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Abstract
The asymptotic giant branch (AGB) is the last stage of stellarevolution for
stars with masses between≈0.8–8 M⊙. This phase is characterised by an in-
tense mass loss, which builds up a circumstellar envelope (CSE) of dust and
gas. It is through this process that the AGB stars contributeto the chemical
evolution of galaxies. In addition, a rich and varied chemistry is active within
the CSEs.

Observations of circumstellarH2Oare of particular interest, as it is expected
to be one of the most abundant molecules in the inner envelopes of M-type
AGB stars (with C/O<1). The first part of this thesis concerns the modelling
of water vapour emission lines from CSEs around M-type AGB stars. Using
satellite observations and detailed radiative transfer models,H2O abundances
in these stars are determined and compared with theoreticalchemical models.
The importance of resolvedH2O line profiles and excitation through different
vibrationally excited states are also demonstrated.

The second part of the thesis has its focus on the detached shells of dust and
gas observed around a handful of carbon AGB stars (with C/O> 1), believed
to be an effect of highly time-variable mass loss during a thermal pulse. The
detached shells around three sources were observed in stellar light scattered
by dust and gas in the shells using ground-based and spaceborne telescopes.
The observations allow a separation of the scattering agents, and reveal infor-
mation on the detached shells in unprecedented detail.
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1 Introduction

All stars between≈ 0.8 and 8 M⊙ will end their lives on the Asymptotic Giant
Branch (AGB). This phase of stellar evolution is important for the chemical
evolution of galaxies, as material processed in the interior of the star is re-
turned to the interstellar medium (ISM) through the circumstellar envelopes
(CSEs) that are formed around these stars as a consequence of loss of material
from the surface. This material is incorporated in new stars,and constitutes the
building material of planets formed in the circumstellar disks around young
stars. As such, AGB stars, and the material created within, form a part of a
cosmic cycle that includes the formation of life. Due to highluminosities the
AGB stars are also important probes of galactic dynamics andgalactic star
formation histories.

An overview of stellar evolution is given in Chapter 1, with focus on the
AGB phase and the aspects that are significant for the work done in this thesis.
In Chapter 2 the physical and chemical properties of CSEs around AGB stars
are described, with focus on circumstellarH2O, which is treated inPapers I
andII , and detached shells, the subject ofPapers III andIV . Particular details
of the modelling inPapers I and II and of the observational data inPapers
III andIV , are given in Chapters 3 and 4, respectively. In Chapter 5 a short
outlook of future research is given, and, finally, a summary of all papers is
given in Chapter 6.

1.1 Evolution of low-mass stars
Stars form in dense molecular cores inside interstellar clouds of gas and dust.
At some point the dense cores are overcome by their own gravity and start to
collapse. As more material collapses onto the central region, the pressure and
temperature in the core increase, eventually halting the collapse of the cloud.
When the temperature in the core has increased enough, fusion of hydrogen
into helium sets in and the star begins its life as a main-sequence star. The
star will spend most of its life on the main sequence rather quietly burning
hydrogen into helium at almost constant luminosity. This period will last for
≈ 1010yr for a 1M⊙ star, and≈ 3×107 yr for an8M⊙ star (Stahler & Palla
2005). Eventually, the core will have used up all the hydrogen, and the star
moves off the main sequence and begins post-main sequence evolution. Dur-
ing the stellar evolution after the main sequence, stars will go through various
important stages, including evolution on the asymptotic giant branch (AGB).
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Figure 1.1:The evolution of a star in the HR diagram from the zero age mainsequence
(ZAMS) to the termination of the AGB for a 1M⊙ star (left) and a 5M⊙ star (right).
The main stages of evolution mentioned in the text are marked.

AGB evolution includes a number of dredge-up events, where material pro-
cessed in the interior of the star gets mixed up to the surface, significantly
changing the surface abundances of various elements. Starson the AGB will
also develop a massive wind, resulting in the loss of most of the stellar mass
and eventually terminating the AGB evolution. It is in this wind that a rich va-
riety of molecules form and a significant amount of dust is created. The wind
material finally gets mixed with the ISM. The detailed stages which the star
goes through before it reaches the AGB depend on the main sequence mass,
with a rough separation at∼ 4M⊙. This section outlines the different evo-
lutionary stages from post-main sequence evolution to the planetary nebula
stage.

1.2 Evolution to the early AGB
Evolution of a 1M⊙ star: The evolution of a 1M⊙ star from the
main sequence and beyond the termination of the AGB through the
Herzsprung-Russel diagram (HR-diagram) is shown in the left panel of
Fig. 1.1, including the main points of stellar evolution. Thecore gradually
exhausts all hydrogen during main-sequence evolution. The star continues
hydrogen burning in a thick shell, which moves outwards through the stellar
envelope. The still dormant helium core becomes electron degenerate, and is
continuously fed by additional helium from the hydrogen burning shell. The
star as a whole has to adjust to this new situation and its envelope expands.
The outer layers become convective and the luminosity increases drastically.
This is the first Red Giant Branch (RGB). At this evolutionary stage, the
convective envelope reaches down into regions where partial hydrogen
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burning has occurred. Thisfirst dredge-upmixes up material enriched in4He,
and14N and13C to the surface. The change in the surface abundance ratio of
12C/13C is from≈ 90 to ≈ 20 (Charbonnel 1994).

The helium core continues to contract. Eventually, helium ignites through
the triple-alpha process. Pressure and temperature are independent of each
other in the degenerate core, leading to run-away helium burning. This phe-
nomena is known as the helium core flash, and it continues until the tempera-
ture is high enough to lift the degeneracy. The star then movesquickly to the
horizontal branch, with a convective core gently burning helium, surrounded
by a H-burning shell. The burning of helium increases the massfraction of
12C and16O, creating a carbon-oxygen core. When the central helium is ex-
hausted, the star expands again and moves up the second red giant branch, the
AGB. Before the first thermal pulse (see below) the star consists of an electron
degenerate C/O core, surrounded by a helium-burning shell and a hydrogen-
burning shell. These provide the energy output of the star. Above the He- and
H-burning shells lies the deep convective stellar envelope(see Fig. 1.2). Note
that≈ 50% of the mass is contained in the core, while the spatial extent of this
region only corresponds to≈ 0.01% of the stellar radius.

Evolution of a 5M⊙ star: The evolution of a5M⊙ star in the HR-diagram
is shown in the right panel of Fig. 1.1. Due to the higher mass,and hence
higher temperature, the nuclear burning in the core becomeshighly sensitive
to the temperature, leading to the development of a convective core. As hy-
drogen burns into helium, the convective core contracts. After hydrogen core
exhaustion, a dormant, convective He core remains, H-burning continues in
a shell, and the stellar envelope expands. The star moves up the first giant
branch and experiences the first dredge up. He-burning starts in the centre of
the core under non-degenerate conditions in this case, thereby avoiding the
violent He-core flash that a lower-mass star experiences. Thestar now en-
ters a period of helium burning in the core surrounded by a H-burning shell.
Eventually, He exhaustion in the core causes a new major structural readjust-
ment. Helium continues to burn in a shell, causing the stellar envelope to ex-
pand, extinguishing the H-burning shell. The convective envelope penetrates
the dormant hydrogen shell, and the star experiences thesecond dredge up.
This again changes the mass fraction abundance of4He, 14N and13C on the
surface, and reduces the size of the H-exhausted core by mixing hydrogen
downwards. Eventually the hydrogen shell re-ignites and thestar evolves up
the AGB.

Note that at this point (the early-AGB) the structure of the AGB star is
essentially independent of mass. The C/O core is electron degenerate, and
carbon burning cannot set in. This requirement also sets the upper mass limit
for AGB stars to∼ 8M⊙. The evolution of intermediate-mass AGB stars is
described in Lattanzio & Wood (2003) and Herwig (2005).
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Figure 1.2:Schematic view of the structure of a 1M⊙ star at the onset of the thermally
pulsing AGB.Left: regions plotted against mass fraction;right: regions plotted against
radius. (from Lattanzio & Wood 2003).

1.3 The thermally pulsing AGB
On the thermally pulsing AGB (TP-AGB) the star consists of a degenerate C/O
core, surrounded by He- and H-burning shells below a mostly convective stel-
lar envelope. The He-burning shell progresses through the intershell region
(consisting mostly of He) between the He- and H-shells (Polset al. 2001).
Most of the luminosity is provided by the H-burning shell. However, eventu-
ally the He-shell becomes subject to thermal instabilities(Schwarzschild &
Härm 1965), and a run-away process is initiated, causing theHe-shell lumi-
nosity to reach up to108 L⊙ for a brief time. The increase in luminosity is
referred to as the He-shell flash, orthermal pulse. The sudden release of en-
ergy results in an intershell convection zone (ISCZ), and thestar above the
core expands, essentially extinguishing the H-burning shell, leading to a tem-
porary drop in surface luminosity. When the energy is released from the core,
the surface luminosity peaks (for a couple of hundred years). The star then
contracts again and the H-burning shell re-ignites, once again dominating the
energy output, until the next thermal pulse (Lattanzio & Wood2003). The
time scale between pulses depends on the stellar mass, and is≈ 10000years
for 4M⊙ stars and on the order of 100000 years for1M⊙ stars (Wagenhuber
& Groenewegen 1998). The development of the He-shell, H-shell, and surface
luminosities during a thermal pulse is shown in Fig. 1.3.

The star will remain on the TP-AGB during most of its AGB evolution,
typically 106 years, although the exact time scale is strongly dependent on the
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Figure 1.3: Luminosity variation during a thermal pulse: total luminosity (solid line),
H-burning luminosity (dashed line), and He-burning luminosity (dotted line). (from
Vassiliadis & Wood 1993).

stellar mass. It is during this period that the star builds upa large CSE due to
an intense mass loss from the stellar surface (see Sect. 1.7). It is through the
CSE that material processed inside the star is returned to the ISM. An active
chemistry also takes place in the expanding CSE. Stars on the TP-AGB are
separated into three groups: the M-type AGB stars, with moreoxygen than
carbon in their atmospheres, the carbon stars, with more carbon than oxygen,
and S-type AGB stars, with (about) equal amounts of carbon and oxygen.

1.3.1 The unstable He-shell

For the He-shell to become thermally unstable, two conditions must be ful-
filled. A positive temperature perturbation must lead to an increase in the en-
ergy output, which must lead to a further increase in the temperature, there-
fore leading to a run-away process. At the same time the amount of energy
lost must be smaller than the energy input (i.e. there must bea positive net
energy input into the He-shell). If the shell is thin compared to the radius of
the shell (i.e. shell thickness/shell radius≪ 1), any expansion of the shell due
to the energy input lifts the mass elements above the shell byan insignificant
amount. The pressure in the shell is therefore essentially constant. If energy
is added at constant pressure, the temperature must increase. Hence, the ad-
ditional energy input leads to an additional increase in temperature. However,
the shell must not be too thin, as in that case the temperaturegradient from
the shell centre to the edge will be large, increasing the rate of energy loss.
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Figure 1.4: The inner structure of an AGB star over time, illustrating the dredge-up
due to thermal pulses (from Busso et al. 1999).

Therefore a thicker shell is more thermally unstable, as longas it remains thin
compared to the radius of the shell. Electron degeneracy to some degree re-
laxes the requirement of a thin shell, as the temperature is independent of the
pressure in a degenerate gas, aiding thermal instabilities.

