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Chapter 1 

Introduction 

1.1 General introduction 

The main purpose of science is to understand the world around us. With the acquired 
knowledge people try to predict and control the future and thus their life. To under
stand the present status of the world around us and to predict what the future will 
be, it is important to study the past. The fundamental question in science can thus be 
formulated as: "Where do we come from, and where are we going to?". 

Astronomy is no exception to this rule. To the contrary rather by understanding 
the Universe we try to answer (part of) this fundamental question. "Where do we come 
from?" can be translated to: "How are the Sun and its planets formed? ", and "Where are we 
going to?" may be translated to: "How will the Sun and its planets evolve?". By looking at 
many different stars in different evolutionary phases astronomy tries to answer these 
fundamental questions. In this thesis we will try to unveil a small part of that answer, 
by studying a new field in astronomical research, called astromineralogy: 

1.1.1 The evolution of solar-type stars. 

The two fundamental questions seem rather similar, but in fact they need a very differ
ent approach. The future of our solar system is mainly determined by stellar evolution, 
while many processes in the past are influenced by the presence of dust. 

We will discuss the fate of solar-type stars by addressing the future evolution of the 
Sun itself. The future of our Sun is schematically shown in Fig. 1.1. At present our Sun 
is on the main sequence where it burns hydrogen in its core. This will last for about 
another 5 billion years. After that period the hydrogen in the core will be exhausted 
and the Sun will evolve via hydrogen shell burning (the so-called Red Giant Branch 
phase), helium burning in the core (Horizontal Branch) to a phase with hydrogen and 
helium shell burning, called the Asymptotic Giant Branch (AGB) phase. 
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Figure 1.1 The luminosity and colour temperature of a solar type star during its 
life. (Taken from Osterbrock, 1989) 

Asymptotic Giant Branch stars 

On the AGB the star consists of a carbon and oxygen core surrounded by a helium-rich 
shell, and an outer H-rich envelope. During about 80% of the time, the H-shell burns 
H to He and provides the stellar luminosity. However, when temperature and den
sity are favourable, He can be fused in the He-shell, causing a thermonuclear runaway. 
This phenomenon (a He-flash) is called a thermal pulse. During such thermal pulses, 
the entire envelope is mixed efficiently and excess carbon is transported to the surface 
of the star. Eventually this may lead to the formation of stars with an excess of carbon 
(C/O > 1), also known as carbon stars. Such stars have a very specific, C-rich chem
istry in their atmosphere. The timescales between consecutive pulses range from 104 

to 105 years, depending on the luminosity of the AGB star. 
Another important aspect for stars on the AGB is that these stars lose a large fraction 

2 



1.1. GENERAL INTRODUCTION 

of their mass especially when they reach the top of the AGB. The physical mechanism 
responsible for these high mass-loss rates is believed to be stellar pulsations (with a 
typical period in the range 300-3000 days) in combination with the formation of dust. 
The mass-loss rate can become as high as 10"4 solar masses per year, which naturally 
cannot last longer than several thousand years for low mass stars. During this phase 
a star like the Sun will lose about 40 % of its initial mass in the form of a stellar wind. 
More massive stars can lose up to 90 % of their mass. While the hydrogen shell slowly 
"eats itself" from inside out through the envelope, the stellar wind reduces the enve
lope mass from the outside. During most of the stellar life, the evolutionary timescales 
are solely determined by the nuclear fusion processes; during this phase however, the 
mass-loss rate can become the dominant parameter. In order to understand the evolu
tion of AGB stars, it is therefore crucial to know more about the mass-loss rate due to 
the stellar wind. 

