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CHAPTER 1

Introduction

As time-scales inherent to stellar evolution are much lortgan our human lifetime, we

might not always realise it, but as it is very natural on edintt “mother nature” re-uses
material, it is equally normal in the universe. Stars arenkmirt of clouds, the remnants of
earlier generations of stars. Depending on their initiabsrihiey evolve according to differ-
ent physical processes. Some stars produce during thedinig large amounts of dust which
they give back to their surroundings. Also gas is ejecteal in¢ interstellar medium by e.g.
the stellar winds of massive stars. Due to the processegiimtirior of the star, all this dust
and gas which is now given back to the universe, is enrichegev generation of stars will

be born from the remnants of this generation. And as is als@#lse on earth, this cycle of
life goeson and on...

In this thesis, we will present work done on the stellar papahs in the inner galaxy.
We will study OH/IR stars in the Galactic Centre (GC) whick believed to originate from
different stellar populations (see Chapter 2). In Cha8acs6 we will study a sample of the
stellar population of AGB stars in the Galactic Bulge (GBilatudy the dust formed around
these stars, which will eventually be used to enrich thegtédlar medium (ISM). And last
but not least we will study the characteristics of the GB asdsiellar population using a
“galaxy model” (see Chapter 7).

In this chapter, we will give a general but brief introductim the topics that cover this
thesis. Unless mentioned otherwise, this introductionaiseld on the different chapters in
Habing and Olofsson (2003).
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1.1 Stellar populations

One of the keywords in the title of this thesissillar populations A population of stars is
a sample of stars that for some reason can be categorisetthénsame group of stars. The
most often used definition of a stellar population is that glaulation consisting of stars
with a range of masses, all of which were formed at roughlystrae time, so that they have
a common age and comparable chemical composition. An exaohis kind of population
is e.g. stars located in a stellar cluster (see e.g. rightlgarrigure 1.1).

Using the distribution of stars we can define a second definfior a stellar population in
which we consider the phase-space distribution. The pipaee distribution function of
stars gives the amount of stars as a function of their looatidghe galaxy and their velocity.
If we consider the entire phase-space distribution as thepogition of smaller groups of
stars, than also these groups of stars can be called a gteflatation. Examples of this are
e.g. stars in the disk or stars in the halo.

AGB stars in particular are often used to study stellar pajrhs as these objects can be
used as tracers of the broader underlying population. ThB Afars are luminous and are
therefore easily detected throughout our Galaxy, as wetl galaxies within about 10 Mpc.
If a galaxy is too far away to distinguish individual stafs presence of AGB stars may still
show up in the integrated spectrum of the galaxy. Therefa®&B stars make good probes to
study galactic structure and dynamics, as well as star fiiomhistories.

1.2 AGB stars

An important part of this thesis is dedicated to AGB starsyé¢fore we will give a general
introduction to AGB stars, their structure and evolutioariability, and dust formation pro-
cess in this section.

1.2.1 Low-mass stars: from the Main Sequence to the AsymptiatGiant
Branch

The evolutionary path a single star follows, depends omitsal mass. Figure 1.1 shows
two Hertzsprung-Russell diagrams (HR diagram). Dependim@ star’s temperature and
luminosity it gets a place in the HR diagram. The left pandFigfure 1.1 shows also some
evolutionary tracks, which depend on the initial mass ofstiae.

The majority of stars studied in this thesis are so calted-mass starsmeaning that
these objects have an initial mass somewhere between 0.8.2id,. Therefore we will
only briefly introduce the pre-AGB evolution for these stars

Low-mass stars have similar masses as our Sun and statftnairthe Solar-like region
shown in the left panel of Figure 1.1. This phase of their isfealled theMain Sequence
(MS) and during this period hydrogen is burned into heliurthimstellar core. The left panel
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Figure 1.1: The left panel shows a theoretical Hertzsprmdngsell diagram. The-axis
indicates the temperature, tii@axis the luminosity. This figure also shows types of vagabl
stars, among which are AGB stars (semi-regulars (SR) and'®)lirThe figure on the right is
an observed colour-magnitude diagram for the globulateiud3. On thex-axis theB — V
colour is given and on thg-axis theV-band magnitude (taken from Habing and Olofsson
2003).

in Figure 1.1 shows in detail the evolutionary track theaesstollow.

When the hydrogen in the core is exhausted, the star leag@4%$h Since the hydrogen burn-
ing in the stellar core stopped, there exists no energy sotarcounter the gravity in the
stellar core and the star begins to contract. Due to thisaotion the temperature rises and
at a certain moment the temperature is high enough to stdroggn burning in a thin shell
around the helium core. The star is now located orRbd Giant Branc{RGB).

The hydrogen burning shell increases the temperature ofdhe until the temperature is
high enough to start helium burning. Since the core of an R@@Bis degenerate, the helium
burning does not trigger an expansion of the star, but idstaaises a helium-flash. This
helium-flash lifts the degeneracy of the core and so the RGB@lknds and the star moves
to theHorizontal Branch(HB).

When all helium in the core is burned to carbon and/or oxygencore contracts and heats
up. Due to the rise in temperature, hydrogen shell burnirgiecand the star moves up to
the right in the HR diagram and starts thsymptotic Giant BrancbAGB) phase.

Also the so-calledntermediate-masstars (with initial masses lower than-89 M)
eventually become AGB stars, nevertheless in a slightfgdifit way. These objects have a
helium core which is hot enough to prevent the electron gagt@me degenerate as occurs
for the low-mass stars. The intermediate-mass stars sthunirburning in a non-explosive
way, similar to that on the HB.



4 Chapter 1. Introduction
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Figure 1.2: Schematic and not at scale overview of an AGB 3tae division into the four
major parts (the degenerate C/O core, the stellar envelbp@tmosphere, and the circum-
stellar envelope) and some important physical/chemicatgsses are indicated (adapted by
J. Hron from an original idea by Th. Le Bertre).

1.2.2 Internal structure

Notwithstanding that the lifetime of a star on the AGB is vehprt compared to its MS life-
time, the AGB phase is a very complex and eventful phase. hergd, an AGB star can be
divided into four main partsta) a small, very hot, and dense co(b) a large, hot, and less
dense stellar envelop&;) a tenuous, warm atmosphere, gl a very large, very diluted,
and cool circumstellar envelope (see also Figure 1.2).

1.2.2.1 The core and stellar envelope

At the beginning of the AGB phase, tlearly-AGB(E-AGB), the material around the CO
core consists of hydrogen. The temperature around the sdnigh enough to ignite H into
He, which results in a hydrogen-burning shell. This H-bngnshell produces most of the
energy in the star.

The star continues to increase its luminosity and when ithea a luminosity of about
3000 times the solar luminosity the temperature is high ghda ignite the He formed by
the H-burning shell around the core. The AGB star is now ablburn both helium and
hydrogenin shells. At the beginning of tdeuble-shell burning phasthe He-burning shell
dominates. Because the H-burning shell continues to bumt¢iHe, the mass of the thin
He layer increases, separating the core from the mantle. ckhises the He-burning shell to
become unstable and the He burning occurs now in a degergmétenment, causing the
He-layer to burn He into C very rapidly. This is called a Helsflash or thermal pulse,
therefore this part of evolution is called ttreermally pulsing AGB phaqd P-AGB).
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Figure 1.3 shows the interior of an AGB star during the TP-Ag$Rse. The upper panel
shows one thermal pulse in detail, the middle panel two canae thermal pulses, and the
lower panel shows the luminosity in function of time. Thaxis of the two upper panels
shows the mass fraction. A thermal pulse can be divided ings@hindicated at the top of
this figure. During the “off” phase at the beginning and thd efia thermal pulse, the energy
of the star is mainly created by the H-burning shell. Durlmgton” phase, the He-shell burns
very strongly. The energy deposited by the He-burning reasicannot be transported by ra-
diation alone and a convective shell develops immediatedyva the He-burning region, the
inter shell convective zone. During the “power down” phdke,He shell burning decreases
and the inter shell convective zone disappears. Because dbads of energy released by
the previous inter shell convective zone, the H-shell mgrzione is pushed upwards in mass
fraction to lower temperatures and densities so that itlrmdat) extinguished. During the
next phase of the thermal pulse, the convective layers &heafjions in Figure 1.3) reach
the layers where nuclear processing takes places. Thesedtive layers take the processed
material to the stellar surface, which therefore becomesleed. This is called dredge-up

Because of this dredge-up, especially the newly creatdsboawill become visible at the
surface. In some stars this continues long enough so thathilnedance of carbon exceeds
that of oxygen and aarbon-rich staris born. This will not happen in all stars: stars that
have sufficient mass experieneat bottom burningHBB) which causes the carbon to burn
into nitrogen before it can reach the surface of the staro Adow-mass stars the conversion
from oxygen-rich (O-rich) to carbon-rich (C-rich) will notcur: all the matter between the
core and the stellar surface will be ejected and furthengian will be terminated before the
conversion can take place. The initial mass is not the ordiofgplaying a role here, also
the metallicity is important. An AGB star with a lower meteity has a smaller absolute
difference between the amount of C and O-atoms and ther#fisretar needs a shorter time
of dredge-up to become a carbon-rich star.

1.2.2.2 The atmosphere

The atmosphere is mostly defined as the stellar region ei$ibm the outside. In general,
the atmosphere can be considered as the region respornsilie felectromagnetic emission
one observes. Based on the effective temperature of a sigrtfile temperature a black
body would have if it emitted the same amount of energy petr angia as the star), it can
be classified in terms of a spectral type. The oxygen-rich AS&Bs studied in this work
are classified as spectral type M. As these spectral classegige broad and contain many
different objects, they are often sub-divided from categm0 to 10, in our case from MO to
M10. The spectral classification of M-giants is generallgdzhon absorption features (Fluks
et al. 1994) such as e.g. TiO bands in the optical and neearbd (near-IR) spectrum. The
TiO bands are sensitive to the effective temperature oftdreasid become stronger when the
effective temperature decreases or equivalent when arakt-gizolves from MO to M10.

Since the effective temperatures of these objects are lmwuiga 3000 K), molecules are
formed and have a larger impact on the near-IR spectra tlaamsatThe relative importance
of different molecules determines the spectral signatéiaol stars such as e.g. M giants
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studied in this work. Decin (2000) shows based on model spéaiw the relative strengths
of molecular bands in the near-IR spectrum change as funcfithe stellar parameters such
as the effective temperature. Therefore molecules suchiG¥ands or CO bands can be
good indicators of the effective temperature.

The atmospheres of AGB stars are unstable against connécttbe deeper layers, pul-
sations, and the thermal pulses. These events have a |ftgire on the stellar atmosphere,
the latter two can create (strong) shocks. Because of theseks, grain condensation can
take place in the post-shock gas at higher latitudes. Anetffiect of the shocks is mass-loss.
In the beginning of the AGB phase, this will be at a very loverét0° M,/yr), but at the end
of the AGB this can be as high as TM,/yr.

1.2.2.3 The circumstellar envelope

Because of the mass-loss a circumstellar envelope (CSEcapag gas and dust particles
will be formed. Depending on the temperature moleculesaratéd in envelopes with dif-
ferent sizes in the CSE. The two biggest envelopes are fooyeét] and CO. The dust grains
are located much further away from the central star than tbkeeules. The highest tem-
perature at which dust grains exists is about 1800 K (seeSdstion 1.2.4). The kind of
molecules and dust grains formed is highly dependent on t@er&tio. Oxygen-rich stars
show molecules and dust grains with more oxygen than cavidoife carbon-rich stars have
mainly carbon in their molecules and dust grains.

1.2.2.4 End of the AGB

At the end of the AGB phase the radius of the star becomeseama# the rate of ejection

of matter is higher than the growth rate of the core. From nawtbe mass-loss process
determines the evolution. This causes the star to move irlEheiagram towards the blue.
When all the matter around the core is dispersed into spae®ftject leaves the AGB phase
and enters thpost-AGBphase. Due to the high mass-loss at the end of the AGB phase, th
inner parts of the star become more exposed. Since the iagens of the star are hotter, it

is possible that the previously lost mass becomes ioni§&usloccurs, the material becomes
visible as a Planetary Nebula (PN).

1.2.3 Variability

As could already be seen from the previous section, vaitialisla very common feature of
AGB stars. Therefore, AGB stars are also often classifie@das their variability type.
There exists four broad groups: the irregular variables sémi-regular variables, the Mira
variables, and the dust-enshrouded infrared variables.

The irregular variables are the less evolved AGB stars and litlle periodicity. The
semi-regular variables are the next stage of evolutione ls@me definite periodicity, and
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a pulsation amplitude less then 2.5 mag in thdand. The Mira variables have a larger
pulsation amplitudex 2.5 mag in theV-band) and show relatively regular variations. The
dust-enshrouded infrared variables have the longestge(io 600 d) and the highest pul-
sation amplitudes (in thK-band up to 3 mag) of the four groups. The oxygen-rich stars in
this group are known as the OH/IR stars. These stars are theavalved AGB stars and are
believed to be progenitors of Planetary Nebulae (see e.lgel€et al. 2005; Habing 1996)
(see also Section 1.2.6).

Period-Luminosity relation

Figure 1.4 shows the Period-Luminosity (PL) relation foticglly visible semi-regular and
Mira variables in the Large Magellanic Cloud (LMC) (Wood 2)0 The figure shows four
parallel PL sequences (A — D) and another sequence E.

Sequence E consists mostly of stars still on the RGB sincesijuence lies below the
TP-AGB minimum luminosity (see arrows in Figure 1.4). Tharstin this sequence have
quite regular light curves, which is an indication of some sébinary or rotational origin.
As is indicated in Figure 1.4, the Mira variables are locattthe top of sequence C and pul-
sate in one period. The period-luminosity relation foundl&mge-amplitude AGB variables
in the LMC coincides with sequence C. This PL-relation carabeurately reproduced by
fundamental mode pulsation. Therefore objects on thisessrpiare believed to pulsate in
the fundamental radial mode.

Sequences A, B, and the lower part of sequence C are occupthd bemi-regular variables.
The pulsations of semi-regular variables located on sezpseA and B can pulsate in a num-
ber of modes, often simultaneously. These objects becoste $gcond, or third overtone
pulsators.

The stars located on sequence D are invariably multi-peridldey have one period that lies
on sequence D and another that lies on sequence A, B, or snese€. The origin of this
sequence is currently still unknown.

1.2.4 Dust formation and mass-loss mechanism

AGB stars are known to lose a significant fraction of their sthsough a slow, massive wind.
The oxygen-rich dust condensation sequence describes@raehe order in which the dust
grains could be formed in the winds of oxygen-rich AGB stafs. predict the condensa-
tion sequence one relies on the thermodynamic condensagrences. In this section, we
describe the condensation sequence starting from alumih&ram silica (based on Tielens
etal. 1997; Cami 2002).

For oxygen-rich stars a fairly abundant element is alunmmitrhermodynamic studies
predict that dust formation for the Al condensation seqeestarts with the formation of
crystalline ALO3 (corundum or crystalline alumina) at about 1760 K. Figuigillustrates
this sequence. When corundum cools down, it reacts withogasgiO, Ca, and Mg to form
melilite, first in the form of pure gehlenite (gAl,SiOy;), later to transform gehlenite par-
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Figure 1.4: The log P v& diagram shows the period-luminosity relations for optical
visible red variables in a.B x 0.5 degree area of the LMC. The crosses are MSX-selected
infrared sources from ax33.5 degree arc of the LMC (taken from Lattanzio and Wood 2003).

tially into akermanite (CaMgSi,O;) around 1550 K, corundum (above 1510 K), and spinel
(MgAIl,0,) below 1510 K. At about 1450 K, melilite reacts to form diapsi{CaMgSiOg)
and spinel. The latter two are then through solid-solidraxtgons transformed into anorthite
(CaALSixOs).

Only a small fraction of the Mg and the Si is involved in thigtpaf the condensation
sequence. The main silicon bearing minerals are formedifir@a separate condensation
sequence. Most of the silicon nucleates and condensesffiastoait 1440 K as forsterite
(Mg2SiOy), which is the Mg-rich end member of the olivine family{ao_»«SiO, with a and
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Figure 1.5: The Al condensation sequence. Based on Cam2)200

b Mg, Fe, Mn, Co, or Zn). The excess SiO will eventually confersterite at about 1350 K
into enstatite (MgSig), the Mg-rich end member of the pyroxenes, which are;2idains.

What happens with Fe is not very clear in the described smmnavietallic iron is likely
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to be formed but iron could also transform enstatite intatienite and fayalite (R&IO,) at
1100 K. Magnesiowustite (MgFeO), often observed in AGBsstiathe form of Mg 1Fey 9O,

is not an expected condensate in these sequences. It ifotteanet clear how this molecule
fits in these oxygen-rich dust condensation sequences.

Several observations, mostly IRAS/LRS and ISO/SWS havealed the presence of
many different dust compounds in O-rich AGB stars (see eagldya et al. 1986; Onaka et al.
1989; Sloan and Price 1995; Waters et al. 1996; Speck et @0; Fabian et al. 2001; Cami
2002; Posch et al. 2002; Blommaert et al. 2006). Many, buatipbf these compounds are
part of the theoretical condensation sequence: AGB stdlshigh mass-loss rates show co-
pious amounts of silicates, including crystalline olisrend pyroxenes, while the spectra of
AGB stars with low mass-loss rates, on the other hand, shadeeree for aluminium-oxide
and magnesium-iron oxides. This difference in spectraicstire of AGB stars is thought
to reflect the rapid “freeze-out” of the dust condensatiaqusace, a term used to indicate
that the densities in the dust formation zone are too low &stain condensation reactions
to occur, and therefore the dust condensation sequence attipe intermediate step. Thus,
studying a sample of similar stars but with different masssirates is a powerful way to
probe the dust condensation sequence observationallyedeeeze-out will occur at differ-
ent densities and therefore stop the condensation seqa¢mifferent intermediate steps.
Chapters 3 to 6 will be dedicated to a sample of AGB stars irGGhkactic Bulge, chosen to
study the oxygen-rich dust condensation sequence.

Basically one could describe the mass-loss process as atipulenhanced dust-driven
wind: shock waves created by stellar pulsation lead to aejermol, extended stellar at-
mosphere, allowing for efficient dust formation. The conipas in the dust grains is then
determined by the elemental abundances in the stellar ptreos, with C-rich stars forming
carbon grains, and O-rich environments producing siligatdicles (Hofner and Andersen
2007). The dust formed in the outflow is not only dependenteretemental abundances in
the stellar atmosphere, but also the temperature and theloessrate, which depend on the
evolution along the AGB, play a key-role in the entire dustfation process.

This model works very well for C-rich stars and it was assunted it would also work
for O-rich stars. Only recently, it became clear that thisidg mechanism for the wind is
not understood at all in the case of O-rich stars. Woitke @@bows that Fe is needed to
have a dust-driven wind. Silicates such as8i§, without Fe-contribution are unable to do
this because they are almost completely transparent arbuntdwhere most of the stellar
flux radiates. So the role of solid iron and Fe-rich silicagesrucial for the wind driving
mechanism. The drawback of this is that the Fe containingleosates are not stable with
respect to the temperatures close by the star and thereforedt too large distances from
the star to provide an efficient mass-loss mechanism. GdiSaalmayr (1999) showed that
also separate grains of metallic iron are formed in the wofd8GB stars. The contribution
of metallic Fe to the wind driving mechanism is not completahderstood yet, but as it can
form at high temperatures, it may help driving the wind evelow mass-loss rates.

Hofner and Andersen (2007) came with another solutiontferdriving mechanism: they
propose that winds of O-rich AGB stars are driven by small amt® of carbon grains. This
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could only happen if not all the carbon is locked into CO aseiseyally expected for O-rich
AGB stars. The direct detection of carbon grains in the speaft O-rich AGB stars is un-
likely to happen: the optical properties of amorphous caibad to featureless infrared (IR)
spectra, whereas SiC, which has a pronounced feature atdwmd, would not be produced
enough to appear above amorphous carbon and the nearlayesfib@ture. Considering the
relative opacities of SiC and silicates, this would reqairéeast as much Si being bound in
SiC as in silicates, which seems unlikely in an environmetit ®/0 < 1.

1.2.5 Evolution along the AGB

In Section 1.2.2 we mentioned the evolution and change llasfgarameters occurring dur-
ing the time a low- or intermediate-mass star spends on thB.A&gure 1.6 shows this
evolution for certain properties of an AGB star. From top tgtbm the panel shows the ef-
fective temperature gk, the luminosity normalised to the solar luminosityt ., the period
P in days, the mass-loss rate in units of 4 ./yr (Mg), and the total stellar madd. The
evolution in the beginning of the AGB phase continues withemy abrupt changes. The
effective temperature decreases, the luminosity and thiecgpacrease, the mass-loss rate
is low and cannot be seen yet in the figure, and the stellar d@ss not change. At about
6 ~ 7 x 10° year, the thermal pulses start. The He-shell flashes firstecan increase in
luminosity followed by a luminosity dip. The luminosity théncreases again until the next
thermal pulse. The effective temperature reacts to therthigoulses in the opposite way. At
about the 5th thermal pulse, also abrupt changes in the losssate can be noticed from
the figure. When the superwind phase starts and the star dosigmificant fraction of its
stellar mass, the period grows more rapidly than beforey \erg periods exhibited by the
dust-enshrouded AGB stars are a result of this.

To summarise: as AGB stars evolve, their luminosity, peraol mass-loss rate will in-
crease, while their effective temperature decreases. é\ettd of the AGB phase, the star
loses also a significant fraction of the mass in its stellaekpe.

1.2.6 OH/IR stars

OH/IR stars are oxygen-rich AGB stars at the end of the AGBuian and go through the
superwind phase. During this phase, they lose a significactiéon of the mass in their stellar
envelopes. Because of this high mass-loss and the condatustriormation in the outflow,
the circumstellar material becomes optically thick. Du¢his optically thick dust layer, the
central star is no longer visible and the object can only Headed at longer wavelengths.
Surveys searching for OH/IR stars therefore never searitteioptical wavelengths, but they
look in the infrared as well as at radio wavelengths.

OHI/IR stars are not only AGB stars, they are also a subclasseomaser stars. Be-
cause of the OH maser at 1612 MHz, they can be clearly detattadio wavelengths. The
masering effect is a form of stimulated emission (see algoiréi 1.7): photon-absorption
by a molecule, results in an excitation of the molecule from lower levell, to the upper
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Figure 1.6: Various properties for a 1JMAGB star with chemical compositiony(Z) =
(0.25,0.016) in function of time Y is the He-fractionZ is the fraction of all other elements
except H and He). From top to bottom the panels show the eféetdmperature &, the
luminosity L, the periodP, the mass-loss rate in units of POMy/yr, and the total stellar
massM (taken from Lattanzio and Wood 2003; Vassiliadis and Woo@i3)9

level u. When a similar photon meets an already excited moleculeviel U, the passing of
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Figure 1.7: Velocity profile of an OH/IR star (taken from Lammand Cassinelli 1999).

this photon triggers a de-excitation of the molecule fromele to levell, which is called
stimulated emission of a photon with the same energy andtdireas the one passing by.
In a normal situation, there is a higher probability that foing are absorbed than created
by stimulated emission. But in case of a population inversthere is a higher probability
for stimulated emission than absorption. Population isiegr occurs when there are more
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molecules in a higher rotational state than in a lower. WHastgns pass through a gas with
population inversion, this results in an increase in intgngather than in a decrease caused
by absorption.

The maximum masering occurs along a line of sight that hashiyeest number of
molecules moving with the same velocity component to theoigs. This is the case when
the line of sight goes through the central star. The gas intfod the star moves with a
constant Doppler velocityv to the observer. The gas almost behind the star moves with a
constant Doppler velocityv away from the observer. This causes the characteristicldoub
peaked profiles. The differenc&y between the velocities of the two peaks is an indicator of
the initial mass of the star amil/2 is a good estimator of the gas expansion veloaigy,)
of the CSE (Lamers and Cassinelli 1999).

1.3 The Milky Way Galaxy

Figure 1.8 shows the Milky Way Galaxy (MWG) in the near-IR as observethm2MASS
survey (see Chapter 7 for more information on this projéldte MWG is a spiral galaxy and
can in general be divided in four components: the disk, tHgehuhe halo, and the centre.
Often, the disk is again divided into two parts: the thin amidk disk.

Since we are part of our own MWG and we cannot (yet?) sendlisedebutside our
MWG to observe it as a whole, it is very difficult to study theusture of our MWG. Nev-
ertheless it is a very interesting galaxy to study as we aregdat and therefore have 3
dimensional information on it, which is very hard to obtaim 6ther galaxies.

In this thesis, we will study stars located in the Galactidggu(GB) and close to the
Galactic Centre (GC). Since the inner parts of our Milky Wag @ery crowded, they are an
extremely interesting place to study, and provide us wittealth of possible targets all more
or less at the same (known) distance. On the other hand thaledness can make things
difficult: when observing a specific target, it is not alwagsye to identify the object due
to the crowdedness. Another difficulty is the heavy extmetin the inner regions. Luckily
there are a few regions with less heavy extinction. Thesen@avi's were selected by Baade
and are calle&gr I-window, Sgr IlI-window, andNGC 6522window. The latter is the most
famous one and is often refered toBaade’s window Because of the lower extinction in
these regions, they are often used to select targets andffihet objects that will be studied
in Chapter 3 are also located in these regions. Because bEthgy extinction, it is easier to
study the objects in these regions in the IR than at opticakleagths, as extinction in the
IR is significantly lower than in the optical.

In the centre of our galaxy a black hole, with a mass ef B® M, resides. The black
hole coincides with the radio source SgrAot only is SgrA the position of the black hole,

1Atlas Image obtained as part of the Two Micron All Sky Surve@ASS), a joint project of the University of
Massachusetts and the Infrared Processing and Analysiei@@alifornia Institute of Technology, funded by the
National Aeronautics and Space Administration and theddati Science Foundation.
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Figure 1.8: This panoramic view encompasses the entiresskgen by Two Micron All-Sky
Survey. The measured brightnesses of half a billion stare haen combined into colours
representing three distinct wavelengths of infrared ligile at 1.2 microns, green at 1.6
microns microns, and red at 2.2 microns.

it is also the dynamical centre of our galaxy. One of the ssidionfirming this is based
on radial velocity measurements of M-giants (McGinn et 8B9). Another study based on
radial velocities of 18 OH/IR stars within 5 pc projectedtdiece from SgrAgives the same

result (Habing and Olofsson 2003, based on Lindqvist et3924).

The inner region of the Galaxy has been extensively searfon€dH/IR stars in the past
two decades and it is believed that there are two differeptifadions OH/IR stars in the GC.
The first population is expected to be older. This populationsists of OH/IR stars which
have low expansion velocities, a larger spread in latitachel a larger velocity dispersion
than the second group, which is believed to be younger. EigL® also shows the position
in longitudes of OH/IR stars in the inner regions of our MWGsies their radial velocity. In
Chapter 2 we will study near-IR spectra of a sample of OH/HRssin the Galactic Centre.

Figure 1.9 gives a nice indication on the sub-structuresénitiner parts of the MWG
(-30° < ¢ < +30°). In this region, the Galactic Bulge (GB) is located. Onelef substruc-
tures located in the GB could be a bar. A discussion on the @ikigfore inextricably bound
up with a discussion on the bar. Since the last decade of évéqus century, the debate on the
GB and its bar is very vivid. Proof for the existence of suclaadomes e.g. from the COBE
(Cosmic Background Explorer) satellite. Figure 1.10 shtvet the contours of the near-IR
emission around the GC are skewed to positive longitudesn e distribution of AGB stars
observed with IRAS (Infrared Astronomical Satellite) stsomn asymmetry consistent with
the presence of a bar (Weinberg 1992a,b). All evidence ted@gether, it is extremely likely
that there exists such a thing as a bar, but the accuratevdetdion of the basic properties
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such as total mass, shape, angle between the major axisasdriktcentre line, age,... are
not yet undoubtedly defined. Therefore it is still not cle&ether one should draw a distinc-
tion between a triaxial central bulge and a bar componentr(fiédd 2004). Sometimes the
bulge is referred to as the bar (see e.g. Sevenster et al) 4889n other cases studies find a
bar within the bulge (see e.g. Lopez-Corredoira et al. 2@@brera-Lavers et al. 2007). In
this thesis we will adopt the formalism described by Sevemn@999): we will use the term
Galactic Bulgefor the Galactic component seen in the general directigf] &f 10°, we will
usebar if we refer to the prolate or tri-axal component of the GB.

Bahcall and Soneira (1980) were the first to construct a mthadekims at explaining the
observed number counts in the galaxy. By studying the nurobents of the galaxy, one
obtains not only information on the kinds of stars, but alsdh®e geometry and the structure
in the galaxy. In such models, the galaxy is often divided feva components such as the
disk, halo, and bulge. Models simulating the number counteé galaxy then simulate the
density of stars within one of these components and afteisvaning things together. Another
assumption often used in these models, is to assume arsintiiminosity function which is
virtually independent of position. These luminosity funos can be obtained in two ways:
or one assumes an empirical luminosity function derivedhfeng. star counts in globular
clusters or in the Solar Neighbourhood, or one assumes &ettiead luminosity function cal-
culated from a set of evolutionary tracks together withahli distributions of stellar masses,
ages, and metallicities (Girardi et al. 2005). The first mdtivas applied often in the past, but
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Figure 1.10: The contours of the distribution of near-IRsitn at 2.24m around the Galac-
tic Centre (taken from Dwek et al. 1995).

now most models use the second option. This option has signtfadvantages over the first
method, such as that the luminosity function is more easifyessed as a function of other
stellar parameters such as age and metallicity, while $m®1 possible in the first method.

In Chapter 7 we will study the characteristics of the GB in endetail. Using a galaxy
model we will try to model observations of the GB and its baot Nnly will we discuss the
parameters, also the star formation history and metalldigtribution will be discussed.



CHAPTER 2

Near-IR spectroscopy of OH/IR stars
In the Galactic centre

This chapter is based on the paper:
Vanhollebeke, E., Blommaert, J.A.D.L., Schultheis, M.inger, B., and Lancon, A.: 2006, “Near-IR
spectroscopy of OH/IR in the Galactic centr@stron. Astrophys455 645-652

The inner region of our Galaxy has been extensively seardr€dH/IR stars in the past
two decades (see also Section 1.3). The studies of the G@nrage severely hampered by
extinction and also source confusion, especially in thiblasvavelength range. Searches for
OH/IR stars at radio wavelengths at the 1612 MHz OH masetawe therefore been very
useful and also provided kinematic information on the detkstars. Lindgvist et al. (1992b)
searched for OH/IR stars in six VLA primary beam fields anchified 134 OH/IR stars.
Further searches, also using ATCA, were conducted by Swresisal. (1997), who found
145 new OH masering sources in the Bulge, and Sjouwerman @%88), who discovered
an additional 52 new OH/IR stars in the GC region. Figured.f{ves an overview of the
OH/IR stars detected in the GC region.

Lindqvist et al. (1992a) studied the spatial and kinematipprties of their OH/IR sam-
ple and divided the stars into two groups based on their outfidocities. The OH/IR stars
with low expansion velocities/ty, < 18.0 km/s) have a larger spread in latitude and a larger
velocity dispersion with respect to the Galactic rotatisag Figure 2.1(b)) than the group
with higher expansion velocities (see Figure 2.1(c)). ™s also found by Baud et al.
(1981) for OH/IR stars in the Galactic disk. The low-expanstelocity stars are expected to
be older objects with larger peculiar motions, whereas theragroup may have a different
formation history; it might be a later addition to the GC, gib$y via a merger. The outflow
velocity of the circumstellar shell is related to the lunsitg of the star and to the properties
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Figure 2.1: These figures shows the OH/IR stars detectedrmqVist et al. (1992b) (filled
circles), the dashed lines are the limits of this survey, taedbpen circles are stars detected
by Habing et al. (1983). The top figure (a) shows all the OH#tRss the figure in the middle
(b) shows only the stars with lower outflow velocities and tieétom figure (c) shows the
OH/IR stars with the higher outflow velocities.

of the dust in the circumstellar shell (Habing et al. 1994tzi5t et al. 2003).

Several groups have been searching for the infrared cquartsrof the OH maser sources
(Jones et al. 1994; Blommaert et al. 1998; Wood et al. 1998z @ral. 2002). It would be
expected that the ‘older’ stars have lower luminosities tthe high-expansion group. Blom-
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maert et al. (1998) found that the high expansion velocitugrcontains higher luminosity
stars but there is also a large overlap in the luminosityridigions of the 2 groups. Ortiz
et al. (2002) also compared the measured luminosities aslagyer number of stars and did
not find any evidence of a distinction on the basis of lumitiesibetween the 2 groups. The
disadvantage of the latter study is that the luminositiesew®t corrected for variability and
that the luminosities spread over a wider range. NeversBeleseems that the differences in
luminosities between the 2 groups, if they exist, are not bag. If the luminosity is not suffi-
cient for explaining the differences in expansion velesitihen it is expected that differences
in the gas-to-dust ratios and thus metallicities of thesstaust exist. It was demonstrated
by Wood et al. (1992) for OH/IR stars in the Large Magellaniou@ and by Blommaert
et al. (1993) for OH/IR stars in the outer Galaxy that the egian velocities are low, even
though the OH/IR stars have high luminosities. In both the@ &hd in the outer Galaxy,
it is expected that the stars indeed have low metallicifidse next logical step would be to
investigate the metallicities of GC OH/IR stars.

In this chapter we discuss our attempt to apply the resul&cbtiltheis et al. (2003) on
medium-resolution near-IR spectra on a sample of GC OH/#RsstWe take a look at the
influence of the water content on the atomic lines ldad Ca, discuss how periodicity can
influence the water content and therefore also the near4®Rtspn, and we study a grid of
dust models and show that hot dust also has an influence omr#ndR spectrum.

The sample, observations, and data-reduction are deddriibe next section. In Sec-
tion 2.2, we explain our method of analysis and compare sp&at have in common with
other authors. The problems one encounters analysingResgrectra of OH/IR stars will be
discussed in Section 2.3, and finally in Section 2.4 we suns@mand come to the conclu-
sions.

2.1 Observations and data reduction

The sample consists of 70 OH/IR stars located in the GC reghtmost all stars were se-
lected from Lindqvist et al. (1992b) and Sjouwerman et #98). Our sample also includes
the 15 OH/IR stars observed by Schultheis et al. (2003) donthacan compare our results
and investigate the effect of the variability of this typestdrs. We also selected the three
“high-velocity” OH/IR stars that were detected in the difec of the GC (van Langevelde
et al. 1992). As we wanted to apply the metallicity versus E@j( EW(Ca), and EW(CO)
calibration used in Ramirez et al. (2000) and Frogel et201) to our sample, we also
observed 11 stars from Ramirez et al. (1997, K-band spet#a luminosity class Il stars
from KO to M6) and Ramirez et al. (2000, K-band spectra ofertban 110 M giants in the
Galactic bulge (GB)). Finally, to investigate the effectgtree variability of our long period
variable stars (LPVs) on our analysis, we measured varithls from Lancon and Wood
(2000, spectra of cool, mostly variable, giant, and supercgtars) (see Tables 2.9to 2.11).

The near-IR spectra were obtained with the 3.58m NTT (ES@®) &tlla, Chile between
June 28 - 30, 2003 using the red grism of the SOFI spectrograpts resulted in spectra
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from 1.53um up to 2.52um. Before the actual spectrum was obtained, the instrumast w
used in imaging mode to acquire the star in the slit. Sevpedtsa were taken with the star
in different places along the slit. Standard stars of spétfpes O to G were observed as
close as possible to the object stars’ airmass in order tecifor telluric absorption features.

The data was reduced using the ESO-Munich Image Data AsaBystem (MIDAS).
The images were first corrected for cosmic ray hits. Seveedtsa of the same target along
the slit were obtained and subtracted from each other t@cbfor the sky level. The images
were flat-fielded using dome flats. A Gaussian fit perpendidoléhe dispersion direction
was used to subtract a one-dimensional spectrum out of thelimvensional image: columns
that fall within the FWHM of the Gaussian fit were added to thectrum (3-4 columns on
average). A correction for distortion along the slit was ec#ssary. During the extraction
process, a correction for bad pixels was made, they werelgfbf the spectrum, and no
averaging was done around these pixels. The wavelengtiratdin was based on the spec-
trum of a Xenon lamp. This image was also flat-fielded usingdibre flats and corrected
for bad pixels in the same way as the other spectra. The waytklealibration resulted in a
dispersion of typically 10.13 A/pixel ant/ A1 ~ 1000.

The standard stars were reduced in the same way. Therdaftewere divided by the
Kurucz-model that corresponds to each one’s spectral fjpe.resulting curve was used to
correct the objects for telluric lines and also to correcttfe instrumental response func-
tion. Different curves for different airmasses were madelider to correct for the air-
mass. The dereddening law used is based on Cardelli et &9),18, values came from
Schultheis et al. (1999). The resulting spectra are shoviigares 2.15 to 2.22. More de-
tailed figures for these spectra can be found in the electnagrision of this manuscript at
http: //wwv. ster. kul euven. be/ pub/i ndex_en. htn .

2.2 Analysis

2.2.1 Equivalent line widths

The equivalent line widths of NaCal, and?CO(2,0) (see Tables 2.9 — 2.11) were obtained
in exactly the same way as by Schultheis et al. (2003, sedRalstrez et al. (1997); Lancon
and Wood (2000)). They were measured relative to the selettetinuum bands using the
Image Reduction and Analysis Facility (IRAF) (see Tableahdl Figure 2.2).

Ramirez et al. (1997) discuss how the equivalent line widdasurements of Naand
Cal in medium-resolution spectra contain contributions fraimeo elements such as Sc, Ti,
V, Si, and S. Thus, it turns out that a significant contribaitid the Na and Ca features is
due to other species. In the studied spectral region (1.532¢2n), the CN molecule causes
a noisy continuum (Origlia et al. 1993), introducing a pseadntinuum opacity, which is
clearly shown in the high-resolution spectrum of RX Boo (a M star) in Wallace and
Hinkle (1996). According to Ramirez et al. (1997), the ammzm bands that were used to
determine the EW(Ca) are affected by CN absorption for stalsTer < 3000 K. However,
synthetic CN spectra based on hydrostatisfd s models for giant stars (for a description
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Table 2.1: Definition of band passes for continuum and feat(chultheis et al. 2003).

Feature Band passeaf]
Nali feature 2.204-2.211
Nal continuum #1 2.191-2.197
Nal continuum #2 2.213-2.217
Cal feature 2.258 — 2.269
Cal continuum #1 2.245 - 2.256
Cal continuum #2 2.270-2.272
12C0O(2,0) feature band head ~ 2.289 —2.302
12C0(2,0) continuum #1 2.242 - 2.258
12C0(2,0) continuum #2 2.284-2.291
H>O continuum 1.629-1.720
H,0O absorption wing 1 1.515-1.525
H,0O absorption wing 2 1.770-1.780

Table 2.2: Contribution of other species to the equivalerg-width measurement of Na
(based on Wallace and Hinkle 1996).

Nal feature Na continuum# 1 Nacontinuum# 2

CN(0,2) CN(0,2) CN(0,2)
CN(1,3) CN(1,3) CN(1,3)
CN(2,4) CN(2,4) CN(2,4)
CN blend Si CN blend

V Fe

Na

Fe

Si

Sc

of such models see Aringer et al. (1997), in our case we as$logés [cm/s’]) = 0.0, solar
mass, and elemental abundances) show that CN is importalhtimol objects below 4000 K,
and even gets weaker below 3000 K.

The effective temperature has a strong impact on thea@a Na features: as & de-
creases, the equivalent widths of both features increaabled 2.2, 2.3, and 2.4 give an
overview of what the respective NaCai, and*2CO(2,0) lines in a medium-resolution spec-
trum are really made of. The tables are based on the highdtesospectrum of RX Boo in
Wallace and Hinkle (1996). For cooler oxygen—rich starsftam and Wood 2000), such as
OHI/IR stars, HO absorption, instead of CN absorption, becomes very impb(see Section
2.3.3).
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Figure 2.2: An overview of the chosen definition of band pa$secontinuum and features.
The top figure shows the overall spectrum for a typical OHtHRss The dotted lines indicate
the central positions of the features. The other 4 figuresvdioo each line the selected
passband for the feature (dotted lines) and the selectethgad for the continuum (dashed
lines). (For thé2CO(2,0) the feature’s first dotted line overlaps with thé tished line from
the continuum.)

2.2.2 Water absorption

The amount of water was obtained by measuring the curvattireispectrum around Luén,

as in Schultheis et al. (2003). The apparent bump aroung i€ caused by strong and wide
water-absorption bands around 1.4 and/m® Formally, our measurements are equivalent
widths of this bump relative to reference fluxes measuredthereside of it in the wings of
the water bands. As for the other equivalent line width mesmsents, its value is given in A,
but it takes negative values when water absorption is pt¢sea Tables 2.9 — 2.11).

2.2.3 Comparison with previous work

We have 5 candidate Red Giant Branch (RGB) stars in commdnSweitultheis et al. (2003).

These candidate RGB stars are probably genuine ones, senseeano significant difference
between the Schultheis et al. (2003) observations of thage and our own. Stars on the
RGB are expected to show weak variations compared to OHAR and Miras.
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Table 2.3: Contribution of other species to the equivalard-width measurement of Ca
(based on Wallace and Hinkle 1996).

Cal feature Cacontinuum#1 Cacontinuum# 2

CN(0,2) CN(0,2) CN(2,4)
CN(1,3) CN(1,3) HF
CN(2,4) CN(2,4) S
CN blend CN blend

Si Si

Sc Fe

Ca \Y

Ti

Fe

Ni

Table 2.4: Contribution of other species to the equivaléme-width measurement of
12C0(2,0) (based on Wallace and Hinkle 1996).

2C0(2,0) 2C0(2,0) 2C0(2,0)
feature continuum#1 continuum# 2

CN(0,2) CN(0,2) CN(0,2)
CN(1,3) CN(2,4) CN(1,3)
CN(2,4) Si CN(2,4)
Ti CN blend
HF Ti
C0O(2,0) HF

Schultheis et al. (2003) observed the stars with the sanireiment (SOFI), using the same
grism. This results in spectra with the same resolution aspectra. The time difference
between these observations is about 3 years. The spectraglised at 2.23xm) are com-
pared in Figure 2.3. Table 2.5 gives the mean values andataeéviations for the stars we
have in common. The absolute average differences in eguivkihe widths for these RGB
stars are consistent with scatter due to formal errerdd). One expects these errors to
come from data-reduction issues and changing of obserandittons during the night. The
absolute average differences are: 25,17 A for EW(Na), 0.72: 0.42 A for EW(Ca), and
0.87+ 0.82 A for EW(CO) (see also Figure 2.4).

We have 8 late-type giants in common with Ramirez et al. {)J2®d 6 red giants sit-
uated in the Bulge with Ramirez et al. (2000). A comparis@swnly made for EW(Na)
and EW(Ca), since Ramirez et al. (1997) uses differentimomin pass bands for obtaining
EW(CO). Tables 2.6 and 2.7 give the mean values for the cosdpequivalent line widths.
The absolute average differences with Ramirez et al. (18@7 0.39+ 0.13 A for EW(Na)
and 1.29+ 0.41 A for EW(Ca). The absolute average differences with Rearet al. (2000)
are 0.59+ 0.23 A for EW(Na) and 0.66- 0.35 A for EW(Ca). The difference in EW(Na)
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Figure 2.3: RGB stars in common with Schultheis et al. (20B&)ck line: this work, gray
line: Schultheis et al. (2003). The features between 1.8la®dm and around Zm are due
to the atmosphere.

(Ramirez et al. 1997, 2000) and EW(Ca) (Ramirez et al. Pi8@EYain consistent with scatter
due to formal errors. There is no obvious reason why the raiffee for EW(Ca) (Ramirez

et al. 1997) is larger than 1A (see also Figure 2.5), although we have to keep in mind that
there is a difference in resolution between our spectralamdpectra of Ramirez et al. (1997,
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Table 2.5: Mean values for the equivalent line widths fordtags in common with Schultheis
et al. (2003).

this work Schultheis et al. (2003)

Nal 510+ 0.74 521+ 0.67
Cal 252+ 1.29 206+ 0.74
12c0(2,0) 1995+ 2.48 1990+ 1.69
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Figure 2.4: Equivalent line width measurements for the @hatd RGB stars in common with
Schultheis et al. (2003). The plus-signs are taken from Buo#is et al. (2003), the diamonds
from this work.

2000), which can influence the difference between the medsquivalent line widths. The
data from Ramirez et al. (2000) can be downloaded from ttegriet. After rebinning the
data to our lower resolution, the following values could beasured: 35+ 0.78 for the
EW(Na) and 277 + 0.47 for the EW(Ca), which resembles the values we found bétesr
Table 2.7). A similar test for Ramirez et al. (1997) could lo® done.

We have 7 luminous cool stars in common with Langon and W@0608@). Three of these
stars (WX Psc, AFGL 1686, and U Equ) are OH/IR stars (Langah\&ood 2000), which
(not situated in the GC) are used as a comparison for the @guiMine width measurements.
The 4 other stars have periods in the range of 120 to 270 daymse $f the stars were ob-



28 Chapter 2. OH/IR stars in the GC

Table 2.6: Mean values for the equivalent line widths forgters in common with Ramirez
et al. (1997).

thiswork  Ramirez et al. (1997)
Nal 2.05+0.62 239+ 054
Cal 164+0.70 293+0.82

Table 2.7: Mean values for the equivalent line widths forgters in common with Ramirez
et al. (2000).

thiswork  Ramirez et al. (2000) Ramirez et al. (2000)
after rebining
Nal 3.55+045 413+ 0.54 395+0.78
Cal 262+0.20 313+ 0.48 277+ 0.47

served several times by Lancon and Wood (2000). The diffegin equivalent line widths
between the measurements based on the available spectamgdriand Wood (2000) and
our measurements are shown in Figure 2.6. The differeneedisé¢his plot are large in com-
parison with the differences seen in Figures 2.4 and 2.®a@alty for EW(CO), and cannot
be explained by formal errors alone. The variability of tkexrs is responsible for the large
variations in the equivalent line widths (see Section 3.3@ur measured equivalent line
widths do fall within the range of equivalent line widths bdon the spectra of Langon and
Wood (2000, see Figure 2.6). We can expect that the OH/IR #tat we have in common
with Schultheis et al. (2003) will show similar variationstheir equivalent line widths, as
illustrated in Figure 2.7. The mean absolute difference#hfe OH/IR stars in common with
Schultheis et al. (2003) concerning the equivalent linethgicre: 1.56- 1.17 A for EW(Na),
1.14+ 1.16 A for EW(Ca), 3.6G- 2.47 A for EW(CO) and 171.8% 193.03 A for the water
absorption. These variations are caused by the variabilithese OH/IR stars, as will be
explained in the following section.

Figure 2.8 gives an overview of the equivalent line widthsNai, Cal, and?>CO(2,0)
(see Section 2.2.1 and Table 2.1). The fourth histogramgiles the amount of water. Only
the OH/IR stars are considered in this figure. Notice thatBW&Na), EW(Ca), EW(CO),
and the EW(HO) are all in the same unit A. The EW{B) are all negative values, indicat-
ing water absorption in the spectrum around An, as can be seen from the spectra of the
OH/IR stars in Figure 2.15. A negative value for EW(Ca) and(R#) indicates that the line
could not been measured, since we do not expect these lirmigsion. Figure 2.9 gives
an example of this. It is especially clear for Cahy the feature could not be measured: the
second continuum band pass shows a very deep feature, whisbsthe flux measurement
in the feature to be higher than in the continuum. This is #isocase for the Niafeature,
but here the first continuum band pass causes it (less cieafdhthe Ca feature).

Fig. 2 in Ramirez et al. (2000) gives a 1 — 5 A range for EW(Ga) a 2 — 6 A range
for EW(Na) for a sample of red giants in the GB. Figure 2.8 shdtlwat our ranges for the
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Figure 2.7: Equivalent line-width measurements for the IBHétars in common with
Schultheis et al. (2003). The plus-signs indicate valuksrtdrom Schultheis et al. (2003),
the diamonds those from this work.

equivalent widths for both Gaand Na are lower. Histograms for the equivalent line widths
of Nal, Cal, and*?>C0O(2,0), and the water amount for the 15 OH/IR stars in Shiigtet al.
(2003) are also shown in Figure 2.8 (dotted line). Theiragerequivalent widths are: 0.42
1.56 A for EW(Ca), 2.5@ 1.90 A for EW(Na), and 16.0% 5.16 A for EW(CO). The equiv-
alent widths for the OH/IR stars in this work are: 084.88 A for EW(Ca), 2.1% 1.27 A
for EW(Na), and 15.6@ 4.69 A for EW(CO). The largest difference is seen for EW(@a);
lot of the OHY/IR stars in this work and in Schultheis et al. 2Phave no measurable Ca
lines.
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Figure 2.9: OH/IR star for which the Naand Ca lines could not be measured. The dotted
lines indicate the Nafeature and the dashed lines the selected continuum pdimesdashed-
dotted lines indicate the Gdeature with its corresponding continuum (dashed-trigid¢ted).
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2.3 Discussion

2.3.1 Metallicities of OH/IR stars in the GC

Schultheis et al. (2003) have investigated the metalldigyribution of 107 ISOGAL sources
in the GB. The sample consists of different types of starsi-variable giants, OH/IR stars,
supergiants, and LPVs. The metallicity distribution isstetined based on the equivalentline
widths of Nai, Cai, and'?CO(2,0) (see Ramirez et al. 2000; Frogel et al. 2001; Sobislt
et al. 2003), and the calibration of the relation is basediantg in globular clusters in the
range-1.8 < [Fe/H] < —0.1. The mean [Fe/H] value in Schultheis et al. (2003) is caests
with previous chemical abundance studies of the GB (Schigltét al. 2003). Apparently,
variable stars, such as Miras and OH/IR stars, do not inflairepeak in the metallicity dis-
tribution determined in Schultheis et al. (2003), althotlgty might broaden the distribution.
Applying their results to our sample of OH/IR stars coulddatel find a metallicity difference
between the two separate groups of OH/IR stars in the GC agsdied in Section 1.2.6.

The equivalent line widths of Nia Cal, and'2CO(2,0) are determined as described in
Section 2.2.1. The values in Tables 2.9, 2.10, and 2.11 semdn A. A positive value in-
dicates absorption and a negative value indicates emis€ior immediately notices all the
negative values for EW(Ca). One does not expect thiesd the Na lines to be in emission.
Inspecting the spectra for these stars (Figures 2.15 tg 2H@vs that for several stars the
Cal lines seem to disappear in the continuum. This effect isadgiweable for Na in some
stars.

In the rest of this section we discuss the physical effecs ¢tan lead to the Qaand
sometimes the Niato appear in emission.

2.3.2 Dust

OH/IR stars are AGB stars in their final phase on the AGB thabatieved to be progenitors
of Planetary Nebulae (e.g. Cohen et al. 2005; Habing 199&)s@ stars have high mass-loss
rates betweeM = 106 Mo/yr and 10* My/yr. Itis likely that the dust formed around the
star has an influence on the near-IR spectrum (Tej et al. 2003)

To study the effect of dust on the Nand Ca lines, the dust radiative transfer model
of Groenewegen (1993) was used. In this model, the radittwesfer equation and the ra-
diative equilibrium equation for the dust are solved simmndtously in spherical geometry
(Groenewegen et al. 1994). For the dust properties we assilioage dust (Volk and Kwok
1988) of radiusa = 0.02 um and a specific dust density p§ = 2.0 g/ cn®. As the input
model we used a blackbody withg'= 2500 K and with the Caand Nal lines imposed upon
it. A dust-to-gas ratio o = 0.01 and an outflow velocity of = 15 km/s were assumed. For
a grid of mass-loss and dust temperature the models indizatiafluence of dust on these
lines. Typical AGB mass-loss rates (betwedn= 10~7 My /yr and 10* M/yr) and dust
temperaturesTyyst = 1500 1000 and 750 K) were used. The model with no mass-loss is
used as a reference model.
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Figure 2.10: Equivalent line widths for the different magleThe x-axis indicates the mass-
loss rate, and the y-axis the equivalent line widths for [lieft) and Ca (right). The different
symbols indicate the different dust temperatures. Cro3sgs = 1500 K, diamondsT gyst =
1000 K, and trianglesTgyst = 750 K. The dotted line indicates the equivalent line width fo
the reference model. The line disappears when the equivaidth is below the dashed line.

Figure 2.10 shows the effect of the increasing dust amoutit@equivalent line widths
of Nal and Ca. For both lines a similar trend can be seen in which the etpritéine widths
decrease for increasing mass-loss rates. The effect isggtrdor higher dust temperatures,
except at the 10 My /yr mass-loss rate where the Nand Ca lines become undetectable
for the three dust temperatures. This effect is also strowgh increasing wavelength and
affects the Ca more than the Na Unfortunately, we do know neither the temperature of
the dust, nor the mass-loss rate for our individual soundf&scan only demonstrate here the
possible influence of the dust on the measured near-infegrectrum. Surprisingly, negative
values for EW(Ca) were measured for these models. This iglyndue to the chosen con-
tinuum: the change in the continuum’s slope is so drastititiauses negative equivalent

line-width measurements.

2.3.3 Water content in OH/IR stars

Water absorption lines can influence the near-IR mediumlutsn spectra of AGB stars
severely in a way which depends on the phase of the variabteastshown in Tej et al.
(2003). The high-resolution spectrumm€et, a M type Mira, in Wallace and Hinkle (1996)
shows that a lot of water lines are situated at wavelengtheyevthe Ca and Na lines are
observed. In the case of the Oine, the strong water lines are situated where the contmuu
of the line is determined. The water lines depress the contmin a medium-resolution
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spectrum and make the equivalent line-width measuremengtiable. When the depression
of the continuum is strong enough, one can expect to stagddte Ca line in apparent
emission. In the case of the N&ne, the water lines affect both the continuum and the Na
line, so that one can expect to see the EW(Na) decrease lrechassmaller contrast be-
tween the continuum and the line, similar to what is seen dubkd influence of the dust on
the spectrum, as discussed in the previous subsection.