1.3.2 The third dredge up

The creation of an ISCZ allows the star to effectively mix up products from
He-burning (mainly12C) into the intershell region. After the He-shell flash,
the luminosity slowly increases until it reaches a maximum just before the
next shell flash. During this ‘quiet’ phase, the base of the convective envelope
reaches into the intershell region now enriched with new elements created in
the ISCZ due to various processes, e.g. the s-process (see below), and mixes
them up to the surface. This is the so-calledthird dredge-up(Fig. 1.4). It is the
(repeated) occurrence of this process that is responsible for the formation of
C-rich stars (through the dredge-up of additional carbon, eventually changing
the C/O ratio from< 1 to > 1), and the presence of e.g. s-process elements
in the atmospheres of AGB stars. The number of thermal pulses astar experi-
ences (and hence third dredge-up events) depends on the massof the star and
the mass-loss rate, which eventually terminates the evolution on the AGB all
together.
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1.3.3 Hot bottom burning

The evolution of thermal pulses on the AGB is not independent of stellar
(or rather stellar envelope) mass. For stars with envelope masses of less than
∼ 1.5M⊙, the change in surface luminosity is as described above and as shown
in Fig. 1.3. For these stars a radiative layer between the H-shell and the con-
vective envelope results in two relations, associating thecore mass to the lu-
minosity of the star during the ‘quiescent phase’ between pulses and to the
interpulse period. These relations predict an average increase in surface lumi-
nosity as the core grows (fed by the He-burning shell), and a decrease in the
time between pulses. In more massive stars however, the radiative layer does
not exist, and the surface luminosity changes only very little during the ther-
mal pulse. The lack of a radiative layer also causes the convective envelope to
reach all the way down to the H-burning shell, including the stellar envelope
in the nuclear processing - a process known ashot bottom burning (HBB).
The added production of nuclear energy leads to the break-down of the core
mass-luminosity and core mass-interpulse period relations, resulting in higher
luminosities and a sudden shortening of the interpulse period. HBB also leads
to further processing of C into heavier elements, preventing the creation of
carbon stars (due to the lack of C being mixed up to the surface). Eventually
the envelope mass has been reduced enough by mass loss, and a radiative layer
forms even in more massive stars. This opens up the possibility for them to
become carbon stars late on in their evolution.

1.4 Termination of the AGB
When the mass of the stellar hydrogen envelope has decreasedto less than
10−3 M⊙, the star begins to shrink because it can no longer support its large
size. Stars now evolve at nearly constant luminosity to higher temperatures,
passing the post-AGB phase to become pre-planetary nebulae(pre-PNe) until
they turn into planetary nebulae (PNe), lighting up the material that was previ-
ously shed from the star. Both mass loss and nuclear burning contribute to the
continued reduction of the hydrogen envelope. Observed PNeare less than
1000 yr old, while nuclear burning alone would take≈16000 yr to turn the
star into a planetary nebula. Hence mass loss plays an important role in stellar
evolution even in the post-AGB phase. However, the details of the mass-loss
during this phase are essentially unknown. Eventually the hydrogen mass is
reduced to an extent that nuclear burning stops, and the stardeclines rapidly
in luminosity and cools down as a white dwarf.
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1.5 Nucleosynthesis
As mentioned above, at the onset of the AGB, the star consistsof a small
and dense C/O core below a He-burning layer. On top of this is athin inter-
shell zone separating the He-burning shell from the H-burning shell. Finally, a
large convective stellar envelope lies above the H-burningshell. For stars with
masses of less than∼ 4M⊙, a radiative buffer zone lies between the H-burning
shell and the convective envelope. Figure 1.2 shows the structure of the stars
at the onset of the AGB for a∼ 1M⊙ star.

The processing of material in the star (starting with H and He)causes the
abundances of heavier elements in the star to change. AGB stars are of par-
ticular importance for the production of s-process elements, and are known
to be the main site where the s-process occurs, generating about 50% of all
elements heavier than Fe (Busso et al. 2004).

As H burning moves outwards through the stellar envelope, itproduces4He
and some14N mainly through the CNO cycle, while the main process to occur
in the He-shell is the production of12C via the triple-alpha reaction. When the
thermal pulse creates the ISCZ (see Sect. 1.3), the12C is mixed up, while4He
is mixed downwards. The intershell zone is largely homogenized and consists
to 20−25%of 12C and to∼ 70−75%of 4Hewith a few percent of14N. Dur-
ing the next thermal pulse, the convective envelope reachesinto the intershell
region and dredges the newly formed12C to the surface. Eventually the sur-
face ratio of12C/16O becomes larger than 1, turning the star into a carbon star.
However, stars that undergo hot bottom burning convert12C into 14N, poten-
tially delaying the evolution into a C-rich star or even preventing it. Besides
4He, 12C and14N produced in the CNO cycle and triple-alpha reaction, some
16O, 19F, 22Ne, 23Na, 25Mg 26Mg, 26Al and27Al are also produced.

Besides mixing the processed material to the surface of the star, repeated
dredge ups lead to an intricate system of reaction paths where repeated expo-
sures and mixing in the ISCZ need to be considered. Of particular importance
is the formation of the13C pocket, a small region in the ISCZ just below the
H-burning shell. If the thermal pulse is strong enough, it can push the ISCZ
to regions cold enough to allow the carbon atoms to recombine(Sackmann
1980). The change in opacity causes a small convective zone tobe formed at
the base of the hydrogen envelope, mixing down some protons.During the
following interpulse phase, these protons are captured by12C to form 13N
which in turnβ decays to13C. The ISCZ of the next pulse encompasses the
13C-enriched region, and neutrons are released via the13C(α ,n)16O reaction
(Kaeppeler et al. 1990) (Fig. 1.4). The neutrons released in this reaction are
believed to be the dominating source for the creation of s-process elements
(Siess et al. 2003, 2004). This occurs if the rate of neutron capture is lower
than the time for negativeβ decay. As with the production of other elements,
s-process nucleosynthesis is affected by, and is the resultof, multiple thermal
pulses.



1.6 Atmospheres of AGB stars 9

Figure 1.5: A schematic overview of an AGB from the core, out to the circumstellar
envelope (not to scale). The top half represents an oxygen-rich chemistry, the bottom
half a carbon-rich chemistry. Adapted from Habing & Olofsson (2003).

The detection of99Tc is a direct confirmation that the s-process occurs
in the atmospheres of AGB stars. This isotope of Tc has a lifetime of only
2.1×105 yr, and must therefore have been produced recently in the star,in-
stead of being of primordial origin or having been transferred from a binary
star (Smith & Lambert 1988).

1.6 Atmospheres of AGB stars
The conditions in the atmospheres of AGB stars are likely to set the constraints
and initial values for the mass-loss mechanism, the physicsand chemistry of
the CSE, and the morphology of the mass loss.

1.6.1 The radiation field

In hot stars like the Sun the radiation field can be approximated reasonably
well by a Planck function. For cool stars such as AGB stars theradiated spec-
trum is not as simple. The continuous absorption is dominatedby free-free and
bound-free absorption throughH−. The variation with wavelength of the con-
tinuous absorption is limited to the wavelength region in which hot stars emit
most of their flux. The minimum at1.6µm however significantly affects the
flux maximum of cooler stars by moving it to the infrared. Other continuous
absorption mechanisms are free-free absorption onH−

2 , and, in the deepest
layers of the atmosphere, the excitation of H to then = 2 andn = 3 levels
(Gustafsson & Höfner 2003).
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Another added complication to the radiation field in AGB staratmospheres
is the overwhelming number of absorption lines. In high-resolution spectra
thousands of lines are seen, with blending almost always occuring between
lines, and making it difficult to even find a continuum level. The spectral lines
are dominated by the absorption by molecules formed in the atmosphere. The
importance of a specific molecule to the total opacity in the AGB atmosphere
depends not only on the abundance of the molecule, but also the wavelength-
integrated absorption coefficient, and whether the absorption band absorbs
mainly in the region where the star has its flux maximum. As such, although
the CO molecule is much more abundant, its contribution to the absorption
coefficient is much less significant than, for example, the contribution by TiO
in M-type AGB stars.

Line lists created from laboratory data are available, and usually contain
rather complete data of sufficient quality for diatomic molecules needed to
model the AGB atmospheres. For polyatomic molecules, the data are not
nearly as complete, as these molecules contain millions of vibration-rotational
transitions, although improved spectral line catalogues are being made (e.g.
Barber et al. 2006).

Dust grains formed in the atmospheres of AGB stars affect theopacities
both indirectly by depletion of molecules on the grains, thereby reducing the
absorption by the molecules, and directly by having a ratherhigh mass ab-
sorption coefficient themselves. The opacity of the dust particles depends on
the grain size, and the extinction efficiencyQext. If the grain size is small
compared to the absorbed flux wavelength,Q′

ext (Q′
ext =Qext/agr, whereagr

is the grain size) is independent of the grain size and is defined by the optical
properties of the grain material (Höfner et al. 2003). In addition to absorbing
radiation from the stellar photosphere, the dust re-emits radiation at infrared
and far-infrared wavelengths.

1.6.2 Pulsations

Pulsations below the stellar atmosphere create sound wavesthat move out-
wards through the atmosphere. Normally these waves would decrease in speed
and strength as the volume of mass the wave moves through increases with
distance from the centre of the star. The atmospheres of AGB stars however
have a steep density and temperature gradient, and as the wave propagates
outwards, the amount of mass per unit volume actually will decrease. As a
result, a significant amount of momentum is transferred fromthe wave to the
gas, possibly affecting the structure and motion of the outer layers of the at-
mosphere significantly. As the wave moves outwards, it steepens and eventu-
ally turns into a strong, supersonic shock, as the sound speed decreases with
increasing distance from the star. The propagation of the shock through the at-
mosphere causes shells of mass to move outward until they reach a maximum
height, and then fall back to their original position. Figure 1.6 shows the tra-
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Figure 1.6: Mass-shell trajectories due to pulsation below the atmosphere (Höfner
et al. 2003).

jectory of a number of mass shells for a dynamical model atmosphere in which
the pulsation is simulated as a piston just below the atmosphere (Gustafsson
& Höfner 2003; Höfner et al. 2003).

The pulsations are essentially confined to the convective stellar envelope,
making it important to take the coupling between pulsationsand convection
into account when modelling pulsations (Xiong et al. 1998).The stars can
pulsate in several modes, both the fundamental mode and in overtones. Mod-
els show that at low luminosities the second overtone dominates the pulsation,
whereas the first overtone dominates at higher luminositiesand the fundamen-
tal mode dominates at the highest luminosities. It is also possible for stars to
pulsate in several different modes simultaneously (Kiss etal. 1999).

1.6.3 Periods and luminosities

The pulsations lead to a variation in the luminosity of the stars, making them
variable stars, that fall into three groups: Mira variables, semiregular variables
and irregular variables. The variability classification is essentially determined
by the variability of the star in the V-band, with the regularity of the varia-
tion determining the variability type. Mira variables are defined by stars with
variations> 2.5 magnitudes in the V-band and regular variations in their light
curves. Semiregular variables have smaller variations (< 2.5 magnitudes in
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the V-band), but show some definite periodicity. The irregular variables show
no or very little periodicity (this can however often be an effect of poorly stud-
ied light curves). Typical periods for the Miras are of the order of hundreds of
days, and essentially all stars on the thermal-pulsing AGB are variable stars
(> 90%), covering the entire mass-range from≈ 0.85M⊙ up to the upper
limit for stellar mases on the AGB of≈ 8M⊙ (Wood et al. 1999). The period
of pulsation of a star depends on the stellar radius (which tofirst approxima-
tion depends on the mass), with longer pulsation periods forlarger radii. The
larger radius results in an increase in luminosity, hence a relation between the
pulsation period and the luminosity of the star is expected.