The formation of dust depends largely on the availability of atoms and molecules. 
The most abundant elements used for the formation of dust are C and O. However, 
the CO molecule is very stable and already forms at high temperatures in the stellar 
atmosphere. This leads to a clear separation of the type of dust present around AGB 
stars. If more oxygen than carbon is available, i.e. the C/O ratio is smaller than unity, 
all the C will be trapped in CO and only O will be available to form dust. In this 
case oxygen-rich dust will form, for instance (simple) oxides, quartz and silicates. This 
is the initial situation for all stars. During the stellar evolution the C/O ratio will 
increase. This is due to the mixing of fusion products from the core into the mantel 
material during a thermal pulse. Massive stars will experience many thermal pulses 
which eventually will result in a C/O ratio exceeding unity. These stars are called 
carbon or C-stars, in contrast to the oxygen-rich M-stars. In the dusty envelope of the 
C-stars all oxygen is trapped in CO and carbon is left to form carbon-rich dust such 
as silicon carbide (SiC), graphite and polycyclic aromatic hydrocarbons (PAHs). For 
objects where the C/O ratio is almost unity, the so-called S-stars, both the carbon and 
oxygen will be very depleted in the wind and other dust species like ferro silicon (FeSi) 
are expected to form. Thus, the atomic abundances in the wind strongly determine 
what kind of dust is formed. The physical and chemical processes leading to dust 
formation are still poorly understood. One of the main goals of this thesis is to derive 
observational constraints on the dust formation process by observing the end result of 
this process, i.e. dust in AGB outflows. 

At the top of the AGB the amount of dust formed may be so huge, that the star 
becomes optically invisible and these objects can only be observed in the infrared (IR); 
i.e. the dust absorbs all stellar light and re-radiates the energy in the infrared. The 
dust formation is not only important for the spectral energy distribution of the star, 
it also plays an important role in the mass-loss process itself. The outflow in these 
stars is driven by radiation pressure on the dust grains. The gas is dragged along 
with the grains due to an efficient coupling between dust and gas. Stellar evolution at 
the top of the AGB, which depends on the efficiency of the wind driving, is therefore 
closely related to the formation of dust. Dust formation depends strongly on the local 
conditions (see e.g. Sedlmayr & Dominik 1995). Small variations in these conditions 
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Figure 1.2 The observed spectral energy distribution of the post-AGB star 
HD161796 normalized to the maximum fluxlevel. The double peaked structure 
is clearly visible. The crosses mark UV, optical and IR photometry and spectropho
tometry. The thin solid line, starting in the UV and visual, represents a Kurucz 
(1979) model atmosphere, while the solid line in the IR represents the ISO 2.4-195 
fim spectrum. 

can lead to a significant change in the final dust characteristics and thus to changes in 
the outflow. 

Post-Asymptotic Giant Branch stars 

At a certain moment, when the envelope mass, i.e. the mass between the hydrogen 
burning shell and the outer layers of the star, is less than about 0.01 M 0 , the huge mass 
loss suddenly stops. Although the exact mechanism is not completely understood, it 
must be related to the fact that there is not enough mass left to maintain the extended 
envelope. The star starts shrinking with constant luminosity, and therefore becomes 
hotter. We call this the post-AGB or proto-planetary nebula (PPN) phase. During this 
phase the mass lost on the AGB slowly drifts away from the star («RJ 10 km/sec), its 
(column) density drops and the central star becomes visible again. This results in the 
typical double peaked spectral energy distribution (SED), with a peak at visible wave
lengths due to the central star and a second peak in the infrared due to the expanding 
dust shell (see Fig. 1.2). 

Although the duration of the post-AGB phase is relatively short (100 to 10,000 
years), it is very suitable to study the mass lost at the end of the AGB phase. As men-
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Figure 1.3 An image of the planetary nebula NGC6537 taken with the Wide 
Field Planetary Camera 2 on the Hubble Space Telescope (data from B. Balick, 
V. Icke and G. Mellema, 1997). The contrast in the center is enlarged. 

tioned above, the formation of dust is very sensitive to the local conditions (temper
ature, density, chemical composition etc.). The mass and composition of the gas and 
dust, as well as its geometric distribution around the star can therefore be considered 
as a kind of "history book" of the conditions during the AGB phase. This information 
is crucial in deriving a better understanding of this poorly understood evolutionary 
phase. 

Planetary nebulae 

The star contracts further (with constant luminosity), and at a certain moment its tem
perature will be high enough to emit a significant amount of UV photons to ionize its 
surroundings, i.e. the gas lost on the AGB. A planetary nebula (PN) is born. An exam
ple is shown in Fig. 1.3. When finally the nuclear fusion stops, and the dust is too far 
away to be detected, we are left with basically the core of the star, which slowly fades 
away as a white dwarf. 

