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ABSTRACT
Structure, Abundances, and Reddening of the Magellanic Clads from its variable stars

Using the data obtained by the Optical Gravitational Legdtxperiment (OGLE) we investigate the

properties of the old population of the Magellanic CloudsO$)l using the variable RR Lyrae stars and

of the young population traced by Cepheids.

With our own reddening estimates, we deduce distances RRHg/rae stars and Cepheids. These dis-

tances are used to determine structural parameters, sscialasheight, position angle and inclinat

of the Large Magellanic Cloud (LMC) and Small Magellanic @do(SMC). The depth extent of the

SMC is significantly higher than for the LMC. For the SMC a quilifferent orientation of the yourj

on

g

Cepheids is found in comparison to the old RR Lyrae stars. @rlee most interesting results is the

off-center bar of the LMC, which extends for up+db kpc in both populations out of the disk.

We determine metallicities for single RR Lyrae stars andrttetallicity distribution functions reveal

significant diferences between the LMC and SMC. The mean metallicity of M€ $ ~ 0.2 dex
lower. This leads to the conclusion of df@rent early enrichment history of the MCs.

Investigating RR Lyrae stars in the OGLE field towards thea@i@t bulge, we obtain reddening esti-

mates, metallicities and distances to the bulge and to d paralof the Sagittarius stream. The stre)
has a significantly lower metallicity and seems to be incline

am

Performing a spectroscopic analysis of individual elenamindances of nine very metal-poor candi-

date RR Lyrae stars, we find the most metal-poor star/Hife- —2.7 dex) yet detected inthe MCs. T
other very metal-poor stars have abundances leading tooti@usion that a build-up of the Galac
halo from a merger with a MC-type galaxy is plausible.

Z USAMMENFASSUNG
Struktur, Elementhaufigkeiten und Verfarbung der Magellanischen Wolken von ihren variablen
Sternen

Mit Hilfe von Daten des Optical Gravitational Lensing Exipeent werden die Eigenschaften der M
ellanischen Wolken untersucht. Fir die alte PopulationdeeRR Lyrae Sternen genutzt und fur
junge Population Cepheiden.

Die Messung der Entfernungen von RR Lyrae Sternen und Cegim&ierden mit unseren eigenen \
farbungskarten korrigiert. Mit diesen Entfernungen dmran wir die Skalenhdhe, der Positionswin
und die Inklination der GroRRen und Kleinen Magellanischeolk&/ (GKMW). Die Skalenhthe dg
KMW ist signifikant hoher als die der GMW. Die jungen Cepheidier KMW haben eine andere O
entierung als die alten RR Lyrae Sterne. Eines der intenessten Resultate ist der versetzte Bal
der GMW, welcher, in beiden Populationen, bis~z6 kpc aus der Scheibe herausragt.

Die Metallizitatsverteilungfunktion wird aus Metalliditen einzelner RR Lyrae Sterne bestimmt

zeigt signifikante Unterschiede zwischen GMW and KMW. Di¢tlerie Metallizitdt der KMW ist ur
~ 0.2 dex niedriger. Dies ist ein Hinweis auf eine unterschami Anreicherungsgeschichte der fril
Wolken.

Die Untersuchung der RR Lyrae Sterne in den OGLE Feldern @dsk@schen Bulge erlaubt es Ve

farbungen, Metallizitadten und Entfernungen zu RR Lyraerf&te im Bulge und in einem kleinen T¢
des Sagittarius Stroms zu bestimmen. Der Strom hat eindikagrt niedrigere Metallizitat und schei
geneigt zu sein.

Mit Hilfe einer spectroskopischen Analyse von individeellElementhaufigkeiten von neun maoglich
metallarmen RR Lyrae Sternen, finden wir den bisher metafiten Stern ([F&H] = —2.7dex) in
den Magellanischen Wolken tberhaupt. Die Elementhaufigkaier anderen Sterne ermdglichen
Schlu3folgerung, dass der Galaktische Halo durch die Akkresiner Galaxie von Magellanische
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"Handle so,
dass die Maxime deines Willens
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als Prinzip einer allgemeinen Gesetzgebung gelten kdnne."

Immanuel Kant
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"There’s an old saying. Fortune favors the bold.
Well, | guess we're about to find out."”

Benjamin Sisko - Star Trek: Deep Space Nine (Sacrifice of Ag)ge

Introduction

This thesis compiles work on severaffdrent topics, which can be illustrated by a house with sévera
levels. Each level is needed to build the next on top of it. Elev every level has interesting patterns
of its own, which are worth investigating and which aréetient from all the other levels. The central
theme or the fundament of this construct in our case are ttgeNéaic Clouds (MCs) and the variable
RR Lyrae stars. Therefore their history and their most irtgtrproperties are described in this chapter.
Furthermore | will present a more detailed introductiondach levetopic as we enter them. This should
allow you (as the reader) to gain a better understandingeothlaracteristics of each level you will visit.

1.1 Magellanic Clouds

The MCs are the largest galaxies orbiting our Milky Way (MWisible only from the southern hemi-
sphere, they were first described by the Persian astronobtkalAlRahman al-Sufiin 964 AD in hBook
of fixed stars He named the object al-Baqgar al-Abyad or the “White Bullar Ehe ‘general European
astronomical community’the MCs were unknown until FerdisdMagellan described them while cir-
cumnavigating the world for the first time. However, the ndmagellanic Cloud'was introduced much
later and until the 18th century they were known as ‘Largeu@land ‘Small Cloud’.

The sizes and proximity of the MCs give us the opportunityttmg them in great detail. However,
many questions remain unanswered. To solve some of the amstians | dedicate my PhD thesis to
the further exploration of these objects, especially beeaome of the parameters of the MCs are used
to infer other astronomical scales. Even though the distte the clouds are not yet settled, beyond
doubt, they are used as one of the essential steps definirgps$h@ological distance ladder (Freedman
et al. 2001). But there are also other unresolved questMstype galaxy are not commonly found as
satellites of other spiral galaxies (Liu et al. 2011), whim agreement with SPH-simulations performed
by Libeskind et al. (2007). This rarity might be giving ustsitowards the formation history of the MW
and its satellite galaxies. Models indicate that the MCshinige on their first passage around the MW,
as proposed by Besla et al. (2007) using the proper motian afdtallivayalil et al. (2006b,a). If the
MCs are infalling galaxies the chemical building blocks htigave been dlierent from our own Galaxy.
The old and metal-poor stars as tracers of the early starafttwm history (SFH) could have aftikrent
chemical composition in the MCs than in the halo of the MW, athtonsists mainly of old stars. This
would lead to a dterent metallicity distribution function (MDF) of the MCs pared with the MW as
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well as with the other MW satellite galaxies.

There are many other issues to investigate , but | would Glstart with ordering the éierent results
found during the last 100 years of research on the MCs, wheorasners realized that our Galaxy might
not be the sole constituent of the universe.

| will start with one of the most important parametershe distance. The ‘Great Debate’of Shapley
and Curtis in 1920 (Hoskin 1976) was the climax of the disicussf whether the Galaxy was the only
object in the universe or whether island universes exigtesd term had already been introduced by Kant
in 1755). In 1908 Leavitt had proposed Cepheids as distarttieators and confirmed their calibration
in Leavitt & Pickering (1912). The discovery of Cepheidshie Andromeda galaxy and in NGC 6822 by
Hubble (1925a,b) solved the question in favor of the islamgarses. These discoveries made it possible
to think about galaxies as independent objects and ther&fatetermine realistic distances.

The distances to the MCs had already been investigatedtdintea The diferent methods, however,
revealed very dferent results. The distances found for the Large Magell@oad (LMC) ranged from
15 kpc using O-stars (Wilson 1924), 30.7 kpc, derived by lmark (1924) utilizing O-stars and a star
cluster, to the Cepheid distance of 34.5 kpc (Shapley 19240 .great diiculty of distance determination
at that time is illustrated by the distance of 0.95 kpc otadiby Perrine (1927) using Cepheids and star
clusters.

During the 1930s and 1940s only minor work was done on the M@sShapley (1953) investigated
globular clusters (GCs) and restarted the discussion hyosiog that the MCs should have double the
distance than believed before. Thackeray & Wesselink (19&S8e the first to use variable RR Lyrae
stars as distance indicators for the MCs. They found botlud@do be at the same distance of 44 kpc
and revised this value to 55 kpc in Thackeray & Wesselink $19%he equal distances of both MCs were
confirmed by de Vaucouleurs (1955c) using Cepheids and Navéeetermining a distance of 56.2 kpc.
These values are already close to today’s mean distancemileations for the MCs. In 1968 Sandage
& Tammann disentangeled the distance moduli for LMC and Sktadjellanic Cloud (SMC), obtaining
a difference of 11 kpc between the two objects. The methods arehdéstdeterminations have been
refined since those days, but the distances have not changewhtitally. Reviewing the most recent
distances, Alves (2004) found a mean distance modulus &LMC of m— M = 1850 + 0.02 mag
(50.1 kpc). In the review of Walker (2011) a mean valuarof M = 1848 + 0.05 mag (49.7 kpc) was
determined.

Johnson (1961) suggested that the SMC might have a largeflisight depth and Mathewson et al.
(1986) established that the SMC has a great depth extent @& than 30 kpc. Even though this value
might be too large (cf. Crowl et al. 2001; Subramanian & Soi@aiam 2009, hereafter S09), it compli-
cates the determination of a mean distance. Westerlund)8&ted a mean value o~ M = 1890 mag
(60.3 kpc), averaging over severaftdrent measurements and methods. Newer estimates usingtg var
of different distance indicators, such as Cepheids, tip of theieed granch (RGB), red clump (RC) or
RR Lyrae stars, result in (mean) distances betweedbl8ag< m— M < 19.11 mag.

The mean distances to the MCs may now have been determinedatcaptable precision, but the
uncertainty on their not-so-well-determined three-disienal structure, especially of the old population,
always adds additional uncertainties. Nikolaev et al. £0ed more than 2000 Cepheids, observed
by the MACHO survey (Alcock et al. 2000), to determine dists and structural parameters of the
LMC. Even though they show three-dimensional maps, Nikokel. (2004) do not deduce scale-height
estimates for the LMC. They only state that the bar of the LMEnss to be located about 0.5 kpc closer
to the observer than the main disk. In Subramaniam (2003)289d Subramaniam & Subramanian
(2009b) the question of the location of the bar is raisedragaing red giants and RR Lyrae stars, but
with the opposite conclusion, which “rules out” (Subranaami& Subramanian 2009b) that the bar is
located in front of the LMC.

Using pulsating red giants from the second phase of the &#cavitational Lensing Experiment
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(OGLEII) data set, Lah et al. (2005) divided the MCs into diyusized fields on the sky. For each field
they evaluated the mean distance. THeedénces between the mean distances of thierdnt fields are
2.4kpc for the LMC and 3.2 kpc for the SMC, which they regaragdswer limit for the scale height.
However, due to averaging over all distances within the diefde scale height might be considerably
higher than these values. Another estimate using RC staB08yled to a depth of.47 + 0.97 kpc for
the LMC and 490 + 1.23 kpc for the SMC, respectively. The newest estimate of M€ Hepth utilizes
RR Lyrae stars and Kapakos et al. (2011) found a valueX$ 4 0.27 kpc. Instead of using individual
stars to determine the scale height of a system the distibaif clusters can be used as a proxy. In
Crowl et al. (2001) the clusters give a depth of the SMC betw&kpc and 12 kpc, while the clusters
analyzed in Glatt et al. (2008a) lead to a depth of approxiyndtO kpc.

Most of these investigations have used mean reddening assnfrom, e.g., RC stars. These es-
timates do not take internal fiérential reddeningfiects into account and might therefore have led to
misinterpretations of the data. Additionally, most of thestudies bin the data and determine mean
distances with standard deviations. Therefore it is ptessitat smaller features were overlooked or av-
eraged out. We improve the presentation of the data in thijge. For this purpose we develop new
methods to gain a better insight into the reddening estifftateach individual star and use them on
unbinned datasets.

Before describing the structural parameters in detail widga short excursion into the morphology
of the MCs. Even though most people consider the LMC as agulae galaxy, some consider it to
be a barred spiral of typ&B(s)m(de Vaucouleurs et al. 1991). Nonetheless, the LMfteds from
normal spiral galaxies in terms of not having spiral denisgves and of showing solid-body rotation
just like other massive galaxies. Its “bar” appears to brdisfrom the bar features observed in massive
spiral galaxies. Following de Vaucouleurs et al., the LM®@figen called the prototype of Magellanic
spirals, which are kinematically quiteftérent form the “normal” spirals int he classical Hubble soke
In Westerlund (1997) the LMC is characterized as a circuigk dalaxy with an overlaid bar feature.
Whether the bar is aligned with the disk is still under delfatg., Subramaniam & Subramanian 2009b,
and above) and is one of the important questions discussiikithesis. For the SMC the morphology
is even harder to determine. In 1961 Johnson describedal ppitern and de Vaucouleurs & Freeman
(1972) concluded that the SMC is a rotating galaxy with aadg@tructure. However, the great depth
extent and the asymmetry of the SMC, due to the vefiedint distribution of old and young stars
(Zaritsky et al. 2000), makes it ratherfiult to assign it to a morphological class. Today the SMC is
most often described as an irregular dwarf galaxy (e.g.c&4l2009) or as the prototype of Magellanic
irregulars.

Photographic plates with a limiting magnitude of 16 mag wesed by de Vaucouleurs (1955a) to
determine an inclination angleof 65° and a position angl® of 160 for the LMC. Since many authors
have determined the structural parameters of the LMC, lavily mention some of those made within
the last decade. It is clear that, for the LMC, the structpeabmeters have converged and th&edent
methods do not result in large discrepancies. The globgalesbfthe LMC, as estimated by van der Marel
(2001) from surface density maps of asymptotic giant brg#¢BB) stars and RGB stars, is shown in
Figure 1.1. For the inclination angle,fidirent studies find values betwees 235° + 0.4° (Koerwer
2009) and = 34° + 6° (van der Marel & Cioni 2001). The position angle is mostly greement with
the value of® = 1225° + 8.3° (e.g., van der Marel 2001; Pejcha & Stanek 2009; Subramagiam
Subramanian 2009a), however some studies deduce a paasitip@ around® = 154 + 3° (Nikolaev
et al. 2004; Koerwer 2009).

For the SMC, an inclination anglieof 30° and a position angl® of 45° have been determined
already by de Vaucouleurs (1955b). These values are basttk dirightest stars of the SMC, with a
magnitude limit of 16 mag, and do not take the old populatizio iaccount. Newer estimates of the
structural parameters, using young Cepheids, found amaiin angle of = 68° + 2° and a position
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Figure 1.1: Surface number density distribution of AGB ar@BRstars within the LMC. It was depro-
jected using the parameters determined in van der Marel &iGRO01). Figure taken from van der
Marel (2001).

angle of® = 238 + 7° (Groenewegen & Oudmaijer 2000). However, Zaritsky et &10(® showed that
the young population is much more extended than the old atathas a dierent orientation. For the
RR Lyrae stars of the SMC, Subramanian & Subramaniam (2@l2jdi = 0.4° and® = 66°.

The diferent orientation of the old and young populations of the SkI@ased on the SFH of the
clouds. The LMC had very intensive star formation in the fiest Gigayears (Gyr) after its formation.
While Harris & Zaritsky (2009) found that only very littleastformation was going on from 12 Gyr to
5 Gyr ago and then got re-ignitied and continued until todRybele et al. (2012) showed that the star
formation was continuous with only minor contributions hetlast three Gyrs. For the SMC Harris &
Zaritsky (2004) found that star formation was active un# @yr ago, went into a very quiet phase and
restarted again about 3 Gyr ago. These results are in carttoadto Noél & Gallart (2007) and Sabbi
et al. (2009), who found that the SMC star formation had a engt early phase followed by several
bursts of star formation 0.3 Gyr, 3-4 Gyr and 6 Gyr ago. In méd¢enes both MCs underwent several
bursts of star formation, which happend at very similar smehese results are indicative of very close
interactions of the MCs with each other in the last several G¥e long period of quiescence in both
Clouds and the distinct times of early star formation arept@my to draw the conclusions that the MCs
have not always been together.

The interactions of the LMC and SMC have perturbed the shageraparticular the gaseous com-
ponent of both galaxies and led to the formation of the Mag&d! bridge and Magellanic stream, re-
spectively. The bridge, first discovered by Hindman et @6@), connects both Clouds with each other
and contains mainly metal-poor H1 gas. Irwin et al. (1985)enthe first to find stars within the bridge,
which are believed to have formed in-situ and are very youitly ages below 300 Myrs (Harris 2007).
Furthermore, the LMC has an elongated shape (e.g., Cal@&tiulson 1986; van der Marel 2001) and
indications of warps have been found (e.g., Olsen & SalykR200kolaev et al. 2004). The Magellanic
stream is a gas-only feature that contains of a trailing ale@ding arm and spans around 2@ the
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sky (Nidever et al. 2010). In contrast to the bridge, theastrés emanating from the interaction of the
MCs with the MW.

Until a few years ago a very filerent scenario was favored. It seemed that the MCs had drbite
the MW for at least the last 10 Gyr, most probably togetheg.(@Vesterlund 1997). WitkST data
Kallivayalil et al. (2006b,a) showed that the proper motafrwhat might be considerably larger than
measured before. These results were used by Besla et ar) (&0propose a new model for the MCs,
where both Clouds are infalling (or at least have highly ate orbits) and are on their first passage
around the MW. In Piatek et al. (2008) thkST data are reexamined to test for systematic errors in the
the work of Kallivayalil et al. (2006a). Their results arensgstent with each other. Ground-based proper
motions taken by Costa et al. (2009, 2011) and Vieira et alL@2 reveal smaller values, however with
larger errors. These newer estimates are more consisténtavbiound scenario. Furthermore, several
models of the MCs have been proposed in recent years, usindifferent proper motion results in
the literature. These models, which also have to take theeN&agc Stream into account, lead to very
different scenarios. R{Eka et al. (2010) can explain the features of the MCs only eitound scenario,
while Besla et al. (2010) show that a first infall could proétice stream in its actual shape, even though
the times of highest star formation activity in the model @o&compatible with the observations.

The question of the origin of the MCs will not be answered bg thirrent proper-motion mea-
surements. Other measures are therefore required. A girebe of the properties of the old stellar
population is a feasible way to disentangle some of the uaddjjuestions about the history of the MCs.
The MDFs and metallicity evolution of the Clouds could, intfaular, give insights into their evolution-
ary history. The most straightforward way of investigatwd populations are GC systems. These star
clusters are usually very old and therefore probe the eadlugonary stages of a galaxy. While several
old GCs are present in the LMC and some of them have already dptroscopically investigated by
Johnson et al. (2006) and Mucciarelli et al. (2009, 2010y one GC (NGC121) is present in the SMC.
Furthermore, NGC121 is several Gyr younger than the oldast &1 the SMC (Glatt et al. 2008b) and
therefore more metal-rich, with [[7El]] = —1.46 dex. To investigate the old population with field stars is
complicated by the fact that their age determination is imegal not easy.

Several investigations have used RGB stars within bothd3 oo determine abundances of stars with
ages spanning the whole age range of ages larger than 1 G@allart et al. (2008) and Carrera et al.
(2008b, 2011) several hundred LMC RGB stars were spectpisalty investigated and metallicities
were determined through measurements of the Cal ll triplets@& authors found that the mean metallicity
decreases towards the outskirts, which is mainly causetidjotver number of stars with ages below
1 Gyr. CMD fitting, however, revealed only a handful of old andtal-poor stars within the sample of
the observed stars. Carrera et al. (2008a) looked at RG8afténe SMC and found a similar result of a
metallicity gradient, caused by an age gradient. Withfgedént sample of SMC RGB stars, De Propris
etal. (2010) found hints for a second bump in the MDF of the SMd@icative of a very intensive episode
of star formation during the formation of the Magellanicegtm. No hint for any kind of metallicity
gradient or bump was found by Parisi et al. (2010) with fieldB=xEars of the SMC. These investigations
of the SMC contained only a minority of old stars in their séando infer more details about the early
history of the MCs, a dierent tracer that is purely old and easily recognizable éslad.

Gratton et al. (2004) and Borissova et al. (2004, 2006) haviopned low resolution spectroscopic
measurements of RR Lyrae stars in the LMC. These stars hageda@t least 9 Gyr (Sarajedini et al.
2006) and are therefore consistently old. By investigatiiregCa K line of over 100 RR Lyrae stars within
the bar and central regions, Gratton et al. and Borissova fetuand a broad metallicity distribution, with
arange of-2.3dex< [Fe/H] < —0.6 dex. The mean metallicity in each analysis was found to berat
[Fe/H] ~ —1.50dex. Using the results of OGLE, several investigationthermetallicities of RR Lyrae
stars using their photometric properties have been coadudtor the LMC, Feast et al. (2010, from
now on FAW10) used the OGLE Il (Udalski et al. 2008a,b) syrtedetermine a mean metallicity of



6 Introduction

17.8
18.4
1o
A 1865 .., . e
. . . o, o . - % e
i % R i R
.:-": 202, . . j]: | © 18.8F
..'.u'. .:‘*.: 'c’g;”z‘{“ﬁiﬁi:h " .g.
R A i Y " - L
SR 18
18.4 R
19.2
1. 1 1 L L . L 1 1 1
860 0.2 0.4 0.6 0.8 1 1940 0.2 0.4 0.6 0.8 1

" phase " phase
Figure 1.2: Example lightcurves of RR Lyrae stars of typelafi panel) and type c (right panel). The
lightcurves are taken from the OGLE Il data (Sosgki et al. 2008) of the LMC.

[Fe/H] = —1.218+ 0.004 dex with a small gradient of@L + 0.002 dex kpc! from the central parts to
the outer fields. From OGLE Il data, Deb & Singh (2010, from rmwDS10) analyzed 352 RR Lyrae
stars of the SMC. The mean metallicity is significantly lonesr[Fe/H] = —1.56 + 0.25 dex. Kapakos
et al. (2011) determined photometric metallicities for TR Lyrae stars of the SMC using OGLEIII
data and found a mean value of [IF§ = —1.62 + 0.41 dex.

RR Lyrae stars appear to be ideal tracers for the old fieldpstpulation. Therefore | would like to
discuss them in further detail.

1.2 RRLyrae stars

The variability of the star RR Lyrae was discovered by Williaa Fleming in 1898 and published in
the Harvard Second Catalogue of Variable Stdmg Pickering (1903). At the time, variable stars were
classified into three élierent groups depending on the shape of their lightcurves Ksess 1913 for a
description of the classes). As the allocation to one of foeigs was not so obvious for the RR Lyrae
stars, they were sometimes treatecckaster variableqe.g., Kiess 1913) or as Cepheids (e.g., Shapley
1916). In 1924 Hertzsprung introduced a new class of va#bf type RR Lyrae.

Schwarzschild (1940) recognized that théfetient periods and shapes of the lightcurves of the
RR Lyrae stars were connected to the pulsational propesfidke stars. At that time the RR Lyrae
stars were divided into type a, b and ¢ (Bailey 1902) basedhein lightcurve shapes. The shape of the
lightcurve changes steadily from a nearly sinusoidal shiaehighly asymetric shape with a long de-
scending phase and a strong increase in magnitude, see Eiguor examples of the lightcurves. Later
it was found that type a and b pulsate in the fundamental melie type c are first overtone pulsators.
The RR Lyrae stars are therefore nowadays divided into twapg of type ab and type c.

The pulsation of the RR Lyrae stars is driven by the so-catlatechanism (Baker & Kippenhahn
1962). A layer of partially ionized helium is exited by thedi@ion coming from the interior of the
star. The ionization of Heto He'* sets electrons free and the opacity of the layer increasége T
radiation becomes trapped inside the helium layer and thgspre increases until the radiation pushes
the upper layer to the outside. Due to the pressure the tetyperdecreases and the ionization of the
layer is reversed. Therefore the opacity shrinks, the tiadi@an move through the star more easily and
the radiation pressure decreases. This is the moment wheitignal forces take over and the layer
contracts back into the star. When the layer has fallen tacrfough the ionization of the helium layer
starts again and the next cycle begins (see Figure 1.3)r@effects prevent most stars from pulsating.
If the partially ionized helium layer is located too deepidiesthe star the pressure is not strong enough
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Figure 1.3: The pulsation cycle of a typical variable stdre partially ionized helium layer (green ring)
traps the radiation, the layers below the helium heat upiftedior). The helium layer is pushed outside,
the radiation can escape, the star cools (blue centralmegiod the helium is reionized (orange ring).
The layer falls back into its former configuration, wheretérss to heat again. The proportions of this
figure are obviously not to scale. Figure courtesy of Stefadah

to move the outer layers, if the partially ionized layer is tdose to the surface the density of the gas
is too low and the fect is negligible as well. Additionally some stars are daatead by convection in
their outer layers. The layers are therefore well mixed &edayer of partly ionized helium necessary
for pulsations to develop cannot exist. All these factoesdléo the observation that pulsation caused
by the k-mechanism is only observed in the instability strip (Cox &&h 1963), where theffective
temperature of the star is between 5500 K and 7500 K (Figdie 1.

As mentioned before some stars pulsate in overtone modesexdct reason for theféierent pul-
sation modes are nor yet entirely understood, but Chri€gg}1 explained these overtone pulsations as
the additional influence of a partly ionized layer of hydnog&he physical principles are the same as for
the partly ionized helium layer, the hydrogen layer is josglted closer to the star’s surface. In overtone
pulsators the physical properties (temperature, meitgllidensity, etc.) are just adequate to have both
layers being ionized at the same time. Observations shaviyipec stars are in general hotter and have
shorter periods. This agrees with the models (e.g., Bonb &£987) which predict that hotter RR Lyrae
stars are more unstable towards overtone pulsations.

Another important feature of RR Lyrae stars is the Blazieat, an &ect that is still not fully un-
derstood. In 1907 Blazko reported modulations in the annid¢itand phase of variable stars for the first
time. These modulations were later confirmed by Shapley@)LBiestigating the star RR Lyrae. The
reason for the additional modulation of the pulsation haanb&ubject to speculation for more than a
century. Even though the number of possibilities accogntim the underlying physical processes have
steadily been eliminated, the final solution has still narbéund. But the number of stars exhibiting
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Figure 1.4: Evolutionary track of RR Lyrae stars. Progesitof RR Lyrae stars have masses around
0.7 My, and are rather metal-poor. After finishing hydrogen-comming the stars enter the giant-branch
stage. With the ignition of helium they move to the asymgtgtant branch and go through the RR Lyrae
phase. While they are in the instability strip the RR Lyragspulsate with periods between 0.2 days and
1.1 days and have typical temperatures between 6100 K aridkZ4itheir mean absolute magnitudes are
very stable around 0.6 mag, dependening on the metallaiiy,these type of stars are therefore used as
standard candles. Values and figure are taken from Smitj20@ slightly modified.

the BlaZko &ect is believed to be as high as 50% (e.g Jurcsik et al. 2008)ally most authors find
that the fundamental pulsators show the BlaziKea more often than the first overtone pulsators (e.g.,
Benkd et al. 2006). However, Arellano Ferro et al. (2011) shovt thahe GC M53 the frequency of
type ¢ pulsators with Blazko modulations is nearly doubbd tf the type ab. Kolenberg (2011) summa-
rized the most recent models for the Blazltteet. The observation with the space telescapeRoTand
Kepler allowed RR Lyrae stars to be observed with unreached poectbus far. The favoured models
to explain the Blazko féect are either pulsation due to non-radial pulsational reddey., Olech et al.
2000) or models that treat the modulations similar to therhef electronic signal transmission (Bénk

et al. 2011).

The first distance estimate of an RR Lyrae star was carriethdl838 by Joy on W Canum Venati-
corum. Thackeray & Wesselink (1953) conducted the firsadist estimates of the MCs using RR Lyrae
stars. These authors used the relation between the luyirafsa star and its period (e.g., Sandage
1958). Subsequently, Arp (1955) and Preston (1959) disedvéhat it is possible to relate the period
of an RR Lyrae star to its metallicity. In Sandage et al. (398@eneral description of absolute magni-
tude in dependence of the metallicity was introduced. Tbesdt was a great improvement, when the
determination of the metallicity of a RR Lyrae star by usingh@tometric method became possible and
therefore large datasets could be chemically investigated
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Adam (1978) and Simon & Lee (1981) showed that the parami&tarsa Fourier decomposition of
a Cepheid lightcurve are related to several stellar paemmieind extended this work to RR Lyrae stars
in Simon & Teays (1981) and Simon (1985). Th&elient orders of the Fourier phaggare related to
one another byi; = ¢; —i¢;. An interdependency between the Fourier paramgigrthe period and the
metallicity of RR Lyrae stars was found by Simon (1988) and&ts & Zsoldos (1995), while Jurcsik
& Kovacs (1996) introduced the formula

[Fe/H] = -5.038-5394P + 1.345¢3, (1.1)

This formula is based on the metallicity scale calibratadRR Lyrae stars by Jurcsik (1995, from now
on J95).

The Fourier decomposition of the lightcurve of a variabbr & usually done by a multi-order fit of
the form

N
V= Ag+ Z A sinKwt + ¢y) (1.2)
k=1

whereV is the observed band magnitudedk is the amplitudegy the phasew the angular frequency,
andt the specific time at which a data point was measuheds the order to which the Fourier series is
developed, which in most cases is between four and six. Tlnev#or the Fourier amplitude and phase
depend linearly on the shape of the decomposed lightcutedli{@werf & Dickens 1987). The skewness
of the lightcurve, which is a measure of the time while the gits dimmer in comparison to the time
while the magnitude of star is rising again, is related toah®litude. The Fourier phase parameters
depend on the acuteness of the lightcurve. The acutenessdasure for the time of the lightcurve spent
below the average luminosity compared to the time aboveageeluminosity. No physical explanation
has been found, why the Fourier phagg is related to the metallicity (Simon & Clement 1993), it
is an empirical result based purely on observational edideHowever, Sandage (2004) showed that
the distribution of RR Lyrae stars in a log P vs. [Aediagram, which appears unordered at first view,
can be ordered by introducing fiducial lines of constant lesyrarametergz;. This follows the same
structure as for the period-metallicity relation found bgpA1955) and Preston (1959). For this relation
the amplitude, color or rise time (time from minimum to maxim light) is used as a second parameter.
Sandage (2004) showed thay is preferable to the other parameters, because the reiationch tighter
and the uncertainties are therefore lower. Some invesiigatsuch as Clement & Shelton (1999) and
Bono et al. (2007), found that the period-amplitude refatitepends only weakly on metallicity but
instead on the Oosterfiatype. Based on these results Smith et al. (2011) point outthigarelation
between the period, amplitude and the metallicity might betreliable. In absence of other reliable
estimators, they state however that these relations drassful.

Before summarizing the fierent metallicity-luminosity relations found in the retdterature, we
take a short excursion into the period distribution of RRdeystars within GCs and the history of the
Oosterhdr-types.

Grosse & Schorr (1932) found first indications that the RRakystars within GCs have similar mean
periods, but that these mean periodgatifrom one GC to another. In 1939 and 1944 Oostérnthefined
two groups of clusters. In these groups of clusters the fomeagal mode pulsators of the RR Lyrae stars
have mean periods of around 0.55 days and 0.65 days. In tballsd-‘Oosterhfi-gap’, with periods
between these two values, only very few MW GCs are present.e vkrent investigations of the GC
systems within the satellite galaxies (see e.g., Mackey nGie 2004 for a compilation of properties
of several clusters) and their RR Lyrae stars have revealadthe RR Lyrae stars are preferentially
located inside the ‘Oosterfiegap’(Figure 1.5). These very ftitrent properties of the RR Lyrae stars
within MW GCs in comparison with the objects located withire tsatellite galaxies, together with the
different chemical abundances of the intermediate metallititsters (Geisler et al. 2007), are taken as
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Figure 1.5: Oosterlbtypes of GCs within the MW and its satellite galaxies. The MW@ <zre located
in two groups, while the RR Lyrae stars within the satellitdagies are preferentially located in the
‘Oosterhdt-gap’. Figure taken from Smith et al. (2011).

an indication that the hierarchical build-up of the MW (Haltlom present-day type dwarf spheroidal
galaxies (dSphs) as well as from LMC like irregular galaxmgsinlikely (Catelan 2009; Smith et al.
2011).

The first relation between the absolute magnitude and thalliciy was introduced by Sandage et al.
(1981). Since then manyftierent relations have been found, most being of the ftrs a + b[Fe/H].
To calibrate the absolute magnitudes of the RR Lyrae stewsyal diferent methods are used. The most
popular methods are statistical parallaxes, the BaadeséNek method and main-sequence fitting. The
Baade-Wesselink method (Baade 1926; Wesselink 1946) psefr@scopic information to measure the
pulsation curve of a variable star and to determine tffiierdince between the minima and maxima in
radius. The color dierences throughout a pulsation cycle of the star are usedtéomline the ratios
between the star’s radii atfirent times. Using both pieces of information togethers passible to
solve for the radius of the star. Together with the tempeeate absolute magnitude can be determined,
and hence the distance. For a more detailed descriptioni®itbthod, see e.g., Smith (2004). In
Sandage & Tammann (2006) thdfdrent relations for the absolute magnitudg-metallicity relation
have been summarized and the interested reader is referribe review for details on the fiierent
relations. However, the fierent relations lead to significantfidirences in the absolute magnitudes of
the stars and therefore in their distances. At a metallafitfFe/H] = —1.5 dex the absolute magnitudes
of the diferent calibrations vary between 0.47 mag (Carretta et @0&0and 0.68 mag (Fernley et al.
1998), which translates into a distancéfelience of about 5kpc at the distance of the LMC. Parallax
measurements of five RR Lyrae stars WitBT conducted by Benedict et al. (2011) confirmed that the
My-metallicity relation by Clementini et al. (2003) and Gaattet al. (2004) leads to the best agreement
with the data. Several authors such as Catelan et al. (2@24)lage & Tammann (2006) and Bono
et al. (2007), have introduced relations with an additiaqadratic term of the metallicityM = a +
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b[Fe/H] + c[Fe/H]?). However, the observations do not clearly show whethesetlypiadratic equations
lead to better fits of the data (e.g., Benedict et al. 2011).

1.3 The Optical Gravitational Lensing Experiment - OGLE

In 1992 the OGLE (Optical Gravitational Lensing Experimestperiment started its first phase of ob-
servations of the MCs and the Galactic bulge region usindlLttmeSwope telescope of Las Campanas
Observatory, Chile (Udalski et al. 1992). This telescope veplaced by a 1.3 m telescope owned by
the OGLE collaboration at Las Campanas in 1995, with whiehsbcond phase of the OGLE exper-
iment was performed. The CCD camera of the first two phasesaHeld of view of 15 x 15 and
2048x 2048 pixels (Udalski et al. 1997). Data were taken prefébytin the | band and additionally

in the V and B bands until 2001, when the third phase of OGLE was startea €igjht CCDs of the
OGLE Il camera, each with 20484096 pixels, took data until 2009. With a total of 8288192 pixels,
this camera covered a total area of 85 per exposure (Udalski 2003b). In the Galactic bulge region
92 square degrees were monitored, in the LMC nearly 40 salesyees, while 14 square degrees were
observed in the SMC using and| band filters. Altogether photometric data of high precisioere
obtained and are now provided for 340 million stars in thea@iét bulge, 35 million stars in the LMC
and 6.2 million stars in the SMC(Udalski et al. 2008a,b; Szymski et al. 2011). The point source
catalogues are divided into 267 fields for the bulge, 116 diéd the LMC and 40 fields for the SMC.
The 41st SMC field targets the massive Galactic GC 47 Tuc aigddsed in our study.

In addition to the full photometric catalogue, subsets tdri@sting objects such as RR Lyrae stars or
Cepheids have also been compiled by the OGLE collaboratton.the LMC, OGLE Ill provides data
for 17693 RR Lyrae stars of type ab (SoBgki et al. 2008) and 1849 classical Cepheids (Susizyet al.
2009), which all pulsate in the fundamental mode and areillised over the entire area of the LMC
covered by OGLE. In Sosagki et al. (2010b) the data for 2626 classical SMC Cephea&lpi@sented,
while Soszyski et al. (2010a) published the data for 1933 SMC RR Lyraessif type ab. All of these
stars are also pulsating in the fundamental mode and cogegrtire OGLE field of the SMC. For the
Galactic bulge Sosngki et al. (2011) found 11756 RR Lyrae stars of type ab. Odlyfuhdamental
mode classical Cepheids are present in the OGLE IlI bulge (®bszynski et al. 2011).

For each star, the period (with individual uncertainties)l amean magnitudes in théand| bands
are provided. For thé band measurements the resulting amplitude of the lightciswgiven. Fur-
thermore, the OGLE Il collaboration calculates the anupli parametersJR and Ry, which represent
the skewness, as well as phase paremetgrandgs;, corresponding to the acuteness of the lightcurve
(Stellingwerf & Dickens 1987), via Fourier decompositid@irfon & Lee 1981; Simon & Clement 1993;
Kovacs & Zsoldos 1995).

1.4 Why do we look for old stars in the Magellanic Clouds?

As mentioned at the beginning of this chapter, the undedsignof the MW as a galaxy being rather
ordinary among many others is less than 100 years old (Hut##®a,b). Since then manyfidirent
theories of the formation and evolution of the universe inegal and of our own galaxy in particular have
been developed. The Big Bang theory (Lemaitre 1931) andrdatter (postulated first by Zwicky 1933)
are the foundation for our present understanding of theausévand the basis of the large simulations of
structure formation in the universe (e.g., Springel et @0%). These dark matter simulations are also
used to infer constraints about the formation and evoluioour Galaxy (e.g., Guedes et al. 2011).

1The catalogues are available framtp: //ogle.astrouw.edu.pl/
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From now on, | would like to concentrate on the MW and its $itéedjalaxies, rather than on the evo-
lution of the universe as a whole. The idea of the MW being eapgalaxy is amazingly old (Alexander
1852). Eggen et al. (1962) introduced a formation model,re/siee MW was formed from an enor-
mous, instantaneously collapsing gas cloud, first formivegGalactic halo. The gas then settled down
to form a disk of stars and gas. Investigating galaxy clgst&unn & Gott (1972) proposed that intra-
cluster gas might fall into the galaxies after the initialagg formation. Using observational evidence,
Searle & Zinn (1978) found that the halo build-up of the MW diot happen from a single gas infall
event, but rather in several episodes. Marfjedlent simulations tried to match these results (e.g., Gunn
1977; Dekel et al. 1980). Later, evidence was found for arahéhical galaxy formation scenario, where
smaller constituents were formed first and then merged to tbe early MW. Ibata et al. (1994) found a
stellar stream in Sagittarius (Sgr), which was later idettias a dSph being currently disrupted by the
MW. Hernquist & Mihos (1995) and Johnston et al. (1996)wear®ag the first, who gave theoretical
evidence for the build-up of the Galaxy by its satellites.

The accretion of satellite galaxies has considerable gafitins for the disk of a spiral galaxy (Quinn
& Goodman 1986). The rather undisturbed shapes of most thskito the conclusion that most of
the spiral galaxies have accreted less than 10% of their mabe last 5Gyr (Navarro et al. 1994).
Therefore the stars that were accreted during the mergatsegad that are still present in our Galaxy
should preferentially be old.

The formation scenario for the MW halo is still under debdtaes well known that most halo stars
are rather metal-poor, but it is not yet clearly solved whbaese stars originate from. Dissolving GCs
could have contributed a significant amount of stars to the, dth Martell et al. (2011) finding that at
least 17% of all halo stars may have this origin. The acanetfcsatellite galaxies also contributes to the
halo stellar content. Some investigations, for instanc8él et al. (2008), found that the substructure
present in the MW halo is consistent with a halo that is purebde of accretion debris of satellite
galaxies. In contrast, Catelan (2009) and Smith et al. (R0adclude from investigating RR Lyrae stars
within GCs that no major contribution was made by satelldkagies to the Galactic halo. Investigations
of the SDSS fields by Carollo et al. (2007) revealed that the isanot homogeneous, but rather divided
into an inner and an outer halo component with rath&edént metallicities and velocities that lead to a
counter-rotation of both components with respect to eabhrotHow these two distinct constituents of
the halo would have formed is still an unsolved problem aiidusider intensive debate (e.g., Schonrich
et al. 2011).

In recent years it has been suggested that it is unlikelytitigamajority of the halo has been formed
from the disruption and accretion of smaller dSphs. Inste&ulations suggest that in the early history
of the MW, a merger with at least one MC-type galaxy took pléeg., Robertson et al. 2005). In
their model the accretion happene® Gyr ago, after an intensive star formation in the dwarigualar
galaxy. Therefore the stellar contribution from the dwafegy to the halo, which was born before the
merger, would be observable today as, for instance, RR Lstegs. In order to compare the MW halo
components, which might have been accreted from the mevijarthe MC components from the same
era, we have to make sure to observe purely old populatiohss i3 achieved by choosing RR Lyrae
stars as tracers for our investigations.

Investigating the halo of M31, Richardson et al. (2009) fibtimat the mean metallicity of its halo
is significantly higher than the mean metallicity of the MWdaln 2008 Font et al. compared the
observed substructure of the M31 halo with the structuredpaters of simulated halos and found good
agreement with an accretion event of an dwarf irregular. ukitions of the observed metallicity and
surface brightness distribution by Gilbert et al. (2009)wglthat this merger event might have happened
a few Gyr ago. In the simulations the disk of M31 gets heatatldisturbed and some of the stars of
the disk moved to the halo. This could explains the highermmeatallicity, as well as the higher mean
metallicity of the accreted satellite galaxy. The simwa$ indicate that the substructure is still visible
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for M31, because the merger event happend much later ase€fdvih, where no substructure from a

MC-type merger event has been observed yet. There is aldermé that other some spiral galaxies
outside of the Local Group have experienced recent acaordtie to merger events with satellite galaxies
(Ibata et al. 2009).

1.5 Motivation for and structure of this thesis

The structure of this thesis can be divided into two maindepWe would like to gain a deeper under-
standing for the three-dimensional structure and the tstraicparameters of both MCs. In addition, we
are also very much interested in the early history of the M@kleope to draw some conclusions about
the similarities or dferences of the MCs’ evolution compared to the evolution efNMW halo and the
dSphs orbiting our Galaxy.

The data from the third phase of the OGLE survey allow us topamm the young and old stellar
populations with a coherent set of observations. Whenistathis thesis, our first aim was to derive
distances in order to determine three-dimensional mayalfavailable RR Lyrae stars of type ab and for
all Cepheids pulsating in the fundamental mode presenei®BLE field of the MCs. This turned out to
be more dificult than anticipated, because, in contrast to the OGLEH delease, no information about
the reddening was given by the OGLE collaboration. We tloeechad to perform some intermediate
steps, which themselves yield in very interesting and ingmirresults. These are also presented in this
thesis.

At the time the thesis work was started, the reddening magesepted in the literature were either
not detailed enough (e.g., Schlegel et al. 1998, from nowFrIDIB) or the maps were just presented as
figures without tables (e.g., Subramaniam & Subramania®t@00T herefore, we started this thesis by
producingextinction maps of both MCsusing two diferent stellar tracers and approaches, namely RC
stars and RR Lyrae stars. The analysis and results are prdserChapter 2. We further compare our
extinction maps to many of the available reddening mapseMgs. In order to allow others to access
the extinction values easily, we make the extinctions map#able via the Virtual Observatoty

The next steps towards deriving the 3D maps of the RR Lyrae ata determinations of the metal-
licities for the old populations of the MCs. As shown in Sentl.2 the absolute magnitude depends
on the metallicity of the star, which can be calculated ushmperiod and the Fourier decomposition
parameters of the lightcurve. We realized that these wesuét not only an intermediate step towards
the 3D-maps, but in fact give insights into the early cheingzaichment of the MCs, which is a very
interesting topic by itself. In Chapter 3, theetallicity distribution functions of the MCs are presented
and the implications for the early history and the originted MCs are discussed.

After performing these two steps we are able to complitee-dimensional maps of the LMC
In Chapter 4, the structural parameters scale heightnatitin, and position angle are determined for
the old RR Lyrae stars as well as for the young Cepheids praséime OGLE Il field of the LMC. In
particular, the unsolved question of the location and daigon of the bar is intensively investigated.

The diferent orientation and depth extent of the Cepheids and R&elstars in the SMC is a result
of the recent interaction with the LMC. Thhree-dimensional maps of the SMCand the structural
parameters scale height, inclination, and position angtebbth stellar populations are presented in
Chapter 5. We perform an analysis of the similarities arkdinces between the young and old popu-
lation. In particular, the depth extent of the SMC is studigtlich is still under debate and for which a
variety of values have been published in the literature.

The OGLE collaboration observed not only fields towards theslvibut also close to the Galactic
bulge. Behind the bulge the fields cover a small portion ofi¢laeling arm of the Sgr stream. In Chap-

’nttp://dc.zah. uni-heidelberg.de/mcx
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ter 6, we investigate theeddening map of the RR Lyrae stars located towards the OGLE fields of the
bulge. The Fourier decomposition parameters of the lightcare used to finchetallicity distribution
functions as well as three-dimensional maps of the Galactioulge regionand the part of the Galaxy
where we expect thBagittarius streamto be located.

The Chapters 2 to 6 of this thesis present the first part offileisis. Even though the number of pages
of this first part easily exceeds the second part, the nunflienuws spent on the two parts is comparable.
This can be explained by the fact that we were using pre-eztidata in the first part, while, for the
second part, we had to learn from scratch how to handle thatrsgeopic data that are used there.

