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The University of Manchester

ABSTRACT OF THESIS submitted by Olivia Jones
for the Degree of Doctor of Philosophy and entitled
Dust production by evolved stars in the Local Group. Septrdb13

Stars on the asymptotic giant branch (AGB) lose a signifiaation of their mass
to their surroundings through stellar winds. As a resulgythre surrounded by cir-
cumstellar shells of gas and dust. This stellar mass lodsmspes and enriches the
interstellar medium (ISM) with the products of stellar rem$ynthesis, progressively
increasing its metallicity and thereby driving galactieafical evolution.

In this thesis | present a comprehensive study of oxygem{@xrich) AGB stars
and red supergiants (RSG) observed with 8mtzerinfrared Spectrograph ana-
frared Space Observato§hort Wavelength Spectrometer in the Milky Way, the Large
and Small Magellanic Clouds, and Galactic globular clustfexsusing on the compo-
sition of the dust in the circumstellar envelopes surrongdhese stars.

Combining spectroscopic and photometric observations thiglirams grid of ra-
diative transfer models to derive (dust) mass-loss ratdstdct crystalline silicates in
stars with dust mass-loss rates which span over a factorQff, bwn to rates of10°
M, yr~L. Detections of crystalline silicates are more prevalertiggher mass-loss rate
objects, and our results indicate that the dust mass-ltses a greater influence on
the crystalline fraction than the gas mass-loss rate, stiggghat thermal annealing of
amorphous silicate grains is the primary formation mectranof crystalline silicates
in such environments rather than the direct condensatiamystalline silicates from
the gas phase. | find that metallicity influences the compwsdf crystalline silicates,
with enstatite seen increasingly at low metallicity, wHaesterite becomes depleted at
these metallicities due to theffrent chemical composition of the gas.

To trace the evolution of alumina and silicate dust alongAlsB, | present an
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alternative grid otmopbust radiative transfer-models for a range of dust compositions
mass-loss rates, dust shell inner radii and stellar paemne©Our analysis shows that
the AKARI[11]-[15] versus [3.2}[7] colour is a robust indicator of the fractional
abundance of alumina in O-rich AGB stars. From the modelllrghow that a grain
mixture consisting primarily of amorphous silicates, wdbntributions from amor-
phous alumina and metallic iron provides a good fit to the oleskspectra of O-rich
AGB stars in the LMC. In agreement with previous studies, wd &rcorrelation be-
tween the dust composition and mass-loss rate; the lowen#ss-loss rate the higher
the percentage of alumina in the shell.

Finally, 1 present mid-infrared observations of the Locab@ dwarf elliptical
galaxy M32; where | find a large population of dust-enshraoustars. These observa-

tions will act as a pathfinder for future observations with JRVSTandSPICA
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Introduction

As stars evolve and die, they renew and enrich the inteasteledium (ISM) with the
nucleosynthetic products of stellar interiors progreslsivncreasing the ISM’s metal-
licity. This replenishment of matter occurs primarily thigh dense dusty winds from
low—mass asymptotic giant branch (AGB) stars, high—madssopergiants (RSGs),
and supernova. The ISM acts as a repository for this ejectaaylafter~ 108 years, it
is gradually incorporated into the next generation of stars

Understanding the life-cycle of dust requires detailedysis of its formation and
destruction at each stage in the cycle. Infrared (IR) syl ocal Group galax-
ies provide an ideal opportunity to investigate how dustrgpaoperties change with
environment on stellar, interstellar and galactic scalBy. disentangling the stellar
content of nearby galaxies, and by constraining how the ralogy and chemistry of
dust produced by individual evolved stars depends on n@tglla global picture on
the enrichment of the ISM by evolved stars can be obtained.

In the circumstellar environment of evolved stars the dustipction depends on
the metal abundances with which the star formed. Howevergtlcts of metallicity
on the production and properties of circumstellar dustt{palarly around oxygen-
rich stars) is largely unknown. This work aims to investgéte mineralogical and
physical properties of this dust by comparing large numbéesolved stars in nearby

metal-poor galaxies observed with tBpitzerSpace Telescope.
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1: INTRODUCTION

1.1 Post Main-Sequence Stellar Evolution

1.1.1 Low-intermediate mass stars

The post main-sequence life of a solar-type star of low termediate mass (0.8 —
8M,) begins once its hydrogen core is exhausted and nucleamfysbcesses stop.
The hydrogen shell surrounding an inert helium core cotsgreae to gravity and ig-
nites. As shell burning continues, helium is deposited @dbre, which continues
to contract until the core density becomes so high that leadegeneracy pressure
prevents it from collapsing further. Simultaneously, tihghler temperatures cause the
star's envelope to expand and become convective. Due toxfrension of the star’s
outer layers the luminosity rises (while thffective temperature decreases), initiating
the star’s first ascent on thed giant branchRGB) of the Hertzsprung-Russell (H-R)
diagram (Figure 1/1). Further contraction and heating efrdd giant core results in
temperatures{ 1C® K) sufficient for the fusion of helium into carbon by the process
(and some burning of carbon into oxygen). The presence ofargeate core results
in localised heating which causes a rapid hydrodynamicosiph known as aelium
flash(lben 1968). This flash eliminates the core degenera&rH& Schwarzschild
1961) and a period of core helium burning and hydrogen shehibg ensues. The
position the star now occupies on the H-R diagram is govelogadetallicity and en-
velope mass. Population Il stars, i.e. those of low metgl/imove to theHorizontal
Branch (the precise position determined by mass) while the rensgiindcupy a re-
gion known as the red giant clump (see Herwig 2005 and retexetherein for a more
detailed discussion).

Intermediate-mass stars (with masses in the 1.8 - 8\hge) do not develop
an electron-degenerate helium core or experience a helash fLattanzio & Wood
2004). Instead, the higher temperatures in the core endgddegnition of helium under
non-degenerate conditions. These more massive stars fsav@la overall evolution

but appear slightly bluer in the H-R diagram.
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1.1: POST MAIN-SEQUENCE STELLAR EVOLUTION
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Figure 1.1: Schematic depicting the evolutionary track @fM. star of solar metal-
licity on a Hertzsprung-Russell diagram, from Herwig (2R0%he numbers indicate

the log of the approximate timescale spent at each evolryogphase.

AGB Evolution

In the latter stages of evolution, solar-type stars passutiit a region on the HR-
diagram known as thAsymptotic Giant BrancfAGB), where the star undergoes the
last phases of nuclear burning. At the early-AGB stage thes'stiegenerate carbon-
oxygen core is surrounded by helium and hydrogen burnintissiseparated by a He-
rich inter-shell region (Figure 1.2). Both shells are eseld by a convective hydrogen-

helium envelope (Sackmann 1980). Initially the H burninglkis inert and He burning

provides most of the luminosity (Iben & Renzini 1983). If thtar is massive enough

(4 — 8 M, for solar metallicities) the convective envelope penesdhe hydrogen shell

mixing the products of complete H-burning to the surfacgniicantly altering its
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Figure 1.2: Schematic of the inner region of a 1MGB star, fronl Lattanzio & Wood
JZOOJL).

composition. This second dredge-up phase only occursenngdiate mass stars.
Following the second dredge-up (the first dredge-up ocauisg the ascent of the
RGB) the He burning shell becomes thinner and the hydrogemrmishell reignites.
After a short period of time the He shell becomes unstabletia@dtar begins tther-
mally pulse During this phase the star oscillates between helium axdolggn shell

burning, while periodically (at favourable densities aathperatures) perturbations in

the He shell occuvL (Schwarzschild & 1965). This causes a shell instability and

the runaway production dfC from“He via the & process (similar to that seen in the

He-core flash), generating energies of up t8 [ (Habing & Olofsson 2003). As a

consequence the local pressure increases, resulting @xgaasion and cooling of the
star’s outer layers, extinguishing hydrogen and (sometatey) helium shell burning.

Between each flash, the luminosity drops and the star agaitnats (Habing 1996,
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Figure 1.3: Interior evolution during consecutive thermpalses. The Convective re-

gions are shaded. Image reproduced from Hron et al. (2006).

and references therein). The compression of the hydrogen taignites the hydrogen
shell. The He shell remains dormant in the inter-pulse plgié a critical mass of
helium accumulates on the inner shell initiating anothds@uepeating the cycle. A
schematic of the AGB interior during a thermal pulse cyclshiewn in Figure 1.3.

Time scales between consecutive pulses range frdief to 10° years (Lattanzio &
Wood 2004), while the number of thermal pulses a star expeeigis a function of the
initial mass (Marigo & Girardi 2007). After each thermal palthe convective envelope
can penetrate the deeper layeisiceently bringing the products of nuclear burning to
the stellar surface which becomes enriched Wk, *°C and some s-process elements
(Groenewegen 1993). These mixing eventshind dredge-upepisodes increase the
C/O abundance ratio of the envelope, where (after a certairbrunf pulses) it may
exceed unity, resulting in a carbon star (Iben 1975; SugidohNomoto 1975). Ther-
mal pulses continue until the star's convective envelopissipated by mass loss (see
Section 1.3).
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Figure 1.4: Overview of a mass-losing AGB star, indicatihg important physi-

calchemical processes. Image adapted by J. Hron from Le B&98@.1

AGB stars are classified into two major spectral types: aatich stars and oxygen-
rich stars. The classification depends on th® @tio, which is decisive in its future
chemical evolution. Once the envelope is cool enough, tiid@esCO molecule forms
until either C or O is exhaustedffectively removing these atoms from further chem-
ical reactions. The types of molecules and solid stategbestihat can form are thus
limited. When more oxygen is available than carbon (i.e. inrkvbgiants where
C/O < 1), oxygen bearing molecules and dust species will formjrfstance silicates
and oxides such as amorphous aluminium oxide@4). Conversely the chemistry
of the envelope surrounding carbon stars (where all the emyg trapped in CO) is

characterised by the presence of CH, HCN and dust species sugilican carbide
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and amorphous carbon (Grossman 1972; Wallerstein & Knapg;XSail & Sedimayr
1999; Speck et al. 2000). At lower metallicities there islestial oxygen and the
numerical ratio of carbon to oxygen atom abundances ineseza€onsequently, the
timescales before dredge-up causes the star to becomenagarba@re shorter.

Initially all early AGB stars exhibit an oxygen-rich chenmgs(C/O ~ 0.4 at solar
metallicity) reflecting the composition of their interdtel birth cloud. As the star
evolves, dredge-up gradually increases th® @tio from a main-sequence value of
C/O ~ 0.4 to GO > 1. In this scenario one would expect an intermediate class of
objects with QO ratios close to unity, th8-stars In these objects carbon monoxide
depletes both oxygen and carbon, and unusual intersteltdisgecies like iron silicide
(FeSi) are predicted (Gail & Sedlmayr 1999; Ferrarotti & 2402). This has been
observationally confirmed by Hony et al. (2009) who idens@veral unique features
(for example SiS) in the spectra of S-stars. These featufes dignificantly to those
in O-rich stars, lacking the characteristic substructdr®aich species and their peak
positions are located at longer wavelengths.

The simplistic picture painted above does not account foBAgtars that have
suficient mass (roughly Maws > 4M,) to experienceéHot Bottom Burningwhere a
hot thin layer at the base of the convective envelope caraisuptoton-capture nu-
cleosynthesis!?C is converted intd*N, preventing @O ratios increasing past unity
(Boothroyd et al. 1993) and maintaining the oxygen-richrotséry as the star evolves
on the AGB.

Mass loss plays an key evolutionary role along the AGB; tecess combines
stellar pulsations and radiation pressure acting on dusicfes. As the star ascends
the AGB, instabilities between gravitational and radiatiressure (cf. Lattanzio &
Wood 2004) cause radial pulsations in the outer photosphegion with periods of
100-1000 days. It is generally accepted that these putsatiave a twofold féect:
first material is levitated above the photosphere to regidmsre densities and temper-
atures are favourable to dust grain formation, and secahélgnergy pumped into the

atmosphere combined with the radiation pressure on thegdaives the dust and the
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coupled gas outward in a stellar wind (Wickramasinghe e1@66; Bowen & Will-
son 1991; Srinivasan et al. 2009). Mass loss increases aeiglly with increasing
luminosity (Bloecker 1995). On the lower part of the AGB thars are non-variable
and mass-loss is low but not completely negligible (Reimd&%5; Dupree & Reimers
1987), at this stage the stars do not produce dust or do sarotifyy quantities. Once
AGB stars reach a stage in their evolution where they expeegulsations and can
be classified as Mira Variables, Semi-regular Variablesard.Period Variables, mass
loss is in the region of 10 — 10°® M, yr~! (Willson 2000). At the tip of the AGB a
super-winddevelops, these dense low speed winds (5-30 Kdnresult in mass loss
rates of up to 10* M, yr=t (van Loon et al. 2005). In this super-wind phase the dust
formation becomes venfigcient, enshrouding the star in an optically thick dust shell
These stars are now referred to as /stars (unless they are C-rich) due to their

strong hydroxyl (OH) masers and IR emission.

Post-AGB Evolution

Once the mass loss from the super-wind and hydrogen shelingudepletes the hy-
drogen envelope mass to below a critical value-@.01 M,, the star leaves the AGB.
The mass-loss rate then suddenly decreases by severat afderagnitude and the
star shrinks with constant luminosity (Kwok 2005). Duririgst transitional period
wind velocities increase causing the matter surroundiegctire to disperse, the col-
umn density drops and a transitiomalst AGB star becomes optically identifiable (van
Winckel 2003; Gielen et al. 2008, 2011). When theetive temperature of the star
reaches about 30000 K, temperatures afgcent for the degenerate C-O core to emit
ultraviolet photons, which can illuminate and ionise thecggd circumstellar shell,
forming aplanetary nebulaEventually the remaining fuel in the H-burning shell will
be consumed and all nucleosynthesis processes cease aidethains is the degen-
erate core which cools aswvehite dwarf (Paczyiski 1971), and the planetary nebula

gradually disperses into the general ISM.
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1.1.2 Stellar evolution of moderately massive stars

The post main-sequence evolution of moderately massive @5 M,) is complex,
and they follow a rather divergent evolutionary track tighuhe HR-diagram com-
pared to AGB stars. In these massive stars the temperatdrprassure in the core
is suficient for the fusion of helium into carbon and oxygen preirents degenerate
core developing. Instead, the successive fusion of everidre@lements occurs until
an iron core is produced and the core collapses in a Supeaxplasion.

Red supergiants (RSG) are a short-lived stage in the ewaolofi moderately mas-
sive stars. These stars have exhausted their supply ofggdiend are undergoing core
helium burning. During this phase of evolution their cofieetive temperatures and
high luminosity resembles that of the lower-mass AGB stitsthermore, these stars
experience similar phenomena, including dust condensataalial pulsations (albeit

with smaller amplitudes) and mass loss through a slow, dénsty wind.

1.2 Dust Life Cycle

The perpetual cycling of matter between stars and intéastepace gradually alters
the chemical composition of a galaxy. Dust provides an dswttracer of this cyclical

interaction, and by studying its formation, evolution, atestruction we can resolve
the crucial physics in each stage in the cycle. Outlinedvbedoe the many steps
involved in the life-cycle of dust, from its formation in tt@mospheres of evolved

stars, to where dust grains ultimately become consumeddbysimation.

1.2.1 Dust formation on the AGB at solar metallicities

The evolution of dust in galaxies is intrinsically linkedttvithat of the stars, with the
formation of new grain material coinciding with stellar des In our galaxy AGB stars
dominate the injection of new dust into the ISM (Whittet 198@04; Sloan et al. 2008)

while high-mass stars in the RSG phase of evolution alsaibome significantly (Gail
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2003). Other sources that may produce dust are Wolf-Rages,shovae (although
only in small quantities) and supernovae (Gehrz 1989). Bhetive contribution of
dust from supernovae remains controversial as they alswogedust (Dunne et al.
2003; Dwek 2004; Krause et al. 2004; Sugerman et al. 2006s\Mea et al. 2011;
Gomez et al. 2012), but at the current epoch it is assumedstiggrnova produce
only moderate amounts of dust. For the purpose of this woekdikcussion will be
limited to the production of dust around AGB stars, althoagtimilar description can

be applied to the RSGs.

Dust Condensation Zone

In order for grain formation in evolved stars to occur, seveather specific conditions
need to be fulfilled. In AGB stars it is believed that radialgations levitate gaseous
material above the surface of the star (Habing & Olofssor82Q@sulting in a cooling
outflow from which new molecular species form and (at temipges below~1400 K)
dust grains condense ¢fher et al. 1998).

Evolved stars on the AGB are cool, with photosphere tempezatbetweeM ~
2000 — 4000K (this can be higher at low metallicities; Latiar& Wood 2004), sur-
rounded by a dense circumstellar envelope of moleculargggast that can extend to
10° to 10°R,, where R is the stellar radius (Olofsson 2004; Sargent et al. 201@)s€l
to the photosphere temperatures are too warm for solids ndestse, but at greater
radial distances (R 2.5 R.) the gas temperature is fgiently low (i.e. below the
condensation temperature; K 1500K) and densities are fligiently high for dust
formation to occur (Gail 2003).

Around two stellar radii, a quasi-static, dens@rm molecular layeforms (Tsuji
etal. 1997; Woitke et al. 1999; Yamamura et al. 1999; Cami.&0f10; Matsuura et al.
2002; Ohnaka et al. 2005), the physical conditions of whictkenit an ideal site for
dust formation. Various kinds of molecules inhabit thissexted atmosphere. Close to
the photosphere where densities and temperatures arei@ghdlecular abundances

are determined by local thermodynamic equilibrium, CQOHand SiO are formed
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in abundance (Ohnaka et al. 2005; Decin et al. 2010). Withénvtarm molecular
layer dynamical fects due to pulsations and radiation pressure on molecuotedizst

produce a stratified atmosphere (Helling & Winters 2001) hick molecules group
according to the physical conditions they experience.

The mineralogy of the dust shell depends strongly on the oaitipn of the warm
molecular layer and the dust condensation radius (Grosd9a#; Tielens 1998; Gail
& Sedlmayr 1999; Dijkstra et al. 2005; Karakas & Lattanzi®2§) while the eiciency
of dust formation depends on the physical conditions witheenvelope. Solid state
particles can condense out of the gas if the partial pressute condensable species
is (much) larger than the species’ vapour pressure (Gail &8ayr 1999) within
a temperature range aof 1800 K for corundum (AlO3) to ~ 500 K for magnetite
(F&s0,) (Tielens 1990). Variations in gas pressur¢gOCatios and overall metallicity
have been shown to alter the condensation temperature diidtdy several hundred
degrees, and therefore need to be taken into consideratamdérs & Fegley 1999)
when drawing comparisons betweeffelient populations. The density distribution of
the envelope (which is a function of mass-loss rate) alsoenites the dust mineralogy.
In low mass-loss rate objects the premature terminatioh@tbndensation sequence
can occur if there is a steep decline in dust density withadis¢ from the star (i.e.,
the wind density deviates from ard distribution), thus the density drops below the

density required for the next step in the condensation sexgie

Nucleation

Dust formation is a complex process in which the details of sample molecules
grow into large assemblies are poorly understood. Modetga@h formation require
nucleation sites that form the grain core from which the dymscies grows (Gail &
Sedimayr 1988). The intricacies involved make the first stegrain formation, the
nucleation of small clusters, féicult to model from first principles. To simplify mat-
ters, many studies on the condensation sequences in esibesddo not consider the

problem of nucleation of grains but simply assume seed nasteformed at tempera-
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tures above the stability limit of the main dust components.

Nucleation models, particularly in O-rich atmosphere® poorly developed as
the understanding of the grain nucleation process is stiltéd. In carbon chemistries
nucleation is less problematic as pulsations aid the faomatf large polycyclic aro-
matic hydrocarbon (PAH) molecules (Cau 2002). These canftirenlarger particles
through direct chemical reactions with acetylene. In oxygeh chemistries large

molecules do not form in ghicient quantities, and an alternative nucleus is required.

Condensation Sequence

In general, dust condensation occurs in several stagesortieein which the dferent
dust species occur depends on the physical conditions ancth material available
for condensation of solids. In order to predict which typésondensates will be
dominant, studies generally adopt thermodynamic equilibor The thermodynamic
condensation sequence for O-AGBs with a solar composisiahéown in Figure 1.5.

Equilibrium condensation for a cooling gas of solar compposiwas first addressed
by Grossman (1972) and adapted for circumstellar outflow$ielens (1990, 1998),
who compared the results to spectra obtained byrtfiared Space Observato{{SO).
These calculations show that, for conditions in circuntateshells with an oxygen-
rich element mixture, the main dust components expectec timtmed in chemical
equilibrium are forsterite (MgSiO,) followed by enstatite (MgSi¢) and metallic iron.
Additionally several very refractory compounds such as @@ ZrO condense out at
temperatures above the stability limits of the main compseT hese are not abundant
enough to form quantifiable dust species but may be imposgeet nuclei for the
growth of dust grains formed by more abundant elements. ¥amele, simple oxides
of aluminium or the less abundant titanium are often progasethe basis of seeds
in O-rich environments (Jeong et al. 2003). The stabilityits for some important
condensates are shown in Figure 1.6.

In circumstellar regions the condensation of dust occuis rapidly cooling and

diluted environment; in these conditions it is unlikelythi@ molecular gas will obtain
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Figure 1.5: The thermodynamic condensation sequence fas afgsolar composition.
The temperature refers to the first appearance of the miaéthle pressure relevant
for stellar outflows (P~ 106 — 1073 bar). Image reproduced from Tielens (1998); after

Grossman (1972).

a state of equilibrium. Dust formation and growth under mguilibrium conditions
requires mantle growth of each condensate to be solved tsinedusly with the con-
sumption of stellar material and the equations which gotleencomplex dynamics of
the stellar wind. Solutions for these equations for a sgladlyi symmetric stationary
outflow with a chemical composition typical of an oxygenhriBGB star have been
obtained by Gail & Sedlmayr (1999). They found that the cleaihcomposition of
the condensates mainly consist of compounds formed fromefin@ctory compounds
Mg, Si and Fe together with oxygen, although some dust maybadd from the
less abundant elements Al and Ca. Olivine gMi(1-SiOs) and iron grains were
found to dominate the multicomponent dust compositionhwdme periclase (MgO)

forming in the outflow. Correspondingly, Ferrarotti & GailQ@1) explored the con-
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Figure 1.6: Stability limits in the P—T plane for some im@mt dust species formed
by the most abundant refractory elements in a oxygen-rietmeht mixture, from Galil

(2010).

sequences of variations in Mg and Si abundance ratios onctin@asition of silicate
grains, like Gail & Sedimayr they found that olivine-type texdals are favoured over
pyroxene-type (Mg-e_,SiOs) condensates for the abundant dust component.
Experimental studies on condensation sequences providéeanative approach
for determining the dust mineralogy in stellar outflows. Tdolvantage of such an
approach is the freedom from equilibrium situations or higtiealised environments.
However, achieving the densities, temperatures and tialesanalogous to stellar out-
flows is challenging. The first such study was conducted by &&onn (1978). In
their experiment Mg and SiO solids were evaporated into emogphere of argon or
hydrogen. They found that the condensates from the silicetterial were mostly
amorphous with widely varying stoichiometries. These ggavere vary stable upon
heating in a vacuum, requiring temperatures of 1100 K foreosion into crystalline

forsterite (M@SiO,). Subsequent condensation experiments on a wide rangeofiva
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compositions (Nelson et al. 1989; Rietmeijer et al. 199%h\at al. 2002; Rietmeijer
et al. 2009) produced amorphous grains that had a limitedoeurof mixed compo-
sitions. For example, Rietmeijer et al. (1999) found thatdensates from a mixed
Fe-Mg-SiO vapour does not produce solids with mixed Mg-Feenposition but
pure Fe-rich or pure Mg-rich silicates. Other techniques @ire used in laboratory
experiments to produce grains with a controlled compasitiostructure include laser
ablation, sol-gel reactions and arc discharge (for moraildedn these methods see

Brucato et al. 2002 and references therein).

1.2.2 Interstellar Medium

Ultimately the stellar wind from AGB stars expels the newdyrhed dust grains into
the difuse ISM where they are subjected to a number of collisiondl dastructive
mechanisms. The standard residence time for dust injentedhe ISM of the Milky
Way is~ 2.5 x 10° years (Jones et al. 1996; Jones & Nuth 2011) before incatipara
into new proto-stellar systems, yet due to the various destm mechanisms the aver-
age dust lifetime is approximately.@2- 6) x 10° years (Tielens 1998), thus interstellar
dust grains must rapidly re-form under conditions appaterto the ISM. While dust
formation processes in the ISM are not clear, it probablgsgiace in dense molecular
clouds (Sofia et al. 1994).

In molecular clouds grain growth most likely occurs throulgé accretion of metal
elements onto grains and coagulation. (Boulanger et aD;Z0@ukovska et al. 2008;
Hirashita 2012). Injected circumstellar dust probablyesras condensation centres
for heavy elements not incorporated into grains, and thesg Ime further processed
into more complex species. Thus, due to the processing afahasthe vastly dfer-
ent conditions in molecular clouds to those in circumstedlatflows, the majority of
dust in the ISM will reflect interstellar compositions anchddions. At a later point
this newly-formed dust will be recycled back into theéfdse ISM where it is again

destroyed; this cycle occurs many times before the dustciselkb up in star forming
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regions.

High-velocity shocks* 200 km s?) from supernova explosions dominate grain
destruction in the ISM through thermal sputtering (Draine&S&lpeter 1979; Seab &
Shull 1983; Jones et al. 1994, 1996), while in lower veloshpcks grain-grain colli-
sions cause shattering as well as vaporisation. The cuneikdfects of many strong
shocks essentially lead to the complete disruption of ajidd~ 1000 A) grains, sig-
nificantly altering the grain size distribution. In additiccosmic ray impacts may also
process the grain, transforming its physical structureugh the deposition of energy
in the mineral lattice, this has been seen in some pre-s@argy(extracted from mete-
orites) that have survived with relatively little damagerfr their residence in the ISM.

In these grains tracks are clearly visible from cosmic ralisions (Bradley 1994).

1.2.3 Star-Forming Regions

Eventually, if a grain is not destroyed by interstellar skeoit will probably end up ina
dense cloud core of a collapsing protostellar region (®uth al. 1999; Dullemond &
Dominik 2005). In order for the cloud to collapse fully, thecess gravitational energy
needs to be radiated away, otherwise thermal pressurenilept further contraction.
Dust dominates the cloud’s opacityfectively absorbing the optical photons and re-
radiating the excess energy in the infrared where the clswagiically thin. Thus dust
plays a pivotal role in the development of a hydrostatic cdiee formation of a new
star and the subsequent accretion and coagulation of thesgrdao various bodies

essentially ends the life cycle of dust in a galaxy.

1.3 Dusty Winds

The outflow dynamics, and in particular the density and vigtaf the wind, play an
important role in the formation and evolution of dust. Wirafscool luminous AGB

stars are accelerated in their outer atmospheric regiorerdby radiation pressure on
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the newly formed dust grains. These grains have a high gpicihe ultraviolet, op-
tical and near-IR, thus ardfient absorbers of stellar photons. The strong radiation
fields from the stellar photosphere impinges on the grasnssfierring momentum re-
sulting in a net acceleration outwards (Gehrz & Woolf 197bwen 1988; Lafon &
Berruyer 1991; Fleischer et al. 1992; Sedimayr & Dominik 39Bi6fner 2008). In
densities typical of AGB stars the gas and dust are collalgrcoupled, mostly via
grain-H, collisions (Gilman 1972), and so the surrounding gas isegelled from the
star at velocities between 5 and 30 kmh @Marshall et al. 2004) resulting in mass-loss
rates of up to 10* M yr2.

Observations of the winds in AGB stars show that velocitieseeding the local
escape velocity occur at several stellar radii above theaqgspbere (Richards et al.
1999), supporting the idea that dust is the driving mectmaitthe winds in these cool
luminous objects. Stars with similar mass, luminosity afféative temperature can
have quite dierent winds and mass-loss ratether & Andersen 2007). Metallicity
can also influence the wind properties: this is discusseeétfaildn Section 1.5.

The momentum coupling between the grains and the gas setgalimit to the
mass-loss rates that can be driven by dust, on the order ¢fMQ yr-t. The mo-
mentum exchange per collision and the rate of collisionseddpon the velocity of
grains with respect to the gas. At low mass-loss rates eatlyd AGB phase, the drift
velocity (the relative velocity of the dust grains with respto the gas) is high. This
means that the grains rapidly pass through the region whaia growth is dicient,
consequently the average grain size will be small (Simis @081). Due to their large
surface to mass ratio, grain acceleration becomes nfhogeat and the drift velocity
increases. If the drift velocity becomes too high the résgltollisions with the gas
particles will be energetic enough to destroy the grainss Timits the terminal speed
of the dust particle as it travels through the gas.

High mass-loss rates occur when the drift velocity is low #mdensity is high.
The gradual increase of the average grain radius with tiradddo lower drift ve-

locities. Consequently the mean free path is shorter and odxgard momentum is
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transferred to the gas. As the dust is accelerated outwaidigas densities quickly
decrease, grain growttfectively halts.

In recent years the driving mechanism for the super-winchefdxygen-rich case
has been queried, whereas in carbon stars the mass-losamsalappears to be rel-
atively well understood, as demonstrated by comparisohsdsn observations and
dynamical models (Gautschy-Loidl et al. 2004; Nowotny et28l05). Detailed dy-
namical models for M-type stars require the silicate gramsdensing in AGB atmo-
spheres to have an extremely low iron content (cf. Woitke&2®@®fner & Andersen
2007). Increasing the Fe content would cause too much ragliagéating of the sili-
cate grains, and consequently the re-evaporation of tha.glmalysis of astronom-
ical spectra support this conclusion. Observations shawdincumstellar crystalline
silicates (e.qg., olivine [(Mg, Fe¥iO,] and pyroxene [(Mg, Fe)Sig)) are magnesium-
rich (Tielens 1998; Bowey & Adamson 2002), however it is aeimable that amor-
phous silicates have an Fe component (Molster et al. 1998apér et al. 2004; van
Boekel et al. 2005). Without this inclusion of Fe-bearinlicaies the grain opacity
is not high enough tofeciently absorb the stellar light at near-IR wavelength®{Ti
lens 1998; Woitke 2006), consequently radiative pressame$oo low to generate the
mass-loss rates observed. Micron-sized Fe-free silicai@egmay provide a possible
solution to the opacity problem in the winds of M-type stdls high radiative scat-
tering cross-section of these small grains compensatabiéarlow absorption cross
section (Hbfner 2008; Norris et al. 2012) resulting inflaient radiative pressure to
drive an outflow. Other proposed solutions include the fdromaof small amounts
of carbon based dust or solid iron condensates (Kemper 20@2; McDonald et al.
2010).

1.4 Infrared Studies of Dusty Evolved Stars

The cool photospheres (¥ 2000 — 4000 K) of AGB stars emit the peak of their

radiation in the near-IR portion (from about 0.8 to i) of the electromagnetic
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spectrum. The dust shell around these stars also contilbatan IR excess, with
dust absorbing UV and optical light and re-radiating it panity in the infrared as
either continuum emission or through the de-excitationat&tional and vibrational
transitions in molecular bonds. Thus, to study dusty massyy evolved stars, we
need telescopes capable of imaging and spectroscopy ifemgtls betweer 1 um

and a few hundregm.

1.4.1 The detection of dust
Photometry

Broadband photometry can identify luminous objects withux #xcess above the
photospheric emission in the IR, indicative of circumsteliust, in a large number
of objects through colour-magnitude diagrams. These dragrhave several distinct
features, including branches that trace RGB stars, AGB dbaickground galaxies and
foreground objects. If these stars come from a single pojpuldahen evolutionary
models can be applied to derive the evolutionary historjnefdopulation (see Chapter
6). Otherwise applying a combination of near-IR and mid-tfoar cuts to the photo-
metric data provides a means of classifying point sourcdsatimating the individual
constituents of a galaxy (see Chapter 2). Photometric oagens may also be used to

construct spectral energy distributions (SEDs) to modeds¥ass rates (see Chapter

3).

Spectroscopy

Quantitative analysis of the dust mineralogy requiresitigt&nowledge of the spec-
tral features at wavelengtbhs2 um, where the dominant solid state components exhibit
resonances. The spectral signatures, due to the strorgg latibrations of solid state
grains, can be used to determine the composition, abungdteroperature, size and
shape of the dust grain population, having more diagnosiveep than that of pho-

tometric measurements, which provides information on tledaj properties of the
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grains. IR spectroscopy also encompasses molecular andcaémission and ab-
sorption lines, providing a diagnostic to determine phgkarameters such as the

temperature, density and radiation field in the wind.

1.4.2 Dust Mineralogy

As mentioned earlier (Section 1.1.1), there is fiadence between the dust chemistry
in O-rich and C-rich evolved stars, with the former mainly sting of silicate dust
species and metal oxides while the latter is comprised dfar@ceous species, such as
amorphous carbon and polycyclic aromatic hydrocarbon$i@)AThe work presented
in this thesis is predominantly dedicated to O-rich astysdal environments, and we
limit the discussion on mineralogy to those dust specieslwhave been detected or
are expected to form in O-rich envelopes.

Silicate dust dominates the IR spectra of the majority oftgueducing O-rich
AGB stars, and can be found in either amorphous or crysealliiomm. The lattice
structure of the particles dictates if a silicate grain isogpmous or crystalline. If
there is a high degree of order in the lattice, the dust istaliyse, otherwise, it is
in amorphous form. Amorphous silicates are most abunddmatracterised by their
broad, smooth features at 10 and&@ due to Si—O stretching and O-Si—O bending
inside a lattice (Figure 1.7).