The first attempt to fit a period-luminosity (PL) relationship was done by
Gerasimovic (1928). Since then PL relationships have been derived using vari-
ous data sets, e.g., Hipparcos distances for Galactic Miras(van Leeuwen et al.
1997; Whitelock & Feast 2000). These relationships have beenre-analysed
using revised Hipparcos distances (Knapp et al. 2003). PL relationships based
on observations of Miras in the Large Magellanic Cloud (LMC) donot suf-
fer from the problem of determining the correct distance to the sources, as
the distance to the LMC is (relatively well) known. Derivations of PL rela-
tionships based on LMC data were done by, e.g., Feast et al. (1989), Wood
et al. (1999), and most recently revisited by Whitelock et al. (2008). In or-
der to determine the dependence of PL-relationships on metallicity and stellar
chemistry, Whitelock et al. (2008) compared the PL relationship for Miras
in the LMC (with a lower metallicity compared to the Galaxy, Fig. 1.7) with
PL relationships derived from Hipparcos distances (i.e. stars in the Galaxy),
and between M-type and C-type Miras. They found that the relationships for
LMC stars are in reasonable agreement with Galactic Miras, indicating that
the derived PL relationships are universal. Further, thereis no significant dif-
ference between PL-relationships for M-type and C-type Miras. Since AGB
stars are among the most luminous objects, good PL-relationships can be used
as distance indicators.

1.6.4 Molecule formation

The chemistry in the stellar atmosphere is dominated by the high dissocia-
tion energy of the CO molecule. This has the effect that essentially all carbon
is bound in CO for stars with aC/O < 1 (i.e. M-type AGB stars), with the
remaining O forming oxygen-based molecules such as OH, SiO,andH2O.
The opposite is true for carbon stars, where the excess of carbon over oxygen
atoms leads to the formation of carbon-bearing molecules such as CH,C2,
CN, C2H2, and HCN (Cherchneff 2006). It is important to note that, although
the chemistry in the atmosphere is determined by the C/O ratio and the tight
bond of the CO molecule, radiative dissociation through theUV field of the
chromosphere, or the dissociation by shocks may release enough carbon for a
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Figure 1.7:PL-relationship for Mira variables in the LMC. Solid symbols are M-type
AGB stars, open symbols are C-type AGB stars. The dashed lineis a fit to the M-type
stars, while the dotted line is a fit to the C-type stars. A distance modulus of 18.39 was
assumed for the LMC. From Whitelock et al. (2008).

significant amount of carbon molecules and even carbon dust to form even in
M-type AGB stars (Cherchneff 2006).

1.6.5 Dust condensation

There is ample evidence for the existence of dust around AGB stars. Warm
dust emits radiation at infrared wavelengths, causing excess emission in the
infrared part of the SED. More direct evidence of dust around AGB stars is in
form of spectral features, indicating a number of differentdust compositions.
For carbon-rich stars, the dust is dominated by amorphous carbon, whereas
M-type AGB stars contain dust composed mainly of silicates.

The dust forms when the temperature in the gas is low enough formolecules
to start sticking together (< 2000K), forming clusters of molecules. At first
this happens at random, but eventually it is energetically more favourable to
add more molecules and atoms, and the clusters start to grow.When the clus-
ters start to act as solid material, they can be called dust grains. The dust
formation depends on the temperature and the density of the gas, and follows
a number of chemical routes. In stars with a C/O> 1, all the available oxygen
is tied up in molecular CO, hence the dust grains formed tend to be amorphous
carbon (Tielens 1990), PAHs (Frenklach & Feigelson 1989), and to some ex-
tent SiC, MgS, or Fe. In M-type AGB stars on the other hand, allcarbon is
bound in CO, and the grains formed are thought to be silicateslike Mg2SiO4

or MgSiO3 (Dorschner & Henning 1995), both as amorphous silicates, likely
to be iron-rich (Waters 2000), and as crystalline silicates(Waters et al. 1996;
Waters 2000). Dust grains will grow if the rate of adsorptionof new atoms
and molecules is higher than the evaporation rate, and whilethe time-scale
for grain growth is smaller than the time-scale for changes in temperature and
density. In particular, the outwards increasing expansionvelocity of the CSE
causes a decrease in density, causing the formation of dust grains to stop. Af-
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ter this ‘freeze-out’ the composition of the grains basically does not change,
until they are exposed to the interstellar UV radiation field.

Stellar pulsations may cause material in the atmosphere to move to high
enough layers where conditions favour dust formation. The scattering of radi-
ation by the dust leads to a transfer of momentum from the photons, causing
the dust particles to move outwards (i.e. radiation pressure on dust particles).
The dust may be coupled to the gas through collisions and therefore drag the
gas along. This extra force on the dust and gas may be enough to overcome the
escape velocity and initiate the mass loss from the star (Sect. 1.7.2). However,
a necessary condition for the survival of the dust grains is that the collisions
with gas particles do not lead to the destruction of the grains (Willson 2000).

For detailed information on dust in AGB stars, see Andersen (2007) and
references therein.

1.7 Mass loss on the AGB
1.7.1 A qualitative description

Mass loss is the single most important process during the late evolution of
stars. At the onset of the AGB the mass-loss rate is low, around 10−8 M⊙ yr−1,
but it gradually increases to an intense wind with a rate of upto 10−4 M⊙yr−1

as the star evolves up the AGB. The mass loss forms a thick CSE (see Sect. 2)
of dust and gas around the star, which is rich in nucleosynthesized material.
It is the mass loss which leads to the termination of the AGB, leaving behind
only the carbon-oxygen core of the former star, surrounded by an expanding
envelope. Eventually the system forms a white dwarf (the C/O core) and a
planetary nebula (the remains of the expanding CSE).

Although current estimates of mass-loss rates often assumespherically
symmetric mass loss, with constant mass-loss rate and expansion velocity,
and a homogeneous CSE (see Sect. 3.3), observations (and detailed modelling
of AGB stars) show that this is, at best, a first approximation. The mass-loss
rate depends on the luminosity of the star, and hence varies with the pulsation
as well as with the thermal-pulse cycle. The morphology of planetary nebulae
further indicates that the mass loss is not (entirely) spherically symmetric.
On the other hand, observations of detached shells (see Sect. 2.4), indicate
a remarkable symmetry. Finally, imaging of CSEs in the IR and in CO
radio lines show a clumpy circumstellar medium, instead of asmooth and
homogenous distribution.

The majority of AGB stars have mass loss rates of around
10−7−10−6M⊙ yr−1 with expansion velocities of∼ 5−10kms−1, although
mass-loss rates in stars of10−4 M⊙ yr−1 and expansion velocities of up
to 30kms−1 have been observed. The mass-loss rate distributions are very
similar for C-, S-, and M-type stars. The expansion velocities tend to be a bit
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Figure 1.8: a) Mass-loss rate distribution for a sample of S-type stars (solid, green
line), M-type stars (dashed-dotted, blue line) and C-type stars (dashed, red line); b)
Envelope gas expansion velocity for the same sample of stars; c) derived mass-loss
rates vs. gas expansion velocity for the S-type stars (greendots), M-type stars (blue
squares) and C-type stars (red triangles). From Ramstedt etal. (2009).

higher for C-type stars. For all three spectral types the mass-loss rate and the
gas expansion velocity correlate positively (Ramstedt et al. 2009) (Fig. 1.8).

1.7.2 The mass-loss mechanism

For the material to be lost from the star, it must overcome gravity and be
accelerated to a velocity greater than the escape velocity.For this to happen,
the wind has to be accelerated early on, and turn from subsonic to supersonic.
The solution of the hydrodynamical equations describing thewind shows that
the wind must pass a critical pointrc with velocity vc. The conditions (in
particular the density) at this point fix the mass-loss rate of the star. Changes
to the accelerating force at distances closer to the star change the mass-loss
rate, while changes to the driving force beyond the criticalpoint change the
terminal velocity of the wind, but not the mass-loss rate.

Several possible mechanisms responsible for initiating and driving the mass
loss of AGB stars have been suggested (e.g. pulsations, sound waves, Alvén-
waves). However, in the current dominating theory, the windis driven through
stellar pulsations that lift material up into cooler regions of the stellar atmo-
sphere where molecules and, most importantly, dust grains,can form (see
Sects. 1.6.2 and 1.6.5). The formation of dust depends on the density of the
gas in the stellar atmosphere (Sect. 1.6.5). For dust-driven winds, the wind
quickly become supersonic, and the critical radius is essentially the same as
the dust condensation radius. Hence, the density at the dustcondensation ra-
dius determines the mass-loss rate of the wind. Without pulsations, the density
of the dust grains would be extremely small at the condensation radius, and
mass-loss rates of such winds would be very small. While the pulsation it-
self only causes material to move to greater heights above the atmosphere,
the pressure is not enough to initiate the mass loss (Fig. 1.6). However, the
creation of dust in these regions gives the extra push for thestar to lose ma-
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Figure 1.9: Positions of mass-shells in the atmosphere of AGB stars perturbed by
pulsations, including dust creation in the upper layers of the atmosphere, leading to
the onset of a wind (Hoefner & Dorfi 1997).

terial (Fig. 1.9). Momentum is transferred from the stellarphotons to the dust
through both scattering and absorption of the photons, leading to a net force
outwards, accelerating the dust grains away from the star. As the dust grains
move through the gas, they will collide with gas molecules, resulting in a drag
force (Gilman 1972), which acts as the additional force required for the gas to
escape the potential well of the star.

The special conditions required for the dust-driven wind to work set lower
and upper limits on the mass-loss rates that can be achieved with this mech-
anism. If the coupling between the dust grains and the gas is not efficient
enough, the grains will not be able to accelerate the gas beyond the escape ve-
locity. The lower limit set by this condition is about10−7 M⊙ yr−1. If, on the
other hand, the mass-loss rate is very high, the CSE becomes very optically
thick. The radiation reaching the shell is therefore immediately absorbed at (or
close to) the dust condensation radius. Radiation is re-emitted from the dust
and exerts pressure on the dust grains. However, the temperature in the shell
decreases with increasing distance, shifting the emitted radiation to longer
wavelengths. If this reddening effect is strong enough to shift the radiation
to sufficiently long wavelengths where the dust opacity has dropped signifi-
cantly, the radiation pressure is not enough to drive the wind. Maximum mass-
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loss rates based on this condition are about10−5 M⊙ yr−1. Note that the range
of mass-loss rates set by these limits is generally consistent with observations.

This mechanism appears to work reasonably well for C-type AGBstars,
where a sufficient amount of carbon-rich dust is formed. The amount of mo-
mentum transferred to the dust grains depends on the opacityof the dust grains
at different wavelengths. For carbon-rich stars the formation of amorphous
carbon provides stable dust grains which can efficiently drive high mass-
loss rates. This is demonstrated by hydrodynamical models including time-
dependent dust condensation (Winters et al. 2000). However, recent models
show that the dust-driven-wind scenario cannot explain themass loss in M-
type AGB stars, which are surrounded by silicate dust (Woitke 2006; Höfner
& Andersen 2007). This is due to the fact that no equivalent to amorphous
carbon exists for silicate dust grains. The optical properties of silicate grains
cause the dust to be nearly transparent at the wavelengths atwhich the stellar
SED peaks, while ‘dirty’ dust grains enriched with Fe form toofar out to be
able to drive the wind. A possible solution to the problem of driving winds in
M-type AGB stars was suggested by Höfner (2008). For micron-sized Fe-free
grains, scattering becomes effective at transferring momentum to the grains
and hence driving the mass loss. The models using micron-sized, Fe-free sili-
cate grains can recreate the properties of winds in M-type AGB stars.