These effects are reflected in Figure 2.11 where the EW(GhjrenEW(Na) can be seen
in comparison with our determination of the water absorptidve see that the RGB stars,
with little water absorption, have higher EW(Ca) and the BM)(values than the LPVs and
OH/IR stars. This effect seems stronger fori@anere we basically have no more detections
for EW(H,0) below -300 A. For the Naline the decrease is more gradual with increasing
water absorption. Of course the effect of dust and otheofagsuch as pulsation amplitude,
Te) ON the spectra is also included in these figures and canndistiaguished from the
effect that the water absorption has.

2.3.4 Variability

Figure 2.7 shows the differences in the measured absorftionater clearly for the stars
we have in common with Schultheis et al. (2003). The wateomdti®n is expected to be
largely correlated with the phase for a given star: the mushise water features are seen at
minimum light (Lancon and Wood 2000; Bessell et al. 1996 :efal. 2003).

Wood et al. (1998) determined periods for 80 GC OH/IR stare. fdvindK-band light
curves for 41 out of the 50 stars in common with our sample. lifcurves were extrap-
olated using the fundamental period and the first harmonimo@2004) to determine the
phase £ ¢) when the star was observed in our campaign. The valgehak been calculated
in a non-traditional way, such that the maxiumum of the liginte is 0 and that the minimum
is always ap = 0.5. The values of 0.25/0.75 were fixed when the lightcurvelreae K >.
The other values fap were then interpolated between the fixed ones (see Figu?g.2.1

Figure 2.13 shows the phageversus the equivalent line-width of water. The expected
correlation can be seen in this figure, but not as clearly tsipated. Figure 2.13 indicates
that the water absorption is highest for all but one stagfer 0.5, which indicates the light
minimum. For the other phases there is a large spread anataotobnd, which is expected
as the individual stars have different parameters.

2.3.5 Expansion velocities

Lindqgvist et al. (1992b) determined the expansion velesitk,, for their sample of OH/IR
stars close to the GC. As mentioned in Section 1.2.6, thaglelithe sample into two groups
based on the expansion velocities. The first group with thesb expansion velocities are
kinematically different and show larger dispersions inrthadial velocities.
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OH/IR stars.

Table 2.8: Mean equivalent line width values for the two gr®of OH/IR stars.

Vexp < 18 km/s

Vexp > 18 km/s

Nal
Cal
12Cc0(2,0)
H>O

1.57+0.70

-0.65+ 0.69

15.73: 3.90
-452.90+ 190.82

2.44+ 1.02
0.67+1.17
15.61+ 3.44

-294.94 110.31

With our spectra we wanted to see whether we could find metsgltiifferences between
the two kinematically different groups. As shown in the po@s sections, this is not possible
using the relationship based on the equivalent line widtiNeo, Cal, and*?CO(2,0) in non-
variable stars with low mass-loss rates (see Ramirez20@0; Frogel et al. 2001; Schultheis
et al. 2003). We still wanted to investigate whether we firftedénces in the equivalent line
widths of the individual lines for the two groups. Figure2shows the comparison between
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the expansion velocities and the equivalent line widthsaf, \Cai, 1>CO(2,0), and the water

absorption around 1.,6m, for our sample of OH/IR stars. Table 2.8 gives the meaneglu
with standard deviation for the measured equivalent limdtlva and the water indication for
the both groups.

Figure 2.14 and Table 2.8 seem to indicate that the OH/IR $tathe first group have
smaller EW(Na) and a larger spread for the water absorpBased on the numbers in Ta-
ble 2.8, there is no difference between the EW(CO) for botugs. Concerning Qathe
majority of the OH/IR stars in the first group have no measieraiguivalent line widths.
Since the water absorption has a larger spread for this gindfpecause of the dependence
seen in Figure 2.11, it is consistent that we measure neggtiV(Ca) for the majority of
these stars.

Decin (2000) indicates that the linestrength gitHincreases with decreasing metallic-
ity. This could explain why we see stronger water absorpioithe OH/IR stars in the first
group, provided these OH/IR stars are older and have low&llcd#ies than the stars in the
second group, as suggested by kinematics and outflow vielcit

2.4 Conclusions

We obtained near-IR data (1.53 — 2/&8) with SOFI on the NTT for 70 OH/IR stars located
in the GC. The spectra were analysed based on the equivadenidths of Na, Cal, and
12C0(2,0). The curvature of the spectrum aroundihvGindicates the amount of water. The
equivalent line widths of Na Cai, and*?CO(2,0) were found to have low values in compar-
ison to the GC static giant stars. For a large fraction of th#IR stars, we even found that
Cal lines could not be detected.

We discuss different elements which can influence the détation of the equivalent
line widths in the near-infrared spectra. The OH/IR stargeha variable amount of water,
which especially influences the Clines. The water lines just beside the iGime depress the
continuum, causing the Gdines to disappear in the spectrum. The effect is also nalbiee
for Nal butis not as strong.

We also discuss the effect of the circumstellar dust on ttze-imdrared spectrum. By
using the radiative transfer model (Groenewegen 1993gdaime clear that for the highest
mass-loss rates the dust has the same effect on thar@ieNal lines as the water content: the
lines become weaker and in the extreme case of mass-lossofdtee order of 10* My /yr
even disappear in the continuum and are no longer measuFasléhe lower mass-loss rates
(~ 10°® Mg /yr), the decrease in the equivalent line widths depends diremghe dust tem-
perature. Since we do not know the exact dust temperaturéhendass-loss rates of these
OH/IR stars, we cannot distinguish between the possiberefithat weaken the lines. The
different effects discussed above prevent us from findinigar distinction between the two
groups of OH/IR stars.



Table 2.9: Log of the stars observed on 28/06/03.

Name RA Dec Referencés EW(Na)[A] EW(Ca)[A] EW(CO)[A] H,O[A] PPdays] Ve [km/s]
OH 359.576 +0.091 17 44 57.80 -2920425 Li012, A29 2.50 0.47 513 672.0 18.6
OH 359.598 +0.000 1744 39.71 -291646.1 Li014, A10 1.67 0.33 0.7 -232.39 664.0 19.2
OH 359.669 -0.019 17445416  -291344.9 Li020, A23 0.50 -0.83 18.76 -557.33 481.0 17.5
OH 359.675 +0.069 17 44 34.33 -2910 38.6 Li021, AO7, B98, S98 355 2.08 24.42 -200.35 698.0 18.8
OH 359.678 -0.024 17 44 56.83 -2913255 Li022, B98 3.65 2.75 9.16 -245.18 215
OH 359.681 -0.095 17 45 16.43 -29 15 37.6 Li023, A51, S98 2.76 .78 2 17.01 -43.64 759.0 19.3
OH 359.711 -0.100 174519.26 -291401.1 Li025, A58, S98 3.62 .06 0 19.39 -318.34 686.0 19.2
OH 359.748 +0.274 17 43 57.05 -29 00 28.4 Li030 -0.11 -1.74 82.3 -335.99 437.0 13.1
OH 359.755 +0.061 1744 47.94 -29 06 49.9 Li031, Al14, B98, S98 504 2.01 21.01 -92.73 0.0 18.8
OH 359.757 -0.136 17 45 34.41 -291254.1 Sj002, A71, S98 1.10 0.78- 17.02 -437.67 20.3
OH 359.762 +0.120 17 44 34.96 -2904 35.7 Li033, B98, E51, S98 .28 2 -0.57 13.62 -352.97 15.3
OH 359.765 +0.082 17 44 44.43 -290537.9 Li035, A12, S98 2.75 2.43 13.35 -126.89 552.0 15.9
OH 359.768 -0.207 17 45 52.62 -291430.4 Li036 1.27 -0.99 9.92-436.23 602.0 19.2
OH 359.783 -0.392 17 46 38.12 -291930.7 Li039 1.25 -1.38 7.51-312.88 559.0 13.3
OH 359.797 -0.025 17 45 14.27 -29 07 20.8 Sj004, A52, S98 1.54 48 3 13.96 -269.95 19.3
OH 359.799 -0.090 174529.50 -290916.0 Li040, B98, S98 1.11 0.51- 15.97 18.1
OH 359.800 +0.165 17 44 30.11 -290114.3 Li041 3.49 -0.54 716.4 -349.81 461.0 14.2
OH 359.803 -0.248 1746 07.10 -291356.1 Li043, S98 4.72 3.94 0.1 -25.58 803.0 18.5
OH 359.810 -0.070 17 45 26.35 -29 08 03.9 Li044, A64, B98, S98 552 1.96 16.41 -297.19 221
OH 359.825 -0.024 17 4517.83 -29 0553.3 Li047, B98, S98 0.37 0.25 19.95 -663.81

OH 359.837 +0.030 17 45 06.98 -290334.9 Li048, A43, B98, S98 161 0.08 13.30 -344.67 402.0 7.8
OH 359.838 +0.053 17 4501.70 -290249.9 Sjo11, A36 1.06 -1.21 13.87 -514.62 12.4
OH 359.889 +0.361 17 43 56.94 -285030.8 Li054 2.54 -0.01 31.0 -227.34 389.0 18.1
OH 359.906 -0.041 17 45 33.17 -290218.4 B98, S98 5.05 3.08 9624. -106.08 19.8
OH 359.943 +0.260 17 44 28.17 -285055.8 Li064, B98, S98 1.75 0.34- 12.33 -66.26 692.0 17.5
OH 0.001 +0.352 17441495 -284506.0 Li076, S98 2.22 -1.07 1519 -877.91 477.0 9.7
OH 0.019 +0.345 1744 19.23 -284421.8 Li079 1.52 0.35 11.54 2.3% 701.0 23.9
OH 0.138-0.136 17 46 28.71 -285319.5 Li094, S98 3.12 -0.29 .6Al6 -435.76 622.0 20.4
OH0.173 +0.211 17 45 12.45 -284044.4 Li096, S98 1.45 -1.86 4916 -373.41 514.0 17.0
OH 0.200 +0.233 174511.44 -283843.2 Li101 1.43 0.43 15.44 27967 825.0 15.8
OH 0.221 +0.168 174529.02 -283938.5 Li104 2.22 -0.86 13.53 565.565 697.0 19.2
HD 130223 14 4753.62 -321449.5 R97 2.72 2.48 17.25 -11.74

HD 133336 1504 52.37 -311644.7 R97 2.32 2.37 15.65 -11.83

HD 181012 1920 13.43 -361339.8 R97 2.10 2.21 17.63 -17.89

HD 224715 000009.82 -355736.8 R97 1.84 2.04 14.44 -33.38

WX Psc 0106 25.98 +12 3553.0 LOO 2.10 0.65 15.06 -290.88

aLi: Lindgvist et al. (1992b), Sj: Sjouwerman et al. (1998padrtiz et al. (2002), B98: Blommaert et al. (1998), A: Scheis et al. (2003), HV: van Langevelde et al.
(1992), R97: Ramirez et al. (1997), RO0: Ramirez et aD@R0L00: Langon and Wood (2000), and S98: Sjouwerman €1888).
bperiods are taken from Wood et al. (1998).
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Table 2.10: Log of the stars observed on 29/06/03.

Name RA Dec Referencés EWNa)[A] EW(Ca)[A] EW(CO)[A] H,O[A] PP[days] Ve [km/s]
OH 359.437 -0.051 174428.30 -292635.0 Lio04 4.77 3.05 19.80 -45.15 0.0 15.3
OH 359.508 +0.179 17434474 -291544.6 Li009 2.02 -0.44 4.6 -378.36 644.0 19.8
OH 359.513 +0.174 17 43 46.73 -291538.4 Li010 1.26 -1.34 211.1 -411.05 461.0 10.2
OH 359.634 -0.195 17 45 30.45 -292100.0 Li016 2.21 0.13 15.22-371.80 501.0 0.0
OH 359.636 -0.108 174510.39 -291812.3 Lio17 0.86 -2.52 21.9 -425.97 847.0 221
OH 359.640 -0.084 17450529 -291713.4 Lio18 2.55 0.32 22.31-458.27 546.0 13.6
OH 359.684 -0.104 174516.43 -291537.6 Li024, S98 1.15 -0.19 18.91 -550.36 535.0 16.3
OH 359.716 -0.070 17 45 13.00 -291254.0 Li026, S98 5.19 1.82 5.7 -124.72 691.0 22.7
OH 359.719 +0.025 17 44 51.25 -290945.3 Li027 2.20 0.18 14.11-473.12 669.0 22.7
OH 359.760 +0.072 17 444596  -29 06 13.6 Li032 1.12 0.56 17.08-487.08 676.0 20.9
OH 359.763 -0.042 17 4513.07 -2909 36.3 Li034, S98 1.05 -0.62 20.81 -726.67 453.0 14.2
OH 0.018 +0.156 17 45 03.30 -2850 22.0 Li078, S98 2.02 0.23 9620. -428.16 423.0 6.9
OH 0.036 -0.182 17 46 24.87 -290001.4 Li080, S98 1.98 -1.61 64 7. -4085.92 660.0 18.8
OH 0.040 -0.056 17 45 56.08 -285552.0 B98, S98 3.01 0.17 13.52197.38 20.8
OH 0.060 -0.018 17 4550.07 -285338.1 B98 0.55 -0.69 10.01 7.719 19.3
OH 0.076 +0.146 174513.91 -284743.2 Li086, B98, S98 1.97 101 12.73 -391.78 21.0
OH 0.129 +0.103 17 45 31.45 -2846 22.1 Li091, B98, S98 1.77 60-0. 21.15 -557.53

OH 0.142 +0.026 17 4551.33 -2848 06.8 B98 1.35 -0.92 9.88 5858 23.2
OH 0.178 -0.055 17 46 13.85 -284850.4 B98 1.73 -0.97 18.87 2.763 16.5
OH 0.225 -0.055 1746 22.11  -284622.6 Li105, B98 0.11 -1.14 622 -359.80 521.0 16.5
OH 0.241-0.014 17461496  -284417.3 Li106 2.82 0.39 17.09 06.51 535.0 18.7
OH 0.265 -0.078 17 46 33.12 -284500.7 Li108 2.06 2.36 18.71 2.13 595.0 18.1
OH 0.274 +0.086 17 45 56.08 -283927.5 Li109 1.65 -0.67 14.80 363.65 706.0 24.4
OH 0.307-0.176 1747 02.17  -284555.8 Li110 1.22 -0.20 15.33 324.90 657.0 20.4
OH 0.336 -0.027 1746 31.30 -283948.0 Li113 2.96 2.11 18.33 82.45 514.0 17.0
HD 109467 123504.30 -284639.6 R97 2.73 1.84 17.68 -15.21

HD 115141 13 1549.54 -400317.1 R97 0.93 0.29 7.28 -8.41

HD 117927 1334 15.34 -34 23 15.3 R97 0.90 0.19 6.03 -2.47

HD 121870 135853.01 -3247325 R97 2.87 1.69 17.03 -24.24

AFGL 1686 14111761 -074449.9 LOO 1.96 -0.79 18.87 -528.16

R Phe 2356 27.57 -49 47 12.5 LOO 1.86 0.23 12.89 -118.80

S Phe 2359 04.57 -56 34 32.3 LOO 2.17 1.48 17.56 -15.30

V Tel 1856 17.94 -49 29 09.7 LOO -1.20 0.29 11.69 -481.43

U Equ 2057 16.28 +0258 44.6 LOO -1.65 0.70 -2.35 -109.43

Z Agl 201511.04 -06 09 04.0 LOO 0.12 0.53 12.65 -201.51

aSee Table 2.9.
bSee Table 2.9.
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Table 2.11: Log of the stars observed on 30/06/03.

Name RA Dec Referencés EW(Na)[A] EW(Ca)[A]l EW(CO)[A] H,O[A] PP[days] Ve [km/s]
OH 359.746 +0.134 17 44 29.42 -29 04 58.6 Li029, S98 0.70 -1.30 22.96 -604.71 7.9
OH 359.778 +0.010 17 45 03.20 -29 07 12.6 Li038, S98 3.50 2.16 5.161 -255.61 557.0 21.0
OH 359.814 -0.162 17 45 48.48 -291045.2 Li045, S98 2.76 0.96 3.451 -212.24 554.0 20.5
OH 359.836 +0.119 17 44 45.97 -29 00 50.9 Sjo09, HV -1.31 1.01 4.080 -126.84
OH 359.855 -0.078 17453479  -2906 02.7 Li050 3.44 2.69 18.89225.50 617.0 22.1
OH 359.864 +0.056 17 4504.71 -290124.9 Sj013, A38, HV 0.09 570. 22.89 -660.83
OH 359.918 -0.055 17 45 38.46 -29 02 03.9 B98, S98 0.42 0.90 5310. -238.09 18.1
OH 359.943 -0.055 17 44 28.20 -28 5055.0 S98 2.49 1.66 14.73 .6031
OH 0.017 +0.156 17 45 03.65 -285027.7 S98 2.39 -0.29 20.53 7.785 18.9
OH 0.037 -0.003 174543.16  -285421.8 S98 1.69 -0.54 21.52 6.561 5.1
OH 0.335-0.180 17 47 07.34 -284428.3 HV, S98 3.33 1.65 17.06 2.82-
OH 0.352 +0.175 17 45 46.57 -28 32 39.5 Li115 1.96 0.96 12.99 12.56 661.0 18.1
OH 0.379 +0.159 17 4554.18 -283146.0 Li116 3.48 -0.37 2.75 5.8 15.3
OH 0.395 +0.008 17 46 31.48 -283537.3 Li117 0.92 -0.83 11.17 34.99 461.0 13.7
OH 0.447 -0.006 1746 42.29 -283326.1 Li120 -0.33 -9.57 14.46 445.0 13.1
OH 0.452 +0.046 17 46 30.70 -283131.0 Li121 1.96 1.47 1414 6.33 339.0 10.2
OH 0.536 -0.130 17 47 24.02 -283242.9 Li127 2.91 1.94 13.87 78.26 669.0 23.2

17442380 -290855.3 A03 5.07 2.53 18.98 -10.57

1744 48.60 -290013.2 Al6 6.46 1.16 20.84 -5.45

174453.10 -285946.5 A22 5.28 4.07 18.13 -6.80

17 45 09.80 -290517.8 A45 3.28 0.68 16.53 -55.01

17 45 27.50 -29 04 39.9 A66 5.39 4.18 25.26 -58.05
BMB 55 18 03 08.16 -295747.4 R0OO 3.42 2.31 19.45 -90.37
B-138 180346.00 -295912.1 ROO 4.40 2.61 21.97 -48.03
BMB 205 180354.85 -300419.2 R0OO 4.04 3.05 21.95 -57.11
BMB 78 18 03 15.54 -295109.0 ROO 2.62 2.36 18.30 -28.21
BMB 289 18 04 22.72 -29 54 50.6 ROO 3.54 2.78 22.39 -111.15
B-124 18 04 43.73 -300515.3 ROO 3.25 2.60 19.47 -33.46

aSee Table 2.9.
bSee Table 2.9.
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Figure 2.15: OH/IR stars.
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Figure 2.16: OH/IR stars - continued. OH 359.803-0.248 ssjjdy a mismatch.
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Figure 2.20: Stars in common with Ramirez et al. (1997).
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Figure 2.21: Stars in common with Ramirez et al. (2000).
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CHAPTER 3

Spitzer-IRS observations of a
sample of Galactic Bulge AGB stars

This chapter uses data gathered with the Spitzer Spacectpkes Cycle |, program 3167: “The dust
sequence along the AGB”.

Pl:J.A.D.L. Blommaert, Co-I's: J. Cami, M.A.T. Groenewegél.J. Habing, F. Markwick-Kemper,
A. Omont, M. Schultheis, A.G.G.M. Tielens, E. VanhollebegkeB.F.M. Waters, and P.R. Wood

Low-mass stars are known to lose a significant amount of massgithe AGB phase.
During this phase, the AGB stars create a circumstellarlepeg CSE), in which dust can
be formed. The oxygen-rich dust condensation sequencesasitud in Section 1.2.4 has
been proposed to explain the dust formation process arawgta-rich AGB stars (see also
Tielens 1990; Tielens et al. 1997). These condensatioresegs are based on condensation
sequences developed in thermodynamic equilibrium in ai@explain the dust condensa-
tion in the solar neighbourhood (see e.g. Tielens et al. 19p&ck et al. 2000, and references
therein).

Since IRAS and ISO it became possible to study the dust arA@Rlstars in the infrared
(IR) with satellites. Most studies which aim at evaluatihg tlust around oxygen-rich AGB
stars, analysed AGB stars in the solar neighbourhood (ge€ami 2002). These samples
are inhomogeneous in terms of initial mass and also theimentiage on the AGB is un-
known. These samples are therefore not ideal to evaluatjgen-rich dust condensation
sequence. With the high sensitivity of Spitzer-IRS, it isvnossible to obtain good qual-
ity IR spectroscopic observations of AGB stars locatedifeiraway. Using Spitzer-IRS it is
therefore easier to create a homogeneous sample. Leletedte(2006) obtained Spitzer-IRS
observations of AGB stars in 47 Tuc to study the oxygen-rigst @ondensation sequence.
AGB stars in such a globular cluster are believed to origifiadm the same population. Such
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samples are therefore homogeneous in terms of initial reaase age. Also AGB stars in
the Galactic Bulge (GB) are believed to originate from theasgopulation (Groenewegen
and Blommaert 2005; Blommaert et al. 2006). Moreover for yna@B stars in the GB,
an estimate of the mass-loss rate is available. Based on d@ss-loss rate, an idea on the
current age of the object on the AGB can be obtained (seeddekt?.5). Another advantage
of studying AGB stars in the GB is the number of objects. Ttageemuch more AGB stars
located in the GB than in e.g. a globular cluster such as 47 Therefore a larger sample
can be selected. The AGB stars in the GB are also located at #iwsame distance, which
makes that one can directly compare the spectra.

In the following chapters (Chapters 3 to 6) we will study a paof AGB stars selected
in the GB to get a better understanding of the oxygen-rict clusdensation sequence along
the AGB. This chapter will focus on the presentation and ysiglof the observations ob-
tained with the Spitzer Space Telescope.

3.1 Introduction to the Spitzer Space Telescope

The Spitzer Space Telescope (aka Spitzer or SST and forrkeoywn as SIRTF - Space
InfraRed Telescope Facility) is the fourth and final elemeitiASA's family of Great Ob-
servatories. The Spitzer Space Telescope, was launchedigusA25th, 2003 from Cape
Canaveral, Florida. A Delta 7920H rocket brought Spitzeairarth-trailing heliocentric
orbit. This kind of orbit has several advantages, e.g. itqumgates the cooled lifetime of
Spitzer and the visibility is less constrained than it woblie been, when an near-Earth
orbit was chosen. Trailing the Earth in a heliocentric qr8jtitzer drifts away from us at the
rate of~ 0.12 AU/year. This drift will eventually cause needs for a €i#fnt communica-
tion strategy. Another disadvantage comes from the lackatgption, Spitzer is outside the
protection area of the Earth’s magnetosphere, againstpaton storms and other Galactic
cosmic ray flux.

The in-orbit check-out showed that the pointing perforneaoicSpitzer is better than ex-
pected. The star tracker has proven to be very accuratay ibeaised to directly point the
telescope to better than 1”. Once the telescope pointingdttied, it is stable to within 0.03”
for times up to 600 s. Figure 3.1 shows the Operational Rairifione (OPZ). It is the area
defined by two limiting hard pointing constraints: the ang&ween the boresight and the
direction of the sun may never be less tharb82or exceed 120 Also bright objects, such
as the Earth are avoided because they would degrade théyopfahe observation due to
direct exposure of stray light, but this is not a strict coaisit.

Spitzer consists of five basic elements: the Cryogenic Tefes Assembly (CTA), the
spacecraft and the three science instruments. The ovayallt of the flight configuration is
shown in Figure 3.2. The observatory is approximately 4.5gh thas a diameter of 2.1 m,
and a mass of 900 kg.
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Figure 3.1: The main geometric observing constraints formaeea called the Opera-
tional Pointing Zone (OPZ) (taken from the Spitzer Obseésvétanual SOM, see also
http://ssc.spitzer.caltech. edu/ docunents/sont).

3.1.1 Cryogenic Telescope Assembly

Spitzer’'s instruments are all observing in the IR. Therefdhey need to be cooled: the
thermal emission from the optics needs to be negligible @megbto the natural zodiacal
background. All the parts that need to be cooled are gathartte Cryogenic Telescope
Assembly (CTA). The CTA is cooled by a combination of supédfliquid helium, helium
boil-off gas and radiative cooling. The helium bath tempaeis kept at 1.24 K, the tele-
scope temperature can k&6 K and the outer shell temperature is approximately 34 K. The
missions minimum lifetime requirement was set at 2.7 yr. lAi$ moment, the post launch
lifetime is expected to be 5.3 yr and 4.0 yr in the “worst casnario”.
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Figure 3.2: Cutaway view of the Spitzer flight hardware (takem Werner et al. 2004).

Up until August 2003 all satellites that need to be cooledpace, encounteredaol
launch i.e. the telescope was already cooled prior to launch adddbe kept cool during
the launch and in orbit. Keeping a satellite cool during Zurequires huge amounts of cool-
ing fluids: it is a commonly know fact that launching a Deltaket coincides with loads of
freed energy and thus heating. Spitzer, on the other haddawarm launch The telescope
was at ambient temperature at the time of launch and reached6 days after launch its
lowest operating temperature. The warm launch was chosarttoe cool launch, because in
the warm launch scenario, the telescope is less heavy asdelisg fluids are needed.

3.1.2 The Spacecraft

The Spitzer spacecraft itself, handles all the basic ojpersitthe observatory’s power gener-
ation, pointing and momentum control, data processing tordge, and telecommunication
functions. This part of Spitzer contains also the warm eteits of the scientific instruments.
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Figure 3.3: Spitzer focal plane layout as seen looking dowmfthe telescope aperture. The
+Z direction points towards the sun (taken from the SOM).

3.1.3 Instruments on board Spitzer

The Spitzer Space Telescope has three infrared instrument®ard: the Infrared Array
Camera (IRAC), the Infrared Spectrograph (IRS) and the ildlattd Imaging Photometer for
Spitzer (MIPS). Figure 3.3 shows the instrument payloadt dwdy the 3 instruments are
shown, also the locations of the two pointing calibraticierence sensor (PCRS) arrays and
the two point sources that were used for ground-based fdmeks and focal plane mapping.
Spitzer can only use one instrument at the same time.

In this thesis we will only make use of observations obtaingtth the Infrared Spec-
trograph. Therefore only a short introduction to this insient will be given. For more
information about the other two instruments, we refer therested reader to Werner et al.
(2004) and the Spitzer web sitet t p: / / ssc. spi t zer. cal t ech. edu/ .
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Table 3.1: Overview on the wavelength sensitivities of ttierent Spitzer-IRS arrays.
module Wavelength range Bonus order

[um] [um]
SL2 52-7.7 73-7.7
SL1 7.4-145

LL2 14.0-21.3 19.4-21.7
LL1 19.5-38.0

Infrared Spectrograph — IRS

The infrared Spectrograph on board Spitzer provides thera@mnical community with low
and medium resolution spectroscopy. IRS is divided into foadules. Th&hort-Low mod-
ule (SL) is sensitive in the wavelength range from 5.2 to 14nb and has a resolution of
~ 60— 127. TheShort-High moduléSH) is the medium resolution counterpart of the SL
module and has a wavelength range from 9.9 to L®6with a resolution o~ 600. The
Long-Low modulé€LL) is sensitive to the longer wavelengths: 14.0 — 3&®with a resolu-
tion of ~ 57— 126. The last module is tHeong-High moduléLH) which is sensitive in the
wavelength range 18.7 — 37ufh and has a resolution ef 600.

Concerning the SL and LL modules, each of this module is ag@ided into two sub-
arrays. Table 3.1 gives an overview on the wavelength rangbs table also shows that
both SL2 and LL2 have bonus order This part of the array contains additional information
in the wavelength range overlapping the two sub-arraysch ezodule. This bonus order is
very useful when one needs to merge the different parts affibetrum into one.

Apart from these 4 modules there are also two small imagitgastays, thepeak-up
arrays in the Short-Low (SL) module. These peak-up arrays allojeatb to be placed ac-
curately into any of the IRS entrance slits and can additippaovide images of sources for
photometric or structural information. If the peak-up ggaannot be used to aquire the star
in the slit, one can also use the Pointing Calibration RefegeSensor (PCRS). In general
the PCRS is used to periodically calibrate the telescopsantracker. PCRS operates in the
visual wavelength range (5050 — 5950 A).

3.2 Scientific goal and sample selection

Over the past years several studies were performed to getter limderstanding of the
oxygen-rich dust condensation sequence. Especiallyl&#e® and ISO scientists were able
to study the dust formation process around AGB stars in fancif their mass-loss rate in
the infrared. Among the major drawbacks of these studiesh@éhomogeneous samples.
Because of the inhomogeneities in the samples the age onGRei®\unknown as well as
the initial mass of the star and no clear correlations coelddond between the evolution
on the AGB and the observed dust properties. Because of gheskinsitivity of Spitzer-IRS
with respect to IRAS and ISO, obtaining good quality infaaspectroscopy on AGB stars is
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not restricted anymore to the solar neighbourhood or véghbobjects located further away.

To overcome the problem of an inhomogeneous sample, AGB kiaated in the GB
and detected by the ISOGAL survey (Omont et al. 2003) can bd.USOGAL, the second
largest survey program performed with the ISO satellitesgter et al. 2003), is a detailed
mid-infrared imaging survey of the inner galaxy (Omont et2003). It provides a point
source catalogue in 5 wavelength bands and includes nigared (, J, and Ks DENIS
observations, Epchtein et al. 1999), 7, andub® photometry. This survey covered about
16 square degrees in the inner galaxy. About 46urces were detected which are mostly
AGB stars, red giants and Young Stellar Objects (YSOs). Tineey is complete for sources
which are brighter than 9 magnitudes atrvi and 8 magnitudes at 1#n (Omont et al. 1999).

Ojha et al. (2003) studied the ISOGAL sources in the “intadiag” galactic bulge
(€] < 2° and|b|] ~ 1° — 4°). They combined the ISOGAL-DENIS Point Source Catalogue
with 2MASS J, H, andKs-photometry and MSX (mid-IR) in order to determine the natur
of the point sources. They conclude that almost all ISOGAlirses detected both at 7 and
15 um on the line of sight of the bulge are AGB stars or stars atitheftthe RGB. Prior
to ISOGAL, it was already known that th& (— [12])¢ colour, with [12] the IRAS flux at
12 um, is a good mass-loss indicator (Ojha et al. 2003, and nefesetherein). Ojha et al.
(2003) showed that alsd&{ — [15])o correlates with the mass-loss rdtke nevertheless with
a slightly different calibration than if one usels ¢ [12])o. Also Blommaert et al. (2006)
confirm the use of this colour as a mass-loss indicator byyaim mid-IR (ISOCAM-CVF)
spectra of a sample of GB AGB stars.

Stars in these “intermediate” GB fields are also believeddiony to the bulge stellar
population which only shows a small range in masses. Thesggyhave evolved from a
population of stars of aboutd — 2 Mg (Groenewegen and Blommaert 2005; Blommaert
et al. 2006). AsKs - [15])o can be used as a mass-loss indicator and since the ISOGAL
sample is complete in terms of magnitudes (to 8 mag atri} the ISOGAL sample is also
complete for the lowest mass-loss rates (aboot M), yr~!, Blommaert et al. 2006). There-
fore, AGB stars from the GB which are detected in the ISOGAmsi® cover the full range
of mass-loss rates, starting from the onset of (dust) nasssdp to the mass-loss rates of
104 Mo/yr associated with the so-called superwind phase in OH/tie AGB stars.

In Chapter 7 we study the stellar populations in the GB usimgglaxy model. In this
study, no intermediate age population could be revealeds ddes not immediately prove
that there is no such population: the method described ipteh@, using 2MASS and OGLE
data, is unable to reveal this population. Therefore we wailitinue this work under the as-
sumption (based on Groenewegen and Blommaert 2005) thee¢beted AGB stars originate
from an intermediate age population and form a homogeneoupls.

With all the stars in these “intermediate” bulge fields araging from about 1.5 M stars,
the main difference between these objects is their age oA@R: A Colour-Magnitude Di-
agram (CMD) for these stars, as the one presented in Figdrefectively corresponds to
the evolutionary track on the AGB for a 1.5J\tar, characterised by varying luminosities
and mass-loss rates. These fields therefore offer uniqueryyities to study the evolution
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Figure 3.4: [15§/(Ks — [15])o colour-magnitude diagrams. The left figure shows all sarce
detected in our selected ISOGAL fields (see also Figure A%hear sequence of increas-
ing redder colours (and thus mass-loss rates) for brighiermi fluxes can be seen. The
right figure shows the sources we have selected for this girajistrating the fact that we
have a representative sample which covers the sequencereaging mass-loss rate. The
overplotted curves represent 2000, 4 000, and 10 Q0@iant tracks with increasing mass-
loss rate (using a mixture of amorphous silicate and alumionide dust, Blommaert et al.
2006). The mass-loss rates range from®1i0 3x10 M, / yr. The squares on the 400Q L
track indicate the following mass-loss rates- 4,008, 5x 108, 107, 5x 107, 10°® and
3x 10% M, / yr. The dot-dashed line represents a track of increasimgriosity without
mass-loss. The selected OH/IR stars have no corresponMAG3 counterparts and are
therefore not shown in this CMD.

of 1.5 M,, stars and their circumstellar material as they evolve o\BB. For all the above
mentioned reasons, AGB stars in the GB detected with ISOQ&lideal to create a homo-
geneous sample in order to study the oxygen-rich dust caadien sequence along the AGB.

The left panel in Figure 3.4 shows E{— [15]), versus [15} CMD for all the objects in
the selected ISOGAL fields (c32, ¢35, ogle, NGC 6522, seerEigb). ISO/SWS studies
of nearby AGB stars have revealed the presence of at leasttialicomponents in the
wavelength range 8 — 2#n, and several more features at wavelengths longer tham3€or
an overview see Blommaert et al. 2005). Judging from theatiaris in the dust composition
of these spectra and their range in mass-loss rates, weexblet5 sources per logarithmic
bin in mass-loss rate (usindg<{ - [15])o as a mass-loss rate indicator) to fully sample the
dust variations in a statistically significant way. We irdéul sources withi{s — [15])o values
close to zero to ensure that we can trace the dust at the dneetss-loss. From the Bulge
fields in the ISOGAL sample, we selected 47 sources. We atdodad OH/IR stars, which
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Figure 3.5: Position of the objects in the sample with resp@the GC. The dotted lines
indicate different Ra and Dec values. The diamonds are Margables, the crosses are
semi-regular variables and the plus-signs are small-andgivariables (as defined later in
Chapter 4). The name of the fields c32, ¢35, OGLE, and NGC 6&f2 to the fields in
the ISOGAL survey from which most of the objects were sel&¢see also Blommaert et al.
2006). The length of the vertical lines close to each (grdyiploject(s) indicates the relative
extinction values.

represent the highest mass-loss rates on the AGB. As theveindgphase is extremely short
(less than 10000 years) OH/IR stars are rare in the ISOGAfebsdmple and we therefore
have included 6 IRAS detected OH/IR stars to enlarge our Eaopthe high mass-loss rate
end. These objects were selected from the same latitude esgur ISOGAL sources and
have similar luminosities as our Mira sources and are thpge®d to belong to the same
population. Hence, we cover4 orders of magnitude in mass-loss rate ¢1:0 10 M/yr)
and have a final sample of 53 sources. The resulting list eCtedl sources is presented in
Table 3.2. The sources are also shown in the right panel ofr&ig.4. Figure 3.5 shows how
these sources are distributed with respect to the GC.



Table 3.2: Observed bulge stars with ISOGAL or IRAS name. [Thand [15] magnitudes are taken from the ISOGAL cataloguileave uncertainties of
typically 0.15 mag (Schuller et al. 2003). The 2MA33H andKg magnitudes have uncertainties in the order of 0.03 magjrdsaded is the Spitzer-IRS
observing date. In the two last column we gif%g values derived for each object and the reference (see 8&cdd

$99: Schultheis et al. (1999), S04: Sumi (2004), M06: Mdtghal. (2006).

Number  Star Ra Dec Ks [7] [15] Observation Ax Ref
[J2000] [J2000] [mag] [mag] [mag] [mag] [mag] date [mag]

1 IRAS 17251-2821 17:28:18.50 -28:23:55.8 21/03/2005 0.368 MO06
2 IRAS 17276-2846  17:30:48.31 -28:49:01.9 24/04/2003  0.495 MO06
3 IRAS 17323-2424  17:35:26.00 -24:26:32.0 15/04/2005 0.574 MO06
4 IRAS 17347-2319  17:37:46.28 -23:20:52.8 24/04/2003  0.498 MO06
5 J174117.5-282957 17:41:17.50 -28:29:57.5 9.702  7.8729966. 5.36 442  20/04/2005 0.571 S99
6 J174122.7-283146  17:41:22.70 -28:31:47.0 3.47 1.54 4722005 0.602 S99
7 J174123.6-282723 17:41:23.56 -28:27:24.2 10.715 8.9932458 7.57 6.98  20/04/2005 0.518 S99
8 J174126.6-282702 17:41:26.60 -28:27:02.2 11.557 9.2858957 5.44 3.83  20/04/2005 0.518 S99
9 J174127.3-282851 17:41:27.26 -28:28:52.1 10.008 8.3063047 5.78 4.40  20/04/2005 0.507 S99
10 J174127.9-282816 17:41:27.88 -28:28:17.1 9.569  7.8280167 6.30 5.24  20/04/2005 0.507 S99
11 J174128.5-282733 17:41:28.51 -28:27:33.8 9.580 7.9681077 6.41 5.34  20/04/2005 0.507 S99
12 J174130.2-282801 17:41:30.15 -28:28:01.3 11.353 9.6@2880 7.77 7.44  20/04/2005 0.507 S99
13 J174134.6-282431 17:41:34.60 -28:24:31.4 10.902 9.187163  5.97 4.87  20/04/2005 0.507 S99
14 J174139.5-282428 17:41:39.48 -28:24:28.2 9.528  7.8018746 5.34 4.00 20/04/2005 0.507 S99
15 J174140.0-282521 17:41:39.94 -28:25:21.2 9.630 7.9771437 6.09 415  20/04/2005 0.497 S99
16 J174155.3-281638 17:41:55.27 -28:16:38.7 9.610 7.7397856 5.61 3.91  20/04/2005 0.528 S99
17 J174157.6-282237 17:41:57.53 -28:22:37.7 9.852 8.2724387 6.74 5.18  20/04/2005 0.476 S99
18 J174158.8-281849 17:41:58.73 -28:18:49.2 10.160 8.415348  5.57 3.85  20/04/2005 0.507 S99
19 J174203.7-281729 17:42:03.69 -28:17:29.9 10.262 8.501398  5.38 3.96  20/04/2005 0.518 S99
20 J174206.9-281832 17:42:06.86 -28:18:32.4 9.641 7.8933786 4.82 3.12  20/04/2005 0.550 S99
21 IRAS 17413-3531 17:44:43.45 -35:32:34.3 27/03/2004 0.283 MO06
22 J174917.0-293502 17:49:16.96 -29:35:02.7 10.869 9.1B7199  7.40 6.49  20/04/2005 0.602 S99
23 J174924.1-293522  17:49:23.99 -29:35:22.2 10.466 9.08M417 7.55 7.33  20/04/2005 0.539 S99
24 J174943.7-292154  17:49:43.65 -29:21:545 10.810 8.8§970 6.97 6.23  20/04/2005 0.624 S99
25 J174948.1-292104 17:49:48.05 -29:21:04.8 11.401 9.580660 7.75 7.11  20/04/2005 0.550 S99
26 J174951.7-292108 17:49:51.65 -29:21:08.7 10.829 9.043116 7.39 6.24  20/04/2005 0.581 S99
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Table 3.2: continued.

Number  Star Ra Dec Ks [7] [15] Observation Ax Ref
[J2000] [J2000] [mag] [mag] [mag] [mag] [mag] date [mag]

27 J175432.0-295326 17:54:31.94 -29:53:26.5 8.906 7.6239576 6.00 4.49  20/04/2005 0.302 S04
28 J175456.8-294157 17:54:56.80 -29:41:57.4  8.827 7.4387576 5.81 4.48 20/04/2005 0.302 S04
29 J175459.0-294701 17:54:58.98 -29:47:01.4 10.422 8.530287 4.88 2.98 20/04/2005 0.302 S04
30 J175511.9-294027 17:55:11.90 -29:40:27.8 10.422 9.2B4841  8.17 7.89  20/04/2005 0.302 S04
31 J175515.4-294122 17:55:15.41 -29:41:22.8 10.005 8.78R71 7.79 7.21 20/04/2005 0.302 S04
32 J175517.0-294131 17:55:16.97 -29:41:31.9 9.371 8.3398397 7.65 7.71 20/04/2005 0.302 S04
33 J175521.7-293912 17:55:21.70 -29:39:13.0 8.56 2000%2 0.302 S04
34 J180234.8-295958 18:02:34.78 -29:59:58.9 8.177  6.8941466 4.66 3.22  15/04/2005 0.127 S99
35 J180238.8-295954 18:02:38.72 -29:59:54.6 9.411 8.3277807 7.31 5.83 15/04/2005 0.111 S99
36 J180248.9-295430 18:02:48.90 -29:54:31.0 9.574  8.4859697 7.62 6.61  07/09/2005 0.155 S99
37 J180249.5-295853 18:02:49.44 -29:58:53.4 9.932 8.9535128 8.15 7.64  07/09/2005 0.180 S99
38 J180259.6-300254 18:02:59.51 -30:02:54.3 9.070 7.8803917 6.79 4.86 15/04/2005 0.106 S99
39 J180301.6-300001 18:03:01.60 -30:00:01.1 9.773 8.6612198 7.94 7.69  07/09/2005 0.106 S99
40 J180304.8-295258 18:03:04.80 -29:52:59.3 9.888  8.7923958 8.02 7.89  07/09/2005 0.063 S99
41 J180305.3-295515 18:03:05.25 -29:55:15.9 8.714 7.6200987 6.49 511 15/04/2005 0.090 S99
42 J180305.4-295527 18:03:05.33 -29:55:27.8 9.293  8.2433107 7.54 6.49  07/09/2005 0.090 S99
43 J180308.2-295747 18:03:08.11 -29:57:48.0 9.470 8.3607777 7.16 6.21  07/09/2005 0.106 S99
44 J180308.6-300526  18:03:08.52 -30:05:26.5 8.077 7.0644376 5.85 4.41 15/04/2005 0.095 S99
45 J180308.7-295220 18:03:08.69 -29:52:20.4 9.492  8.4178787 7.40 6.02  15/04/2005 0.063 S99
46 J180311.5-295747 18:03:11.47 -29:57:47.2 9.353  8.2006357 6.53 5.39  15/04/2005 0.106 S99
47 J180313.9-295621 18:03:13.88 -29:56:20.9 9.407 8.3989787 7.70 6.96 07/09/2005 0.085 S99
48 J180316.1-295538 18:03:15.99 -29:55:38.3 9.752  8.7442768 7.90 7.43  07/09/2005 0.063 S99
49 J180323.9-295410 18:03:23.84 -29:54:10.7 9.536 8.5430828 7.59 6.51  07/09/2005 0.063 S99
50 J180328.4-295545 18:03:28.36 -29:55:45.4  8.999 7.8792917 6.74 5.13 15/04/2005 0.085 S99
51 J180333.3-295911 18:03:33.26 -29:59:11.5 9.832 8.7953578 8.06 7.15 07/09/2005 0.106 S99
52 J180334.1-295958 18:03:34.07 -29:59:58.8 8.658 7.5209676 6.50 5.15  15/04/2005 0.099 S99
53 IRAS 18042-2905 18:07:24.40 -29:04:48.0 20/04/2005 0.172 MO06
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3.3 Observations and data reduction

3.3.1 Observations

The observations of our sample were obtained using the &f8pace Telescope’s (SST)
InfraRed Spectrograph (IRS) (Houck et al. 2004). They went pf a GO-1 (General Ob-
servers) proposal and were performed in April and Septer@B88b (see also Table 3.2).
Three stars of our selected sample appeared to be in the RtaBada (Reserved Observa-
tions Catalogue) and were observed in 2003/2004 as part Bffla(Director’s Discretionary
Time) program, principal investigator (PI) was F. Markwikkmper (see Table 3.2).

The targets were observed with Spitzer-IRS in low resotutimde over the entire wave-
length range (5.2 — 38.0m). The resolution for the short wavelength range (SL mode:
5.2 —14.5um) and long wavelength range (LL mode: 14.0 — 3@n9) ranges between 60 —
125. For each target, we selected 3 observing cycles in eadilmin order to have a more
reliable background subtraction and cosmic ray hit rem(seg next section).

3.3.2 Datareduction

The data reduction has been started on the pipeline levebsicBCalibrated Data (BCD)
S12.4.0. Detailed information about the processes peddimthe pipeline can be found in
the IRS Data Handbook (2006) and the Spitzer Space Telesabgerver's Manual (SOM
2005). The additional reduction steps have been perforrsid) BMART (Spectroscopic
Modelling Analysis and Reduction Tool, Higdon et al. 2004)ass mentioned otherwise.

The GB is a very crowded region with a highly structured ang/ivey background, es-
pecially at lower latitudes|l§j < 3°). This can cause problems when one wants to locate
a target. Because of the high background levels, the pedk+umost of our targets has
been done using the Pointing Control Reference Sensor (Pi@dR&ad of the recommended
IRS peak up (for field NGC 6522 and the OH/IR stars selected tiee ISOGAL catalogue
the IRS peak up could be used). Using the reconstructedipoikeywords in the BCD fits
headers, we visualised the field of view at the time the oladiens were made in order to
make sure that the slit was positioned correctly with resfethe target. This showed that
the pointing was successful for all observations.

Figure 3.6 shows an IRAC @m-band image for J174117.5-282957 taken from the
GLIMPSE-II survey (a legacy program with the Spitzer Spaeke3cope, using the IRAC
instrument, see Benjamin et al. 2003). The star itself iatied at the top of the figure inside
the thick red square. The rectangles also shown in this figrgehe different slits overlaid
for this object. The smallest ones are from the SL module hadargest ones are the LL
module. The yellow rectangles are order 2 (SL2 and LL2) aed¢l rectangles are order 1
(SL1 and LL1). Not only does this figure illustrate the sustelgpointing for this object, but
it also gives a hint on the crowdedness in these spatialmegspecially for the LL module,
the probability to observe additional stars is very large.
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Figure 3.6: IRAC &m-band image for J174117.5-282957 (inside the thick redis)drom
the GLIMPSE-II survey (Benjamin et al. 2003). Overlaid dre different slit positions for
the two nods for the SL module (thin rectangles) and the fwstfior the LL module (largest
rectangles). The red rectangles originate from the 1strer®t 1 and LL1) and the yellow
rectangles from the 2nd order SL2 and LL2).

When observations are made with Spitzer-IRS, the objettiya observed twice within
one cycle (the amount of cycles is chosen by the observetelshort time span between the
two observations within one cycle, Spitzer nods and theectiee second observation gives
the object in a different position on the slit. Infrared otvses typically use these nods to
correct for the background.

If Spitzer-IRS is used with the low resolution modules, ¢her also another possibility to
correct for the background. In Section 3.1.3 the layout dfzZ8p-IRS has been explained.
The instrument has four modules of which we only used twosti@t and long low resolu-
tion modules (SL and LL modules). Each of these two low resmiumodules can be split
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Figure 3.7: Background fluxes for the different nods andeycised to correct J174127.9-
282816 for the background. The jumps seen in the 2nd order ahl LL module originate
from the S12.0.4 pipeline calibration and are in the objeotsected for using standard star
observations.

into two sub-arrays or orders: the first and the second oMiéren observations are made
with one of these low resolution modules e.g. in the secoddmthe first order of the same
module also gathers light because Spitzer has no shutteedight detected in the first order
when observing in the second order comes from the vicinitthefobject. This additional
light gathered in the first order, can then be used to backgtsubtract observations made
in the first order. This is also true the other way around: & observes a target with the first
order, the second order also gathers light from the vicioftthe object, which can then be
used to background subtract observations made with thedexder.

Since the background in the GB can vary significantly withireay small area, the first op-
tion using the different nod positions is to be preferredralie second one: the background
spectrum obtained in the first method is closer to the tatgelfiand therefore more reliable.
We always applied the first method unless it was not possietalise of crowding, in that
case we applied the second method (see Section 3.3.3 foseusdion on the background
residuals in the spectra).

Figure 3.7 shows the typical shape of the background fluxég upper two panels il-
lustrate the background levels for the two orders in the Slduey the bottom two panels
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for the two orders in the LL module. The most pronounced featseen in the background
are polycyclic aromatic hydrocarbon (PAH) features and loarseen around 6.2, 7.7, 8.6,
11.3, and 12.7m (Peeters et al. 2004). Besides these well-known featvagsiKerckhoven
et al. (2000) identified an additional emission plateau betwl5 and 2Qm originating from
PAH molecules using ISO-SWS data of a sample of compaxctétjions, YSOs, and evolved
stars. They show that although the overall shape of thigalais very similar in all sources,
the detailed profiles vary from source to source.

Figure 3.7 also shows that there is a fairly large spreadarbtitkground flux at each wave-
length, indicative of small-scale variations in the shapeiatensity of the background. This
is more pronounced in the LL module observations than the I8lexwvations. The conse-
guences of these variations for the data reduction proc#idsendiscussed at great length in
Section 3.3.3. Finally, note that the flux values in Figuieshould not be taken at face value
when comparing SL and LL observations since both slits héfereint widths.

The next step in the data reduction process is cleaning thgasfor bad pixels. This has
been done using the IDL routine “irscleamask”. Bad pixels were defined by the bad pixel
mask that comes with the BCD data, the rogue masks for eacpaigm and the interactive
routine within “irscleanmask” to search for additional bad pixels. For all obseoratiwithin
one cycle, the same bad pixel mask was used.

The spectra were extracted using the column extractionaddéththe SMART package.
At this stage all parts of the spectra obtained with the LL oledwere also corrected for
fringes using IRSFRINGE. After the extraction, the differaods and cycles were combined
into one spectrum for each module using-&ipping. In this way cosmic ray hits that were
not corrected for using the “irscleanask” routine, were left out of the spectrum. Also con-
cerning background residuals, this method improves thetspa at longer wavelengths.

Allthe reduction steps described above were also perfoom&kstandard stars: HR 6348,
HD173511, and HD166780 which were then used to flux calibfegespectra. For most of
the stars, this resulted in spectra for each order and mduieontinuously overlapped. For
stars with a less reliable background subtraction, thedifit modules show rather big dis-
continuities. The two orders in the SL module overlappeélgjcherefore the orders of the
LL module were multiplied with a constant to form a contine@pectrum with the SL orders.

3.3.3 Remaining artifacts

Figure 3.7 already illustrated the variation in the backgblevels that can be found, Fig-
ure 3.8 shows this in more detail for J174951.7-292108 irséwond order of the LL mod-
ule. This figure shows two background regions across thepslitillel to the object in the slit.
Black is the pixel row 7 pixels left of the object, grey the girow 18 pixels to the right of the
target. One pixel in the LL module is about 5.1” (one pixelhe SL module is about 1.8").
These regions give an idea on the varying background lemdigriction of the distance to
the object. This figure clearly illustrates that althoudHesdtures are present at the different
positions across the slit, the intensities can vary sicgnitily (to about 20% in the @ line at
18.7um and 10% in the PAH features aroundm).
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Figure 3.8: Variation in the background. The two lines reprd a pixel row parallel to the
object. Black: 7 pixels to the left of the object, grey: 18giito the right of the object.

The background emission is very strong in the longer waegtenegion and also in-
creases with wavelength. For most of the objects the backgremission at these longest
wavelengths is equally strong or even stronger than the fithecobject itself. Especially for
these objects, uncertainties of 10 to 20% in the backgroeweld result in much larger uncer-
tainties in the final dust spectra. Figure 3.9 shows thediffee in the obtained spectrum that
can occur due to the variation in the background. The blaek shows the spectrum when
using the background shown in Figure 3.8 as the black lireegthy line shows the spectrum
obtained when using the background shown as the grey linggiuré-3.8. The differences
between the two obtained spectra in Figure 3.9 can be understased on the differences
seen for the two background regions shown in Figure 3.8.

Figures 3.15to 3.17 show the spectra after extinction ctime (see Section 3.4). Inspec-
tion of these spectra, reveals that there still remain saiffieudties with the data. First, we
still see some residual effects of the non-perfect backyt@ubtraction in our spectra. Since
the background emission increases with wavelength, tleetedf background residuals are
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Figure 3.9: Variation in the obtained spectrum due to ushegttvo different background
regions shown in Figure 3.8. The spectrum in black is creasaty the background 7 pixels
to the left of the object, the grey line shows the spectrunatest using the background 18
pixels to the right of the object.

larger at longer wavelengths. For the stars with number 711012, 13, 14, 21, 22, 23, 24,
25, 26, 35, 36, 43, or 49 we expect larger residuals from tlekdraund subtraction as we
had to use the second method, using the different ordehé&background subtraction (see
e.g. the bump around s in star number 12 in Figure 3.15). Especially J174948.2194
(number 25) had severe residuals in the longer wavelengibne due to the background
extraction, and therefore the longer wavelengths are otgldor this object in any further
analysis. The very pronounced features at }8i7and 33.5um, seen in some spectra, are
artifacts caused by a forbidden line fromiSalso the feature at 3448m is linked with a
forbidden line from 81 and originates from the non-perfect background subtractio

Also for J175511.9-294027 (number 30) the longer wavelenggion is not shown in
Figure 3.15. This star was too weak to enable us to recoveuseiyl information from the
Spitzer-IRS LL band images.