Depending on the optical properties of the envelope, theacheristic 1um and
20 um silicate bands are seen in emission or absorption. For lagsApss rates the
envelope is optically thin and the bands appear in emisgisrhe optical depth of the
dusty shell approaches unity the features become seliaddiothis transition occurs
firstin the 1Qum feature (David & Papoular 1990). In optically thick shefie features
appear in absorption.

Crystalline silicate features can be identified by their phearrow resonance fea-
tures produced by lattice mode vibrations at wavelengtlyoieg 10um. The peak

positions and shapes of these bands are dependent on theadbg(Mg-+Fe) ra-
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Mass Abs. Coefficient
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Figure 1.7: Mass absorption déieients of amorphous (purple) and the crystalline
(red) silicate forsterite. The amorphous silicates pradieo broad bumps at 10 and

20 um, while the spectra for crystalline silicates exhibits jmaharp features.

tio, lattice structure, grain size and morphology (Molsteral. 2002b; Chihara et al.
2002; Koike et al. 2003; Min et al. 2003; Molster & Kemper 2D0Brom these varia-
tions in peak position and feature shape it is possible tstcaim the minerals present.
Comparisons with laboratory data have primarily identifieeste crystalline grains as
Mg-rich olivines and pyroxenes (forsterite: Y8jO, and enstatite: MgSi¢) with little
or no iron content (Molster et al. 1999b; de Vries et al. 20Tjere is also evidence
for Ca-rich pyroxenes such as diopside (Molster et al. 2002b)

The broad spectral features of amorphous silicates makesrdier to determine

their exact mineralogical composition from spectroscooth amorphous olivine
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Figure 1.8: The Spectra of MSX SMC 018, a dust-enshroudedenyich AGB star
in the SMC.

(MgaxFe,_2Si0,) and amorphous pyroxene (Mg «SiOs) have similar shaped fea-
tures, however the amorphous pyroxene features peak aralglshorter wavelength.
Model spectra fits to this region show evidence for the presei iron in the amor-
phous silicates either in the matrix or as a metal inclusi@Ossenkopf et al. 1992;
Kemper et al. 2002; McDonald et al. 2010), this is in conttaghe crystalline sili-
cates which are Fe-poor.

The diference in Fe content of the crystalline and amorphous &kcalters the
grains near-IR absorptivity, resulting in a temperaturedential between the grains
(Woitke 2006; Hbfner 2009). Thermodynamic calculations may in part exptais
difference in composition, as forsterite and enstatite are grntiom first silicates to

condense, while iron-containing silicates will form atrsfgcantly lower temperatures
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Normalized dust emission

Wavelength {um)

Figure 1.9: The continuum subtracted spectrum of G Her, @yetto potential carri-
ers for the emission bands. The grey solid line represents@mus alumina (AO3),
the dotted line spinel (MgAD,), and the dashed line MgFe) 0. Figure taken from
Cami (2002).

(Gail & Sedimayr 1999).

Crystalline silicates tend to be only a minor component casinpy ~ 10% of cir-
cumstellar dust shells (Kemper et al. 2001), yet some seuraee been shown to have
much higher abundances (Molster et al. 2001; Jiang et aB)20Aolster et al. (1999b)
identified a link between source morphology and crystdjlinBources with circum-
stellar disks having a higher degree of crystallinity thphexical sources. In the same
paper Molster et al. also noted compositional similaribesween crystalline grains
for both evolved and young stars, indicating that the sarystallisation process must
be responsible in both cases. Waters et al. (1996) foundatiiye features tend to
be more prominent for stars with cooler dust shells, alttiotngs does not mean that

crystalline silicates are indeed more abundant (Kempdr 20a81).
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Other dust species detected in oxygen-rich environmeaklsde: alumina (AlOs),
silica (SiQ,), spinel (MgALO,), metal oxides and metallic iron (see Figure|1.9). It
should be noted that identification of these species is dftéesed on a single (strong)
feature, or the presence of a IR excess which cannot be nepeddoy other more
conventional species. For instance severéiledent species have been proposed as
the carrier of the narrow 1@m dust feature detected in the spectra of oxygen-rich
evolved stars. As this feature is predominately identifiedSRb variable stars and
RSGs with low infrared excesses and a narrow range of staflatospheric and dust
shell temperatures (Hron et al. 1997; Sloan et al. 2003a)pliysical conditions of the
shell must strongly influence its formation. Suggestediearifor this feature include
spinel (Posch et al. 1999), corundum (Onaka et al. 1989)icd ESpeck et al. 2000).

In order to provide a more reliable identification, attentpase been made to associate
it with other emission features (Fabian et al. 2001; Sloaal.2003a), however, there

is still dispute about any perceived correlations. Foranse, other bands attributed
to spinel around 16.8 and 3dn have not been detected, indicating that spinel is an
unlikely carrier of the 13:m feature.

The emission feature at 20m also has a number of proposed carriers. Molster
et al. (2002a) tentatively attributed this band to silichjlerMg,Fe,_ O may also be
a potential carrier (Cami 2002). Depending on the/FMgratio, the band position can
range from 16.5 to 19.am, whereas its shape and strength are particularly seasitiv
to grain shape, making a definite identification challenging

Iron is also an interesting case. In circumstellar envirenta it is highly depleted
in the gas phase (Maas et al. 2005), thus must exist in saim, feither incorporated
in other grains or as metallic iron grains. However, metation has no IR vibrational
modes and its presence can only be inferred from a featgrehed-infrared excess

(McDonald et al. 2010).
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1.4.3 Dust characteristics

From the relative strength and shape of the spectral bamigatsible to constrain the
temperature of the dust and the grain size and shape (BoB&3) Eabian et al. 2001,
Min et al. 2003; Voshchinnikov et al. 2006). Changes in gr&a alter the width of the
features because offterences in the resonances in the refractive indices of the gr
material (Figure 1.10); as grains become larger the stheafjthe features weakens
(particularly at shorter wavelengths) and the peak pasivdl shift to slightly longer
wavelengths (Min et al. 2004; Waters & Leinert 2008). Tenap@e changes alter the
feature strengths, producing less distinct bands at coeheperatures.

Grain-grain collisions in the outflows of evolved stars f&sin the fragmentation
of large grains, limiting the maximum size of the dust graifi$is tends to produce
a power law size distribution (Biermann & Harwit 1980; Donkiet al. 1989). After
numerous collisions the grains are assumed to be small qechpa the wavelengths
of interest & <« 1/2r), with a typical radius of 0.05 to 0/4m.

Grain shape is thought to be dependant on the temperatuwenadfion, with grains
forming in warm environments tending to be spherical, wthigse in cool regions have
a more spheroidal formation (Moshchinnikov et al. 2006).ddis of the spectral fea-
tures tend to use either perfectly spherical grains or glagiwith a irregular structure
(e.g. continuous distribution of ellipsoids). A homogeugapherical compact grain
is often assumed when performing radiative transfer catauts for ease of computa-
tion; as Mie theory (Mie 1908; Aden 1951; Toon & Ackerman 1p8an be applied
to calculate the absorption cdheients of the dust grain. A more realistic approach to
modelling the dust structure is to used irregularly shapatiges. As observations in-
clude contributions from an ensemble of particles with @asi shapes, the shape of an
individual grain is unimportant (Min et al. 2007). Only theesage optical properties

of the various shapes needs to be considered.
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Figure 1.10: Mass absorption spectra of forsterite witfedent grain sizes and shapes.
Top panel: forsterite grains of 04m (solid line), 2.0um (dashed line) and 4,0m
(dotted line). Bottom panel: forsterite grains with Gaassiandom field (solid line),
distribution of hollow spheres (dashed line) and spheilitia (dotted line) shape dis-
tribution, from Gielen (2009).

1.5 Hfects of metallicity on AGB stars and dust

The chemical evolution of a galaxy refers to the changesdaratiundances of chemical
elements over time. As subsequent generations of starsoanetirey become more
metal-enriched, as heavy elements manufactured by nucdeations in the stellar
interiors of previous generations are returned to the IStegithrough stellar winds
or supernova explosions, modifying the composition of djed stars are made from
(Timmes et al. 1995; Travaglio et al. 1999; Pritzl et al. 2005

The elemental abundance of AGB stars is reflected by its tiogtial(defined as

the ratio of a star’'s metal abundance relative to hydrogempared to that of the Sun).
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As dust grains are composed of metals, the number densiteafrains, grain growth,
and the grain size distribution could be sensitive to thendaaces the star formed
with. The chemical composition of the grain material wikalbe #ected by metal-
licity, as different element mixtures alter the dust manufacturing pseses Obser-
vations of AGB stars in the Milky Way and Magellanic Clouds gesgt the amount
of dust produced by oxygen-rich AGB stars decreases as thallitiey of the star
decreases, while the quantity of carbon-rich dust produeetiins unchanged (Groe-
newegen et al. 2007; Sloan et al. 2008). The behaviour ofukemoduced by carbon-
rich AGB stars shows little dependence on metallicity sitieey self-synthesise the
main constituents of the carbonaceous grains. For oxygérstars, the dust requires
metallicity-limited elements for both the nucleation seathd molecular condensates
(in particular, Si, Al, O, Fe, Ti).

In oxygen-rich environments a decline in metallicity résuh a weakening of the
circumstellar silicon monoxide (SiO) @n absorption feature (Matsuura et al. 2005),
emission from alumina-rich dust becomes negligible (Sleaal. 2008), and there is
a decline in the abundance of silicate dust. The reductidioth SiO molecular band
strength and silicate dust abundance is consistent withettheéced silicon in a star’'s
photosphere in a metal-poor system. However, the absenaenofphous alumina
dust in the Magellanic Clouds is more surprising. It is expdd¢hat non-alpha-capture
products like Al have a steeper faffan elemental abundance with decreasing metal-
licity compared to elements like Mg and Si which are produgedhorter time-scales
(Wheeler et al. 1989). Yet this should not beisuent to fully explain the missing
alumina dust in the Magellanic Clouds. Furthermore, aluntinst has been detected
in oxygen-rich circumstellar envelopes of stars in the inpteor Galactic globular
cluster 47 Tuc (Lebzelter et al. 2006; McDonald et al. 2011Bhis suggests that
under-abundance of alumina in the Magellanic Clouds sanplaaybe due to an ob-
servational bias. We look at the alumina abundance in OA{BB stars in more detail
in Chapter 5.

As you go to more metal-poor systems the fraction of ‘nakedhesd stars (i.e.
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Figure 1.11: Maximum (O ratio attained by stars at a given metallicity and initial

mass, from McDonald et al. (2012) based on isochrones bygd&iGirardi (2007).

those without an IR excess or dust features) increasesn(®loal. 2008). Typically
in Galactic sources with periods greater than 250 days, iti@uat of dust emission
generally increases with increasing pulsation period amsequently with evolution
along the AGB. In the Magellanic Clouds, oxygen-rich AGB staith periods of less
than 500 days generally have no associated dust shell, as8hfces still tend to be
naked up to periods of 700 days. This indicates a considetaglin dust production
compared to their Galactic counterparts (Sloan et al. 2008)

The fraction of carbon- to oxygen-rich AGB stars, and the smasge that the car-
bon stars encompass, depends on the metallicity of the ht@styg(Blanco et al. 1978,
1980; Groenewegen 1999; Cioni & Habing 2003). AGB stars witlarsabundances

will become carbon stars if their initial mass is in the regad 1.7 — 4 M, (Straniero
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et al. 1997; Marigo & Girardi 2007), this mass range incredsel.2 — 4 M, at metal-
licities comparable to the SMC (Zijlstra et al. 2006). Thisdue to the lower original
oxygen abundances in the atmospheres of AGB stars at sabrsetallicity; as such
stars require less carbon to be dredged up to produciar&lio greater than unity
(Lattanzio & Wood 2004). Additionally, dredge-up is morf@@ent at lower metallic-
ity (Vassiliadis & Wood 1993), adding greater amounts obcar, thus the (O ratio
should be systematically higher in the Large and Small Magel Clouds (Marigo
2002).

Figure 1.11 shows the theoretical maximur®©Gittained by stars at a given metal-
licity and mass. The exact limits where stars are expecté@dtome carbon-rich de-
pends on several parameters including the amount of dreggelass-loss and hot
bottom burning. Current models are noffistiently accurate to state the boundary-
region to a high degree of certainty, thus, observationgeifas populations are re-
quired to constrain the region in mass-metallicity spacemlstars are expected to
become carbon-rich. Evidence of this enhancéd f&tio in lower metallicity systems
has been detected by Matsuura et al. (2005) who found that thtBon stars have
a GO of ~1.5 compared te: 1.1 in typical Galactic stars. This directlyfacts how
much carbon-rich dust is returned to the interstellar miedit low metallicities.

The metallicity of an AGB star carfict its wind properties. Prior to the launch of
Spitzerit was generally assumed that the superwind for all AGB stemsld be weaker
at lower metallicity, and below [FEl]= -1 the dust-driven wind would fail (Bowen &
Willson 1991; Zijlstra 2004), requiring a pulsation-dnvevind to drive the outflow.
Instead,Spitzerobservations indicate that high mass-loss rates can beachivith
dust-driven winds even at very low metallicity ([fF§ < -1; Lagadec et al. 2008; Sloan
et al. 2009; McDonald et al. 2011b).

Both dust and total mass-loss rates estimated for carbos st@w little depen-
dence on metallicity, reaching rates comparable to Galatdirs (Groenewegen et al.
2007; Matsuura et al. 2007; Lagadec et al. 2009), howewvetuthinosity at which the

superwind is observed decreases with metallicity (Lag&d£glstra 2008). This can
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be explained by theficient formation of carbonaceous dust and the higher abwedan
of self-synthesised free carbon at low metallicity.

Oxygen-rich stars in the Milky Way and the Magellanic Cloudsén similar to-
tal mass-loss rates at higher luminosities, but the duss#uss rates show a strong
metallicity dependence (Wood et al. 1998; van Loon 2000adag et al. 2008). This
is a consequences of the suppressed dust formation ratéo(theereduced SiO) in O-
rich stars at sub-solar metallicity. This has implication the onset of the superwind,
which could be delayed until flicient oxygen-rich dust has been produced (Lagadec
& Zijlstra 2008; McDonald et al. 2012).

To characterise the total rate at which material is returttethe ISM by dusty
evolved stars it is essential that the injection rate of gas @ust is correctly taken
into account. This requires detailed knowledge of the owtflelocity and the dust-to-
gas ratio in circumstellar envelopes. Observations of O#itld&§O maser emission in
O-rich AGB stars indicate that the outflow velocity of the @irs slower for stars of
the same luminosity or pulsation period at lower metalii¢Marshall et al. 2004; van
Loon et al. 2001). Thisféect was first suggested by Wood et al. (1998) who realised
that if the winds are driven by radiation pressure on the ¢asd its coupling to the
gas due to collisions), then the expansion velocity depend®th the dust-to-gas ratio
(¥) and luminosity.

It is expected that metal-deficient systems will have a lodust-to-gas ratio in
oxygen-rich stars, but for carbon-rich environments thstda-gas ratio may be sim-
ilar to Galactic values (Habing 1996). Observational supfor this hypothesis was
found by van Loon (2000) who noted that the total (gas and)duass-loss rate is
insensitive to the initial metallicity, but the dust-toggeatio has a linear dependence
(Figure![ 1.12).

Other properties of AGB stars also depend on metallicity.ifstance, AGB stars
in metal-deficient systems have warmer photospheres betaesnolecular opacities
are smaller, since there is less heavy elements (e.g irdhinmantles; this results in

a more compact atmosphere. These stars will also have a Bugefree inner cavity
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Figure 1.12: Mass-loss rates and dust-to-gas ratios faubd AGB stars in the SMC,
LMC, the Solar neighbourhood and Galactic centre as a fumctidheir initial metal-
licities. The total (gasdust) mass-loss raté4) only has a weak dependence on initial
metallicity whilst the dust-to-gas rati@/{ has a linear dependence, from van Loon

(2000).

(in terms of R), as the dust formation region will be further from the staedo the
higher temperatures.

Contrary to theoretical predictions (Wood & Sebo 1996), thsavved period—
luminosity relation for Miras is not strongly dependent oatallicity (Whitelock et al.
2008). However, the pulsation amplitude may Wieeted by metallicity. The am-
plitude of the light-curve depends on the wavelength undesitleration; at shorter

wavelengths absorption by TiO (which varies strongly tlyloout the pulsation cycle)
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causes large amplitude changes, at longer wavelengthsffai is not present and
so the light curve amplitude is much smaller. As the abundaicTiO is metallicity

dependant a low-metallicity environment may have weaké&gtion amplitudes for a
given period in the visible. This may lead to a lower fractmindetected variables.

This has been observationally confirmed by Frogel & Whitel(k398).

1.6 Local Galactic Group

The Local Group of galaxies are our closest neighbours téacavithin ~ 1 Mpc of
the Local Group baryonic centre. Their proximity allows osobtain detailed views
of the evolved stellar populations and their dust produrctidhese nearby systems
also allow us to analyse the global picture of the life cydienatter at a particularly
metallicity, representing a sample of galaxies that haeenehtal abundances much
closer to the primordial abundances in the early Univerdge Docal Group consists
of three massive spiral galaxies (the Milky Way, Andromedd ®33) and more than
51 dwarf galaxi& which tend to be satellites of the spirals. Figure 1.13 shtive
distribution of galaxies in the Local Group. The individgallaxies of the Local Group
span a large range of basic properties; they are expectdwto wriations in gas-to-
dust ratios, dust content and extinction curves due to thierdnt compositions of the
stellar populations which dominate the interstellar dustalhment.

Infrared surveys on Local Group galaxies provide an idegloojunity to investi-
gate how the mineralogy and chemistry of dust produced biyiohehl evolved stars
depends on metallicity on a galactic scale. It also allowsousiake accurate com-
parisons between stars as their distances are known, aweé begir luminosities can
be determined. For Milky Way sources, obtaining accuratasueement of stellar lu-
minosities is problematic due to extinction and unkngumeertain distances although,

the launch ofGAIA in late 2013 will soon provide precise distance measuresment

1The number of confirmed Local Group galaxies increases atiieeof about four per decade (van
den Bergh 2000).
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Figure 1.13: Map of the Local Group of Galaxies from Greb&l99). The 1 Mpc

boundary is indicated by the dashed line.

~10° AGB stars in the Milky Way by measuring their parallaxes.

Currently, it is only possible see a global picture of the bifecle of dust in the
galaxies closest to us, such as the Magellanic Clouds. Tyisres large surveys of
the entire galaxy, with the ability to resolve evolved statgpernova remnants, inter-
stellar clouds, and star forming regions across a wide sge@nge, i.e ultraviolet,
optical, infrared, submm, and radio. Limited spatial resioh and sensitivity prevents
the detailed study of the dust-life-cycle in the more distmlaxies in the Local Group,
for instance Andromeda (M31). However, it is possible tmhes and obtain photo-
metric measurements of the brightest, dustiest AGB stakatromeda and its satellite
galaxies which will provide valuable clues in understagdime stellar population and

dust input in other types of galaxies in the Local Group.
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Table 1.1: LMC and SMC parameters

Parameter LMC Ref. SMC Ref.
Distanced (kpc) 4997+017 1 612 23
Metallicity, [Fe/H] (dex) -0.3 45 -07 45
Inclination angle ) 347 +6.2 6 68+2 7
Gas-to-dust ratio¥) 200 . 500

E(B-V) (mag) 013 8 Q04 9

Rererences: (1) Pietrzynhski et al. (2013); (2) Cioni et al. (2000); (3) Szewczyk et al.
(2009); (4) Luck et al. (1998); (5) Meixner et al. (2010); (&n der Marel & Cioni
(2001); (7) Groenewegen (2000); (8) Massey et al. (1995 )€dris & Zaritsky
(2004).

1.6.1 The Magellanic Clouds

Observations of evolved stars in the metal-poor envirorteeithe Magellanic Clouds
with the Spitzer Space Telescopmvide an ideal opportunity to explore metallicity ef-
fects on the O-rich dust condensation sequence in AGB stafdainvestigate how
the dust mineralogy depends on the physical and chemicditooms of the envelope.
Within the Large Magellanic Cloud (LMC) and Small MagellaniooGll (SMC), we
have a set of stars with similar characteristics: they dratapproximately the same
distance from the Sun and are assumed to have a narrow ramgetallicity within
each galaxy. This allows us to measure luminosities andrdass-loss rates from the
observed spectral energy distributions. The parameterstad in our calculations for
the Magellanic Cloud stars are listed in Table/1.1. The dugfats mass ratios of stars
in the Magellanic Clouds are assumed to be lower than thodarsfia the solar neigh-
bourhood and to have a linear dependence with metallican (yoon 2000; Marshall
et al. 2004; van Loon 2006), breaking the degeneracy betteetust column density

and the gas density in the outflows of AGB stars.
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LMC

The Large Magellanic Cloud (LMC) is a barred irregular galaxydas the fourth
largest galaxy within the Local Group. Studies of the resdlstellar populations
combined with the global picture of the LMC is made possildeduse of its proxim-
ity (51 kpc; Feast 1999) and favourable viewing angle’{3&n der Marel & Cioni
2001) resulting in a low column density along the line of sighompared to the Sun
the Magellanic environment is metal-poor, having a metigjliof [Fe/H] ~ —0.3 dex
(Westerlund 1997) which is similar to the mean metallicifytoe Milky Way ISM
during the epoch of peak star formation (Madau et al. 1996efa. 1999). The dust-
to-gas mass ratio is also lower than that of the Solar neigiitmmd, resulting in higher
ambient ultraviolet fields (Gordon et al. 2003).

The LMC has been surveyed with many instruments; early sgraé optical and
near-infrared wavelengths detected mainly AGB stars witically thin dust shells
(Westerlund et al. 1978; Blanco et al. 1980; Rebeirot et @831 Frogel & Blanco
1990). It was not until the launch of the IR Astronomical 3a&e(IRAS) in 1983 that
the first IR images of AGB stars in the Magellanic Clouds wertamed (Frogel &
Richer 1983), providing a new window in which to explore tloeises of dust. The
launch ofIRASalso marked the beginning of galaxy-wide surveys in the IRems
large data sets are used provide insights to the propeftiee diost galaxy. Following
the surveys of DENIS (1995-2001), MSX (1996-1997) and 2MABX7-2001) of the
Magellanic Clouds in the near-IR, high-resolution photamet almost the complete
population of AGB stars with absent or optically-thin dukels is available (Skrut-
skie et al. 2006). Obscured AGB stars with low near-IR fluelsypresent more of a
problem as detectors were hampered by their sensitivitytdd to only the brightest
sources (Cioni et al. 2000).

The Spitzer Space Telescoffépitzer Werner et al. 2004), launched in 2003, en-
abled IR imaging and spectroscopy of the Magellanic Cloudsaeptional detail. The

high spatial resolution and unprecedented sensitivitgmitzerin the mid-IR enabled
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Figure 1.14: The Large Magellanic Cloud as imaged®bitzerat 3.6 (blue), 8 (green),
and 24 (redum, reproduced from Meixner et al. (2006).

a full census of all objects brighter than [8.8]15 mag in the LMC (Meixner et al.
2006). The projecBurveying the Agents of Galaxy EvolutiAGE) has produced a
uniform and unbiased photometric survey of the LMC in all IR&AC (3.5, 4.5, 5.8,
and 8.0um) and MIPS (24, 70, and 10n) bands (Figure 1.14), which complements
the opticalMagellanic Clouds Photometric Surv@CPS) in the U, B, V, and | bands
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and theTwo Micron All Sky Survef2MASS) in the near-infrared (J, H and Ks bands).
Herschelhas also targeted the Magellanic Clouds, probing the faaiiefl (FIR) and
submillimeter (submm) regime, detecting the emission fomhdest dust grains. These
surveys provide complete SED coverage and thereby trackfeheycle of baryonic
matter that drives galactic evolution. A spectroscopitof@tup to the SAGE photo-
metric survey; SAGE-Spec (Kemper et al. 2010) charts tleedjfcle of gas and dust
in galaxies by observing a variety of circumstellar andrsitellar environments, com-
bining these results with the photometric data will provadglobal view of the dust

cycle in the Large Magellanic Cloud.

SMC

The Small Magellanic Cloud (SMC) is an irregular dwarf galaxXyieir shares a com-
mon envelope of neutral hydrogen with the LMC. The SMC has a&tawean metal-
licity ([Fe/H] ~ —0.7) and a higher gaseous mass fraction compared to the LMC and
the Milky Way (Bekki & Chiba 2007). This lower metallicity caes late-type stars
of a given temperature to be bluer than similar stars in theCLNThe SMC’s more
primitive nature also means that it could be used as a criinlafor understanding
high-redshift galaxies.

As with the LMC, the SMC has been surveyed by numerous instntsneartic-
ularly in the near-IR and mid-IR. These includ&ARI and Spitzersurveys of the
inner~3 ded bar region (Bolatto et al. 2007; Ita et al. 2010). In additithe Spitzer
SAGE-SMC (Surveying the Agents of Galaxy Evolution in thedlly Stripped, Low
Metallicity Small Magellanic Cloud; Gordon et al. 201%pitzerprogram has con-
ducted a comprehensive survey of the entire SMC includirgltr, wing and tail
regions (Figure 1.15), providing a complete census of tlwdved star population in

the Magellanic Clouds.
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Figure 1.15: The Small Magellanic Cloud as image®pytzerat 3.6 (blue), 8 (green),
and 24 (redum, reproduced from Gordon et al. (2011).

1.6.2 M32

Messier 32 (M32) is a compact, low-luminosity ellipticalEgalaxy and the closest
companion to the Andromeda galaxy, with a projected sejoaraf 22 (5 kpc) from
M31's centre (Howley et al. 2012). M32 is the only true ellipd galaxy in the Local
Group, as such the galaxy is no longer undergoing star-foomaTlhe morphology of
M32 has been influenced by interactions with Andromedal sttgping has removed

M32’'s interstellar gas (Sage et al. 1998) and dust (Gordah 2006), and interactions
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may also explain the remarkable lack of globular clusters.

Due to its relative proximity (763 24 kpc; Jensen et al. 2003), the bright stellar
population of M32 can be resolved with both tHabble Space TelescopedSpitzer
in the bulge and outer halo (however, the extremely highaserforightness hinders
detections in its central regions). M32 has been extensstallied, through both inte-
grated light spectroscopic studies and photometric stusfieesolved stars (e.g. Baade
1944; Rose 1985; Grillmair et al. 1996; Worthey et al. 200dragdini et al. 2012).
These indicate a complex star formation history, and ingitech debate about the

nature and spatial distribution of M32’s stars.

1.6.3 Globular Clusters

Galactic globular clusters are also ideal environmentshiicivto study low-metallicity
evolved stars. These systems contain approximatelyd @ metal-poor old stars,
which formed during a single star-forming event (Benacguz002). The majority
of globular clusters are comprised of a single stellar papoih (v Centauri being
a notable exception: McDonald et al. 2011b) and have routiftdysame mass and
metallicity. Estimated metallicities for Galactic globulclusters range from [[Ad] =
—2.3to Solar (Harris 1996), while their ages range from 108&yr (Ashman & Zepf
1998). Unlike the galaxies in the Local Group, globular tdus are not undergoing
star formation, and have virtually no emission from cold I8Mst (van Loon et al.
2006; Matsunaga et al. 2008).

1.7 Overview

Within the wider framework of understanding the life-cydedust on a galaxy-wide
scale, this work aims to investigate thi@eets of metallicity on circumstellar dust pro-
duced by evolved stars. This is accomplished v@iitzerobservations of a large

sample of evolved stars in the Local Group. Low-resolutiofiared spectroscopic
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observations are used to characterise dust compositioreafi@hotometric measure-
ments provide information on individual circumstellar eomments and the stellar
populations in each galaxy.

Chapter 2 focuses on the classification of point sources wbdevith Spitzerin the
Magellanic Clouds. Chapter 3 details work detecting cryistalkilicates in oxygen-
rich evolved stars across a range of metallicities and russsrates while the min-
eralogy of these crystalline silicates is investigated im@hbr 4. A grid of radiative
transfer models for O-rich AGB stars with a range of dust cosiffons is presented
in Chapter 5, which we apply to AGB stars in the LMC to investigée relative con-
tribution from amorphous silicate and amorphous aluminst.dChapter 6 analyses
the stellar content of M32 using photometric data taken \Bpitzer Finally, | sum-
marise the main findings of this thesis in Chapter 7 and dravesggneral conclusions.

Details of some potential avenues for future work are alseryi
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Point Source Classification

The work presented in this chapter was published as part of A@@ESSpec collabo-

ration in Woods et al. (2011), Woods et al. (in prep.) andget al. (in prep.).

Contribution: As a member of the SAGE-Spec collaboration | cantributed to
the testing and refinement of the decision-tree. | also derad bolometric magni-
tudes for the point sources and identified the spectroscopipointings which fell
within the SAGE-SMC footprint. | have assisted in forming a cansensus classi-
fication of sources; for a source to be assigned a classificatti it is required that
three people independently come to the same classificationndependently, | also
contributed to the documentation for the SPICA-MCS instrument by modelling

colours of stellar populations with the proposed filter sets

In order to gain a better understanding of how the mineralagg formation of
oxygen-rich dust depends on metallicity, the followingjgtesis (Chapters/2 ta 5) focus
on infrared spectroscopic studies of a sample of O-rich AGBssand RSGs in the
Milky Way and the Magellanic Clouds. This chapter describew the oxygen-rich
AGB stars and RSGs were identified from a large spectral guwt¢R point sources
in the Magellanic Clouds. It also details how SAGE-Spec midared spectroscopy

was used to calculate the spectral energy distributionsusfydpoint sources using
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a proposed set dBPICAMCS filters and their resulting magnitudes and colours, in

preparation for potential legacy surveys of nearby gakweh SPICA

2.1 Introduction

The SAGE-LMC, SAGE-SMC and HERITAGE surveys have mapped tagédanic
Clouds in the infrared using tHgpitzerandHerschelSpace Telescopes. These surveys
have detected approximately 8.5 million point sources m tMC (Meixner et al.
2006) and 2.5 million point sources in the SMC (Gordon et@l.1). Of these-22000
LMC sources and-7000 LMC sources were classified as evolved, oxygen-rials sta
(Blum et al. 2006; Boyer et al. 2011).

A spectroscopic follow-up to the SAGE photometric surv&§AGE-Spec (Kemper
et al. 2010), targeted point sources in the LMC us8mitzer'sinfrared Spectrograph
(IRS; Houck et al. 2004). These observations cover the tutlihosity and colour
range found in the SAGE-LMC photometric survey. One of thalg@f the SAGE-
Spec program is to develop a comprehensive classificatioanse for point sources
based on the mid-IR spectra. These classifications improveimderstanding of the
stellar populations of the Magellanic Clouds and allow vesifiion of the photometric
classifications (i.e, the colour-colour and colour-magghét cuts) used by the SAGE
and HERITAGE surveys.

The SAGE-Spec collaboration has compiled a complete, hemsausly-reduced
catalogue of infraredA(= 5.2 — 38um) spectra (within the SAGE footprint) taken by
the IRS on boar@&pitzer This data archive contains over 1000 staring-mode observa
tions of sources within the LMC (including 197 from the SA&pec legacy program
itself) and~ 250 pointings in the SMC. Approximately 90 per cent of thesg #Raring
mode targets are unique point sources, which encompasseavamitty of circumstel-
lar and interstellar environments. For a full descriptidnhe original target selection,
observing strategy and the techniques used in the datatreddor the SAGE-Spec

legacy program the reader is referred to Kemper et al. (2010)

64 EVOLVED STARS IN THE LOCAL GROUP



2.2: THE CLASSIFICATION METHOD

2.2 The Classification Method

The 197 objects targeted by the SAGE-Spec legacy program elassified according
to their SpitzerIRS spectrum and existing broad-band photometry, inclydiptical
UBVI photometry from the Magellanic Clouds Photometric Survegrigky et al.
2004), 2MASSJHKg photometry (Skrutskie et al. 2006), mid-IR photometry (IRA
3.6, 4.5, 5.8, 8.0 and MIPS 24m) and far-IR photometry (MIPS 70 and 1@@n),
from the SAGE catalogue (Meixner et al. 2006). These tangeigide an inventory of
dusty point sources in the Magellanic Clouds.

For the purposes of classification, objects in the samplie swhilar spectral char-
acteristics were identified. These objects were groupeetiay and compared to ex-
pected spectral characteristics for the individual catego Objects were classified
according to their evolutionary stage and chemistry (exggen or carbon rich). For
instance, O-rich post-AGB stars can be identified by theulde-peaked SED and
strong silicate features at 10 and 2@, while embedded YSOs can be recognised by
oxygen-rich dust features superimposed on a red continuagrdastinguished from
other YSOs by ice absorption features atith. A selection of the rich and spectrally
diverse point sources in the Magellanic Clouds are showngaorés 2.1 and 2.2.

From these initial classifications by the SAGE-Spec coltabon, a decision-tree
algorithm (Fig/ 2.3) for object classification was develdf®y Woods et al. (2011).
This system classifies point sources according to theiaratt spectral features, con-
tinuum and SED shape, bolometric luminosity, variabilibglather ancillary data. For
a source to be assigned a classification it is required theé theople independently
reach the same classification; this rigorous approach nsesrspectral identification
errors particularly in low-contrast spectra, and providdditional checks for contam-
ination from by nearby objects or from spurious featuresokhticed in the data reduc-
tion.