The acquisition of the spectroscopic data was not as easypasted. We applied three times for
observation time on the VLI/K-Shooter, but our application was rejected every time.alyrwe were
able to observe four nights (split into two runs) with the Magpectrograph mounted on the Magel-
lan 6.5m telescope in Las Campanas, Chile. @helysis of the medium-resolution spectra of very
metal-poor RR Lyrae star candidatesis presented in Chapter 7. The candidates were taken from the
analysis presented in Chapter 3. We had hoped to extend libeatian of the relation for the photo-
metric metallicities from the Fourier decomposition of fightcurve (Smolec 2005) to lower values.
It turned out that the data quality was not good enough to @o tHowever, for the first time, direct
chemical abundance measurements of téieidint elements were performed for RR Lyrae stars in the
MCs. Furthermore we confirm the most metal-poor star foundte in the MCs with a metallicity of
[Fe/H] = —2.7dex. We discuss these findings within the framework of theects models of galaxy
formation inACDM and the merger history of the MW (halo).

All chapters presented in this thesis have been or will beighdx in individual papers. The status
of these papers (as of February 20, 2012) is mentioned ateijimriing of each chapter. Similarities
between the papers and the chapters are unavoidable.

In the last chapter, Chapter 8, théfdrent results are summarized and discussed in a compredensi
manner. This allows an outlook on the further prospectielis work and what steps should be taken
next.



"It is possible to commit no errors and still lose. That is asteakness. That s life."
Jean Luc Picard - Star Trek: The Next Generation (Peak Redioce)

New optical reddening maps
of the Large and Small Magellanic Clouds

We present new reddening maps of the Small and Large Mage{tdoud based on the data of the third
phase of the Optical Gravitational Lensing Experiment (&EHL). We have used two dlierent methods
to derive optical reddening maps. We adopt a theoreticahraeeeddened colour for the red clump in
the SMC and LMC, respectively. We subdivide the photometata for both Clouds into subfields and
calculate the dierence between the observed red clump position and theetiwdvalue for each field,
which provides us with the reddening value Wi { 1). Furthermore reddening values are obtained for
13490 LMC RR Lyrae ab and 1529 SMC RR Lyrae ab stars coveriagvtivle OGLE Il region of the
MCs. The observed colour¥ ¢ 1) of the RR Lyrae stars are compared with the colour from treslaite
magnitudes. The absolute magnitude of each RR Lyrae stamputed using its period and metallicity
derived from Fourier decomposition of its lightcurve.

In general we find a low and uniform reddening distributiorboth Magellanic Clouds. The red
clump method indicates a mean reddening of the LM@E@f — I) = 0.09 + 0.07 mag, while for the
SMC E(V - I) = 0.04 + 0.06 mag is obtained. With RR Lyrae stars a median valug®f — |) =
0.11+0.06 mag for the LMC and(V—1) = 0.07+0.06 mag for the SMC is found. The LMC shows very
low reddening in the bar region, whereas the reddening istdreforming leading edge and 30 Doradus
is considerably higher. In the SMC three pronounced regwitis higher reddening are visible. Two
are located along the bar, while the highest reddening isdan the star-forming wing of the SMC.
In general the regions with higher reddening are in goodiapagreement with infrared reddening
maps as well as with reddening estimations of other studibs. position-dependent reddening values
from the red clump method are available via the German Altrsipal Virtual Observatory interface at
http://dc.zah.uni-heidelberg.de/mcx

This chapter is based on Haschke, GreléeDuffau (2011)

15



16 Reddening maps of MCs

2.1 Introduction

The gas rich and star-forming SMC and LMC are the most maggl@xies orbiting the MW. They
are used in many ways as benchmarks, for instance, for stodlistar formation at lower metallicity
(e.g. Cignoni et al. 2009; Glatt et al. 2008b; Sabbi et al.92Ghd as calibrators for the cosmological
distance scale (Freedman et al. 2001). Large optical amdréd imaging surveys of the MCs, such
as OGLE (Udalski et al. 1992, 2008b,a), the Magellanic CéoRBtotometric Survey (MCPS, Zaritsky
et al. 1997), the Massive Compact Halo Objects (MACHO) syueeg. Alcock et al. 2000; Cook et al.
1992), the Expérience pour la Recherche d’'Objets SombieOE Aubourg et al. 1993) or the Two
Micron All Sky Survey (2MASS, Skrutskie et al. 2006), haveebecompleted in recent years. These
surveys provide invaluable information about the stellamtent of the MCs . But for interpreting the
data of these surveys, for deriving star formation histodad for stellar population studies in general
the knowledge of the reddening is crucial.

Reddening is caused by gas and dust located between théngroitject and the observer. This
leads to dimmer observed magnitudes and redder coloursethéted by the object. The magnitude of
absorption and scattering depends on the grain sizes ofusteadd on the wavelength of the passing
light. For different wavelengths the absorption by dust hagferitig éfectiveness. The resulting change
of the observed colour of the star is defined a$ E(12) = (11 — 12)obs— (A1 — A2)intrinsic @and is quoted in
the literature as colour excess, selective extinctionadeaing. The total extinction Acan be calculated
by adopting an extinction law. Using stars from the locaghbiourhood Cardelli et al. (1989) found that
an extinction law can be introduced that depends on just arengeter: R = Ay/E(B — V), which has
a typical value of R = 3.1. Gordon et al. (2003) tested various lines of sight to testdcal extinction
laws for more distant fields in the Galaxy, in the LMC and theGMhey found that for some fields
the law is indistinguishable from the result by Cardelli e{(£989), but many fields show considerable
differences from the local extinction law. This is explained ey diferent environments probed by the
authors. However, Gordon et al. (2003, their Figure 10) sthawfor the visual wavelength range, which
is of interest in our current study, thefldirences in the extinction laws are quite small. For the Msib
wavelength range Zagury (2007) confirms that the MCs haumitesiextinction law as the Galaxy, while
he suggests that for regions with deviations other explamathan a dtering reddening law might also
be valid. Even though the dust content of the Galaxy is fanfbeing understood these studies show that
at optical wavelength adopting the extinction law by Cdré¢kl. (1989) is generally a valid assumption.

Reddening maps of the MCs have been obtained by several grdtfth infrared data from the
2MASS Dobashi et al. (2008, 2009, herafter D08 and D09) egdiothe dust content of the LMC and
SMC, which can be translated into and compared with reddemiaps. The optical data of the MCPS
were analysed fitting photometric model predictions oflatduminosity, dfective temperatures and
extinctions to apparent U, B, V and | magnitudes for the steitse MCs. In Zaritsky (1999) an extinction
map is constructed by finding the best match between thedtiealrvalues and the observations for a
fraction of the LMC field. The whole dataset of the MCPS resuitwide area reddening maps of the
MCs that are presented in Zaritsky et al. (2002, 2004, hemeZ02 for the SMC and Z04 for the LMC).

For OGLEIl (see Section 1.3) reddening maps from estimatsgd on RC stars (Udalski et al.
1999a,b) were provided. A similar technique was adopted ldyr&naniam (2005, hereafter S05) and
S09. They measured the position and apparent shift of thenRIazi CMD with respect to the theoret-
ically unreddened values to analyse the spatial distobutif the reddening in the V- and I-band of the
LMC covered by the OGLE Il and the OGLE Il surveys.

Sturch (1966) introduced a completelyffdrent approach of measuring reddening values. He pro-
posed to use the filerence between the observed colour and the intrinsic coloRR Lyrae stars as an
indicator for the reddening towards these stars. RR Lyrestandard candles with distinct relations to
calculate absolute magnitudes from the observable paeasna@bparent magnitude, period and metallic-
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Figure 2.1: A typical CMD of a LMC subfield. This field is locatatRA= 81°32 andDEC = —-69°33
with a projected size of X9'. It contains 18268 stars. 2661 stars are in our RC selectigjrbpresented
by the continuous line.

ity. These can be used to obtain the intrinsic colour. Pegl&tanek (2009, herafter PS09) used this
technique for RR Lyrae stars observed by OGLEIIl to deriveddening map of the LMC. For their
computations they assume that that all RR Lyrae stars st@ymmon metallicity.

Here we present new optical reddening maps for the MCs dkrniae two diferent methods. In
Section 1.3 we present the data. In Section 2.2 we describB@method and the resulting reddening
maps of the MCs. We use the method of measuring the RC, irteatlby Wozniak & Stanek (1996),
in small subfields of the MCs to determine new reddening egémfor both Clouds. As mentioned
earlier, in OGLE I the reddening was derived using the RChoet(S05 and Udalski et al. (1999a)),
while OGLE Il leaves this task to the user. Since S09 sanm@eQGLE Il area with a grid of constant
subfield size and then apply the RC method in each subfielde §elds are not dticiently populated to
yield a reddening value. The individual reddening valueS@® are not available in tabular form. Using
an adjusting field size we are able to circumvent the undgsbagnproblem.

In Section 2.3 we present the method and results for the R&eLyeddening. We calculate the
absolute magnitudes of the RR Lyrae taking their metaflicito account, which we obtain from Fourier
decomposition of their light curves.

The discussion of the reliability of our reddening deterations and the comparison to other red-
dening maps are presented in Section 2.4. Section 2.5 susamail results.

2.2 Reddening based on the red clump

2.2.1 Method

Our goal is to infer a reddening map for both Clouds using teamposition of the RC in a CMD.
For this purpose we define a selection box in colour-magaitsgace. All stars between.b0 <
| < 1925mag and ®5 < (V — 1) < 1.35mag are taken into account for the determination of thenmea
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Figure 2.2: Histogram distribution of the RC stars in oneha éxamined fields, which is centred on

RA = 81°32 and DEC= -69°33., The solid line represents the fit to the distribution arelhthof the
fit in this field is 1.06. We find a mean colour of {VI) = 0.97 mag for the 2661 stars.

locus of the RC in the LMC fields (see Figure 2.1). These botesliaorrespond to the selection box
used by S05 (S09 adopts the methods and specifications aof B66)he SMC the limits in colour are
chosen as in the LMC, but due to the greater distance, thestshifted by 0.3 mag towards fainter I-band
magnitudes.

To find an adequate number of stars the size of each field has ¢arefully chosen. With a low
number of stars the uncertainty in determining the meanucelould increase, while too large a number
of stars prevents a map with details on smaller scales. We teatefine a grid that allows us to obtain
reddening information on scales as small as possible athes®GLE Il field. Due to the density
differences between the central parts and the outskirts of thed€we have to adjust the subfield sizes
in dependence of the absolute number of stars in a given @ugaangular resolution is therefore variable
and only driven by the available number of stars as listechinld2.1.

The individual fields of the SMC and LMC defined by the OGLE abbiration are large and contain
many more stars than needed to find a significant RC in the calagnitude diagram. Therefore our
first step for both galaxies is to divide each OGLE field in éhneearly quadratic, subfields. Due to the
very different numbers of stars in these subfields we make furtheigsibds dependent on the stellar
density. If the total number of stars in the selection boxsulafield exceeds a certain threshold, this field
is divided further, taking care that the number of RC starsfipéd does not drop below a few hundred
stars. If a quadratic subfield of 3& 36" contains for example more than 40,000 RC stars this field is
cut into 64 equally sized fields with an average size.6f4 4.5 . For different stellar densities Table 2.1
lists the number of stars of the quadratic subfield in the diodimn, while the number of equally sized
subfields and the dimensions of the finally evaluated fieldsgaren in the second and third column,
respectively.

In total we divide the LMC into 3174 subfields, while the SM@dening is examined in 693 sub-
fields. The number of RC stars in each examined subfield verige LMC from 260 to 4046, with an
average number of 1257 RC stars in each field. For the SMC &isé populated field has 477 RC stars,
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Table 2.1: Sizes of the finally examined subfields in depecelef the number of stars in the evaluated

OGLEIIl field.

# of Stars  # of subfields size [arcmin]

> 40,000 64 4545
> 12,000 16 X9

= 3,000 4 18x 18
< 3,000 1 36x 36
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Figure 2.3: LMC reddening distribution. This contour mapwh high reddening values in red and low
reddening in blue. In the bar region of the LMC, marked witl wiagonal white lines, the reddening is
very low. Only along the leading edge of the LMC we find compeedy high reddening with values up
to E(V—1) = 0.43mag. The white star represents the optical centre of th€ I(RIA = 5"19"38° and
DEC = -69°27'5/2) found by de Vaucouleurs & Freeman (1972). Reddening gdlu80 Doradus and

the leading edge are only lower limits due to higfetiential reddening



20 Reddening maps of MCs

d [degree]

1
100 o“:m
o [hours] 0720
' ' .
| |
0.15 0.2 0.25 0.3
E(V-1)

Figure 2.4: SMC reddening distribution. As before in Fig2i2low reddening is coded in blue and high
reddening in red. The overall reddening is quite low withuesl around E(M- 1) ean = 0.04 mag. The
highest reddening is found along the bar and the wing (RE'15™ and DEC= —73°10) of the SMC.
The red star represents the kinematical centre found bglPéital. (2008), while the white star shows
the centre found from K- and M-dwarfs by Gonidakis et al. @0@om now on G09).

while the population reaches its maximum at 3635. On avel838 RC stars are located in each field.

In theory all RC stars have a well-defined mean colour(,. This colour only depends on the
mean metallicity and the age of the population. Girardi &&%al(2001) examined theoretical RC colours
in dependence of metallicity and computed mean values for ). For the LMC we adopt (\- 1) =
0.92 mag (z= 0.004) from the work by Olsen & Salyk (2002), who inspected Rssto test for a warp
in the LMC. For the SMC, due to the lower metallicity ¢z 0.0025; Cole 1998; Glatt et al. 2008a),
(V —1)g = 0.89 mag is used. In Udalski et al. (1998) a similar value foritheeddened RC of the SMC

was used.

Due to reddening féects by interstellar dust and gas the mean colour of the clisnshifted red-
wards, which we denote as V), By calculating the dference between the theoretical value and
the observed colour of the field the reddening can be obtaim&dE(V — 1) = (V = )gps— (V = )g.

To find the mean colour of the RC the histogram of the RC coldatridution (Figure 2.2) is fitted
with a Gaussian plus a second order polynomial. The maximiuthi®function is assumed to be the
mean colour of the clump. Berent €fects contribute to a broadening of the peak, such as thasiri
scatter around the mean locus, photometric errors, theeraihgges, dferential reddening, the presence



2.2 Reddening based on the red clump 21

500 200

U median Jmean
median ! | mean !
.

400F
150f

w
[=3
(=]

100f

N
S
S
Number of fields

Number of fields

50F
100f

0 0.;)5 : 0:1 0.15 0:2 0.25 0.3 0 0.;)5 0:1 0.15

E(V-1) [mag] E(V-I) [mag]
Figure 2.5: The distribution of reddening Ef) based on RC stars for the LMC (top) and SMC
(bottom) is shown. The median and the mean reddening aresiveitar. We find that the mean reddening

values match the peak of the reddening distributions vetly we

of binaries or diferences in metallicity as well as contributions of red giaarid red horizontal branch
stars.

The mean reduceg?,.,,of the fits is 1.03 for the LMC, indicating that a Gaussian jules a good
approximation to the data. Fields with a reduggd> 3 were removed from the sample and then
inspected by eye to check whether the mean location of the BCoarrectly identified. Only 4 of the
3174 subfields in the LMC needed further inspection. For tiiCS34 out of 693 fields had a reduced
x? = 3, while they?2,.,,is 1.52. The deviant LMC and SMC subfields are mosffigeed by a strong
RGB, which leads to a second bump in the histogram. The srisglladements of the mean colour are
taken into consideration in the calculation of the uncaties and hence no fields were rejected.

2.2.2 Results for the LMC

The unreddened value (V1) was subtracted from the estimated mean RC colours of eatte &1i74
subfields in the LMC. The élierence corresponds to the mean reddening value-BfVThese reddening
values are plotted in spatially resolved contour maps (EgQ.3 and 2.4).

In the LMC we find a mean reddening of EM) = 0.09 mag and a median value of E(M) =
0.08 mag (see Figure 2.5). In the central regions, which cpomrd to the bar, the reddening is quite
low. Towards the leading edge of the LMC the reddening ire@sand reaches its highest values with
E(V - 1) = 0.43 mag close to the centre of 30 Doradus. Its centre is loitBh = 5"38™ and DEC=
-69°06 (Hag et al. 2000). In the southwestern part of the observédl fi/RA ~ 4"45™ and DEC~
—70°20) there is a second area with higher reddening visible. Tiseomly one field with a negative
reddening in the dataset. But within the uncertainties\taige is consistent with zero.

The uncertainty of the reddening values is determined byuéating theo of the gaussian distribu-
tion of the stars within the selection box. This represengéstiroadening of the RC due to metallicity
effects, binaries and fierential reddening. For the LMC the mean érror is 007 mag. The photometric
errors of the observed magnitude of the stars are low duetiathe number of repeat observations in the
OGLEIIl survey. This leads to a very precise photometry vaithaverage uncertainty of = 0.08 mag
for each star. Each field contains a large number of stangftire this error can be neglected.
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Figure 2.6: CMD of the LMC subfield with the highest reddeniridis field is located in 30 Doradus
at RA = 5"35™ and DEC= -69°10 with a projected size of’9 9. The CMD contains 4386 stars,
while 275 stars are in our original selection box, represgiity the continuous line. The dashed grey
line shows the boundaries of the new box for the RC.

Since the central regions contain many more stars than tis&ide of the LMC, the subfields for
the determination of the reddening are much smaller thahemotuter regions. Therefore, a lot more
substructure can be seen here in the reddening map in Figure 2

Regions with high reddening

A minor fraction of 2% of the LMC fields show considerable rediohg with values of E(\-1) >
0.2mag. These 60 fields are inspected by eye and only 23 fieltisreddening values of E(M 1) >
0.25 mag sftier from a very extended RC, which is caused byedential reddening (Figure 2.6). The
reddening results in these regions are reanalysed byrghitie RC boxto ® < V -1 < 1.8 mag and
175 < | £ 195 mag and refitting the distribution of stars as described/@b®he results are shown in
Table 2.2. While the peak of the reddening distribution &f fileld is only marginally shifted, we find a
considerable amount offtiérential reddening for most of the fields. Thigfdiential reddening does not
follow a Gaussian distribution, but instead typically sisoavrapid rise from low reddening to the peak
of the distribution, whereas there is a much more shallownanch wider tail towards higher reddening.
To determine an estimate for the width of the distributioncaksulate the mean of each distribution. To
each side of the mean of the RC we include 34.1% of all starddatefmine the colour of the star just
outside this border (vertical lines in Figure 2.7). Thisresponds to a width ofd.

Differential Reddening

For every subfield the mean reddening of all RC stars is medsiiherefore we do not take into account
that the dust content may not be evenly distributed withirivargsubfield. By including 34% of all
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Figure 2.7: Distribution of reddening for a highly reddefiietd in the LMC. The two vertical lines show
the width that includes 68.2% of all stars closest to the mieddening (dashed line) and is considered

as the & width of the distribution here.

stars on both sides from the maximum, we define thealdth of the distribution, which we use as a
measure of the amount offtkrential reddening.

Figure 2.8 shows the distribution offtrential reddening in the LMC. The regions with high red-
dening from Figure 2.3 are prominent in thefdiential reddening map as well. Another region with a
considerable spread of the distribution is the bar. Intergly, the region of increased reddening in the
southwestern part of the LMC does not show up as having higjifferential reddening.

2.2.3 Results for the SMC

On average the SMC is less reddened than the LMC. For the 888 &ealuated in the SMC we find the
mean and median value to be E{M) = 0.04 mag (see Figure 2.4 and 2.5). Three main concentrations
of higher reddening are revealed in Figure 2.4. Two of theceatrations are found at RA 0"45™ and
DEC = -73°10 and at RA= 0"58™ and DEC= —-72°30, which coincides with the southwest part and
the northern part of the bar, respectively. The overall igmnd stars is enhanced in these regions. The
third area with high reddening is the well known wing of the SYRA = 1"15™ and DEC= -73°10).

In this region the reddening reaches its maximum with a valu@.16 mag. In all regions with high
reddening multiple H1l regions are located (Livanou et #02). The lowest calculated reddening is
0.00 mag. The uncertainty is calculated in the same manrfer #s LMC. The same error sources are
present and the photometry is as good as for the LMC. We findaarize uncertainty of 0.06 mag.

We measure the fierential reddening of the SMC in the same manner as for the .LIME most
fields the diferential reddening is quite low and only the bar and the wiray\sconsiderable dierential
reddening.
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Data access

We are making the coordinates of the subfields and the deR@deddening values for both LMC
and SMC available via the German Astrophysical Virtual @bsery (GAVO) http://dc.zah.
uni-heidelberg.de/mcx). Using the transformation relations published by SFD@8webpage has
the capability to calculate extinctions for 19f@rent filters in four photometric systems.

Table 2.2: The fields with reddening values of E{V) > 0.25. These fields are reanalysed using a wider
RC box and the 1-sigma intervals are calculated.

@ 0 fieldsize E(V-1od E(V —Dnew
82.717 -68.428 %9 0.26 026,579
82.856 -68.428 &9 0.35 035; }é
82.995 -68.428 %9 0.43 052;8:‘11 a
83.659 -69.174 %9 0.26 025;8:%
83.802 -69.174 %9 0.31 041 555
83.802 -69.020 %9 0.25 026:‘8):?;
83.839 -69.172 %9 0.38 053;8:l§
83.839 -69.018 &9 0.34 034;8:%7
83.982 -69.172 %9 0.38 043;8:2§
83.982 -69.018 &9 0.33 037:8:%g
84.125 -69.172 %9 0.28 03(58:1?
84.125 -69.018 &9 0.34 038;8:i8
84.268 -69.172 %9 0.32 039'*8:23
84.268 -69.018 %9 0.26 02‘c8:%g
85.055 -69.095 1&18 0.27 oztgﬁ%g
84.687 -69.918 &9 0.27 026;8:2g
84.687 -69.611 %9 0.32 032,055
84.834 -69.918 &9 0.28 028;0:§§
84.981 -69.611 %9 0.26 02?*8:%1
84.824 -70.201 %9 0.26 031;8?;
84.975 -70.661 %9 0.28 027575
85.605 -71.099 %9 0.25 025,575
86.397 -69.401 1818 0.25 024 037

Use of the RC reddening data

The reddening maps from the RC stars cover the complete atba OGLE Il survey. They average
the reddening within distinct subfields. For all stars inrsadield this value can be used as a reliable
indication for the average reddening that these stars geriexcing.

Since RC stars are quite red and cool they may not be the fiosteslfior the dereddening of very
young and hot stars (see Grebel & Roberts (1995) who distesdependence of heterochromatic ex-
tinction on stellar parameters such as temperature andi@ discuss variations in reddening maps
in dependence of stellar population age). Furthermoredtdaning in regions with high dust and gas
densities, such as star forming regions, migftedisignificantly with depth. Our method is not able to
account for diferential reddening along the line of sight, but averagesgathe sight line, similar as the
SFD98 maps do for our MW.
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Figure 2.8: Distribution of dferential reddening for the LMC. The ftkrential reddening is high in
regions with high reddening, as 30 Doradus, and in densgdylpted regions, as the bar.

Our RC reddening maps are thus useful for applications irchvtiie bulk properties of stellar pop-
ulations in the MCs are studied. They are also useful foriemjbns where objects are studied whose
properties make the derivation of individual reddeninfiiclilt (e.g. individual RC stars or individual
RGB stars). In studies of individual stellar objects (iast®f entire stellar populations), users of the red-
dening maps should be aware of the afore mentioned caveasingf average (as opposed to individual)
reddening values.

2.3 Reddening based on RR Lyrae ab stars

2.3.1 Method

RR Lyrae stars provide an independent means of derivingeredd values. For the MCs the OGLE
collaboration presents lightcurves and photometry of RRé&yovering most of the main bodies of these
galaxies (Sos#yski et al. 2009, 2010a). PS09 used these data to infer amedd®ap of the LMC. They
assumed one single metallicity for all RR Lyrae stars in tMg, —1.39 dex (Cohen & Meléndez 2005),
which results in a theoretical intrinsic colour of V) = 0.48, with a mean period of 0.57 days for all
RR Lyrae in the LMC. However, the spectroscopic studies olLRae stars in the LMC by Borissova
et al. (e.g. 2009) show that a range of metallicities is preséoreover, Guldenschuh et al. (2005)
showed in their work that the metallicity of the RR Lyrae igligible only if the colour is measured
during minimum light. The OGLE collaboration on the othentidnas released mean magnitudes. Hence
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Figure 2.9: A reddening map for the LMC based on individual LlgRie stars, taking their metallic-

ity into account. The map reveals largdgfdiences between stars that are in projection very close to
each other on the sky. These small-scale variations appédse tlue to dferences in the line-of-sight
extinction.

we decided to extend the work of PS09 by calculating the #i@al value of the colour taking the
metallicity of each single star into account.

Using the photometric method established by Kovacs & Zso(d®95); Jurcsik & Kovacs (1996);
Kovacs & Jurcsik (1996) we use the Fourier fitment ¢3; and the period to calculate the metallicity
[Fe/H] of each RR Lyrae star of type ab. This metallicity is indegent of reddening. As shown in the
studies quoted above, the V-band light curve of the RR Lytars £an be decomposed with a Fourier
series. The phase parameters can be used to calculate pertpi; = ¢3 — 3¢1. It was shown in
the studies cited above that the metallicity can be detexdnmith the knowledge af3z1 and the period.
Since the light curve properties ardfdrent in diferent photometric bands a separate calibratiopgof
and the period has to be carried out if the data are not takire i-band. This is relevant for the OGLE
data, where the light curves are best sampled in the I-bamdleg (2005) provides a relation valid when
¢31 is computed from the I-band instead of V-band magnitudes.u¥¢eSmolec’s relation to infer the
metallicities of the RR Lyrae from OGLE's I-ban#t};. Then we use the metallicity dependent relations
for the V- and I-band, found by Catelan et al. (2004) by thécaémodelling of lightcurves, to infer the
absolute colour (\- 1) of each star. Further details on the results for the RR Lybametallicities are
presented in a separate paper (Chapter 3).

The measurements of the RR Lyrae have the same photometectainties as the RC stars: =
0.08 mag. For the observed colour this is the only source ofrtaiogy taken into account. In the I-band
the absolute magnitude depends on the period and on thelinigtalf the RR Lyrae star, while the
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Figure 2.10: A reddening map of the LMC based on RR Lyrae aegtacross the same fields as used
for the RC method. A slightly higher mean reddening is visitilan for the RC reddening, but overall
the map shows a similar distribution of the reddening as gufd 2.3, even though the methods are
completely independent.

V-band magnitude only depends on metallicity. For the rlieityl derived via Fourier decomposition
Smolec (2005) states an uncertaintyoof= 0.18 dex, while the uncertainty of the periods, measured
by the OGLE collaboration, is negligible. The uncertainfythee reddening is therefore determined to
be o = 0.06 mag. Many relations for calculating the absolute magleisuof RR Lyrae stars have been
published (see Sandage & Tammann 2006, for a review).

PS09 found that imposing certain colour and magnitude caing$ ensures a reliable selection of
RR Lyrae stars of type ab that are likely members of the LMC. atfept similar constraints: peri-
ods between 0.45days P < 0.80days, amplitudes between 0.30 maghA| < 0.85mag, observed
magnitudes of V> 18 mag, observed colours between<V¥) > 0.40 mag and metallicities between
—2.0 < [Fe/H] < 0.0. The 17693 RR Lyrae ab found in the LMC are reduced to 13488.sin the SMC
the number of stars is reduced from 1864 to 1529 RR Lyrae ab.

2.3.2 Results for the LMC

For each of the 13490 remaining LMC RR Lyrae a reddening valwalculated. The resulting values
are plotted in Figure 2.9. To reduce the fluctuations duedwénying reddening values of the individual
RR Lyrae stars we obtain a new reddening map of the LMC by guggeover the individual RR Lyrae
reddening values in the same subfields chosen for the RCrieddel he mean reddening of all RR Lyrae
stars located in each field is adopted in the reddening maprshoFigure 2.10. 120 fields are returned
with no star allocation since the RR Lyrae are much more spadsstributed than the RC stars. For each
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of these empty fields the mean reddening of the neighbouritdsfis assigned as reddening.

The reddening map of the LMC obtained from RR Lyrae starsaieva lot of structure. The highest
reddening values are obtained in the leading edge, congaitie spur and 30 Doradus. The highest
value of a single RR Lyrae star is EfVI) = 1.42 mag, while seven stars have a reddening of E(Y>
1.0 mag. The highest averaged field reddening value is-E(\V= 0.66 mag. Another region with high
RR Lyrae reddening values is found in the southwestern patteoOGLE Il field (RA = 4"45™ and
DEC = -70°20). In the bar region the reddening is quite low and overall wed f« mean reddening
of 0.13mag for the individual stars and the fields. The med&ddening is slightly lower, namely
E(V - 1) = 0.11 mag. We find a standard deviation of 0.06 mag, a value oftime ®rder of magnitude as
the error for the RC method. While Figure 2.10 contains orfgvaspots of high reddening fluctuations
between neighbouring areas, these are much more strikirgyime 2.9, which is to be expected since
we are considering individual stars here. These fluctuatinay be indicative of dlierential reddening
along the line of sight.

Overall we find 635 stars (which corresponds to 5% of the whataple) with a negative reddening
down to E(V-1) = —0.20 mag. These lead to 33 fields (1% of all fields) with negatalei@s. The field
with the lowest mean RR Lyrae reddening E{\) has—0.11 mag. The mean for the individual stars as
well as for the fields with these negative values is E(N = —0.03 mag. We inspect the lightcurve of
every star with negative reddening. As one would expectsiiape of the light curvesfiiers from star to
star, but is well within the expected variations. The meaiopeof the RR Lyrae with negative reddening
is higher by 10% than that of the bulk of the RR Lyrae stars.hVditmean of [FeH]g_jj<o = —1.40
the metallicity of these stars is lower than the overall mefdire/H] nean= —1.23. But there is no clear
trend in the sense that most low metallicity stars or modt pigyiod stars have too low a reddening. The
details of the MDF will be discussed in Chapter 3. The oridithe negative reddening remains unclear.
If we set all negative values to zero, the resulting meanariid of the LMC increases by justaPo.

2.3.3 Results for the SMC

Using the same procedure, we calculate reddening valuethdoEMC 1529 RR Lyrae ab stars. The
resulting reddening is shown in Figure 2.11.

Even though much more substructure is visible in Figure thah in Figure 2.4 the overall patterns
are similar. The bar and the wing have the highest redderahges. The dferences on small scales
are, as for the LMC, interpreted adférential reddening. The highest reddening value in the SME w
E(V - 1) = 0.36 mag is located in the southwestern bar region. Overall meetfiat the mean reddening
has a value of E(\*- 1) = 0.07 mag, with a standard deviation of 0.06 mag.

Negative reddening is found for 114 stars or 7% of the samglbe lowest reddening for an
individual star is E(V-1) = -0.15mag, while the mean of all stars with negative reddening is
E(V -1) = -0.03mag. If all negative reddening values are set to 0 the medalening increases by
3.5%. The mean metallicity of the stars with negative reddgrngnlower than for the whole sample
of stars, i.e. we see the same trend as in the LMC. While theeesample has a mean metallicity of
[F&/H]mean = —1.41, for the negative reddening stars a metallicity of/lg_y<o = —1.63 is ob-
tained. The details of the metallicity distribution will biesscussed in a separate paper. The period of the
RR Lyrae stars with negative reddening is increased by 5%peoad to the mean of all stars. Neverthe-
less, a clear trend that most of the metal-poor stars hawsex leddening is not apparent.

The intrinsic uncertainties of the parameters used for daelening estimates are the same in the
SMC as in the LMC. The uncertainty of the SMC RR Lyrae reddgmncalculated to be- = 0.06 mag.
This is comparable with the uncertainty of the RC method.
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Figure 2.11: A reddening map for the SMC based on reddenitiga®s for individual RR Lyrae stars.
Due to diferential reddeningféects the map shows a much patchier behaviour than Figure 2.4.

Use of the RR Lyrae reddening data

Using the RR Lyrae stars of the MCs we determine reddeningegdbr lines of sight to individual stars.
These values are strictly only valid for these particular iRfae stars. We are not able to constrain
the stars’ distance independently of the reddening measme Therefore we are not able to distin-
guish between objects located at varying depth that mighfibeted by diferent amounts of éierential
reddening.

The RR Lyrae reddening maps are not necessarily usefuldaetidening correction of other types of
stars close by in projection. Therefore we do not provideddelening values via the virtual observatory.
Nonetheless, these data provide a detailed account ofddemeng experienced by the old population of
the MCs and are interesting to compare to reddening mapsriszsin Z02 and Z04 as well as to our RC
reddening maps. We can obtain insights into thedéntial reddening which is of interest for a broad
variety of subjects such as, e.g., gravitational lensingrédver these data are useful for comparison
with the structural and geometrical properties of the MCs.

2.4 Discussion

2.4.1 The zeropoint of the RC colour

The crucial point in our RC reddening determinations areuhieeddened theoretical colours, which
depend on the metallicity and the age of the stellar pouigee Section 2.4.2). In S05 and in our work
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the value for the RC colour was adopted from the work of Gir&r8alaris (2001). Both studies assume
a metallicity ofz = 0.004, which corresponds to a RC colour between 0.90 mag aidaf for stars
with an age of 2- 12 Gyr. Other works, such as Cole et al. (2005) with spectgiscneasurements of
red giants, find similar metallicities as assumed in thasdies. Based on the photometric measurements
of RC stars by Olsen & Salyk (2002) we adopt the value-(Ny = 0.92.

The reddening values obtained by Udalski et al. (1999a,i) thie RC method are much higher
(E(V = ) mean= 0.20 mag) than the reddening in SO5 and in this study. S05 stutigeghis discrepancy
may be resolved by adopting a much lower metallicitz ef 0.001 for the LMC RC population, which
would result in a bluer colour for the RC. Since neither thearete method, nor the adopted metallicity
is mentioned in Udalski et al. (1999b) we can only speculbmiathe cause(s) of theftkrences.

The overall metallicity of the SMC is lower than that of the OVIMatteucci et al. (2002) showed that
the RC in the SMC is shifted to bluer colours as compared th ¥A€. Girardi & Salaris (2001) provide
a RC colour of M0 < (V - 1) < 0.95 mag forz = 0.004, while their models lead to a colour between
(V -=1)g = 0.78 mag and (\~ 1) = 0.84 mag forz = 0.001. We assume that the metallicity of the SMC
RC lies a bit below the metallicity value of the LMC and choadeC colour of (V- I)g = 0.89 mag. The
metallicities of the intermediate age populations showrssicerable spread at any given age (Glatt et al.
2008a). The mean metallicities found by Cole (1998) andt@tail. (2008a) agree with our assumption
of a metallicityz between 02 and (003.

2.4.2 Possible caveats of the methods used

For the RC method ffierent dfects lead to a broadening of the clump, such as metallicity age
spreads, binaries, andfi@irential reddening.

A lower metallicity would lead to a bluer colour of the RC aheétefore enhance the overall redden-
ing of all fields. The existing measurements of the met&jliof RC stars make thisfiect unlikely. An
age spread among RC stars is present in all fields, butfieet®n the colour is quite small as long as
the metallicity does not change dramatically.

For the RR Lyrae stars we have derived the metallicity of estiahindividually in a separate paper
(Chapter 3). We take thesefldirent metallicities into account while calculating theabte colours of
each RR Lyrae star. The uncertainties of the metallicityadn@ut 0.2 dex, which corresponds to a colour
difference ofA(V - 1) = 0.001 mag.

The RR Lyrae stars are up to a few Gyr older than the RC statterhony about 2000K (Puzeras
et al. 2010; Smith 2004), and bluer by about«4V¥) = 0.3 mag. The absolute magnitude of RR Lyrae
and RC stars are similar. As discussed in Section 2.4.3 tiié&zences are not expected to have a
significant €fect on the reddening obtained for these stars. Assumingh@apatial distribution of RC
and RR Lyrae stars is similar, ftrences are mainly expected due tffedential reddening, which gets
averaged out in the RC method, while fullffecting the individual RR Lyrae measurements.

2.4.3 Comparison of our two approaches
LMC

In order to compare the RR Lyrae reddening with the RC reddgihe same field selection as in Section
2.2 is used in the LMC to find average values of RR Lyrae redgni

As shown by Grebel & Roberts (1995), reddening varies as etifum of temperature (or colour).
However, in the colour range of RC stars and RR Lyrae hardjyvaniations are to be expected (see,
e.g., Fig.3 in the above reference). Hence, theoreticaltih the RC and the RR Lyrae approach should
yield fairly similar results if the reddening fared by both types of stars is comparable.
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Figure 2.12: Diference map of the LMC. The RC reddening is subtracted fronRfRRéyrae values:
E(V - )rr — E(V = )gc- A small trend of higher reddening estimated from RR Lyraessis apparent.
We find a mean diierence of M3 mag, smaller than the mean error of both methods. Depgiadithe
location the diference ranges from0.19 mag to+0.52 mag.

For the LMC the overall agreement between the RC and the R&eLyrap is striking, although the
northwestern regions (RA 5"00™ and DEC~ —68°00) have on average a higher reddening in the
RR Lyrae map (Figure 2.12). In general we find a medfedince between the mean RC and the mean
RR Lyrae reddening of E(M I) = +0.03 mag when subtracting the RC map from the mean reddening
map of the RR Lyrae. This is aftierence of less thansl We find a few regions with reddening values
up to Q52 mag higher in the RR Lyrae determination as compared t®@enap at the same location.
Some fields have higher reddening values from the RC metladftom the RR Lyrae estimates. The
field with the highest dierence is found with E(M I)gc — E(V — I)gg = 0.19 mag. But in general only
very few fields deviate strongly from each other. In only a8 of the fields the variation exceeds a
difference of more than2 mag or 2-. We attribute these fierences primarily to dierential reddening
and small number statisticéfacting the RR Lyrae values.

At the spatial position of 30 Doradus the reddening is higldpendent on the location of a given
star with respect to the star-forming region. Westerlur@®{) and van der Marel (2006) mention that
30 Doradus seems to be located on the far side of the LMC admaems. If that were true the dust and
gas of 30 Doradus would have affext on only a minority of the much older RC stars. Therefore th
(mean) reddening estimate of this region would be biasedrisvower values and a long tail of higher
reddening values would be measured (see Figure 2.7). Fé&tRHg/rae stars we compute a reddening
value for every star. This results in a substantidiiedential reddening, due to thefidiring distances of
these stars, and in a spread of the estimated reddening\maleach subfield. Averaging these values for
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Figure 2.13: Same as Figure 2.12 for the SMC. The RR Lyrae siapuich more patchy than the RC
map. We conclude that this is a samplinfeet owing to the small number of RR Lyrae. For regions
with very low reddening the discrepancy between the two odshs basically zero.

a given subfield does not reduce the contribution of hightiemed stars behind 30 Doradus, as much as
it might be the case for the RC method. We obtain higher agevaljies for the same subfield by using
the RR Lyrae stars than for the RC stars, which leads to thevgstfon of 30 Doradus being at the far
side of the LMC.

The RR Lyrae stars are located aféient distances throughout the LMC. In addition the dustestn
in the body of the LMC leads to fiierential reddening. In Figure 2.9 thffexts of diferential reddening
are obvious. Fields very close to each other may have véigreit reddening values. For 958 stars, or
7%, of all RR Lyrae stars the reddening values of the indi@iditars difer by more than A8 mag or 3,
from the corresponding mean value of the RC reddening. Tieeteof diterential reddening therefore
affects only a minor number of stars.

The adopted mean colour of the RC is crucial for the reddecamgputation. The very good overall
agreement of RC and RR Lyrae maps in areas with very low reddédeads us to the conclusion that the
theoretical colours are well chosen. For regions with E(Ngrr < 0.1 mag a mean élierence of only
0.004 mag is found calculating EY)gr — E(V = Dgc.

SMC

The SMC is populated much more sparsely in RR Lyrae stars rttany fields defined earlier when using
the RC method contain less than three RR Lyrae stars. Theref® decided to compare the individual
values of the RR Lyrae stars with the RC reddening (see FRjaa3.
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Figure 2.14: Diference map showing the reddeningeliences between S05 and the RC values in our
study (E(V-1)sos— E(V - I)rc/HeD10- The region shown is the area covered by OGLE Il in the LMC.
Positive values show higher reddening inferred by S05. Negsalues correspond to higher values in
our dataset. Overall theftierences are very small.

On average the RR Lyrae stars have a reddening that is highe\b— 1) = +0.03 than the corre-
sponding RC field. The ffierences between the two approaches vary betw8d® mag and-0.28 mag.
348 stars (23%) have lower reddening with the RR Lyrae methad the corresponding RC reddening
value. Only 48 stars, or 3%, of the RR Lyrae deviate by mora taafrom the mean reddening of the
field obtained by the RC method.

Even though the meanfiitrences are small Figure 2.13 reveals that the RR Lyrae madgenap is
much more patchy than the very smooth RC map. While we inspettverage over fields of a certain
size with the RC method, the RR Lyrae measure just the linegbt seddening of individual objects.
We find only 13 stars, which is less than 1% of the sample, wther@eddening value of the RR Lyrae
deviates by more thano3 or 0.18 mag, from the average value of the corresponding RC fielhckl
we conclude that the poor sampling of the field is the majotrdmution for this patchy behaviour of the
RR Lyrae reddening map.

The mean colour of the RC method for the SMC was adopted froaldiddet al. (1998) and was
compared with the model predictions by Girardi & SalarisQ20for a metallicity of z= 0.0025. In-
vestigating the stars with E(¥ l)gr < 0.03 mag we find a very small fierence of 06 mag between
the RR Lyrae reddening values and the RC method. Thus, vilieinncertainties, the RC and RR Lyrae

reddenings agree very well for regions with low reddening.
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Figure 2.15: Diference map showing the reddening comparison between P$08uarstudy of the
RR Lyrae stars. The plot shows E(M)psoo— E(V — ) rr/Hep10- BlUe colours indicate higher reddening
values in our calculations. We find a very good agreement dxtvithe two dferent methods with a
mean diference of MO07 mag. In 30 Doradus the values by PS09 are higher than iestinmates.

2.4.4 Comparison with other studies

Previous studies of the reddening of the MCs concentratestlynon the LMC. Below we compare our

results for the LMC with the reddening maps inferred from &3Ldata by S05 (S09 is not publicly

available), with PS09, who used RR Lyraes from the OGLE Iivey, with the cool stars reddening map
of 204, and with CO and infrared maps from D08. For the congoarivith the SMC we will concentrate

on the reddening maps of Z02 and the CO and infrared measotgtmg D09.

Dobashi et al. (2008, 2009)

D08 and D09 have used infrared data from 2MASS to derive rd@dgemaps of both MCs. The absolute
reddening values are not published, but the images of the oapbe visually compared to the results of
our study. The qualitative consistency between the ovepgearance of the maps derived from infrared
data and our E(M- 1) maps is very good. All regions with high reddening valueshie infrared are well
reproduced by the maps of our work (Figure 5 of D08 and DOQeetd/ely).

As expected the very active star-forming region in the wihthe SMC, with many H Il regions, is
the area with the highest reddening, having reddening salpeto E(V- I)gc = 0.16 mag in our map.
This region is very prominent in the infrared maps of Wilkelet(2003, their Fig.1) as well. In the SMC
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Figure 2.16: Diference map of the RR Lyrae-based reddening values of PSU9; Bfgq9 minus our
reddening values derived from the RC, E{(\)rc/ncp1o- Overall the mean reddening of the map by
PS09 is enhanced by 0.05 mag.

bar the region in the southwest corner has the highest radggalues (up to E(\- I)gc = 0.12 mag in
our work) in each of the inspected maps.

In the LMC the 30 Doradus region is the most prominent heaeitidened feature in each map. The
location of the regions with high reddening is very similgdditionally, the very low reddening of
the LMC bar region found in our analysis is reproduced verjl imethe infrared maps of D08. Only
one area of the LMC is not reproduced in D08. In the southwasster of the observed OGLE lll field a
region with higher reddening is visible in the maps from dudg, but not in the infrared data. Searching
for extended gaseous features in this part of the sky we chnidentify a higher concentration of Hl
clouds (see Kim et al. 1998b). However, there is very goo@emgent of our data with the reddening
maps from the 2MASS catalogue.

Subramaniam (2005)

The diferences in the photometry between OGLE Il and OGLE Il areginat (Udalski et al. (2008a)
quote~ 0.001 mag). Hence we do not expect that the use of OGLE Il or O@Ldata within the same
area will introduce dterences.

The comparison between S05, their Figure 1 and Figure 1m ®&GLE Il data, and our study shows
very good agreement (see Figure 2.14). The mefiardnce of the RC reddening values is E{V) =
0.017 mag and therefore much smaller than the uncertaintigs. fllictuations in the central parts are
most likely caused by elierent subfield sizes. S05’s spatial resolution is a bit hrigience the dierences
could be generated by variations on very small scales. ontithwestern area of the SO05 reddening
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Figure 2.17: Diference map of the reddening values from the MCPS (Z04) fdrstacs are compared
with our reddening values from the RC method, E(V) 204 — E(V — I)rc/nepio- We averaged the Z04
reddening in the fields defined by the RC method. Positiveegailndicate higher reddening in the work
of Z04. The median dierence of the two maps is 0.11 mag.

map our RC reddening values are lower. While S05 is limitedhgyOGLE Il field our selection box
includes many stars previously not observed. Thifedence in field selection might be the reason for
the trend of slightly higher reddening in this region and 653n general. Overall the filerences are
very small and our results are in very good agreement witlléte of S05.

Pejcha & Stanek (2009)

Based on RR Lyrae stars from the OGLE Il survey PS09 use thiedseolour relation of the unreddened
cluster M3 to infer the (\- 1) of the LMC RR Lyraes. M3 has a metallicity of [Ad] = —1.39 dex
(Cohen & Meléndez 2005), similar to the mean metallicityhef LMC RR Lyrae (Borissova et al. 2009).
The diterence between the theoretical and the measured colodstfet reddening. PS09 subdivided
the OGLE area and calculated a mean reddening for every fighdalvleast two RR Lyrae stars. With
this method PS09 construct a map for nearly the whole LMC O@el& of view.

