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1
Introduction

The asymptotic giant branch (AGB) is a phase in the lives of low- and intermediate-
mass stars (0.8 – 8 M⊙) when intense (10−8 – 10−4 M⊙ year−1), slow (∼ 10 km s−1)
winds occur. The conditions for the development of these outflows are met because
of the low effective temperatures, large amplitude pulsations, and high luminosities
all characteristic of the AGB phase. The composition of the material ejected into the
interstellar medium during the AGB phase differs from the initial composition of the
star because it contains elements that were synthesized in the stellar core and brought
to the surface by convective streams. This makes AGB stars important players in the
chemical evolution of galaxies. Moreover, the mass-loss is so strong that it becomes
the main process regulating the evolution of these stars from the beginning of the
AGB.

The mass-loss is understood as a two-step process which requires the enlarged
density scale-heights produced by pulsations and the subsequent formation of dust
grains. Once solid particles form, the continuum opacity provided by them absorbs
momentum from the radiation field. Due to the high densities in the region where
the outflow is initiated, the momentum acquired by the dust grains is quickly shared
with the gas through collisions. Because of the high luminosities of the stars there is
enough momentum in the radiation fields to drive the outflows.

Despite our good qualitative understand of how the AGB winds come about, pre-
dicting the mass-loss of an AGB stars from first principles in not yet possible. This
is because of the complexity of the region from where the winds are launched and
the difficulties in modelling the formation and growth of solid particles in this envi-
ronment. This complexity makes theoretical prediction difficult, and it is therefore
important to characterize these winds from an observational perspective in order to
advance our understanding of the AGB phase. This is also not an easy task, since
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1 Introduction

important parameters such as the stellar mass and the evolution of the mass-loss rate
in time are difficult to determine for a given AGB star.

This thesis is a step in the direction of a deeper understanding of the mass-loss
in AGB stars. Its main subject is a subset of the AGB population, low mass-loss
rate, oxygen-rich AGB stars. We study these sources by combining and modelling
different datasets. In particular, we use exceptional data obtained with the Herschel

observatory and analyze the data using state-of-the-art radiative transfer codes for
the dust component (MCMax) and molecular gas (GASTRoNOoM) together and in
a consistent way. In this introductory chapter, we present the current knowledge of
AGB stars and their mass-loss process to contextualize the findings presented and dis-
cussed in the following chapters. Most of the text of this introduction is based on the
books “Asymptotic giant branch stars” edited by Habing & Olofsson (2003), “Astro-
mineralogy” edited by Henning (2010), “Introduction to stellar winds” by Lamers &
Cassinelli (1999), and “Stellar structure and evolution” by Kippenhahn et al. (2012).
The reader is referred to those when no reference is given.

1.1 History

The existence of very luminous stars, that were soon termed “giants”, was known
since the beginning of the 20th century (Hertzsprung 1905) but until the 1950’s the
evolutionary stage of these stars remained unclear. After the discovery of the hydro-
gen burning processes, the pp-reaction and the CNO-cycle, that provide energy to
stars during the main sequence (Bethe 1939), models that reproduced and explained
the stellar structure in this phase quickly developed. However, it was only in 1952
that Sandage & Schwarzschild produced the first virtual red giant stars from consider-
ing models with hydrogen-exhausted cores, which undergo gravitational contraction
and release energy. A few years later, the evolution of low- and intermediate-mass
stars until the horizontal branch was already understood. The understanding of the
AGB phase, first identified as a “bifurcation of the giant branch”, and the discovery of
the mass-loss from these objects happened in the subsequent decades, as theoretical
comprehension and observational techniques developed.

The 1960’s were important years for the research of cool giants. During this
decade infrared observations of astronomical sources developed and the first circum-
stellar molecular line was detected at radio wavelengths due to maser emission of
OH in the circumstellar environment of a supergiant star (Wilson & Barrett 1968).
The new observations and other evidence suggested that AGB stars lose mass in a
dense outflow, a picture that with time became widely accepted. The infrared win-
dows for ground-based observations allowed astronomers to discover large infrared
excess in red giants, which was attributed to the presence of circumstellar dust. Sil-
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1.1 History

icates were the first dust species identified around oxygen-rich AGB stars in 1968
(Gillet et al. 1968). Soon the dichotomy between carbon-rich and oxygen-rich AGB
stars, that was known from molecular absorption bands for more than one century
and explained in terms of the high binding energy of CO (Russell 1934), was also
observed in the infrared excess (Woolf & Ney 1969). Theory also advanced quickly
in the 1960’s. For instance, thermal pulses (named He-shell flashes at first), a process
that happens during the AGB due to instabilities in the burning layers, were serendip-
itously discovered from evolutionary calculations by Schwarzschild & Härm (1965).
Schwarzschild & Härm (1967) showed that the thermal pulses could be responsible
for bringing processed material from the stellar interior to the surface, changing the
composition of the outermost layers. More accurate calculations of thermal pulses
became possible with increasing computer power and these models reached higher
levels of details in the 1970’s. Another important insight came in 1966, when Wick-
ramasinghe et al. revealed a mechanism for mass loss in red giants. The authors
proposed that radiation pressure acting on dust grains would be able to drive a wind.
This is the mechanism still widely accepted to this day.

In the 1970’s, the first line from a thermally excited transition (CO ν = 0,
J = 1− 0) was detected (Solomon et al. 1971) in IRC+10216. With the construction
of a large number of radio-telescopes in the following years, the number of sources
and molecules detected rapidly multiplied. The study of CO emission lines remains
the most widely used method for determining the mass-loss rates and expansion ve-
locities of AGB stars. The increasing amount of information on AGB stars led to the
development of a spherical model of the envelopes around OH/IR stars (strongly ob-
scured AGB stars that present OH maser emission) by Goldreich & Scoville in 1976.
The model brought together the knowledge on AGB winds, made predictions of very
high mass-loss rates, and explained how the maser emission was produced. In 1975,
Iben was also able to explain the formation of carbon stars due to the thermal pulses.

With the structure and evolution of AGB stars well understood, the next revolu-
tion came with the launching of the infrared astronomical satellite (IRAS) in 1983.
IRAS performed an unbiased scan of the infrared sky and detected hundreds of thou-
sands of sources. From its data with unprecedented spectral coverage and resolution
in the near-infrared, a new era of statistical analysis of a large number of AGB stars
with dust envelopes started. From then on, observations from the ground benefited
immensely from the invention of new techniques and the construction of increasingly
better instruments.

The story of the following decades in AGB research consists of insights that led
to the discovery of many unexpected new aspects of AGB stars and of deeper un-
derstanding of the mechanisms behind the observed properties of these objects. This
research has essentially confirmed and refined the framework that had been achieved
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1 Introduction

Figure 1.1: The evolutionary tracks of a 1 M⊙ (left) and a 5 M⊙ (right) star (from Maercker 2009).

by the beginning of the 80’s, and which was crowned by the seminal review of Iben &
Renzini (1983). Nonetheless, despite the fact that the overall picture we have of AGB
stars seems to be correct and that our understanding of it is improving progressively,
many questions still remain open in the field. In the following pages we will delve
into some of those.

1.2 Evolution up to the AGB

Stars form from gas in molecular clouds, which can have up to millions of solar
masses. When perturbations in the structure of a given cloud (e.g. due to shocks or
tidal forces) make the cloud (or a part of it) unstable against its own gravitational
pull, a gravitational collapse is triggered. That happens in a hierarchical manner
as instabilities propagate to smaller scales. From the cores that have masses of the
order of the final stellar masses, a star (or stars) and planetary systems are born.
These stellar-mass blobs of gas continue to collapse under the influence of their own
gravity, heating its denser core. When the temperature becomes high enough in the
centre, thermonuclear burning sets in. It can be said that the tale of the lives of
low- and intermediate-mass stars is the struggle between the gravitational pull and
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1.2 Evolution up to the AGB

the counterbalance due to pressure from the particles that constitute them. Energy
produced by nuclear burning continuously replenishes what is lost by radiation and
allows stars to remain in stable configurations for long periods of time. As these
stars evolve they undergo many different processes that are triggered mainly by the
exhaustion of fuel. Those changes are reflected in observables such as temperature
and luminosity and the evolution of stars can be followed in the Hertzsprung-Russell
diagram, as shown in Fig. 1.1.

Stars start their lives on the zero-age main-sequence (ZAMS) with the onset of
hydrogen burning in the core, where temperature and pressure are high enough. They
spend about 90% of their lives in this configuration. The mechanism of hydrogen
burning depends on the initial stellar mass and changes progressively from lower
mass star with M∼ 0.8 M⋆ to higher mass stars with M≥ 2 M⋆. For stars with masses
about that of the Sun, the proton-proton (pp) chain dominates the energy production
on the main sequence. For stars more massive than about 2 M⊙, the CNO-cycle is
responsible for most of the energy produced. The production of energy via the CNO-
cycle depends much more strongly on temperature than the pp-chain does. Because
of this, as the temperature in the core increases, for stars with progressively higher
masses, the CNO-cycle gradually takes over as the main energy production mecha-
nism. Since there is no process that keeps the stellar material well-mixed (except for
very-low mass stars, M≤ 0.5 M⊙), stars develop a heterogenous structure. Hydrogen
is progressively consumed in the core but its abundance remains virtually unchanged
in the outer stellar layers.

When about 10% of the total hydrogen content of low- and intermediate-mass
stars is consumed, the core has become helium-rich and mostly hydrogen-free. Burn-
ing of hydrogen shifts from the centre to the inner-most hydrogen-rich shell. Because
of the low energy production rate in the centre, the core contracts. The gravitational
energy released by the helium-rich core stimulates hydrogen burning and energy pro-
duction in the hydrogen-burning layer. An important detail is that the equilibrium
temperature of the high-mean-molecular-weight gas in the helium core is higher than
for hydrogen-rich gas. Because of the strong temperature dependence of hydrogen
burning through the CNO-cycle, the heated hydrogen-burning shell produces more
energy than can be transported outwards, even by convection. The only solution is
for these stars to experience a large expansion. As more helium is deposited in the
core from the burning of hydrogen, the temperature increases at the hydrogen burn-
ing layer and, hence, the energy production. This leads to further expansion and
increase in luminosity. A small increase in the helium core mass causes a sizable
envelope expansion and the stars expand quickly and become luminous, cool giants.
The hydrogen envelope turns completely convective. At the beginning of the red gi-
ant branch (RGB) phase, the convective envelope penetrates deep enough and reaches
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1 Introduction

into regions where the chemical composition has been modified by nuclear burning.
This leads to a surface enrichment and is referred to as the first dredge-up (see Fig.
1.1). The changes in surface composition due to the first dredge-up are mainly re-
lated to the elements involved in the CNO-cycle: carbon, nitrogen, oxygen, and their
isotopes. The effect of the changes in the surface isotopic ratios is seen from obser-
vations and confirms the occurrence of both the CNO-cycle and the first dredge-up.
Moreover, some of these changes are very sensitive to stellar parameters and can be
used to constrain them. In particular, the values of the surface isotopic ratios 13C/12C
and, especially, 17O/16O (Boothroyd et al. 1994) after the first dredge-up depend on
the initial stellar mass and might be used to determine this elusive parameter of AGB
stars. We apply this diagnostic to constrain the mass of W Hydrae in Chapter 2. The
stars remain in the RGB phase until helium is ignited in the core.

The ignition of helium can happen either explosively or quiescently, depending
on whether the helium core becomes electron degenerate or not before the core ig-
nites. Degeneracy develops if the temperature is not high enough for all electrons
in a given volume to occupy different quantum states. For stars with less than about
2.25 M⊙ the core is so compact compared to the temperature it reaches that electron
degeneracy sets in. In degenerate matter, quantum degeneracy – which is indepen-
dent of temperature – provides most of the pressure. The helium nuclei do not be-
come degenerate, however, and continue to have speeds described by the Maxwell
velocity distribution even in a electron degenerate environments. As the core grows,
the temperature of the non-degenerate particles increases until the temperature for the
occurrence of the triple-α (helium burning) reaction is reached. When that happens,
the energy produced by nucleosynthesis does not lead to an expansion of the nucleus
and a run-away burning situation develops. Higher burning rates lead to higher tem-
peratures that lead to even higher burning rates. For a few seconds, the luminosity
produced is comparable to that of an entire galaxy. But most of the energy never
makes it to the surface, as it is used to lift the degeneracy from the nucleus and to
expand of the core. The stars which do not reach the conditions for electron degen-
eracy in the core ignite helium in a non-explosive way when the temperature is high
enough. At this point, the stellar structure consists of a helium-burning core and a
hydrogen-burning shell. The star will remain in this stable configuration for a time
that is equivalent to about 10% of the main-sequence time.

After burning most of the helium in the core similar conditions to the one en-
countered at the end of the main sequence are reached. The helium-depleted core is
now carbon- and oxygen-rich. The energy production in the centre decreases as the
helium atoms become rarer and helium burning shifts to the innermost helium-rich
shell. As for the first ascent on the red giant branch, the luminosities produced by
the helium- and hydrogen-burning layers reflect what happens in the core. Again, the
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1.3 Evolution on the AGB

Figure 1.2: The structure of a 1 M⊙ (left) and a 5 M⊙ (right) star in the early AGB. Figure taken from
Lattanzio & Wood (2003).

release of gravitational energy from the core heats the higher-lying layers increasing
the burning rate. The energy produced becomes once more too large to be transported
outwards even by the convective envelope and the star is forced to expand. For stars
more massive than about 4 M⊙, the expansion is large enough to shut off the hydrogen
burning shell. For these stars, the convective streams become deep enough to drag
processed material from the stellar centre to the surface. This is referred to as the
second dredge-up (see Fig. 1.1) and it has an impact on the surface abundances of
4He, 12C, and 14N. After the second dredge-up, the hydrogen-burning shell re-ignites.
The rapid increase in luminosity and radius corresponds to the second ascent in the
giant branch and it brings the star to the AGB phase.

1.3 Evolution on the AGB

On the early-AGB, the stellar structure is basically independent of stellar mass and
consists of helium- and hydrogen-burning shells and an inert, electron degenerate
carbon and oxygen core (see Fig. 1.2). Further nuclear burning of carbon into heav-
ier elements does not occur for stars with masses larger than ∼ 8 M⊙, setting an upper
limit to the mass of AGB stars. Initially, helium burning dominates the energy output
on the AGB but as the evolution proceeds, the helium shell becomes thinner and the
temperature and energy production in the hydrogen burning shell rise. Eventually,
the energy production from hydrogen burning becomes the main contributor to the
stellar luminosity. The helium shell continues to become thinner, since helium burn-
ing happens faster and produces less energy than hydrogen burning, and when an
optimal shell thickness is reached an important process named thermal pulse arises
(Schwarzschild & Härm 1965) and the star enters the thermally pulsing AGB (TP-
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1 Introduction

AGB) phase (see Fig. 1.1).
A thermal pulse happens if the helium shell is thin enough for an expansion to

lead to a small decrease in the shell pressure and thick enough for energy produced in
the shell not to be lost easily to neighbouring shells. If those conditions are fulfilled,
a positive temperature perturbation in the shell will lead to a run-away situation. Be-
cause an increase in the temperature of the shell increases the energy production and
causes an expansion and a drop in the density of the shell. If this expansion does not
reduce the pressure from the upper layers by a factor equal or greater than that of the
density decrement, the temperature will rise instead of declining. A higher tempera-
ture, then, leads to higher energy production, which causes the temperature to rise in
a run-away process. The cycle is broken when the helium shell has greatly expanded
and most of the fuel has been used. The expansion is so large that the hydrogen burn-
ing stops momentarily and the convective region in the envelope becomes less deep
(see Fig. 1.3). Once the helium shell contracts again, hydrogen burning resumes. He-
lium continues to be produced until the helium shell reaches the required conditions
for a new thermal pulse to occur, and the process repeats itself. The time between
two pulses is of the order of 105 years (but can be as low as ∼ 104 years for the more
massive AGB stars, with M

∼
> 5 M⊙) and helium-shell burning happens only for a few

hundred years.
A very high luminosity is produced in the helium-burning shell during a ther-

mal pulse but most of the energy is used in the expansion of the upper layers. The
very high energy production causes convection zones to develop and that leads to the
dredge-up of processed material. This is referred to as the third dredge-up (see Fig.
1.3) and consists of a collection of individual events that follow each thermal pulse.
The third dredge-up has strong effects on the surface composition of AGB stars.

1.3.1 The third dredge-up

A pulse-driven convective zone (PDCZ) is created by the onset of burning in the
helium-shell between the helium- and hydrogen-burning shells. The convective streams
last for a few hundred years and the composition in this region is homogenized, con-
sisting mainly of helium (75%) and carbon (22%). As shown in Fig. 1.3, when the
helium burning ceases and hydrogen burning resumes, the convective streams from
the envelope extend deeper and reach the region in which the composition was mod-
ified by the PDCZ. This matter with altered elemental composition is mixed to the
surface material, changing the surface abundances. However, for stars with solar
composition and M

∼
< 2 M⊙, the third dredge-up does not take place. For stars with

lower metallicity, the mass limit for the third dredge-up decreases (Karakas 2010).
The composition of the matter mixed to the surface depends strongly on the stellar

mass and evolutionary stage on the AGB but consists mainly of elements associated

8



1.3 Evolution on the AGB

Figure 1.3: Schematic view of the interior of a 2 M⊙ star model during thermal pulses 14 and 15 and
interpulse period (from Herwig & Austin (2004)). The convective zones are shown to demonstrate the
third dredge-up process.

with H and He burning and those produced by slow capture of neutrons 1. One of
the most important consequences of the third dredge-up is the formation of carbon
stars (Iben 1975), when the abundance of this element surpasses that of oxygen at the
surface. The carbon-to-oxygen ratio is important because it defines the chemistry of
the atmosphere and of the circumstellar envelope as a consequence of the high sta-
bility of the CO molecule. Since CO can survive at relatively high temperatures and
is difficult to dissociate once formed, carbon and oxygen atoms are mostly locked in
CO molecules. The remaining oxygen after the formation of CO develops an oxygen-
based chemistry, if the abundance of oxygen is higher than that of carbon, while if
carbon is more abundant, the chemistry becomes carbon-based. AGB stars that have
a C/O ratio close to unity are named S-type stars and present a peculiar chemistry

1Slow refers to the rate at which the neutron capture happens compared to the rate of radioactive β−

decay. When the neutron flux is low enough for the nucleons to go through a β− decay before interacting
with the next neutron, the process is said to be slow. If the neutron flux is higher and a given nucleon
reacts with more than one neutron before going through a β− decay, the process is said to be rapid. Due
to the differences in the processes, slow- and rapid-neutron capture produce difference elements.

9



1 Introduction

which is not strongly dominated by carbon nor oxygen. The atmospheres of these
stars are also polluted by elements produced by slow-neutron-capture nucleosynthe-
sis. For the number abundance of carbon to exceed that of oxygen, large amounts
of carbon have to be dragged to the surface. This happens efficient during the third

dredge-up in stars with initial masses up to about 4 M⊙ (e.g. Karakas 2010). For stars
with higher masses, hydrogen burning occurs at the base of the convective envelope
and the dredged-up material is reprocessed before reaching the surface. Since the
burning happens via the CNO-cycle, most of the carbon and oxygen atoms are con-
verted to 14N, and the surface abundance of this element increases substantially. This
process is referred to as hot bottom burning and can prevent the formation of carbon
stars.

AGB stars are also sites where unique nucleosynthesis happens since matter at
the base of the convective envelopes is recurrently exposed to a low flux of neutrons
during the TP-AGB, which leads to the production of heavy elements formed only
under these conditions. The elements produced via the s-process are observed in the
atmospheres of AGB stars confirming its occurrence in the stellar interiors. Some of
the elements produced in this way have very short half-lives, such as 99Tc (having a
half-life of 2 × 105 years), and are direct evidence of ongoing s-process nucleosyn-
thesis.

1.4 Evolution after the AGB

Evolution on the AGB is terminated when the mass-loss has reduced the hydrogen
envelope to ∼ 10−3 M⊙. Hydrogen burning still takes place in a shell surrounding
the core and the luminosity remains basically unchanged. The effective temperature
increases as the hydrogen envelope mass decreases in a well-defined relation (e.g.
Schoenberner 1981). If the time is right between the last strong mass-loss rate event
and the rise in temperature of the naked core, the system will be seen as a planetary
nebulae (Kwok et al. 1978). After hydrogen burning ceases, the remaining carbon
and oxygen white dwarf (of typically 0.6 M⊙) experiences a slow radiatively cooling.

1.5 The circumstellar envelopes

Despite the effect that processes in the interior of the star have on its structure and
chemical composition, it is the characteristic high mass-loss rate (ranging from 10−8

up to 10−4 M⊙ year−1) that sets the time-scale of evolution on the AGB. The rate at
which AGB stars shed their envelopes is faster than that at which nuclear burning
consumes the available fuel. The high mass-loss rates also prevent these stars from
ending their lives as supernovas, as stars with masses above ∼ 1.5 M⊙ would explode
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1.5 The circumstellar envelopes

Figure 1.4: The schematic structure of the circumstellar envelope of an AGB star (from Maercker
(2009)).

once the fuel was exhausted if no mass loss took place.
The intense mass loss produces a circumstellar envelope that contains several

molecules in the gas-phase and different dust species. A schematic view of the struc-
ture of a mass-losing AGB star is shown in Fig. 1.4.

1.5.1 The mass-loss

The mechanism responsible for mass loss of low- and intermediate-mass stars on the
AGB still is the subject of intense investigation. The explanation accepted today was
achieved almost half a century ago and relies on the combination of the high lumi-
nosities of AGB stars with the continuum opacity provided by dust grains. Although
other means of driving the wind of AGB stars (e.g. the combination of pulsation
with inefficient radiative cooling, radiation pressure on molecules, and small-scale
magneto-acoustic waves) might play a role (Woitke 2003), in this work we focus on
the widely accepted picture of dust-driven winds.

For the accepted mechanism to take place, dust grains need to be present in the
upper atmosphere. The formation of dust is facilitated by pulsations, which push
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matter away from the star to regions cool enough (T≤ 1500 K). In this way, the wind
of AGB stars is seen as a two-step process that requires pulsations and dust formation
to develop.

Variability and pulsations

The radial pulsations of AGB stars are observed mainly as photometric variations.
The variations in visual magnitude can be 6 mag or more but the bolometric mag-
nitude changes only by ∼ 1 mag. The larger variation in flux at short wavelengths
is mainly because of two causes: the strong dependence on temperature of the flux
of a black-body in this spectral range, for the typical temperatures of AGB stars
(T∼ 2500 K); and the large difference in molecular content of the atmosphere be-
tween maxima and minima, which leads to different amounts of absorption of visible
radiation. Typical periods range from about a hundred to a few thousand days. From
their light curves, these variable stars are morphologically classified in three broad
classes: Mira variables, which have large amplitude variations (> 2.5 mag in V) and
show relatively regular variations; semi-regular variables, that show small amplitude
variations (< 2.5 mag in V) and less but still definable periodicity; and irregular vari-
ables, which show very little periodicity. The last class might be overpopulated by
stars with poorly studied light curves. A class of AGB stars that is not represented in
this classification scheme are very-high mass-loss rate objects which become com-
pletely enshrouded by dust and, hence, too faint in visible light to be detected. These
stars are seen to pulsate in the K band with amplitudes of up to 3 mag and with
periods of

∼
> 600 days (e.g. Le Bertre 1993; Whitelock et al. 1994).

The pulsations create sound waves that propagate through the atmosphere. Be-
cause of the characteristic strong radial density gradient that exists in atmospheres,
these sound waves develop into shocks. The shocks not only levitate the gas but also
heat and compress it, triggering the formation and destruction of molecules and dust.
The shocks also contribute to accelerate matter outwards but this push is not enough
to overcome the gravitational pull (Höfner et al. 2003). The wind is initiated only if
enough dust grains form from the levitated material and provide the opacity for radia-
tion pressure to act transferring the required additional momentum. The gas particles
can have a non-negligible contribution to the wind driving by also offering opacity
but they are thought to be mainly dragged along by the dust particles via collisions
(Gilman 1972). In this sense, dust and gas components of the wind can have differ-
ent expansion velocities with the dust particles streaming through the gas with drift
speeds even higher than the maximum gas expansion velocity.

In the atmospheres of carbon stars the picture of a pulsation-induced dust-driven
wind is easy to reproduce, as the most abundant dust species (amorphous carbon)
forms very close to the star and provides enough absorption opacity to drive the
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wind (Winters et al. 2000). For oxygen-rich AGB stars, however, the picture is more
complex. First, the chemistry of the dust formation is more intricate for oxygen-based
species. Second, none of the species that are able to survive within the distances
reached by the pulsation-driven shocks provides enough absorption opacity to initiate
the flow (Woitke 2006). The solution to this seems to be that dust acquires momentum
from the radiation field via scattering of photons rather than absorption in oxygen-
rich AGB stars (Höfner 2008). When direction dependent scattering and scattering
cross-section are taken into account, calculations show that dust particles must reach
sizes of about 0.4 µm to gain the required momentum. Because scattering is largely
independent of the chemical composition of the grains, identifying the dust species
responsible for driving the wind is not straightforward. The dust species recurrently
reported to be seen around oxygen-rich AGB stars are silicates, amorphous Al2O3

(corundum), and magnesium and iron oxides and those are the obvious candidates
for the wind driving. When abundance considerations are taken into account, silicate
grains are found to be the strongest candidates. This theoretical expectation still lacks
observational confirmation.

The formation and growth of dust grains and the wind driving

The connection between wind driving and grain formation is complex, as the dynam-
ics and radiation field influence the dust formation process and the amount of dust
affects the dynamics and the radiation field. At the temperatures at which dust grains
form, most elements are locked in molecules and at the densities of the inner wind a
rich chemistry develops. The study of dust formation is the study of chemical path-
ways that take molecules from the gas to the solid-phase under the conditions of the
extended atmospheres of AGB stars. However, theoretical predictions are not easily
achieved, as many processes important in the dust formation, growth and process-
ing are still poorly understood even under laboratory conditions. Furthermore, the
formation of dust happens in a chaotic environment where pulsation-induced shocks,
a varying stellar radiation field, and a large number of different chemical reactions
play important roles. The fact that the timescales on which these processes modify
the medium are comparable to those for grain growth makes the modelling of dust
formation difficult. It is obviously necessary that models treat all the components si-
multaneously with time-dependent radiative transfer and dynamics. Because of this,
no complete description of dust nucleation and growth has been possible yet.

Although most of the relevant processes possibly happen under non-equilibrium
conditions, studying the chemical equilibrium between mixtures of gas and solids is
an important tool to understand the dust species that likely form from ejected gas in
the AGB circumstellar environment. This is a common problem of thermodynamics
and consists of finding the minimum of the Gibbs energy with respect to all solid and
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Figure 1.5: Stability limits given in the pressure-temperature plane of minerals formed by the most
refractory elements, Mg, Fe, Si, Al, Ca and of Ti and Zr. The chemical formulae of the minerals
represented are: Al2O3 (corundum), CaTiO3 (perovskite), Ca2Al2SiO7 (gehlenite), MgAl2O4 (spinel),
MgCaSi2O6 (diopside), Mg2SiO4 (forsterite), MgSiO3 (enstatite), Fe (iron), and FeS (troilite). The
dashed lines are P − T trajectories that correspond to a 10−5 M⊙ year−1 AGB outflow (stellar wind)
and the photosphere τ = 2/3 (disc:photosphere) and the midplane (disc:midplane) of a stationary
protoplanetary disc of a solar-like protostar with a 10−7 M⊙ year−1 accretion rate (from Gail 2010).

gaseous compounds that constitute the mixture. This problem can be solved for the
different temperatures and pressures encountered in astrophysical environments in
search for stable solid compounds. This type of calculations leads to the data shown
in Fig. 1.5.

A more complex problem than finding stable solutions for gas-solid mixtures
is to calculate which materials condense from a pure gaseous mixture of a given
composition. The formation of solid particles in this condition is often regarded as a
different process given its complexity. It is referred to as nucleation. Once the (tiny)
seed nuclei are formed, the growth of dust species is enormously facilitated. The
composition of the seeds and the grain that grows around it can (and likely do) differ.
Dust nucleation in the outflows of carbon-rich stars is much better understood than in
oxygen-rich environments because of important contributions of data from industry
on modelling of terrestrial flames. In oxygen-rich environments, nucleation is still an

14
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open problem but some progress has recently been made from quantum mechanical
calculations, especially on cluster structures (e.g. Jeong et al. 2000; Chang et al.
2000).

Another complicating factor for the study of oxygen-rich environments arises
from the fact that dust mixtures consisting of oxides might suffer from solid diffu-
sion or solid-state chemical reactions, which alter their composition. Also, the lattice
structure of oxygen-rich dust has a very strong effect on the optical properties of
the dust. The structure of newly formed dust in astrophysical conditions is expected
to be amorphous (with a disordered structure) in most cases but if exposed to high
enough temperatures, the building blocks rearrange themselves in more energetically
favourable (regular) crystalline structures. The process of changing a solid from an
amorphous to crystalline structure is called annealing and an example of the time
scales involved are given in Fig. 1.6. All these processes are time-dependent, not
completely understood, and occur in the chaotic environments of the outer atmo-
spheres of AGB stars. For carbon-rich stars, the observed data obtained so far can be
explained with simpler models that do not require dust processing but dust processing
is likely also important for these sources.

Another important distinction in dust formation in the circumstellar envelopes of
AGB stars is with respect to whether the opacity provided by the formation or growth
of dust grains is added before or after the wind has been launched. If we ignore the
momentum input due to radiation pressure on molecules, shocks and magnetic fields,
a simplified condition for a dust driven wind is that radiative acceleration on dust
grains exceeds gravity. The ratio between these two forces, Γ, is

Γ =
κL⋆

4πcGM⋆
, (1.1)

where κ is the “fluxed averaged mean opacity”, L⋆ and M⋆ the luminosity and mass
of the star, and c and G the speed of light and the gravitational constant. The “flux
averaged mean opacity” is the opacity of the given dust species averaged over the
incident flux and integrated over the grain size distribution function. It can be very
difficult to calculate as direction dependent scattering can account for an important
fraction of the total opacity and is strongly size dependent.

Calculations of isothermal winds, for which an analytical solution exists, lead to
important qualitative conclusions that are still valid when dealing with more complex
winds. These calculations show that winds will develop if the condition Γ > 1 is
fulfilled at some point of the atmosphere. For a spherically symmetric wind, the
radius at which the radiation pressure on the dust grain surpasses gravity is referred
to as the critical point, rc. The mass-loss rate, Ṁ, is defined by the density, ρc,
and expansion velocity, υc, at rc from the equation of conservation of mass, Ṁ =
4πρcυcr2

c . For a given stellar atmosphere, increasing the dust opacity below rc forces
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Figure 1.6: Timescales for annealing of a 0.1 µm particle and for nucleation of enstatite (full lines).
The timescales for vertical and radial transport in protoplanetary discs and the hydrodynamic timescale,
r/υ, of a stationary outflow are shown for comparison. Figure taken from Gail (2010).

the critical point inwards, to higher density regions, and leads to higher mass-loss
rates. Increasing the dust opacity for r > rc does not affect the mass-loss rate but
only the maximum expansion rate or terminal velocity of the outflow.

The molecular wind

The gaseous component in the outflows of AGB stars is mostly molecular and many
molecules already form in the extended atmospheres. Even though the gas accounts
for most of the mass (at least ∼ 99%), it is mainly only dragged by the dust grains.
As they stream away, the molecules are exposed to different temperatures, densities,
and radiation fields. A multitude of reactions takes place in the outflow, making the
molecular composition of the wind a strong function of radius. Some of the reactions
are important for further grain growth while others require a solid surface to take
place. Models which take as input the atmospheric chemical composition and the
coefficients of reaction rates are able to predict the radial abundance of molecules for
different stellar and wind parameters (e.g Willacy & Millar 1997; Cherchneff 2006).

16
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Figure 1.7: Reactions involving sulfur, oxygen, and hydrogen relevant in the inner wind of an oxygen-
rich source (Willacy & Millar 1997).

To illustrate the complexity, we show a small set of the chemical reactions involving
sulfur in Fig. 1.7. These depict the processes involving sulfur, oxygen, and hydrogen
that are relevant in the inner wind of an oxygen-rich source (Willacy & Millar 1997).
The inner wind abundances of these sulfur-bearing molecules are also affected by
reactions with other elements not shown in the figure and many other reactions also
have an effect on these abundances in an indirect way.

As the wind expands, the densities and temperatures decrease and the rates of the
different reactions change, leading to the destruction or production of the different
molecules. When the densities reached are too low, at large distances from the star,
the reaction rates drop strongly and expansion continues without significant chem-
istry taking place. The fate of these molecules is to be dissociated in the outer parts
of the molecular envelope by the interstellar radiation field. The abundances as a
function of radius of the molecules involved in the reactions in Fig. 1.7 are shown in
Fig. 1.8 (Willacy & Millar 1997). These chemical models depend on data on reaction
rates that might be poorly known, or not at all, for the conditions encountered in the
outflows of AGB stars. Observations of molecular abundances as a function of radius
are extremely important to corroborate or constrain the results obtained. In Chapters
2 and 3, we calculate such models for CO, SiO, and H2O for W Hya and in Chapter
5 for CO and SiO for R Dor and R Cas.
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Figure 1.8: Abundances of sulfur-bearing molecules involved in the reactions given in Fig. 1.7 as a
function of radius (Willacy & Millar 1997).

1.6 Observations of circumstellar envelopes

Observations of AGB stars give important information to support theoretical efforts
to understand the processes happening in these objects. Observations of the inner
wind and atmospheres can reveal the conditions in the regions from where the wind
is launched, and give insights into the mass-loss mechanism, while data on molecular
and dust emission from the intermediate region of the wind constrain their chem-
istry and physical structure. Furthermore, a given circumstellar envelope encloses
the mass-loss history of its parent AGB star, as the material that slowly merges into
the interstellar medium carries information about the time at which it was ejected.
This ‘memory’ can be lost due to interactions with the interstellar medium or with
previously ejected matter. Nonetheless, studies of the circumstellar envelopes have
shown strong mass-loss variations on scales of thousands and even hundreds of years
(e.g. Decin et al. 2007; Schöier et al. 2011b; Justtanont et al. 2013; de Vries et al.
2014, Chapter 4) that are not always understood on the basis of present-day theoreti-
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cal knowledge.

1.6.1 The dust

The dusty component of the circumstellar environment of AGB stars is studied in the
vast majority of cases by analyzing its interaction with radiation. Important findings
also come from research of the properties of pre-solar grains which are retrieved from
meteorites and that are thought to be produced in AGB stars (from their isotopic
signature) and to have survived the formation of the solar system (e.g. Nguyen et al.
2010; Takigawa et al. 2014). However, these grains are very few in number.

The grains in the circumstellar environments of AGB stars interact with the avail-
able photons either by scattering or absorption. The absorbed photons are converted
into thermal energy of the grain. The grains emit radiation in the infrared and the
balance between energy absorbed and irradiated sets the temperature of the particles.
The radiation is more easily emitted or absorbed by grains in frequencies in which
their constituent molecules are allowed to resonate, causing characteristic bands in
the spectrum. One important point to note is that amorphous and crystalline dust
have very distinct spectral characteristics, because of their different lattice structures.
on the one hand, crystalline dust species show sharp, well-defined dust features that
reflect the ordered structure of the lattice. On the other hand, the structure of amor-
phous dust is chaotic and when the many slightly different resonance frequencies are
combined they result in broad spectral features.

The scattering, absorption and emission of light by dust grains are studied by dif-
ferent techniques and at different wavelengths both from the ground and from space.
For scattering, images of visible light can reveal large dust shells produced by con-
tinuos mass loss over thousands of years (e.g. Mauron & Huggins 2000, 2006), or by
intense mass-loss periods (e.g. González Delgado et al. 2003b; Maercker et al. 2010)
which are often associated with thermal pulses (e.g. Olofsson et al. 1996; Mattsson
et al. 2007). Polarimetric interferometry in the near-infrared can probe the innermost
regions of the outflows. This technique was used to show the presence of large grains
associated with the wind driving in oxygen-rich AGB stars Norris et al. (2012). In
Chapters 4 and 5 we use these observations to constrain the masses of the halos of
scattering grains around W Hya, R Dor, and R Cas.

For the chemical and physical structure of dust species to be identified, infrared
spectra are needed as most of the radiation emitted by solid particles is produced in
this wavelength range. Because of the earths atmosphere, these spectra must be ob-
tained mostly from space with instruments onboard satellites like IRAS, ISO, Spitzer,
AKARI and Herschel. Observations from the ground are also possible in the atmo-
spheric windows but do not provide nearly as much wavelength coverage and quality
as those secured from space. Thermal dust spectra reveal characteristic features that
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Figure 1.9: ISO short-wavelength spectrometer spectra of an oxygen-rich star (o Cet), a carbon-rich
star (RY Dra), and a star that presents both oxigen- and carbon-rich features (V778 Cyg) are compared.
The bands that are characteristic to the two spectral types are identified. Figure taken from Yamamura
et al. (2000).

are compared to laboratory measurements of optical properties of solid materials.
The variety of obtained spectra is vast with well-characterized differences between
oxygen-rich and the carbon-rich sources and even hybrid objects (see Fig. 1.9). As
shown in Fig. 1.10, a great diversity is also seen in optical depth with optically thin
and optically thick dust emission arising from sources with low (∼ 10−7 M⊙ year−1)
and high (∼ 10−5 M⊙ year−1) mass-loss rates. The higher mass-loss rate objects pos-
sess winds so optically thick that the central star becomes completely obscured. For
these sources a direct study of the stellar spectrum is not possible and properties of
the star have to be inferred.

In order to successfully determine the properties of the circumstellar dust, a li-
brary of optical constants of astrophysically relevant species is required. As the
amount of pre-solar grains available is not enough to extract optical information, data
must come from the dust species found on Earth or those synthesized in laboratories.
Measuring the optical properties of these solids is difficult and the number of possi-
ble compositions vast. Hence, despite large efforts (e.g. Begemann et al. 1997; Jäger
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Figure 1.10: ISO short-wavelength spectrometer spectra of oxygen-rich AGB stars with envelopes that
have different optical depths (from Sylvester et al. (1999)).

et al. 2003; Hofmeister et al. 2009; Speck et al. 2013), optical properties of materials
of many different chemical compositions and structures are still unknown.

The study and identification of dust features in astrophysical objects consists of
comparing calculated models to the observed spectra. Such models can be simple,
e.g. they may consist of only the opacity of the sample dust, or complex, involving
full radiative transfer models that calculate the spectra for a given spatial distribu-
tion and opacity. The code used to model the dust emission of W Hya, R Dor, and
R Cas, MCMax (Min et al. 2009), is an example of the second approach. It solves
the continuum-opacity radiative transfer problem using a Monte Carlo approxima-
tion (see Chapters 2, 3, 4, and 5). In order to calculate dust opacities, however, a
dust particle model has to be adopted. The dust grain models most commonly used
assume spherical particles (Mie theory, Mie 1908) or a distribution of shapes, such as
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ellipsoids or hollow spheres (Bohren & Huffman 1998; Min et al. 2003). The latter
approximations are thought to better reproduce the opacity of cosmic dust.

1.6.2 The gas

Molecular emission and absorption are by far the main sources of information on
circumstellar gas. The emission is mostly produced from allowed transitions be-
tween quantized rotational, vibrational, or electronic energy levels. The interpre-
tation of observed data becomes increasingly difficult for more complex molecules
(with many atoms or a non-linear structure) with a large number of allowed transi-
tions. The observations can be roughly divided in absorption lines against the bright
stellar-continuum in the near-infrared and emission lines at mid-infrared and longer
wavelengths. They come from molecules present close to the star, in the high-density
medium of the extended atmosphere (Tsuji et al. 1997), up to the farther regions of the
molecular envelope. The molecule most widely used for the study of the circumstel-
lar environments is CO (e.g. De Beck et al. 2010; Justtanont et al. 2013; Ramstedt &
Olofsson 2014), as it is ubiquitously present in high abundances in the entire molec-
ular envelope and has a simple structure of its energy levels. Other studied molecules
include SiO, H2O, OH (e.g. González Delgado et al. 2003a; Maercker et al. 2009),
found in large abundances around oxygen-rich sources, CN, CS, and HCN for car-
bon stars (e.g. Cernicharo et al. 2011; Schöier et al. 2013), and a combination of both
in S-type stars (e.g. Danilovich et al. 2014). An example of a far-infrared spectrum
full of molecular lines is given in Fig. 1.11. The spectrum of the oxygen-rich star
W Hya was obtained with PACS onboard Herschel. Most of the transitions seen are
associated with water, a smaller fraction is due to CO emission.

Despite the well-established dichotomy between carbon- and oxygen-rich stars,
molecules that contain oxygen (such as H2O and SiO) are observed with lower abun-
dances around carbon-rich sources. The same happens for carbon-bearing molecules
(such as HCN) around oxygen-rich sources. The reasons for this are thought to be
traced back to the dissociation of CO molecules at the base of the envelope due to
shocks (Cherchneff 2011), a deep penetration of UV photons because of a clumpy
medium (Decin et al. 2010a), or both.

The absorption or emission signature of a population of a given molecule can
be calculated from radiative transfer models based solely on its excitation structure
and spatial distribution. However, obtaining the excitation structure for a molecular
species in the outflow of an AGB star is not a simple task, not even when spher-
ical symmetry is assumed. The levels are populated by collisions (mainly with H2

molecules), direct stellar radiation, and radiation from dust, the considered molecular
species, and possibly other molecules. Radiation produced in different parts of the
envelope might affect excitation in distant regions, given the relative velocities (and
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Figure 1.11: The PACS spectrum of W Hya with a large number of water and CO transitions that give
important information on the properties of the envelope (see Chapters 2 and 3).

consequent Doppler shifts) and the highly direction dependent optical depths. To
solve the complex problem of determining the level populations, numerical codes are
necessary. GASTRoNOoM (Decin et al. 2006, 2010b), used to model the molecular
emission of W Hya in Chapters 2 and 3 and of R Dor and R Cas in Chapter 5, is one
of such codes. The exercise might still be impossible, presently, for specific molecu-
lar species if data on collisional and radiative coefficients are not well constrained or
unknown.

Studying different transitions and/or several molecular species may give com-
plementary information on the derived envelope parameters. Typically, the higher
the excitation energy of the upper level of a given transition, the closer to the star it
will be excited. However, this is not a strict rule as, for example, the excitation of
transitions can be strongly influenced by the non-local radiation field. On the one
hand, for a given molecule whose excitation is coupled to the local gas conditions
(as is usually the case for 12C16O), transitions with progressively lower excitation
energy will probe material at increasingly larger distances from the central star. On
the other hand, different molecules can be sensitive to different parameters either
due to stronger intrinsic transition coefficients, different abundances, or distinct spa-
tial distributions. Therefore, including many transitions of different molecules in the
study of the molecular envelope of AGB stars sets stronger constraints on the derived
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properties.
Observations that spectrally or spatially resolve the emission in a given transition

provide further, unique constraints on the envelope properties (e.g. Lucas et al. 1992;
Schöier et al. 2004, 2011b; Maercker et al. 2012). Spectrally resolved observations
give information on the velocity structure of the envelope as they reveal the Doppler
broadening caused by the expansion of the envelope (of typically ∼ 10 km s−1). If
such observations are performed for transitions excited both close and far from the
star, the acceleration of the envelope can be probed. Observations of this kind help
unveil the wind acceleration mechanism (e.g. Cernicharo et al. 2010; Decin et al.
2010c; Schöier et al. 2011a; Justtanont et al. 2012; Danilovich et al. 2014). Spa-
tially resolved observations are capable of constraining the regions in the envelope
from where emission of a given transition originates. Hence, they probe the density
and temperature structure of the envelope and help to break degeneracies between
these two properties. With the advent of ALMA, observations have revealed struc-
tures and asymmetries that are far too detailed to be reproduced by the spherical-
symmetrical molecular-radiative-transfer codes mostly used at present (e.g. Vlem-
mings et al. 2013).

1.6.3 Variations in the mass-loss rate

The total mass lost during the AGB phase clearly depends on initial stellar mass,
since all AGB stars are reduced to white-dwarves of similar masses (of

∼
< 1 M⊙)

but have very different masses at the beginning of the AGB (ranging from 0.8 to
8 M⊙). However, the evolution of the mass loss for a stars of a given initial mass
is not yet known. When measuring mass-loss rates from molecular line emission or
dust infrared excess, only the mass loss from up to tens of thousands of years ago is
probed. Because of this only mass-loss variations on timescales

∼
< 105 years can be

measured for an individual star. Changes in the mass-loss rate over larger periods of
time have to be inferred from studies of a large number of sources. In these samples,
variations of the mass-loss rate due to other parameters and due to the evolution time
on the AGB are difficult to disentangle. Besides variations on the mass-loss rate
caused by the evolution on the AGB of a single star, differences in the mass-loss rate
are also expected to be seen for different stellar luminosity, mass, and temperature
(Olofsson 2003).

Due to the large uncertainties usually associated with distance estimates for AGB
stars in our galaxy, the dependence of mass-loss rate with luminosity is better studied
by using sources in the Magellanic clouds, for which the distance is well-known (Lat-
tanzio & Wood 2003). A study by (Srinivasan et al. 2009) shows that the luminosities
and infrared excess of the oxygen- and carbon-rich AGB stars observed correlate. The
correlation is particularly good for the objects with strong dust emission. It shows a
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Figure 1.12: Mass-loss rates and period for oxygen-rich stars (left panel) and carbon-rich stars (right
panel). Semiregulars (diamonds), Miras (circles), and Galactic Center OH/IR-stars (squares) are shown
(from Olofsson 2003).

lot of scatter, however, for sources with low luminosities, below∼ 3 × 104 L⊙. This
suggests that the mass-loss rate of AGB stars in the lower luminosity range depends
strongly on other parameters.