Binarity and disks 

A longstanding problem is the geometry of the outflow. During most of the AGB the 
mass loss appears to be spherical, while at the top of the AGB mass loss, for a brief 
but important period of time, is axi-symmetric. This can be concluded from the (some
times strongly) axi-symmetric distribution of dust in young proto-planetary nebulae. 
These objects have only recently (;$ 500 years ago) left the AGB, and the geometry of 
the detached envelope still reflects the AGB wind density structure. It is important to 
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realize that the bipolar shapes of planetary nebulae can be explained by hydrodynam-
ical interaction between the axi-symmetric, slowly expanding AGB remnant, and the 
fast, spherically symmetric outflow that is produced by the hot white dwarf (see e.g. 
Mellema et al. 1991; Frank & Mellema 1994). 

The reason for the axi-symmetry of the last phase of AGB mass loss is not well 
known, but several mechanisms have been proposed. Rotation has been suggested 
by different authors (e.g. Mufson & Liszt 1975; Phillips & Reay 1977; Asida & Tuch-
mann 1995) but has considerable problems (Soker 1996). Another proposed mecha
nism is the presence of cool spots at low latitudes above which dust forms more easily. 
The spots are formed due to dynamo magnetic activity of very slowly rotating stars 
(10"4u.'Kep > UJ > \0~2ioKep, with u;Kep the Keplerian angular velocity) which is en
hanced at the equator (Soker 1998, 2000). Magnetic fields have been detected in the 
O-rich AGB star W Hya in its OH emission spectrum (Szymczak et al. 1998). However, 
the most often suggested cause of the axi-symmetry is the presence of a companion. 
Due to the gravitational influence of the companion the dust tends to accumulate in the 
orbital plane. Whatever the cause of the deviation for spherical symmetry is, it is prob
ably enhanced by the dust forming process, because the critical density is first reached 
in the equatorial (or orbital) plane. In some cases binarity has undoubtedly played an 
important role in the circumstellar dust distribution. Depending on the orbital sepa
ration between the two stars, matter expelled by the AGB star may be captured in a 
disk surrounding the companion (in wide binary systems) or in a circum-binary disk 
(in close binary systems). While in the former case the orbit of the companion is prob
ably not greatly modified, and only a modest amount of material can be stored, the 
circumbinary disks can be fairly massive and require substantial interaction between 
the two stars. 

The following scenario has been proposed for these objects. A non fatal spiral-in, 
due to braking in the expanding atmosphere of the AGB star, removes a large part 
of the envelope. This material cannot escape the system and is dumped into a cir
cumbinary dust disk. The system survives the spiral-in and the star evolves further 
to become a post-AGB star. A good example of this last scenario is the Red Rectangle 
(Van Winckel et al. 1995; Waelkens et al. 1996; Waters et al. 1998). Although the evolu
tionary path for these systems is not well known, it is likely that the evolution of this 
stripped AGB star went quicker than for the single star case. The disks around these 
systems are very stable, so that their chemical composition can be quite different from 
that of the central star (Waters et al. 1998 and Chapter 5). Soker (2000) argued that the 
angular momentum in such massive disks is too high to be the result of an interacting 
binary system. However, it should be noted that the evidence for a disk comes largely 
from the dust and there are indications that these disks are gas depleted (Jura et al. 
1995; Jura & Kahane (1999); Chapter 5) and that gas has been re-accreted onto the star 
(Waters et al. 1992). 

6 



1.2. THE STUDY OF DUST 

High mass stars 

For completeness we briefly mention the post-main-sequence evolution of stars with 
MMainSeq. > 8 M©. These objects do not evolve to the AGB, but instead become red 
supergiants (RSG). During the RSG phase mass-loss rates can be as high as 10~6 -
10~3 M 0 /yr . As in their lower luminosity counterparts, RSG also have a slowly ex
panding, dusty outflow. Despite their prolific mass loss, the low space density of RSGs 
does not make them important dust production sites (as are the AGB stars). The fi
nal fate of a massive star is a supernova explosion, possible preceded by an unstable 
period as a so-called luminous blue variable (LBV), and/or a phase as a hot (He-rich) 
Wolf-Rayet (WR) star. 

1.1.2 The evolution of dust in the interstellar medium 

The replenishment of material in the interstellar medium (ISM) is for about 50% due to 
mass loss of low mass stars (< 8Af©) on the AGB. The understanding of this AGB mass 
loss is therefore not only important for the evolution of stars, but also for the evolution 
of our Galaxy as a whole. When the life of stars ends, the life of dust begins. 