While we used the same stars as PS09, there are two niédredices in actually calculating the red-
dening values. First we accounted for the intrinsic matigfliof the RR Lyrae in our colour estimation.
For different metallicity bins the mean colour varies significanfiyye metallicity bin with the densest
population and values betweeil.5 < [Fe/H] < —1.0 has a mean colour of (¥1) = 0.48 mag. All
other metallicity bins have a redder colour (see Table 2.3).

The other major dierence is the formula used for calculating the colour of dRhLyrae star. With
a mean period 2 0.57 days and mean metallicity efl.23 dex for all RR Lyrae stars we obtain a mean
colour of 049 mag. The relation (M 1)g = 0.69+ 0.89 P (Equation 1 in PS09) leads to a mean colour of
1.20 mag when using the same mean period. Compared with Figuthi& would place the RR Lyrae
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Table 2.3: Mean colour of the RR Lyraes in certain metalfitiins.

metallicity bin colour
-20<[Fe/H <-15 0.52
-15<[Fe/H] <-10 0.48
-10<[Fe/H] <-05 0.51
-05<[Fe/H] <-00 0.54
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Figure 2.18: Diference map of the reddening determined by Z04, E()4q4, for cool stars, minus our
RR Lyrae based reddening, E(M)gg/Hepio- The resulting map shows a generally higher reddening of
Z04 by 0.07 mag. The reason for the high reddening residuakitentre of the LMC remains unclear.

It has not be found in any other study.

stars redwards of the RC.

PS09 transformed their reddening values to extinctionsahich they made publicly available. We
reverse the transformation and compare the reddeningsval{(y¢— 1) of PS09 with our mean reddening
values of the RR Lyrae that are observed in each field via-EQsgo— E(V - I)rr/HGD10-

On average we find that our reddening values agree very witllthé reddening map presented by
PS09 (see Figure 2.16). The meaffatience is just0.004 mag, with deviations ranging fror0.26
to 0.22 mag. For 11% of all PSQ9 fields a deviation of more than 0.86 or 1r is found. The eastern
regions of the LMC (RA> 6") are only sparsely populated and due to the selectionierid#PS09 these
regions are not very well covered. Therefore the compaiiisdinese regions is not reliable.

In addition to comparing the reddening values resultingnfithe diferent implementations of the
RR Lyrae methods of PS09 and our work, we compare the valueS@® to our reddening values from
the RC method. We use the values of E{V) computed above from the work of PS09 and subtract our
reddening estimates of the RC method for the correspondiidy fThe field sizes of the two approaches
differ significantly. We therefore recalculate the values of P®(dit into the spatial grid set by our RC
method. The dierences are evaluated using this grid and are shown in R2gle This leads to a mean
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Figure 2.19: Diference map of our reddening values subtracted from Z02erédg maps derived from
the cool stars in the SMC. Despite the smdlket to higher values in Z02s data, which is still within our
estimated errors, the agreement is very good. The mékanatice is 0.04 mag.

difference in reddening d&(V - 1)pso9— E(V — )rc/Hepio = 0.05mag. The dferences for individual
fields range from-0.17 to Q32 mag, but only 3% of all fields have deviations of more thdr2 @nag or
20,

Especially the region of 30 Doradus reveals much higherewidd values in the maps of PS09.
Comparing the two RR Lyrae methods the same result is fowsdFgure 2.16.

The northwestern region is higher in reddening as well in®Shhis result is also visible in the
comparison of our RR Lyrae reddening estimates and the R@auésee Figure 2.12).

Most regions with higher reddening values from the PS09 niapvsndications of considerable
differential reddening (compare with Figure 2 in PS09). As leefoe suggest that the most likely ex-
planation is the dferential reddening with its resultant asymmetric distiitou of reddening values.
Taking the mean of such a distribution yields higher vallresitthe use of the peak of the distribution,
as done for the RC stars. In addition, the sparser sampliRiRdfyrae stars as compared to the RC stars
increases the scatter (see Section 2.4.3).

Zaritsky et al. (2002, 2004)

Z02(SMC) and Z04(LMC) used hot (120R0< Tg < 4500K) and cool (5508 < Tg < 650K) stars
to produce reddening maps of both MCs. These maps are badbd owulti-colour data of the MCPS
(Zaritsky et al. 1997) and cover 64 square degrees in the LMIC18 square degrees in the SMGor

1The fits files containing the reddening data of the MCPS carobed at:http://ngala.as.arizona.edu/dennis/
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Figure 2.20: Dfference map of the reddening determined by Z02, E()q,, for cool stars, minus
our RR Lyrae based reddening, E{M)rg/Hcp10- The resulting map shows very good agreement be-
tween the two dferent methods although the fluctuations are now larger th&igure 2.19. The mean
difference is basically zero.

each hot and each cool star in the field a reddening valueiimaied, but we only use the data of the
cool stars, which are much closer to the characteristich®fRC, with T~ 5000 K (Bragaglia et al.
2001) and RR Lyrae stars, with ¥ 6500 K (Barcza 2010) at minimum light, used in our work. These
reddening values are compared with all data sets evalugtad.b

For better comparability of the filerences we compute the averages of Z04's reddening values
in the 3174 LMC fields used for the RC method and subtract E(Mc/nepio from the resulting
E(V —1)z04/mean The comparison maps for the LMC are shown in Figure 2.17 agdr&2.18. The
reddening maps for the LMC revealfidirences between our two approaches and the Z04 estimate that
exceed the errors found for the RC and RR Lyrae reddeningesaNvhile the central parts of the LMC
are in general agreement, the reddening values for the gmdgied parts are considerably higher in
the Z04 calculations. The origin of thesdfdrences remains unclear. Two majoifeliences have to be
taken into consideration: theftBrent kinds of stars used and thé&elient methods. 202 and Z04 used
stellar atmosphere models (from Lejeune et al. 1997) tautzte the reddening for each star, while we
use models of the location of RC stars in a CMD to assume aesolagnitudes.

The mean dterence between our RC map and Z04's values is 0.10 mag. Fol&hlof all fields
the mean reddening of the Z04 stars located therein is lokar the corresponding RC reddening.
The reddening dierences range from0.11 to 0.46 mag. About 37% of all fieldsftkér by more than
0.12 mag.

mcsurvey.html
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Figure 2.21: Superposition of the reddening map from Figueand the map of H Il regions by Davies
et al. (1976, their Figure 1). The reddening enhancemerttisanclusive by visual inspection, but the
mean reddening at the centres of the H Il regions is increlg&d03 mag.

In order to compare our RR Lyrae reddening values with ZGklening estimates for the LMC we
use the equation E(V 1) 704 — E(V - )rr/Hep10- AS for the RC reddening we average the RR Lyrae and
the Z04 reddening in the grid set up for the RC method. Thaedlus to compare not single star values
but mean values with each other.

The mean dterence is found to be 0.07 mag (Figure 2.18), while tHEeinces reach extremes
of up to 0.50 mag and down te0.40mag. 17% of all fields have negative values, while 21% have
discrepancies larger thar2As for the comparison with the RC method, these two mapsatrimvery
good agreement. Especially thé&set for the central region is striking. The origin of the etlhigh
reddening residuals of Z04 in the centre of the LMC (Figuig2and 2.18) remains unclear. It has no
counterpart in other reddening maps in the literature.

In contrast the agreement in the reddening values of the SiMiZedl via the RC method and the 202
values is very good. We compute E(M) 70, — E(V — ) re/nepio @and find that the median fiierence is
only 0.04 mag, while a general slight trend to higher valgeshvious (Figure 2.19). But thidfset is
still well within the errors stated for the SMC reddening ur avork. For the SMC about 2% of the stars
have lower reddening in Z02 than the corresponding valua fittee RC method and only 2 fields have
differences larger than 0.12 mag. The extremes range-f®@Y mag to 0.13 mag.

Comparing the reddening maps from Z02 and the RR Lyrae we fird better agreement (Fig-
ure 2.20) if we average the RR Lyrae values in the fields definethe RC method. The fierence
E(V = 1)z02—E(V - )rr/HeD10 1S IN @agreement with zero, while the individual fields varyireen—0.28
and 0.18 mag. The number of RR Lyrae stars per RC field is vevyalod the small number statistics
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Figure 2.22: The reddening map from Figure 2.9 is superimghogth molecular clouds, traced by CO,
from the catalogue by Fukui et al. (2008, white contours)ei@il we find an enhanced reddening at the
spatial positions of the molecular clouds. The black lirggesent the observed field of NANTES.

lead to variations. Therefore we do not interpret the snuallesvariations as real features. Anyhow we
find that there is an overall good agreement between the raglening maps and the maps provided by
Z02. Thus the reason for the large reddeningedeénces for the LMC remains unsolved.

2.4.5 Other comparisons

In this section we will compare our reddening maps, mainlglitatively, with the distribution of HII
regions in the LMC (Davies et al. 1976; Book et al. 2008, 2088 SMC (Davies et al. 1976; Bica &
Schmitt 1995), with LMC CO maps, tracing molecular hydrogéuds, by Fukui et al. (2008) and the
Spitzer dust maps by Meixner et al. (2006) for the LMC and Rolat al. (2007) for the SMC.

We overlay the maps of Davies et al. (1976) of the LMC and SM@ wur reddening maps (Fig-
ure 2.21). Visual inspection does not always show a notlegabrease of reddening at the positions of
the H Il regions. We tentatively attribute this tffexts of dust destruction by hot massive stars in the HIl
regions as well as to stellar winds that push gaseous ang adhaterial out of the forming cavity within
the HIl regions. Furthermore we compare the central pastiof the H 1l regions, taken from Davies
et al. (1976); Bica & Schmitt (1995); Book et al. (2008, 2008ith the reddening values at that spatial
location and find the reddening to be increased by 0.03 mapédctMC and SMC, respectively.

In Figure 2.22 the map of molecular hydrogen clouds as obsdoy NANTEN (Fukui et al. 2008),
and traced by CO, is superimposed with the reddening fronRiRd&yrae stars. We find very good
agreement of regions with enhanced reddening and thedocatithe clouds. This visual impression is
verified by the computation of the mean reddening at the apadisitions of the molecular clouds. We
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find that the reddening is enhanced to a median value ofHjWedian= 0.19 mag.

Finally we inspect the images of the SAGE (Surveying the AgehGalaxy Evolution) survey of the
LMC (Meixner et al. 2006) and find very good agreement of tBeim map with the LMC reddening map
as obtained by us. TheuB emission originates from small dust grains as traced bycgolic aromatic
hydrocarbons (PAHS) located in the outskirts of star-foigniegions (Meixner et al. 2006). Only the
region of enhanced reddening in the south-west is not rejoemti However, we find good agreement
of this region in the 160m map of Spitzer. The absorbtion feature at larger waveteagt caused by
greater particles. The 160m maps trace emission of relatively large and ceoRQ K) dust grains at
larger distances from star-forming regions (Meixner e2@D6). The SAGE-SMC (Bolatto et al. 2007)
maps show very good agreement with the reddening map of the &\bbtained by us.

2.5 Summary

In this paper new optical reddening maps for the MCs are ptedeaising two dferent methods based on
OGLE Il photometry. The first one uses the theoretical pasiof the RC in (V- 1)g colour in the CMD
for a given mean metallicity. The observed shift of the meadURC position is used to determine the
reddening. For this purpose we subdivide the original OQL#fdlds into smaller fields and determine
the mean colour of the RC in each of them. The size of the fieddies depending on the number of
stars in each field. For the LMC we obtain 3174 subfields witheamdensity of 1257 stars, while for
the SMC the reddening is calculated in 693 subfields, withvanagye of 1318 stars per field.

The maps show in general a low reddening. In the LMC we find anig€® — 1) = 0.09 + 0.07 mag
and for the SMC E(\- I) = 0.04+0.06 mag. Nevertheless some regions show a much higher reddeni
The star-forming region 30 Doradus in the LMC shows valuesaug(V - 1) = 0.43mag. The high
differential reddening in this region broadens the distributbthe RC stars and there is an extended
tail of even higher reddening values in this region. Anotiegion with high reddening is found in the
southwest of the examined OGLE Il field and coincides withHainregion. In contrast to the highly
extincted star-forming regions the reddening in the bahefltMC is quite low.

For the SMC the RC method reveals three pronounced areaglodriieddening. The highest red-
dening is reached, with E(¥1) = 0.16 mag, in an HIl region in the wing. The other two regions are
located in the bar. But overall the reddening is quite low.

For the second method the observed colour (Y of RR Lyrae stars in the MCs is compared with the
colour predictions of the calculated absolute magnitudédsese depend on the period and metallicity.
The metallicity is evaluated via the Fourier decompositifrthe lightcurve of each star. We obtain
an independent reddening for each RR Lyrae star. For the LM@dian reddening of E(V 1) =
0.11 + 0.06 mag is obtained. In the star-forming region 30 Doradugéldédening reaches values up to
E(V -1) = 0.66 mag. The RR Lyrae reveal a mean reddening of the SMC ofHj\~= 0.07+0.06 mag.

The comparison with reddening maps derived from other studhow mostly good agreement.
Moreover, a qualitative comparison with Spitzer maps sharess of high reddening to coincide with
regions of high dust emissivity from PAHSs or larger dust gsait 8 and 16@m, respectively.

These new reddening maps show a consistent picture of tiiemad distribution of both MCs.
we make our position-dependent reddening values derivedtie RC method available via the GAVO
interface ahttp://dc.zah.uni-heidelberg.de/mcx.
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Metallicity distribution functions of
the old populations of the Magellanic Clouds
from RR Lyrae stars

We present the first metallicity distribution functions dietold field populations in the Magellanic
Clouds. Our metallicities are based on the Fourier decoitiposof Type ab RR Lyrae light curves
from the Optical Gravitational Lensing Experiment. On thetaflicity scale of Zinn & West; we find

a mean metallicity of [FAH] = —1.50 + 0.24 dex based on 16776 RR Lyrae stars in the Large Magel-
lanic Cloud. For the Small Magellanic Cloud we obtaih 70+ 0.27 dex based on 1831 RR Lyrae stars.
These uncertainties represent the intrinsic spread indpalation rather than the standard deviation of
the mean.

Our results are in good agreement with the few existing spgobpic metallicity determinations for
LMC RR Lyrae stars from the literature. For both the LMC anel 8MC the metallicity spread exceeds
1dex in [F¢H]. The distribution of metallicities in both Clouds is vegniform, and no significant
metallicity gradient is detectable. We also do not find argnpunced populations of extremely metal-
poor RR Lyrae candidates with metallicities well belev dex, although we need to caution that the
photometric method used may overestimate the metalBoitienetal-deficient stars. Moreover, because
of stellar evolutionary fects one does not expect to observe many RR Lyrae stars aragng&tal-poor
horizontal branch stars.A We suggest that the Magellaniti@® experienced fairly rapid andfieient
early enrichment involving pre-enriched gas as well asiplysgas infall, while metal loss through
outflows does not seem to have played a significant role. Merawe suggest that theftérences in the
metallicities of the old population of LMC and SMC make argarifrom a single, common progenitor
unlikely, unless the separation happened very early on.

This chapter is based on the paper Haschke, GrebefaDué- Jin (2012)

43
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3.1 Introduction

The origin and nature of the MCs pose an interesting puzzteyhave long been known as the clos-
est irregular satellites of the MW, although galaxy survesgeal that star-forming satellites in close
proximity to massive galaxies are rare (e.g., James & Ilv@¥12, while very accuratélubble Space
Telescopdrased determinations of the proper motions of the MCs {i&afdlil et al. 2006b; Piatek et al.
2008) have evoked a new discussion of their orbits (e.g.laBetsal. 2007, 2010). With recent new
measurements of lower proper motions by Costa et al. (20id.)/&ira et al. (2010) the discussion has
been further intensified. In particular, these studies maiged questions of whether the MCs might be
on their first passage around the MW (e.g., Lux et al. 2010 efetences cited above; but see also, e.g.,
Diaz & Bekki 2011). Similarly, it remains unclear whetheetMCs were formed together, whether the
SMC might have been captured by the LMC later on, or whethteraations or mergers might be re-
sponsible for the chemistry and peculiar structure of theC3®lg., Mathewson et al. 1988; Kallivayalil
et al. 2006a; Costa et al. 2009; Tsujimoto & Bekki 2009).

One of the possible avenues of exploring the early histoth@MCs relies on the study of their old
populations. Generally, both GCs as well as field stars atatde tracers of old populations. The LMC
does indeed contain a number of old GCs that are similarlyaslihe oldest GCs in other Galactic satel-
lites and in the MW (e.g., Brocato et al. 1996; Olsen et al.81%rebel & Gallagher 2004). In terms
of their chemical composition, the LMC’s GCs span a simikmge of metallicities and show similar
[a/Fe] ratios as stars in the Galactic halo (e.g., Johnson 20@6; Mucciarelli et al. 2010). In contrast,
the SMC only contains one old GC, NGC 121, which is a few Gymgar than the oldest Galactic and
LMC GCs (Glatt et al. 2008b). Thus one would ideally wish tontto more numerous tracers of old
populations such as those potentially present among fiatd.sHowever, genuinely old field stars are
difficult to identify in galaxies that experienced long-laststgr formation such as the MCs (e.g., Holtz-
man et al. 1999; Gallart et al. 2008; Sabbi et al. 2009), sitektar populations of many filerent ages
are then superimposed, rendering otherwise popular istedigers such as red giants rather ambiguous
indicators (see, e.g., Figure 10 in Koch et al. 2006). Ustag dusters with spectroscopic metallicities
and ages from main-sequence fitting, Glatt et al. (2008aystidhat the SMC exhibits a considerable
spread in metallicity at any given age. The study of evohdiy histories is further exacerbated if the
galaxy in question has a non-negligible depth extent asaappie be the case for the SMC. Under such
circumstances, using easily identifiable, special typestars as tracers is a useful approach (see, e.g.,
Grebel 1997, Figure 3). One of these evolutionary tracargV¥aluating the parameters of the old field
population are RR Lyrae variables. With ages of at least A& Sarajedini et al. 2006), they allow us
to explore the early stages of the evolutionary history olaxy.

When well-defined light curves are available, RR Lyrae stans easily be identified. Apart from
their distance and spatial distribution, their metalic# a parameter of particularly high interest. Either
spectroscopic measurements or Fourier decompositioneaf ltght curves can be used to deduce the
metallicity [F&H] (Kovacs & Zsoldos 1995; Jurcsik & Kovacs 1996).

Old populations including RR Lyrae stars tend to be widelstributed and often form the most
extended stellar populations in galaxies. This providewiitls the possibility to not only measure the
mean metallicity of genuinely old stars but also to obta@rietallicity spread, to derive detailed MDFs,
and to identify possible metallicity gradients. Overallck studies can provide a fairly detailed picture
of the chemical evolution that a galaxy experienced at gamigs.

Butler et al. (1982) first used th&S method (Preston 1959) to investigate the metallicity »f si
RR Lyrae stars in the LMC and ten RR Lyrae stars in the SMC. Tihend a significant dference
between the two samples, with a mean metallicity of/fe= —1.4 + 0.1 dex for the LMC and-1.8 +
0.2 dex for the SMC. In more recent studies, spectroscopic llicétas of old stars in the LMC were
determined for sets of 74 to 98 RR Lyrae stars (Gratton et@42Borissova et al. 2004, 2006, see
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Table 3.1), while for the SMC no further spectroscopic dataavailable. These spectroscopic studies,
which are concentrated close to the bar of the LMC, revealednmetallicities of about [Fel] =
—1.50 dex.

With microlensing surveys such as OGLE (Udalski et al. 198297, 2008a), carefully chosen,
extended regions with high stellar densities have beerdadgumonitored. In the MCs, OGLE focussed
on the dense central regions. These surveys are well sitdohding variable stars, such as RR Lyrae
stars. Thanks to the large number of repeat observatiomgbidy properties of these stars can be
determined with high precision. The parameters of the eesdight curves of RR Lyrae stars of type ab
can be used to determine the metallicity as shown first by @®aZsoldos (1995). Jurcsik & Kovacs
(1996) presented a formalism to derive metallicities asretion of the period and the Fourier phase
#31. For cases where the Fourier parameters cannot be deternforeinstance Brown et al. (2004)
and Sarajedini et al. (2006) presented equations to inferthatallicity using only the period. These
approaches have larger uncertainties than the equatiessmied by Jurcsik & Kovacs (1996) and are
not used in our study.

In recent years, the public data of the OGLE survey have beed to determine the MDF and the
metallicity gradient of the MCs with RR Lyrae stars. The OQLHata were used by Smolec (2005)
to investigate the metallicity distribution of 5451 LMC RRrie stars and the fiierences in [F&1] for
Blazhko and non-Blazhko stars. For the non-Blazhko RR Lygtaes a mean metallicity of [FFel] =
—1.218 + 0.004 dex was determined, while the Blazhko stars had a meae wdl[FgH] = -1.28 +
0.01 dex. DS10 used the OGLE Il data of the SMC to determine fiwtigls for 335 RR Lyrae stars of
type ab and found a mean metallicity of [fF§ = —1.56 + 0.25dex. In FAW10 a gradient of. 01 +
0.002 dex kpc! was inferred for the RR Lyrae stars of the LMC, observed by @BL

We use the entire sample of RR Lyrae stars provided by theé tidta release of the OGLE collab-
oration to calculate individual metallicities for eachraththe MCs. We discuss the origin of our data
in Section 1.3. In Section 3.2 we present the method for tatiog metallicities used in this paper. The
results for the LMC are given in Section 3.3 and for the SMCéugt®n 3.4. We thus obtain an MDF of
the old population and investigate the exist¢absence of a metallicity gradient for both MCs. We test
whether the photometric metallicities lead to similar ssas spectroscopic values in Section 3.5 and
compare dferent methods to estimate the metallicity from photometdta in Section 3.6. Section 3.7
discusses the results obtained.

3.2 Method of metallicity determinations

Determining metallicities of a sample of this size is cutienly feasible via photometric estimates.

We therefore use the techniques of metallicity estimategdban Fourier-decomposed light curve pa-
rameters. Simon & Lee (1981) introduced this method foralde stars, using the first few orders of a
Fourier decomposition,

N
V=Ag+ ) Acsinfot + ¢) (3.1)
k=1

whereV is the observed magnitudéyk is the amplitudegy the phasew the angular frequency, and
t the specific time at which a data point was measurdds the order to which the Fourier series is
developed.

The Fourier parameters of thelirent orders of the decomposition contain information abopor-
tant physical properties of the variables. While the amgBtA is a measure of the skewness, the phase
¢k corresponds to the acuteness of the light curve (Stellingfvédickens 1987). Simon & Clement
(1993) showed how the Fourier parametgss = ¢3 — 3¢1 are related to temperature and luminosity,
while Kovacs & Zsoldos (1995) presented the close connedtaween the period, the Fourier parame-
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Figure 3.1: Metallicity distribution of LMC RR Lyrae starspmputed based on the Fourier decompo-
sition of their light curves. We find a mean metallicity of [F§yean = —1.22 dex on the scale of J95.
The bottom axis shows the scale of J95, while the top axis shber scale by ZW84, for which we
find [Fe/H]mean = —1.49 dex, using the transformation of Papadakis et al. (2000 distribution has

a standard deviation of 0.26 dex. We also find a few candidategery metal-poor stars. The error bar
shows the typical uncertainty of the metallicities for widual stars.

ter ¢31 and the metallicity of RR Lyrae stars. The relation for a sidal Fourier decomposition of\a
band light curve is given by Equation 3 of Jurcsik & Kovacs9ap

Fourier parameters filer depending on the filter in which the light curve is obsenss the OGLE
photometry is mostly done in theband, theV band equation by Jurcsik & Kovacs (1996) cannot be
used. Smolec (2005) recalibrated the relation to be seitédll band photometry. Combining light
curve parameters of 28 RR Lyrae stars with their spectrosaoptallicities ranging from-1.71 dex <
[Fe/H] 95 < +0.08 dex, on the metallicity scale of J95, Smolec (2005) founedinear equation

[Fe/H]395 = (—3142i 0646)— (32)
(4.902+ 0.375)P + (0.824 + 0.104)$3,,

with ¢31 being the Fourier phase amibeing the period of the RR Lyrae star. We adopt a slightly
larger metallicity range of2.0 dex < [Fe/H] < +0.2 dex as a presumably reliable domain. This larger
range is the metallicity range given by the calibration indBm (2005) plus the mean uncertainty of the
method £0.18 dex).

The J95 metallicity scale, which is the basis for the retatity Smolec (2005), leads to higher
metallicities compared with other scales. Gratton et 1043 find that the J95 scale is more metal-rich
by 0.28 dex than the scale of Zinn & West (1984, later on ZW8#agreement with Sandage (2004)
and Clementini et al. (2005). Using six GCs with metallestibetweer-2.25 dex< [Fe/H] < —1.0dex,
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Figure 3.2: Probability distribution function for the miitzaty of LMC RR Lyrae stars. The solid blue
curve shows the sum of individual stellar metallicities waiwed with Gaussian uncertainties, while the
red dash-dotted curve is the likelihood distribution. Thenputation of the metallicities is based on the
Fourier decomposition of their light curves. We find a mearnatflieity of the likelihood distribution of
[Fe/H]mean = —1.23 dex on the scale of J95 (bottom axis). The top axis showZ 84 scale, with a
mean value of [FAH]nean = —1.50 dex, using the transformation of Papadakis et al. (2006 MDF
has an intrinsic spread ofZ% dex.

Papadakis et al. (2000) derived the transformation relatio

[Fe/H]ZW84 =1.028 [FQ’H]395— 0.242 (33)

between the two metallicity scales. Several other meigllgcales are also commonly used. A
widely-used scale is that of Carretta & Gratton (1997). Withew and larger sample, Carretta et al.
(2009) recalibrated the metallicity scale of Carretta & t&na (1997) and provide a quadratic relation
between their new metallicity scale and the metallicityescd ZW84. Another popular metallicity scale
was introduced by Harris (1996), which, according to Grago al. (2004), is indistinguishable from
ZW84.,

3.3 Metallicities of the LMC

For all RR Lyrae stars of type ab in the LMC for whigh; values are available from the OGLE Ill cata-
logue, we compute metallicities using Equation 3.2. Thésiits in a dataset of 16949 stellar metallicities
(Figure 3.1).
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Table 3.1:
study mean [F#] o  number of stars
Gratton et al. (2004) -1.48 0.03 98
Borissova et al. (2004) -1.46 0.09 74
Borissova et al. (2006) -1.53 0.02 78

3.3.1 Mean metallicities and metallicity distribution function

Using the J95 scale, we find a mean metallicity of /[He = —1.22 dex with a standard deviation of
0.26 dex. This translates to a mean metallicity of/[fe= —1.50 dex on the ZW84 metallicity scale.
The uncertainties of the Fourier parameters are not merditny the OGLE collaboration. Taking the
uncertainty of the observed magnitude as tlaestandard deviation of its assumed Gaussian error dis-
tribution, we randomly vary the observed magnitudes toguerfMonte Carlo simulations of the light
curve for each individual star and redetermine the Fouaeameters. We find very good agreement be-
tween the parameter values obtained by OGLE and via our Moat® approach. The resulting range
of parameters allows us to calculate the uncertaintypfgrand thus of the corresponding metallicity of
each star. For the mean uncertainty of the metallicity we dipginsic = 0.10 dex. This uncertainty is
quadratically added to the systematic uncertainty-gf = 0.18 dex mentioned by Smolec (2005) and
results in a total uncertainty ofjre/) = 0.21 dex.

We convolve the individual metallicity values obtainedwihe derived constant (Gaussian) uncer-
tainty of 021 dex and sum up the resulting Gaussian distributions tairolhe “observed” MDF. The
solid blue line in Figure 3.2 shows the MDF normalized to &.(ia probability distribution function).

Motivated by the near-Gaussian profile of the observed MDd&algo use a maximum-likelihood
approach to constrain the underlying MDF of the LMC RR Lyragudation. Using such an approach
allows us to determine thimtrinsic width of the MDF (assuming a Gaussian profile) while simulta-
neously accounting for the contribution of the measurero@certainties to the width of the observed
distribution. The likelihood of our observed data set aréging from an underlying Gaussian MDF with
its meany, and standard deviatiom, is given by the function

Lpo)= [N, —=—=2— exp(—l (’“_")j) (3.4)

2n(02+012) 2 52447

whereN is the total number of starg; is the metallicity of star ando is the associated measurement
uncertainty. We seek to find the paramejgendo that maximize this likelihood function.

The dash-dotted line in Figure 3.2 represents the best fitaofdo- and reveals the underlying true
MDF with a mean metallicity of [FEH] = —1.23 dex and an intrinsic width of the distribution aR@.

The highest metallicity found in our sample is [FHnax = 2.0dex, while the lowest value is
[Fe/H]min = —3.81dex. As explained in Section 3.2, we only consider thelpddi domain of the cali-
bration and thus exclude 107 stars6d@ of the complete sample) at the low-metallicity end andtéfss
(0.4% of the complete sample) at the high-metallicity end fromdataset when applying this selection.
This leaves us with a sample of 16776 RR Lyrae stars. Howt#wemean and the standard deviation of
the metallicity of the reduced sample remain unchangedrmpeawison with the full sample.

Results on diterent metallicity scales cannot easily be compared. Wesfiobam all metallici-
ties to the scale of ZW84 using Equation 3.3. This transféionaleads to a mean metallicity of
[Fe/H]meanzwsa = —1.50dex on the ZW84 scale, which is in excellent agreement migan values
of spectroscopic measurements of RR Lyrae metallicitiehénLMC (Gratton et al. 2004; Borissova
et al. 2004, 2006, who used the ZW84 metallicity scale as)well
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Figure 3.3: Distribution of metallicity in the LMC. Metalgpr regions are coded in blue, metal-rich
regions are red. Overall the contour plot is smooth and ndign& or distinct feature is visible. For

the contour plot, only stars with2.3 < [Fe/H],wss < 0.0 are taken into account. The black lines in
the middle represent the bar. While the white asterisk médw®ptical center of the LMC found by de

Vaucouleurs & Freeman (1972), the black asterisk showsdheec of the RR Lyrae stars as found by
Chapter 4.

3.3.2 Spatial variations in metallicity

Figure 3.3 shows the spatial distribution of the metalksit Only stars with a metallicity from the reliable
domain of the Smolec (2005) calibration are used in this éiglndividual stars are used for the contour
plot, to which a grid with constant boxwidth ofl x 1.5 was then applied. Figure 3.3 shows the median
metallicity values of these boxes.

In general, a smooth distribution with small-scale vaoias, but without any obvious gradients or
distinct features, is visible. Towards the center of the LMi& density of RR Lyrae stars increases.
Differences in metallicity are therefore observed on smalesdn the central parts than in the outskirts.
This leads to the higher resolution in the center of the figUree stars that are excluded due to their
metallicity being above or below the adopted validity raage distributed randomly across the whole
field of OGLEIII.

Figure 3.4 examines the mean metallicity as a function oflibiance from the center of the RR Lyrae
stars of the LMC atr = 5"26™ andé = —69°75 as found by Chapter 4. We investigate the metallicity
and distance distributions in bins of 0.1 dex and rings ofivarradius. The radii are chosen such that all
annuli have the same area. The density of stars in each bexdenined. The contour plot is smoothed
with a Gaussian filter using 8 3 boxes and a width of one box. Additionally we calculate tredian
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Figure 3.4: The contours show the total number of RR Lyraes gsiha given metallicity as a function
of the projected distance relative to the center of the LMGoasd from RR Lyrae stars. The mean
metallicity does not change, within the errors, with insiag distance from the center. The grey dots
represent the median metallicity in bins of 0.5 kpc.

metallicity of each distance bin of 0.5 kpc width, this “rimg median”is represented by the grey dots in
Figure 3.4.

To determine the gradient of the metallicity, the medianattieity is computed in bins of 0.1 kpc and
fitted using a first-order polynomial. The resulting gradi®n the whole distribution 0of0.03+0.07 dex
kpct is consistent with zero. If we take only the innermost 8 korfithe center of the RR Lyrae stars
into account, a gradient 6£0.010 + 0.014 dex kpc! is found. The median metallicity seems to be
constant in the inner parts of the LMC and dropping slighthydrds the outskirts.

To test for non-radial gradients, we divide the OGLE III figitb 15 similarly-sized fields. As shown
in Figure 3.5, the mean metallicity of these fields drops icoadance with the very small metallicity
gradient obtained above. The outer fields always show $fighiver metallicities than the innermost
fields. The median values are nearly identical to the mearesal

FAW10 determined the metallicity gradient of the old popiola using OGLE Il RR Lyrae stars.
These authors calculated photometric metallicities with sets of equations, both with the period as
the only free parameter. The uncertainty of this methodesatore higherd = 0.46 dex) than with the
method of Jurcsik & Kovacs (1996)(= 0.16 dex). We recalculate our metallicities using the equatio
utilized by FAW10 and compare them with our estimates (sd#eta2). Equation2 of FAW10 and
our estimates transformed to the ZW=84 metallicity scald teasimilar results when averaging over all
metallicities. For subsets of the sample, however, we fimgicerable dferences. We divide the sample
into subsets where all stars are more metal rich than ouageesr more metal poor. The more metal-
rich stars have in general higher metallicities in our Ferbased estimates. The metallicities below
the mean are in general lower in our calculations than theegatomputed with Equation 2 by FAW10.
When only considering stars at the extremes of our metgllstimates this trend becomes even stronger
(Table 3.2). However, the spatial distribution of the RRdsystars in each metallicity bin is very similar
to the overall distribution.

FAW10 conclude that there is a very small gradient6f0104+ 0.0021 dex kpc! for the RR Lyrae
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Figure 3.5: The variance of metallicity between the innaed autermost fields is tested by dividing the
LMC field into 15 similarly sized fields. The mean metallicitglues on the ZW84-scale are shown in
black, grey values represent the scale of J95. We see a sechiie of the metallicities in the outermost

regions sampled by OGLE IIl. The boundaries of the bar austilated with the dashed grey lines, while
the black asterisk marks the center as found by RR Lyrae aita$she grey asterisk the optical center of
the LMC.

Table 3.2: Dfferences between metallicity estimates by FAW10 and by udifi@rent ranges of metallic-
ity. The first column gives the metallicity scale we adopég slecond column the equation used by FAW10
in order to derive the metallicity, the third column the nil&tely range used for the comparison is shown,
and the fourth column shows theff@girence found by calculatinyr = [Fe/H]uepiii— [Fe€/Hlrawio-

[Fe/H]ngpii1scale [F¢H]raw10 €qUation [F¢H] 05 range AnF
395 [FeH] = —5.621ogP — 281 —2.00< [Fe/H] < +0.20 _ 0.17

395 [FoH] = —7.8210gP — 343 —2.00< [Fe/H] < +020  0.25

ZW84 [Fe/H] = -5.6210gP — 281 —2.00 < [Fe/H] < +0.20 —0.11
7W84 [Fe/H] = —7.82l0gP — 343 —2.00 < [Fe/H] < +0.20 —0.03

]
]
]
ZW84 [Fe/H] = -7.82logP - 3.43 -1.23<[Fe/H] < +0.20 023
ZW84 [Fe/H] = -7.82logP - 3.43 -2.00< [Fe/H] < -1.23 -0.18
ZW84 [Fe/H] = -7.82logP - 3.43 -050< [Fe/H] < +0.00 052
ZW84 [Fe/H] = -7.82logP - 3.43 -1.00< [Fe/H] < -0.50 041
ZW84 [Fe/H] = -7.82logP — 343 -150< [Fe/H] < -1.00 -0.05
ZW84 [Fe/H] = -7.82logP - 3.43 -2.00< [Fe/H] < -150 -0.17
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Figure 3.6: The metallicity distribution for the old poptidan of the SMC. For 1864 RR Lyrae stars
[Fe/H] is determined and a mean metallicity of [fF§ean = —1.42 dex on the scale of J95 is obtained
(bottom axis), while on the scale of ZW84 we find [F8,,ean= —1.70 dex (top axis). The standard de-
viation of the distribution is 0.33 dex. The error bar représ the typical uncertainty of the metallicities
for individual stars.

stars of the innermost 6 kpc of the LMC. This result is in veopd agreement with the gradient found
in our study. Our error estimate is a bit more conservatigeya take the intrinsic uncertainties of the
metallicity into account. Within the errors, we are not aolelistinguish between no gradient and a very
small gradient.

The result of essentially no metallicity gradient confirrhe findings of Grocholski et al. (2006);
Cole et al. (2009) and Sharma et al. (2010), who used eithecktsters with ages between 1 and 10 Gyr
or red giants to determine the metallicity gradient of the@M\ small gradient of-0.047 + 0.003 dex
kpct was obtained by Cioni (2009) using AGB stars, which span @vagge of 3- 10 Gyr. Based on
spectroscopy of red giants, Carrera et al. (2011) find tleétallicity of these stars in the inner 6 kpc
of the LMC is roughly constant, but then decreases with &sirey radii. This result is supported by our
findings with the (on-average) older RR Lyrae stars.

3.4 Metallicities of the SMC

In the SMC, Fourier parameters were determined for 1864 RBd gtars of type ab by the OGLEIII
collaboration (Sos#yski et al. 2010a). The resulting metallicity distributisrshown in Figure 3.6.
Following the same maximume-likelihood approach as desdrior the LMC RR Lyrae, we find the
underlying MDF of SMC RR Lyrae to have a mean value of/ffg = —1.42 dex on the scale of J95
with a standard deviation of.®7 dex as shown in Figure 3.7. As explained in Section 3.2, heoge
the metallicity regime between2.0 < [Fe/H] < +0.2 on the scale of J95 as the reliable domain of the
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Figure 3.7: Metallicity probability distribution functies for the SMC. The solid blue curve represents the
measured metallicities convolved with Gaussian uncditan A likelihood distribution is determined
from the solid curve and given by the red dash-dotted lineugée1831 RR Lyrae stars and find a mean
metallicity of [F&/H]mean = —1.42 dex on the scale by J95 (bottom axis). [A&nean = —1.70 dex is
obtained for the scale of ZW84 (top axis). The intrinsic gpref the distribution is 0.27 dex.

calibration by Smolec (2005). All values outside of thisilm@tion range are rejected. 27 stars with
metallicities below [F¢H] = —2.0 dex are found, while the lowest value is measured to begHkg, =
-3.3dex. Only 6 RR Lyrae with metallicities above [ = +0.2 dex are present and a maximum of
[Fe/H]max = 1.7 dex is found. Eliminating these stars, which are randondtriduted in space, leaves
us with a sample of 1831 RR Lyrae stars with presumably rigliatetallicities.

The resulting mean metallicity of the old population of thRIG is [Fe/H]mean = —1.42dex on
the scale of J95 and [FE]nean = —1.70 dex on the ZW84 metallicity scale. So far no spectroscopic
measurements of RR Lyrae field stars have been published h&kefére compare our result with the
metallicity of NGC 121, the only GC of the SMC in the age rangacketed by our RR Lyrae stars. Glatt
et al. (2008b) found an age of 10.5 Gyr for NGC 121 using mapence fitting with Dartmouth (Dotter
et al. 2007) isochrones. Da Costa & Hatzidimitriou (1998duthe Calll triplet to determine the mean
metallicity of NGC 121 and found [F&l] = —1.46+ 0.10 on the scale of ZW84, in very good agreement
with the results we obtain for the old population of the SMC.

Recently Kapakos et al. (2011) used a sample of 100 RR Lyaas sbm the OGLE Ill catalogue to
determine photometric metallicities using the relationJoycsik & Kovacs (1996). They decomposed
theV band light curves to determine the Fourier parameters df s&@e. On the metallicity scale of J95
they found a mean metallicity of [FBl]nean= —1.51+ 0.41 dex. This is again in very good agreement
with the metallicities found with our sample.
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Figure 3.8: Distribution of metallicity in the SMC. Metabpr regions are coded in blue, metal-rich
regions are red. Overall the contour plot is smooth and ndigmn& or distinct feature is visible. For the
contour plot only stars with2.0 < [Fe/H] < +0.2 are taken into account. The white asterisk represents
the center found by G09, the grey asterisk the center of Péital. (2008).

We use our metallicity estimates on the scale of J95 for thiévithual RR Lyrae stars to plot a
contour map of the metallicity distribution of the old poatibn (Figure 3.8). The overall distribution of
the metallicity is quite smooth and no distinct featuresvaséle. The black lines indicate the borders
of the OGLEIIl field. In the white regions within this polygamo RR Lyrae stars were detected and
therefore no contours are drawn.

The metallicity gradient is measured with respect to theezasf the SMC determined by K-, M- and
faint carbon starse( = 0"51™ ands = —73°7’, G09) This center is indicated in Figure 3.8 with a white
asterisk. The spatial density distribution of RR Lyraestatbimodal (Chapter 5) and the determination
of a single center is therefore ratheffdiult. WWe have chosen to adopt the values by G09, because they
represent the mean center of the RR Lyrae distribution quélk. The stellar density is evaluated in
boxes of 0.1 dex with a changing radius to keep the total areaah annulus constant. The resulting
contours are smoothed with a Gaussian kernel and shown ume~3g0.

In order to investigate the presence of a gradient we fit adidgr polynomial to the running median
of the SMC. We find a gradient of@ + 0.06 dex kpc'. We subdivide the OGLE Il field of the SMC
into 9 fields of similar area and determine the mean metgllioi each (Figure 3.10). We note that the
mean is very similar to the median value. The metallicitystaasically constant, as expected from the
essentially zero gradient.
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Figure 3.9: The total number of stars in boxes of metalligéysus the projected distance from the center
as determined by G09 (white star in Figure 3.8). The grey dgisesent the median metallicity of small
distance bins of 0.5 kpc. Within the uncertainties no ragiallient of the metallicity is found.
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Figure 3.10: The SMC field is divided into nine similarly gilzields and the mean metallicity for each
field is obtained. The mean values on the J95 and ZW84 scalahawn in grey and black, respectively.
The values of the dlierent fields are very similar to each other. The black and gsésrisk indicates the
center of the SMC as found by G09 and Piatek et al. (2008)ectisply.
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Piatek et al. (2008) used HST proper motion data to deterth@&inematical center of the SMC.
They founda = 0"52™8S ands = —72°30, which is shown by the grey star in Figure 3.8. We do not find
pronounced radial trends in the metallicity when using teister of the SMC either.

Metallicity gradients of the SMC have been studied using sliasters and red giants. Da Costa
& Hatzidimitriou (1998) used spectroscopic measuremehigiants and star clusters to search for a
possible metallicity gradient and did not find any eviden@éatt et al. (2008a) studied six intermediate
age clusters and found a spread @ @ex between the most metal-poor and most metal-rich ctuste
The spectroscopic metallicity estimates lead to the caimtuthat no smooth, monotonic age metallicity
relation is present, but that instead there is a spread iallicéy at any given age (Kayser et al. 2007;
Glatt et al. 2008a). Using spectroscopic data of red giaatisiret al. (2009) did not find a gradient, while
Carrera et al. (2008a) suggest that one exists usinffereit sample of spectroscopic observations of
red giant field stars. Carrera et al. (2008a) argue that thaidignt is the result of elierent ages of the
red giants at dferent locations of the SMC. They conclude that further stamétion has taken place in
the inner parts and led to the metallicity gradient amongehnatermediate-age stars with ages between
3 and 10 Gyr. However this would not havéexted our old RR Lyrae stars.

3.5 Comparison of spectroscopic and photometric metallities

For some RR Lyrae stars located in the bar of the LMC, spempis metallicities were determined
in earlier studies. 149 LMC RR Lyrae with spectroscopic rtietdes from Gratton et al. (2004) and
Borissova et al. (2004, 2006) also have OGLE light curvesardhus part of our sample. Figure 3.11
shows the photometric metallicities we determine with tloeirfer decomposition method versus the
difference of photometric minus spectroscopic metallicitiemfthe literature.

The spectroscopic measurements of Borissova et al. (20@4pased on the method of Layden
(1994), who used the comparison of the equivalent width ofl Kdine with hydrogen lines. The
resulting metallicity is on the scale of ZW84. Borissova le{2006) and Gratton et al. (2004) used the
method of line indices (Preston 1959) as outlined in Gragtioal. (2004). This method is linked to the
metallicity scale of Harris (1996), which has a very sméitet of+0.02 + 0.01 dex compared to ZW84
(Gratton et al. 2004). Due to the nearly negligibléset we do not adjust the metallicity values when
applying the comparison to the photometric metallicities.

In Figure 3.11 we see that there appears to be a systematititreahe deviation between spectro-
scopic and photometric measurements such that for low lieétas (lower than~ —1.8 dex on the ZW84
scale) the spectroscopic metallicities are typically bigkvhile for photometric metallicities higher than
~ —1.3 dex the spectroscopic values are on average increasimgbr.l These trends are fitted with lin-
ear polynomials (Figure 3.11 and Table 3.3). The medianatievi, when subtracting the spectroscopic
metallicity from the photometric metallicity, is0.05 dex, while we find a standard deviation of 0.35 dex.
However, the spectroscopic values in the three studied alieve show very élierent characteristics, as
presented in Table 3.3. For the 58 RR Lyrae from the samplerbjtd@h et al. (2004) and the 28 stars in
common with Borissova et al. (2004) we find a median deviatibd.01 dex and-0.05 dex with a stan-
dard deviation of 0.25 dex and 0.49 dex, respectively, wageree find a median fierence of 0.15 dex
and a standard deviation of 0.35 dex for the 66 RR Lyrae tat@n Borissova et al. (2006). They quote
an uncertainty range of 0.20 dex for their spectroscopiatigties.