As shown in Fig. 1.12, it is well-establish that the mass-loss rate also correlates
with pulsation period. The main cause of this is thought to be the dependence of
pulsation period with envelope mass. The complete explanation is undoubtedly more
complex, as stars with similar periods but different pulsation properties are sometimes
observed to have different mass-loss rates (Olofsson 2003).

Shells produced by mass-loss rate peaks associated with thermal pulses are also
seen around AGB stars (e.g. González Delgado et al. 2003b; Maercker et al. 2010,
2012). The shells are seen in both CO emission and scattered light and only around
carbon-rich sources. The mass-loss rates observed during the thermal pulses are of up
to two orders of magnitude higher than the inter-pulse mass loss. Although the high-
mass-loss-rate phase is short (∼ 100 years) it has an important contribution to the total
mass lost. Mass-loss rate variations with timescales of hundreds or thousands of years
are also measured but no definitive explanation has been given for this modulation.
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Figure 1.13: An artistic impression of the Herschel satellite. Credits ESA/AOES Medialab.

For example, evidence suggests that the high mass-loss rate outflows from several
OH/IR stars are only about a thousand years old (Justtanont et al. 2013; de Vries
et al. 2014). For lower mass-loss rate sources, variability on short timescales also
seems to be conspicuous as many sources show important changes on the mass-loss
rates on timescales of ∼ 102 to 103 years (e.g. Marengo et al. 2001; Decin et al. 2007;
Schöier et al. 2011b, Chapter 4)

1.6.4 The Herschel observatory

Recently, the launching of the Herschel Space Observatory (shown in an artistic im-
pression in Fig. 1.13, Pilbratt et al. 2010) has revealed many new molecular transi-
tions never detected before and shown details of the distribution of cold dust in many
different astronomical sources. This new data has already significantly helped ad-
vance our understanding of the AGB envelopes but, due to the immense amount of
information, much more is still to be learned from further analysis observations.

The mirror of Herschel is 3.5-metres in diameter and is the largest ever sent to
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space. Its instruments cover the far-infrared and sub-millimetre spectral range (55 to
672 µm), a large part of which was unexplored. Observations made from the ground
cannot access a large fraction of this wavelength range due to restrictions inflicted
by the Earth’s atmosphere. In particular, many transitions of the water molecule
(ubiquitously present in the universe, including our atmosphere) were observed and
studied for the first time with the satellite.

Due to the spectral region of interest, the detection system has to be cooled to
temperature as low as 0.3 K. The over two thousand litres of liquid helium required
for the effective cooling to these low temperatures is what set the mission lifetime
of slightly more than three years. While the liquid helium supply lasted, the three
instruments onboard Herschel, the Heterodyne Instrument for the Far Infrared (HIFI;
de Graauw et al. 2010), the Photodetector Array Camera and Spectrometer (PACS;
Poglitsch et al. 2010), and the Spectral and Photometric Imaging Receiver (SPIRE;
Griffin et al. 2010), collected unprecedented data on a vast number of infrared sources
in the sky. The instruments are complementary not only in wavelength coverage but
also in capabilities. The very high spectral resolution (as high as 107!) of HIFI
provides spectrally resolved lines in the range 157 - 625 µm, revealing details of ve-
locity structure of the winds of AGB stars. PACS and SPIRE produced spectra with
a large wavelength coverage and hundreds of transitions detected in a single point-
ing. Although the transitions from AGB stars are not spectrally resolved by these
two instruments (spectral resolution is less than ∼ 3000), the amount of information
collected over a broad range of excitation energy reveals not only many transitions
never measured before but also many lines that have yet to be identified (see Chapter
2). Another observing mode of PACS and SPIRE is the imaging photometry mode,
which provided simultaneous images in bands centered at 70 µm or 110 µm together
with 160 µm for PACS and 250, 350, and 500 µm for SPIRE.

Most of the data used in the studies included in this thesis were obtained in the
context of the guaranteed-time key programmes: HIFISTARS (for HIFI, PI Bujarra-
bal, V.) and MESS (Groenewegen et al. 2011, for PACS and SPIRE).

1.7 This thesis

The gaseous and dusty parts of the circumstellar medium of AGB stars are frequently
studied separately. Because of this, very few models exist that provide a comprehen-
sive picture of the outflow of individual targets. Nevertheless, these two components
affect each other and models that take both the gas and the solid phases into account
are able to set more stringent constraints on the derived parameters.

The studies included in this thesis concern the investigation of the circumstellar
envelope of AGB stars in a comprehensive way (gas and dust modelled simultane-
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ously). For that, we use a large number of observed molecules and transitions to trace
the gas, and several different data of distinct character to unveil the dust. By properly
understanding individual objects in-depth, and in their complexity, we aim to uncover
processes and features that are important in the lives and evolution of AGB stars in
general. Our goal is to study both components of the circumstellar envelope to obtain
a consistent picture. We are specially interested in tracing dust forming elements in
the gas and solid phases. The objects of study belong to one specific sub-class of
AGB stars, low-Ṁ oxygen-rich objects, and we focus mainly on one source: W Hya
(Chapters 2, 3 and 4). The work presented here is primarily driven by one question:
what drives the wind of low mass-loss rate oxygen-rich AGB stars? For this, we in-
vestigate the region where the wind is accelerated, the structure of the flow, and the
past mass-loss rate and overall properties of W Hya.

We characterize the outflow of W Hya, deriving physical and chemical parame-
ters for both the wind and the central star. The line shapes observed with HIFI allow
for a detailed model of the velocity structure (Chapter 2 and 3), while the derived
isotopic ratios constrain the initial mass of W Hya when compared to evolutionary
calculations (Chapter 3). In Chapter 4 we obtain a dust model in the light of the gas
model obtained in Chapters 2 and 3. In order to achieve this, we advocate the need
of a gravitationally bound dust shell from where most of amorphous Al2O3 emis-
sion originates. Our best model dust envelope is compared to observations of dust
emission that probe the mass-loss rate thousands of years back and we obtain the
recent mass-loss history of W Hya. We also study the interface between the wind and
the gravitationally bound dust shell using scattered light observations. In Chapter
5 we zoom out from W Hya and look at the sample of low-Ṁ oxygen-rich sources
observed by HIFI. We successfully apply the model structure obtained for W Hya to
the other two sources that also present significant amorphous Al2O3 emission: R Dor
and R Cas. We compare the three sources looking for similarities and differences that
shed light on the wind driving-mechanism of low-Ṁ oxygen-rich AGB stars.

There is still much to be learned about how the lives of low- and intermediate-
mass stars end. The work presented here is based on unprecedented data acquired
with Herschel, it touches many of the aspects of these winds and shows that there
is still much to be revealed from the exquisite observations obtained with this satel-
lite. The results obtained raise important questions about the connection between the
observed infrared spectrum and the commonly assumed distribution of dust around
AGB stars. Moreover, we find that important conclusions can be drawn based on
the consistent study of the gaseous and solid components of the wind of individual
sources.
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Abstract

Asymptotic giant branch (AGB) stars lose their envelopes by means of a stellar
wind whose driving mechanism is not understood well. Characterizing the compo-
sition and thermal and dynamical structure of the outflow provides constraints that
are essential for understanding AGB evolution, including the rate of mass loss and
isotopic ratios. We characterize the CO emission from the wind of the low mass-loss
rate oxygen-rich AGB star W Hya using data obtained by the HIFI, PACS, and SPIRE
instruments onboard the Herschel Space Observatory and ground-based telescopes.
12CO and 13CO lines are used to constrain the intrinsic 12C/13C ratio from resolved
HIFI lines.

We combined a state-of-the-art molecular line emission code and a dust contin-
uum radiative transfer code to model the CO lines and the thermal dust continuum.
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2 The CO envelope of W Hya

The acceleration of the outflow up to about 5.5 km/s is quite slow and can be rep-
resented by a β-type velocity law with index β = 5. Beyond this point, acceleration
up the terminal velocity of 7 km/s is faster. Using the J= 10–9, 9–8, and 6–5 transi-
tions, we find an intrinsic 12C/13C ratio of 18 ± 10 for W Hya, where the error bar is
mostly due to uncertainties in the 12CO abundance and the stellar flux around 4.6 µm.
To match the low-excitation CO lines, these molecules need to be photo-dissociated
at ∼ 500 stellar radii. The radial dust emission intensity profile of our stellar wind
model matches PACS images at 70 µm out to 20′′ (or 800 stellar radii). For larger
radii the observed emission is substantially stronger than our model predicts, indicat-
ing that at these locations there is extra material present.

The initial slow acceleration of the wind may imply inefficient dust formation or
dust driving in the lower part of the envelope. The final injection of momentum in the
wind might be the result of an increase in the opacity thanks to the late condensation
of dust species.

The derived intrinsic isotopologue ratio for W Hya is consistent with values set
by the first dredge-up and suggestive of an initial mass of 2 M⊙ or more. However,
the uncertainty in the isotopologic ratio is large, which makes it difficult to set reli-
able limits on W Hya’s main-sequence mass.

2.1 Introduction

The asymptotic giant branch (AGB) represents one of the final evolutionary stages of
low and intermediate mass stars. AGB objects are luminous and have very extended,
weakly gravitationally bound and cool atmospheres. Their outermost layers are ex-
pelled by means of a dusty stellar wind (e.g. Habing & Olofsson 2003). The high
mass-loss rate during the AGB phase prevents stars with masses between 2 M⊙ and
9 M⊙ from evolving to the supernova stage.

During their lives, low and intermediate mass stars may undergo three distinct
surface enrichment episodes. Those are referred to as dredge-ups, and they happen
when the convective streams from the outer layers reach deep into the interior. El-
ements synthesized by nuclear fusion or by slow-neutron capture in the interior of
AGB stars are brought to the surface and eventually ejected in the wind (e.g. Habing
& Olofsson 2003). In this way, AGB stars contribute to the chemical enrichment of
the interstellar medium and, in a bigger context, to the chemical evolution of galaxies.

First and second dredge-up processes occur when these stars ascend the giant
branch (Iben & Renzini 1983). The third dredge-up is in fact a series of mixing
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events during the AGB phase, induced by thermal pulses (TPs, Iben 1975). Evo-
lutionary models predict by how much the surface abundance of each element is
enriched for a star with a given initial mass and metallicity (Ventura & Marigo 2009;
Karakas 2010; Cristallo et al. 2011, and references therein). These models, however,
need to be compared with observations. In particular, the change in surface chemical
composition of AGB stars depends on initial mass and the assumed mass loss as a
function of time. A very powerful diagnostic for the enrichment processes are surface
isotopic ratios. From evolutionary model calculations, these ratios are found to vary
strongly depending on the dredge-up events the star has experienced, and, therefore,
evolutionary phase, and on the main sequence mass of the star (e.g. Boothroyd &
Sackmann 1999; Busso et al. 1999; Charbonnel & Lagarde 2010; Karakas 2011, and
references therein).

Since the outflowing gas is molecular up to large distances from the star (typically
up to ≈ 1000 R⋆), the isotopic ratios must be retrieved from isotopologic abundance
ratios. In this paper, we use an unparalleled number of 12CO and 13CO emission
lines and the thermal infrared continuum to constrain the structure of the outflowing
envelope of the oxygen-rich AGB star W Hya and, specifically, the isotopic ratio
12C/13C.

W Hya was observed by the three instruments onboard the Herschel Space Ob-
servatory (hereafter Herschel; Pilbratt et al. 2010). These are the Heterodyne Instru-
ment for the Far Infrared, HIFI, (de Graauw et al. 2010), the Spectral and Photometric
Imaging Receiver Fourier-Transform Spectrometer, SPIRE FTS, (Griffin et al. 2010),
and the Photodetector Array Camera and Spectrometer, PACS, (Poglitsch et al. 2010).
We supplemented these data with earlier observations from ground-based telescopes
and the Infrared Space Observatory (ISO; Kessler et al. 1996). The observations
carried out by Herschel span an unprecedented range in excitation energies for the
ground vibrational level and cover, in the case of W Hya, CO lines from an upper
rotational level Jup= 4 to 30. When complemented with ground-based observations
of lower excitation transitions, this dataset offers an unique picture of the outflowing
molecular envelope of W Hya. This allows us to reconstruct the flow from the onset
of wind acceleration out to the region where CO is dissociated, which is essential
for understanding the poorly understood wind-driving mechanism. Specifically, the
velocity information contained in the line shapes of the HIFI high-excitation lines
of 12CO, J=16-15 and 10-9 probe the acceleration in the inner part of the flow; the
integrated line fluxes from J=4-3 to J=11-10 measured by SPIRE and the highest
J transitions observed by PACS give a very complete picture of the CO excitation
throughout the wind. Finally, the low-J transitions secured from the ground probe
the outer regions of the flow.

The availability of multiple 13CO transitions, in principle, permits constraints to
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be placed on the intrinsic 13CO/12CO isotopologic ratio. A robust determination of
this ratio is sensitive to stellar parameters and envelope properties, and for this reason
is not easy to obtain. We modelled the CO envelope of W Hya in detail and discuss
the effect of uncertainties on the parameters adopted to the derived 12CO/13CO ratio.

Together with the gas, we simultaneously and consistently model the solid state
component in the outflow and constrain the abundance and chemical properties of the
dust grains by fitting the ISO spectrum of W Hya. In this way we can constrain the
dust-to-gas ratio.

In Sect. 2.2, the target, W Hya, and the available dataset are introduced, and the
envelope model assumptions are presented. Section 2.3 is devoted to discussing ra-
diative transfer effects that hamper determinations of isotopic ratios from line strength
ratios, especially for low mass-loss rate objects. We present and discuss the results
of our models in Sects. 2.4 and 5.6. Finally, we present a summary of the points
addressed in this work in Sect. 4.5.

2.2 Dataset and model assumptions

2.2.1 Basic information on W Hya

W Hya is one of the brightest infrared sources in the sky and the second brightest
AGB star in the K band (Wing 1971). This bright oxygen-rich AGB star is relatively
close, but some uncertainty on its distance still exists. Distances reported in the
literature range from 78 pc to 115 pc (Knapp et al. 2003; Glass & van Leeuwen
2007; Perryman & ESA 1997a). In this study we adopt the distance estimated by
Knapp et al. (78 pc), following Justtanont et al. (2005). The current mass-loss rate
of the star is fairly modest. Estimates of this property do, however, show a broad
range, from a few times 10−7 M⊙yr−1 (Justtanont et al. 2005) to a few times 10−6

M⊙yr−1 (Zubko & Elitzur 2000). This range is likely the result of the use of different
diagnostics (SED fitting, H2O and CO line modeling), and/or model assumptions.
W Hya is usually classified as a semi-regular variable, although this classification
is somewhat controversial (Uttenthaler et al. 2011). Its visual magnitude changes
between six and ten with a period of about 380 days.

The star was one of the first AGB stars for which observations of H2O rotational
emission were reported, using the ISO (Neufeld et al. 1996; Barlow et al. 1996).
W Hya was also observed in the 557 GHz ground-state water transition using SWAS
(Harwit & Bergin 2002) and using ODIN (Justtanont et al. 2005). The water emission
from this object is strong, and a lot of effort has been invested in modelling and
interpreting the observed lines (e.g. Neufeld et al. 1996; Barlow et al. 1996; Zubko &
Elitzur 2000; Justtanont et al. 2005; Maercker et al. 2008, 2009). The results usually
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point to high water abundance relative to H2, ranging from 10−4 to a few times 10−3.
The dust envelope of W Hya was imaged using the Infrared Astronomical Satel-

lite (IRAS) and found to be unexpectedly extended (Hawkins 1990). Cox et al. (2012)
reported W Hya to be the only oxygen-rich AGB star in their sample to show a ring-
like structure. The data, however, have to be studied in more detail before a firm
conclusion on the cause of the structures can be drawn.

Zhao-Geisler et al. (2011) monitored W Hya in the near-IR (8-12 µm) with MIDI/VLTI
and fitted the visibility data with a fully limb-darkened disk with a radius of 40 mas (4
AU). The authors set a lower limit on the silicate dust shell radius of 28 photospheric
radii (50 AU). They propose that there is a much smaller Al2O3 shell that causes, to-
gether with H2O molecules, the observed increase in diameter at wavelengths longer
than 10 µm. This is consistent with the later observations by Norris et al. (2012)
of close-in transparent large iron-free grains. These two works point to a picture in
which an inner shell with large transparent grains is enclosed by an outer shell of
more opaque silicate grains.

Furthermore, Zhao-Geisler et al. (2011) discuss evidence seen on different scales
and presented by different authors that point to a non-spherical symmetrical envelope
of W Hya. The observations reported in the literature usually indicate that the depar-
tures from spherical symmetry can be explained by an ellipsoid source. The PACS
70 µm images published recently by Cox et al. (2012) also show signs of asymmetry.

2.2.2 Dataset

We compiled a dataset of W Hya’s 12CO and 13CO emission lines that comprises
observations carried out by all instruments onboard Herschel, as well as data from
ISO and ground-based telescopes. These ground-based observatories are the Ata-
cama Pathfinder EXperiment, APEX, the Arizona Radio Observatory Sub-Millimeter
Telescope, SMT, and the Swedish-ESO 15 m Submillimeter Telescope, SEST.

The CO lines were obtained as part of several projects: the HIFI observations
were part of the HIFISTARS Herschel guaranteed time key programme and were
presented by Justtanont et al. (2012); the SPIRE and PACS data were obtained by
the MESS consortium (Groenewegen et al. 2011); and the ground-based data were
presented by De Beck et al. (2010).

The line properties and the measured integrated flux are listed in Table 2.1. The
13CO lines from W Hya are too weak to be seen above the noise in both the PACS
and SPIRE spectra. We did not include the integrated line fluxes for the ground-
based observations (for which the source size is comparable to the beam size of the
telescopes, also presented in Table 2.1), since the conversion from antennae temper-
atures to fluxes for partially or fully spatially resolved lines is a function of the size
of the emitting region. All together, the observed transitions used to constrain our
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models span a range from J=1-0 to J=24-23. This covers excitation energies of the
upper level from 5.5 K to 1656 K. We did not include lines with upper rotational
levels higher than 24 in our analysis. Transitions J=25-24 and J=26-25 are in a re-
gion where spectral leakage occurs so the measurements of PACS are not reliable.
The even higher excitation lines (Tex ≥ 2000K) are expected to be formed partially
or fully inside the dust condensation radius. In this region, shocks may be impor-
tant for the excitation structure of molecules. We present the extracted values of all
transitions.

Since the dust properties affect the excitation of the gas lines, our approach is
to consistently fit gas and dust emission. The dust emission was characterized by
comparing our dust model to ISO observations of the dust excess (Justtanont et al.
2004) and PACS and SPIRE photometric measurements (Groenewegen et al. 2011).
A comparison of our model to the PACS image at 70 µm (Cox et al. 2012) shows dust
emission at distances beyond 20′′ that is not reproduced by our constant mass-loss
rate dust model. We do not attempt to fit the 70 µm image but use it as evidence that
the wind of W Hya will not be reproduced well by our model beyond these distances.

PACS spectra

The original observations were performed on 2010 August 25 (observation identifiers
1342203453 and 1342203454), but an anomaly onboard the spacecraft resulted in
the absence of data in the red channel. The observations were then rescheduled for
2011 January 14 (observation identifier 1342212604), band B2A, covering 51-73 µm,
and R1A, 102-146 µm) and on 2011 July 9 (observation identifier 1342223808) band
B2B, covering 70-100 µm and R1B, 140-200 µm).

The data were reduced with Herschel Interactive Pipeline (HIPE) 10 and calibra-
tion set 45. The absolute flux calibration was performed via PACS internal calibration
blocks and the spectral shape derived through the PACS relative spectral response
function. The data were rebinned with an oversampling factor of 2, which corre-
sponds to Nyquist sampling with respect to the resolution of the instrument. From a
spectroscopic point of view, W Hya was considered a point source, because the tran-
sitions observed by PACS are formed deep in the molecular wind, a region that is
small compared to the beam size. The corresponding beam correction was applied to
the spectrum of the central spatial pixel.

Wavelength shifts greater than 0.02µm were observed between the two spectra
obtained in band B2A. In band B2B, the continua measured by both observations
agree within 10%. Still, the spectral lines as measured on the first observation date
were significantly weaker than those obtained on the later date. These two features
indicate that there was a pointing error during the earlier observations. We have
mitigated this by only considering the data obtained on 2011 January 14 in our line-
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flux determinations. The effect of mispointing is marginal in the red, and no CO
line was detected shortwards of 70 µm, so that the mispointing that affected the first
observations has no impact on our results.

The CO lines were fitted using a Gaussian profile on top of a local, straight con-
tinuum. Whenever necessary, multiple profiles were fitted to a set of neighbouring
lines to account for blending and to improve the overall quality of the fit. For the
continuum fit we used two spectral segments, one on each side of the fitted group
of lines. These segments were taken to be four times the expected full width half
maximum (FWHM) of a single line.

We considered an intrinsic error of 20% on the measured line fluxes, owing to
calibration uncertainties, on top of the error from the Gaussian fitting.

SPIRE FTS spectra

The SPIRE FTS spectra were taken on 2010 January 9 (observation identifier 13421-
89116). Seventeen scans were taken in high spectral resolution, sparse pointing mode
giving an on- source integration time of 2264 seconds. The native spectral resolution
of the FTS is 1.4 GHz (FWHM) with a sinc-function instrument line shape. The
data were reduced using the HIPE SPIRE FTS pipeline version 11 (Fulton et al, in
prep.) into a standard spectrum of intensity versus frequency assuming W Hya to
be a point source within the SPIRE beam. To allow the CO lines to be simply fitted
with a Gaussian profile, the data were apodized to reduce ringing in the wings of
the instrumental line function using the extended Norton-Beer function 1.5 (Naylor
& Tahic 2007). The individual CO lines were then fitted using the IDL GAUSSFIT
function. The fitted peak heights were converted to flux density using the measured
average line width of 2.18 GHz and the error on the fitted peak height taken as a
measure of the statistical uncertainty. The absolute flux calibration has been shown
to be ± 6 % for the SPIRE FTS (Swinyard et al, in prep). We adopt a total uncertainty
of 15 % for the extracted line fluxes, to which we add the errors of the individual
Gaussian fits.

2.2.3 Observed line shapes

The CO lines observed by HIFI, APEX, and SMT are shown in Fig. 2.1. A first
inspection of the data already unveils interesting properties of W Hya and indicates
which region of the envelope is being probed by each transition.

The low and intermediate excitation transitions (Jup ≤ 6) of 12CO show profiles
characteristic of an optically thin wind. There seem to be no indications of strong
departure from spherical symmetry. These lines probe the outermost regions of the
wind, where material has reached the terminal expansion velocity.
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Table 2.1: Observed 12CO and 13CO line fluxes for W Hya.

Instrument Jup ν0 E (K) Int. flux FWHM
[GHz] [K] [10−17 W/m2] [arcsec]

12CO

SEST 1 115.27 5.5 - 43
SMT 2 230.54 16 - 22

APEX 3 345.80 33 - 17
4 461.04 55 - 13.5

HIFI 6 691.47 116 8.1±1.5 29.5
10 1151.98 304 15±3.3 17.5
16 1841.34 752 21±3.0 11.5

SPIRE 4 461.04 55 4.8±0.8 40.5
5 576.27 83 6.2±1.0 32.6
6 691.47 116 6.2±1.0 29.5
7 806.65 155 11±1.6 35.5
8 921.80 199 15±2.3 36.7
9 1036.91 249 16±2.4 19.2

10 1151.98 304 21a
±4.0 17.5

11 1267.01 365 19±1.3 17.6
12 1381.99 431 18±1.4 17.0
13 1496.92 504 17±1.4 16.8

PACS 14 1611.79 581 20±5.0 13
15 1726.60 664 25±6.0 12.5
16 1841.34 752 39b

±9.0 11.5
17 1956.02 846 27.5±5.5 11
18 2070.62 946 31±7.5 10.5
19 2185.13 1050 25±6.0 10
20 2299.57 1160 46.5b

±13 9.8
21 2413.92 1276 21±6.0 9.6
22 2528.17 1397 75a

±20 9.4
23 2642.33 1524 140a

±35 9.2
24 2756.39 1657 31±10 9
25 2870.34 1794 - 9
26 2984.18 1937 - 9
27 3097.91 2086 20±6.0 9
28 3211.52 2240 68±14 9
29 3325.00 2400 12±10 9
30 3438.36 2565 20±6.0 9

ISO 16 1841.34 752 33c
±10 70

17 1956.02 846 22.6±10 68
13CO

HIFI 6 661.07 111 1.2±0.3 32
9 991.33 238 2.0±0.7 21

10 1101.35 291 2.8±0.9 18
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Figure 2.1: Observed line profiles of 12CO and 13CO. The data is from HIFI, APEX and SMT (see
Table 2.1).

The J=16-15 transition observed with HIFI shows a triangularly shaped profile
characteristic of being formed in a region where the wind has not yet reached the
terminal velocity (Bujarrabal et al. 1986). This profile is, therefore, an important tool
for understanding the velocity profile of the accelerated material. The observations
of transition J=16-15 were partially affected by standing waves, and the vertical po-
larization could not be used. The horizontal polarization, in its turn, was not affected,
and the line shape and flux obtained from it are the ones used in this paper.

2.2.4 Model assumptions

To model 12CO and 13CO emission lines, we use the non-local thermodynamic equi-
librium (non-LTE) molecular excitation and radiative transfer code GASTRoNOoM
(Decin et al. 2006, 2010b). We calculate the dust temperature and emissivity as a
function of radius with MCMax, a Monte Carlo dust continuum radiative transfer
code presented by Min et al. (2009). The two codes are combined to provide a con-
sistent physical description of the gaseous and dusty components of the circumstellar
envelope (Lombaert et al. 2013).
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The central stellar emission was approximated by a 2500 K black body with
5400 L⊙, based on the comparison with the ISO spectrum and adopting the value
for W Hya’s distance published by Knapp et al. (2003) (78 parsecs). Based on these
assumptions, our model has a stellar radius, R⋆, of 2.7 ×1013 cm. Whenever we give
values in units of stellar radii, we refer to this number.

We assumed a constant mass-loss rate and spherical symmetry. However, obser-
vations of W Hya’s photosphere and the region immediately surrounding it, i.e. the
molecular layer seen in IR bands and the radio photosphere, seem to be reproduced
better by an ellipsoid than a sphere, and may even show a slow bipolar outflow or a
rotating disk-like structure (Vlemmings et al. 2011). As pointed out by Zhao-Geisler
et al. (2011), however, the position angles reported for the orientation of the ellipsoid
in the plane of the sky are sometimes contradictory, and therefore, no firm conclu-
sions can be drawn on the exact value of this observable. In an absolute sense, the
departures from spherical symmetry reported are not large. We conclude that using a
spherical symmetrical model should not affect our findings in a significant way.

MCMax and dust model

MCMax calculates the dust temperature as a function of radius for the different
species being considered. Kama et al. (2009) implemented dust-sublimation cal-
culations. In this way, grains are only present in regions where they can exist with
a temperature lower than their sublimation temperature. The inner radius of the dust
envelope is thus determined in a consistent way based on the dust species input. The
dust temperature and opacity as a function of radius output by MCMax are fed to the
molecular line code GASTRoNOoM.

Our dust model is based on the work carried out by Justtanont et al. (2004),
who calculated dust extinction coefficients assuming spherical grains using Mie the-
ory. They took the grain size distribution to be the same as found by Mathis et al.
(1977) for interstellar grains. Following Lombaert et al. (2013), we instead represent
the shape distribution of the dust particles by a continuous distribution of ellipsoids
(CDE, Bohren & Huffman 1998; Min et al. 2003). In the CDE approximation, the
mass-extinction coefficients are determined for homogeneous particles with constant
volume. The grain size, aCDE , in this context, is understood as the radius of a sphere
with an equivalent volume to the particle considered. This approximation is valid
in the limit where aCDE ≪ λ. We assume aCDE = 0.1 µm. A CDE model results
in higher extinction efficiencies relative to spherical particles and more accurately
reproduces the shape of the observed dust features (Min et al. 2003).

In our modelling, we include astronomical silicates (Justtanont & Tielens 1992),
amorphous aluminium oxides, and magnesium-iron oxides. The optical constants
for amorphous aluminium oxide and magnesium-iron oxide were retrieved from the
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University of Jena database from the works of Begemann et al. (1997) and Henning
et al. (1995), respectively.

GASTRoNOoM

The velocity profile of the expanding wind is parametrized as a β-type law,

3(r) = 3◦ + (3∞ − 3◦)
(

1 −
r◦

r

)β

, (2.1)

where 3◦ is the velocity at the dust-condensation radius r◦. We set 3◦ equal to the
local sound speed (Decin et al. 2006). The flow accelerates up to a terminal velocity
3∞. The velocity profile in the wind of W Hya seems to indicate a slowly accelerating
wind (Szymczak et al. 1998), implying a relatively high value of β. We adopt a stan-
dard value of β=1.5. We explore in Sect. 2.4.2 the impact of changing this parameter
on the fit to the high-excitation line shapes. The value of r◦ can be constrained from
the MCMax dust model, and is discussed in Sect. 4.2.4. The value of 3∞ can be
constrained from the width of low excitation CO lines, but depends on the adopted
value for the turbulent velocity, 3turb. The velocity profile inside r◦ is also taken to be
a β-type law but with an exponent of 0.5, which is typical of an optically thin wind.

We parametrize the gas temperature structure of the envelope using a power law
where the exponent, ǫ, is a free parameter,

T (r) = T⋆ (R⋆/r)ǫ . (2.2)

This simple approach was motivated by uncertainties in the calculations of the cool-
ing due to water line emission in the envelope of AGB stars. The final free parameter
is related to the photo-dissociation of CO by an external ultraviolet radiation field. We
follow Mamon et al. (1988) who propose a radial behaviour for the CO abundance

fCO(r) = fCO(r◦) exp

[

−ln(2)

(

r

r1/2

)α]

, (2.3)

where fCO(r◦) is the CO abundance at the base of the wind, and the exponent value
α is set by the mass-loss rate. A value of 2.1 is suitable for W Hya. The parameter
r1/2 represents the radius at which the CO abundance has decreased by half; lower
values of this parameter correspond to a more efficient CO dissociation and therefore
to a photodissociation zone that is closer to the star. The value found by Mamon
et al. (1988) that suits a star with parameters similar to W Hya’s is referred to as r m

1/2.
We assume that both isotopologues have identical dissociation radii, since chemical
fractionation is expected to compensate for the selective dissociation (Mamon et al.
1988). The effects of changes in r1/2 is discussed in Sect. 2.4.2.
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2 The CO envelope of W Hya

We adopt a value of 2× 10−4 for the initial 12CO abundance number ratio relative
to H, fCO(r◦). The effect of changes in this value on the derived 12CO / 13CO ratio is
discussed in Sect. 5.6. We consider the lowest 60 rotational levels of both the ground
and first-excited vibrational levels of the 12CO and 13CO molecules. The adopted
radiative and collisional coefficients are identical to those adopted by Decin et al.
(2010b). The code takes the beam shape of the telescope into account, allowing for a
direct comparison of predicted and observed line shapes.

2.3 The isotopic ratio from observed pure rotational tran-

sitions of 12CO and 13CO

For the range of gas temperatures for which CO molecules are formed and observed
in a low mass-loss rate AGB star, such as W Hya, we can assume that the isotopologic
12CO/13CO ratio reflects the isotopic 12C/13C ratio directly. Therefore, the measured
ratio of integrated line fluxes of corresponding pure rotational transitions of 12CO
and 13CO are good probes of the intrinsic 12C / 13C abundance ratio. However, owing
to the different abundances of these two molecules, the two excitation structures are
likely to be significantly different. This means that retrieving isotopologic ratios from
observed flux ratios of pure rotational lines is not trivial. Understanding how different
these excitation structures can be and how they affect the observed line intensities is
a powerful tool when trying to retrieve the intrinsic isotopic ratio. In this section, we
explore this mechanism and discuss important observables that may help constrain
the 12CO/13CO ratio.

As discussed by Morris (1980), there are two sharply defined excitation regimes
for CO molecules: when they are collisionally excited or when excitation is domi-
nated by the near infrared (≈ 4.6 µm) radiation field. 13CO responds more strongly
to excitation governed by the infrared radiation field, since this is the less abundant
isotopologue, and the medium is more transparent at the wavelengths of the rele-
vant ro-vibrational transitions. We find that in a low mass-loss rate star, such as
W Hya where the stellar radiation field is the main source of infrared photons, 13CO
molecules are more efficiently excited by direct stellar radiation to higher rotational
levels further away from the star than 12CO. Schöier & Olofsson (2000) discuss that
this effect is important even for high mass-loss rate carbon stars.

For low mass-loss rate AGB stars, similar to W Hya, the observed 12CO and 13CO
rotational transitions are mostly optically thin, with the highest tangential optical
depths reached being around one. Therefore, the total emission of a given observed
transition is roughly proportional to the total number of molecules in the correspond-
ing upper rotational level.

In Figure 2.2, we show the relative population of level J=6 for both 12CO and
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13CO calculated in a model for a low mass-loss rate star. We define the relative
population of a given rotational level J as fJ(r) = nJ(r)/nCO(r), where nJ(r) and
nCO(r) are, respectively, the number densities at a distance r of CO molecules excited
to level J and of all CO molecules. As can be seen, the same level for the two
molecules probes quite different regions of the envelope, and the relative amount of
13CO molecules in level J=6 is higher than for 12CO. In Fig. 2.3, we show that this
effect influences the rotational levels of these two molecules different by plotting the
integrated relative population,

∫ R∞
R⋆

nJ(r)dr

∫ R∞
R⋆

nCO(r)dr
,

of up to J=12. Therefore, observations of different rotational lines of both isotopo-
logues will result in very different line ratios. Owing to the more efficient excitation
of 13CO to higher rotational levels further away from the star, the low-J lines are
expected to show a higher 12CO/13CO line flux ratio value than the intrinsic isotopic
ratio, and intermediate-J lines are expected to show a lower value than the intrinsic
isotopic ratio.

The point where the envelope reaches the critical density, below which collisional
de-excitation is less probable than spontaneous de-excitation, is also shown in Fig.
2.2. Parameters such as the total H2 mass-loss rate, which indirectly set in our models
by the 12CO abundance, and the stellar luminosity control the location of the point
where the critical density is reached. The infrared stellar radiation field will have an
impact on the excitation structure of the two molecules, mainly of 13CO, especially
when the density is below critical. Therefore, uncertainties on the 12CO abundance,
the stellar luminosity, and the infrared stellar radiation field will very likely lead to
uncertainties on the determined isotopic ratio. Interferometric observations might
be an important tool for determining the 12CO/13CO ratio more precisely, since thoey
would show the region where emission originates for a given level of 12CO and 13CO,
hence constraining the 12CO abundance and the importance of selective excitation of
13CO.

2.4 Model for W Hya

2.4.1 Dust model

The model for the 12CO and 13CO emission from W Hya considers a dust component
based on the parameters found by Justtanont et al. (2004), but fine-tuned to match
our different approximation for calculating the extinction coefficient. This yielded
slightly different abundances for each species and a smaller total dust mass-loss rate.
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2 The CO envelope of W Hya

Figure 2.2: Fractional population of level J=6 from a model for a low mass-loss rate AGB star for
12CO (full red line) and 13CO (blue dashed line), with an isotopic ratio 12CO/13CO = 20. The vertical
purple dashed line marks the point where critical density is reached for 12CO, calculated using the
collisional coefficients between H2 and CO for a 300 K gas. 13CO reaches the critical density at a 5%
greater distance.

Figure 2.3: Integrated relative 12CO and 13CO populations in a low mass-loss rate model envelope
with an isotopic ratio 12CO/13CO = 20. 12CO is represented by the red solid line; 13CO, by the blue
short-dashed line; and the ratio of the two, shown on the right-hand axis by the green long-dashed line.

We briefly discuss the dust model, stressing the points that are relevant for the CO
emission analysis.

A total dust mass-loss rate of 2.8 × 10−10 M⊙ yr−1 is needed to reproduce the
SED with our dust model. Our best fit model contains 58 % astronomical silicates, 34
% amorphous aluminium oxide (Al2O3), and 8 % magnesium-iron oxide (MgFeO).
We prioritized fitting the region between 8 and 30 µm of the IR spectrum (see Fig.
2.4). However, we did not attempt to fit the 13 µm feature seen in the ISO spectrum
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of W Hya, since its origin is still a matter of debate. Candidate minerals that might
account for this feature are crystalline aluminium oxides, either crystalline corundum
(α-Al2O3) or spinel (MgAl2O4). One of these two species, at an abundance of less
than 5%, might account for the observed 13 µm feature (see Posch et al. 1999; Zeidler
et al. 2013, and references therein). We estimate an uncertainty on each of the derived
dust abundances of 30 %.

Figure 2.4: Dust model (blue dashed line) compared to the ISO (red) and PACS and SPIRE (open-
yellow triangles) photometric observations and to near-IR photometric observations (filled-yellow tri-
angles). The fit to the silicate and amorphous aluminium oxide spectral features is shown in detail. The
feature at 13 µm is not taken into account in our fit.

Figure 2.5: Dust model (dashed blue) compared to the 70 µm PACS image (red solid line; Cox et al.
2012).
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The dust condensation radius found from these sublimation calculations is around
2.5 R⋆ for amorphous aluminium oxide (the species expected to condense first). This
value is very similar to the 2 R⋆ inner radius of the shell of large transparent grains
recently observed by Norris et al. (2012). The condensation radius found for the
astronomical silicates is at 5 R⋆, approximately a factor of 5 lower than inferred by
Zhao-Geisler et al. (2011) from interferometric observations. However, these authors
calculated an average of several observations taken at different epochs, and this mean
is dominated by the data taken during mid-IR maximum. The ISO spectrum we used
was obtained shortly after the visual minimum phase. This may explain part of the
discrepancy.

The dust model is compared to the ISO spectrum in Fig. 2.4 and to the recently
published PACS 70 µm maps in Fig. 2.5. In the near infrared, W Hya’s spectrum is
dominated by molecular absorption bands, which are not included in our models.

That the assumption of constant mass loss fits the 70 µm PACS maps up to about
20 arcseconds (corresponding to 800 R⋆ for our adopted stellar parameters and dis-
tance) does not necessarily imply that the envelope is explained well by a constant
dust mass-loss rate within that radius, since the contribution from the complex point-
spread function is still important up to these distances. The good fit to the ISO spec-
trum between 10 µm and 30 µm, however, shows that the inner dust envelope is
reproduced well by a constant mass-loss rate model. Interestingly, the 70 µm PACS
image shows additional dust emission beyond 20 arcseconds from the star, which is
not expected on the basis of our model. Also, our model under-predicts the ISO spec-
trum from 30 µm onwards. It is possible that these two discrepancies between our
model and the observations could be explained by the extra material around the star
seen in the PACS images.

Furthermore, the point where the dust map shows extra emission, 800 R⋆, coin-
cides with what is roughly expected for the CO dissociation radius from the predic-
tions of Mamon et al. (1988) for a gas mass-loss rate of 1.5 × 10−7 M⊙yr−1. Since
much of the extra dust emission comes from outside of that radius, and we do not
expect the extra supply of far-infrared photons produced by this dust to affect the
CO excitation in a significant way, we will address the problem of the dust mass-loss
history in a separate study. For the work carried out in this paper, it is important to
stress that there seems to be an extra amount of material around the region where CO
is typically expected to dissociate for a star such as W Hya. The origin of this extra
material has not yet been identified and our model does not account for it.

2.4.2 Model for CO emission

Using GASTRoNOoM, we calculated a grid of models around the parameter values
that are most often reported in the literature for W Hya. We used a two-step approach.
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First, the modelled line fluxes were compared to the SPIRE, PACS, HIFI, ISO, and
ground-based observations using a reduced χ2 fit approach. Then, the line shapes
were compared by eye to the normalized lines observed by HIFI and ground-based
telescopes. Once we had found the region of parameter space with the lower reduced
χ2 values and good line shapes fit, we refined the grid in this region in order to obtain
our best grid model. The model parameters that are explored in our grid are presented
in Table 3.1, together with the best fit values found by us.

Table 2.2: Range of model parameters used for grid calculations.

Parameter Grid values Best fit

dM/dt [10−7 M⊙yr−1] 1.0; 1.5; 2.0; 2.5 1.5 ± 0.5
v∞ [km/s] 6.5; 7.0; 7.5; 8.0 7.5 ± 0.5
ǫ 0.5; 0.6; 0.7; 0.8 0.65 ± 0.05

vturb [km/s] 0.5; 1.0; 1.5; 2.0 1.4 ± 1.0
fCO 2 × 10−4 2 × 10−4

r1/2 r m
1/2 r m

1/2
T⋆ [K] 2500 2500

Result from grid calculation

The best grid models have a terminal velocity of 7.5 km/s, ǫ = 0.6 or 0.7, and a
mass-loss rate of 1.5× 10−7 M⊙yr−1. The turbulent velocity may be determined from
the steepness of the line wings, but could not be well constrained. Models with values
of 1.0 km/s or higher all produce reasonable fits.

Figures 2.6, 2.7, and 2.8 show the comparison of the best grid prediction with the
observed integrated line fluxes, line shapes, and the PACS spectrum, respectively.

The overall fit of our best grid model to the line fluxes observed by SPIRE, PACS,
HIFI, and ISO is quite good, and it does reproduce the broad trend of W Hya’s 12CO
line emission. However, when we compare our model with the line shapes observed
by HIFI and the ground-based measurements, we notice two things. First, as can
be seen from Fig. 2.7, we over-predict the fluxes of the low-excitation 12CO lines,
J=4-3, J=3-2, J=2-1, and J=1-0. Moreover, we predict the profiles to be double-
peaked, while the observations do not show that. Since double-peaked line profiles
are characteristic of an emission region that is spatially resolved by the beams of
the telescopes, W Hya’s 12CO envelope seems to be smaller than what is predicted
by our models. We discuss the problem of fitting the low-excitation lines in Sect.
2.4.2. Second, for the highest excitation line for which we have an observed line
shape (12CO J=16-15), our model not only over-predicts the flux observed by HIFI
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2 The CO envelope of W Hya

Figure 2.6: Best grid model for the 12CO observed integrated line fluxes, when considering the disso-
ciation radius as given by Mamon et al. (1988). Transition 12CO J=16-15 observed by PACS and ISO
is not used due to line blending (see Table 2.1).

but also fails to match the width of the line profile. The observed triangular shape is
characteristic of lines formed in the wind acceleration region (e.g. Bujarrabal et al.
1986). This indicates that either the wind acceleration is slower (equivalent to a
higher β) or that the onset of the acceleration is more distant than the 2.5 R⋆ that is
assumed in our grid and that corresponds to the condensation radius for amorphous
Al2O3. This finding also implies that the velocity law may be more complex than the
β-law Eq. 3.1. We return to this in Sect. 2.4.2.

13CO abundance

Using our best grid model parameters, we calculated a small second grid of models,
varying only the 12CO/13CO ratio and assuming an isotopologic ratio that is constant
throughout the envelope.

The results are presented in Fig. 2.9. An isotopologic ratio of 20 fits the J=10-9
and J=9-8 transitions but somewhat over-predicts the J=6-5 one. Transition J=2-
1 is predicted to be spatially resolved by SMT, though that is not supported by the
observations.

As discussed in Sect. 2.3, our models show that these two molecules have very
different excitation structures throughout the envelope. In Fig. 2.10 we compare the
excitation region of the upper levels of the 12CO J=3-2, 12CO J=4-3, 12CO J=6-5,
and 13CO J=6-5 transitions for our best grid model. This comparison shows that
the J=6 level of 13CO has a similar excitation region to the J=4 level for 12CO. Our
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Figure 2.7: Best grid model (in dashed blue) for the observed 12CO line shapes (in solid red), when
considering the photodissociation radius as given by Mamon et al. (1988) compared to the observed
line shapes. Observations were carried out by HIFI, APEX, SMT, and SEST (see Table 2.1).

probes of the outer wind are the line shapes and strengths of the 12CO J=4-3 and
lower excitation lines and the line strength of the 13CO J=6-5 line. They all point
in the direction of fewer 12CO and 13CO molecules in these levels in the outer wind
than our model predicts.

The 3LSR of W Hya

A value of 40.7 km/s is commonly found for the local standard of rest velocity, 3LSR,
of W Hya (e.g. Justtanont et al. 2005). However, there is still some uncertainty on this
value, as determining it through different methods leads to slightly different results.
For example, Uttenthaler et al. (2011) find a value of 40.5 km/s, while Etoka et al.
(2001) suggest 40.6 ± 0.4.

The value of 3LSR that best fits our data is 40.4 km/s. By shifting the modeled
lines by this amount, the model fits the lines of 12CO and transition J=6-5 of 13CO
well. For the J=10-9 and J=9-8 transitions of 13CO, a 3LSR of 39.6 km/s seems
more appropriate. These two lines are also narrower than our model predicts. This
difference points to an asymmetry in the wind expansion, the blue shifted-wing being
accelerated faster than the red-wing one. A direction-dependent acceleration from
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Figure 2.8: Best grid model (in dashed blue) for the 12CO compared to the PACS spectrum (in solid
red). Transition J=23-22 of 12CO is blended with the water transition JKa ,Kc = 41,4-30,3 at 113.54
µm line, and transition J=22-21 is probably blended with both water transitions JKa ,Kc = 93,7-84,4 and
ν2=1, JKa,Kc = 43,2-50,5 at 118.41 µm and 118.98 µm, respectively.

Figure 2.9: Model calculations for different 12CO / 13CO ratios compared to the observed 13CO lines
adopting the dissociation radius by Mamom et al. (1988). The solid red line represents the observations.
The long-dashed green, short-dashed blue, dotted purple, and dot-dashed light blue lines are for intrinsic
isotope ratios 10, 15, 20, and 30, respectively. Transitions J=10-9 and 9-8 have been smoothed for a
better visualization.

the two higher excitation lines of 13CO is not, however, conclusive at this point.
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Figure 2.10: Relative population distribution of different levels of 12CO and 13CO for our best grid
model.

