHO V band. The light curves display strong out-of-eclipse \tames, the
ingress and egress points of the minima are clearly definedever. As a result the
system cannot be extremely close and the primary star dddglms Roche lobe. The
orbital period was derived as 2.631631 days, the apparemrgture phase brightness of
the system isn, = 14.9.

The light curve fits are convincing, aside from some minotbpms (see Fig. 4.10).
Just like with OGLE 11 30116, the synthetic light curves stsmme deviation right be-
fore ingress to the primary minimum. Thiffect is observed in all passbands and there-
fore certainly no observational artefact. The most likelplanation is again a possible
mass stream from the Roche lobe-filling secondary compaameting on the primary
component. The circumstellar material between the twe sthviously causes some ex-
tinction and the observed dip in the light curve. A similfieet can be noticed just before
and after the secondary eclipse. The center of the secondamnum shows a tendency
towards positive residuals, but thffext is very small and its reality doubtful.

As in the case of OGLE 11 30116 the components of OGLE 7 243818amparable
in size, but display a certainftierence in &ective temperatures. Thiffect is however not
as large in the latter case, and there is also no significartoninosity of the secondary
component. It probably has evolved into its Roche lobarfjllstate still on or very near

i [deg] 74.08= 0.07
T, [K] (fixed) 32131

T, [K] 26334+ 120
Ri/a 0.357+ 0.002
R./a 0.311+ N/A
Li/(L1 + Lp)in 1 | 0.639+ 0.002
Lo/(L1 + Lp)in 1 | 0.361% 0.002

Table 4.5: Parameters of OGLE 7 243913 derived from the photometrityaissshown together withdt
bootstrap errors. An error for the relative radius of theoselary component is not available because the
surface potential was fixed to a semi-detached configuratidrthe secondary radius is therefore entirely
determined by the mass ratio inferred from spectroscopy.
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Figure 4.10:V, Randl light curves of OGLE 7 243913 shown together with best fitg. dtarity, error
bars of the individual data points are omitted andRend| light curves are shifted down 0.25 and 0.5
light units, respectively.

the main sequence, indicating that it was close to its Imgitiadius right from the begin-
ning of its existence. Unlike the previously analyzed systethe photometrically derived
temperature ratio could first not be unambiguously repredury spectral analysis. The
spectroscopically determined value tended to be much teoltestead of fixing it to the
photometric value, it was first tried to solve the problem by@tiple parameter subset
approach where not all physical parameters are adjustadtameously. Specificallyl,
and logg, were only adjusted in separate subsets. This helps avoaineder correla-
tion effects and alleviated the problem of the erroneous seconelauyerature, leading to
agreement between the photometric and spectroscopicsvaliMigh about 32000 K and
26000 K the components correspond to 09.5 and B1 stars,iagn@ehin half a spectral
subclass with the classification by Harries et al. (2003 fdtational velocity of the sec-
ondary component is compatible with tidally locked rotatiarhich is to be expected for a
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T: [K] 32131+ 513

T, [K] 26352+ 295
My [Mg] 19.4+ 0.7
M, [Mo] 8.4+0.3
R; [Ro] 8.6+ 0.1
R; [Ro] 7.5+0.1

logg; (fromg=GM/R?) | 3.85+0.02
logg, (fromg=GM/R?) | 3.61+0.02

logg: (from spectra) 3.93+0.03
log g, (from spectra) 3.66+ 0.03
a[Ro] 24.2+0.2
vy Sini [km/s] 135.8+ 2.4
V, sini [km/s] 312.9+ 3.2
y [km/s] 183.7+ 2.1
Viot1 Sini [km/s] 206.8+ 5.5
Viot2 Sini [km/s] 131.2+ 7.6

Table 4.6: Absolute parameters of OGLE 7 243913 derived from speabms@nd photometric analysis
shown together with propagated bootstrap errors.

Roche lobe-filling star. The primary seems to rotate somevaséer than synchronously,
but since this component does noftsu from tidal distortion as much as the secondary,
this is well possible. The systemic velocity of OGLE 7 243%8bout 180 ks, which
is consistent with the SMC redshift. A mass ratioqpf 0.43 can be derived from the
radial velocity amplitudes of the stars. During photontetmalysis the mass ratio has
been fixed to this value. As can be seen in Tables 4.5 and £ hbtometrically and
spectroscopically derived results are very consistent.

The spectral line fits of OGLE 7 243913 are quite good giverréhatively low S/N
of the spectra. It is readily apparent, though, that in tihigesm the He | lines are quite
affected by the general noise level, and especially the He filpraf the primary com-

Figure 4.11: 3D plots of OGLE 7 243913 at filerent orbital phases.
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Figure 4.12: Spectral line fits of OGLE 7 243913 shown together with obastownal data for orbital phase
0.17 (between primary eclipse and first quadrature).

ponent is at some orbital phases barely discernible. 39essypectra were available for
fitting, as OGLE 7 243913 is located in the overlap of two obsédrfields. Only in rare

cases the fits of all observed lines match perfectly at abplp@ints. Naturally the quality
of the observations sets limits to how precise the fits carlbe. hydrogen lines, which
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Figure 4.13: Spectral line fits of OGLE 7 243913 shown together with obastownal data for orbital phase
0.79 (between second quadrature and primary eclipse).
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are much stronger than the helium lines, still produce aadeqresults. A comparison
between the lines and the quality of the fits can be made in Big? and 4.13.