In Kunder & Chaboyer (2008) the same spectroscopic metakcas used here are compared with
the photometric data of the band lightcurves of the LMC RR Lyrae stars from the MACHO syrv
They do not find any evidence for a systematic discrepanoydmt the spectroscopic values and the
photometric metallicities calculated with the relation dyrcsik & Kovacs (1996, our Equation 3.5).
This leads to the conclusion that the systematitedénce in our study is introduced by using the relation
by Smolec (2005). However, most of the stars are locatedeptiotometric metallicity regime where
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Figure 3.11: Comparison of our photometric metallicitieighvepectroscopic metallicities from the lit-

erature for LMC RR Lyrae stars. All metallicities are on th&/84 scale. Calculating\[Fe/H] =

[Fe/H] phot — [F&/H]specwe find a median dierence of M5 dex for stars with photometric metallicities

and their counterparts in the samples of Gratton et al. (2@@d Borissova et al. (2004, 2006). The
trends in each sample, except for Borissova et al. (2004 Yitéed with a linear polynomial.

Table 3.3: Diferences between the photometric and spectroscopic roiedlifor a sample of 149

RR Lyrae stars. We calculate the mean, median and standaedide for the whole set of stars and for
every study. To test for systematics we fit the distributiath\a linear least-square fit.

all stars  Gratton et al. (2004)

Borissova et al. (2004)

Bonia et al. (2006)

mean 0.037 -0.008 -0.041 0.108
median 0.051 0.011 -0.052 0.145
std 0.346 0.254 0.492 0.347
fit 0.8160[F¢H] 0.6181[F¢'H] — 1.0272[F¢H]
+1.2427 +0.9388 — +1.5884
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Table 3.4: Parameters to transform the Fourieffotent¢s; from thel band to thev band.

Fi=arbly o p
DF99 -0.039 0.788
DS10 0.436 0.568

the diferences to the spectroscopic measurements are quite small.

We also searched the spectroscopically studied, presyrolabistar clusters of Colucci et al. (2011);
Grocholski et al. (2006) and Mucciarelli et al. (2010) for RRae stars detected by OGLE. We do not
find any coincidences of RR Lyrae stars in our sample withindlisters’ diameter.

3.6 Metallicities from transformed ¢3; values

Jurcsik & Kovacs (1996) used band light curves to determine a relation betwegnand metallicity.
Dorfi & Feuchtinger (1999, from now on DF99) and DS10 esthlelistwo independent linear relations
of the form¢\k’l =a+ ,3¢L1 to transform thd band Fourier parameters Yoband values. The values for
a andg shown in Table 3.4 are taken from Table 3 of DS10.

DS10 used the observed light curves of the RR Lyrae starsm@G@s, with metallicities of2.16 dex
(M68, Lee et al. 2005) and1.39 dex (M3, Cohen & Meléndez 2005), to calculate Fourier patars.
With these data they obtained values foandg that are significantly dierent from DF99, who used
Fourier-decomposed theoretical light curve models of RR&ystars to determine the relation. These
models were matched with observational data from three Gi@smetallicities of—2.16 + 0.02 dex
(M68, Lee et al. 2005);1.52+0.12 dex (1C4499, Hankey & Cole 2011) ard.18+0.02 dex (NGC1851,
Carretta et al. 2010).

We transform the Fourier parameters provided by OGLE usiagelations listed in Table 3.4. The
recalculated values Qfgl are inserted into the formula determined by Jurcsik & Ko\ d&96):

[Fe/H] = -5.038- 5.394P + 1.345pY, (3.5)

to redetermine the MDF of the MCs. All metallicities preshtn this section are on the J95 scale.
Owing to the very small number of calibration clusters arel nlarrow metallicity range of DF99 and
DS10, we use this relation with a note of caution outside tkéaiticity regime defined by the GCs.

3.6.1 LMC

The relation by DF99 leads to a veryfidirent metallicity distribution (upper panel in Figure 3.12an
obtained in Figure 3.1. The resulting metallicity disttibn is much broader with a standard deviation
of 0.38 dex, while the mean metallicity of [Ag] neayprog = —1.20+0.38 dex is very similar to the value
obtained with the Smolec (2005) relation.

Using codficients from DS10 to calculate metallicities of all RR Lyrdars results in a metallicity
distribution (lower panel in Figure 3.12) similar in shapehat shown in Figure 3.1. The mean metallic-
ity is comparable within the errors. With [Ad] neaypsio = —1.33+ 0.29 dex, we find a metallicity that
is about 0.1 dex lower than from the Smolec (2005) methodthisdistribution a standard deviation of
0.29 dex is obtained assuming a Gaussian distribution.

3.6.2 SMC

Using the DF99 relation, the mean metallicity, on the J9%es¢a [F&/H]meayproe = —1.43 dex with a
standard deviation of 0.40 dex. As with the LMC, the shap&efSMC metallicity distribution is much
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Figure 3.12: The upper panel shows the histogram of the LM@ilfiwity distribution obtained using
the conversion o¢3'31 to ¢>‘3’1 by DF99, while the lower panel is obtained with the relatié&10.

flatter and wider than with the relation by Smolec (2005), levtihe mean metallicity is very similar
(upper panel of Figure 3.13).

The relation of DS10 reveals a similar shape of the metglldistribution compared with that based
on the relation by Smolec (2005). However, the metalligtglout 0.1 dex lower with [Fél] nearpsio =
—1.53 dex, while the standard deviation is 0.32 dex. Theseteeaté shown in the lower panel of Fig-
ure 3.13 and are analogous to the outcome for the LMC.

Overall, 72% of the SMC metallicities determined with thiatien by DS10 and 21% of the metal-
licities from the relation by DF99 lie outside of the metgzilly range defined by the calibrating clusters
used to derive the relations. The relation by Smolec (2085)iot been calibrated for such low metallici-
ties as the ones we find for some of our RR Lyrae stars, butdesla wider metallicity range. Especially
in the metallicity interval of-1.71dex < [Fe/H];95 < —1.30dex, where most of the RR Lyrae stars
are located in our sample, Smolec (2005) has a good coveritigd 3vstars, thus justifying our use of
Smolec (2005) relation as opposed to the other relationzitdes here.

3.7 Conclusions

We derive photometric metallicities for 16949 RR Lyrae siarthe observed OGLE lll field of the LMC
using the Fourier decomposition of the light curves (Jkrédkovacs 1996). On the J95 metallicity scale
we find a mean metallicity of [Fé]hean= —1.23 dex. This corresponds to a metallicity of [F8ean=
—1.50 dex on the ZW84 scale, which is in excellent agreement thigrspectroscopic measurements of
LMC RR Lyrae stars in the literature (Borissova et al. 200& Gratton et al. 2004). Our results are
also in excellent agreement with those of Smolec (2005). miban metallicity of his dataset, which is
divided into Blazhko and non-Blazhko RR Lyrae stars, is/Hg,ean= —1.23 dex. The dterence in the
mean metallicities between the two typeégRe/H] = 0.06 dex) is much smaller than the uncertainties
associated with our method. We conclude that we would ne&ctlet significant dference between the
two types of RR Lyrae stars and therefore treat the stargpartently of their type. Although star-to-
star fluctuations in metallicity are observed on small sgale find no evidence for a spatial metallicity
gradient in the LMC.
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Figure 3.13: DF99 conversion of the Fourier paramﬁgqrto ¢>‘3’1 is used in the upper panel to determine
the metallicity of the SMC RR Lyrae stars. In the lower pahelrelation by DS10 is applied to determine
the metallicity distribution.

For the SMC we find a mean metallicity of [A€]nean = —1.42 dex on the J95 scale based on
1831 RR Lyrae stars of type ab. This translates to a value &@HJean = —1.70 dex on the scale of
ZW84, and is in very good agreement with the spectroscoirihénations by Butler et al. (1982) and
the photometric metallicities by Kapakos et al. (2011). Netatlicity gradient is observed in the old
population of the SMC.

In the LMC, several old GCs with ages greater than 10 Gyr amvkn The metallicities of these
clusters span at least one dex in/fffg(e.g, Johnson et al. 2006; Mucciarelli et al. 2010). Thisraller
than the range of metallicities observed for Galactic hatesGbut well within the range of what we
found for the RR Lyrae field stars, although most of the old LKBCs with spectroscopic metallicity
determinations are more metal-poor than the peak of our MDReORR Lyrae stars. In the SMC only
one GC, NGC 121, is known (Glatt et al. 2008b), and has a nwtalbf —1.46 + 0.1 dex on the ZW84
scale (Da Costa & Hatzidimitriou 1998), well within the rangf metallicities of SMC field RR Lyrae
stars. The peak of our SMC RR Lyrae MDF is slightly more metadr than the metallicity of NGC 121.
The SMC in fact shows a wide range of metallicities at anymyizge (e.g., Kayser et al. 2007; Glatt et al.
2008a).

Large metallicity spreads have also been found in most LGcalip dSphs, usually exceeding one
dex even when focusing on their old RGB populations (e.geb€lret al. 2003). For the old population of
the LMC we find an intrinsic metallicity spread of= 0.24 dex (in terms of one standard deviation of the
distribution), andr = 0.27 dex for the SMC. The full range of metallicities of the RR&g stars exceeds
1dexin [F¢H] and is dificult to constrain owing to the limits of the validity rangeafr calibration. As
pointed out already, in neither of the two Clouds do we fincatigtically significant trend in metallicity
with position despite the spread.

While we cannot assign specific ages to our individual RRé&ygtars, we suggest that this spread
was caused by inhomogeneous, localized enrichment, whishh@ppen on relatively short time scales
as discussed by Marcolini et al. (2008). Detailed spectjoiscelement abundance ratios measured for
red giants in old LMC GCs indicate star formation from gasidmd by supernovae of Typell with
prominent contributions from the r-process (Mucciaretlak 2010). Ther enhancement is comparable
to Galactic halo stars (and thus inconsistent with th&¢] ratios found in the old populations of many
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of the Galactic dSph and ultra-faint dSph stars; e.g., Koet. €2008a) and Adén et al. (2011). Johnson
et al. (2006) find dierences between LMC GC element abundance ratios both inartsop to dSphs
and to Galactic GCs, emphasizing that the LMC experiencedfarent SFH than the Galactic old
populations. No such detailed, age-dateable informati@vailable for the SMC thus far.

If we qualitatively compare our RR Lyrae MDFs to MDFs derivgakctroscopically for Galactic
dSphs (see, e.qg., Figure 13 in Koch et al. 2006; Figure 7 irhkai@l. 2007a; Figure 12 in Koch et al.
2007b, and Figure 1 in Kirby et al. 2011) we find that the MDFshef Clouds do not show the steep
drop-df at the metal-rich end found in some dSphs. In the chemicdlien models for dSphs of
Lanfranchi & Matteucci (2004), such a steep decline is calisegas outflows, which then do not seem
to have played a defining role in the evolution of the old papah of the MCs. This may not be
surprising given the presumably much deeper potentialsvedlthe Clouds. The shape of the MDFs of
the MCs’ old populations nevertheless resembles the shiape ¢DFs of several Galactic dSphs that,
according to Kirby et al. (2011), agree well with the gasihinodels of Lynden-Bell (1975) and Pagel
(1997), suggesting gas accretion from the intergalactidinme at early times. Note that since many of
the Galactic dSphs contain predominantly old populatiaresare comparing stars formed during similar
epochs here.

Although the MDFs of the RR Lyrae stars in the MCs reveal a icimmable metallicity spread, we
do not see evidence for a large population of stars witiHFe —2 dex. We caution that the calibration
of the Fourier decomposition method does not extend to lotalfigties and that it has been suggested
that this method overestimates metallicities at low/Hesalues (Dékany & Kovacs 2009, but see also
Arellano Ferro et al. 2011). Additionally the number of RR&g stars with low metallicities could be
influenced by the shift of the instability strip to lower teaenptures with lower metallicities. This could
result in fewer horizontal branch stars experiencing theLiRRe phase (Yoon & Lee 2002). However,
very metal poor GCs (e.g. NGC 2419 and NGC 7078) also contegnsiderable fraction of RR Lyrae
stars (Catelan 2009). On the other hand, there are a numipeetaf-poor GCs both in the MW and in
the LMC that are dominated by blue horizontal branch mormpdfiels and that essentially do not con-
tain any RR Lyrae stars (Catelan 2009). Hence it is conckbviidat the apparent lack of metal-poor
RR Lyrae stars is also caused by this evolutiondfgat. Nonetheless, the apparent absence of a substan-
tial, very metal-poor old population suggests that theyeamrichment in the MCs proceeded rapidly and
efficiently. The MCs show a similar lack of metal-deficient sasshe Galactic dSphs and the Galactic
halo (also known as the “G dwarf problem”), suggesting thatrmajority of the old stars formed from
pre-enriched gas. Spectroscopic studies of our RR Lyraalmebr candidates would be desirable to
confirm their metallicities.

The diterences in the mean metallicities of the old populationsha tMC and SMC makes a
common origin of these two galaxies from a single protogaldiagment unlikely, unless such a putative
progenitor would have been separated into two objects \aaty en. Recently, Yang & Hammer (2010)
proposed that the LMC might have been ejected from M31 in @rmmagrger event. The comparatively
high metallicity of old GCs in M31 (Caldwell et al. 2011) aswpared to the properties of the MDF of
the old LMC population seems to argue against this scenario.
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Dr. McCoy: "Please, Spock, do me a favor ... 'n’ don't say ‘féscinating’..."
Spock: "No... but it is... interesting..."

Star Trek (The Ultimate Computer)

Three dimensional maps of the Magellanic
Clouds using RR Lyrae stars and Cepheids
|. The Large Magellanic Cloud

The new data for Cepheids and RR Lyrae stars of the Opticalit@tianal Lensing Experiment
(OGLE Il1) survey allow us to study the three-dimensionatidbution of stars corresponding to young (a
few tens to a few hundreds of millions of years) and old (tgfpjcolder than~ 9 Gyr) populations of the
Large Magellanic Cloud traced by these variable stars. \tmate the distance to 16949 RR Lyrae stars
by using their photometrically estimated metallicitiesurthermore the periods of 1849 Cepheids are
used to determine their distances. Three-dimensional m@psbtained by using individual reddening
estimates derived from the intrinsic color of these stal® fesulting median distances of the RR Lyrae
stars and Cepheids appear to resolve the long and shomabstzale problem for our sample. With
median distances of 5B+ 3.2 kpc for the RR Lyrae stars and.93: 1.8 kpc for the Cepheids, these two
distance indicators are in very good agreement with eacdtr athcontrast to a number of earlier stud-
ies. Individual reddening estimates allow us to resolvedistance discrepancies often observed while
comparing Cepheids and RR Lyrae stars. For both stellarlagtipos we find the inclination angle of
the LMC to be 32+ 4° and the mean position angle to be 1435°. The position angle increases with
galactocentric radius, indicative of mild twisting. Withthe innermost 7 degrees of the LMC covered by
OGLE Il the change in position angle amounts to more thanetPeks. The depth of the RR Lyrae stars
of 5.0 + 0.2 kpc is higher than the depth of the much younger Cepheif@is-(8.2 kpc). In both popula-
tions the western parts of the LMC show significantly highepttt than the eastern parts. However, we
interpret this as indicative of an old, thick-disk-like cpoment and a young, thin-disk-like component
in the LMC. In agreement with earlier studies we do not findlexce for an extended spherical stellar
halo. The bar stands out as an overdensity both in RR Lyrege a&ta in Cepheids. In RR Lyrae stars the
bar can be traced as an overdensity with a line-of-sightrdepalmost 5 kpc in front of the main body
of the disk.

This chapter is based on Haschke, GreldeDuffau (submitted)
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4.1 Introduction

The LMC is one of the closest and the largest satellites ofGhiaxy with a heliocentric distance of
(m—M) = 1850 (~ 50 kpc) (Alves 2004; van der Marel 2006). Therefore, the LiMGsed as benchmark
for, e.g., cosmological distance measurements (e.qg.dRrae et al. 2001) or the evolution of the Local
Group (e.g., Besla et al. 2007; Bekki 2009b).

A large variety of methods and objects have been used totigagsthe structure and evolution of the
MCs. For instance, star clusters can be used to determingdudl distances and the chemical footprint
at distinct times in the galaxy’s past (e.g., Kerber et al2@latt et al. 2008b; Sharma et al. 2010). In
Grocholski et al. (2007) the mean distance to a set of poputtusters in the LMC was measured to be
(m- M) =1840+0.12.

To gain a more comprehensive picture of the evolution of axyabiferent classes of stars can
be utilized to describe flerent evolutionary stages. The oldest stellar populato@msbe traced with
RR Lyrae stars. These have a well defined metallicity-luiijorelation and therefore are valuable
standard candles as long as the metallicity is known. FoLME, RR Lyrae stars have been used in a
variety of investigations. For example, Clementini et 2043) analyzed photometric and spectroscopic
data for more than a hundred RR Lyrae stars in two fields clogbe bar and found a mean distance
modulus of (n— M) = 1845+0.07. These values for the distance were confirmed by the pledtmand
spectroscopic results published in a series of papers bigfma et al. (2004, 2006, 2009). With deep
infrared observations Szewczyk et al. (2008) found a meatopinetric distance off—M) = 1858+0.11
for 65 RR Lyrae stars located in the LMC bar, 0.13 mag moreadisthan Clementini et al. (2003)
although these distance moduli agree within the unceigaint

Distance measurements of populations with an age of a fewe@ybe conducted by, e.g., using RC
stars. Koerwer (2009) found a mean distance modulusefl) = 18.54+0.06 based on measurements
across the body of the LMC.

Cepheids are excellent distance tracers for the youngsfipulation, within an estimated age range
of approximately 30- 300 Myr (Grebel & Brandner 1998). Groenewegen & Oudmaij@0® found
(m- M) = 1860+ 0.11 using Hipparcos data of LMC Cepheids. With the same dabase diterent
period-luminosity relation Luri et al. (1998) deriveoh ¢ M) = 1835+ 0.13. Using a least square fitting
method, Ngeow & Kanbur (2008) found a mean distance modudlgsme M) = 1848 + 0.03 for 630
Cepheids taken from the second phase of the OGLE surveygklidslal. 1992, 1999b).

The OGLE experiment looks for microlensing events in theaGtéd center and the MCs. Therefore a
considerable portion of the dense regions in these galardassnonitored for years (Udalski et al. 1992,
1997, 2008a). The new OGLEIII data release combine six yafaobservations with the largest field
coverage in the MCs+(40 degrees) of the OGLE experiment obtained thus far.

The distance determinations for the LMQf&uw from intrinsic diferences betweenfiitrent standard
candles. For instance, the calibrations tend to assigrgarlaistance to Cepheid measurements than to
RR Lyrae stars. This is known as the “long and short distacate oroblem” (e.g., Carretta et al. 2000b).

The orientation and three-dimensional shape of the LMC haea studied repeatedly. For red giants
van der Marel (2001) found a position an@e= 1225° + 8.3° in good agreement with Subramaniam &
Subramanian (2009a), who analyzed RR Lyrae stars from theEDIGdataset (Soszyski et al. 2009).
Using the same data PS09 published a position angle camsigith the value published by Subrama-
niam (2004) of® = 114 + 22 for RC stars. In contrast to these determinations Nikoldet.€2004)
found ® = 154 + 3° with Cepheids from the MACHO survey. This is in agreemenhvtiite work of
Koerwer (2009) using the RC of the LMC.

The distance measurements of the LMC suggest that the mastes are closer to the Sun than
the western side. The deduced inclination angle variesdmtiv= 23.5° + 0.4° (Koerwer 2009) and
i = 34° = 6° (van der Marel & Cioni 2001). The studies by Lah et al. (200&kolaev et al. (2004), and
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Subramaniam & Subramanian (2009a) infer inclination agighin this range.

RC stars observed in OGLE Il indicate a line of sight depth &pc for the LMC bar and 3.4 kpc
for the disk (S09), in good agreement with Clementini et2003) evaluating RR Lyrae stars.

Zhao & Evans (2000) found first evidence for a bar locatedantfiof the LMC. These results were
confirmed by Nikolaev et al. (2004) using Cepheids in the LM@8ey showed that the bar is at least
0.5kpc in front of the disk. Model fitting based on the datahaf MCPS by Zaritsky (2004) obtained a
similar result as Nikolaev et al. (2004). In contrast to thessults Subramaniam & Subramanian (2009b)
did not find evidence for a bar in front of the LMC investigatiRC stars from the OGLE Il data. Bekki
(2009a) proposed the collision of a dark halo with the LMChesdrigin for a bar located in front of the
main body of the LMC.

We use the entire sample of OGLE RR Lyrae stars and Cepheaidericg a field much larger than
in previous studies of these objects, to obtain three-daioeal maps of the old and young population of
the LMC. This can ultimately also help us to understand tlodution of the LMC better. The distances
are derived while taking into account star-by-star extorctorrections.

Distance estimations and reddening corrections are disdua Section 4.2. We then first analyze the
spatial distribution of our stars projected in two dimensiin Section 4.3, before using the metallicities
of the individual RR Lyrae stars, determined in Chapter 3aicwate the reddening-corrected distances
in Section 4.4. In Section 4.5 structural characteristigshsas the inclination, the position angle and the
scale height of the LMC are presented. We summarize andsdismur results in Section 4.6.

4.2 Distance measurements

We use RR Lyrae stars and Cepheids to determine the distahd¢ks old and the young population
of the LMC, respectively. For the old population RR Lyraestavith their ages of at least 9 Gyr (e.qg.
Sarajedini et al. 2006) permit a glance into the early staddke evolutionary history of a galaxy. A
more recent period in the evolution of a galaxy can be tragetthd fairly bright and variable Cepheids,
which cover an age range of approximately 30 to 300 Myr (Gr&ti@randner 1998; Luck et al. 2003).

4.2.1 RRLyrae

The absolute luminositiy of the RR Lyrae stars depends only on their metallicity. Iragtr 3 we
present individual photometric metallicity estimates 16949 RR Lyrae stars. These values, on the
metallicity scale of ZW84, are applied together with the @ljdused relation by Clementini et al. (2003)
to calculate absolute magnitudes for each single star

My = 0.84+ (0.217+ 0.047) [F'H] 4.1)

We tested various equations for the absolute magnitude dfyiri® stars, quadratic in their metal-
licity term, by Catelan et al. (2004) and by Sandage & Tamn{@006). The quadratic equations always
lead to slightly higher absolute magnitudes than the dbly Clementini et al. (2003). For the relation
by Catelan et al. (2004, their equation 8) a medigfedince of+0.08 mag is found, while the median
difference for Sandage (2006, their equation 7) is bel®W1 mag. These fierences are small and we
decide to use the relation by Clementini et al. (2003).

The absolute magnitude together with the mean observeditndgs and a reddening correction
(see Section 4.2.3) leads to the true distance modulus of #ac This permits us to investigate the
three-dimensional distribution of the old stellar popigiatin the LMC.
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4.2.2 Cepheids

Cepheids follow a well-known period-luminosity relatioe adopt the relations derived by Sandage
et al. (2004). For LMC Cepheids these authors found thatthez two diferent sets of relations de-
pending on the length of the period. For periati®rterthan 10 days they found

My = —(2.963+ 0.056) log P (1.335+ 0.036) 4.2)
M, = —(3.099+ 0.038) log P- (1.846+ 0.024) (4.3)

and for perioddongerthan 10 days

My = —(2.567+ 0.102) log P- (1.634+ 0.135) (4.4)
M, = —(2.822+ 0.084) log P- (2.084 + 0.111) (4.5)

where P is the period of the Cepheid in days.

We apply the appropriate relations to all available Cemh#idhe OGLE IIl archive and calculate the
apparent distance modulus using the mean magnitudes ptbld OGLE. In the next step, we correct
these apparent distance moduli for extinctidieets.

4.2.3 Reddening correction

In Chapter 2 we used two fierent methods to obtain reddening maps of the MCs. Both rdsthere
applied to correct the distances, calculated above, famatidn efects.

Area-averaged reddening correction: The red clump method

RC stars of the LMC are utilized in Chapter 2 to calculate tratdening on scales of a few arcminutes.
Depending on the metallicity, the RC is situated at a welirdel color in the color-magnitude diagram
(Girardi & Salaris 2001). When the metallicity is known, tHigference between the measured mean
color of the RC and the theoretically predicted color pregithe mean reddening toward this part on the
sky (Wozniak & Stanek 1996).

In Chapter 2 we subdivide the OGLEll area into a grid of seralields each of which contains at
least a few hundred RC stars of the OGLE Il photometric giligalski et al. 2008a). The size of these
squares is adjusted to thefdrent RC star densities across the field covered by OGLEdIanes from
4.5 x 4.5arcmin to 36x 36 arcmin. For each square the mean color is computed andacethpo the
theoretically unreddened color. We adopt the value foun@Isgn & Salyk (2002) for the unreddened
color of the RC of the LMC. For each position of the 16949 RRdgyistars and 1849 Cepheids the
appropriate reddening of its field is applied. Using thetretes by SFD98 between total and selective
extinction in diferent bands

Ay = 3.24E(V - 1)/1.4) (4.6)
A = 196E(V - 1)/1.4) 4.7)

we correct the distance modulus, determined above for estary with the mean extinction at the
location of the very star on the sky.
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Figure 4.1: The distances to the next neighbors of each @kpine computed. We draw a histogram
with the distance to the fifth nearest neighbor and find thatitidividually dereddend Cepheids have
smaller mean distances. We conclude that the individuaeneidg is preferable.

Individual reddening corrections: Intrinsic colors of var iable stars
RR Lyrae

Individual reddening estimates are calculated in ChaptiEr2each of the 12675 RR Lyrae stars with a
mean magnitude iv andl band in the LMC OGLE Il database. érences between the color of the
observed mean magnitudes and the theoretically deternaibgolute magnitudes are computed taking
our photometric metallicities into account.

For the absolute magnitudes Chapter 2 uses the relatiorfoped by Catelan et al. (2004). They are
similar to Equation 4.1 by Clementini et al. (2003) but pdw®/consistent relations forférent bands. In
Chapter 2, we derive the predicted absolute magnitude M tredl bands and define an "absolute color’
(V-1). The observed apparent coler|) of the RR Lyrae stars is calculated by subtracting the nredsu
i band fromv band mean magnitudes, provided by OGLE Ill. ThadenceE(V — 1) = (v-i)—-(V - 1)
of these two colors provides the reddening.

We use the Equations 4.6 and 4.7 to calculate extinction$Z675 RR Lyrae star and correct their
apparent distance moduli accordingly.

Cepheids

The basic approach of individual reddening estimates id aks® to calculate Cepheid reddenings. Equa-
tions4.2,4.3,4.4, and 4.5 are used to calculate the “atesohlor” (V — 1) for each Cepheid based on
its period. With the mean magnitudes from the OGLE Il cagakhe observed apparent colori) is
computed. We then derive the reddening from thgedence of the apparent and absolute colors and use
it in order to calculate the absolute distance moduli of 8491Cepheids.

Test of individual reddening vs. area-averaged reddening

In star forming regions many stars are produced in a shortiabwd time and eventually a couple of them
are in the Cepheid-phase at the same time. We expect that @Gegsheids are still in close proximity
to their place of birth. Therefore we expect the mean digtasfcthe Cepheids to the next neighbors
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Figure 4.2: Densities of RR Lyrae stars (filled grey contpargl Cepheids (colored contours) are shown
as a function of right ascensiom,(J2000), and declinatiow,(J2000). The highest densities of RR Lyrae
stars are found in the bar region. Further away from the b&iRtR Lyrae distribution becomes much
more circular. The high density regions of the Cepheid ithistion are prolate and trace the bar. The
thick black polygon delineates the boundaries of the OGLEeion. The optical center of the LMC
found by de Vaucouleurs & Freeman (1972) is marked with aevagterisk. The kinematical center
from H | observations of Kim et al. (1998a) is marked by a bls&gask. The box sizes of the evaluated
fields are listed in Table 4.1.

to be small. On the sky we can directly observe this closeipityx of stars and we expect a superior
reddening method to reflect this by a smaller mean distan¢beon-axis as well.

For each Cepheid we calculate the distances to all other éldplpresent in the sample. Then
we determine the distance to the fifth and tenth closest heighf each Cepheid. We find that the
individually dereddened Cepheids have smaller mean distaio their next neighbors than the Cepheids
with an area-averaged dereddening. For the fifth neareghioei a median distances 0f38 kpc and
0.52 kpc, respectively, for the two reddening approaches usdo The tenth nearest neighbor has a
median distance of.B0 kpc and (075 kpc, respectively.

The individual reddening clearly leads to smaller mearadists between the Cepheids and we there-
fore trust this method to be better than the area-averagktkning estimates.

4.3 Star densities in the OGLE Il field

The OGLEIIl data cover nearly 40 square degrees of the LM@Quiiei4.2 shows the distribution of the
RR Lyrae stars and the Cepheids located in this field. The puoftRR Lyrae stars is counted in fields of
0.25° x 0.125 in right ascension and declination, respectively. Thisi$eim the center of the RR Lyrae
distribution ate = 5'26™ ands = —69°75. Due to the much lower density of the Cepheids their
distribution is evaluated in larger fields of50 x 0.25° in right ascension and declination, respectively
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Table 4.1: Binsizes of the fields evaluated to obtain the ileaf RR Lyrae and Cepheid stars in the
LMC. The grid of the boxes defined here is used in Figure 82and 4.4 to show the distribution of
young and old stars in the LMC.

RR Lyrae Cepheids

a bin [degree] 0.25 0.5
6 bin [degree] 0.125 0.25
distance bin [kpc] 0.25 0.5

(Table 4.1). We then smooth the resulting density distigingt using a Gaussian kernel. To illustrate the
location of the bar region we adopt its approximate locaffom Zhao & Evans (2000) (see the black
diagonal lines in Figure 4.2.

For the RR Lyrae stars the highest density of stars is fouodgathe bar. The highest density of
RR Lyrae stars does not coincide with the kinematical oraaptcenter of the LMC. With increasing
distance from the bin of highest density and with decreadimggsity of stars the distribution becomes
more ellipsoidal. Unfortunately the OGLE Ill data do not eothe low density outskirts of the LMC in
the southern and northern directions.

For the Cepheids we find aftiérent picture than for the old RR Lyrae population. The itigtion of
stars is elongated and the highest density of stars is agaifalong the bar region. The Cepheids show
different locations of enhanced density. They are formed abwsiiocations with varying intensities
reflecting regions of enhanced star formation activity nigirthe past 30 to 300 Myr (e.g., Grebel &
Brandner 1998). Neither the RR Lyrae nor the Cepheid demsayimum coincide with the optical
center of the LMC found by de Vaucouleurs & Freeman (1972)itin the kinematical center found by
Kim et al. (1998a) (see Figure 4.2).

Using data from the 2MASS (Skrutskie et al. 2006) and DeepriNdeared Southern Sky Survey
(DENIS) (Epchtein et al. 1997) the distribution of RGB and B&ars in the LMC was investigated by
van der Marel (2001). Cioni et al. (2006) found average adés@®Gyr for the AGB stars, Salaris &
Cassisi (2005) obtained average ages of about 4 Gyr for tHeR43s of the LMC. In Figure 2 of van der
Marel (2001) the density distribution of these intermeghatje stars is shown. The bar region is clearly
visible and has the highest stellar density. Toward thekatgsof the LMC the density distribution
becomes first rounded, and then elongated in the north-stingbtion, approximately perpendicular to
the bar. These outer parts of the density map are not covgrgtelOGLE Ill area and can therefore not
be compared with the density distribution of Cepheids and_{&Re stars that we obtain in our present
paper.

The distribution of RR Lyrae stars closely resembles thahefintermediate-age (AGRGB) star
density distribution in the central region of the LMC whileetCepheid distribution shows more sub-
structure. With decreasing age of the stellar populatienttigh density regions become increasingly
elongated along the LMC bar, extending further in eastethveestern direction than the main body of
the bar traced by the RR Lyrae stars.

4.4 Three dimensional maps

The distances of RR Lyrae and Cepheids are calculated vatedhations described in Section 4.2. We
obtain four sets of maps, two for each the young and the otd sthen applying either average RC or
individual reddening corrections.
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Table 4.2: Recent distance estimates of the LMC using RReLgtars or Cepheids. For results using
other distance indicators such as eclipsing binaries, R€,s6N light echos, star clusters, etc., see
Alves (2004). In the last line the mean distance to the LMGitbhy Alves (2004) using manyfierent
indicators is stated.

type of indicator M- M)mean o  reference
Cepheids 18.35 0.13 Lurietal. (1998)
Cepheids 18.60 0.11 Groenewegen & Oudmaijer (2000)
Cepheids 18.48 0.04 Ngeow & Kanbur (2008)
Cepheids 18.85 0.08 this work - area averaged reddening
Cepheids 18.65 0.07 this work - individual reddening
RR Lyrae 18.45 0.07 Clementini et al. (2003)
RR Lyrae 18.48 0.08 Borissova et al. (2004)
RR Lyrae 18.54 0.09 Marconi & Clementini (2005)
RR Lyrae 18.44 0.11 Catelan & Cortés (2008)
RR Lyrae 18.58 0.11 Szewczyk et al. (2008)
RR Lyrae 18.53 0.13 Borissova et al. (2009)
RR Lyrae 18.60 0.17 this work - area averaged reddening
RR Lyrae 18.62 0.13 this work - individual reddening

multiple indicator mean 18.50 0.04 Alves (2004)

4.4.1 Maps corrected with RC reddening

In this subsection we apply the reddening estimates devitbdthe RC method to correct the distances
of the RR Lyrae stars and Cepheids obtained in Section 4.2.

In the upper panel of Figure 4.3 we plot the density distidmubf RR Lyrae stars (grey contours)
and Cepheids (colored contours) in right ascension vergtande. In the lower panel of Figure 4.3
these density distributions are plotted as a function ofinl&iion vs. distance. This implies a view from
above the LMC in the upper panel and from the side in the lovasmep The field sizes within which
the density of stars is evaluated are shown in Table 4.1. ®hwar plots are smoothed with a Gaussian
kernel, which uses & 3 bins and a width of 1 bin to reduce the variance on very sngales. For the
uncertainties of the density contours we assume Poiss@e.ndihe noise is usually smaller than the
binsizes.

The spatial distribution of the RR Lyrae and Cepheids forstiniit groups whose centroids do not
coincide. Without correcting for the inclination, commgithe median distance of the RR Lyrae stars
leads toDRR1/median = 52.7 + 3.9 kpc ((n— M) = 1860+ 0.17). For the Cepheids we find a distance
of Dcegymedian = 58.8 + 2.2kpc ((n— M)o = 1885 + 0.08). By deprojecting the spherical coordinates
into a cartesian coordinate system (Weinberg & Nikolaevi2@9e median distances change slightly to
DRRL/median = 54.4 + 3.9 kpc andDceymedian = 58.6 + 2.2kpc. These values are very similar and we
use the mean distances as measured without correctingefandhination angle. The uncertainties are
computed using error propagation adopting a mean magnéudeof 0.07 mag, as stated by the OGLE
collaboration, the mean extinction uncertainty of 0.08 riragn Chapter 2 and a metallicity uncertainty
for the RR Lyrae stars of 0.23 dex (Chapter 3). The unceptaihthe period is so small that it can be
neglected. Taking the errors into account the resultingiamedistances of the old and young population
agree within 2.

Our RR Lyrae distance is in agreement with the literaturees| while the Cepheid distancdfdis
by more than 3 from the mean values of the literature (see Table 4.2).
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Figure 4.3: Stellar densities of RR Lyrae (filled grey com&uand Cepheids (colored contours) are
shown as a function of distance and right ascension, in tiperupanel, and as a function of distance
and declination in the lower panel. All distances are exitimecorrected using the mean RC reddening
values. The main concentration of the RR Lyrae is much clasdmore centrally concentrated than that
of the Cepheids. The box sizes of the evaluated fields aesllintTable 4.1.
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4.4.2 Maps corrected with individual reddening

In the previous section we used reddening values based aolttreof the RC (see Chapter 2 for details).
Instead we can also compute the reddening for each of ourdeph RR Lyrae stars individually as
described in Section4.2.3, a more accurate method that mimtegverage over an area and that does
not use other stellar populations (RC stars) as tracerseafetiddening of much younger or much older
populations. For a more detailed discussion of populatmmtemperature-dependent reddening see
Grebel & Roberts (1995) and Zaritsky (1999).

The resulting maps (Figure 4.4) show a reduced depth of th€ lalsl compared to Figure 4.3. The
calculated positions of the Cepheids are in better agreewitdmthe overall distribution of the RR Lyrae.
The computed distances, without correcting for the initishape of the LMC, of the Cepheids decrease,
while the RR Lyrae distances remain similar to the RC redugnpproach. We find a median distance
for all RR Lyrae stars 0DRrR Lyragmedian= 53.1+ 3.2 kpc ((m— M)o = 18.62+0.13) and for the Cepheids
of Dcegmedian= 53.9 + 1L.8Kpc ((n— M)o = 1865+ 0.07). The deprojection of the coordinates leads to
very similar distances dDrRr Lyragmedian= 53.4 + 3.2 Kpc andDcepmedian= 54.0 = 1.8 kpc. Later on we
refer to the not deprojected distances only. A mean magmieucbr of 0.07 mag is stated by OGLE, a
mean extinction error of 0.06 mag is found in Chapter 2 andreerainty for the metallicity of 0.23 dex
is estimated by Chapter 3. The resulting distance errorsadcellated using error propagation. The error
of the period is so small that it can be neglected.

Our distances calculated with the metallicity on the scgld9b are compared with the results using
the metallicity-scale of ZW84. The median distance of thelRiRe stars is just 0.02 mag higher with the
ZW384 metallicities. The choice of the the metallicity ssatkus has a negligiblefect on the distance
determination of RR Lyrae stars.

The change in the median RR Lyrae distance is small and agedbwithin the uncertainties with the
previously calculated value from Section 4.4.1. For thel@ags the change in distance calculated with
the individual extinction corrections and with the arearaged reddening values of the RC method is
greater than the uncertainties of both determinationsthegeCepheids undergo considerable mass loss,
which may lead to an accumulation of circumstellar dust adothese stars (Barmby et al. 2011). This
might result in additional dierential reddening not accounted for by the RC maps. MoreBepheids
are located in or close to recent star-forming regions witteptially higher dust and gas content. This
may lead to fluctuations and variations on scales, that @negolved by the RC method (see Chapter 2).

Although the mean distances of the young and old populatipeeanow within their uncertainties,
the Cepheids are distributedfidgirently than the RR Lyrae stars. While the RR Lyrae are deéfsdise
center of the LMC, the highest concentrations of the Cepheiakely follow the entire extent of the bar.
The upper panel of Figure 4.4 shows two concentrations oh€ep towards the eastern and western end
of the bar, while in the lower panel a southward shift of thelkaads is visible. This kind of behavior is
typical for irregular galaxies: Younger populations tréoe often widely scattered distribution of recent
star-forming regions, while older populations show a muarterregular spherical distribution (see also
Grebel 2001; Tikhonov 2005; Hidalgo et al. 2009; Glatt eRaf10).

Our mean distance of the RR Lyrae stars is, within, In good agreement with the values found in
the literature for LMC RR Lyrae stars as shown in Table 4.2 a§ as with the mean distance of many
different tracers given in the review by Alves (2004). For thel@abresults from the literature the
uncertainties of the distances are typically smaller thoaritfe RR Lyrae distances. Withinod, our new
Cepheid distance modulus does not agree with most of thratlitee values or the mean value by Alves
(2004). However, our mean Cepheid distance agrees with ¢dpheld distances by Groenewegen &
Oudmaijer (2000) using Hipparcos data.

No indication for a difering “long” and “short” distance scale is found in our workewn using the
individual reddening corrections. This is in contrast te thiscrepant distances resulting when using the
RC reddening correction for Cepheids and RR Lyrae starsarl@leur new extinction measurements
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Figure 4.4: Stellar densities of RR Lyrae stars (filled gregtours) and Cepheids (colored contours) are
shown as a function of distance and right ascension in therymmel and distance and declination in the
lower one. All distances are extinction-corrected usirgitidividual, intrinsic color reddening values.
The Cepheids agree very well with the RR Lyrae distancesimitie errors. The Cepheids are not as
centrally concentrated as the RR Lyrae and trace the eledghstribution of the bar. The box sizes of
the evaluated fields are listed in Table 4.1.
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play a major role for the resulting distances.

4.5 Three dimensional structure

451 LMCinslices

Our data permit us also to obtain more information about dleation and orientation of the young and
old population of the LMC. In this subsection we slice the LM{using only stars of distinct distance
bins to reveal more information about the internal propstti

RR Lyrae stars

In Figure 4.5 we show the projected distribution of 12675 RRak stars in four dierent distance bins.
The upper two panels show the closest parts of the LMC with RRBé_stars in a distance range between
45 to 47.5kpc (left panel) and 47.5 to 50 kpc (right panel).eSehbins are of the same order as the
typical distance uncertainties of individual RR Lyrae stat this distance of about 3 kpc. Figure 4.5
demonstrates that the stars are highly concentrated iretiieat region of the LMC. The upper left panel
indicates that the closest stars are mostly located in the Mareover more stars are located in the
eastern part of the LMC in this closest distance bin. Thd taienber of stars in the two distance bins
considered above is 1114 (9% of the sample). The densityoé#st center of the LMC is 50% larger
than in the western part in this distance range.

In the lower left panel of Figure 4.5 the distance range betws0 to 55 kpc is displayed. We in-
creased the bin size because the individual uncertaint@s gith the distance. Overall this distance
slice contains the highest number of stars with 8151 RR Lgtaes (67% of the sample). The central
region of the LMC is particularly densely populated. The laes not stand out as a distinct feature in
this distance slice, while star counts reveal that the nurdis¢ribution in the western and eastern parts
is approximately equal. The most distant set of RR Lyraesstashown in the lower right panel with
distances between 55 and 60 kpc and contains 2916 stars f2Zh&sample). The central region is less
densely populated than in the closer bins, and as beforeattie bo longer visible. For the western parts
of the LMC we find 60% more stars than in the eastern parts sdibtance, clear evidence for a tilt of
the LMC.

In order to further quantify the location of the bar with respto the disk, we compare the cumulative
distribution of stars along the line of sight to the bar whik adjacent regions. In Figure 4.5 we draw the
approximate northern and southern boundaries of the bdredfMC. The dimensions and orientation
are taken from Zhao & Evans (2000) and Mancini et al. (2004)were optimized by visual inspection.
These boundaries define a parallelogram that contains rhtiet bar of the LMC. We plot a normalized
cumulative distribution of the line-of sight distances lo¢ tRR Lyrae stars within these bar boundaries
in Figure 5. We compare this distribution with the normatizzimulative distribution of RR Lyrae stars
in two fields of the same size shifted bysDabove and below the bar (see Figure 4.6). In order to avoid
being influenced by the inclination of the disk of the LMC or\Wwgirps we add up the data of the two
fields outside of the bar region. We find the stars in the bdaone@ stand out as an overdensity largely
in front of the main body of the disk. The overdensity can bedd across line-of-sight distances ranging
from about 45 kpc to about 53 kpc. The bar region thus appeasténd across some 8 kpc in diameter
along the line of sight, overlapping at its far end with theinmiaody of the disk. We check for the
significance of the dierence of the two cumulative distributions by applying arkoyorov-Smirnov
test (K-S test). With more than 99% confidence we can rulehaitthe two distributions come from the
same continuous distribution.
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Figure 4.5: The spatial position of the RR Lyrae stars istptbfor four diferent distance ranges. Each star is color-coded with itardis (blue - close
and red - far) as quantified in the color bar at the bottom ofi @anel. Each panel shows dfdrent distance regime of the LMC, covering line -of-sight
distances of 45 to 60 kpc altogether. In the closest reglombar is very well visible, while it disappears as a distovardensity in the farther regions.
The eastern region of the LMC is closer than the western ohe.ifdividual distance uncertainties are of the order of 8%he calculated distance.
The black polygon shows the boundaries of the OGLE Il field #re black diagonal lines show the approximate locatiorhefttar. The black star
represents the optical center of the LMC found by de Vaueosl& Freeman (1972). The upper left panel contains 221, dtaesupper right panel
893 stars, while the lower left panel shows 8151 stars antbtier right one 2916 stars.
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Figure 4.6: The normalized cumulative distribution of tiretof-sight distances of RR Lyrae stars of
the bar region (solid line) is compared with the distribatiof the sum of two similar fields located
above and below the bar (dashed line). The inset on the upfieshiows the location of our three fields
superimposed on the OGLE footprint of the LMC. The cumutatiistribution of the stars in the region
of the bar shows a higher stellar density at closer distati@@swhat is seen in the comparison fields.

Cepheids

In Figure 4.7 the distance distribution of the Cepheids xlstided into three slices of 5 kpc depth each,
covering distances in the range from 45 to 60 kpc. Overalbesity of the Cepheids found by OGLE
is smaller by a factor of ten compared to the RR Lyrae stars.

The closest part of the LMC is represented by a distance sétween 45 and 50 kpc (Figure 4.7,
upper left panel). While nearly 10% of all RR Lyrae stars a@ated in this distance range, only 1% of
all Cepheids are found in this slice. Out of these nearly 20&eCepheids are located in the bar region,
whose position is marked with the black diagonal lines iruFégt.7. In the intermediate distance range
between 50 and 55 kpc (Figure 4.7, upper right panel) therzhita extension to the east and to the west
is a well visible feature, while the eastern parts of the pkekfield ¢ > 6"00™) are nearly without any
Cepheids. The areas west and south of the bar are well pegdudat the superimposed distribution of
the HI shells shows good agreement for many Cepheids. This i#C 2 and LMC 9 coincide with
higher densities of Cepheids.

In the farthest part of the LMC at distances of 55 to 60 kpc \(Fégt.7, lower panel) the density of
Cepheids in the bar has considerably diminished and thd gademinated by a concentration of stars
west of the center. The shells LMC 6 and LMC 8 are in good agez¢mwith the Cepheid location — a
possible indication of long-lasting star formation giveattthe dynamical ages of these two supershells
are only~ 11 Myr (Kim et al. 1998a) and thus younger than those of theh€ris. The eastern part of
the Cepheid map is devoid of stars beyang 5"50™.

