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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 
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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 

5 



CHAPTER 1. INTRODUCTION 

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). 
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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 

7 



CHAPTER 1. INTRODUCTION 

(a) 
• SILICON 
O BRIDGING OXYGEN 
® NON-BRIDGING OXYGEN 

® CATION 

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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Silicate structure 
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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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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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Chapter 2 

Steps toward interstellar silicate 
mineralogy: 
IV. The crystalline revolution 

C. fiiger, F.J. Molster, ]. Dorschner, Th. Henning, H. Mutschke and L.B.F.M. Waters 
A&A 339, 904,1998 

Abstract 
Mid- and far-infrared spectra gained by the Short Wavelength Spectrometer 

(SWS) of the Infrared Space Observatory (ISO) satellite have provided striking ev
idence for the presence of crystalline silicates in comets, circumstellar envelopes 
around young stars and, most of all, evolved stars and planetary nebulae. Since 
optical properties of astrophysically relevant crystalline silicates are lacking in the 
literature, in this paper mass absorption coefficients (MACs) of olivines and py
roxenes for a wide range of Mg/Fe ratios are presented, which cover the whole 
ISO wavelength range . The MAC have been derived from transmission spectra 
of small grains embedded in potassium bromide and polyethylene pellets. Only 
in the case of natural enstatite (MgSi03), was a monocrystalline sample available, 
which allowed the measurement of optical constants for the different crystallo-
graphic orientations of this anisotropic silicate. Since not all Mg/Fe ratios are rep
resented among the natural minerals, we supplemented the series by synthetic 
products prepared in our lab. We also included two inhomogeneous synthetic 
materials, one of olivine and the other one of pyroxene composition, which are 
expected to be similar to the primary condensate in cosmic environments. 

For all samples the chemical composition, the purity, and the homogeneity have 
been determined by energy-dispersive X-ray analysis and by scanning electron mi
croscopy. Especially for the minerals, it is important to exclude the spectral influ
ence of differently composed inclusions. 

The peak positions of the samples are influenced by different factors which are 
discussed: chemical composition (FeO content), size and shape distribution of the 
grains, and the matrix in which the grains are embedded for spectroscopy. 
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The continuum-subtracted ISO SWS spectrum of the source AFGL 4106 has 
been compared with simple optically thin model spectra calculated for our olivine 
and pyroxene samples. The main result was that a combination of the pure mag
nesium silicates (forsterite and enstatite) gives a good agreement between obser
vations and laboratory measurements. 

2.1 Introduction 

Before the Infrared Space Observatory (ISO, Kessler et al. 1996) opened the mid- and 
far-infrared range for high-resolution spectroscopy, it was generally assumed that cos
mic dust silicates were of amorphous structure. Exceptions were the cometary dust 
(Hanner et al. 1994, Hanner 1996), interplanetary dust particles (IDPs, Mackinnon 
& Rietmeijer 1987, Bradley et al. 1992), dust disks of (3 Pictoris-type around main-
sequence stars (Knacke et al. 1993, Fajardo-Acosta & Knacke 1995), and the deeply 
embedded young stellar object AFGL 2591 (Aitken et al. 1988). This assumption 
was apparently confirmed by the shapes of the observed silicate vibrational bands at 
about 10 and 19 /im (Dorschner & Henning 1986,1995, Dorschner 1997) as well as by 
non-equilibrium condensation experiments providing "chaotic silicates" (Nuth 1996). 
Therefore, laboratory studies were mainly concentrated on the glassy silicates of sup
posed cosmic abundances, e.g. in the Jena Laboratory Astrophysics Group efforts have 
been focused on producing, characterizing, and measuring glasses with the aim to pro
vide their optical constants over the whole astrophysically relevant wavelength range 
(Jager et al. 1994, Dorschner et al. 1995, Mutschke et al. 1997). In addition, measure
ments of optical properties at low temperatures were performed (Henning & Mutschke 
1997). 

However, when the first ISO SWS spectra became available, one of the most surpris
ing discoveries was the finding of clear evidence of crystalline silicates. The presence 
of at least a portion of crystalline silicates was found in the spectra of comet Hale-Bopp 
(Crovisier et al. 1997), circumstellar dust around Herbig Ae/Be stars (Waelkens et al. 
1996), low-mass evolved stars with high mass loss including planetary nebulae (Wa
ters et al. 1996; Justtanont et al. 1996) and Luminous Blue Variables (LBVs) (Waters et 
al. 1997). 

In contrast to chaotic silicates and silicate glasses, crystalline silicates show a lot 
of diagnostic bands due to metal-oxygen vibrations in the mid-infrared (MIR) range 
beyond 17 /im. This promises at least the possibility to derive values of the Mg/Fe 
ratio of crystalline silicates. Generally, we would learn more about the formation pro
cess of the dust grains and the connection between amorphousness and crystallinity of 
Stardust silicates. 

The crystalline silicates mark their presence by narrow features on top of the con
tinuum. Prominent emission and absorption features have been found in ISO spectra 
around 10.1, 11.2, 13.8, 16.3, 19.5, 21.5, 23.7, 27.9, 33.6, 35.5, 36.5, 40.5, 43.0, and 69.5 
/im (Molster et al. in prep.), marking the presence of crystalline olivines and pyrox-
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enes. Not in every case are all of these features visible, which may be explained by 
temperature effects, i.e. the convolution of the absorption coefficient with a Planck 
function can suppress features in spectral regions where the emitted radiation is low. 
The wavelengths of the peak positions can slightly change from source to source by 
0.1-0.3 fim, while the widths of the bands vary more drastically. Both types of vari
ation may be due to varying Fe/Mg-ratios within the same silicate type, blending of 
different silicates, the degree of crystallization and size/shape effects of the particles. 

The spectral resolution of the ISO-SWS AOT01 spectra is relatively high for dust 
spectroscopy (A/AA « 1500). In order to fully exploit the information on cosmic dust 
silicates contained in these ISO spectra, laboratory data of adequate spectral resolution 
covering the entire ISO wavelength range are urgently needed. Unfortunately, such 
spectral data of Mg-Fe silicates are very rare in the literature (see, e.g., Steyer 1974, 
Koike et al. 1993, Hofmeister 1997). It is the aim of this paper to provide additional 
data of crystalline olivine- and pyroxene-type silicates, which cover the whole wave
length range important for the interpretation of ISO spectra, and to study the influ
ence of the Fe/Mg ratio on band positions and strength ratios. This investigation con
tains synthetic samples of the series end members MgSi03, Mg2Si04, and Fe2Si04 as 
well as natural ortho-pyroxenes and olivines (enstatite, bronzite, hypersthene, olivine, 
and hortonolite). We have measured the whole Mg/Fe compositional range for the 
olivines, but were only able to cover a part of this range for the pyroxenes. The spec
troscopy is supplemented by a careful analytical characterization of the samples. 

In the course of the characterization procedure of the samples, we found several 
pure and homogeneous silicates that can be used as reference materials for spectroscopy. 
Natural minerals often contain phase separations and inclusions of completely differ
ent materials which, in extreme cases, could dominate the "silicate" spectrum. 

We also investigated synthetic silicates that were effectively quenched so that in-
homogeneities developed. Rapid cooling of homogeneous melts of olivine and pyrox
enes provides phase separation consisting of an Si02-rich and a metal oxide-rich com
ponent, comparable to the aforementioned "chaotic" silicates (Rietmeijer et al. 1986, 
Nuth 1996) suggested to be the primary nucleation products in the multi-component 
gas of oxygen-rich circumstellar envelopes. 

Section 2 gives an overview about the composition and structure of crystalline sili
cates in the solid solution series of pyroxenes and olivines. Section 3 describes the exact 
chemical composition of the synthetic and natural silicates and other results of analyt
ical studies of the samples. Section 4 deals with the results of the sample spectroscopy 
in the MIR and far infrared (FIR), discusses the spectral features and compares the 
results with previous measurements. We will also present optical constants of the nat
ural enstatite determined from reflection measurements. In Sect. 5 the laboratory data 
are compared to the new ISO results on "crystalline" features, and other astrophysical 
implications are discussed. 
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2.2 Structure of crystalline silicates 

The silicates studied in this paper belong to the mineral groups of olivines and pyrox
enes. The olivine group consists of silicates with the general sum formula A2+B2+Si04. 
A and B are divalent cations, the most abundant of which are Mg, Fe, Mn, Co and 
Zn. In this paper we concentrate on the olivines in which the cations Mg2+ and Fe2+ 

dominate. They replace each other in the crystal: that means, these olivines can be 
considered as solid solutions of Mg2Si04 and Fe2Si04; the mixture ratio can be ex
pressed by the subscript x with 1 < x < 0 in the general formula Mg2:[:Fe2_2:i;Si04. 
The end members of the isomorphous series, Mg2Si04 (x=l) and Fe2Si04 (x=0), have 
the mineral names forsterite and fayalite, respectively. The mineral "olivine" contains 
8 to 20 mass percent FeO. Minerals with higher FeO contents are called hortonolite 
and ferrohortonolite. The olivines are neso-silicates (island silicates) because they con
sist of isolated Si04 tetrahedra, the basic structural unit of all types of silicates, which 
are linked by divalent cations. The metal ions are coordinated by six oxygens. There 
are two nonequivalent six-coordinate positions in the olivine structure which are both 
distorted (Burns 1970). According to the lattice symmetry, the olivines belong to the 
rhombic crystal system. In the solid solution series of olivines, the increasing Fe incor
poration leads to larger metal-oxygen distances in the crystal. 

The pyroxenes form a large group of minerals belonging to the inosilicates (chain 
silicates). The two Si04 tetrahedra form ^ O e ] ^ chains, i.e. each tetrahedron shares 
two of its oxygens with the neighbours. However, in chemical sum formula often the 
simple expression MeSi03 is used (Me means metal ion). The direction of the chains 
is the crystallographic c-axis. Like in the case of the olivines, we focus our interest on 
pyroxenes with the cations Mg and Fe and use the symbolic formula Mg^Fe^^SiO,. 
There are two types of Si04 tetrahedral chains with different Si-O distances. The metal 
ions in the Mg-Fe-pyroxenes linking the Si04 chains are coordinated by six oxygens. 
There are also two different types of distorted MeOe octahedra. Like in the case of 
the olivines the Me-O distances increase with growing FeO content. The pyroxenes 
also form solid solution series. The Fe-free and Mg-free end members are enstatite 
(.x=l) and ferrosilite (x=0), respectively. In contrast to olivines, pyroxenes occur in two 
different main crystallographic systems. The lattice can be of rhombic or monoclinic 
structure. The rhombic crystal structure is produced by twinning of the unit cell of 
clino-pyroxene by operation of a b-glide parallel to (lOO)-plane. Pyroxenes containing 
cations with radii considerably larger than that of Mg2+, e.g. Ca2+, belong to the mon
oclinic system and are called clino-pyroxenes. Under extreme formation conditions, 
monoclinic Mg-Fe pyroxenes can also arise, e.g. clino-enstatite. Synthetic Mg pyrox
enes produced via melting usually are of this type. However, Mg-Fe clino-pyroxenes 
also occur in meteorites. The most common Mg-Fe pyroxenes, the so-called ortho-
pyroxenes, belong to the rhombic system. Ortho-pyroxenes with an FeO content be
tween 5 and 15 mass % have the mineral name bronzite, ortho-pyroxenes with larger 
FeO content are called hypersthene. Ferrosilite does not occur as a natural mineral. 
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Figure 2.1 Scanning electron microscope images of the inhomogeneous olivine 
(a) and pyroxene (b). Explanation see text and Table 2.2. 

2.3 Synthesis and analytical characterization of the sam
ples 

Iron-free Mg silicate minerals are relatively sparse in nature. Therefore, we synthe
sized the pure end members MgSi03 and Mg2Si04 in the laboratory. This was done by 
melting of Si02 and MgCOa in the right stoichiometric ratios. The melts were kept one 
hour at 1700 °C and then slowly cooled down (103 K/h ) to room temperature. They 
crystallized very rapidly, so that a microcrystalline solid was formed. 

Natural minerals often contain inclusions with completely different compositions. 
In a natural fayalite sample (Indonesia) we found a significant amount of inclusions 
consisting of sulfides and oxides of Fe, Cr, Ti and some other elements as well as sepa
rated phases of the iron silicate itself. For this reason, we preferred synthetic material 
to a natural mineral for spectroscopy. The synthetic fayalite was produced by melting 
a mixture of Si02 (silicon dioxide) and FeC204-6H20 (iron oxalate) in the right stoi
chiometric ratio in an arc discharge furnace and cooling down the melt slowly to room 
temperature (103 K/h). Because of the tendency of the Fe2+ to be oxidized to Fe3+ dur
ing the melting and cooling, both processes were performed in an argon atmosphere. 
The synthesis of mixed Fe/Mg silicates of olivine or pyroxene composition in the way 
described for the pure magnesium and iron silicates leads to phase-separated (= inho
mogeneous) materials. 

Finally, we selected 8 samples of natural and synthetic pyroxenes and olivines, cov
ering a wide range of Mg/Fe ratios (see Tab. 2.1). The analytical results are given in 
mass % of MgO, FeO, and Si02, a usual way to represent mass fractions of the sin
gle components present in minerals or synthetic materials. The use of the oxides does 
not mean that these are present as separate phases in the minerals. Only in the case 
of the inclusions are the oxides present as a separate phase. Among the samples five 
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Formula 

x=1.0 
x=0.94 
x=0.55 
x=0.0 

x=1.0 
x=0.96 
x=0.88 

x=0.65 

Mineral name 

forsterite (s) 
olivine (n) 
hortonolite (n) 
fayalite (s) 

clinoenstatite (s) 
enstatite (n) 
bronzite (n) 

hypersthene (n) 

MgO 
Composition (mass %) 

FeO Si02 

Olivines (Mg2a;Fe2-
56.2 
48.8 
19.5 

-

43.8 
9.6 40.9 

44.1 34.7 
69.6 30.2 

Pyroxenes (MgxFei 
37.2 
36.2 
34.1 

21.8 

0.3 62.4 
2.1 60.7 
6.0 59.0 

20.3 53.8 

Minor components and inclusions 
_2xSi04) 

0.2 CaO 
0.1 Mn0 2 , 0.4 NiO, 0.09 CaO 

1.4 Mn0 2 , inclusions:FeO,Ti02 

0.04 CaO 
-*Si03) 

< l C a O 
0.9 A1203 

0.4 Mn0 2 ,Al 20 3 , CaO, 
inclusions:FeO,Cr03,MgAlCr-silicates 

1.0 Mn0 2 / 0.8 Ti02/Al203/1.5 CaO 

Table 2.1 Analytical results for the pure synthetic and natural silicate materials determined 
by EDX analysis; the symbol s means synthetic material, n stands for natural mineral. The 
last column contains the amount of minor oxide components (in mass %) and the kinds of 
inclusions. 

natural minerals, olivine, hortonolite, enstatite, bronzite, and hypersthene were stud
ied. The actual composition of the natural minerals and synthetic materials and the 
homogeneity of the samples was proved by Scanning Electron Analysis (SEM) and En
ergy Dispersive X-ray analysis (EDX) of polished samples embedded in epofix resin. 
The EDX results have been confirmed by wet-chemical analyses of the olivine and 
forsterite samples. The determination of the Fe3+ content in the minerals was based on 
the procedure described in former papers (Jager et al. 1994, Dorschner et al. 1995). The 
SEM investigations of the natural minerals have shown that they also contain minor 
amounts of additional oxides like CaO or Mn0 2 and that most of them contain differ
ently composed inclusions, which are given in the last column of Tab 2.1. In all of our 
selected materials the inclusions are only minor components, so that all samples chosen 
for spectroscopic measurement are considered to be pure materials. In the case of the 
natural pyroxenes we detected a small amount (< 5%) of weathered silicate material 
in the form of Mg3[(OH)2/Si40iU] (talc) which must be homogeneously distributed in 
the samples. Additionally, the spectral influence of the inclusions was investigated by 
comparison of reflectance measurements of the inclusions by the microscope with the 
reflectance of the whole sample. We verified that they are minor components only and 
do not significantly influence the bulk spectra. However, we stress that in any case, it 
is important to check the spectral influence of the minor components in minerals used 
as laboratory analogues for cosmic dust. 

The achievement of the thermodynamical equilibrium in the dust condensation 
zones of stars is not very probable (Nuth 1996, Frenklach 1997). Therefore, it is also 
interesting to investigate phase-separated materials in the olivine and pyroxene sys
tems that also experienced non-equilibrium processes. Furthermore, new aspects of 
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Phase Composition (mass %) Phase character. 
MgO FeO SiQ2 

Olivine (Mgi.5Feo.5Si04) 
dark 44.0 16.7 39.0 Mg1.66Feo.34Si04 

light 12.0 72.7 14.9 oxide-rich silicate 

Pyroxene (Mgo.4Feo.6Si03) 
dark - 0.8 98.8 Si02 phase 
gray 29.9 14.8 55.0 Fe0.22Mgo.8Si03 
light 10.4 48.7 40.1 Fei.oMgo,39Si03.4 

Table 2.2 Analytical compositions of the inhomogenous silicate materials, determined by EDX 
analysis. The terms "dark", "gray", and "light" refer to the appearance of the corresponding 
phases in Fig. 2.1. 

chemical processing of already formed silicates by heating and cooling processes in the 
interstellar medium and star-forming regions can be found by investigations of phase 
separations. Because of these astrophysical implications we also performed an exten
sive analytical characterization of such inhomogeneous samples. Figure 2.1 shows the 
SEM micrographs of two selected materials of this type and Table 2.2 contains the ana
lytical phase characterizations of them. We found that the phase separations are much 
more frequent in synthetic pyroxene materials than in olivines. This is caused by the 
incongruent melting of pyroxene. This means, that for example a MgSiC>3 melt at liq-
uidus temperature begins to crystallize to forsterite, and a Si02-rich melt remains, ac
cording to the chemical equilibrium (Matthes 1990) 

2MgSi03 ^ Mg2Si04 + Si02. (2.1) 

At 1557 °C, the so-called peritectic reaction between forsterite and Si02 begins, which 
means that the chemical equilibrium is shifted to the left side of equation (1), and all 
forsterite will be consumed. If the cooling is too rapid, the peritectic reaction cannot 
be completed. In this case forsterite, enstatite and cristobalite coexist in the crystal
lized mineral. As a matter of fact, these 3 minerals were found in our phase-separated 
synthetic pyroxenes. In contrast to the pyroxenes, olivines melt congruently, i.e. the 
melt and the crystallized phase have the same composition. Cooling an olivine melt 
too rapidly could lead to the zone crystallization in a Mg-rich and a Fe-rich olivine. 
This explains the occurrence of only 2 phases. Additionally, the Fe2+ in the fayalite-
rich component can be partially oxidized, leading to the formation of a rather Mg-rich 
olivine and to FeO and Fe203. 
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2.4 Spectroscopy 

For transmission measurements small grains produced by grinding of the mineral sam
ples and sedimentation in acetone were used to prepare KBr and polyethylene pellets. 
Spectroscopy was performed by means of a BRUKER 113v FTIR spectrometer in the 
wavenumber range from 5000 to 50 cm"1 (2-200 fim). In addition, the specular re
flectance in the MIR range at nearly normal incidence was measured for the polished 
samples embedded in epofix resin. The MIR spectra of small inclusions and separated 
phases could be determined in the range from 5000 to 600 cm - 1 (2-16.6 /mi) by a mi
croscope attached to the FTIR spectrometer. From the transmission spectra the mass 
absorption coefficients of the samples were derived. For the determination of optical 
constants of the natural enstatite, we performed reflectance measurements with IR ra
diation polarized parallel to the three crystallographic axes of the anisotropic crystal. 
For this purpose we embedded pieces of a single crystal in an epofix resin, which were 
given the orientations necessary for the measurements. The surfaces were polished 
and checked by polarization microscopy and X-ray reflection measurements for the 
right orientation. 

2.4.1 Olivines 

In Fig. 2.2 we have plotted the MAC versus the wavelength for the different olivine 
samples. Obviously, the strengths of the bands at 10 and 20 fim relative to the un
derlying continuum decrease with increasing Fe content. With increasing Fe content, 
the structure in the spectra decreases and the bands become slightly broader in the 
wavelength region beyond 15 pm. Comparison of the spectra in Fig. 2.2 shows that 
with growing iron content the peaks will be shifted to longer wavelengths (see Sect. 
3.3). Apart from the shift, peaks can disappear and new peaks can appear, depending 
on the Fe content. The peaks at 33.6 and 33.8 fim are clearly present in forsterite and 
olivine, respectively, but can only be observed as shoulders in hortonolite and disap
pear completely in fayalite. Generally, most of the FIR bands beyond 30 fim visible in 
the forsterite spectrum become very weak or disappear completely 
in the olivine and hortonolite samples. In contrast, fayalite shows two bands at 50.7 
and 55.1 fim. The typical FIR peaks can be used to distinguish between pure Mg olivine 
and iron olivine in the silicate spectra of evolved stars. 

We compared our results for the crystalline olivines with the results of Koike et al. 
(1993), Steyer (1974), Oehler & Günthard (1969), Paques-Ledent & Tarte (1973), and 
Hofmeister (1997). Steyer (1974) measured the reflectance spectrum of a natural crys
talline olivine sample for the three crystallographic axes of the rhombic crystal system 
and evaluated the optical data. From these three data sets, he calculated the absorption 
efficiency Q, normalized to the particle size of a statistically oriented microcrystalline 
olivine material consisting of small spheres in the Rayleigh limit. This was done by 
averaging the absorption efficiencies according to Q = l/3(Qa + Qb + Qc), where Qa 

through Qc are the efficiencies for the different axes. Additionally, he measured the 
transmission of olivine powder embedded in KBr up to a wavelength of 24 fim. He 
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synthetic 
forsterite 

x = 1 
-

9.3m 
10.0s 

10.2sh 
10.4m 

-
11.2s 
11.9w 

-
13.6w 
13.8m 
14.6w 
16.3s 
18.3? 

19.5bs 
20.8w 
21.5w 
23.5s 
24.7w 
26.1m 
27.5s 
29.0? 
31.3m 
33.5bs 
36.3m 

-
40.7m 
43.3m 
45.0w 

natural 
olivine 

x = 0.94 
-
-

10.0s 
10.2sh 
10.5m 
10.8w 
11.3s 
11.9m 

-
-
-
-

16.4s 
18.3w 
19.5bs 
20.9w 
21.6w 
23.9s 
25.3w 
26.4m 
27.7s 

-
-

33.8s 
36.8sh 

-
-
-
-

natural 
hortonolite 

x = 0.55 
9.0sh 

-
10.2s 
10.4? 
10.7m 

-
11.3s 
12.0m 
13.2w 

-
-

14.6? 
17.0s 
19.1m 

20.5bm 
-
-

25.5s 
-
-

28.4m 
-
-

36.4w 
-

41.6w 
-
-
-

synthetic 
fayalite 
x = 0 
9.1m 

-
10.4sh 
10.6s 
10.9m 

-
11.4s 
12.1m 

-
-
-
-

17.7m 
19.8m 
21.0s 

-
26.6sh 
27.6bm 

-
-

31.8bs 
-
-

39.5bw 
-
-
-
-
-

Comments 

asymmetric stretching vas of Si04 

" 
« 
// 
it 

symmetric stretching vs of Si04 

overtones 
overtones 
overtones 

asymmetric bending Sas of SiC>4 
" 

symmetric bending Ss of Si04 

rotation of Si04 

" 
translation of one Me2 + 

" 

// 

// 
" 
// 
" 

translation of one Me2 + 

translation of Si04 

-
49.8w 

-
65.7w 
69.7w 

-

-
50.9w 

-
-

73.0w 
86.0bw 

-
51.8? 

-
-

84.4w 

50.7w 
55.1w 
57.9sh 

-
-
-

translation of one Me2 + 

translation of Si04 

translation of one Me2 + and Si0 4 

translation of one Me2 + and Si04 

translation of one Me2 + and Si04 

Table 2.3 Peak positions in microns for different Fe/Mg ratios from the MAC spectra of 
olivines (Mg2lFe2_23;Si04). Explanation of the symbols: s = strong, m = medium, w = weak, ? 
= very weak or doubtful, b = broad, sh = shoulder. 
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Figure 2.2 Mass absorption coefficients calculated from transmission spectra for 
different olivine minerals. 

found some deviations between calculated and experimental data which were small 
in the 10 /am region, but became stronger between 15 and 25 ^m. This disagreement 
could be caused by shape effects (non-spherical shape of olivine particles embedded in 
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KBr), matrix effects, and by fundamental problem of mixing different crystallographic 
directions. The comparison of our olivine transmission data with his transmission 
measurements shows an excellent agreement in the number, positions, and shapes of 
the peaks. Unfortunately, Steyer did not analyze the chemical composition of his sam
ple but the good agreement of the peak positions indicates that the compositions of the 
samples must be similar. 

Koike et al. (1993) have measured transmission spectra of olivines in the range be
tween 100 and 40 mass % forsterite content in the solid solution series of forsterite and 
fayalite. The peak positions for forsterite are shifted (< 0.2 fim) to longer wavelengths 
compared to the measurements in this work. Our spectra show additional peaks at 9.3, 
13.6,13.8,14.6,18.3, 20.8, 24.7, 26.1,43.3, 45.0, and 65.7 /im. For the other samples we 
found good agreement but again found additional peaks. A surprising point in the re
sult of Koike et al. (1993) is the fact that their Mgo.9Feo.iSi04 (olivine) spectrum peaks in 
the MIR at shorter wavelengths than their forsterite sample. As these authors already 
mentioned, this is in contrast to the general trend that a larger Fe content shifts the 
peaks to longer wavelengths. Our forsterite data are in a very good agreement with IR 
transmission data of Oehler & Günthard (1969) who studied a magnesium-rich olivine 
and with transmission data of Paques-Ledent & Tarte (1973), and Hofmeister (1997). 
The comparison to the latter work shows only minor differences in the region between 
40-50 fim, where we find three additional bands of forsterite. 

Hofmeister (1997) has also measured transmission data of a thin fayalite film and 
determined the dielectric function from reflection measurements of a single fayalite 
crystal. Our fayalite spectrum coincides very well with the transmission spectrum 
measured by Hofmeister, except for the small peak at 9.1 pm which could be caused 
by a minor component containing more Si02 than fayalite. In the scanning electron 
microscope we found no indication for the presence of such a component in the sample. 
However, it could be a phase separation on the nanometer scale. 

In Table 2.3 the MAC peak positions of the different olivine samples are simply 
taken from transmission measurements without background correction. Since the peaks 
are very narrow we do not expect a peak shift due to a background absorption. The 
assignments of the bands to the vibrational modes given in Table 2.3 are mainly based 
on the results of Hofmeister (1997). 

The differences in the structure of olivines are the growing metal oxygen distances 
in the iron-rich samples (Birle et al. 1968), which cause the peak shift to longer wave
lengths. Furthermore, the Si04 groups in olivines are distorted, which is also influ
enced by Fe incorporation. The broad and weak bands between 12.5 and 16 fim are 
assigned as overtones expected to occur at wavelengths between the Si-O stretching 
and bending modes (Hofmeister 1997). 

2.4.2 Pyroxenes 

In our samples the synthetic pure Mg silicate is of monoclinic structure, the other py
roxenes studied are all rhombic ortho-pyroxenes. Figure 2.3 summarizes the mass ab
sorption coefficients of the chosen synthetic and natural samples. Unfortunately we 
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were not able to synthesize or to find sufficiently homogeneous pyroxenes with an 
iron content larger than l-x=0.35 for the compositions Mg^Fe^SiOa. 
The differences between the clino- and the ortho-enstatite sample (see Fig. 2.3) result 
from a partial weathering of the natural pyroxenes which leads to the formation of a 
Mg3[(OH)2/SL,Oio] (talc) phase. This mineral has bands at 9.8,14.9, 21.5,22.2 /mi. The 
Si-O stretching mode at 9.8 and the 21.5 fim band in the natural pyroxenes are super
imposed on the talc bands, which are caused by the same vibrational modes providing 
an increase in their intensities. The weathering component talc is most abundant in 
the natural enstatite sample but it is also present in bronzite and hypersthene. The 
sedimentation process used to separate the small particles for spectroscopy enriched 
this component. This is due to the smaller density of talc compared to the pyroxene 
providing a lower sedimentation rate of the talc containing grains. 

