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Abstract

Asymptotic Giant Branch (AGB) stars and red supergiants (RSGs) are some of the
largest contributors of dust and material back to the Universe. While a substantial
amount of RSG dust will be destroyed by the subsequent supernova, the dust from AGB
stars will be injected into the Interstellar Medium. Understanding the contribution of
these stars and how it is affected by changes in stellar parameters is critically important
to determining stellar lifetimes, constraining stellar models, and understanding the
evolutionary paths of core-collapse progenitors and their subsequent supernova.

This study has discovered four new circumstellar masers in the Large Magellanic
Cloud (LMC), and increased the number of reliable wind speeds found outside of our
galaxy from 5 to 13. Results have been used to develop a relation for the wind speed
as a function of luminosity and metallicity. A further analysis of the spectral energy
distributions of these and Galactic OH/IR stars has led to the development of a robust
empirical mass-loss prescription that uses luminosity, pulsation period and gas-to-dust
ratio, a measure of metallicity. These results suggest that mass loss in this phase is
(nearly) independent of metallicity between a half and twice solar metallicity.

A radio survey of evolved stars in the Small Magellanic Cloud (SMC) has found
that none of the most luminous sources expected to show OH maser emission, do so.
While sources may lie just below both the detection threshold and/or the required OH
column density, a number of sources should still exhibit OH maser emission. It is possible
that the OH masing phase of lower metallicity massive AGB stars and RSGs is cut short.

New observations in the radio, optical and infra-red have been used to constrain
the location and mass-loss rate of the prominent dust producing LMC RSGs, IRAS
05280—6910 and IRAS 05346—6949. These results suggest that these sources may exhibit
a dusty torus geometry, but confirmation will require further high angular resolution
studies. The results of this work have made progress in understanding the wind driving

and mass loss mechanism, and have set the stage for much larger upcoming surveys with
the SKA and its pathfinders ASKAP and MeerKAT.
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1 Introduction

1.1 The Evolution and Fate of a Star

All low-to-intermediate-mass stars (0.8 Mg < Miniia S 8 Mg) will eventually become
red giants and then Asmptotic Giant Branch (AGB) stars while the higher mass stars
will become a RSGs. The closest star, the Sun, is no exception. In roughly five billion
years, the Sun will inflate and engulf the inner planets of the solar system. The sun will
then go through periods of expansion and contraction due to the activating of fusion
in both hydrogen and helium, as well as a period of intense mass-loss, right before it
loses its outer shell, and is left a white dwarf cinder. This is the life destined for the
very common sun-sized stars. One of the more remarkable phases in this evolution, is
the transformation that the star will undergo at the termination of the AGB phase. A
star will lose up to 85% of its initial mass at a rate of up to 10~ solar masses per year
(van Loon et al., 1999). These stars, and to a lesser degree red supergiants, contribute a
significant amount of dust and chemically enriched material to the interstellar medium
(ISM) (Herwig, 2005). This evolutionary stage is the critical and brief moment that this

study has focused on.

1.1.1 Low and intermediate mass stars

The AGB phase is the final stage of evolution for low-to-intermediate mass stars. After
their formation and brief existence as pre-main sequence stars, they will follow a path on
the famous Hertzsprung-Russell (hereafter HR) diagram as core hydrogen-burning main
sequence stars (Fig. 1.1). As hydrogen fusion deposits helium within the core, hydrogen
core fusion ceases and triggers gravitational contraction. This contraction then increases
core pressure until it is counteracted by the force of electron degeneracy pressure. As
pressures and temperatures rise, this allows for hydrogen shell burning around a helium

core. This change is represented in the HR diagram as a move toward the Red Giant
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Figure 1.1: HR diagram from Gail & Sedlmayr (2014)

Branch (RGB).

As the inert helium core of the star contracts and heats, the luminosity of the
source increases. As a result, the circumstellar envelope expands and cools, and becomes
convective. This is described as the first ascent of the RGB within the HR diagram. As
the core reaches temperatures in excess of 10® K, helium fusion begins producing carbon
through the triple-alpha process. Within the electron-degenerate core, the outward force

is dependent not on thermal pressure but quantum mechanical pressure. As temperatures
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increase from helium fusion, and degeneracy keeps volume constant (as it is unaffected by
increases in temperature), this increases the fusion rate and consequently the temperature.
The cycle creates a runaway process which results in a sudden ignition known as the
helium flash. This is only true for low mass stars, as stars between 1.8 — 8 M do not
exhibit an electron-degenerate helium core or helium flash, rather initiate helium fusion
in non-degenerate conditions due to higher temperatures within the core. After helium

core fusion ceases, hydrogen and helium shell fusion begin, marking the beginning of the
AGB phase.

The Asymptotic Giant Branch At the beginning of the AGB stage, a star will
have an inert degenerate carbon-oxygen core and will undergo nuclear fusion primarily
within the helium shell, producing C and O through the triple-alpha process. The helium
shell is surrounded by a small helium-rich intershell region, a hydrogen shell, and then a
convective outer envelope. As fusing material is depleted within the helium shell, helium
shell burning ceases and the star enters the thermally pulsing AGB or TP-AGB phase.

Once the helium shell is depleted, pressure increases, and hydrogen shell fusion
takes over. The helium by-product of this reaction creates a thin shell of helium over
time, which grows until it ignites violently. This explosion is known as a helium shell
flash. The explosion causes the star to expand and cool halting hydrogen fusion. Once
the star contracts, helium shell burning reaches the edge of the hydrogen shell, and the
helium flash has finished, hydrogen fusion reignites and the TP-AGB cycle starts over;
this calmer phase of stable hydrogen shell burning is known as the interpulse period
(Iben & Renzini, 1983). During the TP-AGB the star will lose a significant amount of
mass until hydrogen in the outer envelope is depleted. The star will then transition to
bluer colours, and reach temperatures high enough to ionize the circumstellar ejecta
and become a planetary nebula. Following the planetary nebula phase, the remaining

material is locked away in a CO white dwarf cinder.
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1.1.2 High mass stars

Super-AGB Stars with initial masses 6 Mg < M < 9 Mg, are thought to be massive
enough to initiate carbon fusion within the core or “carbon-burning” (Jones et al., 2013).
These stars undergo a similar evolution as their lower mass counterparts, yet their fate,
expected to be an ONe(Mg) white dwarf or electron-capture supernova, is still unclear
(Doherty et al., 2015). As carbon is fused, the star is left with a degenerate core made up
of oxygen and neon rather than carbon and oxygen. These stars are known as super-AGB
stars. Super-AGB stars have not been studied in the same detail as AGB or RSG stars,
as they are difficult to model and it is still unclear how to identify them observationally.

Nevertheless, they are an important link between the lower- and upper-mass regimes.

Red supergiants RSGs exhibit several similar stages of evolution as AGB stars but
follow a different evolutionary path. RSGs start their life as hot OB stars on the main
sequence. They fuse hydrogen within the core until there is no material left for fusion.
The star will then expand and cool, and move horizontally on the HR diagram to cooler
temperatures, with a roughly constant luminosity. The star will then begin to fuse
elements like helium and carbon similar to higher-mass AGB stars. Unlike AGB stars
however, massive stars will continue to fuse heavier elements in concentric shells from
oxygen up to silicon (Fig. 1.2). A limit is reached when iron ash is deposited within the
core reaches above the Chandrasekhar mass and the core can no longer support itself by
electron degeneracy pressure and releases a shockwave. This process is known as a Type
IT or core-collapse supernova, which then leaves a neutron star or black hole depending on
the mass. These stars are thought to be the progenitors of the most common supernova,
the Type II-P supernova (Smartt, 2009). There is a substantial amount of evidence to
suggest RSGs as the progenitors with numerical hydrodynamical models (Chevalier, 1976)
and analytic solutions (Arnett, 1980) requiring large initial radii, as well as progenitor
data on several well studied SNe (e.g. SN2003gd, SN2005cs, SN2008bk; Smartt, 2009). In
addition to Type II-P SNe, mass loss can deplete the star’s mantle moving it toward

bluer colours where it may explode as a Type IIb or possibly Type Ib supernova, yet no
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Figure 1.2: RSG structure just before core-collapse. Credit: NASA Observatorium Aeronautics

observations of the progenitors of these supernova exist.

Stars are the crucibles responsible for creating the majority of elements in the
Universe heavier than helium. Consequently, understanding the contribution of stars in
these specific phases of their evolution, constrains the composition and origin of the

material that makes up the Universe.
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Figure 1.3: A K-band lightcurve from the evolved AGB star IRAS 04498—6842 (adapted
from Whitelock et al., 2003).

1.2 Stellar pulsations

Towards the end of there evolutionary phase, lower mass Mira variable AGB stars (named
after the star Mira or O Ceti) and larger mass evolved AGB stars will undergo pulsations.
These pulsations can last between hundreds and thousands of days, changing in brightness
by up to 2.5 magnitudes in the V-band. An example of such a source is the TP-AGB star:
IRAS 04498—6842, shown in Figure 1.3. These pulsations are due to the x mechanism.

The x mechanism is driven by changes in opacity, a stellar parameter commonly
denoted using k. In a main sequence star, as an atmosphere is compressed, temperature
and density increase, which consequently leads to a decrease in the opacity. This keeps
the system in a state of equilibrium, where compression does not lead to an increase
in radiation pressure. In dusty evolved stars, when the atmosphere is compressed and

hydrogen and helium are partially ionised, this leads to an increase in opacity. As
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temperature, density, and opacity increase, this increases radiation pressure and pushes
the atmosphere outward. Material expands and cools, opacity decreases, and the cycle
starts again. These pulsations are thought to be critical to levitating material out to
large radii, and enhancing mass loss (further discussed in 1.4). Recent work has shown
that refractory species like Aluminium oxides can form close to the star with silicates

forming further at a radius of ~ 5 Ry, (Hofner et al., 2016).

1.3 Stellar dust

Understanding dust and the recycling of material within the Universe requires first
an understanding of how it is produced, transformed, and destroyed. AGB stars are
recognized as one of the major producers of stellar dust in the Universe (Fig. 1.4), along
with Supernovae (SNe), RSG, and Wolf-Rayet stars (Gehrz, 1989; Sloan et al., 2008).
How different environments affect the chemical composition of this dust is still unclear
with few high resolution mid-IR spectroscopic studies outside of the Galaxy (Cherchneff,
2013). The collective net contribution of dust from all AGB stars is expected to be larger
than that of SNe (Fig. 1.4). This is considering that SNe destroy not only their own
dust, but more importantly, pre-existing dust from progenitors and the ISM (Lakiéevié
et al., 2015; Temim et al., 2015). The net contributions of SNe are still controversial as
the significance of shocks and high energy particles is still unclear (Dunne et al., 2003;
Dwek, 2004; Krause et al., 2004; Bianchi & Schneider, 2007; Schultheis et al., 2014;
Matsuura et al., 2011; Gomez et al., 2012). The dominant destruction process of this
dust is the reaction of dust with hydrogen molecules, referred to as chemisputtering
(Gail & Sedlmayr, 1999). To a lesser degree, dust is destroyed through sublimation by
the heating of the dust grains from the absorption of stellar radiation.

Within AGB stars, the initial process of dust formation is still unclear. The
nucleation of dust grains is challenging to model (e.g. Salpeter, 1977; Nanni et al.,
2013), and models typically start from seed-nuclei that become the cores of larger dust

grains. Adding to this challenge, the composition of the dust grains will depend on the
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Figure 1.4: Mass loss of stellar objects (adapted from Gail & Sedlmayr, 2014).
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circumstellar environment from which they form. This study focuses on oxygen-rich

sources which produce silicate dust grains as opposed to carbonaceous dust grains.

1.3.1 Carbon-to-Oxygen ratio

There are two paths set for AGB stars that will depend on the ratio of carbon-to-oxygen
(C/O ratio) and will impact the circumstellar chemistry (Fig. 1.5). An AGB star can be
designated as an oxygen-rich (C/O < 1), carbon-rich (C/O > 1), or S-type star (C/O ~
1). The C/O ratio will determine whether the ejected material will form circumstellar
dust made up of either silicate or carbonaceous dust grains, and whether the star will
exhibit maser transitions (further discussed in §1.5).

The chemical composition of an AGB star’s circumstellar envelope will depend
highly on initial mass. It is known that the helium shell flash and halting of hydrogen
burning within the TP-AGB leads to strong convection in the region between the
hydrogen and helium shells. This allows carbon as well as s-process elements to be
brought up to the surface, consequently altering the star’s surface composition. This is
known as a Third-Dredge Up (TDU) event, and the process transforms the outer layers
of an AGB star from oxygen-rich to carbon-rich?.

A competing phenomenon that decreases the surface abundance of carbon is known
as Hot-Bottom Burning (HBB). Stars with initial masses 2 3 My will undergo HBB
after a TDU event within the much longer interpulse period. In these stars, the base
of the convective envelope will reach temperatures high enough for hydrogen burning
reactions to aid in transforming carbon into nitrogen through the CNO cycle (Boothroyd,
Sackmann & Ahern, 1993). HBB stars can have luminosities above the level governed by
the core mass and break the ‘classical’ AGB limit which is set by the highest stable core
mass. The decrease in C/O ratio from HBB confines all higher mass evolved stars to
oxygen-rich stars, with lithium as one of the by-products. Lithium has been used in the

past as an indicator for HBB, and a way of distinguishing HBB AGB stars and RSGs.

IFor more details on the internal stellar processes and mechanisms discussed in this Chapter, see
Appendix A.
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Figure 1.6: An example of an optical spectrum of a cool oxygen-rich evolved AGB star
(adapted from van Loon et al., 2005). Shown are TiO features indicative of a late-M spectral
type and low effective temperature. The spectrum is shown on two normalised scales to exploit
the full dynamic range of the data.

This study focuses on oxygen-rich AGB stars (the more common AGB stars)
covering both lower mass sources within the galaxy, and higher mass sources that have
undergone HBB, within the Magellanic Clouds (Fig. 1.13; shown later). The gap in
luminosity between these samples is where carbon-rich AGB stars are expected to lie,
but they have been omitted from this study for reasons that will be explained in §1.5. As
opposed to hotter stars, cool evolved AGB stars can create more fragile molecules within
their atmospheres. Oxygen-rich evolved stars in particular are known for harbouring
molecules like TiO. The optical spectra of late-M type stars is dominated by prominent
TiO bands (Fig. 1.6), and observations of these bands as well as those from other
molecules are used to determine stellar effective temperatures (e.g. van Loon et al.,

2005).
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1.3.2 Silicates

Mid-IR spectroscopy is typically used to determine the chemical composition of the dust
around an evolved star as either oxygen or carbon rich. Within oxygen-rich silicate dust,
the stretching vibrations of the Si-O bond in a SiO4 tetrahedron create a prominent
feature at 10 pm? (Fig. 1.7), which is typically used to categorise the source as oxygen-rich.
Conversely, carbon stars have several features between 3 and 12 pm as a result of the
bending and stretching of carbon and hydrogen bonds. The silicate dust is expected to
be made up of a combination of types of pyroxene (MgSiOj), olivine (MgySiOy), quartz
(Si0s), corundum (Al;O3), and iron (Fe). The contribution of each of these species in the
dust of a typical AGB star is still unclear, but serious work is being done to resolve the
issue (Decin et al., 2017; Nanni, 2013; Jones, 2013).

The inclusion of iron in circumstellar dust is still a matter of debate. Iron has been
invoked to explain the discrepancy in the calculation of momentum-transfer. Dust grains
without iron tend to be too transparent at 1 pum to drive stellar outflows seen in the
Galaxy. Yet models have shown that iron is too unstable to form at small radii (Woitke,
2006), and iron grains at larger radii cannot drive an outflow or efficient mass-loss. As
iron has no spectral features, directly confirming the contribution or existence of iron
within these grains has presented an observational challenge.

Recent work has explored the possibility of grain size as a possible explanation for
the wind-driving. Héfner (2008) has shown that iron-free Mg,SiOy4 grains can grow to
sizes between 0.1 and 1 pum in dynamical atmospheres. These grains can gain significant
momentum by scattering stellar photons of wavelength comparable to their size (Hofner,
2015). Synthetic photometry and spectra have been computed using these models and

have been found to be in good agreement with observations (Bladh et al., 2013).

2The bending vibrations of the O-Si-O bond also create a less defined feature at ~18um.
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Figure 1.7: The 10 um silicate feature of the AGB star IRAS 04544—6849 shown in emission
(adapted from Jones et al., 2014). Displayed are observations taken at different times showing
the variability of the silicate feature over time.
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1.4 Wind-driving mechanism

1.4.1 Dust-driven wind theory

The dominant theory for the driving of circumstellar outflows in cool evolved stars is
dust-driven wind theory. During stages of dense mass-loss, stars exhibit a lower effective
temperature, a higher luminosity, and large pulsations. A correlation between the dust
content and pulsation amplitude led to the conclusion that these pulsations are critical
to driving the wind (Jura, 1986; Habing, 1987). Since this realisation, it has become
generally accepted that pulsations are the dominant mechanism for levitating material
from the stellar surface. As Hofner (2015) describes, it is expected that wind acceleration
works like a 2-stage rocket. The first stage levitates dust-free gas out to a few stellar
radii, after which the gas condenses into dust and radiation pressure forms the propulsion
for the second stage. It is expected that radiation pressure on these dust grains forces
the grains radially outward and, as they are forced out, drag along hydrogen gas through
friction. For a simplistic view of the system, the gravitational acceleration (Eq. 1.1), and
the radiative acceleration (Eq. 1.2), can be combined to calculate the ratio of outward

acceleration (I'), shown in Eq. 1.3.

GMm
Fyrap = - (1.1)
L km
= M 1.2
4T ArR? (1.2)
F.. L
= ord _ _F (1.3)

Fpaw AnGMe

This shows the dependence on luminosity as the outward driving force, on opacity
(k) a measure of the dust, and on the current mass of the source. When the outflow

reaches its maximum momentum transfer, the source is said to be within the “superwind”
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phase (as will be discussed in §1.8). Wind speeds for these stars can vary, ranging from a
few km s to 25 km s7! (Engels & Bunzel, 2015), with more luminous sources having
higher wind speeds® (Wood et al., 1992; Marshall et al., 2004, §5.1). Stars within this
evolutionary stage will have escape velocities at the stellar surface of typically between
43—48 km s~ ! (e.g Marshall et al., 2004), but with the aid of stellar pulsations, can be
overcome. It has been shown, using water maser observations, that this occurs at radii
between ~ 5—15 R, (Richards et al., 2012).

The idea of a superwind was originally introduced by Iben & Renzini (1983).
Since then, a significant amount of work has been done in trying to understand how
it is affected by other stellar parameters. It is possible that circumstellar outflows are
enhanced by other forces such as magneto-acoustic or magneto-hydrodynamic waves. It
has been shown that dustless stars typically lose their mass via magneto-acoustic waves
within their chromosphere (Hartmann & MacGregor, 1980; Dupree, Hartmann & Avrett,
1984; McDonald & van Loon, 2007).

1.4.2 Alternative wind-driving forces

There are several forces that have shown to be effective drivers of stellar outflows. There
are two main types of wind-driving processes that can be separated by their method of
momentum transfer. First there are radiation-driven winds, where radiative momentum
is transferred by radiation on circumstellar dust or molecules. And second, there are
pressure-driven winds, like acoustic or magneto-hydrodynamic (Alfvén) waves, that
accelerate material through the dissipation of mechanical energy created by the star. The
following sections, based on the review by Gail & Sedlmayr (2014), will describe each of

these in turn.

Radiation-driven winds Radiation pressure on molecules has shown to contribute to

the radiative acceleration of a circumstellar outflow (Jgrgensen & Johnson, 1992). Using

3The additional impact of metallicity on the expansion velocity will be discussed further in Chapter 5
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a grid of photospheric models, Jorgensen & Johnson (1992) showed that this mechanism
may be a viable aid to circumstellar outflows. The effect on the outflow is minor, of
the order of a few percent of the gravitational force in the stellar atmosphere, yet it is
unaffected by modest changes in the effective temperature and mass, which may make it
more important in less evolved, warmer sources. This mechanism has however shown to
be highly dependent on the metallicity and C/O ratio, producing higher acceleration for

metal- and carbon-rich sources.

Pressure-driven winds Pressure waves, like sound waves, have been proposed as a
possible aid to circumstellar outflows. These waves would push material out to a point
where dust driven winds would accelerate the material further. However Wood (1990)
has questioned the potential of these waves to survive stellar pulsation as they would
likely be reflected or destroyed by stellar pulsations of the star. As Wood (1990) states, a
Mira variable will have material falling inward at a speed of 10-15 km s~! onto a shock
front moving ~ 10 km s~! outward, sound waves would presumably be reflected back

toward the star.

Alfvén waves Another possibility is magneto-hydrodynamic Alfvén waves. As a
conducting liquid in a constant magnetic field creates an electromagnetic force, random
motions of material at the stellar surface create waves that travel outward and interact
with the ionised plasma within the chromosphere. This has been proposed in the past
as strong candidate for aiding stellar outflows (Judge & Stencel, 1991; Schroder &
Cuntz, 2005). Schroder & Cuntz (2005) have derived a mass-loss prescription, using
chromospheric energy as a measure of the driving force of the wind, and that relies on
Alfvén waves to transfer momentum. This prescription was calibrated using mass-loss
rates of nearby less-evolved Galactic RGB stars and remains a well-used prescription for
AGB stars.

These mechanisms while unlikely to be the dominant driving force behind massive

AGB outflows may be important aids in wind driving. They may become particularly
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important in regimes where dust-driving becomes less effective, for example, at lower

metallicities, higher effective temperatures, or for less evolved stars.

1.5 Masers

Masers are excellent tools for understanding the physical conditions associated with areas
of dense gas and dust. The term maser refers to ‘Microwave Amplification by Stimulated
Emission of Radiation.” Under certain conditions maser pumping can occur in which a
higher energy level of a molecule becomes overpopulated with respect to a lower level,
known as a population inversion. This can be caused by incident radiation or collisions
with molecular hydrogen. An incident photon of wavelength matching the wavelength
of the transition between these levels stimulates the emission of another photon as a
molecule drops from the higher to the lower level. Thus one photon becomes two, then
four and so on. Masing also requires sufficient velocity coherence along the direction of
radiation propagation for the photon wavelengths to be similar (within the thermal or
microturbulent dispersion). Depending on the size of the population, this may allow for
amplification well over the intensity of a thermal line transition, making it a valuable
tool for probing distant sources.

The first recorded detection of an astrophysical maser was made by Weaver et al.
(1965), in which they unknowingly observed an OH maser emanating from a molecular
cloud. This keystone discovery led to the further search and development of masers and
maser theory. The masers’ high brightness temperatures and very narrow line-widths led
researchers to correctly assume the radiation was being amplified in the same way as
a terrestrial laser. These masers have become important stellar probes especially for
evolved stars. These are referred to as circumstellar masers. The strongest circumstellar
masers occur in oxygen-rich evolved stars as opposed to carbon stars, which is why this

study will focus exclusively on oxygen-rich evolved stars.
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1.5.1 OH Masers

There are four known ground-state OH maser transitions at 1612, 1665, 1667, and 1720
MHz. The 1612-MHz maser occurs within the outer reaches of the circumstellar envelope
of evolved AGB and RSG stars. The main-line 1665- and 1667-MHz transitions also
occur within the inner regions of the circumstellar envelopes of evolved stars, but also
occur near Young Stellar Objects (YSOs). The final 1720-MHz transition primarily
occur in areas where Supernova Remnants (SNRs) interact with molecular clouds. The
diversity of phenomena in such a small range of frequencies has allowed for multi-purpose
observations to yield a range of positive results.

The most important maser transition for evolved stars is the 1612-MHz maser
transition. These masers typically occur at distances from 10'® — 107 cm, at the point
where stellar winds arrive at their final velocity (Elitzur, 1992). Goldreich & Scoville
(1976) suggested that the OH needed for maser emission is formed by interstellar UV
radiation penetrating the circumstellar envelope and photodissociating water. However
clumpiness and possibly stellar radiation itself among other things, may affect the maser
emission.

Masers can only occur in a certain radius range within a circumstellar envelope. If
masers occur inside this range (around several hundred au), densities are so high that
collisions rapidly depopulate the upper transition which “quenches” the maser. Outside
of this range (a few thousand au), lower densities are not enough to sustain the pump

rate and the maser can no longer be maintained (Elitzur, 1992; Vlemmings et al., 2006)*.

1.5.2 Pumping mechanisms

The 1612-MHz transition is a result of the fine and hyperfine structure of the OH molecule.
The fine structure is the division of spectral lines due to the magnetic moment of the

electrons in the molecule. This is dependent on the angular momentum and orbital spin

4For more see Cohen (1989) and Gray (2012).
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of the electrons. The hyperfine structure is a division of the spectral lines, an order of
magnitude weaker, that is caused by the magnetic moment created within the nucleus of
a molecule. When ground state OH in a circumstellar envelope is excited by incident
35 and/or 53 um infrared photons (produced by circumstellar silicate-rich dust), the
molecules are excited to a higher energy rotational level of the ground vibrational state
or ‘pumped’ (Elitzur, Goldreich & Scoville, 1976). From this state they then decay into a
meta-stable state. At this point, the molecules need additional energy to overcome the
energy barrier, and return to the ground state. Once a population is in this meta-stable
state, all it takes is a high energy photon or spontaneous emission to cause a chain
reaction that inverts the entire population, amplifying 1612-MHz photons that correspond
to the energy difference of the states, and creating the maser (Fig. 1.8).
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Figure 1.8: OH ground state maser transitions from Cimerman & Scoville (1980).

1.5.3 Circumstellar masers

An ideal maser detection will yield a double-peaked or ‘double-horned’ structure as is

shown in Figure 1.9. This structure is what grants astronomers the ability to calculate
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Figure 1.9: OH maser detection of IRAS 05298—6957 made by Wood et al. (1992).

the radial wind speed. What the two horns represent are the red-shifted and blue-shifted
amplified radiation that is coming from regions moving toward and away from Earth,
respectively. By taking half the frequency distance between the two peaks, or the distance
from the centre of the peaks (the systemic velocity) to either peak, a final radial wind
speed can be established. By assuming the star is spherically symmetric, it can be
assumed that this is the wind speed in all directions. Often within the maser profile, the
blue maser peak is brighter than the red maser peak. This has been suggested to be due
to contribution or blocking effect from the parent AGB or RSG star (Sivagnanam et al.,
1988; Takaba et al., 1994; Marshall et al., 2004). In practice, a distinct double-horned
structure is not always attainable as a result of deviations from spherical symmetry and

thus velocity coherence.

1.5.4 SiO and H>O masers

While OH masers may be the most useful for studying stellar wind speeds, the 43-, 86-,

and 129-GHz SiO maser and the 22-GHz water maser can be instrumental in interpreting
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OH maser detections. These masers are especially important when the signal of an
OH maser does not yield a distinguishable structure. SiO masers occur closer to the
star and are thought to be pumped collisionally in the inner zones of the upper stellar
atmospheres where substantial dust has yet to form ((e.g. Wittkowski et al., 2007)),
at around a few stellar radii ~ 10" cm (e.g. McIntosh et al., 1989). They occur from
rotational transitions in excited vibration states of the SiO molecules and give a measure
of the systemic velocity as a result of being amplified tangentially. Water masers are also
helpful as they act as probes in areas of accelerating winds. These masers are thought to
be pumped collisionally and occur in the warm inner parts of the circumstellar envelope
between the SiO and OH masers at distances around 10'® cm (Elitzur, 1992), and are
amplified both radially and tangentially.

The amplification direction of the maser emission is determined by the velocity
coherence of the populations. In the 1612-MHz maser, the population is coherent in the
radial direction where the winds have reached their final expansion velocity. For the SiO
maser, high velocity gradients limit radial amplification. The populations do however
have a sufficiently large path length of velocity coherent molecules to beam tangentially,
seen as a ring-like structure (e.g. Yi et al., 2005).

For both types of these masers to occur, sufficient temperature and density must
be sustained. For a SiO maser, a density of SiO molecules more than 107 cm™ and a
temperature of roughly 1770 K is required (Elitzur, 1982). For a water maser, a gas
density of 107 — 10 cm ™3 is required, as well as a kinetic temperature of 300 — 1000
K (Benson & Little-Marenin, 1996). As is the case with OH masers, the inner limit
marks the point at which high population densities result in rapidly increased collisional
depopulation, quenching the maser, and the outer limit marks the point where the maser
can no longer be sustained due to low population densities.

Detections of these masers have greatly assisted previous studies of OH masers. As
was the case for the red supergiant WOH G64 (IRAS 04553—6825), the initial detection
of an OH maser, made by Wood et al. (1992), gave an inaccurate value for the expansion
velocity. Subsequent detections by van Loon et al. (2001a) of water and SiO emission,

indicated a systematic velocity outside of the velocity range of the original OH maser
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profile. After further analysis it was found that the OH profile showed an additional
peak, which more than doubled the star’s derived wind speed (Marshall et al., 2004).
This is shown later in Figure 3.8 and will be further discussed in Chapter 3.

1.6 CO line emission

In addition to the 1612-MHz OH maser, thermal CO rotational line emission can be
used to derive the circumstellar wind speeds of evolved stars. Observations have been
successful in detecting CO in hundreds of oxygen-rich (Kerschbaum & Olofsson, 1999;
Olofsson et al., 2002) and carbon-rich (Groenewegen et al., 2002) AGB stars within the
galaxy. As CO emission is a thermal line emission, it is not amplified. Thus a greater
sensitivity is needed to use CO emission as a viable tool in more distant environments.
CO is one of the most abundant molecules in circumstellar envelopes. The strength of
CO is in its ability to measure the circumstellar expansion velocity while also providing
an independent estimate of the mass-loss rate. While the width of the CO line yields the
expansion velocity, modeling the shape and strength of the feature gives an estimate
of the mass-loss rate, because it is a thermal line and the intensity depends on the
temperature.

As of now, only a handful of CO line detections have been made outside of the
galaxy from evolved stars with two red supergiants, four carbon-rich AGB stars, and one
oxygen-rich AGB star successfully detected (Groenewegen et al., 2016; Matsuura et al.,
2016). The oxygen-rich sources (WOH G64, IRAS 05280—6910, and IRAS 04545—7000)
have all been previously observed in OH and will be discussed further in Chapter 3.
Attempts have also been made to observe CO line emission in the nearby Globular Cluster
47 Tucanae (McDonald et al., 2015). While unsuccessful, the results have been used to
quantify the intensity of the interstellar UV radiation, responsible for photo-dissociating

circumstellar CO molecules.