While the eastern part of the LMC is closer to us, the westemt ig located further away. We
conclude that the shape of the disk for the old and young stdhe LMC has a similar pattern.

4.5.2 Inclination angle

The structural properties of smaller sections of the LMCiavestigated by subdividing the OGLEII
field of the LMC in a grid of 03° x 0.3° boxes in right ascension and declination. We calculate the
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Figure 4.7: Position of Cepheids in the LMC color-coded Wirthlistance in dferent distance slices. Each panel shows a 5 kpc distanee wiit the
upper left panel comprising 62 stars, the upper right pareliding 1207 stars and the lower left panel containing 4@ sOverall, these three panels
cover a distance range from 45 to 60 kpc. The bar is bettdlgisit closer distances, but is partially visible in all digte bins.
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Table 4.3: A compilation of inclination (i) and position dadp) values from the recent literature.

type of Stars 6 [degree] o [degree] i[degree] o [degree] author

Cepheids 151 3 31 1 Nikolaev et al. (2004)
RC 114 22 — — Subramaniam (2004)
RC 154 1 23.5 0.4 Koerwer (2009)
red giants 122 8 — — van der Marel & Cioni (2001)
red giants — — 34 6 van der Marel (2001)
red giants — — 29 — Lah et al. (2005)
RR Lyrae 124 12 31 4 Subramaniam & Subramanian (2009a)
RR Lyrae 112 — — — PS09

median distance to all stars in these boxes. The inclinatagie is computed with a linear fit over all
these median distances.

For the RR Lyrae stars the western part.5220.5 kpc farther away than the eastern area of the LMC.
A similar trend is found for the Cepheids, where the mediatadice of the western part is/2- 0.5 kpc
larger than for the eastern part. These values correspoad toclination of 32 + 4° in very good
agreement with the literature values by, e.g., van der M@@01), who used red giants (Table 4.3).
PSO09 infer, using RR Lyrae stars, that the eastern part secthan the western, but do not quantify the
inclination angle.

Along the short north-south axis covered by OGLE both the RRRé and Cepheid distributions
show very similar behavior. For the Cepheids no inclinatian be observed, while there may be a weak
trend for the RR Lyrae stars. Using a linear fit of the RR Lyrasgrithution we find the southern part of
the OGLE Il region to be @ + 0.2 kpc closer than the northern part.

4.5.3 Position angle

For the evaluation of the position angle of the LMC we cour ttumber of all RR Lyrae stars and
separately all Cepheids, in boxes 080x 0.3° in right ascension and declination. We determine the
boxes with the highest population in annuli o80and fit these boxes with a first-order polynomial.

The position angle varies somewhat depending on the locatiere it is measured. We fitdkg, =
102 +21° andOcep = 113 + 28 if we take into account only the most populated areas in therimost
3° from the visual center of the LMC, as found also by de Vauamglé& Freeman (1972). For the fields
in a ring within a distance of3< center< 7° we find ®@rr. = 122 + 32° andBcep = 116" + 25°.
Thus for both tracer populations the position angle is foumiticrease at larger radii, indicative of mild
twisting. The mean position angle over the entire field of tMC is found to be®rg. = 114 + 13°
andBcep = 116 + 18°. The number of Cepheids is much smaller, hence the statstecworse and the
uncertainty larger than for the RR Lyrae stars.

Our results are in good agreement with the values found ®L¥C RR Lyrae stars, e.g. PS09
obtained®rr. = 1124°, as well as for various types of stars, as red giants or RG,dtapther inves-
tigations (Table 4.3). The fierence of the position angle as a function of the positiorhefltMC was
also pointed out by van der Marel & Cioni (2001) using red tgan

4.5.4 Depth and scale height

Before we determine the depth and scale height of the LMC \peofkct the spatial positions of the stars
by the inclination and position angle, determined abovd,with respect to the center of the RR Lyrae



4.5 Three dimensional structure 79

[3]
O

at {4
RR Lyrae RR Lyrae
3} |Cepheids == ; 3t Cepheids
‘ 03[ 54+05 462
2r 138 [39+02 1937 2r
48102  1017]
—_ 1f 52+0.3 522|depth 5758 stars —_ 1r
-4 45403 126[5.4+0.2 g
X 0 ’ 1x 0
= 414023 746 stars| :-Z : g-g 15553 —
>_4} 23+02 1957 % >4l
33:01 424
=2F -2}
-3} =-3r
=4} E -4}
—E _E
) 5 =5 5

0 0
x [kpc] x [kpc]
Figure 4.8: Depth is measured for twdfdrent sets of fields. In the upper panel the OGLEIII field is
divided into nine similarly sized squared fields, while ie tower panel the depth is measured for four
rings. The rings are furthermore divided into subfields vsitArs with positive, respectively negative,
x-values only. The black data denotes the depth of the RReLstars and the red data the depth of the
Cepheids of the particular field.

star distribution atr = 5"26™ ands = —69°75. Using the approach of Weinberg & Nikolaev (2001) we
determine the x,y,z coordinate of every star and use tfiferént sets of fields to measure the depth and
scale height of the LMC.

The density distribution of the RR Lyrae stars changes dweiQGLE Il field (see Figure 4.2) and
we want to approximate the isodensity contours. To do so eIl field is divided into nine squared
fields of similar size, as well as into four rings (Figure 4\8ith respect to the origin of the new coordi-
nate system. For each field we calculate a cumulative disioib function of all stars present, as shown
in Figure 4.6. The depth is calculated by measuring the nahand maximal distances of the central
68% of the distribution. This is accomplished by computihg tlistance where 16%, minima of the
depth, and accordingly 84%, maxima of the depth, of the whataple of stars, have shorter distances
than the particular star. Using this approach we becomepatiient of possible asymmetric geometry
of the LMC, as observed in the bar region. To estimate thertaiogy of the calculations of the depth,
we dither the central 68% of our cumulative distribution 8y B both directions. The mean of the depth
differences is assumed to be the uncertainty of each field.

The number of RR Lyrae stars per field as well as the depth dflthpopulation of the LMC varies
within the OGLE field, as shown in Figure 4.8. For the squareldi$i we find values from 4.4 kpc to
5.4 kpc (black data in upper panel of Figure 4.8), with a mednesof 49+0.2 kpc. The circular fields are
divided further by considering stars with either positivenegative values of x only. With this approach
depth between 4.5 to 5.5 kpc are determined (black data ierlpanel of Figure 4.8), with a mean value
of 5.0+ 0.2 kpc. (A mean fective thickness of @+ 1.3 kpc is found for the area-averaged reddening.) In
the central parts, including the bar, the depth is enhanCethparing the western parts with the eastern
we find a significantly higher depth for the RR Lyrae stars mwrestern fields of OGLEIII.

Even though the density of the Cepheids is much lower, wauatalthe depth in the same manner
and for the same fields as for the RR Lyrae stars. The red d#ta upper panel of Figure 4.8 shows the
measured depth of the circular fields with values from 3.3.7kgc and a mean value of04 0.2 kpc.
For the circular fields, denoted in the red data in the lowerepaf Figure 4.8, depth between 3.6 to
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Table 4.4: Distances and structural parameters for the LBtWed in this paper.

RR Lyrae Cepheids
value o value o
distance [kpc] - area averaged reddening 52.7 3.9 588 2.2
distance [kpc] - individual reddening 53.1 3.2 539 1.8

inclination [degree] 32 4 32 4
position angle [degree] 114 13 116 18

position angle [degree] - innermost 3 102 21 113 28

position angle [degree] °3-7° 122 32 116 25

depth [kpc] 49 02 40 0.2

scale height [kpc] 2.3 0.2 19 0.2

4.4kpc are estimated. The mean value for the circular fialdii+ 0.2 kpc, as well. (Using the area-

averaged reddening a mean depth a#101.0 kpc is found.) A similar trend of higher depth values in
the western parts as in the eastern parts of the LMC is founthéoCepheids. But overall the depth
values for the Cepheids are significantly smaller than thimmates obtained for the RR Lyrae stars.

The higher diference between the area-averaged and individual reddenmected depth for the
Cepheids implies that Cepheids are more stronffigcted by diferential reddening than RR Lyrae stars.
This could be due to their being associated with regions afermecent star formation or due téfects
of circumstellar dust around these extended supergiantatBeet al. (2011).

The scale height of a disk is defined as the distance, wheréethgty of stars has decreased by a
factor of 1/e. Using the same approach as for calculation of the depthit@stthe scale height would
correspond to a central width of 63.2% in the cumulativeritlistion of each field. Therefore we can
calculate the scale height by multiplying the depth with@daof

scale height 1-2(z)
depth ~ 2x0.68

= 0.4648 (4.8)

Using this formulae we estimate mean scale heights.®&20.2 kpc for the RR Lyrae stars and
1.9 + 0.2 kpc for the Cepheids.

In SO9 the depth of the RC stars is determined for the OGLEIdgjewhich cover only the most
central parts of the LMC. They reveal a mean depth.0f4L.4 kpc for the bar region, with no indication
of the eastern parts having a lower depth than the westetn. pahese results agree well with our
results, because theffirence in the eastern and western parts is not covered byGh& O fields. In
Subramaniam & Subramanian (2009a) the scale height of theyRIR stars for the OGLE Il field is
investigated, but due to large uncertainties no value isrdeéhed. In van der Marel et al. (2002) the
kinematics of carbon stars are investigated and they fduaidhe LMC has the characteristics of a thick
disk rather than a thin disk and is flared. These results agepdd agreement with the simulations by
Weinberg (2000) and Alves & Nelson (2000), and also expldity the Cepheid depth is higher than
expected from assuming a pure thin-disk model for the yowmyfation.

4.6 Conclusions

We calculate distances to individual RR Lyrae stars obsdyehe OGLE Il survey using the metallicity
estimates based on the Fourier decomposition of their tightes (Chapter 3). Additionally we use the
Cepheids present in the OGLE Il data to determine distatt®e young population of the LMC.
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Extinction corrections are applied using twdfdrent techniques presented in Chapter 2. In the first
one we calculate the mean reddening of a field with a certaim thiat contains a certain number of
RC stars. In the second approach we calculate individuaeridg values for each RR Lyrae star and
Cepheid by comparing the absolute magnitudes of the stdrstivé observed magnitudes. With this
second technique we are able to correct the actual reddanthg position of the star. We create a self-
consistent three-dimensional map of the LMC for young Pafport | and old Population Il stars using
both kind of reddening corrections.

The distance results obtained with the individual extmtitorrections appear to resolve the problem
of the long and short distance scale of the LMC. We obtain aianedistance 0Drri/median= 531 +
3.2kpc for the RR Lyrae stars and a median distancB@fymedian = 539 + 1.8 kpc for the Cepheids,
i.e., the distances agree very well within the uncertasntiewe use the average reddening values from
the RC stars instead, the median locus of the RR Lyrae stéigiis closer than that of the Cepheids (see
Table 4.4).

Our investigation thus suggests a possible solution ofdhg bnd short distance scale problem for
RR Lyrae and Cepheid distances in the LMC. The discrepancljstdnce moduli from RR Lyrae stars
and Cepheids has been known for many decades (e.g., Tam@@nh The distances of Population Il
stars are on average shorter than the distances resultimgHopulation | stars (Clementini et al. 2003),
while the discrepancy is often larger than the errors of tigdvidual estimates. With our result of
A(m- M) = 0.03 mag for the individually reddening-corrected distartbésdifference is much reduced
as compared to earlier studies and smaller than the unugetadf the distance estimates.

The long and short distance scale problem may be relatece textinction correction. In Chapter 2
we have shown that the reddening estimates édint authors using diverse techniques can be signif-
icantly different. This may in part be caused by using averaged reddestimgates which areffected
by differential reddening on small scales. As shown recently imBgret al. (2011) Cepheids may have
considerable mass loss, which leads to a light-absorbisgagervoir in the vicinity of the star. This
effect may dim the star light and, if unrecognized, lead to aeladistance. The individual de-reddening
does therefore lead to more reliable result. The problerheofdng and short distance scale for RR Lyrae
stars and Cepheids may have been caused by intrinsic reddégfécts of the Cepheids.

The distribution of stars in the LMC can be described as alinied disk (e.g., van der Marel &
Cioni 2001). The gas, traced by H|, is rotating in a disk asl {&h., Olsen & Massey 2007), while
the dynamical centers of the stellar and the gaseous distibare separated by2t (van der Marel
& Cioni 2001). Borissova et al. (2004, 2006) measured thecigl dispersion of RR Lyrae stars along
and below the LMC bar. Their rather high velocity dispersidn 50 km st suggests the presence of a
kinematically hot halo, yet to be confirmed by measuremehiRoLyrae farther away from the LMC
center. Red giants show a much smaller velocity dispersi@#d kms? and are confined to the disk
(Cole et al. 2005).

Using the individually reddening-corrected distances Ww&im an inclination angle dkri cep =
32 + 4° for RR Lyrae and Cepheids, where the eastern parts are ¢toasrthan the western parts. For
the position angle of the RR Lyrae stars we find evidence fogmeddence on galactocentric distance.
Overall we getOrr. = 114 + 13° for the RR Lyrae stars an@cep = 116 + 18 for the Cepheids,
respectively. For the innermost 3 kpc from the optical cente obtain®rr. = 102 and for the outer
regions in a distance from 3 kpc to 7 kpc from the optical ce®igz. = 122°. Overall our results of the
structural parameters of the LMC are in very good agreeméhtthe literature (Table 4.3 and Table 4.4).
Our results thus confirm earlier findings of an inclined LM&ldiMoreover, the change of position angle
— seen both in tracers of the old and of the young populatiamggesst a twisted or warped disk, which
may be the result of interactions. Indications for a warpiel dere also found in other studies, e.g., by
van der Marel (2001) from RGB stars. We note that the OGLE, deliéde covering the main body of the
LMC, do not cover its full extend. Hence, based on our dataelwe can not investigate the behavior
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in the LMC'’s outskirts.

The depth of the LMC RR Lyrae stars varies over the OGLE fietd/ben 4.3 kpc and 5.5 kpc, with
a mean depth of .8 + 0.2kpc. The depth of the RR Lyrae stars is larger in all fields1ttiee depth
of the Cepheids, which vary between 3.3kpc and 4.7 kpc, ancalraean of 4 + 0.2kpc. The scale
height of each field can be calculated by multiplying the Hepith a factor of 04648, which results in
mean scale heights of2+ 0.2 kpc for the old population and9.+ 0.2 kpc for the young Cepheids. The
old population (RR Lyrae stars) extends further out tharQtepheids and may form the thick disk of the
LMC while for the Cepheids a “thin disk” character is presélttis broadening of the apparent thick disk
of old stars might be a result of interaction between the SMcthe LMC (e.g., Cole et al. 2005). The
fraction of stars located outside of the disk is rather smvih only 3% of all RR Lyrae stars. Therefore
we do not see evidence for an extended spherical stellarofiglars belonging to the old population.

The RR Lyrae stars show an extended smooth distributioneib MC, while the clumpy distribution
of the Cepheids still traces their irregularly distribufedmation sites. Bonatto & Bica (2010) showed
that clusters with ages greater than 600 Myr, several timeget than the crossing time of the LMC
(~ 175 Myr for the LMC, Bastian et al. 2009) are well mixed in th®IC and their origin can not be
traced any longer (see also Glatt et al. 2010). When usiegnradiate-age and older stars such as AGB
and RG stars, the LMC shows a smooth disk and a pronouncedidoradér Marel & Cioni 2001). A
similar picture can be seen for the RR Lyrae stars in our data.

The locus and extent of the bar region of the LMC is signifiyadifferent from that of the main
disk. The density of stars located more thanit front of the median distance of the RR Lyrae stars is
quite low, compared with the main locus of the disk of the LNdGY, in the bar region the density of stars
is about 50% higher than in the other regions covered by O@LEE find that for the RR Lyrae stars
the bar protrudes out of the disk by5 kpc. This is of the same order as the depth of the LMC RR Lyrae
stars. For the Cepheids we do not find the bar to be such arandist) feature. But overall the stars in
the bar region have a trend for lower distances.

A number of diferent explanations for the unusual structure of the bar bae& discussed in the
literature. For instance, thefecenter location compared to the optical and kinematicatezg(van der
Marel 2001) and the extent outwards of the disk (NikolaeV.&@04) led to the suggestions that the LMC
might have collided with a small galaxy (Zhao & Evans 2000vith a dark halo with a few percent of
the mass of the LMC (Bekki 2009a). Zaritsky et al. (2004) |gjgd that the bar might be a bulge, which
does not seem to be consistent with our findings. Interdgti@gbramaniam & Subramanian (2009b)
did not find evidence for a bar located in front of the LMC usthg RC data of OGLEIll. Based on
our current study, we conclude that the bar of the LMC is a delined structure largely in front of the
LMC disk. Dependent on the stellar tracers the bar featusallfi@rent characteristics but is well visible
in the diferent populations.



"Computer, compute to the last digit the value of pi"
Spock - Star Trek (Wolf in the Fold)

Three dimensional maps of the Magellanic
Clouds using RR Lyrae stars and Cepheids
Il. The Small Magellanic Cloud

The data on variable stars from the Optical Gravitationahdieg Experiment (OGLE IIl) survey are
used to determine the three-dimensional structure of thall3nagellanic Cloud. Therefore individual
distances to RR Lyrae stars and Cepheids are used to iratestitge proportions of the old and young
population. Photometrically estimated metallicities ased to determine the distances to 1494 RR Lyrae
stars, which have typical ages greater than 9 Gyr. For 25pR&ids, with ages of a few tens to a few
hundred Myr, the distances are calculated using their gddminosity relation. Individual reddening
estimates from the intrinsic color of each star are used $arenhigh precision three dimensional maps.
The distances of RR Lyrae stars and Cepheids are in very ggeéraent with each other. The median
distance of the RR Lyrae stars is computed td664 3.4 kpc. For the Cepheids a median distance of
63.1 + 3.0kpc is obtained. Both populations show an extended scathevith 37 + 0.4 kpc for the

RR Lyrae stars and.B+0.3 kpc for the Cepheids. This confirms the large depth of the SM§gested by

a number of earlier studies. The young population is veffigdintly orientated than the old stars. While
we find an inclination angle of°7+ 15° and a position angle of 81 21° for the RR Lyrae stars, for the
Cepheids an inclination of 74+ 9° and a position angle of 7k 15° is obtained. Major interactions
between the SMC and other galaxies have introduced signifateanges in the shape and appearance of
the SMC.

This chapter is based on Haschke, GrelseDuffau (in prep.a)
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5.1 Introduction

The SMC is the only dwarf irregular satellite of the MW. It igtéracting with its larger companion,
the LMC, and with the MW. A number of studies have suggestatl tte apparently disturbed shape
and large depth extent of the SMC were caused by there itimmacalthough the details and the three-
dimensional shape of the SMC remain under debate (Bekki &&R009).

The distance to the SMC is usually quoted with 60 kpcror(M) = 1890 mag (e.g., Westerlund
1997). But even the usage of a specific distance calibratgratilhshow deviations betweenftiérent
observations. Using, for instance, eclipsing binarieseteiinine the mean distance of the SMC North
et al. (2010) obtainedrf— M) = 19.11 + 0.03 mag, while Hilditch et al. (2005) found a mean value of
(m- M) = 1891+ 0.03 mag in very good agreement with the mean distance quotaeab

The only option to obtain comparable and trustworthy meatadces and structural parameters in
general of dferent stellar tracers are large surveys. For these thensgsteuncertainties are lower,
because they have been observed, reduced and analyzedriglia coherent procedure. However, the
need of tracers of flierent and distinct ages is indispensable to resolve fiiereint evolutionary states
the galaxy has passed through during its history. For the 8&v@ll) sets of very dierent stellar tracers,
representing young, intermediate age and old populatiwege been investigated for many decades to
find a common mean distance. Th&@iences between the tracers, but also within the resulésnaiok
using a distinct tracer are greater than theuncertainties claimed. This is on one side a strong indica-
tion for a significant depth extend of the SMC, but shows orother side that it is absolutely necessary
to analyze large datasets instead of choosing a small spsaifstars within the SMC.

Using Cepheids to trace the young population Laney & Stdl98¢) found a mean distance modulus
of (m—- M) = 19.05 + 0.06 mag, while Stothers (1988) obtained { M) = 1880 + 0.06 mag. More
recent estimations of the mean distance using Cepheid® lealdes of (h— M) = 19.11 + 0.11 mag
(Groenewegen & Oudmaijer 2000 E M) = 1893+ 0.024 mag (Keller & Wood 2006) or the distance
of Ciechanowska et al. (2010) ah(- M) = 1885+ 0.07 mag.

The intermediate age regime is characterized Iffedint distance tracers as AGB and RGB stars
as well as clusters. Using the tip of the RGB Cioni et al. (3000nd a mean distance to the SMC of
(m- M) = 1899+ 0.03 mag. Red Clump stars are used by Popowski (2000) to metisudéstance to
(m—M) = 1877+0.08 mag. In Glatt et al. (2008a) the distances to six SMC dlsstee determined and
values betweemt— M) = 1850 mag to (n— M) = 19.12 mag are found. This corresponds to a distance
difference of 17 kpc for the closest and farthest cluster.

For the distance estimations from RR Lyrae stars, reprieggtite old population of the SMC, plenty
of observations have been conducted. For a review of oldasurements, which found distances be-
tween m— M) = 1878 + 0.15mag andrg — M) = 19.20 mag, we refer to the book by Westerlund
(1997). Since then Udalski (2000) revealed a a very shotamte of (n— M) = 1876 + 0.07 mag
using OGLE Il data. In the framework of the Araucaria projgzewczyk et al. (2009) found a distance
of (m—- M) = 1897 + 0.03 mag, while Deb & Singh (2010) reanalyzed OGLE Il data to finchean
distance ofin— M) = 1884+ 0.01 mag. Recently Kapakos et al. (2011) analyzed 100 RR Lyaas of
the central parts of the OGLE Il fields and found mean distagstimates offi— M) = 1890+ 0.18 mag
for stars of typa@band fn— M) = 1897 + 0.14 mag for stars of type

These diferences in the mean distance are most certainly be intrddogea large depth of the
SMC as found by e.g., Mathewson et al. (1988). They showddgGepheids, that the SMC has a
considerable depth of 20 kpc. Newer estimates used intermediate age tracers and lewer values
of the line of side depth. In Crowl et al. (2001) a depth betwé&pc and 12 kpc, in dependence of
reddening, is estimated using cluster distances. In SO@igtebution of RC stars is estimated and a
depth of less than 5kpc is found for the SMC, in good agreem#htthe results of Subramanian &
Subramaniam (2012). They also investigated the depth afltheopulation by using RR Lyrae stars and
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found a mean depth of@7+ 1.68 kpc. This is in very good agreement with th&3k 0.27 kpc found for
the line of sight depth of RR Lyrae stars by Kapakos et al. {20All these results are in agreement with
the finding of Zaritsky et al. (2000) that the structural paeters change for theftierent populations of
the SMC.

Lah et al. (2005) conducted a study utilizingfdrent stellar tracers to show that RGB and AGB
stars might be further away from us than the main body of th&€gbdke their Fig. 4). In Subramanian
& Subramaniam (2012) the inclination angle of the RC stais the RR Lyrae stars is determined to
i ~ 0.5°. Furthermore they found a position angldR# = 58.3° for the RR Lyrae stars and &A = 55.5°
for the RC stars, respectively. For the other determinatfrthe structural parameters of the SMC only
young stars have been used. With 63 Cepheids Caldwell & GoyE386) found an inclination angle
ofi = 70° = 3° and a position angl®A = 58 + 10°. With a diferent sample of 23 Cepheids Laney
& Stobie (1986) obtained = 45° + 7° and a position angl®A = 55° + 17° in good agreement with
Caldwell & Coulson (1986). A much larger sample of Cepheids iwvestigated by Groenewegen &
Oudmaijer (2000), who found an inclination angleiof 68 + 2° and a position angle of the line of
nodes of® = 238 + 7°.

The center of the SMC is also not very well constrained. Thécabpcenter (see e.g., Westerlund
1997) and the center of the K- and M-stars (G09, found by) asichlly identical withr = 0"51™ and
6 = —731°. From HST measurements Piatek et al. (2008) found the kitiemhaenter of the SMC to be
a = 052185 ands = —725°, while Stanimirove et al. (2004) found = 0"47M33% ands = —72°5'26"
for the highest H I column density. Throughout this paper vilemostly refer to the optical center and
the result by G09.

Distances to all RR Lyrae stars and Cepheids present in theEG@mple are calculated. In Sec-
tion 5.2 we use the metallicity estimates of Chapter 3 ang#r®ds obtained by OGLE. Moreover we
apply the reddening maps of Chapter 2 to correct for ind&igdaddening fects. The two dimensional
spatial distribution of the stars is investigated in Sethi@® and the three dimensional maps are presented
in Section 5.4. This three dimensional map is analyzed a@dtiiuctural parameters of the young and
old population are determined in Section 5.5. The resuéislicussed and summarized in Section 5.6.

5.2 Distance measurements

In this Section we discuss our distances to RR Lyrae starsesrs of the old populatior=(9 Gyr, e.g.,
Sarajedini et al. 2006) and to Cepheids for the young pojpulgt 30 — 300 Myr, Grebel & Brandner
1998; Luck et al. 2003) of the SMC. Distance estimates autzted individually star by star.

5.2.1 RRLyrae

In Chapter 3 the photometric metallicity of 1864 RR Lyraesfaom the OGLE Il sample of the SMC
were calculated. The absolute luminosity of RR Lyrae stagedds on metallicity only and we use
these estimates on the metallicity scale of ZW84, to caleulze absolut® band magnitudé/y, of the
RR Lyrae stars by using the relation introduced in Cleméstial. (2003)

My = 0.84 + (0.217 + 0.047) [Fe/H] (5.1)

We also tried out quadratic equations by Catelan et al. (2@#hdage & Tammann (2006) and Bono
et al. (2007). The mean absolute magnitudes of the RR Lyeae ate quite dierent from each other
and we find median ffierences oAM,, = 0.03 mag for Sandage & Tammann (2006, their equation 7),
AMy = 0.10 mag for Catelan et al. (2004, their equation 8) ahdl, = 0.13 mag for Bono et al. (2007,
their equation 10). All of these absolute magnitudes agelathan those calculated with the relation by
Clementini et al. (2003). This reflects the comparativelgdauncertainty of the magnitude zeropoint of
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the RR Lyrae stars. We take these systematics for our eredysis into account and decide to follow
Benedict et al. (2011), who found that the relation by Cletimért al. (2003) fits their HST observations
of RR Lyrae stars best. We, therefore, use the metallicityihosity relation from Clementini et al.
(2003) which is furthermore the only one calibrated by uskiRg)Lyrae stars from the MCs.

The absolute magnitude of each RR Lyrae star together wétlbliserved mean magnitude from the
OGLE collaboration yields a distance modulus once a reddecorrection is applied. In Section5.2.3
we apply two diferent approaches to correct for the reddening and to olftaitntee dimensional struc-
ture of the SMC.

5.2.2 Cepheids

The correlation between absolute magnitude and period liskwewn for Cepheids. Using Cepheids
from the SMC Sandage et al. (2009) obtained one relatiolBf& and| band, which only depends on
the periodP of the Cepheid investigated.

My = —(2.588+ 0.045) logP — (1.400+ 0.035) (5.2)
M, = —(2.862+ 0.035) logP — (1.847+ 0.027) (5.3)

There might be a break in the relation for the SM@at 10 days as found for the LMC (Sandage
et al. 2004), but Sandage et al. (2009) claims that this bseadt significant.

The distance moduli are calculated using the mean obseragditade of each star, provided by the
OGLE collaboration, and the absolute magnitude from thekgions. The correction for the reddening
effects is described in the next section.

5.2.3 Reddening correction

Chapter 4 used two fierent approaches to correct for the reddening of the LMCclwvhiere adopted
from Chapter2. We use the same method here, which will betlghautlined. Further details are
described in Chapter 4 and Chapter 2.

Area-averaged reddening corrections: The red clump method

RC stars are located at a certain color and luminosity rafgeeoCMD. That position depends on the
distance, the metallicity, and the reddening of these .s@irardi & Salaris (2001) predicted the theoret-
ical color of the RC for distinct metallicities using modelsssuming a metallicity oz = 0.025 (Cole
1998; Glatt et al. 2008a) for the SMC RC population th@edéence of the observed to the theoretically
predicted color provides the reddening (Wozniak & Stane¥6)9

In Chapter 2, we estimated reddening val&€¥ — |) for 681 subfields in the OGLE lll field of the
SMC. These were converted using the relation by SFD98

Ay = 3.24E(V - 1)/1.4) (5.4)
A = LI6E(V - 1)/1.4) (5.5)

to correct the apparent magnitudes of the stars with the mearction in the corresponding field.
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Figure 5.1: Densities of RR Lyrae stars (filled grey contparsl Cepheids (colored contours) are shown
as a function of right ascensioa,(J2000), and declinatior, (J2000). While the RR Lyrae stars show
a bimodal distribution, the density of Cepheids decreag#s distance from the center found by G09
and is marked with a blue asterisk. The green asterisk repiethe center found by Piatek et al. (2008)
usingHSTproper motions. The boxsizes of the evaluated fields are rsirowable 5.1.

Individual reddening correction: Intrinsic colors of vari able stars

The diterence between the observed color of an RR Lyrae star or @ephe the theoretical prediction
from the calculated absolute magnitudes is assumed to beddening.

For the RR Lyrae and the Cepheids this task has been accbegpligith the same techniques as
described in Chapter 2. Finally we calculated the reddewiitiythe relationE(V — 1) = (v—i) - (V- 1),
where {—i) stands for the observed magnitudes avid () are the intrinsic absolute magnitudes of each
star.

With Equation 5.4 and Equation 5.5 the observed magnitudegxinction corrected and the red-
dening free distances are calculated.

5.3 Star densities in the OGLE Il field

The central parts of the SMC, including the bar and the winghef SMC, are part of the field of
OGLEIIl. Overall 14 square degrees are covered and Figarst®ws the distribution of RR Lyrae stars
and Cepheids in the observed field. The stars are countecés fod 05° x 0.25° in a ands, respectively,
(Table 5.1) and the resulting distributions are smoothéugus Gaussian kernel.

For the RR Lyrae stars the distribution is very smooth andemses steadily from the outskirts to-
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Table 5.1: Binsizes of the fields evaluated to obtain theitdes%f stars in the SMC. The density of the
boxes defined here are used in Figure 5.1,5.2 and 5.3 to skodigtiibution of young and old stars in
the SMC.

RRLyrae Cepheids

a bin [degree] 0.5 0.5
6 bin [degree] 0.25 0.25
distance bin [kpc] 0.5 0.5

wards the center, found by G09 from K- and M-stars. Howeverhighest density of RR Lyrae stars
is not at the center, but the peak of the distribution is yebifhodal, as shown in Figure5.1. In the
northwestern part of the SMC it seems that a considerablaianud RR Lyrae stars may be outside of
the OGLEIIl field. These stars are located at the same spat@binates as 47 Tuc. For distance esti-
mates with RC correction these stars are excluded, whiledhetaken into account for the individual
reddening corrected distance estimates. Overall we etipach considerable amount of stars is located
outside of the OGLE lll region, since this survey only coviliss dense inner regions of the SMC.

The distribution of the Cepheids is veryfidirent from the old population traced by the RR Lyrae.
Very close to the center of GO9 the density of Cepheids isdsghThen it drops with increasing distance
from the center. First the isodensity lines are nearly tngiut with increasing distance from the center
the isodensity contours become more elongated towardsdbieand northeastern directions. This might
be an éect of the OGLE lll field, but interestingly no stars are foundhe most northern fields, as well
as at the position of 47 Tuc. The recent star formation hagfiie not taken place in these outer regions
of the SMC.

5.4 Three dimensional maps

For each RR Lyrae star and Cepheid in our sample distanceslardated using the relations described
in Section 5.2. Either the averaged reddening from the RfS stathe individual reddening method is
applied. This results in two independent sets of distangesifa each population.

5.4.1 Maps corrected with area averaged reddening

In this subsection the area averaged reddening valuesettéiom the RC stars are used. All RR Lyrae
and Cepheids located in one subfield defined by the RC redgleméthod are extinction corrected using
the same RC reddening value (for details see Chapter 2).

Figure 5.2 plots the spatial position of the RR Lyrae stargygontours) and Cepheids (colored
contours) ik andgd, respectively, versus distance. This corresponds to agehaithe viewing direction
of the observer to a position above the SMC in the upper panelto the side in the lower panel. The
density contours should allow for a better visibility. Tabl1 lists the box sizes, within which the density
of stars is evaluated. To smooth the contour plot a Gausgamekwith a width of 3x 3 bins is used.
The variances on very small scales are diminished by thiseghare.

The location of the central concentrations of the two pdjia coincide. The RR Lyrae stars have a
median distance dDrR /median= 66.7+4.3 kpc ((n—M) = 19.13+0.13 mag). The median distance of the
Cepheids is a bit farther away with a distanc@®etymedian = 68.1+4.1 kpc ((n—M) = 19.17+0.12 mag).
For the uncertainties we take the mean magnitude error @frody, stated by the OGLE collaboration,
the error of the metallicity of 0.23 dex, as determined by @&a3 and the mean extinction error of
0.08 mag, found by Chapter 2, and compute the value by usingmopagation. The error of the period
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as stated by OGLE is too small to be a contributing factor.nWitse uncertainties the mean distances
of the old and young population of the SMC are in very good exgient.

5.4.2 Maps corrected with individual reddening

A more precise reddening correction can be applied by usidiyidual reddening estimates for each
Cepheid or RR Lyrae star, instead of using an area averageening value for a large number of RC
stars. We use the reddening estimates developed in Chapteogrect for the individual intrinsic color
differences. The color from the absolute magnitudes ivthredl band are compared with the color from
the observed andi apparent magnitudes. Thei@rence is assumed to be the intrinsic reddening of this
star, as described in Section 5.2.3. Details on tifferinces of population- and temperature-dependent
reddening are discussed in Grebel & Roberts (1995) andskgr{i999).

Figure 5.3 reveals shorter distances of the SMC than wheguke RC reddening values in Fig-
ure5.2. The median distance of the RRLyrae stars is foundet®#r| /median = 64.6 + 3.4kpc
((m- M) = 19.05=+ 0.11 mag), a bit closer than using the RC reddening method. Heo€epheids we
find a closer distance as well using the intrinsic reddenaiges. It leads t®ceymedian= 63.1+3.0 kpc
((m—- M) = 1900+ 0.10 mag).

The uncertainties of the distances are calculated by usnog propagation of the intrinsic magni-
tude error of 0.07 mag, stated by the OGLE collaborationutiheertainty of the metallicity estimate of
0.23 dex, as found by Chapter 3, plus the uncertainty of tthdeneing, which we estimated to be 0.06 mag
in Chapter 2. The period is measured with such high accura®@®LE Il that it does not influence the
uncertainty determination.

In Chapter 2, we point out that in regions with substantiabants of dust and gas the reddening can
fluctuate significantly with depth and position. Such lod#llestential reddening cannot be resolved by
the RC reddening method. As pointed out by Barmby et al. (R02&pheids sitier from considerable
mass loss, leading to circumstellar dust around the stds [&ads to additional dierential reddening,
which is not accounted for by the RC maps. Therefore a moneratzdistance estimate can be reached
by using the intrinsic reddening method.

The mean distances of the RR Lyrae and Cepheid populatiomageod agreement within their
uncertainties. As found with the RC reddening the SMC hasrsiderable depth, even though it is
reduced, as expected, by using the intrinsic reddening. ifteenal structure of the SMC changes as
well. In the upper panel of Figure 5.3 we obtain a lower dgrfsit the RR Lyrae stars in the center of the
SMC. Moving away from the center of the RR Lyrae distribufiarring-like structure of higher density
encircles the center. Further outwards the density dragaddy. We check if this pattern is an artifact
introduced by the smoothening with the Gaussian kerneltHaitinsmoothed figure contains the same
pattern as shown in this representation. By plotting sirsges instead of contours we find the same
effect and preclude that it is made by the used contour algoriffonthe Cepheids we find a much more
centrally concentrated distribution when using the irdlial stellar reddening. One center of highest
density, which coincides with the low density center of tHe Irae (see Figure 5.3) and the center of
G009, is obtained. First the density drops very regularlyvierg direction while moving away from the
center, then the contour lines become elongated. Towaedsdttheast of the OGLE field the density
contours have the closest distance to the MW and the higiregularity. This is in the direction of the
Magellanic Bridge and we conclude that this may be a detecti@ connection between the Bridge and
the SMC.
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Figure 5.2: Stellar densities of RR Lyrae (filled grey comg)uand Cepheids (colored contours) are
shown as a function of distance amdin the upper panel, and as a function of distance&indhe lower
panel. Area averaged reddening values are used to corrdigtahce estimates. The main concentration
of both populations is located nearly at the same positiari.tiige inclination angle of the young and old
population is very dferent from each other. In Table 5.1 the sizes of the evaluaigds are listed.
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Figure 5.3: For RR Lyrae (filled grey contours) and Cepheatdofed contours) stellar densities are
shown as a function of distance amdh the upper panel and as a function of distance @imdthe lower
one. All distances are extinction corrected using theristci color reddening values. The RR Lyrae stars
and the Cepheids have a verytdrent orientation in the SMC. While the RR Lyrae are not imedi, the
Cepheids do show a large inclination angle. FurthermoeRR Lyrae show a low density pattern in
the center of the SMC, which is not visible for the Cepheidse $izes of the boxes used to evaluate the
density are listed in Table 5.1.
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Table 5.2: Compilation of distance estimates for the SM@nfdifferent tracers using recent literature

values and this work.
type of indicator mean distancen- M) o reference

Cepheids 19.11 0.11 Bono etal. (2001)
Cepheids 18.85 0.14 Ciechanowska et al. (2010)
Cepheids 19.11 0.11 Groenewegen (2000)
Cepheids 18.93 0.024 Keller & Wood (2006)
Cepheids 19.17 0.12 this work - area averaged reddening
Cepheids 19.00 0.10 this work - individual reddening
CMD fitting 18.88 0.08 Dolphin et al. (2001)
Eclipsing Binaries 18.89 0.14 Harries et al. (2003)
Eclipsing Binaries 18.91 0.13 Hilditch et al. (2005)
Eclipsing Binaries 19.11 0.03  North et al. (2010)
Red Clump 18.77 0.08 Popowski (2000)
RGB tip 18.99 0.11 Cioni etal. (2000)
RR Lyrae 18.86 0.01 Deb & Singh (2010)
RR Lyraecab 18.90 0.18 Kapakos et al. (2011)
RR Lyraec 18.97 0.14 Kapakos et al. (2011)
RR Lyrae 18.97 0.15 Szewczyk et al. (2009)
RR Lyrae 19.13 0.13 this work - area averaged reddening
RR Lyrae 19.05 0.11 this work - individual reddening

5.5 Three dimensional structure

55.1 SMCinslices

The three dimensional data for the two populations allowsougain a better insight into the internal
structural properties of the SMC. We slice the SMC into thyees of 10 kpc depth each. All stars are
color coded based on their distance and plotted with theitiapcoordinates. The individual distance
uncertainties of each star are about 8%, therefore welibtle binsize.

RR Lyrae stars

The projected distribution of the old population of starshiswn in Figure 5.4 for three filerent distance
bins. In the upper left panel of Figure 5.4, which repres@&iyrae stars that are closer than 55 kpc,
we find only very few stars of the old generation. Only 1.5% IbR&R Lyrae stars are present in this
distance bin. These stars are randomly distributed and therpar structure is visible.

The intermediate distance bin from 55 kpc to 65 kpc (uppédrtnmanel) is dominated by stars with
distances between 60 kpc and 65 kpc, while 52.6% of the wlzstgke are in this distance range. We
find that no overall structural pattern is visible and thesstae distributed over the whole body of the
SMC measured by OGLE lIl. But investigating the smaller tiees we find that stars of very similar
distance are often concentrated at a certain spatial positnd accumulate in cluster-like structures.
The region in the very center is nearly empty of any old statsle the regions surrounding the center
are well populated (compare as well with Figure 5.3). Beeaus use the intrinsic colors to determine
the reddening, we believe this not be caused by a reddeffiegt.e Furthermore we find other regions
with low densities of stars. However, the densities are moy Wiigh and we might be influenced by
small number statistics. We can draw the conclusion thatligtebution of old stars is not as smooth as
expected for a well mixed old population, even though no pumced large scale pattern is present.
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The farthest bin of 65 kpc to 75 kpc contains 45.9% of the RRweystars and is dominated by stars
at distances between 65 kpc and 70 kpc. Overall no strugtatsgrns are visible. But, as for the closer
distance bin, we find the same substructure of regions withaed density and clumpy structures of
increased density. The locations of these patterns do mee agjth the patterns of the upper right panel,
however, the region around the center of G09 is less densgylgted as other regions in its vicinity.
The density distribution of this panel is similar to the imbediate distance bin.

A slight increase in density is visible for the wing in the RR&e map. This is in good agreement
with the results found by McCumber et al. (2005), who founat thursts of star formation have taken
place in this region of the SMC throughout the last 12 Gyr. Tean distance of the wing is slightly
shorter than for the whole SMC. We find that it is located 3 kpfront of the mean distance of the bar.

Cepheids

Figure 5.5 shows distance bins, covering the distance rroge45 kpc to 75 kpc, of 10 kpc depth each.
The distribution of the Cepheids in these three slices slzovesy diferent picture as for the old popula-
tion. The distance bin of 45 kpc to 55 kpc contains 122 staBof the entire sample of the Cepheids.
Most of these stars are concentrated in the eastern pahisaldsest distance bin.

The central distance bin of the SMC with a distance range #6rkpc to 65 kpc (upper right panel)
contains the majority, nearly 63%, of Cepheids. The pargdisinated by a distance gradient stretching
from the northeast to the southwest. The northeastern pegtslosest to us. Moving to the southwest
the distances increase. The highest density of the Cepheidsides with the center found by Go-
nidakis et al. (2009) very well. The most southernwestesrwell as the most northwestern parts, of the
OGLE Il region do not contain any Cepheids.

The farthest bin, with stars at a distance of 65kpc to 75 kpatains a concentration of stars in
the projected central region of the OGLEIIl field. The eastparts are nearly devoid of stars in this
distance bin and towards the southwest the most distantephf the SMC are present. Most of the
stars concentrated in the central parts of this panel haimiksdistance, which is between 65 kpc and
70 kpc. In the northwest of this concentration the densit¢epheids drops drastically and in the most
northwestern fields no stars of the young population areeptefRecent star formation only took place
at locations close to the bar of the SMC and the orientaticghef/oung population is towards the LMC.

The lower right panel in Figure 5.5 (taken from Lorimer et28107) shows the H | contours (observed
by StanimirovE et al. 1999) overlayed with visible light in greyscale. Tepheids trace the location of
the bar very well. The highest density of visible light agreéth the highest density of Cepheids visible
in the upper right and lower left panel. As expected we alsh gimod agreement between the Cepheids
and the HI map, as observed for the LMC (Chapter 4). The nuihesity of Cepheids decreases from
the bar to the wing and the wing itself is not visible as a digant distinct feature. This might be caused
by the outflow of gas into the Magellanic Bridge, which pregeextensive recent star formation in this
region. As mentioned in the previous Section, the nortleeastgion of the OGLEIII field contains
the Cepheids with the closest distance. We observe thatethsity decreases, but that a considerable
number of stars are present. This may be a connection betivee®MC and the Magellanic Bridge,
even though, the gas part of the Bridge seems to emanate firowing of the SMC. More data on a
larger field is needed to confirm this. This will certainly lmeamplished by the OGLE IV fields.

5.5.2 Position angle

The number of RR Lyrae stars and Cepheids in boxes33f00.3° in @ andé, respectively, is counted.
Moving inside out, the position of the fields with the higheember density are fitted with a first order
polynomial, using the center by G09 as origin.
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Table 5.3: Literature values of inclination (i) and pogitiangle )
type of Stars 6 [degree] o [degree] i[degree] o [degree] author

Cepheids 58 10 70 3 Caldwell & Coulson (1986)

Cepheids 55 17 45 7 Laney & Stobie (1986)

Cepheids 238 7 68 2 Groenewegen & Oudmaijer (2000)
Red clump 55.5 — 0.58 — Subramanian & Subramaniam (2012)

RR Lyrae 58.3 — 0.50 — Subramanian & Subramaniam (2012)

The position angle of the young and old population of the SKl@uite similar. While we obtain
® = 71° + 15 for the Cepheids, an position angle ® = 81° + 21° is found for the old population
represented by the RR Lyrae stars.

The RR Lyrae stars are distributed very homogeneously, diséign angle does not change if we
consider only stars located inside the innermdésar®und the center of G09. For the Cepheids we find a
shift of the position angle t® = 87° + 12° if taking only the innermost 3of the SMC into account.

The values of the Cepheids agree, within the uncertaintidh,the literature values for Cepheids of
58 + 10° found by Caldwell & Coulson (1986) and 5% 17° by Laney & Stobie (1986). Groenewegen
& Oudmaijer (2000) found a value of 23& 7°, which is in good agreement with our result as well, given
a periodicity ofr of the position angle. All the dlierent position angles are summarized in Table 5.3.
The values for the RR Lyrae stars found by Subramanian & Sudanégam (2012) are a bit lower than
the values obtained in our study, however they do not quatertainties for their values. Therefore it is
hard to compare these two estimates.

5.5.3 Inclination angle

The inclination angle of the SMC is investigated by subdivicthe observed fields in boxes aB0x0.3°
in @« andd, respectively. For each field the mean distance is detetmifigese values are fitted by a linear
function to estimate the inclination angle.