66 Chapter 3. IRS observations of GB AGB stars

J180305.3—-295515

0.30— —

[Jy]

0.25 —

a

F

0.20—

L L L | L L L | L L L | L L L | L L L
10 12 14 16 18 20
A [um]

Figure 3.10: Example on the 14n teardrop, an artefact seen in many spectra.

Many spectra also show a bump arounduid at the end of the SL1 band. An example
of this is given in Figure 3.10. The feature seen auflis an artefact and is referred to as
the “14 um teardrop”. It is believed to originate from scattered ti¢for more information
we refer to the Spitzer Science Center web site at
http://ssc.spitzer.caltech.edu/irs/calib/teardrop).

The IRSFRINGE routine was not successful with all of our GHétar spectra. Fig-
ure 3.17 shows that most stars still suffer from fringes atllbginning of their LL band
(around 21um.)

3.4 Extinction correction

This homogeneous sample of AGB stars located in the GB has $mlected to study the
dust along the AGB (see Section 3.2). Although the locatioouw objects in the bulge has
many advantages, such as the AGB stars originating fronsatine population and the almost
identical distance to these objects, there is also a disaage inherent to the location of our
sample: extinction. There are not only many stars presehgiinner regions of our galaxy,
there is also a large amount of dust. This dust, located imtkestellar medium (ISM) alters
the shape of the observed spectra, most notably around 120gmuhwhere strong silicate
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bands are present. Since we want to study the dust aroundrget stars and not the inter-
stellar dust, it is crucial to properly correct our spectraifiterstellar extinction.

3.4.1 Dereddening law

There exist several dereddening laws in the literaturedhatbe used to correct for extinc-
tion. Before ISO there were e.g. the extinction laws deriggdraine (1989, who com-
bined independent studies based on reddening of stars atrddgn line ratios from H
regions), Cardelli et al. (1989, using parametrised ekitinadata for the ultraviolet, and vari-
ous sources for the optical and near-IR), and O’'Donnell 41 9fich is an update on Cardelli
et al. 1989).

Based on ISO-SWS observations Lutz et al. (1996) showedthieagxtinction law in the
direction of the GC does not show the deep minimum in the 4um8&egion as is seen in
e.g. Draine (1989) using graphite-silicate mixes. Thaewefaitz et al. (1996) conclude that
there must be an additional contributor to the extinctioheylalso state that as most of the
extinction to the GC arises in the foreground ISM rather tloaally, it is likely that the new
extinction curve they derived is more widely applicabletioaly for the GC.

Based on near-IR and Spitzer IRAC data, Indebetouw et a5pPA@erive an extinction law
from 1.25 to 8.Qum. The derived extinction law is consistent with Lutz et 4996) and as
Indebetouw et al. (2005) derived very similar extinctionsefor two very different directions
in the Galactic plane, they suggest that their relativenetiton valuesA,; /Ax may be gener-
ally applicable.

Chiar and Tielens (2006) constructed two interstellarnettbn curves from 1.25 to 2idm
using ISO-SWS measurements towards four heavily extingagaictic WC-type Wolf-Rayet
stars. Because of the good agreement between Indebetol2€0%b) and Lutz et al. (1996),
Chiar and Tielens (2006) combined the two extinction cuteggpresent the continuum ex-
tinction. Longwards of &m, Chiar and Tielens (2006) constructed individual extorct
curves for the local ISM and the GC as there is more silicateipi of visual extinction to-
wards the GC compared to the local ISM (these extinctionesiare shown in Figure 3.11).
Recently Roman-Zuiiga et al. (2007) confirm that theretion law in the 3 — &m region
towards the dense molecular cloud Barnard 59 is more or lassNevertheless they find
some differences with Chiar and Tielens (2006). Althougtséhdifferences are modest, this
could indicate that the extinction law in the near- and nidrtay vary slightly as a function
of environment.

To correct our spectra for interstellar extinction, we wik the extinction curves of Chiar
and Tielens (2006). The difference between these two didimcurves longwards of 8m,
is the intensity in the silicate profiles at 10 and 8 (see Figure 3.11). The silicate profile in
the extinction curve for the GC (based on ISO-SWS obsemaid GCS3: Galactic Centre
Source 3 in the direction of the quintuplet cluster) is mae@punced than in the extinction
curve for the local ISM (based on ISO-SWS observations of VBR)9 Using the three di-
mensional extinction maps of Marshall et al. (2006) one ctimate from which distance the
extinction originates. Their maps show a small increagiimt distances from 4 to 8 kpc in
the direction towards our targets, in contrast to the ekttnanap in the direction to GCS3.
This increase in extinction around 8 kpc is larger for theeoty in fields ¢32 and ¢35, than



68 Chapter 3. IRS observations of GB AGB stars

LA™

5 10 15 20 25 30 35
A [pum]

Figure 3.11:A,/Ak extinction curves derived in Chiar and Tielens (2006). TiiHihe gives
the GC extinction curve, the dotted line the local. The giegd at the longest wavelengths
indicate how the curves were extrapolated.

for the objects in the fields further away from the GC, like. Ng5C 6522, but still small in

comparison to the increase in extinction towards the gpietu Since most of the extinction
therefore seems to originate from the local interstelladioma rather than from the vicinity
of the GC for all fields, we used the local extinction curvenfr@hiar and Tielens (2006).

After applying the local extinction correction to the obssd spectra, we verified that
no clear extinction residuals are present in the spectra.tiese purposes, we used stars
without any sign of circumstellar dust (the naked stars Sesstion 3.6.1). Figure 3.12 shows
the spectrum of J175517.0-294131 (object number 32) in the feld after applying the
extinction correction. From comparison with a model speotshown in the same figure, no
obvious residuals can be discerned, and the local extmctiove of Chiar and Tielens (2006)
seems appropriate for this field. The same conclusion holdslfnaked stars in the ogle and
NGC 6522 fields.

However, when performing a similar inspection for nakedssta the ¢32 and ¢35 fields,
we noticed that there are some residuals which peak arodneh®. Figure 3.13 illustrates
this for J174924.1-293522 (object number 23) in field c35ewbkomparing the spectrum
of this object to the aforementioned naked star spectrum free ogle field, there is a clear
absorption band which is reminiscent of the interstellicaie absorption band. While this
may indicate that we have used too low a valueAQr, we also note that when using the
Chiar and Tielens (2006) curve for the GC rather than forlleséinction, this absorption
band disappears entirely, strongly suggesting that faelields we should use the GC ex-
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Figure 3.12: Model (grey line) for J175517.0-294131 (objaanber 32, black line).

tinction curve rather than the local extinction curve. Agahis holds for all naked stars in
the ¢32 and ¢35 fields.

This result is surprising in view of the extinction maps fréfarshall et al. (2006) which
clearly show that most of the extinction arises from the laurstellar medium. However,
we should note that the ¢32 and ¢35 fields are the closest t&@hésee Figure 3.5) and
therefore it is not unreasonable that at least part of thaeeidn bears some resemblance to
the GC extinction curves. Most likely, the “perfect” extiimn curve to use for our targets in
these fields is some combination of the local and GC curveg sihleast part of the extinc-
tion to these fields must be due to the local interstellar omadi

In view of these results, we therefore applied the GC extinaturve for the stars in the
c32 and c35 fields, and the local extinction curve for objactther fields.

Since the extinction curves derived in Chiar and Tielen®63@nly have data points from
1.25um to 27.0um, we extended the curves till 36n by fitting a straight line longwards
of 21.0um in the log-log plane of\;/Ax Vs 4, using the same slope as the extinction curve
from 21.0 to 27.Qum. This is indicated in Figure 3.11 by the grey lines.

3.4.2 Extinction values

Several extinction maps exist to determifsgvalues based on the position of a target in the
Galactic Bulge (see e.g. Schlegel et al. 1998; Schulthedd. €i999; Sumi 2004; Marshall



70 Chapter 3. IRS observations of GB AGB stars

J174924.1-293522

I
U

= N

wu o
LU L L L L L L BRI
3

Normalised F,
o

o
&

|

o
o

-

Residuals
o

o
©

o
o

6 8 10 12 14
A [pum]

Figure 3.13: Effect of the used extinction curve for a stathwio signs of circumstellar
dust in field ¢35. Upper panel: the full black line gives thespum for J174924.1-293522
using the Chiar and Tielens (2006) local extinction curte, grey line gives the spectrum
for the same object using the Galactic Centre curve. Theedbltack line is the spectrum
for J175517.0-294131, an object in the ogle field. The speotthis panel are normalised to
the fluxes at &m. In the lower panel we divided the spectrum of J174924.3522 by the
spectrum of J175517.0-294131. The black line gives theluass using the local extinction
curve, the grey line using the GC extinction curve.

et al. 2006). The extinction maps derived by Marshall et2006) are consistent with the
extinction map of Schultheis et al. (1999) if one accountstie differentAx /Ay values used.
The map of Schultheis et al. (1999) is more dense in the regfionr targets and therefore
we will use Schultheis et al. (1999) whenever possible (stargets fall outside the latitude
range of the map). Schultheis et al. (1999) ésg/Ay = 0.089 (Glass 1999) to convert
their extinction map i, to the published\, values. Chiar and Tielens (2006) normalised
their extinction curves to thi€-band and therefore we will calculate the extinctiorifrom
Schultheis et al. (1999) usinfk, /Ay = 0.089 andAx = 0.95A¢, (Dutra et al. 2003).

For the targets with RA around 17:55:00 we could not use thie@ion maps of Schultheis
et al. (1999). Since the closest point in the extinction n@pdarshall et al. (2006) is a few
arcminutes away and these targets are located in fields 4&frdrd the OGLE-II survey,
we used the extinction values from Sumi (2004). These twddibhve extinction values,

of 2.59 and 2.62 (Sumi 2004), therefokg = 2.60 has been chosen for the stars located in
this area. Using the results of Marshall et al. (2006), etiim values aroundy, = 2.17 are
found. Especially in the mid-IR the difference between tlikie and the one derived from
Sumi (2004) is small. To derivAk valuesAx /Ay = 0.116 (Cardelli et al. 1989; O’'Donnell
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Figure 3.14: Effect of the extinction correction for J17413:282957. The dashed line is
the spectrum not corrected for extinction, the full lineagwthe spectrum after extinction
correction.

1994) has been used. One should remind that tAg8\ values are valid for a standard
extinction curve withRy = 3.1. The use of an anomalous extinction curve, as claimed by
Sumi (2004) and as explored in Chapter 7, would just sligttignge this ratio.

For the remaining OH/IR sources selected from the IRAS ogted, Schultheis et al. (1999)
nor Sumi (2004) could be used. Therefore the extinction lkas lerived based on Marshall
et al. (2006). Since these objects are located further avesy the galactic plane (see Fig-
ure 3.5), the extinction values are smaller and theref@thle error made based on applying
a lower resolution extinction map as Marshall et al. (2088ikely to be small.

Figure 3.14 gives an example of the effect of the extinctiorrexction for J174117.5-
282957. The dotted line is the spectrum before the extinat@rection, the full line gives
the spectrum after the extinction correction.

Additionally the used extinction law has it effects on the value and therefore also on
(Ks —[15])0. Based on the extinction curve for the local extinction werfd thatA;s/Ax =
0.585, if we assume the GC extinction curve thag/Ax = 0.484. These values are used to
correct the ISOGAL [15] observations for extinction basedite derived?¢ values.

Table 3.2 lists in the last two columns the choggnand the reference. This resulted
in the spectra shown in Figures 3.15 — 3.17. The numbers ifighees correspond to the
numbers in Table 3.2.
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Figure 3.15: IRS spectra after extinction correction farstwith the lowestKs —[15])o
value. The Ks — [15])o colour increases from bottom to top.
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Figure 3.16: IRS spectra after extinction correction farstvith higher Ks — [15])¢ values.
The (Ks — [15])o colour increases from bottom to top.
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Figure 3.17: IRS spectra after extinction correction farstwith the highests — [15])o
values, except the OH/IR stars. TH&( [15])o colour increases from bottom to top.
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Figure 3.18: IRS spectra after extinction correction far @H/IR stars, ordered from bottom
to top with increasing depth of the Lin silicate feature.

3.5 Stellar photosphere

Up to 8 — 9um the spectra of our stars are dominated by the emission frerstellar photo-
sphere or the warm molecular layers around the star (se@sug.et al. 1997). Figure 3.19
shows the stellar spectra up to Afh together with template spectra (see Cami 2002) for
different molecular species that can be identified in thespe The spectra of the OH/IR
stars are not included as their optically thick circumstedhells completely obscure the stel-
lar radiation. The shortest wavelengths of the IRS speatentovers certain ro-vibrational
bands from HO, SiO, SQ and CQ which are commonly seen in the infrared spectra of
O-rich AGB stars. At the resolution of our IRS spectra dethiine profiles are smeared out,
but the molecular bands are often strong enough to leava@eabte footprint in the spectra
of our target stars.

Water has a strong opacity over almost the entire wavelenagifpe and can produce sig-
nificant continuume-like distortions to the spectrum. Atthignough column densities, this
results in a very opaque layer of water vapour, the main edfewhich is to lower the colour
temperature of the continuum flux in the infrared (Cami 2002he presence of signifi-
cant amounts of water vapour in the mid-infrared spectrancast easily be ascertained by
the fairly strong jump in flux around 6.4Bm, but water vapour still has significant opacity
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Figure 3.19: The 5 — 1m part of the spectra, showing the molecular features. Thetsp
are ordered with increasing{ — [15])o colour from bottom to top and left to right and are
normalised at um. Template spectra for SOSIO, and water are shown for comparison
(see Section 3.5). Following parameters were used to ctiease templates: a temperature
of 1500 K and a column density of 1%cm™2 for water and SiO and a temperature of 500 K
and a column density of #cm for SO,.
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at longer wavelengths too. Almost all the spectra show tlnisp in flux at about 6.5xm,
indicating the presence of a water layer, which may lowerctiieur temperature of the con-
tinuum flux of these objects.

SiO is after CO (which has no clear features in the waveleragthe shown in Figure 3.19,
only some absorption in the beginning of the Spitzer-IRSelevgth range) and 4 one of
the most abundant molecules in the atmospheres of AGB starssdormed in all cooler
oxygen-rich stars. Model spectra show that significant arteaf SiO are formed in stellar
atmospheres with effective temperatures-af000 K and less (Aringer 2000). SiO is also a
primary constituent for oxygen-rich dust and can be comsidl@ prerequisite for mass loss
(Lebzelter et al. 2001, and references therein). The furtah vibrational mode has its
band head around 7:8n; at high temperatures and column densities however, thevireg
of this band extends to typically 10 — Lt and can therefore significantly alter the profile of
the 10um dust feature. Figure 3.19 reveals that almost every oblemst's clear signs for SiO
absorption, which is important to remember when evaludtiegdust around these objects.

The SQ v3 stretch band is situated at 7:81 and can appear in absorption or emission but
is not present in all oxygen-rich AGB stars. The discoverthef band in ISO-SWS spectra
in some oxygen-rich AGB stars is described in Yamamura €1889). Time-series of T Cep
show that the S@band is not constant over the pulsation cycle. The drop irtibpat the
band centre is characteristic for this band profile whicloimetimes seen in absorption and
sometimes in emission (Cami 2002; Van Malderen 2003). Ei@ut9 shows that there are
indications for this S@band in some spectra of our sample.

Also CG; is often observed in Miras and semi-regulars at its funddaté&ending mode
around 15um. The first report on C®emission at 14.9gm from M giants was given in
Ryde et al. (1997) and has been confirmed by Justtanont &88I8). Justtanont et al. (1998)
detected strong emission lines at 13.87, 14.97, and 181 the ISO-SWS spectra of
oxygen-rich AGB stars. The lines were only found in the sggeof Miras and semi-regular
variables when they also showed g3 feature. Given the low resolution of our spectra and
the uncertainties at the longest wavelengths, we find ntutable evidence for the presence
of CO, features in our spectra.

3.6 Circumstellar dust shell

To study the dust properties of our sample, the stellar dmrtton and the possible contribu-
tion from the molecular layers known to surround these dbjeeed to be subtracted from
the observed spectrum corrected for extinction. How thiloise is explained in the following
subsection. Once the dust spectra have been created (5&&id), the dust contribution will
be analysed in a few different ways (Sections 3.6.3 to 316.6¢e whether there is a relation
between the mass-loss rates, the amount of dust, and theatnpbsition (Section 3.7).

The analysis of the dust around the OH/IR stars in the sarsplery different from the
analysis of the other objects in this sample because theRO$térs have an optically thick
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dust shell. Therefore, the OH/IR stars are not considerddsrchapter, but will be discussed
separately in Chapter 5.

3.6.1 Naked stars

The so-called “naked stars” have no dust contribution, Beeueal best how the radiation
from the central star and a possible molecular gas layersitikk. These “stellar spectra”
can then be used as templates to remove the stellar emissimnother spectra showing a
clear infrared excess caused by the circumstellar dustaugecof their importance as tem-
plates, a careful selection of naked stars is necessarghiddescribed in this subsection.

The Spitzer-IRS spectra of AGB stars without dust show aicantm spectrum with some
additional molecular bands (see Section 3.5). The mainrpbsn features in the wavelength
range until about 1xm are HO, SiO, and S@(in some cases S(Zan also appear in emis-
sion, see e.g. Figure 3.19). The Spitzer-IRS spectra of dfkedhstars can often be fitted
using a black body, except for the molecular bands presegheimavelength region between
7 and 11um. Figure 3.15 shows that J175517.0-294131 (object nuniteis3 very good
example of this. This spectrum is also shown in the upperlgeriggure 3.20 (black line).
We fitted a black body to this spectrum (grey line) on the wewgth region from 5 to Zm
and from 11 to 2Qum, which illustrates the similarities between the star withdust con-
tribution and a black body. The temperature of the black ied®3430 K. The lower panel
shows the spectrum divided by the black body. The main featuthis normalised spectrum
is the absorption feature aroung®. Based on Figure 3.19, this feature can be identified as
SiO. Also water is present in this spectrum and can be seemejutnp in flux at 6.5m.

In Section 3.6.3 the typical shape of the expected dustifesfar this sample of stars will
be described (see also Figure 3.32). Based on the shapesefdist features, the spectra
shown in Figures 3.15to 3.17 were searched for obvious dasitfes. The objects for which
no clear dust features can be found are selected as candalad stars. For these objects,
we fitted a black body to the spectrum as described in the quevparagraph. The spectra
of the candidate naked stars were then divided by the fitteckl#dody to create normalised
spectra (similar to what is shown in Figure 3.20). These mdiged spectra have again been
searched for residuals resembling the shape of the expaastdeatures. When no dust fea-
tures are found, the object is labelled as a naked star. Wsisgnethod, 10 naked stars are
selected. These objects with their fitted black body ovedaé shown in Figure 3.21.

Figure 3.21 shows an unexpected large spread in colour tramopes of the naked stars.
These temperatures range from about 1360 K to 3000 K. Thetiwetemperatures for the
objects in this sample are situated between 2500 and 3508ekGbapter 4). For all but four
naked stars we find temperatures significantly lower thasetkalues based on the fit with the
black body. Cami (2002) showed that this could be due to thegurce of a molecular water
layer: Fig. A.21 in Cami (2002) shows optical depth profilésvater vapour, one at 500 K
and another at 2500 K. These figures show that if a water laygeisent around our objects
and if the column density of the water is high enough, it vailer the colour temperature of
the continuum flux even if the layer is not optically thick.gkre 3.19 showed that most of
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Figure 3.20: The upper panel shows the observed spectrumected for extinction, of
J175517.0-294131 (black line). The grey line is a fitted blacdy of 2470 K. The lower
panel shows the observed spectrum divided by the black body.

the objects in our sample exhibit a jump around @b due to water absorption. This may
explain why the colour temperatures for the naked stars sl a large spread.

Table 3.3 shows the objects arranged for increadfag-([15])o. The naked stars are also
listed in this table. Figure 3.22 shows the CMD for our olge@d which the naked stars
are indicated by diamonds and the other objects by crosse®xpéct based on our sample
selection method that the naked stars are the bluest olife€its — [15])o as these objects
are expected to have the lowest mass-loss rates. Insp@efitg 3.3 and Figure 3.22 reveals
that there are objects with a dust contribution which havealler (Ks — [15])o value than
the reddest naked stars. On top of that, there exists a largadin Ks — [15])o values for
the naked stars: from -0.01 to 1.16 mag. This surprisinglydaange in Ks — [15])o for
the naked stars seems to correspond to the large spread wia fiRccolour temperatures
(Figure 3.21) for these objects. Indeed, if we calculatesphread in Ks — [15])o we would
find by using black body curves with the colour temperatuers/dd from the fit, we would
find a spread of about 1.9 magnitudes. Since the colour texypervariations are likely the
consequence of different water absorption and/or emisdianacteristics, we thus find that
the presence of water around these objects causes a fagéydpread inKs — [15])o.
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Figure 3.21: Spectra for the naked stars with the fitted bienaky in grey.
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Figure 3.22: Ks — [15])o Vs [15] CMD for the objects in our sample. The diamonds repre-
sent the naked stars, the crosses indicate the objects aimehsigns of a dust contribution.

In this subsection, we selected 10 objects which show nodfigircumstellar dust con-
tribution, the naked stars. These objects will be used irfdhewing subsection to remove
the emission from the central star and a possible molecayer Ito create dust spectra for
objects that do show a circumstellar dust contribution.eBlasn the analysis of these naked
stars, we must conclude tha€{— [15])o cannot be used alone to decide whether an object
is a naked star or not. There exists a large spreallinr-(15])o of about 1.17 mag for the
naked stars and additionally there were objects found witlust contribution which have
bluer colours than the reddest naked stars. This indichtggKs — [15])o is not a perfect
mass-loss indicator at the onset of dust formation.

3.6.2 Dust spectra
3.6.2.1 Creation of the dust spectra

We will now discuss the methods used to derive the dust spe8tdominant feature in the
stellar spectra is the SiO absorption, which extends to abbum (see Figure 3.19). Itis
important to be able to correct properly for this broad feats it overlaps with the 10m
complex, caused by circumstellar dust. Most objects in shimple show a clear SiO ab-
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Figure 3.23: Example on the method used to obtain the dustrsp®r objects with an
SiO absorption band. The star in black is J180334.1-295%68.template star, in grey, is
J180249.5-295853. The inset shows the resulting dustrspedor this star.

sorption feature (see Figure 3.19). For these objects otteeafaked stars is used to remove
the emission originating from the central star and a possiimlecular layer to obtain a dust
spectrum. This method is illustrated in Figure 3.23. Foheaject with an SiO absorption
band, we selected the naked star with the SiO band that réseinést the SiO absorption
profile from the target. In most cases the slope of the termaiteen also resembled the slope
of the object for which we want to obtain a dust spectrum. ldeomot to add additional
noise to the dust spectra, the template stars have beenfsddotremove the noise and keep
the information on the molecular bands. Figure 3.15 shoWwatlit was not always possible
to reduce the data from the LL images (see also Section 3tBe&efore only the smoothed
short wavelength range (5.2 — 14:) is used which is then completed with a black body
curve. The temperature of the used black body is the temperderived in Section 3.6.1
(see also Figure 3.21). The grey line in Figure 3.23 showsdimplate created in this way
used to remove the emission from the central star for thisatbjrhe inset shows the result-
ing dust spectrum. The dotted horizontal line in the ins¢hészero flux level and the two
dotted vertical lines indicate the area which will be usedgtimate the amount of dust (see
Section 3.6.4).
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Figure 3.24: Dust spectrum for J174117.5-282957. The faltlbline shows the dust spec-
trum when using a template with a similar SiO band as the tbjgte grey line shows the
dust spectrum when a template is used with a too deep SiO baddhe dashed black line
gives the dust spectrum when a black body curve is used.

The method described above was not able to remove the eifirat$Sorption band for
three of our stars (objects number 34, 41, and 49). To oveztbimissue, we normalised the
naked stars by their fitted blackbodies and used the coloypéeature of the object (deter-
mined based on the blue wavelength region) to create a nepldaéan The templates created
in this way resembled better the slope of the blue waveleregiton as well as the depth of
the SiO absorption feature.

If the SiO absorption in the estimated stellar spectrum &r-oer underestimated, it will
affect the estimate of the dust contribution as well as ttapstof the 1Qum complex. This
is illustrated in Figure 3.24 for J174117.5-282957 (objaghber 5), which exhibits an SiO
absorption band (see Figures 3.17 and 3.19). The full blaekn Figure 3.24 shows the dust
spectrum when the SiO band is corrected for using the metbedrithed above. The grey
line shows the dust spectrum when the SiO band is correctehtreh for (using a template
with a stronger SiO profile than what is seen in the targetp d&shed black line shows the
dust spectrum when the SiO band is not corrected for (usitack body curve as template).
Especially when the SiO band is not corrected for, the shéleeodust spectrum changes
significantly. But also when the SiO band is overestimateel shape of the 10m complex
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Figure 3.25: Example illustrating the method used to créfagedust spectrum for objects
with no clear SiO absorption bands.

changes: the peak position of the complex is shifted to the sl comparison with the full
black line.

The objects which show no sign of a clear SiO absorption feaite easier to correct for
the emission from the central star and a possible molecayar. In this case, the emission
from the central star can be represented by a black body fiatdte wavelength region from
5 to 8um. The dust spectrum is then obtained by subtracting thisktddady from the ob-
served spectrum. Figure 3.25 illustrates this method f854%9.0-294701. In this figure the
spectrum is shown (in black) with a fitted black body in grejieTinset shows the resulting
dust spectrum. The dust spectra for all the objects whiclewet labelled as naked stars and
which are no OH/IR stars are shown in Figures 3.29 to 3.31.

3.6.2.2 Uncertainties in the dust spectra

Before we can address the differences seen between thepaestas we need to obtain an
idea on the uncertainties in the dust spectra. Uncertaiitiighe dust spectra are caused by
several factors: the uncertainties of the original speaird the fit to subtract the emission
from the central star.
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Figure 3.26: Dust spectra for the objects showing the cétdrackground residuals. The
spectra are normalised at jfin.

Background residuals

The original spectra and therefore also the obtained dusttispcontain residuals from a
non-perfect background subtraction (see Section 3.3.3y.résiduals at wavelengths longer
than 33um will be ignored, as this region will not be used in the anialys

Figure 3.26 shows the dust spectra for the objects with thst mygparent background
residuals. Object 24 shows very severe residuals longvedrtéum, originating from PAH
emission. This part of the spectrum is therefore unreliablee same is true for object 26.
The dust spectrum beyond l#h shows similar characteristics as the dust spectrum otbbje
24. The longer wavelength range of this object is also usipédi These two objects also
show very clearly the forbiddeni8 line at 18.7um.

Smaller background residuals can be seen in objects 7 an@ljéct number 7 shows
a residual absorption feature just beforeut3 and a sharp peaked emission feature around
17 um, which are artefacts. The overall shape of the dust spacties not seem to be
contaminated by PAH emission residuals (a typical profilesiach a background residual
can be seen in Figure 3.8 as well as in objects 24 and 26 ind&-Ra6). Object number 17
shows an artefact just before 1QuBn, as well as the absorption feature just beforeufr8
already seen in the dust spectrum of object number 7. Alsthfsrobject the residuals do
not seem to alter the overall shape of the dust spectrum.
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Figure 3.27: The creation of the dust spectrum for J174138149, using template star
J180333.3-295911. The top panel shows the spectrum in bléickhe template star in grey.
The bottom panel shows the resulting dust spectrum.

To estimate the influence of a non-perfect background sciirain this area, the pixel
variations across the slit around 18m are studied. The 184m line is about 2 pixels on
the slit. For each star we derived the variation in backgddiux around this forbidden line
and averaged this over all nods and cycles observed for dgettoThe derived percentages
are given in Table 3.3. The listed numbers give an idea ondhiation of the background:
the larger the number, the larger the possibility of backgcbresiduals in the spectra. Also
the amount of dust plays a key role in this. For objects widrgdr amount of dust, variations
in the background have a smaller influence than for objedts asmall dust contribution.
Therefore these percentages need to be considered rétatheeamount of dust.

Residuals of the emission from the central star

The fifth column in Table 3.3 indicates for which objects teepval of the emission origi-
nating from the central star was not fully satisfactory. Weady discussed the effect of the
SiO absorption in Section 3.6.2.1. In the remainder of thissection we will discuss the
possible residuals of emission from the central star in ndetail and show how these can be
recognised.

In Section 3.6.1 we mentioned that due to the large opaciyatér over the entire wave-
length range (see also Fig. A.21 in Cami 2002), water canreggpghe continuum flux of
the object and hence be a cause of errors when subtractiegiission from the central star.
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Figure 3.28: The creation of the dust spectrum for J1741282521, using template star
J180249.5-295853. The top panel shows the spectrum in bldlckhe template star in grey.
The bottom panel shows the resulting dust spectrum.

Because water has no features in the studied wavelengtle thaglook similar to the dust

features we will discuss, we cannot accidently attributeadewresidual to a dust compo-
nent. An example of this is given in Figure 3.27. For two of tigects with the reddest
(Ks — [15])o colour, the water absorption changes the slope of the spactt becomes more

flat and the used templates do not fit anymore. Because thgsaofd174158.8-281849 and
J174203.7-281729, numbers 18 and 19) have large dust loatiiris however, the relative
effect is small and we expect that this will not have a sevaggict on our analysis.

The last molecule also shown in Figure 3.19 is;S8ome objects show $SGn emission
(see e.qg J174140.0-282521, number 15, in Figures 3.19 &8y Bhile the templates cho-
sen to remove the emission from the central star only showiS@bsorption. Figure 3.28
shows object J174140.0-282521 for which a dust spectrumested using a template star
(J180249.5-295853). Because the template stars exhila@mission, the dust spectrum
still shows an S@emission feature (see lower panel Figure 3.28). Also foedtisjwith no
clear water or SiO absorption for which we used a black bodgmaove the emission from
the central star, SOresiduals can be found in the dust spectra (see e.g. the plecrism
of J174134.6-282431, object number 13 in Figure 3.31). Aswllenot use the dust spectra
shortwards of &m in further analysis (and the S@eature has its band between 7.1 and
7.8um), this is not an important issue and has no effect on theysisal
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Figure 3.29: Dust spectra, the horizontal dashed linesatdithe zero-flux level. The
(Ks —[15])o colour increases from bottom to top. The spectra are nosedlio their maxi-
mum flux.
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Figure 3.30: Dust spectra continued.
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Figure 3.31: Dust spectra continued.
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Figure 3.32: Efficiencie® for different types of dust.

3.6.3 Dust features

In this section we describe the different dust species thatoe easily detected in our sam-
ple of dust spectra, i.e. without need for radiative transiedelling. Table 3.3 gives an
overview on the detected features for each spectrum. FBj@&shows the efficienci&3 of
some dust species described in this section. This paramdteates how well a dust species
absorbs/emits at a certain wavelength and is here only oredifor illustrative purposes.

3.6.3.1 Amorphous silicates

One of the most common features in oxygen-rich dust specdréha broad features around
10 and 18&:m which originate from amorphous silicates. Figure 3.32xshim the upper left
panel the wavelength-dependent efficien€e®r amorphous silicates. These features were
first detected by Woolf and Ney (1969) and are very typicabforgen-rich AGB stars. Also

in this sample amorphous silicates can be very clearly sespecially for the dust spectra
shown in Figures 3.30 and 3.31.

The efficienciesQ for amorphous silicate have been compared with all the chesttga.
Based on this comparison, an inventory is made which ligsstars showing amorphous
silicates (see Table 3.3).
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3.6.3.2 Amorphous aluminum oxide grains

Another feature often seen in oxygen-rich dust spectraiisadfeature that peaks-atl1um,
which is different from the amorphous silicate feature.slfieature has already been detected
in Mira variables observed with the Infrared Astronomicatedlite’s Low Resolution Spec-
trometer (IRAS-LRS) by Little-Marenin and Little (1990)ha propose crystalline olivine to
be the carrier of this feature. Cami (2002) shows, based ©AS%/S spectra, that this feature
peaks at 11.1m, while crystalline olivines peak at slightly longer wasetjths (11.3:m).
Begemann et al. (1997) and Miyata et al. (2000) relate them feature to amorphous alu-
minum oxide grains (alumina, ADs).

The upper right panel in Figure 3.32 shows the wavelengtiedéent efficiencies for
alumina. This shows that not only the peak position of alamindifferent than for amor-
phous silicates, but also the shape of theudOcomplex is different. Alumina shows a much
broader profile and has a less steep slope at the red wingttbafficiencies of amorphous
silicates show. Also for alumina we made an inventory of thgzcts that show this feature
(see Table 3.3).

3.6.3.3 The 13um feature

Another feature which is clearly seen many spectra, butmatliof them, is the 13m fea-
ture. Vardya et al. (1986) discovered this feature when 8taglied IRAS-LRS spectra of
about 20 Miras. They attributed the feature to “some soriliwige”. The feature was later
associated with oxygen-rich AGB stars (Sloan and Price 198%he recent literature, many
species have been proposed to be the carrier of theml&ature. The 3 main candidates
are corundum (crystalline AD3), spinel (MgALQ,), and silicon dioxide (Sig) (see DePew
et al. 2006, and references therein).

Because the carrier of the 18n feature is still rather unclear, we do not show efficien-
cies for this feature, but it can be easily spotted in mangaij Object J174140.0-282521
(number 15) shows a nice example of a3 feature in its dust spectrum (see Figure 3.31).

3.6.3.4 The 19.5 micron feature

The 19.5um feature (sometimes also called the 1818 feature) is a broad, but sharply
peaked feature. Little-Marenin and Little (1990) and Gdehel. (1994) already detected
it in IRAS-LRS spectra. Cami (2002) proposed that the featquld be attributed to Mg-

Fe-oxides (Mg_xFeO) based on ISO-SWS observations of a sample of oxygen-1&B A
stars. Also Posch et al. (2002), Van Malderen (2003), an&$iand Hony (2005) prefer
Mgo.1Fen 9O to explain the 19.am feature seen in the ISO-SWS spectra they studied.

The emissivities for this feature are shown in the lower pamigigure 3.32. This sharply
peaked feature is clearly seen in only one object: J18025@0254, number 38 and possibly
in J180308.2-295747 and J180323.9-295410 (numbers 433nBdcause the feature is lo-
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Table 3.3: Analysis of the dust spectra. For each objecttdtite gives the Ks— [15])o
colour, an estimate of the background residuals and an veion the features seen in the
dust spectra in Figures 3.15 to 3.17. The objects are ordeitedncreasing Ks — [15])o
colour. —indicates the absence/presence of emission from the tetarand the different
features. The naked stars are also listed in this table.

Number & Star Ks - [15])0 estimate residual alumina amorphous (B3 19.5um
background emission silicates feature  feature
residuals [%] central star

32 J175517.0-294131 -0.01 10.99 naked star

40 J180304.8-295258 0.48 12.73 naked star

39 J180301.6-300001 0.48 16.31 naked star

23 J174924.1-293522 0.78 13.47 naked star

37 J180249.5-295853 0.79 9.24 naked star

30 J175511.9-294027 0.81 16.31 naked star

48 J180316.1-295538 0.82 9.49 naked star

31 J175515.4-294122 0.92 9.59 - v v v -
7  J174123.6-282723 0.97 40.02 - - v v -
47  J180313.9-295621 0.98 7.53 - - v - -
25 J174948.1-292104 1.14 34.67 naked star

12 J174130.2-282801 1.15 41.70 naked star

51 J180333.3-295911 1.16 8.26 naked star

42 J180305.4-295527 1.28 7.36 - v v v -
36 J180248.9-295430 1.29 6.83 - - v - -
22 J174917.0-293502 1.37 10.46 - - v - -
24 J174943.7-292154 1.39 14.62 - v - v -
11 J174128.5-282733 1.48 42.63 - v - v -
10 J174127.9-282816 1.49 30.65 - - v v -
43 J180308.2-295747 1.52 6.90 - v - v v
49  J180323.9-295410 1.54 742 v v v v
26  J174951.7-292108 1.55 30.17 - v v - -
52 J180334.1-295958 1.77 6.62 - v v v -
45  J180308.7-295220 1.83 6.88 - v v v -
35 J180238.8-295954 1.90 8.76 - v v v

41 J180305.3-295515 1.95 6.61 V v v v

44 J180308.6-300526 1.98 895 V/ - v v -
17  J174157.6-282237 1.99 44.23 - - v v -
46  J180311.5-295747 2.10 944 v - v -
50 J180328.4-295545 2.12 9.52 - v v v -
28  J175456.8-294157 2.14 7.75 - v v v -
5 J174117.5-282957 2.25 25.32 - v v v -
27  J175432.0-295326 2.33 784 v v v -
38 J180259.6-300254 2.48 7371V v v v v
16 J174155.3-281638 2.57 21.03 - v v v -
14 J174139.5-282428 2.59 4531 v v v -
9 J174127.3-282851 2.62 2547 / - v v -
15 J174140.0-282521 2.71 3771/ v v v -
34 J180234.8-295958 2.87 813 V/ - v v -
13 J174134.6-282431 3.00 4413 v v v -
19 J174203.7-281729 3.14 2152 v - v - -
18 J174158.8-281849 3.21 2482 v - v v -
20 J174206.9-281832 3.45 19.49 - - v - -
8 J174126.6-282702 3.77 40.87 - - v - -
29 J175459.0-294701 4.17 9.74 = = v = -

cated on top of the 18m amorphous silicate band, its presence is not always ealydern.

3.6.3.5 Cirystalline silicates

Crystalline silicates produce sharp features around 1,119,823, 28 and 32m in the wave-
length range of Spitzer-IRS and can be detected in the OHAR $see e.g. the bumps at
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Table 3.4: The dust characteristics. The normalised dusinlosity and its estimated un-
certainty are derived. This table also gives the relativewm of alumina with respect to
amorphous silicate and adt-error and the silicate emission index as described by Slodn a
Price (1995) using the method to create dust spectra descitibBlommaert et al. (2006)
The typical error on this SE index is about 1 (see text).

Number & Star normalised o alumina / Tal SE
dust (alumina + index
luminosity silicate)

5 J174117.5-282957 0.553 0.022 0.240 0.010 5

7 J174123.6-282723 0.349 0.167 0.128 0.009 7

8 J174126.6-282702 0.735 0.020 0.177 0.005 6

9 J174127.3-282851 0.474 0.016 0.175 0.004 5
10 J174127.9-282816 0.592 0.052 0.151 0.011 7
11 J174128.5-282733 0.396 0.048 0.420 0.010 3
13 J174134.6-282431 0.582 0.054 0.260 0.009 5
14 J174139.5-282428 0.501 0.033 0.254 0.010 4
15 J174140.0-282521 0.779 0.040 0.234 0.007 5
16 J174155.3-281638 0.716 0.015 0.251 0.010 5
17 J174157.6-282237 0.609 0.084 0.237 0.014 5
18 J174158.8-281849 0.632 0.015 0.143 0.004 6
19 J174203.7-281729 0.648 0.014 0.117 0.010 6
20 J174206.9-281832 0.759 0.007 0.054 0.004 8
22 J174917.0-293502 0.267 0.030 0.189 0.015 5
24 J174943.7-292154 0.050 0.005 1.000 0.033 1
26 J174951.7-292108 0.330 0.087 0.352 0.015 4
27 J175432.0-295326 0.479 0.007 0.290 0.007 4
28 J175456.8-294157 0.519 0.008 0.286 0.012 4
29 J175459.0-294701 0.724 0.001 0.122 0.003 7
31 J175515.4-294122 0.316 0.052 0.323 0.019 4
34 J180234.8-295958 0.495 0.004 0.207 0.006 5
35 J180238.8-295954 0.545 0.030 0.320 0.015 4
36 J180248.9-295430 0.430 0.034 0.276 0.021 5
38 J180259.6-300254 0.755 0.015 0.268 0.011 5
41 J180305.3-295515 0.586 0.011 0.321 0.017 4
42  J180305.4-295527 0.564 0.016 0.293 0.019 4
43 J180308.2-295747 0.305 0.018 0.652 0.019 2
44 J180308.6-300526 0.563 0.006 0.139 0.004 6
45 J180308.7-295220 0.560 0.028 0.474 0.022 3
46  J180311.5-295747 0.452 0.018 0.585 0.037 2
47 J180313.9-295621 0.426 0.051 0.137 0.011 8
49 J180323.9-295410 0.433 0.035 0.519 0.039 3
50 J180328.4-295545 0.594 0.018 0.285 0.011 4
52 J180334.1-295958 0.594 0.014 0.299 0.018 5

longer wavelengths in Figure 3.18, see also Chapter 5).
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3.6.4 Dust luminosity

The amount of dust varies significantly between the diffedarst spectra shown in Fig-
ures 3.29 to 3.31. Assuming that the properties of the duadtsshre identical except for
the mass-loss rate, the flux received from the dust shellbeillarger for an object with a
larger amount of dust. Therefore, the integrated area uheéetust spectrum, the integrated
spectral flux density, can be used to quantify the amount sf.dwe will call this value
the dust luminosity. In most targets, the dust emissionrisefyjom 8um onwards and most
spectra become very noisy beyond;38 (see also Section 3.3.3). Therefore the wavelength
range used to calculate the dust luminosity is the interelvben 8 and 3@m (see insets
Figures 3.23 and 3.25).

The dust luminosity provides a mass-loss estimator, whidulsl be compared with the
(Ks — [15])o parameter we introduced and discussed earlier. Beforeaunig both param-
eters,we point out a certain number of effects which maycaffiee accuracy of the dust
luminosity as introduced above as a mass-loss tracer.

The first uncertainty comes from the spectra themselves.t®tree crowdedness, we could
not always use all pixels in the slit belonging to the objextitzey were also affected by
another close by object. Therefore, the spectra are nolubkoflux calibrated. In order
to overcome this uncertainty, we calculated the integrapettral flux density in the same
wavelength range as for the dust luminosity (from 8 tou83 for the original spectra and
used it to normalise the dust luminosity. The calculatedadised dust luminosities are
listed in Table 3.4.

Also the background residuals influence the normalisedldusnosity. Based on the elec-
tron counts in the images around theiSline at 18.7um, we estimated the relative variance
of the background (see Section 3.6.2.2 and Table 3.3), wtachbe used to estimate the
effects of background residuals. If the background subitracan e.g. be 10% off, than
also the area under the spectra is about 10% off, both forréwee under the dust spectrum
as the area under the original spectrum. As these two vaheedivdded to account for the
possible offset in absolute flux calibration, error progamgeis used to estimate the errors on
the normalised dust luminosity by:

o= (G

with ong the estimated uncertainty on the normalised dust lumipasit the integrated flux
density of the dust emissioh,= the integrated flux density of the dust and central star emis-
sion, andy,g the estimated uncertainties on the background. The devafegs are listed in
Table 3.4.

Figure 3.33 shows theKg — [15])o colour versus the normalised dust luminosity. The
size of the symbols indicate the error-bars on the parasiete will adopt this formalism
(unless mentioned otherwise) throughout the entire chapte

Based on the calculations in Vassiliadis and Wood (1993)ahaio and Wood (2003)
showed that as the star evolves on the AGB and the mass-lesscaeases, also the pul-
sation period and the amplitude increase (i.e. Mira vagisllave larger amplitudes than
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Figure 3.33: Ks — [15])o colour used to select the sample versus the normalised wust |
nosity. The error bars orkg — [15])o only indicate the photometric uncertainties. The error
bars on the normalised dust luminosity are derived baseti®mdlues in Table 3.3 and are
also listed in Table 3.4. The axis at the top of the figure iatdis the different mass-loss rates
as already shown in Figure 3.4.

semi-regular variables which are believed to be less edolsee also Section 1.2.3). One
has to keep in mind, however, that these objects do not haeastant position in the HR
diagram and may alter between semi-regular and Mira vasa@peck et al. 2000, and ref-
erences therein). Therefore the evolutionary sequenas ihat straightforward.

The observations of the 2MASS; and the ISOGAL [15] magnitude have not been obtained
simultaneously. Especially for the redder objects whickeharger amplitudes, there can be
a large shift in Ks — [15])o due to the variability: a Mira variable e.g. can have an amgé

of about 1 mag irK. The uncertainties ork( — [15])o shown in Figure 3.33 are based on the
photometric uncertainties listed in the 2MASS databas&fand in the ISOGAL database
for [15]. These uncertainties are therefore especiallyiferedder objects, an underestimate
of the actual uncertainties as we did not account for vditgbiThe error due to variability
for the bluest sources is negligible.

The uncertainties on the normalised dust luminosity ptbiteFigure 3.33 are derived
based on the estimated variance in the background arountbithielden Siii line, see
Eq. (3.1). As is to be expected, the variance in the backgrdewels has a smaller influ-
ence on the objects with a larger dust contribution, whidHustrated in Figure 3.33.
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Normalised dust luminosities for naked stars have not bedulated as these objects
have per definition a zero dust contribution. In order to clatepFigure 3.33 for the bluest
colours, the Ks— [15])o colour for the naked stars is added. For the reddest soutwes,
normalised dust luminosity reaches tll 0.8. For the objects shown in this figure, a nor-
malised dust luminosity of 1 cannot be reached. As long aduseshell is optically thin, we
always see the contribution of the central star. For the RIdtars on the other hand, the dust
shell is optically thick, and the central star is hidden fritva observer. These objects would
therefore have a dust contribution of 1. We cannot show thé8®stars in this diagram: due
to the large dust contribution, these objects were not tkdan Ks and the objects selected
from the IRAS catalogue were also not observed with ISOGAL.

Notwithstanding the estimated uncertainties, Figure 8a8irms that an increasing trend
between Ks — [15])o and the normalised dust luminosity occurs. From the unicdiga on
both parameters, it is not surprising that this trend is ndear one-to-one relation: there is
a very large spread in normalised dust luminosity for olsj@ath comparableKs — [15])o
values as well as there is a very large spreadig[15])o colour for objects with compa-
rable amounts of dust. FoK{—[15])p ~ 1 e.g. we see objects with no signs of dust (the
naked stars) as well as objects with a normalised dust lusitinof the order of 0.4. For
objects with the same normalised dust luminosity there @a bolour difference of 2. All
this indicates thatKs — [15])o can be used at first as a mass-loss rate indicator, to obtain an
initial idea, but independent methods are needed to deded gstimates for the mass-loss
rates of the bluest objects. Such independent methods coud@ from detailed radiative
transfer modelling, which is beyond the scope of this chapte

3.6.5 Alumina and amorphous silicates

Alumina and amorphous silicates are the main contributotise dust spectra in this sample
of stars. In terms of the oxygen-rich dust condensationescg, alumina is to be formed
before amorphous silicates. To gain more information orctimposition of the dust spectra
in terms of amorphous silicates and alumina, the:dcomplexes of the dust spectra were
decomposed in function of the shape of alumina and amorpsibicates as shown in Fig-
ure 3.32. We fitted the dust spectrum from 8.5 touh2 with these efficiencies multiplied
with a black body to estimate the relative contribution efraina to amorphous silicates. We
did not fit the dust spectra longward of Ath as many objects have a 8 feature which is
not represented by this method. The temperature for aluhdedeen put at 1700 K (based
on the condensation temperature of alumina, see Sectiof) 1vhile the temperature for
amorphous silicates has been chosen at 1000 K. Above thetature (the glass tempera-
ture) silicates are formed as crystalline silicates (Tislet al. 1997) which are not observed
in AGB stars with optically thin dust shells, while amorplsailicates are one of the main
contributors to the majority of the 1@m complexes observed in this sample.

Figure 3.34 shows the 1@m complexes of 4 objects (full black lines). Each panel also
shows the efficiencie® multiplied with a black body (dotted line represents aluaigiashed
line amorphous silicates). The thick grey line shows theltes fit. Two columns in Ta-
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J174126.6—282702 J174128.5-282733
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Figure 3.34: Dust spectrum for J174126.6-282702, J1751282733, J174206.9-281832,
and J180308.2-295747 in the wavelength range 8 w4 Shown underneath are the effi-
cienciesQ for for alumina (dotted line) and amorphous silicate (dadiree) multiplied with

a black body of respectively 1700 and 1000 K. The thick gneg tiives the resulting fit.

ble 3.4 list the relative abundance of alumina to the totabamb of alumina and amorphous
silicate and a Ir error on the derived ratio.

Figure 3.35 shows the abundance of alumina relative to tleeiatof amorphous silicates
(as listed in Table 3.4) in function oKg — [15])o. The majority of our objects has a relative
abundance of alumina with respect to amorphous silicatesdem 0.1 and 0.4. There is
only one object with no indications of amorphous silicatd an additional five objects have
slightly higher relative amounts for alumina than 0.4. Ehisralso no object without alumina
based on this method.

In our fit we only included two dust species (alumina and arhoys silicates). Including
elements such as e.g. gehlenite (see Figure 1.5) wouldlateelative amounts derived here
as gehlenite has about the same profile as amorphous silindatee 1Qum region. We expect
that if we would have included also gehlenite, the imporgaoicamorphous silicates would
be lower, but no higher amount of alumina would be found.

In contrast to our results, Blommaert et al. (2006) found gonitg of alumina-dust spec-
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Figure 3.35: The relative abundance of alumina to amorplsdigaites in function of the
(Ks = [15])o colour.

tra for their sample of GB AGB stars. The sample studied innBtaert et al. (2006) is
however not as equally distributed ové¢s(— [15])o as ours: relatively more blue objects
were selected there which have a higher probability of eétihdpan alumina dominated dust
spectrum. Nevertheless for the 6 sources we have in commomrBaert et al. (2006) pre-
dict for all but one a much higher amount of alumina. J174B432154 (object number
24) is the only object that can be fitted by only alumina in eample and this is also found
by Blommaert et al. (2006). In Section 3.4, we discussed tieeteof the extinction law on
the data and found that especially for the objects closete@C an additional correction
for interstellar silicates is needed, using the Chiar aredefis (2006) GC extinction curve.
The majority of the objects in Blommaert et al. (2006) is kechin fields ¢32 and ¢35, for
which this extra correction was needed and which is not gwduin Cardelli et al. (1989)
used by Blommaert et al. (2006) to correct their spectrarftarstellar extinction. This alters
the shape of the 10m complex in favour of the shape of alumina and therefore majaa
why according to Blommaert et al. (2006) the sources are datad by alumina-rich dust.

Dijkstra et al. (2005) studied the 10n feature of a sample of M-type stars in the LMC.
Their analysis revealed that the objects with the lowestshlass rates show a dust compo-
sition that can be attributed to alumina and amorphousasd&; while the objects with the
highest mass-loss rates are dominated by amorphouseasdlidderas and Hony (2005) stud-
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ied a sample of oxygen-rich AGB stars with optically thin eesvelopes, with the lowest
mass-loss rates in the order of IMg/yr. They found that none of the objects can be mod-
elled solely by alumina. Also Speck et al. (2000) found onrapgda of AGB stars located
in the solar neighbourhood that the broad feature seen igeykyich dust spectra of these
objects often assigned to alumina, cannot solely be at&ibio alumina. The feature appears
to be due to a combination of alumina and silicates such asamprphous olivine. The
majority of objects in our sample can also not be explaingt aiumina alone, amorphous
silicates are needed to model the shape of thariCcomplex. In contrast to Speck et al.
(2000), Dijkstra et al. (2005), and Heras and Hony (2005) axeHound one object which
shows a 1(:m complex attributed to only alumina.

Based on the oxygen-rich dust condensation sequence amasdliod to select this sam-
ple, we expected to find more objects with a large aluminaerdnOne possible explanation
for this discrepancy is the Al/Si-ratio content in our saeapRich et al. (2007) show, based
on high-resolution near-IR spectroscopy of 17 M giants i itmer GB, that the bulge is
enriched ina-elements (see also Ballero et al. 2007; Fulbright et al72&ich and Origlia
2005). As Siis am-element, while Al is not, it might be that objects in the GR/@a higher
intrinsic Si/Al ratio than what is seen for objects in theassaheighbourhood and therefore
have a higher chance of forming silicates than alumina.

Although there is clearly no one-to-one relation betwelén-{[15])o and the relative
amount of alumina and amorphous silicate, there existsa wédecreasing relative amount
of alumina with respect to amorphous silicates for objedth vedder Ks — [15])o colours.
For the bluest objects on the other hand, there exists a aggg bcatter with respect to dust
composition and we therefore cannot predict the relativewarhof alumina with respect to
amorphous silicates based dfs( [15])o. A possible explanation for this large scatter in
dust composition for the bluest objects could come from adpal mass loss (Heras and
Hony 2005, and references therein). If there are clumpsgifdridensity in the CSE, amor-
phous silicates could already be formed in these regiotim@ayh we may not have expected
their presence based on the integrated mass-loss rate.

3.6.6 Silicate Emission index

Little-Marenin and Little (1990) observed IRAS-LRS speotf oxygen-rich Mira variables
and classified their spectra based on the emission featiresdalOQum into 7 groups. Also
Sloan and Price (1995) derived a classification scheme fypgenxrich AGB stars based on
IRAS-LRS observations, consisting of 8 groups, the scedadiilicate emission (SE) index
(see their Figure 3). The smaller the SE index of an objeetptivader the 10m complex.
Based on the oxygen-rich dust condensation sequence, tBesfEs are supposed to move
through these SE classes. The very broadrhi@omplex indicates alumina dust. While mov-
ing through the classes, the feature becomes narrower anuktik position shifts towards
shorter wavelengths. This indicates that the amount afaddi increases with respect to the
amount of alumina. Stars in group 8 have a dust spectrumdldatminated by emission from
amorphous silicates. This SE index provides another apprimequantify dust spectra which
we here apply to the data we have obtained.
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Sloan and Price (1995) used a method to derive the dust apebich is different from
the method explained in Section 3.6.2.1. To model the cksttag Sloan and Price (1995)
used an Engelke function and modified it using IRAS-LRS olzg@ns of five bright naked
giants. This modification of the Engelke function is needednbdel also the strong SiO
band around &m. To be able to compare our results with the results of SloahRrice
(1995), we calculated additional dust spectra for our targsing the method described in
Blommaert et al. (2006). Their method is very similar to thetnod described in Sloan and
Price (1995). Blommaert et al. (2006) also adapted an Epdalkction, but instead of using
naked stars to model the SiO profile, they used the absorptifile of the SiO band from
MARCcs theoretical modelling for a 3500 K M giant and scaled theudsato get the same
absorption maximum as Sloan and Price (1995).