The strong stellar wind drives the dust into the interstellar medium (ISM). The 
gas and dust in the ISM form (dense) molecular clouds from which material migrates 
into the diffuse ISM and vice versa. Shock waves, e.g. from supernova explosions, 
propagating through the interstellar medium can destroy the dust grains, after which 
dust is reformed in the molecular clouds. Theory predicts that the grains are destroyed 
and reformed a couple of times before they end up in a star-forming region (e.g. Tielens 
1999). 

A gravitational instability in the molecular cloud can lead to a collapse. During the 
collapse phase gravitational energy is released. This has to be radiated away, otherwise 
the gas pressure will increase and finally may stop the contraction. In contrast to atoms 
and molecules, dust can very efficiently absorb energy and radiates it away in the 
infrared, where the cloud is optically thin. Dust therefore plays an important role in 
the removal of excess energy and thus in the formation of stars. Molecular clouds 
initially rotate very slowly. During the collapse the cloud will preserve its angular 
momentum, i.e. it will spin up. Because of this preservation of angular momentum, 
a disk will form with in its center a proto-star. Out of this disk material planets may 
form. 

The formation of a new star (and possibly planets) is basically the end of the life of 
dust, and the beginning of the life of a star, closing the dust cycle in our Galaxy. 

1.2 The study of dust 

As explained above, dust plays an important role both at the beginning and at the end 
of the life of stars. Dust also plays an important role in the density and energy balance 
of the ISM. In order to understand the evolution of our Galaxy it is therefore necessary 
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Figure 1.4 An impression of an amorphous silicate structure. Figure taken from 
Tielens & Allamandola (1987) 

to study dust through absorption and scattering at short wavelengths, and through its 
thermal emission at long (IR) wavelengths. 

1.2.1 The infrared spectroscopy of dust 

Infrared spectroscopy of (circumstellar) dust provides us with a powerful diagnostic 
tool to determine its properties, such as mass, temperature, chemical composition, lat
tice structure size and shape. A large part of this thesis deals with the identification 
and analysis of solid state emission and absorption bands, that are detected in the in
frared spectra of circumstellar dust. The reason why the 2-200 /zm part of the spectrum 
is so rich in these dust bands is due to the large number of ro-vibrational bands that 
can be found in this wavelength regime, allowing an efficient conversion of photons 
to optical mode phonons and vice versa. As an example, we mention the fundamen
tal ro-vibrational band of silicon oxide (SiO). In the gas-phase, this band can be found 
between 7.7 (the band head) and about 12 ^m. In solids consisting of Si-O bands (such 
as silicates), the band is shifted slightly to longer wavelengths due to the interaction of 
the ions in the molecule with their neighbours. Also, since no rotation is possible in a 
lattice, the band width is changed compared to that of the gas phase molecule. 

1.2.2 Amorphous versus crystalline 

Apart from differences in chemical composition, also the lattice structure can be strongly 
affected by the local physical and chemical conditions. In some cases the atoms are 
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Figure 1.5 The silicate structure of pyroxenes and olivines in crystalline materi
als. Figure taken from Henning (1999) 
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very ordered, e.g. in nano-diamonds, and sometimes they are more or less randomly 
orientated with respect to each other, e.g. the silicates in the ISM. The first class is 
often referred to as crystalline minerals, while the second class is referred to as amor
phous, unordered, glassy or chaotic minerals. In Fig 1.4 and Fig 1.5 this difference is 
schematically shown, for amorphous and crystalline silicates. 

The difference in ordering gives valuable information about the conditions dur
ing the dust formation and thereafter. The crystalline phase is an energetically more 
favourable state than the amorphous phase. Crystalline silicates are the result of a rela
tively slow cooling of the material starting at high temperatures so that the atoms have 
time and energy enough to rearrange themselves, resulting in a long range order. A 
quick cooling will result in a freezing of the disordered situation, with rather random 
distances between the different atoms and different angles between the bonds. A ma
terial that condenses out of the gas phase at a very low temperature will also result in 
an amorphous state, since there is not enough energy to arrange the newly condensed 
atoms in the crystal structure. This last scenario is likely responsible for the forma
tion of amorphous dust (after being destroyed by shock waves) in the ISM. One might 
expect that in the outflows of stars crystalline silicates will form, because of the high 
temperatures and slow cooling. However, previous studies failed to detect crystalline 
silicates in the outflows of AGB stars. In this thesis we will show that they are indeed 
present, although in most cases only as a minor component. One possible reason for 
the large amorphous dust fraction, may be connected to interactions of the dust with 
Fe-atoms (after it has been formed), at temperatures and therefore energies which are 
too low to result in recrystallization (Tielens et al. 1998). 