For the RR Lyrae stars we find a very small inclination anglie-o7° +15°. This is in agreement with
no inclination of the old population of the SMC whatsoevearf@aund by Subramanian & Subramaniam
(2012). Contrary to the RR Lyrae stars the distribution ef@epheids is clearly inclined with respect to
our line of sight. For the western parts we find mean distatizasare about 15 kpc farther away from
us than the eastern parts of the SMC. Overall this resultsantinclination angle of = 74° + 9°, in
very good agreement with the literature values of §&° from Groenewegen & Oudmaijer (e.g., 2000,
Table 5.3).

5.5.4 Scale height

Several investigations have shown that the SMC has a coabidedepth (e.g., Mathewson et al. 1988;
Crowl et al. 2001; Subramanian & Subramaniam 2012). To deter the depth of the SMC, we use the
orientation of the Cepheids and RR Lyrae stars as they areeoskly and do not rotate the stars to align
the major axes of the fierent populations. This approach is taken to keep the datpa@ble to other
investigations that did not carry out such rotations either

To account for the possibly flerent depths of stars within the observed field of the SMC (@
Figure 5.5) we divide the OGLE Il field into nine rectangufalds, as well as into four rings (Fig-
ure 5.6). The depth of the SMC is determined by calculatingrawdative distribution of all stars present
in the evaluated field. The distance values where 16% and 848 stars, respectively, have shorter
individual distances than the remaining stars of the distibn, are assumed to be the lower and upper
limit of the depth. These limits define the innermost 68% ef plopulation. The depth is determined in
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Figure 5.6: The distribution of scale height of the SMC far RR Lyrae stars (upper panel) and Cepheids
(lower panel) is calculated. In fields of k 1° the scale height is determined. We find median scale
heights of 51 + 2.1 kpc for the RR Lyrae stars and?s: 2.3 kpc for the Cepheids. For the outer fields the
density of stars is too low to compute a reliable value fordbale height. The black asterisk indicates
the center of the SMC as found by G09.

each of these fields individually. To compute uncertairfiieshe depth we vary the minima and maxima
of the depth by 5% each and take the medfedénce as the error estimate.

The number of RR Lyrae stars varies from field to field and desge steadily towards the outskirts
of the OGLEIII field. For the rectangular fields the depth istesimilar for all the fields chosen, as
shown in the upper panel of Figure 5.6. The depth of the fieddes between 6.9 kpc and 9.0 kpc, with
a mean depth of.8+ 0.4 kpc. The lower panel of Figure 5.6 shows the circular fiedilsded further by
considering only stars with either positive or negativeakdes for the non-central fields. The individual
values of the fields vary between 6.3 kpc and 8.8 kpc, while @arwalue 8 + 0.3 kpc is found. Overall
a trend of higher depth within the bar region (see Figure &ssgompared to the fields located to the
northwest and southeast is revealed. However, the densgtars in these fields is not significantly
reduced.

Most Cepheids are concentrated in the region close to thercehthe SMC (Figure 5.1). However,
the depth in the central fields is significantly lower for tleetangular and the circular fields than for
some of the surrounding fields. This is surprising, becaus&mauld expect the highest number of stars
to coincide with the largest depth. For the rectangular $iglé find depth values between 4.9 kpc and
10.2 kpc, with a mean value of all fields ofl& 1.8 kpc. The separate field to the northwest contains only
one Cepheid, and is thus excluded. The annuli have depthass ranging from 5.5 kpc to 10.8 kpc.
The mean of the annular fields i68: 1.8. Evaluating the whole OGLE lll field without cutting it into
pieces leads to a (mean) depth & @ 0.3 kpc.

The depth can easily be transformed into a scale height. ddle &eight is the point where the
density of stars has dropped by a factor ¢é.1Therefore this quantity is half of the innermost 63%,
instead of the 68% used for the depth. Therefore the equation

scale height 1 -2(z)
depth ~ 2x0.68

gives the transformation from the depth to the scale heiglsing this transformation we obtain mean
scale heights of 3+ 0.4 kpc for the RR Lyrae stars. For the Cepheids tifiedint field selections lead to

= 0.4648 (5.6)
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different scale height estimates. They range from:3.4 kpc for the rectangular fields to5+ 0.3 kpc
evaluating the whole OGLE lll field.

Several estimates of the depth have been provided in thatlite leading to very flierent pictures
of the SMC. Using Cepheids Mathewson et al. (1988) found #hdefp20 kpc, twice as much as found
in our work. With RC stars S09 and Subramanian & Subraman0t?) concluded for the OGLE Il
and OGLEIII field, respectively that the depth is below 5 kgiginificantly lower than our estimates.
They used the width of the distribution of magnitudes of tl& $Rars to estimate the depth. This width
originates from several fierent factors, such as reddening, metallicitffediences, depth or intrinsic
differences. Therefore it might be possible that some othenzdess were overestimated and therefore
too low a value was calculated for the depth. For the RR Lytaies present in OGLE Ill Kapakos et al.
(2011) and Subramanian & Subramaniam (2012) used the samneaap as taken by S09 for the RC
stars. Both investigations found & Width of the distribution of stars of 4 kpc. However, Subramanian
& Subramaniam (2012) conclude that the depth could be as amith kpc taking Bo- of the distribution
into account. Our value is between these two and it seemghbathoice of parameters for the width
determination could probably be improved. Too few starsewevestigated in Kapakos et al. (2011)
to determine spatial ffierences for the line-of-sight depth. Using the complete BGlLdataset of the
RR Lyrae stars, Subramanian & Subramaniam (2012) inveéstigae depth of 70 very small fields and
found that the northern and eastern parts may have a bitatettelepth. This is in good agreement with
our results. Furthermore, the estimates of the depth i@lgincluster distances agree very well with our
calculations. Crowl et al. (2001) found a depth of 6 kpc to A& kvhile the six clusters studied by Glatt
et al. (2008a) lead to a depth ©f10 kpc, excluding NGC 419, which seems to be 6 kpc closer than t
closest of the other six clusters.

5.6 Conclusions

We investigate the three dimensional structure of the yanmdjold population of the SMC by calcu-
lating individual distances to 2522 Cepheids and 1494 RRé.gtars. The absolute magnitudes of the
RR Lyrae stars are calculated from the photometric metigilestimates in Chapter 3. These are based
on the Fourier decomposed lightcurves of the RR Lyrae sthsereed by the OGLE Il survey. The
period data to compute absolute magnitudes for the Cepheidsiken from the dataset of the OGLE Il
survey as well.

We use two dierent approaches to correct for the reddening that thetige¢sd stars are experi-
encing. First the color ¢lierences of RC stars to their zeropoint are used to estimadeearaveraged
reddening value. For the other technique individual reddgrstimates of each star are calculated by
comparing the color of the absolute magnitudes with therdoton observed magnitudes for each star
individually. Therefore we are able to correct the actudbiemning at the very position of the star. The
reddening maps of both techniques are shown in Chapter ZeTiesult in two sets of self-consistent
three-dimensional maps of the SMC for the young Populateord the old Population Il stars.

Using this approach we calculate a median distancencf (M)rri/median = 19.05 + 0.11 for the
RR Lyrae stars andnf — M)ceymedian = 19.00 + 0.10 for the Cepheids. The results of the median
distances are in very good agreement with each other.

Using the individual intrinsic reddening estimates forrection, the median distance estimates of
the old and young population are in very good agreement Wwithdistances obtained in the literature
(Table 5.2 and Table 5.4). By applying reddening valuesinbthwith the area averaged reddenings
we find distances that are a bit higher than the literatureeglbut still in good agreement with many
distance estimates (Table 5.2). We explain the largerrdistvalues of the area-averaged extinction
technique with unresolved fiérential reddeningféects (e.g., Barmby et al. 2011). Additionally we do
not find any evidence for a long and short distance scale gmobirhese results are in agreement with
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Table 5.4: Results for the distances and structural pasmet the SMC.
RR Lyrae Cepheids
value o value o
distance h— M) - area averaged reddening 19.13 0.13 19.17 0.12
distance in— M) - individual reddening 19.05 0.11 19.00 0.10

inclination [degree] 7 15 74 9

position angle [degree] 81 21 71 15

scale height [kpc] 3.7 04 45 0.3

our results for the LMC in Chapter 4, where these have beausked in detail.

The SMC has experienced several close encounters with mageive galaxies in the recent past.
Recent simulations of the SMC'’s orbit implies that the SM&t jpassed the periGalacticon (e.g., Besla
et al. 2007). Moreover the LMSMC system may have had several very close encounters,sthenia
about 200 Myr ago (e.g., Yoshizawa & Noguchi 2003). Theseraudtions led to disturbances especially
of the gas of the SMC. Glatt et al. (2010) found that the cluftemation rate increased due to the
interactions and reached a peak about 160 Myr ago. For Gipheithe SMC Rock & Grebel (priv.
comm.) found a very similar peak. We find that most of the Cishare located in the bar, where
the interaction have triggered a lot of recent star fornmati@omparing the density distribution of the
Cepheids with the numerous young SMC clusters, investigat&latt et al. (2010), we find very good
agreement. Interestingly only very few clusters are presethe wing, as we find for the Cepheids.
This is in agreement with the results of McCumber et al. (2@R&ermining the evolution of the stellar
populations of the wing. They concluded that some recenfatanation ¢ 100 Myr) has occurred, but
that the wing was less active in the last several hundred Myrmparing the distribution of HI gas,
mapped by Stanimiro@iet al. (1999), with the Cepheids we find good agreement fibtr region.
Considerable gas is observed in the wing, while only litdeent star formation has taken place there.
Therefore, we interpret the feierences between the structural properties of the RR Lyeas and the
Cepheids to be an approximation for the original and theahatientation of the gas distribution in the
main body of the SMC.

The interactions have imprinted majorfférences between the old and young populations in the
SMC. The position angle of the two populations are similar.the Cepheids we obta®ce, = 71°+15°,
while ®rg. = 81° + 21° is found for the RR Lyrae stars. Unlike the position angle ith@ination
angle has changed significantly between the old and younglaign. We find an inclination angle of
irrL = 7° = 15° for the RR Lyrae stars, which is in agreement with zero. FerGipheids an inclination
of icep = 74 + 9° is obtained. The inclination is orientated such that theéheast is much closer to us
than the southwest and is therefore roughly pointing towétnd LMC. The main part of the Magellanic
Bridge emanates from the wing of the SMC. Only very few Cegaire found in this region. However,
there are weaker gaseous filaments to the north of the mdiofigae Bridge (Muller et al. 2003), which
are in good agreement with the locations of the Cepheidseif@LE Ill field. To conclude, if there is
a connection additional observations of a larger field, daioked by OGLE IV or VISTA, are needed.
Overall, the comparison of the literature values of the @#gdhand the RR Lyrae stars to the results
found in this study yield good agreement (Table 5.3 and Talle

But not only the orientation of the populations idtdrent, but also the stellar density distribution.
While the RR Lyrae stars have a similar density in all fieldseced by OGLEIIl, the Cepheids are
concentrated along the bar and towards the center of the $KI€is in agreement with models that the
gas in the outskirts of the SMC fuels the Magellanic Bridgd Bfagellanic stream (Muller et al. 2004).
The wing of the SMC is not populated in the Cepheid map, whitedensity for the RR Lyrae stars is
slightly enhanced. This is in agreement with McCumber ef28l05), who found that the star formation
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in the wing shut & about 100 Myr ago and was les$extive for another 100 Myr. Cepheids with ages of
30- 300 Myr trace this age range very well. The RR Lyrae stars agghs larger than 9 Gyr should trace
the bursts of star formation which have taken place up tobd®Gyrs ago (McCumber et al. 2005). In
the maps compiled from the individually dereddend distaribe wing seems to be located about 3 kpc
in front of the central concentration of stars located inlibe

The RR Lyrae stars show a particularly interesting pattérthe center of the SMC (as found by
Gonidakis et al. 2009). The density is reduced with respetié fields surrounding the center, while
the Cepheids have the highest density at the center. TiRist é&s not introduced by data processing, but
intrinsic to the distribution of stars on the sky. It is alsat a sampling ffect, the OGLE collaboration
claim their sample to be nearly complete (Sdsty et al. 2010a). Therefore we believe this feature to
be real. Even though the recent formation of stars mightieadreduction in gas density, a diminishing
of star density is not expected. Therefore we can not exfitggrfeature.

The depth of the SMC has been under extensive discussiohddast decades. Mathewson et al.
(1988) claimed the SMC to be very extended with a depth of 20 lahile S09 and Subramanian &
Subramaniam (2012) and Kapakos et al. (2011) found lesssthpo. With our result of very diierently
orientated stellar populations with respect to age thercfar a unique depth is probably not very feasi-
ble. If we would measure the closest and farthest Cepheidribeer would certainly be veryfirent
than doing the same measurement for an RR Lyrae star. Thenefodecided to measure the depth of
seven circular and nine rectangular fields, respectiveig median scale height that we obtain using this
method are very similar for RR Lyrae stars and Cepheids.HeoRR Lyrae stars we find a scale height of
3.7 + 0.4 kpc (corresponding to a depth of 8.0 kpc), while the scaightdor the Cepheids is measured,
depending on the field selection, betweens30.3 kpc and 4 + 0.3 kpc (or a depth of 9.6 kpc). Usually
the scale height for the young population is expected to balemthan for old populations. Finding
similar values is only feasible, assuming strong intecaxtiof the SMC with another galaxy that have
either pushed the gas to the outskirts, or that new gas hasfalieag in from this other galaxy. For
the central parts of the SMC bar we find the scale height of tRéyRae stars and the Cepheids to be
decreased. These results are in disagreement with a bkdgiedture at the center of the SMC, proposed
by S09. These scale height values agree well with the resyl@rowl et al. (2001), who used clusters
for their investigation.

The actual shape of the SMC is still under debate. Crowl ef28l01) proposed that the depth
extent might be larger than the spatial extent on the sky.d¥ew Nidever et al. (2011) proposed, using
photometric and spectroscopic data of fields in the outskifthe SMC, that we might underestimate
the spatial extent of the SMC. Only large scale surveys ofathele SMC including the outskirts will
solve this issue.

The very similar scale height for young and old populatianglies that the gas content was sig-
nificantly changed during the interactions of the SMC. We fiscexpected a wider distribution of old
star, due to tidal heating. But we only see thifeet in projection on the sky. For the scale height of
the SMC we find very similar results. Therefore gas was remhdnem the northwest and southeast, as
well as from the outskirts of the SMC, while the gas along thevias stretched along the line of sight.
Otherwise we would expect the scale height of the Cepheilde tower than for the RR Lyrae stars.
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Reddening maps, metallicity distribution function and
three-dimensional maps of RR Lyrae stars towards the
Galactic Bulge and in the Sagittarius Stream

We present reddening maps, metallicity distribution fioret and three-dimensional maps of a region
close to the Galactic bulge which covers a part of the Sagittastream located behind the bulge. Quite
severe dterential reddening is found with values upE@v — 1) = 4.63 mag. The sample of extinction
corrected RR Lyrae stars is divided into two distance binke Galactic bulge region is investigated
using RR Lyrae stars with heliocentric distances of 3 kpcA&gdc. For the Sgr stream a distance bin
of 18 kpc to 32kpc is chosen. Using twoffdrent reddening laws we find median distances of the
bulge of 80 + 1.7 kpc and 8 + 1.6 kpc, respectively. No strong indications for a bar are tbfor the
RR Lyrae stars in the bulge region studied here. For the $garst median distances of B4 3.6 kpc
and 252 + 3.9kpc are obtained using the two reddening laws. The dengtyilaition indicates that
the stream itself is rather thin, while around the streamdaneled population with low density of
RR Lyrae stars is present. This is interpreted as the slopediton of the stream into the Galaxy. The
MDF of the bulge region reveals a nearly Gaussian distobutf the metallicities, with a mean value
of [Fe/H],wsa = —1.25dex. The metallicity of the Sgr stream is lower ([Aé,wss = —1.50 dex) and
the shape of the MDF is slightly asymmetric. For metallstiFgH]zwsa > —1.0 dex the number of
RR Lyrae stars is decreased compared to a Gaussian distnibirhis mean metallicity estimate for the
RR Lyrae stars is in good agreement with the RR Lyrae starseof. arge Magellanic Cloud. We find,
furthermore, very good agreement of our results with tregdiure for the Galactic bulge as well as for
the Sgr stream.

This chapter is based on Hasch&eGrebel (in prep.)
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6.1 Introduction

How has the MW been formed? Searle & Zinn (1978) proposedth@aitMW has accreted several
satellite galaxies throughout its history and that this hasignificant impact on the build-up of the
Galaxy, especially on the halo. However, it has not beerrlgleasolved yet how many stars of the halo
were born in situ, especially in GCs, and how many stars wereeted (e.g., Bell et al. 2008; Martell
et al. 2011). The models predict that a merger with a galaxph®Magellanic type is needed to build
up the halo (e.g., Robertson et al. 2005), but only debrisefyers with smaller constituents have been
found so far (e.g., Newberg et al. 2002; Belokurov et al. 2@#limair 2009). This indicates that such a
larger merger would have happened many Gyrs ago and itsdrhaee been dispersed over the Galaxy.

The first proof for an ongoing merger event was presented d&alét al. (1994) with the finding of
the Sgr dwarf galaxy. This was the first detection of a stalleram from a merger event in our Galaxy.
Since then large survey programs have shown several st@aanaverdensities which might constitute
the tidal debris of former or ongoing merger events (e.gnnyeet al. 2003; Dffau et al. 2006; Martin
& Jin 2010). The properties of Sgr have been extensivelysiigated using a vast set of stellar tracers
(e.g., Majewski et al. 2003; Pefiarrubia et al. 2011; Catlial.e2012) as well as numerical simulations
(e.g., Law & Majewski 2010; Myers et al. 2010) to constraie tirigin and orbit of Sgr, but also, for
instance, to find evidence for the shape of the gravitatipngntial of the MW.

The progenitor of Sgr was a dSph with a mass of approximat@hML, (Niederste-Ostholt et al.
2010). These authors also estimated that nowadays 70% afrigfieal luminosity of the galaxy is
located in the stellar stream. The stream stretches blys@ézabss the whole sky, while the core of Sgr
is associated with the GC M54. The core fragment of Sgr iseatly, in projection, not very far from
the Galactic bulge and moving north towards the Galactik.dBme of the fields of the OGLEIII are
located close to the bulge region of the Galaxy (Szyskaet al. 2011). Therefore these fields are also
close to the core region of Sgr and cover parts of the leadimgcd Sgr (compare our Figure 6.1 with
Figure 1 in Niederste-Ostholt et al. 2010).

Populations of purely old stars are very powerful tracersgtimate the early history of a galaxy.
RR Lyrae stars are such tracers and due to their varialdility &re easily recognizable. Furthermore they
are excellent distance tracers and their lightcurves camta used to estimate photometric metallicities
(Simon 1985; Kovéacs & Zsoldos 1995). The GC M54 has been sitely investigated for RR Lyrae
stars and Sollima et al. (2010) found more than 100 of them.eamdistance ofnt— M) = 17.13 +
0.11 mag (267 = 1.4 kpc) was obtained by these authors. Using photometric llc#iaestimates of
mainly RR Lyrae stars, a mean metallicity of [fF§ = —1.65 + 0.16 dex was found on the metallicity
scale of Layden (1994), which is basically identical to thals of ZW84. The RR Lyrae stars of the
stellar stream of Sgr have been investigated in sevefidrdnt studies. Vivas et al. (2005) found for
16 spectroscopically investigated stars a mean metglifFe/H] = —1.76 + 0.22 dex on the Layden
(1994) metallicity scale. In stripe 82 of the Sloan DigitaySurvey (SDSS) 270 déglong the celestial
equator were repeatedly observed for about 80 times. Tihissabne to determine parameters of variable
stars with high precision. Watkins et al. (2009) and Sesal.ef2010) investigated these data and
found many RR Lyrae stars, several of which belong to thdirtgpiarm of the Sgr stream. Watkins
et al. (2009) found a mean distance of2& 5.6 kpc ((n— M) ~ 17.1 mag), while Sesar et al. (2010)
obtained a mean distance gh{ M) = 17.2mag & 27.5kpc) to these RR Lyrae stars. The mean
metallicities derived for the RR Lyrae stars possibly bgiog to Sgr in SDSS stripe 82 are also rather
different. While Watkins et al. (2009) derived their own metéliperiode¢s; relation based on the
Fourier decomposition method, inspired by Jurcsik & Kovfk$96), Sesar et al. (2010) adopted the
method of Ivezi et al. (2008) using SDSS photometry. Watkins et al. (2008nd mean values of
[Fe/H] = —1.43 + 0.30 dex while Sesar et al. (2010) obtained fHg = —1.2 dex. The two metallicity
scales adopted in these studies may lEedint. The SDSS metallicity scale is about 0.07 dex more
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Figure 6.1: Density map of the RR Lyrae stars observed by OBlt&vards the Galactic bulge. The
main field is located south of the Galactic equator. Compatire observed field with Figurel in
Niederste-Ostholt et al. (2010) we see that the Sgr stregariof the observations.

metal rich than ZW84 (Sesar et al. 2010). For the metallisitgle used in Watkins et al. (2009) no
calibration to other scales is provided. The MACHO surveilcGk et al. 2000) and the OGLE survey
are looking for microlensing events and monitor therefoightdensity regions, such as the Galactic
bulge. The bulge fields chosen for the two survey are similaroerlap only in a minor fraction of
fields. In the MACHO survey of the bulge more than 2600 RR Lystaes were detected and Kunder
& Chaboyer (2008) used the Fourier decomposition methodafks & Zsoldos (1995) to determine
metallicities on the scale of ZW84. For the Galactic bulgeemmmetallicity of [FéH] = —1.25 dex was
found, while the stars located at the distance of the Sgastigehind the bulge have a mean metallicity
of [Fe/H] = —1.55dex. For the part of the trailing arm of the Sgr stream olebby MACHO Kunder

& Chaboyer (2009) obtained a distance of®4 0.8 kpc ((n— M) = 16.97 + 0.07 mag). The RR Lyrae
stars of the OGLE Ill survey have been used to determine peteamof the Galactic bulge (Pietrukowicz
et al. 2011, from now on PUS11). These authors found a meaallitigf of [Fe/H] = —1.02 dex, on
the metallicity scale of J95, and a mean distance.85 & 0.43 kpc. The stars located at the distance of
the Sgr stream have been excluded by PUS11.

This Chapter is organized as follows. First the reddenidgegof all RR Lyrae stars in the sample
are determined in Section 6.2 and comprised in a reddeniqy m&Section 6.3 the actual photometric
metallicities and dereddend distances of these stars bndatad using dierent extinction laws. The
MDF of the bulge and the region behind the bulge are shown ati®e6.4. Three dimensional maps of
different distance bins covering the Galactic bulge and thet8sara are presented in Section 6.5. The
final Section 6.6 summarizes and concludes this chapter.

6.2 Reddening maps

Towards the Galactic bulge severe extinction is presentdiffietential reddening leads to varying cor-
rections for stars along the same line of sight. Therefdesiihportant to obtain reliable reddening maps
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with good spatial resolution. In PUS11 the RR Lyrae starepiesl during the third phase of the OGLE
survey were used to determine the ratio of total to sele@itnction R, = A /E(V - ), which was
found to be anomalous compared with the mean values evdlbgt€layton & Cardelli (1988) and used
by SFD98 for their all-sky maps. A value 8 = 1.085+ 0.013 was determined by PUS11 which is in
good agreement with Udalski (2003a), but deviates sigmifigdrom the mean value d®, = 1.4 of the

full sky (SFD98). The selective extinctida(V — 1) for each RR Lyrae star in PUS11 was calculated by
using the relation for the intrinsic coloV 1 )o by Piersimoni et al. (2002). This relation was determined
from stars of the GC NGC 3201 which has a metallicity of [Hg= —1.42 dex. The mean metallicity of
the bulge as found by PUS11 is [ = —1.02.

In Chapter 2 the computation of reddening maps has beerdutdeal, which takes the individual
properties of each RR Lyrae star into account. We use théaesaof Catelan et al. (2004) to calculate
the absolute magnitudes of each RR Lyrae star irtlaad | band individually. With these magnitudes
the intrinsic color ¥ — I)g of each star is computed using its individual metallicitgripd and Fourier
parametepzi.Using this method we may be able to improve the reddeningsrfaphe Galactic bulge.
However, the dference between the mean color of our sample and the color BRdtyrae star at a
metallicity of [Fe/H] = —1.42 dex is just 0.02 mag and we do not expect lardgkeinces.

The reddening values used in PUS11 are not shown in a map. glme®%.2 the reddening map
obtained with our method is presented. It is obvious thatéldelening is most severe close to the inner
regions of the bulge of the MW. The disk itself, however, i part of the observations of OGLE Il.

Absolute magnitudes of the RR Lyrae stars are calculatetgubie metallicity scales by J95 and
Z\W84, respectively (see Section 6.3 or Chapter 3). Comgadha diterences in\{ — 1) color of these
two scales we find that they are negligible. A mediafiedence of ¥ — 1) = —0.01 mag is obtained. The
maximum reddening measured for a single RR Lyrae st&fV6— |) = 4.63, while 912 RR Lyrae stars
or 8% of the whole sample experience reddening more sevand(v — 1) > 2.

6.3 Metallicity and distance determinations

The metallicity of each RR Lyrae star is estimated using y@@ach described in Chapter 3. We will
only shortly summarize the most important steps here.

In Kovacs & Zsoldos (1995) and Jurcsik & Kovéacs (1996) it wasven that the Fourier decomposi-
tion of an RR Lyrae star lightcurve can be used to determiaanthtallicity of this star. Smolec (2005)
extended the relation between the period P, the Fouriereppasametes; and the metallicity to be
applicable to lightcurves taken in thdédand as in the OGLE dataset.

[Fe/H] = —3.142— 4.902P + 0.824p31 (6.1)

These parameters are provided by the analysis of the OGl&booation and are presented in Sasski

et al. (2011). PUS11 has used Equation 6.1 to determine tha&liciey of the RR Lyrae stars of the
bulge present in the OGLE Il dataset. However, the statémtbehind the bulge were ignored by these
authors. The Sgr stream passes through this region of thargkyve will try to derive the metallicity
distribution of the RR Lyrae stars belonging to the stream.

The relation by Smolec (2005) reveals metallicities on teesof J95. This metallicity scale is about
0.3 dex more metal-rich than the widely used scale by ZW84t{Gm et al. 2004). Using the relation of
Papadakis et al. (2000) (see Chapter 3) we transform thdlitiges from the scale of J95 to the ZW84
scale and do all distance calculations in both metalligiles.

The absolute magnitude of the RR Lyrae stars in\thmand is determined by applying the relation
by Clementini et al. (2003)

My = 0.214[Feg'H] + 0.84 (6.2)
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Figure 6.2: Reddening map of the OGLEIIl field towards thea@tit bulge. The reddening is com-
puted comparing the observed colors of the RR Lyrae stalsthdt colors computed from their absolute
magnitudes. The maximum reddening found for a single RRd gtar in the sample B(V - |) = 4.63.
Some regions of the OGLE Il field have small gaps between e#utr, which are interpolated by the
fitting routine (compare Figure 6.4). The black asteriskdatks the location of the Galactic center.
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Benedict et al. (2011) concluded that this relation fitsrtimeiw HST data best and that no significant
difference to the quadratic relations, presented in Chapten8pe found. For théband we use the
equation by Catelan et al. (2004)

M; = 0.471- 1.13200;0P + 0.2050910Z (6.3)

Before we are able to determine which stars belong to the tBgam, we need to calculate the
distances to each object individually. Because of the higimetion present towards the Galactic center
this is not straightforward.

In Chapter 6.2 we have shown that the calculation of sele@kitinction is rather easy. However,
the computation of a total extinction might introduce sfigaint diterences. As mentioned in Chap-
ter 6.2, PUS11 found that the extinction law is anomalousatow the Galactic bulge. The distribution
of RR Lyrae stars in their color-magnitude diagram was hilaned fitted with a linear regression. These
procedure led to a value & = 1.085+ 0.013. This result is in good agreement with Sumi (2004),
who foundRy = 1.964 + 0.085 using the observations of OGLE Il towards the bulge. &é\aher
investigations of the central region of the Galaxy foundikinresults. Udalski (2003a) used red giants
of OGLEII to determine an anomalous extinction law in agreetrwith PUS11 towards the Galactic
bulge. The analysis of near infrared data together with O@Gata towards the bulge by Nishiyama et al.
(2008) led to a value dR, = 1.8. With HST data of the central 8.& 6.6 field of the Chandra bulge
field, Revnivtsev et al. (2010) confirmed the anomalous etitin law of the other investigations. But not
only local investigations of the Galactic center lead tasthanomalous extinction laws. Using 2MASS
data to study the large scale extinction law, Zasowski €28l09) showed that the Galactic bulge has a
shallower extinction law.

The diferent extinction law might be a result of variations in thenposition of the dust. Fritz et al.
(2011) showed that the distribution of extinction is not sistent with a dust model consisting of pure
carbonaceous and silicate grains only. Mapping the innsriparts of the Galactic center region Arendt
et al. (2008) found that the amount of PAHSs is higher than lusuigle no extreme interstellar radiation
field (ISRF) is present. The PAHs are larger than usual dwshgrand have therefore a higher heat
capacity, which leads to aftierent behavior of the extinction law. The bulge region i®alsry gas
rich, the central molecular zone contains about 10% of theeootar gas of the Galaxy (e.g., Morris
& Serabyn 1996). The molecular gas is influencing the extincas well. Active star formation in the
central regions leads to increased radiation fields andrsopie shocks. These mighffect the PAHs
and locally alter the extinction, as observed for instangd-hitz et al. (2011). Anotherfiect which
might play a role here is the coating of ice around dust grasspointed out by Draine (2003) dust will
be covered by ice in very dense environments. This mightdeadise for the Galactic center region.

To determine the distance of each RR Lyrae star we use

V-V-AV) g _ lO(V*V*(R\éE(Vfl)))+l

D=10 (6.4)
or the equivalent equation usihdpand measurements.

After calculating the individual distances to all stars, imestigate the median distance to the group
of stars we believe to belong to the Galactic bulge. A subsauwipRR Lyrae stars, from now on called
bulge, is produced which contains only stars with distamegeeen 3 kpc and 15 kpc. Using thiband
relation of Equation 6.4 with the value 8 from PUS11 a mean distance aB& 1.6 kpc is found for
10339 stars. If not statedftirently, the uncertainties of all distances presented &erdhe standard
deviations of the group of stars present in each subsampde.thE V band, applying Sumi (2004),
10194 RR Lyrae stars are present in the designated distanceThe RR Lyrae stars have a median
distance of &7 + 1.7 kpc. In Figure 6.3 the distribution of stars is shown wité btack dotted line for the
V band value by Sumi (2004) and the blue line for tHeand value of PUS11. Distances calculated with



6.3 Metallicity and distance determinations 107

500 T T T T T T
450k —Pietrukowicz 2011 - | band|
-==Schlegel 1998 - V band
4001 . - = Schlegel 1998 - | band 1
SRR T Sumi 2004 - V band

w W
S O
(= =)

number of stars
N N
o (4]
o o

8 10
distance [kpc]

Figure 6.3: Distance estimates for the RR Lyrae stars udifigrent values oRy.

metallicities on the scale of ZW84 are on average 0.2 kpc ah#e farther away, respectively, while
the standard deviations stay unchanged.

The median distances estimated here are a bit larger thandtien values usually assumed for the
Galactic center. Therefore we decide to test the distartceass with the values d&y; from SFD98.
They foundRy = 2.31 andR, = 1.4. These values lead to median distances.0&81.7 kpc for theV
band and B + 1.7 kpc for thel band. The dference between thé and| band magnitudes originates
from the calibrations of the absolute magnitudes. By applyheV band relation of Catelan et al. (2004)
the median distance would decrease by 0.25 kpc. Using thallioiéies of ZW84 the median distances
are 0.1 kpc farther away. The distributions are also showFigare 6.3 with the red dashed line for the
V band and the green dash-dotted line forlthand. The median distances are shortex dy5 kpc than
the distances determined by using the values of PUS11 and(3064).

These results show how much the distance determinatiorendegn the extinction laws and with
our sample it is impossible to determine which law is the ninsitworthy one. We do expect that
the RR Lyrae stars are homogenously distributed around #iac@c center and therefore the median
distance estimates are compared with the recent literaturhe distance of the Galactic center, i.e.
Sag A*. The median values of SFD98 for tWeband and PUS11 for theband are the closest matches
to the literature values of Ghez et al. (2008) and Gillesseal. €2009) (see Section 6.5). Therefore the
distances from these two extinction laws are used in ounéurtvaluation of the data.

We test whether the Galactic bar has an influence on our dat&msmparing our fields with the
simulations by Cabrera-Lavers et al. (2007) it turns out the inclined bar is confined to the innermost
parts of the disk and should not have a significant influenceunr@ata.

In Figure 6.4 and Figure 6.5 the distribution of distancethefRR Lyrae stars on the sky are shown
for theV band and band, respectively. It is obvious that the distances oMhmand determination are
in general a bit lower. Especially the part of highest redligrelose to the Galactic center (compare
Figure 6.2) is significantly bluer than the other regionsekms that the total extinction is overestimated
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Figure 6.4: Color coded distances of RR Lyrae stars belgngirthe Galactic bulge region. All stars
between 3 kpc and 15 kpc are color coded with respect to tigarate using th&y value of SFD98.
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in this part. This &ect does not appear in Figure 6.5, which usedRhealue of PUS11.

For the regions located behind the Galactic bulge we expefind tracers of the Sgr stream. In
projection the stream passes very close to the Galactiercaht distance of roughly 20 kpc to 30 kpc
from us. The RRLyrae stars present in the stream were forimegl before the interactions of the
dSph with the MW started. Therefore these stars trace thditomms present before the accretion and
interaction. However, it is dicult to disentangle RR Lyrae stars intrinsic to the MW frorodé, that
were brought in by Sgr. Therefore the distances are companddve look for overdensities in the
sample. For stars with Galactic origin we expect a smoottibligion. In Figure 6.6 and Figure 6.7 the
RR Lyrae stars of the distance bin 15 kpc to 35 kpc are showth&V band and band, respectively.

For theV band 537 stars have distances between 15 kpc and 35 kpc. Withband estimates we
obtain 622 stars inside this distance bin. Computing a medistance is rather meaningless for this
sample. Investigating Figure 6.6 and Figure 6.7 we find thbxabetween 18° < o < 18?0 and
-30° < 6 < —-25° is dominated by a single color, indicating a distance ard@kpc. These coordinates
are in good agreement with the expected location of the $egrst We will investigate the metallicity
of this region in Section 6.4 and the three-dimensionalctiine in Section 6.5.

The number of stars found at distances greater than 35 kgeydaw. These stars do not clump into
overdensities and are excluded from our investigation.r@foee, we do not show a Figure to illustrate
their distribution on the sky.

6.4 Metallicity distribution function

In PUS11 the MDF of the Galactic bulge was investigated usirgnitude cuts to select the stars. A
mean metallicity of [FeH] = —1.02 dex on the metallicity scale of J95 was found. We use athligh
different selection of stars likely belonging to the GalactilgbuWe use the dereddend distances, using
the Ry value of SFD98, to infer whether a star belongs to the buldeerdfore our sample of stars is
slightly different to the choice of PUS11. In total 10354 stars have distabhetween 3 kpc and 15 kpc
from us and are counted into the bulge sample. The mean igyatf these stars to the scale of
J95 is [F¢H] = —0.97 dex with a standard deviation of 0.30dex. These valuesransformed to the
metallicity scale of ZW84 using the relation by Papadakiale2000). This leads to a mean metallicity
of [Fe/H] = —=1.25+ 0.31 dex. The MDF is shown with the black dotted line in Figui& 6.

For metallicities greater thanl dex, the black dotted line in Figure 6.8 is basically ideatiwith
the green dashed line, which represents the whole samplé&kafyfde stars present in the OGLEIII
field of the bulge. For lower metallicities significant deidgas are obvious. This indicates that the
sample of RR Lyrae stars located behind the bulge have omagwdower metallicities than those in
the bulge. The stars in the distance bin of 15kpc to 35 kpc fusnare shown with the blue line in
Figure 6.8. The mean metallicity of these 520 stars is foorabt[F@H] ;95 = —1.17 dex. This translates
to [Fe/H]zwss = —1.44dex. Comparing Figure 1 in Niederste-Ostholt et al. (20¢ith the OGLEIII
fields of observation we conclude that the trailing arm of gagses through the fields with> 18" and
6 > —30°. We further restrict the selection of stars to fields withstheoordinates and distances between
15kpc and 35kpc. The metallicity changes by oaly02 dex. Restricting the distances of the sample
even further to 18 kpc to 32 kpc lowers the mean metallicithfFeyH] ;95 = —1.23 dex or [FéH]zwes =
—1.50dex, respectively. The standard deviation of this sarigp®&28 dex and the distribution of the
MDF is shown with the red dash-dotted line in Figure 6.8. i ftigure it is obvious, that the number of
stars with high metallicity ([F&H] > —0.9 dex) within the distance bin containing Sgr is clearly i@t
compared to the full sample of stars with distances grelaser 15 kpc. We interpret that as an indication
that there are relatively few field RR Lyrae stars from theytagion of the MW, and that most of the
RR Lyrae stars in this bin originate from Sgr. However, thmight still be considerable contamination,
which can not be disentangled here.
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Figure 6.5: Distances to RR Lyrae stars belonging to the cBalaulge region. The color-coding rep-
resents the distances using Revalue of PUS11 of the single stars. Only stars with distahet&een
3kpc and 15 kpc are shown.
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Table 6.1: Binsizes of the fields evaluated to obtain theitedsstribution of RR Lyrae in the Galactic
bulge and in the Sgr stream.

3-15kpc 15-35kpc

a bin [degree] 0.250 1.0

6 bin [degree] 0.125 0.5
distance bin [kpc] 0.250 1.0
| bin [degree] 0.125 0.5
b bin [degree] 0.125 0.5

X bin [kpc] 0.125 0.5

Y bin [kpc] 0.125 0.5

Z bin [kpc] 0.125 0.5

The Sgr stream has significantférences and a substantial spread in its metallicity, whierea-
plained by an intrinsic metallicity gradient in the progenigalaxy (Chou et al. 2007). Therefore it is
not possible to compare the metallicity estimates @fedént fields within the stream in a straightfor-
ward manner. Additionally the fferent metallicity estimates rely on a diversity of scalebjolv may
introduce additional uncertainties. In Morgan et al. (198%® RR Lyrae stars located in the Galactic
bulge fields of OGLE | were investigated. The Fourier decaositfmn method was used to determine
metallicities and a mean value of [Fd];05 = —1.34 + 0.37 dex was obtained, slightly lower than the
our value. The MACHO fields investigated by Kunder & Chabd2808) are slightly dferent from the
OGLEIll fields. However, the mean metallicity of the RR Lyrstars found with the Fourier decompo-
sition method of Jurcsik & Kovacs (1996) has a value of/ffewss = —1.55+ 0.02 dex and is basically
identical to the value of our investigation. The RR Lyragstibserved in stripe 82 of SDSS are quite far
away from the Galactic bulge. Therefore th&eliences in the mean metallicity to the investigations by
Watkins et al. (2009, [F#1] = —1.43 + 0.30dex) and Sesar et al. (2010, [FB g4 = —1.27 dex) are
not very surprising. For the investigations obtained inilsintegions of the sky very good agreement is
found.

Additionally it is worth mentioning that the mean metaliicof the RR Lyrae stars in the portion of
the Sgr stream studied here is the same as for the LMC RR Liaee (€hapter 3). This result supports
the idea that Sgr was a rather massive galaxy (NiederstesDst al. 2010) before its disruption. The
shape of the MDF is a bit ffierent, there are more stars with high metallicity in the LM@at could,
however, be anfeect of the small number of stars detected for the Sgr stream.

6.5 Three dimensional structure

The three-dimensional structures of the Galactic bulgethedgr stream are analyzed as in Chapter 4
and Chapter 5. The individual distances of the RR Lyrae starsised to determine density distributions
of the diferent regions of the Galaxy. Table 6.1 summarizes the bas 9f the evaluated fields. The
distributions are smoothed using a Gaussian kernekd Bins with a width of 1 bin. This should reduce
the variances on small scales.

6.5.1 The Galactic bulge region

To investigate the density contours of the Galactic bulggorewe take all stars with distance deter-
minations between 3 kpc and 15 kpc into consideration. Thsitlecontours shown in Figure 6.9 are
in Galactocentric coordinates, while we assume a distah8kjpc to the Galactic center (Ghez et al.
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Figure 6.8: The MDF of four dferent data sets are shown. The samples are normalized bindithe
number of stars in each bin by the greatest number in a singleThe green dashed line represents
the whole sample of stars, while the black dotted line arestaes of the bulge region. The mean
metallicity is [F&H]zwsa = —1.25 dex. The blue line comprises all stars with distances &etwi5 kpc
and 35kpc. The mean metallicity of this sample is/[HEwss = —1.44 dex. Restricting the sample
of stars to objects witlr > 18" ands > —30° and distances of 18 kpc to 32 kpc a mean metallicity of
[Fe/H]zwsa = —1.50 dex is found, represented by the red dash-dotted linelebesd shows how many
stars are present in each sample.

2008). From Figure 6.9 as well as from Figure 6.1 it is obvithet we do not show the center of the
bulge region, but concentrate on a region south of the center

The density distribution has been investigated as well i8P1) They split the sample in several bins
in Galactic latitude and investigated the distributionvery bin individually. Forthe slice4® < b < -3°
they found an indication for a bar with an inclination angf€@°. For the other slices no clear bar was
revealed. We use, however, the whole sample of stars totigaéss the distribution towards the Galactic
bulge. The left panels show the distribution obtained wighR, value of SFD98, while the right panels
use theR, value of PUS11. As already shown in Figure 6.3, the distamgdsthe extinction law by
SFD98 reveal lower values than PUS11. The density distobsitare also slightly dierent. The shapes
of the contours in the panels showing the Z-direction areduleby the orientation of the field on the
sky. The inclination angle is an artefact of the field setattinot a real fiect. For the upper panels,
showing X versus Y, no selectiorffect is biasing the density distribution. Taking the compleample
of RR Lyrae stars we do not find a strong indication for a barer€hs, however, a fference of about
0.7 kpc in the median distances computed with both reddesgtighates between the distributions of
RR Lyrae stars located at> 0.5 and the RR Lyrae stars ¥t< —0.5. PUS11 found indications for a bar
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with an inclination angle of 27 This agrees well with our distancefidirence.

The highest concentration of the RR Lyrae stars is foundearctntral region of the distribution and
close to the median distance determined in Section 6.3etiagly the rather flat and broad maximum
of the distance distribution shown in Figure 6.3 is not vdeady reproduced by the density contours in
the X — Y panels. The contours have a peak in the distributions, whédelat maximum in Figure 6.3
extends for nearly 1 kpc. We suspect that the smoothing ifittiveg routine of the density distribution
as well as the binning reduce the extent of the peak. Theréfseems less extended than in Figure 6.3.

Our distance estimates of the Galactic bulge are in very gapdement with the .8 + 0.6 kpc
from Ghez et al. (2008) and 33 + 0.17sat + 0.31syskpc by Gillessen et al. (2009). These two groups
independently determined the distance to the central Iilalgkby observing the movement of the closest
stars to the Galactic center. These values are mostly usesfaasnces for the determination of the
distance to the Galactic center. Another study that is irdgagyeement with these values is Groenewegen
etal. (2008). They estimated a distance to the cente®diD.37+0.26 kpc from Cepheids and RR Lyrae
stars. For this study extinction had only a minor influen@gause the observations were taken in the
infraredK band. Infrared observations of long period variable stamewsed by Matsunaga et al. (2009)
to determine a mean distance 028+ 0.08 + 0.42 kpc, while Matsunaga et al. (2011) found a distance
of 7.9 + 0.2 kpc to the Galactic center with infrared observations opliids. The evaluation of the
OGLE Il data by PUS11 led to a mean distance estimate3#-80.43 kpc, still in good agreement with
our estimates.

6.5.2 The Sagittarius stream

The Sgr stream passes through the OGLE Ill area:at18" ands > —30° or in Galactic coordinates at

| > 0°. In Galactic coordinates basically all stars wlith 0° are located in the line of sight of the stream.
In the representation with celestial coordinates eachrbindgr § versus the distance is contaminated by
stars from regions that are not part of the stream. Therefer@resent only the figures with Galactic
coordinates in Figure 6.10. The panels on the left usdthealue of SFD98, while for the right panels
R, of PUS11 is adopted.

In the left panels of Figure 6.10 the highest concentratibsatars is found in the median distance
of D = 24.0 + 3.6 kpc, using the extinction law by SFD98. Applying tRe value of PUS11, we find
a greater median distance bf = 252 + 3.9kpc. For the calculation of the uncertainties the standard
deviations of the distribution are determined. These whre relatively high, because the density of
stars is much lower than in the Galactic bulge. The intrinsicertainties of the distance estimate of
each RR Lyrae star depend on its observed magnitude and@re7 of its actual distance. The upper
panels of Figure 6.10 show that a very distinct concentnaticstars is found dt= 4°. The concentration
seems to be elongated along the line of sight, especiallyarupper left panel. In the lower panel it is
shown that the median distance of the highest concentréémomes smaller while approaching the
Galactic plane.

Investigating the lower panel these elongations in the upgeels seem to be an artifact of the plot-
ting procedure. In each panel for eitHesr b we add up all values of the other coordinate, respectively.
Therefore we obtain an elongation if the distance changdstive other coordinate. Another caveat of
the plotting is the unequal number of fields, which are added Gomparing with Figure 6.1 we find
that the number of fields with < —6° andb > —3° are significantly reduced compared to the number
of fields in-6° < b < —3°. For the longitudinal coordinate the number of fields doesvaoy much
and has therefore not a big influence. This explains why fetdiver panels a decrease in density to the
outskirts of the OGLEIII field is observed.