Fitting the high-excitation lines: velocity profile

A value of 1.5 for the exponent of the β-type velocity profile over-predicts the width
of 12CO J=16-15 observed by HIFI. To reproduce the narrow line profile observed for
this high excitation transition, we have to increase β to about 5.0. This corresponds
to a very slowly accelerating wind. Increasing β affects not only the line shapes but
also the line fluxes. To maintain the fit to the observed fluxes, we have to decrease
the mass-loss rate by about 10% to 1.3 ×10−7 M⊙ yr−1. With this change, the low-
excitation lines also become roughly 10% weaker. This helps, but does not solve the
problem of fitting these lines.

The line shapes of transitions J=10-9 and J=6-5 of 12CO and J=10-9 and J=9-8
of 13CO (see Figs. 2.11 and 2.13) are strongly affected by these changes. In Fig.
2.11 we show the comparison of our best grid model with the model with β = 5.0 and
lower mass-loss rate. As can be seen, the line shape of transition 12CO J=16-15 is
much better fitted by the higher value of β. For transition 12CO J=10-9, that is also
the case for the red wing but not for the blue wing. For transition 12CO J=6-5, the
model with β = 5.0 predicts too narrow a line, while the model with β = 1.5 matches
the red wing but slightly over-predicts the emission seen in the blue wing.

Another possibility for decreasing the width of the high excitation lines is to set
the starting point of the acceleration of the wind, r◦ in Eq. 3.1, further out. For
those of our models discussed so far, the starting point of the acceleration is set at
the condensation radius of the first dust species to form (amorphous Al2O3), which
is at 2.5 R⋆. We need to set r◦ to 8 R⋆ to get a good fit to the line profile of transition
12CO J=16-15. As when β is changed, we need to decrease the mass-loss rate by
approximately 10% to compensate for the higher density in the inner wind .
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Figure 2.11: Normalized predicted line shapes for different values of the velocity law exponent com-
pared to the normalized observed line shapes of the 12CO transitions observed by HIFI. The observa-
tions are shown by the solid red line, the dashed green line represents a model with β = 5.0, and the
dotted purple line a model with β = 1.5.

Increasing the value of r◦ has a similar impact to increasing the value of β and,
therefore, models with different combinations of these parameters will be able to
reproduce the observed line shapes. That the wind has a slower start than expected,
either because the gas acceleration starts further out or a very gradual acceleration is
consistent with previous interferometric measurements of SiO, H2O, and OH maser
emission (Szymczak et al. 1998) and of SiO pure rotational emission (Lucas et al.
1992).

From the final values found for the dust (2.8× 10−10 M⊙ yr−1) and gas (1.3 ×10−7

M⊙ yr−1) mass-loss rate, we derive a value for the dust-to-gas ratio of 2 × 10−3.
Considering an uncertainty of 50 % for both the derived dust and the gas mass-loss
rates, we estimate the uncertainty on this value to be approximately 70%.
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Fitting the low-excitation lines

We now investigate why, within the parameter space region spanned by our grid
calculation, we cannot simultaneously fit the line fluxes of the intermediate and high
excitation lines (Jup ≥ 6) and the line fluxes and shapes of the low excitation lines
(Jup ≤ 4).

One possible cause could be a variable mass loss. In this case, the low excitation
transitions would be tracing gas that was ejected when the mass-loss rate was lower
than what it is presently, which is traced by the higher excitation lines. This would
be in strong contrast, however, to what we expect from the spatial distribution of the
dust, since the PACS 70 µm image shows that there is more dust emission at distances
greater than the 20 arcseconds (≈ 800 R⋆) that our dust model can account for. To
reconcile this, we would have to invoke not only a change in mass-loss rate but also
quite an arbitrary and difficult-to-justify change in the dust-to-gas ratio. Therefore,
we argue that a mass-loss rate discontinuity is not a likely explanation for the problem
of fitting the low excitation lines in our model of W Hya.

Another possibility would be to consider a broken temperature law with a dif-
ferent exponent for the outer region where the low-excitation lines are formed. We
can either increase the exponent given in Eq. 2.2 to obtain lower temperatures in
the outer regions or decrease the exponent to have higher temperatures in the outer
regions. Changing the gas temperature does not necessarily have a big impact on the
12CO level populations because the radiation field also plays an important role in the
excitation.

We calculated models with both higher (0.9) and lower (0.4) values of ǫ for the
outer regions assuming two different breaking points for the temperature power law,
either at 80 or 150 R⋆. The breaking points were chosen based on the excitation
region of the low-excitation lines, since at 150 R⋆ the population of level J=4 of
12CO peaks. The models with a breaking point at 80 R⋆ represents an intermediate
step between introducing a breakpoint that will only affect the low-excitation lines
and changing the exponent of the temperature law in the entire wind. We find that the
strength of the low-excitation lines relative to each other changes but that the overall
fit does not improve, since most of the lines are still over-predicted. This suggests
that we need a lower CO abundance in the outer envelope.

Following Justtanont et al. (2005), another option for tacklng the problem is to
vary the parameter that controls the point from which dissociation of CO happens,
r1/2. We calculated new models considering values r1/2=0.2, 0.3, 0.4, 0.5, and 0.8
r m
1/2. This corresponds to a stronger dissociation than a value of unity, which corre-

sponds to the prediction of Mamon et al. (1988), and, therefore, a smaller CO radius.
For r1/2= r m

1/2, the CO abundance has decreased by half at ∼ 860 stellar radii. This
is at about the region where the PACS images show that there is more dust emission
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than predicted by our dust model. By decreasing r1/2 to 0.4 r m
1/2, which corresponds

to CO reaching half of the initial abundance around 350 stellar radii, being 40% of
the size predicted by (Mamon et al. 1988), we could fit the shape of transitions 12CO
J=4-3, 12CO J=3-2, and 12CO J=2-1 and the total flux of transitions 12CO J=3-2
and 12CO J=2-1. The strength of transition 12CO J=4-3 is still over-predicted by
60% by this new model, and the number of CO molecules in the J=1 level becomes
so small that the 12CO J=1-0 transition is predicted to be too weak to observe.

Because the PACS image shows an unexpectedly strong dust emission at the radii
where we expect the J=1-0 line of 12CO to be excited (the J=1 level population
reaches its maximum at 1000 R⋆ in the absence of photo-dissociation), we do not
attempt to model this emission further in the context of our model assumptions.

The fit using r1/2 = 0.4 does not affect the flux of J=8-7 and higher excitation
lines, because those are formed deep inside the envelope. The model with smaller
CO radius and β=5.0 is compared to the observed 12CO line shapes in Fig. 2.12.

Figure 2.12: Model with r1/2 = 0.4, β = 5.0, and Ṁ = 1.2×10−7 M⊙yr−1 for 12CO (in dashed blue)
compared to observed line shapes (in solid red). Observations were carried out by HIFI, APEX, SMT,
and SEST (see Table 2.1).

In Fig. 2.13 we show models for the 13CO transitions, considering the smaller
dissociation radius and β = 5.0. The 13CO J=10-9, 13CO J=9-8, and 13CO J=6-5
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lines are now more consistently fitted by an isotopic ratio between 15 and 20. In Sect.
5.6 we discuss the uncertainty on the determined isotopic ratio. The predicted 13CO
J=2-1 emission is so weak that it should not be measurable, similar to 12CO J=1-0.
Since the population of level J=2 of 13CO peaks even further out than J=1 of 12CO,
we also refrain from explaining the emission in this line in the context of our current
model.

Figure 2.13: Models with r1/2 = 0.4, β = 5.0, and Ṁ = 1.2 ×10−7 M⊙yr−1 compared to the 13CO ob-
served lines. The solid red line represents the observations. The long-dashed green, short-dashed blue,
dotted pink, and dot-dashed light blue represent models with 12C/13C = 10,15, 20, and 30, respectively.
A value of 18 for the 12C/13C ratio reproduces the data best.

2.5 Discussion

2.5.1 The outer CO envelope

The modelling of W Hya suggests a wind structure that is atypical of oxygen-rich
AGB sources, both in terms of the behaviour of the CO gas and of the dust, particu-
larly so near the CO photodissociation zone. Using maps of 12CO J=2-1 and 12CO
J=1-0 for other sources, Castro-Carrizo et al. (2010) show that the location of this
zone matches, or is larger than, the photodissociation radius predicted by Mamon
et al. (1988). The strengths and shapes of low-excitation lines (Jup ≤ 4) in W Hya,
however, clearly indicate that the size of the CO envelope is significantly smaller than
predicted by Mamon et al. (1988). That the situation is complex may be discerned
from the 12CO J=1-0 and 13CO J=2-1 pure rotational lines. Weak emission is ob-
served for these lines, but no emission is predicted when we adopt r1/2 = 0.4 r m

1/2.
These lines are, however, mainly excited in the outer parts of the CO envelope (r

∼
>
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600 R⋆, or 15′′ for the adopted stellar parameters and distance), a region where the
PACS images show that the envelope of W Hya is not predicted well by our constant
mass-loss rate model.

2.5.2 The 12CO/13CO ratio

For the first time, we have multiple isotopic transitions in 12CO and 13CO available
to constrain the 12CO/13CO isotopologic ratio. Three of the four lines for which we
have data for the 13CO isotopologue, i.e. J=10-9, 9-8, and 6-5, point to an intrinsic
12CO/13CO ratio of 18. For comparison, the line ratios between the two isotopologues
observed by HIFI are around 8 and 8.7 for transitions J=10-9 and J=6-5, respectively.
The only previous attempt to constrain the intrinsic ratio is by Milam et al. (2009),
who found a value of 35 using the J=2-1 of 13CO transition. We could not use this
particular transition, since it is poorly reproduced by our model. We note that Milam
et al. considered a mass loss that is an order of magnitude greater than was found
by us and Justtanont et al. (2005), and a three times lower 12CO abundance. They
also assumed W Hya to be at a distance of 115 pc, which implies a twice higher
luminosity than we have adopted. Given the intricacies in forming the 12CO and
13CO lines, especially in the case of the outer envelope of W Hya, it is hard to assess
the meaning of the factor-of-two difference in the intrinsic 12C/13C. We therefore
discuss the uncertainties in this ratio in more detail. This discussion is also important
in view of a comparison with theoretical predictions, this ratio being a very useful
tool for constraining AGB evolution models.

The uncertainty of the determined 12CO/13CO ratio

In order to quantify the robustness of the derived 12CO/13CO ratio, we carried out a
test in which we vary parameters that so far were held fixed in our model grid and
studied the effect.

First, we investigate the impact of varying the assumed 12CO abundance relative
to H (standard at 2.0× 10−4) and the stellar luminosity considered (5400 L⊙). We cal-
culated models in which we changed each of these parameters, but only one at a time,
by a factor of two – both toward higher and lower values. When these parameters are
varied, the 12CO line fluxes and shapes also change. We scaled the mass-loss rate in
order to fit the line flux observed by SPIRE, since the 12CO lines observed by this
instrument are excited in the same region as 13CO transitions used to determine the
isotopic ratio. We did not attempt a fine-tuning to match the strengths and shapes of
the profiles. The factor-of-two changes in each of the two parameters affect the line
fluxes of 13CO by typically 20 to 25 percent and at most 30 percent.

Second, we studied the effect of changes in the input stellar spectrum. As pointed
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out in Sect. 2.3, the stellar flux in the near infrared may have an important effect on
the CO line strengths as photons of these wavelengths can efficiently pump molecules
to higher rotational levels. In our models, the spectral emission of W Hya is approx-
imated by a black body of 2500 K. However, the stellar spectrum is much more
complex, and its intensity changes considerably even for small differences in wave-
length. Specifically, molecules in the stellar atmosphere can absorb photons, thereby
reducing the amount available for exciting 12CO and 13CO further out in the enve-
lope. Figure 2.4 indicates that the molecular absorption at 4.7 µm is less than a factor
of two. We assume a factor-of-two decrease in the stellar flux in the 4.7 µm region
to assess the impact of the near-IR flux on the modelled lines. The change in the
integrated line flux of 12CO lines is only about five percent. The 13CO lines respond
more strongly, varying by typically 25%.

The combined impact of these three sources of uncertainties on the derived iso-
topic ratio would be ∼ 40% in this simple approach. Also accounting for uncertainties
due to the flux calibration and noise (which are about 25% uncertain) and the actual
model fitting (25% uncertain), we conclude that the intrinsic isotopic ratio determined
here is uncertain by 50% to 60%. This implies that W Hya has a 12CO/13CO ratio
of 18 ± 10. Better signal-to-noise observations of, particularly, 13CO, in combination
with spatial maps of both 12CO and 13CO lines, are required to constrain this value
better.

Connecting the 12C/13C ratio to stellar evolution

From evolutionary model calculations, the surface 12C/13C ratio is expected to change
in dredge-up events. It is found to decrease by a factor of a few after the first dredge-
up, taking place during the ascent on the red giant branch (RGB) and reaching a
value of typically 20 for stars more massive than 2 M⊙. For stars with masses lower
than 2 M⊙, it is found to increase with decreasing mass, reaching about 30 at 0.8
M⊙. In stars that experience the second dredge-up (M⋆ ∼> 4.5 M⊙), this ratio is
found to decrease further by a few tens of percent during the ascent on the AGB
(Busso et al. 1999; Karakas 2011). Stars with masses higher than 1.5 M⊙ experience
the third dredge-up, a continuous process that occurs during the thermally pulsing
AGB phase. Evolutionary models show that this ratio is steadily increasing thanks to
the surface enrichment of 12C or is not changing significantly if the star is massive
enough, M⋆ ∼> 4.0 M⊙, for hot bottom burning to operate.

Recent calculations include extra-mixing processes to explain the low values of
the 12C/13C ratio observed in low mass RGB stars (Tsuji 2007; Smiljanic et al. 2009;
Mikolaitis et al. 2012). Extra-mixing processes are thought to occur also during the
AGB phase (Busso et al. 2010), but its causes and consequences are more uncertain.
Models that include extra mixing in the RGB predict lower isotopic ratios (∼ 10) for
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low mass stars (∼ 1 M⊙).
When compared to model predictions, a value of 18 for the 12C/13C ratio would

be consistent with W Hya having an isotopic ratio that reflects the value set by the
first dredge-up (Boothroyd & Sackmann 1999; Charbonnel & Lagarde 2010) for star
with masses higher than about 2 M⊙. If W Hya’s mass lies between 1.5 M⊙ and 4.0
M⊙, the value found by us further suggests that the star has experienced few or none
of these third dredge-up events.

Our intrinsic isotopic ratio, however, is not very constraining, since it agrees
within the uncertainties with three very different scenarios for W Hya’s evolutionary
stage: first, having a low value of this ratio (∼ 8), hence having suffered extra mixing
in the first dredge-up, characteristic of low mass stars; second, having a ratio of
indeed 18, which implies a higher mass; or, third, having a higher ratio (∼ 28) and
being on its way to becoming a carbon star. Decreasing the error bars by a factor
of three or four would allow one to draw stronger conclusions on this matter. Such
accuracy may be achieved with the Atacama Large Millimeter/submillimeter Array.

2.5.3 The wind acceleration

The wind acceleration in W Hya is quite slow. The highest excitation line for which
we have an observed line shape, 12CO J=16-15, has an excitation of its upper level
that peaks at eight stellar radii, decreasing to one-fifth of this peak value at 30 R⋆.
The triangular shape and the width of this profile indicate that it is formed in the
accelerating part of the flow. The 12CO J=10-9 line is still explained well by a β
= 5.0 model, but the region where this line is excited seems to be where the wind
starts to be accelerated faster than our model with β = 5.0. Interestingly, this effect
is noted mainly in the blue-shifted part of the flow. The population of level J=10
of 12CO reaches a maximum at 25 R⋆, decreasing to one-fifth of this peak value at
70 R⋆. This shows that the wind approaches the terminal velocity indeed much later
than expected, somewhere around 50 stellar radii. Furthermore, transition J=6-5 of
12CO is formed in a region where the wind has already reached maximum expansion
velocity, contrary to what a model with β=5.0 predicts. This indicates that, although
the wind has a slow start until 5.5 - 6.0 km/s, the last injection of momentum happens
quite fast. Other authors have also concluded that the wind of W Hya is accelerated
slower than expected (Lucas et al. 1992; Szymczak et al. 1998), in agreement with
our results.

The shapes of 13CO J=10-9 and J=9-8 lines are also asymmetric, as is that of
12CO J=10-9 line. The reason for this is not clear but may be connected to large
scale inhomogeneities that damp out, or smooth out, at large distances. A direction-
dependent acceleration law, for example, or direction-dependent excitation structures
of the higher levels of these two transitions might be the reason we see this asymme-
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try. The higher optical depth in the 12CO lines might be able to make this feature less
pronounced in the J=10-9 of this isotopologue. We note that these two 13CO lines
do not have a high signal-to-noise ratio, therefore, no firm conclusion can be drawn
based on this apparent asymmetry.

2.6 Summary

We have constrained the wind structure of W Hya using an unprecedented number
of 12CO and 13CO emission lines. We were especially interested in understanding
the excitation of 12CO and 13CO for this source. The envelope structure derived in
this study will enable analysis of other molecular abundances in the outflow, such as
ortho- and para-water and its isotopologues, SiO and its isotopologues, SO, SO2, and
even carbon-based molecules such as HCN. Specifically, we may thus obtain excita-
tion conditions of these molecules and the heating and cooling rates – mainly thanks
to water transitions – associated to it. These species too will add to our understanding
of the physical and chemical processes in the wind.

The main conclusions obtained from modelling 12CO and 13CO are

• The model that best fits the data has a mass-loss rate of 1.2 × 10−7 M⊙yr−1,
an expansion velocity of 7.0 km/s, a temperature power-law exponent of 0.6,
a CO dissociation radius 2.5 times smaller than what is predicted by theory,
and an exponent of the β-type velocity law of 5.0. We note that the wind has a
slow start that is better reproduced by a high value of this exponent, but that the
envelope reaches its final expansion velocity sooner than such a model would
predict.

• The smaller outer CO radius is supported mainly by the line strengths of the
low-J lines. Introducing a broken temperature law does not fix this problem,
and a varying mass-loss rate, lower in the outer envelope, seems to contradict
what is seen in the PACS dust maps.

• By comparing our constant mass-loss rate dust model with recently published
PACS images of W Hya, we note that our dust model does not reproduce the
observations beyond 20′′, corresponding to 800 R⋆ for the adopted parameters
and distance. This extra emission may originate in material expelled in a phase
of higher mass loss or be the result of a build up of material from interaction
with previously ejected gas or interstellar medium gas.

• We derive a 12CO to 13CO isotopic ratio of 18 ±10. The accuracy is not suf-
ficient to draw firm conclusions on the evolutionary stage or main-sequence
mass of W Hya, but a ratio of 20 would be expected for an AGB star with
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mass higher than 2 M⊙ that did not experience 12C enrichment due to the third
dredge-up phase. Spatially resolved observations may help constrain the 12CO
abundance and the 13CO excitation region and allow for a more precise esti-
mate of this ratio.
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Abstract

The evolution of low- and intermediate-mass stars on the asymptotic giant branch
(AGB) is mainly controlled by the rate at which these stars lose mass in a stellar
wind. Understanding the driving mechanism and strength of the stellar winds of AGB
stars and the processes enriching their surfaces with products of nucleosynthesis are
paramount to constraining AGB evolution and predicting the chemical evolution of
galaxies. In a previous paper we have constrained the structure of the outflowing
envelope of W Hya using spectral lines of the 12CO molecule. Here we broaden
this study by including an extensive set of H2O and 28SiO lines. It is the first time
such a comprehensive study is performed for this source. The oxygen isotopic ratios
and the 28SiO abundance profile can be connected to the initial stellar mass and to
crucial aspects of dust formation at the base of the stellar wind, respectively. We
model the molecular emission observed by the three instruments on board Herschel
Space Observatory using a state-of-the-art molecular excitation and radiative transfer
code. We also account for the dust radiation field in our calculations. We find an
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H2O ortho-to-para ratio of 2.5 +2.5
−1.0 , consistent with what is expected for an AGB

wind. The O16/O17 ratio indicates that W Hya has an initial mass of about 1.5 M⊙.
Although the ortho- and para-H2O lines observed by HIFI appear to trace gas of
slightly different physical properties, we find that a turbulence velocity of 0.7 ± 0.1
km s−1 fits the HIFI lines of both spin isomers and those of 28SiO well. The modelling
of H2O and 28SiO confirms the properties of the envelope model of W Hya, as derived
from 12CO lines, and allows us to constrain the turbulence velocity. The ortho- and
para-H16

2 O and 28SiO abundances relative to H2 are (6+3
−2 ) × 10−4, (3+2

−1 ) × 10−4, and
(3.3± 0.8)× 10−5, respectively, in agreement with expectations for oxygen-rich AGB
outflows. Assuming a solar silicon-to-carbon ratio, the 28SiO line emission model is
consistent with about one-third of the silicon atoms being locked up in dust particles.

3.1 Introduction

Stars of low- and intermediate-mass (∼ 0.8 to 8 M⊙) populate the asymptotic giant
branch (AGB) at the end of their lives. These luminous, extended, and cool objects
develop a strong mass loss that controls their evolution from its onset. The driving of
the wind is thought to be the result of a combination of pulsations and radiation pres-
sure on dust grains (see e.g. Habing & Olofsson 2003). For carbon-rich AGB stars,
this scenario is able to reproduce the observed mass-loss rates as the dust species
that form in these environments are opaque enough and can exist close enough to
the star to acquire momentum by absorbing infrared photons (Winters et al. 2000).
However, for oxygen-rich AGB stars the situation seems more complex. The dust
species found in these stars through infrared spectroscopy that would be able to drive
the wind by absorption of stellar photons cannot exist close enough to the star to be
important for initiating the wind (Woitke 2006). A possible alternative is that the
wind is driven through scattering of photons on large (∼ 0.3µm) translucent dust
grains (Höfner 2008). Although this alternative scenario seems plausible and many
dust species have been identified in oxygen-rich objects, it is still unclear which of
these are actually responsible for driving the outflow (e.g. Bladh & Höfner 2012).

Characterizing both the physical structure and molecular and solid state compo-
sition of the outflow are crucial to understanding the physics underlying the wind
driving. An important step forward in this understanding is the combined analysis
of space and ground-based observations of multiple molecular species, covering a
range of rotational excitation states of the ground vibrational level as wide as possi-
ble. Such data allow the determination of the flow properties from the onset of the
wind close to the photosphere, to the outer regions, where molecules are eventually
photodissociated by the interstellar radiation field. We have embarked on such an
analysis for W Hya, a close-by oxygen-rich AGB star, observed in detail using the
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Herschel Space Observatory (hereafter Herschel; Pilbratt et al. 2010). In addition to
the 12CO lines, the observations reveal a rich H16

2 O spectrum with over 150 observed
lines, and a broad 28SiO ladder, ranging from 137 to more than 2000 K in upper level
excitation energy.

In Khouri et al. (2014a, henceforth Paper I), we focussed on the analysis of the
12CO ladder of rotational levels up to Jup = 30. We used these carbon monoxide
lines to determine the temperature and velocity structure of the wind, as well as the
mass-loss rate. In the study presented here we focus on an analysis of lines from H2O,
including its isotopologues, and 28SiO. The modelling of the H2O isotopologues al-
lows us to constrain the 17O/16O and 18O/16O ratios. The analysis of silicon in both
the gas phase and solid phase allows us to assess the overall budget of this element
and the condensation fraction of this species. This is a crucial issue for understand-
ing the role of silicates for the wind driving mechanism. We also account for the
contribution of the dust thermal emission to the radiation field when modelling the
molecular emission. The main components of these grains are aluminum-oxides and
silicates (e.g. Sharp & Huebner 1990).

Determining the ortho- and para-H2O abundances is important for understanding
the chemistry in the outermost layers of the star and the innermost regions of the
envelope, where shocks can be important (Cherchneff 2006). For an AGB star with
carbon-to-oxygen ratio of 0.75, Cherchneff (2006) finds the abundance ratio between
12CO and H16

2 O to be ∼ 12 and ∼ 1.6 for thermal equilibrium and non-equilibrium
chemistry respectively. The H2O ortho-to-para ratio is expected to be 3:1, reflecting
the ratio of the statistical weights between the species, if the molecules are formed in
a high-temperature (T≫ 30 K) and under local-thermodynamical equilibrium (Decin
et al. 2010c). Studies of the H16

2 O emission from W Hya have found a low ortho-to-
para ratio of around 1 (e.g. Barlow et al. 1996; Justtanont et al. 2005; Zubko & Elitzur
2000). The uncertainties on these obtained ortho-to-para ratios are, however, at least
of a factor of two.

The isotopic composition of the outflowing material contains much-needed in-
formation on the dredge-up processes that are an important part of giant branch and
AGB evolution (e.g. Landre et al. 1990; El Eid 1994; Stoesz & Herwig 2003; Char-
bonnel & Lagarde 2010; Palmerini et al. 2011). Dredge-ups enrich the surface with
isotopic species when convective streams in the star reach down to regions where
the composition has been modified because of thermonuclear burning (see e.g. Iben
& Renzini 1983; Iben 1975). The characteristics of the isotopic enrichment are ex-
pected to vary significantly over the evolution of low- and intermediate-mass stars
and are found to be especially sensitive to stellar mass (Boothroyd et al. 1994) – the
most important stellar property, which for AGB stars is notoriously difficult to con-
strain. Unfortunately, the dredge-up process in AGB stars cannot yet be modelled
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from first principles (Habing & Olofsson 2003), mainly because of the complex (and
poorly understood) physics of convective and non-convective mixing (see e.g. Busso
et al. 1999; Karakas 2010).

In Section 3.2 we provide general information on W Hya, the 12CO model of
Paper I, and the dataset that is used to constrain the H16

2 O and 28SiO properties. In
Section 3.3, we discuss observed line shapes and provide details on the treatment
of H16

2 O and 28SiO in our models, and how this treatment relates to that of 12CO.
Section 3.4 is devoted to presenting our model for H16

2 O and for the lower abundance
isotopologues. The model for 28SiO is covered in Section 3.5. We discuss the results
in Section 5.6 and we end with a summary.

3.2 Basis information, dataset, and model assumptions

3.2.1 W Hya

An overview of the literature discussing the stellar properties of W Hya, and the
uncertainties in these properties, is presented in Paper I. We refer to this paper for
details. We adopt a distance to the star of 78 pc (Knapp et al. 2003), implying a
luminosity of 5400 L⊙. Assuming that W Hya radiates as a black-body, our 12CO
analysis is consistent with an effective temperature of 2500 K, which leads to a stellar
radius, R⋆, of 2.93 × 1015 cm or 1.96 AU. Whenever we provide the radial distance
in the wind of W Hya in units of R⋆, this is the value we refer to. The 12CO analysis
presented in Paper I leads to a mass-loss rate of 1.3 × 10−7 M⊙ yr−1, consistent with
the findings of Justtanont et al. (2005). Interestingly, on a scale that is larger than
the 12CO envelope, images of cold dust emission suggest W Hya had a substantially
larger mass loss some 103–105 years ago (Cox et al. 2012; Hawkins 1990). In this
work, we focus on the present-day mass-loss rate by modelling the gas-phase 28SiO
and H2O emission, which probe the last 200 years at most. Variations in the mass-loss
rate seen on larger timescales will be addressed in a future study.

W Hya features prominent rotational H16
2 O emission, first reported by Neufeld

et al. (1996) and Barlow et al. (1996), using data obtained with the Infrared Space

Observatory (ISO; Kessler et al. 1996). Additional data were obtained by Justtanont
et al. (2005), using Odin (Nordh et al. 2003), and by Harwit & Bergin (2002), using
SWAS (Melnick et al. 2000). The analysis by the authors mentioned above and by
others (Zubko & Elitzur 2000; Maercker et al. 2008, 2009) point to a quite high H16

2 O
abundance relative to H2, ranging from 10−4 to a few times 10−3. The ortho-to-para
H2O ratio reported by most studies is usually in-between 1 and 1.5, which is signif-
icantly lower than the expected value of three, for H2O formed at high temperatures
(T≫ 30 K) and in local-thermodynamical equilibrium.
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28SiO lines of the vibrational excited v = 1 and v = 2 state show maser emission
and have been intensively studied (see e.g. Imai et al. 2010; Vlemmings et al. 2011).
Ground vibrational lines do not suffer from strong amplification and are better probes
of the silicon abundance. Studies of this molecule (e.g. González Delgado et al.
2003a; Bieging et al. 2000; Bujarrabal et al. 1986) suggest 28SiO is depleted from
the gas, probably due to the formation of silicate grains. Spatially resolved data of
the v = 0, J = 2 − 1 line have been presented by Lucas et al. (1992). The authors
determined the half-intensity radius of this transition to be 0.9 arcseconds. From
model calculations, González Delgado et al. (2003a) conclude that the half-intensity
radius determined by Lucas et al. (1992) is approximately three times smaller than
the radius where the 28SiO abundance has decreased to 37% of its initial value.

The dust envelope of W Hya has been imaged by Norris et al. (2012) using
aperture-masking polarimetric interferometry. They discovered a close-in shell of
large (∼ 0.3 µm) and translucent grains which might be responsible for driving the
outflow through scattering (Höfner 2008). Unfortunately, the composition of the ob-
served grains could, not be unambiguously identified. W Hya has also been observed
in the near-infrared using MIDI/VLTI (Zhao-Geisler et al. 2011). This revealed that
the silicate dust emission must come from an envelope with an inner radius of 50
AU (or 28 R⋆). Zhao-Geisler et al. (2011) also argue that Al2O3 grains and H2O
molecules close to the star are responsible for the observed increase in diameter at
wavelengths longer than 10 µm.

3.2.2 Dataset

W Hya was observed by all three instruments onboard Herschel in the context of the
guaranteed-time key programs HIFISTARS (Menten et al. 2010) and MESS (Groe-
newegen et al. 2011). These are the Heterodyne Instrument for the Far Infrared (HIFI;
de Graauw et al. 2010), the Spectral and Photometric Imaging Receiver Fourier-
Transform Spectrometer (SPIRE; Griffin et al. 2010), and the Photodetector Array
Camera and Spectrometer (PACS; Poglitsch et al. 2010). The data reduction proce-
dure of the PACS and SPIRE data is outlined in Paper I ; that of HIFI is presented by
Justtanont et al. (2012).

We applied two methods to identify the H16
2 O and 28SiO lines. The 28SiO lines

were identified in very much the same way as the 12CO lines presented in Paper I:
we inspected the spectra at the wavelengths of the 28SiO transitions, identified the
lines and measured their fluxes. H16

2 O, however, has a plethora of transitions that,
moreover, are not regularly spaced in frequency, as are the ones of 12CO and 28SiO.
Our approach in this case was to calculate spectra with different values for the H16

2 O-
envelope parameters and compare these to the observations. Transitions that were
predicted to stand out from the noise were identified and extracted.
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In order to extract the integrated fluxes from the PACS spectrum, we fitted Gaus-
sians to the identified transitions using version 11.0.1 of Herschel interactive process-
ing environment (HIPE1). For extracting transitions measured by SPIRE, we used the
script Spectrometer Line Fitting available in HIPE. The script simultaneously fits a
power law to the continuum and a cardinal sine function to the lines in the unapodized
SPIRE spectrum. The spectral resolution of both instruments is smaller than twice
the terminal velocity of W Hya (υ∞ = 7.5 kms−1; see Table 3.1). Therefore, what may
appear to be a single observed line might be a blend of two or more transitions. We
removed such blended lines from our analysis by flagging them as blends whenever
two or more transitions were predicted to be formed closer together than the native
full width at half-maximum (FWHM) of the instrument, or when the FWHM of the
fitted Gaussian was 20% or more larger than the expected FWHM for single lines.
For PACS, a total of 50 ortho-H16

2 O, 24 para-H16
2 O, and only 1 28SiO unblended tran-

sitions were extracted. The 28SiO transitions that lie in the spectral region observed
by PACS are high excitation lines (Jup > 35). These are weak compared to the
much stronger H16

2 O lines and are below the detection limit of the PACS spectrum
for Jup > 38. For SPIRE, 15 ortho-H16

2 O, 20 para-H16
2 O and 24 28SiO lines were

extracted and not flagged as blends. Properties of all H16
2 O transitions measured by

PACS and those of 28SiO measured by all instruments are given in Appendix 3.9.2.
The transitions observed with HIFI are spectrally resolved. This gives valuable

information on the velocity structure of the flow. Because of the high spectral reso-
lution the lines are easily identified and their total fluxes can be measured accurately.
In Table 3.2, we list the integrated main beam brightness temperatures and the ex-
citation energy of the upper level for the observed transitions. HIFI detected ten
ortho-H16

2 O transitions, two of which are clearly masering, six para-H16
2 O transitions,

one of which is clearly masering, five 28SiO transitions, three of which are from vi-
brationally excited states and appear to be masering, two transitions of ortho-H17

2 O
and 29SiO, and one transition each of ortho-H18

2 O, para-H17
2 O, para-H18

2 O and 30SiO.
We have not included the rarer isotopologues of SiO, 29SiO and 30SiO, in our model
calculations. The vibrationally excited lines from 28SiO probe high temperature gas
(T∼ 2000 K) which is very close to the star and were not included in our analysis.
The upper level excitation energies of the 28SiO ground-vibrational lines range from
137 to 1462 K and these transitions probe the gas temperatures in which silicates are
expected to condense, T∼ 1000 K (e.g. Gail & Sedlmayr 1999).

1HIPE is available for download at http://herschel.esac.esa.int/hipe/
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H16
2 O masers

The already challenging task of modelling H16
2 O emission is further complicated by

the fact that this molecule has the predisposition to produce maser emission. Mat-
suura et al. (2013) found that for the oxygen-rich supergiant VY CMa 70% of the
H16

2 O lines in the PACS and SPIRE spectra are affected by population inversions. In
our line emission code we artificially suppress strong stimulated emission and we
have therefore excluded from the present analysis lines that show masering in at least
one of our models. In the PACS data, four transitions were excluded. Those are the
ones at 133.549, 159.051 and 174.626 µm of ortho-H16

2 O and 138.528 µm of para-
H16

2 O. The intensity of the ortho-H16
2 O transition at 73.415 was under-predicted by

more than a factor of three by all models. Although this line is not masering in any
of our models, the discrepancies are so large that we suspect missing physics to be
responsible. We have also excluded this line from the analysis. In four of the remain-
ing PACS lines, we do find modest population inversions for some of the models.
These, however, do not appear to have a strong impact on the strength of the lines
and the transitions were not excluded. For the SPIRE lines, the case is worse. About
70 % of the lines – in agreement with the results reported for VY CMA by Matsuura
et al. (2013) – present population inversions. The intensity of most of these lines was
strongly under-predicted by our models. This is a much higher fraction than the less
than 10% seen for PACS. To be on the safe side, we decided not to include SPIRE
data at all in our calculations for H16

2 O. As a result of this mismatch a comprehensive
identification of the H16

2 O lines in the SPIRE spectrum was not possible and we do
not present extracted line fluxes for H16

2 O lines obtained by this instrument.

Comparison between the total line fluxes measured by HIFI, SPIRE and PACS

Some of the lines were observed by more than one instrument, either by HIFI and
SPIRE or by HIFI and PACS. In Table 3.3 we present a comparison of the observed
total line fluxes. The antennae temperatures observed by HIFI were converted to flux
units assuming that the emission is not spatially resolved by the telescope. We find
that the fluxes of H16

2 O lines as detected by HIFI are systematically lower than those
by both SPIRE and PACS.

SPIRE lines are typically 25% stronger than those of HIFI. This difference may
be due to uncertainties in the flux calibration of both instruments and in the baseline
fitting of the spectra. Small blends and pointing errors can also account for some of
the observed differences. A flux loss of less than 10% is expected from the pointing
errors in the HIFI observations. The different shapes of the response function of the
instruments may also have a significant effect.

The three lines measured jointly by PACS and HIFI are more than 2–3 times
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3 The molecular envelope of W Hya

stronger in the PACS traces than in the HIFI spectra. The cross-calibration prob-
lem of PACS and HIFI is known, but is not yet resolved. It is often reported as a
flux mismatch between the 12CO lines observed by both instruments (Puga et al. in
prep.). For W Hya we find that the mismatch between predicted and PACS line fluxes
correlates with wavelength, becoming larger for longer wavelengths. At the long
wavelength end of the PACS spectral range (which is where PACS and HIFI spectra
overlap) the discrepancy strongly increases. Since the HIFI observations are much
less susceptible to line blending and the HIFI line fluxes in this overlap region agree
much better with the trends predicted by our models than the line fluxes measured
by PACS, we decided to exclude these PACS lines from our analysis, and to use the
HIFI lines instead.

3.2.3 Modelling strategy and 12CO model

Here, we focus on modelling the emission of ortho-H16
2 O, para-H16

2 O, ortho-H18
2 O,

para-H18
2 O, ortho-H17

2 O, para-H17
2 O and 28SiO. The molecular data used in our calcu-

lations are described in Appendix 4.7. Our model is based on the envelope structure
and dust model obtained in Paper I, which was obtained from the analysis of 12CO
lines, observed with Herschel, APEX, SMT and SEST, and of the dust emission.
The 12CO transitions modelled in Paper I probe a large range in excitation tempera-
ture and, therefore, the full extent of the outflowing 12CO envelope, from the regions
close to the star where the wind is accelerated, to the outer regions where 12CO is
photo-dissociated. The dust properties were constrained by modelling the thermal
emission spectrum observed by ISO with the continuum radiative-transfer code MC-
Max (Min et al. 2009). The composition and radial distribution of the dust are used
as inputs to the modelling of the molecular species, for which we employ GAS-
TRoNOoM (Decin et al. 2006, 2010b). The coupling between dust and gas is treated
as described by Lombaert et al. (2013). The main parameters of the 12CO model are
listed in Table 3.1.

In Paper I, we found that the 12CO envelope has to be smaller than predicted
for our model to better fit the high- (Jup ≥ 6) and low-excitation (Jup < 6) 12CO
transitions simultaneously. The size of the 12CO envelope is set in our model by the
parameter R1/2 (Mamon et al. 1988), which represents the radius at which the 12CO
abundance has decreased by half. We note that this discrepancy between model and
observations in the outer wind is not expected to affect the modelled H16

2 O or 28SiO
lines, since these molecules occupy a much smaller part of the envelope than 12CO,
see Fig. 3.1.

Furthermore, to properly represent the PACS and HIFI transitions excited in the
inner part of the wind, our best model requires a value of 5.0 for the exponent of the
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3.2 Basis information, dataset, and model assumptions

Table 3.1: Model parameters of W Hya as derived in Paper I. ǫ is the exponent of the temperature power
law and R1/2 is the radius where the CO abundance has decreased by half.

Parameter Best Fit

dM/dt [10−7 M⊙ yr−1] 1.3 ± 0.5
υ∞ [km s−1] 7.5 ± 0.5

ǫ 0.65 ± 0.05
υturb [km s−1] 1.4 ± 1.0

fCO 4 × 10−4

R1/2 0.4
T∗ [K] 2500

β-type velocity law (see Equation 3.1),

υ(r) = υ◦ + (υ∞ − υ◦)
(

1 −
r◦

r

)β

. (3.1)

This corresponds to a slow acceleration of the flow in this part of the envelope. How-
ever, this high value of β underpredicts the width of the 12CO J = 6 – 5 transition,
while predicting well the width of lower excitation transitions (Jup < 6). This indi-
cates a more rapid acceleration between the formation region of transitions J = 10 – 9
and J = 6 – 5 than considered in our β = 5.0 model. This could be due to the addition
of extra opacity in the wind at distances beyond where the J = 10 – 9 transition forms,
which is roughly inside 50 R⋆. As the H16

2 O and 28SiO envelopes are smaller than
the excitation region of the 12CO Jup = 6 level, emission from these two molecules
comes from a wind region that is well described by a β = 5.0 velocity law (see also
Fig. 3.1).

Our dust model is motivated by the work of Justtanont et al. (2004, 2005) and
adopts a dust mass-loss rate of 2.8 × 10−10 M⊙ yr−1. Astronomical silicates, amor-
phous aluminum oxide (Al2O3), and magnesium-iron oxide (MgFeO) account for
58, 34, and 8% of the dust mass, respectively. The optical constants for astronomical
silicates are from Justtanont & Tielens (1992), those for amorphous aluminum oxide
and magnesium-iron oxide were retrieved from the University of Jena database and
are from the works of Begemann et al. (1997) and Henning et al. (1995).
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3 The molecular envelope of W Hya

Table 3.2: H2O and 28SiO transitions observed by HIFI for W Hya.

Transitions ν0 [GHz] E [K]
∫

TMB dv [K km s−1]

o-H16
2 Oν=0, 53,2−52,3 1867.749 732.0 5.3 ±0.6

o-H16
2 Oν=0, 73,4−72,5 1797.159 1212.0 2.3 ±0.3

o-H16
2 Oν2=1, 21,2−10,1 1753.914 2412.9 2.2 ±0.6

o-H16
2 Oν=0, 30,3−21,2 1716.769 196.8 24.9±0.3

o-H16
2 Oν=0, 32,1−31,2 1162.911 305.2 8.1 ±0.3

o-H16
2 Oν=0, 31,2−22,1 1153.127 249.4 21.1±0.4

o-H16
2 Oν=0, 31,2−30,3 1097.365 249.4 8.0 ±0.2

o-H16
2 Oν2=1, 11,0−10,1 658.007 2360.3 28.9±0.1

o-H16
2 Oν=0, 53,2−44,1 620.701 732.1 8.4 ±0.1

o-H16
2 Oν=0, 11,0−10,1 556.936 61.0 5.4 ±0.1

o-H 17
2 Oν=0, 30,3−21,2 1718.119 196.4 1.0 ±0.2

o-H 17
2 Oν=0, 31,2−30,3 1096.414 249.1 0.5 ±0.1

o-H 18
2 Oν=0, 31,2−30,3 1095.627 248.7 1.5 ±0.1

p-H16
2 Oν=0, 63,3−62,4 1762.043 951.8 2.4 ±0.6

p-H16
2 Oν=0, 42,2−41,3 1207.639 454.3 3.3 ±0.5

p-H16
2 Oν=0, 11,1−00,0 1113.343 53.4 15.4±0.1

p-H16
2 Oν=0, 20,1−11,1 987.927 100.8 18.6±0.2

p-H16
2 Oν=0, 52,4−43,1 970.315 598.8 20.9±0.1

p-H16
2 Oν=0, 21,1−20,2 752.033 136.9 7.0 ±0.1

p-H 17
2 Oν=0, 11,1−00,0 1107.167 53.1 0.5 ±0.1

p-H 18
2 Oν=0, 11,1−00,0 1101.698 52.9 1.5 ±0.1

28SiOν=1, J=23−22 990.355 2339.9 0.4 ±0.1
28SiOν=0, J=16−15 694.275 283.3 2.9 ±0.1
28SiOν=1, J=15−14 646.429 2017.4 0.2 ±0.04
28SiOν=0, J=14−13 607.599 218.8 2.8 ±0.1
28SiOν=1, J=13−12 560.326 1957.4 0.3 ±0.1

3.3 Comparisons between 12CO, H16
2 O and 28SiO

3.3.1 Photodissociation radii

12CO, 28SiO, and H16
2 O are formed in the atmosphere of the AGB star and the fate

of these molecules is to become dissociated in the outer envelope by interstellar UV
photons, causing their abundances to decrease sharply. The radius where dissociation
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Table 3.3: Observed total line fluxes of H16
2 O and 28SiO transitions observed by two different Herschel instruments, HIFI and SPIRE or PACS. The

final column lists the flux of either SPIRE or PACS, relative to HIFI.

Transition ν0 λ Eup Flux HIFI Flux SPIRE Flux PACS F(Other)/F(HIFI)
[GHz] [µm] [K] [W m−2] [W m−2] [W m−2]

ortho-H16
2 O

11,0 − 10,1 556.936 538.29 61 3.8 ×10−17 5.5 ×10−17 - 1.45
53,2 − 44,1 620.701 482.99 732 6.5 ×10−17 7.4 ×10−17 - 1.14

v2=1,11,0 − 10,1 658.007 455.61 2360 2.4 ×10−16 3.0 ×10−16 - 1.25
31,2 − 30,3 1097.365 273.19 249 1.1 ×10−16 1.3 ×10−16 - 1.18
31,2 − 22,1 1153.127 259.98 249 3.0 ×10−16 3.7 ×10−16 - 1.23
32,1 − 31,2 1162.911 257.79 305 1.2 ×10−16 1.8 ×10−16 - 1.50
30,3 − 21,2 1716.769 174.63 197 5.4 ×10−16 - 1.3 ×10−15 2.41
53,2 − 52,3 1867.749 160.51 732 1.2 ×10−16 - 2.8 ×10−16 2.33

para-H16
2 O

21,1 − 20,2 752.033 398.64 137 6.6 ×10−17 8.1 ×10−17 - 1.23
52,4 − 43,1 970.315 308.96 599 2.5 ×10−16 3.6 ×10−16 - 1.44
20,2 − 11,1 987.927 303.46 101 2.3 ×10−16 2.9 ×10−16 - 1.26
11,1 − 00,0 1113.343 269.27 53 2.2 ×10−16 2.2 ×10−16 - 1.00
42,2 − 41,3 1207.639 248.25 454 4.9 ×10−17 6.7 ×10−17 - 1.21
63,3 − 62,4 1762.043 170.14 952 5.3 ×10−17 - 1.7 ×10−16 3.21

28SiO

J=14-13 607.608 493.40 218.8 2.1 ×10−17 2.0 ×10−17 - 0.95
J=16-15 694.294 431.79 283.3 2.5 ×10−17 2.4 ×10−17 - 0.96
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3 The molecular envelope of W Hya

sets in is different for each molecule and depends on molecular and circumstellar
parameters and on the spectral shape of the interstellar radiation field.

Dust condensation might play a role in shaping the abundance profile of a molecule
if the conditions for condensation are met before dissociation sets in. For W Hya
we expect 28SiO to condense and form silicate grains. 12CO and H16

2 O abundances
should not be affected by such depletion and we assume their abundances to be con-
stant up to the point where dissociation starts. For 28SiO we consider different abun-
dance profiles, mimicking depletion due to silicate formation (see Sect. 3.5).