In general the pyroxene spectra show ratios of peak intensities to background ab
sorption which are comparable to those of the olivines. The intensity of the maxima 
in the 10 and 20 fim regions decreases with decreasing Mg content and increasing Fe 
content in the samples. For example, the natural enstatite sample with 2.1 mass % FeO 
shows 6 peaks in the range between 9 and 12 fim and the prominent peak at 9.47 fim 
decreases in strength from 7200 to 1600 cm2g-' for the hypersthene sample with 20.3 
mass % FeO. The same behaviour can be observed between 12 and 24 /mi. There is 
also a shift of the peak positions to longer wavelengths depending on the iron content 
(see Section 4.3) and the longer Fe-O distances in the FeOe compared to Mg0 6 octa-
hedra, but not in the 10 /an region. In this region the peaks can be attributed to Si-O 
stretching modes which are not expected to be very sensitive to Fe incorporation. The 
peak positions and shifts of the bands of the the pyroxene samples can be found in 
Table 2.4. As in the case of the olivines, the positions of the peaks were simply taken 
from the transmission measurements. A background correction due to scattering was 
not necessary 

An exact attribution of peaks to vibrational modes of different structural groups is 
greatly complicated by the large number of atoms belonging to the unit cell, which is 
much larger for pyroxenes than for olivines. Coupling of different vibrational modes 
is also possible. Peaks in the range between 8 and 13 /mi originate from Si-O stretching 
vibrations of different Si04 tetiahedra due to distortions. The bands at 9.8, 21.5 and 
22.2 fim are enhanced by the weathering component talc. The pure pyroxene spectrum 
can be derived from the mixed spectra by correction with a spectrum of talc which was 
done for enstatite. For this purpose the 14.9 //m peak only present in the talc spectrum 
was used as a criterion. The corrected enstatite spectrum can be seen in Fig. 2.5. In 
the region between 15-22 fim, bending vibrations of Si-O-Si links are expected. The 
peaks located at wavelengths longer than 17 /mi can be attributed to the modes of 
MgOe and FeOs octahedra. We compared our measurements with the spectra of two 
magnesium-rich pyroxenes measured by Koike et al. (1993), and found good agree
ment of the bands in the 10 and 20 /mi regions. However, due to better resolution at 
longer wavelengths, our spectra show more structural details. 
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Figure 2.3 Mass absorption coefficients calculated from transmission spectra 
for different pyroxene minerals. The vertical strokes mark the peaks which are 
superimposed by the Mg3[(OH)2/Si4O10] (talc) phase. 

2.4.3 Correlation between band shifts and Fe content 

The peak positions of the olivine and pyroxene sample series are listed in Tables 2.3 
and 2.4, respectively. From a statistical analysis of the band shifts, the following trends 
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have been derived: 

1. All peaks of the olivine series are shifted towards longer wavelengths with grow
ing Fe-content. The same trend is visible in the great majority of the bands of the 
pyroxene series. However, in the latter case there are a couple of exceptions, e.g. 
the band at 9.9 pm in the synthetic clino-enstatite spectrum. For the determina
tion of AA, the Mg-rich end member was used as the zero-standard 

2. For spectra plotted vs. wavelengths the shift A A is proportional to A2. Since 
-A^=AA/A2, this finding means that all bands are shifted by the same amount 
in wavenumber. Because of the statistical scatter of the data, this statement holds 
to within 20%. 

3. The wavenumber shift Ai/ is closely correlated with the Fe content (see Table 2.1). 
The correlation coefficient between the mass percentage of FeO ([FeO]) and Ai/ 
amounts to 0.996 for olivines and 0.916 for pyroxenes. The relations for both sam
ple series are: [FeO]/Ai/ = -1.8 ± 0.1 and -1.5± 0.2 for olivines and pyroxenes 
respectively. 

2.4.4 Optical data of enstatite 

Two pieces of an enstatite single crystal have been cut and polished along the (001) 
(perpendicular to the c-axis) and (210) (parallel to the c-axis) crystallographic planes. 
For these two samples we measured the specular reflectance of IR radiation polarized 
parallel to the crystallographic axes of the crystals (a- and b-axis with sample 1, c-axis 
with sample 2). Two wire grid polarizers on KRS-5 and polyethylene substrates, with a 
degree of polarization better than 95%, have been used to cover the wavelength range 
2-100 /^m. For the alignment of the plane of polarization to the crystallographic axes 
the accuracy is estimated to be about ±5°. 

From the reflectance spectra, we obtained the complex refractive index1 (Fig. 2.4) 
by Kramers-Kronig analysis as described in Jager et al. (1994) and Dorschner et al. 
(1995). The differences between the polarization directions in Fig. 2.4 are striking. In 
each of the k-spectra there are strong bands which do not occur in the other spectra. 
Calculation of the mass absorption coefficients of Rayleigh particles of different shape 
distributions embedded in KBr/PE matrix (refractive index in both cases 1.52) and 
averaging of orientations gives the spectra shown in Fig. 2.5. 

The comparison with the measured powder spectra shows that there is a very good 
coincidence between the calculated spectrum for CDE and the measured spectrum of 
ortho-enstatite corrected for the talc bands, and also the clino-enstatite. 

1The n- and k-data files can be taken from the internet homepage of the Astrophysical Institute and 
University Observatory Jena (http://www.astro.uni-jena.de) 
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Figure 2.4 Complex refractive index n+ik for the three different crystallographic 
axes of the natural enstatite (panel a: parallel to the c-axis; Panel b,c: perpendicular 
to the c-axis). 
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2.4.5 Non-homogeneous samples 

In Fig. 2.6a,b we show the mass absorption coefficients of the two inhomogeneous 
pyroxene and olivine samples shown in Fig. 2.1 and Table 2.2 in comparison with 
a homogeneous material with similar Fe/Mg ratio. Surprisingly, the agreement be
tween the inhomogeneous and homogeneous sample in the case of the olivine is quite 
good. In the inhomogeneous olivine sample, the spectrum is obviously dominated by 
the dark phase Mg1.66Feo.34Si04 with a similar composition to natural olivine (see Ta
ble 2.2). For the inhomogeneous pyroxene material (see Fig. 2.6b) the differences are 
more pronounced compared to olivine, which is caused by the much lower total con
tent or iron oxide in the homogeneous sample in comparison to the phase-separated 
material and the formation of a larger number of different phases (see Sect. 3) during 
the cooling process of pyroxene melts. A better agreement for a pyroxene can be found 
in Fig. 2.6c, where another inhomogeneous material, with nearly the same composition 
as the homogeneous sample, are compared. The measured transmission spectra are the 
average of the transmission spectra of the different phases. The spectral behaviour of 
the various phases is demonstrated in Fig. 2.7, where we show microscopic reflection 
data of the separated regions. These reflection measurements provide some additional 
information necessary for the interpretation of changes in the transmission spectra. 
For example, the appearance of the shoulder at 9.2 fim in the transmission spectrum of 
the phase-separated olivine sample can be explained by an overlapping of the olivine 
component with the oxide-rich phase. In the mass extinction spectrum of the inho
mogeneous pyroxene sample shown in Fig. 2.6b, a strong band at 9.1 fim is caused by 
the Si02-rich dark component. The peak at 20 /an typical of ortho-pyroxene is also 
overlapped by Si02 vibrations. The degree of spectral changes depends on the amount 
of Si02 phase present in the sample. For example, the inhomogeneous pyroxene sam
ple in Fig. 2.6c contains less Si02 phase in comparison to the other inhomogeneous 
pyroxene material and that is why there is a better agreement between the homoge
neous and heterogeneous material. Our investigations demonstrate that it is difficult 
to discriminate a homogeneous from a heterogeneous sample by IR spectroscopy. 

2.5 Discussion 

We compared our spectroscopic results with the astronomical data of the source AFGL 
4106. AFGL 4106 is an evolved binary (Molster et al. 1998), which experienced a huge 
mass loss. Former IRAS-LRS measurements have shown that a large amount of amor
phous silicates is present in the circumstellar shell. On 22 July 1996, ISO-SWS observed 
this object in an AOT01 speed 3 observing mode. The spectrum revealed the existence 
of a significant amount of crystalline silicates. For comparison with our laboratory 
data we subtracted a kind of continuum from the ISO-SWS spectrum. The result of 
this procedure is plotted in Fig. 2.8. In the same figure we show normalized MAC 
multiplied by a 100 K Planck function. The dust temperature of 100 K is a very rough 
estimate of the mean dust temperature of the object. The relative strength of the bands 
in the spectrum is sensitive to the temperature of the dust, which can be easily seen by 
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Figure 2.5 The comparison of the absorption spectra calculated from the optical 
constants of natural enstatite for a CDE with the MAC spectra of the synthetic 
clino-enstatite and the natural enstatite. The spectrum of natural enstatite was 
corrected by the MAC spectrum of Mg3[(OH)2/Si4Oio] (talc). 

a comparison with the spectra in Fig. 2.2 and 2.3. 
Although there is a good agreement between the continuum-subtracted spectrum 

of the source AFGL 4106 and the laboratory data of forsterite, not every peak in the 
spectrum can be matched. Quite a number of the remaining peaks can be fitted with 
synthetic enstatite (see Fig. 2.8). We found that only the very magnesium-rich crys
talline silicates can explain the spectrum of AFGL 4106. The 69.7 ^m feature, which is 
present in some other sources is unfortunately too weak to be detected in this source. 
This band is a suitable indicator for the presence of very Mg-rich crystalline olivines 
(see Sect. 3). 

Also in our own planetary system there is ample evidence for the existence of crys
talline silicates like in the spectrum of comet Hale-Bopp (Crovisier et al. 1997). A 
detailed comparison of the emission features between 6 and 45 ^m with the silicate 
spectra presented in this paper supports the presence of a magnesium-rich olivine 
(forsterite) additional to an amorphous silicate component. 

Laboratory IR transmission spectra of individual dust particles (Sandford & Walker 
1985) collected in the stratosphere also show the occurrence of a wide variability of 
crystalline olivines and pyroxenes. However there is no indication for a larger abun
dance of the pure Mg silicate materials like forsterite or enstatite. 

Still there are some differences between the ISO-SWS spectrum and the laboratory 
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Figure 2.6 Panels a and b show a comparison of the mass absorption coefficients 
for two inhomogeneous synthetic samples (see Fig. 2.1 and Table 2.2) of olivine and 
pyroxene composition, respectively, with the corresponding homogeneous materi
als. Panel c presents another inhomogeneous pyroxene sample with a composition 
more similar to the homogeneous bronzite material, which shows a good agree
ment between the two spectra. 
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Figure 2.7 Microscope reflection measurements of the different phases in the 
inhomogeneous samples shown in Fig. 2.1. 

measurements, in the width, strength, and position of some of the features. Differ
ences in width can be caused by differences in size and shapes of the grains. Despite 
our efforts to produce small grains, coagulation could have taken place during the pro
duction of the pellets used for the transmission measurements. It is quite unrealistic 
to assume that the grinding process produces the same grain shapes as are present in 
circumstellar outflows. Differences in strength can be partially explained by the fact 
that there is a temperature distribution instead of one single temperature. In addition, 
we have to keep in mind that the ISO-SWS spectrum shown here consists of five in
dependent spectra of different wavelengths regions. Although we took pains to attach 
the different spectra correctly to each other, it still remains a source of uncertainty in 
the occurrence and strength of some features, especially those situated near the edges 
of the spectral regions. Discrepancies in the peak positions are not easy to explain by 
matrix effects of KBr or PE. Calculations of the absorption behaviour of spheres in the 
Rayleigh limit, with the optical data of olivine determined by Steyer (1974), in a KBr 
matrix and vacuum, have shown that there are shifts of different band centres ranging 
from 0 to 0.6 //m to longer wavelengths for the sample embedded in KBr/PE. Addi
tionally, we found differences in shapes and peak strengths. However, the formation 
of exactly spherical grains in the circumstellar outflow is not expected. An approach 
more realistic than the spheres would be the calculation of the absorption efficiency of 
a continuous distribution of ellipsoids (CDE) (Bohren & Huffman 1983). We show the 
result of these calculations in Fig. 2.9. It demonstrates that there is no change in the 
peak positions for the different matrices, but the intensity of the peaks in KBr is about 
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Figure 2.8 Comparison of the continuum subtracted spectrum of AFGL 4106 
with the MAC of forsterite and clino-enstatite multiplied by a Planck curve of 100 
K and normalized to one. 

1.4 times higher than in vacuum over the whole wavelength range. Since only very 
limited information about shape and size distributions of interstellar silicate grains is 
available it is very difficult to quantify matrix and shape effects in order to compare 
laboratory and astronomical spectra in an appropriate manner. 

Mindful of all considerations mentioned before, we want to point out that there are 
some bands that are inexplicable strong, like those at 20.6, 21.5, 26.1 and the plateau 
from 30 to 45 fim. It is also likely that other materials are present in the circumstellar 
shell, for example Fe-containing oxides, Ca-containing silicates, sulfates and H 2 0 ice. 

The details of silicate dust formation in oxygen-rich shells are still unknown. First 
ideas were based on thermodynamical equilibrium considerations of non-homogeneous 
nucleation postulating condensation sequences (Tielens et al. 1990). More recent in
vestigations found a lot of indications for incomplete condensation and dust forma
tion as a non-equilibrium process. One indication is for example the detection of SiO 
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Figure 2.9 Comparison of the calculated absorption efficiency of a CDE in KBr 
and in vacuum from the optical constants of olivine (Steyer 1974). 

molecules in the outer regions of circumstellar shells. Based on laboratory experiments, 
Nuth (1996) described grain formation as a complex process starting with the nucle-
ation of SiO and formation of SiOx clusters. Other underoxidized species like AlO^, 
FeO^ and MgO and metallic components are also formed, which can react in inter
nal oxidation/reduction reactions forming an underoxidized low-density silicate ma
terial, a so-called "chaotic" silicate. Three phases, forsterite, enstatite and Si02 were 
also found in experimentally produced Mg-SiO smokes (Rietmeijer et al. 1986) as one 
form of chaotic silicate material. This demonstrates that the same phase separations 
could take place in the chaotic silicates described by Nuth & Hecht (1990) and in inho-
mogeneous samples produced by cooling of molten material (discussed in this paper). 
It is interesting to see that different starting materials provide the same products and 
phase separations. 

One remaining question is how the crystalline material is formed in circumstellar 
shells and what we can say about chemical processing and aging of silicate dust during 
the transition from the circumstellar environment to the interstellar medium and the 
star-forming regions. Crystalline dust features are prominent in the ISO SWS spectra of 
stars on the Asymptotic Giant Branch (AGB) and those of Red Supergiants, if the color 
temperature of the dust is low (typically less than 200-300 K). A low color temperature 
for stars with dusty outflows corresponds to high dust optical depth, and thus with 

40 



REFERENCES 

high mass loss rates. There are indications that the crystalline dust features are more 
prominent in post-AGB stars and planetary nebulae (PNe), suggesting perhaps an in
crease in the abundance of crystalline silicates. The dust shell in post-AGB stars and 
PNe, which is the remnant from the high mass loss phase on the AGB, expands and 
cools to temperatures below 100 K. 

Hallenbeck et al. (1998) have observed that annealing of amorphous magnesium 
silicate smoke at temperatures slightly above 1000 K for more than 10 h causes re
markable changes of the profile of the 10 /mi band, which indicate internal ordering 
processes of the arrangement of atoms leading to crystalline structures. According to 
this results the requirement for the crystallization process is a sufficient high tempera
ture (> 900 K) and/or a corresponding annealing time. Recently, Gail and Sedlmayer 
(1998) have shown that corresponding conditions for annealing processes are given in 
M giants. Clearly, many questions concerning the origin and evolution of crystalline 
dust in the outflows of evolved stars remain open. 

A related issue is the apparent absence of crystalline silicates in the interstellar 
medium (ISM). This suggests that crystalline silicates are not produced with sufficient 
abundance in the outflows of evolved stars to be detectable, or they are destroyed in 
the ISM. The high abundance of Mg-rich crystalline silicates in some young stars (Mal-
fait et al. 1998) suggests that such grains are produced during the star formation and 
planet formation process, from annealing of amorphous grains. 

In this paper we have demonstrated that crystalline Mg-rich silicates are responsi
ble for the observed sharp peaks at longer wavelengths in the oxygen-rich circumstel-
lar environments seen in the ISO spectra. We consider this as one of the most important 
findings of the ISO mission. 
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Abstract 
We present infrared spectroscopy and imaging of AFGL4106. The 2.4-5 /im 

ISO-SWS spectrum reveals the presence of a cool, luminous star (Teff K 3750 K) 
in addition to an almost equally luminous F star (Teff w 7250 K). The 5 - 195 [im 
SWS and LWS spectra are dominated by strong emission from circumstellar dust. 
We find that the dust consists of amorphous silicates, with a minor but significant 
contribution from crystalline silicates. The amorphous silicates consist of Fe-rich 
olivines. The presence of amorphous pyroxenes cannot be excluded but if present 
they contain much less Fe than the amorphous olivines. Comparison with labo
ratory data shows that the pure Mg-end members of the crystalline olivine and 
pyroxene solid solution series are present. In addition, we find strong evidence 
for simple oxides (FeO and A1203) as well as crystalline H 2 0 ice. Several narrow 
emission features remain unidentified. 

Modelling of the dust emission using a dust radiation transfer code shows that 
large grains (w lfim) must be present and that the abundance of the crystalline sil
icates is between 7 and 15% of the total dust mass, depending on the assumed en-
statite to forsterite ratio, which is estimated to be between 1 and 3. The amorphous 
and crystalline dust components in the shell do not have the same temperature, 
implying that the different dust species are not thermally coupled. We find a dust 
mass of w 3.9 • 10~2 M 0 expelled over a period of « 4 • 103 years for a distance 
of 3.3 kpc. The F-star in the AFGL4106 binary is likely a post-red-supergiant in 
transition to a blue supergiant or WR phase. 

43 



CHAPTER 3. THE DUST SHELL SURROUNDING AFGL4106 

3.1 Introduction 

Late stages of evolution of both low and high-mass stars are characterized by high 
mass-loss in a slow and dusty outflow. Low- and intermediate-mass stars (up to 8 M0) 
will lose a significant amount of their initial mass on the Asymptotic Giant Branch 
(AGB). More massive stars will lose their hydrogen-rich envelopes during a red super-
giant (RSG) phase. The mass-loss rates can be as high as 10~4 MQ /yr for the low-mass 
stars and up to 10 - 3 M 0 /y r for the high-mass stars. Low and intermediate mass objects 
evolve to the blue part of the HR diagram after the entire H-rich envelope has been ex
hausted, and a planetary nebula (PN) is formed. High mass stars either explode as a 
supernova while they are red supergiants, or they evolve to the blue part of the HR 
diagram to become a population I Wolf-Rayet (WR) star before ending their live. 

The evolution of transition objects, i.e. stars that are in a rapid phase of evolu
tion between the red and blue part of the HR diagram is not very well known. It 
is clear however, that mass loss plays an important role in determining evolutionary 
timescales. Remnants of previous mass-loss phases are still in the vicinity of the star 
in the form of detached dust shells. Infrared observations clearly reveal the existence 
of these dust shells and the study of the Circum Stellar Environment (CSE) provides 
essential information about mass-loss history and consequents of evolution. 

The infrared-bright object AFGL4106 (= IRAS10215-5916) was classified as a tran
sition object by Hrivnak et al. (1989, hereafter HKV) based on its IRAS colours. Some 
confusion exists in the literature about its identification. HKV quote Bidelman, who 
claim that IRAS10215-5916 is equal to CoD -58°3221. Apparently, this has sometimes 
been mistaken in the literature as CPD -58°3221 and therefore HD303822 (e.g. in the 
Tycho catalogue). The correct identifications should be HD302821 and CPD -58°2154. 

The central star was classified as a G2 supergiant by Garcia-Lario et al. (1994). 
The combination of a cool central star with low surface gravity and a relatively warm 
(i.e. young) detached dust shell is typical for transition objects. Garcia-Lario et al. 
(1994) found double-peaked [NII] lines in the optical spectrum, which they thought to 
originate from an expanding envelope. The presence of the [N II] is surprising given 
the spectral type of this object. From the separation between the two peaks they found 
an expansion velocity of vexp = 17 ± 2 km s~\ which is quite reasonable for an AGB-
wind. The expansion velocity of the detached shell was also measured in the CO (J= 
1 — 0) rotational line and was found to be about 40 km s_1 (Josselin et al. 1998). This is 
high for a low mass AGB star and suggests a massive progenitor. The difference with 
the [NII] line is remarkable and is probably related to the extended nature of the [NII] 
emitting region (see van Loon et al., in prep.). 

The distance and luminosity of AFGL4106 are uncertain, which makes it hard to 
decide directly whether the progenitor was an AGB star or a RSG. The luminosity of 
L*/LQ PS 104 x <P (with d in kpc), suggests that it is a luminous object, which until 2 kpc 
is a post-AGB star, however if this object is located at a larger distance a post-RSG 
nature cannot be excluded. We will present evidence that AFGL4106 is likely a post-
RSG. The optical to sub-millimetre energy distribution of AFGL4106 was analysed in 
detail by HKV and Gürtler et al. (1996, hereafter GKH). Both studies find a very high 
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3.2. THE OBSERVATIONS AND DATA REDUCTION 

Nr. Instrument + Date orbit t0bs 
Observing mode (sec) 

I SWS AOT01 speed 1 16-01-96 60 (PV) 1172 
n SWS AOT01 speed 2 29-02-96 104 1944 
m LWS01 29-02-96 104 509 
IV SWS AOT01 speed 3 22-07-96 249 3486 

Table 3.1 ISO observing log for AFGL4106 (PV = Performance Verification phase) 

mass loss which recently stopped, however with rather different density distributions 
in the shell. 

AFGL4106 was selected for observations with the Infrared Space Observatory (ISO) 
in the guaranteed time of the Short Wavelength Spectrometer (SWS) consortium be
cause of its classification as a transition object, and because of its very high infrared 
flux levels. The high-quality ISO data allow a detailed determination of the dust com
position and its distribution in the circumstellar shell, which may yield new insight in 
the origin and evolution of this remarkable object. Waters et al. (1996) studied the 30-
45 fim SWS spectrum of AFGL4106 and discovered weak narrow emission bands that 
can be attributed to crystalline silicates. Here we present a full inventory of the solid 
state emission bands and their identification. For the first time a full radiative transfer 
model of a CSE including crystalline silicates is presented. 

This paper is organized as follows; In Sect. 2 we report on the observations and we 
discuss the data reduction procedures. In Sect. 3 we present the stellar near infrared 
spectrum (2.4 - 5 fim), which shows evidence for the binary nature of this object. In 
Sect. 4 the infrared excess at 5 - 195 ^m, caused by the dust shell, is analyzed. We 
identify the dust composition using the different solid state features detected in this 
part of the spectrum. In Sect. 5 we present a radiative transfer fit to the spectrum. 
In Sect. 6 we discuss the results of this paper and in Sect. 7 we summarize our main 
conclusions. 

3.2 The observations and data reduction 

3.2.1 ISO observations 

Spectra of AFGL4106 were obtained using the Infrared Space Observatory (ISO, Kessler 
et al. 1996). Three spectra were taken with the Short Wavelength Spectrometer (SWS, 
de Graauw et al. 1996) and one with the Long Wavelength Spectrometer (LWS, Clegg 
et al. 1996, Swinyard et al. 1996). An overview of the ISO observing log can be found 
in Table 3.1. Part of spectrum II has already been shown in Waters et al. (1996). Because 
of its better signal to noise, we will use spectrum IV for our discussion in this paper, 
but information from the other spectra has been used in the reduction of spectrum TV. 
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sws 

The SWS spectra (2.36 - 45.3 fim) consist of 12 sub-spectra with slightly overlapping 
wavelength coverage and each observed by 12 detectors. Each spectrum is scanned 
twice, the so called up- and down-scan (de Graauw et al. 1996). The spectra were re
duced using the SWS off-line analysis pipeline, version 6.0. For a description of flux 
and wavelength calibration procedures, we refer to Schaeidt et al. (1996) and Valentijn 
et al. (1996). In the reduction process the calibration files available in April 1998 were 
used. Judging from the overlap regions of the different sub-bands, further improve
ment is still possible, but will not influence the overall conclusions of our results. 

The main fringes in the 12.0 - 29.5 /im part of the spectrum were removed using 
the InterActive (IA) data reduction package routine fringes. Major irregularities due to 
glitches and large drops or jumps in each detector were removed by hand. A compari
son between the different detectors scanning the same wavelength region was used to 
determine the location of such jumps. Detectors with a poor performance at the time 
of observations were removed. 

Several procedures were performed on each sub-band separately to combine the 12 
detectors. A sigma clipping procedure was used to remove deviating points. The flux 
level of the 12 detectors was brought to the average level of the 12 detectors. Finally 
each sub-spectrum was rebinned to a resolution of A/AA = 750. 

The individual sub-spectra, when combined into a single spectrum, can show jumps 
in flux levels at band edges due to imperfect flux calibration or dark current subtrac
tion. Based on the observed jumps, downwards with increasing aperture size, we as
sume that the flux differences are not due to the significant difference in beam size. 
Indeed, our ground-based 10 /im image (see Sect. 3.2.2) shows an angular size well 
within the SWS apertures. We have adjusted the different subbands, according to the 
expected source of discrepancy, to form a continuous spectrum. Note that all the shifts 
are well within the photometric absolute calibration uncertainties (Schaeidt et al. 1996). 
The 29.5 - 31 fim section is severely affected by memory effects of the detectors. There
fore we have removed this part from the final spectrum. 

In Fig. 3.1 we show the final SWS spectrum and we compare this to the original 
(without band matching) data of spectrum IV. A comparison of the final SWS spectrum 
with the original data of spectrum II gives a match of similar quality. 

LWS 

Spectrum III is an LWS01 full spectral scan (43 - 195 ^m). The spectrum was sampled 
with one point per spectral resolution element using fast scanning. An off-set position 
spectrum was also taken with the same instrumental parameters, in order to correct for 
background contributions. The spectrum was reduced using the LWS off-line analysis 
pipeline, version 6.0. See Table 3.1 for an overview of the observing mode and date of 
observation. 

The Auto Analysis results of both source and background spectrum were then pro
cessed using the ISO Spectral Analysis Package (ISAP). First a median clipped average 
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Figure 3.1 The final SWS spectrum (thick line), with the different sub-bands 
attached to each other, compared with the original outcome of the data reduction 
(dots). 

was calculated of all the spectral scans for one detector. These averaged scans were 
then fitted together using the scan on the LW1 detector as reference. The resulting 
spectrum was rebinned to a standard wavelength scale with a resolution of 250 using a 
flux conserving rebinning routine. Finally, the on-source and off-source spectrum were 
subtracted. The final SWS + LWS spectrum is presented in Fig. 3.2. 

Comparison with IRAS data 

In Fig. 3.2 we show the complete spectrum together with the IRAS broad band fluxes. 
We compared the resulting 2.4 - 195 /zm spectrum with IRAS data by convolving the 
ISO spectrum with the IRAS photometric band transmission curves (IRAS explanatory 
supplement 1988), the resulting fluxes are given in Table 3.2. 
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Band 
(/an) 

12 
25 
60 

100 

IRAS-flux 

Jy) 
200.8 
1755 
851.8 
181.1 

Folded ISO-flux 

(Jy) 
169 

1883 
910 
283 

Table 3.2 The comparison with the IRAS broadband flux density 

The differences found for the 25 and 60 /im flux densities are well within the error 
that IRAS, SWS and LWS quote for their flux uncertainty. This also holds for the 12 ^m 
flux density, however one should realize that discrepancies in this wavelength regime 
might be related to the memory effects found in band 2C both for this source (as was 
found as a difference in the up- and down-scan) as well as in the calibration sources. 

The 100 fim IRAS flux density (181.1 Jy) is considerably lower than the flux density 
in the LWS spectrum (283 Jy) and is outside the errors quoted for IRAS and LWS. We 
have inspected the raw IRAS data covering the position of AFGL4106 for bad scans or 
steep background gradients, which may cause the difference between both observa
tions. We found no bad scans but there is a conspicuous gradient in the galactic back
ground radiation. However, the IRAS 100 /im flux is corrected for this background. 
Although the contribution of the background to the LWS continuum flux was found 
to be minor, the presence of the [C n] line at 158 //m, likely to be of interstellar ori
gin, in the continuum subtracted spectrum suggests that the background has not been 
subtracted correctly. At present, the difference between IRAS 100 fim and LWS is not 
understood. In Fig. 3.2, we also show the comparison of the IRAS Low Resolution 
Spectrograph (LRS) and the final spectrum. The agreement of the shape and flux levels 
of the LRS and the SWS spectra is satisfactory. 