According to the procedures described in Section 4.6.2i8tartte to OGLE 7 143913
was determined. The following values were derived:

component distance [kpc] dist. mod.

primary 67.1+ 0.8 19.13+ 0.03
secondary | 65.6+ 0.9 19.08+ 0.03
both 66.3+ 0.6 19.11+ 0.02

Interestingly, the value derived for this system is muclgéarthan the distances deter-
mined for the other OGLE stars in this work. Harries et al.0@0also derive a larger
distance to OGLE 7 243913. This is probably a refié@& and caused by the system
being located towards the far side of the line-of-sight Hegftthe SMC. As has been
discussed in Section 4.7.4, this depth is nowadays asswrasl ds large as 10 kpc, so
the result is actually consistent with the present knowdedigthe structure of the SMC
galaxy and may provide valuable information for an evendsethderstanding.
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4.7.4 OGLE 5 38089

m, [mag] P [d] Ter1 [K] Conf.
15.3 | 2.389431| 30401+ 264 | DE

In contrast to most of the other binaries from the OGLE datakanalyzed in this
work, OGLE 5 38089 is in a well-detached configuration. Froouesory inspection of
the light curves this is immediately evident, since therenfy a small amount of out-
of-eclipse-variation and both minima are relatively narmith well-defined ingress and
egress points. The light loss during both eclipses is apprately equal, indicating com-
ponents of similar temperature. The apparent brightneizeafystem is about 15.3 mag
in bothV and| bands and the orbital period amounts to 2.389431 days. Talkyaf
the OGLEI observations is very good with little scatter and acceptgblase coverage,
while the MACHOV andR measurements are worse in these respects. Especially the
scatter of theR light curve is uncharacteristically large and cannot be gared with any
of the systems analyzed in Chapter 3 of this work. The cowedaging the secondary
minimum is also particularly weak.

Nevertheless, the quality of the fits is very satisfactooypbvious large discrepancies
can be found anywhere through the entire phase range (seelHi). There is a very
slight tendency of the residuals towards positive valuesduthe entire secondary min-
imum of thel curve. Although this fect is not discernible in the other passbands, it
cannot be excluded, since the significant scatter oRlaadV measurements does not
allow a judgement of the fit quality in as much detail as inlthnd. The fect is very
small, though, and mainly concerns the temperature ratib@icomponents, which is
very consistent with the spectroscopically derived valumust be pointed out, however,
that well-detached configurations with relatively low ineltion angle do not facilitate a
good determinateness of the photometrically derived patars, especially if the qual-
ity of the observations is as low as in theandR light curves of the present case. It
is therefore very important to ascribe large weight on thie@me of the spectroscopic
analysis. Therefore, in contrast to the method describ&kation 4.6.1, the secondary
temperature was not fixed to the photometrically derivede/ainstead it was freely ad-
justed by FITSB2. As pointed out above, the good agreemeéweles both independently
determined values is very encouraging.

I [deq] 76.99+ 0.12
T, [K] (fixed) 30401

T2 [K] 30613+ 164
Ri/a 0.249+ 0.001
R./a 0.253+ 0.002
Li/(Ly + Ly)in| | 0.491+ 0.002
Lo/(Ly + Ly)inl | 0.509+ 0.002

Table 4.7: Parameters of OGLE 5 38089 derived from the photometrigyaisathown together withol
bootstrap errors.
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Figure 4.14:V, Randl light curves of OGLE 5-038089 shown together with best fits. dfarity, error
bars of the individual data points are omitted andRend| light curves are shifted down 0.25 and 0.5
light units, respectively.

Since OGLE 5 38089 consists of hot stars with spectral typatB@emed desirable to
gain additional information from the spectra by fitting the Hline at 4686A. Of course,
owing to the moderat8/N of the observations, this line was only weakly discernible i
most spectra. Nevertheless, the fits found during all pHas&gjuite reasonable and sup-
port the stability of the overall FITSB2 solution (see Figsl6 and 4.17). For the primary
star an €ective temperature of 30401 K was derived, consistent WeetB0 classification
of Harries et al. (2003). While these authors have deterthanslightly lower tempera-
ture of the secondary component upon visual classificatidheodisentangled spectrum
of the companion, the FITSB2 and MORO runs consistentlyeagrea slightly higher
secondary temperature. Nevertheless, tifieinces are small. Both stars can be clas-
sified as typical BO main sequence stars. The spectrosdiypisaived values for the
surface gravities support this finding, since they are baibkecto the logy ~ 4.0 value
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T: [K] 30401+ 264

T, [K] 30709+ 182
My [Mo] 14.2+ 0.6
M, [Mo] 12.9+ 0.5
R: [Ro] 5.6+ 0.1
R, [Ro] 5.7+0.1

logg; (fromg=GM/R?) | 4.09+ 0.02
logg, (fromg=GM/R?) | 4.04+0.02

logg; (from spectra) 4.14+ 0.06
logg, (from spectra) 4.01+ 0.04
a[R:] 225+ 0.2
vy sini [km/s] 222.0+4.1
V, sini [km/s] 243.6+ 2.8
v [km/s] 153.1+ 2.4
Viot1 SiNi [km/s] 228.3+ 9.5
Viot2 SiNi [km/s] 128.0+ 6.9