Dissociation radii are usually poorly constrained. In our 12CO model presented
in Paper I, we find that for W Hya the 12CO envelope is likely smaller than expected
for a standard interstellar radiation field. Our results point to an envelope with 12CO
being fully dissociated at roughly 800 R⋆. We have assumed dissociation profiles for
H16

2 O and 28SiO of the type

f (r) = f ◦ e−(r/re)p

, (3.2)

where the standard value of the exponent p is 2 and re is the e-folding radius, the
radius at which the abundance has decreased by a factor e from its initial value. H16

2 O
is expected to dissociate closer to the star than 12CO (e.g. Netzer & Knapp 1987).
Groenewegen (1994) argues that H16

2 O emission should come from within roughly
100 R⋆, from considering studies of OH density profiles in AGB stars. This limit
corresponds to an abundance profile with e-folding radius of 65 R⋆, or 1.8× 1015 cm.
For 28SiO, there are no theoretical estimates that give its dissociation radius in terms
of envelope parameters. That said, González Delgado et al. (2003a) modelled low-
excitation 28SiO transitions and determined the e-folding radius to be re = 2.4× 1015

cm for W Hya, which corresponds to roughly 85 R⋆ in the context of our model.
At about 200 R⋆ all of the 28SiO will then have disappeared. We adopt these values.
They show that the 28SiO envelope is comparable in size to the H2O envelope and that
both are considerably smaller than the CO envelope. Because the 28SiO transitions
modelled by us are formed mostly deep inside the 28SiO envelope, we expect the
problem of constraining the 28SiO dissociation radius to have little impact on our
results.

In Fig. 3.1, we plot the normalized abundance profiles of 12CO, 28SiO and H16
2 O

compared to the excitation region of the 12CO transitions observed by HIFI. This
shows that the H16

2 O and 28SiO emissions probe a relatively small region of the enve-
lope compared to 12CO emission.

3.3.2 Observed line shapes: blue wing absorption

Fig. 3.2 shows the spectrally resolved profiles of the lowest excitation transitions of
H16

2 O and 28SiO, as observed by HIFI, and of the J = 16 – 15 and 10 – 9 transitions
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3.3 Comparisons between 12CO, H16
2 O and 28SiO

Figure 3.1: The normalized abundance profile of H16
2 O (long-dashed green), 28SiO (double-short-

dashed yellow) and 12CO (solid red) are compared to the normalized populations of levels J = 16
(dashed-dotted brown), J = 10 (dotted purple) and J = 6 (short-dashed blue) of 12CO.

Figure 3.2: Observed line shapes of the transitions J = 16 – 15 (dotted purple) and J =10 – 9 (solid red)
of 12CO, J = 14 – 13 of 28SiO (long-dashed green), and 11,0 – 00,1 of ortho-H16

2 O (short-dashed blue).

The vertical line marks the adopted υLSR = 40.4 km s−1.
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Figure 3.3: The effects of varying the H16
2 O abundance, the turbulence velocity, the temperature power

law exponent and the velocity power law exponent on the normalized line strength are shown for o-
H16

2 O (11,0 − 10,1). The standard model is represented by the red line in each panel, it has its values

given in Table 3.1 and fH2O = 4 × 10−4. The short-dashed purple and the long-dashed green represent
models with respectively: fH2O = 1× 10−4 and 1.6× 10−3 in the first panel; υturb = 0.8 and 2.0 km s−1

in the second panel; ǫ = 0.2 and 1.1 in the third panel; and β = 1.5 and 10 in the fourth panel. All
other parameters have the same value as the standard model. We note that varying υturb has the effect
of a line shift.

of 12CO. The adopted local-standard-of-rest velocity of 40.4 km s−1 was derived by
Khouri et al. (2014a) by modelling the 12CO and 13CO transitions. The plotted H16

2 O
and 28SiO lines are expected to form in about the same region of the envelope as the
pure rotational J = 10 – 9 line of 12CO, as they are low-excitation transitions expected
to be formed in the outer parts of the 28SiO and H16

2 O envelopes. The 12CO J = 10 –
9 transition shows emission up to the same expansion velocity in the red- and blue-
shifted wings. The H16

2 O and 28SiO transitions, however, show very asymmetrical
line profiles with emission extending to larger velocities in the red-shifted wing than
on the blue-shifted wing. To show the effect of differences in line forming region
(which cannot be the cause of this behaviour, as the lines are selected to form in
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about the same part of the flow), we also show the 12CO J = 16 – 15 line profile. This
line forms more to the base of the outflow. The profile is narrower on both sides of
line centre.

Huggins & Healy (1986) studied the line shapes of transitions J = 2 − 1 and
J = 1 − 0 of 12CO in IRC+10216 in comparison to the line shape of the optically
thinner 13CO J = 2 − 1 line. The authors observed asymmetries between the 12CO
and 13CO lines and concluded that these were due to the higher optical depths in
the 12CO lines. They found the effect to be strongly dependent on the turbulence
velocity in the line formation region. In Fig. 3.2, the differences between H2O and
28SiO on the one hand and 12CO J = 10 – 9 on the other hand also arise as a result of
differences in line optical depth, and the presence of a turbulence velocity field. The
12CO radial optical depth at line centre is about unity for the transitions discussed.
The Einstein coefficient for spontaneous emission of the H16

2 O and 28SiO transitions
modelled here are typically at least an order of magnitude larger than that of 12CO.
The 28SiO J = 16 – 15 and 14 – 13 lines have even two orders of magnitude higher
values. As a result, higher optical depths are built-up for 28SiO and H16

2 O transitions
than for 12CO transitions, even when the different abundances are taken into account.
The effect is important even in the wind of a low mass-loss rate AGB star such as W
Hya, and it reveals itself by the shift in the observed line centre velocity with respect
to the υLSR of the source.

In Fig. 3.3, we show that υturb indeed affects strongly the observed behaviour of
H16

2 O and 28SiO. The o-H16
2 O (11,0 − 10,1) transition is shown for models based on

the best 12CO model obtained in Paper I. We varied either the H16
2 O abundance, the

turbulence velocity in the envelope, υturb, the exponent of the temperature power law,
ǫ, or the exponent of the velocity power law, β. Although all these parameters have an
impact on the H16

2 O line shapes or central peak position, it is the turbulence velocity
that causes a systematic shift of the line centre position. We stress that varying these
parameters does have a significant effect on the line strength. To bring out the effects
on profile shape and profile shift, we have normalized the lines. As pointed out by
Huggins & Healy (1986), the magnitude of the shift is mainly set by and can be used
to determine the value of the turbulence velocity in the line formation region.

3.4 H16
2

O model

We calculated models using the parameters found in Paper I for different values of
the ortho- and para-H16

2 O abundance and the turbulence velocity in the wind. The
turbulence velocity was included as a free parameter since it was clear from the first
calculated H16

2 O profiles that the originally assumed value (υturb = 1.4 km s−1; see
Table 3.1) was too large to match the line-centre shifts seen in the line profiles ob-
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3 The molecular envelope of W Hya

Table 3.4: Turbulence velocities and abundances relative to H2 considered in the models studying the
effects of H16

2 O.

Parameter Values

υturb [km s−1] 0.5, 0.8, 1.1, 1.4

f (o-H16
2 O) (1, 2, 4, 5, 6, 7, 8, 10, 12, 16) ×10−4

f (p-H16
2 O) (1, 2, 3, 4, 5, 6, 8) ×10−4

tained with HIFI (see Sect. 3.3.2). The H16
2 O abundance at a radius r is given by

Equation 5.1. The value adopted by us for the H2O dissociation radius is that given
by Groenewegen (1994). Our model calculations, however, show that the derived
H16

2 O abundance is not strongly affected by the assumed dissociation radius.
The turbulence velocity and the abundance of each spin isomer constitute a de-

generacy. We can, however, determine with a good accuracy the value of the tur-
bulence velocity from matching the line-centre shifts seen by HIFI (see Sect. 3.3.2).
The parameters used in the calculation of the H16

2 O models are listed in Table 3.4.
The line profiles computed for different values of the turbulence velocity are com-
pared to the line shapes observed by HIFI in Fig. 3.4. The values of the turbulence
velocity that best match the shift seen for ortho-H16

2 O and para-H2O are 0.8 and 0.6
km s−1, respectively. Although the difference in the derived turbulence velocity is
small (∼0.2 km s−1), the high-quality HIFI data seems to suggest that the main line-
formation region for the o-H2O lines has a slightly different turbulence velocity than
for p-H2O. However, as an uncertainty of 0.1 km s−1 in the turbulence velocity, prop-
agates to an uncertainty of only 5% at most for the predicted line profiles, we adopt
a value of 0.7 km s−1 for both spin isomers.

After fixing the turbulence velocity, we calculated the reduced-χ2 of the fits to
the PACS and HIFI line fluxes for models with different values of the ortho-H16

2 O and
para-H16

2 O abundances. For ortho-H16
2 O, we get the best result for an abundance of

6 × 10−4 for both HIFI and PACS data. For para-H16
2 O, a value of 3 × 10−4 fits better

the PACS data, while a value between 4 × 10−4 and 3 × 10−4 is the best match for
the HIFI observations. Taking the whole dataset into account, the best fits for ortho-
and para-H16

2 O are achieved with abundances of (6+3
−2 ) × 10−4 and (3+2

−1 ) × 10−4,
respectively. These models are compared to the lines observed by HIFI in Figs. 3.5
and 3.6 for ortho- and para-H16

2 O, respectively.
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Figure 3.4: Normalized profiles of ortho- and para-H16
2 O transitions observed by HIFI compared to

models with different values of the turbulence velocity and all other parameters kept fixed. The solid red
line represents the data, and models with turbulence velocities of 0.5, 0.8 and 1.4 km s−1 are represented
by dotted purple, long-dashed green and short-dashed blue lines, respectively. The adopted value for
the υLSR of 40.4 km s−1−1 was subtracted from the observed lines.

 0

 0.2

 0.4

 0.6

 0.8 11,0-10,1

 0

 1

 2

 3

 4
30,3-21,2

 0

 2

 4

 6 31,2-22,1

 0

 0.4

 0.8

 1.2 31,2-30,3

 0

 0.4

 0.8

 1.2

-10 -5 0 5 10

32,1-31,2

 0

 0.4

 0.8

 1.2

-10 -5 0 5 10

53,2-52,3

 0

 0.3

 0.6

-10 -5 0 5 10

73,4-72,5M
ai

n 
B

ea
m

 T
em

pe
ra

tu
re

 [K
]

Velocity [km/s]

Figure 3.5: Best fit model (dashed-blue line) to the ortho-H16
2 O lines compared to the lines observed by

HIFI (solid-red line). The model has an ortho-H16
2 O abundance of 6 × 10−4 and a turbulence velocity

of 0.7 km s−1. The adopted value for the υLSR of 40.4 km s−1 was subtracted from the observed lines.
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Figure 3.6: Best fit model (dashed-blue line) to the para-H16
2 O lines compared to the lines observed by

HIFI (solid-red line). The model has a para-H16
2 O abundance of 3 × 10−4 and a turbulence velocity of

0.7 km s−1. The adopted value for the υLSR of 40.4 km s−1 was subtracted from the observed lines.

Table 3.5: Best fit results for the abundances of the isotopologues of H2O. The super- and subscript
give the 1-σ uncertainties in the determined values.

Molecule Best

para-H17
2 O 2+1

−1 × 10−7

para-H18
2 O 1.6+0.4

−0.6 × 10−6

ortho-H17
2 O 6+4

−2 × 10−7

ortho-H18
2 O 3+1

−1 × 10−5

3.4.1 H2O Isotopologues

We calculated models for each of the four isotopologues of H2O, ortho-H17
2 O and

H18
2 O and para-H17

2 O and H18
2 O, considering both a turbulence velocity of 0.7 km s−1

and different values for the abundance of each isotopologue. The optical depths of
the transitions are considerably smaller than the corresponding ones of the main iso-
topologues, causing the derived abundances to be roughly independent of υturb. The
uncertainty on υturb propagates to an uncertainty of a few percent in the line fluxes of
the rarer isotopologues.

The models are compared to the observations in Fig. 3.7 and the best abundance
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Table 3.6: Derived isotopologic ratios. The super and subscript give the 1-σ uncertainties in the deter-
mined values. The ratios between parentheses were not considered when deriving the final values.

Molecules Ratio upper limit
lower limit

o-H16
2 O/o-H17

2 O 1000 +1200
−600

(o-H16
2 O/o-H18

2 O) 20 +25
−8

p-H16
2 O/p-H17

2 O 1500 +2500
−800

p-H16
2 O/p-H18

2 O 190 +210
−90

o-H16
2 O/p-H16

2 O 2 +2.5
−0.8

o-H17
2 O/p-H17

2 O 3 +7
−1.5

(o-H18
2 O/p-H18

2 O) 19 +21
−9

p-H18
2 O/p-H17

2 O 8 +12
−5

(o-H18
2 O/o-H17

2 O) 50 +50
−30
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Figure 3.7: The solid red line represents the HIFI data, the dashed green, short-dashed blue, dotted
purple, dashed-dotted light-blue and short-dashed-dotted brown lines represent, respectively, models
with abundances relatively to H2 of: (4, 2, 1.2, 0.4, 0.2) ×10−6 for for ortho-H17

2 O; (1.2, 0.8, 0.4, 0.2,

0.12) ×10−4 for ortho-H18
2 O; (8, 4, 2, 1.2, 0.4) ×10−7 for para-H17

2 O; and (8, 4, 2, 1.2, 0.4) ×106 for

para-H18
2 O. We adopted a value of 0.7 km s−1 for the turbulence velocity in these calculations. The

adopted value for the υLSR of 40.4 km s−1 was subtracted from the observed lines.
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3 The molecular envelope of W Hya

values of each isotopologue relative to H2 are given in Table 3.5. The best models
were selected by comparing the integrated line fluxes with the observations. Then,
we computed the different isotopologic ratios given in Table 3.6, which allow us to
derive the 16O/17O, the 16O/18O isotopic ratios and the ortho-to-para ratio. We note,
however, that the line shapes of the two ortho-H2O isotopologues are not well repro-
duced, particularly that of o-H18

2 O. The single observed line of o-H18
2 O is shifted with

respect to the modelled transitions and very high values of the o-H2
18O abundance

are needed to predict the observed line strength. Therefore, the values derived for the
16O/18O ratio and for the H2O ortho-to-para ratio based on this line do not agree with
those derived using any other pair of observed lines. Because of this mismatch, we
have not included the values derived from the o-H2

18O line in the ortho-to-para and
isotopic ratios calculations. Modifying the dissociation radius and turbulence veloc-
ity does not improve the fitting of this transition. Discarding the o-H2

18O line, we
obtain: ortho-to-para = 2.5 +2.5

−1.0 , 16O/17O = 1250 +750
−450 and 16O/18O = 190 +210

−90 (see
also Table 3.6).

3.4.2 Consequences of a lower υturb for the 12CO lines

The turbulence velocity that resulted from the 12CO analysis in Paper I was 1.4
km s−1. However, this value was not strongly constrained. Although this higher
value is better at reproducing the 12CO line wings, the differences between models
for 0.6–0.8 and 1.4 km s−1 are small. In Fig. 3.8 we show a comparison between
the 12CO model from Paper I and a model with υturb = 0.7 km s−1. The change
in the value of the turbulence velocity only has an impact on the total line flux of
the transitions having Jup < 6, most notably that of J = 2 – 1. When a lower value
of the turbulence velocity is used, the model predictions for the J = 1 – 0 and 2 – 1
transitions get somewhat stronger, while those for the 3 – 2 to 6 – 5 transitions get
somewhat weaker. The emission from line J = 2 – 1 could be decreased by consid-
ering an even smaller 12CO dissociation radius than the one obtained in Paper I, but
this will not resolve the discrepancy in the J = 1 – 0 line. The poor fit to the second
line is the main shortcoming of our 12CO model. We conclude that a lower value
for the turbulence velocity does not affect significantly the quality of our fit, except
for the very low-excitation lines J = 2 − 1 and J = 1 − 0, the second of which was
also poorly reproduced by our original 12CO model. Furthermore, we can expect the
turbulence velocity to be different in the formation regions of H16

2 O and 28SiO and
of the low-excitation 12CO lines, since the 12CO envelope is significantly larger than
that of H16

2 O and 28SiO. However, since it is not possible to determine a precise value
for the turbulence velocity from the 12CO lines, we cannot draw any conclusion on
changes in this parameter between the H16

2 O and 28SiO envelopes and the 12CO outer
envelope.
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2

O model

Figure 3.8: A model for the 12CO lines with υturb = 0.7 km s−1 (short-dashed blue line) is compared
to the best model found in Paper I (υturb = 1.4 km s−1; dotted-dashed brown line). The observed 12CO
lines are shown in red. The adopted value for the υLSR of 40.4 km s−1 was subtracted from the observed
lines. The lines J = 16 − 15, 10 − 9 and 6 − 5 were observed with HIFI, J = 4 − 3 and 3 − 2 with
APEX, J = 2 − 1 with SMT and J = 1 − 0 with SEST.

3.4.3 Reproducing the PACS spectrum

In Fig. 3.9, we compare our 12CO and ortho- and para-H16
2 O models to the PACS

spectrum of W Hya. The 28SiO lines modelled do not contribute significantly to the
PACS spectrum and were not included in the plot. The vast majority of the prominent
lines seen in the spectrum can be accounted for by our H16

2 O model. A small fraction
of the strong lines, however, is not predicted. These lines have peaks around 61.52,
72.84, 78.47, 79.12, 86.52, 89.78, 154.88 and 163.12 µm. The lines observed at 79.12
and 163.12 µm can be associated with OH transitions (Sylvester et al. 1997). Those
at 78.47, 86.52 and 89.78 µm might be explained by 28SiO maser emission (Decin
et al., in prep.). We were not able to identify the lines observed at 61.52, 72.84 and
154.88 µm.
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Figure 3.9: The PACS spectrum (represented by the grey-filled histogram) is compared to our best
model, with the parameters given in Table 3.1 but with υturb of 0.7 km s−1 and with ortho- and para-
H16

2 O abundances of 6 × 10−4 and 3 × 10−4, respectively. The 12CO model is shown by the full-blue

line, the ortho-H16
2 O, by the full-red line and the para-H16

2 O, by the full-yellow line.
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3.5 Model for gas-phase 28SiO emission

3.5 Model for gas-phase 28SiO emission

In Paper I, we assumed a standard value for the 12CO abundance relative to H2 of
4 × 10−4. Were all carbon and silicon used to form 12CO and 28SiO, respectively,
and solar composition assumed, then the 12CO-to-28SiO abundance ratio would be
roughly 8.3, corresponding to an 28SiO photospheric abundance of 4.8 × 10−5.

In order to establish the location in the outflow where silicate dust particles con-
dense, and the fraction of the 28SiO that is converted from the molecular phase to
the solid phase in the inner wind, we modelled the 28SiO line emission detected by
Herschel. The broad spectral coverage of PACS and SPIRE provides a series of lines
with upper-level energies ranging from 137 to 1462 K above the ground state, cover-
ing the region where silicates are expected to condense (Gail & Sedlmayr 1999) and,
consequently, where a decrease in the 28SiO abundance should be seen.

We compare these data to a grid of models in which the photospheric 28SiO abun-
dance relative to H2, f ◦SiO, the condensation fraction of 28SiO in solid material, fcond,
and radius at which this happens, Rcond, are varied. For f ◦SiO we apply (10, 8, 6, 5,
4, 2) ×10−5. For fcond we adopt 0, 0.35, 0.65, and 0.90. The first value implies no
condensation of solids. For each of the abundance profiles in which condensation
was considered, we take Rcond to be either 5, 10, or 20 R⋆. This adds up to a total
of sixty models. We note that models without condensation are equivalent to models
with a high 28SiO abundance in which condensation occurs deep in the envelope, at
about 2 R⋆, as our models are not sensitive to the abundance at radii smaller than
about 5 R⋆. To give an example, a model with an initial abundance of 4 × 10−5 is
analogous to a model with f ◦SiO = 6 × 10−5 and fcond = 0.33 in which condensation
occurs close to the star.

As shown in Table 3.7, the models were ranked based on the calculated reduced-
χ2 fit to the line fluxes obtained with SPIRE, HIFI and PACS, listed in Table 3.8 of
the appendix. The ten best models have 28SiO abundances between 2.5 ×10−5 and
4.0 ×10−5 relative to H2 in the region between 10 and 100 R⋆, i.e. in the region where
the 28SiO emission originates (see Fig. 3.1). The condensation radius of 28SiO is not
strongly constrained. However, condensation at 10 R⋆ or less seems preferred over
condensation at 20 R⋆. In the top-fifteen-ranked models, those with a condensation
fraction of 0.65 all have higher photospheric 28SiO abundance than expected on the
basis of a solar carbon-to-silicon ratio. If the photospheric 28SiO abundance is as-
sumed to be solar ( f SiO

◦
between 4.0 and 6.0×10−5), a condensation fraction of 0.35

or less is preferred. Furthermore, the slope seen in Fig. 3.10 for the observed line
fluxes distribution in terms of J is much better reproduced by models with no or very
little condensation.

The fit to the J = 14 – 13 and 16 – 15 28SiO lines observed by HIFI, shown in Fig.
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3 The molecular envelope of W Hya

Table 3.7: Calculated reduced-χ2 of the fit to the line fluxes of the set of 28SiO lines listed in Table 3.8
of the appendix. The models are listed in order of fit quality, with the best fit at the top.

f ◦SiO/10−5 fcond Rcond [R⋆] red-χ2

4.0 0 - 1.08
6.0 0.35 5 1.11

10.0 0.65 5 1.18
5.0 0 - 1.20
5.0 0.35 5 1.23
8.0 0.35 5 1.29
6.0 0.35 10 1.30
5.0 0.35 10 1.35
5.0 0.35 20 1.38
4.0 0.35 20 1.40
8.0 0.65 5 1.44
6.0 0 - 1.55
6.0 0.35 20 1.55
4.0 0.35 5 1.57
4.0 0.35 10 1.59
8.0 0.35 10 1.60

10.0 0.65 10 1.72
8.0 0.65 10 1.78

10.0 0.35 5 1.82
5.0 0.65 20 1.84
4.0 0.65 20 1.91
6.0 0.65 20 1.92
6.0 0.65 5 2.03
6.0 0.65 10 2.07
2.0 0 - 2.19

10.0 0.35 10 2.21
8.0 0.35 20 2.25
5.0 0.65 10 2.35
8.0 0.65 20 2.39
5.0 0.65 5 2.51

f ◦SiO/10−5 fcond Rcond [R⋆] red-χ2

5.0 0.90 20 2.58
4.0 0.90 20 2.59
2.0 0.35 20 2.62
8.0 0 - 2.66
6.0 0.90 20 2.70
4.0 0.65 10 2.76

10.0 0.65 20 3.06
2.0 0.65 20 3.08
2.0 0.35 10 3.15
8.0 0.90 20 3.16
4.0 0.65 5 3.17

10.0 0.35 20 3.25
2.0 0.35 5 3.46
2.0 0.90 20 3.51

10.0 0.90 10 3.65
10.0 0.90 20 3.77
8.0 0.90 10 3.93

10.0 0 - 4.15
10.0 0.90 5 4.16
6.0 0.90 10 4.32
2.0 0.65 10 4.43
5.0 0.90 10 4.58
8.0 0.90 5 4.87
4.0 0.90 10 4.93
2.0 0.65 5 5.48
6.0 0.90 5 5.79
2.0 0.90 10 6.15
5.0 0.90 5 6.36
4.0 0.90 5 7.04
2.0 0.90 5 8.95

3.11, is consistent with υturb = 0.7 ± 0.1 km s−1.

3.6 Discussion

3.6.1 The turbulence velocity

The turbulence velocity probed by a given line is that of the region where the line
is excited and from which photons can escape. The lines observed by HIFI for the

82



3.6 Discussion

Figure 3.10: The best model for the 28SiO line emission (red line and crosses), with f SiO
◦ = 4× 10−5 and

fcond = 0, is compared to the line fluxes observed by SPIRE (green), PACS (blue) and HIFI (purple).

ortho- and para-H16
2 O transitions have similar excitation energies, hence they may

be expected to form in a similar part of the outflow if the spin isomers themselves
occupy the same region.

We found a small difference in the turbulent velocity value that predicts best the
observed line shapes of the ortho- and para-H2O, 0.8 km s−1 and 0.6 km s−1 respec-
tively. The υturb derived by Khouri et al. (2014a) based on the 12CO line shapes was
1.4± 1.0 km s−1. Since the low-excitation CO lines probe the outer parts of the wind,
this could be another indication of a turbulent velocity gradient. However, the un-
certainty in the υturb values from CO are sizable. Moreover, the observed line shapes
of both H2O spin isomers are not perfectly fitted for any value of υturb. Although
these diagnostics suggest a gradient, GASTRoNOoM can only calculate models with
a constant turbulent velocity and therefore we cannot test this possibility at the mo-
ment. We adopt υturb = 0.7 ± 0.1 km s−1.

Maercker et al. (2009) found the dissociation radius and the shape of the abun-
dance profile to also have an impact on the line shapes. We discuss our assumptions
for these properties in Section 3.3.1. We have tested the impact of decreasing the
dissociation radius on the line shapes. The lines become narrower, the red-wing be-
ing more strongly affected. The dissociation radii and the abundance profile have
an impact on the line shapes and their peak position and add to the uncertainty on
the determined turbulence velocity. However, if the abundance profile of ortho- and
para-H16

2 O are similar, there should be no relative difference between the line shapes
of the two spin isomers.
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Figure 3.11: The best 28SiO model (green-dashed line) is compared to the line shapes observed by
HIFI (solid red line). The adopted value for the υLSR of 40.4 km s−1 was subtracted from the observed
lines.

3.6.2 Isotopic ratios and evolutionary status of W Hya

During the evolution of low- and intermediate-mass stars leading up to the AGB and
on the AGB, the abundances of the two minor oxygen isotopes are expected to vary
considerably, especially due to the first- and third-dredge-up events. The effect of the
first-dredge-up on the 16O/17O surface isotopic ratio is found to depend quite sen-
sitively on the initial stellar mass, the values of this ratio after this first-dredge-up
event is a steeply decreasing function of stellar mass for stars with main sequence
mass between 1 and 3 M⊙ (e.g. Boothroyd et al. 1994; Lattanzio & Boothroyd 1997;
Palmerini et al. 2011; Charbonnel & Lagarde 2010). During the third-dredge-up,
the surface oxygen isotopic ratios are expected to change only if hot bottom burn-
ing is active (e.g. Busso et al. 1999; Charbonnel & Lagarde 2010; Karakas 2011).
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3.6 Discussion

In this case, the abundance of 18O drops strongly while that of 17O remains almost
unchanged. Justtanont et al. (2013) recently lend support to this prediction by pre-
senting observations that clearly show that the abundance of H2

17O is considerably
higher than that of H2

18O for a set of OH/IR stars observed with HIFI.
The isotopic ratios determined for W Hya, 16O/17O = 1250 +750

−450 and 16O/18O =
190 +210

−90 , are lower than the solar values of (16O/17O)⊙ = 2600 and (16O/18O)⊙ =
500. The observed value of 1250 implies that W Hya had an initial mass of about
1.5 M⊙. Evolutionary models show the 16O/17O ratio after the first dredge-up to be
independent of metallicity. Since the 16O/17O surface ratio is such a steep function of
initial mass, the initial mass of W Hya would be constrained to be within 1.3 and 1.7
M⊙. Such a star would reach the AGB phase in about 3 gigayears. If W Hya has less
metals than the Sun, the determined value for the 16O/17O surface ratio would also be
consistent with it having an initial mass of more than 4 M⊙. It is unlikely, however,
that W Hya is either metal-poorer than the Sun or so massive.

The value for the 16O/18O ratio does not agree with what is found with avail-
able evolutionary models. The observed value of 190 is lower than that of the Sun.
All models predict this ratio to be a weak function of mass and to increase during
evolution, therefore the observed value cannot be reconciled with predictions. In-
terestingly, Decin et al. (2010c) determine the 16O/18O ratio of the also oxygen-rich
AGB star IK Tau to be 200, a value that is very close to the value determined by us
for W Hya.

One solution to this problem may be that both W Hya and IK Tau are richer in
metals than the Sun, since the 16O/18O ratio is expected to be inversely proportional
to metal content (Timmes et al. 1995). The observed isotopic ratio then requires that
W Hya and IK Tau are about twice as rich in metals than is the Sun. If that is not the
case, and the low 16O/18O ratio is confirmed for these two objects, our findings would
imply that the evolution of the 18O surface abundance up to the AGB stage is not yet
well understood. However, the uncertainty associated with the 16O/18O measurement
does not allow one to draw a firm conclusion on this matter at the moment.

3.6.3 28SiO condensation

If we consider a photospheric 28SiO abundance expected for a solar composition
wind, f SiO

◦
= 4.8× 10−5, a dust mass-loss rate of 2.8× 10−10M⊙yr−1 and the silicon-

bearing grains to consist of olivine silicates (MgFeSiO4) (see Paper I), our model
requires about one-third of the silicon atoms in the wind of W Hya to be in dust grains.
We thus expect to see a decrease in the 28SiO abundance from 4.8× 10−5 to 3.2× 10−5

over the region where silicates condense. Furthermore, our dust model predicts that
silicates are formed in W Hya’s wind as close as ∼5 stellar radii (or 10 AU) to the
surface. Observations carried out by Zhao-Geisler et al. (2011) with MIDI/VLTI set
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a lower limit on the silicate formation radius at 28 photospheric radii (equivalent to
50 AU or 0.5 arcsec). That corresponds to 22 R⋆ (equivalent to ∼ 40 AU) in our
model, when we correct for the different distance adopted by them. Furthermore,
aperture-masked polarimetric interferometry observations carried out by Norris et al.
(2012) reveal a close-in halo of large transparent grains in W Hya. The composition
of the grains could not be determined, but if this material also contains silicon it has
to be considered in the silicon budget.

Our molecular-line-emission calculations indicate that 28SiO does not suffer from
strong depletion in W Hya’s wind. Furthermore, an 28SiO abundance of (3.3± 0.8)×
10−5 between 10 and 100 R⋆ is required in order to reproduce the observed 28SiO
lines. Adding to that the silicon that is in our dust model, which corresponds to
an abundance of 1.6 × 10−5, we reach a total silicon abundance of 4.9 × 10−5. This
is very close to the abundance expected based on a solar silicon-to-carbon ratio, i.e.
4.8× 10−5 for 28SiO. Models with condensation occurring at radii equal to, or smaller
than, 10 stellar radii are preferred to those with condensation at 20 stellar radii but
we are not able to determine the condensation radius based in our data. One could
expect condensation to happen over a few or even tens of stellar radii, a scenario
not explored in our calculations. Despite the good agreement regarding the silicon
budget, we note that our dust model was based on the one obtained by Justtanont
et al. (2005) and that we have not studied the dust envelope in detail, as considering
different dust species and/or distribution. Furthermore, the present dust model does
not agree with the observations carried out by Zhao-Geisler et al. (2011), which show
that silicates do not condense closer than about 40 AU. We will analyse in depth the
dust envelope of W Hya under the light of the gas-phase wind model presented here
in an upcoming study.

Regarding the outer 28SiO envelope, González Delgado et al. (2003a) modelled
the 28SiO pure rotational emission of the ground-vibrational state and obtained an
28SiO abundance of 1.5 × 10−5. The authors, however, studied the 28SiO abundance
relative to 12CO mainly in a statistical way. They compared their models to low-
excitation transitions, J = 2 – 1, 3 – 2, 5 – 4 and 6 – 5, which trace mostly the outer
parts of the 28SiO envelope. The value González Delgado et al. (2003a) derive for
the 28SiO abundance is a factor of two lower than the 3.3 × 10−5 abundance found
by us. However, if the lower mass-loss rate, 8 × 10−8 and the smaller distance, 65
parsecs, considered by them are taken into account the derived abundance should be
even smaller, in the context of our model. Our calculations overpredict the emis-
sion seen in these low-excitation transitions by a factor of four, consistent with the
difference in the abundances that are obtained. Lucas et al. (1992) determined the
half-intensity angular radius for the 28SiO transition J = 2− 1 to be 0.9± 0.1 arcsec-
onds. This value is substantially smaller than the value derived by González Delgado
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et al. (2003a) for the e-folding radius of the 28SiO abundance, 2.4× 1015 cm or 2 arc-
seconds in the context of our model. The inconsistency is only apparent, as González
Delgado et al. point out that these two radii are indeed expected to differ. The au-
thors find that the e-folding radii determined by them are about three times larger
than the half-intensity radius of the J = 2 − 1 28SiO transition for model envelopes.
Schöier et al. (2004) observed the 28SiO J = 2 − 1 transition of R Dor and L2 Pup
with the Australia Telescope Compact Array. By modelling the interferometric data,
the authors found that the 28SiO abundance is better described by a two-component
profile, a high abundance ( fSiO ≈ 4 × 10−5) inner component and a lower abundance
( fSiO ≈ 2 − 3 × 10−6) extended component. The radius where the abundance drops is
found to be between 1 and 3 × 1015 cm.

The low-excitation transitions probe mostly the outer envelope, where dissoci-
ation occurs. The population of level J = 6 of 28SiO reaches its maximum at 60
R⋆ (1.5 arcseconds or 1.8 × 1015 cm in the context of our model). Therefore, the
abundances derived based on transitions from J = 6 and lower levels will depend
on the assumed dissociation profile. We have calculated models with smaller dis-
sociation radii and shallower dissociation profiles. We have done so by decreasing,
respectively, the value of the e-folding radius re and of the exponent p, initially kept
at p = 2, in the expression for the 28SiO abundance profile (see Equation 5.1). For
reasonable values of these two parameters, the models are still unable to fit the low-
excitation transitions. An alternative possibility to explain simultaneously the high-
and low-excitation lines may be that 28SiO suffers from further depletion from the
gas-phase in-between the region where the lines observed by Herschel and those
observed by SEST are excited. At such large distances from the star, however, con-
densation and dissociation are indistinguishable on the basis of 28SiO line emission
modelling. The Jup > 10 lines modelled by us, are all produced closer to the star
and, therefore, trace the depletion of 28SiO independently of dissociation. Thanks
to the apparent complex nature of the 28SiO dissociation region and since the choice
of dissociation radius does not have a significant impact on the derived value for the
28SiO abundance, we do not attempt to fit the low-excitation 28SiO lines in detail.
The value for the 28SiO depletion obtained by us is representative of the inner wind,
for r < 1.5 × 1015 cm.

3.7 Summary

We present an analysis of the ortho-H16
2 O, para-H16

2 O, ortho-H17
2 O, para-H17

2 O, ortho-
H18

2 O, para-H18
2 O and 28Si16O emission from the wind of the nearby oxygen-rich

AGB star W Hya, as measured by the three instruments on board Herschel. The work
builds on the structure model of Khouri et al. (2014a), derived on the basis of 12CO
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lines, and is the first combined 12CO, H16
2 O and 28SiO analysis of this source.

The original structure model poorly constrained the turbulence component of the
velocity field in the outflow. H16

2 O and 28SiO lines put much firmer constraints on the
value of the turbulence velocity, essentially because they are much optically thicker
than the 12CO lines. The presence of turbulence motions causes the H2O and 28SiO
lines to shift to longer wavelengths, which, when compared to 12CO profiles that
form in roughly the same part of the wind appear to imply a blue-wing absorption.
We find slightly different values for υturb for ortho-H16

2 O and para-H16
2 O, 0.8 and 0.6

km s−1 respectively, but as our code is not able to calculate models with a gradient in
υturb, we have not explored this further.

The abundance of ortho-H16
2 O and para-H16

2 O relative to H2 are (6+3
−2 ) × 10−4

and (3+2
−1 ) × 10−4. We also place constraints on the abundances of ortho-H17

2 O and
para-H17

2 O, and find an ortho-to-para ratio of 2.5 +2.5
−1.0 – in agreement with the value

of three expected for AGB stars. The 16O/17O ratio is found to be 1250 +750
−450 and

suggests that W Hya has an initial mass of about 1.5 M⊙. We find an 16O/18O ratio
of 190 +210

−90 , which cannot be explained by the current generation of evolutionary
models. It might be reconciled with predictions if W Hya is richer in metals than the
Sun, but no firm conclusions can be drawn on this matter given the large uncertainties
on the abundance determination.

We find an 28SiO abundance between 10 and 100 R⋆ of 3.3 ± 0.8 × 10−5 relative
to H2. Adding to this gas-phase abundance the abundance needed by our dust model,
equivalent to 1.6× 10−5, we can account for all silicon in the wind of W Hya if a solar
silicon-to-carbon ratio is assumed.
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3.9 Appendix

3.9.1 Molecular models

When modelling the H16
2 O transitions for all isotopologues, we include the 45 lowest

levels of the ground and first vibrational states (i.e. the bending mode ν2 = 1 at
6.3 µm). For the two spin isomers of the main isotopologue, we have also included
excitation to the first excited vibrational state of the asymmetric stretching mode
(ν3 = 1). The difference on the model line fluxes due to the inclusion of the ν3 = 1
level is found to be 20% at maximum (Decin et al. 2010b). The frequencies, level
energies and Einstein A coefficients were retrieved from the HITRAN H16

2 O line list
(Rothman et al. 2009). The collisional rates between H16

2 O and H2 were extracted
from Faure et al. (2007).

Following Decin et al. (2010b), we consider the 40 lowest rotational levels of the
ground and first vibrationally excited states when modelling the 28SiO transitions.
The Einstein A coefficients, energy levels and frequencies were taken from Langhoff
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& Bauschlicher (1993). The collisional rates between 28SiO and H2 were retrieved
from the LAMBDA-database (Schöier et al. 2005b).

3.9.2 Observed 28SiO and H16
2 O line fluxes

Table 3.8: Integrated line fluxes and uncertainties for the 28SiO transitions observed with Herschel for
W Hya. The column Instr. lists the spectrograph used: HIFI, PACS, or SPIRE.

Jup ν0 Instr. E Flux
[GHz] [K] [10−17 W m−2]

11 477.50 S 137.5 3.5 ± 0.7
12 520.88 S 162.5 2.2 ± 0.5
13 564.25 S 189.6 2.5 ± 0.5
14 607.61 S 218.8 2.0 ± 0.5
14 607.61 H 218.8 2.1 ± 0.4
15 650.96 S 250.0 3.1 ± 0.7
16 694.29 S 283.3 2.4 ± 0.5
16 694.29 H 283.3 2.5 ± 0.5
17 737.62 S 318.7 2.1 ± 0.5
18 780.93 S 356.2 3.5 ± 0.7
19 824.24 S 395.8 3.2 ± 0.7
20 867.52 S 437.4 3.0 ± 0.7
21 910.80 S 481.1 3.7 ± 0.8
22 954.05 S 526.9 4.5 ± 0.9
23 997.30 S 574.8 3.4 ± 0.8
24 1040.52 S 624.7 3.4 ± 0.8
25 1083.73 S 676.7 3.2 ± 0.7
26 1126.92 S 730.8 4.8 ± 1.0
27 1170.09 S 787.0 2.8 ± 0.7
28 1213.25 S 845.2 4.6 ± 1.0
29 1256.38 S 905.5 4.3 ± 0.9
31 1342.58 S 1032.3 4.0 ± 0.9
32 1385.65 S 1098.8 3.0 ± 0.9
33 1428.69 S 1167.4 5.7 ± 1.8
34 1471.72 S 1238.0 4.2 ± 1.0
35 1514.71 S 1310.7 3.0 ± 0.9
37 1600.63 P 1462.3 5.1 ± 1.5
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Table 3.9: Extracted ortho-H16
2 O lines from the PACS observations. In the fifth column, we indicate if the line was flagged as a blend. We have

specified if the blend happens with a known ortho- or para-H16
2 O transition using, respectively, the superscripts o and p. Lines that were excluded due

to masering happening in any of the models are identified by the superscript m.

Band λ Eup Transition Blend Central λ of fit Flux Error FWHM PACS FWHM Ratio
[µm] [K] ν, JKa,Kc − JKa,Kc - [µm] [W m−2] [W m−2] [µm] [µm] -

B2A 56.816 1324.0 ν = 0, 90,9 − 81,8 No 56.814 1.48e-15 4.0e-16 0.040 0.039 1.034
57.268 3614.8 ν = 1, 90,9 − 81,8 No 57.271 6.51e-16 3.0e-16 0.041 0.039 1.057
57.684 5853.5 ν = 2, 91,9 − 80,8 Yes p 57.660 6.76e-15 1.4e-15 0.063 0.039 1.602
58.699 550.4 ν = 0, 43,2 − 32,1 No 58.706 1.96e-15 4.1e-16 0.040 0.039 1.029
60.492 2744.8 ν = 1, 33,0 − 22,1 No 60.493 4.93e-16 1.7e-16 0.026 0.039 0.650
62.335 3109.8 ν = 1, 62,5 − 51,4 No 62.340 4.55e-16 1.7e-16 0.043 0.039 1.085
62.397 3673.2 ν = 1, 65,2 − 72,5 Yes o,p 62.426 5.29e-16 1.9e-16 0.029 0.039 0.748
62.418 1845.9 ν = 0, 93,6 − 84,5 Yes o,p 62.426 5.29e-16 1.9e-16 0.029 0.039 0.748
62.928 1552.6 ν = 0, 91,8 − 90,9 No 62.930 2.86e-16 1.3e-16 0.023 0.039 0.583
63.324 1070.7 ν = 0, 81,8 − 70,7 No 63.320 1.72e-15 3.8e-16 0.044 0.039 1.107
63.685 3363.5 ν = 1, 81,8 − 70,7 No 63.690 3.77e-16 1.6e-16 0.038 0.039 0.974
63.914 1503.7 ν = 0, 66,1 − 65,2 Yes o,p 63.940 1.38e-15 4.7e-16 0.057 0.039 1.458
63.955 1749.9 ν = 7, 61,0 − 52,0 Yes o,p 63.940 1.38e-15 4.7e-16 0.057 0.039 1.458
65.166 795.5 ν = 0, 62,5 − 51,4 No 65.172 1.55e-15 3.3e-16 0.038 0.039 0.957
66.093 1013.2 ν = 0, 71,6 − 62,5 No 66.101 1.18e-15 2.7e-16 0.039 0.039 0.999
66.438 410.7 ν = 0, 33,0 − 22,1 No 66.440 2.07e-15 4.3e-16 0.036 0.039 0.915
67.269 519.1 ν = 0, 33,0 − 30,3 Yes 67.272 2.26e-15 4.7e-16 0.052 0.039 1.322
67.365 3323.3 ν = 1, 71,6 − 62,5 Yes 67.373 5.89e-16 1.7e-16 0.055 0.039 1.391
70.287 2617.7 ν = 1, 32,1 − 21,2 No 70.287 8.53e-16 2.5e-16 0.031 0.039 0.799
70.703 1274.2 ν = 0, 82,7 − 81,8 No 70.702 8.57e-16 2.0e-16 0.042 0.039 1.065
71.947 843.5 ν = 0, 70,7 − 61,6 No 71.956 1.60e-15 3.4e-16 0.039 0.039 0.986

B2B 72.522 3137.6 ν = 1, 70,7 − 61,6 No 72.543 6.40e-16 1.6e-16 0.036 0.039 0.924
73.415 5800.0 ν = 2, 81,7 − 80,8 Nom 73.431 2.02e-15 4.2e-16 0.029 0.039 0.743

Table continues in the next page.91
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Table 3.9: (continued)

Band λ Eup Transition Blend Central λ of fit Flux Error FWHM PACS FWHM Ratio
[µm] [K] ν, JKa,Kc − JKa,Kc - [µm] [W m−2] [W m−2] [µm] [µm] -

73.745 2745.3 ν = 1, 42,3 − 31,2 No 73.763 6.24e-16 1.8e-16 0.040 0.039 1.021
74.945 1125.8 ν = 0, 72,5 − 63,4 Yes 74.966 1.64e-15 3.6e-16 0.054 0.039 1.374
75.381 305.3 ν = 0, 32,1 − 21,2 No 75.407 3.51e-15 7.1e-16 0.031 0.039 0.783
75.830 1278.6 ν = 0, 65,2 − 64,3 Yes p 75.847 1.01e-15 2.7e-16 0.063 0.039 1.621
75.910 1067.7 ν = 0, 55,0 − 54,1 No 75.923 5.62e-16 1.7e-16 0.031 0.039 0.805
77.761 1524.9 ν = 0, 75,2 − 74,3 No 77.785 2.91e-16 8.1e-17 0.032 0.039 0.827
78.742 432.2 ν = 0, 42,3 − 31,2 No 78.766 2.97e-15 6.0e-16 0.039 0.039 1.019
78.946 3450.9 ν = 1, 64,3 − 63,4 Yes p 78.950 1.41e-15 3.0e-16 0.042 0.039 1.078
79.819 5358.0 ν = 2, 61,5 − 52,4 Yes 79.833 4.01e-16 1.3e-16 0.054 0.039 1.398
80.139 3064.2 ν = 1, 44,1 − 43,2 Yes 80.157 6.18e-16 1.6e-16 0.051 0.038 1.323
81.405 1729.4 ν = 0, 92,7 − 91,8 No 81.425 3.77e-16 1.1e-16 0.039 0.038 1.027
82.031 643.5 ν = 0, 61,6 − 50,5 No 82.052 1.98e-15 4.1e-16 0.032 0.038 0.846
82.726 3442.6 ν = 1, 72,5 − 63,4 No 82.757 3.51e-16 1.2e-16 0.042 0.038 1.116
82.977 1447.6 ν = 0, 83,6 − 82,7 No 82.998 2.58e-16 9.2e-17 0.025 0.038 0.664
83.724 5552.5 ν = 2, 72,6 − 71,7 Yes 83.737 5.00e-16 1.6e-16 0.064 0.038 1.690
85.769 1615.4 ν = 0, 84,5 − 83,6 Yes p 85.796 3.66e-16 8.9e-17 0.030 0.037 0.803
92.811 1088.8 ν = 0, 64,3 − 63,4 No 92.826 4.43e-16 9.5e-17 0.034 0.035 0.967
93.214 4838.3 ν = 2, 32,2 − 21,1 No 93.233 2.87e-16 6.6e-17 0.033 0.035 0.936
94.644 795.5 ν = 0, 62,5 − 61,6 No 94.665 5.51e-16 1.2e-16 0.029 0.034 0.829
94.705 702.3 ν = 0, 44,1 − 43,2 No 94.725 6.39e-16 1.4e-16 0.035 0.034 1.009
95.176 1957.2 ν = 0, 94,5 − 85,4 No 95.193 2.78e-16 7.6e-17 0.029 0.034 0.854
97.785 5003.7 ν = 2, 51,5 − 40,4 Yes p 97.804 1.50e-16 4.2e-17 0.021 0.033 0.628
98.232 2506.9 ν = 1, 22,1 − 11,0 No 98.254 2.87e-16 6.9e-17 0.036 0.033 1.103
98.494 878.2 ν = 0, 54,1 − 53,2 No 98.511 3.05e-16 7.0e-17 0.029 0.033 0.880

R1A 104.094 933.8 ν = 0, 63,4 − 62,5 No 104.098 1.39e-16 5.8e-17 0.064 0.111 0.575
107.704 2878.9 ν = 1, 50,5 − 33,0 No 107.745 1.74e-16 6.8e-17 0.094 0.113 0.838

Table continues in the next page.
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Table 3.9: (continued)

Band λ Eup Transition Blend Central λ of fit Flux Error FWHM PACS FWHM Ratio
[µm] [K] ν, JKa,Kc − JKa,Kc - [µm] [W m−2] [W m−2] [µm] [µm] -

108.073 194.1 ν = 0, 22,1 − 11,0 No 108.100 1.69e-15 3.4e-16 0.112 0.113 0.992
111.483 2621.0 ν = 1, 41,4 − 30,3 Yes p 111.586 3.13e-16 8.6e-17 0.163 0.114 1.429
112.511 1339.9 ν = 0, 74,3 − 73,4 No 112.550 1.53e-16 5.4e-17 0.099 0.115 0.859
113.537 323.5 ν = 0, 41,4 − 30,3 No 113.538 1.51e-15 3.1e-16 0.119 0.115 1.036
116.779 1212.0 ν = 0, 73,4 − 64,3 No 116.789 5.88e-16 1.4e-16 0.141 0.116 1.207
121.722 550.4 ν = 0, 43,2 − 42,3 No 121.732 3.57e-16 8.3e-17 0.104 0.118 0.882
127.884 1125.8 ν = 0, 72,5 − 71,6 No 127.907 1.24e-16 4.4e-17 0.091 0.120 0.757
132.408 432.2 ν = 0, 42,3 − 41,4 No 132.453 5.17e-16 1.1e-16 0.116 0.122 0.950
133.549 1447.6 ν = 0, 83,6 − 74,3 Nom 133.563 3.40e-16 8.1e-17 0.101 0.122 0.830
134.935 574.8 ν = 0, 51,4 − 50,5 No 134.966 3.08e-16 7.4e-17 0.140 0.123 1.142
136.496 410.7 ν = 0, 33,0 − 32,1 No 136.513 4.46e-16 1.0e-16 0.147 0.123 1.196

R1B 156.265 642.5 ν = 0, 52,3 − 43,2 Yes p 156.262 1.25e-15 2.5e-16 0.156 0.126 1.240
159.051 1615.4 ν = 0, 84,5 − 75,2 Nom 159.090 3.16e-16 7.0e-17 0.094 0.126 0.744
160.510 732.1 ν = 0, 53,2 − 52,3 No 160.531 2.80e-16 6.4e-17 0.107 0.126 0.853
166.815 1212.0 ν = 0, 73,4 − 72,5 Yes o 166.823 1.70e-16 4.3e-17 0.148 0.125 1.181
166.827 5428.8 ν = 2, 62,4 − 61,5 Yes o 166.823 1.70e-16 4.3e-17 0.148 0.125 1.181
170.928 2413.0 ν = 1, 21,2 − 10,1 No 170.957 1.27e-16 3.5e-17 0.140 0.125 1.123
174.626 196.8 ν = 0, 30,3 − 21,2 Nom 174.641 1.29e-15 2.6e-16 0.121 0.124 0.974
179.527 114.4 ν = 0, 21,2 − 10,1 No 179.553 1.11e-15 2.2e-16 0.100 0.122 0.820
180.488 194.1 ν = 0, 22,1 − 21,2 No 180.514 4.41e-16 9.2e-17 0.115 0.122 0.942
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Table 3.10: Extracted p-H16
2 O lines from the PACS observations. The blended and masering lines are given as in Table 3.9.