1.7 Metallicity and luminosity 23

1.7 Metallicity and luminosity

In studying the winds of evolved stars it is assumed that they are primarily dust-driven
winds. This assumes that the driving mechanism of the wind is radiation pressure on
circumstellar dust grains that drag along gas through friction. Several studies have analysed
the relationship between expansion velocity and other observable stellar parameters (van
Loon et al., 2001a; Marshall et al., 2004). They found that the dominant parameters are
metallicity and luminosity. As the amount of radiation pressure (i.e. luminosity) and the
amount of dust (i.e. metallicity) are expected to affect the wind-driving, this is consistent
with expectations. It has also been suggested that multiple scattering of photons will
increase the driving force of the wind (Gail & Sedlmayr, 1986).

The effects of these parameters on the overall mass-loss of the star has also been
studied (e.g. van Loon et al., 2005). Constraining these uncertainties is critical to
accurately predicting the contribution of AGB stars back to the ISM. There are three
major mass-loss regimes that will be discussed in §1.8, but the most prominent mass-loss
regime is within the superwind phase. It has been theorised that within this phase,
mass-loss will be affected by luminosity as it is the driving force of the winds carrying
material away.

Analysing the wind-driving and mass-loss mechanisms requires studying stellar
samples with different luminosities and that reside within different metallicity environ-
ments. By studying evolved stars not only within the Galaxy, but also within the Large
and Small Magellanic Cloud dwarf galaxies, with metallicities of a half and a fifth solar
respectively, the effects of metallicity on the expansion velocity and mass-loss rates of
AGB stars can be further studied and tested. The proximity of the LMC and SMC at
50 (Feast, 2013) and 60 kpc (Szewczyk et al., 2009), respectively also make them ideal

'nearby’ environments for further study.
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1.7.1 Metallicity distributions

The Galaxy The closest stellar samples of evolved stars lie within the Galaxy. While
the view of the Galaxy from within the Galactic disk is obscured by dust (Fig. 1.10), it
still provides researchers with the brightest sources to study. Typical Galactic sources
have chemical abundances, metallicities, and gas-to-dust ratios similar to that of the
Sun around Z = 0.0196 (von Steiger & Zurbuchen, 2016), where Z is the fractional
percentage of elements not hydrogen or helium. The most metal-rich sources reside
within the Galactic Centre, at around 8 kpc (Eisenhauer et al., 2003), where most stars
will have metallicity at or above solar metallicity (Wood, Habing & McGregor, 1998).
However, a small population of lower metallicity sources has been discovered within the
central parsec of the galaxy (Wood, Habing & McGregor, 1998; van Loon et al., 2003; Do
et al., 2015). Within the Galactic bulge, sources typically peak at a near solar value, with
a sharp cut-off just above solar, and a tail towards lower metallicity (Zoccali et al., 2003;
Ness & Freeman, 2015). A radial metallicity gradient has also been discovered within the
Galaxy from below solar metallicity in the outskirts to supersolar within the central 5
kpec (Feltzing & Chiba, 2013; Lépine et al., 2011). These samples provide a range of
metallicity around solar to better understand the effects of metallicity. However distances
to these sources are very uncertain and thus yield uncertain luminosities. In order to
probe lower metallicities and a range of more accurate luminosities it is important to

leave the Milky Way and study more distant stellar samples.

The Magellanic Clouds The LMC and SMC (Fig. 1.11) provide excellent nearby
stellar samples for testing the effects of a range of various stellar parameters. The range
of metallicities within the Magellanic Clouds can be used to draw conclusions about
metallicity environments even lower than the Galaxy, characteristic of an earlier epoch of
the Universe. The average metallicity of the LMC has been found to be around [Fe/H| =
—0.38 dex (or around half solar) with the LMC Bar hosting the highest metallicity stars
(Choudhury, Subramaniam & Cole, 2016). Using their photometric metallicity map, they

also found a number of deviations from the average (Fig. 1.12) and a shallow radial
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Figure 1.10: An adapted image of the edge-on spiral galaxy: NGC545a, depicting the Milky
Way Galaxy.
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Figure 1.11: Spitzer colour images using all IRAC and MIPS bands of the Large and
Small Magellanic Clouds (not to scale), from Meixner et al. (2006) and Gordon et al. (2011),
respectively.

metallicity gradient out to around 4 kpc. These results were based on spectroscopic data
of a large sample of RGB stars. While a gradual age-metallicity relation will exist, for
stars with Mipniia = 4 Mg and ages < 200 Myr, a similar half solar metallicity can be
assumed.

The SMC has an average metallicity of around [Fe/H| = —0.68 dex (Luck et al.,
1998), corresponding to a metallicity of around one fifth solar. While there are other
differences within these samples, something that will be described further in the coming
chapters and especially in Chapter 6, observations in the Magellanic Clouds will be
used to probe processes within evolved stars such as the wind-driving and mass-loss

mechanisms.

1.7.2 Star formation history of the Magellanic Clouds

The Magellanic Clouds have considerably different AGB populations resulting from
different star formation histories (SFHs). The SMC, with a stellar mass of 3.7 x 10® M,
(Skibba et al., 2012), is nearly a quarter of the stellar mass of the LMC at 1.7 x 10° M,
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Figure 1.12: LMC photometric metallicity map from Choudhury, Subramaniam & Cole (2016).
The subregions show large deviation from mean metallicity. In red, significantly metal-rich
regions ~ 0.7 Zg ([Fe/H] 2 —0.15 dex) and in green, the significantly metal-poor regions ~ 0.2
Zo ([Fe/H] < —0.65); filled circles are from OGLE IIT (Udalski et al., 2008), and open circles
from MCPS (Zaritsky et al., 2004).
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(Harris & Zaritsky, 2004, 2009). Within the LMC, a peak in star formation around 100
Myr ago (Harris & Zaritsky, 2009) has resulted in favourable conditions for bright maser
emitting sources. Moreover, according to the recent work by Slemer et al. (2017) based
on the stellar evolutionary tracks computed with PARSEC (Bressan et al., 2012) and
COLIBRI (Marigo et al., 2017) codes, the minimum mass of a HBB star is ~ 4.2 M
for Z = 0.006, where the exact value of the mass will depend on the metallicity and
on the underlying stellar model. As a consequence, given the 100 Myr evolution time
of 5 — 6 M, stars, this has resulted in a disproportionally large population of sources
undergoing HBB (Dell’Agli et al., 2015; Slemer et al., 2017). Conversely, the SFH of the
SMC derived by Harris & Zaritsky (2004) shows a minimum in star formation around
100 Myr ago, which has likely resulted in a smaller population of massive oxygen-rich
AGB stars within the SMC. Even if the minimum in the star formation rate (SFR) is not
confirmed by the most recent SFH derived by Rubele et al. (2015), the SFR by Harris &
Zaritsky (2004) is in good agreement with the one derived by Rubele et al. (2015) about
100 Myr ago. More recent SFRs are difficult to constrain using Hubble Space Telescope
data as it requires a wide survey area (Weisz et al., 2013). Regardless this work has
investigated a number of lower mass oxygen-rich sources in the galaxy as well as several

higher mass sources in the Magellanic Clouds that have undergone HBB (Fig. 1.13).

1.7.3 Dust within the Magellanic Clouds

It is expected that dust production may differ in lower metallicity environments and at
higher redshifts. In the LMC, it has been suggested that carbon stars produce more dust
than their oxygen-rich counterparts (Boyer et al., 2011; Matsuura, Woods & Owen, 2013;
Sloan et al., 2016). Silicates form the bulk of the dust around oxygen-rich stars with
thick circumstellar envelopes, but these probably cannot form close to the star, and
the nucleation of refractory metal oxides is required, producing heterogeneous dust. In
contrast, carbon compounds can both nucleate and grow at lower metallicities, and as a
result, carbon stars may dominate the injection of dust into the ISM at low metallicities.

Conversely evidence has been shown that carbon dust formation is also less efficient at
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Figure 1.13: The luminosity distributions of the OH/IR samples in the Galactic bulge,
Galactic Centre, and LMC (described in Chapter 4), as well as the SMC target OH/IR stars in
the SMC (described further in Chapter 6). Sources with luminosities around 20,000 Lg, are
expected to be carbon stars (C stars), stars which have been omitted from this study.
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lower metallicity (van Loon et al., 2008). Comparing their results from spectroscopic
studies of the 3.1 and 3.8 um CyHy absorption features in the SMC with a previous
sample of LMC carbon stars (van Loon et al., 2006a), the stronger dust veiling of these
absorption bands in the LMC has led to the conclusion that carbon dust formation may
also scale with metallicity. However, the difference in pulsation periods within the samples
may also be affecting the dust production (Sloan et al., 2016). The finding that the
reduced dust production found in metal-poor Galactic Halo carbon stars show low wind
speeds (Groenewegen, Oudmaijer & Ludwig, 1997; Lagadec et al., 2010) adds evidence to
the idea of a lower efficiency of dust formation at lower metallicity. In addition to the
efficiency, lower metallicity environments also have younger stellar populations, which
results in a lower frequency of carbon stars. This should result in less dust in lower
metallicity environments. The importance of AGB dust in the earlier universe has been
shown from studies of dust at high redshifts (Valiante et al., 2009). Yet, at high redshifts,
populations may not have had enough time to evolve a significant AGB population, a
regime where RSGs may dominate the oxygen-rich dust production.

Comparing circumstellar dust content in the LMC and SMC provides some indication
of the possible effect of metallicity on the dust composition. Analysis of mid-IR spectra
of evolved stars has led to a number of important conclusions. Instruments like the
Spitzer Infrared Spectrograph (IRS) have provided valuable insight into the chemical
composition of circumstellar dust by looking at the silicate features at 10 and 18 pym
and the crystalline silicate features between 20 and 35 pm. Silicate emission, as well as
crystalline silicate features, have been observed within the SMC, yet no evolved stars
within the SMC have ever been found to have silicate in absorption or self-absorption.
As opposed to the Galaxy or the LMC, evolved stars in the SMC have shown to have
less circumstellar dust (van Loon, 2000; van Loon et al., 2006b, 2008; Bonanos et al.,
2010). The strong 3 pum water features of SMC sources may suggest that less oxygen is
being locked in dust, which would be in agreement with the decreased dust content. This
dust also shows a lower abundance of alumina (Sloan et al., 2008; Kraemer et al., 2017)
and higher abundances of amorphous (as opposed to crystalline) silicates (Kraemer et al.,

2017). Jones et al. (2012) have shown that lower metallicity dust has also been found to
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have a higher fraction of enstatite (MgSiO3) over forsterite (Mg2SiO4). Observations
have revealed evolved stars with late-M spectral types in both the LMC and SMC. In
the LMC, spectral types have been seen as late as M8—M10 (van Loon et al., 1998b,
2005), and in the SMC as late as M8 (Groenewegen & Blommaert, 1998).

1.8 Mass-loss

The intense mass-loss of these stars is hard to quantify, as most of the mass lost is in the
form of gas. Additionally, as most of the gas is molecular hydrogen (Hs), a homonuclear
molecule, it has no permanent dipole moment and, as a result, does not emit in radio
frequencies. Neutral hydrogen (H1) does emit in radio frequencies, but can be confused
with H1 from the ISM. Methods of measuring the mass-loss of these stars have been
developed and refined as well as models predicting the mass-loss of stars based on

observational parameters.

1.8.1 Mass-loss regimes

The discussion of mass-loss regimes has been organised into pre-dust, dust-driven, and
superwind. These three regimes probe different intensities of mass-loss, where the driving
forces may differ. Past mass-loss prescriptions have been based on samples or assumptions
associated with a certain mass-loss regime and each will be discussed in turn. This list is
not exhaustive but mentions some of the more prominent prescriptions in each of these

regimes.

Pre-dust phase A pioneering work that has contributed immensely to the understand-
ing of the mass-loss of evolved stars was the work by Reimers (1975). This prescription,
known as the classical Reimers’ law, was derived using a scaling relation based on a small

sample of red giants and supergiants, and gives a measure of the mass-loss in the less
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intense pre-dust phase. In this phase, dust has yet to form in the outer atmospheric lay-

ers of the star, or at least has insufficient dust to drive an outflow. The relation is as follows:

. _ L B
M}f?eZust =10 1377Rg_f£ M@ yr ! (14)

where ng = 4 and is a scaling parameter which sets the efficiency of the mass loss, L is
luminosity, g is surface gravity and and R is stellar radius. More recently an updated
model of the Reimers’ law was proposed by Schroder & Cuntz (2005) which incorporates
additional stellar parameters i.e. effective temperature (Teg) and initial mass (M), but

has a similar dimensional dependence.

. LR/ Tus \35 g
VS =7 (o) (1 o) 1.5
predust = T m\ 000 K T 13004 (1.5)

The efficiency parameter for this relation is set as n = 8 x 107*M, yr7!, a
value calibrated using RGB stars in two nearby globular clusters; g is solar surface
gravitational acceleration. The Reimers’ law is often scaled up arbitrarily and applied to

the dust-driven mass-loss regime, where it is unlikely to be valid.

Dust-driven phase The next regime of mass-loss is the dust-driven regime where
the mass-loss rate increases exponentially with pulsation period. Within this phase, the
mass-loss is greatly enhanced by long stellar pulsations. These pulsations are expected to
levitate material out to a radius where it is cool enough for the gas to condense into dust
grains. These dust grains are then pushed radially outward by radiation pressure from the

star, and the dust grains then drag along the gas through friction. A prescription known
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Figure 1.14: Mass loss versus pulsation period from Vassiliadis & Wood (1993) for sources
exhibiting a dust-driven wind.

for accurately describing this phase is the Vassiliadis & Wood (1993) mass-loss prescription:

log My WO (Mg yr—) = —11.4 + 0.0125(P — 100(M /M, — 2.5)) (1.6)

where P is the pulsation period in days. This prescription is empirically derived based
on CO observations and shows a rapid rise in mass-loss with pulsation period up to
pulsation periods of around 500 days, at which point the mass-loss levels off (Fig. 1.14).
At this point, the wind reaches the superwind phase. The subsequent levelling off will be
discussed further in Chapter 5, as new results suggest that the pulsation period will still
affect the mass loss for P 2 500. It is expected that this is the point at which maximum
momentum transfer is reached and the source enters the superwind phase.

The Blocker (1995) mass-loss prescription has been based on the dynamical
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theoretical study of the atmospheres of Mira-like variables by Bowen (1988). The
prescription is based upon the pulsation models and fit to observed initial-final mass
relations. The prescription has two formalisms that use either the main sequence mass
or the current mass depending on if the pulsation is less than or greater than 100 d

respectively. The prescription is found in terms of the Reimers’ law mass-loss rate:

: L
MB% = 4.83 x 10—9M—2~1L2~79—R (1.7)

The de Jager, Nieuwenhuijzen & van der Hucht (1988) mass-loss prescription
is a commonly used mass-loss prescription that was based on 271 Galactic sources
(hot and cool) along the HR diagram. The prescription uses effective temperature and
luminosity but has been found to rely primarily on L (Mauron & Josselin, 2011). It is
however hard to see this dependence as the prescription uses Chebyshev polynomials.
According to de Jager, Nieuwenhuijzen & van der Hucht (1988) the prescription has an
uncertainty of around a factor of 3. An updated version of the prescription was developed
by Nieuwenhuijzen & de Jager (1990) which also includes current mass, but which has
little effect on the mass loss. Assuming the mass as a constant ~ 13 Mg, (see Mauron &

Josselin, 2011) the formula can be simplified to the following:

L 1.64 Tff —1.61
MNIN — 56 % 1076 © 1.8
dust % 105 Ly 3500 K (1.8)

Superwind phase The most intense mass-loss regime of evolved stars is the superwind
phase. During this phase a star will respond to reduced mass and gravity by expanding,
creating larger pulsations and exhibiting a longer pulsation period (2 500 d) at a near
constant luminosity. A number of mass-loss prescriptions have been developed and

refined to probe this phase. The Baud & Habing (1983) relation uses the results of
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maser detections to calculate the mass-loss and is calibrated using a sample of Galac-

tic disk OH/IR sources. The following is a form presented by van der Veen & Rugers (1989)

Msife%g(MQ yril) = 1.8 X 1077 V FOHVexpD (19)

where F'op is the 1612-MHz maser peak intensity in Jy, and D is the distance in kpc. The
prescription relies on the assumption that the OH maser is saturated and operating at
maximum pumping efficiency. The theoretical maximum pumping efficiency of converting
35 pm infrared photon to 1612-MHz maser photon is 25% (Elitzur, 1992). Under this
assumption they argue that the peak flux density will depend on the abundance of OH
molecules undergoing the population inversion.

An updated model was proposed by Zijlstra et al. (1996):

MZ96 (MQ yr_l) = 1.6 x 1O_lonoHVvexpDQ (110)

super

They made the point that the pumping efficiency will not depend on the abundance
of OH but rather the infrared flux at 35 ym which pumps the maser, assuming the
momentum transfer is isotropic. This means that the maser does not measure the OH
abundance but rather the infrared radiation from circumstellar dust. As a result, the
prescription calculates the dust mass-loss rate whereas the other prescriptions discussed
have calculated a gas mass-loss rate. As will be discussed further in Chapter 6, the maser
efficiency will not always reach its maximum efficiency which is likely a result of the
circumstellar environment. Measurements of the efficiency will also show a range of
values above and far below this maximum due to the variability of these sources and the

different times when the measurements were taken.
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Another commonly used mass-loss prescription is that of Salasnich, Bressan &
Chiosi (1999). This relation is based on the mass-loss prescription by Feast (1992) both
of which use only the luminosity as an input. The prescription calculates the mass loss

under the assumption that the gas-to-dust ratio will increase with luminosity.

M5% =1.00 x 1074(L/10°Lg)** (1.11)

super

Another mass-loss prescription that probes the superwind phase of mass-loss is

that by van Loon et al. (2005):

. L Tt
log MVE0S — log| ——— ] ° 1.12
og Mgyne, = a+ og(104L®) +7 Og<35OOK> (1.12)

where o = —5.65 + 0.15, § = 1.05 £ 0.14, and v = —6.3 &+ 1.2 for M-type stars. This is
an empirically fitted relation based on a spectroscopic sample of AGB and RSG stars
within the LMC. This derivation utilises the more accurate luminosities from the LMC,

a result of more accurate distances, as a measure of the radiation pressure.

1.8.2 Mass-loss example: IRAS 04498—-6842

A comparison of the mass-loss prescriptions has been conducted using the LMC AGB
star: IRAS 04498—6842. The stellar parameters derived for this source are shown in
Table 1.1, and the mass-loss rates calculated using the previously described mass-loss
prescriptions is shown in Table 1.2. Also shown is a new mass-loss prescription that will
be described further in §5.3. It should be noted that IRAS 04498 —6842 is a luminous
evolved star within its superwind phase and thus several of the mass-loss prescriptions

are not appropriate for this phase of evolution; this is clearly illustrated with the range
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Table 1.1: Stellar parameters of IRAS 04498 —-6842.

Stellar parameter Symbol  Value Reference

Luminosity L 97,000 Lg §4.2

Surface gravity” log g -1.1

Radius R 1,660 Re Marshall et al. (2004)
Effective temperature Tog 2,500 K van Loon, Marshall & Zijlstra (2005)
Initial mass M 8 Mg Marshall et al. (2004)
Pulsation period P 1292 d Whitelock et al. (2003)

Maser flux* Fou 29.4 mJy §4.2

Expansion velocity Vexp 13 km s~! §4.2

Distance D 50 kpc Feast (2013)

Notes: “Value derived from peak maser flux intensity resampled to 1.17 km s, the
resolution used in Baud & Habing (1983). “*Value derived from M and R listed.

Table 1.2: Mass-loss rates of IRAS 04498—6842 using past mass-loss prescriptions previously
described as well as a new mass-loss prescription (Goldman et al., 2017) described in Chapter 5.

Prescription Mass-loss rate
Reimers (1975) 3.1 x107 1My yr!
Schroder & Cuntz (2005) 3.0 x1077" Mg yr~!
Blocker (1995)° 5.5 x1077 Mg yr—!

Nieuwenhuijzen & de Jager (1990) 9.2 x107% Mg yr~!

Salasnich, Bressan & Chiosi (1999) 9.4 x107° Mg yr—!
Zijlstra et al. (1996) 1.5 x10™* Mg yr™!
Goldman et al. (2017) 1.6 x10™* Mgyr!
van Loon et al. (2005) 2.0 x10™ Mg yr~!
Baud & Habing (1983) 6.3 x10™* Mg yr—!
Vassiliadis & Wood (1993) 7.5 x1073 Mg yr™!

Notes: “Calculation uses the first formalism mentioned and thus the initial mass.
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of mass-loss rates spanning seven orders of magnitude.

As was previously mentioned the Reimers law is meant for sources void of dust and
provides a mass-loss rate unrealistically low for IRAS 04498—6842. The Vassiliadis &
Wood (1993) prescription is not meant for sources that have reached their superwind
phase. Assuming continued exponential growth in mass loss after 2 500 d ignores the
observed leveling off and produces a unrealistically high mass-loss rate.

Several of these mass-loss prescriptions have been based on similar samples,
assumptions, or sets of parameters; the use of L/gR is common in several of these
prescriptions. The methods used to derive prescriptions is either through fitting observable
stellar parameters, fitting initial-final mass functions, or using models based on the
mechanisms of mass loss. Of the previous mentioned mass-loss prescriptions, the Baud &
Habing (1983), Zijlstra et al. (1996), and Salasnich, Bressan & Chiosi (1999) prescriptions
make assumptions for the abundance of OH (or effects of metallicity) but none of them
isolate it explicitly. Whether mass loss is affected by metallicity is still under debate.
Mauron & Josselin (2011) found a metallicity dependence when analysing RSGs in the
LMC and SMC, yet other recent studies find no correlation (e.g Groenewegen et al.,
2009; De Beck et al., 2010; Matsuura et al., 2016).

These prescriptions have been shown to illustrate several different approaches to
quantifying the complex mechanism of stellar mass loss. These prescriptions will be

investigated further in Chapter 5.

1.9 Research aims

The main question driving my thesis research is:

How are the wind-driving and mass-loss mechanisms within evolved stars affected by

other stellar properties?

The largest uncertainties within both of these processes are the effects of metallicity
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and luminosity. In understanding these relationships, the underlying mechanisms involved
can be better understood, and more accurately and quantitatively modelled.
Understanding these stellar relationships have broad implications for understanding
the contribution of these stars to the interstellar medium and the source of all dust and
gas in the Universe. By probing the effect of metallicity in particular, mass-loss and wind-
driving can be better understood in environments characteristic of an earlier epoch. The
results will give constraints on the expected mass boundaries of core-collapse supernovae,
and the measurements of expansion velocities in lower metallicity environments may be
able to explain multiple stellar populations within Globular clusters, as a result of slow
expansion velocity and self-enrichment. The samples analysed in the following chapters
contain low mass AGB stars within the galaxy, and higher-mass AGB and RSG stars
within the LMC, all of which have shown 1612-MHz OH maser emission. The difference
in the samples may complicate the ability to disentangle individual stellar parameters
but can still be used as comparable samples. The subsequent chapters are organised as

follows:

Chapter 2 describes the observational techniques and data reduction methods used for

collecting and analysing the data.

Chapter 3 details the Large Magellanic Cloud circumstellar maser sample. This sample
includes a number of new observations and discoveries using the Parkes and

Australia Telescope Compact Array radio telescopes.

Chapter 4 describes a new method of determining the ratio of gas and dust using the

radiative transfer code DUSTY and results from maser observations.

Chapter 5 discusses the results of chapters 3 and 4 in a broader context, specifically on
their implication for the relationships between stellar parameters and the wind-
driving and mass-loss mechanisms. The chapter also discusses the implications

for more fundamental stellar parameters.

Chapter 6 describes results from searches of maser emission in the SMC and the

implications for the effects of metallicity on circumstellar envelopes.
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Chapter 7 reports on recent VLT mid-IR observations of the LMC RSG: IRAS

05280—6910 and how they have used to constrain its location and mass-loss rate.

Chapter 8 summarises the major conclusions of this work and outlines future work.
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2 Methodology

This study focuses on sources at multiple wavelengths, within the optical, infrared, and
radio. In each of these regimes, different techniques are required for reducing the effects
of undesired signal. Reducing deviations over a large portion of the bandwidth can be
done by taking an exposure or integration of a background or baseline and subtracting it
from the signal. For smaller scale deviations, the data may need to be flagged or ignored
in order to get accurate results from the untainted data.

The bear of optical and infrared astronomy is dealing with the interfering effects of
molecules within the atmosphere. Different observing techniques can reduce instrumental
noise significantly, but these techniques cannot compensate for the wall of turbulent
molecules between the instrument and the source. The sensitivity of IR detectors is
greatly affected by the atmosphere especially around 9.5 and 12.5 yum as was seen in a
recent Very Large Telescope N-band spectroscopic observation which will be discussed in

Chapter 7 (Fig. 2.1).
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Figure 2.1: The sensitivity of an /N-band spectroscopic observation of the standard star € Psc.
The large spikes are a result of the atmospheric emission.
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CABB 16cm band RFI survey comparison
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Figure 2.2: The 16cm RFI map observed from two RFI surveys in 2011 and 2015 with the
ATCA (ATCA Users Manual v1.5).

The challenge in radio astronomy is overcoming man-made interference. Considering
all of the devices and technologies currently used that operate at radio frequencies, it is a
daunting task to target these same frequencies in distant stars and galaxies. Surveys of
man-made radio interference with the ATCA have shown a range of different devices
near important astronomical transition frequencies (Fig. 2.2). The techniques used to
mitigate unwanted signal or “noise” will depend on the use of either a single dish or
multiple element (interferometric) instrument.

Both single dish and interferometric instruments have their strengths and weaknesses.
A single dish instrument will provide good sensitivity with a much simpler calibration,
observation, and data reduction. Conversely an interferometric instrument will have far

superior angular resolution. This allows for an additional spatial analysis, which can
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be crucial when discovering or confirming emission. The necessity for either types of
instrument will depend on the observing goals and thus both have been used in this

analysis.

2.1 Single dish radio techniques

2.1.1 The Parkes radio telescope

The Parkes radio telescope is a 64m parabolic dish telescope located in Parkes, Australia
and is the second largest movable telescope in the Southern Hemisphere. It has a large
collecting area and provides a typical ‘field-of-view’ or Full Width at Half Maximum
(FWHM) primary beam size of 29’ at 18 cm. As a telescope does not respond uniformly
to the sky, the size of the collective response beam is approximated by ~ 1.2 times the
wavelength, divided by the diameter of the telescope. The wide dish has a large surface for
collecting photons which provides the sensitivity needed for targeting maser candidates.
As opposed to a radio interferometer, single-dish telescopes cannot disentangle spatially
coincident sources within the primary beam of the telescope. However instruments like
Parkes are ideal for targeting isolated maser candidates with known positions, and has
been used in the discovery of nine of the thirteen LMC circumstellar maser detections.

The Telescope uses a fleet of ‘front-end’ receivers that are mounted in an aerial
cabin supported by three large beams (Fig. 2.3). A signal that is received is fed through
the Parkes conversion system and then to one of the correlators or ‘back-end’ units where
the signal is amplified, and digitised. The receiver and correlator typically used for 18 cm
or L-band observations have changed over the years. The Multibeam receiver and (until
its decommissioning in 2016) the Multibeam correlator (MBCORR) have been used for
L-band observations since they were installed in 1997. The H-OH receiver and the Digital
Filter Bank mark IV (DFB4) correlator are now used for these types of observations.

The steps for calibrating this data will be described in the following sections.
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Figure 2.3: The 64-metre Parkes Radio Telescope
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Bandpass calibration: There are several methods of calibrating the shape of the
overall received signal also referred to as bandpass calibration. The two options used for
the Parkes radio telescope are frequency-switching and position-switching. By aiming the
telescope briefly off-source and taking a short observation, the “empty sky” signal can be
subtracted from the on-source signal to obtain a flattened baseline. The same idea is
used in frequency-switching mode, but alternatively an “out-of-band” frequency-throw
is used instead of an off-source scan. These methods rely on the assumption that the
off-source/out-of-band signal is truly empty, which is not always the case. Knowledge of
the angular size and velocity of the source are important factors for determining the best
calibration strategy (O’Neil, 2002). The strength of position-switching as opposed to
frequency-switching is that no knowledge of the radial velocity of the source is required.
For frequency-switching, if the source falls in the out-of-band frequency range, the source
will be removed from the baseline at the velocity of the source minus the throw frequency.
The benefits of frequency-switching are that it is much faster, without the need to move
the telescope, and can be done more frequently. An alternative to both methods, is to
use the total power spectrum without a bandpass calibration. This was done for several
sources that will be discussed in Chapter 3, where the bandpass calibration did little
to flatten the baseline. The baseline can then be manually fitted for each scan using a
low-order polynomial. This allows for a more sensitive measure of the total flux from the
source, at the cost of a less flattened baseline. The broad ripples in the bandpass can
span the length of the bandwidth (= 300 km s™') whereas maser emission is typically
two peaks with widths on the order of 1 km s™! and separated by between a few to 50
km s~!. While this may affect the fluxes to a small degree, the widths of the peaks are
not at risk of being affected by baseline fitting. Once this step is complete, the shape of
the line-free channels will be flattened but will still contain a number of spurious and

unwanted spikes.

Removing noise: Most observations will contain a number of narrow spikes that are

a result of undesired man-made, instrumental or astronomical signals. These narrow and
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highly non-gaussian spikes can be removed manually by flagging them or zeroing the flux
within the specified spectral channel within the data file. Removing more broad noise

features can be more challenging.

Parkes data reduction: The Parkes data described in Chapters 3 and 6 have been
reduced using the CASA ASAP toolkit (McMullin et al., 2007). The data have been
inspected manually for quality and for radio frequency interference (RFI) and the
resulting scans were then bandpass calibrated using either off-scan or out-of-band baseline
subtraction. For sources that used the total power spectrum, a line-free baseline was
fitted and subtracted using a low-order polynomial for each scan. The scans were then
averaged and reduced separately for each epoch. Additionally, the collective data for
each target were averaged and reduced. All scans were aligned in velocity, weighted by
the noise or the inverse square root of the system temperature (TS;SQ), and fitted with
another low order polynomial, which was then subtracted. Any bad data spikes were
determined visually and removed from within the file. As the flux of a maser source
should not change over the observations, any spikes that changed dramatically in different
scans were considered noise. All spectra were Hanning smoothed by varying degrees to
extenuate any potential maser peaks. Hanning smoothing uses a running average over a
symmetrical triangular kernel with a central pixel at 1/2 flux and adjacent pixels at
1/4 flux, and is useful as smoothing small deviations while preserving overall flux. This
was done to varying degrees for each spectrum, but should be implemented with more
systematic criteria in the future. This process has yielded spectra for each target from

the 2003, 2005, and 2016 observing sessions, as well as spectra with the combined data.
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2.2 Interferometric radio techniques

2.2.1 Interferometry

Radio Interferometry is a powerful tool that can be used to increase the angular resolution
of an observatory without needing to increase the size of the physical aperture. This is
achieved by using multiple telescopes in tandem. For a single dish telescope, angular
resolution goes as: 6 oc A/ D, where 6 is angular resolution, A is wavelength, and D is the
diameter of the dish. When using more than one telescope, this value D becomes B,
the longest baseline, or greatest distance between elements. This means that a massive
virtual dish can be created at a fraction of the cost of a single dish telescope of that size.