3.2.2 10 fim imaging at the ESO 3.6m telescope 

On 23 February 1994 we used the mid-infrared camera TIMMI (see Kaufl et al. (1994) 
for a description of the instrument) at the ESO 3.6 m telescope on La Silla, Chile, to 
image AFGL4106. We used a broad band N filter, centered at 10.1 fim. Standard in
frared techniques were used, i.e. chopping and nodding with a throw of 23.5" , some
what larger than the 21.55" field of view. We integrated for 31 minutes on the source. 
We chose a small pixel scale of 0.336" to avoid undersampling of the Point Spread 
Function (PSF). We observed the standard stars a Hya, t Mus and a Car, to allow for 
absolute flux calibration and to derive the PSF (FWHM « 1.2") of the telescope plus 
instrument. We reached the diffraction limit of 0.6" by applying a deconvolution algo
rithm (Lucy 1974) within the MIDAS reduction software package. This deconvolution 
method has as drawback that it focuses the noise in the background, which is therefore 
quite spiked. The deconvolved image is shown in Fig. 3.3. The integrated instrumental 
N-band magnitude (not corrected for color differences etc.) is N = -1.19 ± 0.05. This 
corresponds to « 120 Jy. The convolution of the N-band sensitivity with the ISO spec-
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1000 

A [yLim] 

Figure 3.2 The final SWS and LWS spectrum of AFGL4106 (solid line) compared 
with the IRAS-LRS (dotted line) spectra and the IRAS broad band fluxes (triangles) 

trum gives a flux of 100 Jy. The difference between both flux levels is probably caused 
by detector memory effects in the ISO band 2C wavelength region, and by the slightly 
extended nature of the nebula. The brightest, unresolved emission peak in the image 
is likely to be centered on the central object. The nebula, especially the outer parts, 
seems to have an oval to box-like shape. The inner part of the emission complex is 
characterized by structure on (sub-)arcsecond scale in the form of local enhancements 
of 10 /im emission. Whether this also reflects a clumpy density structure is not cer
tain. The North-West part of the nebula is fainter compared to the rest of the nebula at 
10 fim, and seems slightly more extended. The whole nebula and especially the inner 
part has a North-West - South-East symmetry axis. The unresolved central peak con
tains roughly 13% of the total flux, which is about 15 Jy. The total emission extends out 
to « 5" from the center. 

An arc of Ha emission, extending from roughly North-East to South-West clock
wise, has been found (van Loon et al , in prep.), and is located just outside the edge 
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5 0 
RA (arcsec) - offset 

Figure 3.3 A logarithmic scale plot of the N-band image of AFGL4106. The 
black line contours start at a = 1 and are steps of factors 3, the white line start at 
a = .300 and increase in steps of 100 up to 1000. North is up and East is to the left. 

of the extended dust emission in the N-band. This arc coincides with the low surface 
brightness emission region in the N-band image. 

3.3 The 2.4 - 5 fim. part of the spectrum; A binary revealed 

The spectral energy distribution (SED) can naturally be divided into two parts. For 
wavelengths shorter than 5 /im the photosphere radiation dominates the spectrum. 
Above 5 /urn the thermal radiation of the dust dominates the spectrum. This IR-excess 
will be discussed in Sect. 3.4. Here, we will present evidence that the central object is a 
binary system, consisting of an M and A-F type star of almost equal luminosity. 

The 2.4 - 5^m part of the spectrum is shown in Fig. 3.4. It is dominated by strong 
absorption from several band heads of ro-vibrational molecular bands, such as the 
CO first overtone and fundamental, the SiO first overtone, H 2 0 (vi and i/3) and OH 
fundamental. The strength and excitation levels of these bands are not compatible 
with those expected for a G-type supergiant spectrum, but suggest a cooler star. From 
the shape and the level of the first overtone ro-vibrational 12CO bands we derived a 
temperature of ss 4000 K (see e.g. o-Boo in Decin et al. 1997). This high temperature 
together with the required column density cannot be caused by circumstellar gas in a 
detached (dusty) envelope. Also the presence of the high excitation lines of gas-phase 
SiO, which cannot be in a dusty envelope, suggests that we are dealing with a cool star. 
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Figure 3.4 Ro-vibrational band heads of different molecular species, proving 
the existence of a cool companion to HD302821 

Meanwhile van Winckel et al. (in prep.) took a high resolution spectra of AFGL4106 in 
the optical and around 1/jm and found a warm star of T w 7000 — 7500 K, dominating in 
the optical and clear evidence of both the warm and the cool star around 1 ̂ m, where 
both stars appear to be equally luminous. 

In order to verify the binary hypothesis, we have combined the optical and near-IR 
photometry of AFGL4106 (HKV, Garcfa-Lario et al. 1994,1997) together with our ISO 
data. We used Kurucz (1991) model atmospheres to fit the broad-band photometry up 
to 2.2 /zm. This ensures that the fit is not contaminated by dust emission. For our fitting 
procedure we assumed that the mean interstellar extinction law can be used to describe 
both the circumstellar and the interstellar dust extinction. We will come back to this 
point in Sect. 3.5.2. We were not able to fit the data with a single star, but found a good 
fit if we assumed a binary. A best fit was found with temperatures of 7250 ± 250K and 
3750 ± 250K for the hot and cool component respectively, while the luminosity ratio 
(Lwarm/Lcooi) = 1-8. For both components we independently found the same reddening 
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Figure 3.5 The reddened (E(B - V) = 1.2) composite spectrum (thick line) of 
the hot star (dotted line) and the cool star (dashed line) compared with the broad
band photometry (triangles) and the ISO-data (thin line). The error in the photom
etry is much smaller than the size of the triangles. 

of E(B - V) = 1.2 ± 0.1 mag. The fit together with the observations is shown in Fig. 3.5. 
The relatively small luminosity difference between both stars suggests that both 

components are evolved, i.e. the M star is a giant or supergiant. A more detailed 
comparison of the ISO 2.4-5 fim spectrum with that of other M giants and supergiants 
indicates a supergiant nature of the spectrum (Van Winckel et al., in prep). 

The flux from the central part of the ground-based 10 (j,m image is about 15 Jy. This 
is much larger than the flux expected from the stellar atmospheres of both stars in the 
system (3 Jy). This suggests that there is additional circumstellar material very close 
to the binary, probably hot dust. It is not clear whether this material was ejected at 
the same time as the dust and gas in the detached shell, or whether this represents 
a later phase of mass loss. The additional circumstellar material could also originate 
from the M-star in the system. Note that the flux of the second brightest blob, SW of 
the central peak, is still about 7 Jy, which is also enough to contain one or even both 
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1.2 

6250 6300 6350 
A [ A n g s t r o m ] 

6400 

Figure 3.6 High-resolution optical spectrum of AFGL4106. The prominent in
terstellar DIBs are indicated together with the main photospheric atomic absorp
tion lines. The spectrum has been corrected for the presence of telluric lines. 

stars. However one should keep in mind that both stars show the same reddening, 
suggesting that they are located behind the same dusty material and that more clumps 
(e.g. SE, E and NNE of the central peak) are present. 

3.3.1 Interstellar and circumstellar extinction 

The large reddening of AFGL4106 is illustrated by the prominent diffuse interstellar 
bands (DIBs) in the optical spectrum of AFGL4106. In Fig. 3.6 we display part of the 
optical spectrum taken by van Winckel et al. (in prep.) corrected for telluric lines. 
The broad band at 6284 A, which is a blend of different components, is strong, but 
also the narrow DIBs at 6376 and 6379 A, can easily be recognized. Since the carriers 
of the DIBs are associated with the carbon-rich component of the interstellar medium 
(ISM) and the circumstellar material around AFGL4106 is oxygen-rich, the DIBs are 
likely to be purely from interstellar origin and can be used to estimate the interstellar 
component of the total reddening of AFGL4106. The strength of the DIBs scales only 
roughly with the reddening {E(B - V)) (see Herbig 1995), therefore our quantization 
of the interstellar reddening is only indicative. 

We compared the strength of the DIBs in AFGL4106 with the DIB strength in the 
star BD+63°1964 (E{B - V) = 1.01 mag., Spectral type BOII) (Ehrenfreund et al. 1997) 
and derived a second estimate of the reddening by using the equivalent width to red
dening relation derived by Jenniskens & Desert (1994) from a detailed analysis of 4 
reddened early-type stars. We limited ourselves to narrow DIBs without photospheric 
contamination since the broad DIBs in our spectrum are composite and the equivalent 
width determination most inaccurate. The equivalent width measurements are given 
in Table 3.3. One can see that the DIBs in AFGL4106 and BD+63°1964 are very sim
ilar. We estimate the reddening using a linear least mean square analysis and found 
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A AFGL4106 BD+36°1964 WX/E(B - V) 
(A) 

5849.78 
6196.19 
6325.10 
6330.42 
6376.02 
6379.27 
6425.72 
6613.72 
6660.64 
6993.18 
7224.18 

EW(A) 

72. 
76. 
33. 
42. 
37. 
140. 
22. 
319. 
51. 
80. 
252. 

EW(A) 

121. 
78. 

16. 
28. 
176. 
25. 
316. 
57. 

48. 
61. 
18. 
18. 
26. 
78. 
19. 
231. 
51. 
116. 
259. 

Table 3.3 Equivalent width of a selection of DIBs in the optical spectrum of AFGL4106 
compared to the strength of same DIBs in BD+63°1964 (Ehrenfreund et al. 1997) and the 
DIBs-reddening relation of Jenniskens & Desert 

E(B — V) = 1.07 mag. by using the mean relation of Jenniskens & Desert and a similar 
value E(B - V) = 0.94 mag. by using BD+63C1964 as a standard. We conclude that the 
interstellar reddening towards AFGL4106 is E(B - V) = 1.0 ± 0.2 mag. This is in very 
good agreement with the value derived by van Loon et al. (in prep). 

The case of AFGL4106 offers a unique opportunity to measure the internal extinction 
within the circumstellar dust shell. This is because the star and the dust shell are sur
rounded by a shell of ionized gas, detected in Ha and the [N II] line. These emission 
lines were reported by Garcia Lario et al. (1994), and subsequent imaging of the spatial 
extent of the emission lines by Van Loon et al. (in prep.) showed that the lines originate 
from a roughly spherical shell of gas on the periphery of the dust shell. The [NII] lines 
were found to be split, with the red-shifted component systematically weaker than the 
blue peak. Van Loon et al. (in prep.) interpret this difference in intensity as a result of 
internal extinction in the dust shell, and assuming a reddening law which is the same 
for the interstellar as well as for the circumstellar dust, they found a circumstellar red
dening towards the central star of E(B - V) = 0.22 ± 0.05 mag. We conclude that sum 
of the DIB (interstellar) extinction of about E(B — V) = 1 mag. and the [NII] (circum
stellar) extinction of about E(B - V') = 0.2 mag. agrees well with the derived total 
line-of-sight extinction of E(B - V) = 1.2 mag. based on the SED. 

From the total spectrum one can derive the total flux, infrared excess and therefore 
another estimate of the interstellar and circumstellar absorption towards AFGL4106. 
We define the infrared excess as the integrated flux under the energy distribution cor
rected for the stellar contribution. The distance to AFGL4106 is not known, so we 
can only determine a distance dependent luminosity, which is roughly 10.8 x 103 d2L@, 
with d the distance in kpc. The IR-excess contributes about 75% (8.0 x 103 d2L@) to the 
total luminosity. Which leaves 2.8 x 1O3GPL0 for the luminosity directly from the red-
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dened photospheres of both stars. Assuming an E(B — V) of 1.2 mag. for both stars, 
taken from the fit to the broad-band photometry, results in a dereddened luminosity of 
fa 7.4 x 103 cPL@ for the hot component and RS 4 x 103 d2L@ for the cool one. This implies 
a total "loss" of stellar energy by absorption and scattering of w 8.6 x 103 d?L@/s. This 
would imply that, assuming a spherical dust shell and assuming that all absorbed en
ergy is re-radiated in the infrared, more than 90% of the extinction towards AFGL4106 
is circumstellar, and thus the contribution of the interstellar extinction would be negli
gible. This is not in agreement with the estimate of the interstellar extinction derived 
from the depth of the DIBs (see above). In Sect. 3.5.2 we will demonstrate that this 
discrepancy is resolved by the non standard extinction properties of the CSE. 

3.4 The 5 -195 (im part of the spectrum; The dust shell 

At wavelengths longwards of about 5/im thermal emission from the circumstellar dust 
starts to dominate the spectrum (see Fig. 3.2). Between 5 and 7.8 /zm the spectrum is 
flat at a level of approximately 15 Jy Around 7.8 /mi a steep rise is found with a flat
tening around 12 fim. This prominent structure is caused by an increasing continuum 
together with the 10 /an amorphous silicate feature (Si-O stretching mode). At 13 fim 
the flux increases again, with at around 18 /zm the second peak of the amorphous sil
icate feature (O-Si-O bending mode). The peak of the infrared excess is found around 
25 /zm. Superimposed on this continuum with the broad features are narrow features, 
especially in the SWS part of the spectrum. In most cases they can be attributed to 
crystalline silicates. 

In contrast with the SWS spectrum with its sharp spectral features, the LWS spec
trum of AFGL4106 is very smooth. Emission lines are present in the on-source spec
trum at 88.356 ([O III] line) and 157.741 /zm ([C II] line). However, since they are also 
present in the background spectrum, they cancel out almost completely in the final 
spectrum. Although the warm component in the binary is not hot enough to produce 
the [O III]-line, the presence of the [O III]-line may not be surprising given the line of 
sight (Carina) and the projected vicinity of several very luminous hot stars, which emit 
enough ionizing radiation to produce the [O III]-line. We find no evidence for emis
sion lines in the SWS and LWS infrared spectra from the ionized nebula surrounding 
AFGL4106 (detected at optical wavelengths), which should be within the ISO beam. 
Clearly the dust continuum swamps any line emission from that region. 

3.4.1 The continuum subtraction of the SWS and LWS spectra 

In order to show the presence of the spectral features more clearly, we have subtracted 
a continuum by fitting a spline curve to the spectrum. Note that the spline fit contin
uum has no physical meaning and is only used to enhance the sharp solid state fea
tures on top of the spectrum. The continuum subtracted spectrum is shown in Fig. 3.7 
panel B. The amorphous silicate features dominate the continuum subtracted spectrum 
below 20 /im. In order to show the narrow bands more clearly, we have created a sec-

55 



CHAPTER 3. THE DUST SHELL SURROUNDING AFGL4106 

2000 '-

1000 

M^^^\iiiii 
50 

A [yum] 
100 

Figure 3.7 The SWS and LWS spectrum of AFGL4106 with the spline fit contin
uum. The result of the subtraction of the spline fit continuum (dashed line in A) is 
shown in graph B. The result of the removal of the broad silicate features (dashed 
line in B) is given in graph C. 

ond continuum subtracted spectrum, where we have excluded the broad amorphous 
silicate bands (see the dashed line in Fig. 3.7 panel B and the result in panel C). We 
find a wealth of solid state structures, which we show in more detail in Fig. 3.8. Some 
residual fringing is still visible at 18-20 /xm. 

Since the solid state bands have a wide range in width and strength, and often 
blend, we decided to measure the band strength with respect to a local continuum. We 
used a second order polynomial fit to define a local continuum in the final spectrum 
(i.e. not the continuum subtracted spectrum shown in Fig. 3.7 and 3.8), and fitted 
Gaussians to the emission bands with respect to this local continuum. The very broad 
amorphous silicate bands could not be fitted with a single Gaussian, and we give the 
FWHM directly measured from the spectrum. The results of the Gauss-fits can be 
found in Table 3.4. Due to our continuum subtraction method, it is likely that very 
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A 
/xm 

10.8 
16.1 

16.8 

17.6 
18.1 

19.2 

20.6 
21.5 

22.9 

23.6 
24.1 
24.5 
26.2 
27.8 

32.8 

33.6 
34.0 
35.8 
36.5 
40.4 
41.1 
43.1 

47.8 
61 

11.07 
13.6 

14.2 

/*band 
l O " 1 4 W m " 2 

4 X 10* 
40. 

15. 

5 X 102 

75. 

50. 

20. 
7.3 

25. 

30. 
1.8 
4.1 
16. 
44. 

20. 

40. 
.96 
5.5 
2.4 
13. 
1.1 
17. 

9. 
68. 

1.98 
10. 

6.5 

FWHM 
j * m 

2.5 
.7 

.6 

3. 
1.0 

1.0 

0.48 
0.25 

0.5 

0.7 
0.16 
0.33 
1.05 
1.15 

.6 

1.0 
.12 
.54 
.28 
1.1 
.17 
1.2 

1.9 
20. 

0.082 
.5 

.4 

FWHM/A 

0.23 
0.043 

0.036 

0.17 
0.055 

0.052 

0.023 
0.012 

0.021 

0.030 
0.0066 
0.013 
0.040 
0.041 

0.018 

0.030 
0.0035 
0.015 
0.0077 
0.027 
0.0041 
0.028 

0.040 
0.33 

0.0074 
0.037 

0.028 

IP/Ic 

1.8 
1.06 

1.03 

1.2 
1.07 

1.045 

1.035 
1.024 

1.04 

1.04 
1.009 
1.011 
1.02 
1.05 

1.07 

1.08 
1.016 
1.03 
1.02 
1.05 
1.02 
1.07 

1.036 
1.05 

Spu 
1.05 
1.04 

1.05 

Identification 

amorph . silicate 
cryst. forsterite 

unidentified 

amorph. silicate 
cryst. enstati te 

cryst. enstatite & 
cryst. forsterite 
cryst. ens ta t i te? 
cryst. enstatite & 
cryst. forsterite? 
unidentified 

cryst. forsterite 
unidentified 
cryst. enstatite? 
cryst. forsterite 
cryst. forsterite & 
cryst. enstatite 
cryst. enstatite 

cryst. forsterite 
cryst. enstati te ? 
cryst. enstatite 
cryst. forsterite 
cryst. enstatite 
unidentified 
cryst. enstatite & 
cryst. H 2 0 
unidentified 
cryst. H 2 0 

rious features 

Comments 

on the slope of the 17.6 fim feature 
& measured together with the 16.8 /im peak 
on the slope of the 17.6 ^m feature 
& measured together wi th the 16.1 /jm peak 

on the slope of the 17.6 jim feature 
& measured together with the 19.2 fim peak 
on the slope of the 17.6 (itn feature 
& measured together wi th the 18.1 fim peak 

Sharp edge caused by responsivity 

measured together with the 23.6 ^ m peak 
Sharp edge caused by responsivity 
measured together wi th the 22.9 txm peak 
On the slope of the 23.6 micron feature 
On the slope of the 23.6 micron feature 

measured together with the 33.6 ^ m peak 
see remarks in text 
measured together wi th the 32.8 fim peak 
on the slope of the 33.6 ^ m peak 

on the slope of the 40.4 fim peak 

instrumental artifact 
measured together wi th the 14.2 (±m peak 
instrumental artifact? 
measured together with the 13.6 n m peak 
instrumental artifact? 

Table 3.4 The characteristics of the dust features in the spectrum of AFGL4106. Ip/Ic is the 
peak flux divided by the continuum flux. 

broad features have been included in the continuum and therefore are not visible in 
the continuum subtracted spectrum. 

In the following sub-sections, we briefly describe the continuum subtracted spec
trum. 

The 10-20 fim region 

The Si-O stretching and O-Si-O bending mode vibrations of the amorphous silicates 
dominate the 10 - 20 »im part of the spectrum. We note that the peak wavelength of 
the Si-O stretch is significantly red-shifted compared to the bump found in most O-
rich (post-)AGB stars (Monnier et al. 1998) and the ISM. However, Little-Marenin and 
Little (1988, 1990) find in LRS spectra an emission feature which peaks at a similar 
position in most S-, several MS- and some (5%) M-type stars. On top of the amorphous 
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A [/i.m] 

Figure 3.8 The 10 to 44 /an region of the continuum subtracted spectrum en
larged. Note the richness of solid state features. 

silicates are narrow emission features. Careful inspection of the raw data suggests 
that there are three instrumental artifacts at 11.07 and probably 13.6 and 14.2 /mi, but 
the other features at 16.1, 16.8, 18.1 and 19.2 /im are of circumstellar dust origin. The 
identification of most of these narrow peaks can be found in Table 3.4 and Sect. 3.4.2. 

The 20-29.5 ym region 

The spectral region between 20 and 29.5 /urn is shown in Fig. 3.8 and is characterized 
by a wealth of emission features with a range of FWHM; we find narrow features 
(FWHM/A < 0.03) at 20.6, 21.5, 22.9 and 24.1 /m% and broader features (FWHM/A > 
0.03) at 23.6, 26.2, and 27.8 /im. The sharp descent at the long wavelength side of the 
21.5 fxm feature and rise at the short wavelength side of the 22.9 //m feature are proba
bly caused by an imperfect responsivity calibration. 
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The 29.5-45 //m region 

As stated in Sect. 3.2.1 we excluded 29.5 to 31 fira from the final spectrum, but we 
can say that we did not detect narrow emission bands in this wavelength range. The 
spectral region from 29.5 to 45 /im is dominated by a broad structure from about 31 to 
44 /im, on top of which emission features are present, see also Fig. 3.8. We find broad 
features at 33.6, 40.4 and 43.1 ^m and narrow features at 32.8, 34.0, 35.8, 36.5 and 41.1 
fim. Waters et al. (1996) find a weak plateau from 32 to 37 fj.m in the spectrum of 
several oxygen rich dust shells. This plateau is also visible in AFGL4106, although it is 
weak and blends with the broad unidentified structure from 31 to 44 /im. There is also 
evidence for sub-structure in the 32-33 fim region, suggesting another weak band that 
contributes. This weak band at 32.0 pm is also seen in the SWS spectrum of NGC6302 
(Lim et al., in prep.) and in that of HD44179 (the "Red Rectangle", Waters et al. 1998). 

The 45-195 ^m region, LWS 

At longer wavelengths, the spectrum is smooth. We find a narrow band at 47.8 /jm, 
and a broad emission centered at 61 fim (probably due to H20-ice). Also, the [C II]-line 
at 157 fim is present; this is likely due to imperfect cancellation of the on-source and 
off-source caused by the gradient found in the background (see also the remarks in 
Sect. 3.2.1). For the moment, we ignore the [C II]-line emission. 

3.4.2 Identifications 

Amorphous silicates 

The broad emission features around 10 and 18 ^m are attributed to amorphous sili
cates. We have derived a rough estimate of the temperature of 140 K for the amor
phous dust component using the amorphous olivine optical constants published by 
Dorschner et al. (1995) (see also Fig. 3.9). Such a temperature estimate should be used 
with caution, since the features are on top of a steep continuum and contribution from 
other species (e.g. FeO) can affect the 10 over 18 /urn band strength ratio. A similar 
temperature was found by fitting the shape of the dust spectrum with a dust emissiv-
ity Q( A) oc A-1. This simple procedure even fits the long wavelength part very well but 
is significantly too low from 15 to 50 fim. 

Crystalline olivines and pyroxenes 

We use the laboratory transmission spectra of crystalline silicates as measured by Jager 
et al. (1998) and Koike & Shibai (1998) to identify the rich solid state spectrum. The 
identifications are based on the match between the laboratory peak positions and ob
served peak positions for the minerals of the olivine (Mg23;Fe(2-2x)Si04) and pyroxene 
(Mg^Fefi-^SiOs) family. We find a very good match between the most (but not all) 
broad emission bands and the laboratory data for the pure Mg end member of the 
crystalline olivine solution series, i.e. forsterite (Mg2Si04). Similarly, we can identify 
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Figure 3.9 The emission spectrum of a 120,140 and 160 K grain of amorphous 
olivine (Mgo.sFei^SiGv Dorschner et al. 1995) compared with the spectrum of 
AFGL4106 (upper panel), and the continuum subtracted emission spectrum of a 
80 and 140 K crystalline forsterite (Jager et al. 1998) grain compared with the con
tinuum subtracted spectrum of AFGL4106 (lower panel). 

most narrow emission bands with the pure Mg end member of the crystalline pyrox
ene solution series, i.e. enstatite (MgSi03). Enstatite comes in two crystal structures, 
ortho- and clino-enstatite. However, apart from the 32.8 /im peak which is only found 
in ortho-enstatite (Koike & Shibai 1998) and blends with the 33.6 firn forsterite peak, the 
main strong peaks of clino- and ortho-enstatite are located at about the same position. 
For this reason we were not able to distinguish between these two forms in Table 3.4. 

Apart from the wavelength of the bands, it is also important to consider the rela
tive strength of the emission bands in the identification process, since it gives a rough 
estimate of the temperature. To estimate the temperature we compared the contin
uum subtracted spectrum of AFGL4106, with the continuum subtracted spectrum of 
forsterite (and enstatite and diopside in Fig. 3.10). The continuum subtraction has been 
performed in the same way as it was done for AFGL4106 (i.e. a smooth spline fit curve 
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without obvious kinks) after multiplying the emissivity of the different dust species 
with blackbodies of the given temperatures. Since the peak of the features are at same 
wavelength for the two temperatures, which had quite different continua, it shows 
that this continuum subtraction does not shift the peaks. For forsterite we show in 
Fig. 3.9 the best fit to the continuum subtracted spectrum of AFGL4106, assuming that 
the forsterite grains have a single temperature. The best fit temperature is about 80 K. 
We stress that these temperature estimates are only approximate; a full treatment of the 
radiative transfer is discussed in Sect. 3.5. The temperature of the amorphous dust is 
significantly higher than that of the crystalline component: a temperature of 140 K for 
the forsterite would have resulted in significant emission in the 11.2 /im band, which 
is not observed. We conclude that amorphous and crystalline dust are not thermally 
coupled and that they either have quite different optical properties, or are spatially 
distinct. 

Unfortunately, the situation is rather disappointing for the pyroxenes. The ob
served band strengths of AFGL4106 poorly match the band strengths seen in the lab
oratory data published by Jager et al. (1998). Therefore we cannot derive a reliable 
characteristic temperature for the pyroxenes, based on these laboratory data. We have 
also compared the band strengths of pyroxenes measured by Koike & Shibai (1998) to 
our AFGL4106 data which gives a slight improvement of the match, especially in the 
32.8 yum range (see Fig. 3.10). A temperature of 80 K gives again a reasonable fit to the 
data. The difference between these two laboratory spectra might be caused by slight 
differences in the chemical composition. The natural ortho-enstatite sample of Jager 
et al. (1998) is not the pure Mg end member of the crystalline pyroxene solution series 
but contains 2.1 mass % FeO, while the data of Koike & Shibai (1998) is of a synthetic 
sample of enstatite with some small impurities from Li02, MoOs and V205 . Whether 
this difference at 32.8 /im is due to the small amount of FeO, which has influence on the 
peak over continuum ratio (see e.g. Fig. 2 and Fig. 3 of Jager et al. (1998)), or due to the 
metal-oxides found in the ortho-enstatite of Koike & Shibai (1998) is not known yet, 
but we will tentatively identify it with enstatite. For both the olivines and the pyrox
enes the observed FWHM of the bands are significantly smaller than those measured 
in laboratory spectra. It is interesting to note that both in the laboratory spectra and in 
our ISO data the olivine bands are broader than the pyroxene bands. 

The main component for the plateau from 32 to 37 /mi is unidentified yet. Its ap
pearance and shape are influenced by the forsterite bands at 33.6 and 36.5 /mi and the 
enstatite band(s) at 35.8 (and 32.8) /urn, which makes it difficult to extract the unblended 
shape of this feature and therefore its identification. 

Diopside 

A third silicate that was checked for its presence is diopside (CaMgSi03). In Fig. 3.10 
we show the comparison of diopside with the spectrum of AFGL4106. Although the 
two datasets (Koike & Shibai, 1998; Jager, private communication) used for comparison 
show some differences, probably due to a somewhat different chemical composition, 
both datasets predict prominent emission at 21 and 25 /mi, which is not observed in our 
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Figure 3.10 Upper panel: The continuum subtracted emission spectrum of a 
80 K crystalline ortho-enstatite grain from Koike & Shibai (1998) (thin solid line) 
and from Jager et al. 1998 (dashed line) compared with the continuum subtracted 
spectrum of AFGL4106 (thick solid line). Lower panel: The continuum subtracted 
emission spectrum of a 80 K crystalline diopside grain from Koike & Shibai (1998) 
(thin solid line) and a diopside measured by Jager (private communication) com
pared with the continuum subtracted spectrum of AFGL4106 (thick solid line). 

spectrum. We conclude that the presence of diopside cannot be confirmed at present. 