The mass-loss rate depends on the stellar luminosity throughthe radiation
pressure on the dust grains. Variations in the luminosity consequently also
lead to variations in the mass-loss rate. The most dramatic effect of this may
be the creation of very thin, and extremely spherical, detached shells during
the luminosity peaks associated with the thermal-pulse cycle (Sect. 2.4).
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2 Circumstellar envelopes

The mass loss from the star gradually builds up an expanding CSE of gas
and dust around the star. The mass loss depends critically on conditions in
the star, and variations in the mass loss affect the characteristics of the CSEs.
Non-isotropic mass loss and mass-loss variations with different wind veloci-
ties may lead to non-spherically symmetric and inhomogeneous envelopes.

CSEs contain a rich molecular chemistry, including the formation of or-
ganic molecules. However, its chemistry depends on the underlying chemistry
in the atmosphere, which may get altered from equilibrium chemistry due to,
e.g., shocks and the strength of the interstellar radiationfield and cosmic rays.
A small amount by mass (typically10−3−10−2, yet important for its existence
and structure) of the CSE consists of dust.

Due to the time-dependent evolution and expansion of the CSE,the chemi-
cal and mass-loss history of the star is (in principle) imprinted in the envelope.
A special type of CSE found around carbon-rich stars, the detached shells,
possibly are evidence of a brief period of increased luminosity and mass loss
during a previous thermal pulse cycle (see Sects. 1.7.2 and 2.4). Hence, many
different aspects of physics and chemistry go into fully describing CSEs, and
understanding the circumstellar environment around AGB stars is important
for understanding the stars themselves.

2.1 The standard model
The ‘standard model’ often used to describe gaseous CSEs around AGB stars
assumes a constant, spherically symmetric mass loss, and a constant expan-
sion velocity. Due to conservation of mass the mass-loss ratedM/dt is related
to the gas expansion velocityvg, the radiusr, and densityρ(r) of the CSE by

dM/dt = 4πr2vgρ(r), (2.1)

meaning thatρ(r) ∝ r−2. The radial temperature profile in a standard CSE is
given by the balance of different heating and cooling processes. The dominant
heating term is through the collision with dust particles streaming through the
gas. Cooling is dominated by the adiabatic expansion of the CSE, and line
cooling from CO andH2. In M-type AGB stars, line cooling fromH2O most
likely plays a significant role, while line cooling from HCN may be important
for C-rich CSEs. Figure 2.1 shows the radial profile of the kinetic temperature
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Figure 2.1: Kinetic temperature profile for R Cas obtained from modelling of ob-
served CO emission lines.

for the M-type AGB star R Cas based on models of observed CO emission
lines (the estimated mass-loss rate is9×10−7M⊙ yr−1).

2.2 The structure of CSEs
The geometry of and density distribution in a CSE are a direct effect of the
mass-loss mechanism, and are as such important for our understanding of how
AGB stars lose their mass. Close to the star, interferometric observations of
SiO,H2O and OH masers give information on the geometrical structureof the
inner CSEs. In general, there is evidence for an overall spherically symmetric
mass loss. This is confirmed by observations of circular ringsin the emission
at the systemic velocities. Reid & Menten (1990) found theH2O maser emis-
sion (at 22 GHz) around the M-type star W Hya to be distributedin a spherical
shell. The 43 GHz SiOν = 1, J = 1−0 maser emission lies in rings at about
2-4 stellar radii around the Mira variables TX Cam and U Her (Diamond et al.
1994, and Fig. 2.2), and is located in a symmetric partial ring around W Hya
(Cotton et al. 2008). Bowers & Johnston (1990) detect OH maser emission
around the OH/IR star OH26.5+0.6 consistent with sphericalsymmetry. Fi-
nally, the existence of remarkably spherically symmetric detached shells indi-
cates an isotropic mass loss (see Sect. 2.4).

However, evidence against spherically symmetric mass lossand CSEs also
exists. The OH maser emission in W Hya appears to be distributed in elon-
gated shells, indicating either the presence of bipolar outflows, or a tilted cir-
cumstellar disk (Szymczak et al. 1998). Jet-like features are found in a num-
ber of sources observed both in SiO andH2O maser emission (Vlemmings
et al. 2005, 2006; Cotton et al. 2008). These features appear to be aligned
with the magnetic fields, indicating their importance for the dynamics of the
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Figure 2.2: The 43 GHz SiOν = 1, J = 1−0 maser emission around TX Cam. The
circle gives the estimated position and size of the star (Diamond et al. 1994).

CSEs (and also showing the value of maser emission observations in deriving
the magnetic field strengths around AGB stars). Boboltz & Diamond (2005)
find a highly elliptical ring of SiO maser emission around theM-type AGB
star IK Tau. The velocity structure of the SiO masers implies arotating SiO
shell with the rotation axis along the elongation axis of themaser distribu-
tion (Fig. 2.3). Imaging of scattered stellar light (Mauron& Huggins 2006)
show deviations from spherical symmetry in five AGB envelopes, indicating
the presence of binary companions shaping the CSEs.

The density distribution is also not likely to follow ther−2 law assumed in
the ‘standard model’. Interferometric observations of thermal SiO emission in
IRC+10216 indicate deviations from a smooth wind, resulting in density vari-
ations in the CSE (Schöier et al. 2006a). Infrared imaging ofthe dusty CSE
around IRC+10216 also shows clumpiness (Fig. 2.4, Weigelt et al. 1998). Fi-
nally, maser emission observations do not show a homogeneous distribution of
masers, but rather a number of unresolved brightness spots,indicating clump
sizes of the order of∼ 1013cm. A clumpy circumstellar medium likely has a
strong effect on the mass loss and morphology of the CSE. Clumps result in
local density enhancements, while the density is lower in regions between the
clumps, affecting the radiative transfer, and hence most likely the mass-loss
rate estimate.

2.3 Circumstellar molecules
To date, 72 molecules have been detected in the CSEs of AGB stars (Olof-
sson 2008, Table 2.1). A fair fraction of these are only detected in the en-
velopes around AGB stars, and not in the interstellar medium. Unfortunately,
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Figure 2.3: Structure of the 43 GHz SiOν = 1, J = 1− 0 maser emission toward
IK Tau. The top panel shows the spectrum formed by plotting component flux density
vs. velocity. The colours correspond to velocity steps of 1.5kms−1. The lower panel
shows the spatial and velocity distribution of the masers, the colours corresponding to
the velocity bins in the upper panel. (Boboltz & Diamond 2005).

the molecules are difficult to detect, and about half of them have only been de-
tected in IRC+10216 (e.g. Cernicharo et al. 2000). This is possibly the closest
carbon star and has a very high mass-loss rate. It has been studied extensively
and has long been seen as the archetypical C-type AGB star. A recent chemical
model of the CSE around IRC+10216 was done by Agúndez et al. (2008). The
situation is unsatisfying in that it is necessary to detect molecules in a large
number of sources in order to say something general about thechemistry in
AGB CSEs. Things have improved somewhat recently. Abundance estimates
of the SiO molecule for a large number of sources was done by González Del-
gado et al. (2003a) for M-type stars, by Schöier et al. (2006b) for carbon stars,
and by Ramstedt et al. (2009) for S-stars. Estimates of SiS abundances in the
CSEs of 22 AGB stars of varying C/O-ratios were obtained by Schöier et al.
(2007), and of HCN abundances in three samples of M-, S-, and C-type AGB
stars by Schöier et al. (2010).

Many of the molecules are formed in the outer CSE, through various chem-
ical reactions, and through the exposure to cosmic rays and the interstellar
radiation field. However, other important molecules are injected to the enve-
lope from the inner layers where the transition from the atmosphere to the
CSE occurs. This region is affected by repeated shocks causedby the pulsa-
tions deeper inside the star, moving outwards, resulting insignificant density
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Table 2.1:Molecules detected in AGB CSEs (excluding molecules detected only in
super giants). Updated from Olofsson (2008).

2-atoms: AlCl CN NaCl SiN

AlF CP OH SiO

C2 CS PN SiS

CO KCl SiC SO

3-atoms: AlNC CO2 HNC SiC2

C3 HCN MgCN SiCN

C2H H2O MgNC SiNC

C2S H2S NaCN SO2

HCP

4-atoms: ℓ-C3H C3S H2CO NH3

C3N C2H2 H2CS SiC3

C3O HC2N PH3?

5-atoms: C5 c-C3H2 HC3N HNC3

C4H CH2CN HC2NC SiH4

C4Si CH4 H2C3

6-atoms: C5H C2H4 HC4N H2C4

C5N CH3CN

≥7-atoms: C6H C8H HC5N HC9N

C7H CH2CHCN CH3CCH HC7N

H2C6

Ions: HCO+ C4H− C6H− C3N−

C5N−
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Figure 2.4: Speckle masking observations of IRC+10216.Left: a K’-band speckle
masking reconstruction.Right: a contour plot of the left image (the contours are in
steps of 0.3 mag) (Weigelt et al. 1998).

and temperature differences (Sect. 1.6.2). This facilitates the formation of dust
and molecules, which are dragged into the CSE as parent molecules through
dust-gas drag. The existence of a spherical molecular layer above the photo-
sphere is indicated by ISO SWS observations (Tsuji et al. 1997) and interfero-
metric observations in the near-infrared (Perrin et al. 2004). Although the ratio
of carbon over oxygen strongly influences the type of chemistry, the presence
of shocks can lead to deviations from the expected equilibrium chemistry. One
effect of this is the presence of oxygen-bearing molecules such as SiO with
unexpectedly high abundances in carbon stars (Schöier et al. 2006b), and of
carbon-bearing molecules in M-type AGB stars (e.g., CS, CN,and HCN in M-
type CSEs, Olofsson et al. (1998)). Simulations of the chemical processes ac-
counting for non-LTE effects in the inner wind (. 5R∗) can to some extent ex-
plain the observed abundances and also account for the presence of molecules
shared by M-type, S-type, and carbon stars (Cherchneff 2006). However, ob-
servations of SiS and HCN show that there are marked differences in these
abundances in M- and C-CSEs (Schöier et al. 2007; Schöier et al. 2010).

A molecule of particular importance to M-type CSEs isH2O. It is
abundant in the inner part of the envelope and with many far-infrared
transitions possibly the dominant coolant in the inner wind(Truong-Bach
et al. 1999). Chemical models predict it to be the most abundant element
in M-type AGB stars next to CO andH2 (e.g. Cherchneff 2006). [H2O has
also been found in the carbon-rich star IRC+10216 (Melnick et al. 2001;
Hasegawa et al. 2006).] As an abundant, oxygen-bearing molecule, H2O is
an important tracer for the chemistry in the atmospheres andCSEs of AGB
stars. Close to the star,H2O is created through the reaction of OH withH2

molecules (OH+H2 → H2O+H), and destroyed by the reverse reaction
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(Cherchneff 2006). Further out in the envelope,H2O is destroyed through
photodissociation by interstellar UV photons (Netzer & Knapp 1987), and
the H2O abundance drops drastically as the efficiency of the reaction path
drops quickly at temperature below1500K (Cherchneff 2006).