Taking this three-dimensional information into accoung @onclude that the central parts of the
Sgr stream are not very extended in depth and width. It rateems to be a very distinct feature with
a rapid decrease in density to the outskirts of the streane VEny low density of RR Lyrae stars for
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Figure 6.9: Density contours of the RR Lyrae stars towards3hlactic bulge. The contours are shown
in Galactocentric coordinates, with a distance of 8 kpc ftbensun to the Galactic center. The panels on
the left show the distribution using the distances evatliating theRy value of SFD98. For the right
panels theR, value of PUS11 has been used. Positive values of X indicatditection towards the sun.
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Figure 6.10: Density contours of parts of the Sgr stream hadtirrounding area. The left panels use
the value ofRy, from SFD98. For the right panels thi& of PUS11 is used to determine the distances.
The density contours reveal a clear peak for the locationhitiwwe expect to find the Sgr stream. The
distances vary a bit due to theffdirent reddening estimates.

| < 0° in the upper panels suggests that most of the stars withndissalarger than 20 kpc are related
to the Sgr stream and are slowly dispersed throughout thax@al his is in good agreement with the
MDF evaluated in Section 6.4. In the distance bin used tauatalthe MDF of the Sgr stream dferent
metallicity distribution with a lower mean value for [f is found (Section 6.4).

Assuming a distance of 8 kpc for the Galactic center, Kundé€2h&aboyer (2009) found a distance
of 24.8 + 0.8 kpc for the MACHO RR Lyrae stars of the Sgr stream. These sta located a bit further
south than the OGLE fields. This distance is significantlyr&idhan the RR Lyrae distance estimates
to M54 of 267 + 1.4 kpc (Sollima et al. 2010) and Kunder & Chaboyer (2009) cotet! that the stream
might be inclined. This hypothesis would match our findings/well. Covering a field that includes the
MACHO, as well as parts of the OGLE lll field Alard (1996) intigaited RR Lyrae stars and obtained a
mean distance of 242 kpc for the Sgr stream. These results are in very good agnaenith the values
found by Kunder & Chaboyer (2009) and by our investigatiome fuite diferent distances found for
Stripe 82 of the SDSS in Watkins et al. (2009) and Sesar e2@lQ) support the idea of an inclined
stream as indicated in the investigation by Majewski et281083, Figure 8 to 11). This would also explain
the width in the distributions of Figure 6.11, where we shbe/tumber density of RR Lyrae stars versus
distance. The distribution is clearly non-Gaussian. Thpestowards us is much steeper than away from
the Galactic center. This is certainly not dfeet of reddening, because we expect all stars to experience
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Figure 6.11: Sgr stream distance estimates for the RR Lyeas. sFor the curves theftikrent values
of Ry are used. A clear peak is visible for all distributions althb it is obviously located at flerent
distances.

most of their reddening while the light is travelling thrduthe Galactic bulge region.

The shape of the stream revealed by us is in good agreemdntMajewski et al. (2003, 2004).
They concluded that the stream has a width below 2 kpc, butlleae are stars scattered out to much
larger distances. With RC stars Correnti et al. (2010) foandidth of the stream that is compatible
with the results of Majewski et al. (2003). The result of deatthin stream is, however, in contradiction
to the investigation by Cole et al. (2008). They simulatee dlistribution of stars using more than
100,000 Fturnfi stars from the SDSS and found for about 16,000 stars of thet8gam a full width
half maximum (FWHM) of 674 + 0.06 kpc.

6.6 Summary

In this Chapter we present optical reddening maps, a MDFebttl population and three-dimensional
maps for the Galactic Bulge region and the Sgr stream coMargdGLE Ill. The majority of the field
extends approximately from6° < | < 6° and—-7° < b < —2°, with a few small fields above the Galactic
equator ab ~ 3° (Figure 6.1). Intotal 11534 RR Lyrae stars are present ifi¢het These are subdivided
into two subgroups. The first group contains 10354 stars avers the dereddend distance from 3 kpc to
15kpc. The second group of RR Lyrae stars has distances f8dqpclto 32 kpc and includes 251 stars
which are in the distance domain of the Sgr stream.

Photometric metallicities of the RR Lyrae stars are catedlausing the parameters of the Fourier
decomposition of their lightcurves and their periods (Kes/& Jurcsik 1996). These metallicities are
on the scale of J95 and are transformed to the scale of ZW8debsetation of Papadakis et al. (2000).
Clementini et al. (2003) and Catelan et al. (2004) foundtiaia for theV and| band, respectively,
between the metallicity and the absolute magnitude of RRéd.atars. These are used to compute the
colors of and the distances to the stars.
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The parts closest to the Galactic center experience quiszeseeddening. It is therefore necessary
to have a good idea about thdfdrential reddening, which is indispensable in order toiokdareliable
reddening map for correct distances. The reddening is leaézlindividually for each RR Lyrae star by
comparing the observed color with its color calculated ftbmabsolute magnitudes in thandV band.
This allows us to have a distinct reddening value for eaahtstiing diferential reddening into account.
The highest value that we obtainEgV — 1) = 4.63 mag.

To determine the MDFs of the RR Lyrae stars we use the smallggreups defined before. The
main sample are the RR Lyrae stars with distances between 8mg 15kpc. The resulting metal-
licity of the old population of the bulge is rather high. Thestars have a mean metallicity of
[Fe/H]zwsa = —1.25dex, in very good agreement with Kunder & Chaboyer (2008) RUS11. The
MDF has a Gaussian shape, even though the bin with the higlwesber of stars is rather strongly
peaked.

For the Sgr stream it is known that the metallicity changesufhout the stream (Chou et al. 2007).
We investigate the RR Lyrae stars in the farther distanceobitB kpc to 32 kpc to find a MDF of the
stream. The MDF is slightly asymmetric, it fall§onore steeply for higher metallicity values. Only very
few RR Lyrae stars with [Fé#H]zwss > —1.0 dex are present at this distance range. The mean meyallicit
of [Fe/H]zwsa = —1.50 dex is significantly lower than the metallicity of the belgThe result is good
agreement with other metallicity estimates for the old pagon of Sgr made in fields close by, e.g., by
Morgan et al. (1998) and Kunder & Chaboyer (2008).

We start our investigaton with four fiierent reddening laws to transform froB(V — 1) to Ay;.
These result in quite fierent median distances for the Galactic bulge. We keep thesabtained by
using the reddening transformation param&gr of SFD98 and PUS11 and rejet the other two distance
estimates. With these values median distances to the @aladge of Dsppgg = 8.0 = 1.7 kpc and
Dpus11= 8.8 + 1.6 kpc are obtained, in good agreement with the recent litezde.g., Ghez et al. 2008;
Groenewegen et al. 2008; Gillessen et al. 2009). The thmersional structure of the bulge region
does not reveal a strong indication for a bar traced by in tRdyRae stars. Distance fiierences of
about 0.7 kpc are, however, found when comparing the med&ianges of stars located at> 0.5 kpc
andY < 0.5kpc.

The Sgr stream has a median distancégfpgg = 24.0 + 3.6 kpc andDpys11 = 252 + 3.9kpc,
respectively. The density of stars in regions without thieast is very low and we conclude that most
of the stars located in our second distance bin are part oSgunestream. A rather low width of the
stream is found, in good agreement with Majewski et al. (2@0®4). In our dataset the stream seems,
furthermore, to be inclined. This would explain the slightligher distance estimates of Kunder &
Chaboyer (2009) for the MACHO fields, which are located a bittk of the OGLE field.
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"Resistance is futile."
Data - Star Trek 8 (First Contact)

Chemical abundances of metal-poor
RR Lyrae stars in the Magellanic Clouds

We present for the first time a direct spectroscopic invatitg of chemical element abundances of
RR Lyrae stars in the Large and Small Magellanic Cloud. UstiegMagellan Echellette spectrograph at
the 6.5 m Magellan telescopes, we obtain medium resoluRon 2000— 6000) spectra of six RR Lyrae
stars in the LMC and three RR Lyrae stars in the SMC. Thess atare chosen because their previously
determined photometric metallicities were among the lowetallicities found for stars belonging to the
old populations in the Magellanic Clouds. We find the spectopic metallicities of these stars to be as
low as [FgH]spec= —2.7 dex, the lowest metallicity yet measured for any star invlagellanic Clouds.
We confirm that for metal-poor stars, the photometric mietéls from the Fourier decomposition of
the lightcurves are systematically too high compared tor 8pctroscopic counterparts. However, for
even more metal-poor stars below [Fipnot < —2.8 dex this trend is reversed and the spectroscopic
metallicities are systematically higher than the photoimeistimates. We are able to determine abun-
dance ratios for ten chemical elements (Fe, Na, Mg, Al, Ca,T§cCr, Sr and Ba), which extend the
abundance measurements of chemical elements for RR Lyaewistthe Clouds beyond [A4] for the
first time. For the overalld/Fe] ratio, we obtain an overabundance d@@dex, which is in very good
agreement with results from metal-poor stars in the Milky\Walo as well as from the metal-poor tail
in dwarf spheroidal galaxies. Comparing the abundances tiwise of the stars in the Milky Way halo
we find that the abundance ratios of stars of both populatioegonsistent with another. Therefore, we
conclude, that from a chemical point of view, early contiibas from Magellanic-type galaxies to the
formation of the Galactic halo are plausible.

This chapter is based on Haschke, Grebel, Frebelféu Hanseng Koch (in prep.b)
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7.1 Introduction

Hierarchical galaxy formation models predict that largalagies are formed by the accretion of smaller
systems. Recent simulations (e.g., Robertson et al. 20@4%]iflson 2010) suggest that the accretion of
galaxies with masses comparable to those of the MCs provigethajor contribution of stellar mass to
the present-day MW halo. These accretion events would heppdnd early (more than-89 Gyr ago),
contributing primarily stars enriched by Type Il supern@ya.g., Font et al. 2006).

The low luminosity dSphs contain primarily old populatipméich have similar ages as the oldest
stars in the MW halo (Grebel & Gallagher 2004). A number ofrdgcstudies succeeded in detecting
extremely metal-deficient red giants in Galactic dSphs(Ergbel et al. 2010a,b; Tafelmeyer et al. 2010;
Cohen & Huang 2009, 2010; Norris et al. 2010c,a), concludiag these galaxies may plausibly have
contributed to the early build-up of the Galactic halo. Far titra-faint dSph galaxies the similarities
to the MW halo are even more pronounced than for the clasdigphs. Therefore it is of particular
importance to address the question of the evolution of hiwtalin dependence of galaxy mass and type
to learn more about the similarities andfdrences between dSphs and dwarf irregular galaxies, such as
the MCs, especially in their earliest evolutionary phagesxording to the aforementioned cosmological
models, the most significant contribution to the build-uptted MW halo should have come from the
early progenitors of MC-like galaxies.

In galaxies that experienced star formation throughoutndokistory, the identification of purely old
populations is dficult. For instance, the abundant red giants can cover agesiaf than ten Gyr. Thus
one can either turn to GCs as easily identifiable and relialgly-dateable populations or to uniquely
identifiable, old tracer stars among field populations. Fadfstars the exclusively old Population Il can
only be traced with certain objects, such as RR Lyrae staetallitity estimates of these stars therefore
allow an insight into the early evolutionary phase of a galax

For the LMC, low-resolution spectroscopic observations&fLyrae were performed by Gratton
et al. (2004) and Borissova et al. (2004, 2006). These studiestigated predominantly stars located
in the bar and the central regions of the LMC and found venyjilammean metallicities of [FaH] ~
—1.5dex. The spectroscopic metallicities of RR Lyrae starterdgined through comparison of the Call
K line with the hydrogen lines kJ H, and H;, were found to be between [Rd] = -2.33dex and
[Fe/H] = —0.57 dex. These studies could produce overall metallicityreges only. The abundances of
individual elements in RR Lyrae stars of the MCs were newsgstigated.

The OGLE survey (Udalski et al. 2008a,b) monitored the MGss&veral years and provided very
accurate lightcurves of a large sample of RR Lyrae starsz{fdski et al. 2009, 2010a). In Chapter 3, the
Fourier-decomposition method by Kovacs & Zsoldos (1995sisd to determine individual photometric
metallicity estimates for these old Population Il starg] (fDFs for both MCs are derived. In the LMC,
Chapter 3 obtain Fourier decomposition metallicities f6716 RR Lyrae stars of tymh, and in the
SMC metallicities for 1831 of these stars could be measutedthe ZW=84 scale the peak of the LMC
MDF is at [F&H] = —1.50 dex with a full width at half maximum of 0.24 dex. The SMCasihd to be
more metal-poor with its MDF peaking at [Ag] = —1.70 dex (FWHM= 0.27 dex).

These results are in agreement with Carrera et al. (200&@bLarrera et al. (2011), who used Call
triplet spectroscopy investigating red giants in the LM@ébermine the age-metallicity relation, as well
as with metallicities from Call triplet spectroscopy for 8Med giants determined by Carrera et al.
(2008a). These studies estimate the mean metalliticy dfaldé LMC population as traced by field red
giants to be [FgH] ~ —-1.2dex and that of the SMC to be [Rd] ~ —1.4dex. The age determination
for individual field red giants, however, is ratheiffiiult, and is exacerbated by uncertainties in the
distance and the reddening of these stars. In contrastlssters usually have a well defined age with a
common metallicity for all stars. Kayser et al. (2007) andt&ét al. (2008a) found a metallicity spread
for SMC star clusters of intermediate age, in agreement thighspectroscopic results by Da Costa &
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Hatzidimitriou (1998), and concluded that no smooth, moniat age-metallicity relation is present.

Hence, the only source of direct abundance measuremergsiely old stars of the MCs are inves-
tigations of GCs. In the LMC seven old GC were spectroscdigigavestigated by Johnson et al. (2006)
and Mucciarelli et al. (2009, 2010) using red giants. Theynfbthat the dferent LMC GCs studied have
mean iron abundances between20 dex< [Fe/H] < —1.23 dex. These findings support that a consid-
erable metallicity spread is present in the old populatidthile the GCs of Mucciarelli et al. (2010) are
all a-enhanced by 0.4 dex, the GCs investigated in Johnson et al. (2006) are tightly @-enhanced.
However, the abundances of theand other elements agree well with the abundances detedrfone
stars within the MW halo. The SMC only contains one GC anddhijsct is 2— 3 Gyr younger than the
oldest GCs in the LMC and in the MW (Glatt et al. 2008b).

But even for Galactic field RR Lyrae stars hardly any data ae#lable concerning thedf/Fe] ra-
tio. Clementini et al. (1995, from now on C95) reported anraltlandance ofd/Fe] = 0.4dex and
[Mn/Fe] = 0.6 dex for 10 Galactic field RR Lyrae stars, which is in agreeméth Fernley & Barnes
(1996), who found an overabundance of [Ea] = 0.4 dex for nine field stars. In the MW GC M3
Sandstrom et al. (2001) measured a similar overabundaricg 28 RR Lyrae stars. Two very metal-
poor RR Lyrae stars were investigated with high resolutipectroscopy in Hansen et al. (2011). They
obtained elemental abundances for lffedent elements, and found the/Fe] ratio to be very similar to
the other investigations. For et al. (2011) investigatedatoperties of eleven nearby field RR Lyrae stars
and obtained very precise abundances for several elenfemtshea-elements, a mean overabundance
of [@/Fe] = 0.5 dex was found in their study.

This lack of information abou&-elements for LMC RR Lyrae stars and the lack of spectrogscopi
investigations of SMC RR Lyrae stars is caused in part by teatglificulties of taking spectra of com-
paratively faint objects at these distances. Their vditglihanges their stellar parameters significantly
during a given pulsation period and therefore the integnatimes have to be kept short. At distances
beyond~ 50 kpc, only the> 6-m class telescopes and state-of-the-art instrumentbégdo obtain spec-
tra of suficient quality to permit us to determine the chemical contpmsiof these stars. Therefore, for
the time being, photometric estimates are the only way terdéhe metallicities for large samples of
RR Lyrae stars. Photometric metallicity calibrations & kbw metallicity end, however, are still some-
what uncertain (e.g., Arellano Ferro et al. 2011; Dékany &&as 2009), owing to the lack of suitable
calibration stars. To arrive at more secure metallicitynestes of metal-poor candidates, spectroscopy
is inevitable.

Of particular interest are the very metal-poor populatiohthe MCs to learn more about the earliest
stages of their evolution and to compare the early enriclirhitory of the MCs with the properties
of the Galactic halo and other galaxies orbiting the MW. lis $tudy, we therefore chose to conduct
spectroscopic follow-up observations of six LMC RR Lyraarstand three SMC RR Lyrae stars that
were previously identified as very metal-poor candidatesuinphotometric analysis. Their photometric
metallicities, deduced from the method introduced by Kev@&soldos (1995) are all below [FE] <
—2.3dex on the scale of ZW84. For more details on the metaéigitf RR Lyrae stars within the MCs
see Chapter 3.

In Section 7.2, the target selection and the observatiomealeplure to obtain spectra for these stars
is described. Furthermore, the reduction procedure of #ia © explained. We measure the radial
velocities of the RR Lyrae stars in Section 7.3 and correetsjectra accordingly to obtain equivalent
width measurements in Section 7.4. The stellar parametergeduced and discussed in Section 7.5.
Equivalent width (EW) measurements as well as synthesigedtis are used in Section 7.6 to calculate
abundances for elevenftiirent elements. In Section 7.7 the results are discussesiamtharized.
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Table 7.1: Properties of RR Lyrae stars observed with MagéllagE. The star ID of the LMC objects
is taken from the identifier in the OGLE Il dataset, for the Shdbjects the OGLE Il identifier are used.

star Y RA(J2000) Dec(J2000) UTdate No.teyp slit [Fe/H]phot period

[mag] [hh:mm:ss] 177 int  [s] [”] [dex] [days]
RR15903 18.78 05:27:18.77-69:32:22.5 018 4800 0.7 -2.20 0.7453
RR8645  19.23 05:14:42.54 —-68:59:26.9 018 5400 0.7 -2.63 0.5293
RR1422 19.11 04:51:54.23-66:58:46.1 0118 5100 0.7 -3.38 0.6148
RR177 18.84 04:35:33.16-68:12:25.8 0M9 2700 2.0 -210 0.8246
RR11371  19.27 05:19:27.68-71:20:45.0 0M9 3600 2.0 -280 0.5590
RR22827 19.16 05:46:40.62-69:44:26.1  0A19 3000 2.0 -280 0.5720
RR122432 19.63 00:47:39.98-73:08:43.0 085 4100 0.7 -341 0.5904
RR50180 20.17 00:43:07.78-72:49:22.1 086 3000 0.7 -295 0.5858
RR143874 20.21 00:47:42.57-72:43:15.5 086 5600 0.7 -2.03 0.5520
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7.2 Observations and Reductions

7.2.1 Target selection

The OGLE Il survey (Udalski et al. 2008b) monitored the MCs from 2001 to 2009szSiski et al.
(2009, 2010a) extracted very precise light curves for sgvkousand RR Lyrae stars in both Clouds and
Fourier-decomposed these light curves, following the methy Kovacs & Zsoldos (1995), to determine
their Fourier parameters. Smolec (2005) introduced aioelatsing the Fourier parametgg; and the
period of the RR Lyrae stars to determine a metallicity onrtretallicity scale of J95. In Chapter 3,
this relation is used to evaluate photometric metallisifer 16676 LMC RR Lyrae stars and 1831 SMC
RR Lyrae stars. Papadakis et al. (2000) found a transfoomagilation between the metallicity scales by
J95 and ZW84, showing that the scale by J95 is about 0.3 dbehigan the metallicity scale by ZW84.

For the LMC, our candidate list contains 35 RR Lyrae starsypéab with photometric metallic-
ities below [FgH] = —2.0dex on the J95 scale, which scales to/ffe = —2.3dex on the scale of
ZW84. When we compiled the candidate list for the SMC spsctipic observations the data on the
RR Lyrae stars from OGLE Il were not available. We therefbeal to rely on OGLE Il data (Udal-
ski et al. 1997; Sosaski et al. 2003), which results in 14 RR Lyrae tygiestars with metallicities
[Fe/H]ng4 < —2.3dex.

7.2.2 Observation

The observations were conducted using the Magellan E¢tee(l®lagE) spectrograph (Marshall et al.
2008) on the 6.5m Magellan Clay telescope at Las Campanak, ©h 2010 January, 7and 18"
and August, # and 8". During the first run only LMC objects were observed, while gecond run
concentrated on the SMC. The target list is shown in TabladdlFigure 7.1.

The MagE spectrograph has several slits with a length 6a&48 widths from Bto 0.5”. The ob-
served spectrum is divided into 15 orders which allow us teec@ wavelength range of 3000A to
10500A with one exposure. The wide wavelength range lirhigsrésolution, which i ~ 6000 for an
0.7’slit. We will calculate the actual resolving power foffdrent slits later. The/f.4 Schmidt vacuum
camera is equipped with an E2V back illuminated CCD, which2@48< 1024 pixels. Each pixel covers
0.33’on the sky and a dispersion from 0.3A pixein the blue to 0.6A pixet® in the red part is achieved.

thttp://ogle.astrouw.edu.pl/
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Figure 7.1: Location of the observed RR Lyrae stars withen@GLE lll fields. The crosses illustrate

the position of the RR Lyrae stars. While the open circle mupper panel shows the optical center of
the LMC (de Vaucouleurs & Freeman 1972), the open circle enldlver panel shows the center of the
SMC as found by G09 from isophotes of giant stars and the fillede the center comes from proper
motion measurements as found by Piatek et al. (2008).



126

Metal-poor RR Lyrae stars in the MCs

Table 7.2: This table summarizes the flat-field exposuresime

Quartz Xenon ThAr Skyflat
slitwidth["] | 0.7 1.0 2.0/ 07 1.0 20/ 07 1.0 2.0/ 07 1.0 20 5.0
exposure time[s] 45 28 15| 35 28 15| 4 3 2|75 45 6 5
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Figure 7.2: An example of an unreduced ThAr flat.

We started by taking flat-fields of the spectrograph. Forphigpose we used a Quartz lamp and a
Xenon lamp. While the Quartz lamp emits much more light inréek part of the spectrum covered by
the spectrograph, the Xenon lamp is used to flat-field ther lpag of the spectrum. For each lamp ten
exposures of each slit are taken. At dusk and dawn additekyaflats were taken to flat-field the very
blue part of the spectrum (see Table 7.2).

Thorium-Argon (ThAr) cathode tubes are very useful catitrs for the wavelength solution of a
spectrum. As shown in Figure 7.2 the complete wavelengtlereme of the spectrograph has a decent
amount of lines at a well known wavelength. This allows torelate the wavelength with the pixel
positions of the lines measured by the spectrograph. Infteenaon several exposures are taken to
compute the resolution of the spectrograph fdfedent slitwidth. Ideally during the scientific operation
a ThAr calibration frame should be taken after each exposureve a decent wavelength calibration
for the spectrum and to exclude errors due to changes in liggctpe or CCD. In the first night ThAr
frames were only taken at the beginning and end of the nighitevn the other nights ThAr frames were
taken after each science frame. We test if the calibratiathefirst night s&fers from having only two
calibration frames, but do not find any evidence in the reduza.

The resolution of the spectrograph does not only changethetklit width, but also with the observed
wavelength. Each pixel covers 0:38hich allows to calculate the pixel-size in Angstrom [px" For
the red part of the spectrograph.atx 8500A we find a pixel size of 1.488A, while in the blue at
A ~ 4000A the scale increases to a pizel size of 3.220Ahe resolution is then calculated as

__ 4
~ FWHM A

(7.1)
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Table 7.3: This table summarizes the resolution of the spgieph for diterent slit width.

1 =8670A A = 3950A

slit width [’] | 0.7 1.0 1.2 15| 0.7 1.0 1.2 1.5
resolution | 6400 4950 4160 34005780 4360 3720 2950
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Figure 7.3: The seeing during the four nights of observation

for different slits in the blue and in the red part of the spectrumleTAB summarizes the results.

For the observations we had two runs, both with non-optinmedtiver conditions. This is illustrated
by the table of seeing shown in Figure 7.3. Thus, the slithwigid to be increased drom 0t@ 2.0’ for
some of the objects. These are noted in Table 7.1. The phoiomeetallicity estimates of the target
stars, as well as the integration time of each object is dlswg in Table 7.1.

During the observations several frames of standard stars taken. We chose to observe the well
investigated, very metal-poor RR Lyrae star X Arietis (X)Aaind the two non-variable, very metal-poor
stars HD74000 and G64-12. All spectra were taken with thédlit7 The stellar parameters of the bright
standards are listed in Table 7.4

For two stars we experienced complications during the @asien. The reduction of RR8645 needs
special attention, because a second star was present ifittdarsg the observation. These might
possibly contaminate the data. In the second half of the rigdit we observed a movement of the
location of the spectra in the aperture. Thifeated RR1422. We want to classify the movement at the
very end of the night and take many short exposures of stdrsfars. Remarkably thigfect disappears
until the next day and the origin for the shift remains unclea

Table 7.4: Properties of standard stars observed with NeagelagE. The values listed are taken from
the quoted literature.
star \% RA (J2000) Dec(J2000) [A4] Te logg Reference
[mag] [hh:mm:ss] [dd:mm:ss] [dex] [K]
HD74000 9.67 08:40:50.80-16:20:42.52 -2.02 6166 4.19 Cenarro etal. (2007)
XAri 9.63 03:08:30.88 +10:26:45.22 -250 6109 2.60 Cenarro etal. (2007)
GD64-12 11.49 13:40:02.49-00:02:18.75 -3.28 6400 4.1 Primas et al. (2000)
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7.2.3 Data Reduction

The data reduction was performed in two steps. Firstly tha dere reduced with the echelle package
of the IRAF distribution. W.Aoki wrote a comprehensfonf the sequences of operation to reduce
the echelle spectra obtained with the HDS instrument mauatethe Subaru telescope, Mauna Kea,
Hawai'i, USA. This manual is with small modifications appiite to the spectra obtained from the MagE
spectrograph. The second step was to uséthgE-reducepipeline, written by G. Beckér Finally it
was decided that the results of the pipeline are better t@sgectra from the IRAF procedure.

IRAF

We start the reduction with a bias correction of each indigidrame. The median count value of the
pixels located in the overscan region of the CCD is subtdafrteam each pixel of the science parts of the
CCD.

Before a flat-field correction can be applied the location sird of the apertures in the spectra have
to be determined. The location of the apertures on the CCD attatrarily chosen vertical pixel position
is automatically determined by IRAF. The limits are finetdily hand and a multiorder polynomial fit
identifies the curvature of each spectral order to trace 4h@asitions of the apertures. This procedure
is performed on a flat-field frame and the calibrated posstiofithe orders are applied later to all other
frames.

Inspecting the dferent kind of flat-fields in detail it becomes obvious thatheat them is only
applicable to a certain range of the wavelength band. Toexdfie Quartz-flats are used for the orders 6
to 13 (4500A 1 < 10500A), the Xenon-flats for the orders 14-17 (35@0A < 4700A) and the orders
18-20 (3000A A < 3600A) are covered by the sky-flats. While the Quartzlamprilhates the spectra
without any noticeable lines, many distinct features casd®n for the sky-flats and the Xenonlamps.
Lines in the flat-field introduce additional noise. Thifeet has to be minimized (Bochanski et al. 2009).
For every pixel the values of the 30 surrounding pixels is tulumn are averaged and assumed as value
for this pixel. Inspection of the smoothed and unsmoothed fleveal that for the Xenon- and sky-flats
much better results are obtained, while the Quartz-flatm dede better without smoothing.

The individual flat-fields of each type are merged togethberTa normalized flat-field is produced,
however, all unusable orders mentioned above are cut. €hae$ us with three normalized flat-fields
covering all the dierent orders. These are finally merged together to obtainsdemfiat-field. For
every night a new master-flat-field is produced and all exgssaf this night are flat-fielded using this
master-flat-field.

To measure the background counts of the CCD we mask out thieiegseof the spectra. This should
leave us with a zero count image. However, scattering witiénspectrograph and fluctuations of the
CCD lead to non-zero values of the background. The distdbuif counts is fitted with an multiorder
polynom and crosschecked by visual inspection. Then weatththe background of each individual
frame from the spectra without masking the apertures.

The center and the limits of the apertures, as found by IRAd=jresspected by eye and changed if
necessary. This is especially the case for the last obgmmgan the first night, when the aperture had
experienced displacements in comparison to the other Bafmr RR8645 the aperture is limited such,
that the second star in the slit is ignored. After applyingsthsteps IRAF automatically extracts a 1-d
spectra for each order of all science frames.

The spectral features in the 1-d spectra have to be wavéleatibrated. The wavelength of the lines
of the ThAr lamp are well known and can easily be connectetl thi¢ pixel positions in a 1-d spectra.
Unfortunately, the calibration to connect the wavelendtthe ThAr lamp with the actual pixel positions

’the manual is available attp://optik2.mtk.nao.ac. jp/~waoki/QL/specana200810e.pdf
Sftp://ftp.ociw. edu/pub/gdb/mage\_reduce/mage\_reduce.tar.gz
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on our ThAr exposures of the MagE spectrograph are not éejlaith the argument of the science team
at Las Campanas that a pipeline is available. Therefore,ave to adopt calibration frames from the
NOAO* and crosscorrelate them with our observations. Using tiéotéiveteen most prominent ThAr
lines of every order a wavelength solution is created andiebpo all science spectra. The wavelength
calibration is checked by comparing the position of the Q#ak, which should be located at 5577A,
with its actual position in the spectrum.

We normalize the spectra by fitting a polynomial of order ftouten to the spectra. Furthermore the
upper and lower limits of the fit are adjusted by eye to gainbkbst possible result. For the frames with
two stars in the slit or with a moved aperture some orders stamge patterns which can not be fitted.
These frames are rejected.

The last step is to combine the orders of each spectra. Atdipeseof each order thdheiencies of
the CCD are reduced and a simple sum would introduce additimmise into the spectra. Therefore a
weight function is introduced by dividing the non-normalizframe by the normalized. This reveals the
shape of the countfiéciency of the CCD in dependence of the wavelength. If two rdever the same
wavelength the orders are added together by using the wieigttion.

Finally the final reduced frames of each star are added tegbthusing the median to get the best
possible spectrum with a decent signal to nois@&l$atio and to eliminate the cosmics present. For the
combined frames of the MC spectra &ASf 10— 25 per pixel at a wavelength of 7500A is achieved.

MagE-reduce pipeline

The IDL based pipeline MagE-reduce uses the raw obsengatbthe MagE spectrograph to produce
wavelength calibrated 1-d spectra.

We use the pipeline with the single frames and with the aijreattied spectra. It turns out, that the
spectra which are added together before processing thitbegtipeline return a betterIS.

Using the Xenon and Quartz flats a master-flat is producedepifieline. It turns out that the pipline
master-flat has less variations and is in general closeréaltan the IRAF master-flat. The tracing of
the diferent orders is inspected by eye individually for every feartf the tracing does not work well
the order is interpolated by the pipeline using a spline tionc However, all orders used for scientific
purposes are always traced and never interpolated.

After using the pipeline we only have to normalize the orderd add them together as described in
the last paragraphs of the previous section. The orffigrdince to the IRAF procedure is that we use a
polynom of order six for all orders instead of varying theerahdividually.

For the MC RR Lyrae stars a finaJI$ level of 10— 25 per pixel was achieved for the combined
observations at a wavelength of 7500A. For the standard, seduced in the same way, A\Jevel of
150- 200 per pixel atl ~ 75004 is obtained. An exemplary spectrum is shown in Figute The other
spectra are shown in the Appendix.

7.2.4 Uncertainties

For the discussion of our uncertainties we will always qubestandard deviations

1/¢ n
o= J ﬁ(n;(m -1 — (7.2)

wheren is the number of measuremenksare the individual datapoints apds the mean of the sample.
The last terrn/(n — 1) corrects for the fects of small number statistics. We do not use the standard
erroro-/ y/n, unless not explicitly stated.

“http://www.noao.edu/kpno/specatlas/thar/
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Figure 7.4: Spectrum of RR1422 at the Mg lines around 5170#& f&d line indicate the best fitting

synthesized model.

7.3 Radial Velocities

The pulsation of an RR Lyrae star causes periodic changdimtserved spectra and hence of the
measured radial velocity. For RR Lyrae tygiestars, the radial velocity changes by up to-600 km st
during a given period, with the lowest velocity around mioim light (Smith 2004). Moreover, the
different layers of the stellar atmosphere move with a velob#y gradually increases towards the outer
shells. Since metallic and Balmer lines originate dfedent optical depths in the atmospheres, the
pulsation can introduce systematic velocitysets in the lines used for the velocity estimate depending
at which phase the spectra were taken.

We determine the radial velocities from the Doppler shiftief near-infrared Ca ll-triplet lines be-
tween 8492A and 8662A and of the Balmer lines,, M3 and Hy, between 4333A and 6568A. Taking
all individual measurements, we compute the mean and medlaa of the radial velocity as well as the
standard deviation.

Using the approach described in Vivas et al. (2005), we egéirthe pulsational velocity of each target
star to obtain the systemic velocity. The template pulsafioelocity curve of X Ari, observed by Oke
(1966) and parameterized by Layden (1994), is adopted lftarrgket RR Lyrae stars. The velocity curve
of X Ari is fitted at the observed phase of our targets to dettvcorresponding pulsational velocity.
However, for each star only measurements at one certairepifabe period are available and a fit to
the radial velocity curve is rather uncertain. To calcuthie uncertainties of the systemic velocities we
adopt Equation 1 of Vivas et al. (2005)

02 = 02 + (1195 x 0.15Y + (23.9AD)?, (7.3)

Y

where o, is the uncertainty of the systemic velocity aog the standard deviation of the radial
velocity measurements. The second term reflects the dorefithe observation of the spectra. This
took usually about 15% of the target’s phase. This duratioth® observation is convolved with the
slope of the velocity curve of 119.5km's The third term reflects theodstar-to-star variation of the
velocity amplitude of 23.9 knTs, as found by Vivas et al. (2005), combined with th€efience of the
observed phase of our target star to the phase with zeronsigstelocity, which is found to occur at
® = 0.5 for X Ari.
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Table 7.5: Various velocity estimates and uncertaintiesllajur target stars and X Ari

Star RVinedianhelio RVmediapLsr  mean oy o,
kms? kms? phase

RR15903 320 304 064 5 19
RR8645 292 277 038 23 29
RR1422 325 309 057 11 21
RR177 287 271 0.18 20 27
RR11371 323 308 041 30 35
RR22827 295 279 081 33 38
RR122432 174 163 045 33 38
RR50180 133 122 0.66 18 25
RR143874 109 98 041 8 20
X Ari -40 -51 051 15 23

In Table 7.5 we present the median heliocentric systemialradlocities, as well as systemic radial
velocities in the local standard of rest (LSR), using the FR&skrvcorrect The mean velocities are
very similar to the median velocities in Table 7.5. Additidly the pulsational velocity of the star, the
mean phase of the observation and the standard deviatitve o&dial velocity measurements as well as
the uncertainty of the systemic velocity are shown.

The values for the heliocentric radial velocity of X Ari fotiby us are in very good agreement with
the literature, for instance, Valdes et al. (2004) foundlaevaf —40 km s1.

The mean systemic heliocentric velocity of our small sangbleMC RR Lyrae stars is found to be
307+ 19kms?. This value is more thand greater than the radial velocities of Gratton et al. (2004),
who found 261 40 km s, of Borissova et al. (2004), who found 264.9 km s*, or of Borissova et al.
(2006) with 255+ 65 km st. However, these measurements were made in the most cearttslgb the
LMC and it seems reasonable that the disk region may hav@eaetit velocities compared to the central
regions in and close to the bar.

Velocities of the H | gas of the LMC are investigated in StayeEmith et al. (2003). Most of the gas
has velocities between 186 kmtsand 280 km'st. The velocities of the southern regions are in general
a bit lower, while the northern parts are at the high end of/iecity distribution. For the intermediate
velocities the gas is distributed like a barred spiral, hawveéhe 'bar’ does not coincide with the stellar
bar (compare Staveley-Smith et al. 2003, Figure 2). Theadvmean velocity is in good agreement with
the measurements from Gratton et al. (2004) and Borissaaia @004, 2006).

In the sample of Borissova et al. (2006), some high-velosiars with radial velocities up to
399kms?! are present. We compare their metallicities of these halbeity stars with their metal-
licities for the other stars. Both groups of stars have aisfimdjuishable mean metallicity and therefore
we do not find any correlation between velocity and metajlici

Moreover, the radial velocity of the LMC seems very similar €ifferent stellar tracers. With a
sample of 738 red supergiants distributed within severgilats from the center of the LMC, Olsen et al.
(2011) found a systemic velocity of 2632 kms. One possibility is that the fierences to our mean
value are anféect of small number statistics. Another possibility is that metal-poor RR Lyrae stars
trace an older, earlier population than the more metaliiBH_yrae stars studied before, possibly tracing
a sparse, metal-poor halo.

For the RR Lyrae stars in the SMC we find a mean systemic vglo¢il38 + 40kms?. In the
literature no velocity estimates were carried out for RRaAeystars so far. Only samples of brighter SMC
stars were used to determine the distribution of the radifdoity. With more than 2000 RGB stars,
Harris & Zaritsky (2006) found a Gaussian distribution o telocity with its maximum at 146 +
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Table 7.6: Equivalent width measurements for all targetstaddard stars. Only the first few lines and
columns are shown. The full table is available electroihjcal

Element A §% loggf HD7400(11
Al [eV] [mA]
Nal 5889.97 0.00 Q08 175
Nal 5895.94 0.00 -0.194 130
Mg 4057.52 4.34 -0.890
Mgl 4167.28 4.34 -1.010 31

0.6km st and a velocity dispersion of 27+ 0.5kms™. Our results are in good agreement with these
values. De Propris et al. (2010) evaluated red giants in iardnt fields with distances of 0.9 kpc to
5.1 kpc from the SMC center and found that the velocity distibn functions between theftiérent fields
are significantly dierent. Some fields show single peak distributions, whilestilseem to be bimodal.
The mean radial velocity changes also between the fieldsheydfind values between 14726 km st
and more than 200 knt§for the second peak in fields with a bimodal distribution. @Wgour velocity
estimates are in good agreement with the velocities of Derizret al. (2010). However, our stellar
sample for the SMC needs to be enlarged first before mordekbtzinclusions can be drawn.

7.4 Equivalent Width Measurements

Our line list for the investigated RR Lyrae stars of the MCsiignarily based on the line list of C95.
They investigated, among others, X Ari, which we use as adst@RR Lyrae star in our analysis. The
line list of C95 is complemented by the lists of Peterson 8197om now on P78) and Beveridge &
Sneden (1994), who obtained abundances for HD 74000, tlex stAndard star in our investigation.
Before we employ the merged list, we test for blends by comgawur list with the line list extracted
from the Vienna Atomic Line Database (VALD), set up by Pistumet al. (1995). All blended lines are
removed from the sample.

With the IRAF tasksplot, a Gaussian is fitted to the line profile of every unblendedhatdine in our
line list. We remove all lines that are obviously contam@aby noise or cosmic rays. For our science
targets, very strong lines (EW 200 mA) as well as weak lines (EW 20 mA) were excluded from
further analysis. The strong lines might be saturated, emoaif the weak lines the uncertainties of the
EW measurements are too large due to the IfM. $he remaining values for the EWs of our target stars,
together with the literature values for the standard sthesexcitation potentialy) and the value for the
oscillator strength (log gf), are given in Table 7.6.

Comparing our EW measurements of the standard star HD 74@0thd/very similar results to the
literature values by P78 with a mearffdrence oAEW = 5.9 mA and a standard deviation of 46nA.
Even better agreement is achieved by comparing the measnterto Beveridge & Sneden (1994). A
mean diference oAEW = 3.5 mA with a standard deviation of@mA is obtained. The literature values
of the EWs of X Ari obtained by C95 are generally higherAW = 38.6 mA than the measurements by
us. We explain this rather largefiirence with a dferent observed phase of the variable RR Lyrae star
X Ari. While C95 observed X Ari between. D1 < ® < 0.82, our observations were conducted between
0.47 < ® < 0.55. The physical conditions, such as a temperature andcsugfavity, are therefore
altered.
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Figure 7.5: An exemplary light curve for our target starseheR 15903. The grey dots are the observed
| band magnitudes, while the black line is the corresponding/foand magnitudes are shown with red
asterisks. The red line is the polynomial fit. The best teteptd Layden (1998) is shown with the
blue dotted line. The vertical black dash-dotted linesdaté the actually used observation window for
RR15903.

7.5 Stellar Parameters

For the analysis of the chemical abundances of our nine R&eLgtars in the MCs as well as for the
three standard stars, we use two independent approachesdeinto determine the stellar abundances,
either from EWSs or spectral synthesis, we need to know tHeviolg parameters: feective temperature
(Teg), surface gravity (log g), metallicity ([FFE]) and microturbulencey(). Interpolation of Kurucz's
atmosphere model grid without convective overshootings{€ et al. 1997) is used to construct model
atmospheres for thefiierent stars. The local thermodynamic equilibrium (LTE)c line synthesis
code MOOG (Sneden 1973) is used, in its version from 2010, to derivetbimental abundances from
the EW measurements and from the synthesis of the specteacode assumes the solar and meteoritic
abundances from Anders & Grevesse (1989), except for thecimatent of log:(Fe)= 7.52, taken from
the solar abundance catalogue of Grevesse & Sauval (1998).

7.5.1 Hfective Temperature

C95 derived arelation to calculate thi#estive temperatureg of an RR Lyrae star from the fllerences
of its brightness in dferent filters. Their Equation 4 summarizes the relationgdor different colors.
In OGLE I, theV andl filter are used. Therefore, we use

Ter/co5 = 753906677y — 1)? (7.4)
—483616016¥ — 1) + 88014248

Investigating dwarfs and subgiants Casagrande et al. (264 now on C10) found a relation for
the reciprocal fiective temperaturédey = 5040/ T, based on the color of the star and its metallicity

Shttpy//www.as.utexas.eguchrigmoog.html
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Figure 7.6: Using Equation 7.4 of Clementini et al. (1995) at¢ain the green curves for th&ective
temperature of the target star RR 15903. The black, red amdlibles indicate the temperature curves of
Equation 7.5 (C10) for three flierent metallicities. While the solid line shows the tempae obtained
by using the polynomial fit of th& band measurements, the dashed lines are computed wittpkate

V band light curve of Layden (1998). The upper panel showsdimperature for one period, while the
lower panel is a blow-up of the observed phase enclosed biytheertical black dash-dotted line in the
upper panel.

[Fe/H]. This equation has not been tested for variable stars\Wetwant to test whether the relation is
applicable and adopt their Equation 3

fest/c10 = 0.4033+ 0.8171Y — 1) — 0.1987Y — 1)? (7.5)
—0.0409Y - 1)[Fe/H] + 0.0319[Fg'H] + 0.0012[FgH].

To calculate the féective temperature of each star at the phase of observatiemeed the color
information for this specific time. The lightcurve of the Rigae star is recovered using the individual
observations taken over several years by the OGLE Il cottaon in thev and preferentially théband.
As afirst approach, we fit the data points of the individualenbations with a tenth order polynomial for
the |l band and a fifth order polynomial for théband. The data in theband are much better sampled
because of the many repeat observations in this filter, whddit of theV band is more susceptible to
the influence of outliers. Especially the phase of rapid apheric change ab = 0.8 — 0.2 is not very
well sampled and therefore the fitted lightcurve is not kiéan this range.

As a second approach to determine the lightcurve inthand, we use the six template light curves
Layden (1998) introduced, based on his study of 103 Gal&fRityrae typeabstars. By using & test,
we find the template light curve fitting our target stars best.

Subtracting thd band light curve (black line in Figure 7.5) from thé&band light curve from the
polynomial fit (red line in Figure 7.5), as well as from the f@ate light curve of Layden (1998) (blue
dotted line in Figure 7.5), we obtain two sets of colors fa tlifferent phases of the RR Lyrae stars.

These colors are inserted into Equation 7.4 and the reguéimperature curve over the whole period
of the star is shown with the green lines in Figure 7.6. Fordfiga 7.5 we use the obtained colors plus
a set of metallicities to calculate th&ective temperature curve of the RR Lyrae star. We decidedéo u
three metallicity values, [F#l] = -2.5, [Fe/H] = —2.0 and [F¢H] = —-1.5, to calculate fective tem-
peratures. Figure 7.6 illustrates that thfetiences introduced by the metallicity are small and thesefo
the temperature curve of [Ad] = —2.0 is used for all stars as a temperature estimate.
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Table 7.7: Mean fective temperatures of the observed phase of our targstfstem Equation 7.4 and
Equation 7.5 with a metallicity of [F/é¢d] = —2.0. The first two values show the temperature obtained
from using the polynomial fits of th& band. For column 4 and column5 the template light curves of
Layden (1998) are used. Moreover, tifieetive temperature determined by the spectral analysgs gnmo
MOOG is shown in column 6.

star phase Tott, T Terfn Tall Tujse

RR 15903 ®0-0.69 6037 6035 6143 6121 6500
RR 8645 0B3-0.44 6529 6408 7755 7113 6500
RR 1422 b2-0.62 6786 6579 6703 6525 6250
RR 177 014-0.22 6335 6269 6213 6176 6500
RR11371 (®@8-045 6203 6169 5937 5950 6250
RR22827 (0/8-0.85 6468 6360 5271 5288 6500
RR 122432 ®12-049 7675 7075 9084 7649 6000
RR50180 (®4-0.69 6061 6053 6324 6259 6000
RR 143874 B6-0.45 6898 6650 7175 6812 6500
X Ari 0.47-055 5915 6271 6700

Table 7.8: The mean and mediarffdiences as well as the standard deviation between fferadt
photometric and the spectroscopic temperature estimaiespec

T e Totho Toicss Taii Taioos
mean [K] 39 -60 65 95
median [K] -2 -87 19 -21
stdevo [K] 312 264 768 597

For the relations of C95 and of C10, the solid line in Figuerépresents the temperature obtained
from the polynomial fit of the/ band magnitudes. The temperature calculated wittvthand template
light curves of Layden (1998) are shown with the dotted Im€&igure 7.6.