Table 4.8: Absolute parameters of OGLE 5 38089 derived from spectms@nd photometric analysis
shown together with propagated bootstrap errors.

expected for this kind of star. With a mass ratioga$ 0.9 and luminosity ratios close to
unity in all passbands they are obviously very similar afsthe mass regime. The only
significant diference between both components is their rotational vglogithile the
value of the secondary is compatible with tidally lockedatmtn, the primary component
clearly rotates faster than indicated by hypotheticaltatisiynchronization. The systemic
velocity of OGLE 5 38089 amounts to 153 jgnwhich is again in excellent agreement
with the generally accepted value of the SMC'’s radial veyoci

The spectral line profiles of OGLE 5 38089 were fitted very ywathough it is evident
that theS/N is somewhat lower than for example that of OGLE 11 30116 (i@
4.7.2). Near the quadrature phases a pronounced peak \easaifserved between the

Figure 4.15: 3D plots of OGLE 5 38089 at fierent orbital phases.
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Figure 4.16: Spectral line fits of OGLE 5 38089 shown together with obstiowal data for orbital phase
0.27 (first quadrature).

absorption line components of both stars in theand Hy profiles. It is associated with
a redshift of about 2 A which indicates a velocity consisteith the SMC radial veloc-
ity. Therefore it can be assumed that the observed peak isodemission from some
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Figure 4.17: Spectral line fits of OGLE 5 38089 shown together with obstiowal data for orbital phase
0.97 (during primary eclipse; note how good the fits are dubaéaonsideration of the phase-dependent
scaling factor,/L1).
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Figure 4.18: The vicinity of OGLE 5 38089 (marked near the center of thega)ahows strong
nebulosity in theR filter, explaining the emission lines observed at SMC sygter@locity. The frame has
been taken from the ESO DSS-2 survey and i 1% arcminutes in size.

nebulosity localized in the SMC near OGLE 5 38089 (see Fif8¥.The KB lines were
not fitted due to the profile distortion caused by this emissin Hy the emission is only
moderately strong, therefore it was considered safe tadecthis absorption line in the
fit. Other lines do not seem to béfected at all. 36 spectra of OGLE 5 38089 were
available, as the system was located in overlapping fields.

According to the outline given in Section 4.6.2 the follogwalues can be derived for
the distance and distance modulus of OGLE 5 38089:

component distance [kpc] dist. mod.

primary 57.2+ 0.8 18.79+ 0.03
secondary | 57.7+ 0.8 18.81+ 0.03
both 57.5+ 0.5 18.80+ 0.02

The values for both individual stars agree very well and aez#y in the range which is
to be expected for SMC members. It is stressed again that\t@ i&elf has a certain
depth. All stars analyzed in this work lie very close to thatee of the galaxy. One can
assume that the line-of-sight depths for young stellar faimmns in this region is as large
as about 10 kpc (see Martin et al. 1989; Crowl et al. 2001) slicient number of these
very bright objects are analyzed, they should yield an apprate mean distance to the
center of the SMC. However, such an undertaking is beyonddbpe of this work. For
an attempt to establish the SMC distance see also Hilditah £005).
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4.7.5 OGLE 6 215965

m, [mag] P [d] Ter1 [K] | Conf.
14.1 3.946078| 26363 | DE

OGLE 6 215965 is a well-separated eclipsing binary (see. Eig0), in contrast to
the majority of the SMC systems analyzed otherwise (seed®esot.7.1, 4.7.2 and 4.7.3).
From the light curve this configuration is evident, as chealfined ingress and egress
points of the minima exist, while out-of-eclipse variatignpresent, but relatively mod-
erate compared to the closer binary systems. MAGCH&ndR light curves are available
for this system, but due to unknown reasons they are of exlsebad quality and suf-
fer from intolerable amounts of scatter and outliers, esfigthe observations in the
band. Therefore it was decided not to include these datars#te analysis in order not
to compromise the solution with the potentially damaginftuience of bad data. Fortu-
nately, the OGLH light curve is of excellent quality with regard to scattezds$-ig. 4.19).
On the other side, the phase density of points is low, esihes@in the minima. Never-
theless, the available data proved to bffisient to arrive at an unambiguous photometric
solution. From the light loss of about 30% during primary mmam it is clear that the
orbital inclination cannot be as low as that of OGLE 9 17532Be brightness of thé
light curve reaches 14.1 mag during quadrature phaseshweljgains the goo&/N of
the measurements. With 3.946078 days it has by far the lbogeisal period of all stars
analyzed in this work.