Observations ofH2O from Earth are generally hampered by the atmosphere,
although it is possible to observe vibrationally excited lines in e.g. theν2 = 1
bending mode. This was done for two lines (523−616 at 336.2 GHz and
661−752 at 293.6 GHz) towards the red supergiant VY CMa (Menten et al.
2006). It is also possible to observeH2O masers from the ground and excited
vibrational states (e.g. Menten & Melnick 1989). Several studies of M-type
AGB stars, mainly based on ISO observations, show a rich spectrum of H2O
emission lines in the CSEs (e.g., Barlow et al. 1996; Neufeld et al. 1996;
Truong-Bach et al. 1999; Justtanont et al. 2005,Papers I and II ), and mod-
elling generally results in abundances close to the limit given by equilibrium
abundances assuming cosmic abundances of oxygen and carbon. Abundances
above that set by the cosmic limit indicate an additional source ofH2O, e.g. the
evaporation of icy bodies (Justtanont et al. 2005). Deviations from the abun-
dance obtained in LTE suggest a non-thermodynamical equilibrium chemistry.

2.4 Detached shells
In addition to the ‘normal’ CSEs observed due to the continuous mass loss
from AGB stars, large and geometrically thin shells are found to exist around
a small number of carbon stars. These shells were detected twodecades ago
by Olofsson et al. (1988), who found curious double-peaked line profiles in
CO(J=1-0) emission in the carbon stars U Ant and S Sct. At least in the case
of S Sct they concluded that the profile was due to a shell of gaswith an
inner radius of≈ 3×1017cm. Already in this paper a possible connection to
the change in luminosity during the He-shell flash was suggested. This was
elaborated on later by a follow up study where a third source (TT Cyg) was
detected (Olofsson et al. 1990). The CO map data in Olofsson etal. (1990)
suggests that the stars experienced a significant decrease in the mass-loss rate
≈ 104 years ago, with a strong increase in the mass loss for about 1000 years
before that. Based on models for Mira variables (Bowen 1988), a He-shell
flash would create a shell of≈ 0.01M⊙ through an increased wind with rates
of up to10−5 M⊙yr−1 for a period of 1000 years - consistent with the observed
data. The sources with double-peaked line profiles all fall into the region of
the IRAS colour-colour diagram which indicates a lack of hotdust, i.e. dust
close to the star (Willems & de Jong 1988; Chan & Kwok 1988).

A more detailed study of the properties of the detached shells, now with
the carbon star R Scl added, was done by Olofsson et al. (1996)using de-
tailed CO radio line maps. For the stars R Scl, U Ant, S Sct and TTCyg they
found largely spherically symmetric shells with radii between1−5×1017cm,
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Figure 2.5: CO(J=1-0) brightness map of the detached shell around TT Cygat the
stellar velocity. (Olofsson et al. 2000).

expansion velocities of 13-20 km/s and ages of1−10×103 years. The life-
time of the CO shells is determined by photodissociation andis estimated
to be≈ 104 years. Other molecules (e.g. HCN and CN) will only survive in
shells younger than≈ 103 years. The present day winds of the stars are esti-
mated to have very low mass-loss rates (. 10−7 M⊙ yr−1) and they are slow
(∼ 5kms−1).

Observations with the IRAM PdB interferometer resulted in detailed and
spatially resolved maps in CO radio line emission of U Cam (Lindqvist et al.
1999) and TT Cyg (Olofsson et al. 2000). The map of TT Cyg shows a re-
markably spherically symmetric shell (with deviations from spherical sym-
metry of less than 3%) at a distance of2.7×1017cm from the star and a thick-
ness of only1.9×1016cm (Fig. 2.5). The mass in the shell is estimated to be
∼ 0.007M⊙. However, this estimate is uncertain as the shell probably consists
of a large number of small clumps.

It is possible that the CO emission does not follow the true density distribu-
tion in the shells, so other methods of examining the circumstellar medium are
necessary. As other molecules are difficult (or impossible)to detect, except in
the youngest detached shell sources, observations of atomic and dust-scattered
light can provide interesting information. González Delgado et al. (2001) ob-
served the CSEs of R Scl and U Ant using filters centred on the resonance
lines of Na (589.4 nm) and K (769.9 nm) (Fig. 2.6), i.e., aiming at detect-
ing atomic scattered light. For R Scl they found a shell that appears to be
larger than the mean radius determined from the CO radio linedata. However,
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Figure 2.6:U Ant imaged in scattered stellar light through narrow band filters centred
on the K (left) and Na (right) resonance lines (González Delgado et al. 2001).

the outer radius of the CO data corresponds reasonably well with the sharp
outer edge of the optical data. The brightness distribution for U Ant shows a
detached shell in good agreement with the observed CO shell.A significant
fraction of the scattered light is polarised (≈ 30− 50%, González Delgado
et al. 2003b,Paper III ), suggesting that a fair portion of the light is scattered
by dust. A separation of the dust and gas shells is evident in UAnt, which may
be a result of hydrodynamic effects (Steffen & Schönberner 2000; González
Delgado et al. 2003b,Paper III ).

The observations by González Delgado et al. (2001, 2003b) cannot conclu-
sively separate the two scattering agents (dust scattered light and light scat-
tered in the resonance lines), as the filters used contain contributions from
both agents. Observations through filters containing no strong lines remedy
this situation, making it possible to differentiate between dust shells and shells
of gas. This is done with ground-based data for U Ant inPaper III and with
Hubble Space Telescope data for R Scl and U Cam inPaper IV.

Currently seven detached CO shell sources are known, including the re-
cently reported carbon stars DR Ser and V644 Sco (Schöier et al. 2005).
A detailed analysis of the dust continuum and CO line emission from these
sources is presented by Schöier et al. (2005), giving compelling evidence that
these shells show clear signs of interaction with a surrounding medium. The
derived masses of the shells increase with radial distance from the central star
while their velocities decrease (Schöier et al. 2005). A simple model of inter-
acting winds indicates that the mass-loss rate producing the fast-moving shell
has to be almost two orders of magnitude higher (∼ 10−5 M⊙ yr−1) than that
of the slower AGB wind (a few10−7 M⊙ yr−1) preceding this violent event.
At the same time, the present-day mass-loss rates are very low indicating that
the epoch of high mass-loss rate was relatively short, on theorder of a few
hundred years.
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Figure 2.7: The velocity (top) and density (bottom) structure of the CSEat nine in-
stances for two different piston amplitudes (left:∆v = 4kms−1, right: ∆v = 6kms−1)
(from Mattsson et al. 2007).

Hydrodynamical models of the time-dependent evolution of the dust and
gas density around AGB stars show the creation of wind interaction regions,
where a faster wind runs into a slower wind with higher density (Steffen et al.
1998), suggesting that the existence of thin, detached shells is connected to a
high mass-loss rate sustained for several thousand years, followed by a long
period with a very low mass-loss rate. Steffen & Schönberner(2000) show that
a scenario with a mass-loss eruption during the He-shell flash creating a two-
wind interaction zone results in dust shells that can explain observed IRAS
colours, and in thin detached shells of compressed gas. The lower luminosities
of M-type AGB stars and different chemical and optical properties of silicate
dust may be the reason why He-shell flashes do not cause the same mass loss
eruptions in M-type AGB stars as in carbon stars, and hence detached shells
would not be formed around these stars (Steffen & Schönberner 2000).

The shortcomings of, e.g., the models by Steffen et al. (1998)and Stef-
fen & Schönberner (2000) are that they rely on a mass-loss description that
essentially only depends on the luminosity (Blöcker 1995),whereas an accu-
rate modelling has to incorporate different regions with differences in density,
temperature, and size scales of the order of several magnitudes: the central
star, the atmosphere, and the CSE (Mattsson et al. 2007). Based on a detailed
time-dependent modelling of the central star, the dynamic stellar atmosphere,
and the CSE, Mattsson et al. (2007) show how detached shells can form due to
an increase in mass loss and wind velocity during a He-shell flash and subse-
quent wind interaction. Although these form the most detailed models to date,
the pulsation of the star is included as a piston with an amplitude∆v located
just below the atmosphere, i.e. the pulsation is not modelled in a physically
self-consistent way. Figure 2.7 shows the evolution of the velocity and den-
sity structure of the CSE at nine different instances for twodifferent piston
amplitudes, showing the formation of thin detached shells in the lower veloc-
ity case. The formation of shells depends critically on the velocity difference
between the pre-flash and post-flash wind, and hence on the stellar pulsations.
A more detailed inclusion of both the pulsation of the star, and the radiative
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hydrodynamics together with a 3D treatment of the problem will be necessary
to constrain the mass loss history of these objects.

Clumpy structure has been observed in the detached shells for several
sources (e.g., Olofsson et al. 1990, 1996, 2000; González Delgado et al.
2003b,Paper IV). The number of clumps are on the order of roughly a few
1000, with masses of10−6 − 10−5 M⊙. The structure in the shells may be
caused by inhomogeneous mass loss, or Rayleigh-Taylor instabilities caused
by the interaction of the fast wind during the thermal pulse with a previous,
slower wind (seePaper IV).
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3 Observations and radiative
transfer models of H2O

Water vapour is one of the most important molecules in the circumstellar en-
vironments of AGB stars, both in terms of its physical and chemical effects on
the properties of CSEs, and in terms of the information on the circumstellar
environment to be gained from observations (Sect. 2.3). Hence, in Paper I
we model the circumstellarH2O emission lines observed by the ISO satellite
from 6 M-type AGB stars. A detailed radiative transfer analysis is performed
using the accelerated lambda iteration (ALI) method (Rybicki & Hummer
1991, 1992) to determine the circumstellar abundances ofH2O. The mass-
loss rate and kinetic temperature structure are determinedthrough CO radio
line modelling, and the dust temperature and dust density structure are deter-
mined using the dust continuum emission modelling code Dusty (Ivezić et al.
1999). InPaper II the spectrally resolved line profile of theH2O line at 557
GHz (the110−101 transition) observed by the Odin satellite is included in the
analysis for three of the sources. This adds important constraints to the size
of the abundance distribution ofH2O, the abundance ofH2O, and the velocity
field in the CSE. Also, inPaper II the effect of additional excitation states of
H2O is investigated (see Sect. 3.5).

3.1 Observations
3.1.1 ISO observations

The Infrared Space Observatory (ISO) was a space born infrared telescope
with a 60 cm mirror that operated between 1995 and 1998. It measured in-
frared radiation between 2.4-250µm. Onboard it had the Short-Wave Spec-
trometer (SWS), a spectrograph operating between 2.4µm and 45µm, and
the Long-Wave Spectrometer (LWS) operating at 45µm to 197µm. In Pa-
pers I andII the models of circumstellarH2O are constrained by observations
done with the LWS. The resolution of the data at wavelengths shorter than
93µm is 0.3µm, while at wavelengths longer than 80µm it is 0.6µm. The
ISO observations are not spectrally or spatially resolved.