Band λ Eup Transition Blend Central λ of fit Flux Error FWHM PACS FWHM Ratio
[µm] [K] ν, JKa,Kc − JKa,Kc - [µm] [W m−2] [W m−2] [µm] [µm] -

B2A 56.325 1048.5 ν = 0, 43,1 − 32,2 No 56.327 1.80e-15 3.8e-16 0.036 0.039 0.921
59.987 1708.9 ν = 0, 72,6 − 61,5 Yes 59.994 1.75e-15 4.1e-16 0.060 0.039 1.539
60.162 2273.8 ν = 0, 82,6 − 73,5 Yes 60.189 1.51e-15 4.5e-16 0.109 0.039 2.774
60.989 2631.5 ν = 1, 33,1 − 22,0 No 60.985 7.21e-16 1.9e-16 0.037 0.039 0.934
61.809 552.3 ν = 0, 43,1 − 40,4 No 61.801 1.05e-15 2.4e-16 0.035 0.039 0.886
62.432 1554.5 ν = 0, 92,8 − 91,9 Yes o 62.447 1.28e-15 3.6e-16 0.094 0.039 2.392
63.458 1070.6 ν = 0, 80,8 − 71,7 No 63.468 7.12e-16 2.0e-16 0.040 0.039 1.005
63.928 1503.7 ν = 0, 66,0 − 65,1 Yes o,p 63.940 1.36e-15 4.6e-16 0.057 0.039 1.439
63.949 3363.2 ν = 1, 80,8 − 71,7 Yes o,p 63.940 1.36e-15 4.6e-16 0.057 0.039 1.439
67.089 410.4 ν = 0, 33,1 − 22,0 Yes 67.094 2.05e-15 4.2e-16 0.054 0.039 1.370
71.067 598.9 ν = 0, 52,4 − 41,3 No 71.062 1.20e-15 2.5e-16 0.037 0.039 0.949

B2B 71.540 843.8 ν = 0, 71,7 − 60,6 No 71.561 9.60e-16 2.1e-16 0.033 0.039 0.839
71.783 3138.2 ν = 1, 71,7 − 60,6 Yes p 71.807 5.17e-16 1.5e-16 0.040 0.039 1.028
71.788 1067.7 ν = 0, 55,1 − 62,4 Yes p 71.807 5.17e-16 1.5e-16 0.040 0.039 1.028
78.928 781.2 ν = 0, 61,5 − 52,4 No 78.951 1.45e-15 3.1e-16 0.042 0.039 1.096
80.222 1929.3 ν = 0, 94,6 − 93,7 No 80.238 3.36e-16 1.1e-16 0.042 0.038 1.096
80.557 1807.1 ν = 0, 85,3 − 84,4 No 80.587 2.43e-16 1.0e-16 0.050 0.038 1.314
81.216 1021.0 ν = 0, 72,6 − 71,7 No 81.223 5.97e-16 1.4e-16 0.044 0.038 1.148
81.690 1511.0 ν = 0, 83,5 − 74,4 Yes 81.726 5.78e-16 1.7e-16 0.051 0.038 1.329
81.893 3088.1 ν = 1, 61,5 − 52,4 Yes 81.919 5.51e-16 1.7e-16 0.055 0.038 1.428
83.284 642.7 ν = 0, 60,6 − 51,5 No 83.295 1.66e-15 3.4e-16 0.036 0.038 0.949
84.068 2937.8 ν = 1, 60,6 − 51,5 No 84.086 4.68e-16 1.1e-16 0.044 0.038 1.154
85.781 3452.0 ν = 1, 64,2 − 63,3 Yes o 85.796 4.10e-16 9.4e-17 0.033 0.037 0.872
89.988 296.8 ν = 0, 32,2 − 21,1 No 89.998 2.08e-15 4.4e-16 0.040 0.036 1.109
92.150 2508.6 ν = 1, 22,0 − 11,1 No 92.175 4.84e-16 1.0e-16 0.035 0.035 0.998

Table continues in the next page.
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Table 3.10: (continued)

Band λ Eup Transition Blend Central λ of fit Flux Error FWHM PACS FWHM Ratio
[µm] [K] ν, JKa,Kc − JKa,Kc - [µm] [W m−2] [W m−2] [µm] [µm] -

93.383 1175.1 ν = 0, 73,5 − 72,6 Yes 93.380 7.13e-16 1.5e-16 0.059 0.035 1.681
94.210 877.9 ν = 0, 54,2 − 53,3 Yes o 94.222 5.34e-16 1.2e-16 0.055 0.035 1.587
94.897 2766.7 ν = 1, 51,5 − 40,4 Yes 94.899 6.06e-16 1.3e-16 0.071 0.034 2.057
95.627 470.0 ν = 0, 51,5 − 40,4 Yes 95.643 1.97e-15 4.0e-16 0.050 0.034 1.454

R1A 111.628 598.9 ν = 0, 52,4 − 51,5 No 111.617 2.29e-16 8.2e-17 0.097 0.114 0.853
113.948 725.1 ν = 0, 53,3 − 52,4 No 113.962 3.16e-16 8.1e-17 0.120 0.115 1.037
125.354 319.5 ν = 0, 40,4 − 31,3 No 125.383 1.03e-15 2.1e-16 0.126 0.120 1.054
126.714 410.4 ν = 0, 33,1 − 32,2 Yes 126.689 3.22e-16 8.5e-17 0.206 0.120 1.717
128.259 2615.0 ν = 1, 40,4 − 31,3 Yes 128.284 2.59e-16 7.3e-17 0.192 0.121 1.594
138.528 204.7 ν = 0, 31,3 − 20,2 No m 138.549 1.02e-15 2.1e-16 0.125 0.123 1.010

R1B 144.518 396.4 ν = 0, 41,3 − 32,2 No 144.555 7.65e-16 1.6e-16 0.109 0.125 0.876
146.923 552.3 ν = 0, 43,1 − 42,2 No 146.946 2.16e-16 4.8e-17 0.106 0.125 0.851
156.194 296.8 ν = 0, 32,2 − 31,3 Yes o 156.262 1.25e-15 2.5e-16 0.152 0.126 1.210
167.035 867.3 ν = 0, 62,4 − 61,5 No 167.063 7.87e-17 2.5e-17 0.091 0.125 0.727
169.739 1175.1 ν = 0, 73,5 − 64,2 No 169.764 2.14e-16 4.7e-17 0.101 0.125 0.806
170.139 951.9 ν = 0, 63,3 − 62,4 No 170.160 1.67e-16 4.5e-17 0.125 0.125 1.001
187.111 396.4 ν = 0, 41,3 − 40,4 No 187.124 1.58e-16 3.4e-17 0.086 0.119 0.721

95





4
Multi-wavelength modeling of the present-day and

recent mass loss of W Hya

T. Khouri, L. B. F. M. Waters, A. de Koter, L. Decin, M. Min, B. L. de Vries, R.
Lombaert, N. L. J. Cox

Submitted to Astronomy & Astrophysics

Abstract

Asymptotic giant branch (AGB) stars go through a period of intense mass-loss at
the end of their lives in which a significant part, or even most, of their initial mass
is expelled in a stellar wind. This process controls the final stages of the evolution
of these stars and contributes to the chemical evolution of galaxies. However, the
wind-driving and mass-loss mechanism of AGB stars are not yet well understood,
especially so for oxygen-rich sources. Characterizing both the present-day mass-
loss rate and wind structure and the evolution of the mass-loss rate of such stars is
paramount to advancing our understanding of these processes. We study the dusty
wind of the oxygen-rich AGB star W Hya in order to understand its composition
and structure and shed light on the mass-loss mechanism. We model W Hya’s dust
envelope using a state-of-the-art radiative transfer code. We analyze our dust model
in the light of a previously calculated gas-phase wind model and confront it with
measurements available in the literature, i.e. infrared spectra, infrared images and
optical scattered light fractions. We find that W Hya’s dust spectrum can be partly
explained by a gravitationally-bound dust shell that is likely responsible for most
of the amorphous Al2O3 emission. The composition of the large (∼ 0.3 µm) grains
needed to explain the scattered light cannot be constrained but is likely dominated by
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silicates. Silicate emission in the thermal infrared was found to originate from beyond
40 AU from the star. In our model, the silicates need to have substantial near-infrared
opacities in order to be seen at such large distances. The increase in near-infrared
opacity of the dust at these distances roughly coincides with a sudden increase in
expansion velocity as deduced from the gas-phase CO lines. We find that W Hya’s
dust envelope likely contains an important amount of calcium but we were not able to
obtain a dust model that reproduces the observed emission while respecting the limit
set by the gas mass-loss rate. Finally, the recent mass loss of W Hya is confirmed to
be highly variable and we identify a strong peak in the mass-loss rate that occurred
at about 3500 years ago and lasted for a few hundred years.

4.1 Introduction

Low- and intermediate-mass stars in the last stages of their lives evolve to the asymp-
totic giant branch (AGB) and occupy the region of the Hertzsprung-Russell diagram
of high luminosities (typically 5000 – 50000 L⊙) and low effective temperatures
(∼ 3000 K). Dust grains can form in the outer layers of the extended atmospheres
of AGB stars where the temperatures are low and the densities are enhanced by stel-
lar pulsations. Radiation pressure acting on the grains causes a slow wind to develop
(∼ 10 km/s) through which the star looses mass, a process that controls the subsequent
evolution of the star (Habing & Olofsson 2003). The cumulative mass lost during the
AGB phase is important for the chemical evolution of galaxies, as the atmospheric
composition of AGB stars is modified by dredge-ups, which bring elements synthe-
sized in the stellar interior to the surface (e.g. Habing 1996).

Despite a qualitative understanding of the AGB mass-loss process, models are not
yet able to predict the mass-loss history of an AGB star from first principles. Both the
magnitude of the mass loss and its variation in time are still problematic issues. For
instance, model calculations show that the winds of oxygen-rich AGB stars cannot
be driven by absorption of photons. The reason is that oxygen-rich dust species with
large near-infrared absorption cross-sections efficiently absorb stellar photons and
acquire momentum, but heat up to temperatures above their sublimation temperature
when placed at the base of the wind acceleration region (Woitke 2006). A solution
to this problem was proposed by Höfner (2008), who suggest that refractory species
with small near-infrared absorption cross sections – that can exist close to the star
– can still transfer momentum to the wind by means of scattering, if the grains can
grow to a few tenths of a micron in diameter. However, the nature of the grains
responsible for driving the wind and the particulars of the wind-driving mechanism
are still unknown and widely discussed (e.g. Norris et al. 2012; Bladh & Höfner 2012;
Bladh et al. 2013; Gail et al. 2013; Karovicova et al. 2013).
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4.1 Introduction

From wind-driving calculations, the preferred candidates for starting the wind are
silicate grains (Höfner 2008). However, amorphous aluminum oxide is also found to
be an important component of low mass-loss rates oxygen-rich AGB envelopes in
general (e.g. Lorenz-Martins & Pompeia 2000; Speck et al. 2000; Heras & Hony
2005; Karovicova et al. 2013) and might play a role in initiating the wind, despite the
low abundance. This species has been suggested to form in the extended atmospheres
of oxygen-rich late-type stars both on the basis of grain condensation calculations
(e.g. Woitke 2006) and observations (e.g. Verhoelst et al. 2006; Zhao-Geisler et al.
2011). MIDI visibilities of RT Vir for instance point to the presence of amorphous
Al2O3 close to the star (at ∼ 1.5 R⋆; Sacuto et al. 2013). However, dust excess spec-
tral fits often require a too large amount of this grain species to match the observed
infrared emission; so large that it often implies a super-solar aluminum abundance in
the outflow (e.g. Karovicova et al. 2013).

In this paper, we model the dust envelope of W Hya, a close-by oxygen-rich AGB
star with a fairly low mass-loss rate (Khouri et al. 2014a, henceforth Paper I) for
which a wealth of observational data is available. These data probe the structure of
W Hya’s wind on spatial scales ranging from tens of mas to minutes of arc and re-
veal the presence of grains with radii of about 0.3 µm at 40 mas (or 2 R⋆) seen in
scattered light (Norris et al. 2012); an inner radius for the amorphous silicate emis-
sion of 500 mas (or 25 R⋆; Zhao-Geisler et al. 2011), and a mass loss that is vari-
able on dynamical timescales of thousands of years (Hawkins 1990; Cox et al. 2012)
that resembles the formation of detached-shells (exclusively) seen around carbon-rich
AGB stars (e.g. Olofsson et al. 1990, 1996). Though W Hya has been studied exten-
sively already, the models obtained for the dust excess focussed on the emission from
the inner wind only (e.g. Heras & Hony 2005; Justtanont et al. 2004; Khouri et al.
2014a). None however account for the scattered light fractions seen by Norris et al. or
the inner emission radius of the amorphous silicates reported by Zhao-Geisler et al..
Furthermore, all dust emission models obtained so far require super-solar aluminum
abundances in the dust when compared to the gas-phase mass-loss rate.

Based on the strong evidence for amorphous Al2O3 emission coming from very
close to the star and the super-solar abundances in the wind that are supposedly
needed to account for the amorphous Al2O3 emission, we consider in our model a
gravitationally bound shell of amorphous Al2O3 grains to be the main contributor to
the emission at wavelengths around 12 µm. We combine this gravitationally bound
shell with an outflow to obtain a dust model that fits the wealth of information on
the dusty wind of W Hya. The properties and spatial distribution of the dust in this
model are discussed in the context of wind driving, as well as the time variability of
the mass-loss on timescales of millennia.

In Sect. 4.2 we detail our modeling strategy and the observations of W Hya’s
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4 Multi-wavelength modeling of the present-day and recent mass loss of W Hya

dusty envelope. The modeling procedure and fits are described in Sect. 4.3. We
discuss our results in Sect. 5.6 and provide a summary in Sect. 4.5.

4.2 Observations of W Hya’s dust envelope

In the following subsections, we present the dataset used in our study to constrain the
present-day mass-loss rate. The observations used to model the recent dust mass-loss
history are presented in Sect. 4.3.7.

4.2.1 Present-day mass loss

Observed infrared spectra

W Hya was observed by the short wavelength spectrometer (SWS, de Graauw et al.
1996) and the long wavelength spectrometer (LWS, Clegg et al. 1996) onboard the
infrared space observatory (ISO, Kessler et al. 1996) and by the photodetector array
camera and spectrometer (PACS, Poglitsch et al. 2010) and the spectral and photo-
metric imaging receiver (SPIRE, Griffin et al. 2010) onboard Herschel Space Obser-
vatory (Pilbratt et al. 2010). A spectrum covering the full range of the instruments
was obtained with both PACS and SPIRE. The PACS observations were carried out
in different epochs for the blue and red band. The full spectral range of SPIRE was
covered in one observation run (see also Table 4.1). Two spectra were measured with
SWS and three with LWS. The two SWS spectra were taken almost one pulsation pe-
riod apart (Table 4.1). We obtained the reduced 1997 spectrum from Justtanont et al.
(2004) and the 1996 spectrum from the Sloan et al. (2003b) database. Two LWS ob-
servations were also taken roughly one period apart with a third taken near maximum
visual light. We obtained the highly processed data products of the three spectra
from the ISO archive, in which the problem of near-infrared leakage is corrected.
The spectrum obtained on February 1997 has an unreliable baseline, especially at
long wavelengths, and was not included in our analysis. The other two LWS spectra
show very similar flux levels (displaying differences of about 10%) and shapes. We
have averaged these two spectra prior to fitting our models. All the observed spectra
are shown in Fig. 4.1; the two SWS spectra differ slightly in flux level, revealing
differences of up to 20%, but are very similar in shape. The PACS and SPIRE flux
levels agree well with those of LWS when the different fields-of-view and the PACS
far-infrared maps are taken into account (see Sect. 4.3).

The dust components seen in the ISO spectrum of W Hya are better visualized if
we subtract the expected stellar continuum from the observed spectrum. We used the
stellar parameters and distance from Paper I, Teff = 2500 K, L=5400 L⊙ and 78 pc,
to estimate the stellar continuum. In Fig. 4.2, we compare the opacity curves of
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Table 4.1: Overview of the observations of the dust shell of W Hya using different telescopes. The phase Φ of the pulsation period is given.

Instrument Date Φ Ref. λ [µm] FOV [′′×′′] Identifier
ISO SWS 1 14-02-1996 0.12 Sloan et al. (2003b) 2.36 – 45.39 14 × 20 to 17 × 40 08902004
ISO SWS 2 07-01-1997 0.17 Justtanont et al. (2004) 2.36 – 45.39 14 × 20 to 17 × 40 41800303
ISO LWS 1 07-02-1996 0.1 ISO data archivea 43.05 – 195.5 80 × 80 to 70 × 70 08200208
ISO LWS 2 05-02-1997 0.1 ISO data archivea 43.05 – 195.5 80 × 80 to 70 × 70 44700672
ISO LWS 3 02-08-1997 0.6 ISO data archivea 43.05 – 195.5 80 × 80 to 70 × 70 62500572
PACS Spec B2A 09-07-2011 0.8 Khouri et al. (2014a) 55 – 73 30 × 30 1342212604
PACS Spec R1A 09-07-2011 0.8 Khouri et al. (2014a) 102 – 146 30 × 30 1342212604
PACS Spec B2B 14-01-2011 0.4 Khouri et al. (2014a) 70 – 105 30 × 30 1342223808
PACS Spec R1B 14-01-2011 0.4 Khouri et al. (2014a) 140 – 210 30 × 30 1342223808
SPIRE Spec 09-01-2010 0.27 Khouri et al. (2014a) 124 – 671 37 × 37 to 18 × 18 1342189116
PACS Image 70 08-02-2011 0.47 Cox et al. (2012) 60 – 85 1440 × 1440 1342213848
PACS Image 160 08-02-2011 0.47 Cox et al. (2012) 130 – 210 1440 × 1440 1342213849
SCUBA 450 and 850
VLT - MIDI 04-2007 – 09-2009 - Zhao-Geisler et al. (2011) 8 – 13
VLT - NACO 03-2009 and 06-2010 0.2 Norris et al. (2012) 1.04, 1.24 and 2.06
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Figure 4.1: Compilation of all thermal emission observations of the dust in W Hya. The red and blue
solid lines are the ISO SWS spectra from 1996 and 1997, respectively, the green solid line, the averaged
ISO LWS spectrum; the purple and light-blue solid lines the PACS and SPIRE spectra, respectively; and
the yellow squares and yellow circles the PACS and SCUBA photometric measurements. A black-body
spectrum of 2500 K and 5400 L⊙ is overplotted to guide the eye (black dashed line).

the dust species considered by Cami (2002) and Heras & Hony (2005) and that of
Ca2Mg0.5Al2Si1.5O7 to the two stellar-continuum-subtracted SWS spectra. A combi-
nation of amorphous silicates, amorphous Al2O3, and Mg0.1Fe0.9O can qualitatively
account for the emission seen between 9 µm and 25 µm. From ∼ 27 µm to ∼ 32µm,
however, a feature is observed which cannot be reproduced by these dust species. We
will refer to this feature as the broad 30 µm feature. Fabian et al. (2001) identified
a narrow feature at 32 µm that they assigned to spinel, but that is different from the
broad 30 µm feature we refer to here.

Interferometric observations

The envelope of W Hya was studied with the Masked Aperture-Plane Interference
Telescope (MAPPIT) at the 3.9-m Anglo-Australian Telescope over the wavelength
range 0.65 – 1.0µm by Ireland et al. (2004). The authors found an increase in mea-
sured angular size from ∼ 20 mas at 1µm to ∼ 35 mas at shorter wavelengths, which
they proposed to be due the scattering of light by dust grains. Later observations
of W Hya by Norris et al. (2012) using aperture-masked polarimetric interferometry
with the NACO instrument on the VLT confirmed the existence of a shell of scatter-
ing dust particles around the star with a radius of about 37.5 mas, or ∼ 2 R⋆. They
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Figure 4.2: Continuum subtracted ISO SWS spectra from 1996 and 1997 are shown by the red and blue
lines respectively. The opacity curves of amorphous Al2O3, MgFeSiO4, FeO, Ca2Mg0.5Al2Si1.5O7
and Ca2Al2SiO7 are shown by the yellow, light-brown, light-blue, purple and blue dashed lines, re-
spectively. The opacity curves are scaled in order to be compared to the stellar-continuum-subtracted
spectrum.

considered a population of large grains with uniform radii in their model, as their
technique does not allow them to constrain the presence of small grains, and found
the scattering particles to be 0.316 ± 0.004µm. Though the composition of the dust
could not be determined, the authors suggest that they may be composed of iron-
free silicates such as forsterite (Mg2SiO4) or enstatite (MgSiO3), while corundum
(Al2O3) is also a possible candidate.

Zhao-Geisler et al. (2011) monitored W Hya using MIDI at the VLT. The authors
found that the silicate emission seen at 10 µm in the ISO spectrum must come from
a region with an inner radius larger than 500 mas, corresponding to 25 times the
stellar radius or 12 times the scattering shell radius as estimated by Norris et al.
(2012). This does not exclude the possibility that silicates condense close to the star,
as the iron-free silicates proposed by Norris et al. (2012) to be the scattering agent are
transparent in the near infrared and can remain cold (∼ 700 K) and invisible even at
2 stellar radii. Such grains would not necessarily produce a signature in the thermal
infrared (see Sect. 4.4.1).

Gas-phase wind model

In Paper I, the present-day gas mass-loss rate of W Hya was determined to be (1.3 ±
0.6) × 10−7 M⊙ year−1 by fitting the strengths and shapes of the CO ground vibra-
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4 Multi-wavelength modeling of the present-day and recent mass loss of W Hya

tional state, pure-rotational transitions observed by Herschel. This mass-loss rate
places constraints on the amount of dust that can form in the wind assuming a solar
composition. More stringent limits on the amount of silicates that may form around
W Hya were set by Khouri et al. (2014b), who modeled the SiO gas-phase emission
lines observed by Herschel using the wind model obtained in Paper I. The authors
find that about 60% of the silicon in the outflow of W Hya remains in the gas phase.

4.3 Towards a comprehensive present-day mass loss model

Our modeling strategy consists of dealing with the different spatial and compositional
components of the wind in an independent way first. This approach can be followed
as the wind of W Hya is optically thin at the wavelengths where dust emission is
important. We start by modeling the innermost observed dust component, namely
the scattered light fractions and the amorphous Al2O3 emission. Then, we model the
silicate emission envelope, whose inner radius is at ten times the distance from where
the scattered light is seen (Zhao-Geisler et al. 2011). Finally, we confront our best
inner wind model with the PACS 70µm image, which provides constraints on both
the dust distribution close to the star and at scales up to a few arcminutes (Cox et al.
2012). In our modeling efforts we aim to reproduce the following observations:

• The scattered light fractions as measured by Norris et al. (2012).

• The ISO dust spectrum.

• The lower limit of 500 mas on the inner radius of the silicate emission shell set
by Zhao-Geisler et al. (2011).

• The limits set by the gas-phase model of Paper I and Khouri et al. (2014b) on
the amount of elements available for dust formation in the wind.

• The broadness of the 70 µm radial brightness distribution seen by PACS (Cox
et al. 2012).

4.3.1 MCMax and model assumptions

For solving the continuum radiative transfer in the wind of W Hya, we use MCMax
(Min et al. 2009). The code calculates the dust spectrum, images of the envelope at
different wavelengths and the fraction of light scattered by the dust particles, all of
which are used to constrain our model. The dust envelope is assumed to be spher-
ically symmetric. To derive dust opacities from optical constants we apply the dis-
tribution of hollow spheres (DHS, Min et al. 2003) approximation to represent the
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4.3 Towards a comprehensive present-day mass loss model

particles shapes. For modeling the amorphous Al2O3 emission we use three sets of
optical constants, those for porous and compact particles given by Begemann et al.
(1997) and those of aerosil particles measured by Koike et al. (1995). The latter
measurements were carried out for wavelengths between 0.5 and 500 µm. The op-
tical constants obtained by Begemann et al. (1997) were measured between 7.7 and
500 µm and lack data at near-infrared and optical wavelengths. As these short wave-
length data are important for determining the temperature of the grains, we have used
the optical constants given by Koike et al. (1995) at λ < 7.7µm. To model the sili-
cate emission we have retrieved data for silicate dust species from the JENA database
of optical constants from the works of Jäger et al. (1994); Dorschner et al. (1995);
Mutschke et al. (1998) and Jäger et al. (2003). The dust species that are considered
are given in Table 4.3. For many of the silicate species the optical constants are
available only down to about 6 µm. As most of the radiation that heats the grains is
absorbed at shorter wavelengths, we have considered the near-infrared optical con-
stants of these dust species to be equal to that of Mg0.4Fe0.6SiO3, Mg0.8Fe0.2SiO3 or
MgSiO3, selecting out of these three the species that best matches the iron content.

We have considered W Hya to be at 78 parsecs, to have a luminosity of 5400
L⊙ and the stellar spectrum to be that of a black-body with 2500 K, conform our
assumptions in Paper I.

4.3.2 Previous dust model

The model obtained in Paper I for W Hya’s wind (shown in Fig. 4.10) adopted the
dust components identified by Justtanont et al. (2004). In Paper I, the region of the
ISO spectrum between 8 and 30 µm of the ISO spectrum was fitted but no attempt
was made to fit the 13 µm feature as its carrier is still uncertain (see Posch et al.
1999; Zeidler et al. 2013, and references therein). A total dust mass-loss rate of
2.8 × 10−10 M⊙ year−1 was obtained. The dust composition is 58 % astronomical
silicates (Justtanont & Tielens 1992), 34 % amorphous aluminum oxide (Al2O3),
and 8 % magnesium-iron oxide (MgFeO). Optical constants for latter species were
retrieved from the University of Jena database from the work of Henning et al. (1995).
For amorphous aluminum oxide, the authors have used data for porous particles from
Begemann et al. (1997).

4.3.3 Amorphous Al2O3 emission

As pointed out in the introduction, the amorphous Al2O3 mass fraction of the total
dust needed to explain the mid-infrared excess of low mass-loss rate AGB stars is
often very high (e.g. Lorenz-Martins & Pompeia 2000; Speck et al. 2000; Heras &
Hony 2005; Karovicova et al. 2013). The maximum amount of a given dust species
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Figure 4.3: Models considering full condensation of aluminum, for a solar composition mix, beyond
the sonic point compared to the stellar-continuum-subtracted infrared excess (solid red). The aerosil
Al2O3 particles, porous Al2O3 particles and compact Al2O3 particles are represented, respectively,
by the dotted-purple, short-dashed-blue and long-dashed-green lines. None of the considered species
produces strong-enough emission at 12 µm.

that can condense in the wind, beyond the sonic point, is determined by the avail-
ability of its least abundant element. In the case of amorphous Al2O3 this limit is
set by aluminum, whose mass abundance relative to hydrogen is 7.6 × 10−5 for a
solar composition (Asplund et al. 2009). If all aluminum atoms in W Hya’s wind
were used to form amorphous Al2O3 grains, the mass-loss rate of this dust species
alone would be ṀAl2O3 = 1.3 × 10−7

× 7.6 × 10−5/0.53 = 1.9 × 10−11 M⊙ year−1,
where 0.53 is the fraction of the mass of amorphous Al2O3 in aluminum atoms and
1.3 × 10−7 M⊙ year−1 the gas mass-loss rate. Assuming the specific weight of amor-
phous Al2O3 to be 4.0 g cm−3, we computed models with the above amorphous Al2O3

mass loss, condensing at two stellar radii. At 12 µm, the excess emission produced
by these models is only 5 % of what is seen in the ISO spectrum (see Fig. 4.3). These
calculations depend on the adopted grain model, the optical constants used, and the
assumed location of the onset of the wind. We have investigated these parameters
using the wind model derived in Paper I, by modifying the opacities for amorphous
Al2O3 at short wavelengths and varying the inner radius of the dust envelope accord-
ingly. We find that even an increase in the near-IR opacity of amorphous Al2O3 by
a factor of 10 increases the emission at 12 µm by only about a factor of four. In-
creasing the near-IR opacity also leads to an important contribution of amorphous
Al2O3 emission at wavelengths shorter than 10 µm. We conclude that the observed
amorphous Al2O3 emission in W Hya cannot be accounted for by such grains in the
present-day wind alone.
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4.3 Towards a comprehensive present-day mass loss model

4.3.4 A gravitationally bound dust shell

We have calculated models for a gravitationally bound dust shell (GBDS) at 2.0 R⋆
in order to account for the amorphous Al2O3 emission and the scattered light frac-
tions. We have considered the grains in this GBDS to be amorphous Al2O3 and/or
iron-free silicates. Although Zhao-Geisler et al. (2011) found no silicate emission at
small distances from the star, iron-free silicate grains may explain the scattered light
observations without producing significant infrared emission.

In the GBDS the grains have to reach the optimal size for scattering, at which
radiation forces can accelerate them. We, therefore, expect to find a distribution of
sizes ranging from very small grains, with radii of the order of 0.01µm, to large
grains, with radii of about 0.3µm. As an instructive exercise, we can approximate
the size distribution by a mix of two particle sizes, as small and large grains can
be studied somewhat independently based on the observations available: large grains
dominate the scattering of radiation and small grains do not contribute to the scattered
light and probably dominate the infrared emission. We have considered small grains
of 0.03µm and large grains of 0.3µm. Note that the scattered light fractions can be
fitted by both amorphous Al2O3 and silicates equally well and does not allow one to
differentiate between the two species.

A population of only small amorphous Al2O3 grains can exist down to 1.7 R⋆
assuming a maximum temperature for this dust species of 1400 K. A population of
only large amorphous Al2O3 grains, however, can only exist beyond 2.3 R⋆ because
these grains reach higher temperatures than smaller grains at the same given distance.
This has two causes. First, the near-infrared mass-absorption coefficient is larger
for the large grains. Second, the scattering of photons provided by the large grains
contributes to the diffuse radiation field and increases the mean intensity in the near-
infrared. Assuming solar composition and full aluminum condensation, a shell of
small amorphous Al2O3 grains between 1.7 and 2.0 R⋆ requires a gas mass of ∼ 1.4×
10−5 M⊙ to reproduce the amorphous Al2O3 emission seen in the ISO spectrum. Such
a shell produces an infrared spectrum indistinguishable from the amorphous Al2O3

models shown in Fig. 4.5 for a population with a range in grain radii. Mg2SiO4

grains can exist at 2.0 R⋆ and do not produce significant infrared emission, as they
are translucent in the optical and near-infrared and remain relatively cold (T∼ 700 K).
This implies that we are not able to constrain the dust mass in small Mg2SiO4 grains.

The mass in large grains is constrained by the scattered light fractions and we cal-
culated the masses required to reproduce the observations for both amorphous Al2O3

and Mg2SiO4. Our fit is shown in Fig. 4.4 for an assumed scattering shell radius
of 2.0 R⋆, a shell thickness of 0.1 R⋆, and specific weights of 4 g cm−3 and 3.2 g
cm−3 for the amorphous Al2O3 and Mg2SiO4 grains respectively. The limit on the
condensation temperature of Al2O3 has to be relaxed, as the large grains reach tem-
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Figure 4.4: Scattering fractions for the models with large particles of aerosil Al2O3 (red long-dashed
line) and Mg2SiO4 (blue short-dashed line) in the GBDS. The yellow points are the observations by
Norris et al. (2012).

peratures of 1500 K in the shell. The mass in large grains needed to reproduce the
scattering is 4.9 × 10−10 M⊙ for amorphous Al2O3 and 3.6 × 10−10 M⊙ for Mg2SiO4

grains. By assuming a solar composition, full aluminum condensation and 35% of
silicon condensation (as to be consistent with the available silicon for dust condensa-
tion derived from the gas-phase analysis; Khouri et al. 2014b), we obtain gas masses
of 3.5 × 10−6 M⊙ and 2.3 × 10−7 M⊙ for amorphous Al2O3 and Mg2SiO4 grains, re-
spectively.

If the fit to both the ISO infrared excess and the scattered light fractions are com-
bined, both observations can be explained by a single population of amorphous Al2O3

grains with a size distribution of the type, n(a) ∝ a−3.5, where a is the grain radius.
This corresponds to the standard distribution for grain sizes found in the interstellar
medium by Mathis et al. (1977) (MRN distribution). The lower limit of the distri-
bution was assumed to be 0.01 µm and the maximum grain radius to be that derived
by Norris et al., i.e. 0.316 µm. By assuming solar composition and full aluminum
condensation, the total gas mass required for this population of amorphous Al2O3 is
∼ 1.2 × 10−5 M⊙. The fit to the scattered light fractions using this size distribution is
very similar to the one obtained with the large grains only model, shown in Fig. 4.4,
and is not given. Infrared spectra for a grain size distribution adopting different opti-
cal constants for amorphous Al2O3 are shown in Fig. 4.5. We find small differences
of the order of 10% on the amorphous Al2O3 mass needed to produce the observed
emission when only small or large grains are considered or a grain size distribution.

If the scattering is due to large silicate grains, a population of small amorphous
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Figure 4.5: Spectra of a population of amorphous Al2O3, MgSiO3 or Mg2SiO4 grains compared to the
observed ISO spectrum (Sloan et al. 2003b). We considered an MRN grain radii distribution for all mod-
els shown here. The different lines are for grains consisting of: aerosil Al2O3 particles (green-dashed),
Al2O3 porous particles (light-blue long-dashed-dotted), Al2O3 compact particles (brown short-dashed-
dotted), MgSiO3 (purple dotted) and Mg2SiO4 (short-dashed blue).

Al2O3 grains is still needed to account for the infrared excess emission. When a
population of large silicate grains is placed in the shell together with small amorphous
Al2O3 particles, the temperatures are about 700 K and 1400 K, respectively. When
these two species are put in thermal contact, the resulting temperature will depend
on the mass fraction of each species in the grain. Assuming full aluminum and 35%
silicon condensation, 8% of the mass to be in amorphous Al2O3 and 92% of the mass
in Mg2SiO4. In this case, the equilibrium temperature reached is about 800 K and the
silicate would remain undetected in agreement with the limit set for the inner radius
of amorphous silicate emission of ∼ 40 AU. If an MRN distribution is assumed for
the silicate grains, a total mass of 1.4 × 10−9 M⊙ in Mg2SiO4 is needed to reproduce
the scattered light observations. This corresponds to 9 × 10−7 M⊙ of gas, assuming
35% silicon condensation.

4.3.5 Dust properties in the outflow

The contribution of amorphous Al2O3 grains in a GBDS to the infrared spectrum
is somewhat independent of the size distribution and the exact location of the shell
as the grains would be sufficiently warm for the shape of their emission feature to
be independent of temperature for the optical constant adopted by us. Although the
opacities of crystalline Al2O3 show significant variations with temperature (Zeidler
et al. 2013), to our knowledge no studies have been done that probe the effect of
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temperature variations on the amorphous Al2O3 features. In the context of our model,
only the strength of the emission is sensitive to temperature and therefore the total
grain mass needed to reproduce the infrared excess is a function of grain temperature.
If we assume that the dust shell is optically thin, we may subtract the amorphous
Al2O3 contribution from the ISO spectrum and study the residual spectrum (see Fig.
4.6). The assumed size distribution of amorphous Al2O3 grains does not affect the
overall shape of the residual spectrum. Uncertainties in the residual spectrum arise
due to the choice of optical constants for amorphous Al2O3, the adopted grain model
and variability of the star, but these probably have a modest effect.

In the residual spectrum one can easily identify the silicate peak at 9.7 µm, the
unidentified 13 µm feature, a peak at about 20 µm that is likely due to 18 µm silicate
and/or magnesium-iron oxide emission, and a broad feature around 30 µm. For sim-
plicity and because of the similarity in the different Al2O3-subtracted residual spectra
we only use the ISO spectrum retrieved from the Sloan et al. (2003b) database and
subtracted by the spectrum of aerosil amorphous Al2O3 grains (Fig. 4.6; red solid
line).

Fit to the residual spectrum

The dust species considered in fitting the silicate emission are given in Table 4.3. All
the species listed have somewhat similar opacity profiles, characteristic of silicate
glasses. Diagnostic parameters, such as the peak strength ratio, the central wave-
length and full-width at half maximum (FWHM) of the peaks can help constrain the
composition (Dorschner et al. 1995; Mutschke et al. 1998) and are listed for DHS par-
ticles with 0.3µm radius. The position of the two silicate peaks measured from the
Al2O3-subtracted residual spectra are 9.94 ± 0.5µm and 19.7 ± 0.5 µm. It is impor-
tant to note that the peak at 19.7 µm might be produced by a combination of silicate
and MgxFe1−xO emission, so the measured position should be considered with care.

We recall that the VLT 10 µm observations provide a lower limit to the radial
distance of the silicate emitting shell of about 40 AU. Most of the dust species listed
in Table 4.3 have a low iron content and consequently a low near-infrared opacity.
These species would have too low a temperatures at such large distances and would
not produce detectable infrared flux relative to the bright stellar continuum and emis-
sion from the other dust species. As the ratio between the two silicate emission peaks
indicates that the grains must be warm (∼ 500 K), the silicates with low near-infrared
opacities, i.e. low iron content, were put in thermal contact with metallic iron to in-
crease their temperatures. Such metallic iron inclusions are indeed expected to form
in circumstellar silicates grains (Gail & Sedlmayr 1999). We considered models with
an iron content per unit mass ranging from 0 to 80%. Accounting for even higher
amounts of metallic iron causes the silicate features to become too weak with respect
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Figure 4.6: The Al2O3-subtracted residual infrared spectrum of W Hya. Upper panel: Residuals adopt-
ing the optical constants for aerosil particles from Koike et al. (1995) and the ISO spectra from the Sloan
et al. (2003b) database (in red) and Justtanont et al. (2004) (in blue); lower panel: The red curve is the
same as in the upper panel. The yellow and blue curves are for residuals assuming, respectively, com-
pact and porous particles from Begemann et al. (1997).

to the continuum emission that the metallic iron produces. Silicate species with sig-
nificant iron content, such as MgFeSiO4, have high-enough temperatures even when
placed at 40 AU and require modest or no thermal contact with metallic iron at all.

Models were calculated for silicate envelopes ranging from 40 AU to 1800 AU
(i.e. the outer limit given by the field of view of ISO SWS) for all species listed in
Table 4.3 separately. When in thermal contact with substantial amounts of metallic
iron, the silicate grains can be heated up to 400 – 450 K at 40 AU and some of the
species considered produce peak ratios that reflect the observed ratio. As the temper-
atures that are reached are still fairly low, species that have relatively high values for
the κmax

18 µm/κ
max
9.7 µm are preferred. Furthermore, metallic iron produces emission that fills

the ‘trough’ between the silicate peaks and matches the observed Al2O3-subtracted
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Figure 4.7: Models for an envelope composed of Mg2AlSi2O7.5 and metallic iron ranging from 40 AU
to 1800 AU. The different lines are for 30% (dotted purple), 50% (short-dashed blue) and 70% (long-
dashed green) metallic iron content. The Al2O3-subtracted residual ISO spectrum is shown by the full
red line.

residual spectrum. Fig. 4.7 shows the effect of varying the amount of iron in thermal
contact with the silicate grains. A higher iron content implies more emission in the
silicate ‘trough’ and blue-wards of the 9.7 µm peak. For a given silicate species, the
ratio between the red and the blue silicate peaks decreases with an increasing amount
of metallic iron inclusions. The dependence is stronger for smaller amounts of iron,
between 0 and 50% per mass.

When using a continuous distribution of ellipsoids (CDE, Bohren & Huffman
1998; Min et al. 2003) as the grain model for the metallic iron particles, the amount
of this species needed to heat the silicates to a given temperature is greatly reduced,
if compared to models with DHS metallic iron particles. Kemper et al. (2002) also
found a large difference between the opacity of CDE metallic iron grains and that
obtained using Mie theory. We find the DHS metallic iron model to have an inter-
mediate opacity between these two extremes and discuss the effects of using CDE
metallic iron grains in Sect. 4.4.3.

Another feature in the Al2O3-subtracted residual spectrum worth noting is the
broad component at 30 µm. In the light of the observed variability of W Hya’s mass-
loss rate on larger scales, one could imagine this emission bump to be a signature
of an abrupt change in mass-loss rate. However, the bump seems too sharp to be
produced in such a way. Moreover, this feature is seen in many other ISO spectra
of low mass-loss rate oxygen-rich AGB stars, suggesting a more fundamental cause.
Gervais et al. (1987) studied the infrared properties of silicate glasses and concluded
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Figure 4.8: A fit (dashed blue) to the amorphous Al2O3-shell subtracted thermal spectrum (in solid
red), adopting 40 AU as the inner boundary of the silicate emitting envelope and a mixture of 40%
metallic iron and 60% Ca2Mg0.5Al2Si1.5O7 particles that are in thermal contact.

that calcium-bearing silicates have a characteristic band around 30 µm. From the
work of Mutschke et al. (1998), we retrieved the optical data for two Ca-silicates,
which do indeed show a feature at 30 µm. Ca-bearing silicates are expected to form
from gas-solid chemical reactions between Al2O3 grains and calcium and silicon in
the gas (Grossman & Larimer 1974). Another candidate for explaining the feature
is pure calcium-oxide grains. However, this species produces a rather localized peak
whereas calcium-bearing silicates also provide continuum opacity beyond 30 µm,
matching better what is seen in W Hya’s spectrum.