Similar to the single-dish telescope, an array telescope using more than one antenna
collects the radiation and creates a digital signal. Unlike single dish observations however,
the different telescope signals are then used to generate interference patterns using
the correlators. As each wavefront is added, an image becomes more clear and the
interference pattern is lost. The data are received as a Fourier transform of the sky
brightness distribution or ‘complex visibilities’ and make up the uv plane®. The uv
plane is mapped as a Fourier transform of a two-dimensional plane perpendicular to the
direction of the antenna.

It is important that the information is Fourier transformed as the spatial information
received by the telescope is encoded in the cross-correlation of the Fourier-transformed
response of each antenna®. While there are several extra steps that need to be taken in
order to get an image, as opposed to single dish radio or optical telescope, the methods
of radio interferometry have revealed tremendously detailed structures of distant objects
with spatial resolutions impossible with single-dish telescopes. Angular resolutions of
sub-milliarcsecond precision have been achieved at L-band (1 — 2 GHz) frequencies
using satellite-based radio interferometry (see Middelberg & Bach, 2008). Advances in

space-based interferometry will continue to achieve even higher resolutions and revealing

5This is not to be confused with the Ultra-Violet (UV) wavelength regime.
SFor more details on radio interferometry see Thompson, Moran & Swenson (2001)
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Figure 2.4: A satellite image of the Australia Telescope Compact Array (along horizontal
line). Within the image, the array’s five movable dishes lie near the centre of the Culgoora
radio-heliograph, which traces the large circle, with the sixth dish stationary at the far left of
the figure.

the cosmos in even more detail.

2.2.2 The Australia Telescope Compact Array

The Australia Telescope Compact Array or ATCA (Fig 2.4) is a radio interferometer
located in Narrabri, Australia. It is composed of six identical 22m dishes (Fig. 2.5), five
of which can be moved on tracks, with the sixth dish located 6km from the beginning
of the track. This maximum separation of 6km allows for the creation of a simulated
dish 6km wide, with an angular resolution or “synthesized beam” of 7" at 1612 MHz.
This excellent angular resolution coupled with the 28 FWHM primary beam, set by the
aperture of the individual dishes, has allowed observations to target multiple isolated
maser candidates within the same field.

The array configuration used for the observations in this work was the 6km

setup”. Longer baselines are more desirable for compact source observations as they

"This excludes the observation of MSX LMC 815 and one of the observations of IRAS 04516—6902,
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Figure 2.5: One of the six Australia Telescope Compact Array dishes

improve angular resolution. This improved angular resolution allows us to differentiate
unresolved sources. The correlator used for the observations was the 2-GHz Compact
Array Broadband Backend (CABB) correlator. It allows for 2048 1-MHz channels that,
when combined with the sensitivity of the 6km setup, make the ATCA an excellent
instrument for observing compact narrow line-width sources like OH masers. The CABB
correlator allows for the use of up to 16 ‘zoom-bands’ which provide a narrower spectral
range within each frequency band, allowing for much finer sampling. The correlator
thus allows for multiple spectral lines to be observed at once, allowing for multi-purpose
observations over a wide spectrum. This makes it possible to observe all ground-state
OH transitions and 1420-MHz H1 simultaneously, allowing the ATCA to probe a range

of astronomical phenomena, in a single observation.

which used the 1.5C array configuration. This configuration uses dishes located closer to the centre, with
a maximum baseline of 4.5 km
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Figure 2.6: The delay of a two element interferometer with distance (D), effective baseline
(B) and time delay (tq).

2.2.3 Observational techniques

Delay calibration With a multi-element instrument, the relative distances between
an element and the source will be (ever so slightly) of different lengths. To combine the
individual signals, the distance or shift in frequency must be uniform. To correct for this,
the data are delay calibrated. This step is critical as an incorrect calibration can result in
useless data. Small deviations from the delay can be corrected for in post-processing, but
if the delay moves correlation data outside of the bandwidth, the information is lost
and the data cannot be correlated. This procedure calculates the correct time delay
between the dishes that would simulate the dishes all being equidistant to the source
(Fig. 2.6). This delay is much shorter (if not zero) with the source at the zenith. The
calibration is done by observing a bright source (2 1 Jy) usually the radio-bright galaxy,
PKS 1934—638. The delay for each dish is adjusted to maximize coherence, and the

initial calibration continues.
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Bandpass calibration The bandpass is the bandwidth frequency range allowed
through the bandpass filter. The radio signal entering the receiver is truncated to
correspond to one or more spectral windows covering the required frequency range
and divided into spectral channels in the correlator. The bandpass, i.e. the phase and
amplitude response as a function of frequency channel, needs to be corrected so that
the response to a continuum source is as flat as possible (allowing for the spectral
index). frequency. This was done using the same source as the previous calibration (PKS

1934638).

Amplitude calibration An initial calibration of the amplitude is done using the
same source as the previous calibrations (also PKS 1934—638) by scaling the amplitude
response of the telescope to that of a source with known flux. This then ensures an initial

measure of the absolute flux of the targets.

Gain calibration The telescope gain can be affected over an observation by atmo-
spheric effects, structural deformation, and aperture illumination (blockage of the signal
to the receiver). By periodically observing a bright source with an accurate position and
model (usually a point source), which is angularly close enough to the target to be seen
through the same atmospheric conditions, these changes can be corrected for after the
observation is complete, in the data reduction phase. This phase reference source is used
to calculate gain solutions for amplitude and phase as a function of time, with typically

a two minute integration every twenty minutes to ensure adequate temporal coverage.

2.2.4 Data reduction

Miriad The ATCA data described in Chapters 3 and 6 were inspected, flagged, and
calibrated, using the MIRIAD package (Sault, Teuben & Wright, 1995). After loading the
data, and separating it by targeted source, the visibilities were inspected within the time

domain to look for large spikes in flux, using the task PGFLAG. After automatically and
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then manually flagging any spikes for the target and calibrators, the visibilities were
inspected in phase space and again in the time domain using the task BLFLAG. The
automatic flagging routines used were a sum-threshold routine that removes bad visibility
points above 7 times the median absolute deviation of the visibility point, and a ‘blow
away the dust’ routine that removes visibility points without three ‘good neighbours’,
using a nearest-neighbour algorithm. Any remaining outliers were then removed and the
resulting visibilities were calibrated.

The first step in properly reducing the data is to do a bandpass calibration on
the target using the flux/bandpass calibrator (usually PKS 1934—638). Using the task
MFCAL, the flux density of the calibrator (with respect to frequency, not time, as the
calibrator does not significantly change) is used to correct the shape of the baseline of
the observation. The target is then gain calibrated throughout the observation with a
secondary gain calibrator.

Once the target visibilities have been successfully calibrated and checked, they are
transformed into three-dimensional data cubes by interpolating values for the gaps in uv
coverage. Data cubes, the size of the FWHM of the primary beam, are created with a
typical velocity range of 150 km ~! and 0.1 km s™! channels. Each visibility is weighted
‘naturally’ to minimize noise over the data cube, weighting the visibilities inversely
proportional to the noise variance. The alternative is to weigh the data cube uniformly, or
inversely proportional to the sampling density function. This results in an overall increase
in noise as you move farther from the beam centre. This noise increases dramatically
when approaching the Full Width at Half Maximum (FWHM) of the primary beam but
remains a better approach for reducing data with larger scale structure as it reduces the
effects of non-uniformity in the telescope response function (side-lobes). After creating
the data cubes (or ‘dirty maps), they are inspected using CASA. However, for successful
maser detections, the sources go through an additional process of deconvolution or
‘cleaning’ to ensure an accurate sampling of the ‘true’ sky.

The Hogbom algorithm was used for the deconvolution of the radio data. The
cleaning process looks for the brightest pixel outside of a specified target region. The

position of each pixel is recorded within a ‘clean list” and the number of pixels added to
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the list is set by the number of iterations desired. The list is then used to replace each
pixel response with an ‘ideal’” pixel response of the pixel signal convolved with a gaussian.
This process removes ‘sidelobes’ which are the result of the incomplete uv coverage. The
incomplete uv coverage is the result of gaps in the collecting area between the dishes.

In a simple two element interferometer, the received signal is an interference pattern.
As more antennas are added to the interferometer, the interference pattern is slowly lost
and the response becomes increasing similar to a Gaussian function at the centre of the
beam. The sidelobes are a result of incomplete coverage and will affect the measured flux
of any source caught within the side-lobe.

If, during an observation, the phase or delay begins to deviate significantly and the
dishes need to be recalibrated, the resulting data need to be reduced separately, and thus

the data reduction process will need repeating in its entirety for each re-calibration.

CASA Once the 3D data cubes are created they are viewed using CASA. For the
target, as well as any other potential candidates, the map is cleaned excluding these
regions and a spectrum is extracted for the target regions the size of the synthesized
beam. The regions not containing the target are cleaned as a strong source that happens
to fall within the field may create sidelobes, affecting the measured flux of the target.
Cleaning must be done carefully to avoid over-cleaning faint targets, but if the source is so
faint that any side-lobes would be below the noise level, cleaning is not necessary. Given
a promising spectrum, the channel maps at the peak velocities are checked for a point
source distribution. If this is the case, the spectrum is then smoothed to accentuate the
shape of the maser profile, typically to a resolution between 0.4 and 1 km s~!, and then
further analysed. The smoothing typically uses is either median or Hanning smoothing,
or both. Median smoothing takes a running median over the specified number of channels
and Hanning smoothing takes a running mean across spectral channels with a triangular

smoothing kernel.
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Duchamp The source-finding package DUCHAMP (Whiting, 2012) was used to search
for maser sources within the 28 full width at half-maximum of each of the fields. The
code uses a sum-threshold algorithm over each plane in a data cube and returns the
positions of flux peaks above the set threshold. After tuning the value of the threshold to
result in 10—15 peaks, a spectrum for each of the targets was extracted using CASA and
any promising candidates were cross-referenced with AGB catalogues (e.g. Boyer et al.,

2011; Riebel et al., 2012, 2015) and the SIMBAD database.

2.3 Mid-infrared spectroscopic techniques

Within this work, mid-IR spectroscopy has been used to investigate one of the largest dust
producers in the LMC, the red supergiant: IRAS 05280—6910 (Chapter 7). Observing
in the mid-IR comes with challenges different from those in the radio. Ground based-
instruments, as opposed to space-based instruments, are easier to construct and maintain.
This is why ground-based mid-IR instruments currently have more capabilities than
space-based instruments. This work used spectroscopic and photometric data from the
Spitzer Space Telescope to model the spectral energy distributions of evolved stars. While
the instrument has a high sensitivity and is useful for isolated targets, it is less useful
in crowded fields like the Galactic Centre. Instruments like the VISIR spectrograph
at the Very Large Telescope (VLT) and Michelle at Gemini North can achieve higher
spatial and spectral resolutions than space-based instruments as a result of their much
larger-diameter instruments. However these instruments have severely limited sensitivities
as a result of the high levels of thermal radiation from the sky as well as the instruments
themselves.

The Earth’s atmosphere is host to a significant amount of dust and a number of
molecular features in both emission and absorption. Species like H,O, O3, CO5, N5O
and CH4 dominate the mid-IR spectrum creating a forest of telluric lines above 2.3 pum

(Mason et al., 2008). In addition, Wien’s law states:
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Figure 2.7: The Very Large Telescope (Credit: ESO/José Francisco Salgado)

Amaz = b/T (2.1)

where \,,q is the peak wavelength of a blackbody, 7" is the temperature (in K) and b is
Wien’s displacement constant (b = 2900 ym-K). This means that a temperature of ~
27°C, a temperature commonly found on Earth, reaches its maximum intensity around

10 pum, where the flux of silicate emission from cool evolved stars peaks.

2.3.1 Very Large Telescope

The Very Large Telescope (VLT) is a telescope facility in Northern Chile run by the
European Southern Observatory (ESO). The facility is located at the Paranal observatory
which sits high in the Atacama Desert at 8,645 feet. The telescope is composed of four

8.2 m unit telescopes (UTs) with a suite of optical and infrared instruments (Fig. 2.7).
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VISIR This work has made use of data from the VLT spectrometer and imager for the
mid-infrared (VISIR) on the Melipal telescope (UT3). VISIR is capable of spectroscopy
and imaging in the M-band (5 pm), the N-band (8—11 pm), and @-band (17—20 pm).
The long-slit spectroscopic mode of VISIR can also have a range of resolving powers

from 150 to 30,000.

Chopping and Nodding To compensate for the atmosphere as well as changes in
sensitivity of different parts of a telescope, imperfections within the primary mirror, as
well as any other excess low frequency noise, mid-IR observations often use a method
of chopping and nodding. Chopping is the rapid tilting of the telescopes secondary
mirror off of the target by several arcseconds and is typically done several times a second.
Chopping gives on- and off-source observations that can be used to remove unwanted
signal that changes over time and gives a background subtracted image. Alternating the
placement of the slit on the target between two positions or ‘nodding’, in addition to
chopping, allows for the suppression of the residual background image. This creates a
second set of on- and off- source observations (Fig. 2.8), that can be subtracted from

each other to produce the final image.

VISIR pipeline The VISIR data that are used in Chapter 7 have been reduced using
the REFLEX software (version 2.8.5) VISIR pipeline (version 4.3.1). The pipeline takes
the raw spectroscopic data and executes a full spectroscopic reduction chain which
includes stacking exposures, removal of optical distortions, wavelength calibration and
spectrum extraction. One step not included in this pipeline is flux calibration using a
telluric standard star, which must be done manually.

After stacking the chopped and nodded frames, the data are calibrated. VISIR uses
curved slits to cancel the distortion of the pre-slit optics. This however adds distortions
along the direction of the dispersed light. The magnitude of the optical distortion is
known analytically and the VISIR pipeline corrects for each pixel by interpolating

the distortion corrected pixels using the source pixels. After correcting for the optical
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Figure 2.8: A diagram showing the results of chopping an nodding adapted from an image made
by the Observatorio del Roque de los Muchachos (http://www.gtc.iac.es/instruments/canaricam)



2.3 Mid-infrared spectroscopic techniques 58

distortion, the data are wavelength-calibrated.

Using a model based on the atmospheric emission (similar to that in Fig. 2.1)
the pipeline fits the spectral signature that maximizes the cross-correlation. The model
assumes a black body of 253 K and is multiplied by the emissivity of the atmosphere,
Gaussian smoothed, and then multiplied by the detector quantum efficiency. This model is
then fitted to the brightest spectral signature. The calibrated spectrum is then extracted
using an optimal extraction method. This method takes the level of noise along the
dispersion direction into account and weights the final spectrum by this value. The
calculation of the standard deviation ignores pixels above 30, excluding them from the
final extracted spectrum.

Next, the data need to be flux calibrated. This can be done by scaling the extracted
spectral flux, in analogue-to-digital units (ADUs) per second, using a standard star.
Using the ratio of ADUs s™! from the standard star observations to a model of the known

flux of the standard star in Jy, the target flux can be scaled to get the final flux in Jy.
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3 LMC Maser results®

3.1 LMC maser sample

Circumstellar OH masers have been discovered within the Galaxy, as well as the LMC
(Table 3.1). The Hamburg Database (Engels & Bunzel, 2015) has compiled thousands
of OH maser detections within the Galaxy, yet few have been discovered in the LMC.
Previous OH maser searches in the LMC have been completed by Wood et al. (1992),
van Loon et al. (1998b), van Loon et al. (2001a) and Marshall et al. (2004) using IRAS
data for selection criteria. These searches were biased against objects in molecular
cloud regions which require better resolution. LMC searches of other maser types have
supplemented these searches, including the SiO maser search by van Loon et al. (1996,
2001a) and the water maser searches by van Loon et al. (1998a) and Imai et al. (2013).

Following the successful selection method adopted by (Marshall et al., 2004), with
the added benefit of existing mid-IR spectra obtained with the Spitzer Space Telescope
(Buchanan et al., 2006; Kemper et al., 2010; Woods et al., 2011), the brightest oxygen-rich
(silicate dust) mid-IR sources (which pump the OH maser) with the reddest optical and
near-IR colours known in the LMC were selected. These have luminosities L 2 20, 000
L. Despite the superior angular resolution of Spitzer, all targets are exclusively IRAS or
MSX sources, suggesting that a few (if any) luminous OH/IR stars were missed. Indeed,
none other was found in a recent search for extremely dusty luminous red supergiants in
the LMC (Jones et al., 2015) based on the Herschel Space Observatory far-IR survey
HERITAGE (Meixner et al., 2013).

Additionally, stars that pulsate with very long periods and large amplitudes were

8The following three chapters are based on published work entitled ‘ The wind speeds, dust content,
and mass-loss rates of evolved AGB and RSG stars at varying metallicity’; Goldman S. R., van Loon
J. Th., Zijlstra A. A., Green J. A., Wood P. R., Nanni A., Imai H., Whitelock P. A., Matsuura M.,
Groenewegen M. A. T., Goméz J. F., 2017, MNRAS, 465, 403-433.

All work was conducted by myself.
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targeted, ignoring normal Mira variables which have shorter periods, thinner shells, and
weaker OH emission. Typical LMC sources pulsate with periods P 2 1000 d and with
K-band (~ 2.2 um) amplitudes AK > 1.2 mag as shown in Table 3.2. As a consequence
of their thick envelope of circumstellar dust, these stars are obscured at short wavelengths
and are bright in the mid-IR (Fhs,m 2 0.5 Jy).

In order to determine how the dusty wind depends on stellar parameters, two
comparison samples of OH/IR stars in the inner Milky Way were collected. These samples
are described in detail in §4.3, but it suffices to highlight here some of their relevant
similarities and differences. Like the LMC sample, both the Galactic Centre and Galactic
bulge samples have relatively uniform and well-known distances, OH maser detections,
and IR photometry. The Galactic Centre sources have more reliable pulsation periods;
for the Galactic bulge sources, they have been determined for the first time in this
work (§5.2). By virtue of their OH detection, these represent the most extreme OH/IR
populations in those stellar samples. However, because they are dominated by relatively
old, low-mass stars — and more massive stars are just too rare to yield examples of
the briefest, most extreme phases of evolution — their luminosities are typically lower
than those of the LMC sample, L ~ 10,000 Lg. The same selection bias will also have

predominantly selected metal-rich stars, which are not present in the LMC.

3.1.1 Parkes observations

Targeted observations were done with the 64-m Parkes radio telescope in New South
Wales, Australia. The targeted regions (along with those of the ATCA observations) are
shown in Figure 3.1. The observations were done in 2003 from August 14 to 22 (Marshall
et al., 2004), in 2005 (new) from July 8 to 9, and from August 13 to 22, observing the
1612-MHz OH satellite line (Project P433; PI: Jacco van Loon). The multibeam receiver
used a dual polarisation setup with 8-MHz bandwidth and 8192 channels yielding 0.18
km s~! channel™! velocity resolution. The observations used a 12’ primary beam and an
8-MHz bandwidth. Most observations were done in frequency-switching mode except for

the 2003 observations of IRAS 044986842, IRAS 04509—6922, and IRAS 04553—6922,
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Figure 3.1: The Spitzer MIPS 24 pm image of the LMC (Meixner et al., 2006), overlaid with
the FWHM fields at 1612-MHz of the Parkes (red) and ATCA observations (blue).

which were done in position-switching mode; integration times for observations are listed
in Table 3.3. Within the table, the integrate flux was calculated using a peak width that
was determined visually. For the Parkes observations the noise level was determined
using the spectra and for the ATCA observations the noise level was determined using a

region the size of the beam over all frequencies within the datacube.

3.1.2 The Australia Telescope Compact Array observations

The data were taken between March 6 and 8 in 2015, on June 11 in 2015, and between
February 21 and 26 in 2016 (Project C2996; PI: Goldman), using the 6C, 6A, and 6B
array configurations of the ATCA, respectively. Targeted integrations observing all four

OH transitions (1612, 1665, 1667, and 1720 MHz) were done using the CFB 1M-0.5k
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correlator configuration with zoom bands. The observations used a synthesized beam of
around 7" and a velocity range of 465 km s~!. During the first two observations, the
telescope was aimed directly at the primary targets (MSX LMC 807 and MSX LMC
815). The third observation used a position-switching technique to get full uv coverage
of the third primary target, IRAS 04516—6902, while getting partial coverage on two
secondary targets, IRAS 04509—6922 and TRAS 04498—6842. The two secondary sources
could not fit within the primary beam of a single pointing, thus the need to alternate
fields to observe with coverage similar to that of the shape of a Venn diagram yielding
a final mosaicked image with pointings separated by ~ 13’ (shown later in Fig. 3.6).
The fourth observation was split, observing the faint detection of IRAS 04516—6902,
and the non-detection MSX LMC 815. The fifth, sixth, and seventh observations were
aimed directly at the primary targets (IRAS 04553—6933, IRAS 05294—7104 and IRAS
05280—6910).

The observing programme has targeted sources with known but unclear OH maser
profiles, as well as sources which are deemed good candidates. In general, highly luminous
and reddened AGB and RSG sources with long pulsation periods and large pulsation
amplitudes were targeted. Within the current sample, IRAS 04407—7000 and IRAS
05003—6712 only exhibit one maser peak. As these sources and their maser emission are
highly variable (Harvey et al., 1974), subsequent observations are much more likely to
yield a double-horned maser profile and expansion velocity.

The LMC is expected to harbour several thousand OH masing sources (Dickey
et al., 2013). This much smaller observed sample likely indicates a sensitivity limit. OH
masers are predicted to be excited by line overlapping of far-IR OH lines (e.g. Elitzur,
Goldreich & Scoville, 1976; Bujarrabal et al., 1980). To excite OH masers, these far-IR
OH lines are required to be optically thick. Therefore, only the most luminous, high
mass-loss rate AGB stars and RSGs can produce OH masers detectable with current
instruments; the ability to sustain these masers will also depend on metallicity (OH
abundance and dust emission). The LMC AGB stars are also dominated by carbon-rich
chemistry, decreasing the population of OH masing sources. OH/IR stars of low enough

mass not to become carbon stars will also be less luminous, thus restricting the expected
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detectable sample to the much rarer massive AGB stars (2 4Mg). In order to further
understand the mass-loss mechanism and the effects of varying metallicity and luminosity,
sources need to continued to be discovered in the LMC, and more information about
the current sample is needed. The fact that observations have resulted in additional
serendipitous discoveries means that more OH masers must be awaiting detection at the

current sensitivity limits.

3.1.3 Parkes and ATCA combined H1 Maps

In addition to the Parkes and ATCA observations, 1420-MHz H1 data has been included
from the Staveley-Smith et al. (2003) combined ATCA and Parkes multibeam H1 maps.
Peaks in the H1 spectra indicate the likely systemic velocities of the LMC sources. While
some of the sources lie outside these H1 regions, they provide supporting evidence for
sources which lie in higher density regions of the LMC. For each source in the LMC
sample, a spectrum was extracted using a 1’ region centred on the sources. The resulting
spectra have been plotted below the maser spectra in §3.3 to indicate the likely systemic

velocity.

3.2 LMC maser results

Four new 1612-MHz circumstellar OH masers have been detected in the LMC (IRAS
04509—6922, IRAS 04516—6902, IRAS 05294—7104, and MSX LMC 807) and wind
speeds have been obtained for six others. Thirteen targets have been successfully observed
with three discoveries, one serendipitous discovery, and two non-detections; Galactic
maser sources (shown in Appendix B) were used to check the pointing. The velocities
at the peaks of the maser profile have been used to measure the expansion velocity of
these sources with an uncertainty of around 1 km s~!. Additionally observations have
successfully observed one target in the 1665-MHz maser transition, IRAS 05280—6910.

Before conducting this survey, only five of the known LMC maser profiles were reliable.
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For each target, the spectrum for a beam-sized region was extracted using CASA. As
systemic velocity information and multiepoch observations exist, significance levels for
each peak in the detection would undervalue the significance of the detections, and as a
result, have not been included. However each detection has at least one 40 level peak

within the spectra.



Table 3.3: Results of recent maser searches in the LMC.

Object Vexp Parkes (P) or Integration Velocity at peaks Fine o
name (km s1) ATCA (A)  time (h) (km s71) (mJy km s7!) (mJy)
epoch Blue Red Blue Red
IRAS 04407—7000 8.35 P 2003 8.6 222.8 239.5, 237 9.6 35.5 5.9
P 2005 1.7 240, 237 89.8 8.8
Combined 10.2 2237 240, 237 105.8 4.8
IRAS 04498 —-6842 13.0 P 2003 13.8 246.3 22.9 8.2
A 2015 4.6 246.3 272.3 8.2 44.5 10.6
Combined 18.4 246.3 272.3 67.3 6.4 6.3
IRAS 04509—6922 11.4 P 2003 5.0 254.2 274.7 5.1 3.4 10.1
P 2005 22.7 255.9 278.6 53.3 44.2 3.9
A 2015 4.1 256 101.5 26.7
Combined 31.8 255 278.6 75.2 52.1 3.7
IRAS 04516—6902 10.0 P 2003 8.5 287.3 16.0 7.0
A 2015 12.6 287.3 30.6 3.8
Combined 21.1 267.1 287.1 13.3 30.4 3.4
IRAS 04537—6922 ? A 2016 10.8 3.7
IRAS 04545—7000 7.7 P 1992 1 258.7 274 6.1
P 2005 4.5 258.7 274 191.5 37.6 6.1
Combined 4.5 258.7 274 191.5 37.6 6.1
IRAS 04553—6825 23.8 P 2003 0.8 253.4, 263 281, 300.9 1709, 414 11.7, 8.2 12.7
P 2005 0.6 253.4, 263 281, 300.9 1346, 289 74.1,52.6 14.0
Combined 1.4 253.4, 263 281, 300.9 1417, 272.6 32.3, 21.9 9.8
IRAS 04553—6933 A 2016 10.8 3.6
IRAS 05003—6712 P 2003 7.2 2877 269.5 87.1 6.7
P 2005 3.4 269.5 40.5 5.8
Combined 10.6 243 269.5 65.8 4.2
IRAS 05280—-6910 20.6 P 1992 1 255 289 419 398 17

continued ...
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... continued
Object Vexp Parkes (P) or Integration Velocity at peaks Fine o
name (km s1) ATCA (A)  time (h) (km s71) (mJy km s7!) (mJy)
epoch Blue Red Blue Red
A 2016 5.7 258.1 292.6 131.1 147.3 11.5
IRAS 05294—7104 10.3 A 2016 9.8 269.7 290.3 9.6 34.2 5.5
IRAS 05298—6957 10.5 P 1992 1 271 292 519 448 17
IRAS 05346—6949 ? P 2016 1.8 28.3
IRAS 05402—6956 10.5 P 1992 1 263 284 334 181 17
IRAS 05558 —7000 8 P 2003 7.7 265 281.5 18.5 11.7 5.7
P 2005 3.4 265 281.5 68.7 52.5 5.9
Combined 11.2 265 281.5 70.1 51.0 4.1
MSX LMC 807 8.15 A 2015 9.3 306.4 322.7 19.8 12.1 4.6
MSX LMC 811 8.25 A 2015 9.5 302.4 318.9 151 188 4.3
MSX LMC 815 ? A 2015 14.1 4.5
MSX LMC 1207 ? A 2016 10.8 3.8

sjmsada aasewr HINT ¢°¢
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This survey has resulted in 13 reliable maser profiles, more than doubling the
previous LMC sample. Each will be described in turn in the following subsections. No

emission was detected from any source at 1667 or 1720 MHz.

3.3 Individual maser sources

TRAS 04407—7000 The OH maser emission from the dusty AGB star: IRAS
04407—7000 was initially detected with the ATCA (van Loon et al., 1998b). The

initial detection showed a single peak at 240 km s*

; now presented are subsequent
observations with Parkes (Fig. 3.2). There is a degree of variability between the 2003 and
2005 observations. With the first observation, two peaks at around 237 and 240 km s~!

can be seen. With a peak separation of 3 km s~!

, it is unlikely a measure of the full
expansion velocity, rather substructure within the circumstellar envelope. The spectrum
also shows a much smaller peak at 223 km s~! in the 2003 observation. For the much
shorter 2005 observation, there are two peaks at 237 and 240 km s~!, flanked by two
smaller tentative peaks at 214 and 261 km s—! but an overall increase in noise. When the
spectra are combined and weighted by the noise, the dominant profile is that of the 2003
observation. Using a cross-spectrum fitting technique (described in §3.4), the UVES
spectrum of IRAS 04407—7000 from the ESO reduced spectra data archive was fitted
to that of IRAS 04498—6842 using molecular bandheads around 8440 A. A systemic
velocity of 260 km s~! has been used for IRAS 04498—6842, assumed from its maser
profile. From the phase shift, the systemic velocity calculated for IRAS 04407—7000 is
1

231.6 km s™! (denoted by Vyygs), confirming the smaller blue maser peak at 223 km s~
and the maser profiles of both sources (§3.4).

IRAS 04498-6842 IRAS 04498—6842 was observed in 2003 with a clear peak at 246
km s7! (Fig. 3.3). The new observation with the ATCA has confirmed the peak at 246
km s~! and revealed a red counterpart at 272 km s~!. The Parkes multibeam H1 data of

the target peak around 260 km s~!. As it is expected that the H1 comes from the LMC
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Figure 3.2: OH 1612-MHz maser emission from IRAS 04407—7000 with the velocity derived
from cross-spectrum fitting of UVES spectra denoted by VyvyEgs.



3.3 Individual maser sources 71

disc, and the source is likely to have a similar stellar velocity, this provides evidence
for the detection. Additionally, the systemic velocity derived from this source’s maser
profile (the centre of two maser peaks) has been used as a reference to fit both IRAS
04407—7000 and TRAS 04516—6902, and the velocities of all three maser profiles are
consistent with the maser results. IRAS 04498—6842 is one of the more extreme stars
within the sample (possibly an RSG, or super-AGB star), with an M10 spectral type
(van Loon, Marshall & Zijlstra, 2005) and high luminosity. Thus, it is not surprising that

the maser profile yields a high expansion velocity of 13 km s™!.

IRAS 04509-6922 IRAS 04509—6922 is a new detection, with a clear double-peaked
profile centred around 268 km s~! (Fig. 3.4). The profile expansion velocity of 11.5 km
s~ is also high within the sample but expected, given its low temperature and high
luminosity. There is a peak around 255 km s~! over all three observations, but the red
component is clear only in the much longer integration in the 2005 observation. The

peak in HT at around 260 km s~! supports the detection.