The basic data products were downloaded from the homepage, and the ISO
Spectral Analysis Package (ISAP) was used to clean the data from cosmic
rays. The different scans in the individual detectors were then combined and
averaged . Finally baselines were subtracted and the different detectors com-
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Figure 3.1: Odin observations of the ortho-H2O line (the (110−101) transition at 557
GHz) towards the M-type AGB stars R Cas, R Dor, and W Hya (histograms), overlaid
by the best-fit models fromPaper I based on ISO data only (dashed line) and the
best-fit models fromPaper II including ISO and Odin data (solid line). The stellar
systemic velocity,vLSR, is indicated by the dot-dashed line, and the solid line indicates
vLSR±ve, whereve is the expansion velocity in the CO model.

bined to get a continuum subtracted spectrum covering the entire wavelength
range. The intensities in the detectedH2O emission lines were then measured
by fitting Gaussian profiles to the lines.

3.1.2 Odin observations

The Odin satellite telescope is a Swedish-led satellite project launched in
February 2001. The original life time of the telescope was a minimum of 2
years, however Odin is still operating 8 years after the launch. Until 2008, ob-
servations were split evenly between astronomical observations focused on the
detection ofO2 andH2O in star formation regions and molecular clouds, and
aeronomy observations of ozone in Earth’s atmosphere. In 2008, astronomical
observations stopped and the telescope is now exclusively used for aeronomy.
Odin has a primary-mirror diameter of 1.1 m and is equipped with receivers
operating at frequencies of118.25− 119.25 GHz, 486.1− 503.9 GHz, and
541.0−580.4 GHz. We used Odin observations of the ortho-H2O(110−101)
transition at 557 GHz towards three M-type AGB stars in orderto additionally
constrain the models inPaper II . The data was observed using the position-
switch mode and the autocorrelator. Flux calibration was done using the inter-
nal hotload, and the absolute calibration uncertainty is≈ 10%. The frequency
resolution of the data is 1 MHz, which corresponds to 0.54kms−1 at 557 GHz,
meaning that the spectral line profiles for the observed objects are resolved.
Figure 3.1 shows the 557 GHz line observed towards the M-typeAGB stars
R Cas, R Dor, and W Hya. The overlaid lines are the results of theH2O emis-
sion line models (see below).
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Figure 3.2: Dust models for W Hya.Left: The dust temperature profile.Right: The
best-fit SED.

3.1.3 The Herschel Space Telescope

The Herschel Space Telescope was launched in May 2009. It is aninfrared
telescope with a 3.5 m primary mirror with instruments capable of both imag-
ing and spectroscopy. One of the instruments is the Heterodyne instrument for
the far infrared (HIFI), a high-resolution (0.05−18kms−1) heterodyne instru-
ment covering a frequency range between 480 GHz to 1910 GHz. This range
covers a large number of molecular lines. The high spectral resolution will
make it possible to observe spectrally resolvedH2O emission lines in AGB
stars. The objects included inPapers I and II are part of a guaranteed time
key project for the Herschel/HIFI mission. In preparation for the upcoming
Herschel/HIFI data, we model 20 of these lines in the groundstate ofH2O in
Papers IandII , showing that these will be readily observable with HIFI.

3.2 Dust emission models
The dust optical depth and dust temperature profile were determined using the
continuum radiative transfer code Dusty (Ivezić et al. 1999). Dust emission is
important for the calculation of the excitation ofH2O molecules. The model
parameters are constrained by observations in the form of spectral energy dis-
tributions (SEDs), consisting of 2MASS and IRAS fluxes, and insome cases
L- and M-band fluxes (Fig. 3.2). The code uses a ‘standard model’CSE, as-
suming a spherically symmetric mass loss with a constant rate and expansion
velocity, resulting in a density profile withρ ∝ r−2 (by conservation of mass).
Optical constants for silicate dust were adopted from Justtanont & Tielens
(1992). The free parameters in the model are the dust optical depth and dust
condensation temperature. These were adjusted in order to find the best fit to
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Figure 3.3: Circumstellar CO line emission from W Hya: observations (black) and
model (red). The observations are from (left to right): CO(1-0) (SEST), CO(2-1)
(JCMT), CO(3-2) (JCMT), and CO(4-3) (JCMT). The uncertainty in the absolute in-
tensity scale is≈±20%.

the SED using aχ2-statistic. A more detailed description of the modelling
procedure is given in Schöier et al. (2002).

3.3 Mass-loss rates from circumstellar CO line emission
The mass-loss rates for the six sources were determined usingCO emission
line models. The models use a non-LTE radiative transfer code based on the
Monte-Carlo method [presented in detail in Schöier & Olofsson (2001) and
Olofsson et al. (2002)]. The same standard model as in the dustmodelling
is assumed. The model self-consistently solves the gas energy-balance equa-
tion, and includes cooling terms from the adiabatic expansion of the envelope
and radiative line cooling through CO andH2. The dominant heating term is
given by dust-gas collisions. The density distribution and temperature struc-
ture of the dust grains are taken from the dust radiative transfer modelling.
The parameters determined in the CO emission line models are the gas ex-
pansion velocity, the kinetic temperature distribution, and the mass-loss rate.
Details are presented inPaper I andPaper II . The model emission lines are
compared to observed CO emission lines and the best fit model is determined
using aχ2 minimisation method, where

χ2 = ∑ (Iobs,i − Imod,i)
2

σ2
i

(3.1)

and Iobs and Imod are the observed and modelled line fluxes, respectively,σi

the uncertainty in observationi (typically on the order of±20%), and the sum
goes over all lines included. Figure 3.3 shows model lines fitted to observa-
tions of circumstellar CO emission lines from W Hya for a mass-loss rate of
10−7 M⊙ yr−1.

CO emission lines have been used extensively in mass-loss rate determi-
nations for C-type, S-type and M-type stars (e.g. Schöier & Olofsson 2001;
Schöier et al. 2002; Olofsson et al. 2002; González Delgado et al. 2003a;
Ramstedt et al. 2006, 2009), and also used in attempts to trace the mass loss
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history of the stars (Schöier et al. 2002; Kemper et al. 2003;Teyssier et al.
2006; Decin et al. 2007).

3.4 Radiative transfer using accelerated lambda
iteration
The H2O emission lines are modelled using a detailed, non-local radiative
transfer code based on the accelerated lambda iteration (ALI) method, de-
veloped by Rybicki & Hummer (1991) and Rybicki & Hummer (1992). The
code was used previously to model the water vapour emission from the cir-
cumstellar environment around W Hya by Justtanont et al. (2005), but has
been modified to now also include vibrationally excited energy levels and the
emission from dust.

The ALI method solves the radiative transfer by making an initial guess of
the level populations and then solving the statistical equilibrium (SE) equa-
tions for each transition. Since the standard model assumesa spherically sym-
metric geometry, it is enough to solve the SE equations in each radial point of
the circumstellar envelope by determining the mean integrated intensityJ̄ll ′

J̄ll ′ =
1

4π

∫

dΩ
∫

dνφll ′(µ ,ν)I(µ ,ν), (3.2)

whereI(µ ,ν) is the specific intensity at frequenceyν along directionµ, and
φll ′ (µ ,ν) is the normalized line shape profile (Doppler profile) used asa
weight function. The specific intensity is determined introducing the lambda
operator,Λµν , by

I(µ ,ν) = ΛµνStot(µ ,ν)+Lbg, (3.3)

whereStot(µ ,ν) is the total source function (including dust and all overlapping
lines) andLbg is the contribution from the background toI(µ ,ν). The lambda
operator can be seen as aN×N matrix with N radial points, with the local
contribution toJ̄ll ′ along the diagonal of the matrix, and all non-local contri-
butions toJ̄ll ′ in the off-diagonal elements. The ALI method improves con-
vergence in the case of high optical depths by using an approximate lambda
operator which takes care of the high optical depths separately. The approx-
imate lambda operator contains only the local contributions to the specific
intensity. The approximate solution is used in the next iteration until conver-
gence is achieved. For a more detailed description of the ALI method and its
implementation see Appendix A inPaper I.

3.5 Models of H2O emission lines
Modeling ofH2O emission lines from the circumstellar envelopes of M-type
AGB stars were done using the ALI method. The models are compared to ob-
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servations of lines within the ground state of ortho-H2O. The different levels
in the ground state may be populated through radiative or collisional exci-
tation within the ground state, or through radiative excitation of one of the
three excited vibrational states (the symmetric stretching mode,ν1 = 1, the
bending mode,ν2 = 1, and the asymmetric stretching mode,ν3 = 1) with a
subsequent decay to the ground state. Radiation from the central star (assumed
to be a blackbody), IR emission from the dust, and the interstellar radiation
field are included in all models. Collisions within the ground state are taken
from collisions between He andH2O, corrected by a factor of 1.4 to account
for collisions withH2. Collisions within the excited vibrational states are as-
sumed to be the same as within the ground state, and collisions between the
ground state and the excited vibrational states are scaled by a factor of 0.01.
The expansion velocity is assumed to be constant, and is determined in the CO
emission line models inPaper I. Including the spectrally resolved line from
Odin in Paper II requires a reduction of the expansion velocity, indicating
that theH2O observations probe a region where the wind is still accelerating.
Figure 3.1 shows the model results fromPapers IandII for the 557 GHz line
observed with Odin, showing the effect of reducing the expansion velocity to
fit the Odin data.

The two vibrational stretching modes,ν1 andν3, are excited by photons at
2.6 and2.7µm, respectively, while the bending modeν2 is excited by photons
at 6.3µm (in all cases the first vibrationally excited state). The SED of high
mass-loss-rate objects generally peaks at wavelengths longer than2.7µm, and
only the bending mode is likely to be significant. However, objects with lower
mass-loss-rates may have a significant flux also at≈ 2.7µm, and the stretching
modes may be significantly excited here as well, contributing to the popula-
tion of the ground-state levels. InPaper I excitation through theν2 = 1 state
is included in all models. InPaper II we also test the effect of including ex-
citation through the asymmetric stretching mode for three of our sources, and
show that this indeed has a significant effect on the model results and hence
the determined parameters. Since the A-coefficients of theν1 = 1−0 transi-
tions are typically a factor of 10 lower than for theν3 = 1−0 transitions, the
ν1 mode is not included. The effect of theν3 = 1 state is very dependent on
the exact radiation from the central star at the significant wavelengths, and a
detailed and careful modelling of the stellar radiation field, as well as its ra-
diative transfer through the CSE, are required for accurate models (Paper II ).

The abundance distribution of the circumstellarH2O is assumed to follow
a Gaussian (centred on the star) defined by the e-folding radiusre (where the
abundance has decreased to 37% of the initial value,f 0):

f (r) = f0 exp

(

−

(

r
re

)2
)

. (3.4)
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The photodissociation ofH2O into OH gives an estimate ofre as the radius at
which theoretical models predict the abundance of OH to be highest (Netzer
& Knapp 1987):

rNK = 5.4×1016
(

Ṁ
10−5 M⊙yr−1

)0.7
( vexp

kms−1

)−0.4
cm. (3.5)

However, in the modelling the size of the abundance distribution is treated as
a free parameter.