As mentioned above, for most (astronomical) dust species the strongest bands oc
cur in the infrared. The exact frequency of these bands depends on the atomic com
position and structure of the solid. Therefore the infrared is very suitable to look for 
compositional and structural variations in the dust. For crystalline materials these 
transitions are very well defined resulting in narrow peaks, while amorphous mate
rials show broad features because of the many slightly different ionic dipoles in the 
material. It is this difference that we will use in this thesis to detect the crystalline 
silicates in the spectra of circumstellar dust shells (see below). 

1.2.3 Laboratory measurements of cosmic dust analogues 

For the identification of the emission and absorption bands seen in the infrared spectra 
of dust, it is important to have high-quality laboratory measurements of cosmic dust 
analogues. Often samples are taken from minerals found on Earth (such as olivines and 
pyroxenes), but also synthetic materials are used. A careful characterization of these 
materials in the laboratory, by determining the chemical and structural composition, is 
essential. Chapter 2 of this thesis describes such a study for olivines and pyroxenes. 
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Figure 1.6 ISO, the Infrared Space Observatory. 

1.2.4 Infrared Space Observatory 

Due to the presence of the Earth atmosphere, large parts of the infrared spectral region 
are either poorly, or not at all accessible from the ground. The infrared astronomical 
satellite (IRAS) and some airborne instruments like the Kuiper Airborne Observatory 
already provided us with some information about the infrared spectra of circumstellar 
dust shells. But, it took the launch of the Infrared Space Observatory (ISO; Kessler et 
al. 1996) to provide astronomers with the first uninterrupted view on the 2 to 200 fim 
wavelength range at intermediate spectral resolution. ISO (see Fig. 1.6) was launched 
in November 1995 and operated until April 1998. It had 4 instruments on board: a cam
era (ISOCAM; Cesarsky et al. 1996), an imaging photopolarimeter (ISOPHOT; Lemke 
et al. 1996), and two spectrometers: SWS (de Graauw et al. 1996) and LWS (Clegg et al. 
1996). The spectrometers covered a wavelength range from 2.4 to 195 ̂ m. A large part 
of this wavelength range was not accessible before for astronomical observations. The 
resolution of these spectrometers (A/AA w 150 - 1500) is ideal to study the emission 
features of dust and a significant time of the ISO mission was used for this purpose. 

This higher sensitivity and resolution lead to the discovery of new features below 
20 fim like ices (Whittet et al. 1996; d'Hendecourt et al. 1996) and PAHs (Beintema et al. 
1996) etc). Most of these features were expected and laboratory spectra were already 
available. However, this was different for the wavelengths beyond 20 /mi. This part 
of the electromagnetic spectrum was hardly studied before ISO, and therefore it was 
not exactly known what should be expected. The lack of information at wavelengths 
beyond 20 //m is also displayed in the lack of laboratory spectra of minerals for these 
wavelengths. Some preliminary studies were made based on the IRAS spectra, but it 
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Figure 1.7 The spectrum of the young star HD100546; comet Hale Bopp and 
the evolved star IRAS09425-6040, together with the laboratory spectra of forsterite 
(Mg2Si04) and enstatite (MgSi03) multiplied with a blackbody of 85 K. Note the 
similarity in the wavelength positions of the dust features. The feature at 10 fim in 
IRAS09425 is due to silicon carbide. 

turned out that nature had some surprises for us. 
From the IRAS spectra and from ground based observations it was known that the 

main dust component in oxygen-rich evolved stars were amorphous silicates. The dis
ordered structure of amorphous silicates causes a blending of different infrared modes. 
Only the two broad features around 10 jim (Si-O stretching mode ) and 18 /im (O-Si-O 
bending mode) were seen and nothing was expected at the longer wavelengths, since 
the possible vibration modes at these wavelengths heavily blend into a continuum like 
structure. However, ISO showed us that in many of these objects a lot of sharp features 
were found beyond 20 /un. These features could be identified with crystalline silicates 
(see Fig. 1.7). Because of their ordered structure, these minerals produce much sharper 
bands which are also present beyond 20 /im. The crystalline silicates were found in 
a wide group of objects. It was found to be present in the dust around young stars, 
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1.3. CRYSTALLINE SILICATES 