The best fit of the light curve is presented in Fig. 4.19. Thaligof the data can be
judged well by means of the residuals: they are among thelssh&und in all analyses
contained in this work. Apart from that, the fit itself is ekeat, no systematic devia-
tions are present anywhere except for a short range of bghtse during the onset of
primary minimum. At that time a subtle trend towards positixalues of the residuals
can be detected. Due to the general lack of measurementaains unclear whether it
is a real &ect or just an observational artefact. Due to both starsgbe®ill inside their
Roche lobes, the presence of mass transfer and the asddightecurve dfects are very
unlikely. Therefore theféect may indeed be caused by a random clustering of measure-
ments, especially as nothing similar is present anywhee iel the otherwise perfectly
symmetric light curve. Some uncertainty remains regartheglepth of the primary min-

I [deq] 75.40+ 0.10
T, [K] (fixed) 26363

T, [K] 25482+ 111
R;/a 0.278+ 0.001
R./a 0.339+ 0.001
Li/(Ly + Ly)in| | 0.418+ 0.002
Lo/(Ly + Ly)inl | 0.582+0.002

Table 4.9: Parameters of OGLE 6 215965 derived from the photometrityaissshown together withdt
bootstrap errors.
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Figure 4.19:1 light curve of OGLE 6 215965 shown together with best fit. Harity, error bars of the
individual data points are omitted.

imum, as phase coverage is particularly poor in that regBasically, the bottom of the
eclipse is established by a single data point. Since botimmimust be identical in width
and the gradients of the wings are reasonably well estadighere is not as much scope
for variation in minimum depth as one might think.

From the diterent depths of both light curve minima it is clear that thenest be a
certain temperature flierence of both components. The star being eclipsed at phase 0
produces the deeper minimum and must be the hotter compoiteisttherefore con-
sidered the primary star. Interestingly, further analygtisws that in all other respects
it is actually the secondary star. From the light curve sofutn combination with the
spectroscopically derived radial velocity semiamplitsides evident that the “secondary
component” is not only the more massive, but also the largeraf the system. This
finding is of course consistent with an earlier departuréefdecondary component from
the main sequence caused by its higher mass. A comparishrihgitparameters of the
primary component should allow a good age determinatioh@tystem. Indeed the two
components are consistent with the same evolutionary isaeh as can be seen in the
comparison with the evolutionary tracks by Claret (2005yim. 4.23 of Section 4.8.

The primary component shows much weaker absorption lindseiispectra due to its
lower luminosity compared with the evolved secondary. ©bsly, the constraints im-
posed by these lines are not enough to reliably determingetnperature and surface
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T: [K] 26363

T, [K] 25369+ 1124
My [Mo] 14.7+ 0.4
M, [Mo] 15.7+ 0.3
R: [Ro] 9.1+0.1
R, [Ro] 11.1+ 0.1

logg; (fromg=GM/R?) | 3.69+ 0.01
logg, (fromg=GM/R?) | 3.54+0.01

logg: (from spectra) 3.50+ 0.02
logg, (from spectra) 3.41+0.08
al[R:] 32.6+ 0.2
vy Sini [km/s] 209.4+ 2.0
V, sini [km/s] 196.8+ 1.7
v [km/s] 135.6+ 1.4
Viot1 SiNi [km/s] 116.9+ 6.1
Viot2 SiNi [km/s] 141.1+ 5.2

Table 4.10: Absolute parameters of OGLE 6 215965 derived from speatims@nd photometric analysis
shown together with propagated bootstrap errors. The primary temperature was fixed to the
photometrically derived value in this case.

gravity of this component. Therefore the usual proceduth fisting one of the temper-
atures according to the photometrically derived tempeeatatio was used, but the other
way around than usually. In this case the secondary temperatas freely adjusted,
while the primary temperature was set to the photometyicitived value during spec-
tral analysis. The results are very consistent and do nat pavalues any larger than
with the unreasonable solutions derived by adjusting tivagny temperature, too. This
shows that the secondary component dominates the spectrautch in order to unam-
biguously extract both temperatures without further b@amdonditions. As fiective
temperatures of about 26200 K and 25400 K were derived, thayboth be classified

Figure 4.20: 3D plots of OGLE 6 215965 at fierent orbital phases.
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Figure 4.21: Spectral line fits of OGLE 6 215965 shown together with obastownal data for orbital phase
0.69 (between secondary eclipse and second quadrature).

as spectral type B1. This is only a 0.5 deviation in speciaé tfrom the B0.5 classifi-
cations proposed by Harries et al. (2003). The rotationkloiges of both stars are in
excellent agreement with synchronous rotation which isstent with OGLE 6 215965
being somewhat older that the other SMC systems analyzetid&8dorces had plenty of
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Figure 4.22: Spectral line fits of OGLE 6 215965 shown together with obastownal data for orbital phase
0.20 (between primary eclipse and first quadrature).
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time to synchronize the rotation rate of both stars to théarperiod. With a systemic
radial velocity of 136 kns the binary shows no obvious discrepancy from the generally
accepted radial velocity of the SMC.

The spectra of OGLE 6 215965 are fitted very well. Example®oéaered absorption
lines at diferent orbital phases are shown in Figs. 4.21 and 4.22. Aseaerdn, the pri-
mary component is clearly visible in thestdnd He I lines, but appears somewhat weaker
in Hy, Hé and He. This adds to the problem that the temperature of the priroanypo-
nent cannot be unambiguously extracted from the specthmuajh 36 single frames were
available covering all orbital phases.