This spectral classification method can also be applieddiouddr clusters, Galactic

point sources and even other external galaxies. With sont#ficetion (allowing for
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Figure 2.1: A selection oBpitzerspectra illustrating the rich spectral diversity in the

Magellanic Clouds.
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Figure 2.2: A selection oBpitzerspectra illustrating the rich spectral diversity in the

Magellanic Clouds.
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Figure 2.3: The decision tree for the classification of irdchpoint sources using spec-
tra, associated photometry, luminosity and variabilitnabe reproduced from Riel
et al. (in prep.); aftgr Woods et ul (2011).
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differing resolutions and signal-to-noise) it can also be agpid data from théRAS
andISOsatellites and future missions suchJ&8STandSPICA This may also provide
additional information for classifying sources; for inst&, the extended coverage at
short wavelengthsi(= 2.38 - 45.2um) of ISOSWS (Short Wavelength Spectrometer;
de Graauw et al. 1996) spectra allows C-rich AGB stars to betiitked via the GH,

bands near gm.

2.3 Bolometric Magnitudes

Spectroscopically, it can often be challenging (if not iregpible) to distinguish be-
tween O-AGB stars and their more massi¥& M) counterparts, RSGs. Three meth-
ods commonly employed to discriminate between these damseluminosity, pul-
sation amplitude and age. The known distance to sourcesiM#gellanic Clouds
makes luminosity the more logical discriminant. The ‘clagk upper luminosity limit
for AGB stars, based on the core-mass—luminosity relatipnss My, = —7.1 (Wood
et al. 1983). This is not an absolute limit: a few low-mass A&RIirces occasion-
ally traverse this limit during thermal pulses (Wood et &92), while more massive
AGB stars are brighter due to hot-bottom burningd&ter et al. 2000). Other authors
have put forward their own luminosity cutfs: van Loon et al. (1999) uses a limit of
Mpo = —7.5 to distinguish between the RSGs and O-AGBs, whereas Gnagyes
et al. (2009), who allow for hot-bottom burning, uses a vadfidl,,, = —8.0 as the
divider. For the classification scheme employed, the atat$imit of My, = -7.1
was used as the discriminant between the RSGs and the O-AGHs sample, unless
the star resides in a cluster too young for a low-mass staave hreached the AGB or
there is good evidence in the literature to supportfiedent classification (for instance
optical spectra with lithium absorption or OH maser emissi@uld suggest the object
is an O-AGB star).

The bolometric magnitudesvl,o) of our sources in the LMC and SMC samples

were calculated via a simple trapezoidal integration of lR& spectrum and opti-
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Figure 2.4: Comparison of methods used to calculate Bolometagnitudes for the
SAGE-Spec sample: The trapezoidal integration methodasvshin panel A; SED
fitting McDonald et al. (2009) method: in panel B; Sloan et(2D08) method: in

panel C and Srinivasan et al. (2009) method: in panel D.
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calinfrared photometry, to which a Wien tail was fitted in theiogk, while a Rayleigh-
Jeans tail was fitted to the long-wavelength data. For stph@tospheres, and O-
AGB/RSG stars with little infrared excess, bolometric magrésidere also calculated
using the SED-fitting code described by McDonald et al. (2008is code performs a
x>-minimisation between the observed SED (corrected forstédiar reddening) and
a grid of sr-sertL Stellar atmosphere models (Allard et al. 2011) which ardescan
flux to derive a bolometric luminosity. This provided a betté fit to the optical and
near-IR photometry than fitting a Planck function. For thestrenshrouded stars, fit-
ting the SED with ‘naked’ stellar photosphere models leada tinder-estimation of
the temperature and luminosity due to circumstellar reddgand hence this method
is not preferred for very dusty sources. The distancesE(B}- V) values adopted in
our calculations are listed in Table 1.1.

For the initial SAGE-Spec sample, bolometric magnitudesewadso calculated
using the method described by Sloan et al. (2008). This tgqaknnvolves fitting a
3600K Planck function to the optical photometry and intégaover the spectrum
and photometry. This is most appropriate for AGB stars anG&®&here a 3600 K
Planck function is realistic, and for dusty sources wherstobthe emission is long-
ward of theJ band. Luminosities have also been derived for a colouresedesample
of LMC AGB stars via trapezoidal integration of the photoneetlata, however, this
method assumes that there is zero flux outside the first amgbhesometric points
(Srinivasan et al. 2009).

The methods used to calculate the bolometric luminosityaforO-rich evolved
star is shown in Figure 2.4 and a comparison of the lumiresitialculated for the
entire SAGE-Spec sample are shown in Fig. 2.5. In genemiletis good agreement
between the dierent methods, however, there is a systemdtiset in the values of
Srinivasan et al. (2009) which are typically brighter b¥.15 mag; this is due to the
use of a diferent zero-point flux (S. Srinivasan, priv. comm). The dedibpolometric
magnitudes show the greatest divergence when there igtirpilhotometric coverage.

For these cases the trapezoidal integration of the IRS Igpactl photometry provides
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Figure 2.5: Bolometric magnitudes for the SAGE-Spec samplee trapezoidal in-
tegration method (dashed line) is compared to the McDongll. €2009) method:
red crosses, Sloan et al. (2008) method: purple plus sigh$éanivasan et al. (2009)

method: green diamonds.

the most reliable estimate of the bolometric luminosityybeer this may slightly over-
estimate the flux for bluer objects since it neglects mokecabsorption.

Figure 2.6 compares the bolometric magnitudes for O-AGBssiad RSGs in the
Magellanic Clouds and the Galactic globular cluster soucoasidered in this work. In

the LMC we probe the full AGB luminosity range, however, iet8MC the observed
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Figure 2.6: Comparison of the bolometric magnitudes in thed,lMC and globular
cluster samples. The ‘classical’ luminosity limit for AGBass is indicated by the
dotted line. Sources to the left of the line are AGB starséplnd to the right RSGs
(red).

sample is biased to the brightest AGB sources and supesgidiite double-peaked
distribution for the O-AGB stars in LMC indicates that we asnsitive to both the low
mass AGB population and an intermediate mass populatioighwdre currently un-
dergoing hot bottom burning. In the LMC sample a small nuntdesiources classified
as RSG fall below the ‘classical’ lower luminosity limit of§&s. These sources are

members of young clusters, where evolutionary time-scatesnsuiicient for low-
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mass stars to have reached the AGB. Since RSGs are more entis®sivAGB stars
(>8 M) and thus evolve more rapidly, we consider a suitable Ostahto be a RSG
if it resides in a young cluster.

One limitation of using luminosity as the discriminant beem O-rich AGB stars
and RSGs is the potential contamination of the RSGs by fotegt oxygen-rich RGB
and AGB stars. This contamination may be mitigated via tagdtocity measure-

ments.

2.4 Spectral Classifications for the Magellanic Cloud

We applied the decision-tree classification methodologwobds et al. (2011) to all
the archival IRS observations of point sources within th&&ALMC (Woods et al., in
prep.), and SAGE-SMC footprints (Rle et al., in prep.). A summary of the classifica-
tion of IRS staring mode point sources within the SAGE-LMGtfwint is given in Ta-
ble/2.1, and classifications of point sources within the SABNEC footprint are given
in Table 2.2. Based on these classifications, a sample of 8-&@&l RSG sources in

the Magellanic Clouds was compiled.
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Table 2.1: Summary of classifications for LMC point sources.

Type Count Agreement with | Type Count
Photometric Class (%
YSO 325 e C-PAGB 21
Star 33 e O-PAGB* 34
C-AGB 150 60.6 (*inc. RV Tau) 10
O-AGB 86 57.8 C-PN 15
RSG 78 42.3 O-PN 28
Hu 80 . Galaxies 8
Other 41 e Unknown 8

Table 2.2: Summary of classifications for SMC point sources.

Type Count Agreement with | Type Count
Photometric Class (%

YSO 54 e C-PAGB 3
Star 11 . O-PAGB* 2
C-AGB 39 84.6 (*inc. RV Tau) 0
O-AGB 22 68.1 C-PN 19
RSG 23 86.9 O-PN 5
Hi 16 . Galaxies 1
Other 18 e Unknown 7
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2.4.1 Comparison of Spectroscopic and Photometric Classifications

By relating the spectroscopically identified O-rich and €hrevolved stars, and the
YSO spectral classes to regions in colour-magnitude spgheeaccuracy of the pho-
tometric classifications can be tested. Near-IR to mid-IRwe-magnitude diagrams
(CMDs) for the SMC and the LMC are presented in Figures/2.72-2The photometry
presented here is from tI8pitzerSAGE-LMC and SAGE-SMC archive catalogue, and
the photometric classifications are based on the colourfrutsBoyer et al. (2011).

Photometrically, RSGs, C-AGB and O-AGB stars that have notrgached the
‘superwind’ phase of evolution are predominantly separatseing colour-magnitude
cuts in theJ — Kg versusKs CMD. While extreme AGB stars (X-AGB) which are
heavily dust-enshrouded are often obscured at optical @ag-iR wavelengths are
selected via their mid-IR colours.

IR colours are generally a good indicator of the stellar abgaristics and dust prop-
erties of large stellar populations. However, inaccuraamethe classifications often
occur due to the overlap of flierent classifications in colour—-magnitude and colour—
colour space. The cuts used by Boyer et al. (2011) to sele& #t@rs and to separate
O-AGB stars and RSGs from C-AGB stars (In- K) shows good agreement (better
than 85 per cent) with the spectroscopic classificationsyg®r-rich stars (O-AGB
and RSGs) and S-AGB stars are the primary contaminants iG{A&B class; while
contamination between O-AGBs and RSG stars is the main sadrerror when sep-
arating these sources and requires additional (non-phegtarninformation to make a
cleaner cut. Very dusty C-AGB, O-AGB and RSGs are not includdtiese classifi-
cations and are instead included in the extreme AGB star GBAclassification.

The X-AGB class is predominantly composed of C-rich AGB s{a#s6 per cent).
Surprisingly, massive O-rich AGB stars only make up a smmatttion of this class<8
per cent). The biggest contaminants are YS©2&)( per cent) and Hregions ¢9.5
per cent). This large overlap of YSOs and evolved carbors stacolour-magnitude

space leads to conflicting photometric classificationsseheategories would benefit
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by their mid-IR colours.
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Figure 2.10: [36] — [8] vs. [8] colour magnitude diagram for the LMC.
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Figure 2.11: [8}-[24] vs. [8] colour magnitude diagram for the SMC. In this cabe

YSOs are cleanly separated from the evolved star population
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Figure 2.12: [8} [24] vs. [8] colour magnitude diagram for the LMC.
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from additional filters in the mid-IR to aid identification€8& Section 2.5.1).

In general, the more massive O-AGB stars are photometyickdksified as Far-IR
Objects (FIR). This class encompasses sources with rigiagtal energy distribu-
tions (SEDs) and are selected on the basis that then24lux density is greater than
the 8um flux density. Sources with a rising spectrum toward longavelengths are
typically YSOs 47 per cent), however, O-AGBs and RSGs can show a strong IR
excess at 8 and 24m due to silicate features. These O-rich evolved sources hav
similar photometric characteristics to evolved YSOs wititate features in emission
superimposed on a hotter dust continuum, limiting photoimeelection. In the FIR
category,~20 per cent of the sources are spectroscopically classifiegd-ach stars

(O-AGB and RSGs), and8 per cent of the sources are matched to C-AGB stars.

2.5 SPICA

The Space Infrared Telescope for Cosmology and AstrophySieiCA is a proposed
medium-to far-infrared (5 — 210m) space telescope, whose science objectives include
understanding the formation and evolution of baryonic ergust and gas) in galax-
ies. SPICAwill have 3.5-metre mirror (comparable to that ldérsche) that will be
cooled to cryogenic temperatures to achieve a high seigiind spatial resolution.
The instruments on boar@PICAwill have both spectroscopic and imaging capabili-
ties; the wide field of view enables large photometric susvefycrowded regions in
M31 to the depth reached by SAGE for the LM&PRICAIs expected to be launched in

the early 2020s and its mission is scheduled to last for aimmuni of 3 years.

2.5.1 Synthetic colour-colour cuts for the propose®PI CA bands

The large point-source spectroscopic sample and assdocpéetral classifications of
the SpitzerlRS staring mode targets in the Magellanic Clouds can be usdévelop

synthetic colour-colour cuts for the propos8&8ICAMid-infrared Camera and Spec-
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Figure 2.13: Example of ‘typicalSpitzerspectra for a C-AGB (top) and an O-AGB

(bottom) with the propose8PICAtransmission curves superimposed. The synthetic
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flux in each band is indicated by an asterisk.
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Table 2.3: Proposed filter bands f8PICAWFC-S.

Channel Central Wavelength Interpolated
Number wavelength range zero magnitude
(um) (um) (mag)

1 5.43 5.00- 5.87 17.9

2 6.38 5.87- 6.89 17.6

3 7.50 6.89- 8.10 17.3

4 8.81 8.10- 9.51 16.6

5 10.34 9.5 11.18 15.6

6 12.15 11.18- 13.13 14.5

7 14.27 13.13- 15.42 13.1

8 16.77 15.42- 18.11 11.5

9 19.70 18.11 21.28 9.7

10 23.14 21.28 25.00 7.5

trometer (MCS) bands (see Kataza et al. 2012). The MCS instrumél have a
wavelength coverage of 5-24m, and a 5x % field of view. The ten filters in the
camera are expected to have continuous wavelength covevagéheSPICAspectral
range and each will cover equal widths in logarithmic wamgtl. Table 2.3 lists the
proposedSPICA(ilters and bandpasses. Based on these specifications amdiags
rectangular filter function with equal width in log spacengetic fluxes for the pro-
posedSPICAbands can be calculated for typical objects (i.e. evolvassind YSOSs)
from the SAGE-Spec catalogue.

Synthetic fluxes at thefiective central wavelength in ea8PICAband were ob-
tained by convolving the preliminar@PICAfilter transmission curves witlspitzer
spectra. Figure 2.13 shows the spectra of a C-AGB and a O-A@BRvith theSPICA
MCS bandpasses superimposed; the synthetic flux densityabbr lgand is also indi-

cated. These estimates of the flux density can then be cenviericolours using zero
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Figure 2.14: Colour—colour diagram using proposICAMCS filters convolved
with the SAGE-Spec and archival spectra.
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point magnitudes. These were interpolated from the zemtpdor theSpitzerbands;
all reported magnitudes are in the Vega System (see Rieke2G8, and references
therein).

By relating the spectral classifications of typical objeatshe SAGE-Spec cata-
logue to their predicted colours in tl8PICAMCS filters the region each object class
will occupy in colour-magnitude space can be determinedaptiotometric colour-
classification scheme can be developed. Figure 2.14 shoesaanple colour—colour
diagram for the LMC using the propos&PICAMCS filters; the [6.6]-[8.8] versus
[16]-[19] colour—colour cut is a good diagnostic for sepiagcarbon-rich AGB stars
from other cool evolved stars. The distinction between C-A&&s and YSOs can
also clearly be seen in this figure. These colour indices asedbon the ‘Manchester
Method’ for analysing carbon stars in the Magellanic Clouglse#én et al. 2006; Zijlstra
et al. 2006). The [6.6]-[8.8] colour indicates the tempamatf the carbon-rich dust
and the [16]-[19] colour estimates the contribution frorolatust from the underlying
the MgS feature.

The additional mid-IR photometric information provided $1CAwill break the
degeneracy in the overlapping region of colour space covBeyedusty evolved stars
(X-AGB and FIR classes) and YSOs. Resolving conflictingsifasations will enable
accurate population characteristics and the dust-prazucates by chemical type to
be determined.

The exact specifications for tHePICAMCS filters have not yet been finalised.
The filters currently proposed have yet to be optimised ferdbtection of the most
relevant molecular species and mineral components in edatars, the ISM and star
forming regions. By adjusting the band centre positionsaad by taking account of
the technical constraints a revised filter set can be deeeélophis will better discrim-
inate the emission and absorptions features frofifedint dust species and improve

photometric colour-classification schemes.
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2.6 Summary

In this chapter, we apply a decision tree spectral classificadiagnostic to all the
archival SpitzerlRS observations of point sources within the Magellanic @kulhe
classification criterion is primarily based on the sped&atures present and SED char-
acteristics. The large data-set enables us to compileistgtally significant sample of
O-AGBs and RSGs with sub-solar metallicity. Bolometric miéigdes were used as a
determinant between these two objects classes which ageshave indistinguishable
spectral characteristics. This sample forms the basisi®fabrk, and will be studied
in detail in the following chapters.

The spectral classification of point sources in the Mag@l&touds allow us to im-
prove existing colour classifications, and to predict cadonf stellar populations with
the proposed filter sets for ttf&PICAMCS instrument. These MCS colour-magnitude
diagrams provides clearer separation between key popatminimising contami-
nation between stellar types and unresolved backgrouraxkigal The improved SED

coverage also enables the dust features to be better sampled

88 EVOLVED STARS IN THE LOCAL GROUP



3

Crystalline Silicate Formation

The work presented in this chapter was published in Jones,&2@l2, MNRAS, 427,
32009.

3.1 Introduction

The formation of crystalline silicates in the wind of evalivetars is not well under-
stood: crystalline structures are the energetically mavetrable atomic arrangement
for silicates yet, in most cases, crystalline silicate duenly a minor component of the
circumstellar dust shell. The transition from amorphousritalline silicate grains is
a thermal process, requiring temperatures in the regior0DdDXK (Hallenbeck et al.
1998; Fabian et al. 2000; Speck et al. 2011). However, tlsdittlé consensus on how
silicates in stellar outflows gain ficient energy for this transition to occur. In order
to determine the physical conditions under which crystalkilicates form we require
a better understanding of the conditions surrounding te(stg. wind densities). The
formation process of crystalline grains can be constrabyecbrrelating the crystalline
fraction with the dust or gas column density. A correlatiothvadust density suggests
that annealing of amorphous silicate grains heated by tiadigs probably the dom-
inant means by which crystals are manufactured (Sogawa &a®4999), while a
correlation with gas density would suggest that direct emsation of crystalline sili-

cates in the wind will dominate (e.g. Tielens 1998; Gail & Bealyr 1999).
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In Infrared Space ObservatorffSO) spectra of Milky Way (MW) giant stars,
the spectral features due to the crystalline silicategdate (MgSiO,) and enstatite
(MgSiGs) typically only appear around evolved stars if their masssirate is higher
than a threshold value ef10° M, yr-! (Cami et al. 1998; Sylvester et al. 1999). For
example, the high-density winds of heavily enshroudedIRHtars have measured
crystalline fractions of up te-20 per cent of the silicate mass (Kemper et al. 2001; de
Vries et al. 2010). Conversely, lower mass-loss rate AGBsstsuich as Miras, nor-
mally lack crystalline silicate dust features in their SpacThis suggests a correlation
between lattice order and wind density (e.g. Cami et al. 1998ck et al. 2008). Alter-
natively, contrast #ects between amorphous and crystalline silicate graingtareint
temperatures can mask the characteristic spectral featdrthe crystalline material
(up to the 40 per cent mass fraction level) in infrared sgeofrlow mass-loss rate
AGB stars (Kemper et al. 2001). If the crystalline and amorghsilicates are in ther-
mal contact with each other, contrast improves, and thectieteof smaller amountsq
40 per cent) of crystalline silicates in low mass-loss ra@&BAstars becomes possible.
This could explain detections of crystalline silicates amwér mass-loss rate objects,
such as the recent observations of low-metallicity, low sAass rate evolved stars in
Galactic globular clusters that show crystalline silisat8loan et al. 2010; McDonald
et al. 2011a; Lebzelter et al. 2006).

Observations of evolved stars in the metal-poor envirortmehthe Magellanic
Clouds with theSpitzer Space Telescopeovide an ideal opportunity to explore the
occurrence of crystallinity and investigate how the O-niltlst condensation depends
on the physical and chemical conditions of the envelope.dLisé-to-gas mass ratios of
stars in the Magellanic Clouds are assumed to be lower thae thicstars in the Solar
neighbourhood and have a linear dependence with metal(idn Loon 2000; Mar-
shall et al. 2004; van Loon 2006), breaking the degeneratydmn the dust column
density and the gas density in the outflows of AGB stars. Bgfadly studying the de-
pendence of crystallinity on the dust and gas mass-losswataddress the influences

of dust density and gas density on the formation of crystalfjrains.
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3.2 The sample

Our sample contains 69 oxygen-rich AGB stars (O-AGB) and 3&Rtars in the Mag-
ellanic Clouds which were observed spectroscopically Bipitzer and 131 Galactic
field O-AGBs and RSGs observed with eitl8gitzeror ISO. TheSpitzerspectra cover
a wavelength range of 5.2—37.2n while ISO spectra cover the 2.38-45.2n part

of the spectrum. We combine this sample with 39 spectra franGalactic globular

clusters to extend the low end of the metallicity range.

3.2.1 LMC sample

The LMC sample comprises 54 O-AGB and 60 RSG stars selectseldban the
decision-tree classification scheme developed by Woods. €2@l1). Within the
SAGE-Spec catalogue, 197 objects have been classifieddatgao theirSpitzerlRS
spectrum and SED with associategdB, V, |, J, H, K, IRAC and MIPS photometry.
From this we found 40 O-AGB stars and 19 RSGs. To supplemént¥C sam-
ple, we applied the decision-tree classification methagiolof Woods et al. (2011)
to all the archival IRS observations of point sources withie SAGE-LMC footprint
(Woods et al., in prep.), resulting in a further 148 sourcis.this work is primarily
concerned with crystalline silicates, which become prantrat longer wavelengths
(A1 > 20 um), for inclusion in the sample we require that the sourcesevadserved
with the Long-Low (14.5-37.2m) module on IRS. We limit our study to those spectra
which were visually deemed to have distient signal-to-noise for the identification of
crystalline silicate features. Thus we arrive at a total $ources. Table 3.1 lists the
sources in the LMC sample, along with SAGE-Spec identificef5SID) (see Kemper
et al. 2010), coordinates, Astronomical Observation Regj(&OR), bolometric mag-
nitudes Myo), periods and mass-loss rates determined from SED fittitig thve ‘Grid

of Red supergiants and Asymptotic giant branch Modei®Afis; see Section 3.3.1).
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Table 3.1:Details of the sources in the LMC sample. For each source A&ESSpec
identification (SSID), coordinates, Astronomical ObséoraRequest (AOR), classi-
fication, bolometric magnitude$/), period and dust mass-loss raM(s) is given.

92

SSID RA Dec AOR Class Mypy2 Period Mgust
(J2000) (J2000) @  (Myr?)
4007 044028.49 -695512.70 6077440 O-AGB -6.68 1178 3.61E-08
4 0447 18.63 —694220.53 22400256 RSG -6.81 5.01E09
4022 044922.46 -692434.90 10958336 RSG -7.97 36f 1.19E-08
6 044934.38 —690549.17 24318720 O-AGB -5.54 2.59E09
4024 04494138 -683751.00 6076672 RSG -7.86 1280 5.43E-08
4031 045040.43 -691731.70 6022400 RSG -7.51 1293 2.85E-09
8 04512858 —695549.90 22400768 O-AGB-3.82 884 2.09E-08
4038 045128.94 -685749.50 6020096 O-AGB -5.48 1096 5.12E-09
4054 045243.18 —-704737.80 33283584 O-AGB -4.22 7.90E11
4077 045414.26 —-684414.20 11220224 O-AGB-5.96 694 7.87E-10
4076 045414.26 -684413.60 11220480 O-AGB-5.96 694  7.40E-09
4078 04541429 -684414.40 11219456 O-AGB-6.06 692 7.09E-09
4079 045414.30 -684414.00 11219712 O-AGB-5.96 692 2.00E-09
4081 045414.36 -684414.30 11219200 O-AGB-5.96 694 8.37E-09
4086 045503.01 —-692913.10 10958848 RSG -8.53 2.27E09
4090 045510.17 -682034.90 5056256 RSG -8.54 8560 5.45E-07
4091 045510.47 -682029.80 10973952 RSG -9.07 888 8.18E-08
4092 045516.03 -691912.00 10959104 RSG -8.39 512 1.42E-08
4095 04552158 —-694716.80 10959360 RSG -8.12 1.63E09
4098 045533.44 —-692458.90 11239168 RSG -7.22 683 1.05E-08
22 04562326 —692748.00 22404096 O-AGB-4.62 2B  9.06E-08
4131 04574321 -700850.40 10959872 RSG -8.52 830 2.67E-07
4149 050019.10 —-67 07 58.20 10960128 O-AGB-5.50 91f 1.72E-08
4159 050143.48 —-694048.50 33287680 O-AGB -4.25 1.05E08
27 05022152 -660637.98 22406144 RSG -8.19 3.64E08
4187 050414.19 -671614.10 6015488 RSG -9.05 418 5.94E-09
38 05042891 -674123.43 22408704 O-AGB-6.17 57P 3.35E-08

Continued on next page
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3.2: THE SAMPLE

SSID RA Dec AOR Class Mp?® Period  Maust
(J2000) (J2000) d  (Myr?)
4199 050533.49 -703346.70 10960896 RSG -8.04 2.60E09
4205 050627.72 -681203.90 6014976 O-AGB-6.35 598 1.18E-08
54  050759.36 —-683925.71 22412032 O-AGB-3.98 150 1.37E-07
61  051059.06 —-685613.82 22414336 O-AGB-5.97 169 1.96E-08
4245 051159.36 —692532.80 33292800 O-AGB —6.00 3.61E08
4254 05130457 —-645140.30 6024192 O-AGB-548 708 1.72E-08
4267 051333.75 -663419.30 33283328 O-AGB -6.77 9.89E09
4277 051354.41 -693145.80 27575808 RSG -8.44 3.16E08
4283 051449.75 —672719.50 10962688 RSG -8.48 806 1.38E-07
82  051811.05 —672648.92 22419456 O-AGB -6.43 1.96E08
4323 051953.38 -692734.10 25688064 RSG -7.80 475 4.39E-09
4324 052001.45 —673442.30 11218944 O-AGB-6.32 602 1.51E-08
4325 052001.45 —673442.30 11217920 O-AGB-6.32 602 6.03E-09
4326 05200155 —673441.90 11218176 O-AGB-6.32 602 9.78E-10
4327 052001.62 -673441.40 11218432 O-AGB-6.32 602 1.54E-07
4328 052001.68 —673442.40 11218688 O-AGB-6.32 602 8.34E-09
4329 05200171 -673442.40 11217664 O-AGB-6.32 602 1.58E-08
4335 052023.61 -693327.40 25688320 RSG -7.41 45f 8.29E-09
93 05210171 -691417.07 22421760 O-AGB-5.10 92 1.58E-08
96  052206.91 -715017.89 22422528 O-AGB-4.47 8P 1.96E-08
4368 052221.14 -655551.80 33284352 O-AGB -4.47 8.07E09
4393 052343.60 -654200.40 10963200 RSG -8.04 313 1.42E-08
4418 052544.78 -690449.20 25687552 RSG -7.86 19§ 5.14E-09
4427 052611.35 —661211.30 10963968 RSG -7.98 597 6.01E-09
4434 05262220 -662128.60 11239680 RSG -8.39 478 6.48E-08
4441 052634.88 -685140.20 10964224 RSG -8.91 2.74E10
4080 052710.24 —693626.60 6022144 O-AGB-5.96 694 1.04E-08
4449 052710.24 -693626.60 6022144 O-AGB -6.40 529 2.78E-09
4452 052734.36 -665330.10 11239680 RSG -8.04 600 3.60E-08
116  052738.76 —692845.57 22427392 RSG -7.52 1.60E08

Continued on next page
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94

Table 3.1 — continued from previous page

SSID RA Dec AOR Class Mypy2 Period Mgust
(J2000) (J2000) d)  (Myr?)
4454 0527 40.19 -6908 04.60 6077952 RSG -8.77 4.67E07
4464 052822.19 -690832.90 19151104 RSG -7.16 7.09E08
4466 052828.89 —680708.30 10964480 RSG -8.45 479 4.09E-09
4467 052832.11 -692909.40 6020864 O-AGB-5.61 50  7.90E-11
4468 052836.73 —-692003.80 6014208 O-AGB -6.98 608 2.49E-09
4480 05284823 -710229.30 10964992 O-AGB-6.21 1137 2.11E-08
4483 052859.96 —-674500.80 17399552 O-AGB-5.35 387 3.60E-08
4486 052903.14 -694806.30 6014720 O-AGB -6.83 453  7.09E-08
4487 052903.49 -690646.40 11238912 RSG -7.88 363 1.46E-08
121 05292461 -695514.19 27084288 O-AGB-7.04 1.63E08
4490 05294222 -685717.70 10965248 RSG -8.94 765 8.03E-09
122 052954.80 -69 04 15.73 22428672 RSG -7.42 1.82E08
123 053004.67 -684729.08 22428928 RSG -7.14 3.83E07
4494 053010.33 -690934.00 11238912 O-AGB-5.39 4.39E09
4496 053020.57 -665302.30 10965504 RSG -8.28 4.67E07
128 053048.40 -67 16 45.88 22430208 RSG -7.30 2.92E09
129 053052.25 -67 17 34.22 22430464 RSG -7.35 1.20E08
4508 053104.18 -691903.20 10965760 RSG -8.16 644 3.06E-07
4509 053110.67 -663531.70 11239680 RSG -8.23 428 3.33E-09
130 053128.43 -701027.65 22430720 O-AGB-5.26 398 1.70E-08
4512 053136.75 -663008.30 10966016 RSG -8.48 616 3.84E-09
135 053219.31 -673120.34 22432000 RSG -7.78 5.78E08
4529 053235.63 -675508.80 6015744 RSG -8.36 878 5.95E-09
4530 053237.12 -670656.90 10966784 O-AGB -6.08 5.17E09
4535 053251.74 -670650.20 6023168 O-AGB -6.70 1260 5.45E-07
4547 053336.48 -692313.00 27985408 O-AGB -6.63 13 9.34E-08
4555 0534 14.13 -694720.50 5056512 RSG -8.49 3.06E07
4566 053514.17 —674355.90 10967552 RSG -8.00 590 5.43E-08
147 053519.01 -670219.50 22434816 RSG -7.57 1.06E08
4569 053524.53 -690403.60 11238912 RSG -7.48 438 8.03E-09

Continued on next page
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Table 3.1 — continued from previous page

3.2: THE SAMPLE

SSID RA Dec AOR Class Mp?® Period  Maust
(J2000) (J2000) d  (Myr?)
4583 053528.30 -665602.80 10967808 RSG -8.60 798 5.14E-09
4595 0536 05.95 —695802.50 33291520 O-AGB -5.26 3.60E08
4618 053820.15 -693732.40 11239424 RSG -9.16 112 1.19E-08
4622 053833.94 —-692031.70 6076416 RSG -8.17 944 4.12E08
4670 053944.80 —695518.10 6020608 O-AGB -6.85 1393 3.96E-09
4718 05402437 -692117.00 11239424 RSG -7.97 3.89E09
4724 054043.76 -692158.10 10969600 RSG -8.21 3.84E09
4730 054048.49 -693336.20 10970112 RSG -8.12 473 4.12E-08
4733 054055.27 -692325.40 25688576 RSG -8.12 3.33E09
4739 054059.12 -691836.20 11239424 RSG -8.24 424 8.07E-09
165 054102.04 -704310.90 22440192 O-AGB-6.64 709 1.03E-08
4740 054106.83 -69 17 14.80 25688832 RSG -7.67 5.95E09
4742 054110.64 —693804.20 10970368 RSG -8.05 557 5.17E-09
166  054114.58 -713236.01 22440448 O-AGB-4.20 583 1.87E-09
169  054157.43 -691218.61 22440960 RSG -7.47 1.22E07
170  054203.91 -691307.64 22441472 RSG -7.47 9.85E09
171  054206.76 —-691231.35 22441728 RSG -7.82 1.41E08
172  054209.98 —691328.76 22441984 RSG -6.96 3.35E09
4752 054235.46 -690848.10 25689344 RSG -7.89 3.96E09
180 0544 06.10 —-683753.68 22444288 O-AGB-6.57 239 2.62E-09
4760 054413.82 —-661644.90 10970880 RSG -8.28 9.89E09
182 0544 40.08 -691149.11 22444800 O-AGB-3.85 9%  3.45E-09
185 054546.35 —-673239.16 22445824 O-AGB-3.28 484 2.65E-09
4777 054913.42 -704240.10 6015232 O-AGB-5.72 666 9.34E-08
4784 055227.78 —-691410.00 6016512 O-AGB -6.46 621 8.29E-09
4791 055521.11 -700002.10 6077184 O-AGB -6.40 1220 3.16E-08

(a) Bolometric magnitudes are calculated as describeddnZsa.
Rererences: (b) Soszyski et al. (2008, 2009); (c) Fraser et al. (2005, 2008);
(d) Groenewegen et al. (2009); (e) Pojmanski (2002).

OLIVIA JONES

95



3: CRYSTALLINE SILICATE FORMATION

3.2.2 SMC sample

The SMC sample of 15 O-AGB and 16 RSG stars was compiled frog dfring
mode observations for which Long-Low data was availabldwithe SAGE-SMC
(Gordon et al. 2011) spatial coverage. Again, these werpleagented with optical,
2MASS, IRAC and MIPS photometry from the SAGE-SMC catalo@@@erdon et al.
2011), and the $4C catalogue (Bolatto et al. 2007). Evolved stars were idiedt
from the SAGE-SMC mid-IR classifications of Boyer et al. (2Dlwith 57 candidate
evolved stars found. IR photometry alone is ifimient to accurately separate the
dusty O-AGB and RSG stars from contamination by young stelbigects (YSOs) with
strong oxygen-rich dust features, in particular those withOum silicate absorption
feature. As with the LMC sample, we classify each object etiog to its Spitzer
IRS spectrum based on its spectral features, SED, caldutatiometric luminosity,
variability information and additional information frorhe literature, returning 27 O-
AGB stars and 18 RSGs. Again, sources observed solely waHRI$S Short-Low
setting or with a poor signal-to-noise ratio were excludedfthe sample. A summary

of the SMC sample can be found in Table 3.2.