To derive the SE index, the fluxes at 10, 11, anduff® were obtained from the dust
spectra. Sloan and Price (1995) found that the flux ratidevich power law:

Fio/F12 = 1.32(F10/F1)*"",

with F1o, F11, andFy, respectively the flux in the dust spectrum at 10, 11, angrh2 The
silicate emission index (SE) is then derived using the mitite flux at 11 and 12m:

SE= 10(F11/F12) - 7.5.

This ratio classifies the objects into the 8 different grofses Fig. 2 in Sloan and Price 1995).
The value is truncated and not rounded.

The dashed line in Figure 3.36 shows the power law deriveddgrSand Price (1995).
The diamonds are the flux ratios derived from the dust specgr@ted in this chapter. This
figure indicates that our data are very well represented Isyptbwer law. There are only
two objects that could be considered as outliers: J1749293502 and J180313.9-295621
(resp. numbers 22 and 47). These two stars are among thésobjdtthe bluests — [15])o
colours (see Figure 3.29 and Table 3.4) and therefore thesstion of the central star in or-
der to obtain a dust spectrum has a larger influence on thediirsalspectrum than for stars
with redder Ks — [15])o colours. This could explain why these stars seem to be gitliche
majority of the objects in Sloan and Price (1995) havé-ajf F1; ratio between 0.6 and 1.4
and anF1o/F1, ratio between 0.5 and 2. The majority of this sample of stassanF1o/F11
ratio between 0.5 and 1.5 and Biy/F12 ratio between 0.5 and 2.5, which is very similar to
Sloan and Price (1995).

The plus-signs in Figure 3.36 represent the flux ratios @drising the method in Blom-
maert et al. (2006). These flux ratios are very similar to the fatios based on the dust
spectra derived in Section 3.6.2.1 (diamonds). This is texpected as the method described
in Sloan and Price (1995) traces the shape of therh@omplex. The shape of the 1dn
complex can be altered by the method used to create the cdatta|jsee also Section 3.6.2)
and therefore the differences between the flux ratios usiagvwo methods indicate the un-
certainty on the classification method described in SloahRaite (1995). Because the flux
ratios between our method and the method described in Blartreigal. (2006) are very sim-
ilar and because we want to derive SE indices in the same w@lpas and Price (1995), we
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Figure 3.36:F19/F11 vs. F10/F12. The dotted line indicates the power law from Sloan and
Price (1995). The plus-signs originate from the dust specteated in the same way as
Blommaert et al. (2006). The diamonds represent the dustrspereated in Section 3.6.2.1.

will continue the analysis of the SE index with the dust sgecteated in this section based
on the method of Blommaert et al. (2006). The resulting Skcewlare given in Table 3.4.
If we would have used the dust spectra created in SectioB.3.the difference between the
derived SE indices is of the order of 1. Therefore we assurgpieal error of 1 on the SE
indices induced by the creation of dust spectra.

Figure 3.37 shows the distribution of SE indices. At least object is found for each
SE index; the majority of our objects have an SE index of 4 drttere is no obvious reason
based on a visual inspection of the dust spectra to why trectsbare clustered at SE indices
4 and 5. Based on the decomposition of our objects in alummidaaanorphous silicates in
the previous section, we already noted that we have very fgacts dominated by alumina
rich dust. The majority of our dust spectra had a relativendbnce of alumina to amorphous
silicates between 0.1 and 0.4. This is also reflected in thn&iEes as the majority of our
objects are situated in classes 4 and 5. The shape of themI®mplex for objects in these
classes are determined by a mixture of alumina and amorilmate dust.

Based on the definition of the SE index and the method usedricedbe relative abun-
dance of alumina with respect to amorphous silicates, weaxp find a clear decreasing
trend between these two parameters. Figure 3.38 showsl#tieeeamount of alumina with
respect to the amorphous silicates in function of the SExindlee expected trend can be
clearly seen. This shows that these two parameters tracgathe aspect about the ifh
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complex: the shape which is dependent on the compositidreaduist. Also the small spread
in the relative abundance of alumina within one SE index [eeted because the SE index
is a discrete parameter while the relative abundance ofialuie defined as a non-discrete
parameter. We also have to keep in mind that the error on thad&x (which is not shown
in this diagram) is about 1 index.

3.7 Discussion

As an AGB star moves up the mass-loss sequence as shown e Biguit creates a circum-
stellar dust shell. Based on the oxygen-rich dust condiemss¢quence, the first dust species
to form is alumina. When the AGB star belongs to the reddefoatbin (Ks—[15])o, the
dust spectrum of the star will be dominated by amorphousasdi emission (see also Sec-
tions 1.2.4 and 3.6.3.1). Since the stars in our sample &eted based on theiKg — [15])o
colour, which is believed to be a mass-loss indicator (Offe. 2003), the stars are observed
in different stages of the evolution on the AGB. Thereforeaxpect to see different phases
of the oxygen-rich dust condensation sequence in the speetause the freeze-out occurred
at a different steps in the condensation sequence (seeedtiors3.2).

In this section we will discuss all the derived parametesebaon the obtained dust spec-
tra in function of each other and the oxygen-rich dust cosd#an sequence.

3.7.1 Qualitative interpretation of the dust spectra in furction of the
mass-loss rate indicator

As can be seen from Figure 3.15 the stars with the blugst-(15])o colours show hardly
any dust. We also noted that there are already objects whimh a small dust contribution
but which have bluer colours than the reddest naked stas. ifitlicates thats — [15])o can
have a large spread for objects with about the same massdtessat least for the lowest
mass-loss rates.

Table 3.3 revealed that the bluest object in our sample éxigta dust contribution, not

only shows signs of alumina but also the 9.7 and:fi8emission bands of amorphous sili-
cates can be detected. There are only 4 objects in our sanhpte show no clear signs for
amorphous silicate dust. Table 3.3 also shows that mostesktbbjects are situated in the
first half of the given sequence arranged for increasitig-([15])o, but these objects do not
have the bluest{s — [15])o colours.
Most of the objects which show no clear evidence for aluminst tiave the reddest colours
and are therefore expected to have the largest mass-less rfBlhere are also some of the
bluest stars that show no signs of alumina. Based on the oxsige dust condensation se-
guence, this is quite unexpected. Because of the freez¢heuiluest objects with the lowest
mass-loss rates are expected to be dominated by alumindugthrather than amorphous
silicate dust.
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To illustrate the differences (and similarities) in the deggectra with respect to increas-
ing (Ks — [15])o, we selected 8 stars equally spread over #e~[15])o sequence through-
out this sample. The stars selected (with their numbersngbetween parenthesis) are
J175515.4-294122 (31),J174917.0-293502 (22), J18032%410 (49), J180305.3-295515
(41), J175456.8-294157 (28), J174139.5-282428 (14),203%-281729 (19), and
J175459.0-294701 (29). For these stars the dust spectishaven in Figure 3.39 with in
addition the wavelength-dependent efficiencies for thiediht dust components shown in
Figure 3.32. This figure is merely an illustration of the pbkespresence of certain dust com-
ponents and does not have the intention to actually fit thevshdust spectra. The chosen
emissivities are compact alumina, amorphous silicate MaghFey 9O. As the carrier of the
13um feature is still uncertain (see Section 3.6.3.3), we dshotw emissivities for a possi-
ble carrier of this feature.

J175515.4-294122 is the first object shown in Figure 3.38.thHe object with the bluest
(Ks —[15])o colour showing a dust contribution. The blue side of theufrfOcomplex coin-
cides with the efficiencies for amorphous silicates as veethere an 1&m emission band
present in the dust spectrum. The amorphous silicates akim@ot explain the entire 16m
complex. The slope of the red wing of the emissivity of com@digmina is very similar to
the slope of the red flank of the 1fn complex, suggesting that this feature could also be
partially attributed to alumina. This object also showsemacl13um feature.

The next star in Figure 3.39 is J174917.0-293502. The destspm resembles the emissiv-
ity for amorphous silicate and there does not seem to be dugy taature present.
J180323.9-295410 shows a dust spectrum dominated by auost and also a 13n fea-
ture is present. Additional flux at shorter wavelengths tthenemissivities for alumina can
be found in this object. Since there is also indication foaarorphous silicate band at L8,
the additional flux seen in this dust spectrum could be duentarphous silicate. This object
also exhibits a 19.am feature.

The following three stars in the figure (J180305.3-2955185456.8-294157,and J174139.5-
282428) are very similar. For these objects, the slope ofabeving of the 1Qum complex
resembles the slope of alumina, while the slope of the blugwésembles the slope of amor-
phous silicates. For these objects, we also see a cleariemizsnp around 1@m, which
originates from amorphous silicates. This suggest thaetlséars contain both alumina and
amorphous silicates. These three objects also show a @gan feature.

The shape of the dust spectrum for the last two stars (J174Z81729 and J175459.0-
294701) resembles the shape of the dust spectrum of J1499350. These two stars are
dominated by amorphous silicate and show no sign for any olin&t feature in their spectra.

Based on this analysis and the results given in Table 3.3 wenseobvious trend be-
tween the dust composition and the general shape of the dastra with respect to the
(Ks —[15])o colour of the object, especially not for the bluest objedthis lack of a trend
between Ks — [15])o and the dust composition is unexpected.
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Figure 3.39: Normalised dust spectra for 8 AGB stars. Khg— [15] colour increases from
left to right and top to bottom. Overplotted are the emisigsifor compact alumina (dotted
line), amorphous silicate (dash-dotted line), anchMer 9O (dashed-triple dotted line).
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Figure 3.40: Silicate Emission index versi & [15])o.

3.7.2 The shape of the 1@m complex in function of the mass-loss rate

We investigated the shape of the i complex in two ways in the previous sections. We
decomposed the 1m complex in function of the efficiencies of alumina and antans
silicates and derived a relative abundance of alumina eipect to the amorphous silicates.
Using the method described in Sloan and Price (1995) we atsapgd our dust spectra in
terms of the shape of their 10n complexes based on their fluxes at 10, 11, andri2

Since the SE indices trace the shape of therh@omplex and since based on the oxygen-
rich dust condensation sequence it is expected that thaml@omplex becomes less broad
as the object evolves, it can be expected that AGB stars niwgadh these 8 different SE
indices. Figure 3.40 shows thiéd— [15])o colour in function of the SE index. This diagram
seems to suggest an increasing trend betwKer (15])o and the SE index as there are no
data points located in the upper left corner of the scattar Blut the spread on this possible
increasing trend is very large and can be about 2 magnitodé&zger, in Ks — [15])o within
one index (see e.g. the higher SE indices). What can be dediare this figure is that for
an object with a certainKs — [15])o colour, it must have a certain SE index or higher. For
example, if an object has aK{ - [15]), colour of about 3, than it must have an SE index of 5
or higher. For Ks — [15])o colours bluer than about 1.5 every SE index is possible. 8dagn
shows that based only on thi{— [15]) it is impossible, especially for the bluest objects,
to predict the shape of the 1n complex or the dust composition of the CSE.
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Table 3.5: Relative numbers of dust spectra exhibiting arhi3eature within one SE index.

SE index 1 2 3 4 5 6 7 8
Objects with 13um feature [%] 100 100 100 87.5 81.2 50.0 66.7 O

Figure 3.38 suggests that the SE index classifies the oljestsd on their shape in a
reliable way. This does not explain why we find the majorityoaf objects in SE indices 4
and 5 or equivalent with a relative abundance of alumina torahous silicates of between
0.1 and 0.4. Based on the oxygen-rich dust condensatioresequit is expected that as the
mass-loss rate increases, and therefore also the pasit$ities in the outflow, the amount of
alumina gradually decreases as other elements form frowlthieh condensation sequence
(see Figure 1.5). This decreasing trend for alumina doeslglaot scale linearly with in-
creasing mass-loss.

Based on the analysis of the SE indices as well as the decaiopaxf the 10um com-
plexes in terms of amorphous silicates and alumina, we adedhat the formation of amor-
phous silicates must already occur for fairly low mass-fa$ss. Alumina seems to be a dust
component present in the dust spectra of even the starsheittetidesti(s — [15])o colours
or the highest mass-loss rates, but there are no red objé@btselatively high amounts of
alumina.

3.7.3 Appearance of the 13 and 19.bm features

Hron et al. (1997) showed that the carrier of theutiBfeature is very sensitive to the physical
conditions in the dust shell: the feature only appears inreomarange of effective tempera-
ture and optical depth of the dust shell. Therefore the featoes not appear in all the targets
of the samples of Little-Marenin and Little (1990) and Sleard Price (1995). This is also
seen in this sample.

Table 3.3, arranged for increasings(— [15])o colour, shows for which objects we detect
a 13um feature. Almost all objects in our sample show aub3 feature although it is not
always present for the bluest and the reddest objects. Ie$ah3 and 3.4 are compared
as well as the dust spectra with respect to their SE indeg,réhieals that all the objects
with an SE index of 3 or smaller have a L8 feature. For the objects with the higher SE
indices, there are fewer objects exhibiting a8 feature. This is summarised in Table 3.5:
for each SE index we give the percentage of objects exhip@ia3um feature. From this
table it appears that the 18n feature is always present for the objects with relativenhig
abundances of alumina or a small SE index, while this is noessarily the case for the
objects which are dominated by amorphous silicates. If weingerpret the SE indices
in terms of an evolutionary sequence, than theufr8feature occurs to be one of the first
dust species formed and it disappears again for objectdware dominated by amorphous
silicates. This feature is also not seen in the OH/IR staiislwéire believed to be at the end
of their evolution on the AGB.
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There are only three objects in this sample for which a ifnJeature is detected. This is
in contrast to the AGB stars discussed in Cami (2002) for tviiés feature is seen in almost
every object. Concerning the presence of the l®5eature, we have to keep in mind that
this feature is located in the wavelength regions which stm@¥argest background residuals.
This may explain why we did not clearly detect the featuredms of our spectra. Never-
theless the difference between our sample and the sampliedtin Cami (2002) is very
large with respect to the 19:8n feature. This suggests that the difference between these t
samples may be intrinsic to the location of the objects: #mape of Cami (2002) is located
in the solar neighbourhood, while our sample is selectetguaGB stars located in the GB,
which have a subsolar metallicity (see Chapter 7).

Sloan et al. (2003) studied ISO-SWS spectra of objects withxygen-rich dust shell
available in the ISO archive. Based on this study, they faundrrelation between the pres-
ence of the 13 and the 19:8n feature. Based on the objects in our sample, a correlation
between the 13 and the 19/ feature cannot be found. Table 3.3 only shows that if we
detect a 19..xm feature, also a 13m feature is detected, the presence of a l@nSeature
if there is a 13um feature present cannot be confirmed using this sample.

3.7.4 The effect of a thermal pulse on the dust composition

AGB stars are known to go through luminosity dips during tiReAGB phase (see also Sec-
tion 1.2.2). Vassiliadis and Wood (1993) calculated evohdary models for stars with initial
masses in the rangef® < M./My < 5.0 from the main-sequence phase up to the end of
the AGB. These models show that thermal pulses occur abeuy é@ year for a star with
an initial mass of 1.5 M, a He-mass fractiolf of 0.25 and metallicityZ of 0.008 (see Fig.

5 in Vassiliadis and Wood 1993). They state that the behawabstars with this abundance
is also typical for stars with other abundances and theszefigr will use the results of this
model to look into the effect of thermal pulses. For the loassistars, Vassiliadis and Wood
(1993) found that following each thermal pulse, there isiafl{~ 500 yr) pulse of surface
luminosity followed by a substantial luminosity dip whicksts for~ 20%— 30% of the flash
cycle. In our case for a star ef 1.5 My, this means that the star spends about @ x 10*
years in this luminosity dip. After this, the luminosity esagain to a value which increases
slowly with time until the next thermal pulse occurs and thére cycle starts over again.

In order to test if the bluest objects with a dust contribotnd a clear amorphous silicate
dominated dust spectrum are caused by a thermal pulse, wenaké a rough calculation
which will give us an estimate of the time needed before tl@ngrreach the region were
we observe the amorphous silicates. If this timescale ist¢he. a few hundred years) this
means that the we see the dust that is formed very recenthisitimescale is long (i.e. a
few thousand years), this could mean that we still see dasigiformed a long time ago in
evolutionary terms. In case of the latter, this would sugtfest even if the mass-loss rate is
smaller due to the thermal pulse, we can still see the dust fwhen the object had a higher
mass-loss rate at the end of the previous thermal cycle. arhabsity L. of a star is given
by:

L. = 47RoTeg”, 3.2)
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with R, the radius of the star and the Stefan-Boltzmann constant. If the grains have a
radiusa, a temperaturgg, are at a distandgy, and if we assume that the grains behave like a

black body, then the energy absorbed by the grains per sésgien byL. %. The energy

re-radiated by the grains per second is then giveanATg. In equilibrium the later two
equations must be equal:

2

L*I,T_E;é = 4ra’oTy, and
L. = 1607RTy. (3.3)

Egs. (3.2) and (3.3) must also be equal and we find that

ReTer = 4RGTSor
R Ter |’
v - (7))

If we assume the object has aTof 3000 K and the dust observed is about 300 K, than the

radius of the location of the grains is given by R R*/Z(%’)2 R. = 50R.. A typical radius

for an AGB star is about 350 solar radii or R 350x 7 x 10'%cm ~ 2.45x 10'3cm, thus

Rg ~ 1.225x 10*cm. If we assume a very slow wind of about 5 km/s, than the tiseted

for the particles to reach the area were the dust has a tetupedf about 300 K is given
byt = % = %135015 s= 2.45x 10° s which is about 78 years. 78 years is a very short
time scale, which means that we observe the dust as it is thramel that we do not see older
dust as this has already moved away too far and is now too caldtect in the Spitzer-IRS
wavelength region. Therefore these objects must be rei@btiog amorphous silicate at the

time being and the anomalies observed cannot be attribotie teffects of thermal pulses.

3.8 Summary and conclusions

We obtained for a sample of GB AGB stars Spitzer-IRS spectqms The AGB stars are se-
lected based on theiKg — [15])o colour to represent the mass-loss sequence along the AGB.
In order to create dust spectra, objects with no signs of dastribution, the naked stars,
were selected. A fairly large spread of about 1.17 madki([15])o was found for objects
with no signs of dust contribution. A colour temperaturdatiénce between the naked stars,
probably induced by the presence of a water layer, is abbelam the observed spread. The
naked stars were then used to create dust spectra for thetathets.

For each dust spectrum we investigated if the spectrum icdiumina, amorphous sil-
icates, and a 1@m feature. We also searched the spectra for the presence @Btbum
Mgo.1Fen O feature, but it can only be detected in three objects. Then 3eature can be
seen in the majority of the dust spectra, but it is detectealSmaller percentage of objects
with the reddestis — [15])o colours. Crystalline silicate features are only seen imQR#IR
stars (see also Chapter 5).
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Using these dust spectra, the normalised dust luminos#ypkan calculated. We showed
that this parameter shows an increasing correlation dth-([15])o.
Using the efficiencies of alumina and amorphous silicategeemposed the 10m com-
plex of the dust spectra in terms of relative abundancesiofiiala with respect to amorphous
silicates. This revealed that the majority of our objectgeha relative abundance of alumina
between 0.1 and 0.4. We only found one object which is fittéelwby amorphous alumina.
Also the silicate emission (SE) index has been derived. Thnity of our objects have
an SE index of 4 or 5, which is consistent with the found ret&aibundance of alumina to
amorphous silicates.

Based on the analysis in this chapter, we found no cleaioalaetween Ks — [15])o, a
mass-loss rate indicator, and the dust composition of tiectdbwith respect to the oxygen-
rich dust condensation sequence, especially for the bigstts. Independent mass-loss es-
timates for these objects (coming from e.g. detailed radiatansfer modelling) will there-
fore most likely alter the order in which the spectra weraiaged in the different figures.
Nevertheless even if the spectra are arranged in a sliglftéreht order, we still do not ex-
pectto find a very clear relation between the mass-loss nat#he oxygen-rich dust conden-
sation sequence. Which indicates that the dust formed droxygen-rich AGB stars does
not necessarily occur under the circumstances of thermadimequilibrium under which
the oxygen-rich dust condensation sequence is developed.

Another effect that may have an important role in this is tregatlicity. If the objects have a
different metallicity, the sample may not be as homogenasuwse anticipated. This will be
discussed in Chapters 4 and 6.
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cHAPTER 4

Ground-based observations of a
sample of Galactic Bulge AGB stars

This chapter is based on the paper:
Vanhollebeke, E., Wood, P.R., and Blommaert, J.A.D.L. :20Ground based observations of a
sample of Galactic Bulge AGB stars”, Astron. Astrophys béosubmitted

The inner regions of our Milky Way Galaxy are an ideal envimamt to study different
stellar populations, amongst which are AGB stars. Therseveral advantages of studying
AGB stars in the Galactic Bulge (GB), besides their large bers. Groenewegen and Blom-
maert (2005) showed that the Mira population in the GB ogdggs from stars with initial
masses from 1.5 — 2 M In addition, these AGB stars have a similar distance whiakes
it possible to compare the stars directly. The differeneendetween these AGB stars must
then originate from different evolutionary stages. In Gleaf we selected a sample of AGB
stars in the GB to study the dust formation process along BB Asing Spitzer-IRS obser-
vations. We obtained additional ground-based data forgaisple of stars, which will be
discussed in this chapter.

The observations and data reduction are discussed in 8ettio An overview on the
spectral features in this sample is given in Section 4.2ti@&ed.3 shows the characteristics
for this sample of AGB stars and explains how we can obtaihitifiermation from our data.
In Section 4.4 we discuss the derived parameters and lootofoelations. Finally in Sec-
tion 4.5, we summarise and come to the conclusions.
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Table 4.1: Overview of the grisms used to obtain the neapltBoscopy.

Grism Wavelength range Dispersion

um Alpixel
J 0.99-1.32 13.76
H 1.50-1.81 15.89
K 1.98-2.47 21.50

4.1 Observations and data reduction

We have obtained ground-based observations of the Sp#egets given in Chapter 3. In-
formation on the targets (e.g. Ra, Dec, 2MASS and ISOGAL ntades) can be found in
Table 3.2. The numbers identifying the targets and giverainlds 4.6 — 4.9 are the numbers
given to the objects in Chapter 3. Figure 3.5 shows the positf the stars in thd,(b) plane
with respect to the Galactic Centre (GC).

4.1.1 Optical spectroscopy

Optical spectroscopy has been obtained using the DoutdeiBpectrograph (DBS) mounted
on the Nasmyth focus of the Australian National University-gh telescope (sometimes also
called the Advanced Technology Telescope) at Siding Spingervatory (Australia). More
information on the instrument can be found in Rodgers etl&88). Standard IRAF reduc-
tion routines were used for the data reduction. After adddl extinction correction (see
Section 4.1.3), this resulted in medium-resolution sgeftbm 0.6 — 0.9%:m with a disper-
sion of~ 4.1 A/pixel, shown in Figures 4.17 — 4.19.

4.1.2 Near-IR observations

Using the Cryogenic Array Spectrometer and Imager (CASRPARp mounted on the Aus-
tralian National University 2.3-m telescope, we obtainedmiR observations for our sample.
CASPIR (McGregor, P. and Hart, J. and Hoadley, D., and Bloxh@. 1994) uses a Santa
Barbara Research Center 256x256 InSb detector array taderdivect imaging and spectro-
scopic capabilities in the 1 —@m wavelength range.

4.1.2.1 Near-IR spectroscopy

To obtain the near-IR spectroscopy on our targets, CASPIRusad with the long-slil, H,
andK grisms (see Table 4.1). The reduction process consist ndlatd routines involving
background subtraction, flat-fielding, correction for tipedral response function and tel-
luric lines. This resulted in low-resolution spectra foeth H, andK—band. The near-IR
spectra were corrected for extinction (see Section 4. h@pae shown in Figures 4.20 —4.22.
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4.1.2.2 Near-IR photometry

Near-IR images have been obtained with dhel, K, andnbL filters. nbLis a narrow-band
filter centred at 3.5@m (see Wood et al. 1998). The first steps of the data reductimseps
included bias subtraction and flat fielding. After this, tmegram DoPHOT (Schechter et al.
1993) has been used to extract the objects from the imageBHO® is an extraction pro-
gram which uses PSF fitting to obtain the required photom@tnis results in good relative
photometry within one image, even in non-photometric cbods. Absolute photometry for
the reference stars for each field were derived using stdratar observations during the
photometric nights. Each image from a non-photometric nigs then been scaled to the
photometry of an image from a photometric night. Figure84®4.26 show the resulting
K—band light-curves and Table 4.8 gives mdail, K, andnbL magnitudes.

4.1.3 Extinction correction

Correction of spectra for reddening and photometry fometibn is necessary, although the
stars were selected in fields with relatively low extinctialues for the inner galaxy (see
Chapter 3). O’'Donnell (1994), which is an updated versioGafdelli et al. (1989), has been
used to correct the spectroscopy for extinction. The ddresdinction values for these tar-
gets are discussed in Chapter 3 andAkevalues are given in Table 3.2. O’Donnell (1994)
requiresAy values to correct the spectroscopy for extinction. Theefg /Ay = 0.116
(consistent with the combined Cardelli et al. (1989) and @ibell (1994) extinction law)
has been used to convert tAg values given in Table 3.2 tAy values needed to correct the
optical and near-IR spectroscopy in this paper for extinctiTable 4.6 list thé\, values used
and the horizontal lines in Figure 3.5 show the relative ambofi extinction for each (group
of) object(s). Table 4.7 also lists the mean valueslof K)o andMk, assuming a distance to
the objects of 8.5 kpc, which results in a distance modulusidt47.

4.2 ldentification of spectral features

Molecular bands are the dominant source of opacity in sthepectral type M (see also
Section 1.2.2.2). Lancon and Wood (2000) present a litoafy5 — 2.5um spectra of cool,
mostly variable, giant and supergiant stars. The spectilagin library are a clear example
on how molecular bands dominate the optical and near-IRgb&ne spectrum. In the optical
part of the spectrum, these molecules are mainly TiO andsaste VO bands. At longer
wavelengths the dominant molecules are CO ag@ Hbut OH and CN absorption also occurs
(see also Houdashelt et al. 2000). In addition to molecwdads some atomic lines play an
important role in the study of this sample of AGB stars. Thdeuolar and atomic features
in the spectra are described in detail in the next two sulmsext
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Figure 4.1: Identification of some of the stronger TiO banddseand VO features in the
optical spectra. The spectrum at the bottom is J174924352®8an M4.5-type star, the mid-
dle spectrum is J180248.9-295430 an M7 and the spectrure &phHs J174139.5-282428 a
late M-type AGB star (M10) (based on Lancon and Wood 200@teNhat the slope of the
continuum at wavelengths longer tha®.96um is suspect due to contamination of the blue
flux calibrators by second order light.

4.2.1 Molecular bands

TiO is the dominant molecule in the optical spectra of thimgke of O-rich AGB stars. Iden-
tifications of TiO can be found in Langon and Wood (2000, afdnences therein). The TiO
bands indicated in Figure 4.1 can be easily detected in alalbspectra in Figures 4.17 —
4.19. For some spectra, the lack of flux in the blue is an intinaf a late-M type. Figure 4.2
shows the location of four more TiO bands in theband near-IR spectroscopy.

Absorption bands of VO are an indicator of a late M type (see Brett 1990; Couch
et al. 2003), and together with,B® absorption bands, they are expected to appear only in
spectral types M5 and later (Houdashelt et al. 2000).

Figure 4.3 shows the major band-head$%@O (Av = 3) and*3CO (Av = 3) visible in
theH—band. The band-headsBCO are clearly visible. The band-heads#£O are not so
clear, but small suppressions at the indicated waveleraghipns can be noticed. The most
studied CO bands in the near-IR spectra of cool AGB starsha®€O Av = 2 bands, start-
ing at 2.29um. Figure 4.4 indicates their wavelength positions. Theselb can be clearly
seen in almost all thE—band spectra shown in Figures 4.20 — 4.22. @0 Av = 2 bands
are also indicated on Figure 4.4. As expected, they are meelkev than thé’CO bands.
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Figure 4.2: Molecular band identification of tdeband spectra (based on Joyce et al. 1998;
Lancon and Wood 2000). The spectra are from the same star$-agire 4.1.
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Figure 4.3: Molecular band identification of thie-band spectra (based on Origlia et al. 1993;
Lancon and Wood 2000). The spectra are from the same star$-agire 4.1.
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Figure 4.4: Molecular band and line identification of tkeband spectra (based on Lancon
and Wood 2000; Ramirez et al. 2000). The spectra are fromsatime stars as in Figure 4.1.

The curvature of some of thd—band spectra is caused by two strong and wide water-
absorption bands around 1.4 and Arf at both ends of thel-band (see e.g. top spectrum
in Figure 4.3, as well as many examples in Figures 4.20 — 4.ZRhe HO band depths
and shapes are very sensitive to the precise structure ofutiee layers of the atmospheres
(Tej et al. 2003) and are also expected to be largely coelatth the variability of the star
(Bessell et al. 1996; Lancon and Wood 2000; Tej et al. 2003).

In O-rich stars, CN is relatively rare, since most of the ocaris used to form CO. The
line strengths of the CN molecule are much stronger than #gse of CO(6,3) and this
could compensate for the much lower abundance of CN (Origle. 1993). Nevertheless
from A > 1.5 um the effect of CN is to produce an apparently noisy continuthis effect
decreases at short wavelengths. Therefore CN is an impadance of pseudo-continuum
opacity but it does not produce narrow features inkthatmospheric window (Origlia et al.
1993). For a description of the importance of CN lines in tharrR spectra of cool giants,
we refer the reader to Chapter 2 (Section 2.2.1).

4.2.2 Atomiclines

Although the spectra of M giants are dominated by molecudads, some atomic lines can
be of interest. The Catriplet (8498, 8542, and 8662 A) can be seen in stars of eadpét-
tral type (see Figure 4.1), but it disappears when TiO aligorpakes over for later types
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Table 4.2: Definition of band passes to determine the eqntdihe width of the Ca triplet
(wavelength given in A).

Feature Blue continuum band Red continuum band
8494.00-8542.00 8477.75-8485.25 8523.50 — 8528.50
8537.00-8547.00 8523.50-8528.50 8566.00 — 8586.00
8657.50 - 8666.50 8632.00—-8644.00 8702.50-8717.50

Table 4.3: Equivalent width measurements for the starshwdtiow a Ca triplet.

Number Name Date Ggysa Capgpa Cageoa 2Ca
23 J174924.1-293522 10/10/04 0.57 2.39 1.83 4.79
18/03/05 0.93 2.33 1.75 5.01
20/05/05 0.61 2.37 1.70 4.68
27/07/05 0.94 2.46 1.30 4.70
30 J175511.9-294027 10/10/04 0.19 1.55 1.43 3.17
18/03/05 0.41 1.42 1.39 3.22
20/05/05 0.07 0.44 0.62 1.13
28/07/05 0.31 1.22 1.05 258
32 J175517.0-294131 09/10/04 0.40 1.49 145 334
10/10/04 0.28 1.30 1.60 3.18
18/03/05 0.35 1.11 1.34 2.80
28/07/05 0.42 1.44 1.32 3.18
37 J180249.5-295853 18/03/05 0.16 0.38 0.65 1.19
27/07/05 0.10 0.70 0.75 1.55
39 J180301.6-300001 18/03/05 0.52 1.27 145 3.24
27/07/05 0.08 0.66 0.74 1.48
40 J180304.8-295258 18/03/05 0.24 0.76 1.23 223
27/07/05 0.18 0.56 0.88 1.62

which is typical for most LPV spectra (Langon and Wood 200licated on Figure 4.4 are
the Na and Ca lines, which can be used to estimate the metallicity (seeRamirez et al.
2000, see also Section 4.4.3).

4.3 Analysis

4.3.1 Equivalent line width measurements

As already mentioned, the presence of thaiGaplet in the optical spectrum indicates that
the spectrum belongs to an early M type star. Therefore thivalgnt line widths for the Ca
triplet have been measured. Table 4.2 gives an overviewedidinds selected to measure the
equivalent line width and Table 4.3 gives the resulting galfor the objects which were visu-
ally identified to show the Ca triplet. The spread in equivalent line widths between défe
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observations, gives an indication on the accuracy of thaioed equivalent line widths, as
this spread is related to the wavelength calibration of tve-desolution spectroscopy. To
obtain one value for the equivalent line width of theiCtiplet, the 3 measurements were
summed:

Z Ca= EW(Cayygg ) + EW(Cays4p p) + EW(Cayge; 2)-

The equivalent line widths of Nia Cai, and*?CO(2,0) have been measured in exactly
the same way as Schultheis et al. (2003) (see also Chapt&éhg)resulting equivalent line
widths are given in Table 4.7. These equivalent widths assl uselow to estimate metal
abundances.

The curvature of thél—band spectrum has been measured in order to have an estfimate
the water absorption. Again we refer to Schultheis et al0g®@&nd Chapter 2 for a descrip-
tion of the method used. These values are also listed in PableéNote that the definition of
water absorption used in this method leads to negative salue

4.3.2 Spectral classification

For a sample of 97 very bright M-giant stars in the Solar nle@yithood, Fluks et al. (1994)
derived effective temperatures and constructed a matheahapectral classification cri-
terium. This criterium was used to classify the stars in ample into the Case spectral
classification scheme.

The method to derive the Case spectral classification ish@s8 strong TiO absorption
bands in the optical wavelength range (0.706 — 0424 0.770 — 0.80¢m, and 0.829 —
0.857um). Based on these absorption bands, 3 spectral parametatsfmed:

0.724
S _ Jo70e F()s pda
1/2Sp o.so7F 1 /l,
0.770 (s d

0.724
0.706 F(d)s 1 and

Sizsp = Gg—————
0.829 F(d)s
0.807
S _ Jorro F()s g1
2/3Sp = 0.857

0.829 F()s Pd’l.

These 3 spectral parameters are used to determine theadmigssification. Table 4.6 dis-
plays the values for the 3 spectral parameters and the iresit spectral types when they
could be determined. The first band could not always be medsiue to lack of signal for

the very red sources and for these objects only one valud lnesthe second and third band
can be derived.
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Figure 4.5: Distribution of M spectral types, derived uskigks et al. (1994).

As can be seen from Table 4.6, the 3 spectral parameters dgiveoexactly the same
spectral classification. To obtain one spectral classifindbr each observation, the 3 spec-
tral parameters were averaged and the sample standardioleVias been calculated (which
is only possible when at least two spectral parameters heee buccessfully determined),
which can be treated as the lower limit to the errors on therdehation of the spectral type.
The typical uncertainty on the derived spectral type is efdrder of 0.4. One can also notice
differences between observations on different dates éoséime object. These differencesin
spectral type are caused by the variability of the stars.

Figure 4.5 shows the distribution of spectral subtypes Mt@ sample. We find that all
objects have spectral types between M4 and M10, the majufritye objects have a spectral
type later than M6.

Glass et al. (1999) studied the stars detected with ISOGAB&dade’s Windows and
showed that most of the detected objects are late M-typagy@nthe AGB with spectral
types later than M3 — M4. Figure 4.5 shows the same sort dfildlision, which was to be
expected as this sample has been selected based on ISO@A&RgsEon 3.2).
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4.3.3 Effective temperatures

Based on Fluks et al. (1994), one can derive effective teatpegs from the spectral classi-
fication derived using the 3 spectral parameters (see ®ettdn?2). Table 4.6 lists the values
found. Based on the typical error in the determination ofshietype, we derive an error for
the effective temperatures of about 100 K.

4.3.4 Period analysis

The near-IR photometric observations to monitor lightvesrwere performed during 8 ob-
serving runs of a few days each. The spacing okkeand data shown in Figures 4.23 — 4.26
shows this clearly. The plotted error bars on each observagisult from the DoPHOT ex-
traction algorithm (see also Section 4.1.2.2). For eac$tetof observations corresponding
to one observing run (typically two or three days), we detig@ error on th&-band data
based on the spread between the data-points. For the whaketlaf one star, we define an
overall error to be the maximum of (a) the median of the irdlial DoPHOT errors, and (b)
the median of the errors derived for the observations obtaimithin 2 or 3 days. When this
overall error is larger than the standard deviation of theeolled magnitudes about the mag-
nitude mean, we did not look for a period in the data and asduhat the variability could
not be detected. In all other cases, where the overall megsnt error was smaller than
the apparent variation, an attempt was made to derive agesiog a Levenberg-Marquardt
minimisation procedure (see Chapter 15.5 in Press et aR)1®9fit a sinusoidal curve to
the data. The period to start the minimisation procedumafnas been derived by an eye-fit.
Periods longer than 800 days were rejected as we have ordyatti®ns over a time span of
about 820 days. The stars for which we could not find a perigdi;mimanner are still con-
sidered to be variable. In this way, we divided our sample ihtee categories based on the
K-band photometry: the stars for which we could not detectvaniability, the stars that do
show signs for variability but for which we could not derivperiod, and the stars for which
we derived a period. The found full amplitudas are in the range of 0.42 — 2.46 mag. Stars
with full amplitudes inK larger than 0.4 magnitudes are referred to herein as Miiahlas
since Mira variables have amplitudes of this size (see Fadt 1982, for th&k amplitude
distribution of Mira variables). For the objects in whichriaility could be detected but no
period could be found, we also determined an estimate dfthand amplitude based on the
K-band light-curves.

Figures 4.23 — 4.26 show th€-band light-curves. When possible we used the periods
derived from theX light-curves to fit thel, H, andnblL—band data and thereby derived mean
values for these bands. When no period was available, ang&ealue was used. Table 4.8
gives an overview of the periods found, the resulting meagmtades, and th&-band full
amplitude. The last column indicates whether we could dettability based on the stan-
dard deviation and the error on the data.
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Table 4.4: Different types of pulsation.

Pulsation type Selection criteria
small-amplitude variable no variability could be detedtetheK band,
variability could be detected in tHeband
semi-regular variable variability could be detected inkhband
but no period could be derived, or amplitude derived
from I-band photometry is smaller than 0.9 mag
Mira variable K-band amplitude larger than 0.4 mag
or I-band amplitude larger than 0.9 mag

4.3.5 Cross-correlation with OGLE-II

Based on the catalogue of OGLE-II variable objects presebyeWozniak et al. (2002), a
cross-correlation has been performed between the starsigample and the OGLE-II cata-
logue. Table 4.9 lists the stars in this sample for which anteupart could be found in the
OGLE-Il database.

The same minimisation procedure described in Section #&@s4een used to derive pe-
riods in the OGLE-Ill-band data. In this case the value to start the minimisationg@iure
has not been derived by an eye-fit as this was not obvious fet ofdhe stars. Instead, the
Phase Dispersion Minimisation (pdm) method has been usebt&n an initial guess. The
Levenberg-Marquardt minimisation procedure was used tbtfie best fitting period. Since
the OGLEI-band light-curves have many observations, we could lookdalitional periods
in the data after prewhitening with the period(s) alreadtedrined. An additional period
has been accepted if the resulting variance decreaseficagntly (i.e. by more than 20% of
the remaining variance). The resulting periods are listethble 4.9 and the light-curves are
shown in Figures 4.27 and 4.28.

For the 23 stars with OGLE-band photometry, we detected a period in 5 objects for
which we could not detect variability in thH€-band. Additionally, we derived a period from
theI-band photometry for 10 stars which we labelled as variabketd on thé&-band pho-
tometry but for which we could not find l-band period. For 6 stars a period could not be
assigned using theband photometry, but the photometry does show signs cébéity. For
the remaining 2 stars we had already found a period usingthand photometry. For these
two large amplitude variables, the period from the nearfietpmetry and the main period
(first period labelled in Table 4.9) agree within 5%.

All the 231 light-curves show signs of variability. Objects with a falnplitude in the
I-band larger than 0.9 are labelled Mira variables (Groegeweand Blommaert 2005, and
references therein). Stars of smaller amplitude for whielwere able to determine a period,
we will refer to as semi-regular variables. The remainirgsstincluding the stars for which
no variability could be detected in thé-band, we will refer to as small-amplitude variables.
Table 4.4 gives an overview on the different pulsation tygesigned to the objects in this
chapter.
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Figure 4.6: Histogram showing the distribution of the ealéwt line widths of the water
absorption (in A).

4.4 Discussion

4.4.1 Cai triplet

When an AGB star evolves to higher luminosities and cooliercéif’e temperatures, the TiO
bands become stronger and dominate the opacity in the bpacaof the spectrum. The
Caul triplet disappears as the TiO absorption increases (se®8dc2.2). There are only 3
objects for which clearly in all observations the IC#iplet is present; J174924.1-293522,
J175511.9-294027, and J175517.0-294131. For 3 othertstgeme spectra showed the
triplet while others did not. These objects are J1802495833, J180301.6-300001, and
J180304.8-295258. The measured equivalent line widthstesen in Table 4.3. These 6
objects are the 6 bluest objects iks(— [15])o in the sample. The first three objects have a
spectral type between M4.8 and M5.6. The 3 objects for whtieldetection was not clear in
all observations have spectral types between M5.6 and M6.1.
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Figure 4.7: T (in K) plotted against (water absorption) (in A) on a logarithmic scale. The
gray line indicates the best fit, which gives a Pearson ttati§0.40. The spectral subtype is

indicated at the top of the figure. The diamonds represerd Miriables, the plus signs are
the semi-regulars, and the crosses are small-amplitudsies.

4.4.2 \Water absorption

Figure 4.6 shows the distribution of the water absorptionsibf the stars have a water ab-
sorption between 0 and -200 A. The spectra of stars in thigerane not badly contaminated
by the water (see also Figure 2.11).

Figure 4.7 shows the water absorption plotted against fieetefe temperature. The best
exponential fit is given by log{water absorption¥ (5.87 + 0.75) + (—0.0013+ 0.0002) T
and has a rather low Pearson goodness of fit statistic of DHi6 figure clearly indicates that
as the AGB star evolves to lowekgdl, the water layers become more prominent and therefore
also have a larger effect on the near-IR spectrum.

Itis also apparent that the large amplitude stars (Mirsaldeis) have strong water absorp-
tion over a wide Ty range. This is also seen in Figure 4.8 which shows the wasarption
in function of theK-band amplitude for the objects for which a period could beved or
variability could be detected based on théand photometry.
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Figure 4.8: TheK-band full amplitude for the objects in which a period coutfbund or
variability could be detected versus the water absorptioA).

4.4.3 Metallicity

Frogel et al. (2001) (see also Ramirez et al. 2000) detexitino empirical relationships be-
tween the equivalent line widths of NaCai, and*?CO(2,0) and [Fe/H] for globular cluster
red giants. Using their method, they were able to reprodoeeabundance scale of Harris
(1996) with an accuracy of abo#0.10 dex over the rangel.8 < [Fe/H] < 0.0.

The first empirical relation includes only the equivalentliwidth measurements and is
given by:

[Fe/H] = -1.811+0.389 EW(Na)- 0.047 EW(Na¥
-0.030 EW(Ca)+ 0.024 EW(Caj (4.1)
+0.043 EW(CO)- 0.001 EW(CO¥.

The second empirical relation uses not only the equivaleatwidth measurements but
also @ — K)o andM,:
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Figure 4.9: Metallicity distribution for objects with a veatabsorption larger than200 A.
The left panel is based on eq. (4.1), the right panel on eB).(4.

Table 4.5: The metallicity distribution for objects with ater absorption larger thar200 A.

[Fe/H] Mean Varianced)
eq. (4.1) -0.34 0.18
eq. (4.2) -0.45 0.53

[Fe/H] = 1.097+0.130 EW(Na)} 0.016 EW(Naf
+0.058 EW(Ca)- 0.004 EW(Caf}
+0.028 EW(CO) (4.2)
+5.240 (J- K)o — 2.313 (J- K)3
+1.812 M, + 0.147 M .

Figure 4.9 shows on the left the histogram for the metajlioging eq. (4.1) and on the
right the metallicity using eq. (4.2). It was not possiblerteasure the equivalent line widths
of Nal or Cal in all stars, so they are not all included in the histogramsaddition, strong
water absorption will tend to reduce the equivalent linethédand lead to anomalously low
derived metallicities. Therefore, the histograms were enaglng only stars with a water ab-
sorption weaker than200 A.

Table 4.5 gives a summary of the mean and variance of the linigyadlistributions. Be-
cause of the uncertainties of extinction and reddeningebtijects, our preferred metallicity
is the first value in the table;0.34 with a standard deviatiam of 0.18. The error on the
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mean is then given by/ VN = 0.05. Finally, we note that we showed in Chapter 2 that the
spectral resolution can influence the derived abundanédéise kpectral resolution is lower
than the resolution of the spectroscopy used to derive théar between equivalent width
and [Fe/H], the derived metallicity may be shifted to lowatues by 5 to 10%. This is a
small effect & 0.05 dex).

Ramirez et al. (2000) prefer eq. (4.2) to derive the metgflifor their sample of bulge
stars. Eq. (4.1) is supposed to be less sensitive to [Fefthjdgber metallicities as the equiva-
lent line width of*2CO(2,0) reaches a platform for higher metallicities. Alschuse eq. (4.2)
includes (0 — K)o and Mg, it is believed to be more reliable at higher metallicities. olur
case eq. (4.2) is less reliable than eq. (4.1). In Sectiorb 4/ will show that many of the
(J — K)o colours of the objects in our sample are influenced by thechrdtribution. There-
fore (J — K)g is not the intrinsic § — K)g of the central star.

Rich and Origlia (2005) studied 14 M giants in Baade’s Windéw —3.93°,b = 1.02°)
using high resolution near-IR spectroscopy and derivedilget abundances. They showed
that the bulge M giants are-enhanced in comparison to a sample of M giants in the so-
lar neighbourhood. They found [Fe/H] in the rang@4 and+0.0 dex for their giant late-
type stars in the GB, with an average<dfFe/H]>= —-0.19 + 0.020 and a & dispersion of
0.080+ 0.015. The derived iron composition of these M giants is sintilathose of the K
giants. More recently, Rich et al. (2007) studied 17 M gidntthe inner Galactic Bulge
(¢ = 0°,b = —1°) using high-resolution, near-IR spectroscopy and find amjlea/H] abun-
dance of-0.22 + 0.03, with a I dispersion of QL4 + 0.024. They conclude that the derived
iron abundance and composition of this inner bulge sampiedistinguishable from that
of Rich and Origlia (2005). Our mean results are consistetttinvthe error bars with the
slightly sub solar metallicity distributions of both Riclma Origlia (2005) and Rich et al.
(2007), especially our preferred distribution in the ledhgl of Figure 4.9.

4.4.4 Variability

The variability of AGB stars is mainly caused by pulsatioith@ugh there is some evidence
for variations caused by episodic ejections of dust sheltglniting dust clouds (Habing and
Olofsson 2003). Also helium shell flashes can lead to longen variability.

A lot of work has been done to study Period-Luminosity (PUatiens of variable red
giants (see e.g. Feast et al. 1989; Hughes and Wood 1990; @Y Groenewegen 2004;
Ita et al. 2004; Groenewegen and Blommaert 2005; Fraser 20@b). Studies on these PL-
relations indicate at least five sequences A to E (and segugoan be divided into two close,
parallel sequences) (for a review see Lattanzio and Woo@)2(nce sequence E contains
mainly the binary RGB stars, we are only interested in sece®A, B, C, and D. Sequences
A, B, and the lower part of C are mainly populated by semi-faguariables which pulsate
in different modes. Mira variables are located on sequenaadChave one pulsation mode,
the fundamental radial mode. The origin of stars on sequBrsstill a mystery, but they are
known to be multi periodic, having one period on sequencedaarother lying on sequence
A, B, or (occasionally) C (Wood et al. 2004).
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Figure 4.10: Period-luminosity diagram. Diamonds repneséira variables (fullKk ampli-
tude greater than 0.4 mag or fulamplitude greater than 0.9) withK < 2 and plus-signs
are semi-regular variables. The boxes (dotted lines) atdithe different sequences and the
full line is the PL-relation for Mira variables (based on Baal. 2004; Groenewegen and
Blommaert 2005).

In Figure 4.10 we show the Period-Luminosity diagram fos tthmple of stars. Stars
with (J — K)o > 2 are too much affected by their circumstellar extinctiod ane therefore
left out in this diagram (see also Groenewegen 2004). Thedltines indicate the different
sequences as defined by Ita et al. (2004) and the full lineates the Period-Luminosity
relation for Mira’s (based on Groenewegen and Blommaer620We find that the Mira
variables (diamonds) lie on the upper part of sequence Gawuiindl semi-regular variables lies
on sequences A—, B—, B+ and C. This is consistent with otheliest (Lattanzio and Wood
2003).

4.45 The K,J — K) diagram and extinction

The K,J — K) diagram for the stars in this study is shown in Figure 4.11ie $olid circles
are the observed values without dereddening. Clearly, roétiye stars suffer from heavy
extinction. After dereddening (open circles), Figure 4shiws that there is still a large scat-
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Figure 4.11: Thek,J — K) diagram for the stars in this study. Solid circles are thesobed
values, and open circles are the dereddened values obtasimepthe extinction values listed
in Table 3.2. The crosses are the dereddened values obtssathing the intrinsid — K
value obtained from the spectral type. The arrow shows tleetedf 5 magnitudes of visual
extinction.

terin J — K (about 1 mag). The extinction in the GB is known to vary witemall regions
(Udalski 2003). Clearly, the adopted extinction values dbtake into account the variation
of extinction on fine scales on the sky as the extinction magesi to derive the extinction
values (see Chapter 3) are not given at such fine scale (of &fpmag inAy).

Since we have spectral types ang Values for many of the stars, we can use theoretical
models to estimate the intrinsit— K from the known Tg. Then we can estimate E¢ K)
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by subtracting the intrinsiéd — K from the observed — K. Here we have used the theoretical
J — K and Tt values for pulsating red giants given by Bessell et al. (}98%erive the
intrinsic J— K colour. The correspondingy, andAx values were derived from the extinction
laws described earlier, and tihg values are given in Table 4.6. Note that extinction derived
here is both interstellar and circumstellar. However,ssteith thick circumstellar shells do
not have extinctions derived by this method as they werealbyitoo faint for a spectral type
to be derived.

The dereddened objects are shown in Figure 4.11 as cros$esstdrs fall on a tight
sequence with a small slope to cooler temperatures at highnénosities, as expected. The
open circles are the dereddengd K values using extinction values derived in Chapter 3.
Objects withK > 7.5 show similar] — K colours based on the two methods. These objects
have a still relatively small dust contribution, so the ded extinction based on the intrinsic
J — K colour is similar to the interstellar extinction. For brigh objects, the circumstel-
lar extinction becomes also important and for these ohjéutsdifferences between the two
methods is much larger. Looking at the different estimabestfe extinction, and the redden-
ing vector, it can be seen that the intrinsic estimates okthreagnitude of the stars should
be accurate to 0.1 to 0.2 magnitudes.

4.4.6 Mass-loss rate indications

Our sample of stars has been selected base& o [15])o vs [15) CMD (see Chapter 3).
Figure 4.12 shows this CMD. Stars with lard€ (- [15])o are expected to have large mass-
loss rates.

The location of the stars in our sample nicely illustratesgbsociation of large amplitude
pulsation with high mass-loss rates. The small-amplituatéables are located at the lower
part of the sequence. Most stars in the middle are semiaegatiables. The Mira variables
are located on the upper half of the sequence where the msssates are higher. The Mira
variables with the reddesi ¢ K)o are located at the top of the sequence where the mass-loss
rates are highest. Note that the 4 IRAS sources with largeafioh amplitudes are not shown
in the plot as they do not have an ISOGAL [15] magnitude.

Figure 4.13 shows the mass-loss indicat&s € [15])o as a function of the derived peri-
ods. This figure illustrates that the star becomes reddehasd higher mass-loss rate as the
period of the object increases. The grey line in the figurbedtest linear fit and is given by:
(Ks=[15])0 = (0.70+ 0.17)+ (0.006+ 0.001)P. The fit has a Pearson statistic of 0.89.

The association of high mass-loss rate with pulsation aog#iis shown in Figure 4.14.
For the small amplitude pulsator@( < 0.4 mag), Ks — [15])o ranges from small to interme-
diate values. Once large-amplitu@g (> 0.4 mag) fundamental mode pulsation starts, we see
that Ks — [15])o (the mass-loss rate) increases strongly with period. Tag Igre shows the
best fit to the data with the following coefficient§; o —[15] = (0.52+0.34)+(2.38+ 0.35)ax
and has a Pearson statistic of 0.78 (the errors in the caefticare 1o errors).
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Figure 4.12: Ks — [15])o vs [15)p CMD. The plus-signs and diamonds are the same symbols
as in Figure 4.10, the triangles are Mira variables with-(K)o > 2, and crosses are small
amplitude variables.

A similar analysis can be performed using the derived annbdis in thel-band. Fig-
ure 4.15 shows these amplitudes for the main period versugih- [15]), colour. Stars
with an amplitude- 0.9 mag are Mira variables (see Section 4.3.4). Figure h#s that
the stars with the smallest amplitudes correlate with- [15])o. A linear fit to these data
points givesKs — [15])o = (0.58+0.22)+ (5.17+ 1.19)a and has a Pearson statistic of 0.74.

Figures 4.7 and 4.8 in Section 4.4.2 indicated that as thre stalve and their effec-
tive temperature decreases, the amount of water absorptiogases. This suggests that
(Ks = [15])o should correlate with the amount of water absorption in thetpsphere. Fig-
ure 4.16 shows this effect.
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4.5 Summary and conclusions

We have used ground-based spectroscopy and photometngljosssample of Galactic Bulge
AGB stars selected in Chapter 3 for spectroscopic observatith the Spitzer Space Tele-
scope. From the optical spectroscopy, we derived a spdtsabtype, effective temperature,
and the equivalent line widths of the Ca-triplet. From thar® spectroscopy, we derived
the equivalent line widths for NaCal, and'2CO(2,0) and used these to derive an estimate of
the metallicity. The metallicity distribution we derivesl ¢onsistent with the results of Rich
and Origlia (2005) and Rich et al. (2007), who obtained ntietéés for Galactic Bulge red
giants using high dispersion spectroscopy.