Regarding the distance determination it can be noted thatEO§5215965 establishes
the short end of the distance scale found in this work. Wighdérived values it still lies
in the 10 kpc band of SMC line-of-sight depth proposed by Maat al. (1989); Crowl
et al. (2001):

component distance [kpc] dist. mod.

primary 54.0+ 0.4 18.66+ 0.02
secondary | 54.1+ 1.2 18.67+ 0.07
both 54.0+ 0.6 18.67+ 0.04

The values of both binary components are perfectly congistéh each other. Harries
et al. (2003) have found a distance modulus of 18.83 for tyssesn. This discrepancy
arises from the dierent temperatures determined. While Harries et al. (200&) both
temperatures (!) to the values corresponding to their splediassification of the com-
ponents, in this work the absolute temperature of the sezgrmbmponent and the tem-
perature ratio were physically determined from model speahd light curve analysis.
Therefore the value published here is clearly to be prederre
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4.8 Comparison with evolutionary tracks

The absolute parameters derived in Section 4.7 can be cechpath the predictions by
contemporary stellar evolution theory. Of course, one rkesp in mind that practically
all available evolutionary calculations are based on sisgirs. Close-binary evolution
is a highly complicated matter and evolutionary tracks arlg available for certain sce-
narios of mass transfer and initial boundary conditionsweiger, a comparison of the
actual absolute parameters of the components of the stgggdms with evolutionary
tracks of single stars is still valuable to gain insight®iolose binary interactionfiects
and their consequences for the evolutionary state of thepromponents, which can be
quite diferent from what would be expected for conservative singleestolution. Here
the recent stellar evolution calculations by Claret (2008)e used. These are based on a
grid of stellar models for SMC metallicity & = 0.004 which cover a mass range from
0.8to 129V,. They take into account mass loss caused by stellar windsi(dnhuijzen
& de Jager 1990) and convective core overshooting. Thetragliapacities for hot stars

30+
32+
34 ¢ .‘.10 Myr
| 20 M ‘
& yr .
36 1 50 Myr |4 :
" ® 5 Myr
3 S T "
_87 3.8 | ‘:‘ ,‘: | O O .
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Figure 4.23: Position of the components of the five binaries for which &ltsearameters were derived in
the logg-M-plane, compared with evolutionary tracks and isochroyeSlaret (2005). The components
of the two detached binaries (filled symbols) display cdesisages, while the secondaries of the three
semi-detached and contact binaries (open symbols) appedr too old due to the mass loss to their
respective primaries.
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are taken from Iglesias & Rogers (1996). The models follogvetolution of 13 isotopes
from *H to ?Mg and use the basic nuclear reaction rates published byrCaug Fowler
(1988).

One must keep in mind, however, that the evolution espgaiditlose binary star sys-
tems can be quite fierent from single-star evolution, mainly due to the marfjedent
stages of evolution which can force mass transfer from omepcment to the other, al-
tering their physical properties and further developmbntlassical single-star evolution
theory, three distinct stages are known where the starsexpasize: during the main
sequence stage, the stellar radius usually increases loyaa @& about 2, while during
the quick transition from the terminal-age main sequenéeM3) to the red-giant stage
the size of a star may expand by a factor of 50. The final evawiutd the asymptotic
giant branch (AGB) of the red-supergiant stage is acconggbby another very quick
expansion of the star. More information on this subject cafoloind in Hilditch (2001).

In binary systems, an expanding star may reach its Rochedoldeg any of the three
expansion phases described, resulting in the transfer s$ neaits companion. Accord-
ingly, there are three cases of mass transfer defined:

e Case A: The star already reaches its Roche lobe during the atal moderate
expansion caused by evolution on the main sequence. Sysi#imshort orbital
periods of up to a few days are prone to encounter this kindasfsntransfer, since
their components are usually already close to their Rocheslan zero-age main
sequence state (ZAMS).

e Case B: A longer orbital period between several and about2@8 will cause most
stars to reach their Roche lobes during the fast transiteawéden the TAMS and
the first red-giant stage. Core helium ignition of the rechgimay interrupt the
mass transfer process, if it causes its radius to decreasgleno not longer fill its
Roche lobe (case BB).

e Case C: In the case of long-period binaries (several 100)d#ys separation is
wide enough to allow evolution up to the red-giant stage outrany mass transfer
occurring. Mass is transferred not before the exhaustiocood helium burning,
when the star evolves to the supergiant state with the ageddurther expansion.

The binary components of the five photometrically and spsctopically analyzed sys-
tems, for which precise absolute quantities could be déyi&ee compared with the Claret
tracks in Fig. 4.23. Two subgroups of objects can be easdiirdjuished. For the de-
tached systems, OGLE 5 38089 and OGLE 6 215965, both comfzmohave apparently
evolved like single stars without previous interaction anelfound on or close to a single
isochrone for an age of about 10 Myr.

The semi-detached and contact systems, however, are wmtgrgass transfer or did
so in the past. They are typical examples for the case A massfar discussed above.
Moreover, they clearly are subject to what is known as thg@hparadox”. This classical
paradox refers to the eclipsing binary Algol which has beleseoved to contain a more
massive primary star well within its Roche lobe, and an obbssipmore evolved secondary
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filling its Roche lobe. According to single-star evolutidreory this is not possible, as
the more massive star always evolves faster than its compariherefore the primary
component should be the large, Roche-lobe filling comporidm paradox is only solved
by taking into account the possibility of Roche-lobe overfla e. the transfer of mass
from one component to the other via the inner Lagrangiantpdims way, the originally
more massive (now secondary, less massive) star trargsferis still in the process of
transferring enough mass to the originally less massive iranary, more massive) star
to reverse the mass ratio of the binary. This is clearly tise éar OGLE 9 175323, OGLE
11 30116 and OGLE 7 243913.