Aluminum rich dust 

In Sect. 3.5.2 we will demonstrate that corundum (a-Al203) is present in the dust shell 
of AFGL4106. According to the condensation scheme published by Tielens (1990) 
corundum can transform into melilite (Ca2Al2Si07). It is not known by the authors 
if melilite will form below or above the glass temperature. Since we only have optical 
data for amorphous melilite (Mutschke et al. 1998) we will concentrate on this. Amor
phous melilite shows broad features at 10,15,19 and 34 //m. Because of the amorphous 
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Figure 3.11 The emission spectrum of a 30, 40 and 50 K crystalline H20-ice 
grain (Bertie et al. 1969) compared with the continuum subtracted spectrum of 
AFGL4106. 

structure the features are very broad and difficult to identify in the spectrum. However 
the very broad (several /im) feature at 34 /im might be a good candidate for the broad 
structure from about 31 to 44 /im found in our ISO-spectrum. 

Water ice 

We have identified the feature at 61 pm, hereafter referred to as the 60 /im feature, with 
crystalline H 2 0 ice. Omont et al. (1990) identified a similar feature observed with KAO 
in IRAS 09371+1212 (Frosty Leo) with crystalline H 2 0 ice, while Barlow (1998) reports 
the presence of 60 /im emission in several dusty circumstellar shells. Laboratory data 
published by Bertie et al. (1969) show that crystalline H 2 0 ice has two strong bands, 
one at about 43 /im, the other at roughly 61 //m. In the SWS spectrum we already found 
a broad and strong emission feature at 43.1 /im, which is probably a blend of crystalline 
enstatite and crystalline H20-ice. The fact that a 60 /im feature is present strengthens 
the crystalline H20-ice identification. Assuming that the 43.1 /im feature is a blend 
of different features, including crystalline H20-ice, we have derived an upper limit of 
the temperature of only 40 K. This is again much lower than the amorphous silicate 
temperature but also significantly lower than the crystalline silicate temperature. It 
cannot be excluded that the 60 /im feature is in fact a blend. We note that the laboratory 
spectra of clino-enstatite (Koike & Shibai 1998) show a weak 60 /im bump. This would 
result in a higher temperature for the crystalline H 2 0 ice. Still it points to another grain 
population which is not thermally coupled with the others. 
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Iron oxides 

The identification of Mg-rich and Fe-poor crystalline silicates in non-negligible abun
dances suggests that some Fe may be present in the form of simple oxides. For spher
ical FeO grains the most important infrared feature longwards of 10 micron is a rela
tively sharp feature at 20 /im, which is not present in our spectrum. However FeO is 
very sensitive to shape effects (Henning & Mutschke 1997). In the case of a continuous 
distribution of ellipsoids (CDE, Bohren & Huffman 1983) the 20//m peak broadens sig
nificantly the FWHM becomes roughly 8 /im, and also shifts to 24 /zm. This feature is 
temperature dependent (Henning & Mutschke 1997) but only in absolute strength and 
not in wavelength. The broad feature is present in our total spectrum, but hidden in 
the "continuum" in the continuum subtracted spectrum. If FeO is present it is possi
ble that Fe2Os (hematite) and Fe304 (magnetite) are also present. We have compared 
laboratory spectra of Fe203 (Steyer 1974) to our observations. This oxide has strong 
bands in the 15-45 ^m region, that are sensitive to grain shape effects. We were unable 
to find reasonable fits to the observed spectra for spherical and for a CDE mixture. We 
conclude that Fe203 is not very abundant or absent in AFGL4106. 

Fe304 (magnetite) is quite featureless, except for a strong resonance at 17.5 /zm and 
a weak one at 26.5 /im. These features are temperature dependent, not only in strength 
but also in shape and position and they have the tendency to shift to shorter wave
lengths when the temperature decreases. At 150 K the 26.5 //m feature is split in two 
features at 25.4 and 26.7 /i,m, while the 17.5 /j,m feature shifts to 17.1 fim. Since we 
do not see strong features in the wavelength range from 17.0 to 17.5 /zm hardly any 
magnetite seems present. 

Unidentified features 

We find a narrow emission band at 47.8 //m; although the wavelength of this feature is 
close to a spectral structure in the responsivity curve of LWS and a instrumental artifact 
can therefore not be excluded, quite convincing evidence for its presence was given by 
Barlow et al. (1998) in the spectrum of several oxygen-rich sources with crystalline 
silicates at shorter wavelengths. According to the optical constants of Steyer (1974), 
almandine (Fe3Al2(Si04 )3) peaks at 48 and 60 /im. However, other peaks of almandine, 
e.g. at 42 and 31.5 /zm, are not observed. Therefore we exclude this possibility. We 
have not found a convincing identification for this band, but given its width it is likely 
caused by a crystalline silicate. 

Several other peaks remain, which are not yet firmly identified (e.g. 16.8, 20.6, 22.9 
and 24.1 /im). It is therefore (very) likely that more dust components are present. 

3.5 Radiative transfer modelling 

In this section we model the observed SED of AFGL4106 with a one-dimensional ra
diative transfer code (MODUST, Bouwman & Waters, 1998; Bouwman et al. in prep.; 
de Koter et al., in prep.). From the structure seen in the N-band images it is clear that 
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this approach is not entirely correct. Since AFGL4106 is only marginally extended for 
ISO, we assume that diffraction losses can be neglected. 

3.5.1 Dust species 

We have tried to collect optical constants of the dust species, that are identified in the 
previous section. Unfortunately, in many cases the optical constants are given only for 
a limited wavelength range, and we had to combine data sets from different authors 
or extrapolate to cover the full wavelength range required for our modelling. The data 
sets used for the modelling can be found in Table 3.5. 

We assume spherical grains and a power-law size distribution and we use Mie the
ory to calculate the optical properties of the grain population. This approach allows 
us to calculate the emission for arbitrarily large grains. As we will show below, large 
grains are abundant in the shell of AFGL4106. 

Dust species 
olivine 
(amorphous) 

forsterite 
(crystalline) 
(all 3-axes) 
water ice 

iron-oxide 

Chemical formula 
Mgo.sFei. 

Mg2Si04 

H 2 0 

FeO 

2Si04 

A (fJ.m) 

0.1 - 0.2 
0.2-500 

500 -1500 
0.1-5.0 
5.0 -125 

125 -1500 
0.1-1.25 
1.25-333 
333 -1500 

0.1 - 0.2 
0.2-500 

500 -1500 

reference 
extrapolated 
Dorschner et al. (1995) 
extrapolated 
Scott & Duley (1996) 
Servoin & Piriou (1973) 
extrapolated 
extrapolated 
Bertie et al. (1969) 
extrapolated 
extrapolated 
Henning et al. (1995) 
extrapolated 

corundum a-Al203 0.1 - 0.5 extrapolated 
0.5 - 400 Koike et al. (1995) 

400 -1500 extrapolated 

Table 3.5 The dust species used for the radiative transfer modelling 

Since we identified both crystalline olivines as well as crystalline pyroxenes in our 
spectrum, it is likely that also both components are present in the amorphous state. For 
the amorphous olivines we applied the optical constants derived by Dorschner et al. 
(1995). Unfortunately they only published optical constants for two different Fe/Mg 
ratios (Mg0.gFe12SiO4 and Mgi.0Fei.oSi04). So, although the more Fe-rich olivine fits 
the data slightly better, it only gives a rough estimate of the Fe over Mg ratio for the 
amorphous olivines. 

Dorschner et al. (1995) also derived optical constants for amorphous pyroxenes 
ranging from MgSiOs to Mgo^Feo.sSiO,^. Amorphous pyroxenes with the same percent
age of Fe as the amorphous olivines produce a peak around 21 /im, which is not seen 
in our ISO-spectrum. Only when the Fe content drops below 0.2 (i.e. Mg higher than 
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0.8), the peak vanishes. For Mg-rich amorphous pyroxenes with a Mg content above 
0.8 only two sets of optical constants are available (x=l and 0.95 in Mg^Fej^jSiOa). 
Since the emissivity of the Fe-poor pyroxenes is very dependent on the Fe content, it 
is difficult to give a reliable estimate of the contribution of the amorphous Fe-poor py
roxenes based on these 2 sets only. Amorphous pyroxenes, if present at all, will only 
marginally contribute to the IR-excess, due to their lower Fe content compared with the 
amorphous olivines, unless they have an efficient thermal coupling with Fe-containing 
dust, due to an aggregate or a core mantle structure. Since we have already found in
dications for separate grain populations, see e.g. the temperature differences found for 
the amorphous and crystalline olivines, we assume that these two component grains 
do not exist and only the amorphous Fe-rich olivines are present. 

Crystalline forsterite has 3 different crystallographic axes. We found two studies 
of the optical constants of the 3 axes, one by Servoin & Piriou (1973) who used a syn
thetic sample and one by Steyer (1974), who used a natural sample. Both data sets do 
not cover the whole wavelength range. Although both sets of optical constants should 
describe the same material there were quite some differences. The Steyer (1974) opti
cal constants were not able to reproduce the correct wavelengths of the 23.5 and 33.5 
fim bands, found in laboratory transmission measurements (Koike et al. 1993; Jager et 
al. 1998), even when shape effects or core mantle structures were taken into account. 
The Servoin & Piriou (1973) data set predicts for spherical grains peaks at shorter wave
lengths than observed. A CDE mixture produces peaks that are at slightly longer wave
lengths than observed. It is likely that a somewhat modified CDE mixture will give a 
good match. The difference between the Steyer and Servoin & Piriou data may be re
lated to the origin of the samples, i.e. respectively natural and synthetic. Since Servoin 
and Piriou only have data longwards of 5 fim we extended the data set to the shorter 
wavelengths using amorphous forsterite data as published by Scott & Duley (1996), 
assuming that the absorption properties of the amorphous and crystalline grains do 
not differ much in this part of the spectrum. For a fair determination of the abundance 
of the crystalline forsterite we will apply Mie theory, since we use the spherical shape 
also for the other dust species. However for the best fit we apply CDE, since this fits 
the position of the peaks much better. In this case the abundance is decreased with 
25% because of the influence of size and shape effects on the peak to continuum ratio 
of crystalline forsterite. 

To our knowledge no optical constants are available for the three different crystal
lographic axes of the pure Mg-end member of the crystalline pyroxene solid solution 
series, enstatite (MgSi03). Jager et al. (1998) have measured ortho-enstatite with a 
small amount of Fe (Mgo.geFeu.^SiOs). Given the problems mentioned in Sect. 3.4.2 it 
is clear that we cannot reproduce all the peaks with the desired strength for this set 
of optical constants, e.g. the 32.8 /xm peak. Therefore we decided not to include en
statite in our model fit. We will derive the enstatite abundance in a different way (see 
Sect. 3.5.2). 

An interesting point is how to combine the different grain components in model 
calculations. From an observational point of view, there appear to be several sepa
rate grain components: the large temperature difference between the amorphous and 
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crystalline grains suggest that these components are not in thermal contact, which, as
suming that they are co-spatial, implies that they should be treated as two independent 
grain populations in the radiative transfer. The situation is less clear for the different 
crystalline silicates. They may very well be incorporated in the same grain, and this 
can change the optical properties of the material significantly. We have tried to produce 
a forsterite-enstatite-aggregate grain theoretically with the Bruggeman (1935) method, 
and although the results are promising we will not use these results since no good op
tical constants for the pure enstatite are available at the moment. For forsterite, with 
its three different crystallographic axes, we assumed an equal distribution of the ori
entation axes. This has been achieved by adopting 3 different grain populations, one 
for each axis. The number density, and thus the mass, of each population is one third 
of the total number density (mass) of the material. 

Our code is not well suited for large, non-spherical grains. Therefore for FeO we 
use instead of Mie a CDE shape distribution, which is not strictly correct for the size 
distribution we expect. Since shape effects also change the emissivity of FeO, the abun
dance of FeO derived from our model fit should be used with great caution. 

We have not included melilite, because optical constants with a sufficient large (0.1-
100 ^m) wavelength coverage were not available. 

The final point of caution is the fact that we used blackbodies to represent the stellar 
continua. This will influence the result especially in the part where absorption from 
molecules dominates the stellar photosphere, but not for longer wavelengths where 
the dust emission dominates. A more detailed fit of the stellar photospheres will be 
presented by van Winckel et al. (in prep.). 

3.5.2 The best fit model parameters 

Stellar properties 
1.3 x 105 L©" 

7250 K 
7.4 x 104 L0 

3750 K 
Shell properties 

Inner radius 4.2 
Outer radius 4.1 
p at the inner radius 1.2 
exp in p{R) = Cx RexP -2.2 
Mdust 3.9 
<M> 9. 

± 
± 
± 
± 
± 
± 

1.0 x 1016 

1.0 x 1017 

0.2 x 10"18 

0.15 
1.0 x 10"2 

2. x 10~4 

cm 
cm 

g/cm 

M 0 

M s / y 

Table 3.6 The fixed stellar input parameters together with the Model parameters for the best 
fit, assuming a distance of 3.3 kpc. The errors for the shell parameters are internal model errors. 

Our best fit to the SED can be seen in Fig. 3.12. The model parameters of the shell are 
given in Table 3.6, together with an estimate of their errors. Starting estimates for the 

l-'hot star 

1 hot star 

L-cool star 

1 cool star 
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Figure 3.12 The SED of AFGL4106 (thick line) and our best model fit (thin line) 
The input values are those from Table 3.7, with the exception that enstatite was not 
put in and for forsterite and FeO we applied CDE instead of Mie. 

inner and outer radius of the dust shell were derived from the TIMMI image, assuming 
a distance to AFGL4106 of 3.3 kpc. This value will be discussed in Sect. 3.6.1. The dust 
shell is optically thin at most wavelengths. This implies that the inner and outer radius 
of the dust shell depend linearly on the distance, as does the duration of the mass-
loss burst. The total mass in the shell scales roughly with the square of the distance, 
therefore the mass loss rate will also scale linearly while the density at the inner radius 
is inversely proportional to the distance. 

In Table 3.7 the dust parameters used in the model are given. To minimize the 
number of free parameters, we have assumed that all grain-species have the same size 
distribution. The typical errors in the grain size are 25%. In all models we have as
sumed a size distribution N(a) oc a - 3 5 (Mathis et al. 1977). 

Apart from the uncertainty of the enstatite mass fraction, which influences the 
whole scheme, the errors in the mass fractions differ between the materials. For FeO 
the error is difficult to determine since the shape distribution largely influences the 
outcome, an order of magnitude cannot be excluded. The mass fraction of the amor-
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Dust properties 
Grain size (^m) 0.4 - 6.0 
Mass fraction of crystalline forsterite (Mg2SiC>4) 4% 
Mass fraction of crystalline enstatite (MgSiOs) 4-11% 
Mass fraction of crystalline water ice (H20) 5% 
Mass fraction of crystalline corundum (a-Al203) 17-15% 
Mass fraction of amorphous olivine (Mgo.8Fei.2Si04) 70-65% 
Mass fraction of ironoxide (FeO) < 1% 

Table 3.7 The dust properties as derived from the radiative transfer model fitting. The ranges 
in the mass fractions come from the uncertainty about the enstatite to forsterite ratio. 

phous olivines is accurate to a few percent of the total mass. However the chemical 
Fe:Mg ratio is not well determined in the amorphous olivines, a change of 10% in this 
ratio will only marginally influence the spectrum. The crystalline forsterite abundance 
is mainly based on the strength of the 23.6 and 33.6 micron peak and has an error of 
about 1% of the total mass. The abundance of enstatite is hard to determine since no 
optical constants were available for this material. So, we used an alternative way to de
termine the enstatite to forsterite ratio. From transmission measurements of enstatite 
and forsterite one may determine the wavelength dependent extinction coefficients. 
The 33.6 jim peak is caused by forsterite and the 32.8 /jm peak by ortho-enstatite. So 
the peak-strength ratio of these two features is indicative for the abundance ratio. Since 
the peak wavelengths of these two features are very close, temperature effects do not 
influence the results. If we use the transmission spectra published by Koike & Shibai, 
we find a ratio of enstatite to forsterite of 3. However, transmission spectra of forsterite 
published by Jager et al. (1998) give a peak strength of the 33.6 ^m feature which is 
3 times smaller than that of Koike & Shibai (1998), from which a ratio of enstatite to 
forsterite of 1 follows. We conclude that, given the large spread in laboratory data pub
lished so far, we find an abundance ratio of enstatite to forsterite between 1 and 3. It 
would be interesting to compare this value with the olivine to pyroxene ratio seen for 
the amorphous silicates. However, because of reasons given in Sect. 3.5.1 this is not 
possible at the moment. 

Since we were not able to reproduce (in a single dust shell) the low temperature of 
crystalline H 2 0 ice, the abundance of crystalline H 2 0 ice is only based on the strength 
of the 43/im peak and is in that sense accurate to about 1% of the total mass. However, if 
there is a very cool H 2 0 ice dust shell surrounding this object, which can be responsible 
for the LWS excess and missing strength of the 60 /urn feature, the H 2 0 ice abundance 
would probably increase at least an order of magnitude. 

We tried different models and only with large grains we were able to fit the shape, 
strength and position of the 10 /xm feature. Smaller grain sizes (spherical or not) would 
produce a distinct and relatively sharp peak at shorter wavelengths in contrast to the 
flat spectrum we observed. The presence of these large grains causes a grey extinction 
at optical wavelengths. This influences our previous determination of the extinction 
(see Sect. 3.3.1) and therefore the luminosity of both stars. The luminosity of the stars 
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was derived using the standard interstellar extinction law (Fluks et al. 1994) for both 
the interstellar and circumstellar extinction. Since the colour excess changes much 
less when dealing with large grains, the stars are brighter than derived earlier in this 
paper. Using an iterative fitting scheme we re-derived the luminosity and interstellar 
extinction. We find a luminosity of 1.2 x 1O4<PL0 for the hot star and 6.8 x 103<PL@ 

for the cool star and an interstellar extinction of E(B — V) = 1.1 mag. Note that this 
value for the interstellar extinction is very close to the value which has been derived 
from the DIBs. Furthermore, our model predicts an optical depth to the star of r = 0.6 
at 6583 A, which is in very good agreement with the value r = 0.6 ± 0.1 found by 
van Loon et al. (in prep.) for the optical depth at [N II]-line. Although r at 6583 A 
is 0.6, the circumstellar E(B - V) is only 0.015 mag., due to the grey extinction (at 
optical wavelengths) of the large grains. So, the problem between the total extinction 
on one side and the circumstellar and interstellar dust extinction on the other side is 
resolved by the presence of large grains in the circumstellar environment leading to a 
non-standard extinction law for the dust shell. 

Even with these large grains we were not able to fit the entire shape of the 10 p,m 
silicate feature. Especially around 13 /jm our models predicted lower flux levels than 
observed. When we subtract our model fit from the observations, a 13 [xm feature is 
evident. This feature resembles the 13 ^m feature observed in AGB stars with low mass 
loss rates, and is often attributed to corundum (a-Al203) (Onaka et al. 1989; Begemann 
et al. 1997; Kozasa & Sogawa 1998). Therefore we also included corundum in our 
modelling, which indeed gives a much better fit around 13 /jm. 

The total mass in the shell, assuming a gas-to-dust ratio of 100 and a distance of 3.3 
kpc, is 3.9 M0 . Taking all the different errors and assumptions (such as the spherical 
shape of the dust grains) into account, this mass may be overestimated by up to a factor 
two. 

While about 70 % of the dust shell consists of Fe-bearing amorphous olivines, about 
7 to 15 %, depending on the assumed enstatite to forsterite ratio, constitutes of Mg-rich 
crystalline silicates. For the crystalline silicates only the end members of the olivine 
and pyroxene series, forsterite and enstatite respectively, are present. We note that 
the crystalline silicates only become important at the longer wavelengths. At 10 /j,m 
the amorphous silicates show a prominent peak but in this wavelength region there is 
no sign of the presence of the crystalline silicates. We conclude that the temperature 
of the crystalline silicates is lower than that of the amorphous ones. This temperature 
difference is confirmed by our model calculations. The temperatures at the inner radius 
are roughly 160, 125 and 100 K, for respectively the amorphous olivines, crystalline 
forsterite and the crystalline water-ice. These temperatures are higher than estimated 
in Sect. 3.4.2, but one should take into account that there is a temperature gradient 
and that the values mentioned here are maxima. The temperature difference is caused 
by the increased opacity in the UV, optical and near-IR when Fe is incorporated in 
the silicate. This implies that the two species are not thermally coupled, suggesting 
separate grain populations. 
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3.5.3 Discussion of the model fit 

For some parts of the spectrum we did not obtain a satisfactory fit. The most obvious 
part is the LWS spectrum. We were not able to fit simultaneously the slope in the LWS 
part and the peak in the dust emission in the SWS part. A shallower density gradient 
would result in a broadening of the synthetic spectrum around 30 fim. We decided 
to fit the peak instead of the long wavelength part, also because of the differences 
between the 100 /jm IRAS and LWS flux in this region, which required the steep density 
gradient. Note that the model spectrum convolved with the IRAS 100 pra sensitivity 
gives a flux of 125 Jy, which is lower than both the IRAS and LWS flux. The fact that the 
flux in our model is too low and that the LWS spectrum contains a prominent and very 
cool H 2 0 ice band, gives an indication that an extra cool dust component, with likely 
a large amount of crystalline H20-ice, surrounding this object is required in the LWS 
beam. The presence of a large amount of crystalline H 2 0 , which is generally not found 
in the ISM, suggests that this extra contribution is due to a previous mass loss phase. 
The discrepancy between IRAS and ISO, however, remains unsolved. GKH had a 3 
sigma detection of AFGL4106 at 1.3 mm of 27 ± 9 mjy. In our model we find a flux of 
17 mjy; this is within the errorbars. The ratio of 1.3 mm to (IRAS) 100 /im flux densities 
is reproduced by our model, indicating that the largest grains are significantly smaller 
than 100 ^m. 

Differences between the model and the broadband photometry in the optical and 
near-infrared, where we see the photospheres of both stars, can probably all be ex
plained by the fact that we used blackbodies instead of real stellar photospheres. A 
third discrepancy is between 4.5 and 8 /im. We were not able to fit this flat part of the 
spectrum. Part of it can be explained by photospheric CO absorption (around 4.5 pm). 
A few experiments with FeO seem to indicate that a proper treatment of the shape ef
fects of FeO might produce a flat spectrum in this area. On the other hand, the TIMMI 
N-band image shows a bright central emission, which cannot only be explained by the 
photospheres of the stars. It seems that an extra (hot) dust component is present at the 
center and that its infrared excess extends to the shorter wavelengths. Whether this 
represents a recent mass loss phase or a more stable circumstellar dust configuration 
(circumbinary disk) is unknown. 

Previous modelling of AFGL4106 has been performed by Volk and Kwok (1989) 
and HKV, who presented the same model, and GKH. Both models use in the center a 
single blackbody, with a temperature of 5000 (HKV) and 4750 K (GKH), surrounded 
by a single dust component circumstellar envelope. Because of these big differences 
between their and our model it is not useful to compare the inner radius and density 
at the inner radius found by them and us. 

It is interesting that HKV and the present study both find a density distribution 
which differs from p(R) oc R~2, with R the distance of the position in the dust shell 
to the central object. HKV found a steeper density gradient than we did, but this is 
within the error margins. The main difference between our parameters and the ones 
of GKH is the exponent in the density gradient. Since we have now spectral coverage 
longwards of 25 jiva, we can exclude the possibility of a density gradient of p oc R~l. 
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Their fit predicts a much broader IR excess around 25 /im than observed. It should be 
noted that GKH fit the IRAS 60 and 100 fim points better than the present study. How
ever, because of the significant broadening of the top of the energy distribution when 
applying a flatter density distribution, which is not observed, the IR-excess problem is 
more likely solved with an extra dust shell. The density gradient of p(R) ~ R~22 can 
be caused by two reasons: (I) The mass loss rate increased or (II) the outflow velocity 
decreased with time. In both cases the density gradient increases due to the geometric 
expansion of the dust shell with time. So whatever the reason is for the present steep 
gradient, it is intrinsic but has steepened during the expansion of the dust shell. 

Assuming different grain size distribution for the different dust species might lead 
to an improvement of the fit and will result different mass ratios for the dust species. 
A smaller size distribution for one dust component will result in a decrease of its mass 
ratio and vice versa. 

3.6 Discussion 

3.6.1 The distance and luminosity 

In the literature distances ranging from 0.67 - 3.3 kpc (Garcïa-Lario et al. 1994) are 
given. However one should note that AFGL4106 is located in the direction of Carina, 
so we are looking along a spiral arm, which makes it hard to relate column density 
and distance. Fortunately, we have spatial information from the N-band image. The 
inner radius of the dust shell is about 1.", and together with the expansion velocity 
found in CO (Josselin et al. 1998) and [NII]-line (van Loon et al., in prep.) of 30 to 
40 k m / s and the present-day shape of the SED, one can put a lower limit to its dis
tance. Assuming that the outflow is spherical, which seems plausible according to 
our modelling results and the [N II]-line velocity distribution by van Loon et al. (in 
prep.), and that the velocity has not changed significantly in time, one can derive a 
kinematical age for the dust shell of 135 years times the distance in kpc. Due to the ex
pansion of the dust shell it is expected that the circumstellar dust extinction becomes 
smaller, leading to an increase in the brightness at short wavelengths. AFGL4106 has 
already been identified in the Cape Observatory Photographic Durchmusterung from 
1895 to 1900 (Gill and Kapteyn 1900) with a photographic magnitude Mpg = 9.9 mag. 
In the Cordoba Durchmusterung (Thome 1914) a visual magnitude of 9.4 has been es
timated for AFGL4106. In the extended Henry Draper Catalogue, with observations 
taken between 1922 and 1937 (Cannon and Mayall 1949), its photographic magnitude 
was 10.0 ± 0.3. On 18 March 1988 Hrivnak et al. (1989) measured a B magnitude 
of 10.24 ± 0.01 (Mpg = MB - 0.11) and a V magnitude of 8.73 ± 0.01. From these 
observations one can derive that AMpg = 0.2 ± 0.5 mag. over the last 90 years and 
AMy = —0.7 ± 0.5 mag. over the last 75 years, assuming an error of 0.5 magnitude in 
both Durchmusterungen. So the visual and photographic band trends contradict each 
other, although the errorbars are significant. Since the hot star is the dominant com
ponent at these two wavelengths it is possible that the star lowered its temperature, 
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from a temperature with its peak luminosity at the photographic band to a tempera
ture with its peak luminosity at the visual band. However, this is in contradiction with 
the present temperature, which peaks around the photographic band and is also not 
expected from evolutionary considerations. 

In any case, the stability of the optical brightness of AFGL4106 over a timescale of 
as 90 years can be used to constrain its distance and luminosity. Using our dust model 
fit we can calculate the expected SED of the system and the visual and photographic 
brightness in the past, assuming that the dust composition, the outflow velocity, the 
temperature and the radii of the stars did not change. For the photographic magnitude, 
it is safe to assume that the star has not brightened more than 0.3 magnitude over the 
last 90 years. This puts the star at a distance of at least 3.15 kpc and probably further 
away. On the other hand the brightening in the V'-band over the last 75 years of AMV = 
—0.7 ± 0.5 puts the star at a distance of l.öloii kpc. There is only a very small overlap 
region between these two trends, suggesting a distance of 3.3 kpc, just at the upper 
limit quoted by Garcia-Lario et al. (1994). The size of this overlap region is mainly 
based on the estimated errors of the Cape Observatory Photographic Durchmusterung 
and the Cordoba Durchmusterung. 

This distance of 3.3 kpc implies that the luminosity is 1.3 x 105 and 7.4 x 104 L@ 

for the hot and cool star respectively, again pointing to a massive binary system. Their 
luminosities point to stars with a main sequence mass between 15 and 20 M 0 , using 
evolutionary tracks by Maeder & Meynet (1988). Other properties of AFGL4106 also 
support the high masses of both stars. The expansion velocity of 30 to 40 km/sec is 
unusually high for AGB stars, and the relative large grains are typically found in the 
outflows massive supergiants (Jura 1996). 

It is likely that the warm star is responsible for the expelled dust shell, and is now 
in the very rare evolutionary phase of the post-Red-Supergiants, which makes it a blue 
supergiant or WR star progenitor. Only a few other stars are in the same evolutionary 
status, e.g. IRC+10420 (Jones et al. 1993), and the central star of the radio nebula 
G79.29+0.46 (Trams et al. 1999). 

3.6.2 The dust shell 

At a distance of 3.3 kpc the mass loss episode took about 4.3 x 103 years and stopped 
450 years ago. During this period the star expelled 3.9 M 0 , assuming a gas to dust ratio 
of 100. This implies that the average mass loss rate is roughly 9. x 10~4 M 0 /yr . 