3.2.3 Galactic field sample

To provide a solar metallicity comparison, our sample atsdudes|SO Short Wave-
length Spectrometer (SWS; de Graauw et al. 1996) spectra OFAGB, 9 probable
O-AGBs and 22 RSG stars in the Milky Way, covering a wavelenmgnhge of 2.38—
45.2um. This Galactic field sample was compiled from the IS&S databasl:‘éwhich
contains 1271 observations in full-scan mode. This databastains observations ob-
tained for a wide range of individual observing projects,ahhhave been uniformly
reduced by Sloan et al. (2003b) and classified based on thellosieape of the SED
and their IR spectral features (such as oxygen- or carlwmehist emission, etc.) by

Kraemer et al. (2002). From this database, we selected gmsgees with optically-

1http ://isc.astro.cornell.edu/~sloan/library/swsatlas/aotl.html
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3.2: THE SAMPLE

Table 3.2: Details of the sources in the SMC sample. For eagfts the name, coor-
dinates, Astronomical Observation Request (AOR), clasgibn, bolometric magni-

tudes Myo), period and dust mass-loss ralq(s) is given.

Name RA Dec AOR Class My, Period Maust
(J2000) (J2000) d My

HV 11223 003201.90 -732234.00 6019584 O-AGB -6.21 407 1.16E-10

HV 1366 0042 49.90 -725510.00 6017024 O-AGB -4.90 308 3.92E-11

MSX SMC 024 004252.23 -735051.70 10663169 O-AGB-6.64 418 1.02E-08
MSX SMC 018 0046 31.59 -732846.50 10668800 O-AGB-6.09 913 5.46E-08

SMC010889 0048 27.02 -731212.30 25689600 RSG -8.58 e 1.75E09
SMC011709 0048 46.32 -732820.70 25689856 RSG -7.99 . 4.95E10
PMMR 24 004851.79 -732239.90 17409024 RSG -7.62 232 259E-09
MSX SMC 096 005006.40 -732811.10 10667008 RSG -7.93 . 7.86E10

MSX SMC 055 005007.19 -733125.20 10657536 RSG -7.91 1749 3.26E-08
MSX SMC 134 005044.39 -723739.00 10665216 O-AGB-5.68 248 5.96E-08

MSX SMC 109 005129.68 -731044.30 10667520 RSG -8.35 . 2.60E09
HV 11303 0052 09.00 -713622.00 6017536 O-AGB -7.07 534 4.07E-10
BMB-B 75 0052 12.87 -730852.70 17409280 O-AGB-6.74 760  2.95E-08
HV 11329 005339.40 -725239.20 6017280 O-AGB-6.40 377 3.27E-10
MSX SMC 000 005518.10 -720531.00 10666240 RSG -7.10 544 2.77E-10
MSX SMC 168 005526.76 —-723556.10 10668288 RSG -8.00 e 1.76E09
HV 838 005538.30 —-731142.00 6017792 RSG -7.21 654 9.49E-11
HV 11366 0056 54.80 -721407.00 6018304 O-AGB -6.27 183 4.23E-11
HV 12149 005850.30 -721834.00 6019328 O-AGB -7.04 743 1.88E-09

SMC046662 0059 35.04 -7204 06.20 25690112 RSG -8.07 322 3.10E-09
MSX SMC 181 010048.18 —-725102.10 10665728 RSG -7.28 1062 8.85E-09

HV 11423 010054.80 —713755.00 25691136 RSG -7.78 . 2.94E09
SMC052334 010154.16 -715218.80 25690368 RSG -7.68 e 3.42E10
SMC055188 010302.38 -720152.90 27603200 RSG -7.54 5306 3.91E-09
SMC55681 010312.98 -720926.50 25687808 RSG -7.79 e 2.96E09
MSX SMC 234 010342.35 -721342.80 27522048 O-AGB -6.49 e 4.05E08
HV 1963 0104 26.80 -723440.00 6018048 O-AGB-6.74 330 7.28E-11
IRAS F01066 0108 10.27 -731552.30 17409536 O-AGB-5.64 882  3.35E-08
HV 12956 010902.25 -712410.20 27528960 O-AGB-6.27 523 5.79E-08
MSX SMC 149 010938.24 -732002.40 10668032 RSG -7.98 e 5.18E09

Rererences: (@) Groenewegen et al. (2009); (b) Pojmanski (2002); (sg$wki et al. (2011).
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thin, oxygen-rich dust emission (group 2.SE) sources dataoh by emission from
warm silicate dust (groups 3.SE and 3.SB) and the optichliyk sources with cool
silicate dust (groups 4.SA, 4.SB, 4.SC and 4.SE) which hasdfaient signal-to-
noise ratio to distinguish the solid state features. Sauvdeich have no significant
dust emission (only SiO absorption au81), incomplete spectra and those which did
not fulfil the criteria to be classed as an O-AGB or RSG by theoti¢oet al. (2011)
decision-tree were eliminated from the sample. We alsoiredbe spectra to show
the amorphous silicate features in order to fit their spéetnargy distribution using
thecrams model grid (see Section 3.3.1). We verified in the literathed the selected
sources were classified as either an O-AGB or a RSG. The irggliit of 110 spectra
is shown in Table 3.3. In instances where a source was olisbgwthe SWS on mul-
tiple occasions, we analyse each spectrum independetigyTDT (Target Dedicated
Time) number is used to identify the particular spectra fhesource.

Since both RSGs and O-AGB stars are red, luminous and exgnibiterr dust emis-
sion characteristics, confusion exists between theseypastof sources. Sources for
which reliable estimates for the distance are availablemkaown OH masers are fur-
ther sub-divided into O-AGB and RSG stars. We consider desta from the revised
Hipparcoscatalogue (van Leeuwen 2007) to be reliable if the relativeras less
than 20 per cent. The variability types have been taken fteenGombined General
Catalogue of Variable stars (GCVS; Kholopov et al. 1998; Sastas. 2004).
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3.2: THE SAMPLE

Table 3.3: Details of the sources in the Galact8O SWS sample. For each source
the name, coordinates, TDT (Target Dedicated Time) nunabessification, distance,

period and dust mass-loss raMs) is given.

Name RA Dec TDT Class Distance Ref. Pefiod Mgyt
(J2000) (J2000) (pc) (d) (Myr 1)
S Scl 001522.18-32 02 43.4 37102018 O-AGB 430 16 363 1.380
S Scl 0015 22.18-320243.4 73500129 O-AGB 430 16 363 1.13P
WX Psc 010625.96 123553.1 39502217 O-AGB 833 4 660 1-97E
WX Psc 010625.96 123553.1 76101413 O-AGB 833 4 660 1-97E
OH 127.8 013350.60 622647.0 44301870 O-AGB 2-36E
OH 127.8 013350.60 622647.0 78800604 O-AGB 6-Z6E
SV Psc 014635.30 190504.0 80501620 O-AGB 380 14 102 3-08E
Mira 02 1920.78 -0258 36.2 45101201 O-AGB 128 8 332 1.188
SU Per 022206.93 56 3615.1 43306303 RSG 1900 10 533 10RE
S Per 022251.70 583514.1 43306550 RSG 1900 10 822 4(BIE
UU For 02 37 23.60-26 58 39.0 44202463 O-AGB 2.3888
YZ Per 023825.33 570246.2 47301604 RSG 1900 10 378 L02E
W Hor 0244 14.70-5418 04.0 17902728 O-AGB 137 5.20D
W Hor 02441470 -54 18 04.0 75600502 O-AGB 137 5.110
W Per 025037.90 565900.7 63702662 RSG 1900 10 485 1@BE
RV Cam 043041.70 572441.8 83801807 O-AGB 350 14 101 2:59E
RV Cam 043041.70 5724418 86202101 O-AGB 350 14 101 2:B9E
TX Cam 050050.39 561052.6 69501070 O-AGB 390 13 557  4PBE
IRC +50137 051119.45 525233.7 86201803 O-AGB 1200 3 635 L0ZE
a Ori 055510.39 0724255 69201980 RSG 130 1 335 23TE
V348 Vel 1026 15.71-53 53 29.9 25400410 O-AGB 3.76[0
RT Car 1044 47.23-59 24 48.0 25901312 ... 8.7910
S Vir 1333 00.05 -07 11 41.3 25302224 O-AGB 328 11 375 2.6a@
W Hya 1349 02.07-28 22 02.8 8902004 O-AGB 114 14 361 3.2
W Hya 1349 02.07-282202.8 41800303 O-AGB 114 14 361 2.2619
6 Aps 140519.93-76 47 47.9 7901809 O-AGB 110 14 119 2.55P
RX Boo 1424 11.63 254213.8 8201905 O-AGB 155 14 340 3

Continued on next page

OLIVIA JONES

99



3: CRYSTALLINE SILICATE FORMATION

Table 3.3 — continued from previous page

Name RA Dec TDT Class Distance Ref. Pefiod Mgyt
(J2000) (J2000) (pc) @  (myrh)
RV Boo 14391590 3232223 8202437 O-AGB 393 14 137 3D
RV Boo 14391590 323222.3 39401737 O-AGB 393 14 137 218
RW Boo 14411341 3134199 42800541 O-AGB 293 1 209 1-BDOE
X Her 16 02 39.78 471421.7 8001921 O-AGB 137 1 e 440%
V Nor 16 10 01.80 —49 14 12.3 45901136 O-AGB 156 9.311
U Her 16 2547.70 1853 33.0 43402028 O-AGB 234 1 406 5-11F
a Sco 16 29 24.42-26 25 54.1 8200369 RSG 185 1 . 3.930
IRAS 16350 16 38 48.10-48 00 10.0 45901249 ... 1.068/
IRAS 17004 17 03 55.90-4124 02.2 28901123 O-AGB 1.1286
IRAS 17010 17 04 28.30-38 44 23.0 45901669 O-AGB 1.0566
AH Sco 171117.02-321930.9 8403013 RSG 2260 2 714 3.858
V438 Oph 1714 39.80 110410.0 11601203 O-AGB 416 3 170 169E
V438 Oph 1714 39.80 110410.0 81001108 O-AGB 416 3 170 1BSE
TY Dra 173659.99 574425.0 46600803 O-AGB 430 14 . 6-AWE
TY Dra 173659.99 574425.0 74102309 O-AGB 430 14 . 610
AFGL 1992 17 39 15.50-30 14 24.0 28700701 O-AGB 2200 9 . 5.0818
AFGL 5379 1744 22.53-315543.4 9402123 O-AGB 1190 15 . 6.H4H
AFGL 5379 1744 22.53-315543.4 13601695 O-AGB 1190 15 e 1.516
AFGL 5379 17 44 22.53-315543.4 32200779 O-AGB 1190 15 e 2.486
AFGL 5379 1744 22.53-315543.4 84300128 O-AGB 1190 15 e 2.5706
AFGL 2019 1753 18.80-26 56 37.0 84900929 O-AGB 928 1.36¢
AU Her 175719.50 2946 32.0 45401501 ... 399 12
VX Sgr 18 08 04.00 -22 13 26.8 9900171 RSG 1570 2 732 5.2P8
OH 21.5+0.5 1828 30.90-0958 16.0 87200833 O-AGB 2500 7 . 2.641B
AFGL 2199 183546.80 053547.0 71200120 O-AGB 2480 3 e 1-9GE
OH 26.5+0.6 18 37 32.49-05 23 59.3 33000525 O-AGB 1370 16 e 1.436
X Oph 183821.10 085002.3 47201847 O-AGB 270 18 329 2298
OH 26.2-0.6 1841 13.80-061501.0 86901013 O-AGB 1070 17 e 1.8
FI Lyr 184204.80 2857 29.0 82700735 O-AGB 358 1 146 3:88&
AFGL 5535 1848 41.90-025028.2 30801670 O-AGB 1770 5 e 1.4106
Continued on next page
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Table 3.3 — continued from previous page

Name RA Dec TDT Class Distance Ref. Pefiod Mgy
(J2000) (J2000) (pc) d  (Myrh)
OH 32.8-0.3 185222.23-0014 10.4 32001560 O-AGB 2.5086
EIC 722 1858 03.90 081528.0 47801654 ... 1AhE
R Aql 1906 22.19 081347.3 12200329 O-AGB 220 16 284 1A0E
R Aql 1906 22.19 081347.3 32000318 O-AGB 220 16 284 108
R Aql 1906 22.19 081347.3 47801417 O-AGB 220 16 284 1408
R Aqgl 190622.19 081347.3 53400105 O-AGB 220 16 284 T7{@E
R Aql 1906 22.19 081347.3 67600406 O-AGB 220 16 284 1A0FE
AFGL 2374 192136.32 0927515 35001427 O-AGB 1130 15 B-93
AFGL 2403 193029.50 195042.0 32000603 O-AGB 2300 15 B-86
AFGL 2403 193029.50 195042.0 50200604 O-AGB 2300 15 .06
GY Adql 1950 07.00 -07 36 54.0 34401040 ... 204 1.8
NR Vul 195011.50 245520.0 53701751 RSG 2300 10 6-B0E
RR Agl 1957 36.00 -01 53 10.4 53400809 O-AGB 403 11 395 1.27108
Z Cyg 200127.56 500231.0 37400126 O-AGB 264  3-8BE
ZCyg 20012756 5002 31.0 43402401 O-AGB 264 3850
V1943 Sgr 20 06 55.20-27 13 29.0 85700514 O-AGB 197 1 1.5410
V584 Aqgl 201029.70 -01 37 39.9 73200811 O-AGB 390 14 3.1HB
X Pav 2011 45.91-5956 13.0 14401801 O-AGB 270 11 199 6.370
Bl Cyg 202121.75 3655554 38101617 RSG 1580 10 2:88E
BC Cyg 202138.49 373158.4 35201201 ... 700 23
KY Cyg 202557.30 382110.6 12700917 RSG 1580 10 1-68E
RW Cyg 202850.60 395854.0 12701432 RSG 1320 10 550 168E
NML Cyg 2046 25.50 400659.4 5200726 RSG 1740 12 1-89E
NMLCyg 20462550 400659.4 34201224 RSG 1740 12 1-89E
NML Cyg 2046 25.50 400659.4 74103105 RSG 1740 12 1-89E
FP Aqr 2046 36.60-0054 11.0 51801556 O-AGB 1.9268
RX vul 205259.80 032216.3 53502929 O-AGB 710 16 457 47BE
uCep 214330.40 584648.1 5602852 RSG 870 10 730 8B8E
uCep 214330.40 584648.1 8001274 RSG 870 10 730 8.8SE
uCep 214330.40 584648.1 39802402 RSG 870 10 730 +@8E
Continued on next page
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Table 3.3 — continued from previous page

Name RA Dec TDT Class Distance Ref. Pefiod Mgyt
(J2000) (J2000) (pc) @  (myrh)
EP Aqr 2146 31.89-02 12 45.9 38600922 O-AGB 135 14 4.86D
EP Aqr 2146 31.89-02 12 45.9 53501243 O-AGB 135 14 3.83B
SV Peg 220542.10 352053.0 17301206 O-AGB 196 14 145 5.00E
SV Peg 220542.10 352053.0 74500605 O-AGB 196 14 145 5.09E
OH104.91 221926.38 595123.0 28300921 O-AGB 2300 15 E>-.a%
RW Cep 222306.97 555748.0 57401207 ... 346  4PBE
CD Gru 22 26 10.50-45 14 13.0 53904667 ... 2.4818
U Lac 224743.39 550931.0 41400406 RSG 3470 6 1-08E
BU And 232339.90 3943384 38201201 O-AGB 382 4:40F
V582 Cas 233027.33 575834.5 38501620 O-AGB 300 1.B88E
V582 Cas 233027.33 575834.5 42300804 O-AGB 300 188E
PZ Cas 2344 03.30 6147223 9502846 RSG 2400 10 925 4(BE
PZ Cas 2344 03.30 6147223 42604702 RSG 2400 10 925 400E
Z Cas 23443149 5634526 10101714 O-AGB 496 6-DOE
R Cas 235824.77 512318.7 24800223 O-AGB 190 16 430 8-68E
R Cas 235824.77 512318.7 26301524 O-AGB 190 16 430 L08E
R Cas 235824.77 512318.7 38300825 O-AGB 190 16 430 8.68E
R Cas 235824.77 512318.7 38302016 O-AGB 190 16 430 8.09E
R Cas 235824.77 512318.7 39501330 O-AGB 190 16 430 8-09E
R Cas 235824.77 512318.7 42100215 O-AGB 190 16 430 8-68E
R Cas 235824.77 512318.7 44301926 O-AGB 190 16 430 9.a4E
R Cas 235824.77 512318.7 62702122 O-AGB 190 16 430 8-08E

(a) Periods are taken from the GCVS (Kholopov et al. 1998;%aet al. 2004)

Rererences: (1) van Leeuwen (2007); (2) Chen & Shen (2008); (3) De Bech.€2010);

(4) Decin et al. (2007); (5) Herman et al. (1986); (6) Humpirél978); (7) Justtanont et al. (2006);
(8) Knapp & Bowers (1988); (9) Le Sidaner & Le Bertre (1994)0) Levesque et al. (2005);

(12) Loup et al. (1993); (12) Massey & Thompson (1991); (18Yi€r et al. (2001);

(14) Olofsson et al. (2002); (15) van Langevelde et al. (398®) Whitelock et al. (2008);

(17) Xiong et al. (1994); (18) Young (1995).
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Spitzer P1094 Galactic sample

Spitzerlow-resolution spectra of 21 faint Galactic O-AGB stars &ebserved as part
of Program 1094. Spectral data reduction was doreitkr (Higdon et al. 2004) in
a manner similar to that summarised by Furlan et al. (2008)Zargent et al. (2009).
Many of these sources are not well known in the literaturearddllary data including
photometry, periods, variability type and distance inthea were dificult to find in
the literature. As before we classify these sources usiagiitision tree, however,
these classifications may be less robust than the other sampé to uncertainty in the
SED shape. This means our sample maffesutsome contamination by oxygen-rich

post-AGB sources. The Galac@pitzersources are listed in Table 3.4.

3.2.4 Globular cluster sample

To complement these sourc&pitzerIRS observations of oxygen-rich sources in 14
Galactic globular clusters (GGC) allow the metallicity range investigate to be ex-
tended to lower metallicities. The globular cluster sangaesists of 39 O-AGB stars
(observed in the Short- and Long-Low) which are discussefilbgn et al. (2010) and
McDonald et al. (2011b). Both these studies compute boleoleminosities, periods
and dust mass-loss rates for each object allowing a readpa&eson to the Magellanic
Cloud stars, however, it should be noted that the mass-Itss age obtained via an al-
ternative method to that discussed in Section 3.3.1. Fagistancy we recalculate the
mass-loss rates using theams models to obtain a uniform treatment of the mass-loss
rates and directly compare the globular cluster sourcesg@ther samples. Table 3.5

lists the sources considered in this work.
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Table 3.4: Details of the sources in the Gala&ptzerIRS sample. For each source
the name, coordinates, Astronomical Observation Reqé€3R}, classification, pe-

riod and dust mass-loss ratél{,s) is given.

Name RA Dec AOR Clags Period Maust
(J2000) (J2000) d) Myrb)
IRAS 005346031 0056 28.41 6047 09.25 6082816 O-AGB 410.0 5D
IRAS 005895743 01 0158.43 575947.86 6083072 188.0 508
IRAS 03434-5818 0347 31.26 58 28 10.41 6082304 144E
IRAS 053142020 05 34 26.48 202253.78 6083584 240.0 2-99F
IRAS 08425-5116 0844 04.77 -5127 43.74 6078976 O-AGB 4.6587
IRAS 135815444 1401 28.90 -54 59 00.08 6081536 O-AGB 3.0587
IRAS 165230745 1654 46.42 07 40 27.07 6083328 274.0 50
IRAS 170363-3053 17 06 14.07 —3057 38.83 6084864 O-AGB 6.5887
IRAS 17276-2846 17 3048.30 —28 49 02.39 6080768 7.0687
IRAS 17304-1933 17 3322.13 -193551.75 6084352 O-AGB 1.1687
IRAS 17338-2140 17 3652.23 —214241.08 6085632 O-AGB 1.8987
IRAS 173472319 17 37 46.29 -232053.48 6080000 O-AGB 4.4887
IRAS 17413-3531 1744 43.45 -3532 35.28 6081280 1.9187
IRAS 17513-3554 1754 42.02 -355451.38 6080256 O-AGB 3.6887
IRAS 18195-2804 1822 40.17 -280307.61 6079744 O-AGB 4.1687
IRAS 182310855 18 25 33.36 08 56 46.62 6082560 176%
IRAS 18279-2707 183103.68 —270540.93 6085376 O-AGB 2.9788
IRAS 182912900 183219.55 -285809.81 6084096 4.1788
IRAS 19256-0254 19 28 08.39 030025.32 6081792 O-AGB 140E
IRAS 19456-1927 1947 49.65 193522.67 6081024 O-AGB 1.9Q2E
GX Tel 201148.22 -552526.65 6082048 O-AGB 340.8 1.6388

(a) The available data were inffigient for determining whether some sources were an O-AGBIBR

these sources are not assigned a classification.
(b) Periods are taken from the GCVS (Kholopov et al. 1998; &aet al. 2004).
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Table 3.5:Details of the sources in the globular cluster sample. Dista, [F¢H] values,

Se QL Uiy

periorlc and bolo

= e 4

S NG

ST

metric magnitudes for NGC 51390en) were taken from McDonald

et al. (2011b); values for these parameters for all othestels are from Sloan et al.

(2010).
Cluster Star RA Dec AOR Distance [ Period My Maust
name  (J2000) (J2000) (kpc) (d) gwr1)
NGC 362 V16 010315.10-705032.3 21740800 9.25 -1.20 138 -4.10 1.84E09
NGC 362 V2 010321.85-7054 20.1 21740800 9.25 -1.20 89 -3.50 5.80E10
NGC 5139 61015 132521.33-47 3653.9 27854592 5.30 -1.71 -3.29 7.92E11
NGC 5139 42044 1326 05.35-47 28 20.6 27854848 5.30 -1.37 0.3 -3.01 1.30E10
NGC 5139 33062 1326 30.19-47 24 27.8 27856128 5.30 -1.08 110 -3.61 4.36E09
NGC 5139 44262 13 26 46.36-47 29 30.4 27852800 5.30 -0.80 149.4 -3.27 6.25E10
NGC 5139 44262 1326 46.36-47 29 30.4 21741056 5.30 -1.63 149 -3.88 1.30E09
NGC 5139 44277 132647.72-472929.0 27855104 5.30 -1.37 124 -3.19 2.40E10
NGC 5139 56087 1326 48.05-47 3456.8 27853824 5.30 -1.84 -3.08 1.38E10
NGC 5139 43351 132655.02-472845.9 27854336 5.30 -0.98 -2.79 7.39E11
NGC 5139 55114 1326 55.55-47 34 23.4 27854080 5.30 -1.45 -3.16 1.59E10
NGC 5139 41455 1327 15.82-47 27 54.6 27855360 5.30 -1.22 90 -3.05 1.64E10
NGC 5139 35250 1327 37.73-472517.5 27855872 5.30 -1.06 65 -3.05 4.28E10
NGC 5927 V3 1528 00.13-504024.6 21741824 7.76 -0.35 297 -4.64 1.10E08
NGC 5927 V1 1528 15.17-50 38 09.3 21741568 7.76 -0.35 202 -4.13 6.21E09
NGC 6356 V5 172317.06-17 46 24.5 21743104 15.35 -0.50 220 -4.61 1.47E09
NGC 6356 V3 1723 33.30-174807.4 21743104 15.35 -0.50 223 -4.06 1.19E09
NGC 6356 V1 1723 33.72-174914.8 21743104 15.35 -0.50 227 -4.54 1.33E08
NGC 6356 V4 17 2348.00-17 48 04.5 21743104 15.35 -0.50 211 -4.42 9.85E10
NGC 6352 V5 17 25 37.52-48 22 10.0 21742848 5.89 -0.69 177 -4.27 3.20E09
NGC 6388 V4 17 3558.94-44 4339.8 21743360 12.42 -0.57 253 -4.68 6.21E09
NGC 6388 V3 17 36 15.04-44 43 32.5 21743360 12.42 -0.57 156 -3.83 3.55E10
Terzan 5 V7 174754.33-244954.6 21744128 6.64 -0.08 377 -4.98 1.88E=08
Terzan 5 V2 17 4759.46-24 47 17.6 21743872 6.64 -0.08 217 -4.41 4.87E09
Terzan 5 V5 1748 03.40-24 46 42.0 21744128 6.64 -0.08 464 -5.09 2.27E08
Terzan 5 V8 1748 07.18-24 46 26.6 21744128 6.64 -0.08 261 -5.04 2.68E09

Continued on next page
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Table 3.5 — continued from previous page

Cluster Star RA Dec AOR  Distance [ Period My  Maust
name  (J2000) (J2000) (kpc) (d) ewr

Terzan 5 V6 17 48 09.25-24 47 06.3 21744128 6.64 -0.08 269 -4.72 2.31E08
NGC 6441 V2 1750 16.16-37 02 40.5 21744384 13.00 -0.56 145 -3.98 1.31E09
NGC 6441 Vi 1750 17.09-37 03 49.7 21744384 13.00 -0.56 200 -4.26 1.38E09
IC 1276 V3 181050.79-07 1349.1 21742080 5.40 -0.69 300 -4.72 1.24E08
IC 1276 Vi 181051.55-07 1054.5 21742080 5.40 -0.69 222 -4.60 1.57E09
NGC 6637 V4 183121.88-322227.7 21745664 8.95 -0.66 200 -4.44 1.04E08
NGC 6637 V5 18 31 23.44-322049.5 21745664 8.95 -0.66 198 -4.44 2.22E09
NGC 6712 V7 185255.38-08 42 32.5 21745920 7.05 -0.97 193 -4.34 2.01E09
NGC 6712 V2 1853 08.78-08 41 56.6 21745920 7.05 -0.97 109 -3.91 2.59E09
NGC 6760 V3 19111431 010146.6 21746176 8.28-0.48 251 -4.71 6.50E09
NGC 6760 V4 191115.03 010236.8 21746432 8.28-0.48 226 -4.34 6.40E09
Palomar 10 V2 191751.48 183412.7 21746944 5.92-0.10 393 -4.96 8.85E09
NGC 6838 V1 195356.10 184716.8 21746944 3.96-0.73 179 -4.00 2.32E09

3.3 Analysis

3.3.1 Determining the gas and dust mass-loss rates

We derive individual dust mass-loss ratch}tdgso of O-AGB and RSG stars by fitting
their infrared SEDs with the oxygen-rich subset of the ‘GofdRed supergiants and
Asymptotic giant branch ModelS&gawms; Sargent et al. 2011). This approach avoids
the onerous task of determining these quantities by indalig modelling via radiative
transfer (RT) the nuances of the IRS and SWS spectra. Theagwef the oxygen-
rich Grams models has been compared to the observed colours and nadegiéithe
SAGE-Spec sample and was found to be in good agreement (se2-figfrom Sargent
et al. 2011). Gas mass-loss rates can be obtained by scaéridust mass-loss rates

using an assumed gas-to-dust-rati€) pased on the metallicity. Table 3.6 lists the
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Table 3.6: Summary of adopted gas-to-dust-ratios.

Environment Gas-to-dust rati¢?()

MW 100

LMC 200

SMC 500

NGC 362 1500
NGC 5139 4000
NGC 5927 200
NGC 6356 300
NGC 6352 500
NGC 6388 400
Terzan 5 100
NGC 6441 400
IC 1276 500

NGC 6637 500
NGC 6712 900
NGC 6760 300
Palomar 10 100
NGC 6838 500

values o adopted in our calculations. We assume that the field sténgiMilky Way
come from a single solar metallicity population with = 100 (Knapp et al. 1993). For
the globular clusters, the gas-to-dust-ratio was detezthinom the metallicity listed
in Table 3.5 using the following relatiot = 100x 107 F¢". However, it should be
noted that the gas-to-dust-ratio metallicity dependesamly weakly constrained and
thus the adopted gas-to-dust ratios are highly uncertain.

The opticalinfrared broad-band photometry for all sources in the Miagét Clouds,
were combined with ‘synthetidRAS12-um fluxes obtained by convolving the spec-

trum with the 12am IRASband profil@. In instances where there was more than one

2ThelRASfilter bandpasses and zero points can be found in Neugebbale £984).
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epoch of data for a band, the photometry was averaged to ns@ivariability éfects
(due to pulsations) in the fitting. Additionally, if a sourag&s missing photometric
data at [5.8], [8.0], [12] or [24], the IRS spectrum was cdwmed with the appropri-
ate broadband photometric filter and included in the SED,etibeb constrain the fit
parameters and prevent the fit being limited by a lack of datatg in a given region.
The SEDs for the Milky Way sources were constructed using 388HKs pho-
tometry combined withRAS12, 60 and 10xm data from the Point Source Catalogue
(Beichman et al. 1988), and the Faint Source Catalogue (MddhiL989). To obtain
a uniform data set we supplemented the SED with convolvetbphetry from thdSO
spectra in the IRAC and MIPS 24m bands to obtain synthetic fluxes. These were cal-
culated using the IDL routineerrzer_syntupHot, Which is available from the Spitzer
Science Centre. Synthetic photometry was also derived firettphotometric bands
from the O-richerams models according to the convolution method outlined algL)ve.
Variable AGB stars can show large absolute magnitude ana@# in the optical,
typically in the range oAM,, < 11 mag (Samus et al. 2004). Infrared amplitudes
are less than this witK-band amplitudes usuallfMy < 2.3 mag and IRAC 3.um
AM3s < 2.0 mag (McQuinn et al. 2007; Vijh et al. 2009). Due to the largegability
in opticalUBVI data we chose to exclude these points from the SED fitting.
Long-period Mira variables can also show significant vésiain the mid-IR due
to pulsations: multi-epoctlsO-SWS spectral studies of the variable stars T Cep, R Aql
and R Cas covering minimum to post-maximum pulsation phaseiseosingle pulsa-
tion cycle allow us to characterise the variations in amplé at longer wavelengths
(1 > 8.0um). Synthetic photometry was obtained from the spectra et epoch for
theIRAS[12] and MIPS [24] bands, and thefidirence in magnitude between photo-
metric maximum and minimum was used as a measure of the aaglitWe found
thatAM;,; < 0.4 mag and\M,4 < 0.6. For all sources the photometric uncertainties in
these bands were modified to account for this change in matgduring a pulsation

cycle. At near-IR wavelengths we also account for changesgnitude due to pulsa-

3In the case of 2MASS relative spectral response curves awdad by Cohen et al. (2003).
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tions by adjusting the photometric uncertainties to refileetdiferences in magnitude
across a pulsation cycle.

We do not correct the SEDs for interstellar reddening. Duhéoclose proximity
(d < 4 kpc) of the Galactic sources and the low column densitiesgaéach line-of-
sight to the Magellanic Clouds the dereddening correctighéninfrared is negligible
compared to the uncertainty in the photometric measuregriewariability is consid-
ered.

A y?>-minimisation analysis was used to fit the convolved modekfiuto the ob-
served SEDs. As the grid is calculated for sources at 50 kpcsaale the convolved
model fluxes to match those of the star before commencing3fiigting. The scaling
factor was calculated such that it minimised thetence between the source and the
model, this allows the distanakto be a free parameter (within set reasonable bound-
aries; see Table 3.7).

The reduced?, weighted by photometric uncertainties is given by:

1 ((Iog [AF,(i)] — log [ﬂl\/u(i)])z)
2 _ = 10 10 , 3.1
=R 2T SlondiF (7 &4
whereAF, is the observed broadband photometry with errors,
_ 1 O'(/“:,l)
O-(IOglO[/“:/l]) - In(lO) /“:/1 s (32)

and AM, is the scaled model fluxes f&¢ measurements. This fitting process is re-
peated for each model SED with a scaling factor ghdalue returned for each model.
Determining accurate dust mass-loss rates is vital in d@@wvestigate the onset of
crystallinity. By fitting in the log,[1F,] plane we &ectively give more weight to the
longer wavelength bands where the dust grains emit moseafftbix and obtain a bet-
ter fit to the shape of the SED. This method relies upon thecgdogeing well sampled
across a range of photometric bands, however there are smmees where there is no
2MASS JHKs IRAS [60] or MIPS [70], so the overall fit is not as well corestred.

For the LMC and SMC we assume the star lies at a distdnoetweendy,, and

dmax to account for variations in distance across each galaxyaliig inclined geome-
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Figure 3.1: Best-fitting models to the broadband photomietrya RSG (MSX SMC
234; dashed red) and an O-AGB star (MSX SMC 149; dashed biu&)a SMC.
The solid line is the observed spectra for each star. Sipithe square and diamond
points are the respective observed photometry for the O-AG@BRSG sources. The

photometric errors have been estimated based on the Jayiabi
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Table 3.7: The scale factor range.