The “paradox” clearly manifests itself in Fig. 4.23: thedesassive secondary com-
ponents appear much older than their primary companionsodibe mass exchange they
caused after having filled their respective Roche lobesy @henow less massive than in
their ZAMS state and farther evolved than their actual massldvsuggest. The ages of
the primaries are in the range of 5 to 15 Myr.

4.9 Distance to the LMC

Finally, after having computed the absolute parametersdastdnces of individual sys-
tems, a mean value for the distance to the SMC can be detaimitere only five bi-
naries were analyzed as exemplary cases. Therefore the distance given here can
by no means be representative. Nevertheless, the goodhagmewith previously deter-
mined distance values by e. g. Harries et al. (2003) or Hidét al. (2005) shows the
enormous potential of the approach used in this work. It rhasitressed again that the
self-consistency of the results achieved here is muchrtbiée in the above-mentioned
studies, as has been discussed in much detail in SectionTh& distance to the SMC
derived as the mean of the five eclipsing binaries analyzetoptetrically and spectro-
scopically in this work, together with itssistandard error, is determined as follows:

distance [kpc]| distance modulus
59.5+4.0 18.87+ 0.15
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5 Conclusions and outlook

Eclipsing binaries are among the most important objects fsich we can gain in-depth
knowledge about the properties and parameters of starghindf the huge photometric
data bases which have become available as by-productgyefitaicrolensing surveys in
recent years, this work was intended to explore the unigssibitities which the huge
number of newly discovered eclipsing binariéieos and to determine fundamental stellar
properties on an absolute scale for a large number of stacenitrast to other approaches,
which are based on statistical investigations or less physnodels and assumptions, a
concept is introduced to perform a simultaneous photomatrd spectroscopic analysis
of early-type OB binaries, which is capable to be applied targe number of program
stars with acceptableferts. The main advantage of this method is that it is exclgiv
based on physical assumptions and models and does not legwe for subjective esti-
mates (e. g. temperatures derived from spectral typesytstital presumptions (like,
e. g. mass ratios simply fixed gt= 1), which are usually applied by other investigators
when dealing with the task of stellar parameter deternonafior large binary samples.
The approach used in this work is therefore superior in assengeld results of unprece-
dented accuracy, not only in individual cases, but for thgompart of the whole bulk
of objects. Also, another feature is the way of reckonindisga error margins for the
derived quantities based on the bootstrap method, whiclohzes preferred to the mostly
supplied formal fitting errors, which do not include systéimarror sources and hence
are usually far too small.

The overall aim was to determine absolute parameters atdndes of early-type
eclipsing binaries in the LMC. The original plan was to seéesumber of eclipsing binary
stars from the microlensing survey archives and analyzeltgbt curves in combination
with spectra obtained in one of our proposed observing rugsectroscopic observa-
tions with the 3.9 m AAT and the 2dF spectrograph in Austradgie actually approved,
but could finally not be carried out due to the early commisisig of the 2dF follow-
up instrumentation AAOmega in October 2005. For anothert joioposal with a group
at Gottingen University guaranteed spectroscopic obsgriime at the new-technology
11 m SALT telescope in South Africa would have been used temeghe program stars,
if not an unforeseen delay caused by technical problemstivéhmain focus of this in-
strument would have prevented these observations to bieadaut in due time for this
thesis.

Due to reasons explained in Section 1.3 photometric dat@eadoe not sflicient to
determine absolute parameters of eclipsing binaries. t8malive ways had to be sought
to meet the main objectives of this work. This was essegtathieved by splitting the
working program into two parts: one to demonstrate the p@iire photometric analysis
method by means of numerous binaries dfatent configurations, and a second one to
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illustrate the concept of combined photometric and spsctpic analysis with the aid of
archival spectra for especially interesting binaries witfh quality data.

The first part was devoted to purely photometric analysesgiially selected program
stars of early OB spectral type. The careful case studie$ ay8tems with detached,
semi-detached and (over-)contact configurations imprelysdemonstrate the degener-
acy of photometric solutions with respect to one of the maseatial parameters — the
mass ratiaj of both components (Nefl3linger 2004). Mostly, equally gagttlcurve fits
can be found for a wide range gfvalues, and there is no way to pin down the right
value ofq from photometric data alone. By a multitude of solutions gfhown how other
important system parameters closely correlate with thetran in g. It is not only very
instructive and already provides important physical intsgn the structure of a system to
define these correlations quantitatively for systems fiecent type, but thg-dependent
family of solutions also forms a valuable basis for futureestigators of the program
stars, once spectroscopic data will be available. The nadigsaan then easily be derived
from the radial velocity curves, and absolute parametersiarquely determined by the
photometric solutions.

5.1 Results of the photometric analysis

Among the three largest available microlensing surveylietas, MACHO, OGLE and
EROS, MACHO was selected as primary source for the photoorsdita. After careful
consideration of the pros and cons of each of the availablegis, MACHO photometry
simply ofered the best compromise of the desired features: hundfdighiocurves for
suitable objects were available, and each of them has goextailent phase coverage in
two passband$ andV. The OGLE archive even contains thousands of eclipsingyina
light curves withS/N comparable to MACHO observations. Nevertheless, only én th
band were light curves available with acceptable phaserageeand sfiicient number of
data points. As for EROS, this survettfered only a very limited number of a few tens
of eclipsing binaries with observations of mixed qualitydgrhase coverage. So it was
decided to select suitable objects from the MACHO surveysarigect them to the most
sophisticated photometric analysis possible.