In our modelling we assumed spherical symmetry, but we do see substructure in 
our N-band images. This is also expected, since it is likely that the M-type supergiant 
will influence the spatial distribution of the dust and gas, expelled by the hot star, 
by transferring orbital momentum to the gas and dust. This effect can create a density 
enhancement in the plane of the binary. This possible enhancement can lead to an over-
or under-estimate of the total mass, depending on the angle at which we observe this 
system. However, the shape of the [N II]-line derived from different rotation angles of 
the slit, suggest that the shape of the dust shell is close to a sphere (van Loon et al., 
in prep.). This implies that the orbital separation between the two stars is probably 

73 



CHAPTER 3. THE DUST SHELL SURROUNDING AFGL4106 

relatively large and therefore the influence of the companion on the mass-loss not so 
important. So, although the spherical symmetry and other assumptions used in our 
model calculations might be somewhat simple, it is not expected that the mass-loss 
rate and the total mass found in our calculations would change more than a factor 2. 

3.6.3 Formation of crystalline silicates 

The formation of crystalline silicates is still largely unknown. Several researchers have 
tried to quantify the condensation sequence of oxygen rich dust (e.g. Tielens, 1990; 
Gail, 1998). However, these are mainly based on the different condensation temper
atures, therefore assuming thermal equilibrium; it is not known if this assumption is 
valid. Condensation of dust species and chemical reactions will only occur if: (I) the 
density is high enough and (II) the temperature is suitable (low enough for conden
sation and high enough for chemical reactions). Since both the density and the tem
perature decrease with the distance from the star, it is likely that at a certain moment 
the dust structure freezes out. It is this stable dust configuration which we see at the 
moment. Taking the condensation sequences mentioned above, it is expected that the 
first silicate that will form is forsterite. When the temperature becomes lower and the 
density is still high enough this will transform into enstatite. Both species are expected 
to form above the glass temperature and are therefore thought to be crystalline. We 
see evidence in our spectrum for both forsterite and enstatite. This implies that the 
forsterite to enstatite transition is stopped before the forsterite was completely trans
formed. There might be 3 reasons for this: (I) The density became too low, (II) the 
temperature dropped too rapidly or (III) other chemical reactions took over. It is likely 
that it is a combination of these three. One chemical reaction that could take place at 
lower temperatures is the incorporation of Fe into the silicates. Since our spectra show 
that the crystalline silicates are very Mg- rich and the amorphous silicates contain a 
lot of Fe, it is likely that this incorporation of Fe results in a destruction of the crystal 
structure. The clear chemical separation between the amorphous and crystalline ma
terials is intriguing. It appears that the inclusion of Fe in Mg-rich silicates is a kind of 
runaway process. 

Tielens et al. (1998) proposed a scenario for such a chemical separation between 
amorphous and crystalline silicates. When the temperature becomes low enough Fe 
may react with the Mg-rich crystalline silicates. The opacity will increase, due to the 
incorporation of Fe, and therefore the temperature of the grain. This process will act as 
a thermostat, incorporating just sufficient Fe in the grains to keep the temperature near 
800 K where Fe can just diffuse in. This temperature is below the glass temperature for 
Fe-bearing silicates and the lattice cannot attain its energetically most favorable struc
ture, thus leading to an amorphous structure. Because of the increased opacity due 
to the incorporation of Fe, it is likely that the temperature of the other grains behind 
this Fe-reaction zone will decrease, leading to an even higher difference between the 
Fe-rich (amorphous) and Mg-rich (crystalline) silicates if thermal coupling between 
gas and dust can be neglected. Grains that already contain a small amount of Fe will 
be hotter and therefore the reaction rate for the adsorption of Fe will be higher then 
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for grains without any Fe. This would lead to the required runaway process. If this 
scenario is correct, it would imply that the crystalline silicates are the primordial con
densation products, and this will give us new insights in the dust nucleation. Although 
this would lead to the required chemical separation between the crystalline and amor
phous materials, it is not clear why the amorphous olivines should contain more Fe 
than the amorphous pyroxenes, if present at all. 

Besides the forsterite-enstatite condensation sequence, Tielens (1990) also presented 
a condensation sequence starting with corundum. The next condensation product 
would then be melilite, for which we find some evidence. According to the same 
scheme diopside would form. Since certain strong features of this material are not 
found in our ISO-spectrum, this may imply that the dust forming process along this 
condensation sequence line froze out around amorphous melilite. 

Gail and Sedlmayr (submitted to A&A) applied non-equilibrium calculation for the 
dust formation in outflows of M stars. They do explain the formation of several dust 
species, such as the amorphous Fe-rich olivines, however they do not consider, based 
on laboratory experiments, the formation of pyroxenes and are not capable to explain 
the co-existence of pure forsterite particles and Fe-rich amorphous olivines. 

3.7 Conclusions 

The main results of this study can be summarized as follows: 

1 AFGL4106 is a (double-lined spectroscopic) binary, consisting of a warm star with 
Teff = 7250 K and a cool companion with Teff = 3750 K. 

2 The luminosity ratio of both stars Lwarm/Lcoo| = 1.8, which indicates that both 
stars are evolved. The warm star is likely responsible for the dust shell. 

3 The expansion velocity of the shell, the grain size distribution and the minimal 
variations in the photographic and V band over the last 90 years all suggest a 
high luminosity. We conclude that the stars are at 3.3 ±1.0 kpc and have L/L 0 = 
1.3 x 105 and 7.4 x 104 respectively. These values correspond to main sequence 
masses of 15 to 20 M 0 . The warm star is probably evolving rapidly to the blue 
part of the HR-diagram and may evolve to a blue-supergiant (ending its life like 
SN 1987A) or to a Wolf-Rayet phase. 

4 The main component of the dust are large (« iftm) amorphous, Fe-rich olivines. 
If also amorphous pyroxenes are present, they will have a much lower Fe content. 
We find a rich spectrum of narrow solid state emission bands in the ISO-SWS and 
LWS spectra, which we identify with crystalline olivines and pyroxenes. These 
grains are Mg-rich and Fe-poor and have an abundance between 7 and 15 % 
by mass, depending on the assumed enstatite to forsterite ratio. We also find 
evidence for the presence of FeO, A1203, melilite and crystalline H20-ice. Shape 
effects can have an important influence on the derived abundances. 
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5 The temperatures for the different dust species are quite different, this is caused 
by variations in their absorption characteristics at visual and near-IR wavelengths. 
These temperature differences imply that the different dust species are not ther
mally coupled, directly (e.g. as a composite grain) nor indirectly (e.g. via gas-dust 
interactions). 

6 The crystalline silicate bands can be divided into narrow (FWHM/A < 0.03) and 
broad (FWHM/A > 0.03) features. The wavelengths of the broad features match 
well with forsterite, while those of most of the narrow features line up well with 
enstatite. The width of the features is significantly smaller than those observed 
in laboratory spectra. The abundance ratio of enstatite to forsterite is between 3 
and 1. 

7 The mean mass-loss rate was w 9. x 10~4 M@/yr for a period of about 4.3 x 103 

years and probably increased during this period. The mass loss stopped 450 years 
ago. The total mass expelled, assuming a gas to dust ratio of 100, is 3.9 M@. 

8 We find a cool dust component, which cannot be fitted by our dust model. This 
component is either an older mass loss phase, or an incorrect background sub
traction of the ISM. We also found indications from the spectrum between 4 and 
7 ^m and the 10 (im imaging that a third dust component, close to the binary 
is present. Whether this represents a recent mass loss phase or a more stable 
circumstellar dust configuration is not known. 

Because of its (IR-)brightness AFGL4106 will be a key object in the further study of 
(crystalline) dust formation. High resolution imaging and spectroscopy both in the 
optical and IR will allow us to constrain the circumstellar versus interstellar extinction, 
the photospheres of the components, density and abundance gradients through the 
CSE, and thus the conditions for dust formation and evolution. 
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Abstract 

We present the combined Infrared Space Observatory Short Wavelength Spec
trometer and Long-Wavelength Spectrometer 2.4-197 fim spectrum of the Plane
tary Nebula NGC6302 which contains in addition to strong atomic lines, a series 
of emission features due to solid state components. The broad wavelength cover
age enables us to more accurately identify and determine the properties of both 
oxygen- and carbon-rich circumstellar dust. A simple model fit was made using 
a mixture of amorphous silicates plus crystalline enstatite, forsterite and water ice 
which indicates a significant temperature variation between the amorphous and 
crystalline silicates. The origin and location of the dust in a toroidal disk around 
the central star is discussed. 

4.1 Introduction 

The bipolar planetary nebula (PN) NGC6302 is one of the brightest PN in our galaxy, 
and its central star is one of the hottest stars known (Pottasch et al. 1996). These prop
erties suggest that the progenitor of NGC6302 was massive, which is consistent with 
the high nebular abundance of nitrogen (Aller et al. 1981). The morphology of the neb
ula is strongly bipolar, with a dense, dusty torus and ionized polar regions as traced 
by the free-free radio emission (Gomez et al. 1993). Roche & Aitken (1986) detected 8.6 
and 11.3 /jm polycyclic aromatic hydrocarbon (PAH) band emission from NGC6302, 
usually associated with carbon-rich material, while the presence of O-rich material 
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was indicated by the detection of an OH maser (Payne, Phillips & Terzian 1988) and 
an 18-19 fim amorphous silicate emission feature (Justtanont et al. 1992). NGC6302 
therefore can be considered as an important test of stellar evolution models: the neb
ular abundances provide constraints on the chemical evolution and nucleosynthesis 
processes, and the thermal emission from dust gives information on the mass loss and 
its geometry at the end of the AGB phase. 

The infrared brightness and unique properties of NGC6302 made it an excellent 
target for study with the Short Wavelength (SWS; de Graauw et al. 1996) and Long 
Wavelength (LWS; Clegg et al. 1996) Spectrometers on board the Infrared Space Ob
servatory (ISO; Kessler et al. 1996). Several papers have already reported on some 
aspects of these ISO observations. One of the most remarkable results of the ISO obser
vations of NGC6302 was the discovery of strong emission due to crystalline silicates 
(Waters et al. 1996; Barlow 1998; Beintema 1998), as well as several other solid state 
emission bands, including those of water ice. A full inventory and characterization 
of these emission bands requires access to the entire 2.4-197 fim wavelength spectral 
range that ISO offers. In this paper, we present for the first time the full grating spec
trum of NGC6302. The present analysis of the spectrum will concentrate on the dust 
features. 

This paper is organized as follows: in Sect. 2 we briefly describe the observations 
and data reduction. Sect. 3 discusses the placement of the continuum and presents the 
continuum subtracted spectrum; laboratory spectra are used to identify the solid state 
bands. In Sect. 4 the results of a simple model to fit the spectrum are presented and in 
Sect. 5 we discuss the results of our analysis. 

4.2 The observations and data reduction 

The SWS spectrum from 2.4 to 45 /im of NGC6302 was obtained with ISO on February 
19, 1996, as an AOT01, with the highest resolution (a speed 4). The total integration 
time was 6528 seconds. The spectra were reduced using the SWS offline processing 
software, version 7.0. For a description of flux and wavelength calibration procedures, 
see Schaeidt et al. (1996) and Valentijn et al. (1996). The main fringes in the 12.0 - 29.5 
/jm part of the spectrum were removed using the Interactive (IA) data reduction pack
age routine FRINGES. Major irregularities due to glitches and large drops or jumps 
in each detector were removed by hand. A comparison between the different detec
tors scanning the same wavelength region was used to determine the location of such 
jumps. The 12 sub-spectra of SWS, when combined into a single spectrum, can show 
jumps in flux levels at band edges due to imperfect flux calibration or dark current sub
traction. We have adjusted the different subbands, according to the expected source of 
discrepancy in each band, to form a continuous spectrum. Note that all the adjust
ments are well within the photometric absolute calibration uncertainties (Schaeidt et 
al. 1996). The final resolution (AA/A) is 1000 apart from the bands 2C (7 - 12 ^m) and 
3E (27.5 - 29 ^m) which have a resolution of 500 and the band IA (2.4 - 2.6 /im) which 
was rebinned to a resolution of 2000. 
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1000 
500 
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Figure 4.1 The final SWS and LWS spectrum of NGC6302 (solid line) compared 
with the IRAS broad-band fluxes (triangles). Note that the broad-band IRAS 12 
/im observation is severely influenced by the presence of strong lines in this region. 
The dashed line is the spline continuum as used for our continuum subtraction in 
Fig 4.2. 

The LWS spectrum from 40 to 197 /im was obtained by combining seven full-range 
grating-scan AOT L01 observations, obtained between 1996 August 31 and 1997 Sep
tember 23, in revolutions 289,482,489,503,510, 671, and 678. An off-source spectrum, 
of a position 8 arcmin from NGC6302, was also obtained in revolution 289. For a de
scription of the flux and wavelength calibration procedures see Swinyard et al. (1996). 
Each of the seven observations consisted of six fast grating scans, with 0.5 s integra
tion at each commanded grating position. The observations taken in revolutions 289 
and 671 were sampled at 1/4 of a spectral resolution element, the latter being 0.3 fim 
in second order (detectors SW1-SW5 A <93/um) and 0.6 fim in first order (detectors 
LW1-LW5 A >80/^m). All other observations were made with a sampling of 1/8 of a 
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resolution element. The total on-target integration time was 13243 s. The data were 
reduced with the LWS offline processing software, version 7.0. No scaling between 
the datasets was necessary before combining them to form a single dataset. The sub-
spectra from the ten LWS detectors were individually rescaled to give the same flux in 
the regions of overlap, adopting a polynomial fit through all detectors to give scaling 
values. Each detector was scaled by a factor within 10% of unity. The sub-spectra were 
then merged to form a complete spectrum from 40 to 197/^m. 

The whole SWS spectrum has to be multiplied by 1.22 to match the LWS spec
trum. This is probably due to the fact that during the SWS observation the satellite 
was pointed 5 arcsec away from the centre of NGC6302: the sensitivity of the SWS de
creases with distance from the centre. Since most of the infrared flux is coming from the 
central region, the difference in aperture size (20 by 33 arcsec for SWS band 4 and a di
ameter of 80 arcsec for LWS) is not expected to be important here. The final spectrum 
is shown in Fig. 4.1, together with the IRAS broadband photometry points. The dif
ferences found between the IRAS fluxes and the ISO fluxes convolved with the IRAS 
system response curves are well within the quoted IRAS, SWS and LWS flux uncer
tainties. The IRAS 12 micron flux, which seems to deviate, is actually consistent with 
our ISO observations when the forbidden emission lines are taken into account. The 
combined spectrum shows a wealth of atomic lines which are described in Beintema & 
Pottasch (1999) and a series of broad emission bands due to solid state features which 
will be described in this paper. 

4.3 The dust features 

To aid the identification of the spectral features, we have subtracted a spline curve 
'continuum' fit to the spectrum. The fit was made through selected points where no 
feature was believed to be present, with the only other constraint being that the fit 
was smooth. This approach will however reduce the strength of the features; it is also 
possible that very broad features have been treated as continuum. Note that a spline 
fit continuum has no physical meaning and is only used to enhance the visibility of the 
sharp solid state features. The continuum-subtracted spectrum is shown in Figure 4.2. 
We find a wealth of solid state features. The dust features naturally divide the spectrum 
into a carbon-rich and an oxygen-rich part. Apart from the forbidden emission lines, 
the spectrum below 15 fim is dominated by PAHs and above 15 /jm by O-rich dust 
features. 

In Table 4.1 we list the features found in the spectrum. The features at 12.8, 13.6, 
14.2,14.8,15.3,15.8,16.3 and 25.8 //m are not listed since they are probably instrumen
tal artifacts, caused by the presence of very strong lines on top of them. The features 
were fitted with Gaussians using a 'local' continuum, which was not necessary the 
same as the overall continuum. This local continuum prevents the influence of broad 
spectral feature under narrow features, e.g. for the sharp 68.96 finx feature and the 
broad 63.56 fim feature. Since the errors are largely determined by this local contin
uum, we estimated our errors by multiple independent fits to the data for (slightly) 
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A 

/ i m 

3.29 (0.01) 
3.41 (0.01) 
6.24 (0.01) 
7.66 (0.05) 
8.56 (0.04) 
11.01 (0.03) 
11.29 (0.01) 
18.10 (0.02) 
18.97 (0.01) 
19.56 (0.01) 
20.67 (0.01) 
21.65 (0.03) 
23.09 (0.10) 
23.71 (0.02) 
27.52 (0.07) 
28.01 (0.04) 
29.08 (0.04) 
29.74 (0.03) 
30.51 (0.01) 
31.11 (0.02) 
32.73 (0.02) 
33.79 (0.01) 
39.86 (0.06) 
40.49 (0.05) 
41.56 (0.06) 
42.73 (0.09) 
43.54 (0.06) 
44.58 (0.01) 
47.65 (0.03) 
48.50 (0.01) 
52.04 (0.13) 
63.56 (0.26) 
68.96 (0.01) 
91.12 (0.05) 

FWHM 

/xm 
0.05 (0.01) 
0.05 (0.02) 
0.20 (0.01) 
0.69 (0.02) 
0.36 (0.03) 
0.13 (0.07) 
0.27 (0.07) 
0.75 (0.13) 
0.68 (0.06) 
0.45 (0.02) 
0.41 (0.02) 
1.03 (0.06) 
1.31 (0.51) 
0.58 (0.09) 
0.38 (0.12) 
0.66 (0.17) 
0.66 (0.09) 
0.66 (0.05) 
0.44 (0.04) 
0.24 (0.03) 
0.94 (0.12) 
0.98 (0.04) 
1.25 (0.14) 
0.80 (0.03) 
0.92 (0.21) 
0.89 (0.14) 
0.83 (0.21) 
0.78 (0.28) 
0.85 (0.08) 
0.55 (0.02) 
3.8 (1.0) 
9.86 (0.33) 
0.64 (0.02) 
12.7 (0.7) 

^peak/^ont 

6.3 (2.7) 
2.1 (0.7) 
1.71 (0.04) 
1.74 (0.08) 
1.42 (0.08) 
1.180 (0.029) 
1.77 (0.07) 
1.125 (0.018) 
1.128 (0.006) 
1.135 (0.009) 
1.070 (0.009) 
1.093 (0.014) 
1.189 (0.012) 
1.157(0.028) 
1.070 (0.032) 
1.139 (0.032) 
1.079 (0.011) 
1.199 (0.025) 
1.165 (0.014) 
1.050 (0.004) 
1.236 (0.018) 
1.441 (0.030) 
1.092 (0.009) 
1.176 (0.014) 
1.085 (0.013) 
1.152 (0.035) 
1.179 (0.023) 
1.130 (0.004) 
1.107 (0.010) 
1.053 (0.004) 
1.036 (0.006) 
1.110 (0.010) 
1.069 (0.004) 
1.054 (0.006) 

FxlE-13 

Wm- 2 

0.143 (0.009) 
0.027 (0.006) 
0.341 (0.010) 
0.87 (0.26) 
0.239 (0.012) 
0.05 (0.04) 
0.49 (0.11) 
0.96 (0.17) 
1.05 (0.07) 
0.79 (0.09) 
0.39 (0.04) 
1.37 (0.30) 
3.7 (1.7) 
1.4 (0.5) 
0.47 (0.26) 
1.5 (0.4) 
0.91 (0.17) 
2.2 (0.4) 
1.23 (0.12) 
0.209 (0.28) 
3.6 (0.5) 
6.8 (0.5) 
1.49 (0.05) 
1.82 (0.20) 
1.00(0.34) 
1.71 (0.7) 
1.8 (0.6) 
1.2 (0.5) 
0.99 (0.06) 
0.312 (0.016) 
1.4 (0.6) 
7.8 (0.9) 
0.264 (0.008) 
1.87 (0.29) 

Table 4.1 The characteristics of the dust features in the 

Identification 

PAH C-H stretch 
PAH C-H stretch 
PAH C-C stretch 
PAH C-C stretch 
PAH C-H bending in plane 
PAH+artifact? 
PAH C-H bending out of plane 
enstatite + amorph. silicate 
unidentified + amorph. silicate? 
forsterite 
possibly enstatite + quartz? 
possibly enstatite 
unidentified 
forsterite 
forsterite 
enstatite 
enstatite 
unidentified 
unidentified 
unidentified 
unidentified 
forsterite 
unidentified 
enstatite 
unidentified 
crystalline H 2 0 
enstatite 
unidentified 
unidentified 
unidentified 
crystalline H20/silicate? 
crystalline H 2 0 + enstatite 
forsterite 
unidentified 

spectrum of NGC6302. The quoted 
errors are derived by multiple independent fits of the different spectral features. 
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different continua. The spread in these results were used to calculate the errors, which 
are quoted in Table 4.1. 

In the following sub-sections, we identify the different structures found in the con
tinuum subtracted spectrum. In case of doubt about the reality of features in the SWS 
wavelength range we compared the two scan directions and, if possible, the AOT06 
spectra of NGC6302 taken on 20 February and 9 March 1997, with the final spectrum. 
For the LWS range we checked for the presence of the feature in the individual scans. 

4.3.1 The 2.4 - 1 2 fim region; C-rich dust 

The continuum subtracted spectrum (Fig. 4.2) from 2.4 to 15 fj,m is dominated by bands 
at 3.3, 3.4, 6.2, 7.7, 8.5, 11.0 and 11.3 fim, usually attributed to PAHs (Allamandola 
et al. 1989, Puget & Leger 1989), hence there is a clear indication of a C-rich dust 
environment. 

4.3.2 The 12 - 17 //m region; an uncertain area of the spectrum 

The reality and strength of the features from 12 to 17 /mi is uncertain. We do see struc
tures in our spectrum at 12.8,13.6,14.2,14.8,15.3,15.8, and 16.2 /im. In other sources 
PAH features are seen at 12.8,13.6,14.2 and 16.2 /mi (Hony et al , submitted to A&A; 
Van Kerckhoven et al., submitted to A&A), however the features in NGC6302 do all 
have (very) strong forbidden emission lines on top of them. This might give detector 
problems due to shotnoise (Morris, private communication). A comparison between 
the up and down scan indeed reveals that the two scans directions do show a sys
tematic offset with respect to each other at these wavelengths. We have checked the 
SWS-AOT06 observation but found the same problem. On the other hand, there is also 
evidence for spurious features in the responsivity files at 13.6 and 14.2 finx (Morris, 
private communication). So we conclude that there are features expected in this wave
length region, however the reality of the features found in the spectrum of NGC6302 
remain uncertain and although some of them are clearly seen in the continuum sub
tracted spectrum, they are not given in Table 4.1. 

4.3.3 The 15 - 200 //m region; O-rich dust 

The spectral region between 15 and 50 jim. is characterized by a wealth of relatively 
sharp emission features. Most of the emission features can be identified with the Mg-
rich crystalline silicates: forsterite (Mg2Si04) and enstatite (MgSi03). The identification 
of the crystalline silicate features is based on the laboratory measurements of Koike & 
Shibai (1998) and Jager et al. (1998), see Table 4.1. The different laboratory data sets 
for enstatite, while in general agreement about the position and strength of features 
contradict each other on the fine spectral detail, therefore it is difficult to say if some 
of these features can be attributed to enstatite; these features are listed as possibly 
enstatite in Table 4.1. 
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Figure 4.2 The 2.4 to 120 jim region of the continuum subtracted spectrum. 
The top panel is the region of the carbon-rich dust features, the middle panel is 
dominated by the crystalline silicates and the bottom panel is dominated by the 
broad structures of crystalline H20 ice and probably hydrous silicates. The spec
tral features at 12.8, 13.6, 14.2, 14.8, 15.3, 15.8, 16.3 and 25.8 /an are probably all 
instrumental artifacts. 

Amorphous silicates are likely to be present, this is indicated by the relatively broad 
emission feature at 18 /jm (not separately measured in Table 4.1), which is likely to be 
a blend with crystalline enstatite. The presence of the 10 /̂ m silicate feature is sup
pressed by the low temperature of the silicate dust and the C-rich dust continuum 
which is dominant at that wavelength. Another point which favours the presence of an 
amorphous dust component besides the crystalline dust, is the relative weakness of the 
crystalline dust features compared with the laboratory measurements of the pure crys
talline silicates. E.g. the feature at 68.96 fim, which is attributed to forsterite, is an indi
cation for the very low Fe abundance and the purity of the crystalline silicates. Other 
sources with crystalline silicates do also show evidence for amorphous silicates. The 
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combination of all these arguments convinced us that amorphous silicates are present. 
The strength of the 20.7 /mi band is not completely reproduced by enstatite (see 

Sec. 4.4). This might be an indication of the presence of quartz (Si02), which shows a 
very prominent peak at this wavelength. Unfortunately, the other emission peaks of 
quartz are at much shorter wavelengths, and are depressed due to the quartz being at 
low temperature compared with the hot C-rich dust. Therefore it is difficult to prove 
the presence of quartz based on this single feature. If quartz is present, it will be only 
in small amounts. 

The broad feature peaking at 63.6 pm, hereafter referred to as the 60 f/m feature, 
is probably a blend of enstatite and crystalline H 2 0 ice. This feature was observed by 
Omont et al. (1990) with the Kuiper Airborne Observatory in IRAS 09371+1212 (Frosty 
Leo), while Barlow (1998) reports the presence of 60 fim emission in several dusty 
circumstellar shells. Laboratory data published by Bertie et al. (1969) and Schmitt et 
al. (1998) show that crystalline H2G* ice has two strong bands, one at about 43 //m, the 
other at roughly 62 ^m and a shoulder at 52 /jm. Since all these features are present in 
our spectrum also, this identification is very robust. It should be noted that the 52 ^m 
feature is also seen in // Car, which has no further indication for crystalline H 2 0 ice. 
Therefore we do not exclude that this feature is (a blend with) a crystalline silicate. 

There remain a handful of yet unidentified features, indicating the presence of other 
dust species. The broad feature at 91 fim indicates that there must be a very cool dust 
component present. The feature at 90 microns in HD142527 was suggested by Malfait 
et al. (1999) to be due to the presence of a hydrous silicate. Hydrous silicates often 
show a broad peak in this wavelength range (Koike & Shibai 1990) and do only exist 
at low temperatures. However, we do not know of a mechanism that would produce 
hydrous silicates in the surroundings of NGC6302. As very little optical data for silicate 
minerals exists in this wavelength region, the identification remains open. 

4.4 Modelling 

In order to disentangle the contribution of the different dust species to the total emis
sion spectrum of NGC6302 we applied a simple spherically symmetric optically thin 
dust model. The spectral characteristics were calculated for each dust species sepa
rately, accounting for a density and temperature distribution. The density distribution 
was the same for each species. The temperature gradient was assumed to behave as 
T oc 1/sqrtD, with T the temperature and D the distance to the star. The minimum 
and maximum temperature were input parameters of the model fit. These input tem
peratures implicitly determined the inner and outer radius of the dust shell, however 
these were not calculated explicitly. Finally all contributions were added up to form 
the resultant model spectrum. The fit is given in Fig 4.3. We included in our modelling 
the following components: amorphous silicates (Ossenkopf et al. 1992), ortho- and 
clino-enstatite (Jager et al. 1998), forsterite (Jager et al. 1998) and water ice (Schmitt et 
al. 1998). In addition, two extra components fitted with blackbodies were included. 
The one which was cold (« 50K) could not be identified (see also Table 4.2). The one 
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Figure 4.3 The model fit to the observed spectrum of NGC6302, with the silicate 
and water ice components offset for clarity. 

which was hot (« 300K) is probably due to C-rich material. 
The temperature (range) for forsterite was based on the strength of the peaks at 

23 and 33 ^m. Since the enstatite temperature were more difficult to determine, we 
assumed a similar temperature for enstatite, which resulted in a very reasonable fit. An 
increase (decrease) on the enstatite temperature would result in an decrease (increase) 
of the derived mass of enstatite. 

In order to fit the 43 and 60 /im features the ice must be at a low temperature and 
high abundance. It is evident that we were not able to get the strength of both the 43 
and 60 /im features correct at the same time. It is unlikely that the ice is much colder 
than we assumed, since this would lead to unrealistically high mass of the ice. There
fore an extra cold component peaking at 60 /im is necessary. Laboratory measurements 
(Koike & Shibai 1998; Jager et al. 1998) do predict enstatite features in this wavelength 
range. However, it is especially this wavelength region where the laboratory results 
contradict each other. 

The masses of the dust species as derived from our modelling should be treated 
with some care since the absorption coefficient (Qabs) values which we used in our 
modelling were often based on total extinction over the particle radius (a) values from 
laboratory measurements, and the a was not always precisely known. Based on the 
sizes used for these laboratory measurements, a single value of 0.1 /um was assumed. 
The density distribution used (p oc r - 1 2 , with r the distance to the star) is flatter than 
expected for normal outflows. 