Galaxy Distance (kpc) Scale factor
LMC 51+3 0.86-1.09
SMC 61+ 3 061-0.74
Milky Way <4 > 156

try (van der Marel & Cioni 2001) which corresponds to a rangaltwwed luminosity
scale factors for each population. For the globular clgstee allowed range in the
scale factor for each source was determined, using thendistaand associated error
listed in Table 3.5. Where possible the scale factor used &da&ic sources corre-
sponds to itHipparcosdistance if the relative errors are less than 20 per cengroth
wise we adopt a distance rangedk 4 kpc. Table 3.7 lists the distance range and
scaling factor allowed for each galaxy. As the luminosity itting parameter to the
distance, we attribute no significance to its best-fit values

To prevent any over-interpretation of the best fit paranset@e consider all sets of
model parameters that produce a good fit to the source yithy 2., < 3, wherey2,,
is the reduceg? value of the best-fitting model for each source, following thethod
employed by Robitaille et al. (2007). For each parameter ne thhe average value
and its standard deviation from the range of acceptableHigs.3.1 shows an example
best-fitting model to the SEDs of an O-AGB and a RSG in the SM. diinor bars
are an indication of the expected change in flux due to vditiabirhe IRS spectrum
for each source is plotted to illustrate that a good fit hasl@ehieved. These are not
included in the fitting as the mineralogy is a fixed parameatéhecrams model grid.

The dust mass-loss rates determined through the spedirag fitf the SEDs with
the crams model grid are listed in Tables 3.1-3.5. In principal, therfif routine also
provides uncertainties for the individual dust mass-la$ss, of order 10 to 55 per cent,
however, in absolute terms, the errors are much greatertthardue to the inherent

uncertainties and assumptions in the model.
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In order to assess the accuracy of the absolute values denvbecrawms fitting,
we compare our derived dust mass-loss rates to those datsirby Groenewegen
et al. (2009) and McDonald et al. (2011b) for common souret®éen the data sets.
The grams dust mass-loss rates are systematically greater by a fatb®#8. This is
predominantly due to a flerence in the choice of optical constants and grain shape.
Thecrawms grid uses the astronomical silicates of Ossenkopf et aBZ),9vhile both
Groenewegen et al. (2009) and McDonald et al. (2011b) usendioation of silicates,
metallic iron and aluminium oxide. Berent physical parameters used in modelling
the dust envelope and central star also contribute to teigepancy. For more details
on how thecrams models compare to other modellinfats we refer the reader to
Sargent et al. (2011).

Our analysis regarding the onset of crystallinity is vergsgve to the uncertain-
ties in the dust and gas mass-loss rates, thus it is impddatcount for the possible
sources of error and caveats used in the modelling to prewesihterpretation. The
GrRaMs models assume that all outflows have the same constant tyetdciO kms?,
whereas in reality they may have expansion velocities betwé and~25 kms?,
even within the same galaxy. However, by assuming a cong&éntity the dust and
gas mass-loss rates obtained in the fitting can be used agwafprahe gas and dust
column densities. As we have been consistent in our tredtofethe samples and
in the determination of the dust mass-loss rates, the velaitncertainty between the
sources is small compared to the absolute uncertaintiesyiaj comparisons to be
drawn across the sample. The derived gas mass-loss ratesahadditional uncer-
tainty because of the adopted scaling relation betweenahdigas in circumstellar
environments. For oxygen-rich evolved stars, this retatiepend strongly on metal-
licity, however, it is not well constrained. As such, the @lboge values for the gas
mass-loss rate should be treated with a degree of cautivartheless, we expect the
assumed gas-to-dust ratios to provide a reasonable first approximation of the

relative gas mass-loss rates.
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Table 3.8: Wavelength intervals for extracting crystalsilicate emission features.

Feature gm) Continuum intervalgm)

23.6 22.3-24.6
28.1 26.0-31.1
33.6 31.5-35.0

3.3.2 Measuring the crystalline silicate features

Narrow spectral features due to crystalline silicates teraduster in well-defined com-
plexes, found near 10, 18, 23, 28, 33, 40 ang:60(Molster et al. 2002b). We do not
extract information for the features near 10 andul® as it is impossible to cleanly
separate them from the broader, underlying amorphousliieatures.

In order to determine the properties of crystalline sikcamission features across
a range of metallicities, we have defined a continuum reptegga featureless ther-
mal dust component, which we used as a baseline to obtainfemeed view of the
spectral features beyond 20n. To produce a smooth continuum, a 5-pixel boxcar
smoothing algorithm was applied to the IRS spectra to redlieanoise fluctuations
between each data point (while preserving the resolutidoyvever, it is possible that
this results in any low-contrast, broad dust features bawated as continuum. The
continuum was determined by applying a cubic spline fijrspace forl > 19.5um.
Spline points were fitted to the spectra at 19.8, 21.3, 25.5,35.6um where the
continuum is well defined and no strong spectral featurepi@sent. Examples of the
spline fitting procedure can be seen in Fig./ 3.2, while Fig§. @esents the resulting
continuum-divided spectra. In instances where a ‘noiskee$s present in a spectrum
at a standard spline point (for example SSID130), the sgdiat was moved to the
closest alternative wavelength where no feature could deally identified. A simi-
lar procedure was applied to th80O SWS spectra after regridding to tispitzerIRS
resolution.

We prefer the above method compared to the alternate agpnesed by some
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Figure 3.2: Example of the spline fitting for an LMC O-AGB (phMC RSG (2nd
panel), SMC O-AGB (3rd panel), SMC RSG (4th panel). The spldashed line)
is fitted to the spectra at the marked wavelengths. The tagetbpectra show crys-
talline emission features, while the spectrum in the 4thepaloes not. The bot-
tom panel shows SSTISAGEMC J053128-201027.1 (SSID 130), where alternative

spline points were selected in order to produce a smoothreanh.
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Figure 3.3: Continuum-divided spectra from the sources shiaWig. 3.2. The dotted

vertical lines mark the regions within which the complexestyth was measured.
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authors (e.g. de Vries et al. 2010; Gielen et al. 2011), inctvla local continuum

is defined for each feature via linear interpolation betw#ex densities in a given

wavelength range on either side of the feature. As slighiatians in the position

of the feature and noise in the spectra all have strdferes on the determination of
the continuum because the fitting region is small. Also thet dontinuum is inher-

ently non-linear, with changes in curvature, producing a-sgstematic fiset between

sources.

We determine equivalent widths of the 23-, 28- anduB3features in each spec-
trum to provide a quantitative measure of their strengthsesk are calculated with
respect to the underlying continuum as determined by theeafentioned spline fit-
ting process. The equivalent width&/{y) can then be determined by:

Wig = Z (1 - F"bs) da, (3.3)

FCOHt

whereF s andFont are the observed flux and the flux of the spline-fitted contimuu
The wavelengths used to define the blue and red sides of eacind@re given in Table
3.8. An example of the feature extraction process is giverign3.3.

If a feature is particularly weak compared to the continuitshstrength may be
influenced by how the continuum is fitted. To quantify thikeet, we also determined
equivalent widths using linear interpolation to approxienthe continuum under the
features. For spectra with high contrast features or witbh@d3N ratio the diference
in strength is of the order of 15 per cent, however, there is a large disparity (up to
~65 per cent) in strengths for low contrast features.

Both the spline and linear interpolation methods will uredgimate the total con-
tribution from the crystalline silicate components to theat flux. These methods fit
the continuum under each crystalline silicate emissiotufeahowever, the crystalline
silicates grains will also contribute some flux to the ungiedg continuum, which is
composed of contributions from all dust species of varyingaralogy, lattice struc-

ture, temperature and size and shape distributions.
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3.4 Results

3.4.1 Mass-loss rates within populations

We have separated the O-AGB and RSGs stars in each galaxgantorexamine the
influence of the mass-loss process on the dust productitresettwo classes of object
separately. Furthermore, we distinguish between sourcesich crystalline silicates
are visually apparent and those whose silicates appear solby amorphous. For
each population we determine the meaniagsand logM. In general, the dust mass-
loss rate for the sources with only amorphous silicatesemees as the metallicity of
the sample increases. Thus, the SMC and globular clusteces®bave low dust mass-
loss rates while the Galactic field sources have the largesttrdass-loss rates. The
individual objects within a galaxy encompass a range of Aassrates as indicated
in Fig.[3.4. An overview oflog Mq.s) and(log M) for each population is presented in
Table 3.9.

In each instance the mean dust and gas mass-loss rates lage foigthe sources
which exhibit crystalline silicate features compared tosi that do not. Also, while
a low mass-loss rate is no guarantee that the silicates /#irtirely amorphous, it is
evident that high mass-loss rate sources have a greatesdisp to exhibit crystalline
silicate features. The mean dust mass-loss rates for theesowith crystalline silicates
do not show the same metallicity dependence as the sourtesonly amorphous
silicates. As these objects havéfdrent gas densities but similar dust column densities
this may indicate that crystallinity depends on the dussitgim the wind. The mass of
the central star may also be significant: a greater fractid8GB stars (56 per cent)
display crystalline bands compared to the RSGs (24 per eat) as the metallicity
decreases, the proportion of RSGs with crystalline feataiso drops. This may be
due to diferences in the silicate dust composition of RSG and O-AGBs staith
the former exhibiting amorphous Ca-Al-rich silicates beftorming Mg-rich silicates
(Speck et al. 2000; Verhoelst et al. 2009).
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Table 3.9: Summary of mean mass-loss rates.

Sources with only Sources with
amorphous silicates crystalline silicates
Population (logMgusy (logM) N | (logMgusy (logM) N
MW O-AGB -8.07 -6.07 59| -6.87 -4.87 50
MW RSG -7.95 -5.95 15| -741 -541 7
LMC 0O-AGB -8.19 -5.89 36| -7.20 -490 18
LMC RSG -8.21 -5.91 49| -7.53 -5.23 11
SMC O-AGB| -9.18 -6.49 10| -7.42 -472 5
SMC RSG -8.83 -6.13 15| -7.49 -4.78 1
Terzan 5 O-AGB| -8.06 -5.98 4 —-7.64 -556 1
Palomar10 O-AGB -8.05 -595 1 0
NGC 5927 O-AGB| -7.96 -561 1 -8.21 -586 1
NGC 6760 O-AGB| -8.19 -571 2 0
NGC 6356 O-AGB| -8.66 -6.16 4 0
NGC 6441 O-AGB| -8.87 -6.31 2 0
NGC 6388 O-AGB| -8.83 -6.26 2 0
NGC 6637 O-AGB| -8.32 -5.66 2 0
NGC 6352 O-AGB 0 -8.49 -580 1
IC 1276 O-AGB| -8.36 -5.67 2 0
NGC 6838 O-AGB| -8.63 -590 1 0
NGC 6712 O-AGB| -8.64 -5.67 2 0
NGC 362 O-AGB| -8.99 -579 2 0
1

NGC 5139 O-AGB| -9.66 -6.03 10, -8.36 -4.73
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colours), SMC (blue) and globular cluster (green) sourCe&GB stars are plotted as
triangles and RSG as circles. Objects with crystallineatks are plotted with closed

symbols. Milky Way sources are not included because of migaincertainties.

Fig. 3.5 shows the bolometric magnitude as a function of thests-loss-rate. We
detect crystalline silicates across the full AGB and RSGihasity range, from the
early AGB to the most luminous RSGs. This indicates that veesansitive to crys-
talline features down to a low luminosity limit, not just inet brightest sources where
there is better contrast between the feature and the noweth& Magellanic Clouds
our sample is biased towards the brightest AGBs and RSGssty daurces with high
mass-loss rates. Here the threshold density for the onseysiallinity is greater than
that of the Galactic field stars and globular cluster souréessuch, the detection of
crystalline features in the Magellanic Clouds may be limitgdthe signal-to-noise

ratio.

120 EVOLVED STARS IN THE LOCAL GROUP



3.4: RESULTS

3.4.2 Mass-loss rates and crystalline feature strength

The strengths of the 23-, 28- and 381 features are shown against the dust mass-loss
rate (Fig! 3.6) and total mass-loss rate (Fig. 3.7). In boghances, objects with crys-
talline silicate features are represented by filled symbwelsle open ones represent
sources where crystalline silicates are not visually agpiadt is interesting to compare
and contrast the behaviour of the crystalline features atlifierent wavelengths, in
particular the 23- and 33@m features, which have the same principal carrier, fortgteri

At 33 um, features due to the crystalline silicate grains only bee@pparent at the
highest mass-loss rates, where the majority of the sourisgtagt some crystallinity.
This is usually interpreted as evidence that there is a iotdss/alue in the mass-loss
rate at which crystalline silicates can form (Cami et al. ;38vester et al. 1999). We
observe, however, that the forsterite feature au@8paints a dterent picture. Here,
the transition between sources that exhibit a feature avgktthat do not is blurred, in-
deed at the highest mass-loss ratds{ 104 M., yr-!) the detection rate of the 2@m
feature drops: this may be a consequence of the forsteaia tgmperature or it may
indicate that the 23m band is going into absorption due to high column density. An
example of the changing relative strengths of the two foitstéeatures as the optical
depth of the shell increases is plotted for three MW starsign/&.8. Like the 23zm
forsterite feature, the 28m enstatite feature spans a wider mass-loss rate range than
the 33um feature. However, in all three cases no evidence for diystg is seen in

the lowest mass-loss rate sources.

The sources where no feature is visually apparent are wetlrdezd by a Gaussian
distribution around a strengttontinuum ratio of zero. This implies that the spread is
due to stochastic noise in the spectra and that we can trstgtmgtics in the crystalline
silicate detections. For the 23- and 38t bands there is a slight positive skew, this
is probably due to real features that we are unable to viguddintify in the data as a
consequence of substantial noise in 8mtzerspectra at these wavelengths. The 33-

um band can be susceptible to contamination froffude [S 111] and [Si 1l] emission
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lines, which may be improperly subtracted due to their noifeum variation across
the slit. We have taken care to minimise this contaminatipmeixluding this region
from our analysis if we detect the presence of sky lines. Cqunsetly, the detection

rate of the complexes represents a lower limit.
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3.4: RESULTS

3.4.3 Dust temperature

The strengths of individual bands ar@escted by the abundance of each species, and by
grain shape and temperature. By eliminating the former tarameters, we can derive
the temperature of the emitting grains. We can eliminatentiexd to parametrise the
abundance by taking the strength ratio of features that bavesame carrier: in the
case of forsterite, we can use the ratio of the 23- angi@3Jeatures.

Eliminating the &ects of grain shape is morefficult, as these are further con-
founded by the choice of laboratory optical constants ugeddate the feature shapes.
Emission models for the forsterite grains were computethftaboratory data @hyer
et al. 1998; Koike et al. 1998). Both these datasets give d gaaich to the observed
feature profiles and do notftierentiate dierent crystallographic axes, reducing the
number of parameters which we must fit. From these, we use 8sats of absorption
efficiencies Qrwrs(v)). The first comes directly from Koike et al. (1998). The setcs
derived from the optical constants @fgkr et al. (1998), using homogeneous spherical
particles with radii of 0.0:m via Mie theory. The third is similarly calculated using
a continuous distribution of ellipsoid grains with equizal volumes.

Assuming that the long wavelength & 21 um) forsterite features are formed in
an optically-thin region of the outflow then the crystallifuesterite spectrum can be

approximated by:
F(v)ors ~ B(Ttors, v) X Q(v)tors + Feont (3.4)

whereB(Tss, v) is a blackbody of temperatufig,rs, Q(v)tors iS the forsterite absorption
efficiency, andr¢. represents the sum of the featureless thermal dust companén
stellar continuum. This component i§ectively removed from the spectra by subtract-
ing the spline-fitted continuum we use in Section 3.3.2. V¥edfore also subtract an
identically-fitted spline from the modelled forsterite spjgm to ensure consistency.
These continuum-subtracted forsterite absorptificiencies were then multiplied
by blackbody functions corresponding to temperatures éetw80 and 1000 K at 5 K

intervals. The strengths of each feature were then detexrby summing the remain-
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Figure 3.8: ThreeSpitzerspectra ordered in terms of the Lén optical depth. The
shaded regions indicate the wavelengths where the 23- apdJ8atures were mea-
sured. As the dust shell becomes optically thick theu&Bfeature strength becomes

suppressed. The smooth red lines show the adopted consiplirae).
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Figure 3.9: The ratio of relative peak strengths above ocowitin for the 23- and 33-
um forsterite bands as a function of the forsterite dust gi@mnperature. The fferent
curves represent the firent forsterite laboratory data: solid purple: (Koike &t a
1998); dashed red: &gder et al. 1998) continuous distribution of ellipsoidsyshdis-
tribution (CDE); and dash dot blue:&der et al. 1998) homogeneous spherical particle

shape distribution (Mie).

ing flux over the wavelength intervals given in Section 3.Z8d a ratio of the 23-

to 33.um features was determined. Fig. 3.9 shows how this ratio gdmmith tem-
perature, allowing direct comparison to observed bandgths. An average of the
resulting forsterite temperatures are given in Table 3lhGources where there is no
23-um feature detectionl;,s may be incorrect due to self-absorption. This approach
relies on the ratio of features’ strengths, it is not greaffected by the change in fea-

ture position due to temperature, and can therefore bectiea a robust estimate of
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temperature once one takes into account the above cavegatslirey grain shape and
self-absorption.

In the 23um wavelength regime, the suppression of the forsteriteufedbr the
majority of the sources where crystallinity is present isljably a consequence of the
poor contrast of the cool grains above the amorphous dusincmm and, as such, they
are indiscernible witlSpitzerandISO. For the sources with extremely high mass-loss
rates we believe the absence of thew28forsterite feature is due to self-absorption.
Fig.[3.10 shows the spectra of four Galactic O-AGB stars tgaleg intense mass-
loss rates. In these sources, amorphous silicate absofetdures are seen at 10 and
20um; OH 32.8-0.3, OH 26.50.6 and IRAS 172762846 also clearly exhibit crys-
talline silicate absorption features up to @3 where the feature appears in emission.
The extreme OHR star IRAS 163423814 is also known to have some crystalline sil-
icate features in absorption (Dijkstra et al. 2003). Thigobis undergoing an intense
mass-loss of 102 M, yrt, which is approximately an order of magnitude greater
than the highest mass-loss rates determined in this works Béhaviour is similar
to that modelled by de Vries et al. (2010), who found that assHass rates greater
than 10° M,, yr-! even the 33:m band becomes self-absorbed in some lines of sight.
These results show that there is a limit to the strength ofctigstalline silicates in

AGB stars.

3.4.4 Pulsation period and crystalline feature strength

In general, as an AGB star evolves, the stellar radius isegdt becomes brighter, and
its pulsation period increases. A similar period—lumitypselation exists for RSGs,
although they often have smaller amplitudes and less regeldodicities. Figl 3.11
compares the crystalline band strength with pulsationggerCare needs to be taken
when comparing trends with pulsations across a metalliaitge, since a star'stec-
tive temperature is metallicity-dependent and hence scaalias and pulsation period

(Wood 1990). We therefore consider each population seglgrdt/e find that the frac-
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Figure 3.10: Spectra showing crystalline silicate absormpand emission features. To
enhance the visibility of the crystalline features in thedpa the adopted continua are
shown (smooth red lines). The position of the@28-feature is indicated by a dashed

line.
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Table 3.10: Derived forsterite temperatures for stars &i88um feature. In sources

where there is no 23m feature detection,J;s may be incorrect due to self-absorption.

Star 23um Ft.  Tiors (K) Star 23um Ft. Tiors (K)
NML Cyg Y 88+ 10 MSX LMC 807 N <150
NML Cyg 121+ 23 S Scl < 64
WX Psc 89+ 10 HD 269599 <66
WX Psc 89+ 10 AFGL 2199 <70
IRC +50137 170+ 47 AFGL 2403 <53
HV 12956 102+ 13 AFGL 2403 <68
OH 104.9%+2.41 67+ 6 AFGL 2374 <89
IRAS 03434-5818 458+ 365 AFGL 5379 <47
IRAS 04553-6825 73+ 7 AFGL 5379 <46
IRAS 04545-7000 88+ 10 AFGL 5535 <50
IRAS 05402-695 98+ 12 OH 21.5+0.5 <52
IRAS 05298-6957 108+ 15 OH 26.2-0.6 <43
IRAS 05389-6922 498+ 390 OH 26.5+0.6 <63

IRAS 1358115444
IRAS 17304-1933
IRAS 17338-2140
IRAS 17413-3531
IRAS 18279-2707
IRAS 182912900
IRAS 19256-0254
IRAS 19456-1927
MSX SMC 134
IRAS 17016-3840
IRAS 17036-3053
IRAS 17276-2846
IRAS 173472319

321+ 190 OH 127.8+0.0 <84
169+ 46 OH 127.8+0.0 <56
158+ 39 IRAS 05128-6455 <70
507+ 385 IRAS 044077000 <122
245+ 108 IRAS 08425-5116 <56
546+ 364 IRAS 05329-6708 < 206
267+ 130 IRAS 05558-7000 <153
117+ 19 IRAS 17004-4119 <56
<51 IRAS 17513-3554 <84
<53 IRAS 18195-2804 <60
<54 IRAS 182310855
<47 MSX SMC 024

<513
<84

Z Z Z Z < < < < < < < < << <=<<=<=<=<=<z=<=<x=<=x<

N
N
N
N
N
N
N
N
N
N
N
N
193+ 63 OH 32.8-0.3 N <45
N
N
N
N
N
N
N
N
N
N
N
N
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tion of sources showing crystalline silicate features eagger for sources with pulsation
period longer than 700 days than for sources with short polsaeriods. Furthermore,

in these long period pulsators the strength of the crysmlieatures appears to be in-
creasing with period. Thisfiect is strongest for the 2@n feature in Fig. 3.11. These
stars are typically more evolved with higher dust mass-tas=s than the sources with

periods less than 700 days.
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Figure 3.11: Comparison between pulsation period and th&alfine silicate feature strength. Symbols are the sankéaS.6.
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Probable disc sources

Fig./3.12 shows three sources that exhibit unusually stooystalline silicate features
in their spectra. Strong crystalline silicate featureshsas these are often found in
long-lived circumstellar discs where dust processingteeaery high abundances of
crystalline silicates (Molster et al. 1999b; Gielen et &08, 2011). We propose that
HD 269599 (SSID 4464), MSX SMC 134 and HV 12956 have a staBlelike geom-
etry, which invalidates the assumption of a sphericallgmsetric outflow for the SED
fitting. HD 269599 is a member of the young (& Myr) cluster NGC 1994 (Kumar
et al. 2008) which contains B and B[e] stars. Because of igelanfrared excess it
is probable that HD 269599 is also a relatively massive fivegly young star with a
disc. Optical spectroscopy confirms that HD 269599 is a Bjpgsgiant (Lamers et al.
1998; Kastner et al. 2010).

MSX SMC 134 is RAW 631, an optically identified carbon star.tidgl and near-
infrared spectroscopy confirm its carbon-rich nature (8leaal. in prep, van Loon
et al. 2008). The combination of a carbon-rich photospheck axygen-rich dust is
the hallmark of a silicate carbon star (first discovered byléiMarenin 1986). The
leading explanation for these sources is that the silicagt was trapped in a disc in
a binary system before the mass-losing star evolved intaltzonastar (Lloyd Evans
1991; Barnbaum et al. 1991).

We could find nothing in the literature that signifies the pre=e of a disc around
HV 12956, but postulate the presence of a disk is requirelaaghese high-contrast

crystalline silicate features.

3.5 Discussion

3.5.1 Mass-loss rates

Determining total mass-loss rates requires an assumphbontahe scaling relation

between the dust and gas in the envelope of AGB stars; thieat@mn factor is not
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Figure 3.12: Spitzerspectra of three sources which display very strong crysgll

features. We postulate that these sources have a stablikdigeometry.

well known, even for Milky Way sources. It was proposed by ‘@on (2000) that
the gas-to-dust ratio for O-rich sources scales with th@aimnetallicity. Although this
relation has an inherent scatter, it is commonly appliednheriving gas mass-loss
rates. Our estimates for the total mass-loss rates areasiyndfected by the large
uncertainties in the correction factor, which may blur tfieets of the gas density on
the onset of crystallinity in the envelopes of evolved st&tsrthermore, the precision

of the individual gas mass-loss rates will bg¢eated by the assumption that objects
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in each galaxy are of the same metallicity. Total mass-lasssy determined from
CO emission, may provide a better constraint of the gas denBitis would require

observations with the full ALMA array for objects at the diste of the Magellanic
Clouds (Woods et al. 2012), however, the correlation betwe®mand total gas mass

is also uncertain.

3.5.2 Onset of crystallinity

Theoretical dust condensation studies predict that the (@omawa & Kozasa 1999)
or gas (Tielens 1998; Gail & Sedimayr 1999) column densitthacircumstellar en-
velope is critical for the formation of crystalline siliest. Our observations show that,
at high dust densitiesMgust > 3 x 108 M, yr-1), the majority of the sources in our
sample exhibit silicate grains with a crystalline compdneHowever, we first de-
tect evidence for crystallinity at a low dust column densityresponding tVgus: ~
5x 107°M, yr~1. Approximately 10 per cent of the sources with dust mass+lates
between 163 and 108 M, yr! show the distinctive structure of crystalline silicate
bands. A transition in the silicate structure is seen whest thass-loss rates of 10
to 10" M, yr~! are reached. Here, the silicate grains undergo a tranditon only
a few per cent of sources displaying crystallinity to over@d cent of the sources,
in less than 1 dex in dust mass-loss rates. This transitipeap to be sharper for the
dust mass-loss rates compared to the gas mass-loss rteagal the uncertainties are
greater for the gas mass-loss rates. Although tentatiie stiggests that crystallinity
is predominantly correlated to the dust mass-loss rate,tlamsl annealing of amor-
phous silicate grains by radiation is probably the primanfation mechanism for
crystalline silicates in the outflows of AGB and RSG stars.

Alternatively, Sloan et al. (2008) argue that in low-depsWnds grain growth oc-
curs over along period, allowing the atoms to arrange theresén the most energetically-
favourable lattice structure before being locked in plaxtha grain accumulates more

layers. At higher densities grains will accrete materigitdéa preventing the migra-

OLIVIA JONES 135



3: CRYSTALLINE SILICATE FORMATION

tion of atoms. If this was the case one would most likely expecsee a bimodal
distribution of crystalline sources, which is not suppdrs our results.

For sources undergoing the most extreme mass-loss rateslaration of crys-
tallisation processes may be iffect. Here conditions are favourable for both thermal
annealing of the amorphous grains and crystalline graimaifgg by direct condensa-
tion from the gas phase, where the higher densities in thefdusation zone raise
the silicate condensation temperature above the glassetamope (Lodders & Feg-
ley 1999; Gail & Sedimayr 1999). This combinefiext may in part explain why the

sources with high mass-loss rates tend to have strongeatiys features.

3.6 Conclusions

We have analyse8pitzerandISO infrared spectra of 217 O-AGB and 98 RSG stars
in the Milky Way, Magellanic Clouds and Galactic globular stiers, to explore the
onset of crystallinity. Dust mass-loss rates were estadtigshrough spectral energy
distribution fitting with thesrkams model grid and the strength of the crystalline features

determined from the spectra. The main results of this stuelgammarised as follows:

e We detect crystalline silicates over 3 dex in dust mass+#atesdown to rates of
~10° M, yr .

¢ Crystalline silicates are more prevalent in higher mass-tage objects, though
sources undergoing the highest mass loss do not show thenZ8rsterite fea-
ture. This is due to the poor contrast of the low temperatdirh® forsterite
grains above the continuum and in some cases (self-)absorpt the short

wavelength { < 25um) crystalline silicate features.

e The dust mass-loss rate appears to have a greater influenite @nystalline
fraction than the gas mass-loss rate. This may suggesttbadrinealing of
amorphous silicate grains by radiation is probably the prifformation mech-

anism for crystalline silicates in the outflows of AGB and RS&rs.
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Crystalline Silicate Mineralogy

The work presented in this chapter expands upon the work loligh Jones et al.,

2012, MNRAS, 427, 3209.

4.1 Introduction

In this chapter, we will present a mineralogical analysishef crystalline silicate fea-
tures detected in th8pitzerandISO SWS spectra between 22 and @%. The dust
characteristics in this sample of O-rich AGB stars and RS@&e Galaxy and the
Magellanic Clouds are of particular interest because of tfferént metal content in
the dust-forming region of their circumstellar envelop€Bis may dfect the dust con-
densation sequence and hence the composition of the tirystilicate dust.

The first step towards understanding the dust condensatuesce of these stars
is the identification of the dust emission features in theair®fd spectra. Crystalline
silicates in the outflows of AGB stars and RSGs exhibit shagmnance features at
wavelengths beyond 1@m. The peak positions and shapes of these bands depend on
the adopted M@Mg+Fe) ratio, lattice structure, grain size and morphology (v
et al. 2002b; Chihara et al. 2002; Koike et al. 2003; Min et 803). From these
variations it is possible to determine the minerals predgntomparing the observed

spectral features to laboratory spectra dfetent dust species.
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4.2 Feature identification

To compare the crystalline silicate features across th&yMNay, Magellanic Clouds
and the Galactic globular clusters we derive mean contirgubtracted spectra for
the complexes at 23, 28 and g&. The emission from the crystalline silicate fea-
tures can be isolated from the observed spectrum by suibigetcontinuum accord-
ing to Equation 3.4. Emission features were extracted frioenrésulting continuum-
subtracted spectra over the wavelength ranges specifiedhle B.8, and averaged
using a weighting factor (calculated from the point-tofiddRMS) to account for the
varying signal-to-noise in each region. The mean spectraipiexes for the MW,
LMC and SMC sources are shown in Fig.4.1. In the globulartelusample only the
28-um spectral complex is present. These are compared to |alppspectra of crys-
talline olivine and pyroxene with varying K&1g+Fe) ratios. Average feature shapes
for the O-AGB stars and RSGs in our sample are presented irEg

The precise shape and position of the continuum-subtrdetgdres will depend
on the spline-fitted continuum. In order to evaluate how #epsa feature is to the
defined continuum, we also computed average profiles usimgarlcontinuum. The
central wavelength of the 23m feature (measured by finding the wavelength which
bisects the integrated flux of the feature) has a mean vamiafi0.08.m when a linear
continuum was fitted, a mean change in position of Qui®was recorded for the 28-
um feature and the 3@m feature had a 0.1Zm change. In extreme cases where the
features are weak compared to the continuum, or the spesteaghlow signal-to-noise
the central wavelength may move by 048. For most cases the change in wavelength
is relatively minor. Figure 4.3 shows the influence of thetoarum on a source with
strong features, MSX SMC 134, and a source with weaker feafliRAS 18279. The
average feature shape is remarkably insensitive to theadethcontinuum fitting, due

in large part to the weighting factor and normalisation.
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Figure 4.1: Overview of the normalised mean continuum-subéd 23-, 28- and 33-
um complexes.Top the LMC, SMC, globular cluster and MVBpitzercomplexes
are plotted in blue, red, green and brown respectively, evtie MW spectra from the
SWS re-gridded to IRS resolution are plotted in orange. Ttlermarks indicate the
wavelengths where crystalline silicate features are faarile observed spectra. The
crystalline species are indicated by a F (forsterite), Ei@ite), D (diopside), while

a U indicates an unidentified speciddiddle row. Laboratory spectra of crystalline
olivine with Mg/(Mg+Fe) ratios of: 45% (purple), 67% (green) and 100% (yellow).
Bottom Laboratory spectra of crystalline pyroxene with N\gg+Fe) ratios of: 0%

(purple), 50% (green) and 100% (yellow).
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Figure 4.2: Overview of the normalised mean continuum-suitéd 23-, 28- and 33-
um complexes.Top The combined mean complex spectrum of O-AGB (blue) and
RSG (Red) sources. The tick marks indicate the wavelengtiesenvcrystalline fea-
tures are found in the observed spectra. The crystallineispare indicated by a F
(forsterite), E (enstatite), D (diopside), while a U indies an unidentified species.
Bottom Laboratory spectra of forsterite (black) and enstatiteeég) are plotted for

comparison (Koike et al. 1998).
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Figure 4.3: The ffects of the continuum fitting method on the continuum-subée
feature profile. For each star, the top panel shows a splitgetHtontinuum (blue) and

a linear continuum (red), while the bottom panel shows tisedteal features from the

spline fit (black) and linear fit (red).

OLIVIA JONES 141



4: CRYSTALLINE SILICATE MINERALOGY

saaasl 1 Liahe l\/ | RITTET 1 1 1 1 Liaasaaas 1 1 [ FFTTRN RS TR FTTT] FRRTRITYTI ATTTTY 1 (TA PRTTRTTIT Losas

21 22 23 24 25 21 22 23 24 25 21 22 23 24 25 21 22 23 24 25
Wavelength [xm]

Figure 4.4: The normalised continuum-subtractedu8features (grey lines) com-

pared to the mean 23m complex.

4.2.1 The 23um complex

The 23um complex is clearly seen in several of the stars across a rarge of dust
mass-loss rates. However, it becomes less prominent amdadgent in the highly-
enshrouded sources. This band is entirely absent in theilgiobluster sources across
all mass-loss rates. The complex is thought to be dominagefdristerite emission
(Molster et al. 2002b; Sloan et al. 2008), with its peak fgtthe dust spectra better
than Fe-rich members of the olivine series.

To study the systematics between features in the spectrampare them to the
mean spectra. Figures 4.4 shows the normalised continubnasted features com-
pared to the mean spectral complex. The average centralevayth of the complex
for each population is around 23.35, however, the variations between samples and
individual sources is larger than that of the 33+ feature.

The complex is comprised of several blended features at 22.8, 23.0 and 23.7
um whose relative strengths provide the maiffetience between the samples. While
the 22.3, 23.0 and 23/m features have previously been reported by Molster et al.

(2002b), this is the first-time the 22/8n component is seen. The complex is domi-
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Figure 4.5: The normalised continuum-subtractedu#8features (grey lines) com-

pared to the mean 28n complex.

nated by the 23.74n forsterite band, with the 23 0m enstatite feature also contribut-
ing to the substructure. The 22u8r and the newly discovered 22.8n bands have
yet to be attributed to a dust species.