TRAS 04516—-6902 IRAS 04516—6902 was observed in 2003, with no clear maser
emission. Given the new ATCA data (Fig. 3.5), it seems that the small peak at around
285 km s~! in the Parkes observation is in fact a maser component. There is a much

fainter peak in the combined data around 267 km st

, yielding an expansion velocity of
10 km s~!. Using the same cross-spectrum fitting technique as was adopted for IRAS
04407—7000, a systemic velocity of 278.8 km s~! has been calculated. This velocity lies
directly between the two maser peaks, confirming the maser profile. This observation was

done using a position switching strategy targeting the two fields shown in Figure 3.6.

IRAS 04545—7000 The maser profile of IRAS 04545—7000 does not seem to vary
drastically over the two epochs (Fig. 3.7). The detection has a clear blue-asymmetry,
a phenomenon described in Marshall et al. (2004), which has been suggested as a
consequence of the contribution of amplified stellar light. While IRAS 04545—7000 is not
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Figure 3.3: OH 1612-MHz maser emission from ITRAS 04498 —6842 with the velocity used as a
model for the cross-spectrum fitting of UVES spectra denoted by Vyvygs.
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Figure 3.4: OH 1612-MHz maser emission from IRAS 04509—6922.
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Figure 3.6: A Spitzer MIPS 24 pym image of the LMC with the ATCA fields used to target
IRAS 04516—6902, IRAS 04498—6842, and TRAS 04509—6922 within the same observation.

a very luminous source, it is one of the most highly reddened sources in the LMC sample

with a (J — K') colour of 5.7 mag.

Red supergiant IRAS 04553—6825 IRAS 04553—6825 has shown the most promi-
nent OH maser emission in the LMC with a peak over 600 mJy around 253 km s~! (Fig.
3.8). This RSG is one of the largest known stars, with an estimated radius of 1540 R,
(Levesque et al., 2009). This object has been studied in depth, and has been observed in
OH (Wood, Bessell & Whiteoak, 1986; Marshall et al., 2004), HoO (van Loon et al.,
1998a), and SiO (van Loon et al., 1996). In addition to its peak at 253 km s~ there are
three additional peaks at 262, 281, and 300 km s~!. Given the systematic velocity of 278
km s~! taken from the SiO maser detection, it is likely that the maser profile extends
from its prominent blue peak at 253 km s™! to its smallest peak at 300 km s!. The
existence of the two interior peaks has been suggested by Marshall et al. (2004) to be

indicative of a second expanding dust shell, flowing primarily in a direction across the
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Figure 3.7: OH 1612-MHz maser emission from IRAS 04545—7000.



3.3 Individual maser sources i

0.6
0.5| Parkes 2003
0.4}
0.3f
0.2f

| SN SV AN
0.6
0.5| Parkes 2005
0.4F
0.3}
0.2
0.1r

00 J——\,._vrvA/-\_/\. =

IRAS 04553-6825 |

0.6
0.5/ Combined
0.4F
0.3}
0.2

0.1}
0.0 ~ AN

Flux density (Jy)

60}
501 HI Vino
40} 1
30}
20}
10}

-10f I g
I I | I I I
240 260 280 300 320
Barycentric velocity (km/s)

Figure 3.8: OH 1612-MHz maser emission from TRAS 04553—6825 with the HoO maser
velocity from van Loon et al. (2001a) denoted by Vizo.

sky.

IRAS 05003—-6712 IRAS 05003—6712 is the least luminous source of the LMC

1

sample (Fig. 3.9). There is a clear peak at 269 km s™' in both epochs, but the second

peak is unclear. The source fits all other criteria expected of an OH/IR star, but the
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Figure 3.9: OH 1612-MHz maser emission from IRAS 05003—6712.

secondary peak may be below the detection limit of past observations. From SED

1

modelling (explained in Chapter 4), an expansion velocity around 10 km s™' (assuming

a metallicity of half solar) is expected. The skewed shape of the peak at 269 km s~!

suggests a missing redshifted peak. Nevertheless, the maser profile remains unclear.
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Red supergiant TRAS 05280—6910 The maser emission of the RSG: TRAS
05280—6910 was originally observed at 1612 and 1665 MHz with Parkes in 1992 (Wood
et al., 1992). The source has since been observed using the ATCA, which has revealed
five maser peaks at 1612 MHz and some interesting structure at 1665 MHz (Fig. 3.10).
The IR source was originally misidentified as the cluster NGC 1984. High-resolution
near- and mid-IR imaging has successfully identified the stellar counterpart (van Loon,
Marshall & Zijlstra, 2005). IRAS 05280—6910 is highly obscured and extremely bright in
the mid-IR but shows little variability. This source has also shown 22-GHz H,O maser
emission (van Loon et al., 2001b). The lack of symmetry within these maser spectra
as well as variability of not only the flux but also of the location of maser components
remains puzzling. It is expected that the mainline 1665-MHz detection probes the inner
shell of OH and thus lie within the 1612-MHz maser profile. This source will be discussed
further in §4.5 and §7.

IRAS 05294—-7104 IRAS 05294—7104 was not initially detected during the 2003
observation but has been detected in the more recent longer ATCA observation (Fig.
3.11). It is highly reddened with a (J — K) colour of 2.97 mag, with a long pulsation
period lasting 1079 d, and an expansion velocity of 10.3 km s™!. It seems that the initial

observation lacked the signal-to-noise ratio required for detection.

IRAS 05298—-6957 IRAS 05298—6957 resides in a cluster and thus has a cluster
metallicity of 0.4 solar metallicity. This source pulsates with a AK of 2 mag, and has an
initial mass of 4 M, (van Loon et al., 2001b). The source has a clear double-peaked profile
yielding an expansion velocity of 10.5 km s~ (Wood et al., 1992). IRAS 05298—6957 has
shown silicate in absorption yet lies in a region of the LMC sample colour-magnitude
diagram which is dominated by carbon-rich chemistry (Sargent, Srinivasan & Meixner,
2011). This is a well-known but often ignored issue, which is seen in a number of OH/IR

sources (c.f. Zijlstra et al., 1996; van Loon et al., 1997; Trams et al., 1999).



3.3 Individual maser sources 80

‘ T
IRAS 05280-6910 ! 1612 MHz
0.10f : d
Parkes 1992 |
|
0.00 A A FAV S\ Jal
. [1 V YA v :U M4 V \
0.4 + + + ; + +
0.3 ATCA 2016 ! 1612 MHz i
. |
|
0.2} | 4
|
0.17 MW\JAWM | JAA'\ 7
0.0 kAo A At At g AAMRAMAAL A 1M e s P PREOLTT DPET TPV ey |
.0 byl MAG P oy e i PR S BB g R
; ; ; 1 ; ;
+ + + ‘ + +
0.3}  Parkes 1992 : 1665 MHz 1
|
0.2F 1 4
|
0.1+ : d
0.0 /\,‘M/\l‘/\'\/\l\/\ M\A A‘A v A IAAAA PO AL /
. Y o/

0.15  ATCA 2016

1665 MHz 1

1667 MHz

Flux density (Jy)

Parkes 2000 22 GH
0.10 arkes | Z i
U
0.05- \ 1
0.00 ANV IZONVLWN. A ! /\’\ A an NSUNEEWVIN WY
VV\/VV‘/V UVV v VVV\IV\/\J\/V“ HY \/VVVVJ”V VIWWE VV

oal ‘ ‘ ‘ ‘

Parkes 1995 : 43 GHz
0.2F

00 fNLNVLj\f\n v.M MJ\MJ\ J\Mmﬂf\ hahf l/\wnn Wy AA(\WAM M/\ M, "ﬂ}\n Mn]\ A/\ AMA‘/AAA M,.HAWA /‘\7
W ‘4 W V" w Wﬂww‘\/wv UV U\/’V U VVV"U\W UV \ \/ UVV"V VVUV U Y

—0.2F

—0.4}

\
|
!
|
150w ! 1
|
|
|

Vino 1

0 P N

220 240 260 280 300
Barycentric velocity (km/s)

Figure 3.10: OH 1612- and 1665-MHz maser emission from IRAS 05280—6910 with the SiO
and HoO maser detections from van Loon et al. (2001a); the water maser velocity has been
plotted and denoted by V0.
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Figure 3.11: OH 1612-MHz maser emission from TRAS 05294—7104.
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Figure 3.12: OH 1612-MHz maser emission from IRAS 05558 —7000.
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IRAS 05402—6956 OH maser emission from IRAS 05402—6956 was detected with
Parkes in 1992 (Wood et al., 1992), and is known to be within 3’ of an H 11 region. The

expansion velocity from the original observation was 10.5 km s™!, but, as the emission

was detected with a low signal-to-noise ratio, it is unclear whether the profile includes

the outermost peaks.
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Figure 3.13: OH 1612-MHz maser emission from MSX LMC 807.

ITRAS 05558—-7000 IRAS 05558—7000 lies at the edge of the LMC. The source has
two clear peaks at 265 and 281 km s™!, in both epochs of observation, yielding an

expansion velocity of 8 km s~ (Fig. 3.12).

MSX LMC 807 MSX LMC 807 is a dusty O-AGB star with a (J — K') colour of
3.7 mag and My, = —6.6 (Whitelock et al., 2003). This star has shown 10 um silicate
emission (Buchanan et al., 2006) but a low IR luminosity comparable to many C-AGB
stars in the LMC (Buchanan et al., 2006). This is one of the new OH maser detections
from the recent ATCA observations. A clear double-peaked profile can be seen within

the spectrum, which yields an expansion velocity of 8 km s~! (Fig. 3.13).

MSX LMC 811 (IRAS 05329—-6708) MSX LMC 811 has been found to be the
true counterpart of the maser emission thought to originate from IRAS 05329—6708.
While IRAS 05329—-6708, MSX LMC 807, and MSX LMC 811 were previously resolved in
the IR, the original Parkes observation of IRAS 05329—6708 did not have the resolution to
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resolve IRAS 05329—6708 into MSX LMC 807 and MSX LMC 811. Thus the observation
yielded partial emission from both MSX LMC 807 and MSX LMC 811 (Fig. 3.14). This
can be seen in the four peaks found in the 1992 observation, which show the two similar
wind speeds with different systemic velocities. As the MSX survey resolved IR sources,
this survey has now done the same with the OH maser emission. The star is extremely red

1

with a (J — K') colour of 5.2 mag; the expansion velocity of 8.5 km s~ is also reasonable

for the source.

MSX LMC 815 MSX LMC 815 is an M4 O-AGB star with a K-band magnitude of
8.14 and has shown a number of spurious spikes at 1612 MHz but no clear maser profile
(Fig. 3.15). HyO maser emission has been detected at 237 km s™! (LSR) by Imai et al.
(2013); yet the H,O maser detection was a very weak detection, weaker than many HoO
maser detections of RSGs in the Galaxy. This source has a short pulsation period of
590 d typical of the galactic OH/IR sample. It is expected that the 1612-MHz maser
flux should peak at close to 25% of the 35-um flux due to the efficiency of the pumping
mechanism (Elitzur, Goldreich & Scoville, 1976; Marshall et al., 2004). As this source
has an Fyy = 0.22 Jy, the maser emission would likely be below the observation detection

limit.

3.4 Stellar velocities from optical spectra

Systemic velocities have been determined for two LMC sources, IRAS 04407—7000 and
IRAS 04516—6902, using UVES-reduced spectra from the ESO data archive. Using a
cross-spectrum fitting technique, the molecular bandheads of these two sources have been
fitted to that of the UVES spectrum of IRAS 04498—6842 (Fig. 3.16). This technique
has been used to determine the best fitting phase difference (or difference in frequency)
and the velocity shift. The bright source IRAS 04498 —6842 has been used as the model,
which has a clear maser profile yielding a systemic velocity of 260 km s~!. The systemic

velocities for IRAS 04407—7000 and IRAS 04516—6902 seem to fit well between the
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Figure 3.14: OH 1612-MHz maser emission from MSX LMC 811 and the newly discovered
MSX LMC 807. Originally thought to originate from IRAS 05329—6708, the true components
of the maser emission have now been identified.
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Figure 3.15: OH 1612-MHz nondetection from MSX LMC 815, with the velocity of the water
maser detection made by Imai et al. (2013) denoted by V0.
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maser profiles, corroborating the weaker maser peaks and providing more evidence for all

three maser profiles.
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4 Determining the gas-to-dust ratio

4.1 The DUSTY code

The spectral energy distributions of the LMC maser sample have been modelled and
fitted using radiative transfer models. The disjointed measures of the infrared and optical
light (photometry) from each of these sources has been used to illuminate various aspects
of these obscured sources.

Each of the sources have been modelled with radiatively driven wind models
produced with the DusTYy 1D radiation transfer code (Elitzur & Ivezi¢, 2001). Two
important outputs from the DUSTY code are the SED of the source modelled and the
expansion velocity of the dust-driven wind. The SEDs for the LMC sources are shown in
Fig. 4.1, and the model results are listed in Table 4.1. The models use a blackbody for
the central star and assume dusty envelopes of warm silicates from Ossenkopf, Henning &
Mathis (1992), with varying optical depths, effective temperatures, and inner boundary

dust temperatures.

4.2 LMC sample

As these are variable sources, to accurately reproduce the true SED with the models,
only one epoch of photometry should be fitted at a time. As a result, the Spitzer IRAC
and MIPS photometry (Fazio et al., 2004; Rieke et al., 2004), which was taken at the
same time and plotted in red, have been fitted with DUSTY models using a x? fitting
technique. The available 2MASS JH K photometry are not of the same epoch and are
more sensitive to the effects of geometry. As a result, they have been ignored in this
source fitting. The fitting technique calculates the best fit of the photometry to 5900
models of varying optical depth, central blackbody temperature, inner dust temperature,
and normalisation factor. Luminosities have been calculated for the best-fitting models

(plotted in the following figures with dashed lines) assuming a distance of 50 kpc to the
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LMC. These luminosities are expected to be more accurate than for Galactic sources
because of the well-determined distance to the LMC. These results constrain the derived
parameters of the source at the time that the Spitzer photometry data were taken (2005
July—November). The current stellar parameters would have fluctuated since as a result
of the sources’ variability.

For each of the LMC sources, all available photometry has been compiled from
2MASS (Cutri et al., 2003), DENIS (Cioni et al., 2000), Akari (Yamamura et al., 2010),
MSX (Egan et al., 2003), and IRAS (Beichman et al., 1988), and overplotted on the fitted
SED with small open circles; the SED is expected to lie between the stellar variations.
Additionally Spitzer IRS spectra (Lebouteiller et al., 2011), shown in solid black, have
been overplotted. It should be noted that the best-fit DUSTY model was fitted to
photometry, independently of the IRS spectra. In most cases, the model successfully fits
the photometry and spectra well, which lends credence to the fit solution. The choice of
dust optical constants will affect the final result. The dust mineralogy will change as the
central star evolves (Dijkstra et al., 2005; Verhoelst et al., 2009) and the inability to
compensate for this effect will introduce a degree of uncertainty.

The DUSTY code was run in its radiatively driven wind mode, whereby it solves
the hydrodynamical equations for the radial dependence of the density and for the
velocities of the gas and dust separately (their difference is the ‘drift” speed). It is the
velocity of the gas, which dominates the mass by far, which can be measured from the
OH maser profiles, but the velocity of the dust can be greater by a factor of a few if the
wind density is relatively low. If, however, the drift speed is underestimated, then the
SED fitting would yield a dust mass-loss rate which is too low and, assuming the derived
gas-to-dust ratio (r44) is correct, also a total mass-loss rate which is too low. Ramstedt
et al. (2008) found a discrepancy between the mass-loss rates derived using DUSTY and
those derived from modelling the CO line emission, with the former always yielding
lower values. However, if the drift speed was underestimated then the heating of the CO
molecules would also have been underestimated and thus CO mass-loss rates would be
derived that are too high.

The power of the description of the wind incorporated in DUSTY lies in the



4.2 LMC sample 91

fact that the results can be scaled for different dust contents and luminosities without

changing the optical depth according to the following equations (Elitzur & Ivezi¢, 2001):

Vegp X r;d1/2L1/4 (4.1)

y 1/2
M oc 2L (4.2)

The latter equation is what determines the shape of the SED. This is, however, a
simplification as the shape of the SED (and acceleration of the wind) depends on the
distance from the star where the dust forms. This inner radius is set by imposing a fixed
dust formation temperature. While it scales with luminosity as L'/2, it has a subtle
dependency on the temperature of the star as the grain opacity is wavelength dependent
(it therefore also depends on the grains’ optical properties). Also, the acceleration of the
wind will be somewhat different depending on the apparent size of the star whereas it
is assumed that all stellar flux arises from one point. These effects mostly affect the
emission from the warmest dust at near- to mid-IR wavelengths. An outer limit to the
size of the envelope is assumed to be 10* times the inner radius, which is typical given
these stars are near the end of an extended period of heavy mass-loss. The emission from
the coldest dust at far-IR wavelengths depends on this choice but not in a sensitive way.

The photometry have been fitted with models of effective temperatures ranging
from 2700 — 3700 K in steps of 100 K, inner dust temperatures ranging from 600 — 1400
K in steps of 200 K, each with 100 models spanning a logarithmic range of optical depths
from 0.1 — 50. A comprehensive analysis of the inter-dependency of these inputs has
been presented by Ramstedt et al. (2008). Given all the above caveats and assumptions
(and departures from spherical symmetry) it becomes clear that a precise error analysis
is impractical. The formal errors on the fitting of trends observed between different
parameters therefore include both measurement uncertainties and fitting inaccuracies

as well as variations in the parameters that are assumed to be fixed. Large sources of



4.3 Galactic samples 92

error include asymmetric sources, and inaccurate distances (more important for Galactic
sources), which may increase or decrease the derived luminosities, mass-loss rates and
gas-to-dust ratios. To a lesser degree, the errors in the fits will also affect these parameters.
A non-zero drift speed may result in derived gas-to-dust ratios that are too low and
derived gas mass-loss rates that are too high. In trying to asses the goodness of fit,
using only the photometric uncertainties for the calculation of the y? value results in
seemingly terrible fits. This however does not take into account the assumptions and
caveats previously mentioned. As these assumptions cannot easily be quantified, the
estimates of the errors, and as a result the goodness of fit, would seem arbitrary and
thus they have not been calculated.

Within the LMC sample, silicate is seen in varying degrees of absorption and
emission as well as strong attenuation from dust at shorter wavelengths. There are two
sources (IRAS 04553—6825 and IRAS 05280—6910) where the models struggle to fit the
general SED. This is likely due to a non-spherical symmetry of the dust envelope in
these sources. These unique sources are discussed further in §4.4 and §4.5. There are two
further sources (IRAS 04553—6933 and MSX LMC 815) where the model struggles to fit
both the optical and mid-IR data. Both of these sources show no OH maser emission,
and extremely high modelled expansion velocities. These sources may not be optically

thick enough for the IR radiation to pump the maser or may in fact be binary systems.

4.3 Galactic samples

In addition to the LMC sample, sources from the Lindqvist et al. (1992) Galactic Centre
sample of OH/IR stars, and the Jiménez-Esteban & Engels (2015) Galactic bulge sample
of more extreme highly reddened OH/IR stars, have been modelled to serve as comparison
samples at higher metallicity; pulsation periods are from Wood, Habing & McGregor
(1998) and this work (§5.2) for the Galactic Centre and bulge respectively. Assuming a
distance of 8 kpc to these regions, and using a similar modelling method, DUSTY models,

and sources of photometry, 70 Galactic Centre and 21 Galactic bulge OH/IR stars have
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Figure 4.1: The SED fitting of DUSTY models to the LMC sources, with the best-fitting
model (dashed line), Spitzer IRS spectra (in solid black), Spitzer IRAC and MIPS photometry
(in red), and the remaining available photometry (small open circles). The large offsets between
the IRS spectra and photometry are likely due to variability.
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successfully been modelled. The distribution of the resulting luminosities is shown along
with the values from the LMC in Fig. 1.13. There is a visible void in the histogram
where at luminosities between those of the lower luminosity Galactic sources and higher
luminosity LMC sources, sources are dominated by carbon-rich chemistry (C stars).

As the photometry is more sensitive to extinction, the SEDs have been fitted
using all available photometry, expecting the best-fitting model to fit the median SED.
Distances are also less certain for the Galactic sources which will contribute to the
uncertainty in the luminosities. For these sources, the Schultheis et al. (2014) extinction
maps (from 8 to 8.5 kpc) were used to correct for interstellar extinction. Using the
closest value (typically within several arcminutes) for the (H — K') colour excess, the
extinction law from Rieke & Lebofsky (1985) was applied using interpolated values to fit
the wavelength bands associated with the photometry. This was done for all Galactic
bulge and Galactic Centre sources except for IRAS 17030—3053, which was not covered
by the extinction maps. As a result, a value of Ax = 0.15 mag was assigned, a value
adopted by Jiménez-Esteban & Engels (2015). There has been increasing evidence that
the reddening law varies within the Galactic Centre (Nataf et al., 2016; Xue et al., 2016);
yet, the results are not dramatically affected by this result. This reddening variation
is caused by populations of small dust grains and mainly affects shorter wavelength
photometry. The results of the DUSTY modelling of the SEDs for the Galactic Centre
and Galactic bulge are shown in Figure 4.2.

As the Galactic Centre and some of the Galactic bulge sources lie in crowded
fields, a small percentage of photometry points towards shorter wavelengths are expected
to come from other sources. The Galactic Centre sources are seen to show a variety
of silicate in both emission and absorption. This is a stark contrast to the Galactic
bulge sources which all show silicate strongly in absorption, an expectation of this more
extreme sample by design. These bulge sources may also be members of the Galactic
disc, in the foreground of the bulge. Catchpole et al. (2016) have shown that a number of
sources assumed to be members of the bulge have had a wide range of distances. This

may introduce a large source of uncertainty in the derived luminosities.
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Figure 4.2: The SED fitting of DUSTY models to the dereddened photometry from the
Galactic Centre sources.
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Figure 4.2: The SED fitting of DUSTY models to the dereddened photometry from the
Galactic bulge sources; IRS spectra from Golriz et al. (2014) shown in solid black.
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4.3.1 Gas-to-dust ratios in the LMC

Values of the expected expansion velocities of the samples have been calculated using the
results from SED modelling. These estimates, calculated using the DUSTY code, rely on
the assumption that the winds are dust driven and spherically symmetric. Using the
measured expansion velocities from OH maser emission, gas-to-dust ratios, assumed by
DUSTY to be 200, have been scaled by the square of the ratio between the expected and
measured expansion velocities (Eq. 4.1). Using this method, gas-to-dust ratios have been

derived for all of the LMC sources shown in Table 4.1.



Table 4.1: The LMC inferred gas-to-dust ratios (ryq) and mass-loss rates (M ) from scaling the resulting DUSTY expansion
velocities (vVexp,pUsTY) to the expansion velocities obtained from circumstellar OH maser profiles (vexp,om). Luminosities (L)
and optical depths specified at 10 um (7) are derived from the SED fitting of DUSTY models which assume the effective
temperature (TegpusTy) and inner dust temperature (Tinner). Mass-loss rates scale in proportion to L3/ 4(rgdps)1/ 2 where the
dust grain bulk density (ps) is 3 g em™3; measured effective temperatures (Teg) are from van Loon et al. (2005), unless stated
otherwise.

ObjeCt L Teff Vexp,0H Vexp,DUSTY Teff,DUSTY Tinner T M Tgd
name (10° Lg) (K) (kms™) (kms™!) (K) (K) (Mg yr=h)
IRAS 04407—7000 104 3008 8.4 21.4 3400 800 0.4 1.4 x107* 1312
IRAS 04498—-6842 97 2500  13.0 22.1 3400 1000 0.7 9.8 x107° 576
IRAS 04509—6922 178 2500 114 23.6 3700 600 0.1 9.9 x10™° 859
IRAS 04516—6902 75 26672 10.0 16.1 2900 600 0.3 6.5 x10™° 519
IRAS 04545—7000 19 7.7 11.2 3200 1200 4.9 7.0 x10™° 422
IRAS 04553—6825 340—454 3008  23.8 24.9 3300 1400 8.62 5.8 x107* 218
IRAS 04553—-6933 176 21.9 2900 600 0.1 5.9 x107°
IRAS 05003—6712 23 2667 14.5 3700 1000 0.8 93.3 x107°
IRAS 05280—6910 225 20.6 13.6 3400 350 134 5.4 x1074 84*
IRAS 052947104 45 2890  10.3 17.5 3600 800 0.4 5.1 x1075 610
IRAS 05298—-6957 50 4000?2105 11.1 3000 800 2.0 86 x107° 224
IRAS 05402—6956 o1 10.5 11.3 2700 800 2.2 84 x107° 231
IRAS 05558—7000 42 34002 8.0 11.0 2700 600 0.7 5.4 x107° 381
References:
'Buchanan et al. (2006) @ Calculated using assumed gas-to-dust ratio of 400
2Garcfa-Hernandez et al. (2009) * Unlikely true gas-to-dust ratio; further explained in §4.5
continued ...

sordures orjoeex) ¢y

cot1



... continued

Object L Tef  Vexp,OH  Vexp,DUSTY Lef,pUSTY Linper T M Tgd
name (10° Ly) (K) (kms™') (kms™!) (K) (K) (Mg yr 1)

MSX LMC 807 24 8.2 10.6 2900 1000 3.2 6.2 x107° 336
MSX LMC 811 42 8.3 14.1 2700 1200 5.6 1.5 x10™* 586
MSX LMC 815 97 3100! 24.9 3000 800 0.1 92,5 x107°
Sample median values:

Galactic Centre 5 18.5 8.5 3000 1200 2.8 6.0 x107 45
Galactic bulge 6 15.7 4.7 3200 800 19.5 2.2 x107° 28
LMC 63 10.3 15.3 3100 800 0.8 7.7 x107° 422
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Adding up all of the refractory elements within oxygen-rich dust and scaling to
the metallicity of the LMC, gas-to-dust ratio have been calculated to be ~ 500. The
interstellar gas-to-dust ratio (r44) of the LMC has also been shown by Roman-Duval
et al. (2014) to be between 380 and 540. The median 44 of 416 agrees well with previous
estimates but lies towards the lower end of these estimates. This may be due to a bias
towards the most metal rich sources. The highest r,4 (lowest metallicity) objects, IRAS
04407—7000 and TRAS 04509—6922, have far lower inferred metallicities than the rest of
the sample. All of these sources have quite reliable OH maser detections, with well-fitted
SEDs. These stars are within close proximity to each other, lying within the same
south-east region of the LMC, towards the Magellanic Bridge. This may be due to either
a lower efficiency of dust formation in these stars or they may have formed from lower
metallicity gas, possibly originating from the SMC (see Olsen et al., 2011). These are
not likely to be members of the small subset of counter-rotating sources found by Olsen
et al. (2011); as extreme oxygen-rich sources are rare in the SMC, the counter-rotating
subset is a small fraction of the whole LMC population and the kinematics of the three
sources are consistent with the rest of the LMC sample.

The majority of stars in the Galactic Centre have metallicities at or above solar,
with a small population of low metallicity sources (Do et al., 2015; Wood, Habing &
McGregor, 1998). The Galactic bulge has a metallicity typically peaking at a near solar
value, with a sharp cutoff just above solar, and a tail towards lower metallicity (Zoccali
et al., 2003). It is expected that these extreme sources likely lie towards the higher end
of this metallicity range.

Median gas-to-dust ratios of 45 and 28 have been derived for the Galactic Centre
and Galactic bulge respectively. Little difference is seen between the results of the
Galactic bulge fitting technique and the fitting by Jiménez-Esteban & Engels (2015).
Results have shown similar luminosities and mass-loss rates, yet few cases are found where
the best-fitting models have similar optical depths. It was suggested by Jiménez-Esteban
& Engels (2015) that the existence of these oxygen-rich Galactic bulge sources can be
explained if they have metallicities at or above solar metallicity, which is consistent

with the derived gas-to-dust ratios. The Galactic sources may be alpha-enhanced, which
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would increase the abundance of elements like Si, Ti, and Mg, and thus increase dust
production. A bias towards the highest metallicity sources may be magnified by this
additional alpha-enhancement.

There is quite a large range of gas-to-dust ratios in the three samples. When these
gas-to-dust ratios are compared with respect to luminosity and expansion velocity (Fig.
5.1, shown later) there is a clear difference between the Galactic and LMC samples.
Comparing the luminosities and mass-loss rates (Fig. 5.5, shown later), there is a clear
trend irrespective of gas-to-dust ratio. The Galactic bulge sources also tend to have
higher mass-loss rates than the other two samples, which is expected from this more
extreme sample.

The idea that there may be two different OH/IR populations within the Galaxy
was originally suggested by Wood, Habing & McGregor (1998), where sources with

! were expected to have a metal content 2.1

expansion velocities lower than 18 km s~
times lower than sources with higher expansion velocities; these results suggest that this
is not the case. A slightly higher median gas-to-dust ratio was derived for the sources
targeted in this work, with velocities less than 18 km s

This analysis has provided a useful technique to derive gas-to-dust ratios, given
only photometry and a measure of the circumstellar wind speed. While the value comes
with a number of caveats and assumptions, this method has successfully calculated
gas-to-dust ratios expected from sources in their varying metallicity environments. It
is particularly important to note that this method may not be appropriate at lower
metallicities. As the drift velocity increases toward lower metallicities, the decoupling of
the gas and dust is not represented in this analysis. While this does not appreciably
impact the derived gas-to-dust ratios for sources within the Galaxy or LMC, values will
become more uncertain towards lower metallicities unless this effect is taken into account.

This SED-fitting technique will be re-visited in Chapter 6 as it has been applied
also to the SMC sample. However, gas-to-dust ratios have not been calculated for these

sources as they lack measurements of the circumstellar wind speed. Nevertheless, the

luminosities and mass-loss rates have provided useful information for the sample.
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4.4 The Geometry of WOH G64

IRAS 04553—6825 is known to be highly non-spherical (Roche, Aitken & Smith, 1993;
Ohnaka et al., 2008), originally suggested on the basis of its optical brightness and
strong silicate feature. This was later suggested by van Loon et al. (1999) on the basis
of its maser characteristics. The maser source has been observed in OH, showing four
OH maser peaks in the 1612-MHz spectrum. The non-spherical nature of this source
makes it quite hard to model, yet work has been done to understand these types sources
(Zijlstra et al., 2001). While the 10 um silicate feature has been successfully modelled in
absorption, something that is seen in the Spitzer and ISO spectra (c.f. Trams et al.,
1999; van Loon et al., 1999), the model does not fit the general shape of the SED as well.
As a result, a secondary model (plotted with a dotted line) where the general shape of
the SED has been fitted (Fig. 4.1). The two models differ slightly in both luminosity
and mass-loss, with a luminosity between 340,000 and 454,000 L, and a mass-loss rate
between 3.1 — 5.8 x10~% Mg, yr~!. It is expected that the models represent the range of
possible luminosities and mass-loss rates of this unique source. Ohnaka et al. (2008)
suggested that the source is likely to a have a dusty torus which is being observed pole-on.