Figure 1.8 A 3 dimensional model of olivine in front of an olivine rock from 
earth. The black balls represent Si, the white balls the metals (Mg and/or Fe) and 
the grey balls oxygen. 

around evolved stars and in dust originating from Solar system comets (Fig. 1.7). This 
finding was unexpected and laboratory spectra covering the broad ISO wavelength 
range with sufficient high resolution, i.e. similar to the ISO resolution, were not avail
able for the crystalline silicates. Pioneering laboratory work on crystalline silicates 
in the astronomical context had been done by Koike et al. (1993). They covered a 
broad wavelength range, but had a limited spectral resolution. High resolution data 
were available but only for a limited wavelength range, often only below 25 fim, and 
without precise chemical abundance determinations. The latter is important, since the 
positions of the relatively sharp peaks of the crystalline silicates enable us to determine 
the chemical composition of the dust reasonably well. 

1.3 Crystalline silicates 

The structure of crystalline silicates was shown schematically in Fig. 1.5. Fig. 1.8 gives 
an idea of the three dimensional bonds in olivine. The repetitive Si04 tetrahedra, the 
building block of this crystal, is clearly seen. We note that this is not the structure of 
a completely crystalline olivine but more something like a poly-crystalline particle. A 
comparison with laboratory data suggests that most of the crystalline silicate features 
are in the form of forsterite (Mg2Si04) and enstatite (MgSi03) and contain hardly any 
Fe. 

In a few astronomical sources the crystalline silicates were already seen before ISO 
detected them. IDPs (interplanetary dust particles) collected high in the stratosphere 
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100 K. 
in the 

unveiled already the presence of these minerals. Also in the spectra of comets and of 
the young star [3 Pic the presence of the crystalline silicates was demonstrated through 
emission at the 11.3 ^m peak of forsterite. However, they were not seen in the dust 
shells of evolved stars before ISO. This is because of the low temperature of these 
grains. In most environments the crystalline silicates have temperatures below 100 K. 
This results in negligible dust features at wavelengths below 20 fim (see Fig. 1.9). The 
crystalline silicates appear also colder than the amorphous silicates. This suppresses 
the relative contribution of the crystalline silicate features to what is seen at the shorter 
wavelengths even more. The sharpness of the bands allows us to do mineralogy based 
on infrared spectra and determine the exact dust composition of the species (see Chap
ter 2). We therefore know that the temperature difference between the amorphous and 
crystalline silicates is due to a difference in chemical composition. The amorphous sili
cates are expected to contain Fe, while the crystalline silicates are found to be extremely 
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Fe poor. It has been suggested that the adsorption of Fe in the (originally) crystalline 
silicates happens at rather low temperatures and results in an amorphous structure, 
which will not crystallize, because of the lack of internal energy (Tielens et al. 1998). 
Because the chemical composition can be determined very well for these crystalline 
dust grains, it can help us to understand the conditions during which the dust was 
formed and its history thereafter. The above shows that the launch of ISO opened a 
new field in astronomy: Astromineralogy! 

1.4 Crystalline silicates and the evolution of dust 

In the spectra of both evolved and young stars the presence of crystalline silicates is 
evident. The question arises whether this is the same dust. Did the crystalline silicates 
survive the ISM, or are the crystalline silicates newly formed in the circumstellar disks 
of young stars. Up to now no crystalline silicates have been detected in the ISM (there 
is an abundance upper limit found of about 1% in the direction of the Galactic cen
tre; Vriend et al. in prep). This suggests that the crystalline silicates are newly formed. 
According to standard theories the crystallization of amorphous material requires tem
peratures of about 1000 K. These conditions are reached in the outflows of evolved stars 
but not so easily in the disks around young stars. They might be produced at the inner 
edge of the accretion disk where the temperatures can become high enough, but the 
temperature of the crystalline silicates in e.g. HD100546 is not higher than for the rest 
of the dust species present in its disk (Malfait et al. 1998). In this respect it is interest
ing to look at the evolved object the Red Rectangle. Before ISO looked at this object, it 
was the proto-type object with an outflow of carbon-rich dust and gas. However, ISO 
showed that the disk surrounding this binary system contains a large amount of crys
talline silicates (Waters et al. 1998). The sharp dust features of the crystalline silicates 
on top of the continuum made it possible to detect the oxygen-rich dust in the infrared 
spectrum. This would not have been possible before ISO nor without the presence of 
crystalline silicates. Waters et al. (1998) explained the dichotomy in dust as follows: 
The disk, where the oxygen-rich material is located, was formed while the star was 
still oxygen-rich. Interaction with the companion caused an episode of huge mass loss 
(a common envelope evolution is the most likely cause). The star evolved further and 
became carbon-rich, which resulted in the present day carbon-rich outflow. Because 
of the presence of the disk, the present day mass loss is deflected to the polar regions, 
causing the rectangular shape of the nebula (see Fig. 1.10) The oxygen-rich dust ap
parently survived, implying that the disk must be stable. Thus, by studying the dust 
around the Red Rectangle we were able to trace the history of this star. 