The strength of the 23.0m feature compared to the 23urx feature provides the
main diference between the Magellanic Cloud mean profiles and the M¥\gs. The
mean profile of the SWS Galactic sources exhibits the largnsation from the other
mean spectra: this mean spectrum shows prominent 22.3-228¢ & features which
are more subdued in the other profiles. Furthermore, the I8#&8 Galactic spectrum
is shifted towards the blue. The mean profile of the RSGs hamikasshift to shorter
wavelengths with a central wavelength~#23.0um (compared to the O-AGB sources

at 23.4um), as seen in the top left panel of Fig. 4.2.

4.2.2 The 28um complex

The 28um complex shows clear variations in the spectra with meialli Although
the samples show a similar peak position around gm8the spectral shape isfi#r-

ent for the Magellanic Cloud, globular cluster and Galactiarses. This complex is

OLIVIA JONES 143



4: CRYSTALLINE SILICATE MINERALOGY

comprised of several blended features of which the 2ifSforsterite feature, com-
bined with the 28.2- and 29 4m enstatite features, are the main components (Molster
et al. 2002b). In the Magellanic Cloud profiles, the broadetiee may indicate an
enhanced enstatite contribution compared to forsteriterd may also be a significant
contribution from the unidentified 296 feature, which is especially pronounced in
the MW Spitzermean complex. Unlike the MW and the Magellanic Cloud profilles,
mean spectrum for the globular clusters does not show aefitestomponent; here,
the complex is dominated by enstatite. There is no discleraiiference between the
O-AGB stars and the RSGs.

Determining an average profile for the MW SWS spectra was hesdpey the
troublesome boundary between bands 3D, 3E and 4 in thismegioere known light
leaks and spectral response calibration problems resuérge uncertainties in the
flux (Sloan et al. 2003a). Several SWS spectra show a broaglplaxtending from
~ 27.5-32.2 um. We could find no evidence for a similar feature shape in drifjie
Spitzerspectra and we conclude that this plateau is probably arumsntal artifact.
We have taken care to exclude any sources where this anifagtbe present in the
ISOSWS data before determining a mean spectrum for this sample.

It is clear from Figure 4.6 that there is a large discrepanetnieen these mean
profiles and the 2@&m outflow complex determined by Molster et al. (2002b). That
complex shows a sharp rise across the band, furthermorethedge of the complex
has a strong relatively flat component with few peaks, wh&imat seen in any of
the Spitzerspectra. TheSpitzerGalactic and extragalactic post-AGB disc emission
complexes calculated by Gielen et al. (2011) also show ndeezie for a plateau in
the 28um complex. Thus, we believe that our 2& profiles provide a more accu-
ratgreasonable reflection of the crystalline features presewnuiflows, as these are

not dfected by the problematic SWS 3D and 3E bands.
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Figure 4.6: A comparison of the mean crystalline silicatenptexes determined for
the sources in our sample and the calculated mean complékéssier et al. (2002b)
and Gielen et al. (2011). The tick marks indicate the waglesnwhere crystalline

features are found in observed spectra.
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Figure 4.7: The normalised continuum-subtractedu88features (grey lines) com-

pared to the mean 33m complex.

4.2.3 The 33um complex

The 33um complex is dominated by the strong forsterite feature a6 g&, and is
particularly prominent in sources with high mass-loss gatén both the LMC and
SMC samples, strong noise around38 complicates the identification and extraction
of features, thus the detection rate may be lower than eggeximpared to the MW
sample. The 334m complex is not seen in the globular cluster stars. The cexnpl
shows remarkably little variance with metallicity, both terms of the shape, mean
wavelength and FWHM. The mean wavelength of the extractedrieas 33.54um,
varying by 0.13um across the three galaxies. The position of the 38n6feature is
consistent with cool Mg-dominated crystalline olivine igia If the grains contained
iron inclusions then the peak of the feature would be shiftethe red (Koike et al.
2003; Pitman et al. 2010). Warmer grains would also resudt shift in band position
to longer wavelengths (Koike et al. 2006). Thed8-complex also exhibits some less
prominent sub-structure. There is a weak feature on theskeftulder of the complex
at 32.2um, tentatively identified as diopside (MgCaSi) by Molster et al. (2002b).
At the red edge of the band we note the presence of an enseaitee at 35.3m.
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28 feature/continuum

0.01 0.10
23 feature/continuum

Figure 4.8: Correlation between the strength of theu#8feature and the 28m fea-
ture. The symbols and colours are as defined in Fig. 3.6, &xtheffilled symbols
represent the presence of both a 23- and a®8feature. The lines show the least

square fit to the LMC (red) and MW (orange) features.

4.3 The olivine-to-pyroxene ratio

The variation in spectral shape and thé&elences between individual bands present
in the 28um complexes for the Milky Way, Magellanic Clouds and globukusters,
may indicate a change in the crystalline silicate dust nailogry with metallicity. As
the metallicity increases, the enstatite substructuré8&t and 29.4/m becomes less
pronounced, whereas the forsterite substructure at 2n%ecomes more distinct.
This dichotomy between the Magellanic Clouds and the Galaxyle clearly seen
in Figs.' 4.8 and 4.9, which show the relations between thea8-33um forsterite
features and the 28m enstatite feature strength (measured according to S&@)3.

The separation between the populations, as indicated byiffezence between the
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0.10 [

28 feature/continuum

0.01cC AL .

0.01 0.10
33 feature/continuum

Figure 4.9: Correlation between the strength of theu88feature and the 28m fea-
ture, with best-fit line for each population. The symbols anbburs are as defined in
Fig. 3.6, except the filled symbols represent the presentmibf a 33- and a 2@m

feature.

lines of best fit to the crystalline silicate features in egalaxy, suggests a change in
crystalline dust composition with metallicity, with ensta seen increasingly at low
metallicity, while forsterite becomes depleted. A line efsbfit is not plotted for the
SMC sources due to there being iffstient data points. Note that the globular cluster
sources do not feature in these plots as they only exhibie8em enstatite feature,
also indicating a change in dust composition with metaliciThis trend is almost
certainly a metallicity &ect, and not due to changes in mass-loss rate or luminosity, a
we are sensitive to crystalline silicate features in AGB BR&G sources across several
dex in both luminosity and mass-loss rate.

Figure 4.10 shows the relation between the 23- angr@JFeatures that have the
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Figure 4.10: Correlation between the strength of theu@Bfeature and the 3@m
feature. The symbols and colours are as defined in Fig. 3agpisthe filled symbols

represent the presence of both a 23- and at®@3eature.

same primary carrier (forsterite). There is no clear sequameébetween the dierent
metallicity populations. However, several of the Milky Wagurces are not very well
represented by the best fit line. These sources are experggntense mass-loss rates,
consequently the 2@m feature might be experiencing self-absorption.

We detect a change in the crystalline silicate mineralogth wetallicity, with
enstatite seen increasingly at low metallicity, while tergde becomes depleted. This
variation in the olivine-to-pyroxene ratio can be explairtey a number of possible

mechanisms.

OLIVIA JONES 149



4: CRYSTALLINE SILICATE MINERALOGY

4.4 Mineralogy and metallicity

Our results provide strong evidence for a change in crys&adlilicate production with
metallicity; here we explore some of the possible reasonthise diferences.

The molecules available for dust production in O-rich staeslimited by the abun-
dances of heavy elements that are not produced on the AGBafinedance of Mg,
Si, Ca, Al, and Fe in the photosphere reflect the initial abannda of the molecular
cloud from which the star formed, while the surface abundarut C and O are altered
by dredge-up and hot bottom burning. Dredge-up only in@gsdse [QH] abundance
by small amounts. Howevefifiient hot bottom burning in low-metallicity, high-mass
AGB stars may result in [(H] depletion (Ventura et al. 2002). For stars with solaelik
abundances, both Mg and Fe are more abundant than Ca and Ad€Nging approx-
imately unity). These abundances change with overall e@tgl For nonw-capture
products like Al, this &ect is even more severe (Wheeler et al. 1989).

For solar-metallicity stars, the classical dust condeasaequence in the outflows
of O-rich evolved stars predicts that aluminium- or calcitoh dust grains form first,
at temperatures around 1400 K, before silicon and magneswntense into silicates
at slightly lower temperatures (Tielens 1990; Lodders &IBgd999; Gail & Sedimayr
1999). A parallel condensation sequence, involving magneand silicon, starts with
the direct condensation of forsterite from the gas phaserapératures around 1050
K. This is subsequently transformed into enstatite thraegictions between forsterite

and SiQ gas, according to the equilibrium reaction:

2MgSiO; = Mg,SiO, + SiO.. (4.1)

The condensation sequence in O-AGB stars is slightfiedint from that of su-
pergiants (Speck et al. 2000; Verhoelst et al. 2009), howekre end-point for both
sequences results in the formation of magnesium-richasdz The lower detection
rate of crystalline features in RSGs may be a consequendasoélternate conden-

sation pathway, due to the delayed production of Mg-rich igrous silicates. We
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speculate that this production is a necessary precursahé&formation of forsterite

and enstatite, as it provides suitable material from whactirineal crystalline silicates.

4.4.1 Fe-content of crystalline silicates

The crystalline silicates in our sample are comprised of iMdg-olivines and pyrox-
enes (forsterite: MghiO, and enstatite: MgSi§). Recently, the crystalline features in
thelSOspectra of RX Lac, T Cep, T Cet and R Hya were found to be bettechudt
with the iron-rich silicate: MgigFe g,SIO, (Pitman et al. 2010; Guha Niyogi et al.
2011). These sources occur early on in the silicate emissqgnence (which charac-
terises the shape of the Léh complex; see Sloan & Price 1995) and lack the classical
emissioriabsorption features that have been attributed to amorptibbeste dust; they
also tend to have optically thinner dust shells. Howekerschelobservations of the
69 um crystalline silicate band in more evolved AGB stars do nad fevidence for
iron in the lattice structure of the crystalline olivine (dees et al. 2011). The sources
in our sample tend to have optically thicker shells and atgreabundance of amor-
phous silicates. Consequently, Fe-rich crystalline ddisanay only form early on in

the AGB, in low-density winds.

4.4.2 Forsterite-to-Enstatite ratio

At solar metallicities, forsterite is the dominant crysted species, but as the metal-
licity drops enstatite becomes preferentially formed. Wasider five possibilities for

this difference below.

1. The elemental abundance of Mg, Si and O during dust coatienswill also
influence the forsterite-to-enstatite ratio. If either Mg® are depleted then
enstatite could preferentially form. One might expect tharalances of Si and
Mg to scale from the solar values by the same amount, in whasie @ lower
relative abundance of O would be required for enstatite ypctidn. This could

be due to water formation locking up free oxygen, changelsematal @O ratio
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152

with metallicity, or dficient hot bottom burning in low-metallicity high-mass
AGB stars.

In more metal-poor galaxies, dredge-up of newly producedarahas a greater
effect on the @O ratio in the photosphere of the star (Lattanzio 2003). Abig
abundance of CO reduces the amount of free oxygen availabtiub produc-
tion, which might result in the preferential formation ofagms with a pyroxene

stoichiometry as they require less oxygen.

The chemical abundances in massive AGB stars can also bdiadody hot
bottom burning. If the temperatures are high enough-(B x 10° K) for the
NO cycle and Ne-Na cycle to become active, oxygen will becdemeted and
sodium should be enhanced (Caciolli et al. 2011). Oxygeretiepl (and associ-
ated sodium enhancement) has been observed in several kaNicitg globular
cluster stars (Kraft et al. 1997; Gratton et al. 2001). Trstaes have indticient
mass to have undergone hot bottom burning, however, it magpbsble that the
abundances of the primordial gas was enriched in He, C, N andWNaepleted
in O by an early population of massive AGB stars (Ventura.€2@01; Decressin
et al. 2007).

Differences in the temperature gradient in the outflows of O-AGBRSG stars
in the Galaxy, Magellanic Clouds and Galactic globular @duswill alter the
position of equilibrium in the forsterifenstatite reaction. As the temperature of
the circumstellar envelope decreases, the position ofibqum in Eq.[4.1 will
shift to favour the exothermic reaction, in this case thedpation of enstatite.
Consequently the MgSK¥IMg,SiO, ratio would increase. This reaction requires

that equilibrium is reached.

. Alternatively, non-equilibrium conditions during dustndensation may alter the

order that olivines and pyroxenes form. In denser envirams)ahe dust shells
are more likely to reach equilibrium due to the increasedpahility of inter-

actions with other atorisiolecules, thus for Galactic sources where the partial
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pressure of dust is greatest, the circumstellar enveloesare likely to reach
equilibrium than sources at lower metallicities. Underiggaum conditions it
is predicted that forsterite will form before enstatitefdfsterite condenses first
then Mg will deplete at twice the rate of Si. Conversely, iftatite condenses

first the [MgSi] ratio will remain constant until the Si is exhausted.

4. Furthermore, the higher partial pressure of dust-fogretements in the en-
velopes of Milky Way sources likely results in the growth afder grains. The
size of forsterite grains may also be an important factomist&tite production:
for large grains the surface area per unit volume decreasdacing available
reaction sites for the infusion of Syin the crystalline lattice. This curtails the
amount of forsterite available for conversion to enstatted may result in large

forsterite grains coated by a enstatite mantle.

5. Nucleation of Mg, SiO and }O in the conditions relative to stellar outflows
could also plausibly form enstatite (Goumans & Bromley 20E2r silicates to
nucleate from gas phase molecules, they must follow a sefrtaermodynamically-
favourable reaction pathways, resulting in a small mebdstsilicate cluster with
an enstatite stoichiometry. Once a cluster has formed thes# grow under
appropriate temperature conditions to become macrosquguiicles (Gauger
et al. 1990). The subsequent growth of this cluster is ex@éhgraxothermic;
this increase in internal grain temperature may bicgent for the partial crys-
tallisation of the forming dust particle. Why this nucleatipathway would be
favoured in the metal-poor environments of the Magellanisu@dk remains un-

clear.
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4.5 Conclusion

The sample of O-rich AGB stars and RSG in the Galaxy and theellagc Clouds
observed by the IRS dBpitzewas analysed in order to investigate how the mineralogy
depends on the physical and chemical conditions of thesstarvelope. The results of

the survey indicate that:

e O-AGB stars have a higher proportion of sources with criis&lsilicates fea-
tures than RSGs, however, there is little variation in thracsture of the crys-
talline silicate dust for O-AGB and RSG stars.

e We report the presence of a newly detected 248 emission feature in the
spectra of Milky Way AGB and RSG stars.

e We detect a change in the crystalline silicate mineralogy wietallicity, with
enstatite seen increasingly at low metallicity, while ferge becomes depleted.
This variation in the olivine-to-pyroxene ratio can be epéd by a number of

possible mechanisms.
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Modelling the Alumina Abundance in

O-AGB stars

The work presented in this chapter has been submitted to MNi&A8blication.

5.1 Introduction

Although not understood in detail, the thermodynamic coisdéon sequence for oxygen-
rich outflows (GO < 1) predicts that refractory oxides such as aluming@3) would

be the first astrophysically significant species to form. SeEhgrains can exist relatively
close to the starT{;ong ~ 1400 K at pressures relevant to stellar outflows) and may act
as seed nuclei for other grains (e.g. Onaka et al. 1989; &tehal. 1990; Sogawa &
Kozasa 1999). At larger radii, where the temperature is toife~ 1000 K) silicate
grains form.

It is well established that the dust in oxygen-rich outflowssists mainly of sili-
cates (Woolf & Ney 1969; Hackwell 1972; Tifers & Cohen 1974). However, alumina
dust has been detected in the spectra of some low massdegM)eO-rich AGB stars
in the Milky Way (Onaka et al. 1989; Speck et al. 2000; Dijastt al. 2005). These
stars show a broad low-contrast emission feature in the 7iegion which is best

fit with a blend of amorphous alumina and amorphous silicafesthe star evolves
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along the AGB the shape and peak position of this featureggsrsilicate dust be-
comes more important and dominates theub®-emission (Little-Marenin & Little

1990; Sloan & Price 1995). At high mass-loss rates theihOkeature is only due to
silicates. This sequence has been quantified by Sloan & Prég5, 1998) using flux
ratios in the 9-12:m region.

The SpitzerSpace Telescope has taken spectra of a large number ofduodivi
evolved stars in the Large and Small Magellanic Clouds, éogea wide range of
colours and magnitudes (Kemper et al. 2010). Although threeralogy of the oxygen-
rich AGB stars in the Magellanic Clouds is dominated by amotghsilicates both at
low and high mass loss rates (Sargent et al. 2010; Riebel 204P) some sources
also contain a small fraction of crystalline silicates @®mt al. 2012). There is an
apparent absence of AD; in the Spitzerspectra of O-AGB stars in the Magellanic
Clouds (Sloan et al. 2008), with the 1@a feature of low density (IlowM) winds
better reproduced by amorphous silicate grains than theated mixture of AIO;
and silicates. This implies that either alumina dust is egal in the LMC or that
observational biases hinder its detection. However, agnsite systematic study into
the Al,O3 content of evolved stars in the LMC has not yet been carri¢d ou

In this study we evaluate the alumina content of oxygen-AGB stars in the
Magellanic Clouds, by creating a grid of radiative transfed®ls that explores a range

of physical parameters relevant to evolved stars.

5.2 Modelling the circumstellar dust shell

To determine the relative contributions of alumina dustrfithie spectra of O-rich AGB
stars in the LMC, radiative transfer modelling is requirectédculate detailed spectra
of circumstellar dust shells. In this paper we use the ongedsional radiative transfer
codemopust (Bouwman et al. 2000, 2001; Kemper et al. 2001) to evaluatehmergent
spectrum from a central star surrounded by a sphericaltyrsgtric dust shellvopust

solves the transfer equations for the basic free paramstets as stellar temperature,
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chemical composition, grain size distribution, etc. unttex constraint of radiative
equilibrium, using a Feautrier-type method (Feautrier4)94at also allows the user
to implement multiple dust shells, each consisting difedent dust components with
an independent grain-size distribution function. In thikofeing sub-sections we will

describe the selection of the input parameters adoptectimtdelling.

5.2.1 Model input
Photospheres

The models have been calculated using thrékeidint synthetic stellar photospheres
for O-rich stars of solar-metallicity taken from Fluks et @1994). The spectral types
of the central star used in the model grid are: M1 with &edive stellar temperature
(Teg) of 3715 K, M5 [T = 3396 K) and M9 Ter = 2667 K). These were chosen to
reproduce the range of values expected for O-AGB stars. A#losity only acts as a
scaling factor for the emission and does nideet the spectral shape (Ivezic & Elitzur
1997), a typical luminosity for AGB stars of 700Q kas assumed, resulting in stellar

radii (R,) for the central star of 202.3, 242.1 and 392 5(Respectively).

Dust shell geometry

The dust is assumed to be distributed in a spherical shefll aitr -2 density distri-
bution, giving rise to a spherically-symmetric, time-ipéadent stellar wind with a
constant outflow velocity. The lack of silicate absorpti@atires in the spectra of
O-rich AGB stars in the LMC sample and the relative weakndghi® mid-IR flux
compared to the flux at Am (Sargent et al. 2010) indicates that these stars typically
have optically-thin dust shells in the mid-IR, thus limgithe column density along
the line of sight. In optically-thin dust shells the georgatf the circumstellar shell
has little influence on the appearance of the spectral festwas all grains receive
approximately the same amount of (near-IR) stellar phqtand absorption of scat-

tered or emitted radiation is minimal due to the decreaskigetion dficiency of the
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Table 5.1: Model Parameters

Parameter Range of Values
Star

Spectral type M1, M5, M9

L, (Lo) 7000

Ter (K) 3715, 3396, 2667
R (Ro) 202.3,242.1, 392.5

Dust Shell Properties

Rin (Ry) 2.5,3,5,7.5and 15
Rout/ Rin 200

Vexp (kms™) 10

Dust-to-gas ratio'f) 1/200

Density profile o(r) ~r=2

M (Mg yr ) 10°%°-10°

Dust Grain Properties

Size distribution MRN
Grain shape CDE

amin (um) 0.01

8max (M) 1.00

q 35

Dust Species Reference

Amorphous MgSiO, Dorschner et al. (1995)

Amorphous A}O3 Begemann et al. (1997);
Koike et al. (1995)
Fe Ordal et al. (1988)
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oxygen-rich dust at longer wavelengths. However, the dgpsofile of the dust shell
determines the dust mass distribution over temperatuus, dfiecting the continuum
emission levels and feature strengths. For opticallyktltigst shells the geometry of
the circumstellar dust would significantly influence theshaf the spectral features
and would require a more complex treatment of the densityibligion.

The inner radius of the dust sheRy{) is determined assuming that the dust tem-
perature at this radius is equal to the condensation teryeraf the dust species, and

that

2/(4+9)
R*) , (5.1)

Ta(r) = Tw (E

with s ~ 1 (Olofsson 2004). For amorphous silicates the condenstgimperature is
Teond ~ 1000 K (Gail & Sedlmayr 1999), however alumina is expecteddndense
at higher temperaturek.ng ~ 1400 K. To be consistent with other modellinfjcets
(e.g. Heras & Hony 2005; Groenewegen 2006; Sargent et all;Z®Inivasan et al.
2011) we do not include multiple dust shells with separast domponents, each with
its own temperature distribution. Instead, to account fis tange in condensation
temperature, and for dynamicafects such as pulsationg,, is varied for a best fit.
We calculate models fdR, = 2.5, 3, 5, 7.5 and 1R,. These are similar to the range
of Ry, values explored by the O-ricbrams models (Sargent et al. 2011), based on
estimates for the condensation radius bfirer (2007).

In some instances a given set of model parameters may ragiusi temperatures
at the inner regions of the shell that are in excess of the@osation temperature. We
deem these models to be unphysical and eliminate them fromrial

The outer radiusR,,;) determines the duration of the mass loss and hence the total
shell mass, and increases the amount of cold dust. In ordectarately determine the
thickness of the shell, far-IR data is required. The dustpiemratures at the outermost
regions of the wind only contribute slightly to the mid-IRXland hence cannot be
constrained by our models. For instance, for the M9Ill mosih R, = 7.5 and a

total mass-loss rate of410°° M, yr1, the 24um flux was only~ 4.8 per cent higher
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for Ryt = 1000R, as compared té,; = 200R,,. Thus we used a fixed value of
Rout = 200R;, as a lower limit for the shell thickness, as this is compotaily less
expensive.

The outflow dynamics, and in particular the density and vielaxf the wind, play
an important role in the emergent spectra. Typical wind eéiks derived from obser-
vations of Galactic AGB stars range from 10 to 20 kin@/assiliadis & Wood 1993;
Bloecker 1995; Habing & Olofsson 2003). In the lower-mét#l environments of the
LMC and SMC it is expected that the wind speed in O-AGB stassrialler compared
to their Galactic counterparts (Marshall et al. 2004). Wed constant outflow ve-
locity for the dust ofvex, = 10 kms™? for all the Magellanic Cloud object (Wood et all.
1992; van Loon et al. 2001). For the assumptions adoptedeirptesent paper, the
mass-loss rate is linearly related to the actual individuadansion velocity viavl o
Vexp/ (L0 km s™).

Total mass-loss rates are varied fronT¥0to 10° M, yr! and the dust-to-gas
ratio is taken to bel = 0.005 which is typically used for O-AGB stars in the LMC
(Groenewegen 2006; Sargent et al. 2011; Srinivasan et &ll)20rhis enables us to
encompass a large range of spectral morphologies, frometiaklust-free) stars to
the ‘extreme’ evolved stars with very large infrared exessdHowever, caution must
be taken when comparing models with low dust-productioes4®) to observations,
as it is very dificult to differentiate stellar photospheres from sources with very low-
contrast dust features below ~ 1071 M, yr* (Riebel et al. 2012), since the dust-
emission contrast is proportional to the dust-productate.r

For all our models a distance of 49 kpc to the LMC is assumed (Pietfski et al.
2013).

Dust grain properties

The circumstellar envelopes of O-AGB stars are minerakltjiccomplex. For stars
with low mass-loss ratedV( < 10"M,, yr1) simple metal oxides are the most abun-

dant species (Cami 2002; Posch et al. 2002); at greater msssdtes silicates (in
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Figure 5.1: Comparison of astronomical and laboratoryaiéis toSpitzerlRS obser-

vations of O-rich AGB stars in the LMC. The optical constangsived by Dorschner

et al. 1995 provide the best overall fit to the spectra.
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both amorphous and crystalline form) become the dominasttcamponent. Metallic
iron grains are thought to also contribute to the infraredssion around oxygen-rich
AGB stars (Kemper et al. 2002; Verhoelst et al. 2009; McDdmdlal. 2010), and iron
may be incorporated in other dust grains, for example in @maus silicates (Gail &
Sedimayr 1999).

The chemical composition of amorphous silicate grains iswell known, and
previous studies of oxygen-rich AGB stars have considengatla range of dust com-
positions with varying success. In Figure 5.1 we compare $&&s of ‘astronomi-
cal silicates’ and two dust compositions obtained from tabwry measurements to
SpitzerlRS observations of O-rich AGB stars in the LMC. The astrormahsilicates
we consider are the oxygen-deficient (Opoor) and oxygem{@rich) silicates from
Ossenkopf et al. (1992), the ‘warm’ and ‘cool’ silicatesrfrdsuh (1999), and the
(Draine & Lee 1984, hereafter DL84) astronomical silicadesived from ISM lines-
of-sight. For the laboratory measured dust species we denlie amorphous olivine
refractory indices fromdger et al. (2003) and Dorschner et al. (1995).

We find that the pure amorphous olivine from Dorschner etl#8196) best repro-
duce the position and relative strengths of the(dand 2Qum features in the infrared
spectrum of O-rich AGB stars in the LMC. We assume that thetometric compo-
sition of the amorphous silicate dust grains is not depehderthe mass-loss rate of
the AGB star.

To increase the opacity in the near-IR region, we also irelmetallic iron, using
laboratory data from Ordal et al. (1988). We adopt a metaliic abundance of 4 per
cent by mass with respect to the amorphous silicates, follpWemper et al. (2002);
de Vries et al. (2010).

For the refractive indices of amorphous alumina dust, wetlhis®ptical constants
for porous alumina grains measured by Begemann et al. (1881gh are extended to
shorter wavelengthsi(< 7.8 um) by concatenation with optical constants from Koike
et al. (1995).

For all dust species modelled we adopt a standard MathispRNordsieck (MRN)
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Figure 5.2: Five spectra with filerent alumina abundances are shown,Nbe 7.5 x

10~ Mo, yr~1. All other model parameters are constant.

grain size distribution (Mathis et al. 1977), given bya) « a9, with g= 3.5, for a
grain size range ah = 0.01 — 1um. To calculate the absorption and scattering coef-
ficients of the dust grains from the complex refractive imdieneasured in the lab, an
assumption about the grain shape distribution needs to de;mge adopt a continuous
distribution of ellipsoids (CDE) for the particle shape (Beh & Huffman 1983). This
is preferred over homogeneous spherical grains as regtghdped particles introduce
resonanceféects resulting in unrealistic feature shapes (Min et al.3200

The alumina abundance was varied in increments of 5 per cel®#40 per cent,
and increased in steps of 10 per cent for 40-100 per cent.tr@peith different alu-

mina abundances are shown in Figure 5.2; there is a cleagehanthe shape and
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strength of the 10um feature as the alumina abundance is increased.

5.3 Model results

From our models we compute expected flux densities for thadband filters of
2MASS, Spitzer WISEandAKARI by convolving themobust spectral output with the
relative spectral response cure$he calculated fluxes are further converted into Vega

magnitudes, which can be directly compared to catalogueegal

5.3.1 Colour—colour diagrams

In this section we show examples of the colour—colour spaceimed by our grid
of models and compare our synthesised photometry to oligmrgeof evolved stars.
Since our models are created for dusty O-rich AGB stars wadan mid-IR colours,
where molecular and dust spectral features cause distiatbmetric signatures and
the central star’sféective stellar temperature has little influence on the flux.

Mid-IR colour—colour diagrams (CCD) for the model grid are g@eted in Fig-
ures 5.3-5.5. For comparison, we also include LMC point sesifrom the SAGE-
Spec survey, which were identified as O-rich AGB stars and R&&mngSpitzerlRS
spectra and ancillary photometry (Kemper et al. 2010; Wadd. 2011; Jones et al.
2012). These were cross-identified with thRKARILMC point source catalogue (Ita
et al. 2008; Kato et al. 2012) and tddSEall-sky catalogue (Wright et al. 2010).

In general, our models are consistent with the range of @bdgerolours for oxygen-

rich stars in the colour-colour diagrams considered hesgeeially when the contribu-

IFiltercurves were obtained from thdfigial websites:
http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6_4a.html;
http://ssc.spitzer.caltech.edu/irac/spectral_response.html;
http://ssc.spitzer.caltech.edu/mips/spectral_response.html;
http://www.astro.ucla.edu/~wright/WISE/passbands.html
andhttp://www.ir.isas.jaxa.jp/ASTRO-F/Observation/RSRF/IRC_FAD/index.html
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Figure 5.3: Spitzer IRAC/MIPS colour-colour diagrams for two combinations of
colours. Small, grey dots denote the models from our O-rigth. gAlso shown are
the Fluks et al. (1994) photospheres (pink stars) used tergenthe grid. To illustrate
the model grid coverage, the evolved sources in the SAGE-Speple are overlaid:
O-rich AGB stars are represented by blue triangles, RSGedtbygllamonds and C-rich

AGB stars by green squares.
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tions from circumstellar dust becomes significant in ddésg the observed photom-
etry. However, the resolution of the grid before dust prducbegins is limited to
narrow columns in colour-colour space (Figure|5.4), cqoesling to sets of models
with low optical depths derived from the three input stepf@otospheres. The sparse
grid coverage for the dust-free sources reflects the comigmbetween the accuracy
of the model fit and the required computational time, with bagis placed on the fine
sampling of model AGB stars with apparent dust excesses.

The IRAC [5.8}-[8.0] versus [3.6}[4.5] colour-colour diagram, shown in the top
panel of Figure 5.3, traces the photospheric temperatutteeofentral star and contin-
uum emission from the circumstellar dust shell. At theseelewgths O-rich dust has
no distinguishable signatures, unless it contains a sggmfifraction of iron or has a
strong 10am silicate feature, both of whichffiect the 8am flux. The IRAC colours
are instficient to distinguish between carbon-rich AGB stars, oxygeh AGB stars
and RSGs, as such there is a significant overlap between thencach dust sources
and our oxygen-rich models. The largest discrepancy betweaemodel grid and ob-
servations is for sources that lie in the largely-dustlegsan below [5.8}[8.0] < 0.6
mag. These sources have little circumstellar excess, agdmaetter represented by
photospheres with a larger range of stellieetive temperatures, metallicity and sur-
face gravity. With the onset of mass-loss, the dust emissioreases and the model
colours provide better coverage of the observed data.

Moving to longer wavelengths, the [5-9B] versus [8}-[24] CCD (Figure 5.3;
bottom panel) is anfiective tracer of stars with significant amounts of circurtiate
dust. It is often used to distinguish oxygen-rich from carbich stars as there is little
overlap between the populations (Kastner et al. 2008; Beyal. 2012). Our models
on the whole show a considerable overlap with the colourhef@-rich AGB stars
from SAGE-Spec sample but are well seperated from the regieapied by the C-
rich AGB stars.

The top panel in Figure 5.4 shows a colour-colour diagranorparating both

near- and mid-IR data. This essentially compares the mdugbgpheres via the-Kg
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colour to the dust excess, traced by WEE[4.6]-[12] colour. In the diagram the dif-
ferent stellar types are reasonably well separated (dugfereihces between the stars
effective temperature), until the stars become heavily dnsti@uded at [4.6][12]

> 1.6. The observed RSGs, with bluerKk) colours, are generally traced by mod-
els with an M1 photosphere, while the O-AGB stars that haighty redder 3K
colours are represented by the cooler M5 and M9 photosphdiies models repro-
duce the range of observed colours quite well, except forcesuwhich lie & to the
left of the model grid. This discrepancy is most likely dueatoenhanced scattering
by dust in an asymmetric shell or due to pulsations which ogmificantly efect the
near-IR flux of AGB stars (Whitelock et al. 2003).

The WISE[12]-[22] versus [3.4}[4.6] CCD shown in the bottom panel of Fig-
ure 5.4 has a similar model coverage to 8ptzer[5.8]-[8.0] versus [3.6}[4.5] CCD.
TheWISE[3.4]-[4.6] colour is comparable to tHepitzednRAC [3.6]-[4.5] colour and
is a good indicator of the emission from the warmest regidriv® dust shell, while
the 12- and 22« filters measure the emission from the silicate feature® antl 20
um and thus this colour is a good tracer of oxygen-rich dustbéf®re a number of
the O-rich AGB and RSG stars which contain little or no dusiuad them are not
covered by the model grid. Additionally, some sources watd}-[4.6] > 0.5 mag and
[12]-[22] < 1.5 mag fall outside the region covered by our model grids¢hgources
may be better represented by models with a higher perceofagetallic iron grains
in the circumstellar shell, which would increase the [3]4}6] colour.