This explanation is consistent with previous results.

4.5 The Geometry of IRAS 05280—-6910

The maser emission from IRAS 05280—6910 is unique. First, the source shows maser
emission at 1612 and 1665 MHz but not at 1667 MHz. Secondly, the maser profiles are
very irregular with a number of peaks which have changed in amplitude and velocity
since 1992. And, thirdly, the 1665-MHz maser profiles, which should probe a region closer
to the star (Richards & Yates, 1998), extend (at the blue end) to velocities outside of the
1612-MHz profiles. All of these peculiarities come to heel upon a further investigation of
the polarisation data (Fig. 4.3). This source is strongly circularly polarised at 1665 and
1612 MHz, alluding to magnetic activity close to the star. Zeeman splitting is expected
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at two locations in the 1665-MHz spectrum centred at 248.9 and 285.8 km s~'. The
separation of these bright maser peaks suggests an upper limit of the magnetic fields of
around 1.2 and 2.2 mG, respectively. The peaks at 257 and 262.7 km s~! are unlikely to
be a Zeeman pair as the resulting magnetic field would be around 10 mG and would
result in a ~ 1 km s=! split in the 1612-MHz spectra at this velocity, which is not seen.
Stokes I + V/2 has been used for RHCP and I — V//2 for LHCP (IAU convention), where
RHCP is the rotation of the electric field vector in a counterclockwise direction as the
wave travels from the source to the observer along the line of sight.

The magnetic activity coupled with the large velocity range of the maser profile
may be suggestive of bipolar outflows, collimated by the magnetic fields. The bluest
1665-MHz maser peaks may either be more highly accelerated, localised “bullets” as
opposed to the more uniform wind farther out which is probed by the 1612-MHz masers,
or they may be associated with interstellar masers as they peak at the H1 velocity. The
complete absence of 1667-MHz emission must be due to quenching as a result of the
strong 1665-MHz masers. Sources like VY CMa and TRAS 04553—6825 have shown
similar complex profiles with many maser peaks and asymmetric envelopes (Cohen et al.,
1987); yet, IRAS 05280—6910 also has a distinctly unique SED. Studies of VY CMa have
shown a number of arcs and knots, which may also be present in this source (Humphreys
et al., 2005; Humphreys, Helton & Jones, 2007).

The pDUSTY modelling of IRAS 05280—6910 yields an expected expansion velocity
of 13.6 km s~!. This is considerably lower than the observed value of 20.6 km s~!. This
disparity is expected to come from something more than uncertainty or unrealistic
modelling. What may be happening, is that the source may have a near edge-on dusty
torus, similar to IRAS 04553—6825 (WOH G64), which is highly obscured along the line
of sight. This result would also support the idea that the source has bipolar outflows.
These outflows could explain the models’ slow calculated expansion velocity (which
could be expected along the line of sight), while not necessarily leading to such a low
gas-to-dust ratio or high mass-loss rate.

An obvious difference can be seen between the DUSTY models and the IRS

spectrum of IRAS 05280—6910. The Spitzer IRS spectrum of this source shows silicate
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in absorption, but not to the same degree as the modelled SED. It was proposed that the
observed absorption feature may be partially masked by the nearby RSG WOH G347
(van Loon, Marshall & Zijlstra, 2005), a source which shows silicate in emission. The

nature of this source will be revisited in Chapter 7.
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5 Wind speeds and mass-loss rates

5.1 Circumstellar wind speed

The stellar wind expansion velocities have been analysed for the sources in the LMC,
Galactic Centre, and Galactic bulge samples. In OH/IR stars, the mass-loss process
and the outflow acceleration are driven by radiation pressure on dust grains. In these
dense environments, the gas is dynamically coupled with dust through friction, and the
outflow is assumed to behave like one single fluid. As was discussed in §4, a non-zero
drift velocity will affect derived values like the mass-loss rate and gas-to-dust ratio. As
these stars produce mainly silicate dust, and the production of silicates is limited by
initial metallicity?, lower metallicity yields a slower wind. It is expected that at lower
luminosity there is less radiation pressure to force the dust grains outwards and drive the
wind, and therefore a slower expansion velocity; in general, this is observed in both the
LMC and Galactic samples, as it was shown by Marshall et al. (2004), as well as the
following work.

The LMC and Galactic samples have several differences, including very different
luminosities and pulsation periods. The LMC sample is biased towards the most luminous
sources as they are distant and obscured, and only the most massive and luminous AGB
stars remain oxygen-rich in the heavy mass-loss phase, and are detectable with current
instruments. The lower luminosity sources are thus dominated by carbon-rich stars. As a
result, a selection bias is expected within the LMC. The LMC sample is also biased
towards longer pulsation periods as the OH maser emission is brightest in the most
evolved and highest mass-loss sources. The Galactic bulge sample is a collection of the
most extreme OH/IR sources in the Galactic bulge and generally lack pulsation periods.
Data from the Vista Variables in the Via Lactea (VVV) survey (Minniti et al., 2010) has

been used to derive periods for seven of the Galactic bulge sources (§5.4). The Galactic

2Contrary to C-stars in which the dredge-up events can enhance the amount of carbon initially
available in the atmosphere.
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Table 5.1: The resolution of the radio observations of the LMC and Galactic samples.

Sample Telescope  Spectral Angular
resolution resolution

(km s~ 1)
Galactic Centre VLA 1.36° 6 — 8"
Galactic bulge  Parkes 0.9 12/
Effelsberg 1.1° 8
LMC Parkes 0.18 12
ATCA 0.4 7-8"

References: “Lindqvist et al. (1992) bte Lintel Hekkert et al. (1991)

Centre sources tend to be lower mass and less extreme but still within the superwind
phase of mass-loss. The fact that this is an older population may be contributing to
the sample’s lack of higher-mass sources, similar to those within the LMC sample. In
addition to differences within the sample, there are differences in the quality of the
radio observations (Table 5.1). While there is significantly less angular resolution for
the Galactic bulge sample, only resolved and reliable maser profiles have been used; all
observations have spectral resolutions around 1 km s~*.

At a similar luminosity, the Galactic bulge sources are seen to have lower expansion
velocities than those of the Galactic Centre sources (Fig. 5.1). This same effect is seen
even more so in the LMC sample with a metallicity (Z) even lower, at half solar. This is
consistent with what is expected from simple dust-driven wind theory (e.g., van Loon,
2000). The expansion velocities from the LMC sample have been fitted with respect to
their luminosities. The fit (vex, = 0.118L%%) is then scaled to a solar metallicity (a factor

of 2) typical of the Galactic samples, which fits well within these samples. These results

have been used to derive a new relation for expansion velocity:
Vexp X Z L™ (5.1)

The number of measured wind speeds has been dramatically increased from previous
studies, which relied on five accurate wind speeds. Using a larger sample, the updated

circumstellar expansion velocity relation: ve,, = 0.118 L% more accurately fits the data
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than e.q. 4.1, the assumption made by busTy (Fig. 5.1). The removal of the two most
luminous sources that may exhibit unique geometries does not significantly impact the
fit. These results however make several assumptions. It is assumed that the sources
are spherically symmetric and that the samples are assumed to have a homogeneous
metallicity, which is known not to be the case. It is also expected that the scattering of
photons will affect the sources’ collective radiation pressure.

The individual effects of different parameters on the expansion velocity is seen
more clearly in Fig. 5.2, and 5.3. In Fig. 5.2, the expansion velocity is shown against the
gas-to-dust ratios derived from SED fitting (described further in the following section).
Results have shown a correlation between the expansion velocity and the gas-to-dust ratio.

These samples have been fitted with a power law which is expected to follow: Ve, o rg_do'5

The actual fit: vey, o rg_do‘15 is much shallower due to the effects of luminosity on the
wind speeds. The higher luminosities of the LMC result in higher LMC wind speeds and
a shallower fit. The expansion velocities have been compared to both the mass-loss rates
and pulsation periods (Fig. 5.3) but no clear correlation is found. The scatter is mostly
due to differences in luminosity and metallicity between and within the samples. This is
contrary to the expectations of the DARWIN models (Hofner et al., 2016), which do
predict a correlation of expansion velocity and mass-loss rate. Likely, the correlation

reflects the evolution along the AGB, whereas the samples are naturally biased towards

the endpoints of evolution.

5.2 VVYV pulsation periods

Pulsation periods have been derived for seven Galactic bulge stars from the Jiménez-
Esteban & Engels (2015) Galactic bulge sample of extreme highly reddened OH/IR stars.
Aperture photometry was done on K-band photometry for all of the Galactic bulge
sources within the tiles of the Vista Variables in the Via Lactea (VVV) survey (Minniti
et al., 2010). A calibrator star was used in each field to derive the relative flux. Fourier

analysis was used to fit the period and a least-squares fit was used to calculate the errors.
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Figure 5.2: The observed wind speed as a function of gas-to-dust ratios derived from SED

fitting. The samples have been fitted with a power law which is expected to fit: vex, o r;d0'5

(Eq. 1). The actual fit: veyxp rg_do‘15 is much shallower due to the effects of luminosity on the

wind speeds. The higher luminosities of the LMC result in higher LMC wind speeds and a
shallower fit.
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Figure 5.4: Fit pulsation periods of highly evolved stars from the Galactic bulge sample.
Aperture photometry was done on tiles from the VVV survey and fitted using a Fourier analysis
fitting technique.

Three of the sources have previously derived pulsation periods from van der Veen &
Habing (1990). The periods of 690, 781, and 833 d are dramatically different from the
values previously derived of 1200, 1500, and 1200, respectively. The inaccuracy of these
derived periods has been shown in Whitelock, Feast & Catchpole (1991) and now in this

work.

5.3 A new mass-loss prescription

By employing the new gas-to-dust ratios and using equation 4.1, an empirical mass-loss
prescription has been derived which includes the luminosity (L), pulsation period (P),
and gas-to-dust ratio (r4q): M = 4.2 x 10711 L9 P07 Tg;o.oza (where luminosity is in Lg
and the pulsation period is in days); normalising this prescription to a typical source,

results in the following relation:
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y 0.9£0.1 0.751+0.3 —0.03+0.07
M6tk 107 (- P Lod (5.2)
M, yr ! -0 10°L, 500 d 200

The function for the mass-loss rate has been fitted using a non-linear least-squares-
fitting technique, to all sources within the three samples and with complete data. The
prescription suggests mass-loss rates of 1.06 x 107° Mg, yr~! for a typical source with a
luminosity of 10,000 Ly, pulsation period of 500 d, and gas-to-dust ratio of 200. This is
typical for Mira variables and Galactic sources, but not the LMC sources with higher
luminosities, longer pulsation periods, and higher gas-to-dust ratios. Figure 5.5 shows a
comparison of the parameter dependence of the mass-loss rates computed with DUSTY,
with the parameter dependence of the mass-loss rates from the new formula. There is a
general correlation of mass-loss with pulsation period, and a much tighter correlation
with luminosity. A Kolmogorov-Smirnov test could have been used here to quantify the
correlation and determine the goodness of fit. A strong dependence of gas-to-dust ratio
on the mass-loss rate in not seen within the samples. This suggests that the mass-loss is
insensitive to metallicity.

Mass-loss prescriptions which include only two of the three mass-loss parameters
have also been computed. These prescriptions have been compared to the three-parameter
prescription on the basis of their ability to correctly predict the mass-loss rate given by
DUSTY; the comparison of these prescriptions is shown in Fig. 5.6. There is little difference
between the three parameter prescription and the prescription with only luminosity and
pulsation period, again reflecting the insensitivity of mass-loss to gas-to-dust ratio and
presumably, to metallicity.

It is possible that no single prescription can accommodate the diversity of all
OH/IR stars. Individual samples have also been fitted with all three of the mass-loss
parameters but cation should be used in implementing these fits. The limited ranges of
the parameters within each of the three samples make these fits much less reliable; the

uncertainties on the derived parameters reflect this to some extent, but the fits are overall
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Figure 5.6: A comparison of mass-loss prescriptions. The y-axis in each figure is the log ratio
of the prescription listed and the “observed” mass-loss rates derived from DUSTY. In the top
two rows are prescriptions which were fitted with only two parameters and in the bottom row
is the mass-loss prescription which was fitted with all three. The two-parameter prescriptions
show only a slightly larger deviation from the DUSTY mass-loss rates than the three-parameter
prescription.
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not nearly as convincing as for the combined sample. The dependence on luminosity (the
most reliably fit parameter) is very similar between the three samples, although there is
a hint of a trend for a weaker luminosity dependence at higher metallicity. The fits are as

follows:

M L 0.61+0.1 P 0.54+0.3 r 0.0540.07
GC:—— =880 x10°¢ — 9 5.3
Mg yr! 73 % 104 L, 500 d 200 (5:3)

M L 0.840.1 )z —0.3+0.4 r 0.5+0.1
GB: ——— =118 x 107* — _od 5.4
My yr! Lo X 100 Ly 500d 200 (54)

M I 0.8£0.2 P —0.4+£1.1 —0.4+0.2
LMC: ——— = 447126 10 — od
Mo yr - 10' Ly, 500d 200

(5.5)

5.3.1 Interpretation of the Goldman et al (2017) mass-loss
prescription

The new mass-loss prescription, based entirely on observational data, matches known
physical relationships. From the equation for optical depth (equation 1 from van Loon,
2000):

M

T(\) X ———=
Tgd Vexp \/Z

(5.6)

where 7 is the optical depth, and from the newly derived relation for the expansion
velocity (Eq. 5.1), combining these two yields M oc L% 7(\) Zr,4. As metallicity has
been shown to be inversely proportional to the gas-to-dust ratio (van Loon, 2000), and 7
is a measure of the amount of photon scattering, all that remains is M oc L%9, which is

exactly what is derived with the newly derived mass-loss prescription.
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The second term in the prescription is pulsation period. Modeling and constraining
the pulsation period of evolved stars can be challenging with periods that range between
somewhat and very irregular, especially for RSGs (Ireland, Scholz & Wood, 2008). By
describing the pulsation as a harmonic oscillation where gravity, g, is the driving force,
then it is expected that 27/ P ~ 1/tgectan ~ +/9(R)/R, where R is the stellar radius.
Based on the results from Schroder & Cuntz (2007), it is found that M o 1/g (Fig.
5.7). This suggests that M oc P2/R. Describing the star as a polytrope, with M R?
is equal to a constant, it is expected that P oc \/R/g oc M~/2R%? = R3 and hence
M o P33, This is a much stronger dependence on pulsation period than the newly
derived prescription, M o< P%™: however, it includes the way mass-loss would increase as
a result of the star being more luminous, hence larger and thus pulsating with a longer
period. The relationship between mass-loss rate and pulsation period is shown in Figure
5.8, where the mass-loss rate is divided by the luminosity to isolate the dependence of
pulsation period on the mass-loss rate. At a given stellar effective temperature, L o< R?,
which would suggest L oc P?/3. Within the newly derived prescription, it is found that
M o L%9P%75 This would then suggest that the newly derived prescription has a total
dependence on pulsation period according to M o P35, This brings it in closer (albeit
not perfect) agreement with the above, simplistic expectation. It is also interesting
to note that the Mira period-luminosity relationship has been found not depend on
luminosity (Feast, 1996), which is consistent within these results.

Fox & Wood (1982) and Wood (1990) calculated more sophisticated models for
pulsating red giants and found that P oc R'® (with some dependence on mass). Replacing
the above polytrope by this relationship would yield M o P44 which is in remarkable
agreement with the derived empirical relationship.

The last term in the prescription is the gas-to-dust ratio. The gas-to-dust ratio
has been shown to inversely scale with the metal content. Past studies have shown that
metallicity has little to no effect on the mass-loss rates within Galactic and Magellanic
Cloud AGB and RSG stars (van Loon, 2000; van Loon et al., 2005). the relation of
M x rg_dO'OSiom matches this expectation and thus it can be concluded that the gas-to-

dust ratio has little effect on the mass-loss of AGB stars and RSGs within the Galaxy
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Figure 5.7: A comparison of the values of mass-loss and gravity (g) from the RSG sample from
Schroder & Cuntz (2007). Their mass-loss rates have been divided by their derived luminosities,
which, as is shown (Eq. 5.6), should be approximately proportional to each other for a given
value of gravity. This is done to isolate the dependence of mass-loss rate on gravity.
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Figure 5.8: A comparison of mass-loss rate against pulsation period. The mass-loss rates have
again been divided by their derived luminosities to isolate the dependence of mass-loss rate on
pulsation period.
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and the LMC. Though the wind is, the mass-loss itself does not appear to be driven by
dust; the mass-loss rate is probably set by pulsation and/or other physical mechanisms
originating in the stellar photosphere.

The new mass-loss prescription uses three stellar parameters as gauges of physical
differences within the sample. In general, luminosity is expected to give a value for the
initial mass, gas-to-dust ratio a value for the metallicity, and pulsation period a value for
the precise evolutionary stage within the superwind phase. It is expected that all three

parameters affect all of these physical differences to some degree.

5.4 Comparison to previous prescriptions

As was discussed in §1.8, most mass-loss prescriptions of AGB and RSG stars typically
focus on specific stages of mass-loss, and are derived using observational data. Past
mass-loss prescriptions like the Reimers law (Reimers, 1975), and the updated Reimers
law (Schroder & Cuntz, 2005) are used to calculate the mass-loss rates in the pre-dust
driven wind phase. These are based on the mass-loss of red giant branch stars and
use luminosity, stellar radius, and mass; the updated prescription also uses effective
temperature and gravity. Other prescriptions like that of van Loon et al. (2005) focus on
mass-loss within the superwind phase and are based on the SED modelling of oxygen-rich
AGB and RSG stars within the LMC. In-depth comparisons of several previous mass-loss
prescriptions have been done by Mauron & Josselin (2011) and Rosenfield et al. (2014).

The values for expansion velocities and mass-loss rates, computed by DUSTY, have
been compared with the Galactic RSG sample from Mauron & Josselin (2011), as shown
in Figure 5.9 and 5.10. The Galactic RSGs are expected to have gas-to-dust ratio ~ 500
and fit well between the Galactic and LMC samples. The mass-loss rates shown were
derived primarily by modelling the wind speeds from CO emission. This excludes the
mass-loss rates of a Sco, derived by modelling the H11 region (Reimers et al., 2008), of
a Ori, derived by fitting C1 lines (Huggins et al., 1994), and of VY CMa and u Cep,
derived by fitting the SEDs with DUSTY models (Shenoy et al., 2016). As these were
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Figure 5.9: The observed wind speed as a function of luminosity as shown in Fig. 5.1 with
the Galactic RSG sample from Mauron & Josselin (2011).

derived using various methods and making different assumptions, caution must be used
in comparing them individually. However, this sample will be used to understand how
red supergiants fit within a more general picture of mass-loss in evolved stars. Also
shown are the calculated Galactic RSG mass-loss rates derived using the newly derived
mass-loss prescription, in which a gas-to-dust ratio of 500 is assumed; pulsation periods
have been taken from Kiss, Szabo & Bedding (2006).

The literature values for mass-loss, which again use different methods of deriving
the wind speeds and mass-loss rates, are generally much lower than the prescription
values for the mass-loss rates and they have been plotted in Figure 5.10. Along with more

accurate distances for the Galactic sources, and thus luminosities and mass-loss rates,
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Figure 5.10: The observed mass-loss rates as a function of luminosity as shown in Fig. 5.5,
with the Galactic RSG sample from Mauron & Josselin (2011); updated literature mass-loss
rates for VY CMa and p Cep have been used from Shenoy et al. (2016). Literature mass-loss
values are shown (Galactic RSGs lit.) as well as the calculated mass-loss rates (assuming an
rqqa = 500) using the mass-loss prescription (Galactic RSGs pre.) and the pulsation periods
from Kiss, Szabo & Bedding (2006); NML Cyg pulsation period is from Monnier et al. (1997).
Also plotted are the mass-loss prescriptions by Nieuwenhuijzen & de Jager (1990) and van
Loon et al. (2005), as well as the newly derived prescription (Goldman 2016), with a range of
values for unknown variables (either effective temperature or pulsation period).
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new data have allowed for a more accurate measure of the optical depth. More accurate
Spitzer data have allowed for a better measure of IR excesses as well as a decrease of
confusion from contaminating sources within the observing fields. The new mass-loss
prescription has also been compared with previous mass-loss prescriptions (Fig 5.10)
plotting different values for unknown variables (either effective temperature, expansion
velocity, or pulsation period). The comparison suggests that some of the sources within
the Galactic RSG sample may not be within the superwind phase of mass-loss. The

evolutionary stages of these sources will be discussed further in the following section.

5.5 Fundamental stellar parameters and mass-loss

The current analysis covers highly evolved AGB and RSG stars with a luminosity range
from 2,000 to over 300,000 L, and a metallicity range of a half to twice solar. This range
allows us to draw conclusions about the mass-loss mechanism and how it is affected by
fundamental differences within the stars. It is expected that L, r,4, and P are related to
mass, metallicity, and evolutionary phase. While the links between luminosity and initial
mass, and 7,4 and metallicity are more established (e.g., Blocker, 1995; Vassiliadis &
Wood, 1993), evidence for a link between pulsation period and evolutionary stage is still
unclear (Groenewegen et al., 2007; Sloan et al., 2012). As the stars progress through the
superwind stage, stellar pulsation will become stronger and slower. The expectation
is that the pulsation period may be able to give us an indication of the source’s stage
within the superwind phase. Each of these relationships will be discussed in the following

sections.

Mass (initial and current): The initial mass will have a dramatic impact on the
evolution of these stars. Dredge-up efficiency and hot-bottom burning will vary with
initial mass; thus, the C/O ratio of these stars will depend on the initial mass (e.g.,
Boothroyd, Sackmann & Wasserburg, 1995; Karakas, 2010). In terms of mass-loss, a

higher initial mass will allow the star to get to a higher luminosity before the onset of the
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superwind phase, thus resulting in a higher mass-loss rate. As these sources reach more
advanced stages within the superwind phase, their mass will decrease as their luminosity
remains the same. It is expected that a higher luminosity will result in a higher mass-loss
rate. In these stars, it is known that the dust-formation zone will depend on luminosity,
being farther away for more massive stars. Looking at the ratio of luminosity and current
mass (L/M), the higher luminosity RSGs (~ 200,000 L) and lower luminosity sources
(~ 50,000 Lg) have masses of around 20 and 5 M, respectively, and quite similar L/M
ratios. Assuming this ratio to be constant within the samples, the ratio of radiation flux
and gravity is expected to be independent of radius as both depend on radial distance as
r~2. The acceleration is determined by the difference between the radiation pressure and
gravity, which, at any given radius is larger for more massive (more luminous) stars
with the same L/M ratio. However, the wind is driven by dust grains which condense
at a distance where the dust grain equilibrium temperature matches the condensation
temperature. This happens at a certain photon flux, i.e. farther from a more luminous
star by a factor of R? = L, thus balancing out the larger difference between radiation
pressure and gravity at a given distance. But because the area through which the mass
flows also increases in proportion to R2, the total amount of mass flowing through the
area should increase accordingly, and thus, M o L. This does not however take into
account the complex episodic and clumpy dust formation. Also this requires that larger
stars have adequately high number densities at larger radii, which do scale roughly with
stellar radius.

As these sources lose mass in the superwind phase and remain at a constant
luminosity, L/M will increase, making it easier to drive the wind, whereas the decrease
in mass will drive a direct increase in P. The source will then evolve to longer pulsation
periods at a constant luminosity; it is expected that this is the case for the extreme
Galactic bulge sample. It is still unclear whether the simultaneous increase in pulsation
period affects the mass-loss. With longer and larger pulsations, as well as reduced gravity
at the surface of a larger star which has lost mass, this should allow stars to levitate
more material out to form dust and more easily drive mass-loss. It is expected that L/M

affects the mass-loss rate directly, and indirectly through changes in the pulsation period.
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However, at this stage, these relationships cannot be actually quantified.

Metallicity: Gas-to-dust ratios have been shown to scale inversely proportionally
with metallicity (van Loon, 2000), and thus, can be used to understand the effects of
metallicity. Metallicity will have a dramatic impact on the dust production of oxygen-rich
AGB and RSG stars as well as the chemical composition of the dust itself (Jones 2013).
Unlike carbon stars, these stars can not create the raw materials for dust production.
Past studies have shown that while nearby Galactic and Magellanic Cloud oxygen-rich
stars have similar total mass-loss rates at higher luminosities, the dust mass-loss rates
show a strong dependence on metallicity (Wood, Habing & McGregor, 1998; van Loon,
2000; Lagadec et al., 2008); this is consistent with these results.

Observations of Galactic and Magellanic Cloud carbon AGB stars have been
interpreted to show that the quantity of carbon dust produced in both environments is
the same. It has also been suggested that LMC carbon stars collectively produce more
dust than their oxygen-rich counterparts (Boyer et al., 2011; Matsuura, Woods & Owen,
2013; Sloan et al., 2016). It was suggested by Habing (1996) that carbon-rich LMC AGB
stars may have similar gas-to-dust ratios to those of Galactic samples. If this is the case,
it also stands to reason that they will have expansion velocities comparable to those of
the Galactic samples. However, van Loon et al. (2008) present evidence suggesting that
the effect of primary carbon may not be as large, which would mean that also Magellanic
carbon star winds are expected to be less dusty, and slower, than solar-metallicity carbon
stars.

It was predicted that AGB mass-loss would be dependent on metallicity as an
increase in dust optical depth may cause an increase in the number of absorbing and
scattering events of photons on dust grains and therefore an increase in the net driving
force of the dust-driven wind (Gail & Sedlmayr, 1986). While the dust content and
driving of the wind depend on metallicity, there is no evidence to suggest a metallicity
dependence on the mass-loss. It is expected that at lower metallicities, the mass is lost in

a slower denser outflow (as has been seen in the slower gas wind speeds) with the same
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net mass-loss efficiency.

Evolutionary phase: As the sources become more evolved and more extreme, the
strength and cycle length of stellar pulsations will increase. In theory the pulsation period
at a given luminosity can be used as a gauge of the stage within the superwind phase. As
mass decreases due to mass-loss, the pulsation period increases, and reduced gravity at
the surface leads to increased mass-loss. As the mass-loss ramps up, the gas-to-dust ratio
will also change. As the mass-loss in the sources has been found to be insensitive to
metallicity, this implies that the sources are in the superwind phase where they have
reached maximal dust formation efficiency.

Stellar pulsations can be affected by chemical differences in the star. The pulsation
amplitude of oxygen-rich AGB stars may be affected by metallicity as TiO absorption
is affected by metallicity, but it is unclear if the pulsation period will be affected by
changes in metallicity as it is determined deeper inside the star. The efficiency of the
dust formation will also vary with evolutionary phase which may leave some evolved
stars like Betelgeuse with little dust van Loon (2013). However, this source has not
entered its superwind phase and would be incompatible with the newly derived mass-loss
prescription.

This work has resulted in a new mass-loss prescription derived using several stellar
samples selected in the superwind stage of mass-loss. The Galactic RSG sample has
also been included for comparison, as these sources seem to follow a similar mass-loss
mechanism. However, this sample contains sources not within the superwind phase, and
the prescription may not be able to provide a realistic estimation of the mass-loss rate of
these sources. In Fig. 5.10, the Nieuwenhuijzen and de Jager prescription fits the bulk
of the RSG sample much better. Two of these sources, VY CMa and NML Cyg with
mass-loss rates of 5.4 x 107> and 1.4 x 1075 Mg, yr~!, respectively, fit well within the
other samples. It is surprising that, given VY CMa shows silicate in emission rather
than absorption (Harwit et al., 2001), this source would show such a high mass-loss rate

compared to the rest of the sample. However, these sources have some of the highest
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luminosities and the lowest effective temperatures of the RSG sample, and may thus be
comparable to the sample, whereas the remaining RSGs may be at an early evolutionary
stage. A similar gap in mass-loss rates of LMC RSGs of the order of 2 magnitudes or a
factor of 100 has been found in the past by van Loon et al. (1999). It should be noted
that these types of sources also evolved rapidly with significant changes in mass loss as
has been seen in VY CMa in the past century (Decin et al., 2006). It appears that at

least within RSGs another parameter is affecting the mass-loss.

5.6 LMC Conclusions

The recent results from a survey of 1612-MHz OH maser emission in the LMC have
been presented. Four new sources have been discovered and the number of reliable wind
speeds has been increased from five to thirteen. The expansion velocities derived from
the maser sources fit well with the updated relation for dust-driven winds. A method
of deriving gas-to-dust ratios of OH/IR stars has also been developed using modelled
spectral energy distributions and scaling the results with the expansion velocities derived
from maser observations. Furthermore these new results have been used to develop an
empirical mass-loss prescription that includes the effects of metallicity and luminosity.
The results show a correlation of mass-loss rate with pulsation period, with an even
tighter correlation between mass-loss rate and luminosity. A clear link is seen between
expansion velocity and gas-to-dust ratio, yet the gas-to-dust ratio has little effect on
the mass loss of AGB stars and RSGs. This suggests that mass-loss rate is (nearly)

independent of metallicity between a half and twice solar within the superwind phase.
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6 Extending to lower metallicity environ-
ments’

6.1 The SMC

As opposed to the LMC at 50 kpc, the SMC lies further at 60 kpc (Feast, 2013; Szewczyk
et al., 2009). The SMC also has a much less desirable inclination angle at 62° as opposed
to the LMC’s more face-on angle between 23 and 37° (Subramanian & Subramaniam,
2009, 2010, 2011). As was discussed in §1.7.2; the Magellanic Clouds have very different
SFHs. And the SMC is much smaller in size with a diameter around half that of the
LMC. Despite these facts, the SMC has an average metallicity of around [Fe/H] = —0.68
dex (Luck et al., 1998), which corresponds to one fifth solar metallicity and presents
us with a suitable nearby environment to further test the effects of metallicity on the

circumstellar environment of evolved stars.

6.1.1 Previous searches for oxygen-rich dusty stars in the

SMC

Two OH maser studies have targeted SMC circumstellar OH maser emission in the past
(discussed further in Appendix D). The deepest observation resulted in a noise level
~ 8 mJy. The Infrared Astronomical Satellite (IRAS; Neugebauer et al., 1984), the
Midcourse Space Experiment (MSX; Price et al., 2001), The Two-Micron All-Sky Survey
(2MASS) and more recently the Spitzer Space Telescope (Werner et al., 2004) have
revealed large samples of AGB and RSG stars in the SMC (Wood et al., 1992; Boyer
et al., 2011; Kraemer et al., 2017). However the search for deeply embedded sources

9The following chapter is based on submitted work entitled ‘A dearth of OH/IR stars in the
Small Magellanic Cloud’; Goldman S. R., van Loon J. Th., Goméz J. F., Green J. A., Zijlstra A.
A. Nanni A., Imai H., Whitelock P. A., Groenewegen M. A. T. and Oliveira J. M. 2017, arXiv:1710.02184.