Using near-IR photometry obtained over a 900 day interval divided our sample in
three groups: small amplitude variables, semi-regulaiatabes of intermediate amplitude,
and Mira variable withK amplitudes greater than 0.4 mag. We derived periods whese po
sible from one or both of two sources: thkephotometry and OGLE-II photometry. The
PL-relation shows that the Mira variables are located orufifger part of sequence C while
the semi-regular variables are located on sequences C, A—arel B+. No objects were
found on sequence D.

Using Kso — [15] as a mass-loss rate indicator, we showed that there lsaa ielation
between the period and amplitude of pulsation variabilityf the mass-loss rate. The amount
of water absorption in the near-IR spectra also increasistiaé pulsation amplitude and the
Kso — [15] colour.



Table 4.6:Optical spectroscopy. The numbers in the first column reféhé numbering given in Table 3.2. This table lists fhevalues
derived in Chapter 3 as used for the extinction correctiahthr A, values derived in this work based on the intrindie K colour of the
objects. The latter is the sum of the estimated interstafidrcircumstellar extinction. Also given in this table dre 8 spectral parameters
used to derive the M spectral subtype as well as the effetetimperature£100 K).

Number  Name Av Ay Observation Sp. Spys Spys M Sp Standard &
[mag] [mag] date Mtype Mtype Mtype Case  deviation K]
chapter 3 this chapter

1 IRAS 17251-2821 3.17

2 IRAS 17276-2846 4.27

3 IRAS 17323-2424 4.95

4 IRAS 17347-2319 4.29

5 J174117.5-282957 4.92 7.18 09/10/04 5.4 6.1 7.4 6.3 1.0 8324
15/03/05 5.8 6.8 8.9 7.2 1.6 3090
20/05/05 5.8 6.7 8.3 6.9 1.2 3140
27/07/05 4.3 5.6 6.7 5.5 1.2 3342

6 J174122.7-283146 5.19

7 J174123.6-282723 4.47 5.88 09/10/04 - 9.3 6.8 8.1 1.7 2875
15/03/05 6.5 6.8 7.0 6.8 0.2 3166
20/05/05 - 9.2 7.9 8.6 0.9 2764
27/07/05 - 7.9 6.8 7.4 0.8 3038

8 J174126.6-282702 4.47

9 J174127.3-282851 4.37 6.137 15/03/05 - - - - - -
20/05/05 - - 8.9 8.9 - 2680

10 J174127.9-282816 4.37 5.97 15/03/05 8.9 8.1 7.5 8.2 0.7 5328
20/05/05 - 8.5 8.1 8.3 0.3 2828

11 J174128.5-282733 4.37 5.56 15/03/05 - - 9.4 9.4 - 2597
21/05/05 - 9.9 8.0 9.0 1.3 2674

12 J174130.2-282801 4.37 5.94 09/10/04 6.3 6.4 6.3 6.3 0.0 3932
20/05/05 6.9 7.0 7.3 7.1 0.2 3109

13 J174134.6-282431 4.37 7.27 15/03/05 5.9 6.6 7.8 6.8 1.0 6431
21/05/05 3.9 5.8 8.2 6.0 21 3296
27/07/05 6.2 6.9 8.3 7.2 1.1 3089

14 J174139.5-282428 4.37 7.73 15/03/05 — - 10.0 10.0 - 2507
21/05/05 - - - - - -

15 J174140.0-282521 4.28 5.52 09/10/04 - - 8.0 8.0 - 2881
15/03/05 - 8.4 7.9 8.2 0.4 2855
21/05/05 6.9 7.2 7.6 7.2 0.3 3067

16 J174155.3-281638 4.56 09/10/04 - - - - - -
15/03/05 - - - - - -
21/05/05 - - - - - -

17 J174157.6-282237 4.10 5.28 09/10/04 5.9 6.1 6.4 6.1 0.2 7032
15/03/05 5.8 6.2 6.6 6.2 0.4 3262
21/05/05 5.8 6.4 7.1 6.4 0.7 3224
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Table 4.6:continued.

Number  Name Ay (Chapter 3) Ay Observation  Sp» Spy3 Spy3 M Sp Standard &
[mag] [mag] date Mtype Mtype Mtype Case deviation K]
chapter 3 this chapter

27/07/05 6.2 6.5 6.6 6.4 0.2 3221

18 J174158.8-281849 4.37 7.67 09/10/04 - - 9.9 9.9 - 2510
15/03/05 - - - - - -
21/05/05 - - - - - -

19 J174203.7-281729 4.47 8.34 09/10/04 8.4 9.7 9.9 9.3 0.8 1326
15/03/05 4.1 5.8 7.7 5.9 1.8 3308
21/05/05 - - - - - -

20 J174206.9-281832 4.74 8.77 09/10/04 5.2 6.4 8.9 6.8 19 5431
15/03/05 - - 8.9 8.9 - 2699
20/05/05 - - 9.7 9.7 - 2553

21 IRAS 17413-3531 2.44

22 J174917.0-293502 5.19 7.31 10/10/04 4.9 5.6 6.3 5.6 0.7 3733
18/03/05 4.2 55 6.5 5.4 11 3355
21/05/05 1.6 4.1 6.3 4.0 2.4 3489

23 J174924.1-293522 4.65 4.26 10/10/04 5.0 4.9 4.9 4.9 0.0 0234
18/03/05 35 3.7 4.5 3.9 0.5 3501
20/05/05 4.8 5.1 53 5.1 0.3 3387
27/07/05 55 5.4 5.2 5.4 0.1 3359

24 J174943.7-292154 5.38 8.32 09/10/04 2.7 4.7 6.3 4.6 18 3734
20/05/05 - - - - - -
27/07/05 3.9 6.1 9.4 6.4 2.7 3220

25 J174948.1-292104 4.74 8.30 10/10/04 - - - - - -
27/07/05 6.8 6.5 6.3 6.5 0.3 3207

26 J174951.7-292108 5.01

27 J175432.0-295326 2.60 3.16 09/10/04 - - - - - -
15/03/05 - - 9.4 9.4 - 2596
20/05/05 - - - - - -
27/07/05 6.6 8.6 10.0 8.4 1.7 2804
28/07/05 - - - - - -

28 J175456.8-294157 2.60 2.32 09/10/04 - - 9.4 9.4 - 2595
5/03/05 - - 9.5 9.5 - 2584
0/05/05 - - 9.7 9.7 - 2543
28/07/05 - - 9.4 9.4 - 2603

29 J175459.0-294701 2.60 15/03/05 - - - - - -
20/05/05 - - - - - -
28/07/05 - - - - - -

30 J175511.9-294027 2.60 1.87 10/10/04 5.9 5.6 5.0 55 04 4633
18/03/05 5.8 55 5.0 5.4 0.4 3352
20/05/05 5.8 5.6 5.2 5.6 0.3 3339
28/07/05 5.9 5.7 53 5.6 0.3 3333

31 J175515.4-294122 2.60 1.99 09/10/04 - - 7.6 7.6 - 2980
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Table 4.6:continued.

Number  Name Ay (Chapter 3) Ay Observation Sp Spy3 Spy3 M Sp Standard &
[mag] [mag] date Mtype Mtype Mtype Case deviation K]
chapter 3 this chapter
15/03/05 5.8 6.0 6.3 6.0 0.2 3291
20/05/05 6.6 6.7 6.8 6.7 0.1 3178
28/07/05 - - 7.3 7.3 - 3065
32 J175517.0-294131 2.60 1.74 09/10/04 6.6 5.9 5.2 5.9 0.7 0433
10/10/04 59 5.6 5.1 5.6 0.4 3339
18/03/05 55 5.3 5.0 5.3 0.3 3367
20/05/05 6.1 5.9 5.4 5.8 0.3 3314
28/07/05 5.8 5.6 5.2 5.5 0.3 3342
33 J175521.7-293912 2.60
34 J180234.8-295958 1.09 1.70 10/10/04 - 9.5 8.5 9.0 0.8 2666
18/03/05 5.4 6.5 8.7 6.9 1.7 3150
20/05/05 6.7 8.4 9.7 8.2 15 2839
27/07/05 6.8 7.6 8.3 7.6 0.8 2990
35 J180238.8-295954 0.96 1.72 18/03/05 5.8 6.3 6.8 6.3 05 4132
20/05/05 6.0 6.7 7.6 6.8 0.8 3163
27/07/05 5.7 6.2 6.8 6.2 0.6 3256
36 J180248.9-295430 1.34 1.23 18/03/05 8.0 7.0 6.7 7.3 0.7 6630
20/05/05 8.1 7.1 6.7 7.3 0.7 3061
27/07/05 7.1 6.7 6.2 6.7 0.4 3184
18/09/05 6.4 6.6 6.7 6.6 0.2 3197
37 J180249.5-295853 1.55 0.81 18/03/05 5.4 5.5 5.6 55 0.1 4233
20/05/05 5.7 5.7 5.6 5.6 0.1 3332
27/07/05 5.6 5.5 5.2 54 0.2 3352
18/09/05 5.4 5.6 5.9 5.6 0.3 3331
38 J180259.6-300254 0.91 1.62 18/03/05 - 8.1 6.9 7.5 0.9 3001
20/05/05 - 9.8 8.3 9.0 1.0 2663
39 J180301.6-300001 0.91 1.98 18/03/05 4.2 5.1 5.5 4.9 0.6 0334
21/05/05 55 5.7 5.9 5.7 0.2 3324
27/07/05 6.5 6.3 6.1 6.3 0.2 3240
18/09/05 5.8 6.0 6.3 6.0 0.2 3288
40 J180304.8-295258 0.55 0.95 18/03/05 6.1 6.0 6.0 6.0 0.0 9032
21/05/05 6.4 6.2 6.1 6.2 0.1 3256
27/07/05 6.5 6.2 5.9 6.2 0.3 3259
18/09/05 6.0 6.2 6.3 6.2 0.1 3266
41 J180305.3-295515 0.77 1.55 18/03/05 - 8.7 7.5 8.1 0.9 2869
21/05/05 8.4 8.1 7.8 8.1 0.3 2869
42 J180305.4-295527 0.77 0.32 18/03/05 7.9 6.8 6.3 7.0 0.8 1931
21/05/05 8.8 7.1 6.4 7.4 1.2 3023
27/07/05 - 7.3 6.3 6.8 0.7 3159
18/09/05 8.6 7.4 6.8 7.6 0.9 2989
43 J180308.2-295747 0.91 1.45 09/10/04 - - 9.2 9.2 - 2633
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Table 4.6:continued.

Number  Name Ay (Chapter 3) Ay Observation  Sp» Spy3 Spy3 M Sp Standard &
[mag] [mag] date Mtype Mtype Mtype Case deviation K]
chapter 3 this chapter
18/03/05 - - 9.4 9.4 - 2606
21/05/05 - - 9.3 9.3 - 2610
27/07/05 - - 8.2 8.2 - 2841
18/09/05 - 9.4 9.0 9.2 0.2 2635
44 J180308.6-300526 0.82 -0.14 09/10/04 - - - - - -
18/03/05 - 8.0 7.1 7.6 0.6 2995
21/05/05 - - 9.2 9.2 - 2629
45 J180308.7-295220 0.55 1.06 09/10/04 - - 8.4 8.4 - 2795
21/05/05 - 9.3 7.9 8.6 1.0 2762
46 J180311.5-295747 0.91 1.22 09/10/04 - - 9.3 9.3 - 2612
21/05/05 - - 9.6 9.6 - 2573
47 J180313.9-295621 0.73 0.86 09/10/04 8.6 6.8 5.9 7.1 14 0631
21/05/05 7.7 6.6 5.9 6.8 0.9 3167
27/07/05 8.1 6.6 5.7 6.8 1.2 3157
18/09/05 8.1 6.7 6.0 6.9 1.0 3137
48 J180316.1-295538 0.55 1.16 09/10/04 6.4 6.4 6.4 6.4 0.0 2232
21/05/05 7.8 7.0 6.6 7.1 0.6 3096
27/07/05 8.1 6.9 6.5 7.2 0.8 3083
18/09/05 6.2 6.4 6.6 6.4 0.2 3226
49 J180323.9-295410 0.55 1.03 10/10/04 - 7.6 6.6 7.1 0.7 3109
21/05/05 - 8.5 6.7 7.6 1.3 2989
27/07/05 - 8.1 6.4 7.3 1.2 3058
18/09/05 - 7.6 6.5 7.0 0.8 3118
50 J180328.4-295545 0.73 2.13 10/10/04 5.2 5.8 6.7 5.9 0.8 0633
21/05/05 6.0 6.6 7.4 6.7 0.7 3181
27/07/05 6.5 6.8 7.1 6.8 0.3 3159
51 J180333.3-295911 0.91 1.22 10/10/04 - 7.2 6.1 6.6 0.8 3186
21/05/05 - 7.2 6.2 6.7 0.7 3176
27/07/05 - 8.0 6.3 7.2 1.3 3088
18/09/05 - 7.8 6.5 7.1 0.9 3092
52 J180334.1-295958 0.85 191 10/10/04 - 8.4 7.6 8.0 0.6 2890
21/05/05 - 9.0 7.8 8.4 0.9 2802
22/05/05 7.0 7.4 7.6 7.3 0.3 3050
27/07/05 - 8.9 8.0 8.4 0.6 2791
53 IRAS 18042-2905 1.48
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Table 4.7:Near-IR spectroscopy. This table gives the equivalentiitith measurements of NaCai, and*?C0O(2,0), as well as the amount
of water absorption based on the curvature ofthband spectrum. We also give the dereddehed andM values. The numbering of

the objects in this table refers to the numbering given in&dakP.

Number  Name Observation EW(Na) EW(Ca) EW(CO) EW®M (JI-Kyp Mkq
date Al Al Al (Al [mag]  [mag]
5 J174117.5-282957  14/03/05 4.81 4.01 23.05 -160.59 1.93 .22-8
7 J174123.6-282723  25/07/05 - - 23.28 -46.28 1.77 -6.92
8 J174126.6-282702  14/03/05 - - 20.63 -698.74 2.96 -7.27
9 J174127.3-282851  14/03/05 1.44 1.04 15.34 -389.22 2.02 .85-7
10 J174127.9-282816  14/03/05 4.22 4.12 21.29 -92.51 1.87 .14-8
11 J174128.5-282733  14/03/05 4.88 5.12 15.97 -239.09 1.798.05-
12 J174130.2-282801  14/05/06 4.52 5.39 21.31 -100.03 1.796.27 -
13 J174134.6-282431  25/07/05 - - 24.11 -408.32 2.05 -6.99
14 J174139.5-282428  14/03/05 3.20 2.80 20.17 -157.46 1.978.28-
15 J174140.0-282521  14/03/05 2.89 3.69 16.97 -67.09 1.81 .00-8
16 J174155.3-281638  14/03/05 6.65 3.17 21.65 -112.84 2.118.39-
17 J174157.6-282237  25/07/05 - 6.03 22.92 -91.87 1.77 -7.69
18 J174158.8-281849  14/03/05 - - 13.37 -409.20 212 -7.81
19 J174203.7-281729  14/03/05 - 0.96 15.69 -789.76 216 7-7.7
20 J174206.9-281832  14/03/05 2.58 231 17.59 -172.86 2.028.32-
22 J174917.0-293502  25/07/05 4.14 2.73 23.86 -27.61 1.85 .05-7
23 J174924.1-293522  25/07/05 3.82 4.94 18.70 -16.61 1.32 .77-6
24 J174943.7-292154  25/07/05 5.74 3.96 22.11 -73.57 2.00 .30-7
25 J174948.1-292104  25/07/05 - - 15.72 -30.93 2.10 -6.64
26 J174951.7-292108  25/07/05 - - 23.36 -45.62 1.93 -7.11
27 J175432.0-295326  14/03/05 4.71 2.88 23.21 -142.45 1.547.99-
25/07/05 2.59 151 21.93 -354.52 1.54 -7.99
28 J175456.8-294157  14/03/05 4.73 3.16 24.08 -118.20 1.668.19-
25/07/05 4.19 3.26 20.60 -85.27 1.66 -8.19
29 J175459.0-294701  25/07/05 3.13 - 21.99 -254.38 273 6-76
30 J175511.9-294027  25/07/05 2.49 5.01 18.15 -15.87 1.17 .11-6
31 J175515.4-294122  25/07/05 - - 23.08 -21.15 1.33 -6.68
32 J175517.0-294131  25/07/05 9.06 - 20.52 -7.70 1.12 -7.11
34 J180234.8-295958  25/07/05 3.30 2.73 24.33 -401.63 1.868.63-
35 J180238.8-295954  25/07/05 3.75 3.98 20.18 -130.33 1.486.98 -
36 J180248.9-295430  20/09/05 - 3.76 26.66 -11.79 1.39 -6.83
24/07/05 4.40 4.49 20.21 -15.87 1.39 -6.83
37 J180249.5-295853  20/09/05 - 6.52 23.39 -16.42 1.18 -6.32
24/07/05 1.49 3.91 16.30 -15.70 1.18 -6.32
38 J180259.6-300254  14/05/06 2.82 3.10 21.70 -154.52 1.547.36-
39 J180301.6-300001  20/09/05 - 6.92 26.67 -11.45 1.41 -6.53
24/07/05 3.83 5.66 21.09 -10.23 1.41 -6.53
40 J180304.8-295258  21/09/05 - 3.75 23.46 -9.13 1.41 -6.32
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Table 4.7:continued.

Number Name Observation EW(Na) EW(Ca) EW(CO) EWY  (J-K) Mk,

date Al Al Al Al [mag] [mag]
24/07/05 3.07 7.91 20.77 -12.21 141 -6.32

41 J180305.3-295515  14/05/06 3.38 3.79 21.14 -128.22 1.497.64-

42 J180305.4-295527  21/09/05 - 5.41 21.80 -46.17 1.36 -6.93
24/07/05 - - 19.35 -25.52 1.36 -6.93

43 J180308.2-295747  21/09/05 5.93 5.18 16.38 -104.54 1.556.98 -
24/07/05 2.27 4.27 21.30 -65.51 1.55 -6.98

44 J180308.6-300526 ~ 14/05/06 141 2.85 18.12 -354.76 1.518.31-

45 J180308.7-295220  14/05/06 5.12 3.96 21.47 -126.26 1.536.83-

46 J180311.5-295747  14/05/06 2.93 2.60 21.66 -297.03 1.687.22-

47 J180313.9-295621  21/09/05 - 4.60 26.61 -6.25 1.31 -6.75
24/07/05 - - 10.81 -23.63 1.31 -6.75

48 J180316.1-295538  21/09/05 - - 25.29 -27.26 1.39 -6.43
24/07/05 3.15 0.63 23.74 -19.91 1.39 -6.43

49 J180323.9-295410  21/09/05 - 5.92 21.71 -31.71 1.37 -6.63
24/07/05 2.98 2.64 19.01 -41.08 1.37 -6.63

50 J180328.4-295545  25/07/05 3.19 5.16 26.31 -105.89 1.597.44 -

51 J180333.3-295911  21/09/05 - 3.38 16.80 -79.32 1.33 -6.40
24/07/05 2.38 2.88 18.19 -92.09 1.33 -6.40

52 J180334.1-295958  25/07/05 4.54 5.03 24.08 -126.51 1.567.78 -
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142 Chapter 4. Ground-based observations of GB AGB stars

Table 4.8: Near-IR photometry. Based on the near-IR photigmree give for each object
the period (when it could be derived) and the mean magnitirdése J, H, K, andnblL-
band. Also the full amplitude iK is given. The last column indicates if variability could be
detected in thék-band. The numbering of the objects in this table refers ¢éonthmbering
given Table 3.2.

Number Name Period < J> <H> <K> < nbL> ak variability
[days] [mag] [mag] [mag] [mag] [mag] detected
1 IRAS 17251-2821 - - - 14.47 8.11 0.90 yes
4 IRAS 17347-2319  355.42 - 13.78 11.09 7.02 0.46 yes
5 J174117.5-282957 - 9.58 7.71 7.10 6.30 0.12 yes
6 J174122.7-283146 593.72 - - 11.56 6.80 2.46 yes
7 J174123.6-282723 - 10.63 9.09 8.32 7.82 - no
8 J174126.6-282702  453.97 11.13 9.06 7.66 6.15 1.28 yes
9 J174127.3-282851  438.95 9.66 7.98 7.26 6.49 0.86 yes
10 J174127.9-282816 — 9.49 7.78 7.14 6.50 - no
11 J174128.5-282733 309.46 9.78 8.23 7.48 6.63 0.42 yes
12 J174130.2-282801 - 11.26 9.58 8.98 8.36 - no
13 J174134.6-282431 38259  10.66 9.03 8.16 7.25 0.92 yes
14 J174139.5-282428 — 9.58 7.85 7.04 6.26 0.19 yes
15 J174140.0-282521 — 9.51 7.85 7.26 6.55 0.19 yes
16 J174155.3-281638 — 9.32 7.78 6.82 6.02 - no
17 J174157.6-282237 - 9.72 8.24 7.58 7.02 0.09 yes
18 J174158.8-281849  508.33  10.02 8.17 7.35 6.21 1.14 yes
19 J174203.7-281729 392.12 10.28 8.54 7.55 6.41 0.88 yes
20 J174206.9-281832 481.61 10.09 8.34 7.26 6.02 0.88 yes
21 IRAS 17413-3531  624.10 - 12.85 10.09 - 2.20 yes
22 J174917.0-293502 - 10.98 9.23 8.55 7.98 - no
23 J174924.1-293522 - 10.44 9.06 8.54 8.19 - no
24 J174943.7-292154 — 10.57 8.74 7.94 7.15 - no
25 J174948.1-292104 — 11.30 9.47 8.63 7.96 - no
26 J174951.7-292108 - 10.89 9.03 8.26 7.59 - no
27 J175432.0-295326  401.74 9.17 7.98 7.29 6.56 0.56 yes
28 J175456.8-294157 - 8.65 7.53 6.90 6.36 0.12 yes
29 J175459.0-294701 472.19 9.66 7.77 6.96 5.54 1.42 yes
30 J175511.9-294027 — 10.52 9.28 9.00 8.76 - no
31 J175515.4-294122 - 9.87 8.78 8.26 7.85 - no
32 J175517.0-294131 - 9.49 8.28 7.99 7.67 0.06 yes
34 J180234.8-295958 347.18 8.07 6.96 6.47 - 1.12 yes
35 J180238.8-295954 — 9.40 8.37 7.86 7.41 0.12 yes
36 J180248.9-295430 — 9.61 8.48 8.13 - 0.12 yes
37 J180249.5-295853 - 9.99 8.89 8.65 8.60 0.13 yes
38 J180259.6-300254 - 9.06 7.91 7.46 7.04 0.12 yes
39 J180301.6-300001 — 9.92 8.65 8.37 - - no
40 J180304.8-295258 — 9.92 8.76 8.53 8.23 - no
41 J180305.3-295515 — 8.73 7.58 7.15 6.68 - no
42 J180305.4-295527 - 9.32 8.20 8.00 7.58 0.09 yes
43 J180308.2-295747 - 9.51 8.33 7.92 7.44 0.11 yes
44 J180308.6-300526 374.99 8.58 7.52 7.28 6.23 0.74 yes
45 J180308.7-295220 — 9.45 8.38 7.94 8.23 0.22 yes
46 J180311.5-295747 - 9.03 7.99 7.39 6.73 0.26 yes
47 J180313.9-295621 - 9.45 8.33 8.04 7.93 - no
48 J180316.1-295538 - 9.77 8.61 8.31 8.05 - no
49 J180323.9-295410 — 9.61 8.50 8.15 7.82 0.10 yes
50 J180328.4-295545 — 9.02 7.85 7.40 6.83 0.17 yes
51 J180333.3-295911 - 9.92 8.81 8.44 2.10 - no
52 J180334.1-295958 8.70 7.60 7.06 6.65 no

53 IRAS 18042-2905  594.40 - - 10.87 - 1.56 yes




Table 4.9: OGLE counterparts for the targets in this sanfpde.each object for which we could find a counterpart in the @&lLsurvey,
we list its OGLE name and the derived periods based oh-tiend photometry, as well as the fidlband amplitude of the dominant period.

The numbering of the objects in this table refers to the numbeyiven in Table 3.2.

Number Name OGLE name Periods [days] A
22 J174917.0-293502 higk447783 - - - - - -
23 J174924.1-293522 hisk447808 - - - - - -
27 J175432.0-295326 hst42833 405.86 772.74 139.68 - - 1.90
28 J175456.8-294157 hst45023 322.11 402.16 184.91 - - 0.33
29 J175459.0-294701 hst44215 497.80 116.71 - - - 3.09
30 J175511.9-294027 higk323998 - - - - - -
31 J175515.4-294122 hsgk393882 76.90 341.94 - - - 0.09
32 J175517.0-294131 hik393885 - - - - - -
35 J180238.8-295954 hsk12026 100.20 495.10 833.61 377.25 113.69 0.14
36 J180248.9-295430 hskl12478 75.69 727.27 82.34 - - 0.06
37 J180249.5-295853 hst12131 65.18 459.89 183.89 - - 0.08
38 J180259.6-300254 hst11872 228.87 308.53 128.94 - - 0.37
39 J180301.6-300001 hsk12050  33.49 - - - - 0.04
40 J180304.8-295258 hik451501 35.52 341.68 - - - 0.07
41 J180305.3-295515 hsgk451426 207.02 549.53 112.57 - - 0.22
42 J180305.4-295527 hsgt451385 113.94 443.64 259.32 - - 0.15
43 J180308.2-295747 hsk451312 113.04 - - - - 0.23
45 J180308.7-295220 hik451539 - - - - - -
46 J180311.5-295747 hsk451316 292.04 - - - - 1.48
47 J180313.9-295621 hik451355 - - - - - -
48 J180316.1-295538 hsgk451390 62.69 41.27 150.39 - - 0.18
49 J180323.9-295410 hik451477 84.86 214.49 - - - 0.15
50 J180328.4-295545 hsgt451401 119.09 432.42 - - - 0.15
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144 Chapter 4. Ground-based observations of GB AGB stars
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Figure 4.18: Optical spectroscopy — continued.
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Figure 4.19: Optical spectroscopy — continued.



4.5 Summary and conclusions 147
J174117.5-282957 J174123.6-282723 J174126.6-282702
i ] k] ]
K B B J
+ + +
o o o 1
2 2 2
14mar05 25jul05 14mar05
10 15 20 25 1.0 15 20 25 1.0 5 20 5
A [um] A [um] A [um]
J174127.3-282851 J174127.9-282816 J174128.5-282733
§ i § ]
K] ° Kl J
+ + +
o o - ;
E § E
o =3 o
£ E £
2 2 2
14mar05 14mor05 14mar05
10 15 20 25 1.0 15 20 25 1.0 1.5 20 25
A (um) A [um]) A (um)
J174130.2-282801 J174134.6-282431 J174139.5-282428
i i H ]
3 s 3
+ + +
w - - ]
2 2 2
14fnay06 25{uI05 14mar05
1.0 15 20 25 1.0 15 20 25 1.0 15 20 25
A [pm] A [um] A [um]
J174140.0-282521 J174155.3-281638 J174157.6-282237
i ] 1 & ]
k] B K} J
+ + P +
u [l [l E
E g { % :
£ £ | €
2 2 b 2
14mar05 14mar05 25jul05
1.0 1.5 20 25 1.0 1.5 20 25 1.0 15 20 25
A [pm] A [um] A [pm]
J174158.8-281849 J174203.7-281729 J174206.9-281832
3 3 1 3 ]
K o 4 S 4
+ + +
o < { = A :
i g { §
3 3 W 3
14mar05 14mor05 14mar05
10 15 20 25 1.0 15 20 25 1.0 1.5 20 25
A [um] A [um] A [um]

Figure 4.20:

Near-IR spectroscopy. Relativgis plotted against.
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Figure 4.21: Near-IR spectroscopy — continued.
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Figure 4.22:

Near-IR spectroscopy — continued.
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Figure 4.23:K-band light-curves.
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Figure 4.25:K—band light-curves — continued.
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Figure 4.27: OGLH-band light-curves.
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Figure 4.28: OGLH-band light-curves — continued.
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CHAPTER B

Crystalline material in the
circumstellar envelope around OH/IR
stars in the Galactic Bulge

This chapter is based on the paper:
Vanhollebeke, E., Waters, L.B.F.M., Blommaert, J.A.Ddnd Markwick-Kemper, F.: 2007,
“Crystalline material in the circumstellar envelope ard@H/IR stars in the Galactic Bulge”, Astron.
Astrophys., to be submitted

OHI/IR stars are AGB stars in the final stage on the AGB and dievieel to be the pro-
genitors of Planetary Nebulae (see e.g. Habing 1996; Dglettal. 2003; Cohen et al. 2005).
They are characterised by huge amounts of mass-loss, tteled-superwind phase, which
results in optically-thick dust envelopes which largehsolire the central star.

Min et al. (2007) studied the composition and shape didiobuof silicate dust grains in
the interstellar medium (ISM) towards the Galactic Centreey found that the interstellar
silicates are highly magnesium rich and not perfect homeges spheres as has often been
assumed. They also confirmed the low presence (about 1%)ystiaime material in the
ISM. They state that the high magnesium content in crysgBilicates in cometary and cir-
cumstellar grains is a natural consequence to the high ahodumagnesium in amorphous
silicates in the ISM. As AGB stars are known to be one of theomepntributors to the dust
in the interstellar medium, it is therefore important todstthe amorphous and the crystalline
dust around oxygen-rich AGB stars.

Apart from amorphous silicates, OH/IR stars also show ewiddor crystalline silicates
(Waters et al. 1996; Waters and Molster 1999). Crystallifieases in late type stars have
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been first detected with the Infrared Space Observatory)((8@ters et al. 1996). It was
believed that the presence of crystalline material musiieeitly linked to the dust formation
process, possibly to the high densities in the circumsteli@elopes since there are no AGB
stars with lower mass-loss rates found which also exhikgétcrystalline features.

Several studies showed that this does not necessarilybhedie case as only iron-free mag-
nesium silicates can account for the observed band positiastronomical spectra showing
silicate features. Jager et al. (1998) studied the cdioelhetween the band position and the
Fe-content and found that only very Mg-rich crystallinécaites can explain the ISO-SWS
spectrum of AFGL 4106, an evolved binary. Molster et al. @@)®btained ISO-SWS obser-
vations of 17 oxygen-rich circumstellar dust shells sunding evolved stars. In 14 of these
17 objects Molster et al. (2002c) studied the crystallihieaies and found that these crys-
talline silicates are colder than the amorphous silicakbss is probably due to the difference
in chemical composition: Fe is not present in the crystaltiiicates, while in the amorphous
silicates, it is expected to explain the higher absorptivithey also state that this difference
in temperature must also imply that the crystalline and ginous grains are two distinct
grain populations (see also Kemper et al. 2001). Becaudedatge temperature difference
in the inner parts of the optically thin dust shells around lnass-loss rate AGB stars, the
warm amorphous silicate emission dominates the spectriamagphous dust containing Fe
absorbs more efficiently the stellar radiation than the &erprystalline dust. When the dust
becomes optically thick, the radiation from the centrat siél be absorbed and re-radiated
by the dust several times. Therefore the dust in the outersareceives a relatively red ra-
diation field that peaks in the mid-IR. In this region, botiastalline and amorphous silicates
absorb equally well the IR radiation and therefore the twstdpecies have the same tem-
perature. Since the shell is optically thick, only the oldgers are visible, which leads to a
high contrast of the crystalline silicate features.

A problem accompanying the question to why we do not seealtiyst features in AGB
stars with lower mass-loss rates than OH/IR stars, is thetimureto the formation of these
crystalline silicates. Sylvester et al. (1999) detecte@HVIR stars studied with ISO-SWS
crystalline features in emission in the same wavelengtionegs where the amorphous sili-
cates are in absorption. This suggests a different spasiaiition of the two species.

Sloan et al. (2006) studied the dust around HV 2310, an eddtar located in the Large
Magellanic Cloud. The dust emission of this star shows aoma@.7m component and an
11.2um shoulder superimposed on the amorphougOsilicate emission feature. Com-
pared to evolved Galactic sources, this is very unusual mdet plausible explanation Sloan
et al. (2006) found is the presence of crystalline silicdpasticularly forsterite). No stars
with lower mass-loss rates than OH/IR stars have been fausldw crystalline features in
the present Galactic sample. If HV 2310, which is not an OHfi&®, shows crystalline sili-
cate grains, then the generally lower metallicities in thegillanic Clouds should lead to a
higher degree of crystallinity (Sloan et al. 2006). Therefthe metallicity could be an extra
parameter playing a role in the presence or absence of Biryst@atures in evolved stars.

The Mira population in the Galactic Bulge (GB) all origindtem the same population
with an initial mass of about 1.5 M(Groenewegen and Blommaert 2005). In addition, AGB
stars in the GB are all located at about the same distancenwinddkes them directly com-
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parable in terms of different evolutionary stadia. TherefAGB stars in the GB are the
ultimate sample to study dust formation in a homogeneous Begause of the homogeneity
of this sample, it is ideal to study the dust around evolvadssand the parameters the dust
formation depends on, while this is harder with an inhomegeris sample like e.g. a sample
selected in the Solar neighbourhood. With this sample, weosv address questions on how
the amount of crystalline silicates depend on the propedi¢he central star.

This chapter is organised as follows: in Section 5.1 we disdhe sample and show
the Spiter-IRS observations. Section 5.2 is dedicatedaattalysis of the amorphous and
crystalline features and the 118, also the 33.um feature are studied in more detalil.
Section 5.3 is dedicated to a discussion about the centsitigaoof the 11.3:m feature and
the degree of crystallinity. Finally in Section 5.4 we willlemarise and come to conclusions.

5.1 Sample

Table 5.1 gives an overview on the OH/IR stars in the samplielware part of the larger
sample selected in Chapter 3. The numbers in the first colefen to the object numbering
in Table 3.2.

The data-reduction has been performed using SMART (Higdah €004) and started
from the pipeline level of Basic Calibrated Data S12.4.0tab@duction consisted of back-
ground subtraction, cleaning the images for bad pixels asthic-ray hits, column extraction
of the observed object, correcting for fringes at the longavelengths, and extinction cor-
rection.

For weak objects, the highly varying background in the GB sewerely hamper data-
reduction and can leave fingerprints on the final spectruntaBse the OH/IR stars in this
sample are very bright and as most of them are located a liieh@bove the plane than the
other AGB stars in the sample, varying background levelsatdeave any residuals in the
final spectra.

Due to crowdedness in the slit, we could not always use apitkeds belonging to the object.
This does not influence the general shape of the spectrahduathisolute flux calibration is
therefore not trustworthy. In this sample of OH/IR stargréhis only one object suffering
from this (J174122.7-283146). As we do not study the OH/HRssin terms of their absolute
fluxes, the spectra shown in Figure 5.1 are normalised tacowee this effect.

Most of the spectra also still show residuals of fringes mbgion between 20 and 22n,
thus the “features” in this region are not genuine, but aetdwartefacts from data-reduction
issues (see also Chapter 3). Also the bump at aboutni4seen in some objects) is not
genuine, but originates from the so-called ‘a# teardrop” and is believed to originate from
scattered light (see also 3.3.3).

To correct for extinction originating from dust in the ISMhet law by Chiar and Tielens
(2006) for extinction originating from the local ISM has beesed. TheAx extinction val-
ues come from Marshall et al. (2006) except for J174122 3128 for which we used the
extinction map from Schultheis et al. (1999) and J17552B40131 for which we used the
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Figure 5.1: Spectra of the stars ordered with increasirfgpm left to right and top to bottom.
The spectra are normalised to their flux gtr@. The dotted lines at 11.3, 16.2, 19.5, 23.7,
27.6, and 33.e:m indicate the mean forsterite wavelength positions (Molst al. 2002a).
The spectra are normalised ai®.

values from Sumi (2004). The uség values are 0.368 mag for IRAS 17251-2821, 0.495
mag for IRAS 17276-2846, 0.574 mag for IRAS 17323-2424, 8 .Afg for IRAS 17347-
2319, 0.602 mag for J174122.7-283146, 0.283 mag for IRASL3B8631, 0.302 mag for
J175517.0-294131, and 0.172 mag for IRAS 18042-2905.

For more information on the data-reduction, the extinctiorrection, and a first analysis, we
refer the reader to Chapter 3.
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Table 5.1: Appearance of the forsterite features in the RIdthrs and the enstatite feature
at 9.3um. The objects are arranged for increasing mass-los$tdtem top to bottom. “-"
indicates the feature was found in absorption, “+” in enossiand “0” when there was no
feature seen. A question mark indicates that the label nhiglspurious. The numbers in the
first column refer to the numbering given in Table 3.2.

Number  Name 9.3 10.1 11.3 11.9 16.2 19.5 237 276 336

21 IRAS 17413-3531 0 0 - -2 0 0 + + +
53 IRAS 18042-2905 0? - - - - — + + +
4 IRAS 17347-2319 0 - - - - 0 + + +

6 J174122.7-283146 0 - - - + 0 + + +
1 IRAS 17251-2821 - 0? - -? + 0 + + +
33 J175521.7-293912 - 0 - - - - -2 + +
3 IRAS 17323-2424 0 - - - - - 0 + +

2 IRAS 17276-2846 0 =? - - - - - +

5.2 Analysis

Figure 5.1 shows the normalised OH/IR star spectra. The proshinent features seen in
all these spectra are the 10 and 4@ complex and several crystalline features at longer
wavelengths (see dashed lines in Figure 5.1). The 10 andri8omplex originate from
amorphous silicates and will be discussed in Section 5Thé feature at 33.6m is the only
crystalline feature seen in emission in all spectra. Thetetine features will be discussed
in Section 5.2.2.

5.2.1 Amorphous silicate features

The amorphous silicate features at 9.7 and:fiBcan be clearly seen in the spectra shown
in Figure 5.1. Only the first two stars still show their Zth complex in emission with a
central reversal which is the beginning of self-absorptfeor the other six stars, their 1on
complex appears completely in self-absorption. Most AGBssshow these features in emis-
sion, but due to the high mass-loss rate, the super-windjukecolumn density is very large
which results in optical thick dust shells and amorphousaii features seen in absorption
rather than emission.

The relative depth of the 1@m absorption feature is not equal in all objects. Sylvester
et al. (1999) and Justtanont et al. (2006) showed that thinadphe 9.7um silicate feature
correlates very well with the mass-loss rate. The opticatldef the 10um complexrg,
the mass-loss ratél, and the luminosity., will be derived in Section 5.2.3. The objects in
Figure 5.1 are organised in order of increasing mass-laedta

To have a better idea on what happens in therh@omplex, we also plot an optical depth
7 of the 10um complex using the following equation:

Fobs = Feont€ "> (5.1)

with Fopsthe observed flux and.Fy the continuum flux. The continuum has been defined by
a straight line above the 1dnm complex and thereforeonly represents the optical depth of
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Figure 5.2:7 in the 10um wavelength region for our sample of OH/IR stars. The stegs a
again ordered with increasing. The dotted lines indicate the positions of stronger foitste
bands in this region (10.09, 11.33, and 1118).

the 10um complex itself and not the overall absorption of amorphsilicates in this region:

the continuum in this wavelength region is for the objectsghg complete self-absorption

of the 10um complex expected to be located at higher flux levels tharrewve placed the
continuum. The results are shown in Figure 5.2. This figumwshthat the peak of this
complex is located around 98n. Based on Figure 5.2 and also Figure 5.1 we see that not
only the 10um complex changes from partly self-absorbed to complefeatsiorption for
increasing mass-loss rate, but these figures also showhtaahepe of the 10m complex
itself changes: as the mass-loss rate increases, thendmplex becomes broader and sev-
eral sub-structures seem to appear. These sub-structereawsed by crystalline material
and will be discussed in the following subsection.
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Figure 5.3: The opacity in function of wavelength for forsterite (Servoin and Puiriv973,
upper panel) and enstatite (Jager et al. 1998, lower panel)

Not only the 9.7um silicate feature changes from emission in the stars withdtvest
mass-loss rates to absorption in objects with the highess+uss rates, also the L sili-
cate feature shows the same trend: theh&eature is still seen in emission in IRAS 17413-
3531 and IRAS 18042-2905 (the two objects which also show fieum complex in partial
self-absorption), the 18m feature is hard to detect in J174122.7-283146 and IRAS 1725
2821, butitis clearly seen in absorptionin IRAS 17347-23RAS 17323-2424,J175521.7-
293912, and IRAS 17276-2846 (the OH/IR stars with the ddejasm complexes).

5.2.2 Cirystalline silicate features

Molster et al. (2002a) studied ISO-SWS data of a sample ofd/gen-rich dust shells sur-
rounding evolved stars. For this sample Molster et al. (2082udied 7 complexes (the 10,
18, 23, 28, 33, 40, and §dm complexes) and derived average properties for the ingialid
bands. The dashed lines in Figure 5.1 show the wavelengitiqnssfor forsterite (MgSiOy,
the magnesium-rich end member of the olivines) as derivdddigter et al. (2002a).
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The most prominent crystalline silicate features in our glenof OH/IR stars can be
found at the longest wavelengths. For the stars with thedomeass-loss rates in this sample,
we see that the forsterite features longwards gi@0all appear in emission. For the sources
with higher mass-loss rates, the emission features disagpel finally for the objects with
the highest mass-loss rates, some of the features appebsanption. Table 5.1 gives an
overview of the forsterite features in the OH/IR star speectihis table does not give a quan-
titative measurement of the features, but lists if the fiesgt@re visible by eye or not. From
Table 5.1 it becomes clear that the 3316 feature is the only feature that appears in emission
for every star in our sample.

Figure 5.2 shows that as we already noticed from the spettfégure 5.1, the 1m
complex broadens for increasing mass-loss rate. This broad is mainly caused by the
amorphous silicates, but amorphous silicates alone aresponsible for the change in shape
of the feature, also crystalline silicates influence thepshaf the 1Qum complex. The dot-
ted lines in Figure 5.2 indicate the positions of strongestirite features in this wavelength
region. The upper panel in Figure 5.3 shows the opacftyr forsterite. This figure shows
how strong we can expect the different forsterite featurdxetin comparison with each other
and shows that the 11;8n is the strongest and broadest forsterite feature in tigisme All
T—spectra show a bump in this region, indicating that thetéoite is in absorption in the
spectra. In Section 5.2.4.1 we will analyse this feature aneetail.

The laboratory spectra of forsterite show, in addition t® $trong peak at 11;3m, two ad-
ditional features, one fairly strong band at 10.1 and a weealdtat 11.9:m (see Figure 5.3).
Inspection of our data (see Figure 5.1 and Table 5.1) shaatswh detect the 11,8m band in
almost all sources, but the 1Qufin band is visible in only a few stars. This is probably due to
the fact that the 10.4m band coincides with the maximum in the opacity of the amoush
silicate band, while the weaker 11uéh band is located in the wing of the amorphous silicate
band, and is thus easier to detect against the amorphassili

Forsterite is not the only crystalline material in the speaif OH/IR stars, also en-
statite (MgSiQ, the Mg-rich end member of the pyroxenes) can be detectestatite has it
strongest features at 9.3 and 10 (see lower panel in Figure 5.3). The enstatite feature at
9.3um becomes very clear for the highest mass-loss rates: thardistinguishable kink in
the spectra at 9,3m. For IRAS 17276-2846 the star with the highest mass-Idss ttae kink
in the spectrum seems to have shifted a bit to the blue.

5.2.3 Modelling

To derive luminosities and mass-loss rates for these ahjastwell as to investigate the op-
tical thickness of the dust shell at different wavelengitesused the radiative transfer model
of Groenewegen (1993, 1995). The used method to model oatraps described in Blom-
maert et al. (2006). In later sections we discuss the degreerystallinity for the OH/IR
stars based on the analysis of Kemper et al. (2001) who deigviel of models for AGB stars
with different mass-loss rates. To allow a direct compariaith our modelling we use the
so-called astronomical or dirty silicates of which the ogticonstants were observationally
determined from observed spectra of AGB stars by Suh (1889)as done in Kemper et al.
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Table 5.2: For the stars in this sample this table lists thesatass ratéM, the optical depth
at 10 and 33.eum um (r1p andtazg), the luminosityL., the characteristics of the 11.8n
feature, and the relative strength of the 336 feature §33¢).

Name M Ti0  T336 L. 11.3um feature Saz6
[10™*Molyr] [Lo] height peakfm] o [um]

IRAS 17413-3531 0.3 4.7 0.6 7000 - - - 0.069
IRAS 18042-2905 0.6 8.6 1.1 6700 0.07 11.19 0.15 0.142
IRAS 17347-2319 0.4 10.2 1.3 7000 0.15 11.24 0.18 0.074
J174122.7-283146 0.8 10.7 1.4 7000 0.07 11.19 0.18 0.122
IRAS 17251-2821 15 17.9 2.3 7000 0.12 11.18 0.18 0.122
J175521.7-293912 2.0 22.3 2.8 6000 0.26 11.20 0.18 0.079
IRAS 17323-2424 2.0 23.8 3.0 7000 0.24 11.21 0.18 0.067
IRAS 17276-2846 3.0 32.3 4.1 5500 0.29 11.21 0.18 0.039

(2001).

Further input parameters for the modelling are the gasdii-thtio which was taken to
be 200 (as was assumed in Blommaert et al. 2006). A typicah giensity for amorphous
silicates of 3.3 g ci? (e.g. Draine and Lee 1984) was assumed. The outflow veloeity w
taken from the expansion velocities derived from the OH speé&or all IRAS sources these
values were taken from van der Veen and Habing (1990) and #@1P2.7-283146 from Sev-
enster et al. (1997) and J175521.7-293912 from David e1883). These values are mostly
around 15 knis, which is a typical value for what is found in Galactic Bulgehe sources
have been put at a distance of 8.5 kpc. The dust condensatigretature was assumed to be
1000 K. For the central stars we used the photospheric spectf a M10 giant from Fluks
etal. (1994) and & = 2500K. The luminosities and mass-loss rates of the OH/IR stie
the remaining free parameters.

Additional photometry used in the modelling process hanhirived from different
sourceskK, L, M, N1, N2, andN3-band photometry from van der Veen and Habing (1990),
H, K, andnbL photometry from Chapter 4, 7 and L5 photometry from ISOGAL, MSX
photometry at 8.28, 12.12, 14.65, and 21u84, and IRAS fluxes at 12, 25, 60, and 109.
The fluxes have been dereddened in the same manner as tha ¢peetSection 5.1). Since
OH/IR stars are variable AGB stars exhibiting large amgis,, it is important to keep in
mind that the obtained photometric results were not obseat¢he same time. Therefore,
a shift in the photometry between the different used catadsglue to the variability of the
object is likely to occur.

The photometry has been used to model the overall energibdison in order to obtain
the luminosity. Based on the Spitzer-IRS spectrum, the Husssrates were determined.
Figure 5.4 shows an example of the modelling. Table 5.2 tletsderived parameters for
each object. All objects have mass-loss rates betweeh@® and 3x 10*M/yr. The next
column in Table 5.2 lists the derived optical depths of theutDcomplex for each object.
Based on the shape of the amorphous silicatgith Absorption features, it was already clear
that the shells are optical thick at this wavelength andwedent have a3, > 1. This is con-
firmed by our modelling. The luminosities of the objects im sample range between 5500
and 7000L,, which compare well with the values given in van der Veen aabikig (1990).
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Figure 5.4: Example of the model fit to the photometry (uperad) and Spitzer-IRS spec-
troscopy for J174122.7-283146.

This narrow range in luminosities confirms that the OH/IRssta this sample originate from
a population of similar initial masses.

5.2.4 Derivation of the fraction of crystalline dust

In this section we analyse the forsterite bands seen in aatisp We wish to determine the
amount of crystalline silicates produced, and the spaisalidution of the crystalline dust. A
full analysis of the spectra would require fitting detailediative transfer models to the in-
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dividual spectra including not only amorphous silicatetdsswas done in Section 5.2.3, but
also crystalline material would have to be included. Thisdagond the scope of the present
study. Instead, we will use the model calculations by Kengiaal. (2001) who provide a
relation between mass-loss rate, crystallinity and thengfth of the 33.aum forsterite band.
In order to measure the spatial distribution of crystalkileates, it is important to include
as many bands as possible covering a wide wavelength rand@gain using full radiative
transfer model. Here we will focus on the 1 forsterite band, which should probe ma-
terial located much closer to the star than the 3@w6forsterite band. Unfortunately no easy
calibration of the strength of the 11.8n forsterite band as a function of crystallinity exists
in the literature. Nevertheless, we will be able to estalifithe trends seen in the strength of
the 33.6um band are similar to those seen in the Lin8band.

5.2.4.1 The 11.3im feature

In order to study the degree of crystallinity in Section 8.8e analyse the 11,n feature

in more detail. Figure 5.5 shows how this was done. Using thigectra in the 1@m region

a local continuum has been defined close to the Ah3The continuum bands were chosen
at 10.6 — 10.9m and 11.5 — 11.Zm and a straight line has been fitted to these bands (see
dashed lines in Figure 5.5). On top of this local continuur®aaissian has been fitted. The
resulting Gaussian curves are shown on top ofrtegectrain grey in Figure 5.2, the parame-
ters for these curves are listed in Table 5.2. Due to theglaeif-absorption that just started

in IRAS 17413-3531, this star has been excluded from thilyaisa

5.2.4.2 The 33.um feature

Kemper et al. (2001) used the strength of the 38r6feature to derive an estimate for the
degree of crystallinity in O-rich AGB stars. The relativeesigth of the 33.aam featureSzz¢

is given by:

Faze

Saze = 1 (5.2)

Fcont

with F336 the flux at 33.6um and Fqn the continuum flux at 33.6m under the feature. The
continuum bands chosen to derive the local continuum afe-331.5um and 35.0 — 35.am.
The results of this analysis are given in Table 5.2.

5.3 Discussion

5.3.1 The wavelength position of the 11.8m feature

Figure 5.2 showed that the 11u feature can be seen in alspectra and Table 5.2 indicates
that the peak position of the 11.8n feature in this sample is located around 1n2 The
11.3um feature is also often seen in young stars such as Herbigefstéis and T Tauri stars
(Bouwman et al. 2003; van Boekel et al. 2005; Kessler-Silatal. 2006). In these young
stars the 11.am feature is seen at 1181 and not at 11.2m. Different grain sizes between
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Figure 5.5: Gaussian fit on top of a local continuum to derhve ¢tharacteristics of the
11.3um feature. Ther spectrum is given by the black line and grey error bars. Tisheld

line is a fit to the continuum and the full grey line gives theu&sian fit on top of the local
continuum.

the crystalline dust around young stars and these OH/IR stauld be responsible for the
different wavelength positions. Smaller grain sizes méleefeéature shift towards the blue,
indicating that the grain sizes of crystalline forsteriteund OH/IR stars could be smaller
than the crystalline dust around young stars.
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Figure 5.6: Relative strength of the crystalline 33r6 forsterite featureSss6) Vs 110, @
mass-loss indicator..

Tamanai et al. (2006) performed for the first time laboratngasurements of the Lon
band profiles of non-embedded (free-flying) particles of gghous and crystalline forsterite.
This study shows that the extinction efficiency for crystaisilicates has considerably dif-
ferent band positions in comparison to the band positiorssomed in a comparison study
using classical measurements were the particles are resflftiag but embedded in a KBr
pellet. In comparison to the study using the KBr pellet tegha the wavelength position of
the forsterite 11.3im band has shifted toward the blue to 1106. Tamanai et al. (2006)
show that the true wavelength position of the 1n3forsterite band is located more toward
the blue than observations in young stars suggest, whichtrmdicate that what is observed
in young stars is not pure forsterite but has been contaedriat some material. This could
also indicate that the forsterite formed in this sample ofiBrstars is more pure forsterite
than what is found in young stars.

5.3.2 Degree of crystallinity

Using the method of Kemper et al. (2001) we derived relatirengths of the 33.6m feature
(see Section 5.2.4.2). Figure 5.6 shows the strength of3t&én forsterite features versus
710, Which is equivalent with the mass-loss rate (see Table STBgre exists a clear trend
between the mass-loss indicatgg and the relative strength of the 33u6n feature. The
feature loses strength, as the mass-loss rate increases.
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Figure 5.7: Relative strength of the 11u& forsterite feature versus,. The grey line
indicates the best linear fit to the data excluding the objecpartial self-absorption.

Kemper et al. (2001) use the strength of the 38r6forsterite feature to estimate the de-
gree of crystallinity. Their Fig. 7 shows the relations beén the degree of crystallinity, the
mass-loss rate and the strength of the 3@u6feature. If we place our objects in their Fig. 7,
our objects are situated in the area where the strength @iteim feature decreases again
with increasing mass-loss rate. Half of our objects als@tlagher mass-loss rates than the
mass-loss rates given in their Fig. 7. Therefore we cantiohate the degree of crystallinity
based on their method. Nevertheless the parabolic trerigtinFig. 7 seems to indicate that
the decreasing trend seen in Figure 5.6 is correlated wdiilatige transport effects. Based on
the models derived for the OH/IR stars in this sample, we canfiien this. In Table 5.2 we
list the optical depths at 33/6n (r336). Only one object has an optical depth smaller than 1
and 3 other objects have an optical depth close to 1, the véhees are larger than 2. This
table shows that especially the objects with the highessruss rates have optically thick
dust shells even at this wavelength region. Because of thisam not look through the shell,
as we can for optical thin dust envelopes, and thereforelhfutraterite is seen in the spec-
trum. This causes the apparent decreasing trend of the darabforsterite with increasing
mass-loss rate seen in Figure 5.6.