As shown in Fig. 4.8, the calcium-aluminum silicate fits nicely the Al2O3-
subtracted residual spectral shape when in thermal contact with metallic iron. Unfor-
tunately, we were not able to find other optical constants of calcium-bearing silicates
in the literature, which potentially could provide a better fit to the 9.7 µm silicate
peak. As calcium is indeed expected to condense just after Al2O3, the existence
of this dust species in the wind of W Hya does not come as a surprise. The model
shown in Fig. 4.8 has a dust mass-loss rate of 3× 10−10 M⊙ year−1, consisting of 60%
Ca2Mg0.5Al2Si1.5O7 and 40% metallic iron, per mass. Further constraints on these
quantities are obtained in Sect. 4.3.6, by fitting the broadness of the PACS 70 µm
brightness profile.

Even though the fit using Ca2Mg0.5Al2Si1.5O7 is offset in the 9.7 µm region, this
single dust species is able to qualitatively reproduce very well the Al2O3-subtracted
residual spectrum. Therefore, we conclude that Ca2Mg0.5Al2Si1.5O7 is the silicate
from our set of optical constants that represents best the composition of the silicate
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dust in W Hya’s envelope. A better fit to the individual features might require a
more complex dust envelope structure, which could be linked to the condensation of
different elements at different distances from the star, but such a more complex dust
model is beyond the scope of this paper. Having this amount of Ca2Mg0.5Al2Si1.5O7

condense after the sonic point, however, requires a super-solar abundance of calcium
and aluminum. We discuss this in Sect. 4.4.3.

4.3.6 Fitting the peak value and broadness of the PACS 70 µm image

When the model consisting of an amorphous Al2O3 GBDS and Ca2Mg0.5Al2Si1.5O7

grains in the wind that are in thermal contact with metallic iron (see Fig. 4.9) is com-
pared to the PACS 70 µm radial brightness profile (Cox et al. 2012), the peak value of
this profile is not reproduced. The model peak flux is 30% lower than the observed
value, and essentially constrains the present-day dust mass-loss. The broadness of
the intensity profile in the first few arc-seconds constrains the distribution of the bulk
of the 70 µm emission.

When matching up the present-day dust mass loss to the peak strength, the fit to
the ISO spectrum becomes worse. To recover the fit we shift the inner radius of the
silicate shell from 40 AU to 50 AU and increase the iron content from 40% to 50%
of the dust mass. The width of the PACS intensity profiles is matched if we decrease
the dust mass-loss rate beyond 500 AU by a factor of two, to 2 × 10−10 M⊙ year−1,
preserving the dust composition from the inner part. The best model thus consists
of a wind composed of 50% Ca2Mg0.5Al2Si1.5O7 and 50% metallic iron in thermal
contact and mass-loss rates of 4 × 10−10 M⊙ year−1 between 50 AU and 500 AU and
of 2 × 10−10 M⊙ year−1 from 500 AU to 1800 AU. The fit to the ISO SWS spectrum
of this best model for the outflow combined with the GBDS of amorphous Al2O3 is
shown in Fig. 4.10. Comparing our dust model and the CO model (Paper I), yields a
gas-to-dust ratio in the inner wind of W Hya of 325.

The CO envelope

The mass-loss rate discontinuity at 500 AU is close enough to the star to possibly
affect the CO envelope. The model for the CO rotational emission presented in Paper
I does not take this variable mass loss into account and therefore has to be revised. In
the CO study a fit to both the high- and low-excitation rotational lines was achieved
by decreasing the photodissociation radius of CO by a factor of 2.5, placing it at
about 500 AU from W Hya.

In Fig. 4.11 we compare the new model for the CO emission adopting the new
dust model and the jump in the gas-mass-loss rate from 1.3×10−7 to 7×10−8 M⊙ year−1

at 500 AU. The new CO model reproduces the CO rotational lines as well as a model
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Figure 4.9: Fit to the radial intensity profiles observed by PACS at 70 µm. The blue and green solid
lines represent the observed brightness distribution averaged over a narrow range of direction (Cox
et al. 2012) and over all directions, respectively. The long-dashed-red line represents the model with
Ṁ = 3× 10−10 M⊙ year−1, inner and outer radius of 40 AU and 1800 AU, respectively, and with grains
composed of 40% metallic iron and 60% Ca2Mg0.5Al2Si1.5O7. The short-dashed-yellow line shows the
model with Ṁ = 4× 10−10 M⊙ year−1, inner and outer radius of 50 AU and 1800 AU, respectively, and
with grains composed of 50% metallic iron and 50% Ca2Mg0.5Al2Si1.5O7. The dashed-dotted-brown
line represents the model for the recent mass-loss history obtained in Sect. 4.3.7, with parameters given
in Fig. 4.12 and with grains composed of 50% metallic iron and 50% Ca2Mg0.5Al2Si1.5O7.

with CO dissociation occurring at 500 AU and thus is in concordance with such a Ṁ

discontinuity at this distance.

4.3.7 The recent (dust) mass-loss history of W Hya

The mass-loss history over the past 104–105 years is unveiled by the infrared im-
ages obtained with PACS and SPIRE and the infrared astronomical satellite (IRAS,
Neugebauer et al. 1984). The image taken by PACS at 70 µm has the best spatial
resolution and, therefore, provides the best constraints. Emission from the extended
dust envelope that seems to be produced by a higher mass-loss rate phase is also
seen in the infrared ISO spectra (Hawkins 1990). This emission is produced by cold
(T < 70 K) dust only and affects the flux measured at the relatively long wavelengths
(λ > 45µm) of the LWS spectral range, having no impact on the dust emission in the
inner wind.
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Figure 4.10: The overall fit of the best model (short-dashed dark-blue line) to the ISO SWS spectrum
(solid red line). The model consists of the GBDS composed of amorphous Al2O3 grains plus an outflow
(50% Ca2Mg0.5Al2Si1.5O7 and 50% metallic iron) in which the mass-loss rate is 4 × 10−10 M⊙ year−1

from 50 AU to 500 AU and 2× 10−10 M⊙ year−1 from 500 AU to 1800 AU. The stellar input black-body
spectrum is shown by a dashed light-blue line. For comparison the best model from Paper I is shown
by the long-dashed green line.

Infrared images

The 70 µm PACS brightness distribution is rather unusual for an oxygen-rich AGB
star (Cox et al. 2012). These images show excess dust emission produced between
30′′ and 100′′ that cannot be understood in terms of a constant mass-loss wind. In
Fig. 4.9 we show the angle-averaged radial profile of the observed flux density at
70 µm. The PACS image shows the envelope to have an ellipsoidal shape when
projected on the sky. This causes the radial profile averaged over all directions to
have a shallower slope from around 75′′ on than radial profiles computed for a narrow
range of directions. The difference in continuum level of about 20% between PACS
and ISO at 70 µm is an effect of the significantly smaller field of view of the PACS
spectrometer compared to that of ISO LWS.

On a larger scale, 100µm maps obtained with IRAS show a very extended dust
shell, ≈ 30′ in diameter, that requires a high mass-loss rate to explain (Hawkins 1990).
Together, the PACS and IRAS infrared maps show that W Hya’s dust mass-loss rate
has not been constant in the past 104 to 105 years.
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Figure 4.11: We compare the observed CO rotational emission lines (red solid line) to the model
with mass-loss properties as described in the caption of Fig. 4.10 and a dissociation radius set to the
canonical value obtained by Mamon et al. (1988) (shown by the blue dashed line). The model obtained
in Paper I is shown for comparison (brown dotted-dashed line).

A model for the recent mass-loss history

In order to model this extended emission, we have used the inner wind dust compo-
sition and applied variations in the dust mass-loss rate. Since the PACS image shows
an elliptical dust envelope and our model assumes a spherically symmetric wind, we
have measured the radial brightness profile in a narrow range of directions (from 130◦

to 170◦ measured from North to East) and used that to constrain our model. Measur-
ing the radial profile in a different direction produces a similar curve with the peak
now seen at 75′′ shifted to larger distances. The asymmetry seen in the PACS image
could, in principle, be due to a direction dependent expansion velocity but that was
not considered in our modeling. Fig. 4.9 shows the fit to the profile composed of a
combination of the constant mass-loss rate epochs shown in Fig. 4.12. The values
of the mass-loss rates and the constraints motivating this model are given in Table
4.2. The values given assume the present-day expansion velocity of 7.5 km s−1, mea-
sured from the gas lines. If the gas-to-dust ratio remained constant (at 325) the dust
mass-loss rates of phases II, III and IV would correspond respectively to 6.5 × 10−8,
3.9 × 10−7 and 2.0 × 10−6 M⊙ year−1 of gas.
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Figure 4.12: Schematic dust mass-loss history of W Hya. The mass-loss rate shown by the dashed-line
could not be constrained by our model.

Table 4.2: Mass-loss history of W Hya.

Phase Ṁdust Rin Constraint
[M⊙ year−1] [AU]

I 4.0 × 10−10 50 ISO spectrum
II 2.0 × 10−10 500 70 µm profile peak + CO model
III 1.2 × 10−9 4000 70 µm profile from 20 to 60 ′′

IV 6.0 × 10−9 5400 70 µm profile beyond 60 ′′

V 1.2 × 10−9 5900 70 µm profile beyond 60 ′′

4.4 Discussion

We have modeled the dust envelope of W Hya using two components: a GBDS from
which the Al2O3 emission originates and an outflow that contains silicates that are in
thermal contact with metallic iron. Overall, the best-fit model (see Fig. 10) provides
a good fit to the infrared emission, though the position of the silicate peak at 9.7 µm is
not well reproduced. Our model does not require a super-solar aluminum abundance
that is required if the Al2O3 grains that cause the emission at 12 µm are part of the out-
flow. The silicate emission originates from beyond 50 AU and best fits the spectrum
if silicate grains that contain Al and Ca are used. This again introduces a super-solar
abundance issue, though we will argue that this may be a spurious problem. We now
discuss the empirically derived envelope structure in the context of wind dynamics,
the gas- and solid-phase silicon budget and the elemental abundances of Al and Ca,
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and the expected crystallinity of the dust grains.

4.4.1 Scattering agents and wind driving in low mass-loss rate oxygen-

rich AGB stars

The spectrum of W Hya is well-explained by a GBDS of amorphous Al2O3 that pro-
duces most of the thermal emission seen at 12 µm. For the fit to the scattered light
fractions our models can not discriminate between the two species that have been
suggested, namely silicates or Al2O3. Although Al2O3 is able to explain the scat-
tered light and thermal emission simultaneously, wind driving models suggest that a
population of pure amorphous Al2O3 grains provides insufficient opacity to initiate a
wind. Silicates, however, are much more effective in initiating the outflow because
of the higher abundance of silicon. To illustrate this: condensation of 35% of the
available silicon in a solar composition gas into large grains of a typical silicate glass
increases the scattering opacity by an order of magnitude relative to dust that is com-
posed of fully condensed large amorphous Al2O3 grains only. If large amorphous
Al2O3 grains are lacking in the GBDS the 12 µm emission is produced mainly or
exclusively by small amorphous Al2O3 grains.

The gas mass that should be present in the GBDS in order to account for the
amorphous Al2O3 emission is ∼ 10−5 M⊙. Given the mass-loss rate of W Hya of
1.3 × 10−7 M⊙ year−1, this implies that only a small fraction (a few percent) of the
GBDS is expelled per pulsation cycle of about a year. The gas mass in the GBDS
that is required to produce the scattered light – assuming it is due to 35% silicon
condensing in large Mg2SiO4 grains – is ∼ 2.3 × 10−7 M⊙ and ∼ 9 × 10−7 M⊙ if the
material condenses in an MRN distribution of sizes. These masses are an order of
magnitude smaller than the corresponding ones for amorphous Al2O3, and are of
about the same magnitude as the total mass that is lost per year. If the silicates are
responsible for the scattering, condensation of this material should happen only in
the relatively small volume of the GBDS because of the higher abundance of silicon.

Alternatively, the grains responsible for the scattering could be aggregates of dif-
ferent oxides including species other than silicates and Al2O3 – such as calcium or
magnesium oxides – but we have not explored this possibility.

4.4.2 The structure of the dust envelope of W Hya

A schematic view of the model for W Hya’s envelope is shown in Fig. 4.13. Most of
the amorphous Al2O3 emission can be accounted for by grains in the GBDS. The
thickness of this GBDS is difficult to assess as its inner radius depends poorly-
constrained near-infrared optical constants of amorphous Al2O3. At about 2 R⋆
grains of 0.3µm are present to account for the scattered light fractions observed.
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Figure 4.13: Schematic view of the envelope of W Hya. The radii of the different structures are given
to scale. The radius of the star and the scattering shell are 1.8 AU and 3.6 AU, respectively. The
inner radius of the GBDS is not constrained by our model and is assumed to be 3.1 AU for the small
amorphous Al2O3 grains. The inner radius of the silicate envelope shown is the lower limit of 40 AU
given by Zhao-Geisler et al. (2011).

In our models, these grains can be either amorphous Al2O3 or iron-free silicates. If
these scatterers are silicates, it is likely that the amorphous Al2O3 grains serve as
seeds for silicate condensation (Kozasa & Sogawa 1997b). If silicates exist so close
to the star, they have to be translucent in the near-infrared and remain cold such as not
to produce significant emission. Combined with the broadness of the brightness peak
in the PACS 70 µm image, this implies that the bulk of silicate emission at 9.7 µm has
to come from an envelope with an inner radius of 50 AU. The gas temperature at this
distance is ∼350 K (Khouri et al. 2014b).

If the silicates are the scatterers and are present near the star without producing
significant emission, there would have to be a physical process that increases their
temperature beyond 40 AU. Such a process could be a change in their lattice structure,
which increases the absorption in the near-infrared, or the establishing of contact
with a more opaque dust species, for instance small iron grains – creating a silicate
with iron inclusions. Alternatively, if the scattering is caused by Al2O3, or grains
composed of a combination of other oxides, the inner radius of the silicate emission
envelope could be set by silicate condensation. It is not clear, however, why any of
the processes mentioned would occur at such large distances.

4.4.3 Bringing the dust and gas models together: elemental abundances

in the inner wind.

The abundances of the elemental species that are required to reproduce the thermal
emission from the wind of W Hya are 4.8, 0.06, 3.5, 0.24, 0.07, and 1.15 times the
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solar values for calcium, magnesium, aluminum, silicon, oxygen and iron, respec-
tively. If the opacity of the metallic iron grains is computed using a CDE distribution
of sizes, a factor of three less iron is needed. We here discuss the abundances of the
dust species in more detail and offer potential solutions to the apparent super-solar
abundances of calcium and aluminum.

Silicon abundance

Khouri et al. (2014b) modeled the gas-phase SiO emission and found that between 15
and 50% of the silicon atoms are expected to be depleted from the gas-phase. When
considered together with our dust model this accounts for all the silicon expected for
a solar composition wind.

However, since the calcium-bearing silicate that we adopt (Ca2Mg0.5Al2Si1.5O7)
does not provide a perfect fit to the 9.7 µm silicate peak, the constraints on the solid-
phase silicon abundance are not stringent. To assess this problem we have compared
models of other silicates, that provide a better fit to the 9.7µm peak silicate feature,
to the observed spectrum. These dust species provide a worse fit to the overall spec-
trum though, as they do not reproduce the 18 µm silicate peak nor the 30 µm feature.
We have chosen to fit the flux ratio between the 9.7 µm silicate peak and the ‘trough’
at 11.9 and 14.5 µm. The ‘trough’ flux is sensitive to the amount of iron in thermal
contact with the silicates, which needs to be 50% per mass, typically, in our models.
The best fits are always achieved with in between 30% and 40% of the silicon avail-
able from the gas phase. Therefore, the amount of silicon needed in the dust is in
agreement with the depletion fraction reported by Khouri et al. (2014b) independent
of the exact composition of the silicate. This is in virtue of the strength of the 9.7 µm
peak correlating well with the SiO2 content of the given silicate species (e.g. Koike
& Hasegawa 1987).

Aluminum and calcium abundances

In our model, aluminum is condensed in amorphous Al2O3 grains in the GBDS and
also in silicates present in the wind. We do not require amorphous Al2O3 to be
present in the wind but a significant amount, in terms of aluminum abundance, could
be driven out without producing a strong spectral signature. We consider only the
outflowing aluminum-bearing grains in the aluminum budget, as the grains that form
in the GBDS form from a gravitationally-bound gas mass that is not independently
constrained by our models. Nonetheless, our dust model requires 3.5 times more
aluminum than what is available from the gas phase. Unfortunately, we do not have
aluminum-free calcium-bearing silicates in our dataset of optical constants, so we
cannot directly probe the impact of the aluminum content on the optical properties of
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Ca2Mg0.5Al2Si1.5O7. Gervais et al. (1987) studied the influence of aluminum content
on silicate emission features and found it to have a minor impact on the strongest
ressonances. This suggests that the over-abundance of aluminum found by us may be
spurious and that an equally good fit to the Al2O3-subtracted residual spectrum could
be achieved with a silicate with a lower aluminum content.

The required super-solar abundance of calcium is somewhat more intriguing, as
this element seems to have a significant impact on the strengths and shapes of the
silicate features. Particularly, the 30 µm feature is linked to the presence of this
element. As for aluminum, however, we do not have a library of optical constants for
silicate species with different amounts of calcium content preventing an assessment
of its relation to the 30 µm feature.

We identify three potential solutions to the problem of the super-solar abundance
of aluminum and calcium in the dust found by us. The first option is that silicates
that contain smaller amounts of calcium and aluminum are responsible for the ther-
mal emission. Speck et al. (2011) present measurements of silicates with a range
of compositions and calcium and aluminum content. One of the species studied by
them, named Basalt in their work, has a calcium-to-silicon and aluminum-to-silicon
ratios very similar to those expected for 20% silicon condensation and full calcium
and aluminum condensation. The absorbance spectrum of this species shown in Fig.
4 of their paper peaks at 10 µm, which is closer to the observed peak position for
W Hya than that of Ca2Mg0.5Al2Si1.5O7. The 18 µm peak of this species is also in
accordance with the observed spectrum of W Hya. Unfortunately for our purposes,
the authors focused on analyzing the 10 µm and 18 µm region and we have no in-
formation on the spectra of this species at 30 µm. Measurements of optical data for
silicates with these characteristics are needed to determine if the spectrum of W Hya
can be reproduced by such a species.

A second possibility to explain the apparent super-solar abundance of Al and Ca
is that some of the features fitted by Ca2Mg0.5Al2Si1.5O7, such as those at 20 µm
and 30 µm, are partially produced in the GBDS, similarly to Al2O3. In that case
the abundance problem would not exist. This can be the case if other oxides are
able to condense in the GBDS. Calcium is indeed expected to be one of the first
elements to react with Al2O3 from condensation calculations (Grossman & Larimer
1974). If calcium reacts with and is incorporated in the Al2O3 grains before the onset
of the wind, other features in the spectrum could also be produced in the extended
atmosphere. Furthermore, the addition of calcium to the dust grains in the GBDS
could help in the driving of the wind. However, the increase in the dust-to-gas ratio
due to calcium condensation would be of only about a factor of two.

Finally, calcium and aluminum could be overabundant in the wind if these atoms
are included in the dust grains before the wind is fully driven and if only a fraction of
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the gas is driven out by these grains. Although this might be the case, this scenario
seems unlikely as the dust grains should be well coupled to the gas at the densities
expected in the region where the flow is initiated.

4.4.4 The lattice structure of the grains in the GBDS

The grains in the GBDS must form from high-temperature gas and can be heated
to equally high temperatures by the stellar radiation field. Being subjected to high
enough temperatures, with respect to the glass temperature of the given dust species,
will cause the dust grains to become crystalline. Whether the lattice structures of the
dust grains are amorphous or crystalline is directly connected to the features produced
by them in the infrared spectrum. Particularly, our model requires that amorphous
Al2O3 grains exist close to the star (∼ 2 R⋆) to reproduce the ISO spectrum. As
we obtain the grain temperature as a function of radius, we can speculate what the
lattice structure of Al2O3 and silicate grains in the GBDS would be and test if that is
consistent with our assumptions.

The Al2O3 grains

The physical conditions in AGB outflows favor the condensation of amorphous Al2O3

grains (e.g. Dell’Agli et al. 2014). In our calculations the temperature of the grains in
the GBDS is found to be between 1500 K and 1600 K for large grains and between
1200 K and 1300 K for small grains. Begemann et al. (1997) find that at 1300 K
Al2O3 grains are crystalline, while Levin et al. (1998) find that the crystalline com-
ponent dominates only at higher temperatures (∼ 1450 K). It should be noted that the
optical data at short wavelengths for Al2O3 is quite uncertain, which translates to an
uncertainty in the calculated temperature of the amorphous Al2O3 grains. For in-
stance, a smaller opacity in the near infrared would make the grains less warm. If we
consider the size and location of the amorphous Al2O3 shell and keep the amounts of
grains fixed, the emission produced is proportional to the Planck function, since the
emitting medium is optically thin. Therefore, a lower temperature of 1400 or 1300 K
for the large grains would correspond to 10 or 20% less emission, respectively, and
the amorphous Al2O3 from the shell could still dominate the emission at 12 µm.

It is also possible, and quite likely, that crystalline and amorphous Al2O3 co-
exist in the envelope of oxygen-rich AGB stars. In fact, grains consisting of pure
crystalline Al2O3 (Zeidler et al. 2013) and those consisting of a crystalline Al2O3 core
and a silicate mantle (Kozasa & Sogawa 1997a) have been proposed as the carrier
of the unidentified 13 µm feature. We tried to fit the 13 µm feature of W Hya with
pure crystalline Al2O3 grains in the GBDS using the optical constant measured by
Zeidler et al. (2013). We can only obtain a good fit by considering spherical (rather
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than DHS) particles and the optical constants for crystalline Al2O3 grains at 973 K.
Our models show that the mass abundance of crystalline Al2O3 grains compared
to the amorphous ones would be very small, around 5% by mass. We note that
Takigawa et al. (2014) find a high fraction of crystalline pre-solar Al2O3 grains. The
authors measured five out of nine studied pre-solar Al2O3 grains, which were likely
produced in the ejecta of a low-mass AGB star. The derived degree of crystallinity is
considerably higher than that inferred from the model presented in this work.

The silicate grains

We can speculate on what would be the lattice structure of silicate solids if they con-
dense on a warm Al2O3 core in the GBDS. If a silicate solid is heated to a temperature
above its glass temperature (∼ 1000 K), it will crystallize. Large pure Mg2SiO4 grains
have a temperature of 700 K at 2.0 R⋆; a population of small pure amorphous Al2O3

grains at the same distance is heated to about 1300 K. The temperature of a composite
grain will obviously depend on the relative fraction of each species. If a small mass of
Mg2SiO4 condenses on the surface of an amorphous Al2O3 core the Mg2SiO4 solid
is expected to be crystalline as the temperature of the composite would rise above
the glass temperature for silicates. However, if 35% silicon condensation and full
aluminum condensation is assumed, the silicate grain mass would be approximately
11.5 times that of amorphous Al2O3 and the composite grains would likely remain
cold and undetectable. A rough calculation suggests that when the mass of Mg2SiO4

and amorphous Al2O3 are comparable, the temperature of the composite grain would
be about 1000 K at 2.0 R⋆, i.e. close to the glass temperature for silicates. So, only
roughly the first 10% of silicate material to condense on an amorphous Al2O3 grain
in the GBDS would yield a crystalline solid while continued silicate condensation
would make the grain amorphous.

4.4.5 The expansion velocity profile of the wind of W Hya

In our best-fit model the silicate emission is produced in an envelope with inner radius
of 50 AU. In order for these grains to be visible, large amounts of metallic iron must
be put in thermal contact with the silicate grains. We can connect this finding with
the gas model from Paper I. In that work, the wind of W Hya was found to slowly
accelerate up to about 5.5 km/s and then to quickly accelerate to the final expansion
velocity of 7.5 km/s. Such an additional acceleration requires extra opacity to add
momentum to the (supersonic) flow. In a dust driven outflow, changes in the dust
properties could in principle provide such additional momentum. We speculate that
the late condensation of metallic iron on the silicate grains might provide the extra-
opacity needed for an increase in the wind speed to its final value.
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An alternative scenario could be that the lower excitation CO lines trace gas ex-
pelled in a different mass-loss rate phase, in which the expansion velocity was larger.
However, we see no signs of a significant change in the gas mass-loss rate at these
distances and this scenario seems unlikely.

4.4.6 The recent mass-loss history of W Hya

We find that W Hya has undergone abrupt changes of more than an order of magni-
tude in its dust mass-loss rate in the last few thousand years. Hawkins (1990) reported
observations carried out with IRAS that reveal a dust shell of 1 × 10−4 M⊙ extending
to about 15 ′. If the same expansion velocity is considered, it would take the dust
grains forty-five thousand years to reach such distances from the star and, therefore,
the average dust mass-loss rate in that period would be 2 × 10−9 M⊙ year−1. This
value is compatible with the mass-loss rate derived by us for the high mass-loss rate
phases (phases II, IV and V, given in Table 4.2), rather than to the more recent low
mass-loss rate period (phases I and II, given in Table 4.2). Therefore, if the mass loss
fluctuates between a low and high mode, the high mode must be the norm. W Hya
might have recently undergone a change in mass-loss rate that had not happened in
the last fifty thousand years.

Although thin shells produced by similar mass-loss rate discontinuities are found
somewhat frequently around carbon-rich AGB stars (e.g. Olofsson et al. 1990, 1996),
the narrow mass-loss rate peak seen between 5400 and 5900 AU in the PACS images
of W Hya is unusual for oxygen-rich AGB stars (Cox et al. 2012). The shells around
carbon-stars are thought to form as a result of a strong increase in mass-loss rate
during a thermal-pulse (Schroeder et al. 1998; Mattsson et al. 2007). The reason why
these detached shells are not observed around oxygen-rich AGB stars is not known
and W Hya is unique in that sense. The zero-age-main-sequence mass of W Hya was
determined to be 1.5 ± 0.2 M⊙ (Khouri et al. 2014b), which places this object around
the limit for becoming a carbon-rich star (Wallerstein & Knapp 1998). However,
models for the formation of detached-shells require the interaction of a faster wind
with a previously slower wind (e.g. Schöier et al. 2005a) and that is not expected to be
directly connected to stellar mass, but rather to changes in the wind properties during
the thermal pulse. Hence, at the moment, it is not clear whether W Hya’s mass-loss
rate peak is due to a thermal pulse or whether the star can be seen as an oxygen-rich
analogue to carbon-stars with detached shells.

4.5 Summary

We present a model for the dust envelope of W Hya which simultaneously considers
different observables of its dust envelope: the scattered light fractions (Norris et al.
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2012), the ISO spectrum (Justtanont et al. 2004; Sloan et al. 2003b), the inner radius
of the silicate emission shell (Zhao-Geisler et al. 2011), the elemental abundances in
the wind (Paper I, Khouri et al. 2014b) and the PACS 70 µm image (Cox et al. 2012).

Our model consists of a gravitationally bound dust shell combined with an out-
flow. An MRN distribution of amorphous Al2O3 particles in the GBDS fit both the
infrared excess emission and the scattered light fractions. However, large translucent
silicates that show no spectral signature at 9.7µm but that are able to reproduced
the scattered light fractions can exist in the GBDS and wind, implying that we are
not able to determine the nature of the scattering agents. Silicate grains however
are preferred based on wind-driving models. Independent of the nature of the grains
that drive the outflow, spectral emission from the silicate grains arises from distances
beyond 50 AU from the star. This emission may arise when iron inclusions are incor-
porated in the silicates heating up the grains. The silicon content that is in the dust is
found to be consistent with the amount of silicon atoms that disappear from the gas
phase, as extracted from SiO line emission (Khouri et al. 2014). We find evidence
that calcium is a constituent of the dust in the wind of W Hya. It is however difficult
to quantify the calcium content of the dust as we only have optical constants available
for three calcium-bearing species. Though our best fit seems to suggest a super-solar
Ca abundance in the outflow, optical data over a broad wavelength range of silicates
with lower calcium content might result in fits with a solar calcium abundance. Emis-
sion from calcium-bearing dust species might also originate from the GBDS, as long
as there is not a strong contribution in the MIDI wavelength range.

The mass-loss rate of W Hya seems to have been at the present level for about
300 years. Longer ago we see a phase when the mass-loss was lower by a factor of
roughly two, which is traced by both the dust envelope and the CO gas emission. The
mass-loss rate remained at this level for about 2500 years and produced dust now
located in the envelope between 500 and 4000 AU. This phase of lower mass loss
was preceded by one where W Hya lost mass at a rate at least three times higher than
at present, with a localized peak in which the rate was even twenty times higher and
which ended about 3400 years ago and lasted for about 300 years.
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Table 4.3: Diagnostic parameters of the silicate dust species tested by us in the fitting procedure. κmax
9.7 µm, κmax

18 µm and κmax
18 µm/κ

max
9.7 µm represent the

peak value of the opacity in the 9.7µm and 18 µm silicate peaks and the ratio between these two values, respectively. λ κmax
9.7 µm and λ κmax

18 µm are the
wavelengths where the two peaks are found. The references are: 1 - Mutschke et al. (1998), 2 - Dorschner et al. (1995), 3 - Jäger et al. (1994), 4 - Jäger
et al. (2003).

Species Ref. κmax
9.7µm λ κmax

9.7 µm κmax
18 µm λ κmax

18 µm κmax
18 µm/κ

max
9.7 µm

[cm2/g] [µm] [cm2/g] [µm]
Ca2Al2SiO7 1 3210 10.4 1270 20.7 0.40
Ca2Mg0.5Al2Si1.5O7 1 3920 10.3 1450 19.4 0.37
Mg0.4Fe0.6SiO3 2 3050 9.5 1680 20.9 0.55
Mg0.5Fe0.43Ca0.03Al0.04SiO3 3 3640 9.7 1670 18.9 0.46
Mg0.5Fe0.5SiO3 2 3370 9.5 1720 19.3 0.51
Mg0.7Fe0.3SiO3 2 3940 9.6 1970 18.6 0.50
Mg0.7SiO2.7 4 2720 9.3 1530 20.9 0.56
Mg0.8Fe0.2SiO3 2 4240 9.7 2000 18.6 0.47
Mg0.8Fe1.2SiO4 2 2610 10.2 1800 18.0 0.69
Mg1.5Fe1.5AlSi3O10.5 1 3790 10.2 1700 18.8 0.45
Mg1.5SiO3.5 4 2460 9.8 1440 18.9 0.59
Mg2.4SiO4.4 4 1590 10.2 1370 17.8 0.86
Mg2AlSi2O7.5 1 4480 10.0 1740 18.7 0.39
Mg2Fe2AlSi4O13.5 1 3850 10.1 1730 18.7 0.45
Mg2SiO4 4 2440 9.9 1220 17.7 0.50
Mg3AlSi3O10.5 1 4390 10.0 1790 18.5 0.41
Mg4.5Fe4.5AlSi9O28.5 1 3380 10.1 1820 18.5 0.54
Mg4AlSi4O13.5 1 4450 9.9 1810 18.4 0.41
Mg9AlSi9O28.5 1 4750 9.8 1980 18.3 0.42
MgFeAlSi2O7.5 1 3640 10.3 1590 18.6 0.44
MgFeSiO4 2 2700 10.1 1873 18.0 0.69
MgSiO3 2 4910 9.6 2180 18.4 0.44
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Abstract

During the asymptotic giant branch (AGB) phase, stars of low- and intermediate-
masses (between 0.8 and 8 M⊙) present strong winds that strip the stellar core of its
hydrogen envelope on timescales of millions of years. The wind-driving mechanism
is not completely understood, especially so for oxygen-rich AGB stars, which have
a carbon-to-oxygen ratio lower than one. We aim to obtain observational constrains
that help improve our understanding of the dust formation process and wind-driving
mechanism in oxygen-rich AGB stars. We characterize the circumstellar environ-
ment of two low-Ṁ oxygen-rich AGB stars, R Dor and R Cas, and compare these to
the properties obtained for a similar source, W Hya. The dusty and the gaseous en-
velopes are modelled consistently and in a similar way for the three sources, using
state-of-the-art radiative transfer codes. The gas model is constrained by Herschel
observations of CO and SiO transitions, while the dust model is obtained from fits
to the ISO spectra. We are particularly interested in studying the dust forming el-
ements: aluminum, calcium, and, especially, silicon as we can also constrain the
gas-phase abundance of this element. We find that a gravitationally bound dust
shell of amorphous Al2O3 grains can account for all the excess emission associated
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with this dust species for all sources. Together with constraints set by the gas-phase
model this suggests that most of the amorphous Al2O3 emission seen from AGB stars
does not come from the wind. Our dust- and gas-phase model for R Dor (as that for
W Hya) show very small silicon depletion and can account for all the silicon expected
in a wind with solar composition. For R Cas, a large part (about three-quarters) of the
silicon is not accounted for. We conclude that these atoms are probably locked-up in
silicate grains and not visible in the ISO spectrum.

5.1 Introduction

During the asymptotic giant branch (AGB) phase low- and intermediate-mass stars
(0.8 − 8M ⊙) eject mass into the interstellar medium through slow (υ∞ ∼ 10 km s−1)
and dense (Ṁ ≈ 10−8

− 10−4 M⊙ year−1) winds. The mass lost in this phase con-
tributes to the chemical enrichment of galaxies as convective motions bring material
modified by nucleosynthesis from the stellar interior to the surface in events known
as dredge-ups.

Our qualitative picture of the driving mechanism for the AGB mass loss consists
of a two-step wind process. First, pulsations increase the density scale-height of the
atmosphere and dust grains may condense in the cool outer layers. Once these solid
particles are present, they can absorb or scatter stellar photons and momentum is
transferred from the stellar radiation field to the dust particles. Due to this radiation
pressure the grains are accelerated outwards. The gas which is less susceptible to
radiation pressure is dragged along with the dust via collisions. Despite this basic
understanding of the mass-loss process, many aspects of the physics and chemistry
involved still need to be elucidated.

Woitke (2006) concluded that in oxygen-rich AGB stars, in which the atmo-
spheric C/O ratio is less than unity, the dust species that can condense close to the
star do not supply sufficient absorption opacity to establish the wind. Mainly oxides
and silicates are detected in the dust thermal emission of these stars but the species
which have high absorption cross-sections reach too high temperatures and cannot
survive in the region where the flow initiates. Höfner (2008) suggested that the opac-
ity needed for the wind driving could come from photon scattering by large (0.3µm),
translucent grains, which would be able to survive close to the star. This scenario was
supported by observations of a sample of AGB stars that revealed grains in the range
of radii required by the model of Höfner (Norris et al. 2012). The composition of the
grains, however, could not be determined from the observations and remains an open
question.

Characterizing the inner wind of AGB stars where acceleration takes place, un-
veiling the dust-formation region and identifying the species responsible for the driv-
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ing is paramount for advancing our understanding of AGB mass loss and is the topic
of intense study (e.g. Woitke 2006; Höfner 2008; Bladh et al. 2013; Karovicova et al.
2013; Gail et al. 2013; Dell’Agli et al. 2014; Khouri et al. 2014c). The dust species
expected to play a role are Al2O3 and silicate grains. The presence of amorphous
Al2O3 grains very close to the star (at ∼ 2 R⋆) is supported by both observations
(e.g. Verhoelst et al. 2006; Zhao-Geisler et al. 2011; Sacuto et al. 2013; Karovicova
et al. 2013) and predictions (e.g. Woitke 2006; Dell’Agli et al. 2014). However, dust
emission models that account for this dust species often require highly super-solar
aluminum abundances in the wind to reproduce the observations (e.g Karovicova
et al. 2013; Khouri et al. 2014c). In an attempt to solve this problem, Khouri et al.
(2014c) modeled the dusty wind of W Hya, a low-Ṁ, oxygen-rich AGB star. Intro-
ducing a gravitationally bound dust shell (GBDS) which is responsible for most of
the amorphous Al2O3 emission. By separating the observed thermal dust emission
of the amorphous Al2O3 grains from that of the other grains in the wind, the large
abundance discrepancy can be solved. Khouri et al. were able to measure the abun-
dance of the main Si-bearing gas phase molecule, SiO, in the wind of W Hya and of
the abundance of Si in silicates. These two reservoirs of Si can, within uncertainties,
account for the expected amount of Si in the wind, assuming a solar abundance of Si.

Data secured using the Herschel satellite are particularly useful for this endeavor,
as high-excitation lines which form close to the star were observed by the instruments
onboard the spacecraft.

The analysis of W Hya leaves many questions still open. In particular, no unique
identification of the dust species responsible for driving the wind could be estab-
lished. It is therefore important to study other oxygen-rich AGB stars that show
amorphous Al2O3 emission to investigate if the model for W Hya is more universally
applicable and to look for evidences on the nature of the dust grains driving the winds.
In this paper, we extend the work of Khouri et al. (2014c) on W Hya by studying the
two other stars in the HIFISTARS (PI Bujarrabal, Menten et al. 2010) sample that
have dust spectra similar to W Hya: R Dor and R Cas. These stars have mass-loss
rates that are somewhat smaller (R Dor) and larger (R Cas) than that of W Hya. Other
stellar properties as well as the available observational data sets make these two stars
well suited to compare to W Hya. We adopt the same wind structure as obtained
by Khouri et al. in our dust models, i.e. a GBDS that contains amorphous Al2O3

and an outflow in which silicate emission is produced. We constrain the gas-phase
wind of both sources by modeling molecular emission observed by Herschel and the
dusty wind by fitting the infrared continuum excess. For R Dor scattered light im-
ages are also available and we include these in our modelling. We compare the three
sources (W Hya, R Dor, and R Cas) in search of similarities and differences that may
shed light on the wind driving mechanism and overall envelope structure of low-Ṁ
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Table 5.1: Assumed distance to each source and the derived temperature and luminosity for the black-
body curves shown in Fig. 5.3. The ratios between the flux values at 10 µm and 14 µm in the stellar-
continuum-divided ISO spectra, F10/F14, are also given.

Source D Tbb L F10/F14

[pc] [K] [L⊙] -

o Cet 107 2300 7040 1.44
TX Cam 380 2300 13000 1.36
R Cas 106 2100 2080 0.90
W Hya 78 2500 5400 0.76
R Dor 59 3000 8650 0.72

oxygen-rich AGB stars. A component of this comparison is an analysis of the overall
silicon budget by studying the main Si-bearing wind components, gas-phase SiO and
silicate dust.

We set out by presenting a morphological comparison of the three sources mod-
elled by us with two oxygen-rich AGB stars in the HIFISTARS sample: o Cet and
TX Cam. In Section 5.3 we give introductory information on R Dor and R Cas and
present the dataset used to constrain our models. Sections 5.4 and 5.5 are devoted to
our dust and gas models, respectively, for the two sources. In Section 5.6 we discuss
our results and a summary is presented in the final section.

5.2 Comparison between the low-mass-loss rate oxygen-rich

sources in the HIFISTARS sample

Six oxygen-rich AGB stars with dust emission spectra (i.e. low-Ṁ sources) were ob-
served in the context of the HIFISTARS programme: R Dor, W Hya, o Cet, R Cas,
IK Tau, and TX Cam. We exclude IK Tau from the comparisons presented here be-
cause it was not observed by ISO. In Fig. 5.1 the ISO spectra of the five sources
are shown together with the assumed black-body stellar continuum; in Fig. 5.2 we
compare the stellar-continuum-divided spectrum. The distance, stellar temperature
and luminosity used for the five sources are given in Table 5.1.

As shown in Fig. 5.2, the five spectra differ strongly in shape. The difference
seen is commonly attributed to the relative importance of amorphous Al2O3 and sil-
icate emission to the total dust excess (e.g. Lorenz-Martins & Pompeia 2000; Heras
& Hony 2005). We use the fluxes at 10 µm and 14 µm in the stellar-continuum di-
vided spectrum as proxies of silicate and amorphous Al2O3 emission, respectively.
We separate the stars in two classes using the ratio between flux values at 10 µm and

132



5.2 Comparison between the low-mass-loss rate oxygen-rich sources in the

HIFISTARS sample

1

1e+01

1e+02

1e+03

1e+04

1e+05

 10

F
lu

x 
[J

y]

λ [µm]

R Dor x 3
W Hya x 1
R Cas x 0.5
o Cet x 0.03
TX Cam x 0.02

Figure 5.1: The ISO SWS spectra of W Hya (solid red line), R Dor multiplied by 3 (short-dashed black
line), R Cas multiplied by 0.5 (long-dashed green line), o Cet multiplied by 0.03 (purple line), and TX
Cam multiplied by 0.02 (light-blue line). The assumed stellar black-body spectra are also plotted for
the three sources with the same colors and multiplied by the same factors as the SWS data.

14 µm in the continuum divided spectra, F10/F14: those that show a mixture of amor-
phous Al2O3 and silicate emission, with F10/F14 < 1 (W Hya, R Dor, and R Cas) and
those that have spectra dominated by silicate emission, with F10/F14 > 1 (o Cet and
TX Cam). Despite the apparent differences in dust content, silicate emission (taken
to be given by the flux levels at 10 µm and 18 µm in Fig. 5.2) increases from R Dor
to W Hya to R Cas to o Cet to TX Cam.

We can compare this apparent trend in the silicate dust content to the gas-phase
silicon abundance, which can be probed using the J = 16 − 15 SiO transition mea-
sured by HIFI. In Fig. 5.3, the SiO lines were divided by the line strength of transition
J = 6 − 5 of CO of the given source, and normalized to the resulting peak-value ob-
tained for R Dor. The CO line strengths are used as a rough estimate of the mass-loss
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Figure 5.2: ISO SWS stellar-continuum-divided spectra of W Hya (red line), R Dor (black line), R Cas
(green line), o Cet (purple line), and TX Cam (light-blue line). The vertical, grey dashed lines mark the
expected position of the silicate features at 9.7 µm and 18 µm.

rate, therefore the ratio between the SiO and CO transitions reflects the SiO abun-
dance. The data indicates that the SiO gas-phase abundance decreases from R Dor
to W Hya to R Cas to o Cet to TX Cam, opposite to the trend in silicate emission
strength. This suggests that the depletion of silicon from the gas- to the solid-phase
can indeed be probed using these two observables: SiO molecular lines and silicate
emission.

Based on the simple considerations done here, the dust emission from the cir-
cumstellar envelope of R Cas seems to require an important amorphous Al2O3 com-
ponent, as for W Hya and R Dor. The fact that the dust spectrum of R Cas is not
strongly dominated by silicates as is the case for o Cet and TX Cam seems at odds
with the gas mass-loss rate reported for R Cas in literature, which is usually found
to be between those of o Cet and TX Cam (De Beck et al. 2010). In this sense, the
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Figure 5.3: HIFI trace of the SiO J = 16 − 15 transition for W Hya (solid red line), R Dor (short-
dashed black line), R Cas (long-dashed green line), o Cet (shifted by -60 km s−1, dotted purple line),
and TX Cam (shifted by -60 km s−1, dotted-dashed light-blue line). The observations were divided by
the integrated line strength of the CO J = 6 − 5 transition and normalized to the resulting peak-value
obtained for R Dor to estimate a distance independent relative SiO emission, K.

gas mass-loss rate and silicon depletion seen from R Cas seems to contrast its dust
spectrum with strong important amorphous Al2O3 emission. We remind the reader
that because of the high optical-depths of the SiO lines and the uncertainties involved
in using one CO transition as a mass-loss proxy, a quantitative comparison between
the sources can only be done with proper radiative transfer modelling of both the
CO and SiO emission lines. From this point on in this paper, we focus on obtaining
such quantitative models for the three sources that show an important contribution of
amorphous Al2O3 emission in their dust spectrum: W Hya, R Dor, and R Cas.

5.2.1 W Hya, R Dor, and R Cas

As shown in Fig. 5.4, the three sources have dust spectra that seem to arise from
combinations of underlying features that are common to all of them but that are seen
in each one with different relative strengths. The dust species usually considered
to reproduce the features seen in spectra similar to these are: amorphous Al2O3,
silicates, and magnesium-iron-oxides (e.g. Lorenz-Martins & Pompeia 2000; Speck
et al. 2000; Heras & Hony 2005). The feature at about 10µm is associated with sili-
cate dust species. The peak at 20µm is usually attributed to magnesium-iron oxides
(e.g. Cami 2002; Heras & Hony 2005). This feature has a similar shape in the spectra
of W Hya and R Cas but displays a sharper peak in the spectrum of R Dor. The peak
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Figure 5.4: ISO SWS stellar-continuum-subtracted spectra of W Hya (solid red line), R Dor (short-
dashed black line) and R Cas (long-dashed green line). The vertical, grey dashed lines mark the expected
position of the silicate features at 9.7 µm and 18 µm.

at 30µm might be explained by calcium-bearing species (Glaccum 1999; Sloan et al.
2003b; Khouri et al. 2014c). The spectrum of W Hya in the 16 − 35µm region was
successfully modeled with Ca2Mg0.5Al2Si1.5O7 by Khouri et al. (2014c). The emis-
sion inbetween the 20µm and 30µm peaks is relatively strong for R Cas and becomes
progressively weaker for W Hya and R Dor. The contrast of the 30µm feature to the
neighboring continuum is larger for lower values of the 25 µm flux.

The 13µm feature, which has not yet been identified, is also seen in the three
spectra. Speck (1998) argues that SiO2 particles might be the carrier, while Kozasa
& Sogawa (1997b) suggest that it could be produced by grains composed of a silicate
mantle and an Al2O3 core. Other authors have suggested it to be due to crystalline
aluminum oxides, either crystalline corundum (α-Al2O3) or spinel (MgAl2O4) (see
Posch et al. 1999; Zeidler et al. 2013, and references therein). The feature is very
strong in R Dor, is less prominent in W Hya and very weak in the spectrum of R Cas.

5.3 Sources and dataset

5.3.1 R Dor

The period of the semi-regular variable R Doradus varies between two pulsation
modes of 362 and 175 days on a time-scale of roughly 1000 days (Bedding et al.
1998). The distance determined from its Hipparcos parallax is 62 ± 3 pc (Perryman
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& ESA 1997b), in good agreement with the value adopted by us of 59 pc (Knapp
et al. 2003) and that found by Bedding et al. (1997) using aperture-masking in the
near-infrared, 61 ± 7 pc.