Since the focus lay on close, early-type (OB) eclipsing bz the list of objects was
narrowed down to 239 objects with color index— R < 0 and orbital period® < 2d.
From this sample, the 25 visually brightest objects weresehdor final analysis, as
these promised to contain the maximum possible amount ofrirdtion due to excellent
S/N. The completion of several steps was necessary to preparathMACHO data for
light curve analysis. During this process it became obvibas the original period and
minimum time search conducted by the MACHO collaboratiotc@8k et al. 1997a) as
an automated process did not provide the necessary precidierefore these parameters
were newly determined before the photometric analysisccoommence.

The analysis itself was conducted by means of MORO, a sfateeeart light curve
synthesis and optimization software originally describgdDrechsel et al. (1995). Es-
sentially, a synthetic light curve is computed from usgpggied initial parameters and
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compared with the observations. An improved new set of patars is then constructed
by application of the simplex algorithm, again compareduilite observations and so on.
Due to the nature of the iterative simplex scheme, this aagraeannot diverge andfers

a great deal of numerical stability. This way, the paramsgéemhich yields the best fit of
the observations is finally found. The selection of suitabéat parameters is one of the
key ingredients to successful light curve solution. Mosdlgses published in the litera-
ture are based on individual user- supplied choices — eafigfibest guesses” of more or
less experienced researchers. In this workfioent method was preferred. A dense grid
of about 10 synthetic light curves was computed by a systematic vanaif all essential
parameters over a wide range. For each star it was systathasicanned for light curves
matching closely the observations before the actual pamroptimization was started.

Due to the lack of spectroscopic data, no definite mass ratitdde assigned to any
of the stars analyzed in this part of the work. Therefore eactysis was repeated for the
entire physically reasonable range of mass ratio valuetepsf 0.05.

Another fundamental improvement over existing binarytiglrve analyses is the ac-
curate and realistic representation of the associatedredes errors. As it is not possi-
ble to propagate observational errors through the simpgosighm, the time-consuming
bootstrap method was used for estimation of errors. If specbpy becomes available,
simple error propagation will therefore immediately yig¢lte absolute parameters to-
gether with appropriate errors.

The 25 systems analyzed in this part of the work were foundtdain 13 detached,
4 semi-detached and 4 overcontact systems. Four “spedastaith unusual config-
urations or special properties like multiple solution regs were also found. Several
correlations between light curve parameters became emitigimg the analyses. One of
the most intricate dependencies explains the varying iaéteteness of the derived pa-
rameters with binary configuration: when changing the mase g from a small value
to a higher one (i. eq = M,/M; — 1) in a detached system, the center of mass of the
system shifts towards the secondary component. This redheetidal distortion of the
secondary component while at the same time increases tdégorimary star. The asso-
ciated change in relative luminosities must then be coanted by a change in relative
radii, a compensation mechanism clearly seen in most ofrielyzed stars. This on the
other hand modifies the depth of both light curve minima argltbadbe counteracted in
turn by a change in orbital inclination. However, this meube does not work so well for
semi-detached or overcontact binaries, as in these casas twoth surface potentials are
fixed with the mass ratio. Therefore the freedom of the radittange is severely limited,
even more so because for these strongly distorted starseadhparameter changes have
severe ffects on the light curve shape. The range of photometricakbgible mass ratios
can be narrowed down significantly. This explains nicely wloge, possibly Roche lobe-
filling eclipsing binaries are preferable targets, esplydiano spectroscopic observations
are available.

The bulk of analyzed systems was found to be consistent watin sequence or only
mildly evolved stars, while some of the more complicatecesasan obviously only be
explained by assuming significantly evolved stars and gtidose-binary interactions.
Several indications for mass transfer between binary compis were found in the light
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curves. For some of the “special cases” mentioned, twoadytlifferent solution regimes
were found in the parameter space, which both yield lightedits of equal quality. No
further conclusions about these systems can be drawn wighfair bit of speculation.

One of the most important advances of this work over eartiglies analyzing large
samples of extragalactic binaries is its general admigamzl systematic evaluation of a
large range of physically reasonable values for the maiss #¢spite bestféorts, no pho-
tometric mass ratio can be uniquely established exceptoimesvery rare special cases
featuring Roche lobe-filling components and total eclipges also Terrell & Wilson
2005). Nevertheless, other works simply used a statistiigptoach by setting the mass
ratio generally to 1 (Wyithe & Wilson 2001, 2002; MichalskaR8gulski 2005), inducing
severe errors especially in the relative radii and the arbitlination with immediate con-
sequences for the derived masses. Others attempted toasoriee mass ratio by using
mass-luminosity-relations for Galactic main-sequenaesgiGraczyk 2003), a more prag-
matic but still very inaccurate approach. Additionallye #rror estimation technique used
here is state-of-the-art and far superior to the standamalri&l” error estimates produced
by the respectivg? minimization methods.