All work was conducted by myself.
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continues. Based on MSX and 2MASS data, the IR-bright sample from the MSX survey
was expected to be composed of one-third carbon stars and one-half OH/IR stars in the
SMC. Instead, two-thirds of the sample were found to be carbon stars and no OH/IR
stars were detected, with the remaining third composed of RSGs, post-AGB stars, YSOs,
PN, and oxygen-rich stars without significant dust. .

Other recent searches have discovered a few candidate OH/IR stars, some of which
have been observed in the IR (Jones et al., 2015; Kraemer et al., 2017), and some at
radio frequency, but only a few deeply embedded evolved stars like those within the
LMC or the galaxy, either carbon- or oxygen-rich, have been found in the SMC (van
Loon, Marshall & Zijlstra, 2005; van Loon et al., 2008; Lagadec et al., 2007). It is not a
requirement for OH/IR stars to have a high self-extinction, but as the maser luminosity
is dependent on the dust, the most luminous maser sources are expected to.

As was noted by Ventura et al. (2016), the most obscured carbon stars in the
LMC and SMC have initial masses of 2.5 — 3 Mg and ~ 1.5 Mg, respectively, as a
result of different SFHs. This has lead to a difference in initial stellar masses in their
Thermally-Pulsing AGB (TPAGB) phase in the Magellanic Clouds.

Moving to the higher mass stars, previous searches have found a small sample
of dusty RSGs in the SMC, but they are not obscured to the same degree as the OH
maser-emitting LMC RSGs (Bonanos et al., 2010). They are both warmer and less dusty
than the massive O-rich OH maser-emitting AGB stars and RSGs (called OH/IR stars)
in the LMC and the Galaxy. While these stars are few, the results of the Surveying the
Agents of Galaxy Evolution in the tidally stripped, low metallicity Small Magellanic
Cloud (SAGE-SMC) survey (Gordon et al., 2011) suggest that the small known sample
of dusty RSGs within the Magellanic Clouds contributes more dust than the entire
sample of optically bright RSGs (Bonanos et al., 2010). Hence it is critically important
to obtain measurements of the expansion velocities of these sources to constrain current

wind-driving models.
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6.2 Description of the Sample

Past observations have succeeded in detecting interstellar OH maser emission in the SMC
(Breen et al., 2013), but have failed to detect circumstellar OH maser emission (van Loon,
2012). Luminous evolved stars have been targeted to investigate and scrutinize the most
promising candidates for circumstellar maser emission to date (Table 6.1). The targets
were chosen based on results from Elias, Frogel & Humphreys (1980, 1985); Whitelock
et al. (1989); Groenewegen & Blommaert (1998), as well as pulsation periods newly
derived from the Optical Gravitational Lensing Experiment (OGLE) (Soszyniski et al.,
2011).

The observations include four sources targeted for being dusty evolved oxygen-rich
sources with the Parkes radio telescope as well as an ATCA survey with four fields
spread across the SMC. With Parkes four of the best candidates for OH maser emission
in the SMC have been targeted. With the ATCA’s FWHM primary beam at 1612 MHz
of 29’, a significant portion of the SMC bar region has been surveyed (Fig. 6.1). Spectra
for seven sources have been obtained that are known to be mid—late M-type oxygen-rich
sources, one source that is likely to be oxygen-rich (MSX SMC 018), and four sources
that are likely carbon stars.

Detectable maser emission was expected in several of the observed sources. The
1612-MHz maser is pumped by IR radiation at 35 um with a typical efficiency of 23%
(discussed further in §6.4). Simplistically assuming this efficiency, the maser flux of
the targeted source IRAS 00483—7347 should be over 19 times the noise level of the

observation.

6.2.1 Observations

Radial velocities mentioned in this paper are in a barycentric reference frame. The
systemic radial velocity of the SMC is ~ 146 km s~! but radial velocities of stars and gas
within the SMC vary by about £50 km s™! around this value (Hatzidimitriou et al.,
1997; Stanimirovic et al., 1999).
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Figure 6.1: The Spitzer MIPS 24 pym image of the SMC overlaid with the full width at
half-maximum (FWHM) of the primary beam at 1612 MHz of the ATCA interferometric
observations (shown in blue) and Parkes single-dish observations (shown in red).
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Table 6.2: Results of OH maser searches in the Small Magellanic Cloud. Values for the rms are
taken from displayed spectra for Parkes, and calculated over the region of the three-dimensional
datacube of which the spectrum was extracted for ATCA.

On-source
Target name ( JSOAOO) ( Egg]) Integration (;n;s)
time (h) Y
Parkes observations
IRAS 00483—7347 00h 50m 09s —73°31’29" 58.8 3.7
IRASF00486—7308 00h 50m 31s —72°51"30" 31.1 4.5
IRAS 00591—-7307 01h 00m 48s —72°51' 02" 10.0 7.7
TIRAS01074—7140 01h 09m 02s —71°24"10" 61.9 3.4
ATCA observations
SMC North 01h 03m 60s —72°01" 00" 11.4 8
SMC Centre 00h 59m 00s —72°10’ 60" 10.0 9
BMB-B75 00h 52m 13s —73°08 53" 11.2 10
SMC South 00h 48m 60s —73°25 60" 8.4 9

Parkes observations

The following section will describe archival (reprocessed) Parkes observations taken in
2003 from August 18 to 20 (Marshall et al., 2004), and new observations taken in 2005
from July 7 to 13 and August 13 to 19, observing the 1612-MHz OH satellite line (Project
P433; PI: Jacco van Loon). With the multibeam receiver and multibeam correlator, a
dual polarization setup was used with 8-MHz bandwidth and 8192 channels yielding a
0.18 km s™! channel™ velocity resolution; the observations used a frequency-switching
calibration technique with a switching frequency of 0.5 MHz (93 km s at 1612 MHz)
and a 14" beam. IRAS 00591—7307 was observed in 2003, IRAS F00486—7308 and IRAS
01074—7140 in 2005, and IRAS 00483—7347 in both epochs.

ATCA observations

The data were taken in 2012 between January 1 and January 5 (C2521; PI: Jacco van
Loon), and in 2015 on June 12 (C2996; PI: Goldman). Four observations of varying
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integration times between 8 and 11 hours were done for each targeted region (displayed
in Table 6.2). The observations were done with the CFB 1M-0.5k correlator configuration
with zoom-bands (Wilson et al., 2011) and the 6A array configuration, and observed all
four OH maser transitions at 18 cm (1612, 1665, 1667, and 1720 MHz). The bandwidth
used was 1 MHz, corresponding to zoom-band velocity widths of > 340 km s™!, and the
FWHM of the primary beam of ATCA at 1612 MHz is 29". Three of the observations were
blind maser searches that targeted two star formation regions in the north and another
in the south (Fig. 6.1). These observations used PKS 1934-638 and PKS 0823-500 as flux
and bandpass calibrators and PKS 2353-686 and PKS 0230-790 as secondary calibrators.
The fourth observation targeted the region covering the evolved star BMB-B75 toward
the southern SMC field and used PKS 1934-638 as a bandpass and a flux calibrator and
PKS J0047-7530 as a secondary calibrator.

6.2.2 Data reduction

Parkes data reduction

Using the cASA ASAP toolkit (McMullin et al., 2007), spectra were extracted for each of
the four targeted sources. Employing a frequency-switching calibration, out-of-band scans
were subtracted to ensure a flat baseline. The spectra of IRAS 00483—7347, synthesised
from a combination of both epochs, and those of the remaining targets are displayed and
discussed in §6.3. The resulting spectra were resampled to a resolution of 0.5 km s~
This was done to mitigate large spikes from RFI while preserving adequate spectral

resolution.

ATCA data reduction

The ATCA data were inspected, flagged, and calibrated using MIRIAD (Sault, Teuben
& Wright, 1995). The visibility data were then transformed into three-dimensional
data cubes, weighting the visibilities naturally. The source-finding package DUCHAMP
(Whiting, 2012) was used to search for maser sources within the FWHM of each of the



6.3 Results 141

fields. For the resulting peaks, the intended targets, and any other potential targets from
Boyer et al. (2011), Riebel et al. (2012), or SIMBAD, a spectrum was extracted for a
region the size of the synthesized beam (~ 7”). All overlapping fields were mosaicked,
and DUCHAMP was used to search within the ATCA’s FWHM primary beam, centred
between the mosaicked fields. The resulting spectra were resampled to a resolution of 0.5

1

km s™*, as was done with the Parkes spectra.

6.3 Results

The targeted and blind maser searches within the SMC have yielded no clear OH maser
emission. This is the case for the 1612-MHz OH observations (Fig. 6.2), as well as the
1665-, 1667-, and 1720-MHz OH maser observations; all OH mainline observations are
shown in Appendix C. The average sensitivities of the 1612-MHz observations are listed
in Table 6.2. There are several peaks within the targets’” OH maser spectra that may in
fact be maser emission, but have low signal-to-noise ratios, most of which are below 3o.
While seemingly unsuccessful, these observations have in fact given us valuable upper
limits. In the following sections new limits will be employed to draw conclusions about
the SMC, its OH/IR population, and what can be predicted for future maser searches.

The H1 column density has shown to be a good indicator of the likely systemic
velocities of the sources. In addition to the Parkes and ATCA observations, 1420-MHz
H1 data from the combined ATCA and Parkes multibeam H1 maps (Stanimirovic et al.,
1999) has also been included. The survey covers an area of 20 square degrees with a

1 a velocity range from ~ 90 — 215 km s™!, and an

velocity resolution of 1.6 km s~
angular resolution of 98” (FWHM). For each source in the SMC sample, a spectrum
was extracted using a 1’ region centred on the sources. The resulting spectra have been
plotted below each maser spectra. While some of the sources lie outside these H1 regions,
they provide supporting evidence for sources which lie in higher density regions of the
SMC. No indication of maser emission has been found within any of the observations,

but each will be discussed in turn remarking on interesting peaks in the spectra to aid in
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future maser searches.

Parkes targets

The four Parkes targets are IRAS 00483—7347, IRAS F00486—7308, IRAS 00591—7307,
and IRAS 01074—7140. All of these sources have characteristics typical of OH maser
sources (Table 6.1) and show 10 um silicate features in emission, confirming they are
oxygen-rich (Groenewegen et al., 1995; Lebouteiller et al., 2011). TRAS 00483—7347 is
the best candidate for OH maser emission with an expected mass of 6 — 7 Mg, (Dell’Agli
et al., 2015), and has been found to be the most massive HBB AGB star in the SMC
from its large Rb enhancement (Garcia-Hernandez et al., 2009). It has been suggested to
be a strong candidate for a super-AGB star (Groenewegen et al., 2009), which should not
affect the maser emission, but may explain its peculiarity among the other SMC targets.
IRAS F00486—7308 has shown strong molecular bands around 3 pm, indicative of an
advanced evolutionary stage where the star is cooler with stronger pulsations capable
of extending the molecular atmosphere (van Loon et al., 2008). IRAS 01074—7140 is
very bright in the IR (Fyy = 0.4 Jy) but does not have a particularly reddened colour or
long pulsation period. This source has also shown to be Li-enhanced, indicative of HBB
(Whitelock et al., 1989; Smith et al., 1995).

Within the sources’ 1612-MHz spectra there is no clear indication of OH maser
emission, but several interesting peaks are present in the spectra. In the OH observation
of IRAS 00591—7307 a small increase in flux is seen around 132 km s~! which may
indicate maser emission. While the integrated flux over this peak is above 20, further
observations will be needed to confirm this. In the spectrum of IRAS 01074—7140 there

! which is a result of off-scan RFI subtracted in the

is a large negative spike at 237 km s~
frequency-switching baseline subtraction, but also shows several small peaks at 180 and
200 km s~!, with flux densities above 20. These potential features again are mentioned

to aid further investigation.
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Figure 6.2: OH 1612-MHz maser observations of the SMC targets resampled to a velocity

resolution of 0.5 km s~1

. Below the maser spectra (flux density in mJy) are H1 spectra

(flux density in Jy) to indicate the likely systemic velocity of the source. Also shown are
measured systemic velocities (Vgys) for IRAS F00486—7308 and OGLE SMC-LPV-15504 from
Gonzalez-Fernandez et al. (2015) and Massey & Olsen (2003), respectively; areas of Radio
Frequency Interference (RFI) are also indicated.
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ATCA sources

With the ATCA survey of the SMC, spectra have been obtained for eight sources that have
been considered good maser candidates. Four of these sources (OGLE SMC-LPV-15504,
HV 12149, BMB-B75, and MSX SMC 018) have shown 10 um silicate features in emission.
OGLE SMC-LPV-15504 has a known systemic velocity of 176.8 & 0.3 km s™! (Massey &
Olsen, 2003) from spectroscopic observations of the Ca 11 triplet, which greatly simplifies
the search in velocity space. HV 12149 has an initial mass of around 4 — 5 Mg, and
is likely to have just initiated HBB (Gonzélez-Fernandez et al., 2015; Dell’Agli et al.,
2015; Slemer et al., 2017). This source is unique with its late spectral type yet bright
K-band flux of My = 8.6 mag (Cutri et al., 2003), typical of a RSG. After observing
BMB-B75, Jones et al. (2015) found that the far-IR emission detected by Herschel was
due to a spatially coincident galaxy. The mid-IR IRS spectrum of the source shows
red-shifted (z ~ 0.16) emission peaks of Polycyclic Aromatic Hydrocarbons (PAHs) at 6.3
and 11.3 ym and Ne 111 at 12.8 and 15.5 pm from the background galaxy (Lebouteiller
et al., 2011; Kraemer et al., 2017), but the silicate emission detected from the source
appears unaffected. This source has also been found to have 6 cm continuum (Wong
et al., 2012), emission likely emanating from the background galaxy. MSX SMC 018 was
categorised as an M-type star by van Loon et al. (2008) who used 3—4 pm spectra for
classification, after which a spectral type of M7 was determined by Groenewegen et al.
(2009). The source shows deep TiO bands, characteristic of oxygen-rich evolved AGB (as
opposed to RSG) stars, and weak crystalline silicate features (Kraemer et al., 2017). The
remaining four sources, 2MASS J01033142—7214072, OGLE SMC-LPV-14322, 2MASS
J00592646—7223417, and OGLE J004942.72—730220.4, are evolved AGB stars within
the observed fields that are likely to be carbon stars (discussed in in §6.4).

Within the spectrum of HV 12149 a possible maser peak is seen at 132.5 km s+
that, even though not sharp, shows significant flux over a number of channels (above 20).

! which may

The peak lies near in velocity to a negative spike in flux at 125.5 km s~
indicate a frequency range compromised by RFI. The spectrum of BMB-B75 shows two

peaks at 162.7 and 193.8 km s~!, below 20 but with significant flux over several channels,
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that if attributed to maser emission, would indicate an expansion velocity of 15.6 km
s~1. Also visible is a small peak in the 1665-MHz spectrum within this velocity range
(see Appendix C). This value is much higher than the value of ~ 3 km s™! predicted
for these lower metallicity sources using the newly derived expansion velocity relation
(Eq. 5.1). A negative spike at 149 km s™! is also seen within the spectrum. This is close
to the systemic velocity of 145.6 km s™' measured for the SMC (McConnachie, 2012)
and may indicate interstellar OH absorption. The MSX SMC 018 spectrum has two
interesting peaks around this velocity at 153.7 and 149.8 km s~! also near in velocity to
the expected systemic velocity of the SMC. A number of interesting spikes in the spectra

have been discussed again not to claim detection, but to aid future maser searches.

6.4 Discussion

6.4.1 A dearth of OH masers in the SMC

In trying to understand the lack of maser emission in any of the SMC candidates it is
important to first look at the most promising SMC target for maser emission, IRAS
00483—7347. This observation had a 59-hour integration and targets the most luminous
SMC candidate. It is possible that the source is uniquely void of maser emission. However,
assuming the source is a maser-emitting source, the observation should be able to detect
maser emission with a Fss-to-Fon pumping efficiency down to 3.6%, given the source’s
predicted F35 (Calculated from the best-fit DUSTY model; described in §6.4.5), and the
noise level of the observation. Within the rest of the sample of targeted SMC sources, it
is expected that a number of sources should also show OH maser emission. The sample
includes oxygen-rich sources slightly less luminous, reddened, and cool, compared to the
LMC OH masing sources. In Figure 6.3 it is shown that the SMC sources are typically less
reddened at a given luminosity as opposed to the LMC sources, with IRAS 00483 —7347
again being the exception. Also included in the figure are PARSEC-COLIBRI stellar

isochrones and evolutionary tracks (Marigo et al., 2017) for different stellar ages that
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correspond to 2, 4, and 5 solar-mass sources for both Magellanic Cloud metallicities®.
The point within each evolutionary track where the carbon-to-oxygen ratio becomes
greater than one is also marked. Several of the SMC sources lie upon the 5 M, SMC track,
where the C/O ratio is still less than 1. These sources have also all been spectroscopically
confirmed to be oxygen-rich. Four lower-luminosity sources lie between 2 and 4 M,
at the SMC metallicity indicating that they are likely carbon stars. Only evolutionary
tracks for the lower mass regime are shown as the paths of higher mass evolutionary
track on the HR diagram are more to difficult model and constrain.

Using the maser efficiency distribution from past maser detections and the noise
levels of each targeted SMC observation, a bootstrapping method has been used to
predict the likelihood of achieving a maser-pumping efficiency that would result in a 30
level detection (Table 6.3). By replacing each SMC target with a randomly selected
maser efficiency from the Galactic and LMC samples described in previous chapters with
one million iterations, the collective probability of not achieving this level in any of the
four targeted observation has been calculated to be 0.19%. This suggests that there is
likely an underlying reason for the lack of maser emission in the SMC.

The expected SMC maser peak distribution has also been determined using the
LMC OH/IR the maser flux peak distribution (Fig. 6.4). The LMC maser spectra have

! resolution to match the SMC spectra. The cumulative

been resampled to 0.5 km s~
density of the peak flux densities of the resulting spectra have been used to estimate the
SMC peak maser flux densities. The flux densities have been scaled by 40% for distance,
assuming distances of 50 and 60 kpc to the LMC (Feast, 2013) and SMC (Szewczyk
et al., 2009), respectively. Assuming the sources are optically thick, the maser emission
should depend only on the Fj5 as this value takes metallicity into account. If this is
not the case, then the emission will depend on the OH abundance which should scale

with metallicity. To compensate for this potential effect all LMC peak flux densities
have been scaled down by an additional 40% for the difference in metallicity. The plot

10 Ages correspond to listed mass and metallicity from the Bressan et al. (2012) PARSEC evolutionary
tracks.
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Figure 6.3: The luminosity as a function of J — K colour for the samples in the SMC and LMC.
Also shown are PARSEC-COLIBRI stellar evolutionary track (Marigo et al., 2017) corresponding
to 2, 4, and 5 solar mass stars in their TPAGB phase for both the LMC and SMC metallicities;
also marked on the evolutionary track are the points at which the carbon-to-oxygen ratio is
greater than one.
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Figure 6.4: The cumulative expected maser peak flux distribution of the SMC sample using
the detected LMC maser peak sample and scaling fluxes down by 40% for distance and another
40% for metallicity. Also shown are the typical sensitivities at different significance levels of a
10 hour integration with ATCA (1o ~ 8.8 mJy).

shows that 12 sources with peak maser flux densities above the typical noise level of the
ATCA observations are expected, as well as 6 sources with peak flux densities above
30. However, this does not account for the difference in SFH in the Magellanic Clouds
(see §1.7.2). Using values for the star formation rate for the evolution time of 5 — 6 Mg
stars (100 Myr) of 3 Mg yr~! and 0.75 Mg, yr~! for the LMC and SMC, respectively
(Harris & Zaritsky, 2004, 2009), the observations should have detected one fourth of the
sources found in the LMC. This gives us an expected detectable maser population of

1 — 2 sources above 30, whereas none were detect.
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6.4.2 OH/IR populations in the Magellanic Clouds

Carbon/Oxygen abundance

The SMC hosts a smaller population of evolved AGB stars than the LMC, and has a
higher fraction of carbon-rich evolved AGB stars or carbon stars (Boyer et al., 2011). It
has also been observed that evolved AGB stars and RSGs in the SMC have less dust
than their LMC counterparts (van Loon, 2000, 2006; van Loon et al., 2008; Bonanos
et al., 2010). There are a number of possible explanations for the smaller population of
oxygen-rich evolved stars in the SMC, four of which have been proposed by van Loon
et al. (2008). The first possibility is that oxygen-rich dust grains are more transparent
at near-IR wavelengths, which coupled with a smaller dust content in the SMC, have
left few obscured oxygen-rich sources. The second possibility is that higher luminosity
oxygen-rich sources, which have undergone Hot-Bottom Burning (HBB), are extended,
resulting in more diffuse dust. A third possibility is that the size of the SMC, the initial
mass function, and the rapid evolution of higher-mass sources, have left few in this
evolutionary phase. A final possibility is that as carbon stars form at lower masses within
the Magellanic Clouds (Marigo, Girardi & Bressan, 1999), this has resulted in fewer

observable lower-mass oxygen-rich sources.

Warmer evolved red supergiants

For RSGs, studies have shown that while values for T.g and M), show agreement between
Galactic and LMC sources, sources within the SMC show a much larger spread in T.g for
a given M, (Levesque et al., 2006). This is expected as a result of the enhanced effects
of rotational mixing at lower metallicity (Maeder & Meynet, 2001). In addition to a
larger spread in T.g, lower metallicity RSGs have been shown to have earlier spectral
types (Elias, Frogel & Humphreys, 1985; Massey & Olsen, 2003). The expectation is that
as spectral types are dependent on Titanium oxide (TiO) bands, and lower metallicity
stars will have a lower abundance of TiO, this would result in lower metallicity sources

being categorised as earlier spectral types. At the same time, lower metallicity RSGs have
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also been found to have warmer median T.g (Levesque et al., 2005, 2006, 2009; Massey
et al., 2007). As a decrease in the abundance of heavy elements results in a decrease
in opacity, and an increase in a star’s surface brightness, this results in warmer RSGs
at lower metallicity (Levesque, 2013). This would suggest fewer late-type RSGs exist
within lower metallicity environments. Yet, observations have shown small populations of
late-type RSGs in these lower metallicity environments (Groenewegen & Blommaert,

1998; Massey et al., 2007; Levesque et al., 2007; Bonanos et al., 2010).

6.4.3 Isolating the OH/IR sample

Photometry from the Spitzer SAGE-SMC catalogue has been employed to determine the
number of sources within the Magellanic Clouds that are capable of OH maser emission
(Gordon et al., 2011; Boyer et al., 2011); this photometric data has also been compared
to the SAGE-LMC photometry (Blum et al., 2006; Meixner et al., 2006; Bonanos et al.,
2009, 2010; Srinivasan et al., 2009; van Loon et al., 2010).

The sources within the LMC circumstellar maser sample were primarily categorized
as Far Infrared Objects (FIR) by Boyer et al. (2011) except for IRAS 05280—6910 which
was designated as an extreme or x-AGB star (however Boyer et al. (2010) showed that
the source is bright at far-IR wavelengths), and IRAS 04553—6825, IRAS 05003—6712,
and TRAS 055587000, which were not included in the catalogue. In the past, colour-
magnitude diagrams (CMDs) have been used to separate different stellar populations
within the Magellanic Clouds (Woods et al., 2011). Plotting mid-IR colours against
mid-IR flux densities, the red supergiants and massive AGB stars create a distinct branch.
Looking at the Spitzer IRAC [3.6]—[8.0] colour against the [24] flux density for the LMC
OH/IR sample, the sources occupy a similar high position (or “masing zone”) on one of
these branches (Fig. 6.5). Two CMDs are shown, one with SAGE-LMC sources that fall
within the ATCA and Parkes fields (left) and one with sources that do not (right). This
is done to get an overall idea of the fraction of potential maser sources that have not
been covered by the maser survey. This has been done also for the sources in the SMC

(Fig. 6.6).
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Within the LMC sample, there are two sources in the observed fields that have
been identified as AGB stars and lie within the LMC masing zone, but do not exhibit
circumstellar maser emission. Within the observed fields are the sources MSX LMC
1210 and MSX LMC 1207, sources that do not exhibit maser emission. The first source,
MSX LMC 1210, with a J — K colour of 2.94 mag, is bright at mid-IR (F54 = 387 mJy),
and has a pulsation period of 1050 d (Soszynski et al., 2009). The second source, IRAS
05287—6910, is also bright in the mid-IR (Fyu=1.1 Jy), exhibits silicate in emission
(Lebouteiller et al., 2011), and lies in the cluster NGC 1994 (van Loon, Marshall &
Zijlstra, 2005). The cluster has an age of 11.5 Myr (Elson & Fall, 1988) and a metallicity
of 0.58 Ze(Oliva & Origlia, 1998).

Within the masing zone of sources not within the LMC fields are three blue
supergiants, three young stellar objects, four emission line stars, two carbon stars, a
planetary nebula, and two sources that would be good targets for OH maser emission.
The first source, IRAS 04523—7043, has a 24 pm flux density of 3.59 mag, and a pulsation
period of 890 d (Soszyniski et al., 2009). The second source, 2MASS J05241334—6829587,
has a 24 pm flux density of 2.58, a J — K colour of 3.2 mag, a pulsation period of 899
days (Spano et al., 2011).

Within the observed SMC fields, there are three target sources that lie within the
scaled LMC masing zone in the CMD: TRAS 00483—7347, IRAS 01074—7140, and MSX
SMC 018 (Fig. 6.6). To the right of the region are several young stellar objects and
emission line stars (Sewilo et al., 2013). There are also two sources that do not lie in
any of the observed fields, IRAS 00350—7436 and IRAS 00337—7409 (HD 3407) within
this same masing region. IRAS 00350—7436 has been found to be the most luminous
carbon-rich object in the SMC (Whitelock et al., 1989; Srinivasan et al., 2016). In the
past the source has been categorized as a carbon star (Ruffle et al., 2015), a post-AGB
star (Matsuura et al., 2005) and an interacting binary star (Whitelock et al., 1989). The
second source, IRAS 00337—7409, is a foreground star with a radial velocity of 58 km s~!
(Florsch, 1972). No other sources within the SAGE-SMC survey lie within the masing
zone as defined by the LMC OH/IR sources. This insures that all SMC sources that

would be expected to exhibit circumstellar OH maser emission at the current detection
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thresholds have been surveyed. Also shown in the figure is the Thorne-Zytkow Object
candidate star HV 2112 (Levesque et al., 2014; Tout et al., 2014). These stars, while yet
to be confirmed observationally, are thought to be red giants or supergiants with neutron
stars at their cores. Alternatively, it has been suggested it could be a super-AGB star
(Wood, Bessell & Fox, 1983; Smith & Lambert, 1990; Tout et al., 2014), or even a Galactic
foreground S-type star (Maccarone & de Mink, 2016), though its SMC membership seems
secure on the basis of the radial velocity of vp.q = 150 km s™! (Gonzdlez-Ferndndez et al.,
2015) and proper motion (Worley et al., 2016). The position of this source suggests it is

not particularly reddened or luminous at 24 pm compared to the other SMC targets.

6.4.4 Maser strength

Now that the expectation of maser detections has been established, the aim will be to
understand their absence. Several conditions must be met in order to produce circumstellar
OH maser emission. First, as the transition is a population inversion, a dense population
of OH with number densities typically 10'? — 10 m~3 is required (Cohen, 1989). The
masing environment must have a sufficiently long path length to provide the high column
density, needed to amplify the maser (Gray, Howe & Lewis, 2005). Masers can also only
occur in a certain radius range of the parent star. If masers occur inside a radius of
around several hundred astronomical units (au) from the star, densities are so high that
collisional pumping rapidly increases and “quenches” the maser. Outside a few thousand
au, lower densities are not enough to sustain the pump rate (Elitzur, 1992; Vlemmings
et al., 2006). In addition to having a suitable masing environment, significant IR flux
must be present to pump the maser. It is possible that circumstellar environments in the

SMC do not adhere to these conditions.

OH abundance

Within oxygen-rich evolved stars, the abundant oxygen allows for the formation of a

variety of minerals, CO, and a significant amount of water. A smaller fraction of water
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has been found around carbon stars (Melnick et al., 2001; Decin et al., 2010) likely a
result of sublimating comets or the Fischer-Tropsch catalysis mechanism which converts
CO and Hj into hydrocarbons and water using iron as a catalyst (Willacy, 2004). In
oxygen-rich stars water molecules are transported by stellar pulsation shocks, and the
dust-driven wind, out to typical distances of 20 — 80 au (e.g. Sudou et al., 2002, and
references therein). This water is then photodissociated by interstellar UV radiation,
creating OH. The abundance of OH will depend on the initial abundance of water but
also the efficiency of converting water into OH, i.e. the penetrating strength of the UV
radiation within the circumstellar envelope (Lequeux et al., 1994).

The observations and modeling of the conditions in metal-poor dwarf galaxies
and nearby globular clusters indicate a much stronger radiation field and more porous
molecular gas in lower metallicity environments (Madden et al., 2006; McDonald et al.,
2015; McDonald & Zijlstra, 2015; Ward et al., 2017). With more ionized hydrogen and
less interstellar dust, the expectation is that the lower opacity will have an impact on
chemical abundances in circumstellar environments. This may also be the case with the
SMC sources, yet several LMC sources that also lie within clusters (e.g. IRAS 05280—6910
and IRAS 05298—6957) seem unaffected by their cluster environment (van Loon et al.,
2001b; van Loon, Marshall & Zijlstra, 2005; Wood et al., 1992).

The source of OH in evolved stars is water, and understanding the abundance
of water may lead to a better understanding of the abundance of OH. Past surveys
have targeted 22-GHz water maser emission in the SMC (Breen et al., 2013), and while
interstellar maser emission has been detected in star forming regions, no circumstellar
maser emission has been confirmed. All of the brightest SMC target sources (IRAS
00483—17347, IRAS F00486—7308, IRAS 005917307, IRAS 01074—7140, BMB-B75,
and MSX SMC 018) have shown water in absorption at ~ 3 pum (van Loon et al.,
2008). It was suggested that this may be indicative of an advanced evolutionary stage,
yet they also note that the comparison LMC sample does not show strong absorption
from these molecular bands. They go on to suggest that it may be possible that less
of the water molecules are being locked up in dust or that the population of water

molecules may be closer to the stellar surface, increasing the column density as well
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as the excitation temperature. This result may hint at a potential difference in the
circumstellar environments of the LMC and SMC OH/IR samples. However, the lack of
OH maser emission in these sources is not due to a lack of water within their circumstellar
environments. A deep survey for water maser emission in the top maser candidates may
provide a better opportunity to observe circumstellar maser emission in the SMC.