Alternatively we can also use the relative strength of th& iiin feature to estimate the
degree of forsterite. In Section 5.2.1 we deriveditlspectra in the 10m region. Since ~ «
the relative strength of the 11;3n feature correlates directly with the amount of forsterite
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Figure 5.7 shows the height of the 118 feature normalised by the continuum flux at the
peak position of the feature verstg. In contrast to the strength of the 33u6 feature, the
relative strength of the 11,/8n feature is constant in comparison with the depth of theh7
silicate feature. The grey line gives the best linear fit e dhata and reveals no dependence
between the relative strength of the 118 feature and,. IRAS 18042-2905 is the only
star not following the constant trend. As could be seen frogufe 5.1 this is the second
star still in partial self-absorption, although the pdrsialf-absorption is not as obvious as
for IRAS 17413-3531 (which we already excluded from thislgsia), this is possibly the
reason why this star is an outlier in Figure 5.7. To derivditresar fit to the data we excluded
the objects in partial self-absorption, similar to what vie fbr the relative strength of the
33.6um feature in function of the mass-loss rate. The relativengfth of the 11.m feature
suggest no differences in degree of crystallinity betwéerdifferent stars in function of their
mass-loss.

5.4 Conclusions

In this chapter we have studied a sample of Galactic Bulgd®stars observed with Spitzer-
IRS. We studied the characteristics of the crystalline niglte

For the OH/IR stars in this sample, we showed that the peaktigro®f the 11.3um
forsterite feature is actually located at 11u@. This could be due to smaller particle sizes
in the OH/IR stars than in the young stars or, based on thedédmy work of Tamanai et al.
(2006), this could indicate that the forsterite found insta¢argets is more pure than the typ-
ical forsterite found in young stars.

We also showed that there is no relation between the relatremgth of the 11.2m
feature andrp, @ mass-loss indicator. This shows that the OH/IR starsignsidimple must
produce relatively the same amount of crystalline forsteri

We determined the relative strength of the 3@n6 forsterite feature and showed that the
relative strength of this feature decreases with increasiass-loss rates. We compared our
results with the model calculations of Kemper et al. (20010 found that this is most likely
caused by optical depth effects. This has been confirmednhglisiradiative transfer mod-
elling using only amorphous silicate dust. When the mass-tate increases, the peak of
the spectral energy distribution shifts to longer wavetea@nd therefore the optical depth
at these wavelengths also increases. The higher the oggp#th at 33.6:m the less deep
we can see in the circumstellar envelope and therefore weekswve less forsterite particles
compared to the amorphous silicate particles and thevelstiiength of the 33 &m forsterite
feature decreases.
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CHAPTER O

L The dust sequence along the AGB

In the previous 3 chapters, we studied a sample of GalacligeBAGB stars with respect to
their dust formation (see Chapter 3 and 5) and their steflaracteristics and variability (see
Chapter 4). In this Chapter, we combine this informationanalyse the dust spectra in view
of the stellar characteristics and the variability of th¢egks.

Stars on the Asymptotic Giant Branch (AGB) are known to lagestantial amounts of
their mass through a dust-driven outflow. One of the primdageovational consequences of
such mass-loss is the formation of an expanding circunastetivelope (CSE). Depending on
the chemical composition of the star, oxygen-rich or carldoh dust is formed in the CSE
(see also Section 1.2). Lebzelter et al. (2006) showedtigeeral the dust mineralogy and
the position on the AGB are related. For a sample of AGB starated in 47 Tuc, they show
that stars at the onset of dust formation on the AGB show dhadtis mainly consisting of
Mg, Al, and Fe oxides. When the star evolves on the AGB, ammupBilicates become more
important and become the dominant species. Neverthelde=zlter et al. (2006) find incon-
sistencies in the composition of the dust spectra when #rs ate placed on an evolutionary
sequence.

Lebzelter and Wood (2005) and Lebzelter et al. (2006) us@diséion of the stars in a
(log P, K)-diagram to trace the evolution of the star on the AGB. Létbzet al. (2006) show
for a sample of 11 objects, observed with Spitzer-IRS, thdha AGB star evolves (i.e. the
dust spectrum of the star becomes more and more dominatechdwphous silicates), the
star moves from sequence B to sequence C in the period-lsityrdiagram. This is to be
expected as it was already known that stars located on segsiéyy B, and the lower part
of sequence C are mainly semi-regular variables and the teated on the upper half of
sequence C are believed to be Mira variables (see also BAcH®). Two stars in their study
fall out of this sequence and seem to be located at the wrositjgroin the period-luminosity
diagram considering their dust spectrum. For one of thegetsil_ebzelter et al. (2006) sug-
gest that the star might be undergoing a thermal pulse evEm. strange combination of
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position in the period-luminosity diagram and the dust spee for the other object could
be attributed to a long secondary period. All this suggédwststhere is no simple one-to-one
relation between the displayed dust spectrum of an AGB sigita evolutionary position on
the AGB.

In Section 6.1 we discuss the dust spectra of our bulge sampérms of their posi-
tion in the (logP, K)-diagram. In Section 6.2 we discuss the oxygen-rich dustlensation
sequence with respect to variability on the AGB. In Sectidwée perform a principal com-
ponent analysis on all the quantities derived in Chaptersd34a Finally we summarise and
come to the conclusions in Section 6.4. The numbers givehetars in this chapter are
identical to the numbers given to the objects in Table 3.2.

6.1 (Ko, logP)-diagram

A (Ko, log P)-diagram gives the mean absolute magnitude irktHgand versus the logarithm
of the period in days. Several different sequences can béfigel in such a diagram of which
four are important to this work: sequences A, B, C, and D (s %ection 1.2.3).

6.1.1 Pulsation models versus observed sequences

In Chapter 1 we already briefly discussed the physical inéagion of the sequences seen
in (Ko, log P)-diagrams. We mentioned that sequence C in the diagrancigpged by Mira
variables and semi-regular variables at the lower half efgbquence. Sequences A and B
are occupied by semi-regular variables. In the next seeti@mvill discuss the dust spectra
from Chapter 3 in terms of the variability of the objects amgipions in the PL-diagram as
discussed in Chapter 4. As an introduction to this discussi@ present here a more general
background on the sequences in thg, (og P)-diagram (based on Lattanzio and Wood 2003,
unless mentioned otherwise).

Xiong et al. (1998) computed linear pulsation models for sR&king the dynamical and
thermal coupling between pulsation and convection intmant Previously this coupling
had not been taken into account, due to the complexity of thblem. The stability and
growth rates of pulsation are determined by energy tratisgidch is dominated by convec-
tion. Convection is still a physical problem not yet fullyderstood and often treated in a
simplified way with the mixing-length theory. Therefore tir@wth rates resulting from pub-
lished models need to be treated with caution, though thiegeare probably reasonably
accurate.

The model for a 1 M object shown in Fig. 2.51 in Lattanzio and Wood (2003) intisa
the general characteristic of pulsation on the AGB: as thieestolves to higher luminosities,
it first becomes unstable in the second or third overtone, shatches to lower overtones, and
eventually to the fundamental mode. The models describédtitanzio and Wood (2003)
and the results given in their Fig. 2.53 show that the fundaaienode is able to accurately
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Figure 6.1: Period-luminosity diagram (see also Figur@}.The plus-signs represent the
semi-regular variables, the diamonds are Mira variabléls @Wi— K)o < 2.

account for the period-luminosity (PL) relation of sequet This sequence contains Mira
variables and some semi-regular variables. Semi-regldleased on sequences A and B are
first, second, or third overtone pulsators.

Pulsation modes higher than the third overtone are not se&GB stars. This is in
agreement with theoretical expectations: pulsations Wigilner modes are not reflected at
the stellar surface back into the interior (Fox and Wood )98y travel from the interior
out into the photosphere and are damped there by energy am&mtom loss, and therefore
are not unstable. Fig. 2.53 in Lattanzio and Wood (2003) sttbe shortest pulsation period
for which waves will be reflected back and it correspondsaeably well with the highest
observed mode of pulsation in AGB stars.

6.1.2 Dust spectra versus variability

In Figure 4.10 the PL-diagram for this sample of stars is shoW/e repeat this figure in
Figure 6.1 for the ease of the reader; the identification remnbf the objects corresponding
to the different symbols have been included. In this seatierwill study the different dust
spectra belonging to the objects located on the differeqiesaces.
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Stars on sequence B+
77—

Dust spectrum + offset

Figure 6.2: Dust spectra for the objects on sequence B+ iRlthgiagram. The dust spectra
are shown with increasing period from bottom to top.

Based on the period analysis derived in Chapter 4 we onlydaune object located on
sequence A. This object (J180301.6-300001, number 39) @ébpatt which shows no sign
of a dust contribution yet and has therefore been treatechaged star. Both sequences A
and B are divided into two boxes in Figure 6.1. The dividingglis the tip of the RGB (at
about 8 mag irKp): objects in boxes A— and B— are located below the tip of thé&R&hile
objects in boxes A+ and B+ are located above the tip of the R&& the three objects in
box B— (J180249.5-295853, J180304.8-295258, and J18D2B%538, numbers 37, 40, and
48) show no sign of dust contribution and were labelled agdakars.

The five objects located in box B+ all show signs of dust, tle@eeno naked stars above
the tip of the RGB. The dust spectra for these objects are sliowigure 6.2. Based on the
analysis in Chapter 3 we showed that object 36 is the onlycblxjethis sequence without
clear signs of alumina and with no clear/® feature. All the other dust spectra from objects
in this sequence show signs of amorphous silicates. OngcbBp shows (minor) indications
for a 19.5um feature.

Shown in Figure 6.3 are the dust spectra for stars locatedequesice C in the PL-
diagram. All the objects with periods belonging to this seage show clear dust features.
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Figure 6.3: Dust spectra for stars located on sequence&ged for increasing period from
bottom to top. The dust spectra are normalised atrfhl

The stars are displayed according to increasing perioas bottom to top and the spectra
are normalised at 1Am. Most of the dust spectra in this figure show evidence forramo
phous silicate bands around 10 andub8. Stars J174128.5-282733, J180308.2-295747, and
J180308.2-295747 (respectively numbers 11, 43 and 46 ifighe) mainly show evidence
for aluminum-oxides and no clear evidence for amorphoitsasils. All stars shown in this
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Figure 6.4: Dust spectra for stars located wilh-(K)o > 2, arranged for increasing period
from bottom to top and are normalised at/rh.

sequence show evidence for auiB feature in their dust spectrum (see also Table 3.4). Based
on the position of J180305.4-295527 and J180308.2-29513&dts number 42 and 43) in
the Ko, log P)-diagram it is more likely that these objects belong to serpe B+ rather than

to sequence C.

The (Ko, logP)-diagram shown in Figure 6.1 does not contain any objeatsvitch
(J-K)o > 2. As explained in Chapter 4, these objects are too muchtatfdxy circumstellar
extinction in theirK-band and are therefore left out of these diagrams. The gestra for
such objects is shown in Figure 6.4. The OH/IR stars are riudied in this plot as we did
not derive dust spectra for those objects. The objects WithK)o > 2 are supposed to have
higher mass-loss rates than the objects seen in sequendgue &.12 shows that these ob-
jects are located at the end of the mass-loss sequence iK¢hg15]), versus [15) CMD.
The dust spectra for these objects are clearly dominatednayEhous silicates. Except for
the artefact at 14m (the “14 micron teardrop”, see also Section 3.3.3), thpsetsa do not
seem to indicate the presence of any other feature.

Fig. 4 in Lebzelter and Wood (2005) shows that the varialalessh 47 Tuc seem to evolve
along sequences B and the lower half of sequence C to evnswatch to the upper half
of sequence C. This switch seems to correspond to a tramsgitipulsation from a low order
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radial overtone mode to the fundamental radial mode (Woadl 4999; Lebzelter and Wood
2005). We showed that the Mira variables in our sample arg lochted on sequence C,
indicating that there is also a switch in pulsation modeagable in this sample from radial
overtone pulsators to radial fundamental mode pulsatore itas to keep in mind that the
spread inKy around the sequences could be due to the finite thicknesg diulye (see e.g
Glass and Schultheis 2002, who found a dispersion of 0.35fmagthe Ks-log P relation
for M giants in the bulge).

6.2 The oxygen-rich dust condensation sequence

Based on the analysis in Chapter 3 and the analysis in théopiesection we can conclude
that we can study the oxygen-rich dust condensation sequesing this sample of stars by
two different, but of course related, methods.

The first method is described in Chapter 3 and usesKh@e- (15])o colour to trace the
mass-loss rate. Usind{ — [15])o as a mass-loss rate indicator, the spectra were arranged
according to increasing mass-loss rate. This revealed1hab obvious clear trend between
the composition of the dust an&{— [15]) could be seen, as could be expected based on
the oxygen-rich dust condensation sequef2gno linear correlation between the mass-loss
rate and the decreasing abundance of alumina with respaatéophous silicates has been
found; and(3) most of the 1Qum complexes can be explained by using a mixture of alumina
and amorphous silicates: only one object was found to be elp dominated by alumina.

The second method used to trace the evolution along the A@Bssribed in Chapter 4
and in the previous section. This method is based on theiposit the objects in the period-
luminosity diagram. The dust spectra have been studied aadidn of the evolution on
the AGB with respect to the stellar variability. Lebzeltéak (2006) showed that stars at the
onset of dust formation exhibit dust that is mainly conegof Mg, Al, and Fe oxides. These
objects are supposed to be located on sequences A, B, arahthiedart of sequence C (the
semi-regular variables).

The objects located below the tip of the RGB (aroufyd = 8 mag, indicated by the
horizontal lines dividing sequence A and B in two parts) aategorised as naked stars in
Chapter 3 and show no sign of dust contribution. All the ofsj@bove the tip of the RGB
show a dust contribution.

The next group of objects seems to be formed by the objectexrBs as well as two
objects in box C (numbers 42 and 43). The dust spectra foe thigects shown in Figures 6.2
and 6.3 show no obvious similarities, although all objegtept J180248.9-295430 (number
36) show a 13:m feature. The relative amount of alumina to amorphousaéis derived in
Chapter 3 (see Table 3.4) is about 0.3 except for J18030HbZ4” and J180323.9-295410
(numbers 43 and 49). These two stars are among the 4 objebts welative abundance of
alumina with respect to amorphous silicates higher thanJ134943.7-292154 (object num-
ber 24) is the only object which has a dust spectrum dominatesnorphous alumina and is
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labelled as a small-amplitude variable in Chapter 4. Tioeegthis object is not shown in the
PL-diagram. The other object with a relative high amountlafrana (J180311.5-295747,
number 46) is a Mira variable and is located on sequence C.

Most of the objects located on the upper half of sequence Q/isne variables. Only
three objects (numbers 28, 38, and 41) were categorisedragegular variables in Chap-
ter 4. Most of the dust spectra for these objects (see FigBjebe dominated by amorphous
silicate dust and all objects exhibit a 161 feature.

The stars with the reddest € K)o colours are not shown in the PL-diagram, but these ob-
jects show a dust spectrum dominated by amorphous silicadeg of these objects exhibits
a 13um feature.

Based on the comparison between the position of the objedtsi PL-diagram shown
in Figure 6.1 and their dust spectra, a clear one-to-ongarlaetween the dust composition
and the objects place on the PL-diagram cannot be found.eTéest however indications
for a sequence. The objects below the tip of the RGB show nb Qancerning the objects
above the RGB tip, there are two objects with high amountéusha with respect to amor-
phous silicates as well as a i feature and a possible 195 feature. The other objects
on sequence B and the objects on sequence C show a mixturenoihal and amorphous
silicate dust as well as a 1a8n feature, while the objects with the highedt{ K)o colours,
which are not shown in the PL-diagram, are dominated by ahwrg silicate dust without
signs of any other feature.

6.3 Principal component analysis

In this section we will use a principal component analysittmly in a statistical and objective
manner the possible correlations and dependencies betivedifferent derived quantities
for this sample. As well will we look for physical interpréitans inducing the variance seen
in this sample.

A principal component analysis (PCA) aims at reducing rdilthensional data sets into
fewer dimensions. From a mathematical point of view it ismedi as an orthogonal linear
transformation that transforms the data into a new cootdiagstem such that the greatest
variance by any projection of the data comes to lie on the ¢ostrdinate (called the first
principal component— PC), the second greatest variandesoseicond coordinate, and so on.
In general, a PCA is used to reduce the dimensionality of drampeter set by looking for
linear correlations and identifying (new) meaningful urigiag variables.

6.3.1 Introduction to the principal component analysis

For a data matri¥ = (yij)nxp With nthe amount of objects argithe amount of parameters, a
PCA first consists of seeking a linear combinatfan= a;1Y1 +. ..+ agpYp with 25:1 afk =1
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for which the observationg;; possess the largest variance. With this new linear conibimat
we can define the vect@2z; (with O describing the origin of the parameter space). If we now
consider thep — 1 subspace orthogonal @Z;, we can again look for a linear combination
Z, for which the dispersion of the points obtained by projection is maximal. This process
is continued until alp mutually orthogonal axeSZ; are defined ag; = aj1 Y1 +... +ajpYp,
with 9 | aJ?k = landy} , axak = 0if j # I with 1 < j,1 < p. Thesep new variables are
called the principal components.

The data are now equally well represented by the denivdianensional scatter plotin the
Z-coordinate system as it was before. The contribution ohgaimcipal component to the
total variability of the scatter plot is given by the corresgding eigenvalue. Based on how
the different PCs were defined, the first PC has the largeshedduel; and the eigenvalues
decrease for the next found PG: > A2 > ... > Ap. To reduce the-dimensional problem
to anr-dimensional problem with < p, ther principal components which have the most
significant contribution to the problem are retained. Thyepvalues are used to determine
how many PCs will be considered. The PCs considered signifi@ those which have
eigenvalues larger or equal to one. The information rethmielrﬂ r principal components is

expressed in terms of cumulative percentages and given ¢!
j=17

6.3.2 Principal component analysis and discussion

In the beginning of a PCA analysis, as much information asipésis included, i.e. all
the derived parameters. We choose to retain only the obfectahich we could derive
all parameters; the drawback to this is that this resultsriedaiced sample. The following
parameters will be usedK§ — [15])o, (J — Ks)o, Mk,, the normalised dust luminosity, the
relative amount of alumina to amorphous silicateg;, The equivalent line widths of Na
Cal, and*?>C0O(2,0), the amount of water absorption, and the period aBse the SE index
is a discrete parameter, it is not included in the PCA. Norimfation is lost however as this
parameter correlates very well with the relative abundari@umina with respect to amor-
phous silicates (see Figure 3.38). Using these 11 parasn8tepbjects can be retained.

A PCA searches for linear correlations between all the patara. From Chapter 4 we
know that a linear relation with the amount of water can ordyftund if we take the loga-
rithm of the negative amount of water, which will be done iistACA analysis.

The PCA has been performed on the standardised matrix ofi@l/ariables for each
object, so that each variable has an equal weight in the sisalf¥he results for the first 4
principal components are given in Table 6.1. As a generalofithumb, one only keeps the
PCs with eigenvalues larger than one. In this case this nthahenly the first three compo-
nents, which explain 71% of the variance in the data, areidered.

Table 6.1 shows that the equivalent line width measurenfé¥&odoes not contribute to
the first PC and that all the other parameters have comparabtgbutions to the PC. Based
on the sign of the coefficients in this PC, we can arrange thanpeters in two groups. The
group with the negative sign seems to be related to the desistcs of the central star, while
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Table 6.1: Results of the first principal component analysis

Variable PC1 PC2 PC3 PC4
0 (Ks—[15])p 0.41 -0.04 -0.09 0.18
1 J-Kso 032 008 025 056
2 Mg, -0.33 -0.19 0.34 -0.24
3 normalised dust luminosity  0.26 -0.26 -0.55 -0.11
4 percentage alumina -0.20 0.52 0.30 -0.06
5 Te -0.28 -0.23 0.02 0.60
6 EW(Na) -0.00 0.63 -0.19 0.17
7 EW(Ca) -0.22 030 -0.55 -0.09
8 Ew(CO) -0.30 -0.17 -0.20 0.33
9 log(-water absorption) 0.40 0.19 0.06 0.06
10 period 0.36 -0.07 0.20 -0.27

Eigenvalues 4.64 188 133 0.98
Cumulative variance 0.42 059 0.71 0.80

the group with positive coefficients may be linked to the dingtracteristics.

Figure 6.5 shows the biplots for the three considered PGsath panel, the arrows with
the large bold numbers at the end show the vector defined bgotfficient of a parameter
in the PC given in the-axis and the coefficient belonging to the same parametehbuatfor
the PC given at thg-axis. The crosses with in accordance the small numberigatethe
position of the objects defined by the two shown PCs (the nusrdiigen to the objects are
identical to the numbers in Table 3.2). Inspecting the spemhsed on their position in the
biplot of PC1 vs PC2 (see upper left panel Figure 6.5) helgetstanding the physical na-
ture of PC1. The stars on the left of the figure are e.g. objeatsber 47, 36, 24, 49, and 31.
These objects belong to the objects with the blukst{[15])o colours while the objects on
the right side of the diagram (see e.g. 9, 18, 19, and 20) heveetidest{s — [15])o colour.
This is also reflected in the coefficients of PC1,les« [15])o has the largest contribution to
this PC. Also the amount of water absorption and the period hadarge influence on this PC.
Both these variables were found in Chapter 4 to correlate (g — [15])o (see Figures 4.13
and 4.16). AlthoughKs — [15])o might not be a perfect mass-loss indicator (see Chapter 3),
it can still be used as a first indication of the mass-loss rEterefore it is very plausible that
the first PC traces the mass-loss rates of these objects.

Table 6.1 shows that there are three parameters that candredjin the second principal
component: theKs — [15])o colour, @ — Ks)o, and the period. Similarly to what we did for
PC1 we can again divide the remaining parameters in two grbapged on their sign. The
parameters with the positive signs are the relative amduadtimina to amorphous silicates,
the equivalent line widths of Naand Ca, and the amount of water absorption. The param-
eters with negative signs aM,, the normalised dust luminosity, the effective tempemgtur
and the equivalent line width dfCO(2,0). At first sight it is not obvious what connects the
parameters in these groups, although the very strong batitbn of the relative amount of
alumina suggest that the physical nature of the second Riaigd to the shape of the ifh
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Figure 6.5: Biplots for the 3 significant principal compoter he upper left panel shows the
biplot for PC1 vs PC2, the upper right panel shows the bigoPfC1 vs PC3, and the lower
panel for PC2 vs PC3. In both figures the arrows indicate tlefficents of the eigenvectors
that belong to the same parameter. This parameter is irditgtthe large bold number at the
end of the arrow. The plus-signs indicate the data projeali®ug the principal components
and the small numbers indicate the numbers of the objectvas ip Table 3.2.

complex.

The upper left panel in Figure 6.5 shows that the objects 24a4d 11 have the highest
positive value for PC2, while objects 47, 13, and 7 have thetmegative PC2 value. In-
specting the shape of the Lh complexes of objects 47, 13, and 7 shows that these objects
are dominated by amorphous silicates, while object 24 caexpkined using only alumina
and objects 43 and 11 have of the highest alumina contritsi{igee also Table 3.4).

The coefficients in PC2 also show that the equivalent lingwad Nal is the most important
parameter in this PC. The equivalent line width ofiIN@a very dominant factor to determine
the metallicity using eq. (4.1).

We conclude that PC2 traces two properties: the shape ofttlxenlcomplex or equivalent
the dust composition, and because of the high contributicheequivalent line width of
Nal to the PC, also the metal abundance of the central star.

With respect to principal component 3 there are three paensi¢hat can be ignored:
Kso — [15], Tes, and the water absorption. All the other parameters havativegsigns ex-
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Table 6.2: Results of the second principal component aisalys

Variable PC1 PC2 PC3 PC4
(Ks—-[15])0 051 0.10 0.12 -0.33
Mg, -0.41 -0.34 0.13 -0.53
normalised dust luminosity = 0.43 -0.11 -0.50 -0.37
percentage alumina -0.35 0.43 0.31 -0.50
EW(Na) -0.06 0.69 -0.02 0.28
EW(Ca) -0.24 034 -0.71 -0.26
log(-water absorption) 0.44 0.30 0.34 -0.27

O~ WNEO

Eigenvalues 3.07 173 105 0.58
Cumulative variance 0.44 0.69 0.84 0.92

cept @ — K)o, Mk,, the relative amount of alumina with respect to amorphdicasés, and
the period. The two parameters contributing the most to F€3he normalised dust lumi-
nosity and the equivalent line width CaAfter inspection of the spectra it is not clear what
physical parameter PC3 traces.

Based on the biplots in Figure 6.5 we can look for correlatibetween the different pa-
rameters. These parameters would then span the same nedfanhiplot. In the lower and
upper right panel, no obvious correlations can be found.e8am the upper left panel in
Figure 6.5 we found thak( — [15])o and the period correlate very well (see also Figure 4.13
in Chapter 4). Also { — K)o and the amount of water absorption correlate. Water alisorpt
lines are known to influence the near-IR spectra of AGB s&wrsrgly (see Chapter 2). These
water lines can suppress the continuum in kkband region, resulting in a lower observed
flux and a largerd — K)o colour. The upper left panel in Figure 6.5 shows three othesup-
eters spanning the same regidf,, the effective temperature, and the equivalent line width
of 12C0O(2,0). Mk, and CO are known to be sensitive to the effective temperdsee e.g.
Decin 2000).

It is sufficient if one of the parameters that correlates wither parameters is considered. In
this way, we reduce the dimensionality of the problem. Weosleao retain the parameters
with the largest influence in PC1.

Having reduced the dimensionality of the problem, we haviewestigate if we did not
leave out any important information. This is done by perfimgra new principal compo-
nent analyses on the reduced dataset. The results areifisTathle 6.2. Using the first 3
components, which have eigenvalues larger than 1, we ke#poBshe variance. Figure 6.6
shows the biplots for the 3 significant principal componetftare compare the distribution
of objects in these biplots with the distribution of the altgein Figure 6.5, then one can
see that the objects have about the same distribution. finer@ur parameter reduction was
valid. Using this reduced parameter space, PCL1 still trfuesnass-loss rate and PC2 the
composition of the dust or the shape of theub® complex as well as the metallicity.

The lower panel in Figure 6.6 and Table 6.2 shows that thevatguit line width of Ca is
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Figure 6.6: Biplots for the 3 significant principal compotsefor the second PCA. The sym-
bols for the objects are identical as in Figure 6.5, the numatthe end of each arrow refer
to the parameters in Table 6.2.

the dominating parameter in PC3. Whereas in the first PCA ¢hmalised dust luminosity
had an equal importance in PC3 as the equivalent line wid@eof this parameter has now
become the second most important in this PC. The biplotsgjares 6.5 and 6.6 show a very
small variance with respect to PC3, all objects are cludtesiéh respect to PC3 in the same
area. Itis not obvious which physical parameter(s) PC®sac

This principal component analysis revealed relations betwthe different parameters
derived in Chapters 3 and 4. It also showed us that the variemour parameter space can
be described in terms of 3 principal components. The firstrB€:t the mass-loss rate, the
second the composition of the dust and the characteristiteaentral star. It is not clear
what PC3 traces.

Since the different PCs are orthogonal by definition (se¢i@®6.3.1), this indicates that the
dust composition and the mass-loss rate are statisticatiglated. This emphasises what we
already found in Chapter 3: no clear one-to-one relatiowbeh the mass-loss rate indicator
(Ks—[15])o and the dust composition can be revealed in this sample.eTiber very large
variance concerning the dust composition of the bluestabbjm this sample. This is in
contrast to the dust composition of the reddest sourcesisg@amorphous silicate dominated
dust spectra.
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6.4 Summary and conclusions

In this chapter we have analysed the dust spectra for a sah@alactic Bulge AGB stars
already discussed in Chapter 3 in function of the additicharacteristics derived in Chap-
ter 4, such as the variability and parameters describing¢h&al star.

Based on the position of the stars in the period-luminosigim in Figure 4.10 (see
also Figure 6.1), we discussed the dust spectra in termg @itlsation sequence they belong
to. We showed that the objects located below the tip of the R&Bv no signs of dust, while
all the objects above the tip of the RGB show a dust contidioutAGB stars are expected to
form aluminum rich dust at the onset of dust mass-loss. Thextdwith the highest amounts
of alumina dust (except one Mira object) are located justalibe tip of the RGB. All the
other objects shown in the PL-diagram show a mixture of ahan@nd amorphous silicate
dust as well as a 1@m feature. The objects with the reddedt(K)q colour, which are not
shown in the PL-diagram, only shown indications for amorghsilicate dust.

Using a PCA, all the derived parameters for these objects amalysed simultaneously,
searching linear relations. We could reduce the parameteesfrom 11 to 7 parameters. We
showed that the variance in the data can be described in tértiisee principal components.
The first PC, responsible for the largest part of the variamtiee data, is the mass-loss rate.
The second PC is linked to the shape of theutdcomplex, and therefore also to the com-
position of the dust, as well as to the metallicity. This oates a relation between the dust
composition and the metallicity. It is unknown which paraenés) PC3 traces. The analysis
described in this chapter endorses the results found int€hap
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Stellar populations in the Galactic
Bulge

This chapter is based on the paper:
Vanhollebeke, E., Groenewegen, M.A.T., Girardi, L.: 20@&tellar populations in the Galactic Bulge.
Modelling the Galactic Bulge with TRILEGAL”, submitted tos&ron. and Astrophys.

As already mentioned in the introduction to this thesis, ¢batral parts of our Milky
Way Galaxy (MWG) consists of the Galactic Bulge (GB), thetcampart of the halo, and
the Galactic Centre (GC). Over the years, several studies thizd to understand the char-
acteristics of these parts of the MWG. Questions addressstidlies to these characteristics
are questions about the formation history, star formatielations between different stellar
components, and kinematics (Wyse 1995).

Understanding the formation history of galactic sphergids elliptical galaxies and the
bulges of spiral galaxies) is crucial in understanding galrmation in general as these
spheroids contain a large fraction of all stellar mass ifddbal universe (Zoccali et al. 2003,
and references therein). Our GB, due to its proximity, isghkeroid for which the most
information is accessible. Issues that can be addressént iGB are e.g. the initial mass
function, the distribution of stellar ages, and the 3D gt For more distant spheroids,
this sort of information is accessible just by very indiremans based on the study of the
integrated light.

Many different approaches exists to study galaxy formati@ften galaxy models are
used to study the entire content of a galactic componentasitihe bulge (Dwek et al. 1995;
Binney et al. 1997; Freudenreich 1998; Bissantz and Ger2@0&; Robin et al. 2003; Mer-
rifield 2004), but studies to the same kinds of stars can aigeal a wealth of information.
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Examples of this are e.g. the use of red clump stars (Starak¥997; Paczynski and Stanek
1998; Udalski 1998; Babusiaux and Gilmore 2005; Nishiyatred.2006; Lopez-Corredoira
et al. 2007; Rattenbury et al. 2007), RR Lyrae stars (Fereiey. 1987; Feast 1997; Udalski
1998), masers (Reid et al. 1988; Sevenster et al. 1999), aredvistiables (Whitelock 1992;
Groenewegen and Blommaert 2005). Our target is both to peréocalibration of the bulge
geometry and to explore the distribution of ages that camtegried from these data.

This chapter is organised as follows: in Section 7.1 we gikesame on the models and
parameters generally used to study the GB, the star formedte, and the metallicity distri-
bution of the GB. In Section 7.2 we will give a brief introdiget to the galaxy model used
in this work. Section 7.3 is dedicated to the observatioméhdised. Section 7.4 explains
the method used and Section 7.5 discusses the resultsdiasivey this method. Section 7.6
discusses the results using the same method if we only udedduep stars. In Section 7.7
we summerise and come to the conclusions.

7.1 The Galactic Bulge
7.1.1 Models describing the Galactic Bulge and its bar

Many different geometries can be assumed for the GB. Obfatersidal models can be a
good start, providing a first order estimate of the bulge hosity and minor to major axis ra-
tios (Dwek et al. 1995). As became clear over the past dectd®s is a triaxial part, the bar,
which needs a triaxial model. There are three types of @lariodels proposed: Gaussian-
type function, exponential-type function, and power-lawdtions (see Dwek et al. 1995, and
references therein). Dwek et al. (1995) find that the bestahodit the COBE/DIRBE data
for the bulge is an exponential-type function with a modisptheroid included. Robin et al.
(2003) use the same parameter set as Dwek et al. (1995) uceddo fit the bulge. They
used a boxy Gaussian type function, but did not model theripags of the bulge. Binney
et al. (1997) and also Bissantz and Gerhard (2002) used eatieshpower-law to model the
bulge. In this paper, we will use the Binney et al. (1997) falism to model the number
density of stard (b), which is given by:

a2/,
f(b) f°(1faT)l-8 and (7.1)
) 1/2
a = (x2+#+§) . (7.2)

In these formulaea, represents the scale leng#g,the inner truncation length, arfg is the
stellar density per kpc The axis-ratios of the bar are given by: # - .

7.1.2 Parameters describing the Galactic Bulge

The typical parameters needed to describe the GB (see peeséxtion) are the scale length
(am) and inner truncation lengtlag) of the bulge, the axis-ratios (Iy:: ) of the bar, the an-



Table 7.1: A not complete overview on recent values of pataraelescribing the GB, its bar and the distance to the GC.

Reference Ro am a l:n:¢ ¢ Based on
(kpc] [kpc]  [pc] [’
Fernley et al. (1987) 8.8 0.65 RR Lyrae stars
Reid et al. (1988) 7215 H,O maser spots
Whitelock (1992) 9.1 1:0.25:0.25 45 Mira variables
Dwek et al. (1995) 1:0.33:0.11:0.230.08 20+ 10 COBEDIRBE
surface brightness map
Binney et al. (1997) 1.9 100 1:0.6:0.4 20 COBEDIRBE
surface brightness map
Feast (1997) 8.304 RR Lyrae stars
Stanek et al. (1997) 1:0.43:0.29 20-30 red clump stars
Freudenreich (1998) 2.6 DIRBE full-sky surface
brightness map
Paczynski and Stanek (1998) &D.4 red clump stars
Udalski (1998) 8.1k 0.15 RR Lyrae stars
Udalski (1998) 8.1 0.06 red clump stars
Sevenster et al. (1999) 25 44 OHI/IR stars (OASP)
Bissantz and Gerhard (2002) 2.8 100 1:(0.3-0.4):.0.3 20 — 25 COBHEDIRBE L-band map
Eisenhauer et al. (2003) 7.940.42 stars orbiting black hole
Robin et al. (2003) 1:0.27:0.27 11.% 0.7 Hipparcos data
Merrifield (2004) 1:0.6:0.4 25 H gas andCOBEDIRBE
surface brightness map
Babusiaux and Gilmore (2005) 7+70.15 22+5.5 red clump stars
Eisenhauer et al. (2005) 7.620.32 stars orbiting black hole
Groenewegen and Blommaert (2005) 8.8.4 47 Mira variables
Lopez-Corredoira et al. (2005) 1:0.5:.0.4 20-35 2MASS star counts
Nishiyama et al. (2006) 7.54£0.10+ 0.35 red clump stars
Lopez-Corredoira et al. (2007) 43 red clump stars
Rattenbury et al. (2007) 1:0.35:0.26 24 - 27 red clump stars

abing onoeres ayl T2

68T
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gle between the Sun-Centre line and the major axis of the#)aafd the scaling parameter
(fo). Of course also the Sun'’s distance to the Galactic CeRgkig an important parameter
in this context.

One of the most studied types of stars in the GB are the redpchtars. The red clump
stars are considered as standard candles to determineodista hey can also be used to esti-
mate the axis ratios of the bulge and the argle&sing these red clump stars, values between
7.4 and 8.4 kpc foRy have been found (see e.g. Paczynski and Stanek 1998; UdaBgj
Babusiaux and Gilmore 2005; Nishiyama et al. 2006). Valoe® fderived from red clump
stars are situated either around 2@ around 45 (see e.g. Stanek et al. (19977 20° —30°),
Babusiaux and Gilmore (2008,= 22° +5.5°), and Lopez-Corredoira et al. (20Q¥ = 43°)).
Recent work on the red-clump stars in the GB comes from CaHravers et al. (2007) and
Rattenbury et al. (2007). Cabrera-Lavers et al. (2007)rckvo very different large-scale
triaxial structures in the inner Galaxy. A first componerd i®ng thin stellar bar|lf| < 2°)
with a position angel of 43°@ 1.8°. The second component is a distinct triaxial bulge that
extends to at leadit| < 7.5° and has a position angle of 12463.2°. Rattenbury et al. (2007)
study the red clump stars observed with OGLE in the OGLE-Hgghand find that the bar’s
major axis is oriented at 24- 27 to the Sun-Galactic centre line-of-sight.

Another kind of stars that is considered a standard candltharRR Lyrae stars. Using these
stars typical values fdry of ~ 8.0 kpc have been found (see e.g. Fernley et al. 1987; Feast
1997; Udalski 1998).

Other types of stars that have been studied to charactbeé<eB are e.g. Mira variables (see
e.g. Groenewegen and Blommaert (20B5,= 8.8 kpc andy = 43°) and Whitelock (1992,
1:n:¢=1:025:025,¢ = 45°)), H,O masers (see Reid et al. 1988,= 7.1 kpc), and
OH/IR stars (see Sevenster et al. 1989= 2500 pc an® = 44°).

Studying one type of star is not the only method to revealrmfttion on the character-
istics of the Galactic Bulge and distance to the Galactict@eftisenhauer et al. (2003) and
Eisenhauer et al. (2005) studied stars orbiting the cebteatk hole and found values for
Ro of respectively P4 + 0.42 kpc and B2 + 0.32 kpc. Also surveys like 2MASS and the
surface brightness maps 6GOBEDIRBE were used. Studies based on these databases find
values forg around 20(see e.g. Dwek et al. 1995; Binney et al. 1997; Bissantz antabe
2002; Lopez-Corredoira et al. 2005), scale lengthshetween 1900 pc and 2800 pc (see
e.g. Binney et al. 1997; Freudenreich 1998; Bissantz anti@er2002), and an axis-ratio of
1:0.5-0.6:0.4 (Merrifield 2004; Lopez-Corredoira et &108), except Dwek et al. (1995) who
find lower values for the axis-ratio (1:0.33:0.23). Robimlkt{2003) used HIPPARCOS data
to model and obtained axis-ratios of 1:0.27:0.27 and areatgf 11.1° + 0.7.

The Milky Way Galaxy consists not only of stars, there is @aamount of gas present.
The location of H gas in the galaxy (see Figure 2 in Merrifield 2004) immedjatel/eals
the non-axisymmetric distribution of the gas. This nonsgrimetric distribution can also be
seen when one measures the velocities of the interstellam@i@cule (Dame et al. 2001).
Using the distribution of the Hgas Merrifield (2004) found an angfeof 25°.

Table 7.1 gives an overview on these studies and the paresrietsnd. Concerning the
angle between the Sun-Centre line and theghdable 7.1 clearly shows two groups of val-
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ues: a low value around 2@nd a higher value around 45According to Sevenster et al.
(1999) the lower values found far arise when the longitude range used is too narrow or
when low latitudes are excluded. Groenewegen and Blomn({2@05) point out that this
could also be due to the fact that these studies trace ditfpapulations, which may be dis-
tributed differently.

7.1.3 Star formation rate and metallicity distribution

Besides the uncertainty in literature on the parametersrithirsg the GB geometry and its
bar, also the characteristics of the stars located in thet@ Biebated.

Lately, studies show traces of an intermediate age populatithe GB. Before, it was
believed that the GB consisted only of an old population @rtben 10 Gyr). Recent studies
still reveal that the GB is dominated by this old populatibut traces of a smaller intermedi-
ate population can no longer be ignored.

Holtzman et al. (1993) studied a field in Baade’s Window andctwded that based on the
luminosity function there exist not only old stars in the GBif also a significant, although
unquantified, number of intermediate age stars (less th&yt) Ortolani et al. (1995) con-
clude that there is no age difference between the majoritylgfe stars and the halo globular
clusters and no more than 10% of the bulge population can be represented by interme-
diate age stars (Ortolani et al. 2001; Zoccali et al. 2008,as0). Feltzing and Gilmore
(2000) found no significant young stellar population in thg, ®ut emphasise that it is still
possible to have an age range of several Gyr. van Loon et @3jZXound that in addi-
tion to the dominant old populatiorx (7 Gyr), there is also an intermediate-age population
(~ 200 Myr — 7 Gyr) and possibly even younger200 Myr) stars are found across the inner
bulge (although the latter could be attributed to foregrbstars). Concerning an interme-
diate age population, Groenewegen and Blommaert (2005 dfthat the Mira variables in
the studied OGLE bulge fields have ages of a few Gyr. Also lthtder et al. (2007) found
some AGB stars that might be tracers of a younger populasome of their selected AGB
stars in the GB show Technetium, which indicates that th&3B Atars must originate from

a younger population.

The detection of a metallicity spread or absence of it andntleallicity distribution
reveals information on the formation history. During thetldecade, there were several
papers studying the metallicity in the GB. McWilliam and Ri¢1994) obtained for 14 M
giants in the GB high resolution spectroscopy. They foundcammetallicity o[Fe/H]>=
—0.19+ 0.02. Sadler et al. (1996) studied K and M giants in Baade’s \0ndnd found a
mean abundance efFe/H]>= —-0.11+ 0.04. Feltzing and Gilmore (2000) studied HST im-
ages and found that the metallicity of the bulge is equalab ¢fithe old disk and that there is
only a marginal evidence for a central metallicity gradiéxiso Ramirez et al. (2000) studied
M giants in the GB. They found a mean metallicktjFe/H]>= —0.21+0.30 and no evidence
for a metallicity gradient along the minor or major axes & thner bulgeR < 560 pc). van
Loon et al. (2003) found a mean metallicity [M/H]0.5, but also stars with a metallicity of
+0.5 and -2 are common, but not dominant. The old stars indpelation & 7 Gyr) tend to
have higher metallicities (see their Figure 18). They pempiinat the metallicity distribution
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Figure 7.1: Schematic overview on the TRILEGAL code. Takemnt Girardi et al. (2005).

of the old stars might be bimodal: one component of supersoktallicity and another of
subsolar metallicity. Zoccali et al. (2003) found that maishe bulge stars have a metallicity

[M/H] between +0.1 and -0.6 with a peak at -0.1.

7.2 TRILEGAL

In this study, we use the code TRILEGAL (TRIdimensional modéthE GALaxy) (Girardi
et al. 2005), a population synthesis code to simulate tHstmntent towards any direc-
tion on the sky. In this paper the model will be used to compoteur-magnitude diagrams
(CMD) towards the GB. This means that we simulate the photooygroperties of stars lo-
cated towards a given directiofi b) and complete down to a given limiting magnitude.

Figure 7.1 shows the general scheme of the TRILEGAL codesAtown in this figure
the input to the model consists of four main elements:
— a library of stellar evolutionary tracks. It is essentiatigmposed by the Girardi et al.
(2000) tracks with some updating at low metallicities (@&iic2002, unpublished), and

now complemented with the TP-AGB models by Marigo and Girg2@07). These latter
are expected to describe the TP-AGB phase with much moristiedifetimes and lumi-

nosities than in the original Girardi et al. (2000) isochesn

— a library of synthetic spectra, which is used to compute inelvic corrections and ex-
tinction coefficients for the simulated stars. They are dbed in detail by Girardi et al.

(2002).
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— the instrumental setup, describing the settings of thatelee to be used, e.g. filters, de-
tectors and the effective sky area to be simulated.

— a detailed description of the Galaxy components, being thladcEic thin and thick disk,
the Halo and the Bulge. For each component a Star FormatienBBR), Age—Metallicity
Relation (AMR), and space densities are assumed. Thesmetms are different for ev-
ery Galaxy component, therefore the Galactic componeetsraated separately by the
code. Also the Initial Mass Function (IMF) and interstefifaisorption belong to this group
of input parameters.

The TRILEGAL code itself performs a Monte Carlo simulatiangenerate stars in ac-
cordance with the input (see above). The SFR, AMR and IMF defistars age, metallicity,
and mass. An interpolation in the grids of evolutionary ksa¢see Girardi 1996) results in
the absolute photometry, which is then converted to appanagnitudes based on the bolo-
metric corrections, distance modulus, and extinction.

The output of the TRILEGAL code is a catalogue of stars thataios for each star the
Galactic component in which they are located, stellar ageallicity [M/H], initial mass, lu-
minosity L, effective temperatureqf, gravity g, distance modulusi— My, visual extinction
Ay, core mass and theerfectphotometric data in each of the wanted filters. To be able to
compare the output in CMDs with observational data one hatfiorm some extra calcu-
lations which are not included in the TRILEGAL code such adiag photometric errors,
saturation of the bright stars in real observations, andptetaness.

A more detailed description of the TRILEGAL code and the paters used concerning
the disk and halo can be found in Girardi et al. (2005).

Concerning the calculation of the extinction in TRILEGAhgte is a small change with
regard to Girardi et al. (2005). Not only can we now give thiénetion valueAy as an input
parameter to the code, but a spread orAhéas also been used in this work. The extinction
values and their sigma used can be found in Table 7.2 and seel lo&a Sumi (2004).

An important point is that we have used TRILEGAL with the dmigj filter curves pro-
vided for 2MASS (Skrutskie et al. 2006) and OGLE-Il (Udalsitial. 1997), so simulat-
ing as far as possible the original photometric sysfenishe bolometric corrections for
2MASS have already been described in detail by Bonatto €2804). Those for OGLE-
Il have been newly computed, and apart from being used in ERIAL have also been
incorporated into the Padova database of isochrones. &ixétables of bolometric cor-
rections and isochrones in the OGLE-II system are now maddaile at the web sites
http://pleiadi.pd.astro.it/isoc_photsys. 02 (static tables) and
http://stev.oapd.inaf.it/~lgirardi/cnd(interactive web form).

10ur experience is that the simulation of the 2MASS photoimeirstem presents zero-point offsets of just a few
0.01 mag. Zero-point errors of similar magnitude are jugteeted in synthetic photometry applied to present-day
libraries of synthetic spectra, and are also likely pregeour simulations of the OGLE-II system.
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Furthermore, extinction coefficients in the several 2MA®&8 ®GLE-II passbands have
been computed for a G2V star using the Cardelli et al. (19&8)e&tion curve withR, =
3.1. The extinction coefficients turn out to &, . /Ay = 1.524, Ag.../Av = 1.308,
Avoee/Av = 1.021, Ajge /Ay = 0571, Ay, uee/Av = 0.290, A,,,.o/Av = 0.183, and
Ak ounss/Av = 0.118.

These numbers would be fine to simulate extinction in thebyedisk, but do not apply
to a bulge with an anomalous ratio of total to selective etiom (see Udalski 2003). Since
the reasons for such anomalous ratios are still not undetstme does not know really how
to properly simulate extinction for the bulge. Our choice lb@en very pragmatic: we as-
sume that the generalised Cardelli et al. (1989) extinatiowe still applies, and just change
its input Ry value until the meaRy, = 1.964 value for the bulge (Sumi 2004) is recov-
ered. Therefore, we find that the anomalous extinction isogyced with Ry = 2.4, which
producesAy,e /Ay = 1.715,Ag /Ay = 1.386,Ayye /Ay = 1.017, A, /Ay = 0.506,
Asunss/Av = 0.256, An,y s /Av = 0.162, Ak ,nes/Av = 0.101. These values are assumed in
this work.

7.3 Observational Data

Sky surveys have as ultimate goal to unravel the mysterieadfiniverse. They come in dif-
ferent shapes and packages. Every sky survey has its owifispéno and often — if ground
based — the project can make use of its own telescope fac3ky surveys are very useful
for very different kind of astronomers. One can use themobegalaxy formation and trace
galaxy structure, to study star formation, one can look &table stars, micro lensing events,
extra-solar planets and so on... Sky surveys often can alsséd for things they were not
designed for. Sky surveys looking for micro lensing evengs @roduce huge amounts of
observational data on very interesting stars and starmegvhich is exactly what we need
to study stellar populations in the GB: large amounts of pks@nal data on as much as
possible different regions in the GB. To perform this studg, selected data from 2MASS
and OGLE.

7.3.1 Two Micron All Sky Survey — 2MASS

The Two Micron All Sky Survey (2MASS) project was set up as sufeof the success of
the Two Micron Sky Survey (TMSS) and the InfraRed AstronahBatellite (IRAS). It is
a collaboration between The University of Massachusettsthe Infrared Processing and
Analysis Center (JPL/ Caltech). Survey operations beg&@piing 1997 and concluded in
Spring 2001. The resulting 2MASS project made uniformlijecated observations of the
entire sky in thel (1.24um), H (1.66um) andKs (2.16um) near-infrared bands with a pixel
size of 2.0".

The observations for this project were made using almostidentical telescopes and cam-
eras, one located in the northern hemisphere at the Whipp&®atory and one in the
southern hemisphere at the Cerro Tololo Inter-Americare®iagory. In this way almost full
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sky coverage (99.998%) could be obtained.

In this paper, we will use the 2MASS Point Source Catalog (P8Contains astrometry and
photometry in the three survey bandpasses for 470 992 9f0esu-or every source, posi-
tion, magnitude, astrometric and photometric uncertagrdind flags indicating the quality of
the source characterisations are provided.

7.3.2 Optical Gravitation Lensing Experiment — OGLE

The Optical Gravitational Lensing Experiment (OGLE) aimdatecting dark matter us-
ing micro lensing phenomena. This idea was first proposedaayyhiski (1986) (see also
Paczynski 1991). In order to draw any conclusions about#itera of dark matter one needs
a massive, long term survey and one needs to detect a sigmiéicgount of micro lensing
events. Crowded regions are a suited place to conduct thisysuDuring the first phase of
the program (OGLE-I) (1992-1995), the 1m Swope telescofieeatas Campanas Observa-
tory, Chile, operated by Carnegie Institution of Washimgtas been used. The second phase
of OGLE (OGLE-II) started in January 1997. A telescope fa& @GLE project (the 1.3m
Warsaw telescope) was build which is dedicated for longitphotometric surveys of the
dense stellar fields. The telescope is located at Las Camvservatory in Chili and is de-
scribed in Udalski et al. (1997). The telescope habafield of view. The Large Magellanic
Cloud (LMC) was the first target in the second phase. Latedalitianal targets were added
among 10 degin the GB. On June 11, 2001 the third phase of OGLE started @®l).
Observations are still done from Las Campanas Observa@hilg, but are now using a so
called second generation CCD mosaic camera. The total fielgw is now 35’ x 35'.

In this paper, we will use data from Udalski et al. (2002) fr@@LE-1l who present th&/|
photometric maps of the GB as a natural by-product of largerariensing surveys. These
maps contain the meavil-photometry and astrometry of about 30 million stars, cioner
about 11 degin different parts of the GB. Each field covers24x 57.

7.3.3 Selected fields

The fields selected to perform this study are shown in Tale The fields are chosen
based on the OGLE fields from Udalski et al. (2002) and are ashrmas possible spread
in longitude and latitude around the Galactic Centre. Tha ftam 2MASS has been down-
loaded according to the positions of the OGLE fields, usin¢gpfGan the IRSA web site
(http://irsa.ipac.caltech. edu/).

7.4 Analysis

When calculating a set of models of any kind, one always naadsbjective method to de-
termine why one model is better than an other model. One adsdsto know the error bars
and/or confidence intervals for the derived parameters.
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Table 7.2: Properties of the selected fields.

Ogle field | b Av? oa? # stars
(bul_sc) OGLE 2MASS

2 2.23 -3.46 151 0.024 803269 26147
7 -0.14 -591 1.34 0.025 462748 19304
8 10.48 -3.78 2.14 0.042 401813 19411
13 791 -358 2.05 0.042 569850 20704
14 523 2.81 249 0.048 619028 24851
17 528 -3.45 192 0.031 687019 22241
25 -2.32 -356 2.33 0.042 622326 26328
27 -492 -3.65 1.69 0.025 690785 23623
29 -6.64 -4.62 153 0.024 491941 20692
40 -299 -3.14 292 0.066 630774 26169
47 -11.19 -2.60 2.58 0.056 300705 20099

aBased on Sumi (2004)
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Figure 7.2: Example on the photometric errors ofkiband 2MASS data for field bidc40.

7.4.1 Method

The output of the TRILEGAL code consists pérfectphotometric data (see Section 7.2).
In order to be able to compare the output of the code with res¢vations, we need to add
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bul_sc4()
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Figure 7.3:J — Ks vs Ks CMD for field bul.sc40. The figure on the left are the observations,
the figure on the right is a model wit = 8.60 kpc,a,, = 2.67 kpc,ap = 96.6 pc,n = 0.68,

{ =0.30,¢ = 14.4°, and fy = 427.3. The black dots in the model (right panel) are stars
that originate from the disk, the dark blue dots originaterfrthe halo and the red dots are
bulge stars. This colour code will be used in all figures of tigpe. The grey lines indicate
the boxes used to compute the model with the observations 2MASS CMDs for all the
selected fields using this model are shown in Figure 7.11.

photometric errors to the output of TRILEGAL.

Both 2MASS and OGLE-II give individual errors on the obsdimas. These individual er-
rors are shown in Figure 7.2 as an example for the 2MK$®and data in field busc40 in
function of theKs-band magnitude. Using this data a density profile has beeergted: for
each bin inK (size 0.1 mag) we calculated how likely it is for a star to hameerroro..
Each bin inok, (size 0.01 mag) is then given a number between 0 and 1 repiragdine
relative amount of stars in this bin with respect to all staith a similarKs-band magnitude.
For each star in the output file of TRILEGAL a random numberteen generated between 0
and 1. The assigned error is then the closgstwith respect to the assigned density profile.
This method has been used to generate photometric errotktimeaobserved magnitude
bands from both 2MASS as OGLE-II for each field individually.