Figure 5.5 shows two-colour diagrams usiA&ARI colours of [7}-[11] versus
[3.2]-[7] and [11}-[15] versus [3.2}[7]. The models with pure amorphous silicates,
pure alumina and an equal blend between alumina and s#ieaéchighlighted. While
there is considerable degeneracy in the-[I]L] colour, which measures the 10n
feature irrespective of the AD; content, the [11}[15] colour provides a measurement
of the change in strengghape of the 1@sm dust feature. This diagram separates the
different dust types well, in sources with a reasonable dussexd¢ecan therefore be

used as a diagnostic to derive the fractional abundanceuofiah (Alx). The sources
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in the SAGE-Spec sample occupy a region in colour-coloucsgarresponding to an

alumina fraction of less than 50 per cent (we return to thiSection 5.4).

Comparison to thecrams model grid

In a recent similar study, Sargent et al. (2010) and Sriimast al. (2011) developed
the Grid of RSG and AGB ModelSikams) to reproduce the range of observed infrared
colours of LMC red supergiant (RSG) and AGB stars, and to oreatheir luminosi-
ties and dust production rates. Theams grid consists of models for oxygen-rich
as well as carbonaceous chemistries; the O-rich modelgé8aet al. 2010) consist
of oxygen-deficient silicate grains from Ossenkopf et &9@), while the carbon-star
dust (Srinivasan et al. 2011) is composed of a mixture of @maus carbon and silicon
carbide, the latter making up 10 percent of the mass. Theoesutised th&Dust code
(Ueta & Meixner 2003) to solve the radiative transfer probler a dust shell of given
inner and outer radius and optical depth around a centrattsgdwas represented by
a model photosphere. They chose the range of input parasm@teer radii, optical
depths) to cover the expected and observed values for LMbeyatars.

We compare our model output to the O-rickums models in Figure 56. Overall,
there is good agreement between the sets of models, particirl the IRAC bands at
shorter wavelengthsi(< 8um). In the near-IR therams grid agrees better with the
bluer stellar sequences where stellar temperature hastegiefluence on the colour,
however, in the mid-IR our models span a wider range of cadpace due in part to the
inclusion of alumina and the choice of optical constantstiieramorphous silicates.
It should also be noted that two models that overlap in cetmlour space may not

necessarily have the exactly the same input parameters.

5.3.2 SE index

The silicate emission (SE) index is a spectral classifioaistem developed by Sloan

& Price (1995, 1998) to measure the variation in the sfsipEngth of the emission
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feature at about 8—12m in oxygen-rich AGB stars. The observed spectra are divided
into eight categories (SE 1-8) based on the ratios of nabramd fluxes at 10, 11 and
12 um (F10, F11 and F12). These classes are designed to reflguiotipeession from
the broad oxygen-rich dust emission features with littecture (SE 1-3) to the classic
narrow 9.7um silicate features (SE 7-8).

The change in spectral features represents the dust famnptbcess along the
AGB, which depends strongly dd (Dijkstra et al. 2005). We would therefore expect
the SE index to reflect the mass-loss rate, the chemical csitigpoof the dust grains
(i.e. the relative abundances of silicates and amorphausiah), and variations in
the temperature of the dust shell (Ivezic & Elitzur 1995; et al. 1997; Egan et al.
2001).

To investigate the parameter space covered by each SE abaagply the spectral
classification procedure of Sloan et al. (2003a) to eacltalbfithin model in our grid.

To isolate the dust emission we subtract the appropriatisfghotosphere used in
constructing the model. Each model’s dust excess was digantia the dust emission
contrast (DEC), defined as the ratio of dust emission to steftassion between 7.67
and 14.03um (Sloan et al. 2008). In keeping with observations, and &vemt any
over-interpretation of models with no significant dust ess;eve do not ascribe an SE
class to models with DECG< 0.10. This corresponds to all models with a mass-loss
rate belowM ~ 3x 10° M, yrL.
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Figure 5.7: The silicate dust sequence power |By/F1, = 1.32(F10/F11)*’’ (dotted
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comparison the filled black diamonds show the flux ratios oi@.M-AGB sources.
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Figure 5.8: Distribution of the model grid silicate emissimdex. Each colour rep-
resents a dust shell inner radius explored by the grid foretsodith an M9 stellar
photosphere. The even distribution betwégnmodels suggests that the SE index is

independent of the dust temperature.
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Figure 5.7 shows the F1B12 versus F1811 model flux ratios and the empirically
derived silicate dust sequence power ldwp/F1» = 1.32(F1o/F11)*"’ (Sloan & Price
1995), which forms the basis for the SE index classificati®ur models reproduce
each of the eight SE indices along the silicate dust sequ&tcelasses one and eight
contain the largest numbers of models, with the remaindeakgdistributed across
SE indices 2—7. This due to sources falling outside the SEar§e being classified
as either SE1 or SES.

The slight deviation from the silicate dust sequence powaer &t SE8 maybe a
consequence of the grain size distribution used in the nindel Observationally,
sources in the Milky Way tend to occupy a region to the rightthad silicate dust
sequence for SE8, while stars from low-metallicity Galagliobular clusters populate
a region to the left of the sequence (Sloan et al. 2008, 2040dhe other end of the
SE sequence, we suspect the curvature arises due to thesmodelr grid with high
mass-loss rates combined with a high fractional abundahakimina (Alx).

The distribution of SE classes for our model grid is showniguke 5.8. Segregat-
ing the models according to the inner radius of the dust $tasIno significantféect
upon the SE index distribution, which suggests that the 8Exiis independent of the
dust temperature. This is not surprising as the SE index|®@ilzded using flux ra-
tios across the 10m feature of a given temperaturdfextively eliminating the grain
temperature parameter. Since we have isolated the dussiemishe SE index is also
independent of the spectral type and tiffeetive temperature of the central star.

Figure 5.9 illustrates the range in mass-loss rate and almibundance covered
by each SE class. Increasing the density of the shell lead®tiels moving upward
and to the right along the SE sequence, however, changesitiopoare generally to
small to move a model to a higher SE class. For models dondrnateeither pure
alumina or silicates, the shell density may have a greafireince as it determines
when the emission from the dust shell becomes significantpeoad to that of the
stellar photosphere.

The composition of the dust has a more substantiaice on the SE index than
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Figure 5.10: Distribution of the O-rich AGB stars in the LMGtlvsilicate emission

index.

the mass-loss rate. For a given mass-loss rate, a blend mireland silicates can
reproduce the full silicate dust sequence. SE classes B-Suacessfully reproduced
by shells dominated by alumina dust (Afx 70 per cent), while classes SE 6-8 are
populated by models dominated by amorphous silicates fABO per cent).

The distribution of the O-rich AGB stars in the LMC with s#ite emission index
is shown in Figure 5.10. This suggests that the dust in the Lids&@imarily silicate-
rich, whilst alumina is largely absent, in agreement with #tumina dust abundances
derived fromAKARI photometric colours in Figure 5.5. However, our spectrpsco
sample only includes relatively bright AGB stars in the LMChieh have sfficient
signal-to-noise in their IRS spectra to quantify the dustess. Thus, the lack of

sources with a low SE index could be due to an observational bi
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5.4 Measuring the alumina fraction

To estimate the alumina content of AGB stars in the LMC, we appr model grid
to the sample of 54 O-rich AGB stars described by (Jones e2(dl2, Chapter 3)
taken from theSpitzerSAGE-Spec sample of Kemper et al. (2010) and the archival
IRS spectra in the LMC. As alumina has not been observed ircaftithick AGB
envelopes, we excluded the sources where theri@eature is in self absorption from
our analysis. Also excluded are sources that essentigtigaas stellar photospheres
with no significant infrared excess due to dust emission,hawe been classified as
AGB stars due to molecular absorption features and photametriability. From this
we are left with 37 sources.

To model the AGB stars we have scaled the IRS spectrum to ntiaediRAC 5.8-
and MIPS 24um fluxes to enable an accurate comparison to photometry. &ar e
star we fitted the models to the observed broadb#ifs, IRAC and MIPS 24:m
photometric data and the flux measured over set wavelentgtvais (line segments)
from the spectra. This allows us to achieve a good fit to bo¢hSED and the ob-
served spectrum. The line segments have continuous watkleoverage over the
full Spitzerspectral range and each of the nine bands cover equal widkbgarithmic
wavelength. An additional six narrow bands (0,38 wide) over the 8—1a&m inter-
val provide detailed measurements of theitf-feature. An example of the regions
used to measure the spectral flux is shown in Figure/ 5.11.eThe@®ands measure the
spectral flux and place a strong constraint on the individuat species present in the
IR-spectrum. This is essential, as fits based only on theophetric data points poorly
constrain the relative strengths of the dust features.

Comparisons between the models and the data were made witihcamagied fitting
routine and the best fit was selected based on a chi-sggmipimisation technique.

The quality of the best-fit model was defined by:
1 < (fobs = fm)?
2 obs m
=— E —_— 2
X N ; O'i2 ’ (5.2)

where fohs and f,, are the observed and model flux in the ith band with errorchar
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Figure 5.11: Example of the method used to measure the sp#att from the spec-
trum of SSID 96 using line segments. The shaded regions dmwavelength ranges
over which we determine the narrow-band flux and the vertdeashed lines show the

wavelength ranges used to measure the broad-band flux.

andN is the total number of data points being fitted. Uncertamiiiethe photometric

data were modified to account for variability across a pudsatycle (see Riebel et al.
2012; Jones et al. 2012), and uncertainties in the specjpasdata were inflated by a
factor of five (see Groenewegen et al. 2009).

Our models are computed for a single luminosity, therefoeytmust be scaled
to match the luminosity of the source in question before graring they? fitting.
The luminosity () of the source can be computed from this scaling factyrvia
n = (L/7000 L,)(d/49.97 kpcy, where the distanced) is assumed to be 49.97 kpc

for the LMC. As the luminosity is scaled, so too must the windapaeters be scaled
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appropriately. Following equation (2) of Groenewegen @0@he stellar radius and
the mass-loss rate must scale by the fagfgr The other model parameters and outputs
are independent of this scaling.

Several models may provide a good fit to a source (definedaribjtby y?—y2.. <
3). To gauge the range a parameter could vary for a given spwe calculate its
median absolute deviation; this is more resilient to otgliban the standard deviation
and thus provides a more robust estimator of the uncertaiimy SEDs and spectra for
all the O-AGB stars in our sample (identified by the SAGE-Sgesignation; SSID)
along with best-fitting model for each source are shown inféi.12. The modelling
results are summarised in Table 5.2.

All the O-AGB stars in our sample exhibit significant dust ssmn. Although
the 10um feature is apparent in each spectrum, it exhibits a coreddke variation
in shape and there is a broad variety in the other spectralrembetween individual
stars. At this stage, it is worth remembering that the modelig intended to provide
an initial estimate to the fitting parameters and that eashrnedel fit can be optimised
by fine-tuning the model values on an individual basis.

In general the fitting of the models to the spectra plus thetspleenergy distri-
bution (SED) is of a high quality for an automated routind. (Sargent et al. 2011;
Riebel et al. 2012) and the model grid is very successful@baucing the observed
shape of the 1Qsm feature.

At longer wavelengthsA(> 16 um) the models are less successful in reproducing
the broad emission feature at 4& and the slope of the continuum in the observed
spectra. This discrepancy is due in part to the choice otaptionstants; in labora-
tory silicates the 18im emission feature peaks at too short a wavelength compared t
observations and its strength is often too strong with ressfethe observed 1m
feature. Conversely, astronomical silicates provide aebdit to the 20um region,
however, the shape is broader than observed and they oseicpthe flux in the 10-
um region and cannot reproduce its shape and position. Margkoated situations

are not considered in the model such adfedent spatial density distributions of the
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Figure 5.12: The observespitzerspectra of O-rich AGB stars (black) and the corre-
sponding best-fit model (blue). The photometric points ams as black diamonds,
the flux from the spectral segments as red diamonds and thbkediynflux from the
models are green circles. The least-square fit is perfornyeth&tching the green

model points to the rgblack data points.
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Figure 5.12: — Continued.
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Table 5.2: The best-fit model parameters.

SSID  Spectral Mol Rin M Alx.  x?
type (Rtar) (Mg yr'h) (%)

6 M1 -4.69+ 043 15+25 (2.77+0.74x107 15+10 85
22 M9 410+ 0.26 2.5+05 (1.41+0.52x107 30+10 9
38 M5 -5.45+0.36 5.0:£0.5 (3.92+0.39x107 5+10 5
61 M9 559+ 0.19 3.0£0.5 (1.40+0.28)x107 35+10 8
82 M9 -5.99+ 022 7.5+25 (1.26+0.28x107 40+15 7
93 M1 -4.97+0.07 15+25 (1.05:0.11x107 0+10 8
96 M5 -4.03+0.22 75£25 (1.36x0.37x107 5+5 12
165 M9  —6.43+0.11 5.0£20 (6.17+1.13x107 0+10 6
180 M9  -6.01£0.28 25:2.0 (8.48+4.08%x10°8 40+ 20

182 M1  -3.24+0.31 15+05 (1.42+0.41x107 10+10 22
182* M5 -3.29+0.11 5.0£2.5 (1.45+0.50x107 15+15 11
4038 M5  —6.96+0.74 7.5+25 (2.63+0.52x10° 20+10 8
4054 M9  —257+0.83 7.5+25 (6.94+0.43x107 30+10 19
4076 M9  -592+0.10 5.0+2.0 (1.22+0.10x10° 5+10 6
4077 M9  -591+0.10 5.0+2.0 (1.22+0.11x10° 5+10 6
4078 M5  -591+0.10 7.5+25 (1.21£0.10x10° 0+10 13
4079 M9  -591+0.10 5.062.0 (1.22+0.24x10° 0+10

5
4080 M9 -5.98+0.13 5.0+25 (1.26+0.22x10°® 0+10 8
4081 M9 -5.93+0.11 5.0+25 (1.23+0.24x10°® 0+10 6
4149 M1 -5.76+0.13 15+ 0.5 (3.02+£0.97x10°% 15+25 8
4205 M9 -5.84+0.26 2.5+2.0 (7.85:£3.76)x10° 40+20 5
4245 M5 -4.02+0.99 15+0.5 (1.36+0.39%x10° 30+20 20
4267 M1 -480+0.99 15+25 (7.30+0.96x107 25+10 37
4287 M5  -10.78+0.38 5.0+2.5 (3.05+1.64x107 60+10 2

4324 M9  -585+024 50+05 (3.15+1.36)x107 15+10 15
4325 M9  -592+020 25+25 (1.63+0.41x107 15+15 17
4326 M9  -594+0.19 25+05 (1.64+0.42x107 20+15 20
4327 M9  -593+020 25+20 (1.64+0.41x107 20+15 18
4328 M9  -589+0.22 50+25 (3.21+1.26)x107 25+10 17
4329 M9  -594+0.19 25+20 (1.64+0.42x107 5+10 15
4368 M5  -3.67+040 25+25 (5.79+1.08x108 5+10 17
4449 M9  -588+0.26 3.060.5 (1.20+0.38x107 50+20 13

4468 M9 -6.56+0.21 25+25 (1.09+0.11x107 40+15 8
4480 M5  -6.11+0.11 15+0.5 (5.32+1.20x10° 35+25 25
4486 M9 -6.40+0.22 3.0+0.5 (2.03+0.35x107 40+15 6
4547 M9 -5.24+0.70 15+ 0.5 (3.56+1.04x10°® 0+20 23
4777 M9 -5.73+0.10 5.0+0.5 (2.98+1.27x107 30+15 28
4784 M9 -5.96+0.25 3.0+0.5 (1.24+0.40%x107 50+20 17

Note: The best-fit obtained without a metallic iron compdrnisindicated by an *.
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Figure 5.12: — Continued.

dust; deviations from spherical symmetry; or a steeperitlepsofile may also causes
for deviations between the model and the observations gelomavelengths.

In some stars (for example, SSID 4329), there is a small elisarcy between the
models and the spectra in the 48t wavelength region. The inclusion of iron grains
is necessary to reproduce the general slope of the SED afairegpcess emission in
the spectra up to 8m, as laboratory silicates provide too little opacity in tiear-I1R

(Kemper et al. 2002; Verhoelst et al. 2009; McDonald et all(0 Other proposed
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sources of this excess continuum emission includes amagxtarbon (Demyk et al.

2000) or micron-sized O-rich dust grainsdfier 2008; Norris et al. 2012). In these
cases the metallic iron abundances may need to be increasedkir to reproduce the

observed profiles. In this study we use an iron abundance ef 4gnt with respect to

the amorphous silicates, however Groenewegen et al. (ZD@ba value of 5 per cent

provides the best fit.

While the adoption of iron grains has generally worked wellpne instance (SSID
182) its inclusion proves detrimental to the fit. Figure 5sh®ws the best-fitting mod-
els to SSID 182. The total mass-loss rate for both models\iad<10-’ M., yr~1, and
the alumina mass fraction 15 per cent. The inclusion of metallic iron has a greater
influence on the dust shell inner radius, which determinesamperature of the hottest
dust.

The aim of the models presented here is to understand thenlf@ature; conse-
guently, some other features are not well fitted by our modilsour modelling we
only use three dust components: amorphous silicates, doosmlumina and metallic
iron; this grain mixture is successful at reproducing theesked shape of the 1@n
feature. The profile of the 18m feature shows considerable variation between spec-
tra. This is not well constrained using any set of the avéelaiptical constants for
silicates. Thus, the fits to the observations with the curdeist model place a strong
weight on the 1Q:m feature, and very little weight on the 18n feature. Other dust
components that may be present but are not taken into accalude crystalline sil-
icates, gehlenite (GAl,SiO;) and spinel (MgAdO,). Three spectra (SSID 22, 182
and 419) have strong crystalline silicate complexes nea2and 33:m, which will
contribute some flux to the underlying continuum. A more tetidescription of the
crystalline silicate features in the present sample carobad in (Jones et al. 2012,
Chapters 3 and 4).

Previously, calcium-aluminium-rich silicates, such aklgaite (CaAl,SiO;) have
been detected in significant amounts (25-50 per cent) ar@drch evolved stars with

low mass-loss rates (Mutschke et al. 1998; Speck et al. 2068¢&s & Hony 2005; Ver-
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Figure 5.13: Fits to the SEDs and IRS spectra of SSID 182gusietallic iron (blue)
and without iron (red). This is the only source where the finas improved with an
iron component. The best-fit model obtained from our grichwlitper cent iron grains

has ay?of 23, while the best-fit without iron hady&of 11.

hoelst et al. 2009). In these models gehlenite was inclualétithe short-wavelength
component of the 1@m feature and to provide additional flux in the 46 region.
We find that the 1Q#m feature in our sample is fit reasonably well using a combina-
tion of Mg-rich silicates and alumina; thus the contribatfoom other dust species can
only be small. This discrepancy may be due to the choice ofalptonstants use for
the amorphous silicates.

Two sources in our sample, IRAS 04548849 (SSID 4076-4081) and HV 2446
(SSID 4324-4329), have been observed with the IRSfEgrdnt epochs over one vari-
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Figure 5.14: Observed spectral variations for HV 2446 (S8824-4329) and IRAS
04544-6849 (SSID 4076-4081).
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ability cycle. The SED for each source includes photometoynf multiple epochs,
while the spectra represent an instantaneous view of thestaprecise phase of the
pulsation cycle. In both these stars the strength ratio@fith to 20um silicate emis-
sion features varies with pulsation phase (Figure 5.14)s iEhdue to changes in the
dust temperature, which is directly related to the lumityosf the star (Monnier et al.
1998). For both these sources the stellar and dust-shelhpers of our best-fit mod-
els are consistent across the pulsation cycle, as to sorastégmporal variations are
minimised. However, our models are sensitive to the chamgleist optical properties,
as the peak wavelength and width of theidifeature in the spectra shows discernible
variations between maximum and minimum light in the putsatiycle; this indicates
that the dust properties in the shell vary with pulsationgghaFurthermore, it will
introduce some scattering in our model results when comgdretween stars.

The brightest star in the sample, RS Men (SSID 4287), has@mitic magni-
tude in excess 0£10.78 if it was at the distance of the LMC, which is significgntl
above the luminosity expected for a bright RSG. This statlegs identified as a fore-
ground Mira variable with a distance of 4.75 kpc and radidbeity of 140 km s?
(Buchanan et al. 2006; Whitelock et al. 1994). IncidentdHys source also has the
highest alumina fraction in our sample of 60 per cent.

SSID 6 along with SSID 4267 are not well described by our modeld their fits
are the least satisfactory. These spectra are unusual agxhéit a strong 1Q:m
silicate feature but no 18m feature. One possible explanation is that the silicates
have recently formed and the 18n feature has a low contrast ratio with respect to the
10-um feature. Alternatively this may be explained by a lack afleodust, or the dust
may be composed only of small Quin Mg-rich olivine and alumina grains (Gielen
etal. 2011).

190 EVOLVED STARS IN THE LOCAL GROUP



5.5: DISCUSSION

5.5 Discussion

Using the dust-shell models presented here, we are ablenstram both the mass-
loss rate and the fractional abundance of alumina. Baseleopest-fitting models the
mass-loss rates range from8 x 1078 to 5x 10°® M., yr~!, and the alumina fraction
ranges from 0 to 50 per cent. We compare our derived massdbss to those de-
termined from SED fitting with therams model in Riebel et al. (2012) and to values
listed in Groenewegen et al. (2009). The agreement is giynerate good between
our mass-loss rates and the literature values, howevemaass-loss rates are slightly
lower than thesrams fits, predominantly due to the inclusion of metallic iron igpsa
and alumina in our models.

To have a better understanding of the mass-loss rates ahdhllusdances derived
by this fitting, some limitations of the models must be kephimd. The photospheric
models used are appropriate for solar metallicities, angmo&be entirely representa-
tive of the molecular abundances typical of AGB stars in treg®llanic Clouds. This
is more significant for stars with a very low contrast dustess; where there is a strong
photospheric contribution and molecular absorption fetdue to CO, kD, and SiO
are prominent. Observing the CO emission lines in the submatte (due to rotational
transitions) for a number of Magellanic Cloud sources woldd &e beneficial to con-
strain the mass-loss parameters. This would enable us ®dbaetter understanding
of the expansion velocity and gas-to-dust ratios in the lepes of evolved stars. The
fits to the sources may also be improved by including a finek gpacing, for instance,
the iron abundance could be incremented in one percenvaissup to abundances of
10 per cent) to improve the fit to the stars in the near-IR negio

In our sample, the dust composition is best fit by amorphdicages, with appre-
ciable amounts of amorphous alumina and additional, smalributions from metal-
lic iron. Alumina is detected in most sources, however, iitases its fractional abun-

dance is less than 50 per cent. The alumina fractions we Hateéned are consistent

with those estimated using other methods (see Sectiorks&nd.5.3.2).
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Figure 5.15: Comparison of mass-loss rated derived in thikwith objects in com-
mon with our sample from Groenewegen et al. (2009) andsthers model results
from Riebel et al. (2012).

Figure/ 5.16 shows the fractional abundance of aluminagdodgigainst the mass-
loss rate. As noted by other authors (Heras & Hony 2005; Blaemnet al. 2006;
Lebzelter et al. 2006), there is a correlation between tls# domposition and mass-
loss rate; the lower the mass-loss rate the higher the pgeof alumina in the shell.

Stars in the early stages of the AGB phase, tend to be lesatwsiand have lower

mass-loss rates than their more evolved counterparts. nibkes reliable determi-
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Figure 5.16: The fractional abundance of alumina in the ghstl of LMC O-AGB
stars as a function of mass-loss rate (black squares). Bes8gearman’s statistics,
the correlation cocient is—0.41 with a significance value of 0.01. For compari-
son the blue triangles show the distribution of Galacticg@uD-AGB sources from

Blommaert et al. (2006).

nation of the dust composition challenging, especiallydpectra with a low signal-
to-noise ratio or with a low contrast dust excess. AGB stanmidated by alumina
dust tend to have mass-loss rates below’ M, yr-! (Blommaert et al. 2006). In-
deed, the SEDs of a large fraction of Galactic Bulge souncdkis mass-loss range
can be fit solely with amorphous alumina. The oxygen-rich A&&s in our LMC

sample, which show a dust emission contrast, tend to be mamgbus, withMi,;;
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of ~5 M,. Our sample is dominated by stars with mass-loss rates katd@’ and
5x10°M,, yr-1. These stars display dust components which are from the ambre
vanced stages of the dust condensation sequence; indlmatbé low percentage of
alumina dust. It should therefore come as no surprise theat@s are the dominant
dust type in the present sample. Metallicitfeets on the dust-formatiorfficiency in
oxygen-rich stars may also be important.

Future telescopes such as thwSTand SPICAwill be able to obtain high-quality
spectra of low mass-loss rate, low luminosity AGB stars emMeagellanic Clouds and
other resolved stellar populations, eliminating the osgonal bias towards silicate-
rich stars in the current sample. We expect these stars taioom high percentage of

alumina-rich dust.

5.6 Conclusions

We have presented a grid of dust radiative transfer modelshmxplores a range
of alumina and silicate dust compositions and stellar arst diell parameters. The
models have been used to simultaneously fit the spectra aadilend SED of 37
oxygen-rich AGB stars in the LMC with optically-thin circistellar envelopes. The
mass-loss rates of our sample range fren8 x 108 to 5x 10 M, yr-t. We find
that a combination of amorphous silicates, amorphous alarand metallic iron is
successful at reproducing the observed shape of theni@eature, and the general
shape of the SED. All our sources we found to be silicate; tlobugh alumina and iron
are often present in significant amounts. This dust comiposi$ consistent with the
thermodynamic dust condensation sequence for oxygenAGiB stars. Furthermore,
we show from dust models that tBR&ARI[11]-[15] versus [3.2]-[7] colour, is able to

determine the fractional abundance of alumina in oxygeh-AGB stars.
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The Stellar Population of M32

In this chapter we investigate the population of cool, egdlgtars in the Local Group
dwarf elliptical galaxy M32, using IRAC observations frometSpitzerSpace Tele-
scope. This enables us to study evolved stellar populaibtise edge of the Local
Group that would otherwise be obscured in optical and nefaaried surveys, and ex-

amine how dust production from stellar populations varjhwitetallicity.

6.1 Introduction

Discovered in 1749 by Le Gentil, M32 was the first ellipticalaxy to be observed.
Our relative proximity to M32 (distance 785+ 25 kpc; McConnachie et al. 2005)
allows us to resolve individual stars. Consequently, it @nés us with an opportunity
to study the stellar populations of an elliptical galaxy meaf detail. M32’s stellar
populations have been extensively studied (e.g. Baade F&%& 1985; Grillmair et al.
1996; Worthey et al. 2004; Monachesi et al. 2011; Sarajesti@il. 2012). M32 has
a complicated star-formation history, with the age and dbhahtomposition of the
stellar population (in spectroscopic studies) showingdeatadependency (Rose et al.
2005). However, photometric observations with the NIRIg®aon the Gemini North
telescope by Davidge & Jensen (2007) indicate AGB stars lagid progenitors are
smoothly distributed throughout the galaxy.
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Table 6.1: Properties of M32

Parameter Ref.

Distanced (kpc) 785+ 25 McConnachie et al. (2005)
E(B-V) (mag) 0.08 Brown et al. (2008)

M (M) (1.1+£0.3)x 10° Nolthenius & Ford (1986)
M ucleus(Mo) (3.4+0.7)x 10" van der Marel et al. (1998)
Core radius (arcsec) <042 Bendinelli et al. (1992)

It is thought that M32 has two main populations: an interratgtage, metal-rich
population thought to be2-8 Gyr old (Coelho et al. 2009), and an old (8-10 Gyr)
stellar population with slightly sub-solar metallicity=g/H] = —0.2; Monachesi et al.
2011). Additionally, a small number of ancient metal-pdée(H] = —1.42) RR Lyr
variables in M32 have recently been identified by Fiorenghal. (2010, 2012). The
extremely high surface brightness and sharply peaked tmegls profile towards the
nucleus of M32 indicates a strong increase in the stellasitetinus, given the extreme
crowding, the stellar populations within the corearcmin of the nucleus) of M32 are
incompletely probed. This high surface brightness alsogts studies of the fainter

stars in M32. Some properties of M32 are listed in Table 6.1.

6.2 Observational Data

6.2.1 Observations

Spitzerobservations of M32 (Program Identification [PID] 3400, M. Rich) were
obtained on 18 January 2005 UT with the Infrared Array CamHRAC; Fazio et al.
2004) at 3.6, 4.5, 5.8 and/8n. Observations were centred at RA00'42"415.6,
decl.= +40r5553”.6 and cover an area of approximatelyx® in all four IRAC chan-
nels around the centre of M32, plus affi-field region of the same size to the north-

west for IRAC bands 2 and 4 or south-east for IRAC bands 1 aridii(e 6.1). For
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Figure 6.1: Location of ouBpitzerIRAC pointings towards M32 superimposed on
a MIPS 24um mosaic of Andromeda that also includes M32. The 3.6 anan8
coverages are represented by magenta solid and dashedéspsctively. Elliptical
annuli of 3.3and 9 centred on M32 used to estimate point-source contamin&tom

Andromeda are indicated by the solid yellow lines.
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each IRAC channel, 92 frames at 23 dither positions werentake cycling pattern
with 30-second exposures to build redundancy againsteositiind artifacts, resulting
in total integration time on M32 of 2760s over most of the mbjo. dedicated back-

ground control fields were observed to complement theseraditsans.

6.2.2 Data Reduction

The raw data was processed by SBgitzerScience Centre (SSC) reduction pipeline
version S18.7.0; which removes electronic bias, subti@adark image, applies a flat-
field correction, and linearises the pixel response. | th@mected the resulting Basic
Calibrated Data (BCD) images for various instrumental artfde.g. muxbleeds and
column pull-down éects) and combined the images using¥oeex reduction pack-
age (Makovoz & Marleau 2005) to produce a single mosaic fohehannel.

Thewmorex overLAP routine was implemented to match the backgrounds of individ
ual frames in overlapping areas of the images producing agn@ackground, and the
MoSsAICKER IN addition to image interpolation and co-addition, eliated cosmic rays
and other outliers in the data. The final IRAC mosaics are miotsampled; thus, each
image has a pixel scale of 22 pixef?.

MIPS 24 micron mosaics of M32 were provided by G. Bendo (gnom), this data
was originally published by Gordon et al. (2006) and repssed using the methods
and software described by Bendo et al. (2012).

A three-colour image combining the 3.6, 8.0, andi2d images is presented in
Figure 6.2, where the red stellar objects are clearly wsilAdditionally, we see no
emission indicative of interstellar dust within M32. Thiswd be particularly evident
in the 8.0um map, which is sensitive to non-stellar polycyclic aromdtydrocarbon

(PAH) emission or the MIPS 24m mosaic which is sensitive to cool dust.
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Figure 6.2: Three-colour image of M32. Blue is 3.8, green is 8.um and red is 24
um. Stars with a dust excess become visible a@0and 24um and appear red in

the image.
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6.2.3 Photometry

Point-source extraction was performed on individual IRA@nfes and on the mo-
saicked images using Point Source Function (PSF) fitting wie DACrHoT 11 and
ALLSTAR photometry packages (Stetson 1987). To determine the shifafiee PSF
DAOrHoT requires that you select isolated stars in the field; thisligeqchallenging in
very crowded fields such as M32. PSFs were created from a mmiof 10 isolated
bright stars in each IRAC channel, and sourcesadove the local background were
chosen for extraction.

ALLstarR Was then used to perform PSF-fitting to all sources found enrttage.
This is an iterative process that simultaneously fits eacincgoin the frame with the
PSF profile and subtracts converged sources from the inpagem As sources are
removed, new estimates for the local background are caédilianproving the flux
estimates for crowded and faint sources. Sharpness andmess cuts were employed
to eliminate extended sources, cosmic rays and unrecabhblseds that are broader
or narrower than the PSF from the sample. Cosmic rays are lfsmated from the
point-source list when detections in the same band are c¢wdbilhe resulting source
lists are then cross-correlated with the point-source @metry from the mosaicked
data.

The flux densities and uncertainties are colour—correctaagua 5000 K black-
body, according to the method described in the IRAC Data Haak, version 3@]
Additionally, a pixel-phase-dependent correction (Reethl. 2005) was applied to
the 3.6um photometry. Finally, magnitudes relative to Vega werewveer using the
zero-magnitude flux calibrations provided in t8pitzerlIRAC Data Handbook. The
representative photometric uncertainty as a function ofe® magnitude is given in
Figure 6.3.

Severe stellar crowding towards the nucleus of M32 meangdfiable PSF pho-

tometry is challenging. Completeness limits for each wawgtle were determined via

1See httpy/ssc.spitzer.caltech.etiag/dtyiracdatahandbook3.0.pdf.
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Figure 6.3: Photometric uncertainty and completenessiéraas a function of appar-
ent magnitude for each IRAC band. The one-dimensional cetapéss fraction as a
function of magnitude is shown in the bottom panels. Limits averaged over the
galaxy: photometry is more complete in the outskirts of thé&agy compared to the

core.
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the extraction of artificially-inserted stars. These fadsars were placed at random
pixel locations and have a limiting magnitude mag fainter than observed. To avoid
a significant increase in the source density of the field wét liile fraction of artifi-
cial stars introduced per image t05 per cent of the real stars detected. PSF-fitting
photometry was then performed on the modified image. Thisge®is then repeated
multiple times for each image to statistically analyse thetpmetric completeness of
each band. False stars are considered to be recovered dheyithin a 1 pixel radius

of the input position and their magnitudefféirs by|om| < 1 from their input magni-
tudes. If the magnitude filerence is greater than this we consider the sources to be an
unresolved blend of two or more stars and hence we do notaertsiem as recovered.
The bottom panel in Figure 6.3 compares the fraction of tejg@nd recovered stars
for each IRAC band. For IRAC bands 1 and 2 the completenessrfatrecovered
stars in a given magnitude bin is much lower than bands 3 atrdtiese channels the

high stellar density proves to be the major source of incetepless.