It is highly possible that a denser circumstellar wind will result in a higher water
column density. This higher density would create a more extended water masing region
and result in a higher water maser flux density. With water closer to the star, it is less
susceptible to external forces like interstellar UV radiation that convert water to OH.
Also unlike 1612-MHz OH maser emission, water masers are pumped by both radiation
and collisions with Hy molecules (Babkovskaia & Poutanen, 2006). It is possible that
the relative strengths of the maser pumping mechanisms may differ at lower metallicity.
With less dust, and as a result lower mid-IR flux, collisional pumping may be more
effective at lower metallicity. These facts have led us to the conclusion that the chances

of detection within our SMC sample may favour water over OH masers.

Maser pumping

The 1612-MHz maser is a product of a population inversion that results from the pumping
by infrared photons of a transition at 35 pm. As a result, the strength of maser emission
will depend on the dominant source of IR emission, circumstellar dust. The theoretical
maximum pumping efficiency for the 1612-MHz maser transition is 25% (Elitzur, 1992).
This assumes the maser is saturated and the maser emission is isotropic. However, results
from He et al. (2005) have shown stars with pump rates as low as 0.05, 1/5 of this value.
Within the LMC and Galactic samples a large spread in the pumping efficiency is seen
that extends far above this theoretical maximum with a median maser efficiency of
23% (Fig. 6.7). It is expected that as the radio and IR measurements were taken at
different times, and these sources are highly variable, this has contributed to the large
scatter. The median maser efficiencies for the Galactic Centre, Galactic bulge and LMC

OH/IR samples from previous chapters have been calculated as 34.8%, 10.5%, and 38.5%,
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respectively (see below). It should be noted that these are derived from spectra spanning

! which will introduce some

a range of velocity resolutions between ~ 0.5 — 1.5 km s~
uncertainty. The much lower maser efficiency in the Galactic Bulge sample is surprising
as SED fitting has found typically lower gas-to-dust ratio, and dramatically higher optical
depth in dust emission than in the Galactic Centre and LMC samples (Table 7.3). This
implies a larger supply of IR photons per OH molecule in the Galactic Bulge sources, yet
a lower maser efficiency is seen.

Figure 6.7 shows the relationship of maser efficiencies and luminosities of the
OH/IR samples. The predicted 35 pm fluxes are from the best-fit DUSTY model of the
sources (further explained in §6.4.5). The OH maser fluxes (Fon) are the integrated flux
of both maser peaks combined for the Galactic samples from Engels & Bunzel (2015),
and LMC sample from Chapter 3. Also shown in this figure, are the upper limits of
the maser efficiency of the SMC non-detections, as well as the two sources that are
here considered the best maser candidates: IRAS 00483—7347 and IRAS 01074—7104,
calculated using the ratio of the predicted 35 pm fluxes from the best-fit DUSTY model
of the sources (further explained §6.4.5) and three times the noise level. The two best
maser candidates are clearly below the expected maser efficiencies of other sources of
comparable luminosities except for the unique LMC RSG TRAS 05280—6910, which is
suspected to exhibit a unique geometry (Goldman et al., 2017). This again suggests
that, while not the case in the LMC, the lower metallicity of the SMC may be a critical
factor in determining the presence of maser emission. These pumping efficiencies are
comparable to those found in He et al. (2005), yet the values have been expressed in
terms of the peak intensity and not photon flux, and the comparative analysis between

the Galaxy and the Magellanic Clouds.

OH column density

The minimum OH column density required to pump the 1612-MHz OH maser is around
1.3 x 10 em~2 (Elitzur, Goldreich & Scoville, 1976). Using the derived DUSTY mass-loss

rate (discussed in §6.4.5) and making several assumptions, the expected OH column
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density of IRAS 00483—7347 has been calculated. Assuming the outflowing material is
exclusively Hy in an r=2 distribution and using the inner OH shell radius determined
for NML Cyg and VY CMa of 3.0 x 10" ¢cm (Benson & Mutel, 1979), this yields a
value for the Hy column density. While the radius of NML Cyg has been confirmed
using mainline OH maser emission (Etoka & Diamond, 2004), this value has been found
to be larger for the more unique source VY CMa (Benson & Mutel, 1982). NML Cyg
and VY CMa have derived luminosities and mass-loss rates similar to those of IRAS
00483—7347 listed in §6.4.5 (Mauron & Josselin, 2011; Shenoy et al., 2016), and should
have a similar 1612-MHz OH maser shell. Assuming a ratio of 5000:1 for the ratio of Hy
to OH (Olofsson, 2005), and scaling the abundance by 1/5 for metallicity, the fastest
expansion velocity that would yield a value above the minimum column density for
OH maser emission is 2.8 km s~!. While slow for solar metallicity sources, it is still
unclear if this value is realistic for the SMC’s lower metallicity sample. From the newly
derived expansion velocity relation (Eq. 5.1), the expected value, given the source’s
luminosity and metallicity is 5.4 km s~!. This may suggest that the column density of
the source has dropped below the masing threshold. The ratio of OH-to-H, remains the
largest uncertainty in this calculation, as Olofsson (2005) describes estimates more as
order-of-magnitude approximations. Whether the abundance also scales linearly with
the metallicity is also unclear. Regardless, the observations are very near the threshold
for maser emission. The determining factor in whether maser emission is seen in the
Galactic and LMC maser samples is the supply of IR photons to the system. Within the
SMC, it seems that this becomes a two-body problem, where the maser strength drops
with the metallicity squared, from a dependence on both the dust emission and the lower

abundance of OH with respect to Hs.

6.4.5 Mass-Loss and evolutionary phase

It is expected that metal-poor AGB stars need longer to evolve towards cool temperatures
and strong pulsations (Bowen & Willson, 1991). This would result in more massive white

dwarfs, as the AGB cores have more time to grow. Yet, observations have shown that
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the white dwarf mass functions between the SMC, LMC, and the Galaxy are similar
(Villaver, Stanghellini & Shaw, 2004, 2007; Williams, 2007). This would mean that the
onset and strength of the dust-driven wind phase is similar within the Galaxy and the
Magellanic Clouds (van Loon et al., 2008). However this is only the case for lower-mass
AGB stars. The white dwarf mass function does not constrain the strength or duration of
the superwind phase in either massive AGB stars or RSGs, which dominate the OH/IR
samples in the Magellanic Clouds. A shorter superwind phase should then result in fewer
sources exhibiting circumstellar maser emission.

Using the same SED fitting method as has been applied to the LMC sample (see
§4.2), SEDs of the SMC sources have been fitted (Fig. 6.8) and luminosities and mass-loss
rates calculated for the SMC sample assuming a gas-to-dust ratio of 1000 (Bernard et al.,
2008; Bot et al., 2004; Gordon et al., 2009). The results show mass-loss rates ~ 107> M
yr~!, and luminosities typically ~ 50,000 L, similar to the LMC sample (Table 6.4).
Due to the assumptions within the modeling of spherical symmetry, distance, optical
properties, and the fact that the model is an idealised system, it would be misleading to
quote formal errors for these values. The luminosities are mostly affected by geometry
and variability, but are generally accurate to within a factor two. The mass-loss rates are
much less certain, and carry a systematic uncertainty of an order of magnitude due to our
poor knowledge of the optical properties of the circumstellar grains (Srinivasan, Sargent
& Meixner, 2011; Srinivasan et al., 2016). The table also shows expansion velocities
calculated using the new expansion velocity relation (Eq. 5.1). While this relation has
only been tested in metallicity environments between one half and twice solar, it is
expected that the relation should give a good approximation within this metallicity
regime. It is possible that at lower metallicity, a different set of dust optical constants
may be better suited to reproduce the observed silicate features. However, implementing
these changes would compromise the integrity of the comparison of samples, and thus
the same set of DUSTY models and dust optical constants as in the LMC analysis have
been used.

While there are only three sources (IRAS 00483—7347, IRAS 01074—7140, and
MSX SMC 018) with comparable absolute flux densities at 24 ym to the LMC sample,
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shown are fits with carbon-rich SED models (shown in blue).
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Figure 6.8: continued
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there are several sources with comparable luminosities (Fig. 6.9). The most luminous
source IRAS 00483—7347 has a long pulsation period, late spectral type, a large Rb
enhancement, typical of an AGB star that has undergone HBB. Yet the source has a
high luminosity of 138,000 L, suggestive of an RSG, which is more likely to indicate that
the source is likely a super-AGB star.

When comparing the mass-loss rates and luminosities for the SMC to the LMC
samples (Fig. 6.9, 6.10), the higher luminosity SMC sources (> 2 x 10* L) tend to have
a lower mass-loss rate at a given luminosity (except for IRAS 00483—7347). This is
not surprising given the SMC sources are not as optically thick as the LMC sources.
Also included are the SMC mass-loss rates calculated using the newly derived mass-loss
prescription §5.2 designated ‘SMC prescription’. The mass-loss rate has been calculated
using the prescription and a gas-to-dust ratio of 1000. However this parameter does not
significantly affect the calculated mass-loss rate. The values calculated are typically higher
than what is calculated from SED fitting, except for several sources that have SEDs that
do not conform well to any of the models within the grids (2MASS J01033142—7214072,
OGLE SMC-LPV-14322, 2MASS J00592646—7223417, OGLE J004942.72—730220.4).
These four sources have been modelled using a similar grid of DUSTY models that use
the carbon dust grains from Hanner (1988). The best fit carbon-SED for these sources
have been over-layed and it has been found that they better reproduce the observed
SED. This along with their position with respect to the PARSEC-COLIBRI evolutionary
track (Fig. 6.3) and their low luminosities may signify that they are in fact less evolved
non-maser-emitting carbon stars. Within the [3.6]—[8.0] vs. absolute flux density at 24
pm CMD (Fig. 6.6), these less luminous sources occupy an area typical of carbon stars,
providing further evidence for this conclusion.

Looking at mass-loss rates versus pulsation period (Fig. 6.10) a spread of values
for the SMC is seen that spans the other samples. An increase in the mass-loss rate
with pulsation period is also seen for the SMC sample. There are several sources with
comparable luminosities, pulsation periods and mass-loss rates, suggesting that the SMC
sources are in a similar evolutionary stage within the superwind phase. An example being

the SMC source BMB-B75 and the LMC source IRAS 05402—6956, with luminosities of
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58,000 and 51,000 L, pulsation periods of 1453 and 1393 d, and mass-loss rates of 3.5
and 8.4 x 107° Mg yr— !, respectively.

From the new relation for the circumstellar expansion velocity (Eq. 5.1), the
expected expansion velocities of the SMC target sample has been calculated (shown
in Table 6.4) assuming a metallicity of one fifth solar. Typical expansion velocities for

these sources are expected around 3 km s™*

, yet it is possible that as the strength of
radiation pressure wanes, other wind-driving forces take over, resulting in underestimated
predictions for the wind speed. SMC sources have also been modelled with DUSTY
models calculated with a simple inverse square density distribution (as opposed to the
SEDs calculated using a full hydrodynamical solution) and found negligible difference
between the results. This may indicate that the material is blown out without the need for
pulsation-enhancement. A slower wind should result in more efficient stimulated emission
as a result of higher density. This higher rate of collisions may then make it easier to
quench the maser. Another scenario worth mentioning is the possibility of binarity in the
SMC target sample. While there is no clear evidence to suggest this, symbiotic Miras
tend to have weaker maser emission as a result of the decreased coherence within the
OH shell (Seaquist, Ivison & Hall, 1995). Disruption of velocity coherence seems to be
significant even in less extreme interactions than symbiotics (Howe & Rawlings, 1994).
This may provide another possible explanation for a decrease in masing sources within
the SMC. We can thus conclude that there is no strong evidence for AGB stars and
RSGs in the metal-poor SMC, at ~ 0.2 Z, to experience weaker mass loss than those
in the more metal-rich systems, the LMC (~ 0.5 Zs) and Galactic Bulge and Centre
(~0.5-2 Zg).

6.4.6 Future prospects

The Galactic Australian Square Kilometre Array Pathfinder (GASKAP) Spectral Line
Survey is an upcoming high spectral resolution (0.2 km s™!) ASKAP survey of the 21-cm
HI, and 18-cm OH lines, in the Milky Way galactic plane, the LMC, the SMC, and
the Magellanic Bridge and Stream (Dickey et al., 2013). GASKAP will survey these
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regions with sensitivities better than that of Parkes (around 0.5 mJy with a 200 hour
integration). As the entire SMC will fit within the field of view of ASKAP, this is feasible
and there is therefore a good chance that GASKAP will detect OH maser emission from
the most luminous candidates wherever they reside in the SMC. It was predicted by
(Etoka et al., 2015), based on the relation between 1612 MHz OH maser emission and
mass-loss rate (Zijlstra et al., 1996), that around two dozen OH maser sources should be
detectable in the SMC at a 3-0 sensitivity of 0.1 mJy. Following the same approach, for
the range in mass loss parameters listed in Table 4 for our SMC sample of OH maser
candidates we would predict 3-29 mJy. We are therefore somewhat more optimistic
about the prospects for GASKAP to detect more than a few OH masers in the SMC, or
for it to confirm that the maser mechanism breaks down at the metallicity of the SMC.
This survey will also be a precursor to much larger surveys using the Square Kilometre
Array, which will reveal the full extent of the maser samples in these regions or show

that the maser mechanism breaks down at the metallicity of the SMC.

6.5 Conclusions

Using the properties of past OH maser host stars, the brightest SMC sources likely to
exhibit circumstellar maser emission have been identified and observed. The new, deep
1612-MHz OH maser observations with single and interferometric instruments have not
resulted in any clear maser emission from the targeted or in-field sources, yet a number of
maser-emitting sources may still lie below the observation detection thresholds. Assuming
the masing mechanism is the same within the Galaxy and Magellanic Clouds, the top
two candidates for maser emission have upper limits for maser efficiency (converting
F35 to Fopn) of 3.6 and 4.3%. These values are dramatically lower than the typical
maser efficiency around 23%. This may point to differences within the circumstellar
environments of evolved stars at lower metallicity that may include a low OH abundance
or strong interstellar radiation. The effects of metallicity on the strength of circumstellar

OH maser emission still cannot be adequately quantified. It is expected that some
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of these sources are near the OH column density threshold for maser emission and
it is also suspected that maser emission may still lie below the detection threshold.
It is also possible that the OH masing phase does not last as long in the SMC as at
higher metallicity, at least for massive AGB and RSGs. This could have implications
for the contribution from these stars to the total dust budget in the galaxy, and for
the contribution in which the RSGs undergo core collapse. Future observation with the
GASKAP survey (Dickey et al., 2013) will be able to add clarity to the understanding of

circumstellar maser emission and the effects of metallicity.
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7 Unveiling the dustiest RSGs in the LMC

As has been stated in previous chapters, dusty evolved red supergiants are major sources
of dust in the local group. These types of source are also some of the best candidates for
SNe progenitors. However there are several sources like the LMC RSGs IRAS 05280—6910
and IRAS 05346—6949 that do not fit the mould of previous known RSGs in their SEDs
or maser properties. IRAS 05280—6910 has 1612-MHz maser emission where IRAS
05346—6949 does not. In order to better understand the nature of these sources as
well as their contribution to the LMC, it is critical to have an accurate measure of the
optical depth. One of the best methods of doing this is by modeling the SED, focusing
specifically on the 10 um silicate feature, which is sensitive to changes in the optical
depth. The superior angular resolution of the Very Large Telescope (VLT) has been
employed to target the 10 pm silicate feature and obtain an accurate measure of the
mass-loss of the important dust-producing RSG: TRAS 05280—6910, and the nearby
RSG: WOH G347. The RSG TRAS 05346—6949 has also been observed in the N-band
and at the 1612-MHz OH maser transition. The overall aim of this study however is to

understand the feedback and nature of these prominent dust producers.

7.1 IRAS 05280-6910 and WOH G347

IRAS 05280—6910 and WOH G347 lie within the cluster NGC 1984 (van Loon, Marshall
& Zijlstra, 2005). The cluster has a metallicity of 0.12670%s Zo (Mackey & Gilmore,
2003), an age of 11.572%* Myr (Oliva & Origlia, 1998), and a cluster mass of 1259750% M,
(Elson & Fall, 1988). The low metallicity of this cluster is surprising given the expected
metallicity of the LMC at around half solar and the particularly low derived gas-to-dust
ratio of IRAS 05280—6910 (§4.5). The locations of the RSGs have been constrained
using J- and K-band images from SOFI (details in van Loon, Marshall & Zijlstra, 2005),
as well as a WFPC2 0.5 um image from the HST shown in Figure 7.1. A number of
sources within the image are saturated and while WOH G347 is clearly the brightest
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yellow source on the right of the SOFI image, the location of IRAS 05280—6910 is still
unclear. The location has been constrained to the small greenish region within the left
side of the image, but IRAS 05280—6910 is not likely visible in the optical as a result of
extreme circumstellar dust extinction.

In the past, these sources have been observed at 2.9 — 4.1 ym with the VLT’s
ISAAC instrument, with neither source showing strong molecular features at these
wavelengths (van Loon et al., 2006a). IRAS 05280—6910 has had previous spectroscopic
observations in the near-IR with observations in the N-band using the Spitzer Infrared
Spectrograph (Kemper et al., 2010) as well as in the far-IR with Spitzer MIPS (van Loon
et al., 2010) and the Herschel PACS and SPIRE instruments (Matsuura et al., 2016).
The near-IR results show the 10 pm silicate feature of IRAS 05280—6910 in absorption,
indicative of high optical depth, dust content and mass loss. However it was suspected
that a contribution from the nearby RSG WOH G347 may be masking the full depth of
the silicate feature by (Boyer et al., 2010); fitting the SEDs of the two sources has led to
the same suspicion (Fig. 7.2). At far-IR wavelengths, observations have detected both
CO and H5O lines, that were used to calculate a mass-loss rate comparable to previous
estimates.

In the radio, circumstellar masers have been detected emanating from IRAS
05280—6910, both at the 22-GHz water maser transition, and 1612- and 1665-MHz OH
maser transitions (Wood et al., 1992; van Loon et al., 2001a, §4.5). The results have
shown a spectacular array of asymmetric peaks that have changed dramatically over
a period of 25 years. The source is also strongly circularly polarized at the 1612- and
1665-MHz maser transitions, indicative of magnetic activity.

IRAS 05280—6910 is the second most luminous OH/IR star in the LMC, second
only to the RSG: WOH G64. As has previously been discussed, it is suspected that the
two have similar geometries based on observations in the optical, IR, and radio (Roche,
Aitken & Smith, 1993; van Loon et al., 1999; Marshall et al., 2004; Ohnaka et al., 2008,
§4.5). Ohnaka et al. (2008) used the VLT interferometer to resolve the shell around WOH
G64, directly confirming past speculation; the evidence for a torus geometry in IRAS

05280—6910 is still speculative. From the unique spectral energy distributions and maser
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Figure 7.2: The SEDs of both of the RSGs fitted with DUSTY models (dashed lines).
Photometry are IRACQ Spitzer fluxes and 11.9 pm flux from TIMMI2QESO3.6m for IRAS
05280—6910 (open symbols) and WOH G347 (closed symbols); the Spitzer IRS spectrum

(originally thought to have contributions from both sources) is in solid black.

spectra of these sources, they are expected to have dusty tori with bi-polar outflows,

where WOH G64 has been observed pole-on and IRAS 05280—6910 nearly edge-on.

7.2 VISIR observations

VISIR is the VLT’s mid-IR imager and spectrograph (Lagage et al., 2004), capable of
long-slit spectroscopy with resolving powers ranging from 150 to 30,000. The instrument

uses a Cassegrain focus and is mounted on the 8.2-metre VLT Melipal telescope (UT3).

The observations (Project 098.D-0272; PI: Goldman) were taken the night of

January 15, 2016 and used VISIR’s low-resolution spectroscopy mode (and low resolution
grating) with a wavelength range of 8 — 13 pum and a resolving power of 350 at 10 pm.
The target field was observed with a 965 second integration and an optical seeing between
0.3 — 0.4”, corresponding to a spatial resolution of ~ 0.3”. The diffraction limit of the

telescope ranges from 0.25 — 0.4” at the blue and red end of the detector, respectively
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The original observing plan called for a 600 second integration, but this exposure time
was increased as the second source could not be seen in the acquisition images.

This observation targeted the two RSGs simultaneously, which lie ~ 4” from each
other at an angle of 77.5 degrees west of north. The observation used a slit length of 32"
a slit width of 1”7, and chopping and nodding to compensate for instrumental effects.
Parallel nodding was used with 10 nodding cycles, along with a chopping amplitude
of 8”. The data were reduced using the reflex software (version 2.8.5) VISIR pipeline
(version 4.3.1). The resulting spectra were then flux calibrated using the telluric standard

eps Psc, taken the night before.

7.3 Results

While previous N-band spectroscopy of IRAS 05280—6910 was done using Spitzer, the
angular resolution of the observation was not expected to be high enough to disentangle
the contribution of sources within the crowded cluster field, yielding an inaccurate
measure of the silicate feature at 10 ym. However, the new VISIR spectrum of IRAS
05280—6910 shows little difference from that of the Spitzer IRS spectrum (Fig. 7.3, 7.4),
indicating this is not the case. The angular resolution of the VLT has insured that the

observation has isolated the contribution of the primary target source.

7.3.1 The SEDs of IRAS 05280—-6910 and WOH G347

IRAS 05280—6910 is unique in that it has an uncommon SED for a red supergiant. The
observed silicate feature in both the Spitzer IRS and now VISIR observations is much
shallower than is expected from SED modelling. Both of the targets were modelled with
the DUSTY 1D radiative transfer code (Elitzur & Ivezi¢, 2001). Using a similar x? fitting
technique as was used in Chapters 4 and 6, SEDs were fitted and the results suggested
that the relative contributions of the two sources would likely result in the silicate

feature observed. However it has now been confirmed the shallow silicate feature of IRAS
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Figure 7.3: The VISIR and IRS N-band spectra of IRAS 05280—6910. The region marked

atmospheric is contaminated by telluric features.
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Figure 7.4: The SEDs of IRAS 05280—6910 (Zop) and WOH G347 (Bottom) shown with the
best-fit DUSTY model (dashed line). Photometry are IRACQ@Spitzer fluxes and 11.9 pm flux
from TIMMI2@ESO3.6m for IRAS 05280—6910 and WOH G347; the VISIR spectra are shown
in solid black.
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05280—6910 seems to be unaffected by that of WOH G347. Why the general shape
of the SED from photometry and SED models suggests a high optical depth, whereas
the observed silicate feature does not, may be a result of the source’s unique geometry.
This may be a result of another dust component or object within the source. Another
possibility is that the source is on the borderline between emission and absorption as has
been the case during some epochs for VY CMa (Monnier, Geballe & Danchi, 1998, 1999).

WOH G347 was also detected with VISIR, but the spectrum is not as bright as
predicted by the SED. During the observation, WOH G347 was not seen within the
acquisition image. It is highly likely that this source was not centred on the slit during

acquisition, which has led to a lower flux received by the detector.

7.4 Source location

As has been previously stated, the primary target IRAS 05280—6910 may be visible
in the SOFI K-band image, but is likely too obscured to be seen in the HST optical
images. However, the position can be further constrained using mid- and far-IR data.
Images of the target region from the HST, Spitzer, and Herschel (Fig. 7.5) suggest a
similar picture as that of the SEDs. Two isolated bright sources can be seen clearly in
the Spitzer 3.6 um image. This shape can also be seen in the smoothed HST image. As
the wavelength increases through the images, the strength of the right source seems
to wane as the strength of the left source increases dramatically (ignoring the white
saturated pixels). This is seen until the 8 ym image where the two sources are no longer
distinguishable from one another.

The best-determined coordinates for IRAS 05280—6910 and WOH G347, for each
of the observations, is shown in Table 7.1. The most accurate positions of the two sources
are from the HST and SOFI images due to the much higher pointing accuracy and
angular resolution of the HST as opposed to the other instruments (Table 7.2). The
offset in positions between the VISIR observation and the HST observations is around

3.5”, which is near the pointing accuracy of VISIR at 3" rms.
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Figure 7.5: Shown are the regions surrounding IRAS 05280—6910 (left red circle) and WOH
G347 (right red circle) with images from HST, Spitzer, and Herschel. The HST image (top
left) has been gaussian smoothed with a 50 pixel kernel (top right) to approach the angular
resolution of the Spitzer images. The diagonal streaks in the HST image and the white pixels
in the 4.5, 5.8, and 24 pym images are the result of saturation of the detector.
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Figure 7.5: continued
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Table 7.1: The best-determined J2000 source positions for each observation for VISIR, ATCA,
and the suspected position from the combined HST/SOFI image.

Instrument IRAS 05280—6910 WOH G347

RA Dec. RA Dec.
VISIR 0527 40.2 —69 08 04.8 052739.5 —69 08 03.9
SOFI/HST 0527 41.1 —69 08 06.0 0527 40.4 —69 08 04.8
ATCA 0527 40.9 —69 08 06.9

Table 7.2: Estimates for the pointing accuracy and angular resolution for the highest angular
resolution instruments used to observe IRAS 05280—6910 and WOH G347.

Instrument Pointing accuracy Angular resolution

VISIR 3’ 0.3”
HST 0.002-0.005" 0.05"
ATCA 2" 7’

Where the optical images have constrained the location of two obscured and
reddened sources, the mid-IR images have indicated their identities. The change in
strength of the two sources within the IRAC images shows a clear difference between

these sources.

7.5 IRAS 05346-6949

The analysis of IRAS 05280—6910 has led to the further study of another LMC RSG:
IRAS 05346—6949. The source has a similar unique SED which predicts a much deeper
silicate feature in absorption than what has been observed (Fig. 7.6). The sharp increase
in flux from 3 to 8 pm ([3.6]-[8.0] = 6.7 mag) is suggestive of heavy extinction. Yet,
similar to IRAS 05280—6910, the N-band spectrum from Spitzer IRS spectroscopy
has shown that this conclusion is not supported by the source’s silicate feature. This
discrepancy casts doubt on the results of the SED fitting, and the particularly high

derived optical depth and mass-loss rate (Table 7.3). To probe the nature of this source
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Table 7.3: The LMC RSG derived luminosities (L), predicted expansion velocities assuming a
gas-to-dust ratio of 200 (vexp,pUSTY), effective temperature (T pusTY), inner dust temperature
(Tinner ), optical depths specified at 10 pm (7), and mass-loss rates (M), from SED fitting with
DUSTY. The mass-loss rates scale in proportion to L3/ 4(rgdps)1/ 2 where the dust grain bulk
density (ps) is 3 g cm™3.

Object L Vexp,DUSTY LefpUSTY Linner T M

name (10° Ly)  (kms™) (K) (K) (Mg yr 1)
IRAS 05280—6910 225 13.6 3400 350 134 5.4 x1074
WOH G347 45 204 3700 1400 0.6 6.4 x107°
IRAS 05346—6949 107 6.7 3000 600 251 1.7 x1073

further, it has been targeted at radio frequencies.

IRAS 05346—6949 has been classified as an extremely red object (ERO; Gruendl &
Chu, 2009), an extreme-AGB star (Srinivasan et al., 2009), and an RSG (Elias, Frogel
& Schwering, 1986; Jones et al., 2015). The source has also shown large variability
within data from the VMC survey (Groenewegen, private communication). Given the
source’s bright IR flux, and other properties typical of maser-emitting evolved stars, it is
expected to exhibit bright maser emission, and has been targeted in the past at OH maser
frequencies (Wood et al., 1992) as well as SiO and water maser frequencies (van Loon
et al., 2001a). These included observations targeting the 86-GHz SiO maser line with
Mopra (rms noise level: 0.5 Jy), the 22-GHz water maser transition with Parkes (rms: 11
mJy) and again with Mopra (rms: 4 mJy), and the 1612-MHz OH maser transition with
Parkes (rms: < 50 mJy). Given the high noise level of the previous OH maser observation,
and the variability of these sources, the source has been reobserved at 1612-MHz.

On September 2, 2016 the Parkes radio telescope was used to target the 1612-MHz
maser line in IRAS 05346—6949 (Project PX032; PI: Goldman). The observation used
the H-OH receiver and DFB4 correlator with a dual-polarisation setup with 8-MHz
bandwidth and 8192 channels yielding 0.18 km s~! channel™! velocity resolution. The
observation used a position switching mode with 15 minutes on-source and 15 minutes
off-source to a location 1 degree south of the target.

This source does not show any prominent peaks within its 1612-MHz maser

spectrum (Fig. 7.6). Using the predicted 35 pm flux value from the best-fit DUSTY
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Figure 7.7: The 1420-MHz continuum image of IRAS 05346—6949 from Hughes et al. (2007).

model (9.6 Jy) and the median maser efficiency of the LMC maser sample (38%), the
source should have two maser peaks with intensities ~ 0.9 Jy. It is thus surprising that
our observation with an rms noise level of around 25 mJy did not detect any emission.
Within the 1420-MHz continuum image of the region (Fig. 7.7) from Hughes et al. (2007),
several continuum sources lie between IRAS 05346—6949 and the two other nearby
masing sources IRAS 05402—6956 and IRAS 05298—6957. An unknown continuum
source also lies 1.3" to the north east of our IRAS 05346—6949 which is unlikely to be
contributing flux to the Spitzer IRAC photometry, with an angular resolution of ~ 2”.
As was stated originally by Elias, Frogel & Schwering (1986), the mid-IR colour and
lack of spatially coincident continuum emission suggest this source is unlikely to be a
YSO. Given what is now known about the source, it remains likely that it is an evolved
RSG with an asymmetric geometry, as is also suspected in IRAS 05280—6910 (§4.5), and
has been confirmed in WOH G64 (Roche, Aitken & Smith, 1993; van Loon et al., 1999;
Ohnaka et al., 2008).
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Figure 7.8: The Spitzer MIPS 24um flux density versus IRAC [3.6]—[8.0] colours for the
OH/IR sample in the LMC (red) as well as all sources from the SAGE-LMC and SAGE-SMC
catalogues (black). Also shown is W4 versus W1—W3 colours for some of the brighter WISE
sources (W4 < 2 mag) within a three degree radius of the LMC (green); the Mgy values for the
three labelled RSGs and MSX LMC 1207 are also from WISE W4 photometry.
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7.6 The IR colours of the most luminous LMC
RSGs

WOH G64, TRAS 05280—6910 and TRAS 05346—6949 have characteristics unlike the rest
of the evolved stars within the LMC. The uniqueness of these sources amongst the rest of
the LMC OH/IR stars is clear in the Spitzer MIPS My, versus IRAC [3.6]—[8.0] CMD of
the LMC OH/IR sample, and the rest of the SAGE-LMC and SAGE-SMC sources (Fig
7.8). The MIPS observations of IRAS 05346—6949, WOH G64, and IRAS 05380—6910
were saturated and thus WISE W4 (22um) fluxes from the WISE all-sky catalogue
(Cutri et al., 2012) have been used instead. Some of the brighter LMC sources (W4
< 2 mag, and within a 3 degree radius of the LMC) from the WISE all-sky catalogue
have also been included using W4 versus W1 (3.4pum)—W3 (11.6um) instead to show
the region above the limit where the Spitzer observations have been saturated. While
Spitzer has a significantly higher angular resolution than WISE, the WISE photometry
have been used here to show the progression of sources with bright 24 pym fluxes and
significantly reddened colours. The WISE sources that lie around the position of IRAS
05346—6949 all lie in molecular cloud regions and are expected to be YSOs. No other
sources within the SAGE-LMC and SAGE-SMC catalogues or within the brightest WISE
LMC sources lie near the positions of WOH G64 and IRAS 05280—6910. Thus it is clear
that these sources have unique spectral energy distributions unlike any other evolved

stars within the Magellanic Clouds.