Heras & Hony (2005) studied the dust thermal excess using the infrared satellite
observatory (ISO, Kessler et al. 1996) spectrum and found the chemical composition
to be 42% amorphous Al2O3, 42% Ca2Al2SiO7, 12% Mg0.1Fe0.9O and 4% MgAl2O4,
assuming all species to be in thermal contact. The dust condensation radius and dust
condensation temperature were found to be respectively 17.5 R⋆ and 600 K. Norris
et al. (2012) attained polarimetric interferometry of R Dor and modeled the data using
a population of large (∼ 0.3µm) grains in a thin shell located at 1.6 R⋆. The nature of
these large grains cannot be constrained from the observations but the authors suggest
Mg2SiO4 or, alternatively, Al2O3 particles.

The low-excitation CO and SiO lines from R Dor have been studied by Olofs-
son et al. (2002) and Maercker et al. (2008) and González Delgado et al. (2003a)
and Schöier et al. (2004), respectively. The gas mass-loss rates reported from CO
modeling by both studies are about 10−7 M⊙ year−1. Olofsson et al. (2002) experi-
enced difficulties when fitting the line-shapes of the low-excitation transitions. The
models predict these to have double-peaked line profiles, but such shapes are not
observed. The authors could improve the fit by considering a relatively small CO
envelope (extending up to re ∼ 5 × 1015 cm) and a higher mass-loss rate (Ṁ =
3×10−7 M⊙year−1). The small radius could be due to either strong photo-dissociation
by the interstellar ultraviolet radiation field or variable mass loss. Schöier et al. (2004)
resolved the SiO pure rotational transition J = 2 − 1 in the ground-vibrational level
with the Australian Telescope Compact Array and found evidence of two distinct
regions in the envelope. An inner region (around ∼ 1.2 × 1015 cm) with a high
SiO abundance (of 4 × 10−5 molecules relative to H2) and an outer region (around
∼ 3.3 × 1015 cm) with a low abundance (3 × 10−6). The authors interpreted the
strong decrease in abundance as a freeze-out of the molecules from the gas-phase
onto solids. The fit obtained by González Delgado et al. (2003a) for the J = 6 − 5,
5 − 4, 3 − 2 and 2 − 1 SiO lines observed with SEST applied a constant SiO abun-
dance of 5× 10−6, which Schöier et al. (2004) show does not fit the spatially resolved
data very well.

5.3.2 R Cas

R Cas is a Mira-type variable with a period of 431 days (Kukarkin et al. 1969). Its
Hipparcos distance is 107 ± 13 pc (Perryman & ESA 1997b). Alternative distance
estimates range from the Hipparcos result up to 220 pc (Knapp & Chang 1985).
Haniff et al. (1995) found a distance of 160 pc from period-luminosity relations and
Vlemmings et al. (2003) obtained 176 pc from VLBI observations. In this work, we
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adopt the value measured by Hipparcos.
The mass-loss rate of R Cas has been extensively studied using low-excitation

CO lines (Jup ≤ 4) (Knapp & Chang 1985; González Delgado et al. 2003a; Maercker
et al. 2008). The obtained values correspond to ∼ 5 × 10−7 M⊙ year−1 when scaled
to a CO abundance of 4 × 10−4 relative to H2. Interferometric maps obtained with
the Plateau de Bure Interferometer and presented by Castro-Carrizo et al. (2010) of
CO J = 1 − 0 and 2 − 1 show structures that can be associated with mass-loss rate
variations. Schöier et al. (2011b) modeled the CO J = 1− 0 transition visibilities and
fitted the observations with a present-day high mass-loss rate phase, that has lasted
for roughly 200 years, and two lower mass-loss rate phases that ended 500 and 1200
years ago. For such a mass-loss history the present-day wind is expected to be traced
by CO ground vibrational state transitions with Jup ≥ 6.

Hofmann et al. (2000) observed R Cas with the Russian 6 m telescope at the Spe-
cial Astrophysical Observatory and found the radius and effective temperature of the
star to be 377 R⊙ (assuming a distance of 107 pc) and ∼ 1900 K, at near-minimum
phase. Haniff et al. (1995) obtained a black-body temperature of 2200 K from pho-
tometric observations. They found values of the angular diameter at different wave-
lengths that agree with those found by Hofmann et al. (2000).

The SiO emission of R Cas was studied by Lucas et al. (1992) from interferomet-
ric data and by González Delgado et al. (2003a) from spatially unresolved observa-
tions. Both studies were based on transition ν = 0, J = 2 − 1. González Delgado
et al. (2003a) derived an SiO abundance relative to H2 of 7 × 10−6 and an SiO enve-
lope radius of ∼ 1016 cm. The size of the envelope is in agreement with observations
by Lucas et al. (1992).

5.3.3 Methods

The basic structure of the dust envelope was considered to be similar to that for
W Hya (Khouri et al. 2014c), which consists of a GBDS and an outflow. The GBDS
was invoked by the authors to explain the amorphous Al2O3 thermal emission and
is placed close to the star in the region where the wind has not yet been initiated.
The grains in the GBDS are considered to be static and, as for the dust particles in
the wind, have their temperature determined from radiative transfer calculations. The
large grains used to fit the scattered light fractions observed for W Hya and R Dor
can in principle be either part of the GBDS or of the flow (see Sect. 5.4.1). From the
outer edge of the GBDS the wind is launched and accelerated to a terminal velocity
υ∞ following a β-type velocity profile. To calculate the opacities of the dust grains,
we used the distribution of hollow spheres approximation (DHS, Min et al. 2003)
for the particles shapes. Adopted particles sizes will be given when the dust fits
are discussed. The dust models were compared to the ISO SWS spectra retrieved
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Table 5.2: Integrated line fluxes and uncertainties for the CO transitions observed with Herschel for
R Cas and R Dor. Jup, ν0, and Eup give the rotational quantum number of the upper level, the rest
frequency, and the excitation energy of the upper level, respectively. In Col. 3, we list the spectrograph
used for the observation: H = HIFI, P = PACS, or S = SPIRE. In Col. 5, the integrated flux and the
error associated with the measurement are given. The transitions whose fluxes are marked with the
superscript a suffer from blends with strong water transitions and were excluded from the modeling
procedure. Those marked with b were flagged as a blend from assessing the full-width half maximum
of the Gaussian fit.

Jup ν0 Instr. Eup Int. flux
[GHz] [K] [10−17 W/m2]

R Cas R Dor
4 461.04 S 55 6.7 ± 2 6.2 ± 1
5 576.27 S 83 8.4 ± 2 10.0 ± 2
6 691.47 S 116 12.0 ± 3 11.8 ± 2
6 691.47 H 116 12.0 ± 2 12.1 ± 2
7 806.65 S 155 12.9 ± 3 16.5 ± 3
7 806.65 H 155 - 13.8 ± 2
8 921.80 S 199 12.1 ± 3 18.0 ± 4
9 1036.91 S 249 15.4 ± 3 19.6 ± 4
10 1151.98 S 304 26.2a

± 6 37.1 ± 6
10 1151.98 H 304 17.2 ± 4 22.3 ± 4
11 1267.01 S 365 17.2 ± 5 23.1 ± 4
12 1381.99 S 431 15.1 ± 3 23.0 ± 4
13 1496.92 S 504 15.5 ± 8 24.9 ± 5
14 1611.79 P 581 14.4 ± 3 25.0 ± 4
15 1726.60 P 664 15.9 ± 3 33.1 ± 5
16 1841.34 P 752 16.8b

± 3 34.0 ± 5
16 1841.34 H 752 15.8 ± 4 23.1 ± 4
17 1956.02 P 846 16.7 ± 4 36.7 ± 6
18 2070.62 P 946 18.0 ± 8 45.2 ± 7
19 2185.13 P 1050 15.1 ± 4 44.7b

± 8
20 2299.57 P 1160 17.4b

± 4 16.8b
± 3

21 2413.92 P 1276 13.6 ± 3 39.9 ± 6
22 2528.17 P 1397 31.5a

± 5 121.5a
± 20

23 2642.33 P 1524 122.1a
± 20 305.4a

± 50
24 2756.39 P 1657 10.7 ± 2 66.1b

± 15
25 2870.34 P 1794 8.4 ± 2 30.0b

± 9
26 2984.18 P 1937 - -
27 3097.91 P 2086 - -
28 3211.52 P 2240 4.7 ± 2 84.5b

± 15
29 3325.00 P 2400 8.0 ± 2 30.9 ± 22
30 3438.36 P 2565 20.0 ± 6 36.6b

± 10
31 3664.68 P 2735 4.2 ± 3 38.3 ± 15

from the Sloan et al. (2003b) database. For R Dor, we also calculated scattered light
fractions and compared those to observations by Norris et al. (2012) at 1.04 µm and
2.06 µm.

Our modeling strategy consists of constraining first the distribution and compo-
sition of the dust in the envelopes of R Dor and R Cas using the continuum radiative
transfer code MCMax (Min et al. 2009). The stellar temperature and luminosity
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Table 5.3: Integrated line fluxes and uncertainties for the 28SiO transitions observed with Herschel for
R Cas and R Dor. The notation used is identical to that in Table 5.2.

Jup ν0 Instr. Eup Flux
[GHz] [K] [10−17 W m−2]

R Cas R Dor

11 477.50 S 137 1.2 ± 0.3 2.7 ± 0.8
12 520.88 S 162 1.5 ± 0.3 4.0 ± 0.9
12 520.88 H 162 - 4.1 ± 0.6
13 564.25 S 190 1.9 ± 0.4 5.1 ± 0.9
14 607.61 S 219 1.2 ± 0.3 5.4 ± 0.9
14 607.61 H 219 - 4.5 ± 0.7
15 650.96 S 250 1.9 ± 0.4 4.1 ± 0.9
16 694.29 S 283 1.5 ± 0.3 5.4 ± 0.8
16 694.29 H 283 - 5.0 ± 1.0
17 737.62 S 319 1.3 ± 0.3 4.3 ± 0.8
18 780.93 S 356 1.3 ± 0.3 5.0 ± 0.8
18 780.93 H 356 - 6.3 ± 1.2
19 824.24 S 396 1.5 ± 0.3 7.0 ± 1.1
20 867.52 S 437 2.0 ± 0.4 6.4 ± 0.9
21 910.80 S 481 1.2 ± 0.4 6.8 ± 1.1
22 954.05 S 527 1.5 ± 0.3 8.2 ± 1.5
23 997.30 S 575 1.1 ± 0.5 8.4 ± 1.6
24 1040.52 S 625 1.3 ± 0.4 8.2 ± 1.5
25 1083.73 S 677 1.1 ± 0.4 7.5 ± 1.2
25 1083.73 H 677 - 8.9 ± 1.8
26 1126.92 S 731 0.9 ± 0.5 8.9 ± 1.6
27 1170.09 S 787 1.7 ± 0.9 7.6 ± 1.2
28 1213.25 S 845 2.4 ± 1.2 7.1 ± 1.1
28 1213.25 H 845 - 8.3 ± 1.6
29 1256.38 S 905 0.8 ± 0.4 8.4 ± 1.5
30 1299.49 S 968 1.7 ± 0.5 10.4 ± 1.0
31 1342.58 S 1032 1.1 ± 0.5 9.0 ± 1.5
32 1385.65 S 1099 1.3 ± 0.6 10.5 ± 1.8
33 1428.69 S 1167 1.3 ± 0.3 10.3 ± 1.7
35 1514.71 H 1311 - 10.0 ± 2.0
38 1643.55 H 1541 - 7.9 ± 3.0

are based on the assumed distance and on the fit to the ISO spectrum. We first at-
tempted to fit the ISO spectra of both stars using the same silicate species considered
by Khouri et al. (2014c), Ca2Mg0.5Al2Si1.5O7 in thermal contact with metallic iron,
in addition to the amorphous Al2O3 in the GBDS. We have also explored fits using
the other silicate species listed by Khouri et al. (2014c) in Table A.1 of their paper,
of which the optical data was retrieved from the JENA database. The set of optical
constants consists of 22 silicate glasses. It contains data on the most common sili-
cate species used for fitting the spectra of AGB stars and includes species of varying
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silicon, iron, magnesium, and aluminum content. The optical constants of several of
these species are available only down to ∼ 6µm. The missing near-infrared data is
however very important, as the grain temperatures are determined by absorption of
radiation mainly in this wavelength range. Because the iron content is the parameter
that has the strongest effect on the absorption at short wavelengths, we have consid-
ered the near-infrared opacity (for λ < 6µm) of those species for which no data was
available to be identical to that of MgSiO3, Mg0.8Fe0.2SiO3, or Mg0.5Fe0.5SiO3, de-
pending on the iron content of the given species. The absorption in the near-infrared
increases from MgSiO3 to Mg0.8Fe0.2SiO3 to Mg0.5Fe0.5SiO3.

We then consistently include the radiation field provided by the dust (following
Lombaert et al. 2013) in our modeling of the gaseous wind, using the molecular
excitation and line radiative transfer code GASTRoNOoM (Decin et al. 2006, 2010b).

In modelling the gaseous component of the wind, we first used the CO lines to
constrain the wind properties (i.e. Ṁ, υ∞, and the exponent of the velocity-law, β).
In a next step we calculate SiO models to determine the turbulent velocity – assumed
to be constant throughout the flow – and the SiO abundance.

R Dor and R Cas were observed by all instruments on board Herschel, the Het-
erodyne Instrument for the Far Infrared (HIFI; de Graauw et al. 2010), the Spectral
and Photometric Imaging Receiver Fourier-Transform Spectrometer (SPIRE; Griffin
et al. 2010), and the Photodetector Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010). The observations were obtained in the context of the guaranteed time
key-programmes HIFISTARS (Menten et al. 2010) and MESS (Groenewegen et al.
2011). Further observations of the SiO emission from R Dor were conducted with
HIFI (P.I. Leen Decin). The goodness of the fits to the measured line fluxes were
quantified by calculating the reduced-χ2 . The quality of the fits to the line shapes
were estimated by eye.

5.3.4 Dataset and data reduction

The data reduction procedures are identical to those detailed by Khouri et al. (2014a)
for W Hya and are briefly described in the following subsections for each of the
instruments. The fluxes measured are given in Table 5.2 and 5.3.

PACS

The observations in the context of the MESS guaranteed-time key-programme of
R Cas (observation identifiers or Obs. IDs 1342212576 and 1342212577) and R Dor
(Obs. IDs 1342197794 and 1342197795) were performed respectively on 2011 Jan-
uary 12 and 2010 June 5. R Dor was also observed on 2011 September 24 (Obs. IDs
1342229706 and 1342229708) for calibration purposes. All the obtained spectra are
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in good agreement. We opted to use only the data from 2010 June 5 for constraining
the properties of R Dor.

The data were reduced with Herschel Interactive Pipeline (HIPE) 12 and cal-
ibration set 65. Since the calibration file for the telescope background cannot be
established in the leak regions of the spectrum, these were masked and removed from
the processing. The data were rebinned with an oversampling factor of 2, which cor-
responds to Nyquist sampling with respect to the resolution of the instrument. R Dor
and R Cas were considered to be point sources from a spectroscopic point of view.
This is justified as the transitions observed by PACS are formed in a region deep in the
molecular envelope, which is small compared to the beam size. The corresponding
beam correction was applied to the spectrum of the central spatial pixel.

In order to estimate the integrated line flux, the CO and SiO lines were fitted
using a Gaussian profile on top of a local, straight continuum. When blends with
neighbouring lines occur, multiple profiles were fitted to a set of lines simultaneously
to improve the quality of the fit. For the continuum fit we used two spectral seg-
ments, one on each side of the fitted group of lines. These segments were taken to
be four times the expected full width half maximum (FWHM) of a single line. We
considered an intrinsic error of 15% on the measured line fluxes, owing to calibration
uncertainties, on top of the error from the Gaussian fitting.

SPIRE

The SPIRE FTS spectra of R Cas and R Dor were respectively taken on 2012 Decem-
ber 12 (Obs. ID 1342246981) and 2012 October 27 (Obs. ID 1342245114). The na-
tive spectral resolution of the FTS is 1.4 GHz (FWHM) with a cardinal-sine-function
instrument line shape. The data were reduced using the HIPE SPIRE FTS pipeline
version 11 assuming both sources to be point sources within the SPIRE beam. The
integrated line fluxes were measured using the script Spectrometer Line Fitting avail-
able in HIPE, which simultaneously fits a power-law to the continuum and a cardinal
sine function to the lines in the unapodized spectra. We adopt a total uncertainty of 15
% for the extracted line fluxes, to which we add the errors of the individual cardinal
sine fits.

HIFI

Transitions J = 16 − 15, 10 − 9 and 6 − 5 of CO and J = 16 − 15 of SiO in the
ground-vibrational state were obtained in the context of the HIFISTARS guaranteed-
time key programme for both R Cas and R Dor. Further observations of R Dor were
carried out (P.I. Leen Decin) in which the ground-vibrational state transitions J =
7− 6 of CO and J = 12− 11, 14− 13, 18− 17, 25− 24, 28− 27, 35− 34 and 38− 37
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Figure 5.5: The opacities of the silicate species used in the best-fit models of W Hya, R Dor and R Cas
are compared. The species used for W Hya and R Dor is Ca2Mg0.5Al2Si1.5O7 (green long-dashed line).
While those used in the best-fit model of R Cas are Ca2Al2SiO7 (red solid line), Mg1.5Fe1.5AlSi3O10.5
(short-dashed black line), and Mg0.8Fe0.2SiO3 (purple dotted line).

of SiO were measured.
The observations were reduced using the HIFI pipeline version available in HIPE

11. The task fitBaseline available in this reduction tool was used to subtract the
continuum from the observed spectra. For transition J = 16 − 15 of CO, the vertical
polarization spectrum of both sources was strongly affected by standing waves and
were discarded. For all the remaining transitions, the spectra obtained in the two
polarizations were combined. We used the parameters determined by Roelfsema
et al. (2012) to transform the antennae temperatures measured by HIFI to flux units,
considering the sources to be point-like.

5.4 Dust-phase model

We have calculated models consisting of a GBDS plus different silicate species in the
wind (see Sect. 5.3.3). For R Dor our best fit is obtained with the same species as for
W Hya. We note that the spectrum of this source was not perfectly reproduced even
by our best-fit model. This is because the features at 20 µm and 30 µm are sharper
and stronger than in W Hya. For R Cas, we do not obtain a satisfactory fit using
Ca2Mg0.5Al2Si1.5O7 and our best fit consists of other silicate species. The opacities
of the species used in the best fits for R Dor and R Cas are shown in Fig. 5.5. In
the following sections, we describe our best-fit model, the parameters of which are
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Figure 5.6: Fit to the observed scattered light fractions of R Dor using 0.3µm grains of Mg2SiO4 (blue
short-dashed line) and amorphous Al2O3 (green long-dashed line). The observations (red plusses) at
1.04 µm and 2.06 um are from Norris et al. (2012) and obtained through aperture masking interferom-
etry using NACO-VLT.

presented in Table 5.4.

5.4.1 Model for R Dor

Our dust model for R Dor consists of a gravitationally bound shell of amorphous
Al2O3 that is responsible for most of the emission at 12 µm and a wind contain-
ing Ca2Mg0.5Al2Si1.5O7 in thermal contact with metallic iron. Amorphous Al2O3

grains can also be present in the wind (and likely are) but their contribution to the
dust excess is much smaller than that of the GBDS because of the low aluminum
abundance in combination with the low gas mass-loss rate. The scattering light frac-
tions were fitted by considering grains with radii of 0.3 µm. The size of the grains
and distance of the shell, 1.6 R⋆, were adopted from Norris et al. (2012). We adopted
a thickness of 0.1 R⋆ for the scattering shell; this parameter is not constrained for
our model. We have considered amorphous Al2O3 and Mg2SiO4 as the possible scat-
tering agents. We have chosen these two species because silicates are thought to be
the best candidates for driving the wind in oxygen-rich AGB stars (Höfner 2008) and
Al2O3 is expected to condense quite close to oxygen-rich AGB stars and is found
to be an important contributor to their infrared spectra. The scattered light fractions
can be fitted equally well by both species, as shown in Fig. 5.6. In order to reproduce
the observed scattering, a population of large amorphous Al2O3 grains requires a total
mass of this species of 2.0× 10−10 M⊙, while for large Mg2SiO4 grains a total mass of
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Table 5.4: Best-fit parameters of the GBDS and dust outflow of R Cas, R Dor and W Hya. Tbb and L are the black-body stellar effective temperatures
and luminosities; Ṁdust and RSil

◦
are the dust mass-loss rate and the inner radius of the envelope of silicate emission; MAl2O3

GBDS is the mass of amorphous
Al2O3 grains in the GBDS. Columns 6 through 10 list the dust mass fractions of I - Ca2Al2SiO7, II - Ca2Mg0.5Al2Si1.5O7, III - Mg1.5Fe1.5AlSi3O10.5,
IV - Mg0.8Fe0.2SiO3, and V - Fe, respectively. ṀSi

dust, ṀAl
dust, and ṀCa

dust are the mass-loss rates of silicon, aluminum, and calcium atoms.

Source Tbb L Ṁdust RSil
◦ MAl2O3

GBDS I II III IV V ṀSi
dust ṀAl

dust ṀCa
dust

[K] [L⊙] [M⊙ year−1] [R⋆] [M⊙] [M⊙ year−1] [M⊙ year−1] [M⊙ year−1]

R Cas 2100 2080 7.1× 10−10 10 1.2 × 10−9 0.40 - 0.40 0.20 - 1.3 × 10−10 7.6× 10−11 8.3 × 10−11

W Hya 2500 5400 4.0× 10−10 27 1.5 × 10−9 - 0.50 - - 0.50 2.8 × 10−11 3.6× 10−11 5.3 × 10−11

R Dor 3000 8650 1.6× 10−10 60 5.7 × 10−10 - 0.55 - - 0.45 1.2 × 10−11 1.5× 10−11 2.2 × 10−11

Table 5.5: Best-fit parameters for the gaseous outflow of R Cas, R Dor and W Hya. D is the assumed distance to the sources. Ṁgas, ǫ, β, υ∞, and R◦
are, respectively, the gas mass-loss rate, the exponent of the temperature power law, the exponent of the velocity power law, the maximum expansion
velocity, and the radius of the onset of acceleration of the flow, all obtained from CO line-fitting. υturb and f SiO

◦
are, respectively, the turbulent velocity

and the initial SiO abundance, both obtained from SiO line-fitting. ṀSi
gas, ṀAl

gas, and ṀCa
gas are the mass-loss rates in silicon, aluminum and calcium

atoms from a solar composition wind and the gas-mass loss rates given in Column 4.

Source D Ṁ ǫ β υ∞ R◦ υturb f SiO
◦ ṀSi

gas ṀAl
gas ṀCa

gas
[pc] [M⊙ year−1] - - [km s−1] [R⋆] [km s−1] - [M⊙ year−1] [M⊙ year−1] [M⊙ year−1]

R Cas 106 1.0 × 10−6 0.75 1.5 10.0 10.0 1.0 5.0 × 10−6 9.1 × 10−10 7.6 × 10−11 8.7 × 10−11

W Hya 78 1.3 × 10−7 0.65 5.0 7.5 2.0 0.7 3.5 × 10−5 1.2 × 10−10 9.9 × 10−12 1.1 × 10−11

R Dor 59 9 × 10−8 0.65 5.0 5.5 1.6 1.0 6.0 × 10−5 8.1 × 10−11 6.8 × 10−12 7.9 × 10−12
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1.3 × 10−10 M⊙ is needed. Assuming a solar abundance mixture, full aluminum con-
densation and 15% silicon condensation (see Section 5.5.3), the amorphous Al2O3

and Mg2SiO4 dust masses correspond to total (gas plus dust) masses of 1.4× 10−6 M⊙
and 1.9 × 10−7 M⊙, respectively. Small (∼ 0.03µm) grains of amorphous Al2O3 in
the GBDS do not contribute to the scattering of light but likely dominate the emis-
sion at 12µm. Small Mg2SiO4 grains might also be present in the GBDS but their
existence cannot be corroborated with the data at hand. Our best fit model to the
observed ISO SWS spectrum is shown in the upper panels of Figs. 5.7 and 5.8. A
total mass of 5.7 × 10−10 M⊙ of amorphous Al2O3 grains was included in the GBDS
in the fit. This population can contain small and large grains, as long as the amount
of large grains does not exceed the 2.0× 10−10 M⊙ limit determined from the fit to the
scattered light fractions. The two observables can be explained by a single population
of amorphous Al2O3 grains. We have only explored models in which the scattering
is done by a single dust species but the observations could be explained equally well
by composite grains or by co-existing populations of different species.

Placing amorphous Al2O3 grains in a GBDS at 1.6 R⋆ from a star with an effec-
tive temperature of 3000 K results in very high dust temperatures, of ∼ 2000 K. How-
ever, comparing a stellar black-body spectrum to visible and near-infrared photomet-
ric measurements of R Dor shows that the black-body significantly over-predicts the
stellar light shortwards of about 1 µm, where a dense forest of molecular lines blocks
the stellar flux (see Fig. 5.1). We have calculated models with flux values at these
shorter wavelengths that fit the photometric observations and obtained temperatures
for the amorphous Al2O3 grains of ∼ 1700 K. These temperatures are still quite high
but closer to the temperature range in which Al2O3 grains are expected to survive.

In addition to the GBDS (containing the amorphous Al2O3), our best fit model
includes an outflow with a dust mass-loss rate of 1.6× 10−10 M⊙ year−1, composed of
55% Ca2Mg0.5Al2Si1.5O7 and 45% metallic iron. These two species are assumed to
be in thermal contact. In order to fit the spectrum of R Dor we require an inner radius
of the dust envelope of these composite grains of ∼ 60 R⋆. This value is not strongly
constrained, as we discuss in Sect. 5.4.3.

5.4.2 Model for R Cas

The model of the circumstellar envelope of R Cas too consists of a GBDS and an
outflow. Our best fit model for R Cas is shown in the lower panel of Figs. 5.7
and 5.8. The GBDS contains 1.2 × 10−9 M⊙ of amorphous Al2O3. The wind has
a dust mass-loss rate of 7.2 × 10−10 M⊙ year−1, of which 40% is Ca2Al2SiO7, 40% is
Mg1.5Fe1.5AlSi3O10.5 and 20% is Mg0.8Fe0.2SiO3. The silicate dust temperature that
provides the best-fit to the observed ratio between the two silicate peaks constrains
the inner radius of silicate emission to be ∼ 10 R⋆.

146



5.4 Dust-phase model

1.0e+03

1.0e+04

1.0e+02

1.0e+03

5 20 30 401 10

λ [µm]

F
lu

x 
[J

y]

Figure 5.7: Upper panel: Best dust fit (dashed-blue line) compared to the ISO spectrum of R Dor
(full-red line), composed of Ca2Mg0.5Al2Si1.5O7 and metallic iron grains that are in thermal contact.
No attempt was made to fit the 13 µm feature. Lower panel: Best dust fit (dashed-blue line) compared
to the ISO spectrum of R Cas, composed of Ca2Al2SiO7, Mg1.5Fe1.5AlSi3O10.5, and Mg0.8Fe0.2SiO3
grains that are in thermal contact. The long-dashed green lines represent the input black-body spectrum
and the red plusses are photometric points from Ducati (2002). For details on the dust properties of
both models, see Table 5.4.

5.4.3 Confidence on the derived parameters for the dusty wind

The parameters of the best fit models listed in Table 5.4 are subject to uncertainties
that are difficult to assess. We now discuss which of the derived quantities provide a
reliable basis for comparison between the three sources.
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Figure 5.8: Upper panel: Best dust fit (dashed-blue line) compared to the continuum-subtracted ISO
spectrum of R Dor (full-red line), composed of Ca2Mg0.5Al2Si1.5O7 and metallic iron grains that
are in thermal contact. Lower panel: Best dust fit (dashed-blue line) compared to the continuum-
subtracted ISO spectrum of R Cas (full-red line), composed of Ca2Al2SiO7, Mg1.5Fe1.5AlSi3O10.5, and
Mg0.8Fe0.2SiO3 grains that are in thermal contact. For details on the dust properties of both models,
see Table 5.4.

Amorphous Al2O3 mass in the GBDS

The derived mass in amorphous Al2O3 grains in the GBDS is a function of four
parameters: the near-infrared opacity of the amorphous Al2O3 grains, the stellar tem-
perature, the shape of the input stellar spectrum, and the location of the GBDS.

The radius of the GBDS is derived from the measured scattered light fractions for
W Hya and R Dor but unfortunately there are no observational constrains for R Cas.
Another scattering dust shell was observed in the oxygen-rich AGB star, R Leo, at
1.6 R⋆ (Norris et al. 2012). Since this dust shells are found recurrently close to the
stars and observations do not show large variations from one source to another, we

148



5.4 Dust-phase model

assumed the GBDS of R Cas to be at 1.6 R⋆. A shell with a 2.0 R⋆ radius will require
a grains mass 15% larger to produce the required amorphous Al2O3 emission. The
uncertainty on the near-infrared opacity of amorphous Al2O3 has probably the biggest
impact on the derived masses, as not many measurements of optical constants of this
dust species are available for short wavelengths (λ < 6µm). However, the obtained
temperatures for the amorphous Al2O3 are close to the temperatures at which this
dust species is expected to condense lending support to our results. As discussed by
Khouri et al. (2014b), the GBDS masses are inversely proportional to the temperature
of the amorphous Al2O3 grains. The stellar black-body temperatures were derived
based on the fit to the SWS spectra and can be uncertain by about 20%. As noted in
Sect. 5.4.1, uncertainties in the stellar flux for wavelengths shorter than 1 µm may
lead to uncertainties in grain temperatures of about 15%. Therefore, the effect of the
uncertainties of the input stellar spectrum and temperature on the derived amorphous
Al2O3 GBDS masses are about 25%. Adding an error of 15% due to uncertainties
in the inner radius of the GBDS, leads to a total uncertainty of roughly 30% on
the derived GBDS masses. The effect of uncertainties in the near-infrared opacity
are difficult to estimate quantitatively but we conclude that a relative comparison
of GBDS properties should not be strongly affected as we apply the same set of
amorphous Al2O3 optical data for all stars.

RSil
◦

, Ṁdust and elemental dust mass-loss rates

There is a degeneracy between the derived dust mass-loss rate, the inner radius of
the dust emission envelope and the near-infrared opacity of the dust. In our models,
the dust species in the flow were all considered to be in thermal contact and the
near-infrared opacity of the mixture can be increased by including or increasing the
content of metallic iron of the particles.

For W Hya, the degeneracy between these three parameters was lifted by includ-
ing two other observables to the dataset, namely the the spatial extent of the 70 µm
emission detected in the PACS images and the inner radius for the silicate emission
envelope (Khouri et al. 2014c). This implies that the obtained dust mass-loss rate
and inner radius of the emission are more strongly constrained than for the other two
sources. Although the dust species considered in the best fit to the infrared excess
of this source might not reflect precisely the composition of the dust in the wind,
the derived silicon dust mass-loss rate is quite well constrained. This is because the
strength of the 9.7µm feature in silicates correlates with their SiO2 content (Koike
& Hasegawa 1987; Khouri et al. 2014c) and because of the additional constraints on
the inner radius of the envelope. For calcium and aluminum the situation is different.
Because of the lack of suitable laboratory spectra we could not study how the features
of the silicate species change for a lower content of these two elements. Therefore,
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the mass-loss rates derived for aluminum and calcium in the dust are not strongly
constrained and should be interpreted with care.

For R Cas, the fit consists of dust species that contain iron. This results in high
near-infrared opacities and, therefore, there is no need to add metallic iron to the dust
mixture. Furthermore, a good fit cannot be found when metallic iron is added to the
model even if the inner radius of the silicate emission, RSil

◦
, and the mass-loss rate

are modified accordingly. The reason for this is that the contrast between the silicate
features and the underlying dust continuum emission decreases when metallic iron
is added, resulting in a significantly poorer fit quality. As the near-infrared opacity
depends on the dust mixture that best fits the infrared features rather than on the
additional free parameter of metallic iron content, the derived inner radius, RSil

◦
, is a

robust result for the dust composition obtained.
For R Dor the derived dust mass-loss rate, inner radius and metallic iron content

are not strongly constrained. The weakness of the silicate feature at 9.7 µm further
complicates the determination of these parameters. Moreover, the 20 µm and 30 µm
features seen in the SWS spectrum are not well-fitted by our model. These features
are sharper than those seen in W Hya and R Cas at the same wavelengths and were
interpreted by Sloan et al. (2003b) as being due to crystalline material. If the iron
content of the dust mixture is decreased, the dust mass-loss rate has to be increased
and the inner radius, RSil

◦
, decreased. However, a higher silicon content in the dust

is in sharp contrast with the very modest depletion of silicon found in the gas-phase
analysis (see Section 5.5). To quantify matters, a model with an inner radius of 30 R⋆
rather than 60 R⋆ requires about twice as much silicon in the solid phase.

We estimate the dust mass-loss rates required to fit the infrared excess of W Hya
and R Cas to be uncertain by a factor of 1.5. For R Dor the uncertainty is about a
factor of two because of the weakness of the silicate 9.7µm feature and possible
presence of crystalline material that is not accounted for in our model.

5.5 Gas-phase analysis

We have calculated molecular gas-phase models to fit the observed CO and SiO line
strengths and shapes observed by Herschel. We approximated the temperature struc-
ture of the envelope by a power-law and considered the exponent, ǫ, to be a free
parameter. Other parameters varied were the mass-loss rate, the maximum expansion
velocity, υ∞, the exponent of the β-type velocity-law, the radius of the onset of the
wind acceleration, R◦, and the turbulent velocity in the wind, υturb. As for the model
for W Hya in Khouri et al. (2014b), the turbulent velocity was constrained from the
observed shift in the SiO line profiles.

150



5.5 Gas-phase analysis

Table 5.6: Range of values of wind properties of R Cas and R Dor reported in the literature (see Section
5.3).

Parameter Range of values
R Cas R Dor

Ṁ [M⊙ year−1] 2 × 10−7 – 2 × 10−6 4 × 10−8 – 1.8 × 10−7

υ∞ [km s−1] 9 – 12 5 – 6
ǫ 0.5 – 0.85 0.5– 0.85
β 0.5 – 5 0.5 – 5
R◦ [R⋆] 2 – 20 2
υturb [km s−1] 1.0 0.5 – 2.0
f ◦SiO 1 × 10−6 – 2 × 10−5 3 × 10−5 – 8 × 10−5

5.5.1 Dissociation radii

R Dor: Schöier et al. (2004) found that the SiO envelope of R Dor is better described
by an inner high-abundance region and an outer low-abundance region, the rather
abrupt boundary of which is at ∼ 1.2 × 1015 cm. The SiO lines modeled in this pa-
per are predominantly formed within the inner 1015 cm of the envelope and thus our
models are not very sensitive to this boundary. Only the lower-excitation transitions
(Jup ∼< 20) are marginally affected. We therefore opt to model the SiO lines using a
smooth abundance profile (see Eq. 5.1) of which the value of re represents the radius
at which the SiO abundance decreases either because of dissociation or any other
process. For CO, the value for the dissociation radius found by Olofsson et al. (2002)
to best fit the low-excitation line profiles is three times smaller than theoretical calcu-
lations by Mamon et al. (1988) indicate. This small CO envelope is still considerably
larger than the outer edge of the high-SiO-abundance region.
R Cas: Schöier et al. (2011b) modeled interferometric observations of low-excitation
CO transitions from R Cas and found that the present-day mass-loss rate has lasted
for only about 200 years. This corresponds to roughly 500 AU (or ≈ 7.5 × 1015 cm),
considering an expansion velocity of 10 km/s. All modeled lines are produced within
the inner 500 AU of the envelope and this mass-loss rate discontinuity therefore has
no significant impact on our results. The SiO dissociation radius determined by Lu-
cas et al. (1992) and González Delgado et al. (2003a) (at ∼ 1016 cm) is large enough
to encompass the SiO formation region of all transitions modeled by us. We thus
conclude that our CO and SiO models for R Cas are independent of the choice of
dissociation radii.

For both sources, we adopt the values predicted by Mamon et al. (1988) for CO.
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For SiO we assume an abundance profile

f (r) = f ◦SiO e−(r/re)2
, (5.1)

in which f ◦SiO is the initial SiO abundance and re is the radius at which the abundance
has decreased by a factor e. We have adopted the values for re obtained by Schöier
et al. (2004) and González Delgado et al. (2003a) for R Dor and R Cas respectively
(see Table 5.5).

5.5.2 CO modelling results

We calculated a set of models for the CO emission representative of the parameters
of R Dor and R Cas reported in the literature. The relevant parameters and the range
of values they cover are given in Table 5.6. We adopt a CO abundance of 4 × 10−4

relative to H2.

R Dor

The best fit is obtained with Ṁ = 9 × 10−8 M⊙ year−1, ǫ = 0.65, υ∞ = 5.7 km s−1,
R◦ = 2 R⋆ and β = 5.0. The corresponding CO line shapes and fluxes are compared
to observation in Figs. 5.9 and 5.10.

Our model for R Dor predicts the line fluxes and shapes very well. However, a
small discrepancy is seen in the blue wing of the J = 6 − 5, 7 − 6 and 10 − 9 lines.
We speculate that this might be due to the insertion of extra momentum in the wind
at large distances from the star, as proposed by Khouri et al. (2014b) for W Hya. We
do not pursue this issue any further here as it is a small effect that does not impact the
derived SiO abundances.

R Cas

The best fit parameters for R Cas are: Ṁ = 1.0 × 10−6 M⊙ year−1, ǫ = 0.75, υ∞ =
10.0 km s−1, R◦ = 10 R⋆ and β = 1.5. The fits to the CO line shapes and fluxes are
shown in in Figs. 5.11 and 5.12.

The line fluxes of the high-excitation lines (Jup > 23) are not well reproduced
for R Cas. The measured values are significantly weaker than the predicted ones. In
order to better fit these line strengths, we considered a larger radius for the onset of the
acceleration, a lower effective temperature for the source and a steeper temperature
gradient. None of these attempts result in fluxes lower than the ones of the best-
fit model, even when resorting to extreme values of these parameters. Though the
cause of the discrepancy is unclear, one explanation might be that since these lines
are formed within the inner 10 R⋆ the level populations might be affected by shocks.
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Figure 5.9: Best CO model for R Dor (dashed-blue line) compared to HIFI observations (full-red line).
The model parameters are given in Table 5.5.
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Figure 5.10: Best CO model for R Dor (full-red line with crosses) compared to the line fluxes measured
using PACS (green crosses), SPIRE (blue circles) and HIFI (purple squares). The model parameters are
given in Table 5.5.

Alternatively, a variable mass-loss may be responsible. This latter explanation seems
unlikely as the change in mass loss should have happened only about 20 years ago.

The models reproduce the line shapes fairly well but that of transition J = 6 − 5
deviates from the observed one in the blue wing. There is significantly more emission
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Figure 5.11: Best CO model for R Cas (dashed-blue line) compared to HIFI observations (full-red line).
The model parameters are given in Table 5.5.
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Figure 5.12: Best CO model for R Cas (full-red line with crosses) compared to the line fluxes measured
using PACS (green crosses), SPIRE (blue circles) and HIFI (purple squares). The model parameters are
given in Table 5.5.

detected by HIFI for velocities below ∼ -7 km s−1 than our model can account for.
This discrepancy seems to reflect an asymmetry in the wind and is consistent with
the addition of extra momentum far from the star. A similar structure is seen in the
red wing of the same transition but it is much weaker than its blue wing counterpart.
We note that interferometric maps show that on a larger scale (probed by transition
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Figure 5.13: Best SiO model for R Dor (blue-dashed line) compared to HIFI observations (full-red
line). The model parameters are given in Table 5.5.

J = 2 − 1 of CO) the wind is fairly spherically symmetric (Castro-Carrizo et al.
2010). Therefore, if a direction dependent velocity profile exists in the wind of R Cas,
it is only detectable in the inner wind (r < 500 AU). As this discrepancy between the
red and blue wings is seen only for transition J = 6− 5, we do not expect the process
responsible for it to have any effect on the observed SiO transitions.

5.5.3 SiO modelling results

For the SiO model we adopted the results for the wind structure obtained from the
CO modelling. We used the observations of the line shapes and fluxes to constrain
the turbulent velocity in the outflow and the SiO abundance, respectively.

R Dor

The best-fit model is compared to the observed SiO line shapes and fluxes in Figs.
5.13 and 5.14. The turbulent velocity has an effect on the derived abundance, espe-
cially for optically thick transitions formed in winds with low expansion velocity, as
is the case for the SiO transitions in the wind of R Dor. For this reason and because
we can determine it virtually independently of the SiO abundance, we constrained
the turbulent velocity first. The value that best fits the observed blue-wing absorption
for R Dor is 1.0 km s−1.

The HIFI line shapes of R Dor reveal a bump in the blue wing of the lines which is
not reproduced by our models. The extra emission is seen in all observed transitions
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Figure 5.14: Best SiO model for R Dor (full-red line with crosses) compared to SPIRE (blue circles)
and HIFI (purple squares) observations. The model parameters are given in Table 5.5.

and its contribution to the integrated flux increases for higher-excitation transitions.
For transition J = 12 − 11 the bump amounts to a few percent of the total emission,
while in transition J = 28 − 27 it accounts for about a third of the integrated flux.
No extra emission is seen in the transition J = 2 − 1 of SiO (Schöier et al. 2004),
confirming the trend seen in the Herschel data. Hence, this emission is probably
produced very close to the star. The velocity at which the extra SiO emission is seen
matches with the extra emission seen in CO (see Sect. 5.5.2), but we are not able to
confirm if they are related. The origin of this extra emission is not clear. Even when
correcting for it, we obtain a very high SiO abundance for R Dor of fSiO ≥ 5.5× 10−5

relative to H2.

R Cas

We show the comparison between the best-fit model and the observed SiO line shapes
and fluxes in Figs. 5.15 and 5.16. The turbulent velocity could not be determined for
R Cas because it is much smaller than the typical expansion velocity of the wind. We
find that changing the turbulent velocity from 1.0 km s−1 to 0.5 km s−1 or 2.0 km s−1

causes the line fluxes to change by 10% at most. Therefore, the uncertainty on this
parameter has a very small impact on the derived SiO abundances.

The overall trend predicted by our models is that the integrated line strengths
increase with increasing excitation energy. The observations, however, do not show
this. The high-excitation transitions typically have large observational errors but there

156



5.5 Gas-phase analysis

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-15 -10 -5  0  5  10  15

M
ai

n 
be

am
 te

m
pe

ra
tu

re
 [K

]

Velocity [km/s]

Figure 5.15: Best SiO model for R Cas (dashed-blue line) compared to transition J = 16− 15 observed
by HIFI (full-red line). The model parameters are given in Table 5.5.
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Figure 5.16: Best SiO model for R Cas (full-red line with crosses) compared to SPIRE (blue circles)
and HIFI (purple squares) observations. The model parameters are given in Table 5.5. Models with an
inner, higher SiO abundance envelope are shown (see Sect. 5.6.3) with transition radii of 10 R⋆ (full-
yellow line with filled circles), 15 R⋆ (full-light-blue line with filled squares) and 20 R⋆ (full-brown
line with crosses).

is a mismatch nonetheless. The lines with Jup > 20 are formed close to the star
(r ≤ 20 R⋆), similar to the CO transitions with Jup > 23 (r ≤ 10 R⋆) that are also
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over-predicted by our models. Although it is not clear if these two discrepancies are
related, they might have the same cause.

Independent of this mismatch, we obtain comparatively low values for the SiO
abundance in R Cas, fSiO ≤ 1 × 10−5 relative to H2, even when we fit only the low-
excitation lines (12 < Jup < 20) that are accurately reproduced by our models.

5.5.4 Confidence on the derived parameters for the gaseous wind

As for the dust models, we now assess the uncertainty in the derived parameters listed
in Table 5.5.

The luminosities are based on the black-body fit to the ISO SWS spectra. As
discussed in Sect. 5.4.1, this black-body stellar spectrum overestimates the flux at
short wavelengths for W Hya and R Dor, leading to higher derived dust temperatures.
The effect of a lower flux below 1µm on the derived gas properties are negligible,
however.

The gas mass-loss rate and the exponent of the temperature law are to some extent
degenerate. We estimate an uncertainty of 0.1 in the derived value of ǫ and of a factor
of two, at most, on the derived gas mass-loss rates. This uncertainty propagates to
errors of also a factor of two in the derived elemental mass-loss rates, ṀSi

gas, ṀAl
gas, and

ṀCa
gas.

The value of the exponent of the β-type velocity law and of the radius of onset
of acceleration, R◦, also depend on one another. Higher values of R◦ correspond to
lower values of β. For W Hya and R Dor, R◦ was assumed to be equal to the radii
measured by Norris et al. (2012) for the scattering halos around these sources. For
R Cas, we considered a higher value of this parameter in order to decrease the fluxes
of the high-excitation CO transitions. However, since these transitions are not well-
fitted by our best model even when considering this larger radius for the onset of
acceleration, we conclude that the determined value is not well constrained.

Despite the uncertainty in the mass-loss rate and ǫ, the SiO abundance, f SiO
◦

,
is quite well constrained. That is because changes in these two parameters have
opposite effects on the line fluxes of the SiO transitions. We conclude that the SiO
abundances for the three sources are robust results. The estimated uncertainty for
R Dor is ∼ 20%. For R Cas, the uncertainty is larger because of the discrepancy
between the higher- and lower-excitation lines. Nonetheless, the upper limit of 1 ×
10−5 is solid.
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5.6 Discussion

We are now in a position to compare the properties of the gas and dusty winds of
W Hya (Khouri et al. 2014c,b), R Dor and R Cas using our homogeneous modelling
approach. Although the errors on the derived quantities are not insignificant, our ho-
mogeneous modelling approach still allows for meaningful relative comparisons of
the modelling results. Because we have only studied three stars it is very difficult to
extract trends from this analysis. Nevertheless, it is still interesting to establish if the
results obtained are consistent with what is expected from larger studies and/or the-
ory. We first compare the results of the dust fits and the properties of the gas outflow
of the three stars. That is followed by a comparative analysis of the elemental budget
of the dust forming species, silicon, aluminum and calcium. Finally, we discuss the
scattered light fractions fits for W Hya and R Dor in the context of the wind driving.