We found a temperature difference between the crystalline and amorphous sili-
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Dust species 
Amorph. silicate 
Cryst. ortho-enstatite 
Cryst. clino-enstatite 
Cryst. forsterite 
Cryst. water ice 

X-range 
45-105 K 
45 - 80 K 
45 - 80 K 
45 - 80 K 
25 - 45 K 

Mdust/M@ 

1.2xl0~9 

9.3xl0"5 

7.4xl0"5 

3.2xl0"4 

1.8xl0"3 

Table 4.2 The model parameters for the dust species. For all dust species a density distribution 
of p ex r - 1 2 was used. The extra hot and cold components are omitted from this list because of 
great uncertainty of their behaviour and therefore temperature regime and abundance. 

cates. Since the different dust species are expected to be equally distributed, this points 
to different absorptivities in the UV, visual and near-IR wavelengths. This is probably 
due to a difference in chemical composition. The crystalline silicates are very iron-poor 
and have a low absorptivity at these wavelengths, while the amorphous silicates are 
expected to contain iron, resulting in a much higher absorptivity, and therefore higher 
temperature. Similar differences, including a very low temperature of crystalline H 2 0 
ice, were also found in AFGL 4106 by Molster et al. (1999b) with a full radiative transfer 
modelling. 

4.5 Discussion 

The adopted model provides a good fit below 45 /im. The discrepancies around 30 
and 40 fim are due to a still unidentified dust component and these discrepancies are 
also found in other stars (see Chapter 7 and 8). The cool blackbody is not sufficient 
to make up for the missing flux at 60 fim. Another (additional) cool component is 
necessary to fit the long wavelength (> 45^m) continuum part of the spectrum. A 
population of relatively large grains (a > 10/jm) will produce a smooth spectrum and 
can also explain the relatively high (sub-)millimeter continuum flux (Hoare et al. 1992). 
The chemical structure of these large grains is difficult to identify, since there are not so 
many features in this wavelength region. The required low temperature of these grains 
requires that this population is relatively transparent in the UV and optical where most 
of the energy of the star is radiated. One possibility would be Al2Si03 which is very 
transparent but seems unlikely as an unrealistically high amount of material would be 
needed. 

Both C-rich (PAH features) and O-rich (silicate features) chemistry is present. This 
mixed chemistry is remarkable, since one of the first formed stable molecules is CO, 
leaving the most abundant of the two atoms (C and O) to determine the dust composi
tion. 

In the context of the massive N-rich Type I planetary nebula NGC6302, Justtanont 
et al. (1992) and Barlow (1993) pointed out that hot-bottom burning (HBB) at the base 
of the hydrogen envelopes of sufficiently massive AGB stars can eventually convert 
carbon dredged up after a thermal pulse to nitrogen via the CN-cycle. It implies that 
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surface C/O ratios, and thus grains condensed, can go from O-rich to C-rich and back 
again after each of the multiple thermal pulses experienced. This allows both types of 
grains to be present in the resulting nebulae, without a single transition radius from 
O-rich to C-rich material. This scenario would produce a mixed chemistry in the whole 
nebula. 

It is difficult in this instance to explain the high percentage (about 30%) of silicates 
in crystalline form which is much higher than that found in normal outflows, see e.g. 
AFGL 4106 (Molster et al. 1999b). However, there are other evolved stars which show 
both PAHs and crystalline silicates in their spectrum and are supposed to follow a 
different scenario. A famous example of this mixed chemistry is the Red Rectangle 
(Waters et al. 1998). This binary system formed a stable circumbinary disk while the 
star was still oxygen-rich. While the star evolved to a carbon-rich star, the disk re
mained. This is evidenced by the carbon-rich outflow and the oxygen-rich disk. The 
presence of a toroidal disk in NGC6302 has long been known (Meaburn & Walsh 1980; 
Lester & Dinerstein 1984; Rodriguez et al. 1985), which, if stable, can explain the high 
degree of crystallinity by processes suggested by Molster et al. (1999a). The presence of 
a (highly crystalline) disk naturally provides a suitable surrounding to produce large, 
and therefore cold, grains. This scenario would predict the oxygen-rich material only 
to be present in the disk and the carbon-rich dust to dominate in the outflow and to be 
less pronounced in the disk. 

In this respect it is interesting to compare NGC6302 with CPD—56°8032. Although 
the central stars of these PNe are different (more in temperature than in luminosity), 
the spectra of the dust shells look quite similar. Both have roughly the same degree 
of crystallization, and the crystalline silicates have similar temperatures (Cohen et al. 
1999), which suggest that they are located at similar distances. This is quite striking 
since the nebula around CPD—56°8032 is expected to be much younger (« 102 yr, De 
Marco et al. 1997) than the nebula around NGC6302 (w 104 yr, Terzian 1997) and the 
expansion velocities are similar. Therefore it is likely that the crystalline material was 
not formed in the outflow, but more likely was already present around these objects, 
e.g. in a disk, before this outflow started. It has been suggested that we see here 
the destruction of Oort-cloud like objects (Cohen et al. 1999), however the degree of 
crystallization is much higher than the crystallinity of comets and interplanetary dust 
particles in our own solar system making this Oort-cloud scenario seem unlikely. 

The weakness of the PAH bands with respect to the rest of the spectrum in NGC6302 
resembles the strength of the PAH features in spectra of Luminous Blue Variables 
(LBVs) like R71 and AG Car. Both show also weak PAH emission and relatively strong 
crystalline silicates (Voors et al. 1999; Voors et al., in prep.). Since these massive stars 
have a C/O ratio smaller than 1, the formation of PAHs is not understood. It has 
been suggested that shocks might dissociate the CO and that the PAHs form in the 
after-shock region. If the PAHs in NGC6302 are formed in a similar way, one would 
expect to find the PAHs in the neighbourhood of these shocked regions. Casassus et al. 
(submitted) show that the 3.3 jim emission is predominantly coming from the central 
region where the present-day outflow is expected to collide with the disk. Also their 
C/O ratio of 0.88 points to an oxygen-rich wind. In this scenario it is expected that the 
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outflow and disk will be oxygen-rich and PAHs are only seen in the (after-) shocked 
regions. This would even allow the star having been oxygen-rich for its entire life. 

This last scenario explains the observed features best. However, one should keep 
in mind that a thorough understanding of the PAH formation in an oxygen dominated 
environment is still lacking. All three scenarios predict a different dust distribution. 
With high spatial resolution observations in the PAH and crystalline silicate bands 
(and the continuum) we will be able to distinguish between the HBB hypothesis and 
the two disk scenarios proposed for NGC6302. 
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Chapter 5 

IRAS09425-6040: A carbon star 
surrounded by highly crystalline 
silicate dust 

F.J. Molster, I. Yamamura, L.B.F.M. Waters, L.-A Nyman, H.-U. Kaufl, T. dejong and C. Loup 
to be submitted 

Abstract 

We present infrared spectroscopy and millimeter photometry and spectroscopy 
of the peculiar carbon star IRAS09425-6040. The 2-15 /im spectrum, as well as the 
CO millimeter line observations are typical for a (Hype) carbon star with mod
erate mass-loss rate. The 15-45 fim SWS spectrum is dominated by strong emis
sion bands from Mg-rich and Fe-poor crystalline silicates. IRAS09425-6040 has the 
highest abundance of crystalline silicates (75 per cent) observed in any source so 
far. The ISO data, combined with IRAS and millimeter wavelength photometry 
indicate the presence of large cold grains. The observations indicate that the car
bon star IRAS09425-6040 is surrounded by a stationary, massive, highly crystalline 
oxygen-rich dust disk which is depleted of gas. These properties are very similar 
to those of the disk seen in the Red Rectangle. We propose that IRAS09425-6040 is 
the evolutionary progenitor of the central binary of the Red Rectangle nebula. 

5.1 Introduction 

The evolution of low- and intermediate-mass stars ends with a phase of very high 
mass loss when they are cool giants on the Asymptotic Giant Branch (AGB). In the 
extended outer layers of the stellar atmosphere, molecules can condense into solid 
material (dust). These dust grains can efficiently absorb stellar radiation which heats 
them to temperatures up to 1000-1500 K. In addition, the radiation pressure exerted 
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on the grains causes an outward acceleration, i.e. the dust grains are important for the 
dynamics of the flow and the mass-loss rate. 

The chemistry of the dust which condenses in AGB winds is determined by the C/O 
ratio, which initially is less than unity, resulting in the formation of oxygen-rich dust 
(e.g. silicates and simple oxides like A1203). Due to the production of excess carbon in 
the nuclear burning shells that surround the degenerate C/O core, and its subsequent 
dredge-up to the surface, the C/O ratio gradually approaches, and eventually exceeds 
unity, resulting in the formation of a carbon star. The dust in the winds of carbon stars 
mostly consists of amorphous carbon, SiC, and possibly MgS. 

In single AGB stars, the material in the wind, once removed from the gravitational 
potential well of the star, can freely escape into the interstellar medium. In binary 
systems, however, some of the material can be trapped and stored in the system for 
longer periods of time. Depending on the orbital separation and nature of the com
panion, matter may be stored in a disk around the companion or around the entire 
system (see e.g. Yamamura et al. 2000). A well-known example of the latter case is the 
central star of the Red Rectangle nebula, HD 44179 (Waelkens et al. 1996; Osterbart et 
al. 1997). This object has recently left the AGB and is rapidly evolving to higher Teff. 
The Red Rectangle has a pronounced carbon-rich dust shell, but surprisingly also a 
prominent oxygen-rich dust component (Waters et al. 1998). The mixed chemistry can 
be understood in the context of binary AGB evolution, in which a reservoir of oxygen-
rich dust is stored in the system, and the star subsequently evolves to the carbon-rich 
phase. 

In this paper we report the discovery of a silicate carbon star with a massive and 
highly crystalline oxygen-rich dust shell. Based on its IRAS colours, IRAS09425-6040 
was classified as a post-AGB object and selected for observations in the guaranteed 
time of the Short Wavelength Spectrometer (SWS, de Graauw et al. 1996) on board of 
the Infrared Space Observatory (ISO, Kessler et al. 1996). The ISO-SWS spectrum how
ever revealed the presence of a carbon star surrounded by a highly crystalline silicate 
shell. The paper is organized as follows: in sect. 2, we describe the infrared and sub-
millimeter observations of IRAS09425-6040. Sect. 3 describes modelling of the observa
tions, and in sect. 4 we discuss the nature and evolutionary status of IRAS09425-6040. 

5.2 The Observations 

IRAS09425-6040 was observed on 27 July, 1996 using ISO-SWS as part of the guaran
teed time observing programme. A full scan with SWS was obtained (AOT01 speed 
4) covering the wavelength range between 2.38 and 45.2 fim. The data were reduced 
using the SWS Interactive Analysis package version 7.0. The final spectrum was ob
tained by averaging the spectra of the 12 individual detectors, after removing outlying 
points by sigma-clipping and eye inspection. The spectrum is shown in Fig. 5.1. 

The short wavelength part (2.38-15 //m) of the spectrum is dominated by deep ab
sorption bands from carbon-rich gas-phase molecules, that are located in the photo
sphere of the star, and in warm, i.e. close to the stellar photosphere, circumstellar 
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Figure 5.1 The SWS spectrum of IRAS09425 - 6040 (solid line), compared with 
the spectrum of a typical silicate carbon star V778 Cyg (dashed line). The different 
spectral features are indicated in the figure. 

layers. We identify C2H2/ HCN, CO and C3 (Yamamura et al. 1998). At 10-12 ^m, 
emission from warm SiC dust grains is evident, with a peak at 11.3 //m. We conclude 
that IRAS09425-6040 is a carbon-rich AGB star with a moderate mass-loss rate. In fig
ure 1 we also show the SWS spectrum of the carbon star V778 Cyg (Yamamura et al. 
2000). The 2-8 fim part of the spectrum of IRAS09425-6040 is very similar to that of 
V778 Cyg, and is typical for carbon-rich red giants with amorphous silicate dust shells. 

In contrast, the 15-45.2 /jm part of the spectrum of IRAS09425-6040 is dominated 
by strong, narrow solid state emission bands from oxygen-rich crystalline silicates, 
as evidenced by peaks near 16.5, 19.5, 23.8, 27.5, 33.8 and 36.5 fun due to crystalline 
olivines (Mg^Fei-^SiC^ [0 < x < 1], and peaks at 18.2, 23.2, 28,36,40.5, and 43.8 (im 
due to crystalline pyroxenes (Mga;Fe1_:r)Si03 [0 < i < 1] (Koike & Shibai, 1998; Jager 
et al. 1998). These bands are absent in V778 Cyg, indicating a large difference in ratio 
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between amorphous and crystalline silicates between both stars. In Table 5.1 we list 
the strongest bands with their central wavelength and their identification. 

The remarkable mix of both oxygen-rich and carbon-rich components may be due 
to a chance superposition of two IR sources in the SWS beam. We observed IRAS09425-
6040 with the TIMMI10 fim camera attached to the ESO 3.6M camera in the broad-band 
N filter and found that only one bright IR source is in the SWS aperture. We conclude 
that the oxygen-rich and carbon-rich components are physically associated. 

The infrared continuum flux level is roughly constant between 15 and 45 fim at 
about 20 Jy The IRAS 60 /im broad-band flux of 21.2 Jy suggests that the continuum 
remains flat to at least that wavelength. This is not typical for a detached dust shell 
with r"2 density gradient, but suggests a much flatter density gradient. 

We have observed IRAS09425-6040 with the Swedish ESO Sub-millimeter Telescope 
(SEST) at the European Southern Observatory (ESO) using the bolometer at a wave
length of 1.3 mm. It was detected at a continuum flux level of 14.4 ± 3.4 mjy In 
addition, we observed IRAS 09425 - 6040 with the SEST and detected emission in the 
pure rotational transitions of 12CO at J=\ - 0, J=2 - 1 and of' 3CO at J=2 - 1 at frequen
cies of 115, 230 and 220 GHz respectively (see Fig. 5.2). All three CO emission profiles 
peak at the same velocity of about +15 ± 3 km/sec, indicating that we are looking at 
the same gas in all three cases. The shape of the lines is consistent with an origin in the 
present-day outflow of the carbon star. 

5.3 Modelling 

We have modelled the SWS-spectrum from 15^5.2 /mï together with the IRAS 60 and 
100 jum points and the SEST 1.3 mm continuum point, using a spherically symmetric 
radiative transfer model (MODUST, Bouwman & de Koter, in preparation). At these 
wavelengths the emission from the carbon-rich dust in the present-day wind of the 
carbon star is negligible. The available optical constants of the crystalline silicates are 
not able to reproduce the correct peak positions as observed in the laboratory and in 
the ISO-data. We therefore decided to take the extinction coefficients (Q) derived from 
laboratory measurements by Koike et al. (1999) for enstatite and forsterite. A compari
son with the ISO-data of stars with crystalline silicates showed that this dataset repro
duces the observed peaks very well (Chapter 7). To extend these datasets to shorter and 
longer wavelengths we used the optical constants of amorphous enstatite and forsterite 
of Scott & Duley (1996) and calculated the absorption coefficients for spherical parti
cles. A similar approach was used for the amorphous grains. We used the optical 
constants derived by Dorschner et al. (1995), to calculate the extinction coefficients for 
the amorphous olivine (MgFeSi04). An extension to longer and shorter wavelengths 
was achieved using the optical constants of Ossenkopf et al. (1992) and Laor & Draine 
(1993). We calculated the dust emission for an optically thin shell. For the final fit we 
have checked whether this assumption was valid or not. We found that T was for all 
relevant wavelengths lower than 0.2, validating our assumption. 

We assumed a luminosity of 6.5 x 103 L®, typical for carbon-rich red giants (Groe-
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A 
fim 

10.64 ± .03 
11.13 ± .07 
12.02 ± .02 
15.13 ± .01 
15.79 ± .01 
16.19 ± .01 
16.97 ± .02 
18.09 ± .01 
19.17 ± .01 
19.63 ± .01 
20.69 ± .01 
21.49 ± .01 
22.43 ± .01 
23.03 ± .01 
23.65 ± .01 
24.57 ± .03 
25.07 ± .02 
25.99 ± .02 
26.82 ± .01 
27.56 ± .08 
28.28 ± .12 
29.39 ± .02 
30.48 ± .01 
32.16 ± .08 
32.84 ± .03 
33.63 ± .01 
34.19 ± .01 
35.02 ± .10 
35.98 ± .03 
36.72 ± .04 
39.70 ± .02 
40.35 ± .01 
41.53 ± .05 
42.55 ± .06 
43.60 ± .08 
44.58 ± .01 

FWHM 
/im 

.49 ± .32 
1.31 ± .08 

.47 ± .03 

.29 ± .01 

.65 ± .02 

.10 ± .01 

.52 ± .06 
1.24 ± .05 

.94 ± .04 

.30 ± .01 

.37 ± .05 

.27 ± .01 

.22 ± .01 

.72 ± .01 

.54 ± .02 

.67 ± .05 

.25 ± .04 

.62 ± .04 

.40 ± .14 
1.18 ± .39 

.76 ± .19 

.74 ± .13 

.32 ± .07 

.32 ± .17 
1.00 ± .14 

.63 ± .02 

.55 ± .07 
1.42 ± .39 

.73 ± .26 

.37 ± .09 

.21 ± .05 

.93 ± .06 

.92 ± .19 

.85 ± .18 
1.30 ± .50 

.44 ± .02 

Jpeak/-*cont 

1.066 ±.044 
1.386 ± .039 
1.094 ± .011 
1.055 ± .001 
1.134 ± .006 
1.079 ± .003 
1.104 ±.012 
1.324 ± .017 
1.223 ± .010 
1.116 ±.003 
1.135 ± .036 
1.059 ±.002 
1.032 ± .003 
1.269 ± .017 
1.283 ± .019 
1.132 ±.022 
1.034 ±.002 
1.191 ± .017 
1.174 ± .077 
1.537 ±.091 
1.207 ±.168 
1.348 ± .099 
1.190 ± .041 
1.154 ± .082 
1.705 ± .039 
1.950 ± .028 
1.344 ± .072 
1.358 ±.021 
1.275 ± .032 
1.268 ± .046 
1.136 ± .011 
1.607 ±.073 
1.335 ± .100 
1.629 ±.167 
1.883 ± .134 
1.460 ±.023 

^ band 

Wm- 2 

.27E-13 ± .3E-13 

.27E-12 ± .4E-13 

.19E-13 ± .2E-14 

.46E-14 ± .2E-15 

.25E-13 ± .2E-14 

.23E-14 ± .1E-15 

.16E-13 ± .3E-14 

.12E-12 ± .9E-14 

.65E-13 ± .6E-14 
.11E-13 ± .5E-15 
.15E-13 ± .5E-14 
.48E-14 ± .3E-15 
.20E-14 ± .3E-15 
.51E-13 ± .3E-14 
.37E-13 ± .3E-14 
.19E-13 ± .3E-14 
.16E-14 ± .3E-15 
.21E-13 ± .3E-14 
.13E-13 ± .9E-14 
.98E-13 ± .4E-13 
.27E-13 ± .2E-13 
.35E-13 ± .1E-13 
.75E-14 ± .3E-14 
.61E-14 ± .7E-14 
.69E-13 ± .1E-13 
.55E-13 ± .4E-14 
.17E-13 ± .5E-14 
.40E-13 ± .1E-13 
.15E-13 ± .7E-14 
.67E-14 ± .2E-14 
.13E-14 ± .3E-15 
.25E-13 ± .3E-14 
.12E-13 ± .5E-14 
.21E-13 ± .9E-14 
.40E-13 ± .2E-13 
.69E-14 ± .4E-15 

Identifications 

enstatite? 
SiC 

enstatite 
silica? 
forsterite 

enstatite + forsterite 
forsterite? 
forsterite + enstatite 
silica? diopside? 

enstatite 
forsterite 
enstatite 
diopside? 
forsterite + silica? 

forsterite 
enstatite 
diopside? 

diopside? 

forsterite 
diopside? 
clino-enstatite? 
ortho-enstatite? 
forsterite+ ? 
diopside? 
enstatite +? 
41 micron plateau 
cryst. H20-ice 
ortho-enstatite 
clino-enstatite, diopside? 

Table 5.1 The results of the Gauss-fits to the emission bands in the infrared spectrum of 
IRAS09425-6040 and the identifications. A '?' denotes uncertain identifications. 
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Figure 5.2 The observed CO-lines in IRAS09425-6040. 

newegen et al. 1995). A distance of 1.3 kpc was derived based on this luminosity. 
We assumed that the grain size distribution could be represented by a single-size 

grain population. We were not able to model the spectrum of IRAS09425-6040 with 
grains smaller than 2 ^m. The 10 micron silicate feature would become too strong and 
would have been seen in the SiC feature. Even for 2 pm sized grains the silicate feature 
is still rather strong, which suggests that larger grains might produce an even better 
fit in that region. However, this would give problems with the crystalline silicates at 
larger wavelengths. We preferred to use the same grain size for the amorphous and 
the crystalline silicates and therefore we adopted a grain size of 2 /urn. 

We found a density gradient p oc r_16 , which is significantly flatter than expected 
for a (detached) outflow. This value is more in line with a (stationary) disk geome
try. Indeed, the flat continuum slope between 15 and 60 pm is not consistent with an 
outflow origin of the cool dust, but more in line with a disk-like structure. 

Even with this flat density distribution we were not able to fit the far-IR and mm 
continuum points. The 60 /jm over 1.3 mm flux ratio is relatively low and suggests 
the presence of a population of large, cold grains. To simulate these large grains we 
added 300 pm sized spherical amorphous silicate grains to improve the fit. Their size 
is somewhat arbitrary, but had to be much larger than the other 2 fim dust grains. This 
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Figure 5.3 The model fit (dotted line) to the dust spectrum of IRAS09425-6040 (solid line). 

population of large grains seems indeed a distinct grain population. A reasonable size 
distribution (n(a) oc a"qda, with a the particle size and the exponent q between 2.5 and 
4) will result in too much flux in the far-infrared, if the millimetre continuum flux is 
fixed. It should be noted that the exact dust composition of these grains is difficult to 
determine. 

In Fig. 5.3 we show the final fit to the spectrum, and in Table 5.2 we give the most 
important parameters of the dust species. The inner and outer radii are respectively 
2. x 1015 and 2. x 1017 cm and the disk contains a total dust mass of about 2. x 10"3 M@. 
This mass is dominated by the cool grains, and depends therefore on adopted grain 
size and optical properties (read chemical composition) of these large grains. The 
model fits the spectrum very well, both on a global scale as well as several of the dust 
features. 

We note that the temperature derived for the enstatite is low compared to that of 
other dust components (see Table 5.2), and it is also low compared to the colour tem-
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Dust component 

Amorph. silicates 
Amorph. silicates 
Forsterite 
Clino-enstatite 
Ortho-enstatite 

size 
(/an) 
2.0 
300. 
2.0 
2.0 
2.0 

T range 
(K) 

220-43 
223-20 
148-36 
117-27 
118-27 

Mass 
10 - 4 M 0 

3.2 
5.7 
2.1 
5.0 
5.0 

Ref 

a,b,c 
a,b,c 
d,e 
d,e 
d,e 

Table 5.2 The results of our model fit to the spectrum of IRAS09425-6040. 
References: a = Dorschner et al. (1995); b = Laor & Draine (1993); c = Ossenkopf et al. (1992); 
d= Koike et al. (1999); e = Scott & Duley (1996) 

perature derived from the observed 28 to 43 fim band strength ratio. As for all dust 
components, in our calculations the enstatite temperature is determined by the energy 
balance between absorbed and emitted radiation. Unfortunately, no reliable laboratory 
data are available for the opacity of crystalline enstatite at wavelengths shortwards of 
about 7 ^m. For our calculations we have used the laboratory data of amorphous en
statite at A < 7 /an. However, the opacity of amorphous and crystalline enstatite may 
differ at short wavelengths, and this may affect the derived crystalline enstatite tem
perature. We conclude that the crystalline enstatite temperature may be too low, and 
therefore the derived dust mass of this component may be too high. 

About 60-80%, depending on the temperature correction for enstatite, of the small 
dust particles are crystalline: the highest percentage found in the whole ISO sample. 
Whether this high percentage is also found in the large grain population cannot be 
confirmed at the moment. 

The errors in our modelling for the properties of the other dust species depend 
largely on the assumed size of the dust particles. This can change the derived masses 
by more than a factor 2, especially for the large grains where the surface area becomes 
important. Also the temperatures at the inner radius derived in Table 5.2 are uncertain 
by about 10 K for the forsterite and small amorphous silicate grains and likely about 
20 K for the large dust grains, since also the assumed size plays a role. 

We can estimate the gas to dust ratio in the cool dust component by analysing the 
CO line emission. The CO gas associated with the cool oxygen-rich dust disk is ex
pected to produce a narrow (1-5 km/s full width) line, which is not found. This places 
an upper limit to the gas mass in the cool disk of 2 x 10"3 M@ for a CO to H2 abun
dance ratio of 3 x 10-4 (Knapp & Morris, 1985). The gas to dust mass ratio in the disk is 
very low, at least < 10 (taking possible errors in the dust modelling into account), and 
implies significant gas depletion. 
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5.4 Discussion 

5.4.1 The underlying carbon star 

From the strength and shape of the CO pure rotational emission lines we derive an 
outflow velocity of 8.0 km/s and a mass-loss rate of 2 x 10"6 M 0 /yr . The mass-loss 
rate found for CO is in good agreement with that derived from the strength of the SiC 
dust feature. Furthermore, a 12C over 13C abundance ratio of 10 is found, which is low 
and suggests that IRAS09425-6040 is a J-type carbon-star, alike the rare group of carbon 
stars with amorphous silicate dust shells (Lambert et al. 1990). We have searched for 
SiO (v=0, J =2-1) and HCN (J=l-0),but only upper limits were obtained. 

5.4.2 The cool silicate dust 

The position and strength of the peaks of the crystalline silicate emission bands in 
IRAS09425-6040 suggest a very high Mg/Fe ratio consistent with the magnesium-rich 
end members of the solid solution series of olivine and pyroxene, respectively forsterite 
(Mg2Si04) and enstatite (MgSiO.,). IRAS09425-6040 shows the most prominent crys
talline silicate emission observed so far in any object (Molster et al. 1999a). While in 
the winds of oxygen-rich red giants the bulk of the silicates is Fe-rich and amorphous 
and the abundance of the Fe-poor crystalline dust is of the order of 10 per cent or less 
(Waters et al. 1996; Waters & Molster 1999), in IRAS09425-6040 the situation is reversed: 
the crystalline silicates are the most dominant components in the spectrum, with only 
a minor contribution from amorphous silicates. The present-day silicate dust compo
sition therefore is likely not representative of that when the silicate dust was formed in 
the red giant wind. 

5.4.3 The evolutionary status of IRAS09425-6040 

The properties of the oxygen-rich dust shell surrounding IRAS09425-6040 are very sim
ilar to those of the Red Rectangle (Waters et al. 1998). In the Red Rectangle, both 
carbon-rich dust (polycyclic aromatic hydrocarbons (PAHs)) and crystalline silicates 
are present. In addition, a population of large, cold grains was found in the Red 
Rectangle (Jura et al. 1997), as well as strong evidence for depletion of the gas in the 
cold (oxygen-rich) dust component (Jura et al. 1995). From IR imaging and ISO spec
troscopy a geometry of the dust is suggested in which the oxygen-rich material is in the 
disk, and the carbon-rich dust is mainly concentrated in the X-shaped nebula (Waters 
et al. 1998). From radial velocity studies it was shown that the Red Rectangle consists 
of a central binary system in a 318 day orbit (Waelkens et al. 1996). One component has 
evolved off the AGB and is now an F type supergiant, rapidly heating up to become 
a hot white dwarf; the other star in the system is not seen directly. The disk seen in 
direct imaging is circum-binary. 

We propose that IRAS09425-6040 is also a binary and the evolutionary progeni
tor to the Red Rectangle since the similarities between the disks in the Red Rectangle 
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and in IRAS09425-6040 are striking: both stars have a present-day carbon-rich out
flow and an oxygen-rich dust disk, which is gas depleted. They have a relatively low 
60 //m/1.3 mm flux ratio, which is an indication for the presence of large grains and the 
oxygen-rich disk is highly crystalline. The abundance of 13% crystalline silicates in the 
Red Rectangle disk (Waters et al. 1998) is a lower limit due to the strong carbon-rich 
warm dust contribution to the continuum at longer wavelengths. The main difference 
between IRAS09425-6040 and the Red Rectangle is the lack of warm (carbon-rich) dust 
in the disk of the former system emitting at the shortest wavelengths. 