A color difference ofA(V — 1) = 0.01 mag corresponds to a temperaturedence of 50 K (C95) in
Teg. OurVband magnitudes are not as well sampled as foll thand. With individual uncertainties
of 0.05 mag for eactv band magnitude, our fit of the band light curve becomes less certain than the
| band fit, where each data point has a similar uncertainty t#eei¥-band. We thus have to assume an
uncertainty of at least 300 K of the temperatures.

These temperatures are used as a first guess for spectmsampierature determinations with the
spectral analysis program MOOG. To determine such a teryerastimate we force the abundance
of the iron line not to change with theof the respective lines. Table 7.7 summarizes the tempesatu
found.

The comparison between photometric and spectroscopicetetyse estimates reveals a good agree-
ment for four of the stars, with fierences smaller than 150 K between them (Table 7.7). Forofer
stars, we find deviations between 150 K an800 K, which can still be accounted for by the uncertain-
ties due to the not very well-sampl&tband light curves. In general, we find that a less good samplin
of the observations in th& band introduces higher filerences in the temperature estimates, while the
sampling in thel band is always very good. This is especially the case foMtbhand light curve for
RR 122432, where the temperatures deviate by more than 50dd¢efore the fit to the light curve is
rather uncertain and the temperature estimate, which ifitaachigh for an RR Lyrae star, is rejected.
Thus, this star is excluded from the further comparison aftpmetric and spectroscopic temperatures.

The mean, the median and the standard deviation for tierelnces between the photometric and
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Table 7.9: The final set of parameters from the EW abundanteendmation.

Star Tt logg [FEH]
HD74000 6100 3.5 -208 1.5
X Ari 6700 2.1 -261 2.6

G64-12 6350 44 -313 15
RR15903 6500 2.6 -224 35
RR 8645 6500 3.0 -197 5.0
RR 1422 6250 2.0 -249 4.0
RR177 6500 2.6 -267 3.8
RR11371 6250 2.6 -218 3.2
RR22827 6500 15 -249 25
RR 122432 6000 2.6 -236 45
RR50180 6000 2.0 -236 45
RR 143874 6500 2.0 -234 20

the spectroscopic temperatures are shown in Table 7.&nk twt that the polynomial fit of the band
lightcurve is preferable to the use of the templates pravidelayden (1998). The templates of Layden
are calibrated on RR Lyrae stars with higher metallicitiesnt the our targets. The parameters of the
lightcurves change with metallicity and it is therefore satprising that deviations from the templates
are found. The relation adopted from C95 leads to slighttyebéemperature estimates than the relation
by C10, assuming that the spectroscopic temperatures mertoWe conclude that both relations are
well suited for an estimate of the temperature of an RR Lytae s

7.5.2 Other stellar parameters

The other stellar parameters, such as the log g, metalljffis’H]) and vmathrmt @re determined in an
iterative procedure. For the metallicity, we assume theaghetric estimate as a starting point for our
stellar models. The surface gravity is set to log 8.6, a typical value for an RR Lyrae star at minimum
light (e.g., Oke 1966). For the microturbulence we assume3 kms™.

Fell is much more sensitive to the surface gravity than Fe/lv@ying the abundance of Fel and
Fe Il until the diferent ionization states lead to a similar abundance the\@llog g is estimated. The
microturbulence is matched such that no abundanfferdhces with the reduced width log(ENY of
the Fel lines are found. After each iteration a new Kurucz ehdslused with the updated version of
the parameters and the next iteration is started, until tiad et of parameters is found. Owing to the
low SN for two stars the dference between Fe | and Fe Il can only be reduced by assumpiysioal
stellar parameters. Therefore we allow foffeliences of 0.2 dex for the LMC targets and 0.3 dex for the
SMC RR Lyrae stars. Furthermore we test our log g values ysagometrically derived gravities and
find good agreement between both methods. The final set te#rgberameters is shown in Table 7.9.

7.5.3 Comparison of stellar parameters for the standard stes with literature values

For HD 74000, we found data on the stellar parameters in P@&iBlge & Sneden (1994), and Fulbright
(2000). Their estimates agree very well with ours. Only tiged value is higher by about 0.6 dex (see
Table 7.10).

For X Ari, we estimate slightly higher temperature and lodagyg values than found by C95 and
Lambert et al. (1996) (see Table 7.10). However, this isfiateof observing X Ari at a diierent phase
than the other authors. The metallicity is in very good agyexat with the literature, while the microtur-
bulence is a bit lower than the literature values.
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Table 7.10: Stellar parameters of standard stars fromtivatiure.

Star Ter logg [FeH] w Source

HD74000 6250 4.50 -1.80 ... P78

HD74000 6090 4.15 -2.07 1.30 Beveridge & Sneden (1994)
HD74000 6025 4.10 -200 1.20 Fulbright (2000)

X Ari 6100 2.60 -25 3.0 Lambert et al. (1990t
XAri 6500 2.70 -25 4.4 Lambert et al. (199§

X Ari 6109 2.60 -25 45 C9%pec

G64-12 6350 4.40 -30 1.5 Boesgaard & Novicki (2006)

Table 7.11: Abundance flierences due to parameter uncertainties, applied to X Ari@®exy for all

target stars

Element AT =300K Alogg=05 Ay =05

Nal
Mgl
All
Sil
Cal
Scll
Til
Till
Crl
Crli
Mn
Fel
Fell
Col
Nil
Srill
Ball

-0.21
-0.16
-0.24
-0.24
-0.22
-0.15
-0.15
-0.18
-0.28
-0.30
-0.30
-0.28
-0.06
-0.29
-0.51
-0.21
-0.26

0.02 0.05
0.02 0.10
0.02 0.01
0.03 0.04
0.02 0.08
-0.16 0.07
0.03 0.02
-0.12 0.13
0.02 0.01
-0.01 0.19
0.03 0.01
0.03 0.08
-0.16 0.08
0.02 0.02
0.17 0.15
-0.13 0.12
-0.08 0.01

For G64-12, the agreement of our estimates with the valuéoeggaard & Novicki (2006) is very

good for all the parameters.

7.5.4 Systematic parameter uncertainties

We test the sensitivity of the abundances to the stellampaters by altering one single parameter of
X Ari at a time and calculating the abundancé&ealience (Table 7.11). For the temperature we assume an
uncertainty ofAT = 300 K, which corresponds to the uncertainty of our photoimeéémperature esti-
mate. For the surface gravity we adopt an uncertaint¥lof g = 0.5 dex, while for the microturbulence
Av = 0.5knys™t is assumed. Theseftirences are adopted as uncertainties for all RR Lyrae statgi

sample.

For neutral species the abundance ratios show the largeshdence on the estimateg;T These
elements are rather insensitive to changes in the surfaséygor microturbulence. The surface gravity
plays a much larger role for the ionized elements.
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7.6 Results: abundance ratios

We use two independent approaches to determine the abwsdahthe nine target and three standard
stars. First, we calculate the the abundances directly fhenkEWs using MOOG'abfinddriver. For the
second approach, we synthesize the spectral features sfate Both approaches are performed with
the 2010 version of the spectral analysis program MOOG (&mé&d73).

First the abundances are determined from the EW measurenférgt, the set of model atmosphere
parameters is iterated until the best possible solutiothiiron content is found (see Section 7.5). These
best model parameters are used to determine the abunddngesodl4 diferent elements (Nal, Mgl,
All, Sil, Cal, Scll, Ti, Cr, Mn |1, Fe, Col, Nil, Srll, Ball). Fothree of the elements (Ti, Cr, Fe) we are
able to determine the abundances both for neutral and simgjiged line transitions.

We identify the spectral features that are significantlgdarthan the background noise. These lines
are further investigated by spectral synthesis. All feadurlose to the line of interest are fitted by the
spectral synthesis model to determine abundance valued features present and measureable. In this
way we properly account for blended lines, which yield theect abundance of the line of interest. The
resulting mean abundances for [Rgand [X/Fe] of the synthesis for theftierent elements are shown in
Table 7.12. Here, X stands for all investigated elementsxee.

For [X/Fe] we have computed a simple mean of the individual aburegario compute the standard
deviationo these individual values, together with the mean valué-g%, are used as described in Sec-
tion 7.2.4. The resulting values of are shown in Table 7.12. Additionally this table displays, éach
species, the numbé¥ of lines we were able to determine abundances from.

Unfortunately the number of measurable lines is usuallyegsinall. Therefore the standard devia-
tions are not useable for uncertainty estimates. We rattethe values obtained in Table 7.11 to assign
uncertainties to the abundances. For the standard starbtam ox,rq = 0.2 dex, while for the sci-
ence targetsx,rq = 0.3dex is found. We only publish the abundances from the sglesynthesis in
Table 7.12 if the fitting of the model and the observed spatigiunambiguous within this uncertainty
range. Otherwise the abundance value of the line is rejected

Due to the low &N level of the target stars, we inspect the profiles of theufestvery carefully. The
knowledge of the expected line profile of the feature leads maore conservative abundance estimate
using the spectral synthesis than the EW. While using the BWow SN data, it may sometimes be
difficult to distinguish between real features and additionaendf the abundances from the EW mea-
surements agree within the uncertainties with the resuitaimed from the spectral synthesis we show
them in Table 7.12 as well. The standard deviatiorsf the EW abundances are computed in the same
way as described for the spectral synthesis. For elemetttsonly a few available lines, the spectral
synthesis abundances are anyhow always taken as mordaeliab

Our target stars have very similar stellar parameters afRBkeyrae stars investigated in Hansen
et al. (2011). Therefore, we adopt their NLTE correctionkjolv are larger than our uncertainties. For
aluminum a correction ohy e = +0.7 dex (Andrievsky et al. 2008) is found. The NLTE correction f
strontium is adopted from Mashonkina & Gehren (2001) witlalu® of Ay e = +0.6 dex.

7.6.1 Iron

For the iron content of the stars, we adopt the data from the BSWvell as from the spectral synthesis.
We are able to measure EWs for eight to 34 reliable iron limestar. For the other elements we consider
only the synthesized abundances since there are many fewasr |

The extremely low photometric metallicity of some of thegtetis cannot be confirmed. For our target
stars spectroscopic metallicities betweeh67 dex < [Fe/H] < —1.97 dex are found (see Table 7.12).
The RR Lyrae star with [F#H] = —2.67 dex is the most metal-poor star found so far in the MCs (see
Figure 8.2).
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Table 7.12: Abundances from EW measurements and speciithlesyjs of the lines.

star [FeH] [Fel/H] [Fell/H]

synth o N EW o N EW o N
HD74000 -215 Q15 10 -2.08 028 28 -212 031 6
X Ari -258 010 9 -261 023 26 -262 028 5
G64-12  -3.06 020 6 -3.13 028 20 -3.02 036 2
RR15903 -234 000 2 -224 026 11 -232 024 3
RR8645 -172 033 4 -197 026 8 -194 041 3
RR1422 -226 Q17 4 -249 032 13 -223 031 4
RR177  -257 1 -267 033 10 -250 048 3
RR11371 -210 .. 1 -218 024 6 -216 048 2
RR22827 -242 Q11 4 -250 024 14 -2.63 008 5
RR 122432 ..—-236 012 9 -231 047 3
RR 50180 ..—236 033 13 -202 034 2
RR 143874 ..—2.34 017 8 -234 Q39 3
star [NaJFel] Mg 1/Fel] [All/Fel]

synth o N EW o N synth ¢ N EW o N synth ¢ N EW o N
HD74000 070 1 057 023 2 060 Q00 2 068 Q71 4 Q50 .. 1
X Ari -0.05 1 017 024 2 035 Q10 2 ... =050 1 -065 Q37 2
G64-12  -0.40 1 -030 038 2 -003 Q06 2 Q14 .. 1 -040 .. 1
RR15903 Q10 1 002 1 055 010 2 054 034 2
RR 8645 010 1 -005 1 075 049 2 Q93 1
RR 1422 .. .B0 Q00 2 ® .. 1
RR 177 ...—050 1
RR 11371 . e
RR 22827 8 Q10 2 ®o .. 1
RR 122432 e e e
RR 50180 .10 1 003 035 2
RR 143874 . e e e .o
star [CalFel] [Scl/Fell] [Till /Fell]

synth o N EW o N synth ¢ N EW o N synth ¢ N EW o N
HD74000 020 040 5 Q24 .. 1 -005 1 -0.04 1 019 018 8 052 037 12
X Ari 0.33 022 4 050 Q51 3 Q50 1 036 1 016 023 6 Q70 024 14
G64-12 050 000 2 Q70 059 2 Q10 1 019 1 010 021 3 Q44 027 8
RR15903 (75 049 2 00 039 2 024 Q27 6
RR 8645 000 1 38 015 4 038 .. 1
RR 1422 060 1 .. .38 043 3 024 035 3
RR177 .80 1 034 1 000 1 -020 034 4
RR11371 (B3 006 2 v e .. 2B 046 3
RR22827 (85 Q10 2 038 023 3 -0.20 1 @0 .. 1 000 Q45 4
RR 122432 C e -0.66 024 4
RR 50180 .00 1 -001 063 2
RR 143874 (@0 1 .. .. .08 024 4
star [CriFel] [Srll/Fell] [Ball/Fell]

synth o N EW o N synth ¢ N EW o N synth ¢ N EW o N
HD74000 -020 039 2 -018 019 4 060 .. 2 039 1 020 059 2 Q49 022 3
X Ari 0.05 039 2 -011 038 3 -040 020 2 -039 1 -0.30 1 -012 Q41 2
G64-12 000 .. 1 v e ... .80 035 2
RR 15903 40 1 @0 1 008 Q42 4
RR 8645 . .50 000 2 Q30 016 2
RR 1422 010 020 2 -024 003 2 Q25 049 2 04 017 4
RR177 030 1 002 Q02 2 -0.40 1 82 083 2
RR 11371 =050 037 2
RR22827 (B0 1 038 1 010 020 2 85 089 2
RR122432 .. o e e e e e -061 134 2
RR 50180 =020 054 4
RR143874 .. . e e e 015 085 3




140 Metal-poor RR Lyrae stars in the MCs

-1.5
@)
-2} x
©)
X
g | 0 o
X
._% X X o
-2.5F X X
< o
L X
=3r
X EW abundance
Osynthesized abundance
335 -3 E -2H5 -2 -1.5
[Fe/ ]phot

Figure 7.7: Photometric metallicity estimates versus gpscopic measurements. The iron abundances
from the EW measurements are labeled with the red crossdg thvb synthesized abundances of iron
are shown as blue circles. For the SMC RR Lyrae stars no ssimttbvalue is available. Overall we see
a trend for lower spectroscopic metallicities for starswghotometric metallicities arounel2 dex. For
[Fe/H]phot < —2.5dex the trend is reversed. Overall all target stars havidasispectroscopic metallici-
ties.

Measuring the EW, we detect for all target stars several iRes land at least two reliable Fe Il lines.
By construction the abundances of both ionisation statesldlibe the same, but due to the loyiN®f the
data we allow for small dierences to obtain reasonable stellar parameters (seerse&i2). Therefore,

a small diference of on averaged.07+ 0.15 dex is found between the abundances of Fe | and Fe Il from
EW measurements for our target stars.

Some of the iron lines are weak and the synthesizing prodessad provide a significant result
within our uncertainty margins. However, for the lines tha¢ synthesizable, very good agreement
with the abundances from the EW measurements is obtainecéré\tberefore confident that the values
obtained from the EW are reliable owing to the large numbdines used.

The low SN is responsible that the synthesis of the iron lines in ouICtiskrgets did not yield to
any results within our error margins. We therefore rely om BW measurements for the iron content
of these stars. The individual measurements of the lindd Yigh uncertainties, but we were able to
measure a large number of lines, which leads, within our enargins, to a reliable determination of the
abundance.

Comparing the photometric metallicity of the RR Lyrae staltained from the Fourier parameters
of the lightcurves (Chapter 3) with the iron abundances ofspectra, we find trends as shown in Fig-
ure 7.7. For the most metal-rich stars of our sample, i.e.three stars with [Féd]pnoy9s > —2.20 dex,
we find lower spectroscopic metallicities. Thesé&eatiences range from0.04 dex to—0.57 dex. This
discrepancy of too high photometric metallicity estimdtasthe metal-poor stars is a well known prop-
erty for theV and| band calibration and was found to amount to 0.2 dex to 0.3 dax,(Dékany &
Kovacs 2009; Arellano Ferro et al. 2011) for Galactic RR keystars. The fiset is attributed to the low
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number of metal-poor calibration stars for the Fourier degosition method. Papadakis et al. (2000)
found that the metallicity scale of ZW84 is about 0.3 dex Iowen that of J95. If we transform the
photometric metallicities to the scale of ZW84 and comphegrt to our spectroscopic metallicities we
find very good agreement between both values with a mdgarelice of M2 + 0.14 dex.

However, for the RR Lyrae stars that may be even more metai-pee find a completely dierent
picture. The stars with a photometric metallicity estimat¢Fe/H]pnoyi95 < —2.80 dex turn out to be
more metal-rich by 31 dex to 105 dex when analyzed spectroscopically. On the scale of ZiN&4
differences between the photometric and spectroscopic roiidliare even larger by 0.3 dex.

Comparing the spectroscopic metallicities of these twaigso we find that they are indistinguish-
able. On average both groups have a mean value gHEg.c= —2.4 dex. In the low metallicity regime
another unknown factor appears to additionally alter thegpshof the lightcurve to mimic extremely
metal-poor stars. These extremely metal-poor candidaes mever been followed up spectroscopically
before, therefore with this limited sample of datapointscaenot conclude whether this is a coincidence
or a systematic trend.

7.6.2 a-elements

We now consider the abundance ratios of éhelements magnesium, calcium and titanium. We note
that we cannot synthesize any silicon line to a satisfyingueacy, because they are in the blue part of
the spectrum where the low makes abundance determinations particulariyatlilt.

Synthesized abundances ferelements are derived for five LMC and one SMC RR Lyrae star (Ta
ble 7.12). For four of these LMC stars we find a mean value of Mg = 0.54 + 0.19dex. For one
SMC RR Lyrae target a lower abundance value of [Mg] = 0.10dex is obtained. For RR177 we
obtain a quite low value of [M{fe] = —0.50dex. We discuss this special case in detail below. The
mean abundances for calcium and titanium are slightly lowég find [CaFe] = 0.39 + 0.30 dex and
[Ti/Fe]= 0.19+ 0.16 dex. The corresponding abundances of the SMC star ay&¢Ca 0.20 dex and
[Ti/Fe] = 0.00dex. We caution that the/l$ of all SMC targets is considerably lower than that of the
LMC objects.

A meana-enhancement ofof/Fe] = 0.36 + 0.25 dex is found for the LMC stars. Due to the small
number of measurements and the loi $vel of the SMC spectra a meaningful mean value cannot be
computed. The tendency of lowerenhancement seen from the three measurements is notcaghifi
within the uncertainties.

The LMC abundances are in very good agreement with the tliterasalues for the MW RR Lyrae
stars (For et al. 2011; Hansen et al. 2011) as well as with Bsters of For & Sneden (2010) and Preston
et al. (2006). Johnson et al. (2006) spectroscopicallysiiyated four LMC GCs with metallicities
between-2.2 < [Fe/H] < —1.2dex, while in Mucciarelli et al. (2009) the metallicity diree LMC
GCs with was measured to bd.95 < [Fe/H] < —-1.65dex. The stars in these clusters show stronger
a-enhancements with lower metallicities, but thenhancement is much weaker in the investigation by
Johnson et al. (2006). The mean Mg-overabundance for themmatal-poor stars of Mucciarelli et al.
(2009) is between.@ < [Mg/Fe] < 0.5 dex, in very good agreement with the RR Lyrae stars. Muelliar
et al. (2010) obtained the abundances of calcium and titariar these clusters. The overabundance
of these elements is lower than for [Mig], similarly to our results. In Johnson et al. (2006) the
enhancement is in general lower. The mean Mg-overabundanttee most metal-poor cluster is 0.2 dex.
For the othew-elements, no or only slight enrichment was found for theatrgbor cluster stars.

For the metal-poor stars located in the MW halo and in the ¢hialaSph galaxies a general trend
of a-enhancement has been found. The spread of abundancebediwgle stars is quite large, which
may be due to localized, inhomogeneous enrichment, buttralgh partly be related to measurement
uncertainties. However, theftBrences in abundance are in general much larger than fer \widr
metallicity [Fe/H] > —1dex, which are mainly located in the MW disk. Our investighstars of the
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Figure 7.8: Synthesized abundances of the ligl#lements Mg, Ca and Ti. We find good agreement
with the abundances obtained for other stars at similar Iivétia Especially the MW RR Lyrae stars
from For et al. (2011, cyan diamonds) and Hansen et al. (2ffEkn diamonds) show good agreement
with our sample of RR Lyrae stars. Additionally we find goodesgment with the BHB (blue squares)

and RHB stars (red squares) of For & Sneden (2010); Prestah €006), as well as with LMC GC
RGs (red crosses) from Mucciarelli et al. (2010). For the LRIR Lyrae stars a mean overabundance of

[a/Fe]= 0.36 dex is found.
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MCs fit quite well into the picture ak-enhancement, even though the actual abundances detdriyine
us for the individual stars fiier by several tenths of dex. Therefore no claim of RR Lyraesstathe
MCs being diferent from the stars in the MW halo and in the dSphs can be madieva suggest that
the MCs underwent a similar early chemical evolution.

For metal-poor stars it has been known for a long time (e.@ljéfétein et al. 1963) that they are
enhanced i-elements, typically byd/Fe] ~ 0.4 dex. In Figure 7.8, we compare the abundances of our
target stars with literature values foifidirent samples. The black dots represent stars in the MW tlkin a
thick disk as well as from the halo (Bonifacio et al. 2009; (2t al. 2004; Lai et al. 2008; Venn et al.
2004, and references therein). The black open circles shewvattundance of red giants fronffdrent
MW dSph companions, namely Bootes | (Feltzing et al. 2009yl @t al. 2010b), Carina (Koch et al.
2008a), Coma Berenices (Frebel et al. 2010b), Draco (Cohétu&ng 2009) Fornax (Letarte et al.
2010), Hercules (Adén et al. 2011; Koch et al. 2008b), Le8Hdtrone et al. 2009), Sgr (Monaco et al.
2005; Shordone et al. 2007), Sculptor (Frebel et al. 2018a)tans (Aoki et al. 2009), Ursa Major Il
(Frebel et al. 2010b) and Ursa Minor (Sadakane et al. 200R).yRae stars are on the horizontal branch
(HB) and therefore we show the abundances of red horizomdaich (RHB) stars from For & Sneden
(2010) and Preston et al. (2006) as well as the blue horizbréach (BHB) stars from For & Sneden
(2010) with red and blue squares, respectively. In For €Ral1) eleven nearby Galactic field RR Lyrae
stars were spectroscopically investigated. The analgsisaled a very similar elemental abundance
for all RR Lyrae stars, shown with cyan diamonds, with a mearabundance of [G&e] = 0.34 dex
and [Mg/Fe] = 0.48dex. In Hansen et al. (2011) two very metal-poor GalaciLRrae stars were
investigated. Ther-enhancement for these two stars, illustrated by greenadatids) is similar to the
results found by For et al. (2011).

The very metal-poor population of the MCs has not been ekiglysnvestigated yet. Therefore we
include abundances of red giants from the LMC field (Pompé#. 2008, blue crosses) and LMC GCs
(Mucciarelli et al. 2009, 2010, red crosses) in our comparis

7.6.3 Light odd-Z elements

The light odd-Z elements are investigated via the reson@nliee doublet of sodium at 5889.9 A and
5895.9 A, as well as through the aluminum lines at 3944 A a6d 29 For the sodium lines, the spectrum
is carefully inspected for interstellar contamination.rtipnately, the radial velocity is high enough to
avoid major contamination by interstellar lines. Regtditave can obtain synthesized abundances for
these two elements with acceptable uncertainties for teus stnly (Table 7.12).

In Figure 7.9 the same literature sources are used as ind-igiiand described in Section 7.6.2. In
the low metallicity regime of our target stars the sodiumratances of the MW and the dSph stars are
very similar. The two LMC RR Lyrae stars are slightly enhahaetheir sodium abundance and are in
good agreement with those stars of the MW and the dSphs. Aheistthe old metal-poor GCs of the
LMC have very similar sodium abundances as our RR Lyrae targlwhnson et al. (2006) found solar
mean ratios for their LMC clusters, while Mucciarelli et £010) obtained sodium enhancement for
most of the stars in the GCs.

A bimodal distribution of the aluminum abundances is obsérinvestigating BHB, RHB and
RR Lyrae stars in the MW. While the more metal-rich RR Lyrael &me BHB stars are enhanced in
aluminum, the metal-poor RR Lyrae and the RHB stars show derabundance in [#Fe]. There is no
explanation for this phenomenon yet. However, we find thattwo target stars have aluminum abun-
dances similar to the Galactic RR Lyrae and the BHB stars) waugh the LMC RR Lyrae stars of this
study are more metal-poor than the other aluminum enhaneesl sNe test if NLTE ffects might be
responsible, but applying the NLTE corrections of Andrigvst al. (2008) increases the overabundance
even more. It might be possible that (some of) the investy@®R Lyrae stars are underabundant in
aluminum and therefore we were not able to detect the linesiesf the LMC GC stars of Mucciarelli
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Figure 7.9: Abundance ratio of sodium to iron (upper panetj aluminum to iron (lower panel) vs.
[Fe/H]. The coding of the dferent types of stars is the same as in Figure 7.8. We see thaiMiC
RR Lyrae stars follow the trend of sodium enhancement witvetoiron abundance. For the aluminum
abundance a bimodal distribution is found. The RR Lyraesstath measureable aluminum abundance
belong to the group of aluminum enhanced stars, even thdwghare more metal-poor than the other
stars of this group.
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Figure 7.10: Chromium to iron ratio versus [A& Only for three of our LMC RR Lyrae stars upper

limits (indicated by the arrows) of chromium can be synthegiin our spectral synthesis analysis, but
no other iron-peak elements. The abundances are in gertatddigher than the comparison values from
MW RR Lyrae and HB stars. The color coding is the same as inrEig8.

et al. (2010) have estimates for aluminum. These stars, métallicities of the BHB stars, show abun-
dance patterns similar to the Galactic RR Lyrae stars of Fat. €2011) and to the Galactic BHB stars.
However, we cannot conclude that all RR Lyrae stars in the Bi€verabundant in [Afe] and more
stars need to be investigated.

7.6.4 lron-peak elements

For the iron-peak elements we are only able to synthesize& alfeomium lines for three LMC RR Lyrae
stars to within acceptable error margins. In general thes@dances are higher than the comparison
MW RR Lyrae stars. However, the lowl$of our spectra does not allow us to identify the lines priyper
and we recommend to take these values as upper limits far giass.

7.6.5 Neutron-capture elements

Neutron-capture elements are represented by synthedimedance measurements of strontium for four
of our LMC RR Lyrae stars and synthesized abundances ofrbddutwo of our LMC RR Lyrae stars.
In Figure 7.11 the abundances are compared with the literaiatasets mentioned in Section 7.6.2.

For strontium a slight overabundance is found in most of itezature RR Lyrae and HB stars.
However, there is no well defined trend and some stars ardisaily underabundant. We find three
RR Lyrae stars that are enhanced in strontium, while theddnoe of one star deviates significantly from
the other three. Thisis RR 177, the same star that showed @adomdance pattern in theelements. All
stars are, however, in good agreement with the literatutesasee Figure 7.11. Mashonkina & Gehren
(2001) found that a NLTE correction afy te = +0.6 should be applied. Adding this value to our LTE
measurements, the abundances of our RR Lyrae stars wadlldesin agreement with the abundances
found for other Galactic RR Lyrae and RHB stars.

The barium content of our RR Lyrae stars is slightly overalaum. Comparing it to the MW
RR Lyrae stars by For et al. (2011) and the RGs of the GCs (dohetsal. 2006; Mucciarelli et al. 2010),
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Figure 7.11: Strontium to iron and barium to iron ratios Vse/lH]. There is good agreement with the
literature data (see Figure 7.8). The strontium abundaotése LMC RR Lyrae stars fit well within
the trend set by the MW RR Lyrae and HB stars (upper panel).dBph and MW stars a significantly
different trend of the barium to iron ratio is only observable atatticities higher than those of our

RR Lyrae sample (lower panel). Therefore we cannot disti#lgwhether the RR Lyrae stars follow the
trend of the dSph or the MW stars.
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we find that our abundances are a bit enhanced. Howevernwiibi uncertainties good agreement is
found with these stars as well as with the RHB stars and thed®@e dSphs (see Figure 7.11).

7.6.6 Thea-poor star RR177

For our most metal-poor star RR 177, we find unusual abundawfdbe other elements. With [Ad] =
—2.7, this is the most metal-poor star currently known in the LM@erefore, we would expect the star
to be similarlya-enhanced as most of the metal-poor stars. Instead, we figdH&] = —0.5, with

a signal well above the noise level. For [Ea] we do not find a conclusive value, but the spectral
synthesis shows that the abundance has to be lower thaf¢Ca 0. For thea-element titanium we
find [Ti/Fe] = 0.0, a bit higher than the abundances for the othetements. However, as pointed out
in Thielemann et al. (1996) the production of titanium caodlappen through complete silicon burning
with ana-rich freeze-out. The complete sequences inside a staletito the synthesis of titanium are
not yet fully understood (e.g., Woosley & Weaver 1995).

The low abundance of the-elements might be indicative for a single enrichment eweithout
suficient mixing of the supernova debris. In Argast et al. (200)2), the mixing of the ejecta into a
gas cloud of 16Mg, may lead to am-underabundance for individual stars. Following these efgdhe
chromium abundance would appear rather normal, as obstaw&R 177 (compare Figure 2 of Argast
et al. 2000).

To date, Galactic field and dSph stars with such an amountleftse depletion in thex- (and
possibly in some neutron-capture) elements have only lmerdfat metallicitiess —2 dex (e.g., Carney
et al. 1997; Ivans et al. 2003; Koch et al. 2008a).

7.7 Conclusions

We present the first detailed spectroscopic analysis of MQyR&e stars, with six stars located in the
LMC and three stars in the SMC. With metallicities as low as/H] = —2.7 dex, we find the most
metal-poor stars yet known in the MCs. A mean metallicityfed/H] = —2.4 dex for our nine objects
allows us to probe the earliest currently available traoéthe chemical evolution of the MCs.

The candidates for the most metal-poor RR Lyrae stars werifted via photometric metallicity
estimates (Chapter 3). These candidates generally turtodag more metal-rich when using spectro-
scopic measures. Overall, the metallicities of our RR Lygtags are significantly higher than those of
the extremely metal-poor RGB stars found in several dSpls (erebel et al. 2010a; Norris et al. 2010c)
or the most metal-poor stars of the Galactic halo (e.g.,étretal. 2005; Ciau et al. 2011). The reason
for this lack of extremely metal-poor RR Lyrae stars are tr@dionary tracks of stars beyond the main
sequence. As pointed out by Yoon & Lee (2002) extremely npedal stars do not enter the instability
strip and therefore one would not expect to find RR Lyrae stés[Fe/H] < —3 dex.

For thea-enhancement an overabundance betwe&n<0[a/Fe] < 0.5dex is found for Galactic
RR Lyrae stars (For et al. 2011; Hansen et al. 2011) as welbrasefl giants in the GCs of the MCs
(Johnson et al. 2006; Mucciarelli et al. 2009, 2010), in dSf#hg., Koch et al. 2008a, and references
mentioned above) and in the MW halo (e.g., Venn et al. 200d references therein). Our spectral syn-
thesis of ther-elements in our metal-poor field RR Lyrae stars in the MCeas/a mean-enhancement
of 0.36 + 0.25 dex in very good agreement with these other sources.

For the odd-Z elements we find a small overabundance in sodndra significant overabundance
in aluminum in good agreement with the red giants of the MC @@ the Galactic RR Lyrae stars.
The upper limits for our measured iron-peak elements arsistamt with the abundances determined
for different types of Galactic stars of similar metallicity (eRyeston et al. 2006; For & Sneden 2010).
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For the neutron capture elements we also find good agreeraemédn our abundances and the values
obtained for the dierent dSphs, the LMC GCs and the halo stars of the MW.

As members of the old population of the MC our metal-poor RRakystars were only or primarily
enriched by supernovae of type Il, with little or no conttiba from supernovae of type la, as indicated
by the abundance patterns that we derived. Our resultstaeftre, consistent with the model of an
invariant, massive star, initial mass function (IMF) fofr evironments at early times (e.g., Wyse et al.
2002).

The spread of abundances observed in our target stars andelleenent deficient star RR 177 are
indicative of local star formation in bursts in an inhomogeusly enriched environment or even en-
richment by single supernova events. Therefore we expattstiar formation happened locally in a
stochastical way and that the early MCs were not chemicadlly mixed. This is also consistent with the
varying metallicities at any given age in the SMC (e.g., Gdaal. 2008a) as well as in dSphs (e.g., Koch
et al. 2008b).

In general we find that the abundances of the old and metaldd@s RR Lyrae stars are consis-
tent with the abudnances measured in the MW halo. Recentnmahsimulations (Font et al. 2006;
Robertson et al. 2005) indicate that the halo was primaudiiit bp from early mergers of the MW with
MC-sized objects. From our results we can confirm that theddmice patterns of all investigated ele-
ments of the metal-poor, old MC stars and the MW halo are ctitvipaTherefore it is conceivable that
early mergers of “proto-MCs” with the MW contributed to theild-up of its halo.
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Summary and Outlook

Summary

The main theme of this work is the evolution and structurehefMCs. Evaluating the chemical prop-
erties of large samples of variable RR Lyrae stars, usingtbieival data of the OGLE survey, allowed
us to uncover aspects of the early history of both Clouds. athdances of the most metal-poor, and
presumably oldest, members of the RR Lyrae stars are igadstl using spectroscopic measures. The
three-dimensional structure of the old population, frora BR Lyrae stars, as well as for the young
population, traced by Cepheid variable stars, was detednfior the Clouds and conclusions about the
evolutionary history were drawn. The knowledge and experis finally used on the OGLE dataset of
the Galactic bulge region, which included also parts of #agling arm of the Sgr stream.

The first step in my thesis was the determination of detadedtially resolved reddening maps for
both Clouds in Chapter 2. Twoftierent approaches were used to determine an area-averalgietire
of the whole OGLE field of the MCs and to compute line-of-sightidening estimates to individual
stars. For the area-averaged reddening, the color of the fRBI %t subfields in the LMC and 693
subfields in the SMC were evaluated and compared with a ttieairealue for an unreddened field of
the same metallicity. In both Clouds it was shown that magibres do not sfier from a large amount of
reddening. However, some star-forming regions, espg@alDoradus, experience heavy extinction and
were clearly visible as highly reddened regions in the raddpmaps. Since the reddening in the MCs is
variable on small scales, for the determination of precistadces the extinction is a crucial factor. We
therefore decided to calculate individual reddening estii® for each RR Lyrae star by subtracting the
color computed from the calculated absolute magnitudes fhe observed color in the same passband.
The area-averaged reddening maps were compared with thvidirad reddening estimates from the
RR Lyrae stars as well as with literature values of MC extorcimaps. On large scales an overall very
good agreement between all thé&eient methods was found.

The MDF of the old population of the LMC and SMC was evaluate@€hapter 3. From the OGLE
archive, the data of 16776 RR Lyrae stars were used to determphiotometric metallicities of the LMC.
For the SMC, photometric metallicities of 1831 RR Lyrae staere evaluated. The OGLE collaboration
already performed a Fourier decomposition of each lighteuo determine the phase parametey.

We repeated the process to test whether the data were estinfiito calculate uncertainty estimates for
each phase parameter. Kovacs & Zsoldos (1995) and Smolé&)(2ttroduced a method to use this
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parameter, and the period, to calculate photometric ng@tglestimates for RR Lyrae stars on the scale
of J95. These were transformed to the more widely used staM/84. For the LMC a mean metallicity
of [Fe/H] = —1.50dex is found, while the SMC is more metal-poor with a medne/af [Fe/H] =
—1.70 dex. The individual metallicity estimates were convdlessuming a Gaussian distribution, giving
an intrinsic width of 0.24 dex for the metallicity distritbom of the LMC and 0.27 dex for the SMC. These
results suggest that the early evolutionary history of tieésvhight be a bit dferent from each other and
we took it as an indication that the enhancement of the Imiteterial has taken placeftérently. For a
subset of our RR Lyrae stars with photometric metallicipectroscopic estimates were also available.
The comparison between both revealed good agreement, lemeght some deviations were found at the
metal-poor end of the calibration.

The three-dimensional structure of the LMC was investigate Chapter 4 for the young and old
stellar population traced by Cepheids and RR Lyrae stargloixg the metallicities from Chapter 3,
the absolute magnitudes were calculated using the relagd@lementini et al. (2003). Together with
observed magnitudes by OGLE and the reddening estimatesGtwapter 2, individual distances were
calculated for 16776 RR Lyrae stars and 1849 Cepheids. fetlout that the individually dereddend
populations have a better agreement with each other andterpiiated their reddening values and dis-
tances as more reliable. We find a mean distance 4f63.2 kpc to the RR Lyrae stars and a Cepheid
mean distance of 53 + 1.8 kpc. Thus, using individually dereddened distances appearesolve the
long-standing “long and short distance scale problem” fBrLigrae stars and Cepheids. The same po-
sition angle @ = 115 + 15°) and inclination anglei (= 32° + 4°) is found for both stellar tracers. The
scale height is a bit larger for the RR Lyrae stars witBi£20.2 kpc, in contrast to.9 + 0.2 kpc for the
Cepheids. The most interesting result, however, was thatowkl confirm the i-center bar suggest by
several authors. The bar protrudes out of the disk towardhy wp to~ 5kpc.

For the three-dimensional structure of the SMC we used thee sspproach as in Chapter4. The
results for 1494 RR Lyrae and 2522 Cepheids observed by OGaie wresented in Chapter5. The
structure of the old population is veryftéirent from the young stellar tracers. The RR Lyrae stars have
mean distance of 68+ 3.4 kpc, a position angle @ = 81° +21° and an inclination angle af= 7° +15°.

A similar mean distance of 6B+ 3.0 kpc and position angle @ = 71° + 15° is found for the Cepheids.
The inclination angle is, however, ratheffdrent withi = 74° + 9°. This diference may be the result
of major interactions between the SMC, the LMC amahe MW. These interactions disturbed the gas
content and triggered intensive star formation. The langsinisic depth of the SMC is observable in the
RR Lyrae distribution with a scale height of73+ 0.4 kpc as well as for the Cepheids, where we find a
scale height of & + 0.3 kpc. The fact that the large scale height is evident in botiufations showed
that the SMC gas was disturbed by intensive interactionsthadthe stellar population of the SMC
present before the encounter(s) between the galaxies kastidally heated and therefore extended to
larger scale heights.

In Chapter 6 we investigated the reddening, the metadieiind the three-dimensional distribution of
11534 RR Lyrae stars observed by the OGLE collaborationrasvilne Galactic bulge. The OGLE field
was restricted to Galactic latitude belev@°, therefore the central region of the Galaxy was omitted. The
techniques of the previous Chapters were used to calculateegparameters needed to investigate the
properties mentioned above. We find quite severe reddeaspgcially for the fields close to Galactic
disk. A mean metallicity of [FEH] = —1.25 dex is obtained. Mierent reddening laws were applied to
find the most reliable distance estimates, and the results emmpared with the recent literature. The
best agreement was found for the reddening laws by SFD98@8d P, which resulted in mean distances
of 8.0+ 1.7kpc and 8 + 1.7 kpc, respectively. The leading arm of the tidal stream ftbenSgr dSph
cuts through the OGLE field. Given the RR Lyrae distance egémit is possible to disentangle which
stars are likely to belong to the Sgr stream. For 251 RR Lytas $ocated in the distance suspected for
the stream, we found a significantly lower mean metallicityF@/H] = —1.50 dex. This metallicity is
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in very good agreement with the mean metallicity of the LM&¥iekd in Chapter 3, and mean distances
of 24.0 + 3.6 kpc and 22 + 3.9 kpc were obtained for the Sgr stream using the tvifedint extinction
laws. Comparing the stream distances with the literatuappiears that the stream is inclined.

The last part of this thesis was dedicated to the analysigefspectra of RR Lyrae stars observed in
the MCs and is presented in Chapter 7. The RR Lyrae stars wayagthe most metal-poor candidates
found in our analysis in Chapter 3. The spectra were obsdryads with the MagE instrument at the
Magellan telescopes, Las Campanas, Chile. First | reduoedotv SN data. The spectral analysis
revealed that the derived metallicities for the most mptadr candidates are more metal-rich than those
found by the photometric estimate. Nevertheless, all ofcamdidates turned out to be quite metal-poor,
and we found the most metal-poor star with an iron abundahffeegH] = —2.7 dex discovered in the
MCs so far. For all the other target stars, metallicitieobelFe/H] < —2 dex were obtained. Apart from
iron, abundances for up to tenfidirent elements were obtained for the target stars. We fcuatdhe
abundances ratios are consistent with the estimates faundédtal-poor stars in the dSph as well as in
the MW halo. A formation scenario where a MC like galaxy hadrbaccreted by the Galaxy to form
(part of) the halo is therefore plausible.

Outlook

The field of OGLE Il covers only the dense, central parts ef thCs. The new ongoing OGLE IV and
VISTA surveys will increase the field to include the outskiaf the Clouds and cover the Magellanic
Bridge. This will allow one the study of the structural paeters of the outskirts in unprecedented
precision and to address how the Clouds have been alterattdradtions between themselves as well
as with the Galaxy. Tracing the RR Lyrae stars will allow thedg of the early evolutionary history
through MDFs and the identification of possible metalligtadients. These will give insights how the
MCs have been formed, and whether they have a common origin.

Future observations of the MCs by the Gaia satellite withalthe determination of parallaxes to the
brighter stars of these galaxies. The distance calibratitirsolve the problem of the true distance mod-
ulus, the line-of-sight depth and other structural paransedf the Clouds. Calibrations of the absolute
magnitude for the RR Lyrae stars will be tested and relial® relations will become available. This
will enable the use of data from the large survey telescapes) as LSST, which will come online and
fully operational within the next decade, to obtain lightas for RR Lyrae stars in galaxies outside our
own MW and its companions. These lightcurves will providditidnal information about the physical
and chemical parameters of the exclusively old population.

Photometric metallicities are not well calibrated for vengtal-poor RR Lyrae stars. It would be
extremely valuable if a photometric survey could obsenar@d number of Galactic field RR Lyrae stars
to get very well defined lightcurves inftierent bands, as planned for LSST. For an optimal calibration
of the photometric metallicities all these stars shoula &s observed spectroscopically to determine
homogeneous metallicities. Hopefully a metallicity raragewide as possible would be covered. This
would allow us to extend the metallicity-peri@d; -calibrations, especially for other passbands than
V. Using only Galactic field RR Lyrae stars would allow to penfiothis task with a medium-sized
telescopes, which are more readily accessible. If one doegant to wait for LSST, the observations
for the lightcurve determination could even be performea impn-professional astronomer.

Another aspect that has to be addressed in future work is a extended survey of the very metal-
poor stellar population of the MCs. Especially for the SM&8uyfstars with very low metallicities are
known, primarily because no very metal-poor GC is preseig, however, crucial for the understanding
of the early phases of the evolution of a galaxy to find thepe tf stars. RR Lyrae stars might not be
the best choice, because the observation time is limitedadtheir variability and extremely metal-poor
RR Lyrae stars might not exist. Therefore, BHB stars werayecé choice to look for extremely metal-
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poor stars. However, it might still be worth to attempt itlvibe RR Lyrae. Otherwise, the planned large
photometric surveys of the Clouds done by SkyMapper, faiaimse, could be used to find candidate
extremely metal-poor stars, which could be followed up spscopically.

There are many more issues to tackle and a lot of ideas faesttag projects will hopefully come
to your mind after reading this thesis.

Take-Home message

The analysis of archival data from the Optical Gravitatlopensing Experiment allowed us to draw
conclusions about the distance, stellar structure and iclaémistory of the Magellanic Clouds. The
depth extend of both Clouds is significant, with2 kpc for the Large Magellanic Cloud and a Small
Magellanic Cloud depth ot 4kpc. The depth has an influence on the reliability of meatadee
estimates, which were found to be 53 kpc for the Large Magiel&€loud and 63 kpc for the Small
Magellanic Cloud. With our three-dimensional maps of bolbu@s, we showed that the bar in the Large
Magellanic Cloud protrudes out of the disk and is @aenter feature. The cause of this feature is still
not understood, but might be connected to recent interactietween both Clouds. The significantly
different metallicity distribution functions of the old poptidens are, however, an indication that the
Clouds have a dierent early chemical history. It seems that consideralikrantion have taken place
between the Clouds. We found the most metal-poor star yebweksed in the Large Magellanic Cloud,
which shows indications of being the result of local stanfation with inhomogeneous enrichment.
Nonetheless, the extremely metal-poor stellar populatibthe Magellanic Clouds still waits for its
discovery. The individual element abundances of thosetald $or which we obtained spectroscopy led
to the conclusion that a build-up of the Milky Way halo from &nger with a Magellanic Cloud type
galaxy is plausible.
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Appendix

Spectra of very
metal-poor RR Lyrae stars
In the Magellanic Clouds
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Figure 8.1: Spectra of the Mg lines between 5150A and 5200#&.1Tack lines show the Mg lines, while
the red lines show an Fel line. The standard stars HD74008,;1@6nd X Arietes and our three SMC
targets are shown.
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the red lines show an Fel line. All targets from the LMC areveihdere.
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