6.3 Correcting Star Count Numbers

6.3.1 M32 Field Contamination
Contamination due to M31 stars

As M32 has a projected separation of 28.4 kpc) from M31'’s centre, disk and halo
stars from M31 are the dominant source of contamination enfigld. Furthermore,
stars belonging to the nearby Andromeda galaxy will havalamiR colours to the
evolved stellar population of M32. This makes it extremelfficult to isolate the
individual stars belonging to M32 and the presence of sormaders is unavoidable.
Combined with crowding, contamination from M31 is the mogpartant limitation in
the analysis of M32’s rich stellar field.

As contamination from M31 will not be homogeneously disitdd across the field

of view, the best estimate of the fraction of contaminatibpgeots would be from a suit-
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able control field located at the same isophotal level in tteradisk of M31 but away

from M32’s nucleus. Unfortunately, archiv8pitzerlRAC observations of M31 and
its surroundings only mapped the outer regions of M31 to dldefabout 120 seconds
per sky position (Barmby et al. 2006; Mould et al. 2008), ashsilnese observations
do not provide sfiicient depth to serve as a control field.

The approximate level of contamination from M31 can be est#d from star
counts within the -field regions if we were able to assume that the population of
M31 stars is statistically the same in both fields. Howevas, will result in an under-
estimate of the contamination in the IRAC 3.6 and /m8bands and an overestimate
of the contamination in the IRAC 4.5 and &t bands, since thefidfield regions are
not located at the same distance from the centre of M31, hiegeare not at the same

isophotal level.

Contamination due to Galactic foreground stars

As M32 is located at a Galactic latitude ofb22 degrees, Galactic foreground stars
and unresolved background galaxies will also contributiaéosource contamination.
Monachesi et al. (2011) estimate the degree of contammatiohe V band of their
M32 Hubble Space Telesco@dST) ACSHRC field of~29 arcsetand find 14 fore-
ground stars; this corresponds+@500 objects in the V band for our IRAC field of
view. These sources will emit the majority of their light &ér wavelengths than con-
sidered in this work, and typically will be fainter than caslolved stars with circum-
stellar envelopes. Foreground stars will have a spatiaifoum distribution across our
field of view. An estimate of the foreground star and backgobgalaxy contamination

may be obtained via colour-magnitude diagrams (Sectio2p.4

6.3.2 Source Density Profiles

Using the radial density profiles we attempt to measure thedRamination from

M31 and Galactic foreground stars in each field of view. To sneathe stellar radial
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density profile of M32 we counted the sources contained irceotric annuli from
its centre (where the bulk stellar population peaks) ins@p0.3. The number of
sources per unit area was then obtained by dividing by tHigevay the corresponding
area covered by the annuli after correcting for regions ngeced by our observations.
Source density profiles for the M32 IRAC data are shown in fédi4.

In all channels the source density declines significantiyatd the centre of M32,
where incompleteness due to crowdirttgets in the core of M32 becomes significant.
Both the 5.8 and @m bands show a smooth decline in source density beyond asradiu
of R > 1.0, until contamination from field stars and Andromeda begmddminate
the source density. This is particularly noticeable in thex8band beyondR > 4.5,
where there is a steady rise in source counts towards M31. reswdt the density
profiles cannot be mapped reliably to large radial distafces M32’s centre.

The flattening of the star countsRt= 2.5 — 4.0was used to estimate the contam-
ination from M31 and foreground stars. This correspondspoiat-source density of
~5 sources per arcmirfor the 5.8um band and-7 sources per arcmirfor the 8um
band.

The flat stellar density profiles in the IRAC 3.6 and 44% bands beyon®R >
2.0 indicates a high degree of point source confusion with M3cdise of these high
stellar surface densities we exclude these channels frenMiB2 stellar population
analysis in Section 6.4.1.

To determine the radius at which our data becomes confusiotetl we fitted the
radial profiles of M32 with an empirical King (1962) profile thfe form:

2

wherel (R) is the density profile at projected radiRsl, is a normalising factoiR. the

I(R) = I R<R (6.1)

core radius, an® is the photometric tidal cutfbradius. The best-fit King profiles to
the background corrected IRAC 5.8 angi® density profiles are shown in Figure 6.5.

In both channels the data deviates from a King profile andnesacconfusion limited
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Figure 6.5: King profiles fit to the background corrected IRB8 and 8 micron den-
sity profiles for M32. The data deviates from the King profille® to source confusion
inside 1 arc-minute. This indicates that we are underesitigahe stellar density in
the centre of M32.
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Table 6.2: King profile function best-fit parameters

Parameter IRAC 5.gm IRAC 8.0um

lo 1103.68 1236.96
R. (arcmin) 0.241 0.245
R (arcmin) 3.36 3.16

atR < 1’, which prevents us from studying the stellar populatiorth@innermost part
of M32. At larger radial distancefR(> 2.5 ), uncertainties in the background source
density causes deviations from the profile shape. This aisitslhow well we can
constrain the tidal radii. The best-fit parameters aredigteTable 6.2. Due to the flat
stellar density profiles in the IRAC 3.6 and 48 bands we were unable to determine

the corresponding King profiles for these channels.

6.3.3 Stellar Spatial Distribution

The spatial distributions of the IR sources detected towd482 are displayed in Fig-
ure/6.6. Star counts measured in concentric annuli centrethe df-field regions
were also used to estimate the M32 field contamination. Byguannuli, the dter-
ence in stellar density due to M31 should average out achessiap producing a flat
density profile. Located furthest away from M31, the IRAC-pt8 field sutered the
least contamination, with an average background pointegodensity of 2.5 sources
per arcmiid, while the 8um field (which intersects the disk of M31) has an average
density of 11 sources per arcriirBased on the ratios of sources in théfeelds, we
expect~ 60 per cent of the stars in the on-field region to be contantgfaom M31 in
the 5.8 and &m bands.

Crowding is severe towards the nucleus of M32. Unresolveddsd sources in our
catalogue will show a magnitude enhancement compared tadodl point sources.
In Figurel 6.7 we plot the apparent magnitude as a functioradiat distance. The

relatively flat profile indicates that blended sources fomhya minor component of
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our catalogue. Any sources in the inner regions that shovwgaifgiant magnitude

enhancement are removed from our catalogue.

6.4 Results & Discussion

6.4.1 M32 Luminosity Functions

In this section, we examine the mid-IR stellar luminositypdtion of M32. The lu-
minosity functions for each of the IRAC bands were cons#&ddiy sorting the point-

sources into bins based on their magnitude. The bin sizeedtithinosity functions is
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0.2 magnitudes, to account for photometric errors in ouglogiue.

The luminosity functions have to be corrected for both fooegdbackground con-
tamination and photometric incompleteness before we ceedty analyse the lumi-
nosity function. To reduce thdtects of M31 contamination as much as possible while
still retaining a reasonable sample size, stars withind§.M32’s centre were the only
ones considered to be associated with M32 in the star coatysas; we dub this the
‘on-field region’. The remaining sources are used to estntia contamination from
M31 and foreground stars in each magnitude bin. Furthermegeonsider only lumi-
nosity functions in the 5.8 and/&n bands, as the photometric completeness in other
bands is generally much poorer and there is no quantitastienate of the contam-
ination rate in each magnitude bin. Any attempt to estimiagse from the fi-field
regions is hampered by the strong dependence on the posititie galaxy and the
distance from M31.

Correcting the luminosity functions for photometric contpleess in each band is
a simple procedure, as the completeness fraction of eads kitown from false star
tests. The corrected luminosity function is thus obtaingdiliding the total number
of objects in a bin by its completeness fraction. Howevegagamination from M31
IS not expected to be homogeneously distributed acrosseltedf view, correcting
the luminosity function for point-source contaminatioringsthe di-field regions is
not a trivial task and may significantly alter the profile shapAlso, because of the
small numbers, the background corrected luminosity fumgtiare highly uncertain.
The uncertainties in the luminosity functions are set baottPbisson statistics of the
sample and by the uncertainties in the background countsicin magnitude bin.

The SpitzerlRAC luminosity functions for M32 are shown as a histograntig-
ure/6.8. The luminosity functions shown as black lines aetaon the full star list
derived from the entire IRAC field of view in each bandpasse @btted-dashed line
marks the limiting magnitudes used in this work, which cep@ends to the 50 per
cent completeness level. For the present survey, wheredatiegbound estimates in

each magnitude bin have a large uncertainty, it is instvadth compare the ‘on-field’
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luminosity function (blue line) to other stellar populat®rather than the corrected
luminosity function (dashed line), as this provides an wugdpeit to the luminosity
distribution.

The tip of the AGB (TAGB) can be estimated from the luminodiinctions by
identifying the magnitude where the source count decresigsficantly. Although
source counts are low, an inspection of the luminosity fiemst suggests that tip of
the AGB for M32 is located near p ~14 + 0.5 mag. M32 candidate stars brighter
than the TAGB are either luminous RSGs in M31 or foregroungtses. As shown in
Figure 6.8, both the 5.8 and8n luminosity functions reach depths of approximately
3 mag fainter than the AGB tip. However, the IRAC photometiyvi32 is not deep
enough to reach the red giant branch tip (TRGB).

Figures 6.9 and 6.10 compare the on-field mid-IR luminositictions of M32 with
both the simple stellar populations of Galactic globulaistér 47 Tuc and the diverse
stellar systems of the Magellanic Clouds. For 47 Tuc the degamodulus used to
determine absolute magnitudes is 13.32 mag (Percival 208R), for the LMC it is
18.5 mag (Schaefer 2008) and the SMC is 18.91 mag (Hilditeth 2005).

The location of the TRGB is relatively insensitive to the alitity of the host
population. In contrast to the luminosity function of 47 Twbere there is only a
sparse population of AGB stars above the TRGB, the Magell@wud luminosity
functions are strongly dominated by the evolved stellarytajions. This division at
Maps ~ —6 mag acts as a watershed between mass-losing evolved sthdates and
the rest of the stellar population. Comparison of the M32 hosity with these stellar
populations acts as a crude diagnostic of the stellar ptpokin M32, and confirms
the presence of a dusty evolved stellar population in M32is §tellar population is
younger than the Population Il stars in 47 Tuc, which suggestare tracing a metal-

rich population of intermediate age (2—8 Gyr).
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Figure 6.10: Comparison of the M32 and Magellanic Cloud lumsitydunctions. The
red line represents all sources detected withirn&.5132’s centre; the black line rep-
resents the SAGE-LMC observations and the blue line repteske SAGE-SMC ob-
servations (Boyer et al. 2011). The dotted-dashed line sndr& 50% completeness
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6.4.2 IRAC Colour-Magnitude Diagrams

Mid-IR colour-magnitude diagrams (CMDs) for the inner reggoof M32 R < 3.5)
are presented in Figures 6.11 and 6.12. At these wavelestghar temperature no
longer dfects the CMD, and any features seen are due to the absorpticenassion
by circumstellar molecular and dust species. The well-@effimertical branch with
zero colour in these diagrams traces foreground stars astdraée blue-supergiants in
M31. The relatively low number of sources that fall on thiarch indicates a nominal
level of contamination from foreground sources within’®&the centre of M32.

The [8.0] vs. [5.8]-[8.0] colour-magnitude diagram praegdthe best representa-
tion of the ‘true’ stellar population of M32, as these bands laast &ected by con-
tamination from M31.

As we probe to fainter magnitudes photometric errors becmme significant, this
may be responsible for the large spread in colour for [3.8B.5 in the [3.6] vs. [3.6]—
[4.5] colour-magnitude diagram. It should be noted thatrses towards the centre
of M32 may be not accurately extracted at one or more wavéhsrdue to crowding.
Although care had been taken to remove blended sources freroatalogue, blends
may potentially &ect the derived colours by enhancing the IRAC flux. We exgast t
to influence< 4 per cent of the sources in the CMDs, if we assume all detetigiin
a magnitude enhancements greater thamaf blends.

The stellar sequences traced by the diagonal branches GNH2s are dificult
to isolate, making it dficult to accurately classify the filerent populations of cool
evolved stars. Using the mid-IR colour-classification seadrom Boyer et al. (2011),
we identify a large population of heavily dust-enshroudetiegne evolved stars (X-
AGB stars) with [3.6}[8] > 0.8. This correspond to 54.5 per cent of the sources
with detections in both channels. In non-star-forming g@&s like M32 contamina-
tion from young stellar objects should be negligible, hoaraynresolved background
galaxies may contaminate the X-AGB sample. To eliminatsehge apply an addi-
tional colour-cut in the [3.6}[8] vs. [8] CMD, which is adjusted for M32’s distance
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Figure 6.11:SpitzerlRAC CMDs of M32. For all panels the y-axis is the apparent 3.6
um magnitude. The red triangles indicate ar@-counterpart. The initial colour-cut

used to select X-AGB stars is indicated by the dashed line.
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extreme AGB stars in our sample are indicated by blue stars.

from Boyer et al. (2011) and defined as:
[8] =174 - (1.33x[3.6] - [8]); [3.6] 8] < 3.0. (6.2)

11 X-AGB sources do not fall with in this range, reducing theafinumber of X-
AGB stars to 110. The colour-cuts used to identify the X-AGBrs are plotted in
Figures 6.11 and 6.12. Other colour-cuts used to identi @B and C-AGB stars
require additional near-IR photometry.

In Figure 6.13 we show the IRAC [8]-[4.5] vs. [5.8]-[8.0] colour-colour diagram

of all the sources within 3!®f M32's centre. The extreme AGB stars in our sample
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are indicated by blue stars. These sources are often olosicutee optical and near-IR
due to circumstellar dust extinction and are bright an8due to thermal emission by
the same dust. The red colours for the majority of the othercas are consistent with

mass-losing AGB stars.

6.5 Future Prospects

The aim of this work was to investigate the resolved steltpytations of M32 via its
mid-IR luminosity functions. Unfortunately, our analyssshampered by contamina-
tion from M31 and our data is of limited diagnostic value. @ata suggests that we
are probing an intermediate age metal-rich populationasbut a less contaminated
point-source catalogue is required for confirmation. Infisi®owing section we give
an overview of some future prospects for IR population sddif M32.

Although the coolant foSpitzerwas depleted in May 2009 rendering the long-

wavelength instruments redundant; the two shortest wagétechannels of the IRAC
instrument are still operationalSpitzeris currently undergoing a ‘warm’ phase of
observations operating with fullfiéciency and approximately the same sensitivity at
3.6 and 4.5um .
Using Warm Spitzer in the 3.6 and 4.5 micron bands we plan taiola dedicated
background pointing at an appropriate location near M32 @nithe same isophotal
level within M31. These measurements will clearly providddeal counterpart to our
data, enabling us us measure the IR profile of M31 and sulitrescirom the analysis
of M32’s stellar populations.

We could also estimate the infrared stellar background d31 by constructing
a stellar density profile usinglubble observations of M31 and M32, and combining
these with stellar population estimates for M31 in the irdch This would provide
some additional constraints on the overall level of contetion, although it would
not provide enough detail to constrain the magnitude thstion of the M31 stars,

required to correct the luminosity functions.
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The luminosity functions we have obtained for M32 are deepugh to resolve
stars to a few magnitudes below the AGB Tip. If we could caxstthe contamination
from M31 in each magnitude bin it would be possible to companedata to predicted
luminosity functions derived from evolutionary stellarqadation synthesis models.
By comparing the IR luminosity functions with model predbicis we would be able to
constrain the age and metallicity of the stellar populatiand thus provide an insight
into the star formation history of M32 and determine how thas evolved with time.

The population of extreme AGB stars in M32 identified in Satt6.4.2 is com-
posed of both C-rich and O-rich stars. To discriminate betwae oxygen-rich or
carbon-rich chemistry we plan to fit their SEDs with dvesms models; this will pro-
vide an oxygen-rich or carbon-rich classification for theserces. Furthermore, by
applying thesrams model grid to the whole population of evolved stars in M32 wig w
obtain some preliminary estimates of the dust-productaias for individual sources
and the mass return to the ISM of the galaxy. Due to the limitadelength coverage
of the SEDs the uncertainties in the fits will be large, thus highly desirable to ex-
tend the SED using the MIPS observations to constrain oungitHowever, care will
need to be taken as the beamsize will increase fromat.8um to 5.8'for MIPS 24

um .

6.5.1 Observing M32 with the JWST

The next infrared space telescope, daenes Webb Space TelescQp&/'ST), will have

a superior angular resolution and greater sensitivitgpitzerin the mid-IR. The ex-
pected beam-size 6f0.065'pixel ! at 3.56um and~0.11’pixel* at 7.7um will pro-

vided the spatial resolution necessary to identify stanselto the core of M32. At
larger radial distances it will be able to better separageittdividual evolved stars,
allowing for cleaner measurements of M32's stellar popatat Furthermore, its im-
proved sensitivity will also allow a deeper examination loé tstellar populations to

below the red-giant branch tip.
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Given the high stellar density near the centre of M32, theegap resolution of
JWSTmay be dfset by its increased sensitivity. Thus, the magnitudes patiad dis-
tribution of M32 stars found by this work combined with séelpopulation models (to
estimate what fraction of stars emit at these wavelengtlag)ant as a useful pathfinder

for future observations witdWST

6.6 Summary and Conclusions

In this chapter we have presented mid-infrared observatainthe dwarf elliptical
galaxy M32, obtained with the Infrared Array Camera on bodwel Spitzer Space
Telescope These images resolve individual stars in the bulge of M82ealing a
rich population of dusty evolved stars. Despite the crowdetlire of the field, the
presence of 84m sources at large radial distances from the nucleus of M382tlae
lack of a brightness gradient is consistent with these bsiimgje stars.

Despite the strong levels of contamination from M31, we finak iuminous stars
with significant dust emission dominate the 5.8- angn8{uminosity functions. We
estimate the tip of the AGB to bilgy, = 14 mag and resolve stars to deptfs mag
fainter than this limit. We do not reach the red giant branghThese luminous AGB
stars may be the traces of an intermediate age populatiorBix\With lifetimes of~
2—-8 Gyr.

Using mid-IR photometric criteria, we identify 110 extrer¢AGB) star candi-
dates, corresponding to approximately half of all souroetected at 3.6 and 8m.
These are extremely red stars and are highly enshroudeddyttus they will often
be missed in optical and near-IR surveys. In the Magellanau@ the majority of
the dust input into the ISM comes from the extreme AGB stars;expect a similar
scenario to occur in M32.

The next generation of IR telescopes such\ASTandSPICAwill o ffer a remark-
able improvement in sensitivity and spacial resolutionthhese instruments it will

be possible to study the stellar content to M32 to well beloevRGB tip. Future ob-
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servations of M32 would benefit from a comparison field at #e isophotal level
in the outer disk of M31 to provide a more complete pictureh&f tontamination by

sources nearby in the M31 disk.
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Conclusions and Future Work

7.1 Conclusions

The aim of this thesis was to address some of the open qusstignounding the
effect of metallicity on the production of dust around oxygerfrevolved stars and
the stellar populations of Local Group galaxies. By diseglimg the stellar content
of nearby galaxies, and by constraining how the mineralagy ehemistry of dust
produced by individual evolved stars depends on metalliaitglobal picture on the
enrichment of the ISM by evolved stars can be obtained.

The SAGE-Spec collaboration (Kemper et al. 2010) has cadpilhomogeneously
reduced catalogue of mid-IR observations of point sounceke Magellanic Clouds.
As part of this large collaboration | have been involved ittakating bolometric mag-
nitudes for the point sources, and was one of the main candtnib to the subsequent
spectroscopic classification process (see Chapter 2). Mix mobolometric magni-
tudes provides a means to discriminate O-AGB stars and R&&=lon their 5-38m
spectra, which otherwise exhibit similar dust emissionrabteristics. These classifi-
cations improve our understanding of the stellar poputestiof the Magellanic Clouds
and allow verification of the photometric classification®.(i the colour-colour and
colour-magnitude cuts) used by the SAGE-LMC, SAGE-SMC andRHBGE sur-

veys. We find that the photometric classifications are gdigeragood agreement
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with the spectroscopic classifications, however, the qetos used to select AGB
stars often omit the reddest O-rich evolved stars (Woods$. e2@11, Rdtle et al., in
prep., Woods et al., in prep.).

Comparing large spectroscopic samples of O-rich evolved $tam the Galaxy,
LMC and SMC is of particular interest because of th&aient metal content in the
dust-forming region of their circumstellar envelopes. Mmwastigate dust production
around O-rich evolved stars, | have collated a sampl8mfzer Space Telescopad
Infrared Space Observatogpectra of 217 oxygen-rich AGB stars and 98 RSGs in the
Milky Way, the Magellanic Clouds and Galactic globular cerst These spectra cover
a range of metallicities and dust-production rates.

| have used this sample to investigate the formation meshanf crystalline sil-
icates (Chapter 3). | determined the strength of the cryseabilicate features in
oxygen-rich evolved stars across a range of metallicitiesyder to break the degener-
acy between the dust and gas density in the outflow, and henstrain the formation
process of crystalline grains. | computed dust mass-ldss tsing a grid of radiative
transfer models calculated by Sargent et al. (2011), whdst mass-loss rates were
calculated by scaling the dust mass-loss rates using amassyas-to-dust ratio based
on the metallicity. My results show that the crystallinifypeears to be more strongly
correlated with the dust mass-loss rate than the gas masgdte, which suggests
that annealing of the amorphous silicate grains by rachagprobably the primary
formation mechanism.

| also examined how the mineralogy of crystalline silicatisttaround oxygen-rich
stars depends on metallicity (Chapter 4). From variatiorthénposition and strength
of the crystalline silicate features it is possible to aately determine the minerals
present, by comparing the observed spectral features todtdyy spectra of dierent
dust species. | found strong evidence of a change in theatiipst silicate mineralogy
with metallicity: while forsterite (MgSiQO,) is the dominant crystalline species at solar
metallicity, enstatite (MgSi¢) becomes preferentially formed at low metallicity. This

variation in the olivine-to-pyroxene ratio can be explairt®y a number of possible
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mechanisms. This also provides an insight into how oxygemevolved stars enrich
the ISM as galaxies evolve.

Standard dust condensation sequences for O-rich AGB stapsge the formation
of alumina-rich grains before silicates. In order to evétue alumina abundances
in the circumstellar envelopes of oxygen-rich AGB starshia Magellanic Clouds, |
computed a grid ofiopust radiative transfer-models for a range of dust compositions
mass-loss rates, dust shell inner radii and stellar paemnefThis grid is presented
in Chapter 5 where | compare the resulting synthetic colauthé 2MASS Spitzer
AKARI and WISE bands with the observed oxygen-rich AGB stars and RSGs from
the SAGE-Spec LMC sample, finding good overall agreemenstars with a mid-
infrared excess. ThAKARIsatellite contains filters that can directly measure the 10-
um emission feature, making them important for constrainimgfractional abundance
of alumina in oxygen-rich evolved stars. | show from dust gledhat theAKARI[11]—
[15] versus [3.2]-[7] colour is a robust indicator of the minma abundance.

A minimisation procedure was used to fit the models toSp#zenRS spectra and
broadband photometry of 37 O-AGB stars in the LMC with opticthin circumstellar
envelopes. From the modelling, | find mass-loss rates inghge~ 8x 1078 to 5x107°
M, yr~1, and show that a grain mixture consisting primarily of anfmps silicates,
with contributions from amorphous alumina and metallimirprovides a good fit to
the observed spectra. In agreement with previous studiegs] & correlation between
the dust composition and mass-loss rate; the lower the foasgate the higher the
percentage of alumina in the shell.

In Chapter 6 | expand the infrared stellar population stuttiethe Local Group
dwarf elliptical galaxy M32 (NGC 221), using de§pitzerlRAC observations. M32
is of interest as it contains a substantial population atstethe late stages of evolution
that are prominent in the infrared; these stars are oftecwbs in optical and near-
infrared surveys. Previous photometric studies of M32 Hasen limited to shorter
wavelengths, thus by obtaining IRAC observations of M32 mmgle a population of

stars in M32 that have been hitherto unknown. Furthermbesables us to compile a

OLIVIA JONES 225



7: CONCLUSIONS AND FUTURE WORK

preliminary mass loss inventory for this old stellar poiga.

Although there is a high degree of stellar crowding and griavels of contami-
nation from M31, our images spatially resolve the dust-paig AGB population of
M32 at 3.6-8.um. We identify 110 extreme (X-AGB) star candidates in ourdfief
view; these are extremely red stars and are highly enshdogldust. We estimate the
tip of the AGB to be M = 14 mag and believe our photometric data to be reasonably
complete to depths3 mag fainter than this limit. These luminous AGB stars may be
the traces of an intermediate age population in M32. Fuesearch in this area would

benefit from a more complete picture of the contaminatiomfid31.

7.2 Future Work

Theoretical predictions of the composition and amountsusit deturned to the ISM
by evolved stars have been calculated by Ferrarotti & G&0& and Zhukovska et
al. (2008) for a range of initial stellar masses and meit#. The validity of these
models can be tested by comparing the dust composition dfexvstars in the Local
Group to the predicted compositions and theoretical dusldgi The point source
classifications returned by SAGE—-Spec (Woods et al., 201deRet al., in prep.,
Woods et al., in prep.) provide an ideal sample with whicle&i these predictions for
sub—solar metallicities.

Current estimates of the global dust production from AGB afdRstars indicate
that ‘extreme’ AGB stars (which comprise 4% of the popula}iare responsible for
most ( 88%) of dust input into the ISM (Riebel et al. 2012). Given importance
of these extreme sources to the total dust budget, it isdstielg to note that 12 of
these ‘extreme’ sources lie outside the defined evolvedcstiaur cuts but are spec-
troscopically identified as carbon stars (Gruendl et al.80The revised photometric
classifications will enable better estimates of the totait daput from evolved stellar
populations in the Magellanic Clouds. It also enables rajeaty, which would be

missed by conservative cuts, to be classified.
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Extreme AGB stars are poorly constrained by the currentsgsidadiative transfer
models. Although not very commoBpitzerspectroscopy is available for six extreme
O-rich AGB stars in the LMC. These spectra have partially-abdorbed 10-micron
silicate features and are similar in appearance to WX Psc|lsstuelied AGB star in
the Milky Way. In order to derive the properties of the dustl &me rate of dust produc-
tion by these stars, | am planning to model these sourceg tisn2D dust radiative
transfer codes MMax, as VLTI observations suggest that axisymmetric strustume
the shells of extreme stars are relativly common (Ohnak& @088). The results of
this modelling will be compared to the extreme O-rich AGBrsta the Milky Way.

Another avenue for future investigation is the relationvesn pulsation-phase
and mid-IR spectral profile variations of long-period vatastars in the LMC. Two
sources in our sample, IRAS 04543849 (SSID 4076-4081) and HV 2446 (SSID
4324-4329) have been observed dfaitent phases of their pulsation cycle. These
spectra display large variations in the shape and strerfgtheolOum feature over
the observed period. Detailed radiative modelling of thetdihell as a function of
pulsation phase will provide an accurate breakdown of thedvaharacteristics at a
precise phase of the pulsation cycle. These temporal i@&tan then be taken into
account when interpreting large-scale modellifiges, as all other stars in our sample
are known pulsating stars observed at a single phase indyee.

To quantify the total rate of the chemical enrichment of t88Iby dusty evolved
stars it is essential to correctly take into account thdialtmass loss. As was men-
tioned in Chapter 3, determining the total mass-loss rateires) detailed knowledge
of the stars’ expansion velocity and the dust-to-gas ratithe stellar wind; these are
not well constrained, even for Milky Way sources. Measuneta®f expansion ve-
locities from OH maser emission at 1612 MHz (Marshall et 804 provide some
indication of the outflow velocity during the superwind pbaaxf evolution for AGB
stars in the LMC. However, OH masers are found only in oxydeln-stars with high
mass-loss rates and thus cannot provide wind speed measugeacross the whole

AGB population. A better constraint of both the wind speed gas density may be
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provided by submillimeter observations of carbon monoxXi@e®). Large surveys of
emission from CO in the envelopes around carbon stars andeoxgigh AGB stars
and RSGs in the Magellanic Clouds will become possible withdbmpletion of the
full ALMA array. The high sensitivity and spatial resolutiprovided by ALMA in the
3 mm to 400um wavelength range will enable the detection of spectral émission
from CO in extragalactic AGB stars within a few minutes for B® J= 2-1 and J
= 3-2 transitions at 230 and 345 GHz (Woods et al. 2012). Thilsyweld reliable
values for the wind expansion velocities and improve theugaxy of the derived gas
mass-loss rates.

ALMA can also be used look for cold dust emission at submm Vesngghs in
massive evolved stars. High-resolution imaging of the @usission structure from
the condensation zone to the wind—ISM interface, combin#d dynamical informa-
tion from the outflow, will enable the full mass-loss histarfythe AGB star to be
determined. Variations from an%density distribution will probe the ffierent mass
loss processes occurring on the AGB ovdfatent timescales, for example, the ther-
mal pulse cycle (few 10years) and stellar pulsation (hundred of days). Deviations
from spherical symmetry would also provide insights inte thass loss process. In
collaboration with several colleagues, an ALMA proposakvebmitted to image
these structures for a Galactic AGB star. We intend re-stitins proposal and extend
the study to a large, statistically significant survey ondeMiX's full capabilities are
available.

These measurements will also provide radii for input inthiaiive transfer models;
this is required to constrain emission from cold dust. Passumptions may overes-
timate the extent of the dust shell, which results in a sigaift underestimate of the
dust production rate. This is a consequence of the emergopepgies of the spectral
energy distribution depending strongly on the value of theeoradius.

Establishing reliable dust-production and total mass-i@es for AGB stars is
vital. Currently, dust mass-loss rates are estimated usingnaber of independent

radiative transfer models with an arbitrary choice of mod&imilar model inputs
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between codes may return vastlyfdrent results, however no detailed study has been
performed to quantify theseftierences.

As a first step in standardising radiative transfer companatit is important to
constrain these ffierences for dferent chemical types over a wide range of mass-
loss rates. There are nine commonly used codes, which | planrhpare using one
simple scenario and one realistic scenario for AGB stark different photospheric
chemistries, at both high and low mass-loss rates. Thispelt an unbiased view on
the influence of the radiative transfer code on the modelwatpnd the reliability of
mass-loss rate estimates can be evaluated.

To obtain an assessment of contribution from thféedent classes of stellar object
to the dust budget of the Milky Way, a comprehensive and wa@niaszolume-limited
imaging survey is required. With SOFIA (Stratospheric Qlag®ry for Infrared As-
tronomy), large multi-band photometric surveys of dustynpsources in the Galaxy
can be conducted. SOFIA is not limited to the brightest psmirces, it can also study
the faint (~1 Jy) stellar populations. For the first time, these photoimateasurements
can be combined with accurate distances of stars in the Milky obtained fronGAIA
(due to be launched in November 201@AIAwill provide accurate distances td.0°
AGB stars by measuring their parallaxes. This will enabke phoduction of colour-
magnitude diagrams for our own Galaxy.

This will place significant constraints on the mass-losegdtom evolved stars
which is crucial in determining the dust-budget in our Gglaxollowing up these ob-
servations with a colour selected spectroscopic samplddwoald a wealth of data
to trace the life-cycle of dust in the Milky Way. This step igaV for a proper un-
derstanding of the role of metallicity in the mass-loss anst-dormation processes in
evolved stars. Moreover, it will establish the framework fioe interpretation of the
dust composition of more distant galaxies in the near anhfdre Universe.

Followup observations with the SOFIFORCAST spectrograph for a sample of
O-rich AGB stars in the Milky Way with low-contrast amorpledust would also
be of interest. While the silicates produced by O-rich AGB'stand to be mostly
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magnesium-rich (Molster et al. 2002), iron-rich crystadlisilicates have been tenta-
tively detected in some Galactic O-rich AGB stars with lowsigy dust shells (Guha

Niyogi et al., 2011). This detection calls the classic dustidensation sequence into
guestion. These observations would allow us to: i) confirmefute the presence of

iron—rich crystalline silicates in AGB stars; ii) undemsthhow these crystalline sili-

cates evolve along the AGB; and finally: iii) assess the domtiion from these stars to

the mass budget of galaxies.

The next generation of telescopes will be able to observstt#ikar populations in
M31 and to quantify its total dust budget. M31 is the nearpsakgalaxy, at 780 kpc
(Peacock et al., 2011). It is also the only galaxy within tleedl Group that is compa-
rable to the Milky Way in terms of morphology and mass. Futarge scale mid-IR
surveys with the WSTandSPICAwould complement the recent Panchromatic Hubble
Andromeda Treasury survey (PHAT; Dalcanton et al., 2012)181, and the existing
SAGE Spitzerlegacy surveys of the Magellanic Clouds and aid our undedgtgrof

how dust hasféected the evolution of galaxies.

7.3 Concluding Remarks

Prior to the launch oSpitzer IR observations of extragalactic AGB stars was limited
to the brightest sources in near-by galaxies. The capialildf Spitzerhas enabled a
complete census of AGB dust production in the Magellanic @$p@alactic globular
clusters and other Local Group dwarf galaxies. From thesemfations we have been
able to determine the composition of circumstellar dustifiecent metallicities and
guantify the dust-production rate of entire population®\GB stars in galaxies. Our
observations of M32 have pushed the sensitivity and resglwapabilities oBpitzerto

its limits, detecting only the brightest stellar comporseoit this system. In th@WST
era, it will be possible to achieve observations compartbthose of M32 in galactic

systems outside the Local Group.
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We are now cruising at a level of two to the power of twenty-fivagaod to one
against and falling, and we will be restoring normality just@®on as we are sure

what is normal anyway.

Douglas Adams
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