What is the relation between IRAS09425-6040, the Red Rectangle and the silicate 
carbon stars with warm silicates? This question is difficult to answer without bet
ter knowledge concerning e.g. the binary nature of the silicate carbon stars and the 
orbital parameters. It seems difficult to picture objects like V778 Cyg as progeni
tors to IRAS09425-6040, since the amount of oxygen-rich material is much higher in 
IRAS09425-6040. Note that no more oxygen-rich dust is produced as the mass-losing 
star is now carbon-rich. Apparently the efficiency with which oxygen-rich dust was 
stored in IRAS09425-6040 and the Red Rectangle was much higher than in objects as 
V778 Cyg. This may be related to the nature of the companion and to the orbital pa
rameters. In a recent study Yamamura et al. (2000) show that the formation of an 
oxygen-rich dust reservoir in wide binary systems likely occurs in a disk surround
ing the companion (e.g. in V778 Cyg) through the capture of a small fraction of the 
mass lost by the AGB star. In narrower systems (such as the Red Rectangle) a mas
sive circum-binary disk can form. The observations presented in this study suggest 
that IRAS09425-6040 is in fact a binary system with a massive circum-binary disk. We 
stress that no evidence for the binarity of IRAS09425-6040 exists yet. 

5.4.4 The crystalline dust 

The high degree of crystallization of the oxygen-rich material in IRAS09425-6040 is 
remarkable, and is very different from the abundance of crystalline silicates on mass-
losing oxygen-rich AGB stars (e.g. Waters et al. 1996; Waters & Molster 1999; Molster 
et al. 1999a; 1999b). Such a high abundance of crystalline silicates is a property of long-
lived, stationary disks surrounding stars in very different evolutionary phases, both 
young and old (Molster et al. 1999a). This again suggests that IRAS09425-6040 con
tains a long-lived disk of oxygen-rich material. Molster et al. (1999a) suggest several 
mechanisms to increase the degree of crystallinity in long-lived oxygen-rich dust disks: 
removal of amorphous grains, coagulation of small amorphous grains and crystalliza
tion of the grains below the glass temperature. They conclude that the latter scenario 
is the more likely one. 

5.5 Conclusions 

The results of this study can be summarized as follows: 
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1. IRAS09425-6040 is a carbon star with a present-day mass-loss rate of about 2 10"6 

M 0 / y r and a wind expansion velocity of 8 km/s . The ratio of 12CO to 13CO 
derived from the millimeter pure rotational line strength ratios suggest that this 
object is a J-type carbon star, similar to previously discovered silicate carbon stars. 

2. The 15-45 pm part of the SWS spectrum is dominated by strong emission bands 
from crystalline, Mg-rich silicates, that take up 60 to 80 per cent of the mass of 
the "small" grains. 

3. The total dust mass is in the order of 2 x 10"3 M® which is probably located in 
a stationary, long-lived disk, in which the grains coagulated. The high degree 
of crystallinity is probably the result of a low-temperature crystallization process 
(Molsteretal. 1999a). 

4. We propose that IRAS09425-6040 is a binary system surrounded by an oxygen-
rich dust disk, and that it is the evolutionary progenitor to the Red Rectangle. 
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Abstract 

Dust in the interstellar medium with a silicate composition appears in the amor
phous phase (Dorschner & Henning 1995), yet silicate dust in comets (Hanner et 
al. 1994; Crovisier et al. 1997), interplanetary dust particles (Bradley et al. 1999) 
and in the planet forming disks surrounding some young stars (Waelkens et al. 
1998; Malfait et al. 1998) is sometimes partially crystalline. This means that the 
dust must undergo some processing in proto-planetary disks, but the nature and 
extent of this processing remain unknown. Here we report observations of highly 
crystalline silicate dust in the disks surrounding red-giant binary stars. The dust in 
these evolved systems was created predominantly in amorphous form, and there
fore must be processed in the disk to become crystalline. The temperatures are too 
low for the grains to anneal, therefore a low-temperature process is responsible. As 
the disks around young stars and red giants are similar in their physical properties, 
our results suggest that low-temperature crystallization of silicate dust can occur 
in proto-planetary disks. 

6.1 Introduction 

The life cycle of cosmic dust commences w h e n solid particles condense in the outflows 
of evolved red giants. The bulk of the dust grains that form in these outflows have 
a silicate composition whose basic building block is a S i0 4 te trahedra with cations of 
Fe, M g and other refractories. Observations show that these grains have a disordered 
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amorphous lattice structure, with only a minor fraction in an ordered (crystalline) form 
(Waters et al. 1996; Waters & Molster 1999). The grains subsequently enter the inter
stellar medium and finally become the building blocks of a new generation of stars 
and planetary systems. Observations of dust in the interstellar medium and in regions 
of active star formation demonstrate that the structure of silicates in the interstellar 
medium remains essentially amorphous (Dorschner & Henning). 

Silicates with a highly ordered, crystalline lattice structure are known to exist in 
solar system comets (Hanner et al. 1994; Crovisier et al. 1997) and in interplanetary 
dust particles (Bradley et al. 1999 ), and should reflect the composition of dust in 
the primitive proto-solar nebula. In addition, crystalline silicates have been found in 
the dusty disks surrounding young stars (Waelkens et al. 1998; Malfait et al. 1998). 
These disks also contain a population of large dust grains whose size significantly ex
ceeds that of dust in the interstellar medium. These large grains are formed in the disk 
through coagulation of smaller particles. The crystalline dust must have formed in the 
proto-planetary disk, but the physical process responsible for their formation is not 
known. Annealing by means of heating to temperatures above the glass temperature 
(RS 1000 K) requires that the dust grains must have been close to the star. Their inclu
sion in icy comets however implies significant radial mixing of dust in the disk, since 
comets are believed to form in the cool outer regions of the disk. Models for the evolu
tion of the proto-solar cloud indeed suggest that radial mixing may be important (Shu 
et al. 1996; 1997). In this paper we present observations of crystalline dust in disks 
surrounding red giants and related objects demonstrating that crystallization at low 
temperatures also occurs. Such crystallization allows for the inclusion of crystalline 
silicates in comets and interplanetary dust particles (IDPs) without the need for radial 
mixing. 

6.2 Crystalline silicates around evolved stars 

We have investigated the composition of silicate dust in the surroundings of red gi
ants in binary systems and similar evolved stars using 2-45 ^m spectra obtained with 
the Short Wavelength Spectrometer (SWS) (de Graauw et al. 1996) on board of the 
Infrared Space Observatory (ISO; Kessler et al. 1996). The spectrum of the carbon-
rich giant IRAS09425—6040 (figure 1) shows by far the largest percentage of crystalline 
silicates (75 %) ever observed. These silicates are the processed remnants of a previ
ous mass-loss phase when the star was still oxygen-rich. The spectral features of dust 
surrounding the binary AC Her are very similar to those seen in Solar system comets 
(Hanner et al. 1994; Crovisier et al. 1997), such as Hale-Bopp (see figure 1), and to 
those of some proto-planetary disks surrounding young stars (Waelkens et al. 1998; 
Malfait et al. 1998). Based on the compositional similarities of the dust in disks sur
rounding old and young stars, we conclude that the processes which are responsible 
for the crystallization of silicates are likely to be the same. 
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Figure 6.1 ISO-SWS grating scan of the carbon-rich giant IRAS09425-6040 (up
per panel), taken on the 27-th of July 1996, and of the post-AGB star AC Her (bot
tom panel), taken on the 18-th of April 1997. Note the prominent crystalline sil
icate bands. The ISO-SWS spectrum of comet Hale-Bopp (Crovisier et al. 1997) 
is shown for comparison. At short wavelengths (A < 14//m), the spectrum of 
IRAS09425-6040 is characterized by carbonaceous compounds: molecular bands 
of C2H2, HCN, and C3 (not shown, see Molster et al. 2000a) and the SiC dust fea
ture at 11 fim, all originating in the present day C-rich photosphere and outflow 
from this object. At long wavelengths (A > 14/xm) the spectrum is completely 
dominated by emission from cool, highly crystalline oxygen-rich dust, consisting 
for 60-80 % of forsterite and enstatite (Molster et al. 2000a). AC Her is a binary 
of which one component has recently left the red giant phase and is now rapidly 
evolving to higher temperatures (Van Winckel et al. 1998). The silicate features of 
AC Her are a blend of amorphous and crystalline silicates (« 25%) and are very 
similar to those seen in comet Hale-Bopp. 
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6.3 Crystallinity versus large grains 

Several objects in the ISO sample with a high degree of crystallinity show unusually 
high millimeter fluxes compared to their IRAS 60 fim fluxes (figure 2). Cool giants and 
well-known red giants such as OH26.5 +0.6 are characterized by large F6 0 /Fm m ratios. 
A low (F6 0/Fm m) ratio indicates the presence of large, cold grains, since small grains 
(< 10/mi) radiate inefficiently at wavelengths that are large compared to their size. It is 
likely that these large grains have been formed by coagulation in a long-lived circum-
stellar disk. Even in the modest ISO sample we already find several examples of disks 
around evolved stars as evidenced by direct imaging or from the shape of the spectral 
energy distribution. The object AC Her is a member of a class of evolved giants, (some 
and possibly all of which are binaries) with similar circumstellar gas and dust proper
ties. We conclude that the presence of disks surrounding evolved binary stars and the 
formation of planet-like bodies in these disks may be widespread. The sources in our 
sample with a high abundance of crystalline silicates all have a population of large, 
cold grains, and show evidence for a disk. However, coagulation does not necessarily 
imply a high degree of crystallization, since some sources show a high millimeter flux 
level without prominent crystalline silicate emission (van den Ancker et al. 2000). 

6.4 The origin of the high crystallinity 

The high degree of crystallization of the oxygen-rich material in disks surrounding red 
giants is remarkable. The question arises what controls the efficiency of crystallization 
in the disk? It is very unlikely that the present-day dust composition is representative 
for the dust composition when the dust grains formed in the oxygen-rich red giant 
wind, since red giants that are presently observed contain predominantly amorphous 
silicates. All sources with a high abundance of crystalline silicates do show evidence 
for a disk (figure 2). Therefore, we attribute the high degree of crystallinity to process
ing during the long storage time in the stationary disk. Two mechanisms to produce 
highly crystalline dust disks can be considered: selective removal of the small amor
phous grains, and crystallization of the amorphous grains. 

The small amorphous grains may have been selectively removed by processes sim
ilar to those occurring in our Solar system (radiation pressure including Poynting-
Robertson drag in a gas-poor dust disk). However this would require an unrealistically 
high initial mass of the disk (for instance, in the case of IRAS09425-6040 an original 
total disk mass of 0.1 M 0 is estimated, assuming an initially normal amorphous over 
crystalline silicate ratio). Alternatively, most (small) amorphous grains may not have 
been physically removed but rather coagulated into the large grains which are now so 
evident in the millimeter flux. The physical cause for such a preferential coagulation 
of amorphous grains is presently unclear. In the Solar system, inclusions of crystalline 
silicates in IDPs (Bradley et al. 1999, Bradley 1994 ) demonstrate that these grains can 
efficiently take part in the coagulation process of proto-planetary disks. 

Evidence against high temperatures as the cause of crystallization of amorphous 
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Figure 6.2 Correlation between the IRAS 60 (im over 1.1 mm (stars) or 1.3 mm 
(pentagons) flux ratio and crystalline silicate band strength, measured from the 
crystalline forsterite band at 33.6 fim ([F33.8 vm peak - Fcont)/Fcont). The selected 
sources have dust colour temperatures above « 100 K, so that the Planck function 
peaks at wavelengths shorter than 60 //m. The emptiness of the upper right corner 
of this diagram is an indication that the presence of highly crystalline dust is related 
to disks and grain-growth. All stars above the line {F3X6 ^m p e a k- Fcmt)/Fcont = 0.2 
have relatively small 60 fim over mm-flux ratios and have indications for the pres
ence of a disk (e.g. by direct imaging and/or the spectral energy distribution). 
The stars below this line are predominantly normal outflow sources, without any 
evidence for a disk, although exceptions exist (e.g. Roberts 22). NGC 6302 and 
BD+.30 36.39 have been shifted by a factor 2 along the x-axis since only about half 
of the mm continuum flux is due to dust emission while the other half is due to 
free-free emission. 
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silicates in stationary disks can be found from ISO-SWS observations of the carbon star 
V778 Cyg (Yamamura et al. 1997). This object may have a stationary circumstellar disk 
of hot amorphous silicates with a temperature of 600 K. No indication for the presence 
of crystalline silicates was found in the spectrum. Indeed, while circumstellar amor
phous silicates show a range of temperatures up to 1000 K, a low dust temperature (100 
- 250 K) is a general characteristic of all crystalline silicates observed to date. Therefore 
the observational evidence suggests that the crystallization process is not driven by 
the thermal (radiation) temperature of the dust even at relatively high temperatures. 
This conclusion is supported by comparing the age of the dust disks in evolved stars 
with the annealing timescales of amorphous grains assuming thermal processes dom
inate the crystallization: while the age of the disks is estimated to be « 105 years, the 
annealing timescales predicted from kinetic theory at temperatures of 100 - 250 K are 
many orders of magnitude larger (Hallenbeck & Nuth 1998; Gail 1998). Nevertheless, 
longevity seems to be a pre-requisite for crystallization. 

While the origin of the disks around evolved stars (mass loss) and young stars 
(accretion from the interstellar matter) are different, the similarity in their properties 
(i.e. coagulation, gas depletion (Jura et al. 1995; Molster et al. 2000b) and the presence 
of crystalline silicates in a long-lived debris disk) are remarkable. Since radial mixing is 
not expected to occur in the disks around evolved stars, as these are not accretion disks, 
our observations indicate that athermal crystallization (defined here as crystallization 
at temperatures below the glass temperature) may also be responsible for the presence 
of crystalline silicates in planet-forming disks, without the need for radial mixing. 

6.5 Low temperature crystallization 

It is interesting to consider the physical and chemical processes responsible for the 
crystallization at low temperatures. Possibly, crystallization is initiated by an athermal 
process, and the crystallization front is driven either by the release of the latent heat 
of crystallization through the whole grain, or by mechanical energy introduced by this 
energetic event. Both processes are similar to what is seen for silicon (Galvin et al. 1981; 
Grun et al. 1997). Alternatively a local, temporal heating process (e.g. lightning) may 
raise the temperature sufficiently to cause crystallization, followed by slow (« lsec) 
cooling in a highly optically thick and turbulent disk environment: a process which 
may have lead to the production of chondrules in the Solar nebula (Wood 1985) (but 
here for much smaller grains). Grain-grain collisions at relative velocities less than 19 
k m / s will drive a strong shock front in the projectile and target which can cause local or 
complete melting. In principle this can lead to the formation of (new) crystal structures 
as happens for example for carbon-based materials where graphite is transformed into 
diamond by shock loading. However for silicate materials, experiments show that 
upon cooling the material solidifies in an amorphous form (Tielens et al. 1994). 

It is well established that energetic ion and electron beams can induce recrystalliza-
tion of amorphous layers in semiconductors at temperatures well below that possible 
by thermal annealing (Grun et al. 1997; Williams et al. 1985). There are few laboratory 
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studies on this process for the astrophysically more relevant silicate grains. However, 
observations of the impact of Solar flares on the structure of IDPs indeed show ev
idence for recrystallization rims, indicating that these energetic particles can trigger 
local crystallization of the lattice (Thiel et al. 1991). These observations underpin the 
importance of crystallization at low temperatures as an alternative to thermal anneal
ing followed by radial mixing as mechanism for the formation of crystalline silicates 
in circumstellar disks. 

A final consideration is the chemical composition of the crystalline silicates. In all 
our studies we find that these are very Mg-rich with less than 1 % of Fe, Ni and Ca 
(Waelkens et al. 1998; Waters & Molster 1999; Molster et al. 2000b ; Lim et al. 2000). 
To explain the absorption properties of amorphous silicates, it is often assumed that 
they have a significant abundance of metals, like Fe, Ni and Ca (Jones & Merrill 1976). 
The difference in absorption properties is evidenced by the differences in temperature 
for the amorphous and crystalline silicates in e.g. NGC 6302 (Lim et al. 2000) and 
AFGL 4106 (Molster et al. 1999). This implies that during the crystallization process 
also these metals are removed. Although no laboratory studies have been done for sil
icate grains, the process of "impurity" removal together with low temperature crystal
lization has been found in laboratory studies of semiconductors (Elliman et al. 1986). 
Any physical mechanism for crystallization must be able to account for these differ
ences in chemical composition of the amorphous and crystalline silicates. Laboratory 
measurements of the effects of local heating and of irradiation on the crystallization 
process of silicates are highly desirable. 
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Overview of crystalline silicate dust 
around stars 

F.J. Molster, L.B.F.M. Waters, A.G.G.M. Helens 
to be submitted 

Abstract 

We present the first exhaustive inventory of solid state emission bands observed 
in a sample of 17 oxygen-rich circumstellar dust shells surrounding evolved stars. 
The data were taken with the Short and Long Wavelength Spectrographs on board 
of the Infrared Space Observatory ISO and cover the 2 to 200 fim wavelength range. 
The spectra show the presence of broad 10 and 18 yum bands that can be attributed 
to amorphous silicates, In addition, at least 49 narrow bands are found whose po
sition and width indicate they can be attributed to crystalline silicates. Almost 
all of these bands were not known before ISO. We have measured the peak posi
tion, width and strength of the individual, continuum subtracted bands, for the 
programme stars. Comparison with laboratory data suggests that both olivines 
(Mg2j:Fe(2_23;)Si04) and pyroxenes (Mg^Fe^.^SiOa) are present, with x close to 
1, i.e. the minerals are very Mg-rich and Fe-poor. This composition is similar to 
that seen in disks surrounding young stars and in the solar system comet Hale-
Bopp. A significant fraction of the emission bands cannot be identified with either 
olivines or pyroxenes. Possible other materials that may be the carriers of these 
unidentified bands are briefly discussed. 

We have ordered the spectra in sequence of decreasing crystalline silicate band 
strength. This naturally divides the sample into objects that show a disk-like geom
etry (strong crystalline silicate bands), and objects whose dust shell is characteristic 
of an outflow (weak crystalline silicate bands). Stars with the 33.5 fim olivine band 
stronger than about 25 percent over continuum are disk sources. We define spec
tral regions (called complexes) where a concentration of emission bands is evident, 
at 10,18, 23, 28, 33, 40 and 60 fim. We derive average properties of the individual 
bands within these complexes. Also, we discuss the structure of these complexes 
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for the disk sources and the outflow sources, as well as for each object individu
ally. The disk and outflow sources show significant differences in the shape of the 
emission bands, that must be related to the composition or grain shapes of the dust 
particles. In particular the 60 fitn region is dominated by crystalline silicates in the 
disk sources, while it is dominated by crystalline H20 ice in the outflow sources. 
In an Appendix, we provide detailed comments on the measured band positions 
and strengths of individual stars. The incredible richness of the crystalline silicate 
spectra observed by ISO allows detailed studies of the mineralogy of these dust 
shells, and is a telltale about the origin and history of the dust. 

7.1 Introduction 

At the end of their life both low and high mass stars loose a large fraction of their 
mass in the form of a dense stellar wind. When the temperature in the outer regions 
of the atmosphere becomes low enough solid material (dust) condenses out of the gas. 
Mass loss can eventually dominate stellar evolution. Since the dust may also play an 
important role in the mass loss process, it is very interesting to investigate the physical 
and chemical processes responsible for dust formation. One way to do this is to look 
at the products of this dust formation process, the dust itself. The composition of the 
dust which has condensed gives valuable information about the conditions when the 
dust was formed and thereafter. 

The dust around stars can be observed at different wavelengths. In the visible 
and near-infrared (MR) one can look at the wavelength dependence of the absorp
tion caused by the dust. Another way to investigate the dust at these wavelengths is 
by means of scattered light of the central source by small dust particles in the circum-
stellar environment or with polarimetric observations. In this paper we will study the 
emission of the dust in the mid-infrared (MIR) and far-infrared (FIR). 

The dusty environments around evolved stars can be divided in carbon-rich (C-
rich) and oxygen-rich (O-rich) environments, depending on the C/O ratio of the mass-
losing stars. This division is the result of the stability of the CO molecule, which is 
formed before the dust condenses. If there is more carbon than oxygen ( C / 0 > 1) all 
the oxygen will be trapped in CO, and the dust species will be carbonaceous, e.g. SiC, 
Polycyclic Aromatic Hydrocarbons (PAHs) or amorphous carbon. If the C/O ratio is 
smaller than one, i.e. there is more oxygen than carbon, all the carbon is trapped in CO 
and O-rich dust will be formed, e.g. simple oxides, silicates or water ice. 

In 1995 the Infrared Space Observatory (ISO; Kessler et al. 1996) was launched 
which opened the possibility to study mass losing stars at infrared wavelengths with 
unprecedented wavelength coverage and wavelength resolution. Before the launch 
of ISO it was generally assumed that in the dusty winds of O-rich evolved stars only 
amorphous silicates were formed. One of the remarkable discoveries of ISO was the 
detection of crystalline silicates outside our own Solar System. Their spectral signature 
was not only found in the spectra of young stars (Waelkens et al, 1996a), but also in the 
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outflows of evolved stars (Waters et al, 1996). In the latter case, we even found one 
example, IRAS09425-6040, where 75% of the circumstellar dust consists of crystalline 
silicates (Molster et al. 2000; Chapter 5). 

In contrast to amorphous silicates, crystalline silicates provide an unique oppor
tunity to determine for the first time the chemical composition of the dust particles. 
The relatively sharp features of the crystalline silicates are very sensitive to composi
tional changes, this in contrast to the broad and smooth amorphous silicate features. 
Crystalline silicates will also help us to better understand the physical and chemical 
conditions under which dust is formed. In particularly, they need high temperatures 
and a slow cooling down to form. 

Crystalline silicates are found in the outflows of evolved stars which replenish the 
ISM, and also around young stars which form from the ISM. However, up to now no 
crystalline silicates have been found in the ISM. The abundance in the ISM might be too 
low. However, this would make it difficult to explain the high abundance of crystalline 
silicates in a young star as HD100546 (Waelkens et al. 1996; Malfait et al. 1998). On the 
other hand, if the crystalline silicates are destroyed in the ISM than the question arises 
how they are formed around young stars. Suggestions for this last problem are given 
by Molster et al. (1999a; Chapter 6, hereafter Paper I). 

The crystallization process is not well understood and observational input is nec
essary. After the first reports of the crystalline silicates, only a few objects have been 
analysed in some detail, e.g. HD100546 (Malfait et al. 1998), CPD-56°8032 (Cohen 
et al. 1999) and AFGL4106 (Molster et al 1999b; Chapter 3). This will be the first 
attempt to obtain an overview of the different crystalline silicate features which are 
found around evolved stars. We will show that the dust geometry around these stars 
has a significant influence on the strength and shape of the features, and therefore the 
chemical and size distribution of the dust particles. 

In Sec. 7.2 we will describe the observations and data reduction. The results will be 
shown in Sec. 7.3, where we will also order and define the different solid state bands 
and complexes found. In Sec. 7.4 we will identify most of the features found in Sec. 7.3 
by comparing them with laboratory spectra of cosmis dust analogues. The individual 
stars are extensively discussed in Sec.7.5. 

7.2 The observations and data reduction 

7.2.1 The sample 

In order to get an as broad as possible overview of the O-rich dust features around 
evolved stars, we aimed for a broad sample covering the evolution of stars from the 
Asymptotic Giant Branch (AGB) to the Planetary Nebula (PN) phase, and also includ
ing some massive (post-)Red-SuperGiants (RSG). The main selection criterion is that 
emission bands due to crystalline silicates should be present in their spectra. We in
cluded 2 AGB stars: one O-rich OH/IR star (OH26.5+0.6), and one carbon-star with a 
very crystalline O-rich dust disk (IRAS09425-6040). The sample also contains 5 post-
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AGB stars, one with a C-rich central star and a O-rich dust disk (HD44179), two others 
are binaries suspected to have a disk (89 Her and AC Her), one has a disrupted disk 
(Roberts 22) and the fifth has an expanding dust shell, which is the expanding AGB 
remnant (HD161796). Also in our sample are 3 planetary nebulae: one which is very 
young and relatively cool (VY 2-2) and the other two are more evolved with hot central 
stars (NGC6537 and NGC6302). We added three massive stars (IRC+10420, AFGL4106 
and NML Cyg) and 4 stars with poorly known evolutionary status but with well devel
oped crystalline silicate features (MWC922, MWC300, HD45677 and HD179821). This 
makes a total of 17 stars For all stars in this sample spectra were taken with the Short 
Wavelength Spectrometer (SWS; de Graauw et al, 1996) on board ISO. An overview of 
the observing dates, observing modes and integration times can be found in Table 7.1. 

Object 

IRAS09425-6040 
IRAS09425-6040 
NGC6537 
NGC6537 
NGC6537 
NGC6537 
NGC6302 
NGC6302 
NGC6302 
NGC6302 

MWC922 
MWC922 
MWC922 
AC Her 
AC Her 
AC Her 
HD45677 
89 Her 
89 Her 
89 Her 
MWC300 
VY2-2 
VY2-2 
HD44179 
HD44179 
HD44179 
HD44179 
HD44179 
HD161796 
HD161796 

Revolution 

084 
254 
470 
470 
703 
703 
094 
479 
479 
289-678 

153 
478 
703 
106 
471 
520 
711 
082 
336 
518 
516 
320 
547 
702 
702 
702 
709 
870 
071 
080 

Mode 
(AOT nr) 
SWS01 
SWS01 
SWS01 
LWS01 
SWS01 
LWS01 
SWS01 
SWS06 
SWS06 
LWS01 

SWS01 
LWS01 
SWS01 
SWS01 
LWS01 
SWS01 
SWS01 
SWS01 
LWS01 
SWS01 
SWS01 
SWS01 
LWS01 
SWS06 
SWS06 
SWS01 
LWS01 
SWS06 
SWS01 
LWS01 

Tint 

(sec) 
1816 
6538 
1912 
1318 
3454 
2230 
6528 
8532 
12165 
13243 

1834 
1316 
1912 
1834 
1910 
6538 
6538 
1044 
1860 
6538 
3454 
1140 
1318 
1174 
856 
6538 
3428 
8406 
1044 
1554 

Comment 

C-star with O-dust 

mispointed 
hotPN 

hotPN 
2.4 - 7.0 and 12.0 - 27.5yum 
7.0 - 12.0 and 27.5 - 45.2/xm 
combination of rev 289,482, 
489, 503,510,671, and 678 
combined with rev 703 
post-AGB? 
combined with rev 153 
RV Tauri star, 
binary 

Young star? 
post-AGB, binary 

post-AGB? 
young PN 
fa 7 arcsec mispointed 
31.4 - 35.1^m 
19.5 - 25/im 
C-rich post-AGB star 
+ O-dust, binary 
12 - 19.5/im 
post-AGB star 

continues on next page 
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continued from previous page 
Object 

HD161796 
HD161796 
OH26.5+0.6 
OH26.5+0.6 
OH26.5+0.6 
Roberts 22 
Roberts 22 
Roberts 22 
HD179821 
HD179821 
HD179821 
AFGL4106 
AFGL4106 
AFGL4106 
AFGL4106 
NML Cyg 
NMLCyg 
NML Cyg 
NML Cyg 
NML Cyg 
IRC+10420 
IRC+10420 
IRC+10420 

Revolution 

342 
521 
330 
330 
340 
084 
103 
254 
113 
520 
319 
060 
104 
104 
249 
052 
342 
530 
555 
741 
128 
316 
724 

Mode 
(AOT nr) 
SWS01 
SWS06 
SWS01 
LWS01 
LWS01 
SWS01 
LWS01 
SWS01 
SWS01 
SWS01 
LWS01 
SWS01 
SWS01 
LWS01 
SWS01 
SWS01 
SWS01 
SWS06 
LWS01 
SWS01 
SWS01 
SWS06 
LWS01 

Tint 

(sec) 
1912 
1744 
1912 
1268 
822 
1044 
478 
3454 
1834 
6538 
1266 
1130 
1834 
476 
3454 
6544 
1140 
1688 
2798 
1140 
3462 
1718 
3430 

Comment 

29.0 - 43.2^m 
AGB star, OH/IR star 

mispointed 
post-AGB star 
mispointed 
post-AGB star, 
post-RSG? 

post-RSG 

RSG 

29.5 - 45.2^m 

post-RSG 
29.3 - 44.7/mi 

Table 7.1: The logbook of the observations used for this 
study. The boldface names indicate the observations that 
were used for the final spectrum. The observing date can be 
calculated from the revolution number which is the number 
of days after the 17-th of November 1995 

In several cases more than one observation was available. The boldface names in 
Table 7.1 indicate which observations were used for the final spectrum. The other 
observations were less accurately reduced and only used as a reference in case of doubt 
in the main spectrum. 