There are many similarities between this disk and the disks around young stars. 
The Red Rectangle disk contains large grains (Jura et al. 1997), is gas depleted (Jura et 
al. 1995) and possibly contains planetesimals (Waters et al. 1998). The speculation con
cerning planetesimals was strengthened by the discovery of a large clump of material 
in this system (Jura & Turner 1998). The crystalline silicate fraction in the disk of the 
Red Rectangle is (expected to be) higher than in the outflows of AGB stars, suggesting 
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Figure 1.10 The SWS spectrum of the Red Rectangle together with two images 
of this object. The rectangular shape is caused by the presence of an equatorial disk, 
seen as the dark lane in the right image, which deflects the present day outflow to 
the polar regions. The carbon and oxygen rich dust features, respectively PAHs 
and forsterite, are indicated in the spectrum. The images are from H. van Winckel 
(left image) and Men'shchikov (1998; right image)). 

a crystallization of the dust after it was stored in the cool (< 150 K) dust disk. If (the 
processes in) these disks are similar, also the crystallization process is likely to be simi
lar. The origin of the increase in crystallinity in this evolved star can therefore likely be 
linked with the source of increased crystallinity in young stars. This problem is more 
extensively discussed in Chapter 6. 

1.5 Outline of this thesis 

In this thesis we will mainly study the crystalline silicates around evolved stars. This 
type of dust was not seen before and provides unique possibilities to determine the 
chemical composition of part of the dust species. As noted, high resolution labo
ratory spectra covering a broad wavelength range of crystalline silicates with well 
known composition were lacking before ISO discovered the presence of crystalline sili
cates. Therefore new laboratory measurements of crystalline silicates were essential. In 
Chapter 2 we describe these laboratory measurements and we use them to determine 
the chemical composition of the crystalline silicates in space. 
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In Chapter 3 to 5 individual stars are discussed. We show and analyse their spectra. 
Model fits to the infrared spectra were used to disentangle the composition of their 
dust shells. We demonstrate that AFGL4106 is not a single post-AGB star, but a massive 
binary with two almost equally bright stars of which one is a post Red Supergiant 
(Chapter 3). One of the hottest PNe known, NGC6302, is studied in Chapter 4. The 
infrared spectrum of the circumstellar dust shows prominent features due to crystalline 
silicates. It is one of the best observed stars with crystalline silicates. In Chapter 5 we 
study the strange object IRAS09425-6040. This is a J-type carbon star, but in the disk 
around this object oxygen-rich dust is found with the highest fraction of crystalline 
silicates observed in the whole ISO sample, about 60 to 80% of the dust mass is formed 
by crystalline silicates. We speculate that this is a precursor of a Red Rectangle like 
object. 

In order to make use of the deterministic character of crystalline silicates, we stud
ied their presence in several sources (Chapter 6 to 8). In Chapter 6 we show that 
the strength of the crystalline silicates features naturally separates the sources with 
and without a circumstellar dust disk. We also discuss the crystallization process in 
these sources, and give evidence for a crystallization process at temperatures signifi
cantly below the normal crystallization (glass) temperature. In Chapter 7 we give an 
overview of the crystalline silicates found in a representative sample of 17 stars with 
oxygen-rich dust. We can identify most of these features with only two components: 
forsterite (Mg2Si04) and enstatite (MgSi03). In Chapter 8 we apply a simple model to 
fit the spectra of most stars in our sample, and we investigate the relationships between 
several properties of the crystalline silicate bands. 

Finally in Chapter 9 we will give a summary of the general conclusions in this thesis 
and indicate directions for future research. 
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