5.6.1 Comparing the best fit dust models

The dust composition of R Cas stands out relative to that of the other sources. This is
because of the higher flux between 20 µm and 28 µm and the weaker relative strength
of the broad 30 µm feature, which is fitted by calcium-bearing species in our models.
The consequence is a best fit with a more “classical” set of Fe-containing amorphous
silicate species. We believe this result reflects differences in the intrinsic composi-
tion of the dust in the circumstellar environment of R Cas and the other two objects.
However, the comparison between the continuum-subtracted spectra (see Fig. 5.4)
suggests a more progressive change in dust composition from R Dor to W Hya to
R Cas which is not fully captured by our models.

The dust mass-loss rates are progressively higher from R Dor to W Hya to R Cas.
This agrees with the trend discussed in Sect. 5.2. Our results suggest that lower dust
mass-loss rates correspond to larger inner radii for silicate emission. However, since
the inner radius derived for R Dor are rather uncertain and our sample is very small,
no firm conclusion can be drawn. We note that the temperature of the silicates at the
inner radius of the envelope in W Hya and R Cas are about 500 K, while that of R Dor
is only of ∼ 300 K. The gas temperatures at this inner boundary are comparable for
the three sources, ∼ 300 K.

The Al2O3 GBDS

If the amorphous Al2O3 emission would originate in the outflow, the dust models
would require stronger amorphous Al2O3 emission than is obtained by considering
full aluminum condensation in the wind. This discrepancy is about a factor of ten for
R Dor and W Hya and is about a factor of three for R Cas. This problem is avoided if
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most of the amorphous Al2O3 emission seen in low-Ṁ oxygen-rich AGB stars does
not come from the wind but from a GBDS.

The amount of mass in amorphous Al2O3 grains in the GBDS of R Dor, 5.7 ×
10−10 M⊙, requires a gas mass of 4.0 × 10−6 M⊙ if solar composition and full alu-
minum condensation are assumed. In the case of R Cas and under the same assump-
tions, the mass in amorphous Al2O3 grains and gas needed are 1.2 × 10−9 M⊙ and
8.4 × 10−6 M⊙ respectively. For W Hya, Khouri et al. (2014c) obtained an amor-
phous Al2O3 mass in the GBDS of 1.5 × 10−9 M⊙, which corresponds to a gas mass
of 1.0 × 10−5 M⊙. When these gas masses are compared to the mass lost per pulsa-
tion cycle of each star, we find that about 2.2%, 1.4% and 17.6% of the GBDS of
amorphous Al2O3 is expected to be lost in each pulsation cycle by R Dor, W Hya,
and R Cas, respectively.

Relative to the gas mass-loss rates, the amorphous Al2O3 emission from the
GBDS in R Cas is less prominent than in R Dor and W Hya. Because of its higher
mass-loss rate, the wind of R Cas likely starts in a higher density medium. We assume
that the gas-phase aluminum depletion is comparable between the three sources and,
consequently, a higher density in the GBDS region implies a smaller radial extent for
the GBDS in R Cas. When this effect is considered together with the smaller amount
of mass found in our models for the GBDS of R Cas, we conclude that the GBDS
is much less important for R Cas than for W Hya and R Dor. We note that R Cas is
a Mira-type variable, while R Dor and W Hya are semi-regular (SR) variables. The
different pulsation properties may have an impact on the formation and importance
of the GBDS. Second, the lower effective temperature of R Cas possibly allows for
other dust species to condense closer to the star than for R Dor and W Hya. This
might suppress the amorphous Al2O3 emission. Indeed, our analysis shows that in
R Cas more silicates condense, and closer to the star, than in the other two stars. The
study of a larger sample of Miras and SRs is however needed to establish whether
pulsation properties and/or the effect of stellar temperature on dust formation are
indeed responsible for the observed differences.

The 13µm feature and the crystallinity of the Al2O3 grains

The results regarding the required amorphous Al2O3 masses in the GBDS of the three
stars raise questions on the lattice structure of Al2O3 grains placed so close to the
stars and on how that could impact our findings. We note that our models do require
a large amount of amorphous Al2O3 grains in the GBDS but that a population of
crystalline Al2O3 grains could also exist in the GBDS, and likely does given the high
temperatures found. We recall that the derived temperature of the grains depends on
the location of the GBDS and that we have no observational constrains for the inner
radius of the GBDS in R Cas. However, assuming the radii of the three sources to be
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comparable, we can estimate the relative crystallinity of Al2O3 grains if we consider
crystalline Al2O3 to be the carrier of the 13 µm feature (Sloan et al. 2003a; Zeidler
et al. 2013). Using the optical constants from Zeidler et al. (2013), Khouri et al.
(2014c) found that for W Hya the crystallinity of the Al2O3 grains would have to
be only about 5% to explain the 13µm feature. Considering that R Dor and W Hya
present roughly the same flux at 15 µm in their stellar continuum subtracted spectra
but that the 13 µm feature is about 2.5 times stronger in R Dor, we conclude that, if
the 13 µm band is indeed due to crystalline Al2O3, the crystallinity in the GBDS of
R Dor is about 2.5 times larger than that in W Hya. For R Cas, the 13µm feature is
two times weaker than the one seen in W Hya’s spectrum, when scaling the stellar-
continuum subtracted spectra to the same flux level at 15µm. This indicates that the
crystallinity in R Cas is lower by about a factor of two. In this context and for the
three stars considered here, the crystallinity of Al2O3 would increase with increasing
temperature found for the grains in the GBDS, as expected. The mass in crystalline
Al2O3 grains would be significantly smaller than that in amorphous Al2O3 for all
sources but it could correspond to more than 10% of the Al2O3 grains in the GBDS
of R Dor.

We speculate that the existence of a GBDS contributes to the formation of crys-
talline grains, as the dust species formed in this region are exposed to higher temper-
atures for longer times than the dust species formed in the wind. From the fraction of
the GBDS that is lost per pulsation cycle we can calculate the maximum average time
a dust grain remains in the GBDS (assuming it is not destroyed in-between pulsation
cycles). This gives 45, 71 and 6 cycles for R Dor, W Hya and R Cas. The time that
Al2O3 grains are in the GBDS of R Cas is much less than for the other two sources.
Since the relative strength of the 13 µm emission is not that different from one source
to the other, we conclude that the crystalline fraction depends more on the tempera-
ture in the GBDS than on the time grains spend there. Our results do not prove that
the 13 µm feature is produced by crystalline Al2O3 but are consistent with the dust
species responsible for the feature being present in the GBDS of the three sources.

5.6.2 Comparing the best fit molecular emission models

The gas mass-loss rates of the three sources are significantly different. The value
obtained for R Cas is about an order of magnitude higher than found for W Hya and
R Dor. The mass-loss rate correlates with the silicon depletion found, as expected
from the data discussed in Sect. 5.2. We do not consider the differences found for β
and R◦ to be significant, as discussed in Sect. 5.4.3, but our results do indicate that
the wind acceleration is quite slow for all sources in the inner tens of stellar radii.
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Table 5.7: Percentages for the gas-phase silicon content and for the Si, Al and Ca dust content, assum-
ing a solar composition outflow.

Source Ṁgas SiSiO Sisilicates Alsilicates Casilicates

[M⊙ year−1] [%] [%] [%] [%]

W Hya 1.3 × 10−7 54 25 365 480
R Dor 9.0 × 10−8 92 15 220 280
R Cas 1.0 × 10−6 8 14 100 95

5.6.3 Confronting the gas- and solid-phase models

We have investigated the role played by silicon as a component of the dust in W Hya,
R Cas and R Dor from two different and independent perspectives. On the one hand,
we have determined the presence of silicon in the solid-phase by studying the amount
of this element needed to reproduce the observed infrared excess. On the other hand,
we obtain the gas-phase abundance of silicon by fitting the SiO pure-rotational lines
measured by Herschel. As SiO is found to be the silicon-bearing molecule with the
highest abundance (Cherchneff 2006) in a solar composition gas (Asplund et al. 2009,
implying 6.5×10−5 Si atoms relative to H2), we expect it to be a good tracer of silicon
atoms in the gas-phase. We have also investigated the role of calcium and aluminum
as dust-forming elements, which too represent an important component of the dust
in low-Ṁ oxygen-rich AGB stars. However, since we do not have data on gas-phase
molecules that contain these elements, we only compare the abundances needed from
the solid-phase model with the maximum abundances expected from the gas-phase
model, assuming a solar composition gas.

The results for the individuals stars are discussed below and summarized in Table
5.7.

W Hya

Khouri et al. (2014b) modeled the envelope of W Hya and found an SiO gas-phase
abundance of 3.5 × 10−5, which corresponds to roughly half of the silicon being
locked up in SiO molecules assuming a solar composition1. The dust model by
Khouri et al. (2014c) requires roughly a quarter of the silicon to be in silicates.
When the uncertainties are taken into account, these two silicon-bearing components
amount to all of the expected silicon in the wind.

1Khouri et al. (2014b) report that 65% of the available silicon is in SiO, and not half, as they relate
the abundance to a solar cabon-to-silicate ratio and an adopted CO abundance of 4 × 10−4, rather than
to a solar CO abundance of 5 × 10−4.
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The authors found that a super-solar abundance of aluminum and calcium was
needed to explain the infrared spectrum with Ca2Mg0.5Al2Si1.5O7. In their model,
calcium and aluminum would need to have abundances 4.8 and 3.65 times higher
than solar. However, due to the lack of optical data of silicates with different calcium
and aluminum content, the need of a super-solar abundance of these elements cannot
be confirmed. In the case of aluminum, particularly, the presence of this element is
not expected to have a large impact on the observed features of silicate dust (Gervais
et al. 1987).

R Dor

Our best-fit gas-phase model for R Dor reveals an SiO abundance of 6× 10−5 relative
to H2. This corresponds to roughly 90% of all silicon in a solar composition wind.
Based on the uncertainties, a lower limit of ∼ 5.0 × 10−5 can be set to the SiO abun-
dance. This value is still slightly higher than what theoretical calculations predict for
the photospheric SiO abundance (∼ 4.5 × 10−5 Cherchneff 2006). When the uncer-
tainties of the gas-phase SiO abundance are taken into account, our models requires
at least about 80% of the silicon atoms to be in SiO molecules. Assuming a solar
composition, our dust model requires 15% of the silicon to be in the form of silicates.
As discussed in Section 5.4.3, the poorly constrained inner radius of silicate emission
has an impact on the dust mass-loss rate, and on the required amount of silicon in the
solid-phase. Taking these uncertainties into account, it is still possible to find dust
models that are consistent with the gas-phase constraints. Therefore, we conclude
that the dust and gas-phase models for R Dor can account for the total amount of Si
atoms expected for a solar composition wind. Spatially resolved observations of the
9.7 µm silicate emission would help to better constrain the dust mass-loss rate and
solid-phase silicon abundance.

Analogously to the model for W Hya, the dust model for R Dor implies super-
solar aluminum and calcium abundances, by roughly a factor of two and three, re-
spectively. However, the same caveats apply as discussed for W Hya.

R Cas

For R Cas we find an SiO abundance of 5 × 10−6 relative to H2 that is only 8% of the
silicon expected for a solar composition mixture. We note that none of our models
reproduces the trend in line strengths seen in the data (see Fig. 5.16). The abundances
derived are very low (≤ 1× 10−5) even if we fit only the lower excitation lines (Jup ≤

25), which require a higher SiO abundance.
Because of the very low SiO abundance, we can set limits to the outer radius of

a possible high-SiO-abundance inner region. To achieve this, we calculated mod-
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els using a step-function for the SiO abundance profile, with a transition radius, Rs,
where the abundance was decreased by a factor of ten. For r < Rs, we consider the
abundance to be 5 × 10−5 and we apply a ten times lower abundance for r > Rs.
The former value is consistent with predictions of the SiO gas-phase abundance by
(Cherchneff 2006) within reasonable uncertainties. The models calculated in this way
produce higher fluxes for the higher excitation lines (Jup > 25) and deviate even more
from the observed trend. We have tested different values for Rs ranging between 5 R⋆
and 30 R⋆. Models with Rs = 10 R⋆ do not differ significantly from models with
a constant abundance of 5 × 10−6. As shown in Fig. 5.16, this is not the case for
models with larger values of Rs. We conclude that a possible high SiO-abundance
region in R Cas should be confined to the inner 10 R⋆. We note that R Cas is the only
of the three sources for which the radii of silicate emission, SiO depletion and onset
of wind acceleration all seem to agree.

From the dust model, the total amount of silicon needed to fit the infrared excess
is ∼14% of silicon in a solar-composition wind. Given the uncertainties in the model
we place upper limits on the amount of silicon in gas-phase SiO and silicate dust
of 20% and 35% of the solar value. This implies that a large fraction of the silicon
expected from a solar-composition wind is unaccounted for in the wind of R Cas.
Our dust model implies an aluminum and calcium abundance in the outflow that is
consistent with a solar composition wind.

Table 5.8: Comparison of the envelopes of W Hya and R Dor. The last row provides the ratio obtained
by dividing the value obtained for R Dor by that for W Hya for each quantity.

Source Ṁgas Ṁdust MAl2O3
GBDS Msil

scat MAl2O3
scat

[M⊙ year−1] [M⊙ year−1] [M⊙] [M⊙] [M⊙]

R Dor 9.0 × 10−8 1.6 × 10−10 5.7 × 10−10 1.3 × 10−10 2.0 × 10−10

W Hya 1.3 × 10−7 4.0 × 10−10 1.5 × 10−9 3.6 × 10−10 4.9 × 10−10

Ratio 0.69 0.4 0.38 0.36 0.41

Comparing the silicon budget of R Cas, R Dor and W Hya

González Delgado et al. (2003a) found comparable (very low) values for the SiO
abundance in R Cas and R Dor while we find a difference of an order of magnitude,
consistent with the empirical comparison presented in Sect. 5.2. As we study the
inner wind, our results are more representative of the present-day mass-loss rate and
less dependent on the assumed dissociation profile of SiO. This shows the importance
of the data presented here for studying the inner region of these winds, where dust
formation and acceleration take place.
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In this section, we discuss possible solutions for the ‘missing silicon problem’ in
R Cas. As already expected from the comparison in Sect. 5.2, we find R Cas to be
a peculiar object. Although it shows low SiO abundances in the gas-phase, it does
not have a correspondingly strong silicate emission. One difference between R Cas
and R Dor and W Hya is that the first star is classified as a Mira while the others are
semi-regular variables. This difference in pulsation properties might be expected to
influence the chemistry in the inner wind. However, the comparison with the other
two Mira variables discussed in Sect. 5.2 shows that R Cas also behaves differently
from them. We also found a difference between the relative mass needed in the
GBDS between the model for R Cas and the models for W Hya and R Dor. From our
results, we cannot determine if these two differences are related. Several suggestions
can be given to explain the missing silicon in the wind of R Cas. These are: (a) a
silicon abundance 4.5 times lower than that of the Sun; (b) a very high abundance
of another silicon-bearing molecule not accounted for in our gas-phase model; (c)
silicon-bearing dust species not visible in the dust spectrum; or (d) a gas mass-loss
rate about 6 times lower than the one derived by us.

The first option is ruled out, as the abundance of silicon is not modified during
AGB evolution and is determined by the composition of the star when it forms. The
second option seems implausible because the abundance of other dominant silicon-
bearing molecules in O-rich AGB stars (such as SiS or SiO2) are much lower than that
of SiO (Cherchneff 2006; Decin et al. 2010b). While we acknowledge that the gas
mass-loss rate is uncertain for r < 10 R⋆, the CO transitions lower than J = 24 − 23
are well-predicted by our model. Most of the uncertainty on the gas mass-loss rate
discussed in Sect. 5.4.3 is caused by the degeneracy between this parameter and ǫ.
However, the derived SiO abundance is not affected by the uncertainty caused by this
(see Sect. 5.4.3). Hence, the uncertainties on the gas mass-loss rate only affect the
relative solid-phase silicon content. A gas mass-loss rate lower by a factor of 6 is
excluded in the context of our model. We conclude that the most likely solution is
that a large fraction of the silicon atoms are locked-up in silicon-bearing dust species
that are not visible in the infrared spectrum. Such grains have to be very cold and
so must be translucent, or they should not produce the usual resonances at about
9.7 µm and 18 µm used to identify this dust species. The larger amount of silicate
grains undetectable from the infrared spectrum would be consistent with the idea that
depletion from the gas-phase is stronger for higher density flows.

The gas-to-dust ratios

Calculating the gas-to-dust ratios from the dust and gas mass-loss rates result in val-
ues of 325, 562, and 1408 for W Hya, R Dor, and R Cas, respectively. However, the
gas-phase silicon abundance suggests that large amounts of cold silicate dust might
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be present in R Cas without producing emission seen in our data. The dust mass-loss
rate would have to be higher by an order of magnitude in R Cas to account for all
the missing silicon, which we exclude. Since the mass-loss rate of R Cas is much
larger than in the other sources, a lower value of the gas-to-dust ratio would be more
in line with expectations as higher Ṁ imply higher densities and more efficient dust
formation.

5.6.4 Scattered light fractions and wind driving

For W Hya and R Dor an extra constraint on the circumstellar dust is available, the
scattered light fractions observed by Norris et al. (2012). As for W Hya, the observa-
tions of R Dor can be successfully modelled with large grains (∼ 0.3µm) composed
of either amorphous Al2O3 or Mg2SiO4. If silicates are responsible for the scattering
in the envelope of W Hya, the grains cannot be too warm, as observations showed
that no silicate emission was seen close to the star (Zhao-Geisler et al. 2011). The
model obtained by Khouri et al. (2014c) is in agreement with these constraints. If
the silicates form close-by and are responsible for the observed scattered light, they
become visible at large distances from the star (∼ 40 AU) either due to species with
larger near-infrared absorption cross-sections being brought in thermal contact with
them (such as metallic iron) or because of the formation of more silicates with higher
near-infrared absorption cross-sections. The same picture seems to hold for R Dor,
although we do not have any constraints on the inner radius of the silicate emission
envelope for this source.

We can compare the dust masses needed to reproduce the scattered light fractions
with the masses in the GBDS and the mass-loss rates for these two sources (see Table
5.8). The values derived for the dust mass-loss rate, the amorphous Al2O3 mass in
the GBDS and the scattering grain masses scale similarly for the two sources while
the gas mass-loss rates deviate from this trend. We note that the errors associated to
the ratios derived are too large to draw firm conclusions although a tentative interpre-
tation is worthwhile.

In principle, there is no reason to expect the amorphous Al2O3 GBDS masses and
the gas mass-loss rates in our models to correlate, as the amorphous Al2O3 GBDS
is not part of the wind. In contrast, if scattering grains are responsible for driving
the wind, the grain masses needed to reproduce the scattering properties should scale
with the gas mass-loss rates. This does not have to be the case if different depletion
factors for the scattering species are involved. In that sense, the results in Table 5.8
suggest that the depletion is higher by about a factor of two in W Hya than in R Dor.
A different depletion factor for silicon is easier to accommodate in our models (and
it is even observed) than that for aluminum. The masses required in the amorphous
Al2O3 grains both for the emission from the GBDS and to reproduce the scattering

166



5.7 Summary and conclusions

are very high even when we assume full aluminum depletion. As we do not have
any evidence of distinct aluminum depletion factors for the two sources, we consider
it unlikely that the scattering is due to amorphous Al2O3 grains in the wind if the
derived ratios are accurate. For silicon, however, we have evidence from the gas-
and dust-phase models that the depletion is higher in W Hya than in R Dor. Our
results thus tentatively suggest that if the large grains are responsible for driving the
wind, they are constituted mainly by silicates. Our finding that there is a significant
amount of silicate dust that is not detected in the infrared spectrum of R Cas is in line
with this and lends support to the conclusion that translucent silicates indeed exist
in the wind of low-Ṁ oxygen-rich AGB stars. Still, our models cannot exclude the
possibility that the scattering is done by large Al2O3 grains in the GBDS which are
not responsible for driving the wind. In order to confirm this conclusion, dust models
for sources with similar envelope parameters as W Hya and R Dor must be calculated
to investigate how the amorphous Al2O3 GBDS, scattering grain mass and gas mass-
loss rate correlate. Images that reveal the distribution of the scattering dust grains can
also be used to differentiate between these two scenarios.

5.7 Summary and conclusions

We have calculated models for the dust envelope of R Cas and R Dor assuming a wind
structure that is similar to the one used by Khouri et al. (2014c) for W Hya, consisting
of a gravitationally bound dust shell from which amorphous Al2O3 emission origi-
nates and an outflow from which silicate emission is observed. The infrared excess of
both sources can be reproduced well with this structure, as was the case for W Hya.
This suggests that this wind structure might be the norm for low-Ṁ oxygen-rich AGB
stars. We find that the relative amount of amorphous Al2O3 needed in the GBDS of
R Cas is significantly smaller than for R Dor and W Hya, which might be linked to the
formation of other dust species closer to the star for that object. For W Hya the best
model obtained by Khouri et al. (2014a) consisted of the amorphous Al2O3 GBDS
plus an outflow with Ca2Mg0.5Al2Si1.5O7 grains in thermal contact with metallic
iron. We have calculated models with these two species for both sources but only
obtained a satisfactory model for R Dor. For R Cas we found that a combination
of Ca2Al2SiO7, Mg1.5Fe1.5AlSi3O10.5, and Mg0.8Fe0.2SiO3 reproduced the infrared
spectrum better.

The gas-phase models for R Cas and R Dor were confronted with the dust models
in order to study the silicon budget. We find a very high SiO abundance for R Dor
and we are able to account for all the silicon in its wind, as for W Hya. For R Cas,
however, the gas-phase depletion found is very large and there is a substantial amount
of silicon (more than half) that is not account for in the wind. We speculate that a
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population of silicate grains not detectable from the infrared spectrum exists in the
outflow of R Cas. R Cas also differs from two other Miras observed in the HIFIS-
TARS programme, o Cet and TX Cam. In order to understand how unusual R Cas
really is, models for o Cet and TX Cam or for other sources that show amorphous
Al2O3 are needed.

We model the scattered light fractions observed for R Dor using large particles of
amorphous Al2O3 and Mg2SiO4 and compare the results to the previously calculated
model of W Hya. We conclude that there are two possible scenarios to explain the
observations: scattering by amorphous Al2O3 grains in the GBDS or scattering by
silicate grains in the wind. If the scattering is done by silicates, the obtained scattering
masses suggest a two times higher silicon depletion for W Hya than for R Dor. This
is consistent with the results from our gas-phase SiO and dust emission analysis.
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Summary

When stars with initial masses from about that of the Sun up to ∼ 8 M⊙ approach
the end of their lives, they develop radii larger than the orbit of the Earth and shine
thousands of times brighter than their initial luminosity. They also become signifi-
cantly cooler (∼ 3000 K) and because of that most of their light is radiated at infrared
wavelengths rather than at the optical. Because of this many stars in this phase are
among the brightest infrared sources in the sky. This late evolutionary phase of low-
and intermediate-mass stars is referred to as the asymptotic giant branch (AGB) and
is the theme of this thesis. AGB stars are important players in the chemical evolution
of galaxies because they return material processed by thermonuclear burning in the
stellar interior to the interstellar medium through a strong outflow that reduces the
stellar mass at a rate that ranges from a few hundredths of an Earth mass to several
hundreds Earth masses per year (10−8 and 10−4 M⊙ year−1). From the beginning of
their lives up to the AGB nuclear burning in the stellar nucleus controls the pace of
evolution, but the strong mass loss that sets in during the AGB phase takes over as
the mechanism controlling the fate of these stars. Therefore, studying the mass-loss
process of AGB stars is paramount to understanding the final phases of low- and
intermediate-mass stars.

The model for the mass loss of AGB stars widely accepted today requires radial
pulsations and the consequent formation of dust grains in their extended atmospheres.
The dust grains are important because they provide large continuum opacity, caus-
ing the photons emitted by the star to push them outwards. The gas molecules are
dragged along as dust and gas particles frequently collide. Condensation of dust
happens at lower temperatures (∼ 1500 K) than what can be reached in a static AGB
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Figure A: Schematic structure of the circumstellar envelope of an AGB star. From Maercker et al.
(2009).

atmosphere and is made possible by the radial pulsations that levitate circumstellar
gas to distances where the temperature is low enough. A schematic view of the cir-
cumstellar envelope of AGB stars is given in Fig. A. An important differentiation that
occurs in the population of AGB stars is controlled by the carbon-to-oxygen ratio and
is shown in the figure. This dichotomy happens because of the high stability of the
CO molecule, which is hard to dissociate once formed. Stars that have more oxy-
gen than carbon will present an oxygen-based chemistry while those where carbon is
more abundant will have carbon-bearing molecules and carbon dust.

Calculating the time-dependent dust condensation from first principles is not yet
possible due to the dynamical nature of the region and the plethora of chemical reac-
tions taking place where dust formation happens. In view of the intimate connection
between mass loss and dust formation, it follows that predictions of the mass-loss
rate and its variation in time for an AGB star with given initial parameters is also not
possible. The problem of wind-driving and dust formation is particularly difficult in
the case of oxygen-rich AGB stars (in which the carbon-to-oxygen ratio is lower than
one) since the dust species that are able to form in the extended atmospheres do not
have large-enough absorption opacities to kick-start the wind. Since dust grains with
lower absorption cross-section have lower temperatures and can survive close to the
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star, translucent dust grains are thought to drive the wind by scattering of photons,
rather than absorption, in oxygen-rich sources. Grain scattering calculations show
that these translucent particles need to grow to tenths of a micrometer to have high-
enough scattering cross-sections. Observations have lent support to this scenario as
grains in the required size range have recently been identified around oxygen-rich
AGB stars. The nature of such particles and the details of the dust nucleation process
in the extended atmospheres of these stars have yet not been determined.

The energy absorbed by circumstellar dust grains at the near-infrared and shorter
wavelengths is radiated mostly in the medium and far infrared (at wavelengths from
about 10 µm to 1 mm). By measuring the infrared spectrum of AGB stars, dust
species can be identified, on the basis of their emission characteristics. The dust
species identified in the spectrum of oxygen-rich AGB stars and that are considered as
possible wind drivers are silicates, aluminum oxide, and other less abundant oxides.
For a solar-like abundance pattern, wind-driving models suggest that silicates are the
best contestants amongst the candidates, due to the comparatively high abundance of
silicon. Other oxygen-rich dust species may also play a role in the condensation of
silicates, for instance by acting as seeds for silicate growth. These theoretical predic-
tions and expectations still need to be confronted with observational evidence of the
dust formation region. The difficulty there is that the condensation of solid particles
happens close to the star in the innermost tens of stellar radii. This corresponds to at
most a few tenths of arcseconds for the closer-by AGB stars. Therefore, character-
izing these inner winds from an observational point of view is central for advancing
our understanding of the mass-loss process.

Fortunately, recently developed techniques and instruments allow observers to
investigate the wind acceleration region, enabling a rapid progress of our empiri-
cal understanding of this region. A prime example of such a new instrument is the
Herschel space observatory. The unique data obtained with the three instruments
onboard this satellite, PACS, SPIRE, and HIFI, cover the wavelength range from 55
to 672 µm, which was mostly unexplored before the launch of Herschel because of
strong absorption in this spectral range in the Earth’s atmosphere. The broad cover-
age revealed many molecular transitions never measured by any other instrument and
that give important information on the physics and chemistry of the inner wind. In
addition to the broad wavelength coverage, the very large spectral resolution of HIFI
reveals information about the dynamics of the circumstellar matter which is essential
for the study of the wind acceleration mechanism.

In this thesis, we investigate the mass-loss mechanism of oxygen-rich AGB stars
by modelling data that was mainly acquired with Herschel. We focus on low-mass-
loss rate oxygen-rich sources and pursue comprehensive models in which the gaseous
and dusty envelopes are modelled together.
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In Chapters 2 and 3, we characterize the molecular wind of the oxygen-rich AGB
star W Hya. As a starting point we use different transitions of the well-known di-
atomic molecules 12C16O and 13C16O to constrain the radial structure of the molec-
ular envelope in Chapter 2. In Chapter 3 the model is extended with the inclusion of
other molecules: ortho-H2

16O, para-H2
16O, ortho-H2

17O, para-H2
17O, ortho-H2

18O,
para-H2

18O, and 28Si16O. The large number of molecules and transitions modelled
provides distinct and complementary information on the physics and chemistry of
the molecular envelope. From these models, several results are obtained. We impose
important constraints on the wind velocity law, which indicate an acceleration slower
than expected for a dust-driven wind, and mass-loss rate. The obtained abundances
of the different molecules give constraints on chemical models of the circumstellar
environment of AGB stars and the isotopic ratios 12C/13C, 16O/17O, and 16O/18O are
intimately linked to the evolutionary state. From this, we determine the most elu-
sive property of an AGB star, its initial mass. For W Hya we find 1.5 ± 0.2 M⊙. The
28Si16O abundance is of special importance as it can be directly linked to the gas-
phase silicon abundance, which sets limits on the amount of silicates expected to
form in the wind of W Hya.

In Chapter 4, we study the dust envelope of W Hya in the light of our molec-
ular emission model. Specifically, we analyze the abundances of the dust forming
elements in the solid-phase and in the gas-phase, when possible, pursuing a consis-
tent picture. Because of the low abundance of aluminum, we conclude that most of
the amorphous Al2O3 emission from W Hya is produced by grains that are gravita-
tionally bound to the star. This is out of line with the commonly assumed model
for circumstellar dust emission which considers all dust grains to be part of the out-
flow. The silicon budget, accounting for all atoms in the gas-phase and in silicates, is
consistent with condensation happening in a solar-composition outflow with param-
eters obtained in chapters 2 and 3. By combining measurements of polarized light
attributed to scattering by dust grains with constraints on the inner radius of silicate
emission, our model is able to explain the observations with either a population of
amorphous Al2O3 particles or translucent silicates.

We, then, use our best present-day-wind model to unveil the mass-loss history
of W Hya from infrared images obtained by PACS. Our results show that W Hya
underwent an order of magnitude change in its mass-loss rate about three thousand
years ago. This might be associated with a thermal pulse, an event of violent helium
burning that happens in stars with the parameters of W Hya roughly every 105 years,
during which a large amount of energy is released.

In Chapter 5 we calculate models considering the same structure obtained for
W Hya in Chapter 4 for two other low-mass-loss rate oxygen-rich AGB stars ob-
served by Herschel: R Cas and R Dor. We find that, as for W Hya, the amorphous
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Al2O3 emission from these two sources is likely produced by a gravitationally bound
population of grains and this suggests that the presence of such a population might
be the rule for low mass-loss rate oxygen-rich AGB stars. Our gas- and solid-phase
models for R Dor are able to account for all the silicon atoms expected in a solar-
composition wind but for R Cas we find a large discrepancy between the amount of
silicon atoms required by our dust and SiO molecular models and those expected on
the basis of our CO model and a solar-composition wind. The discrepancy may be
resolved if a population of large translucent grains is present that does not contribute
to the thermal infrared spectrum.

The work presented in this thesis contributes to our understanding of the wind-
driving mechanism and the structure of the circumstellar environment of low mass-
loss rate oxygen-rich AGB stars. We find that amorphous Al2O3 is likely present
in large quantities in the extended atmospheres of these objects. This suggests that
this is one of the first dust species to form, as expected from theoretical calculations.
Their presence in a gravitationally bound shell suggests that by themselves they are
insufficient to start the wind. The results obtained are consistent with translucent
silicates driving the wind via scattering and we find ample evidence that translucent
silicon-bearing species indeed exist in the circumstellar environment of these stars.
The condensation of calcium, magnesium, and iron can also have an important impact
on the dynamics of the wind, but that was not thoroughly explored by us. Particularly,
the slow wind acceleration and the large inner radius for silicate emission of W Hya
might be an indication that the picture is still more complex, with the condensation of
more opaque material and extra injection of momentum in the wind at larger distances
from the star.
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Als sterren met een beginmassa die meer dan 8 keer zo groot is als die van de zon
het einde van hun leven bereiken, wordt hun straal groter dan de afstand van de aarde
tot de zon en worden ze duizend keer helderder dan hun oorspronkelijke lichtkracht.
Ze worden ook aanzienlijk koeler (∼ 3000 K) en daarom produceren ze voorname-
lijk infraroodstraling in plaats van zichtbaar licht. Daardoor behoren veel sterren in
deze levensfase tot the helderste objecten in het infrarood. Deze late evolutionaire
fase van sterren met een lage tot middelgrote massa wordt de asymptotische reuzen-
tak (’asymptotic giant branch’ of AGB) genoemd en dit is het hoofdthema van dit
proefschrift. AGB sterren zijn belangrijk in de chemische evolutie van sterrenstelsels
omdat ze het medium tussen de sterren verrijken met materie dat geproduceerd wordt
in het binnenste van deze sterren. Dit doen ze met behulp van een materie-uitstroom
die de massa van de sterren vermindert met enkele honderdsten tot honderden aard-
massa’s per jaar (oftewel 10−8 tot 10−4 zonsmassa’s per jaar). Vanaf het begin van
hun leven tot aan de AGB fase bepaalt fusie in de kern van deze sterren de snelheid
van de evolutie, maar het grote massaverlies dat begint in de AGB fase neemt de
hoofdrol over in het bepalen van het uiteindelijke lot van deze sterren. Daarom is het
bestuderen van het massaverlies in AGB sterren cruciaal om de laatste fasen in het
leven van sterren met een lage to middelgrote massa te begrijpen.

Het meest geaccepteerde model voor het massaverlies van AGB sterren heeft
twee belangrijke ingrediënten: radiële pulsaties en het consequent produceren van
stofdeeltjes in hun buitenlagen. De stofdeeltjes zijn belangrijk omdat ze zorgen voor
een grote continuum opaciteit, wat er voor zorgt dat het sterlicht deze deeltjes naar
buiten blaast. De gasmoleculen worden meegesleurd omdat de stof- en gasdeeltjes
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Figuur A: Schematische structuur van de buitenlagen van een AGB ster (Maercker et al. 2009).

regelmatig met elkaar botsen. Condensatie van de stofdeeltjes gebeurt bij lagere tem-
peraturen (∼ 1500 K) dan wat bereikt kan worden in een statische AGB steratmosfeer,
en dit wordt mogelijk gemaakt door radiële pulsaties die het gas rond de ster verder
naar buiten stuwen tot waar de temperatuur laag genoeg is. Figuur A laat een schema-
tisch overzicht van de buitenlagen van AGB sterren zien. Een belangrijke scheiding
in de populatie van AGB sterren wordt veroorzaakt door de verhouding van koolstof
en zuurstof, wat ook wordt aangegeven in de figuur. Deze scheiding vindt plaats van-
wege de grote stabiliteit van het CO molecuul, welke moeilijk uit elkaar te halen is
als het eenmaal is gevormd. De scheikunde in sterren die meer zuurstof dan koolstof
hebben zal vooral gebaseerd zijn op zuurstof, terwijl sterren waarin meer koolstof
dan zuurstof voorkomt zullen moleculen en stofdeeltjes hebben die voornamelijk uit
koolstof bestaan.

Het is niet mogelijk om de tijdsafhankelijke condensatie van stofdeeltjes te be-
rekenen doordat de buitenlagen van de ster dynamisch zijn en door het grote aantal
scheikundige reacties in het gebied waar de stofvorming plaatsvindt. Aangezien het
massaverlies en de stofvorming sterk van elkaar afhangen, is het ook niet mogelijk
om het massaverlies en de verandering daarvan in de tijd te voorspellen voor een
AGB ster met bepaalde initiële parameters. Het stuwen van de sterrenwind en de
stofvorming zijn vooral lastig te berekenen in het geval van zuurstofrijke AGB ster-
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ren (waarin de verhouding tussen koolstof en zuurstof minder dan één is), omdat de
soort stofdeeltjes die gevormd kunnen worden in de uitgebreide steratmosferen niet
voldoende absorptie opaciteit hebben om de sterrenwind een extra impuls te geven.
Aangezien stofdeeltjes met een kleinere dwarsdoorsnede lagere temperaturen hebben
en dicht bij de ster kunnen overleven, wordt er gedacht dat doorschijnende stofdeel-
tjes de wind voortstuwen door fotonen te verstrooien in plaats van te absorberen in
zuurstofrijke bronnen. Berekeningen van verstrooiing aan stofdeeltjes laten zien dat
deze doorschijnende deeltjes moeten groeien tot tienden van een micrometer voordat
de dwarsdoorsneden voor verstrooiing groot genoeg zijn. Dit scenario wordt onder-
bouwd door waarnemingen van stofdeeltjes met de benodigde grootte die recentelijk
zijn gevonden rond zuurstofrijke AGB sterren. De opbouw van die deeltjes en de
details van het stofvormingsproces in de uitgebreide atmosferen van deze sterren zijn
echter nog niet goed bekend.

De energie die wordt geabsorbeerd door stofdeeltjes in het nabij-infrarood en
kortere golflengten wordt voornamelijk weer uitgezonden in het ver-infrarood (golf-
lengten van ongeveer 10 micrometer tot 1 millimeter). Door het infrarood spectrum
van AGB sterren te meten kan het type stofdeeltjes bepaald worden op basis van
hun stralingseigenschappen. De typen stofdeeltjes die zijn gevonden in de spectra
van zuurstofrijke AGB sterren, en die worden gezien als mogelijke voortstuwers van
de sterrenwind, zijn silicaten, aluminiumoxide, en andere, minder vaak voorkomende
oxides. Voor een abundantiepatroon zoals die van de zon lijken windmodellen te sug-
gereren dat silicaten de beste kandidaten zijn hiervoor, vanwege de hoge abundantie
van silicium. Andere zuurstofrijke typen stofdeeltjes spelen misschien ook een rol in
de condensatie van silicaten, bijvoorbeeld door als basis voor de groei van silicaten
te fungeren. Deze theoretische voorspellingen en verwachtingen moeten nog steeds
worden getest met bewijs uit waarnemingen van het gebied waar het stof gevormd
wordt. De moeilijkheid is dat de condensatie van vaste deeltjes dicht bij de ster ge-
beurt, binnen tien keer de straal van de ster. Dit komt overeen met slechts een paar
tienden van een boogseconde voor de meest nabije AGB sterren. Daarom is het cru-
ciaal om de wind dichtbij de ster observationeel te karakteriseren, zodat we een beter
begrip krijgen van het massaverliesproces.

Recentelijk ontwikkelde technieken en instrumenten maken het nu mogelijk voor
waarnemers om het gebied te onderzoeken waar de wind versneld wordt, wat een
snelle vooruitgang in het begrip van dit gebied mogelijk maakt. Eén van de voor-
naamste voorbeelden van zo een nieuw instrument is de Herschel satelliet. De unieke
data die wordt vergaard met de drie instrumenten op deze satelliet, PACS, SPIRE,
and HIFI, beslaan het golflengtegebied van 55 tot 672 micrometer. Dit was voor de
lancering van Herschel nog onontgonnen gebied vanwege de absorptie van de at-
mosfeer van de aarde in dit golflengtegebied. Door het brede spectrale bereik zijn
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veel moleculaire overgangen ontdekt die nog nooit door een ander instrument zijn
gemeten, en die leveren belangrijke informatie over de natuurkunde en scheikunde in
het binnenste deel van de wind. Naast het grote golflengtebereik heeft de spectrale
resolutie van HIFI informatie opgeleverd over de dynamica van de materie rond de
ster, wat essentieel is voor het bestuderen van de mechanismen die zorgen voor de
versnelling van de wind.

In dit proefschrift onderzoeken we de massaverliesprocessen van zuurstofrijke
AGB sterren door data te modelleren die voornamelijk zijn verkregen met Herschel.
We richten ons voornamelijk op zuurstofrijke bronnen met een laag massaverlies, en
gebruiken uitgebreide modellen waarin het gas en stof in de buitenlagen gezamenlijk
worden gemodelleerd.

In de Hoofdstukken 2 en 3 karakteriseren we de moleculaire wind van de zuur-
stofrijke AGB ster W Hya. Als beginpunt gebruiken we de verschillende overgangen
van de bekende twee-atomige moleculen 12C16O en 13C16O om de radiële structuur
van de moleculaire buitenlagen te bepalen in Hoofdstuk 2. In Hoofdstuk 3 wordt
dit model uitgebreid met andere moleculen: ortho-H2

16O, para-H2
16O, ortho-H2

17O,
para-H2

17O, ortho-H2
18O, para-H2

18O en 28Si16O. De grote aantallen moleculen en
overgangen die we modelleren leveren aparte en aanvullende informatie over de na-
tuurkunde en scheikunde van de moleculaire buitenlagen. Met deze modellen hebben
we verschillende resultaten behaald. We stellen belangrijke inperkingen op de snel-
heidswet van de wind, welke aangeeft dat de versnelling langzamer is dan wat men
verwacht voor een wind die wordt voortgestuwd door stof, en op het massaverlies.
De abundanties van de verschillende moleculen die we hebben verkregen leveren in-
perkingen op de scheikundige modellen van de omgeving van AGB sterren, en de
isotoopverhoudingen 12C/13C, 16O/17O en 16O/18O blijken nauw verbonden met de
evolutionaire fase van de sterren. Hieruit hebben we de meest ongrijpbare eigenschap
van een AGB ster bepaald: de initiële massa. Voor W Hya vinden we 1.5 ± 0.2 zon-
smassa’s. De abundantie van 28Si16O is hierbij erg belangrijk, aangezien deze direct
kan worden gerelateerd aan de abundantie van silicium in de gasfase, waarmee limie-
ten gesteld kunnen worden op de hoeveelheid silicaten dat er gevormd kan worden in
de wind van W Hya.

In Hoofdstuk 4 bestuderen we de buitenlaag met stof van W Hya met behulp van
ons moleculaire stralingsmodel. We analyseren waar mogelijk de abundanties van de
elementen die stof vormen in de vaste fase en in de gasfase, om daarmee een con-
sistent beeld te verkrijgen. Vanwege de lage abundantie van aluminium concluderen
we dat de meeste straling van het amorfe Al2O3 in W Hya wordt geproduceerd door
deeltjes die gravitationeel gebonden zijn. Dit is niet in overeenstemming met het
model voor de straling van stof dat normaal gesproken wordt aangenomen, waarin al
de stofdeeltjes deel uitmaken van de uitstroom. De hoeveelheid silicium, rekening
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houdend met alle atomen in de gasfase en in silicaten, is consistent met condensatie
die plaatsvindt in een uitstroom met een samenstelling zoals die van de zon en met
de parameters die we hebben bepaald in de Hoofdstukken 2 en 3. Door metingen van
gepolariseerd licht dat wordt toegekend aan verstrooiing door stofdeeltjes te combi-
neren met inperkingen op de binnenste straal van straling door silicaten, is ons model
in staat om de waarnemingen te verklaren met ofwel een populatie van amorfe Al2O3

of doorschijnende silicaten.
Vervolgens gebruiken we ons beste model voor de huidige wind om de geschie-

denis van het massaverlies in W Hya te bepalen uit infrarood opnamen gemaakt met
PACS. Onze resultaten laten zien dat het massaverlies van W Hya een verandering
heeft ondergaan van één orde van grootte, ongeveer drieduizend jaar geleden. Dit
kan misschien worden geassocieerd met een thermische puls, waarbij helium zeer
snel verbrand wordt en een grote hoeveelheid energie vrijkomt, en welke in sterren
zoals W Hya ongeveer elke 105 jaar voorkomt.

In Hoofdstuk 5 berekenen we modellen met de zelfde structuur als die we hebben
bepaald voor W Hya in Hoofdstuk 4 voor twee andere zuurstofrijke AGB sterren met
een laag massaverlies die zijn waargenomen met Herschel: R Cas en R Dor. We vin-
den dat net zoals in W Hya de straling van het amorfe Al2O3 in deze twee bronnen
waarschijnlijk wordt gevormd door een populatie van deeltjes die gravitationeel ge-
bonden zijn, en dit suggereert dat zo een populatie de norm is voor zuurstofrijke AGB
sterren met een laag massaverlies. Onze modellen in de gas- en vaste fase voor R Dor
zijn in staat om al de silicium atomen te verklaren zoals die worden verwacht in een
wind met een samenstelling zoals die van de zon, maar voor R Cas vinden we een
groot verschil tussen de hoeveelheid silicium atomen die we verwachten gebaseerd
op onze modellen van het stof en moleculair SiO, en die op basis van ons CO model
en een wind met de samenstelling zoals in de zon. Dit verschil kan wellicht worden
verklaard als er een populatie van grote doorschijnende deeltjes aanwezig is die niet
bijdragen aan het thermische infrarood spectrum.

Het werk dat wordt gepresenteerd in dit proefschrift levert een bijdrage aan ons
begrip van de mechanismen achter het voorstuwen van sterrenwinden en de struc-
tuur van de buitenlagen van zuurstofrijke AGB sterren met een laag massaverlies.
We vinden dat amorf Al2O3 waarschijnlijk in grote hoeveelheden aanwezig is in de
uitgebreide atmosferen van deze objecten. Dit suggereert dat dit één van de eerste
typen stofdeeltjes is dat wordt gevormd, zoals ook wordt verwacht uit theoretische
berekeningen. Hun aanwezigheid in een schil die gravitationeel gebonden is sugge-
reert dat ze niet zelf de wind kunnen voortdrijven. Onze resultaten zijn consistent
met doorschijnende silicaten die de wind voortstuwen via verstrooiing, en we vinden
aanzienlijk bewijs dat doorschijnende deeltjes met silicaten erin bestaan in de bui-
tenlagen van deze sterren. De condensatie van calcium, magnesium en ijzer kan ook
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een belangrijk effect hebben op de dynamica van de wind, maar dat hebben wij niet
uitgebreid onderzocht. De lage versnelling van de wind en de grote binnenste straal
voor straling van silicaten in W Hya zijn misschien aanwijzingen dat het beeld nog
complexer is, met condensatie van materialen met een hogere opaciteit en een extra
impuls in de wind op grotere afstanden van de ster.
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