7.7 Conclusions

New VISIR N-band spectroscopy has been used to constrain the optical depth and
mass loss of the RSG: IRAS 05280—6910. HST and SOFTI optical images have also been
used to confine the locations of the two RSGs, IRAS 05280—6910 and WOH G347, to
two regions bright in the SOFI K-band image. The source locations have been further

matched to their suspected positions using Spitzer and Herschel mid- and far-IR images.
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While the discrepancy between the optical depth suggested by the silicate feature and the
overall shape of the SEDs of IRAS 05280—6910 and IRAS 05346—6949 is still puzzling,
this is likely a result of geometric effects. Given the reddened colour, long pulsation
period, and bright IR flux of the LMC RSG: IRAS 05346—6949, the source was expected
to show bright maser emission within the 1612-MHz OH maser line observation. However,
the source has shown no clear maser emission. Constraining the mass loss of prominent
dust producers like IRAS 05280—6910 and TRAS 05346—6949 will continue to advance
the understanding of the dust budget within the Magellanic Clouds and the mass-loss
mechanisms within the more luminous regime of evolved stars. Further high angular
resolution investigations of these sources with instruments like the VLT’s interferometric

instrument MATISSE will be needed to further understand these sources.
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8 Conclusions

8.1 Discussion

This research has examined and constrained the mass loss and wind dynamics in massive
AGB stars and RSGs. Probing sources of varying luminosities and metallicities has
allowed for the isolation of important individual stellar relationships. This has led to better
constrained empirical links between parameters key to the mechanisms underlying wind-
driving and mass loss. The following sections will discuss some of the key relationships
studied in this Thesis. The results have implications for the lifetimes of AGB stars and
RSGs, the evolutionary path of core-collapse progenitors, stellar transformations within

the evolutionary sequence, and origin of gas and dust in the Universe.

8.1.1 How is circumstellar expansion velocity affected by other
stellar parameters?

As a result of the survey of circumstellar masers in the Magellanic Clouds conducted in
this work, the LMC circumstellar maser sample has been increased significantly, and
along with it, the number of derived wind speeds from sources outside of the galaxy. This
sample has been used to derive the most robust empirical relation for the link between
superwind speeds and the related stellar parameters. The results show a correlation
between wind speed and both luminosity and metallicity for evolved stars between a half
and twice solar metallicity (Eq. 5.1).

Unlike previous analyses, this work has implemented a new method of determining
the dust content of individual sources. Furthermore, these results have been used to
refine the relationship between the dust content and wind driving, a parameter which
wind driving is expected to be critically influenced by. However, the method of deriving
gas-to-dust ratios still needs testing.

These results have led to the expectation that slower wind speeds should exist in
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even lower metallicity environments like the SMC. The newly derived empirical relation
for the expansion velocity of evolved stars relies on the assumption that the driving
force is radiation pressure on dust. At lower metallicity environments the drift velocities
between the gas and dust may increase. This may result in highly accelerated localised
“bullets” where the dust is quickly blown out as soon as it forms with little accompanying
gas. At this point the dust-driven wind may break down. At lower metallicity and
luminosity, it is expected that other forces like magneto-acoustic or Alfvén waves may

take over in this regime.

8.1.2 How is mass loss affected by other stellar parameters?

The LMC OH/IR sample analysis has found that mass loss is tightly correlated with
luminosity. As radiation is the force behind the driving of the wind and mass loss, this
is not surprising. The LMC analysis has also found a correlation between mass loss
and pulsation period. As larger and longer pulsations levitate more material out to
radii where it can condense into dust and drive an outflow, this fits within the current
theoretical framework. The fact that luminosity and pulsation period are themselves
correlated complicates the relationships. These parameters are also not interchangeable
as empirical fits of the product of the two parameters does not fit the samples as well as
they do individually. More work will be required to disentangle the dependence of mass
loss on these parameters and further constrain the relationships.

The fact that little-to-no correlation is seen between mass loss and gas-to-dust
ratio also follows the idea that the net mass transfer will only depend on the driving
force: luminosity. These results suggest that while the wind dynamics will be affected by
metallicity, the mass-loss mechanism is unaffected by metallicity, at least between a half
and twice solar metallicity.

One major assumption made in this work is that the derived mass-loss rates are
calculated assuming winds where the gas and dust are dynamically coupled. At lower
and lower metallicities, this assumption may not hold. With fewer materials at lower

metallicity to act as seed nuclei, and as a result, less dust, there may not be enough dust
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to create a uniformly expanding circumstellar wind. Evidence for an unevenly expanding
and clumpy wind around a higher meallicity source has been seen around the RSG: VY
CMa (Humphreys, Helton & Jones, 2007; Richards et al., 2012). Empirically, uniformly
expanding winds are not seen at high resolution, and may occur only in some OH /IR

stars.

8.1.3 How does metallicity affect maser emission and the cir-
cumstellar environment?

This work has investigated every SMC source likely to exhibit circumstellar maser
emission at the current sensitivity limits of the instruments used, and has established the
expectation of maser detection within the SMC. The upper limits of the maser efficiency
of the best SMC candidates for maser emission point to an underlying change within the
circumstellar environment of OH/IR stars at this metallicity, yet how they differ is still
unclear. Some sources may lie just below the detection threshold of the observations. An
estimation of the required OH abundance for maser emission has led to the conclusion
that the SMC sources are also near an OH column density threshold. As the sources
become optically thin, the maser emission becomes dependent on both the supply of IR
photons and oxygen supply and thus the metallicity squared. This explanation may also
apply to the lack of maser emission seen in nearby globular clusters.

Moving forward, the SMC will be further investigated at the 18cm OH maser
lines with the upcoming GASKAP survey (discussed in §8.2). However, the survey
will not cover the 22-GHz water maser transition. It is possible that the circumstellar
environments in the SMC may provide a more suitable environment for water maser
emission. As a slower wind may create a denser outflow, this may result in a more
extended water masing regions. Considering the water maser transition is also pumped
collisionally, it may be more effective at lower metallicity. Observations of the brightest
SMC sources in CO line transitions with ALMA may also be able to provide information

of the wind kinematics of lower metallicity sources.
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8.1.4 An explanation for multiple populations in globular clus-
ters

Studies in nearby globular clusters have illuminated the existence of multiple stellar
populations. This has been seen in w Cen (Lee et al., 1999; Hilker & Richtler, 2000;
Bedin et al., 2004; Villaver, Stanghellini & Shaw, 2007), NGC 2808 (Piotto et al., 2007),
NGC 1851 (Milone et al., 2008), and NGC 6388 (Piotto, 2008). While the explanation
for these populations is still under debate, one explanation is AGB polluter stars. If
the circumstellar expansion velocities of evolved stars at these low metallicities are in
fact slower, the winds may not be strong enough to escape the globular cluster escape
velocity, leading to self-enrichment within the cluster, and multiple stellar populations
(Georgiev et al., 2009). The results of this study have provided additional evidence for

this explanation.

8.1.5 Constraining the final stages of stellar evolution

The newly derived mass-loss prescription has provided a powerful relation for constraining
the final stages of evolution for stars from 1—30 M. Quantifying the mass loss and dust
production is critically important for understanding the lifetimes of stars, and how they
transform into their subsequent evolutionary states.

The initial—final mass relation of AGB stars will depend on the assumed mass-loss
rate, and the most significant mass-loss phase is the superwind phase. As RSGs also lose
mass within this superwind phase and move toward bluer colours, the calculated mass of
the resulting yellow and blue supergiants (or Wolf—Rayet stars) and how they fit along
the evolutionary sequence will also depend on the assumed mass-loss rate.

While quantifying the mass loss is important for understanding the transformation
of these sources, the mass-loss rate is also important for understanding stellar remnants
like white dwarfs, neutron stars, and black holes. It is also especially important in trying
to understand the still unclear nature of core-collapse supernova progenitors and the

circumburst conditions found around supernova.
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Lastly, the overall feedback of gas and dust from these stars, will depend on an
assumed mass-loss rate. This rate then has implications for the origin of stellar material

and the composition of the interstellar medium.

8.1.6 Open questions

There are still many questions that need to be answered in order to fully understand the
contribution and evolution of evolved stars. From within the stars, it is important to
continue to develop an understanding of TDU, HBB, convective mixing (Battino et al.,
2016), and rotation (den Hartogh et al., 2017). The formation of circumstellar dust (Nanni,
2013), and how it impacts circumstellar outflows is also still unclear. And more work
needs to be done in trying to understand the effects of binarity (Ramstedt, Vlemmings
& Mohamed, 2015; De Marco & Izzard, 2017) and geometry on the wind-driving and

mass-loss mechanisms.

8.2 The next generation of instruments

8.2.1 The Australian Square Kilometre Array Pathfinder

The Australian Square Kilometre Array Pathfinder (ASKAP) is a radio interferometer
currently under construction in western Australia. The final instrument will have 36
identical 12 meter dishes with a maximum baseline of 6 km and a 30 square degree
field-of-view at 1.4 GHz. The ASKAP’s excellent sensitivity and fast surveying speed will
provide an important jump forward for radio astronomy. It will also be an important
test-of-technology of the Phased Array Feed (PAF) receivers before construction of the
much larger Square Kilometre Array (SKA) Telescope.
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The GASKAP Survey

The Galactic Australian Square Kilometre Array Pathfinder (GASKAP) Survey is
an upcoming high spectral resolution (0.2 km s™!) ASKAP survey of the 21-cm HI,
and 18-cm OH lines, in the Milky Way Galactic plane, the LMC, the SMC, and the
Magellanic Bridge and Stream (Dickey et al., 2013). GASKAP will survey these regions
with sensitivities on the order of a few mJy, matching the sensitivity of current ATCA
and Parkes observations in a fraction of the time. Given the number of LMC maser
sources recently detected, and the number of SAGE-LMC sources similar to the LMC
maser-emitting sample that have yet to be observed at radio frequencies, a number of
maser sources are likely to be discovered with this survey.

Initial predictions of the number of detectable maser sources in the SMC (~ 20)
predicted by scaling other maser samples, seems to have overestimated this number.
Given the sensitivity of the GASKAP survey (around a few mJy) and the SMC target
sample already observed, few sources are expected to show maser emission. Given the
best candidates for maser emission show nothing at similar sensitivities with Parkes,
it is unlikely that other sources will show bright maser emission. It may be the case
however that at lower metallicity, a different set of criteria is needed for choosing the
best candidates for maser emission. This will be revealed with the GASKAP’s blind
survey. This survey will be a precursor to much larger surveys using the SKA which will
be able to probe these regions even deeper, revealing the full extent of the maser samples

in these regions.

8.2.2 MeerKAT

The MeerKAT telescope is another SKA pathfinder instrument that will form the first ~
1/3 of the Phase 1 dish array of the SKA. It is currently under construction in South
Africa, and will eventually have 64 dishes, each 13.5 metres in size, spread over 8 km.
While the field of view of MeerKAT is much smaller than ASKAP (1.69 square degrees
at 1-GHz as opposed to ~ 30 square degrees), the strength of this telescope over the
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ASKAP array is its higher sensitivity as a result of its many dishes. This however comes
at the cost of survey speed where ASKAP has a clear advantage.

The ASKAP and MeerKAT instruments complement each other in the same way as
the ATCA and Parkes instruments, respectively. The GASKAP will be able to continue
the ATCA LMC survey conducted in this work. Conversely, MeerKAT will allow for more
sensitive targeted observations of maser candidates as has been done with Parkes in the
SMC. Keeping this in mind, the ASKAP will likely be of more use initially in the LMC,
where deeper targeted observations with MeerKAT would be more effective in the SMC.

8.2.3 The Square Kilometre Array

The Square Kilometre Array will be a much larger version of the MeerKAT telescope
that aims to have a collecting area of one square kilometre. The SKA1 MID (phase 1)
telescope will add to the 64 dishes from MeerKAT bringing the number up to around
200 dishes. The array will have a maximum baseline of 150 km, a field-of-view around 1
degree. Unlike previous instruments, in addition to the dramatically increased sensitivity,
the SKA1 MID will have a much higher angular resolution (~ 0.26” at 1612 MHz)
than its precursor (~ 5” at 1612 MHz). This being the case, the SKA will be the first
instrument with the angular resolution and sensitivity capable of detecting and resolving
maser sources in more distant populations like nearby dwarf spheroidal galaxies and the

larger Triangulum (M33) galaxy.

8.2.4 The James Webb Space Telescope

The James Webb Space Telescope (JWST) is an instrument set to launch in 2018, that
will be the largest space telescope ever constructed. It is an optical to mid-IR telescope
with a 6.5 meter segmented mirror and a suite of instruments including near and mid-IR
imaging and spectroscopy. The instrument will be incredibly important at examining local
group stellar populations and evolved stars at greater distances and lower metallicities.

For example, JWST is ideal for investigating regions within larger spiral galaxies like
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Andromeda (M31) and M33, more distant dwarf spheroidals like NGC 300, and the even
more distant and lowest metallicity galaxies like 1 Zw 18. This will allow for the isolation
of additional samples of evolved stars, to further test observable stellar parameters key
to the wind-driving and mass loss mechanisms. The JWST will also allow for detailed
studies of the Magellanic Clouds, probing deep into the denser molecular cloud regions
with high sensitivity and angular resolution. The telescope will be key to opening new
paths for studying extragalactic populations and is expected to last for a full 10 year

mission.

8.3 Future work

The future of this research will rely on further observational investigations of nearby evolved
AGB stars. This will require harnessing the strengths of state-of-the-art instruments like

the VLT, HST, SKA and JWST.

8.3.1 Obtaining metallicities for LMC OH/IR stars

In order to further test and constrain the effects of metallicity on the LMC OH/IR
sample, the Very Large Telescope (VLT) XSHOOTER spectrograph has been used to
obtain optical and infrared spectroscopy of the three most luminous LMC OH/IR stars
(Project 097.D-0605; PI: Goldman). Employing the method developed by Davies et al.
(2015), metallicities will be derived using J-band spectroscopy, as well as temperatures
and systematic velocities from optical spectra. Metallicity measurements will 1). test the
gas-to-dust ratio estimates from modeling the targets spectral energy distributions, 2).
confirm the metallicity of the lowest metallicity star with detected CO line emission, and
3). give empirical data to test the effects of metallicity and luminosity on the wind-driving
mechanism within these stars. These results will be used to further develop an accurate

mass-loss prescription that includes the effects of metallicity and luminosity.
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8.3.2 Measuring silicate dust in the Galactic bulge

On the night of June 18th 2017, the VLT’s UT3 telescope will be used to obtain N-band
spectroscopy of the 14 most luminous OH/IR stars in the Galactic bulge (and within the
Galactic bulge sample analysed in this work) using the VISIR spectrograph (Project
099.D-0907; PI: Goldman). While N-band spectroscopy has been done on samples
of lower mass Galactic Bulge Mira variable stars (e.g. Blommaert et al., 2014), few
high-luminosity Galactic OH/IR stars have been observed in the N-band. Within the
sample only four sources have N-band spectra. This observation will finally yield data
for a sample with a range of luminosities, some of which have comparable luminosities
to the LMC OH/IR stars but at higher metallicity. By modeling the observed silicate
features at 10 ym with DUSTY models, this will result in accurate measurements of the
optical depths which can then be used to calculate more accurate mass-loss rates. The
shape of the feature can also be used to understand the geometry and dust mineralogy
of the sources. These observations are important for also confirming the significantly
deeper predicted silicate features in absorption (found from SED fitting) within some of
the Galactic bulge sources (Fig. 4.2). The results will be able to further test and refine
dust-driven wind theory and isolate the dependencies of metallicity and luminosity on

the mass loss of these stars.

8.3.3 Resolving stellar populations in M31 with Hubble

New observations of the Andromeda galaxy (M31) have been taken as an extension of the
Panchromatic Hubble Andromeda Treasury (PHAT) program. These HST observations
will be used to investigate the stellar populations of evolved stars within M31. M31
has been found to have a similar metallicity as the Milky Way. Results have shown a
metallicity gradient with sources near the centre having around solar metallicity and
trailing towards larger radius (Gregersen et al., 2015), as well as an age of around 12 Gyr
throughout the bulge (Saglia et al., 2010). The package DOLPHOT (Dolphin, 2000) will

be used to obtain point-spread function photometry, and the resulting photometry will
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be used to create colour magnitude and colour-colour diagrams to disentangle the stellar
populations. The results will then be used with the Bayesian Extinction And Stellar Tool
(BEAST) code (Gordon et al., 2016) to constrain a range of important stellar parameters
(e.g. Ter, L, M, and Z) as well as the extinction, which is key for further studies of the
ISM in M31. This will allow for a better understanding of the stellar populations and
dust budget of M31. This can then be used to constrain the dust contribution from

evolved stars and if and how it differs within local group galaxies.

8.4 SED fitting with a goodness of fit

As was stated in §4, trying to asses the goodness of fit of the DUSTY models with the
photometry using only the photometric uncertainties for the calculation of the y? value
results in seemingly terrible fits. These are very simplistic models based on a blackbody.
In the future, to approach more realistic models, a sample spectrum should be used
as the basis of the model. This should allow for more realistic models that should fit
more closely with the observational data. While this would still not take into account
departures from spherical symmetry, inaccurate distances, non-zero drift velocities, or

changes in dust chemistry, this would likely improve the quality of the fits.

8.5 Final remarks

The most important result from this work is the deeper understanding of the mass
loss process. This understanding has been aided by a dramatic improvement to the
LMC circumstellar maser sample. These new results have reaffirmed the dependence of
circumstellar expansion velocity on metallicity and luminosity and greatly constrained
their relationships. The new measurements also allow for the further constraining of
other important parameters like the dust grain size, shape, and composition, as well as

the most realistic dust optical constants to use in stellar models. The further analysis on
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the mass loss of these and other sources has indicated that AGB mass loss is likely to be
independent of metallicity at least between half and twice solar. These relationships are
critically important for determining the lifetimes of AGB and RSG stars, the accuracy
of initial masses within stellar models, and understanding the evolutionary paths of
core-collapse progenitors. The SMC OH/IR sample analysis has provided a better
understanding of lower metallicity circumstellar environments. With GASKAP soon to
begin and the SKA on the horizon, the SMC analysis will inform future radio surveys in
the Magellanic Clouds. This work will also give more realistic expectations for surveys
with the JWST, set to launch in 2018. The VISIR observations of IRAS 05280—6910
also included in this work have constrained the location and mass loss of one of the most
prominent dust producers in the Magellanic Clouds. This work will continue as new
instruments and technologies reveal more distant stellar populations in the radio and IR,

and more is understood of the complexity of evolved stars.
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Appendix

A Important mechanisms

Proton-proton chain reaction the chain of nuclear fusion reactions that are the
dominant energy source in lower mass stars of temperatures around 18,000,000 K and M
< 1.5 Mg, First two protons fuse to form diproton (3He), which is followed by the loss of
a positron in what is called beta-plus decay, leaving deuterium (7H). The deuterium then
fuses with another proton to form helium (*He). Next two *He fuse to form *He. The net

effect is the production of *“He from four protons.

CNO cycle the dominant mechanism for producing helium in stars of mass M 2 1.5
Mg. The cycle is a catalytic cycle which fuses protons with carbon, nitrogen, and oxygen
to produce *He. First 2C fuses with a proton to form *N, and then loses a positron
(beta-plus decays), producing *C. Next '*C fuses with two protons (in separate events)
to create °O, and then loses a positron to create '’N. A final fusion of '°N and a proton

creates ?C and “He, where the cycle begins again.

Triple-alpha process the process of nuclear fusion in red giant branch stars with
core temperatures above 100,000,000 K, that creates carbon (and some oxygen). After a
red giant ceases core hydrogen fusion, and leaves the main sequence, the star will begin
to collapse and pressures and temperatures will increase within the core. With high
enough temperatures, ;He will begin to fuse with 3He to create §Be. Due to the short
halflife of Be (and Li), these elements will quickly decay. At temperatures higher than
100,000,000 K, fusion reactions are rapid enough for Be and Li to fuse with He before

they decay, to create '2C and some '50.



B Galactic OH maser sources 201

S-process a process of slow neutron capture that produces heavier elements in stars.
This occurs in low-mass AGB stars, relying on free neutrons from '*C, as well as high-mass
helium- and carbon-burning stars using 2*Ne as the source of free neutrons. Neutron
capture increases the atomic mass of an element by one. If the resulting isotope is not
stable, this will be followed by a beta-minus decay in which a neutron decays to a proton,
an electron is ejected, and the atomic number is increased by 1. This process, while slow,

is thought to produce a significant amount of the heavy elements in the Universe.

Third-dredge up a convectively-driven transport mechanism active in AGB stars =2
Mg . After a thermal pulse as a result of a helium shell flash, the resulting material is
convectively mixed and transported up in the intershell region toward the hydrogen
burning shell. At the same time the hydrogen-rich convective envelope penetrates deeper
and brings material from within the intershell region to the surface of the star. The
net effect is that nuclear processed material such as carbon is brought to the surface,

changing the surface composition dramatically.

Hot-Bottom Burning Hot-Bottom burning is proton-capture nucleosynthesis that
occurs in higher mass (2 3 M) thermally pulsing AGB stars. It occurs when temperatures
reach 40,000,000 K at the base of the outer convective envelope. This provides an
environment where the CNO-cycle favours the transformation of C into N. These
temperatures also provide the necessary conditions for producing Li through the Cameron

& Fowler (1971) mechanism (Mazzitelli, D’Antona & Ventura, 1999).

B Galactic OH maser sources

Eight Galactic maser sources have been observed with Parkes in addition to the LMC
sources for pointing checks (Table B1). No noticeable changes in expansion velocity

were found when compared with previous observations, but several interesting features
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Figure B1: OH 1612-MHz maser emission from the Parkes observations of additional Galactic
sources. Sources are from different Galactic samples than those previously mentioned.
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have been identified. From the observation of IRAS 18139—1816 an absorption feature
around 30 km s~! has been discovered. It is expected that this is a result of absorption
within the nearby dust cloud, which can be seen in optical images of the region. A
secondary maser source has also been found during the observation of IRAS 18268—1117.
This additional maser profile is coming from another source within the 13’ beam of
Parkes. The only potential known sources within around 13’ are the evolved S-type AGB
star, IRAS 18269—1111, and the source IRAS 18272—1117. The S-type source has a
carbon-to-oxygen ratio of 1, making it an unlikely candidate for OH maser emission but
still within the realm of possibility, especially if it has recently undergone an additional

thermal pulse and the OH shell corresponds to a time when it was still an M giant.



Table B1: Results of Galactic maser observations.

Object Alternative 1 b Veap oy Fi. Velocity at peaks
name name (°) (°) (km s (Jy) (Jy kms™!) (km s71)
red blue red blue

IRAS18115—2139 OH 9.575 —2.032 9.574 —2.031 14.2 60.8 885 7.47 —184 10.0
IRAS 18139—1816 OH 12.8 —0.9 12.819  —0.901 12.1 16.9 9.21 11.22 -—-81.1 —56.8
IRAS 18257—1000 OH 21.5 +0.5 21.451  +0.500 184  120.5 39.7 30.3 82.4 119.1
IRAS 18268—1117 OH 20.4 —0.3 20.433 —0.344 174 30.5 6.15 9.22 9.6 44 .4
IRAS 18268—1117 B 16.4 0.82 0.58 78.6 111.4
IRAS 18432—0149 OH 30.7 +0.4  30.715  +0.423 17.5 52.3 15.7 125 32.3 67.3
IRAS 18460—0254 OH 30.09 —0.69 30.086 —0.681 20.3  279.9116.4 131.2 62.1 102.7
IRAS 19059—2219 V" V3880 Sgr 14.662 —13.610 13.0 211.6 823 4.5 -3.0 23.0
IRAS 20077—0625 V' V1300 Agl  36.356 —20.415 12.6 1061.0 18.9 8.46 —44.9 —19.8

$92INO0S Jasew [ d13de[es) g

¥0c



C Mainline OH spectra 205

C Mainline OH spectra

Each of the ATCA observations described in §3.1 and §6.2 observed multiple OH maser
lines. In addition to the 1612-MHz OH satellite line, the observations also targeted
the 1665- and 1667-MHz OH mainlines, which probe regions closer to the star, and
the 1720-MHz OH line, primarily found in SNR interactions with molecular clouds.
The only observation that was found to show mainline emission was IRAS 05280—6910
(described in §4.5), and no observation detected 1667- or 1720-MHz OH maser emission.
The spectrum for each of the LMC and SMC targets was reduced and extracted in the
same manner as the 1612-MHz data, and is shown in the following figures. Each of the
mainline spectra have been resampled to 0.5 km s~!. Also shown is the average of the
1665- and 1667-MHz mainline emission. It is known that the 1612-MHz maser dominates
at longer path lengths (Gray, Doel & Field, 1991). The 1665-MHz mainline emission
can come from the OH being located in a high density region (close to the star). High
densities (2 107 cm™3) suppress the 1667-MHz emission compared to the 1665-MHz
emission. In normal lower mass-loss Mira variables both main line masers are often
comparable in strength, a result of lower densities. As either mainlines will not have a
reduced intensity as a result of competitive gain with the other, and the sources are
likely to have similar line profiles, the average of the main line emission may provide a
clearer view of the interiors of these envelopes. Shown first are the SMC sources: IRAS
00483—7347, MSX SMC 018, and BMB-B75 and then the LMC maser sample. The
much more sensitive Parkes observation of IRAS 00483—7347 is shown for the 1612 MHz

spectrum.
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Figure C1: 1612-, 1665-, 1667-, and 1720-MHz OH maser observations of IRAS 00483—7347.
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Figure C3: 1612-, 1665-, 1667-, and 1720-MHz OH maser observations of MSX SMC 018.
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Figure C5: 1612-, 1665-, 1667-, and 1720-MHz OH maser observations of IRAS 04509—6922.
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Figure C6: 1612-, 1665-, 1667-, and 1720-MHz OH maser observations of IRAS 04516—6902

with the

velocity derived from cross-spectrum fitting of UVES spectra denoted by VuvyEgs.
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D Past SMC maser targets

There have been two previous 1612-MHz maser surveys in the SMC conducted by
Marshall et al. (2004) and Wood et al. (1992). The observations by Marshall et al.
(2004) targeted two sources, IRAS 00483—7347, which has been re-observed with a
higher sensitivity, and IRAS 00591—7307 which have been reprocessed to present a
complete and uniform dataset. The observations by Wood et al. (1992) focused on 15
sources targeted for having high IRAS 25 pm flux densities and that fit the criteria:
0.0 < Log(Fs5/F12) < 0.5. These observations achieved noise levels typically ~ 40 mJy
and did not result in any clear maser detections in the SMC. This is dramatically higher
than the noise level achieved in recent Parkes observations which were expected to
observed 1—2 MSC masers sources above 30 with noise levels around 3 mJy. The 15
targets are composed of an evolved AGB star, a Seyfert 2 Galaxy, a star forming region,
2 foreground stars, 2 YSOs, 3 HII regions, and 5 sources whose identity is still unclear
(Table D1). New observations have been presented for the re-observed AGB star, HV
12149. The foreground sources are the red giant IRAS 00542—7334 (CM Tuc) (Prévot
et al., 1983; Gonzdlez-Ferndndez et al., 2015), and the F star IRAS 00490—7125 (HD 5028)
(Gontcharov, 2006). The unknown source IRAS 00435—7339 lies near a star-forming
region. The IR flux coming from the unknown source IRAS 01208—7532 was likely a
contribution from the nearby galaxy: 2MASX J01215707-7516248. The Seyfert 2 galaxy
that was observed is the well studied peculiar source IRAS 00521—7054 (Véron-Cetty &
Véron, 2010; Ricci et al., 2014), which has shown a uniquely strong and broad feature at
6 keV (Tan et al., 2012). None of the unknown sources, or the source IRAS 00477—7322
have 2MASS counterparts. IRAS 00477—7322, IRAS 005177240 and TRAS 005537317
also show nothing visible in any of the Spitzer IRAC or MIPS images.

Within this sample, the only source that is still a good candidate for maser emission
is the AGB star HV 12149. However, the typical characteristics of these sources have
only recently been constrained. At the time of the survey (in 1987), little was known

about the nature of these sources.
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Table D1: Targets from the 1612-MHz OH maser survey by Wood et al. (1992).

Target Type Reference

HV 12149 AGB (SpT = M8.5) Gonzélez-Fernandez et al. (2015)
IRAS 00430—7326 YSO van Loon et al. (2010)

IRAS 00435—7339 ?

IRAS 00466—7322 H1r region Pellegrini et al. (2012)

IRAS 00477—-7322 7

IRAS 00477—-7343 H 11 region Indebetouw, Johnson & Conti (2004)
IRAS 00490—7125 F-type star Gray et al. (2006)

IRAS 00517—7240 ?

IRAS 00521—7054  Seyfert 2 galaxy Elias & Frogel (1987)

IRAS 00542—7334  Foreground AGB Gonzélez-Ferndndez et al. (2015)
IRAS 00553—"7317 ?

IRAS 01039—7305 YSO van Loon et al. (2008)
IRAS 01126—7332 Star-forming region Breen et al. (2013)
IRAS 01208—7532 ?

IRAS 01228—-7324 H 11 region Testor & Pakull (1985)
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E YSO OH maser spectra

After the Parkes observations in 2005, it was found that two sources within the SMC
maser survey fields were in fact YSOs. These sources were suggested as YSO candidates
by van Loon et al. (2008) and then confirmed by Oliveira et al. (2013). Present here
are the 1612-MHz spectra for the sources IRAS 01039—7305 and IRAS 01042—7215.
They were observed for 7.4 and 6.3 hours, respectively. YSOs are expected to have the
strongest OH maser emission in their mainline transitions, but will also exhibit maser
emission at 1612 MHz. No clear maser emission in seen in either source but there are

several large narrow spikes, likely a result of RFI.
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