5.2 Results of the spectroscopic analysis

The second part of this thesis is thought to prove the fdagibnd full power of the sug-
gested analysis technique. For this purpose a sample ofdiletype eclipsing binaries
in the SMC was selected, for which high-quality OGLBand and partly also MACHO
V andR band light curves are available; in addition, also 2dF speaibtained with the
Australian AAT telescope existed in the AAO archive. Thebgots were subjected to
the proposed MORQFITSB2 analysis and yielded results of extraordinary aacyiand
consistency between photometric and spectroscopic péeesne

Photometrid band observations were retrieved from the OGLE databas8;dbthe 5
binaries also MACHQO/ andR curves existed. Orbital periods and times of minima were
improved to a high precision to ensure optimum accuracyeptiase-folded light curves.
The reduction of the spectra recorded with the AROF multi-object spectrograph of the
AAO Observatory was completely redone in all steps from ratmdtage to the extraction
of the final object spectra by use of the 2dFDR software paekagvided by AAO.
Depending on the coordinates of the program stars in the 2ti#sfibetween 18 and 36
individual spectra could be used for each of the objects. s@heere stiiciently well
distributed in phase to yield a rather homogeneous phaserage. Note that similar
previous attempts to evaluate spectroscopic informatiorarger object samples with
the aim of stellar parameter determination often derivedswmatios from only very few
radial velocity measurements randomly distributed overghase interval, sometimes
actually only two spectra taken close to both quadraturés;iwof course yielded very
uncertain mass ratios.

A specifically devised procedure was applied to interreflagephotometric (MORO)
and spectroscopic (FITSB2) adjustment algorithms iteeftito ensure a maximum de-
gree of consistency. The FITSB2 spectrum fitting software wsed to find the best
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possible representation of all spectra of an object simattasly by interpolating in a
grid of synthetic spectra. Using this method combined whha $implexy?-minimizing
scheme allows to extract the complete set of stellar paem&ir both components with-
out previous separation (“disentangling”) of the compdrspectra. A uniqgue method for
alleviating the complex problem of fitting up to eight abga@mp lines in each (of up to
36) superimposed spectra taken dfatent orbital phases at once is the “orbit” mode of
FITSB2. This mode requires the user to specify orbital mkaind phase zero point of the
binary as well as the Julian Dates of all fitted observatitrexeby removing one degree
of freedom of the problem for each spectrum used, becaughtsing is enforced. As the
relative radial velocity for each phase is determined byuer-supplied orbital parame-
ters, only the absolute radial velocity amplitudes remaibd adjusted. At the same time,
temperature, surface gravities and rotational velocit&s be independently adjusted.
Synthetic spectra for the appropriate rangesftdative temperatures, surface gravities
and metallicities based on twoftérent state-of-the-art NLTE model atmosphere codes
by Lanz & Hubeny (2003, 2007) and Nieva & Przybilla (2007) vesed. The resulting
parameters were hardlyfterent for both grids. Subsequently the bootstrap algorithm
was applied to derive realistic estimations of the spectpi& parameter errors.

Employing this method, absolute parameters could be urguobsly derived for the
five analyzed case studies. All of them are hot OB-type siangas to many of those
analyzed in Chapter 3. Three are in a contact or semi-dadacbefiguration. These
states are most probably reached while both componentditrensor near the main
sequence in the present cases. Two systems were found t@aloketached configuration.
As expected, a wide range of mass ratio values cannot fiisatly constrained by
photometry alone, even for the much better determined sietaiched systems.

As for the distances, typical values for distance moduli&Blo 18.9 (corresponding
to 57 — 60 kpc) have been found, with two exceptionsrof M ~ 187 (55 kpc) and
m- M =~ 19.1 (66 kpc). These are believed to be real due to the lineahdeqént of the
SMC. The mean value oh-V = 1887 (59.5 kpc) corresponds to the mean distance of
the SMC and lies right in the middle between the so-calledrshand “long” distance
scales established byftirent methods in the literature.

5.3 Outlook

The parameter determination technique used in this worlisased on subjective es-
timates and uncertain spectral classification (espeatalybtful in the case of superim-
posed component spectra) for deriving stellar temperstike applied by, e. g., Harries
et al. (2003). The approach presented here relies on adtyaigal models instead, The
parameters derived this way are not only more accurate,alseyhave a higher degree
of self-consistency. This is clearly obvious in the finalpsté the analysis, the determi-
nation of the distances. The distances were independegtilyed for each component of
each analyzed binary. The distances found for both comgseéerach binary are always
completely consistent, within the mutual error margins gthyo< 1kpc). This is not the

case in the analysis of Harries et al. (2003). Even thougleties quoted by them are
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much larger than the ones found in this work, the binary camepo distances are not
even consistent at that level, butfér by as much as 10 kpc. Therefore it can be safely
concluded that the methods and techniques presented iwahisare excellent tools for
effective and consistent parameter determinations of closastars.

It is the firm belief and hope of the author that future appias will contribute to
a better understanding of stellar and especially binaryuéiemary processes. An espe-
cially important progress is also expected with regard ®dhgoing debate about the
calibration of the cosmological distance scale. Thankbécatvailability of always larger
telescopes and more powerful spectrographs and detedistances far beyond that of
the Magellanic Clouds and our Local Group galaxies will bme@ccessible by means of
the binary star method. It is highly important to complentéetconventional methods of
distance determination by the use of binary stars as a nes ofsstandard candles, even
more so because the accuracy to be achieved will clearly thealed.
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