The density distribution and temperature structure of the dust grains is taken
from the dust radiative transfer modelling, and the inner radius of the CSE is
set to the inner radius of the dust envelope. The mass-loss rate, expansion
velocity, and kinetic temperature profile are included fromthe CO modelling.
The only remaining free parameter to be determined is the abundance of ortho-
H2O, f o−H2O. As with the CO models, theH2O model line fluxes are fit to the
integrated observed fluxes from ISO, and the best-fit model isdetermined by
minimising theχ2 value (Equ. 3.1).
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4 Scattered light data and its
reduction

Observations of stellar light scattered by gas and dust wereused in the analysis
of the carbon stars U Ant and R Scl by González Delgado et al. (2001, 2003b).
These observations have the advantage of high spatial resolution, something
that can only be achieved using interferometers when observing CO emis-
sion lines. Polarisation data further gives information onthe dust distribu-
tion. Observations of scattered light are used as the basis for the analysis of
the detached shells here, both from the ground (Paper III ) and from space
(Paper IV). In particular, the new observations make it possible to differenti-
ate between the contribution from light scattered by dust and by atoms. This
information sets important observational constraints fortheoretical models of
the creation of detached shells. The entire data set was reduced using stan-
dard reduction techniques. However, the nature of the detached shells, and in
some cases the instrumental setup required non-standard data reduction and
calibration steps. This is in particular true for the EFOSC2 data used inPaper
III , where the subtraction of the stellar psf complicates the data analysis. This
problem is less in the HST observations, since the stellar psf is well defined
for this data. Further, the use of a long-slit and custom madefilters together
with the echelle spectrograph EMMI complicates the wavelength calibration
of the data used inPaper III . Therefore the reduction steps for the EFOSC2,
EMMI, and HST data are described in detail in the following sections.

4.1 EFOSC2 data
The analysis of the circumstellar environment of U Ant inPaper III is based
on the polarisation data taken with the EFOSC2 camera on the ESO3.6m tele-
scope in April 2002. The images were taken at polarisation angles of 0◦, 45◦,
90◦, and 135◦ through four filters: two covering the resonance lines of K and
Na (the F77 filter at 769.9 nm and the F59 filter at 589.4 nm, respectively), and
two filters containing no strong lines in the circumstellar medium (an Hα fil-
ter at 657.7 nm and a Strömgren y filter at 548.2 nm). Since the stellar flux
outshines the stellar light scattered in the circumstellarmedium by four orders
of magnitude, an occulting mask of≈4" was placed on the star, making it pos-
sible to detect the faint circumstellar emission. The light from the telescope
first passes the coronographic mask, then the polariser, which is mounted on
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Figure 4.1: A schematic view of the lightpath of the EFOSC2 instrument. Optical
elements such as collimating lenses are not shown.
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Figure 4.2: Left: Image of the template star HD137709 through the F59 filter.Right:
The AARPs of the template star (dashed line), U Ant (solid line), and a Moffat profile
(dotted line) (see text andPaper III for details).

a halfwave plate (HWP). The HWP can be rotated and set to a particular an-
gle, making it possible to obtain full linear polarisation measurements without
rotating the adaptor. After the HWP the light passes the filter and reaches the
CCD (see Fig. 4.1 for a schematic overview of the lightpath).

Flux standards were taken through all filters in order to absolute flux cal-
ibrate the images. A standard data reduction including biassubtraction, flat-
fields, and shifting and combining images was done using tasks in IRAF. Us-
ing the images at the four different polarisation angles, the total flux in the
shell, Ish, the polarised flux in the shell,Psh, and the polarisation degree,psh,
can be readily determined. SeePaper III for more details.

Although a coronographic mask was used to block most of the stellar light,
the stellar psf still dominates the image due to scattering of stellar light in
the atmosphere and telescope instruments. By observing a template star of the
same magnitude and spectral type and with the same instrumental setup, the
stellar psf can be subtracted from the image, leaving only the circumstellar
emission. This, however, requires a careful scaling of the template psf and a
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Figure 4.3:Results of the EFOSC2 observations of U Ant in the Strömgren yand F59
filters (top left and right, respectively), and Hα filter (bottom left). The bottom right
image shows a raw-data image in the Na filter.

very clean and well defined psf out to large radii. The technique has been
used successfully previously (González Delgado et al. 2001, 2003b). Dur-
ing the 2002 observations the template star HD137709 was observed through
all filters. Unfortunately, the image contained a large number of field stars,
which significantly disturbed the psf profile. The left panel of Fig. 4.2 shows
the image of the template star through the F59 filter. The largenumber of
bright background stars is obvious in the image. The right panel shows the az-
imuthally averaged radial profile (AARP) of the template star, of U Ant, and
a Moffat profile, described by

I = I0× [1+(
r
r0

)2]−b, (4.1)
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whereI0 is the maximum intensity,r the distance from the centre, andr0 the
width of the profile. The exponentb determines how quickly the profile de-
creases with the offset. The emission due to the detached shell around U Ant
can clearly be seen, as well as the large number of backgroundstars in the
psf of the template star. A direct subtraction of the template star would make
any analysis of the circumstellar emission impossible. Instead, the psf is as-
sumed to be circularly symmetric, and the Moffat profile is subtracted from
the U Ant images. Although the fit works reasonably fine, the resulting ra-
dial profiles are very sensitive to the exact form of the Moffat profile. This
introduces considerable uncertainty in the derived circumstellar fluxes.

Figure 4.3 shows the detached shell in scattered stellar light through the
Strömgren y, F59, and Hα filters. A raw data image taken through the Na
filter is also shown. Artefacts due to the subtraction of the template star and
the spiders are blanked out. The detached shell can be seen clearly already in
the raw image, indicating the high quality of the data.
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Figure 4.4: A schematic view of the lightpath of the EMMI spectrograph.Top: stan-
dard setup of an echelle spectrograph with order-sorting cross disperser, resulting in
many orders projected to lie close to each other on the CCD.Bottom:Non-standard
setup using a narrow filter to select only one order, allowingthe use of a longer slit.
Optical elements such as collimating lenses are not shown.

4.2 EMMI data
Although observations of CO emission lines give kinematic information about
the detached shells, the spatial resolution limits the interpretation. In particu-
lar in the case of U Ant, where a possible multiple shell structure is indicated,
high spatial resolution together with velocity information of the shell is desir-
able. Echelle spectrographs give the desired spectral resolution (on the order
of a few km/s), which can be combined with observations in theoptical, giving
high spatial resolution. The normal setup of an echelle spectrograph is a grat-
ing creating a spectrum. The resolution increases with increasing angle from
the optical axis, i.e. where the high-lying orders of the spectrum lie. However,
at large angles from the optical axis, the orders start to overlap, and the use
of an order-sorting cross-disperser is necessary. The cross-disperser projects
the orders to lie next to each other on the CCD. The gap between orders on
the CCD is relatively small, and this setup only allows the use of short slits
(≈ 5"). The radius of the shell around U Ant is≈ 50", and another setup is
desirable in order to cover the entire shell by the slit. By using the relatively
narrow filters (5 nm) centred on the K and Na resonance lines (the F77 and
F59 filters, respectively) instead of the cross-disperser,only the order contain-
ing the resonance lines can be selected. Since only one orderis projected onto
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Figure 4.5:Cuts along the dispersion axis in the flatfield images from theEMMI data.
Solid line:through the F59 filter.Dashed line:through the F77 filter.

the CCD, it is possible to use much longer slits, now coveringthe entire shell
(see Fig. 4.4 for a schematic view of the setup). This setup wasused with the
EMMI spectrograph on the ESO NTT telescope in March 2004 to observe the
detached shell around U Ant (Paper III ). In order to avoid the direct stellar
light, the shells were observed at different offsets from the central star. The
data was bias subtracted, flatfielded, and combined using standard tasks in
IRAF. The stellar light scattered in the resonance lines in the gasof the de-
tached shells leads to very characteristic ellipse-like shapes in the spectrum,
making it possible to measure the expansion velocity, size and width of the
shells. SeePaper III for details.

While the data in the F59 filter was as expected, with the two NaD dou-
blet lines at 589.59 nm and 588.99 nm, respectively, lying inthe middle of the
spectrum, and the atmospheric NaD lines also clearly visible, the data in the
F77 filter differed from expectations. Instead of seeing oneline (the princi-
ple resonance line at 769.90 nm), three lines were visible. The filter is wide
enough to also allow a second resonance line (at 766.49 nm) tobe seen, ex-
plaining the presence of two lines in the spectrum. The presence of a third,
however, is difficult to explain, unless the data shows an overlap of neigh-
bouring orders. The solid line in Fig. 4.5 shows a cut along thedispersion axis
of a flatfield image taken through the F59 filter. The filter profile can clearly be
seen, peaking near the centre of the CCD. The dashed line in Fig. 4.5 shows
the same cut through the flatfield in the F77 filter. The profile differs com-
pletely from the F59 flatfield profile, showing two peaks instead of only one,
confirming the suspicion that two orders are overlapping (the two peaks mark-
ing the filter profile in the two orders). The overlap of two orders makes the
wavelength calibration nearly impossible, since the calibration spectra show
overlapping lines from different orders as well. At the sametime, the disper-
sion appears to change along the CCD, making a careful and exact wavelength
calibration essential in order to derive correct expansionvelocities. In order to
get a proper wavelength calibration, the fact that the stellar psf, due to scat-
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Figure 4.6: Spectrum in one order of the F77 filter of U Ant (solid line), and the
comparison star HD20234 (dashed line). The intensity is in arbitrary units.

Figure 4.7: EMMI long-slit spectra towards the carbon star U Ant in the F59 filter
(left) and F77 filter (right). The slit was placed 15" east (top), 15" west (middle), and
25" east (bottom) from the central star. FromPaper III .

tering in the atmosphere and telescope, reaches the slit andleaves a stellar
spectrum in the data, was used. This spectrum was compared to the wave-
length calibrated spectrum of another carbon star (HD20234) (Fig. 4.6), hence
producing a good wavelength calibration for U Ant inPaper III .

Figure 4.7 shows examples of the resulting EMMI long-slit spectra towards
U Ant in the F59 and F77 filters, observed at offsets of 15" eastand west, and
25" east from the central star.

4.2.1 HST data

In Paper IV we use data observed with the Advanced Camera for Surveys
(ACS) on the Hubble Space Telescope. The circumstellar environments of
R Scl and U Cam were observed in November 2004 and January 2005, re-
spectively. The ACS makes it possible to observed the detached shells in very
high resolution. The images of R Scl and U Cam were taken through the f606
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Figure 4.8:HST images taken with the ACS of R Scl (left) and U Cam (right) through
the f814 filter. FromPaper IV.

and f814 filters centred at 5907 Å and 8333 Å, respectively. R Scl was also ob-
served through the f475 filter at 4760 Å. The filters are broad with widths of
1458 Å, 2324 Å, and 2511 Å for the f475, f606, and f814 filters, respectively,
and the scattered stellar light measured in the filters is dominated by scattering
by dust particles. As with the EFOSC2 data, the central star iscovered by a
coronographic spot (the 3" and 1.8" spots for R Scl and U Cam, respectively).
The size of the shell around R Scl (diameter≈40") is larger than the field of
view of the ACS (25"×25"). In order to cover more of the shell, R Scl was
observed at two rotation angles of the telescope, separatedby 30◦.

Short (0.1s) exposures without coronographic masks were taken through all
filters in order to determine the stellar fluxes. Reference stars without circum-
stellar scattered light were also observed in order to subtract the remaining psf
from the target images.

The images were reduced using the HST pipeline. An additionalsubtrac-
tion of the estimated sky background was done. The pixel scalein the images
is 0.026"/pixel. The reference star images were subtracted from the target im-
ages by matching the position of the reference star with the target star and
scaling the flux to the target image until the best fit was achieved. Finally,
the images needed to be geometrically corrected and rotatedto the (α ,δ )-
system using correction files from the ACS homepage and the task pydrizzle
in PYRAF. The stellar flux in the f475 image was determined directly from
the image, while the star saturates the CCD in the f606 and f814 filters despite
using the shortest exposure times. For these filters the stellar flux was instead
estimated by fitting the HST psf calculated using the publicly available pro-
gramTiny Tim. SeePaper IV for details.