With the observational data and the data calculated witH_.IEERIAL, CMDs have been
constructed. For the 2MASS data these CMDs ard in Ks vs K (see Figure 7.3), for
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Figure 7.4: Same figure and colour code as Figure 7.3 for three saodel but now for a
V — 1 vs| CMD. The additional box which is not seen in Figure 7.3 is usedompare the
red clump stars. The OGLE CMDs for all the selected fieldsgiiiis model are shown in
Figure 7.13.

the OGLE data the CMDs aé — | vs | (see Figure 7.4). To be able to compare a CMD
constructed with observational data to a CMD constructdti wiodelled data, the CMDs
have been divided into regions. For both the 2MASS data andEOd&ata, we define a disk
region and a bulge region in the dereddened CMDs as follows:

Kso <122 and (- Kg)o < 0.25 (for 2MASS disk) (7.3)
lpo<141 and ¥ -1) < 1.4 (for OGLE disk) (7.4)
Kso <107 and Kgo > —-104(J - Kg)o + 189 (for 2MASS bulge) (7.5)
lo<124 and lp>-82(V - 1)+ 24.0 (for OGLE bulge) (7.6)

For the OGLE data we defined additionally a clump region whichtains the red clump
stars,as 18 <lp<126and 08< (V-1)p < 1.8.

The regions are defined on a model with no extinction. Baseti®@assumed extinction
for a field, these boxes are also reddened, in this way, thesestinclude for every field
the same part of the CMD. The boxes are defined in such a wayhée is only a very
small contamination of disk stars in the bulge region andother way around. Therefore,
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if we want to study the bulge parameters, the only part ofr@steis the bulge region. The
histograms for the disk and bulge regions are probably fetefd by incompleteness and
are used to compare the number counts in each bin.

The stars in the selected regions, are used to create lastsgrAll histograms were
created in one magnitud&{ for 2MASS andl for OGLE) and not in the colours. The his-
tograms for the disk and bulge region are used to comparauidar counts in each bin.

The histogram for the stars in the red clump region are nat f@enumber counts, but to
derive the red clump magnitude both from observations andiefler] data. To derive thg
magnitude for the red clump, the method described in StanélGarnavich (1998) has been
used. This method fits a 2D polynomial to the underlying papah, with on top of this a
Gaussian function to determine the magnitude of the red gldrhe formula is given by:

— lom)?

o L2
O'Rc\/_ 20'§C

with the first tree terms corresponding to the underlyingyaiion with coefficients, b, and

c for the second degree polynomial. The last term refers togtlelump population itself,
with parameters corresponding to a Gaussian fit: scalingf&., sigmaorc and peak of
the observed red clump stakg,. Figure 7.5 shows a fit using this method to thband
observations in the bidc40 field. Using this fit to the red clump, we will compare tlealp
position of the red clump stars in the observations to thé& peaition of the red clump in the
model. The expected magnitude of the red cluvlﬁ)C is often compared to the peak position
in the magnitude distribution of the red clump in order tareate the distance to these stars.

], (7.7)

n(lo) =a -+ b(lo - IO,m) + C(lo - IO,m)2 +

7.4.2 Poisson distributed maximum likelihood

For the stars in the selected disk and bulge areas (see FHigdiand Figure 7.4) the con-
structed histograms are used to compare number counts.ypiealterrors on the amount
of stars in these histogram bins are Poisson errors\}( with n; the total amount of stars in
bini). Therefore the selected test to perform on these histoggantog likelihood test for
Poisson statistics (Eidelman et al. 2004):

~2In(A(8)) = 22 (V.(a) ni +niIn (7.8)

)

Inthis formulad is the set of unknown parameters one wants to demiwe(n;, no, ..., Ny)
is the data vector containing the observations Witthe number of bins in a histogram.
are the expected values, which are derived from the histogjd the modelled data and are
therefore dependent @h Whenn; = 0, the last term in Eq. (7.8) is set to zero.

As already mentioned, for each field, there are 4 histograme for the disk region and
one for the bulge region, both for the comparison with 2MA8&8 @GLE). When determin-
ing the parameters for the bulge, we only use the histograrssdon the stars in the bulge
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Figure 7.5: Example showing how the red clump stars are fitstag the method described
by Stanek and Garnavich (1998). The black histogram aretée selected from the “red

clump box”in theV -1 vs| CMD and the grey line is the Gaussian fit with underlying secon
degree polynomial.

boxes. This means that for each field, 2 histograms remabie Ta2 shows that we selected
11 fields. Including all this gives us a valuér each model, which we want to minimise:

1 2

| = Z > =2In(4(9)). (7.9)

j=1 k=1

7.4.3 Gaussian distributed log-likelihood

In addition to a box for the disk and bulge stars, Figure 7sé ahows a box in which the red
clump stars are expected to be. When evaluating calculateiisibased on the position of
the red clump, we cannot use the Poisson distributed maxilikatinood (see Section 7.4.2).
In this case the errors are not Poisson distributed, but ald(®, o-2), with o = 0.025 which

is the half of the bin size used to construct the histograngetermine the peak of the red
clump distribution. To determine the appropriateness ofoadehconcerning its position of
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the red clump, the log-likelihood functidrcan be used (Decin et al. 2007):

N;j . .
| = iz—m(a)—m(@)— E(n”_—v”w))z. (7.10)

A 2 T

The used symbols in this equation have the same meaning agrtmls used in Eq. (7.8).
Because of the definition of this log-likelihood, to find thesbmodel| has to be maximised
and not minimised as Eg. (7.8).

7.4.4 Minimisation procedure

The minimisation procedure used in this work is Breyden — Fletcher — Goldfarb — Shanno
(BFGS) methodBroyden 1970; Fletcher 1970; Goldfarb 1970; Shanno 19F0¢hvcan be
used to solve a non-linear optimisation problem. By anatygiradient vectors, the method
constructs an approximated Hessian matrix allowing a gNasiton fitting method to move
towards the minimum in parameter space. The parametersngemalised in the minimisa-
tion procedure so they have an equal influence on the choite afext set of parameters.

To significantly decrease the amount of computing time, theulsitions made during
the minimisation runs adopt a shallower limiting magnitudel = 18. This does not in-
fluence our results as the stars fainter than this limit havestevance to our analysis (see
Section 7.4.1). Because these areas are chosen well aleowertipleteness limits for both
the 2MASS and OGLE data, we did not include completenes& &gapeed up calculations.

The model calculations and minimisation procedure have peeformed using Python.
The program has been written as such that the 11 differedsfighat need to be calculated
to evaluate one model (see Section 7.3.3), were calculatadtaneously over 11 different
CPU’s. We could make use of 18 Dell PowerEdge PC's: half afntlth 2 Pentium 4 pro-
cessors of 3400MHz and the other half with 4 Xeon processbpdcessors of 3400MHz
and 2 of 3800MHz). In total we could thus make use of 54 pramsssvhich makes it pos-
sible to evaluate about 5 models at the same time. In totavaki@ed 37 606 models in a
time span of about 35 weeks.

7.4.5 Uncertainties on the model parameters

As explained by Decin et al. (2007) the log-likelihood fupaotcan be used to estimate the
uncertainties on the model parameters. A model with a likeld valud is equally good as
the best model if midf — | > N in the case of Eq. (7.9) and méx¢ | < Nyt in the case
of Eq. (7.10). For both cases, these critical validgg follow a/y%-distribution with p the
degrees of freedom (Eidelman et al. 2004; Decin et al. 208%able with these values for
p € [1, 20] can be found in Decin et al. (2007, and references therein

Another way of determining uncertainties on the paramet@nscome from the observa-
tions. Both the 2MASS and OGLE data come with errors on thewesl photometry. We
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Figure 7.6: This figure shows how an estimateNf; based on the observations can be
obtained. The parameter on the x-axi$,ithe log-likelihood value. The observations have
been altered 10 000 times and compared to a model (histogidrastandard deviatian of

the Gaussian fit through this histogram (full grey line) giteenN,;;. In this caser = 27.75.
This figure is based on a model with the following parametiggs: 8.60 kpc,am = 2.67 kpc,

ap = 966 pc,n = 0.68,¢ = 0.30,¢ = 14.4°, andfy = 427.3. The SFR is based on Zoccali
et al. (2003) and the metallicity distribution is shiftedwd.3 dex in comparison to Zoccali
et al. (2003).

can alter the photometry by adding a value defined by a Gaugiation with as dispersion
the given error. If we do this for all the observations we hawbfferent set of observations,
but that still lies within the errors given. If we compare afpet model (i.e. no errors added
the outputs of the TRILEGAL code) a huge amount of times (#0000 times) with the ob-
servations that we adapt based on the errors for every cisopawe get a reliable estimate
of the possible spread infor this model. The standard deviationthat comes out of this
method, can then be used as a critical value to look for eggalbd models and estimate
uncertainties (see Figure 7.6).



7.5 Results 203

1.0 1.0 T T !

0.8 1 0.8 1
0.6 1 0.6 1

z z
0.4} ] 0.4} ]
0.2 1 0.2 1
0.0 1 1 0.0 " "
10.000 10.005 10.010 10.014 0.001 0.010 0.100 1.000
Age [Gyr] 2/ soi0r

Figure 7.7: The left panel shows the SFR normalised to 1 aeditght panel shows the
metallicity distribution normalised to 1 (based on Zocedlal. 2003).

7.5 Results

The SFR and AMR chosen to start the minimisation processavétbased on Zoccali et al.
(2003) and are shown in Figure 7.7. The left figure shows aebfdgned by a single star
burst about 10 Gyr ago and the right figure indicates that thprity of the stars have a
metallicity slightly lower than solarZ, = 0.019).

The start values for the minimisation procedure have be@searhin accordance with
Binney et al. (1997, see also Table 7.®):= 8.00 kpc,an = 1.90 kpc,ap = 100 pc,;p = 0.6,
{ =04,¢ =20, andfy = 624. The output of this minimisation procedure is a modehwit
following parametersRy = 8.60 kpc,am = 2.69 kpc,ap = 97.0 pc,n = 0.69,¢ = 0.30,
¢ = 20.0°, andfy = 4223.

The constructed histograms for this model are shown for fielldsc40 in Figure 7.8.
As mentioned in Section 7.4.1 we only used the histogramstoacted with thd andKg
magnitude to compare the model with the observations. T$tednams iV — | andJ — Kg
illustrate the fit between the model and the data for the gslohe minimisation procedure
uses only the stars in the bulge box. The stars in the disk kg wsed prior to the minimi-
sation process to set the scale parameter for the disk stdt® @heck the contamination of
disk and halo objects in the “bulge box”. For field md40 adopting the same model as in
Figure 7.8, we find that out of a total of 2731 objects in thegbubox for the 2MASS data
only 127 originate from the disk and halo. Concerning the@dlijects in the bulge box for
the OGLE data, only 105 originate from the disk and halo. &ihés is already a very mod-
est fraction (about 5% for both CMDs), possible errors in aresentation of the disk and
halo geometry are expected to have a negligible impact istdrecounts inside the bulge box.
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Figure 7.8: Histograms showing the distribution of selddbelge stars for field busc40.
The black line represents the observations, the red linemtbéel. The left panel shows
the 2MASS data, the right panel the OGLE data. The model rafottowing parameters:
Ro = 8.60 kpc,an = 2.69 kpc,ap = 97.0 pc,np = 0.69,¢ = 0.30,¢ = 20.0°, andfy, = 4223.
The star formation rate is a 10 Gyr burst and the metallidgyrithution is based on Zoccali
et al. (2003).

Figure 7.8 shows the distribution of stars for the obseovetiand the model for the se-
lected bulge stars for field hisic40. Also for all the other fields this model overestimaltes t
amount of bulge stars in the 2MASS data and underestimatestiount of bulge stars in the
OGLE data, therefore this model can still be improved, buthyoadapting the parameters
already in the minimisation procedure.

7.5.1 Varying the metallicity distribution

One of the parameters not in the minimisation proceduredabtallicity. The metallicity
distribution in Zoccali et al. (2003), which has been usedtie previous model calculations,
is based on photometric results and is slightly less méthlin comparison with metallicity
distributions derived from spectroscopic results from e.g

McWilliam and Rich (1994), Sadler et al. (1996), and Ramigeal. (2000) (see Fig. 14 in
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Figure 7.9: Histograms showing the distribution of selddbelge stars for field busc40.
The black line represents the observations, the red linertbéel. The left panel shows
the 2MASS data, the right panel the OGLE data. The model rafottowing parameters:
Ro = 8.60 kpc,an = 2.67 kpc,ap = 96.6 pc,7 = 0.68,¢ = 0.30,¢ = 14.4°, andfy, = 427.3.
The star formation rate is a 10 Gyr burst and the metallidgyrithution is based on Zoccali
et al. (2003) but shifted with 0.3 dex. (This figure is alscegior all the modelled fields, see
Figures 7.15 and 7.16).

Zoccali et al. 2003). Therefore we shifted the metallicttywards a more metal-rich popula-
tion and used the parameters of the model found after themsation process (model 1) to
run some new models with the shifted metallicity distribati Already when we shift [Fe/H]
with 0.1 dex our fit improves. We obtained the best fit with dts#fi0.3 dex for [Fe/H] (see
Table 7.3, model 4). Fig. 14 in Zoccali et al. (2003) shows ¢ghshift with 0.3 dex in [Fe/H]
is consistent with the noticed differences between the liraitya distribution they derived
and metallicity distributions derived based on spectrpgco

Although the fit with the slightly metal-rich population imgves the fit, we need to be
sure that this is also the best model using a more metal-gphlation. Therefore, we ran a
new minimisation procedure with starting valugs= 8.60 kpc,an = 2.69 kpc,ap = 97 pc,
n=0.69,¢ = 0.30,¢ = 20°, andfy = 4223. The resulting model from this minimisation pro-
cedure has the following parameteRs: = 8.60 kpc,am = 2.67 kpc,ap = 96.6 pc,n = 0.68,
¢l =030,¢ = 144°, andfy = 427.3 (model 7). Figures 7.11 and 7.12 show all the CMDs
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based on the 2MASS data, Figures 7.13 and 7.14 show the CVi2sl loa the OGLE data,
Figures 7.15 and 7.16 show the histograms for the selectige stars for all the modelled
fields, and Figure 7.17 shows all the fits using the red clumgs$or both observations and
model.

The parameters for this new model do not differ much from ttital model (model 4).
Also the maximume-likelihood values are very similar (sebl&&/.3). Section 7.4.5 describes
two methods to estimate errors on the model parameters anefdhe also discuss how to
decide if one model is significantly better than another nhdflee use the method described
in Decin et al. (2007) then the critical value is givenldy;; = 14.07 and the new model is
significantly better then the initial one. The other metheddatibed in Section 7.4.5 gives a
critical value ofN¢it = 27.76 (see also Figure 7.6). In this case the two models arelgqual
good. We will continue with the new model (model 7).

To derive the error bars on these model parameters, we uskdrtethods described in
Section 7.4.5. For each parameter we explored the paragpatee around the value found by
the minimisation procedure and rounded the found parasetithin the found error bars.
Using the first method, all models that fall within the crtiocvalue of Ngit = 14.07 from
our model are equally good. This results in the followingetars: Ry = 8'6018$§ kpc,
am = 2.70:008 kpc, ap = 96.6+31 pc,n = 0.68+50%, £ = 0.30£00], ¢ = 144°+3¢, and
fo = 427.3+32%.

Using the second method, we find\Bi = 27.76 (see also Figure 7.6). Using this critical
value, we derive the following error bars on our paramet&s:= 8.60+915 kpc, am =

2.70£99% kpc, ap = 96.6+11 pc, n = 0.68+0%%, ¢ = 0.30+2%, ¢ = 14.4°2537, and

Nevertheless the differences are very small.

7.5.2 Varying the age distribution

The star formation rate is also still quite uncertain (sse &8ection 7.1.3). Therefore we also
tested other SFR’s. First we start with shifting the starsbtw a different age in steps of
0.5 Gyr from a star burst 9 Gyr ago till 13 Gyr ago. Table 7.3gian overview of this and
shows that we could not improve our fit by changing the age®#sthr burst.

Changing the age of the star burst is not the only possitititglter the SFR. Section 7.1.3
describes that most likely there are also intermediate atgd in the GB and maybe also
some younger stars. In order to check these possibilities)jsed the SFR given in van Loon
et al. (2003) (see their Figure 28). The metallicity disitibn used is the metallicity distri-
bution of Zoccali et al. (2003) shifted with 0.3 dex. Youngrstas well as intermediate aged
stars are included in the SFR by van Loon et al. (2003). Tolctiezpossibility of an inter-
mediate aged population on top of the dominant old popuiatiee metallicity distribution of
van Loon et al. (2003) has been used, but without the stansgerthan 0.1 Gyr and a SFR
without the stars younger than 1 Gyr. The metallicity dizition used in these scenarios is
again the shifted distribution found by Zoccali et al. (2D0Bhe results are again shown in
Table 7.3.
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Table 7.3 shows that we do not get a significant better fit if aethe SFR by van Loon
et al. (2003) and the shifted metallicity distribution byczali et al. (2003). Because the SFR
has changed drastic, and therefore also the colour disbibof the stars in the resulting
models, a new minimisation procedure is necessary to cli@cklietter model can be found
using the SFR by van Loon et al. (2003). The previous best hfoded (model 7), has
been chosen to start the minimisation procedure with. Tésslted in the following model:
Ro = 10.27 kpc,am = 3.19 kpc,ap = 950 pc,n = 0.62,¢ = 0.31,¢ = 11.0°, andfy = 3708.

All parameters excefRy, am, andfy fall within the defined error bars of the best model with a
star burst of 10 Gyr as SFR. The differences seen betlgex,, andf, are huge and do not
fall within the previously defined error bars. Additionalbased on the method to compare
different models, this new model is significantly bettenttiae models previously found. In
Section 7.6 we explain based on the analysis of the red cluanp why we prefer the pre-
vious model 7 over this new model although based on the cdegenf the stars located in
the bulge box in the CMDs, this model is significantly better.

Also for the two SFR’s including only intermediate aged staased on the SFR by van
Loon et al. (2003) a new minimisation procedure was set upndJhe SFR by van Loon
et al. (2003) for stars older than 0.1 Gyr, the minimisatiomcedure ended with the follow-
ing model:Ry = 9.00 kpc,a, = 2.67 kpc,ap = 95.3 pc,n = 0.69,/ = 0.28,¢ = 8.7°, and
fo = 424.8. Almost all parameters found using this SFR are within theréars derived on
the previous model, exceh and/. Nevertheless this model is not significantly better than
the former model 7. Using the SFR for stars older than 1 Ggrntimimisation procedure
ended with:Ry = 8.70 kpc,an, = 2.57 kpc,ap = 96.4 pc,n = 0.68,/ = 0.28,¢ = 157, and
fo = 4237. Almost all parameters for this model are consistent withgarameters and their
error bars derived using the star burst of 10 Gyr and a meitgltlistribution of Zoccali et al.
(2003) shifted with 0.3 dex. The parametagsand( are the only two that are not consistent
with the previously derived parameters, although the difiees are very small. But again
this model is significantly worse than the previous found eiad

7.6 Red Clump stars

The red clump stars can be used as a distance indicator agsaaail estimator to the anghe
between the bar and the Sun-Centre line (see also Secti@).Aking the red clump stars, a
new minimisation procedure as described in Section 7.4glsgaup. In this scenario, there
are only two variable parameter®, and¢, the other parameters have been kept constant
(am = 2.67 kpc,ap = 96.6 pc,n = 0.68,¢ = 0.30, andf, = 427.3). An age of 10 Gyr
and a metallicity distribution based on Zoccali et al. (2083d shifted with 0.3 dex has been
used. The minimisation process started vigh= 8.60 kpc andp = 14.4° and ended with

Ro = 8.60 kpc andp = 24.8°. This model is also listed in Table 7.3.

Using the first method to derive error bars on these parametéth N = 5.99, the fol-

lowing error bars were calculateB = 8.60+933 kpc andg = 24.8°+23/. Using the second

method a critical valud.;; = 4.36 has been derived, which resulted in the following error

bars:Ry = 8.60+31% kpc andg = 24.8°+37.. Therefore the model derived based on the red
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Figure 7.10: Peak positiorig of the red clump stars corrected for extinction in functidn o
the longitude’.

clump stars folRy and¢ falls within the previously defined error bars for the modetided
on the stars located in the bulge box. Nevertheless theatenodel is significantly better if
we only consider the red clump stars.

In Section 7.5 other SFR’s have been tested (see Table 718).fér these other mod-
els, we compared the red clump stars. Based on the red clarg) $able 7.5 shows that
the models with a star burst of 10 Gyr as SFR but with shiftetattity distributions are
equally good. There is based on the critical vaNgg no difference between these models.
If the age of the star burst has changed, one notices thatlmabdels are equally good. The
best model that comes out of the comparison based on onlgthaump star is a model with
a star burst of 11%8 Gyr, with the model derived using the minimisation procedogised on
the red clump stars included.

Concerning the models with a SFR based on van Loon et al. j2B8Zomparison with
the red clump stars shows that our fit could not be improvegtatathis SFR. Although the
model withRy = 10.27 kpc,an = 3.19 kpc,ap = 95.0 pc,n = 0.62,¢ = 0.31,¢ = 11.0°, and
fo = 3708 is significantly better based on the stars in the bulge bhexcomparison with the
red clump stars shows that this is the worst fit made for thehaup stars.

We did not compare the observed clump with estimates defivadindependent formu-
lae that describe h0\M|RC changes with age and metallicity (see e.g. Udalski 200Qar@iir
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and Salaris 2001). Instead, we completely model the luntinfinction of the red clump,
and hence derive its expect®f:© in the same way as¢ is derived from real data. Using
the distance to the GRy and the peak positions of the red clump in the observatioag,am
calculateMR< in the following way:

MR = Iom— (5logRy - 5) (7.12)
with lom the peak of the red clump corrected for extinction.

Figure 7.10 shows the peak positions of the red clump in fanodf the longitude.
These peak positions are corrected for extinction usinge#ttmction values given in Ta-
ble 7.2. The full line is a linear least-squares fit througbsthpeak positions and is given
by: lom = (14502+ 0.018)+ (—0.029+ 0.003). Therefore, the peak positidam in the GC
(¢ = 0) is then given by 1502+ 0.018. If we assume th& = 8600135, which we found
using the minimisation process, Eq. (7.11) gives theft = —0.17018;81212. Due to the rather

large errors oiRy the error bars foM,RC are also rather large.

Girardi and Salaris (2001) study the possible effects diesyatic magnitude differences
between the local red clump revealed by Hipparcos and thelueap stars in distant galax-
ies. They constructed detailed models for the red clump ladipn and took star formation
rates and chemical enrichment histories from literatuteei Table 4 gives an overview on
the found results, and indicates that the value we foundnsistent with the value found
for the Solar neighbourhood using the SFR of Rocha-Pintd. §2@00b) and the AMR of
Rocha-Pinto et al. (2000a). Our value is also consistefhit e value for Baade’s Window if
a-enhancement is included in the models. Also Paczynski samte® (1998) studied the red
clump stars for which detailed Hipparcos parallaxes ardabla in the solar neighbourhood
and found thaMR© = —0.279+ 0.088. Although our found value resembles better the values
found by Girardi and Salaris (2001), this value is also cstasit within the given error bars
with our value.

7.7 Summary and conclusions

In this chapter we have studied the characteristics of tHadBa Bulge based on CMD com-
parisons between OGLE and 2MASS data an the results fronaiaetgc model TRILEGAL
(Girardi et al. 2005). Several star formation rates and higtg distributions have been
tested. Over all these different SFR’s and metallicityribstions the model parameters give
within the error bars the same results except for the apndletween the Sun-Centre line
and the Bar. Concerning the other parameters we found andesta the Galactic Centre
Ry = 8.60£)1% kpc, a scale length for the Bulg, of 2.70+3% kpc, an inner truncation
length for the Bulge, of 96.6+71 pc, and a scaling factdp = 427.3+119. Concerning the
characteristics of the Bar, we found the ratio of the majads éxbe 1 : 068052 : 0.30+591
and an angle of 14.4°i§-§3. The largest scatter in the found model parameters is foond f
the anglep. Nevertheless the found values are all rather small anchdr@&. The present
best model of the bulge is provided as the default in the aatare web interface to TRILE-

GAL (http://trilegal.ster.kul euven. be/).
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If we compare our results to the results found in literatund Bsted in Table 7.1 our
parameters fall within the listed range of parameters extepthe axial ratiop. Concern-
ing the distance to the GC, our value resembles the valuexlfby Paczynski and Stanek
(1998) based on red clump stars and Groenewegen and Blom(2886) based on Mira
variables. Our results disagree with e.g. Udalski (1998gHan red clump stars in the GB.
If we compute the mean observed magnitligifrom the distance modulus listed in Udal-
ski (1998) usingMX® from Stanek and Garnavich (1998) as they did, than this isistemt
with the observed mean magnitude we derived in this work. ather two studies deriving
the distance to the GC based on red clump stars which aredistent with this work are
Babusiaux and Gilmore (2005) and Nishiyama et al. (2006@s€hwo studies are consistent
with each other and use a very similar method: both define mtinion-free” magnitude.

It is not exactly clear why the results of these methods atecansistent with our results.
As these studies are performed uskdpand observations, we cannot compare the expected
magnitude as we could do for Udalski (1998). For the scalgtkeaf the bulge, we found the
same value as Freudenreich (1998) and similar values asS§evet al. (1999) and Bissantz
and Gerhard (2002). The inner truncation length for the Buggsimilar to the two values
listed in Table 7.1 by Binney et al. (1997) and Bissantz anch@mal (2002). The valug we
found is higher than the values found in literature. Conicgythe other ratio of the major
axis ¢ we found similar results as Whitelock (1992), Dwek et al.9q8p and Stanek et al.
(1997). For the last parametgrwe found values consistent with the group of studies finding
lower values fow (see e.g. Dwek et al. 1995; Binney et al. 1997; Stanek et 8l7;1RBissantz
and Gerhard 2002; Robin et al. 2003; Merrifield 2004; Bahwsand Gilmore 2005; Lopez-
Corredoira et al. 2005; Rattenbury et al. 2007). As alreadptioned by Groenewegen and
Blommaert (2005) the different results found in literaturi¢h respect to the angle between
the bar and the Sun-Centre line (see e.g. our results inagint Whitelock 1992; Sevenster
et al. 1999; Groenewegen and Blommaert 2005; Lopez-Coinedt al. 2007) could origi-
nate from a different spatial distribution of the stellapptation these studies trace.

We also tested different star formation rates and metgfldistributions. A model with a
star burst of 10 Gyr based on Zoccali et al. (2003) gave therbsslts together with a metal-
licity distribution also based on Zoccali et al. (2003) bhifted by 0.3 dex. We could not
improve our fits including intermediate and/or young sthrge compared both the stars we
selected in the defined bulge box and the red clump starsefdrerwe conclude that based
on 2MASS and OGLE data comparisons with the TRILEGAL modefiwe best results for
a population of 10 Gyr. Nevertheless it is still possiblet thare are also intermediate aged
stars located in the GB, although we could not trace themgusim described method (see
e.g. Groenewegen and Blommaert 2005; Uttenthaler et a)200

Using the peak positions of the red clump stars and the distémthe Galactic Cen-
tre obtained by our minimisation procedures, we found M& = -0.170:30%. This
value is consistent with recent values found in literatathough it resembles best the val-
ues found by Girardi and Salaris (2001) using red clump statke solar neighbourhood
(MlRC = —0.171) or using red clump stars in Baade’s Window-iénhancement is taken into

account MR¢ = -0.161).



Table 7.3: Overview on the different models described indxée

Number Ro am a 7 ) fo SFR [Fe/H] Ibulge lrc
[kpc]  [kpe]  [pc] ]
1 860 269 970 0.69 030 20.0 4223 Zoccalietal. (2003§3H0 Zoccali et al. (2003) 2185 -10.6
2 8.60 2.69 97.0 0.69 0.30 20.0 4223 Zoccali et al. (200355310 Zoccali et al. (2003) + 0.1 dex 1768 -9.2
3 8.60 2.69 97.0 0.69 0.30 20.0 4223 Zoccali et al. (200355310 Zoccali et al. (2003) + 0.2 dex 1597 -8.8
4 860 269 970 0.69 030 20.0 4223 Zoccalietal (2003§H0 Zoccalietal. (2003) + 0.3dex 1519 -9.2
5 860 269 970 0.69 030 20.0 4223 Zoccalietal (2003§33H0 Zoccalietal. (2003) + 0.4dex 1597 -8.7
6 8.60 2.69 97.0 0.69 0.30 20.0 4223 Zoccali et al. (200355310 Zoccali et al. (2003) + 0.5 dex 1657 -9.0
7 8.60 2.67 96.6 0.68 0.30 144 4273 Zoccali et al. (200355310 Zoccali et al. (2003) + 0.3 dex 1442 -13.3
8 8.60 267 966 0.68 030 14.4 427.3 Zoccalietal. (2003)y9 G Zoccalietal. (2003) +0.3dex 1735 -13.0
9 860 267 966 0.68 030 144 427.3 Zoccalietal. (2008)3yr Zoccalietal. (2003) +0.3dex 1593  -13.2
10 8.60 2.67 96.6 0.68 0.30 144  427.3 Zoccali et al. (200Bp Gyr Zoccali et al. (2003) + 0.3 dex 1563 -11.2
11 8.60 2.67 96.6 0.68 0.30 144  427.3 Zoccali et al. (200BEyr Zoccali et al. (2003) + 0.3 dex 1657 -7.1
12 8.60 2.67 96.6 0.68 0.30 144  427.3 Zoccali et al. (200Bp Gyr Zoccali et al. (2003) + 0.3 dex 1518 -10.5
13 860 267 966 068 030 144 427.3 Zoccalietal. (20@Bfyr Zoccalietal. (2003) +0.3dex 1851  -25.1
14 8.60 2.67 96.6 068 030 144 427.3 Zoccalietal (2008p Gyr Zoccalietal. (2003) + 0.3dex 2023 -7.4
15 8.60 2.67 96.6 0.68 0.30 14.4  427.3 Zoccali et al. (200BE\ir Zoccali et al. (2003) + 0.3 dex 2342 -7.4
16 860 267 966 0.68 030 144 427.3 vanLoon etal (2003) ccaloetal. (2003) +0.3dex 3832 -21.4
17 1027 319 950 062 031 11.0 370.8 vanLloonetal. (2003) occdlietal. (2003) + 0.3dex 1355  -75.7
18 8.60 2.67 96.6 0.68 0.30 14.4 427.3 vanLoonetal (2008¢rthan 0.1 Gyr  Zoccalietal. (2003) + 0.3dex 3779 -21.6
19 9.00 2.67 95.3 0.68 0.28 8.7 424.8  van Loon et al. (2008¢rdhan 0.1 Gyr ~ Zoccali et al. (2003) + 0.3dex 1768 -18.9
20 8.60 2.67 966 068 030 144 427.3 vanlLoonetal (2008¢rthan 1.0 Gyr  Zoccalietal. (2003) +0.3dex 4430 -14.6
21 8.70 2.57 96.4 068 0.28 157 423.7 vanLoonetal (2008¢rthan 1.0 Gyr  Zoccalietal. (2003) +0.3dex 3222 -13.1
22 8.60 2.67 96.6 0.68 0.30 248 4273 Zoccali et al. (200BE\ir Zoccali et al. (2003) + 0.3 dex 1550 -7.3
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Figure 7.11:J-KsvsKs CMD for all selected fields. For each field there are two pagigkn,
the left panel give the 2MASS observations, the right pam#ié model withRy = 8.60 kpc,
am = 2.67 kpc,ap = 96.6 pc,n = 0.68,¢ = 0.30,¢ = 14.4°, andfy = 427.3. The black dots
in the model (right panel) are stars that originate from tis&,adhe dark blue dots originate
from the halo and the red dots are bulge stars. This colous @olll be used in all figures
of this type. The light grey lines indicate the boxes useddmjgute the model with the
observations.



7.7 Summary and conclusions

213

bul_sc25

bul_sc27

bul_sc27

buige

disk

/

buige

2 -1 0 2 3 -1 0 2 3
d-k, 4K, 4K,
bul_sc29 bul_sc29 bul_sc40
4 4 ’
disk disk bulge
6 6

/ .
/

J-K,

bul_sc47

disk

Figure 7.12:J — Ks vs Ks CMD for all selected fields — continued.



214 Chapter 7. Stellar populations in the Galactic Bulge

bul_sc2 bul_sc2 bul_sc7
T T 10 T T T

bul_sc?
T

|
disk i bulge disk

T

\
1]
|
|t

20
Fe2i A PR D) oeT ORI
-4 -2 0 2 4 & 8 -4 -2 0 2 4 & 8 -4 -2 0 2 4 & B8

V-1 V-1 V-1

bul_sc8 bul_sc13
10 T T T 10 . ‘ T

disk ‘ | buige disk b buige

{ |

L L [T L ! L e L L L
-4 =20 2z 4 8 B -4 -2 0 2 4 6 B
W=l V-1 V=i

bul_sc14 bul_sc14 bul_sc17

T 10 R T

‘ |
1

[
|
T

e

T
disk | | busge disk buige disk ‘ | bulge diske | bulge

/‘ 12

Figure 7.13V — | vs| CMD for all selected fields. For each field there are two pagiekn,
the left panel give the OGLE observations, the right pan#iésmodel withRy = 8.60 kpc,
am = 2.67 kpc,ap = 96.6 pc,n = 0.68,¢ = 0.30,¢ = 14.4°, andfy = 427.3. The black dots
in the model (right panel) are stars that originate from tis&,dhe dark blue dots originate
from the halo and the red dots are bulge stars. This colous @olll be used in all figures
of this type. The light grey lines indicate the boxes useddmjgute the model with the
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Figure 7.15: Histograms showing the distribution of sedddtulge stars for all the modelled
fields. The black line is the histogram for the observatiatzh, the red line represents the
model. For each field there are two panels, the panel on thshefvs the 2MASS data
and the panel on the right shows the OGLE data. The model ka®ltbwing parameters:
Ro = 8.60 kpc,an = 2.67 kpc,agp = 96.6 pc,n = 0.68,¢ = 0.30,¢ = 14.4°, andfy = 427.3.
The star formation rate is a 10 Gyr burst and the metallidgyrithution is based on Zoccali
et al. (2003) but shifted with 0.3 dex.
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Figure 7.17: Fits to the red clump stars using the methodritestby Stanek and Garnavich
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CHAPTER 8

Conclusions and prospects

In this thesis we studied several aspects related to thesfiagés of stellar evolution of low-
mass stars. We studied OH/IR stars in the Galactic Centvesiigated the late stages of
evolution of low-mass stars located in the Galactic Bulgeyall did we trace the stellar con-
tent in, and the geometry of the Galactic Bulge. In this fifemter, we want to summarise
the main conclusions presented in this thesis and propasijde research plans for the near
future.

8.1 OHI/IR stars in the Galactic Centre

The OH/IR stars located in the Galactic Centre are beliegaatiginate from two different
populations. The first population has a low expansion vetpailarger spread in latitude, and
a larger velocity dispersion with respect to the Galacttation than the OH/IR stars in the
second group with higher expansion velocities. The statkerfirst group with the lowest
expansion velocities are believed to be older objects,anthi stars in the second group may
have a more recent formation history. Based on this assamptiis expected that the stars
in the first group, the “older” objects, have lower lumin@stthan the stars in the second
group. This could not be confirmed in earlier studies, thiedifhices in the luminosities be-
tween the two groups, if these differences exist, are nothigr. Another expected difference
between these two groups of stars is the gas-to-dust ratti@iexpansion velocities which is
correlated to the metallicity of the star. Itis in this cotitidhat we discussed in Chapter 2 our
attempt to study the metallicity of this sample of OH/IR sthased on medium-resolution
near-IR spectroscopy.

Due to several reasons (the dust surrounding the OH/IR, skersvater content of these
objects, and their variability) we were unable to deterntmeemetallicity based on the ob-
tained medium resolution near-IR spectroscopy. We shohaidtecause of the mentioned
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physical effects the equivalent line widths of the molesudad atoms in the near-IR are
altered. Determining the metallicity of these objects idesrto look for an additional dis-
tinction between these two groups of OH/IR stars, might iarreature still be hard. High-
resolution spectroscopy of these objects is needed todigteaccurate metallicity estimates.
Because of the variability of these objects, dynamical rhatlmospheres will be needed.
These models account for the effects induced by the vaitiabil the object when calculat-
ing a model spectrum. Since these models are only receritig loeveloped, it will take a
while until the general astronomical community will haveass to these models, as well as
the models converge in a short time span.

8.2 The oxygen-rich dust condensation sequence along the
AGB

In Chapters 3 to 6 we studied a sample of Galactic Bulge AGB @teorder to obtain more
insight on the dust condensation sequence along the AGEt€hais dedicated to the analy-
sis of the dust around these stars based on Spitzer-IRSvaltises. Chapter 4 studies ground
based optical and near-IR spectroscopy and near-IR phttytoeegather more information
about the central star. In Chapter 5 we study the crystatftiaterial around the OH/IR stars
in the sample and in Chapter 6 we look for correlations betviiee characteristic parameters
for the central star and the dust content.

8.2.1 Stellar characteristics and variability in function of
(Ks = [15])o

Using the ground based observations for this sample of GB At@Bs, we obtained infor-
mation on the characteristics and the variability of thetastar. We showed that the AGB
stars in our sample have a spectral type of M4 or later. The&dbktars inis — [15])o were
the only objects in which a Ca-triplet could be detectedicating the early spectral type of
these objects. We also derived a metallicity distributionthe objects in this sample and
found it to be consistent with recent literature studying tietallicity in the Galactic Bulge.
Based on an estimate of the amount of water we found that tbeiaimof water increases with
decreasing effective temperature. The Mira variables irsample have the largest amounts
of water. We also showed correlations between the pulsanoplitude and period and the
(Ks = [15])o colour.

We could not derive periods for the objects with the smalsplitudes (the bluest
(Ks —[15])o colours) and could therefore not place these objects in thdidgram. There-
fore it might be interesting to monitor these objects moegfiently as the expected periods
for these objects is about 30 days.
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8.2.2 Dust characteristics

Spitzer-IRS spectra were obtained for the AGB stars in ompée, selected based on the
(Ks —[15])o colour, a mass-loss indicator (Ojha et al. 2003; Blommateat.2006). For the
naked stars in our sample we showed that there exists a largadsin Ks — [15])o colour,
although these objects are expected to have similar massdtes+{ 10-8M,/yr). A differ-
ence in colour temperature, which could be induced by thegpree of a water layer, is able
to explain this observed spread Kg(— [15])o.

For the objects showing a dust contribution (except the RHtars) dust spectra were
created and analysed. To study the characteristics of thiecdmposition and its expected
relation to the mass-loss rate, several parameters werantiaed. The normalised dust lumi-
nosity was calculated and we searched the dust spectradioations of alumina, amorphous
silicates, a 13, and a 19:8n feature. Based on the 1®n complexes of these dust spectra,
SE indexes have been derived as well as an estimate of thiveedbundance of alumina
with respect to amorphous silicates.

Only one object seems to be dominated by alumina, most ofttier objects have a rel-
ative abundance of alumina with respect to amorphous wbkcetween 0.1 and 0.4. Only
minor indications can be found for a decreasing trend foreteive amount of alumina with
increasing Ks — [15])o, @ mass-loss indicator. This is reflected in the derived SIExas.
Very few objects have small or high SE indexes, the majordty &din SE index of 4 or 5. The
SE index correlates very well with the relative abundancaleifina with respect to amor-
phous silicates.

Based on the analysis of the dust spectra, we concluded thatear trend between
(Ks—[15])0, @ mass-loss indicator, and the dust composition can bedfolihis indicates
that although Ks — [15])o is a mass-loss indicator, it is most likely not precise ertota
study the oxygen-rich dust condensation sequence. The &mgad shown in the different
figures of Chapter 3 is however not expected to disappear levetypif independent esti-
mates for the mass-loss rates are used. This indicatehithakygen-rich dust condensation
sequence as it is derived at this moment is not sufficient pta@x dust formation around
oxygen-rich AGB stars. Detailed radiative transfer madgliof these objects is therefore
required to obtain mass-loss estimates and to derive a netadeti dust composition. These
mass-loss estimates can then be used to rearrange the dostsp order to evaluate the
obtained dust compositions with respect to the oxygendit condensation sequence.

8.2.3 Cirystalline material around OH/IR stars

We studied the OHY/IR stars in this sample in function of tiegjistalline material very clearly
detected throughout the entire Spitzer-IRS spectrum. danedhe crystalline forsterite fea-
ture at 11.3um we showed that the OH/IR stars in this sample relativelydpee equal
amounts of crystalline material. When measuring the nedairength of the 33 &m forsterite
feature, this revealed that as the mass-loss rate incréaseslative strength of this feature
decreases. With a radiative transfer model only using ahwarg silicate, we showed that
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this decreasing trend in relative strength with increasiags-loss rate, is related to optical
thickness effects. For the objects with the highest mass-lates, the dust shells are still
optically thick at these wavelengths.

This collection high signal to noise Spitzer-IRS spectra8@®H/IR stars located in the
GB, is an ideal homogenous sample. With this sample deteal@idtive transfer modelling,
not only including amorphous silicates, but also crystallinaterial, metallic iron, and other
dust species, will reveal more information on the detailechposition of the dust surround-
ing these objects. It might help understanding why we do eteat crystalline material in
AGB stars with lower mass-loss rates and it might even revealinsights on the geometry
of the dust around OH/IR stars.

8.2.4 The oxygen-rich dust condensation sequence

Using a period-luminosity diagram, this sample can alsortadyaed in terms of variability.
We showed that all the objects below the tip of the RGB are ahakars, while the objects
above the tip of the RGB show a dust contribution. Based thsitipo of the objects in the
PL-diagram, a clear one-to-one relation with the dust casitjpm can not be found, although
there exists clear indications for such a trend. The objsittsthe highest relative amounts

of alumina dust are located just above the tip of the RGB. &lodgects show also a 18n
feature and possibly also a 19 feature. All the other objects on sequences B and C show
a mixture of alumina and amorphous silicate dust and alsoiarifeature. The objects with
the reddestJ — K)p colour only show indications of amorphous silicate dust.

A principal component analysis on the derived parametefhiapters 3 and 4 showed
that the variance between the objects can be describedhis tdithree principal components.
The first principal component reflects the mass-loss rageselbond the dust composition and
the characteristics of the central star, it is not clear Wip@arameter(s) the third principal com-
ponent traces. We were also able to reduce the dimensipoélihe problem from 11 to 7
dimensions.

Detailed radiative transfer modelling of the dust specti@so needed to continue this re-
search project. This will enable us to search for a relatetwben the evolution on the AGB
based on the position of the object in the PL-diagram and & metailed dust composition
then derived in this work.

8.3 Stellar populations in the Galactic Bulge

In Chapter 7 we aimed at studying the characteristics, #llaspopulations, and the metal-
licity distribution in the Galactic Bulge using the galaxydel TRILEGAL. By comparing
CMDs based on 2MASS and OGLE-II observations with calcdl&#IDs, we search for
a model that explains the observations best. The found ntaeh distance to the GC of

8.6+91% kpc, major axis of the bar of 1 :.68+29% : 0.30+)1, and an angle between the bar
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and the Sun-Centre line of :mifgfs. The population of the GB is mainly an old population
which formed about 10 Gyr ago in a star burst. We could not awprour models signifi-
cantly by adding an intermediate and/or young populatidmnicivdoes not imply that there
does not exist such a population. The found metallicityrittition is slightly more metal
rich than the metallicity distribution in Zoccali et al. (@8) based on photometry, but consis-
tent with metallicity distributions derived based on spestopic results (see e.g. McWilliam
and Rich 1994; Sadler et al. 1996; Ramirez et al. 2000).

Using the OGLE-IlI-band photometry, we also compared the observed and thelleshde
red clump stars. Based on this comparison, we could derivexpacted magnitude for the
objects ofMR® = —0.170+30% consistent with values in recent literature.

Based on the calibration of the parameters for the geontbystellar population, and
metallicity distribution performed in this thesis with pext to the 11 selected fields in the
Galactic Bulge using OGLE-Il and 2MASS photometry, we are/ n@ady to compare the re-
sults of this model with other observations, such as e.gISB&AL catalogue. Studying the
stellar content of the Galactic Bulge at different wavebtasgwill allow us to trace different
populations and in this way we might be able to also deteatt@mnmmediate age population as
well as obtain more insight on the formation history of thégeu
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Nederlandse samenvatting

Sterpopulaties en stofvorming in de
binnenste delen van de Melkweg

Hoewel we het maar zelden beseffen doet ook het universurfraeyclage”. Sterren
worden geboren uit wolken en doorlopen verschillende Isfases. Tijdens één van deze
levensfases produceren sommige sterren grote hoevealserfalie terug de interstellaire
ruimte ingeblazen worden, terwijl anderen ontploffen alpesnova en op deze manier het
interstellair medium verrijken. Niet alleen stof verrifikét interstellair medium, ook het gas
wordt verrijkt door bijvoorbeeld de sterrenwinden van niass sterren. \Wanneer nu een
nieuwe generatie sterren geboren wordt, zal dat gebeurearrder andere de restanten van
de vorige generatie. Deze “levenscyclus” wordt in de looptie doorlopen en opnieuw
doorlopen...

Deze thesis bestudeert sterpopulaties en stofvorming birsheenste delen van de Melk-
weg. In hoofdstuk 2 bestuderen we OH/IR sterren in het cemtran de Melkweg. Hoofd-
stukken 3 tot 6 zijn gewijd aan een steekproef AGB sterreridlein de bulge bevinden. Van
deze sterren zullen we in hoofdstuk 3 het stof bestuderémafidstuk 4 eigenschappen die
de centrale ster karakteriseren en de variabiliteit, infféhstak 5 zullen we het kristallijn stof
rond OH/IR sterren bestuderen en in hoofdstuk 6 zullen we geyonden stofeigenschappen
bestuderen in functie van de karakteristieke eigenschaygrede ster. In hoofdstuk 7 zullen
we door middel van een “galaxymodel” de geometrie van ena@agpulatie in de bulge be-
studeren. Deze hoofdstukken zullen samen met de belastgrilesluiten in de verschillende
secties van deze samenvatting aan bod komen.
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N.1 Inleiding

In deze sectie wordt een korte inleiding gegeven over dearte onderwerpen die in deze
thesis aan bod komen (gebaseerd op Habing en Olofsson 20@8,anders vermeld).

N.1.1 Sterpopulaties

“Sterpopulaties” is een van de sleutelwoorden in de titel daze thesis. Een sterpopulatie
is een groep sterren die op een of andere manier samenharhebst gebruikte definitie
van “sterren die samenhoren” is die van een populatie diea@esit sterren met dezelfde
massa, die allemaal ongeveer tegelijk geboren zijn en diecduzelfde leeftijd hebben en
een vergelijkbare chemische samenstelling.

Een andere definitie van sterpopulaties heeft het over detelijke verdeling van deze ster-
ren. Als we de ruimtelijke verdeling van al de sterren opdéfeblokken die we bij elkaar
kunnen optellen om al de sterren in een bepaalde omgevirgstdhjven, dan kunnen deze
“blokken” ook als een sterpopulatie beschouwd worden.

N.1.2 AGB sterren

Een belangrijk deel van deze thesis is gewijd aan AGB stefrette volgende secties zullen
we dan ook iets meer in detail beschrijven wat een AGB stan lsoe haar evolutie verloopt.

N.1.2.1 Pre-AGB evolutie

De verschillende levensfases die een ster doorloopt Aijardelijk van haar initiele massa.
Figuur 1.1 toont twee Hertzsprung-Russel (HR) diagrammghankelijk van de tempera-
tuur en lichtkracht van een ster krijgt deze een plaats irdtagfram. Het linkse HR diagram
toont enkele evolutiesporen afhankelijk van de initiekessa van de ster.

In deze thesis worden hoofdzakelijk lage-massa sterramdexsrd. Ze hebben massa’s
vergelijkbaar aan die van onze Zon. De evolutie hier beseéds dus ook geldig voor on-
ze Zon. Onze Zon bevindt zich momenteel op de “hoofdreelsif Sequence: MSIn
deze fase van haar leven zet de ster waterstof (H) om in hlieh Het rechterpaneel in
Figuur 1.1 toont het evolutiespoor voor deze laag-massiereen.

Wanneer alle waterstof in de kern opgebrand is, verlaatat@sthoofdreeks. De kern produ-
ceert geen energie meer om de zwaartekracht tegen te werkierséer trekt samen. Hierdoor
stijgt de temperatuur en op een gegeven moment is de terapetaiog genoeg om in een
schil rond de kern waterstof om te zetten in helium. Nu is deegn rode reus en bevindt ze
zich op de rode reuzentaRéd Giant Branch: RGB

Door de waterstofschilverbranding stijgt de temperataudé binnenste delen van de ster
nog steeds. Op een gegeven moment is de temperatuur in dedagryenoeg om nu ook de
helium-kern om te zetten in zuurstof en koolstof. Wanneegeleurt is de RGB fase voorbij
en bevindt de ster zich op de horizontale thllo(izontal Branch: HB.
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Wanneer in de kern alle helium opgebruikt is, trekt de stegngsamen waardoor de tempera-
tuur stijgt. Door deze temperatuursverhoging is het weggatijx om in een schil waterstof
te gaan verbranden. De waterstofschilverbranding is omdinent de grootste energieleve-
rancier van de ster. De HB fase is ten einde en de ster bevttdha op de asymptotische
reuzentak Asymptotic Giant Branch: AGB

N.1.2.2 Structuur en evolutie van een AGB ster

Een AGB ster kan ruwweg in vier delen verdeeld worden: eeiméjeneel hete en dichte
kern; een grote, hete en minder dichte stellaire enveloppejjle warme atmosfeer en een
heel grote, heel ijle en koele circumstellaire envelopedpk Figuur 1.2).

In het begin van de AGB fase, de vroege-AGRa(ly-AGB: E-AGB, zorgt zoals reeds
vermeld de waterstofschilverbranding voor de meeste @nelle lichtkracht van de ster en
temperatuur van de kern blijven toenemen. Op een gegeveblige de temperatuur hoog
genoeg om ook aan heliumschilverbranding te doen. Op ditlddezijn er dus twee schil-
len die voor energie zorgen: de waterstofschil en de helihihsDoor de grote hoeveelheid
energie die op deze manier vrijkomt wordt de heliumschivaending onstabiel, waardoor
helium heel snel wordt omgezet in koolstof. Dit veroorzaadém heliumflits ook wel een
thermische puls genoemd. De ster is nu in de zogenoemdeifiorpulserende AGB fase
(Thermally pulsing AGB phase: TP-AGB

De steratmosfeer is zeer gevoelig voor deze fysische psenebe dieper in de ster gebeu-
ren. Door de variabiliteit van de ster kunnen schokgolvestasm waardoor korrelvorming
kan optreden. Een ander effect van deze schokken is malsssvbr het begin van de AGB
fase is dit nog heel laag (1®M/yr, zonsmassa’s per jaar), maar aan het einde van de AGB
fase kan dit oplopen tot T& My/yr.

Door het massaverlies wordt er een circumstellaire enpel§BSE) van ontsnappend gas
en stofdeeltjes gevormd. De moleculen bevinden zich diglttebster in lagen, waarvan de
grootste een water laag en een CO laag zijn. De stofdee#tgedtegen bevinden zich verder
weg van de ster waar de temperatuur laag genoeg is opdat derzkunnen blijven bestaan.
Stof kan gevormd worden vanaf ongeveer 1800 K (ongeveer’T)3blet soort stof dat ge-
vormd wordt is afhankelijk van de samenstelling van de giauystofrijk of koolstofrijk. In
deze thesis bestuderen we zuurstofrijke sterren en deosiniivg rond deze sterren zal dan
ook vnl. zuurstofrijk zijn.

Figuur 1.6 toont de verschillende karakteriserende paenmeoor AGB sterren. Bo-
venaan de figuur zien we de effectieve temperatuur, daardighdkracht relatief aan de
zonslichtkracht, de periode in dagen, het massaverliggr¢iotheden van 16 M./yr) en de
totale massa. Deze figuur toont hoe de grootheden verantijdenrs de AGB evolutie fase.
De effectieve temperatuur daalt naarmate de tijd verseijkde AGB ster evolueert, maar de
andere grootheden nemen toe. In het begin van de AGB fasegeliteallemaal vrij conti-
nue, maar wanneer de TP-AGB fase aanbreekt, zien we tenggevanh de thermische pulsen
plotse en grote veranderingen in deze grootheden. Op hid gan de AGB fase verliest de
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ster een significant deel van haar massa ten gevolge van éeaagde “superwind” fase.
Tijdens deze periode zijn de massa-verliezen heel hed@(*M/yr).

Op het einde van de AGB fase domineert het massaverlies datievean de ster. De
straal wordt steeds kleiner en hierdoor verplaatst de sthriz het HR diagram naar links.
De AGB fase is ten einde en de ster wordt nu een post-AGB steraged. Bij sommige post-
AGB sterren wordt de materie die zich nog in de omgeving vasteebevindt, geioniseerd.
Hierdoor wordt dit materiaal zichtbaar. Zo’n object wordneplanetaire neveP(anetary
Nebula: PN genoemd.

N.1.2.3 Variabiliteit

AGB sterren worden ook vaak geclassificeerd op basis van atabiliteit. Vanuit histo-
risch perspectief worden ze vaak in vier klassen opgedeéeldnregelmatig pulserende, de
semi-regelmatig pulserende, de Mira variabelen en de dobomhulde variabelend{ust-
enshrouded variablés

Op basis van de variabiliteit wordt voor AGB sterren vaak periode-lichtkracht dia-
gram gemaakt (zie Figuur 1.4). Op dit diagram kunnen we ¥étsnde parallelle reeksen
ontdekken die belangrijk zijn in dit werk. Op reeks A, B en batlerste deel van reeks C
bevinden zich de semi-regelmatig pulserende variabelenMPa variabelen bevinden zich
op reeks C. De oorsprong van de sterren op reeks D is nog éghhal begrepen.