Figure 4.8 shows the resulting images of R Scl and U Cam through the f814
filter.
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5 Outlook

Although an overall good understanding of the final evolution of stars with
up to∼ 8M⊙ exists, there are a number of unsolved problem which will be
addressed in the near future. The mass-loss characteristicsare rather well de-
scribed for all types of AGB stars, with the conclusion that there do not seem
to be any large differences between the chemical types. However, already for
carbon stars the details of the mass loss, in particular its dependance on mass,
metallicity, and variation over time, are not completely understood. For M-
type AGB stars the problem posed by not being able to form grains that can
drive the mass loss close enough to the star has yet to be solved. Recently,
Höfner (2008) suggested that larger grains (around 1µm in size) can drive the
mass loss in M-type AGB stars. Recent VLTI MIDI observations of the dust
content close to M-type AGB stars will hopefully give clues as to whether
the results by Höfner can be confirmed. Using interferometric observations
of dust emission features may give a direct measurement of the size distri-
bution of the dust grains close to the the star where the wind is accelerated.
Similarly, high spatial resolution measurements of the velocity field give in-
formation and constraints on the wind acceleration zone. Understanding the
mass loss in detail is of profound importance, as even small variations will
affect the evolution of the star, the nucleosynthesis, and the mass-return to the
interstellar medium.

Traditionally, models of AGB stars have assumed thermal equilibrium at-
mosphere chemistry, setting constraints on what types of molecules and dust
can form in the atmospheres of the stars. Non-equlibrium models however
show that the presence of shocks in AGB atmospheres can change abundances
of some molecules drastically. The observation of oxygen-bearing molecules
in carbon stars, and carbon-bearing molecules in M-type AGBstars seems to
confirm this. Here surveys of several different molecules ina large sample of
AGB stars, together with radiative transfer modelling to determine the molec-
ular abundances, will set constraints on the model atmospheres and give im-
portant information on the chemistry in the CSEs. In particular observations
of lines within the vibrationally excited state (ν2 = 1) of H2O will give in-
formation on the physics and chemistry in the very inner CSE. Observations
of transitions from HDO may answer the question of the originof the ob-
served circumstellarH2O in C-stars (and perhaps also in M-type AGB stars).
The upcoming Herschel/HIFI observations ofH2O in M-type AGB stars will
greatly increase the quality and certainty of the results from radiative transfer
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modelling, effectively constraining theH2O emitting region and water vapour
abundances.

The detached shells of dust and gas around some carbon stars are believed
to have their origin in mass-loss eruptions during the thermal pulse cycle. As
with the mass loss in general, the details of this process arenot well known.
Observations and a detailed analysis of the observed detached shell sources
will give information about the mass-loss variation duringa thermal pulse.
This may make it possible to connect changes in the atmosphereto changes
in the mass loss. As such, studies of detached shell sources could shed light
on the mass-loss phenomenon in general. Ongoing work, both observational
including scattered optical light, polarized light, infrared and radio observa-
tions, and theoretical efforts will hopefully give important information on the
detached shells.

In general, the mass loss from AGB stars is assumed to spherically sym-
metric, resulting in CSEs that show spherical symmetry. The most striking
example of this is perhaps the remarkable spherical symmetry observed in
the detached shell sources. Nevertheless, planetary nebulae, the successors of
AGB stars, are generally highly non-spherical. A possible explanation for the
asymmetries in the expanding CSEs is the presence of magneticfields. CO
polarisation observations may be used to measure the magnetic field strengths
in AGB stars, and together with the high resolution in interferometer maps,
reveal information on the symmetry of the mass loss.

Finally, future observing facilities such as the ALMA interferometer will
deliver observations unprecedented in resolution and sensitivity. This will
make it possible to resolve the (likely) clumpy structure ofthe CSEs and al-
low to address the questions of how mass-loss mechanism affects the detailed
structure of the CSE, and the survival of the dust grains and molecules. These
observations also mean that the models used to determine mass-loss rates and
molecular abundances must be adjusted, thereby giving a more complete un-
derstanding of the late stages of evolution for these types of stars. In fact,
ALMA will be able to resolve, at least some, AGB stars and henceprovide
information on the atmospheric structure, which is directly relevant for the
mass-loss process.
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6 Summary of the papers

6.1 Paper I: Circumstellar H2O in M-type AGB stars
The aim of this paper is to model water vapour emission lines insix M-type
AGB stars in order to determine circumstellarH2O abundances. We use a de-
tailed non-LTE, and non-local, radiative transfer code basedon the accelerated
lambda iteration. Stellar parameters, such as the mass-loss rate, kinetic tem-
perature profile, and terminal expansion velocity are derived from radiative
transfer models of CO emission lines, while the dust densityprofile, dust tem-
perature profile, and the distances and luminosities of the stars are determined
using the dust radiative transfer code Dusty. The models wereconstrained
using data from the Infrared Space Observatory (ISO). The selected sources
span mass-loss rates between1×10−7M⊙ yr−1 and4×10−5M⊙yr−1.

The radiative transfer analysis allows the determination ofthe fractional
abundances of ortho-H2O (relative toH2), as well as the size of the emitting
region. In addition, we perform an extensive analysis of themodel depen-
dancies on different parameters, showing the significance of e.g. collisional
excitation, the excitation through the vibrationally excited stateν2 = 1, and
the stellar radiation field.

The derived abundances of o-H2O lie between2×10−4 and1.5×10−3 rel-
ative toH2, indicating that either the chemical processes in the stellar atmo-
sphere must be very effective at creatingH2O, or there must be another source
of water vapour, such as planetary bodies. Surprisingly onesource, WX Psc,
has a very low o-H2O abundance (only2× 10−6), indicating that some pro-
cesses may lead to the reduction of water vapour, such as adsorption onto dust
grains.

The results of the modelling shows that current abundance estimates are
still rather uncertain, and observations constraining thephysical and dynam-
ical structure of the emitting region are important. The six sources that were
modelled here are also part of a project that includes observations of circum-
stellarH2O emission lines using Herschel/HIFI. These observations will be
spectrally resolved and hence deliver information on the velocity field. The
large number of lines will probe different regions of the CSE,and give valu-
able information on the regions whereH2O is abundant.
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6.2 Paper II: Circumstellar H 2O line observations with
the Odin satellite
The results ofPaper I confirmed the relatively high abundances of circumstel-
lar H2O detected in M-type AGB stars. However, the analysis was based on
unresolved spectra from ISO. This limits the amount of conclusions that can
be drawn from the data, and leads to increased uncertaintiesin the determined
abundances and size constraints of the emitting region.

The aim ofPaper II is to examine the additional constraints provided by
spectrally resolved emission lines by including the o-H2O line at 557 GHz
(the 110− 101 transition) observed with the Odin satellite. Data for three of
the six objects from the previous paper was obtained, and we use the same
radiative transfer code to model the circumstellar emission.

The results show that inclusion of the 557 GHz line gives abundance and
size estimates consistent with the previous estimates. However, the constraints
set on the determined o-H2O abundance and radius of theH2O envelope are
considerably improved. Further, fits to the observed line profile of the Odin
data requires a reduction of the expansion velocity compared to the terminal
expansion velocity determined from the CO data. Hence, the Odin data con-
firms that observations of circumstellarH2O emission lines around AGB stars
probe the acceleration zone.

In addition to new constraints on the water vapour abundanceand the size
of theH2O region,Paper II also examines the importance of the vibrationally
excited stateν3 = 1. This state is excited by photons emitted from the central
star at2.6µm, and the models show that a detailed and careful treatment of the
stellar SED at these wavelengths is critical for correct abundance estimates.

Finally, the predictions for the Herschel/HIFI mission arere-examined,
showing that the observations will likely probe a range of regions in the
circumstellar envelope with different expansion velocities, making it possible
to in detail describe the acceleration zone.

6.3 Paper III: The detached shells around U Ant
The aim of this paper is to conclusively sort out the two scattering agents
(dust and gas) using observations of polarised scattered stellar light around
the carbon star U Ant in filters that do not contain any strong emission lines
(i.e., the emission in the filters is dominated by scatteringby dust particles).
The observations were made using the EFOSC2 camera on the ESO 3.6m
telescope.

The data is analysed by fitting theoretical profiles of dust scattered light to
radial profiles of the data averaged over all position angles. Special consid-
eration is taken to the amount of forward scattering by the dust grains. This
allows the separation of flux coming from different shells. The results confirm
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the presence of two detached shells at distances of≈ 43" and≈ 48". Com-
parison of the measured flux in the dust-dominated filters with that in filters
containing the resonance lines of Na and K show that the outershell consists
entirely of dust, while the inner shell is dominated by gas, likely due to the
separation of gas and dust. This is in line with the different morphologies in
the different filters. It is possible to use an analytical approach based on optical
thin scattering in dust and the ratio of circumstellar flux tothe total stellar flux
to estimate the amount of dust in the shell. Observations of CO emission lines
give an estimate of the amount of gas. The data is complementedby spectral
observations of the K and Na resonance lines using the echelle spectrograph
EMMI on the NTT, giving an estimated expansion velocity of the gas shell of
19.5kms−1, in agreement with previous estimates from CO radio line data.
The overall conclusion is that the shells were created duringa thermal pulse
that occurred 2700 years ago, resulting in a greatly increased mass-loss for a
brief period before decreasing to a very low rate again. This creates thin, ex-
panding shells that are detached from the star. The shell dustand gas masses
are5×10−5 M⊙ and2×10−3 M⊙, respectively, resulting in a dust-to-gas ratio
of 0.02, reasonable for AGB stars.

The images and spectroscopic data in the NaD line clearly showstructure
inside the shell of gas at 43". It is unclear whether the observed structure is
formed by clumps within the 43" shell, or whether it is a sign of one or several
additional shells closer to the star.

6.4 Paper IV: HST/ACS images of detached shells
In Paper IV we present Hubble Space Telescope (HST) images, observed
with the ACS instrument, of the detached shells around R Scl and U Cam.
The observations were made through three filters, all dominated by stellar
light scattered by dust particles. For both objects the images clearly show the
detached shells, with a marked, nearly circular, limb brightening, indicating
that the images show stellar light scattered in a geometrically thin shell de-
tached from the central star. As inPaper III , radial profiles averaged over
all position angles allow to measure the circumstellar flux,and the ratio with
the total stellar flux allows to make an estimate of the total dust mass in the
shells. Although uncertain due to the (unknown) scatteringproperties of the
dust grains (e.g., grain size distribution, grain composition, grain shapes), the
derived dust-masses are consistent with previous estimates.

The HST images clearly show the clumpy structure in the shells. Profiles
along the azimuthal (angular) direction at different radial distances show that
the clump size distribution does not vary over the shell. ForR Scl the derived
clump size is consistent with clumps that were created by Rayleigh-Taylor in-
stabilities, due to the expansion of the shell into a lower density, lower velocity
medium. This is consistent with a scenario where the shells are created during
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a brief period of high mass loss due to a thermal pulse, with a subsequent in-
teraction with a previous, slower wind. The interpretation is more difficult for
U Cam, as the shell is significantly smaller (only 7" in radius), and artefacts
in the image disturb the analysis. However, the results are consistent with the
creation of detached shells due to thermal pulses.
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