N.1.2.4 Stofvorming en de zuurstofrijke stofcondensatiezeks

Zoals reeds vermeld verliezen AGB sterren gedurende dseeiighun evolutie grote hoe-
veelheden van hun massa door middel van een trage masseenstind. In deze wind kan
stof gevormd worden. De zuurstofrijke stofcondensatiesdeschrijft op basis van theoreti-
sche studies de volgorde waarin dit stof gevormd kan wordénzullen de condensatiereeks
beschrijven te vertrekken van aluminium en silicaat (Sig&gb@seerd op Tielens et al. 1997;
Cami 2002).

Aluminium (Al) is in zuurstofrijke AGB sterren een relatiegel aanwezig element, daar-
om is het belangrijk om de Al condensatiereeks te bekijkeor vourstofrijke omgevingen.
Corundum §-Al,03, de kristalijne vorm van aluminiumoxyde, ook wel aluminagemd —
Al,Oz3) is het eerste stofdeeltje dat volgens de zuurstofrijkeleosatiereeks gevormd wordt
en dit rond ongeveer 1760 K. Wanneer corundum afkoelt, exagpet met SiO, Ca en Mg
in de gasfase en vormt meliliet (een Ca-Na-Al-Mg-Fe-sdigaeerst in de vorm van puur
gehleniet (CgAl,SiOy). Later wordt dit gehleniet gedeeltelijk omgevormd in akeaniet
(CaMgSi,O7) rond 1550 K, alumina (boven 1510 K) en spinel (Mg®}) onder 1510 K.
Rond temperaturen van 1450 K wordt uit meliliet diopsietNIg&i,Og) gevormd en spinel.
Deze laatste twee reageren dan weer tot anorthiet (Saflg).
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De meeste mineralen die silicium (Si) bevatten worden gadovia een andere con-
densatiereeks. Het meeste silicaat condenseert eerstLddidK in forsteriet (MgSiOy).
Forsteriet behoort tot de familie van de olivijnenJa_»«SiO4 met a en b: Mg, Fe, Mn, Co
of Zn). Het overtollig SiO wordt dan gebruikt om forsteri@ade zetten in enstatiet (MgSiO
een pyroxeen) rond 1350 K.

Waar ijzer (Fe) in deze reeksen thuishoort is op dit ogenimig niet duidelijk. Hoogst-
waarschijnlijk word metallisch ijzer gevormd, maar Fe kak gebruikt worden om forste-
riet en fayaliet (FgSiO,) te vormen rond 1100 K. Daarnaast worden magnesium-ijzietes
vaak waargenomen in AGB sterren, vnl. M&e 9O, maar deze molecule heeft geen plaats
in de condensatiereeks.

Zuurstofrijke AGB sterren vertonen veel verschillendersem stof. Bijna al deze stof-
soorten komen voor in de zojuist beschreven condensdtiszre AGB sterren die per jaar
grote hoeveelheden massa verliezen, vertonen stofspgdiamineerd door amorf silicaat
en ook kristallijne olivijnen en pyroxenen kunnen erin agtngffen worden. De stofspectra
van AGB sterren die niet veel massa verliezen per jaar, nertovoornamelijk alumina en
magnesium-ijzer-oxides. Welk stof gevormd wordt is aftelifik van de dichtheid van de
deeltjes en daardoor dus ook van de grootte van het maseav@®e “freeze out” is de term
die aanduidt dat de dichtheid in het stofvormingsgebiedag is zodat de condensatie van
een volgende stofsoort in de condensatiereeks niet meegplatsvinden. Op dit ogenblik
stopt dus de condensatie van stofsoorten in een andereatofdVanneer we een verza-
meling AGB sterren bestuderen met verschillende massexen, zien we dus deze “freeze
out” voorkomen op verschillende tijdstippen en kunnen we deastuderen of het stof ge-
vormd wordt in de volgorde die de stofvormingsreeksen azemge

N.1.2.5 OHI/IR sterren

OH/IR sterren zijn zuurstofrijke-AGB sterren aan het einda hun levensfase op de AGB.
Ze verliezen grote hoeveelheden massa en daardoor worstbliet de circumstellaire enve-
loppe optisch dik. De ster kan daardoor in het optisch gaitielmereik niet meer gedetecteerd
worden. OH/IR sterren worden dus bestudeerd op langereggtén zoals in het infrarode-
of radiogebied van het elektromagnetisch spectrum.

OH/IR sterren zijn niet alleen AGB sterren aan het einde vam AGB fase, ze beho-
ren ook tot €én van de subklasses van de masers. Doordadt zeaBeren zijn ze makke-
lijk identificieerbaar op radio golflengtes (de OH maser kam avaargenomen worden op
1612 MHz). Wanneer grote gebieden aan de hemel afgezochewap zoek naar OH/IR
sterren, gebeurt dat dan ook het vaakst via radiotelescopen
Masering is een vorm van gestimuleerde emissie: wanneefoé@m geabsorbeerd wordt
door een molecule, komt deze molecule in een hoger eneyiédust, de molecule wordt
geéxiteerd. Wanneer nu een foton in de buurt van de al tgssgie molecule komt, kan de-
ze passerende foton een de-exitatie stimuleren. De meleeuliest dan zijn extra energie
in de vorm van een foton. Dit foton heeft dezelfde energieieming als het foton dat de
de-extitatie stimuleerde. In normale omgevingen is dit@&ronderlijk fenomeen. Wanneer
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er echter sprake is van “populatie-inversie” is het eenuesd voorkomend fenomeen. We
spreken van populatie-inversie wanneer er zich meer mi@leén een hoger energieniveau
bevinden dan in een lager energieniveau.

Het sterkste masering effect kunnen we waarnemen wanneleetggootste aantal hoe-
veelheden deeltjes met dezelfde snelheid zien bewegerraktiji komt dit dus voor wan-
neer onze gezichtslijn door de centrale ster gaat, dan zéeeem maximaal aantal deeltjes
met eenzelfde snelheid richting ons bewegen en een maxamaa#dl deeltjes met dezelfde
snelheid van ons weg bewegen (zie ook Figuur 1.7). De dealiiemet deze gelijke snel-
heid, maar in tegenovergestelde richting bewegen, zorgenhet typische dubbel gepiekte
shelheidsprofiel bij maser objecten. Het snelheidsveragtgen deze twee piekeyV is een
indicator van de initiéle massa van de ster en ook van dexgaasiesnelheid/yy).

N.1.3 De Melkweg

Onze Melkweg is een spiraalvormig melkwegstelsel en kamgndelen opgesplitst worden:
de schijf, een centrale verdikking (elgég), de halo en het centrum. Figuur 1.8 toont een sa-
mengestelde figuur van onze Melkweg in het nabij-infrara@b(-IR). Op de figuur kunnen
we duidelijk het vlak of de schijf herkennen en in het midderbdlge met de halo.

Vermits we deel uitmaken van ons eigen melkwegstelsel kumgegeen beelden maken
van de Melkweg als geheel. Maar toch beschikken we, doordaneelf deel van zijn, over
drie-dimensionele informatie. Dit soort informatie kunnge voor andere melkwegstelsels
enkel indirect verkrijgen.

Deze thesis bestudeert sterren in de binnenste delen varl@te/bt), in de bulge en in het
centrum. Door de grote hoeveelheid sterren die zich in dedsiste delen van de Melkweg
bevinden en omdat we van deze sterren kunnen verondenstiglteze zich ongeveer even
ver van ons bevinden, is dit gedeelte van onze Melkweg edrirteessante omgeving om
te bestuderen. Maar er zijn ook nadelen aan, net door het geottal sterren die zich hier
bevinden is het vaak moeilijk om de sterren te identificerienngen wil observeren. Daar-
naast bevindt er zich ook heel veel stof in deze gebieden e@twerroding van de sterren
zorgt. Gelukkig zijn er ook een aantal gebieden waar dezedirg kleiner is. Drie van
deze gebieden werden geselecteerd door BaadeSdndtvensterhetSgr ll-vensteren het
NGC 6522-vensteDit laatste wordt ook vaaBaade’s venstegenoemd.

In de binnenste regionen van de Melkweg kunnen we ook heedwitructuren ontdek-
ken. Figuur 1.9 toont de binnenste delen van de Melkweg. figaar bevat ook de bulge en
een van de substructuren die we kunnen zien is die van eeffldza)k De laatste decenniais
de discussie omtrent deze balk hevig gevoerd en bewijs ekavot van verschillende onaf-
hankelijke studies. Daarom is het hoogstwaarschijnlijkdéze balk effectief bestaat, maar
over de exacte bepaling ervan (massa, vorm, de hoek die Kertzalkt met de lijn tussen
de Zon en het centrum van de Melkweg, leeftijd,...) is noghgeensensus bereikt. Het
is zelfs nog niet duidelijk of men een onderscheid moet makssen de bulge en de balk:
soms wordt met de bulge de balk genoemd, soms bedoelt merenbatideen substructuur
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in de bulge. In deze thesis zullen we het formalisme aann@ameschreven is in Sevenster
(1999): bulge gebruiken we voor de galactische componed¢irichting van¢| < 10° en
met balk bedoelen we de substructuur in de bulge.

N.2 Nabij-IR spectroscopie van OH/IR sterren in het cen-
trum van de Melkweg

OH/IR sterren in het centrum van de Melkweg worden opgespfittwee populaties. De
eerste populatie zijn sterren die een lagere expansiesddibbbenvi,, < 18.0 km/s), een
grotere spreiding in galactische breedte en een grotetigesdsdispersie in vergelijking met
de galactische rotatie dan de sterren in de tweede populsisterren uit de eerste populatie
worden verondersteld ouder te zijn dan de sterren uit dedevpepulatie. Tot op dit moment
is de expansiesnelheid de enige parameter die de twee greelpeonderscheidt. Als de ster-
ren uit de eerste populatie ouder zijn, verwachten we dat giezren een lagere metalliciteit
hebben dan de sterren in de tweede populatie. Daarom zulém et tweede hoofdstuk van
deze thesis, nabij-IR spectra bestuderen van OH/IR staiteleze beide groepen.

N.2.1 Metalliciteit

Ramirez et al. (2000) tonen hoe men op basis van de equigdigreedtes van Na Cal
en'2C0O(2,0) de metalliciteit kan bepalen. Deze relatie is gebabsop reuzen in bolvormi-
ge sterrenhopen, maar werd ook gebruikt op een groep van AR@®nnen in de bulge
(Schultheis et al. 2003). In dit onderzoek werd aangetoaiddd metalliciteitsverdeling
van een groep sterren in de bulge op basis van deze megdttibipaling, niet significant
verschilde van vroegere metalliciteitsbepalingen opdasn chemische studies (Schultheis
et al. 2003).

Naast de equivalente lijnbreedtes vaniN&al en*?C0O(2,0), werd ook een maat voor
absorptie van water bepaald op basis van de kromming vanet¢rapond 1.6im.

Naast de OH/IR sterren in de bulge, werden ook andere ste;aargenomen die reeds
door andere groepen bestudeerd werden. Dit om onze spectia methode om de equi-
valente lijnbreedtes te bepalen te kunnen vergelijkenuréig 2.3 tot 2.6 en Tabellen 2.5
tot 2.7 tonen aan dat we dezelfde resultaten bekomen aldtBeiswet al. (2003), Ramirez
et al. (1997), Ramirez et al. (2000) en Lancon en Wood (R0Eh kon in heel wat spectra
de equivalente lijnbreedtes van Can Nal niet bepaald worden (zie ook Tabellen 2.9 tot
2.11). Figuur 2.9 is een duidelijk voorbeeld van een spettwaarvoor Ca en Nal niet
konden gemeten worden, vnl. voor deiQin lijkt het alsof deze lijn in het continutim ver-
dwijnt. In de rest van dit hoofdstuk bestuderen we mogeiiguéklaringen voor dit fenomeen.
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N.2.2 Stof

Zoals vermeld in de inleiding van deze samenvatting, zijrlQIdterren AGB sterren aan het
einde van deze levensfase. Ze verliezen grote hoeveelmeaesa (tussen de 10en 104
zonsmassa'’s per jaar) en vormen daardoor dikke stofschilet is hoogstwaarschijnlijk dat
dit stof het nabij-IR spectrum beinvioedt (Tej et al. 2003)

Om de invloed van het stof op onze spectra te berekenen warchedel uitgerekend
dat het radiatief transport oplost voor het stof (Groenemet993). Via dit model konden
we inderdaad aantonen dat wanneer het massaverlies gratdtr (dus de hoeveelheid stof
neemt toe), de equivalente lijnbreedtes van zowel &la Ca afnemen tot zelfs verdwijnen
in het continuim (zie Figuur 2.10).

N.2.3 Aanwezigheid van water in OH/IR sterren

Water heeft een groot aantal spectrallijnen in het bestddegolflengtegebied (Wallace en
Hinkle 1996). Niet alleen kan het water voor een depressiehe continulim zorgen, de
invioed van het water is ook verwacht te veranderen tijdensudsatie periode van de OH/IR
sterren (Tej et al. 2003). Figuur 2.11 toont aan dat de etgrit@lijnbreedte van zowel Na
als Ca afneemt wanneer de maat voor de hoeveelheid water toendeineffect is het
grootst voor Ca.

N.2.4 Variabiliteit

Van de waterabsorptie wordt verwacht dat ze correleert eédse tijdens de pulsatie periode
(Bessell et al. 1996; Langon en Wood 2000; Tej et al. 2008pr¥1 van de 50 OH/IR ster-
ren in onze groep, bepaalde Wood et al. (1998) een periodee periodes werden gebruikt
om de waarnemingen te linken aan de fase van de pulsatie igier2.12). Figuur 2.13
toont de correlatie zoals ze verwacht wordt, maar vermitsteleen niet allen identiek zijn,
zit er heel wat spreiding op de relatie.

N.2.5 Expansiesnelheden

Desondanks we niet via de equivalente lijnbreedtes van Bai en!?CO(2,0) de metalli-
citeit van deze sterren kunnen bepalen, is het toch van ¢pelamnte zoeken naar verschillen
tussen de twee groepen. Figuur 2.14 toont de expansiesieellire functie van de gemeten
equivalente lijnbreedtes. Uit deze figuur en Tabel 2.8 bt de sterren uit de eerste groep
(met een lagere expansiesnelheid) kleinere equivalgnbrdiedtes voor Nahebben en een
grotere spreiding op de maat voor de hoeveelheid water. éegfb'>’CO(2,0) zien we geen
verschil tussen beide groepen. Een logisch gevolg van dergrboeveelheid water in de eer-
ste groep is dat voor deze groep nauwelijks equivalenterijedtes van Cagemeten konden
worden.
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N.2.6 Besluit

Voor de in het nabij-IR waargenomen OH/IR sterren in het &&aeh Centrum, kunnen we

op basis van de equivalente lijnbreedtes van,Nzal en'2CO(2,0) geen conclusies trekken
over de metalliciteit van deze sterren. Wel is in deze stndar voor gekomen wat de moge-
lijke invloed is van stof, de aanwezigheid van water in dersteen de variabiliteit op dit deel

van het spectrum. Al deze elementen hebben gelijktijdi¢pes op het nabij-IR spectrum

van een ster. Vermits we voor deze sterren niet de temperadmuhet stof en het massa-
verlies kennen, kunnen we deze verschillende effectenvaietelkaar onderscheiden. We
kunnen via deze methode geen duidelijk onderscheid vingsseh de twee groepen OH/IR
sterren.

N.3 Stofvorming in de circumstellaire envellopes van AGB
sterren

Door middel van dit project willen we de stofvorming besttgterond zuurstofrijke AGB
sterren in functie van de AGB evolutie om zo de theoretisarspelde zuurstorijke stofcon-
densatiereeksen te toetsen aan de realiteit. Door de inga@n de Spitzer Space Telescoop
in 2003 kunnen we nauwkeurige waarnemen maken van AGB stierfeet infrarood op gro-
tere afstanden dan voorheen. Vroegere studies naar destofg rond zuurstofrijke AGB
sterren konden enkel AGB sterren waarnemen in onze nabijgaimy, waardoor geen ho-
mogene steekproef samengesteld kon worden. Indien destedlechter homogeen is, moet
het verschil gezien in de stofsamenstelling van de velgchit sterren te wijten zijn aan de
leeftijd van de ster op de AGB en kunnen we dus op deze manigtiofieorming bestuderen
in functie van de AGB evolutie.

N.3.1 Selectie en waarnemingen

De AGB sterren die we in dit onderzoeksproject bestuder@ngzeselecteerd op basis van
de ISOGAL waarnemingen. ISOGAL was het tweede grootsteeptapet de ISO satel-
liet (Infrared Space Observatory). ISOGAL bestudeerdderein de galactic bulge d.m.v.
waarnemingen op 7 en }bn. Deze waarnemingen werden dan gecombineerd met nabij-IR
waarnemingen van DENIS+, J- en Ks-band fotometrie). Ojha et al. (2003) en ook Blom-
maert et al. (2006) toonden aan dat d& ¢ [15])o kleur een goede indicator is voor het
massaverlies van de AGB sterren. Gebruik makend van brogedstecteerd met ISOGAL
kunnen we AGB sterren selecteren met massaverliezen vantdio104 My/yr. Daaren-
boven toonden Groenewegen en Blommaert (2005) aan dat devisiabelen in de bulge
dezelfde oorsprong hebben en een initiele massa van ogeigkegaot 2 M,. Door de objecten
zo te selecteren verkrijgen we een homogene steekproef AGs.

Op basis van de AGB sterren die met ISOGAL gedetecteerd warkben we 47 AGB
sterren geselecteerd op die manier dat we de volledige nextisa evolutie tijdens de AGB
kunnen bestuderen: we selecteerden sterren met heel vmeasgaverlies die nog geen stof
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vormen of er pas mee begonnen zijn tot sterren met grote neafisaen zoals de OH/IR
sterren.

Deze steekproef AGB sterren werd waargenomen met SpiR&iifi het golflengte ge-
bied van 5.2 tot 3gm. Tijdens dezelfde periode als de Spitzer-IRS waarnemiggbeur-
den, werd deze steekproef AGB sterren ook waargenomen \&aroe d.m.v. optische en
nabij-IR spectroscopie en nabij-IR fotometrie. Met dezerainformatie willen we zoveel
mogelijk eigenschappen van de centrale ster en de vatébié weten komen.

N.3.2 Eigenschappen van de centrale ster

Op basis van de waarnemingen met DB®i&l-Beam Spectrograplen CASPIR Cryogenic
Array Spectrometer and Imagguroberen we zoveel mogelijk informatie te verzamelen over
de centrale ster.

Figuur 4.1 toont de optische spectra voor 3 AGB sterren ueateekproef. De onderste
is een ster met nog weinig massaverlies, de middelste heefheger massaverlies en de
bovenste heeft het grootste massaverlies. Op deze figawaijde belangrijkste TiO en VO
banden aangeduid en de golflengte positie van het Ca-triplet
Van de TiO en VO banden weten we dat ze zeer gevoelig zijn vedechperatuur en dus
ook voor het spectraal type van de ster. Op basis van dezeebdmbben we voor iedere
ster het spectrale type bepaald en de effectieve tempehtuw. de calibratie in Fluks et al.
(1994). De meeste objecten in onze steekproef hebben eetnespdype M5 of later en er
zijn geen sterren met een spectraal type vroeger dan M4. CGads @t al. (1999) kwamen tot
dit besluit op basis van ISOGAL bronnen in Baades venster.

Naast de TiO en de VO banden, is ook het Ca-triplet heel gieyvaah de effectieve tem-
peratuur. Het Ca-triplet wordt enkel waargenomen in objeetan een vroeg type. In onze
steekproef hebben we dan ook slechts 3 objecten gevondéed@a-triplet heel duidelijk
in al hun waarnemingen toonden en nog eens 3 andere steerbetddok vertoonden, maar
minder duidelijk. Deze 6 sterren zijn de 6 blauwste stemgKi — [15])o uit onze steekproef
en hebben dus de kleinste massaverliezen.

Vermits we de effectieve temperatuur afgeleid hebben ojs vas de TiO banden in het
spectrum, kunnen we door middel van modellen voor pulsereade reuzen de intrinsieke
(theoretischey — K kleur berekenen (Bessell et al. 1989). Wanneer we dezasidkie kleur
vergelijken met de waargenomdn- K kleur, krijgen we een afschatting voor de verroding
van de ster. Deze verroding wordt dan veroorzaakt zowel bletoecircumstellair stof als door
het interstellair stof. Via deze methode kunnen we dus giseatting maken voor de inter-
stellaire extinctie, maar het toont ons wel aan dat de fodedf-magnitude ongeveer 0.1 tot
0.2 mag is.

Figuren 4.2 tot 4.4 tonen voor dezelfde 3 sterren als in FigulideJ-, H- en K-band
spectroscopie. De belangrijkste moleculen die in dit gotftegebied waargenomen kunnen
worden zijn TiO, VO en CO. Water is ook een belangrijke molediie zijn invioed laat mer-
ken op dit deel van het spectrum. Water zorgt ervoor dat hettegm van deH-band een
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kromming vertoont (zie bovenste spectrum van Figuur 4.8.tde andere twee spectra). De
sterkte van de waterband is afhankelijk van de preciesetstruvan de buitenste lagen van
de atmosfeer en er wordt van verwacht dat ze correleert medritgiliteit van de ster (zie
ook Sectie N.2.3). Figuur 4.4 toont ook de positie van Ha Ca. Deze twee lijnen zullen
we later gebruiken om de metalliciteit af te schatten.

Naast nabij-IR spectroscopie hebben we met CASPIR ook+Ralgtometrie van onze
bronnen verzamelt. De bronnen werden over 820 dagen tijglgresiodes voornamelijk in
de K-band waargenomen en af in toe in @ H- ennblL-band. Op basis van d€-band
fotometrie konden we voor 15 sterren uit onze steekprogébpes bepalen die dan gebruikt
werden om ook dd-, H- ennbL-band te fitten. Via d& band fotometrie konden we enkel
periodes vinden voor de Mira variabelen die een volledigpldande hebben groter dan 0.4
mag. Voor 17 andere bronnen uit onze steekproef konden wasig an deze data aantonen
dat ze wel degelijk variabel zijn, maar de spreiding van darwamingen was te groot om
periodes te kunnen vinden. De bronnen in deze steekproeiwerrgeleken met de objec-
ten in OGLE-II. 23 van onze bronnen hebben in OGLE-Hand lichtcurves. Op basis van
deze lichtcurves hebben we voor 5 objecten een periode dewomaar we op basis van de
K-band fotometrie geen variabiliteit konden detectereror\i® sterren waar we wel varia-
biliteit in K vonden maar geen periode, konden we op basis vanldeared fotometrie wel
een periode bepalen. Voor slechts 6 sterren vonden we geed@ep basis van dezeband
fotometrie, maar de lichtcurves vertonen duidelijk vaifitdit.

Op basis van de variabiliteit delen we onze objecten in ia drbepen: de Mira variabelen
(met een volledige amplitude K groter dan 0.4 of in groter dan 0.9), de semi-regelmatige
variabelen (variabelen met een amplitude kleiner dan diedeaMira’s, maar waarvoor we
nog steeds een periode konden vinden) en de variabelen milieéee amplitude (dit zijn de
variabelen waar we op basis vaniiéband geen variabiliteit konden detecteren, i dmnd
kon wel variabiliteit gedetecteerd worden, maar konden @engeriode afleiden).

Figuur 4.7 toont de waterabsorptie in functie van de efésetitemperatuur. Op deze
figuur wordt duidelijk dat wanneer de effectieve temperatiaalt, de hoeveelheid waterab-
sorptie toeneemt. Op deze figuur duiden de verschillenddslen de verschillende vari-
abiliteitstypes aan, gedefinieerd op basis varKdef |-band amplitude. Deze figuur toont
duidelijk dat de Mira variabelen de grootste hoeveelheitevedosorptie hebben. Vermits de
hoeveelheid water correleert met de effectieve temperateawachten we dat de hoeveel-
heid water toeneemt naarmate de ster verder evolueertedwaehten we ook een correlatie
tussen de hoeveelheid water en de amplitude waarmee deautgeeq. Figuur 4.8 toont dit
verband.

Op basis van de equivalente lijnbreedtes van,Nzal en2C0O(2,0) bepaalden Frogel
et al. (2001) een manier om de metalliciteit af te schatterbagis van mediumresolutie
nabij-IR spectroscopie. De gemiddelde metalliciteit die @p deze manier berekenen voor
onze steekproef is [Fe/H]-0.38+ 0.18. Deze waarde is in overeenstemming met de metal-
liciteit voor de bulge gevonden door Rich en Origlia (2005Réch et al. (2007) op basis van
hoge-resolutie spectroscopie van M-giants in de bulge.

Heel vaak worden voor dit soort sterren periode-lichtktdEth) diagrammen gemaakt.
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Figuur 4.10 toont dit PL-diagram voor deze groep AGB sterf@nze sterren bevinden zich
in de reeksen A, B en C. De onregelmatig pulserende variataiden niet getoond in de-
ze figuur (voor deze objecten konden we geen periode afschaéin ook de objecten met
(J - K)o > 2 worden niet getoond (voor deze objecten heeft het circeltase stof een te
grote invioed op deJ - K) kleur). Dit PL-diagram toont aan dat de semi-regelmatiygay
belen zich vnl. op reeksen A en B bevinden, terwijl de Miraialaelen allemaal op reeks C
liggen. Dit is ook wat verwacht wordt op basis van de evoltijilens de AGB.

Deze steekproef is geselecteerd op basis ¥anr-(15])¢ kleur, een massaverliesindica-
tor. Figuur 4.12 toont het Kleur-Magnitude Diagraf@olour-Magnitude Diagram, CMP
voor deze steekproef AGB sterren. Deze figuur toont duldbbit verband tussen variabili-
teit en massaverlies. De onregelmatig pulserende vadalmabben de blauwst{ — [15])o
kleur en dus de laagste massaverliezen. De semi-regetmatigabelen bezitten een inter-
mediaire Ks— [15])o kleur en de Mira variabelen hebben de roodste-{ [15])o kleur en
dus de hoogste massaverliezen.

Vermits massaverlies bij AGB sterren kan omschreven woadeeen door pulsatie ver-
sterkte stofgedreven wind, verwachten we dat het masssvedn de AGB ster correleert
met de periode van de ster. Figuur 4.13 tod€g € [15]) in functie van de periode en geeft
inderdaad aan dat naarmate de pulsatieperiode toeneeky d¢X5])o kleur roder wordt, of
equivalent dat het massaverlies toeneemt. Ditzelfde tefferdt ook getoond in het verband
tussen het massaverlies en de pulsatieamplitude (ziedrigut4 en 4.15).

N.3.3 Stofeigenschappen

Het licht dat we van de sterren in onze steekproef waarnemafkomstig van de centra-
le ster, een eventuele moleculaire laag en voor de objecttrstof, de stofschil. In dit
hoofdstuk willen we de kenmerken van het stof rond dezeestdyestuderen. Daarom is het
belangrijk om een goede afschatting te maken voor het liahiveé ontvangen van de centrale
ster en de eventuele moleculaire laag. Hiermee kunnen waetapectrum voor de sterren
met stof corrigeren zodat we het stof kunnen bestuderen.

Op basis van het selectiecriterium wordt verwacht dat devidte sterren ins — [15])o,
de sterren zonder stof zijn. Figuur 3.22 toont dat er stexignzonder stof die roder zijn
dan de blauwste ster met stof. Daarom hebben we een obati@wier nodig om de sterren
zonder stof te selecteren. Om dit te bereiken werd een Plamale gefit aan de sterren die
geen aanwijzingen vertoonden voor enig stoffeature. Deaedpectra te vergelijken met
een zwarte straler d.m.v. de curve van Planck, kunnen we stezen zonder stof objectie-
ver selecteren. Op deze manier hebben we 10 sterren gevdiedgaen aanwijzingen van
stof vertonen op basis van hun Spitzer-IRS spectrum. Vope deerren zonder stof ligt de
temperatuur die bepaald is d.m.v. de Planck-curve tuss&éa@@en 3000 K. Deze spreiding
in temperaturen is voldoende om de spreiding in waargengken [15])o te verklaren. De-
ze relatief lage temperaturen kunnen waarschijnlijk \asakdl worden door de aanwezigheid
van een moleculaire laag rond deze sterren.
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Deze sterren zonder stof kunnen we nu gebruiken als tersplatede emissie van de
centrale ster en de waterlaag te verwijderen van de geaderele spectra voor de sterren met
stof. Op deze manier creéren we stofspectra (zie Figughtat 3.31).

In deze stofspectra kunnen we een heel aantal featuresimetkeamorfe silicaten, alu-
mina, het 13 en het 19/ feature. De efficiencies voor deze stof soorten wordenogeto
in Figuur 3.32. Amorfe silicaten vertonen twee kenmerkebaeden: één rond 94m en
éénrond 1&m. Dit profiel kan in heel wat stofspectra herkend worden.miiha heeft in het
golflengtebereik dat met Spitzer-IRS bestudeerd wordteleedn feature rond 1im. Het
wordt onderscheiden van het amorfe silicaatfeature dodrelaverloop van de rode vleu-
gel van het feature veel minder stijl is dan dat van amorfeagén. De efficiencies voor het
13um feature worden niet getoond in Figuur 3.32. Op dit ogeribliiet nog niet gekend wat
dit feature veroorzaakt. In recente studies worden commdipinel en silica als mogelijke
stofcomponenten gegeven die dit feature zouden kunnemrzien. Het 19.xm feature
is een scherp gepiekt feature (zie Figuur 3.32).o Mt 9O is in staat dit feature te veroor-
zaken. Alhoewel dit feature in heel veel AGB sterren waaogesen wordt, wordt het in deze
steekproef maar 1 keer duidelijk waargenomen, voor tweerangterren zijn er aanwijzigen
dat ze het feature vertonen. Tabel 3.3 geeft de objecterdgorde van stijgende<s — [15])o
kleur weer. Voor ieder object in de lijst dat geen object zmstof is, wordt aangegeven
welke features in de stofspectra gezien kunnen worden.

Als verondersteld wordt dat de eigenschappen van de sttéscioor ieder object dezelf-
de zijn, behalve de hoeveelheid massa die erin zit, dan dedftix onder het stofspectrum
de hoeveelheid stof weer. De integraal onder het stofapaatioemen we de stoflichtkracht.
Vermits de spectra van de objecten in onze steekproef nistalit flux-gecalibreerd konden
worden, delen we deze stoflichtkracht door de integraal eag&observeerde spectrum. Op
deze manier berekenen we de genormaliseerde stoflichtkrach

Figuur 3.33 geeft de genormaliseerde stoflichtkracht irctienvan Ks—[15])o. De
grootte van de symbolen duidt de onzekerheid op de parasradar De fout ops — [15])o
wordt bepaald door de fout op de fotometrie, maar ook de biit&it van het object heeft
een invloed. De fout weergegeven in Figuur 3.33 toont enkdbdt op de fotometrie. De
sterren met de roodst&{ — [15])o kleur zijn de sterren met de grootste variabiliteit en dit
kan een verschuiving in dé&{ — [15])o kleur veroorzaken. Vermits de blauwste sterren heel
kleine amplitudes hebben, is de fout die daar veroorzaakdtamor de variabiliteit verwaar-
loosbaar.

De figuur toont een stijgende trend voor de genormaliseaadkchtkracht in functie van
(Ks—[15])0, een massaverliesindicator. Als we aannemen dat het erigehil tussen de
stofschillen van deze objecten de massa is, dan verwachtéeinderdaad deze stijgende
trend: als het massaverlies groter is, wordt er meer stafrges en neemt de genormaliseer-
de stoflichtkracht toe. Ondanks dat we deze trend verwaclstter een hele grote spreiding
waarneembaar: voor objecten met el { [15])o kleur van ongeveer 1 zien we zowel ster-
ren zonder stof als objecten met een genormaliseerde btificht van ongeveer 0.4. Ook
wanneer we objecten bekijken met een ongeveer gelijke gealizeerde stoflichtkracht, zien
we een hele grote spreiding op d& [15])o kleur.
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Op basis van de efficiencies voor alumina en amorf silicagttbbn we de 1g@m com-
plexen gefit. De resultaten worden weergegeven in Tabel Biguur 3.35 toont de afge-
leidde relatieve abondantie van alumina ten opzichte vaanaarfe silicaten in functie van
(Ks—[15])o. Deze figuur toont aan dat er maar &én object gevonden ve¢nebtledig door
alumina verklaard kan worden. De meeste objecten hebberekieve abondantie van alu-
mina tussen 0.1 en 0.4. Er zijn aanwijzingen voor een daléneahel in deze figuur, maar
de trend is niet zo sterk als verwacht. Er is duidelijk ookrgeenduidige relatie tussen
(Ks —[15])o en de vorm van het 10m stofcomplex.

Sloan en Price (1995) classificeren zuurstofrijke AGB stelin 8 SE (silicaatemissie)
indices. Sterren met een SE index van 1 vertonen het bregdgim complex. De breedte
van dit complex neemt af naarmate de SE index hoger wordt e@bjgeten met de smalste
profielen hebben een SE index van 8. Gebasseerd op de zuijkststbfcondensatiereeksen,
worden AGB sterren verwacht deze 8 indices te doorlopenuu¥ig§.37 toont de verdeling
van objecten volgens hun SE index. Daarin zien we dat de raderid van de objecten een
SE index van 4 of 5 heeft. Op basis van de selectiemethodeeagbtdr verwacht dat er meer
objecten een kleinere SE index zouden hebben. Op basis wiofdpectra kunnen we echter
geen reden vinden waarom de meeste AGB sterren in deze steékpn SE index hebben
van 4 of 5.

N.3.4 Kiristallijn materiaal in de circumstellaire enveloppe van
OH/IR sterren

De steekproef AGB sterren die we in de bulge selecteerdeat bek AGB sterren aan het

einde van de AGB fase, de OH/IR sterren. Deze OH/IR sterrbbdredoor het grote mas-

saverlies een optisch dikke stof enveloppe. Het infrargéetsum van deze sterren ziet er
anders uit dan van de andere AGB sterren in de steekproef. d2stsmAGB sterren in on-

ze selectie vertonen amorf silicaat in emissie. Doordatletimstellair materiaal zo dicht

is, worden deze amorfe silicaten niet meer in emissie, nraggedeeltelijke) zelfabsorptie

waargenomen. Daarenboven kunnen we in deze sterren otdlijrisnateriaal waarnemen

(forsteriet en enstatiet).

De spectra van deze objecten worden getoond in Figuur 5.1sté&een zijn geordend
volgens stijgend massaverlies. Het eerste twee objed®§([17413-3531 en IRAS 18042-
2905) zijn objecten die het 10m complex nog niet volledig in absorptie hebben. Ook de
18um silicaatband vertoont zich ook nog in emissie. De bultelanpere golflengten worden
veroorzaakt door forsteriet en enstatiet. De belanggjkststeriet banden worden aangege-
ven door stippellijnen in Figuur 5.1. De andere zes steregtomen hun 10 en 18m band
in absorptie. Wanneer het 1 complex sterker wordt, wordt het ook breder en begint het
meer substructuren te vertonen. Ook deze sterren vertaigtallijn materiaal, alhoewel de
sterkte ervan op de langste golflengtes lijkt af te nemen e@nde sterkte van het }6n
complex toeneemt.

Om een betere afschatting van het massaverlies en lichtkvaor deze OH/IR sterren
te hebben, werden deze sterren gemodeleerd met behulptadiatief transportmodel van
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Groenewegen (1993, 1995). Een voorbeeld van zo’n modeltvgetdond in Figuur 5.4 en
de resultaten zijn gegeven in Tabel 5.2. De lichtkrachteor d@ze objecten bevinden zich
tussen de 5500 en 7 00Q Lwat nog eens de homogeniteit van de steekproef bevestigt. D
massaverliezen liggen tussen 0.3 éh310°% Mo/yr.

Om de kristalliniteitsgraad van deze objecten te bestugeverd het 11.3 en 33,6m
forsteriet feature in meer detail bestudeerd. Voor beidéufes werd de relatieve sterkte
gemeten. Voor het 11,3m feature werd daarenboven ook nog de centrale positie vian he
feature bepaald. Deze gegevens zijn terug te vinden in Eabel

Wat betreft de positie van het 11.8n feature vonden we dat dit feature eigenlijk op
11.2um ligti.p.v. op 11.3um zoals het in jonge sterren waargenomen wordt. Dit zou kanne
betekenen dat de forsterietdeeltjes die dit feature veed@n kleiner zijn dan de forsteriet-
deeltjes rond jonge sterren. Recent onderzoek naar derggitflgositie van dit feature door
Tamanai et al. (2006) toonde aan dat de golflengtepositielitdaature ook opschuift naar
kortere golflengtes wanneer het feature in een zuivere voorkemt. Dit zou dus ook kun-
nen aantonen dat de forsterietdeeltjes rond AGB sterredenivervuild zijn door andere
elementen dan de forsterietdeeltjes rond jonge sterren.

Figuren 5.6 en 5.7 tonen de relatieve sterktes van het 118t88.6:m forsterietfeature
in functie van de optische dieptevan het 1qum complex, een maat voor het massaverlies.
Deze figuur toont dat naarmate het massaverlies toeneegladieve sterkte van het 33uén
feature afneemt. Deze dalende trend met stijgend mastEsvkan verklaard worden d.m.v.
de optische diepte op 33un. Voor alle sterren behalve 1, is de optische diepte graterld
voor 3 objecten is de optische diepte ongeveer 1 en voor aldiera objecten is de optische
diepte groter dan 2. Dit geeft aan dat de stofschil niet optiin wordt op 33.am voor de
objecten met de hoogste massaverliezen. Hierdoor kunneisveiet meer door de stofschil
kijken en zien we minder forsteriet, waardoor de sterktehetrfeature afneemt. Dit wil dus
niet zeggen dat er ook effectief minder forsteriet aanweszig
Op basis van het 11.3m feature wordt geen trend waargenomen tussen massawatlies
sterkte van dit feature. Dit geeft aan dat de OH/IR sterréatied gezien dezelfde hoeveel-
heid kristallijn materiaal vormen.

N.3.5 De zuurstofrijke stofcondensatie

In hoofdstuk 6 willen we de stofspectra bestuderen in fienedin de eigenschappen van de
centrale ster en in functie van de variabiliteit van de ofgjec Op basis van de variabiliteit
van de sterren, werden de objecten in &e og P)-diagram geplaatst (zie Figuur 6.1). De
horizontale streep die de reeksen A en B in twee verdeeld tfjpdean de rode reuzentak
(RGB). De objecten onder deze tip zijn sterren zonder sieftfpofdstuk 3). Figuren 6.2
tot 6.4 geven de stofspectra van de objecten weer naargeéarggks waarop ze gevonden
werden. Op basis van pulsatiemodellen weten we dat de ssgyeimatige variabelen radiéle
boventoon pulsators zijn in tegenstelling tot de objeciemezks C. Deze objecten pulseren
in de fundamentele radiéle mode. De Mira variabelen benrgich allen op deze reeks. Op
basis van de stofspectra en op basis vanKgtlgg P)-diagram kunnen we bestluiten dat de



240 Nederlandse samenvatting

objecten met de grootste hoeveelheid alumina teruggevondeden viak boven de tip van
de RGB. Er is echter 1 Mira variabele die ook een grote hobegthlumina bezit die hier
niet aan voldoet. De andere objecten op reeksen B en C verttleenaal stofspectra die ge-
kenmerkt worden door zowel alumina als amorfe silicaterzeldebjecten bezitten bovendien
een 13um feature. De objecten waarvoar £ K)o groter is dan 2 worden in deze figuur niet
getoond, maar worden verondersteld al verder geévolueeaigh dan de objecten die wel in
deze figuur gegeven zijn. De stofspectra van de objecten dnet(), wordt gedomineerd
door amorfe silicaten, tekenen van andere stofsoortendtuimdeze spectra niet terugge-
vonden worden. De sterren met de grootste massaverliegddHAR sterren, vertonen een
door amorfe silicaten gedomineerd stofspectrum met daakem duidelijke kristallijne fea-
tures. Ook in deze objecten wordt geernyih3 feature waargenomen.

Op basis van de parameters afgeleidt in de vorige hoofdstykioeren we een principaal
componenten analyse (PCA) uit. Een PCA heeft als doel h&eroeaar lineaire verbanden
tussen de verschillende parameters, waardoor de dimetisgitrvan een probleem verkleint.
Ze kan ook onderliggende (eventueel nog onbekende) grdethean het daglicht brengen.
Op basis van deze analyse konden we de dimensionaliteitetagelschetste probleem van
11 tot 7 parameters terugbrengen. De variatie in de datased&or middel van 3 principaal
componenten (PC) verklaard worden. Het massaverlies istderiggende grootheid van de
eerste PC, de stofsamenstelling en de metalliciteit zijfysische interpretatie van de twee-
de PC. Wat de fysische interpretatie van de derde compasdatijit vooralsnog onduidelijk.

N.3.6 Besluit

Op basis van de optische en de nabij-IR waarnemingen voer steekproef van AGB ster-
ren in de bulge, hebben we voor onze groep sterren een afaghan het spectraal type en
dus ook van de effectieve temperatuur. We maakten ook eattischvoor de metalliciteit
op basis van de equivalente lijnbreedtes van,Nzal en'2C0O(2,0). De metalliciteitsver-
deling die we op deze manier afgeleid hebben is in overermmsieg met recente literatuur.
Gebruikmakend van de fotometrie konden we de variabiledr deze sterren bestuderen.
Daarenboven gebruikmakend van de massaverliesindiddtor [15])o werd een duidelijk
verband aangetoond tussen de pulsatieperiode en -angpditulet massaverlies.

Op basis van de analyse in hoofdstuk 3, vinden we geen eagdu@atie tussen
(Ks —[15])0, een massaverliesindicator, en de stofeigenschapperevAGB sterren. Reeds
voor de sterren zonder stof hebben we aangetoondkdat [15])o geen perfecte massa-
verliesindicator is: er zijn objecten met stof die dezelfdrur hebben als objecten zonder
stof. Daarnaast vonden we voor de sterren met stof dat erdgdalijke relatie is tussen
(Ks — [15])o en de relatieve abondantie van aluminalég-{ [15])o en de SE index. Dit wijst
erop dat alhoewelKs — [15])o in eerste instantie gebruikt kan worden als een massaserlie
indicator, we een betere afschatting van het massavedigsdeze objecten nodig hebben.
Dit zouden we kunnen verkrijgen via gedetailleerde modelievan deze spectra. Op basis
van deze massaverliezen, kunnen we de spectra opnieuweordaropnieuw de stofsamen-
stelling bekijken in functie van het massaverlies. Verméspreiding op de correlaties tussen
de verschillende parameters df ¢ [15])o echter zo groot is, is het heel onwaarschijnlijk
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dat deze correlaties veel duidelijker worden wanneer ardéblijke massaverliezen bepaald
worden. Dit geeft aan dat de zuurstofrijke stofcondenszgicsen zoals beschrevenin N.1.2.4
niet voldoende zijn om het waargenomen stof rond zuurgefAGB sterren te voorspellen.
Daarenboven toonden we in hoofdstuk 6 d.m.v. een princiggaaponenten analyse aan dat
het massa-verlies statistisch onafhankelijk is van desatoénstelling, maar de stofsamen-
stelling is wel gerelateerd met de metalliciteit.

N.4 Sterpopulaties in de bulge

Het laatste hoofdstuk van deze thesis is gewijd aan hetd®®n van de geometrie van, de
sterpopulatie in en de metalliciteitsverdeling van stefirede bulge. Zoals vermeld in de
inleiding is er op dit ogenblik nog lang geen conscencusikieoger de eigenschappen van
dit deel van de Melkweg.

Om de eigenschappen van de bulge en zijn sterpopulatie tiedaeen kunnen verschil-
lende methodes gebruikt worden. Wij kiezen in dit werk voem populatie-synthese-model
TRILEGAL (Girardi et al. 2005). Deze code berekent voor iedgositie aan de hemel de
verwachte sterpopulatie op basis van enkele parametersodi®everwacht van de gebruiker
de volgende parameters:

— een verzameling evolutiesporen. Deze evolutiesporerhbipgn het levensverloop van
een ster afhankelijk van haar initiele massa en metalicit

— een verzameling synthetische spectra. Deze spectra wgetenikt om bollometrische
correcties en verrodingscoéfficienten uit te rekenen.

— de eigenschappen van het instrument dat in de code nagetvwodl (zoals eigenschap-
pen van de gebruikte filters en detectoren) en het gebiedeahardel dat men wil simu-
leren.

— een gedetailleerde omschrijving van de verschillende aovapten van de Melkweg.
Voor iedere component wordt een stervormingsgeschiedstaisformation rate, SFR
een metalliciteitsverdeling en een maat voor de verdaliogtheid van de sterren in die
component gegeven.

Met de uitvoer van deze code kunnen we dan kleur-magnitugatinmen (CMDs) maken,
die we kunnen vergelijken met waarnemingen. De waarnemidgevoor dit project geko-
zen zijn, zijn 11 velden uit de OGLE-Il waarneemcampagneor\deze 11 velden hebben
we V- enl-band fotometrie van OGLE-II ed-, H- enKs-band fotometrie van 2MASS. Voor
ieder veld, creéren we twee CMDs: eéM— |) diagram en eerK,J — Ks) diagram. In ie-
der CMD definieren we twee gebieden: een gebied dat bestastmen die zich in de schijf
bevinden “schijf gebied” en een gebied dat bestaat uitestarr de bulge “bulge gebied” (zie
Figuur 7.3 en 7.4). In Figuur 7.4, het CMD voor de OGLE datanzive nog een derde ge-
bied aangeduid. Dit is de plaats waar werdé clumpsterren zien. Red clump sterren zijn
rode reuzen die zich op de horizontale tak bevinden. Dezeestevorden vaak gebruikt om
afstanden te schatten: de waargenomen magnitude wordtieaersterren vergeleken met
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de verwachtte magnitude en zo kan men de afstand bepalen.

Om het model en de waarnemingen te vergelijken worden histagien gemaakt van
de sterren in de twee geselecteerde gebieden uit het CMDtalstische test die gebruikt
werd om de histogrammen te vergelijken is een Poisson vietelezaximume-likelihood. Uit
deze methode krijgen we voor ieder model een dedat omschrijft hoe goed of hoe slecht
de fit is. Het beste model wordt dan gegeven door het minimumalaeze getalleh De
modellen die “even goed” zijn of equivalent waarvan we nigtken zeggen dat ze significant
slechter zijn, bepalen dan de foutenbalken op de gevondamgters. Met behulp van 54
processoren werd om dit vraagstuk op te lossen een minatialsocedure opgezet. Het
beste model dat we op deze manier vinden is een model met gends# parameters:

- Ro = 8.6+313kpc, de afstand van onze Zon tot aan het centrum van de Melkweg

— am = 2.7+39%kpc, de schaallengte van de bulge,

—a = 96.61}1:}pc, de schaallengte die beschrijft vanaf waar de bulge hegin

—1:p:¢=1:068+2%1:030+39% de verhouding van de grote assen van de balk,

—¢ = 14.4°¢51’-g_’3, de hoek die de balk maakt met de lijn gevormd door het centramde

Melkweg en onze Zon,

— fo = 42734319, de schaalfactor die de hoeveelheid sterren in de bulgeahiepa

Tabel 7.1 geeft een beknopt overzicht van studies die dezengders willen bepalen. De
parameters die wij op basis van onze methode vinden, vailtereb de verscheidenheid aan
waarden tot nu toe gevonden. Wat betreft de afstand tot hettgech centrum behoort onze
waarde tot de grootste afstanden. Onze waarnemingen nigistent binnen de foutenbalken
met studies gebaseerd op RR Lyrae sterren (Fernley et al; E@8st 1997), red clump ster-
ren (Paczynski en Stanek 1998) en Mira variabelen (Groegenven Blommaert 2005). Er
zijn ook een aantal studies die significant kleinere waauigten dan wij: Eisenhauer et al.
(2003, 2005) bestudeerden sterren in de nabijheid van hategat in het centrum van de
Melkweg en vonden een gemiddelde afstand van ongeveer €.&lgk studies op basis van
water masers, en de meeste studies die gebruik maken valunag sterren vonden kleinere
resultaten. Een verschillende verdeling van deze vetsoli¢ sterpopulaties zou aan de oor-
zaak kunnen liggen van deze soms nogal ver uiteenlopendgzneksresultaten.

Naast de afstandsbepaling tot het centrum van de Melkwempkisie hoek die de balk
maakt een veel bediscussieerde parameter. Tabel 7.1 tabet dwee groepen resultaten
zijn. De ene groep vind kleine hoeken (rond dé)2@erwijl de andere groep grote hoeken
vindt (rond de 40). Sevenster et al. (1999) suggereert dat kleine waardengvgevonden
worden wanneer enkel dichtbij het centrum gekeken wordtjjflegrotere waarden gevonden
worden wanneer op grotere galactische lengte gekeken w@rdenewegen en Blommaert
(2005) vermelden dat dit verschil waarschijnlijk te wijtisraan het verschil in bestudeerde
sterpopulaties, die niet noodzakelijk dezelfde ruimkeliyerdeling hebben.
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Naast de geometrie van de bulge, hebben we ook de metétiticiéa leeftijdsverdeling
bestudeerd. De metalliciteitsverdeling waarvan we gezijaris beschreven in Zoccali et al.
(2003) (zie Figuur 7.7). Met deze metalliciteitsverdelmgrkten we dat we de histogram-
men gemaakt op basis van 2MASS data goed konden voorspeilbar, de histogrammen
op basis van de OGLE data werden altijd overschat (zie Figw): Dit zou kunnen ver-
oorzaakt worden door de metalliciteitsverdeling. De niieitditsverdeling in Zoccali et al.
(2003) is gebaseerd op fotometrische waarnemingen ersje iaetaal-armer dan metallici-
teitsverdelingen bepaald op basis van spectroscopiscamemmingen, maar is er nog steeds
consistent mee. Om dit te onderzoeken hebben we de metattieerdeling verschoven naar
een metaal-rijkere verdeling. We vonden een siginficardredit voor een metalliciteitsver-
deling verschoven met0.3 dex (zie Figuur 7.9).

De bulge wordt ook vaak geassocieerd met een oude popubatie dan 10 Gyr). In
de recente literatuur worden er echter meer en meer indgcgévonden voor een bulge die
gedomineerd wordt door een oude populatie, maar waar otdefirediaire” (een aantal Gyr)
en soms zelfs jonge (een aantal miljoen jaar) sterren woirdégruggevonden (Holtzman
et al. 1993; Ortolani et al. 1995, 2001; Zoccali et al. 20G8) Lzoon et al. 2003). Om deze
hypothese te testen gebruikten we de stervormingsgesstigdgeschreven in van Loon et al.
(2003). Hiermee simuleerden we een dominante oude poputegi daarenboven een groep
jonge sterren en/of sterren met een intermediaire leeftlidrmee konden we geen signifi-
cant betere fit vinden. Dit wil niet zeggen dat er geen steaswezig zijn in de bulge die
jonger zijn dan de oude populatie. Dit toont enkel aan da¢ dézrren een te kleine invioed
hebben op het CMD om via onze methode opgespoord te wordebas§)pvan onze resulta-
ten moeten we besluiten dat de gemiddelde leeftijd van dgeldl0 Gyr is.
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APPENDIX A

2MASS
AGB
ATCA
BCD
BFGS
CMD
COBE
CSE
CTA
DDT
DENIS
E-AGB
ESO
FWHM
GB
GC
GO
GTO
HB
HBB
HR diagram
IPAC
IRAC
IR
IRAF
IRAS
IRS

Two Micron All Sky Survey

Asymptotic Giant Branch

Australia Telescope Compact Array

Basic Calibrated Data
Broyden-Fletcher-Goldfarb-Shanno

Colour Magnitude Diagram

Cosmic Background Explorer
circumstellar envelope

Cryogenic Telescope Assembly

Director’s Discretionary Time

Deep Near-Infrared Survey

early-AGB

European Southern Observatory

Full With Half Maximum

Galactic Bulge

Galactic Centre

General Observers

Guaranteed Time Observers

Horizontal Branch

Hot Bottom Burning
Hertzsprung-Russell diagram
Infrared Processing and Analysis Center

Infrared Array Camera

Infrared

Image Reduction and Analysis Facility
Infrared Astronomical Satellite
Infrared Spectrograph

List of acronyms
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Chapter A. List of acronyms

ISM

ISO
ISO-LWS
ISO-SWS
ISOCAM
ISOCAM-CVF
ISOPHOT
LMC

LH

LL

LPV
MIPS
MIDAS
MS

MSX
MWG
NASA
NTT
OGLE
OPZ
PAH

PC

PCA
PCRS

Pl

PL

PN

PSC
RGB
ROC

SH
SIRTF
SL
SMART
SOFI
SOM
SSC
SST
TP-AGB
TMSS
VLA
XSC
YSO

Interstellar Medium

Infrared Space Observatory

ISO’s Long-Wavelength Spectrometer

ISO’s Short-Wavelength Spectrometer
ISO’s Infrared Camera

ISOCAM'’s Circular Variable Filters

ISO’s Imaging Photo-polarimeter
Large Magellanic Cloud

Long High

Long Low

Long Period Variable

Multiband Imaging Photometer for Spitzer
Munich Image Data Analysis System
Main Sequence

Midcourse Space Experiment

Milky Way Galaxy

National Aeronotic and Space Administration
New Technology Telescope

Optical Gravitational Lensing Experiment
Operational Pointing Zone

Polycyclic Aromatic Hydrocarbon
Principal Component

Principal Component Analysis

Pointing Calibration Reference Sensor
Principal Investigator
Period-Luminosity

Planetary Nebula

Point Source Catalog

Red Giant Branch

Reseved Observations Catalogue
Short High

Space InfraRed Telescope Facility
Short Low

Spectroscopic Modelling Analysis and Reduction Tool
Son of Isaac

Spitzer Observer’s Manual

Spitzer Science Center

Spitzer Space Telescope

thermally pulsing AGB

Two Micron Sky Survey
Very Large Array

Extended Source Catalog

Young Stellar Object
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