7.2.2 Data reduction 

The spectra were reduced using the SWS offline processing software, version 7.0. For 
a description of flux and wavelength calibration procedures, see Schaeidt et al. (1996) 
and Valentijn et al. (1996). We removed the main fringes in SWS band 3 (12.0 - 29.5 
fim). Each detector was checked for obvious deviating points and sudden jumps in the 
flux level. These irregularities were removed by hand. For every of the 12 subbands 
(SWS band 1A up to band 4) the 12 detectors were flatfielded on top of each other and a 
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20 40 60 80 100 120 20 40 60 80 100 120 

wavelength (/xm) 
Figure 7.1 The spectra of the disk-sources (solid line) and their 

eye-ball-spline-fit continuum (dashed line). The jumps in Roberts 22 are 
due to a mispointing of the satellite. 

sigma clipping procedure was used to remove statistically deviating points, afterwards 
the spectra were rebinned. Finally the different subbands were shifted to match each 
other. The shifts were either multiplications, when we expect the flux calibration to be 
the most important source of error, or a linear shift, when we expect the dark currents 
to be the most important source for the discrepancy between the different subbands. 
The final resolution (A/AA) of the spectrum depends on the observing mode and the 
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Figure 7.2 The spectra of the outflow-sources (solid line) and their 

eye-ball-spline-fit continuum (dashed line). The jumps in the spectrum of VY 2-2 
are due to a mispointing of the satellite. 

quality of the spectrum, but was typically around 250 for a speed 1, 300 for a speed 2, 
500 for a speed 3, 750 for a speed 4 AOT01 and 1500 for an AOT06 observation. 

For many stars, LWS data (40-197 /mi) were also available as indicated in Table 7.1. 
For a description of the flux and wavelength calibration procedures see Swinyard et 
al (1996). The LWS spectra of NGC6302 (Lim et al., 2000), OH26.5+0.6 (Sylvester et 
al, 1999), AFGL4106 (Molster et al, 1999b), HD44179 (Hony et al, 2000), HD161796 
(Hoogzaad et al, in prep.) and MWC922 were thoroughly reduced with the LWS offline 
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i i I i i i I i i i I i i i I i i i I i i i i -

NGC6537 60 
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2 0 4 0 6 0 8 0 100 120 2 0 4 0 6 0 8 0 100 120 

wavelength (/xm) 
Figure 7.3 The continuum subtracted spectra of the disk sources. 

processing software version 7.0, while the other LWS spectra were only sigma-clipped 
and rebinned and mainly used as a reference for the adjustment of SWS band 4 and the 
placement of the continuum (see section 7.2.3). 

For NGC6537 and NGC6302 we have removed most of the emission lines by fitting 
a Gaussian to these lines and subtracting it. For very strong lines (some could be 100 
times the continuum level) the subtraction procedure resulted in excessive noise after 
removal of the Gaussians. In these cases, we removed the noisy part of the spectrum. 

120 



7.2. THE OBSERVATIONS AND DATA REDUCTION 

500 

20 40 60 80 100 120 
wavelength (/xm) 

Figure 7.4 The continuum subtracted spectra of the outflow sources. 

In Fig. 7.1 and Fig. 7.2 the final spectra are shown. After some study of the stars 
in our sample (see Paper I), it became apparent that sources with distinct spectral 
structure tend to have circumstellar disks, while sources with weaker structure have 
a roughly spherical outflow. Therefore the programme stars are divided into sources 
which are expected or known to have a dusty disk, hereafter called disk-sources, and 
sources which are not known to have a disk but are expected to have a 'normal' out
flow, hereafter called outflow-sources. 
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7.2.3 The continua 

In order to enhance the visibility of the different features we have defined a continuum 
for the spectra in Fig. 7.1 and Fig. 7.2. Since continua are depending on the grain 
properties as well as on the temperature distribution, a 'real' continuum would require 
a radiative transfer modeling of the dust surrounding these objects and is beyond the 
scope of this paper. Instead we have used an eye-ball-spline-fit continuum, which 
had the following restrictions: it should maximize the continuum and be smooth (no 
sudden changes in the slope), both in F„ and F>. We emphasize that this continuum 
has no physical meaning and is only used to enhance the sharp features on top of the 
spectrum. In principle, the strength of the features could be underestimated and there 
is a possibility that very broad features are treated as continuum. Whenever possible 
we tried to use the whole wavelength range (SWS + LWS) to determine the placement 
of the continuum. 

In two sources, Roberts 22 and VY 2-2, flux jumps were found due to a pointing off
set of ISO. In these cases we have fitted separate continua to each part of the spectrum, 
where we took into account the relative slope in the other parts of the spectrum. 

In Fig. 7.3 and Fig. 7.4 the continuum subtracted spectra are shown, again divided 
into disk sources and outflow sources. 

7.2.4 Mean spectra 

The (continuum subtracted) spectra of the stars show 7 different complexes, in which 
multiple components can be identified, some of which are severely blended. These are 
the 10,18, 23,28, 33,40 and 60 micron complexes. We have derived 'mean' spectra for 
each complex, by extracting the wavelength range around and including the complex 
from the continuum subtracted spectra for all stars. All these complex spectra were 
added, using a weighing factor proportional to the S/N of the spectrum, to create a 
'mean' spectrum of each complex. This was done for both the outflow and the disk-
sources. 

For the 10 micron complex not all stars were taken into account, since they do not 
all show O-rich dust features. The disk-sources 89 Her, AC Her and HD45677 were 
used, while for the outflow sources all spectra except OH26.5+0.6 and NML Cyg were 
used. It should be noted that the deepest absorption of the silicate features in these two 
stars is at shorter wavelengths than the peak of the amorphous silicate emission in the 
mean spectrum, i.e. in the average of the other stars. OH26.5+0.6 shows an absorption 
spectrum in the 18 and 23 complexes for both the amorphous and crystalline silicates. 
Therefore, we have multiplied this spectrum with —1 before adding it. NML Cyg does 
show amorphous silicate absorption at 18 micron, however the crystalline silicates are 
already in emission. For this spectrum we did not apply an extra multiplication be
fore adding. We were aware of the fact that we introduced by this adding also some 
radiative transfer effects, therefore we checked the influence of the adding of these 'ab
sorption' spectra. It turned out that it had only a minor influence on the mean outflow 
spectrum. No strange peaks and/or slopes were introduced by this in both the 18 and 
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23 micron complex. On the other hand, the S/N improved slightly, therefore we kept 
these two stars in the mean spectra. 

7.2.5 Method of measurement 

In order to get a consistent view of the strength and position of the features found in 
our spectra, we have fitted Gaussians to features or multiple Gaussians in the case of 
complexes with the ISAP-linefit programme. The fits have been applied to the origi
nal, i.e. non-continuum subtracted, spectrum in F\. In this way we prevented the par
tially contribution from very broad features, extending over more than one complex. 
We divided the spectrum into different sections such as the complexes which were 
mentioned above, and determined a local continuum, often a third order polynomial, 
for each part. We estimated the error on the measured strength and wavelength for 
these features by multiple independent fits to the (local continuum subtracted) spec
trum. For this purpose we varied the defined continuum, since this is likely to have 
the largest influence on the strength of the features. The drawback of this method is 
that the uncertainties in the spectrum are not taken into account. Therefore in a few 
cases low S/N cases the derived 1 a errors for the wavelength position (see Appendix), 
might be too low and should be a factor 2 to 3 higher. Still, for most cases the wave
length determination is indeed quite accurate. The errors in the FWHM, peak over 
continuum ratio and the flux are less influenced by the spectral errors, but dominated 
by the determination of the continuum. We have experimented with the location of 
the continuum by choosing (sometimes extreme) limits on what seemed reasonable. 
Therefore the errors in the strength of the features, which we base on these experi
ments, may be somewhat pessimistic. This sometimes lead to features with an appar
ent 1 or 2 sigma detection of their strength, which in reality are clearly seen above the 
noise. These feature do always form a blend with others and therefore their strength 
bears quite some uncertainty, but not the presence of the features! We note that non-
Gaussian shapes occur for certain bands, causing a systematic but reproducible error. 

7.3 Results for the complexes 

In this section we will systematically discuss the general trends in the spectra of our 
programme stars, by sub-dividing the sample into disk sources and outflow sources, 
and by dividing the spectra into the different complexes: the 10, 18, 23, 28, 33, 40 
and 60 micron complex. Because of the low dust temperature of most sources and 
therefore low flux levels below 7 (im and the absence of crystalline silicate features 
in this wavelength range, we decided to limit do our investigation to wavelengths 
longwards 7 ^m. 

First we will give an overview of the results that apply to the whole sample. Than 
we will discuss the different complexes individually, after which we will identify many 
of the features. In the following section we will discuss the different stars with respect 
to the average profiles. In the discussion of the different complexes and features we 
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7.3. RESULTS FOR THE COMPLEXES 

will refer to feature names as xx micron features and to wavelength positions as yy /im, 
e.g. the 30.6 micron feature of IRAS09425-6040 is located at 30.48 fim. 

In Table 7.2 we give an overview of the wavelength positions of all the features 
found in our sample stars. Horizontal lines indicate features which are expect to belong 
to the same dust component. The order of the stars is in decreasing strength of the 
blend of the 33.6 micron feature. In some cases the separate features could not be 
resolved, this is indicated by braces. 

mean 
A 

min max mean 
FWHM 

min max 
10 micron comj 

8.3 
9.14 
9.45 
9.8 
10.1 
10.7 
11.05 
11.4 

8.20 
9.12 
9.45 
9.77 
9.59 
10.57 
11.04 
11.33 

8.40 
9.17 
9.46 
9.84 
10.61 
10.90 
11.06 
11.50 

.42 

.30 

.19 

.17 
2.56 
.28 
.05 
.48 

.41 .43 

.24 .68 

.15 .25 

.14 .29 
1.30 3.77 
.11 .66 
.03 .11 
.38 .86 

Identification 

)lex 

silica? 

forsterite + enstatite 
amorphous silicate 
enstatite 
instrumental artifact 
forsterite, diopside? 

18 micron complex 
15.2 
15.9 
16.2 
16.50 
16.9 
17.5 
17.5 
18.0 
18.9 
19.5 

15.00 
15.69 
16.10 
16.49 
16.73 
16.79 
17.43 
17.90 
18.43 
19.36 

15.42 
16.06 
16.37 
16.50 
17.07 
18.46 
17.61 
18.16 
19.17 
19.75 

.26 

.43 

.16 

.11 

.57 
2.10 
.18 
.48 
.62 
.40 

.13 .73 

.24 .65 

.08 .62 

.11 .11 

.37 .84 

.81 3.66 

.13 .36 

.28 1.24 

.36 1.20 

.14 .86 

enstatite 
silica?? 
forsterite 
PAH? 
a blend of 16.7 and 17.0 
amorphous silicate 
enstatite 
enstatite + forsterite 
forsterite? 
forsterite + enstatite 

23 micron complex 
22.4 
23.0 
23.7 
23.89 
24.5 
25.0 

22.26 
22.82 
23.45 
23.88 
24.16 
24.83 

22.51 
23.14 
23.81 
23.90 
24.65 
25.14 

.28 

.48 

.79 

.18 

.42 

.32 

.16 .55 

.28 .72 

.54 1.29 

.13 .25 

.16 1.04 

.25 .53 

enstatite 
forsterite 

enstatite 
diopside? 

28 micron complex 
26.8 
27.6 
28.2 
28.8 
29.6 
30.6 
31.2 

26.71 
27.46 
27.97 
28.68 
29.37 
30.48 
31.12 

26.93 
27.79 
28.45 
28.88 
29.90 
30.77 
31.27 

.37 

.49 

.42 

.24 

.89 

.32 

.24 

.21 .47 

.28 1.18 

.23 .90 

.19 .42 

.58 1.99 

.18 .81 

.21 .36 

forsterite 
enstatite 

2 features?, diopside? 

forsterite? 
continues on next page 
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continued from previous page 

mean 
A 

mm max mean 
FWHM 

min max 
Identification 

33 micron complex 
32.2 
32.8 
32.97 
33.6 
34.1 
34.9 
35.9 
36.5 

32.06 
32.56 
32.96 
33.45 
33.93 
34.67 
35.76 
36.44 

32.51 
33.03 
32.99 
33.71 
34.36 
35.35 
36.20 
36.72 

.46 

.60 

.20 

.70 

.36 
1.36 
.53 
.39 

.24 .75 

.36 1.00 

.11 .28 

.52 1.15 

.17 .74 

.63 1.88 

.37 .88 

.25 .97 

diopside? 

instrumental artifact 
forsterite 
diopside? 
clino-enstatite? 
ortho-enstatite? 
forsterite +? 

40 micron complex 
39.8 
40.5 
41.8 
43.0 
43.8 
44.7 

39.44 
40.34 
41.52 
42.55 
43.30 
44.39 

40.36 
40.80 
42.11 
43.07 
44.05 
45.13 

.74 

.93 

.72 

.89 

.78 

.58 

.21 2.57 

.53 1.53 

.42 1.73 

.51 1.59 

.41 3.01 

.42 1.16 

diopside? 
enstatite (a blend?) 
41 micron plateau 
cryst. H20-ice + clino-enst. 
ortho-enstatite 
clino-enstatite, diopside? 

60 micron complex 
52.9 
62. 

69.0 

51.40 
61.24 

68.79 

56.55 
65.56 

69.15 

3.11 
11.80 

.63 

1.75 5.91 
4.67 15.29 

.46 1.04 

cryst. H20-ice 
cryst. H20-ice (62 micron) + 
enstatite?, diopside? (65 micron) 
forsterite 

Remaining features 
13.5 
13.8 
14.2 
20.7 
21.5 
26.1 
47.7 
48.6 
90.9 

13.40 
13.74 
14.15 
20.54 
21.35 
25.91 
47.55 
48.34 
89.59 

13.60 
13.90 
14.28 
20.84 
21.65 
26.29 
47.83 
49.07 
91.12 

.25 

.20 

.28 

.31 

.35 

.57 

.97 

.61 
14.44 

.17 .44 

.16 .23 

.18 .55 

.16 .84 

.15 .79 

.22 1.10 

.78 1.85 

.44 1.37 
12.72 17.63 

responsivity 
enstatite, responsivity? 
enstatite, responsivity? 
silica?, diopside? 

forsterite + silica? 
FeSi?, a silicate 
a silicate 

Table 7.3: The characteristics of the different features. The 
mean A (FWHM) is the average wavelength (Full Width Half 
Max) of the feature, with the errors taken into account. A 
(FWHM) min and max are the minimum and maximum 
value found in the sample. 

In Table 7.3 we have grouped all features seen in at least 2 stars and indicated their 
wavelength and FWHM limits. In principle we assigned one feature to one spectral 
structure. If in at least two stars a spectral structure was split into two different com
ponents we assigned two features to it. If in other stars these two features could not be 
separated we assumed them being heavily blended and measured them at once. We 
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f*>A N. « rv / i rv •_ i flOY\ 

A (//m) , * * & * s $ b ^ 
IRAS09425 
NGC6537 
NGC6302 
MWC922 
AC Her 
HD45677 
89 Her 
MWC300 
VY2-2 
HD44179 
HD161796 
OH26.5+0.6 
Roberts 22 
HD179821 
AFGL4106 
NML Cyg 
IRC+10420 

A (//m) 
IRAS09425 
NGC6537 
NGC6302 
MWC922 
AC Her 
HD45677 
89 Her 
MWC300 
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Table 7.4 The presence of the features which are seen in at least three different SWS spectra of 
our sample, + means emission, - is absorption, o means no good data available, 2 implies that 
a feature split in 2 separate features in this source and X followed by x means all present, but 
measured as one feature. The X indicates the begin of the combined features. For MWC922 the 
blend of the 9.1 and 9.5 and for OH26.5+0.6 the blend of the 23.0 and 23.7 micron features are 
in absorption, while all other blends are in emission. 
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CHAPTER 7. OVERVIEW 

allowed the features to show a small shift in wavelength position. These shifts are in
dicated in Table 7.3 and Fig. 7.26 to Fig. 7.39. This method leads to a minimum number 
of features to analyse all spectra. 

Measured blends and uncertain features were not taken into account for the values 
in Table 7.3. The one exception is the 16.9 micron feature. In one star it was found to 
be split into two different components, while in all other stars it was blended. 

In the same table we also report to which mineral the feature could be traced back, 
which will be extensively discussed in Sec. 7.4. We decided not to discuss the C-rich 
features which are found in many of the disk sources, although they are measured and 
given in Table 7.2. 

The mean spectra of the different complexes are shown in Fig. 7.5 to Fig. 7.11. The 
complexes of the individual stars are found in the Appendix in Fig 7.26 to Fig 7.39. In 
the next subsections we discuss these different complexes for all stars. We point out 
that the individual disk source and outflow source spectra show significant source to 
source variations in shape and strength of the spectrum. Nevertheless, clear trends can 
be seen that are most obvious in the mean spectra. 

Table 7.4 gives a schematic quick-look overview of what features are found in what 
star. We indicated by different symbols the blends and the features which were uncer
tain. From this table the effect of different temperatures of the dust shells in our sample 
is clearly seen; objects with warm dust tend to show prominent bands at short wave
lengths, while stars with cold dust have strong bands at long wavelengths. For exam
ple, AC Her, HD45677 and 89 Her show prominent features in the 10 micron regime, 
while they show some absence at the longer wavelengths, although for HD45677 this 
also has to do with the absence of an LWS spectrum. 

7.3.1 10 micron complex (7 - 13 //m) 

In Fig. 7.5 the mean 10 micron complexes are shown. The mean disk spectrum is only 
based on the 3 stars which show an O-rich dust spectrum in this area, AC Her, HD45677 
and 89 Her. The mean outflow spectrum is based on the outflow sources which show 
the silicates in emission, i.e. we have not used the absorption spectra of NML Cyg and 
OH26.5+0.6. The mean outflow spectrum is dominated by the broad feature, which 
peaks at a wavelength of about 10.6 //m, which at longer wavelengths than the center 
of the absorption feature in NML Cyg and OH26.5+0.6. 

In the mean disk spectrum several narrow features are found, at about 8.3, 9.14, 
9.45, 9.8, 10.7, 11.05 and 11.4 pm. We note that it is likely that there is also a (small) 
contribution from the broad band in the 10 micron complex spectra of the disk sources. 
Its shape and peak position seems somewhat different from that seen in the outflow 
sources. However, we want to stress that significant source to source variations are 
apparent in the individual spectra (see Fig 7.26 and 7.27). 

In MWC300 it seems that there is absorption in this complex. We will come back to 
this point in Sec 7.4.2. 
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Figure 7.5 The normalised mean 10 micron complex spectrum of the disk and 
outflow sources. The normalised mean spectrum for the disk sources is derived 
from AC Her, HD45677 and 89 Her, the normalised mean spectrum for the outflow 
sources is derived from all spectra except OH26.5+0.6 and NML Cyg. 

7.3.2 18 micron complex (15 - 20 //m) 

In Fig. 7.6 the mean 18 micron complexes are shown for the disk and outflow sources, 
the individual spectra are shown in Fig 7.28 and 7.29. OH26.5+0.6 shows an absorp
tion the 18 micron complex for both the amorphous and crystalline silicates. There
fore, we have multiplied this spectrum with — 1 before adding it to the mean spectrum. 
NML Cyg does show amorphous silicate absorption at 18 micron, however the crys
talline silicates are already in emission. For this spectrum we did not apply an extra 
multiplication before adding. We checked how large the adding of these two spectra 
was on the mean outflow spectrum, and it appeared to be only very marginal. The 
main effect was that it improved the S/N therefore we included them in the mean 
outflow spectrum. 

The mean outflow spectrum at 18 micron is dominated by the massive high flux 
outflow sources AFGL4106 and IRC+10420. However removing these two spectra 
from the mean spectrum gives a very similar result. It is clear that in some stellar 
spectra the fringing is not completely removed, which results in fringing found in the 
'mean' spectra, especially from 18 to 19.5 ^m. 

The 18 micron complex can be divided into narrow features at 15.2, 15.9 (with a 
shoulder at 16.2), 16.5, 16.9, 17.5, 18.0, 18.9 and 19.5 ftm. In both classes the same 
narrow features are found. In all sources there are at least indications for the presence 
of amorphous silicates. However, there is a clear distinction between the outflow and 
the disk sources. The outflow sources show a more smooth structure due to the larger 
abundance of amorphous silicates (see Paper I). The presence of the crystalline silicates 
(the narrow peaks) are most prominent in the disk-sources. Another difference is the 
weakness or absence of the 19.5 micron feature in the outflow sources. 

The 18.9 micron feature is strongest in HD44179, it is found in both the AOT01 
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Figure 7.6 The normalised mean 18 micron complex spectrum of the disk and 
outflow sources. All sources are used but OH26.5+0.6 has been multiplied by -1 
since all features are in absorption. 

as well as the AOT06 spectra (both in the up and down scan), which makes it very 
trustworthy. Another structure that is strong and nicely separated in HD44179 is the 
triple structure on top of the 18.1 micron feature. Again it is found in both datasets and 
in the up and down scans, and also other sources show similar structure as is evidenced 
by the mean spectra. Higher resolution and better signal to noise will probably unveil a 
same kind of structure in the other stars where it is not yet seen. It can not be excluded 
that in the other spectra these solid state bands blend into one feature, although the 
other bands in HD44179 are not especially narrow, but relatively broad. 

In several disk sources there is evidence for (a kind of) broad absorption feature 
around 17 /im. This is most clear for MWC300, but also AC Her, MWC922 and less 
clearly NGC6302 and IRASO9425-6O40 show similar structure in their spectra. The 
question arises whether this is an absorption feature, or continuum flanked by strong 
emission features. A detailed discussion will be presented in Sec 7.4.3. 

7.3.3 23 micron complex (22. - 25.5 fim) 

The mean 23 micron disk and outflow complexes are shown in Fig. 7.7, the individual 
spectra are shown in Fig 7.30 and 7.31. OH26.5+0.6 shows an absorption spectrum in 
the 23 micron complex for both the amorphous and crystalline silicates. Therefore, we 
have multiplied this spectrum with —1 before adding it. Also in this case we checked 
its influence on the mean spectrum and it was almost negligible. 

The complex is much less influenced by the presence of the amorphous silicates, 
therefore the crystalline silicates are more prominent both for the disk and outflow 
sources. The complex can be divided into 6 (blending) features at 22.4, 23.0, 23.7, 23.9, 
24.5 and 25.0 /im. These last two features form the 25 micron plateau. The 23.9 micron 
feature is only seen in the spectra of MWC 922, AC Her and OH26.5+0.6. In the last 
object it is found in absorption. 
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Figure 7.7 The normalised mean 23 micron complex spectrum of the disk and 
outflow sources. All sources are used but OH26.5+0.6 has been multiplied by -1 
because all features are in absorption. 

The main difference between the (mean) complexes of the disk and the outflow 
sources is the strength of the 23.0 and 23.7 micron features. The relative strength of the 
23.7 micron feature compared to the 23.0 micron feature is higher in the disk sources 
than in the outflow sources. We note that this is an average result and variations exist 
from source to source. 

Another difference is found in the fact that the 25 micron plateaus in the outflow 
sources do not show a strong 24.5 micron feature which is seen in the spectra of the disk 
sources. A second difference is the steep rise of the 23.0 micron feature, which is seen 
in most outflow sources, but not in the disk sources. Finally, we note that in almost 
all outflow sources there is a sharp drop around 22.5 fim, while this is not found or at 
least much less prominent in the disk sources. 

7.3.4 28 micron complex (26.5 - 31.5 /an) 

In Fig. 7.8 we show the mean 28 micron complexes for both the disk and outflow 
sources, the individual spectra can be found in Fig 7.32 and 7.33. For 4 sources the com
plete wavelength coverage was not available as can be seen by the straight lines in the 
spectra of Roberts 22, AFGL4106, NML Cyg and IRC+10420. These stars have there
fore not been taken into account for the mean spectra. This especially influences the 
mean outflow spectrum, since apart from the 3 sources without a complete wavelength 
coverage, there is one source which goes from absorption into emission around these 
wavelengths and 2 sources are severely affected by noise. Therefore the mean outflow 
spectrum in this wavelength region should be treated with caution. This wavelength 
range is dominated by SWS band 3E (« 27.5-29.2^m), whose flux and relative spectral 
response calibration are somewhat more uncertain than for the other bands. Neverthe
less, our large sample permits us to draw conclusions about the features present in this 
wavelength range. 
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Figure 7.8 The normalised mean 28 micron complex spectrum of the disk and 
outflow sources. All sources are used, except Roberts 22 for the mean disk spec
trum and AFGL 4106, NML Cyg and IRC+10420 for the outflow sources, because 
of limited wavelength coverage. 

This complex is built up from features at 26.8,27.6,28.2,28.8,29.6,30.6 and 31.2 fim. 
The 29.6 fim feature might be a blend itself, as indicated by the large variation in the 
peak position (Table 7.3). However one should be careful since there is an SWS band 
edge in the same region, better data is desirable for this wavelength range. 

Not all features in this wavelength range show a sharp peak. The 28.8 micron fea
ture does not show a clear peak, apart probably from MWC300, but has been intro
duced to explain the plateau between the 28.2 and 29.6 micron features. 

The 29.6 and 30.6 micron features seem related to each other. A strong 30.6 micron 
features corresponds to a strong 29.6 micron feature and vice versa. 

7.3.5 33 micron complex (31.5 - 37.5 fim) 

In Fig. 7.9 the 33 micron complexes are shown. The individual spectra are displayed 
in Fig 7.34 and 7.35. The shape of this complex bears similarities to the shape of the 23 
micron complex. Waters et al. (1996) noted the presence of 3 main components: at 32.8 
fim, at 33.7 fi.m and a plateau extending up to 37 /im, hereafter called the 35 micron 
plateau. However a closer look reveals much more structure. This is most clearly seen 
in the spectrum of NML Cyg (see Fig 7.35). There is a weak feature at 32.2 fim. The 33.7 
micron peak is split into at least two features, peaking around 33.6 and 34.1 /urn. Since 
these two features are seen in both the AOT01 and the AOT06 data of NML Cyg and in 
the spectra of HD179821 and AFGL4106 we are convinced that these structures can be 
trusted. The plateau shows some structure around 36 fim. It seems that it can be split 
in three features, at 34.9, 35.9 and 36.5 fim. These feature are in most cases severely 
blended and just produce one broad feature (the 35 micron plateau). 

In the infrared bright outflow sources the 32.97 micron feature dominates, with 
IRC+10420 as the extreme case, while in the disk sources the 32.8 micron feature is rel-
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Figure 7.9 The normalised mean 33 micron complex spectrum of the disk and 
outflow sources. 

atively strong, with AC Her as the extreme case. However, the 32.97 micron feature co
incides with a feature in the responsivity curve. It is most prominently seen in the high 
flux sources and in our sample the outflow sources are on average much brighter than 
our disk sources. For comparison we also checked the bright C-rich source CRL2688 
and also this source shows this feature. It is also seen in the spectrum of other bright 
objects such as in Orion (Wright et al. 2000). This suggests that the responsivity curves 
for high flux sources differ somewhat from the responsivity curves for low flux sources. 
The 32.97 micron feature is than probably due to an imperfect responsivity profile at 
high flux levels, and might be related to the memory effects which this band experi
ences for high fluxes. 

Another interesting aspect for this complex is the fact that the features seem sharper 
for the outflow sources than for the disk sources. Also the highest luminosity sources 
and mass loss rates, the (post-)Red Supergiants, seem to have the sharpest peaks. Why 
this is not the case for the other complexes is not clear yet. The detailed shape of the 
plateau, especially at the short wavelength side, is somewhat difficult to determine 
due to the presence of the strong bands between 32.5 and 34.0 fim. The red edge of the 
plateau falls at 36.5 - 37 /y,m. This seems correlated with the sharpness of the strong 
bands in this complex. In the sources with the sharpest bands the plateau extends to 
36.5 fim while in most other sources the plateau extends to 37 ^m. 

The apparent difference between the disk and outflow sources in the strength ratio 
of the 32.8 and 33.6 micron features is totally due to the (post-)Red Supergiants, since 
the low mass sources show about the same strength ratio as the disk sources. It might 
be a good discriminator between (post-)AGB stars and (post-)Red Supergiants. 

7.3.6 40 micron complex (38 - 45.5 //m) 

The mean 40 micron complexes (shown in Fig. 7.10 and the individual sources in 
Fig. 7.36 and 7.37) have 3 prominent features, one at 40.5 fj,m and the often blended 
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Figure 7.10 The normalised mean 40 micron complex spectrum of the disk and 
outflow sources. 

features at 43.0 and 43.8 /im. In addition to these main features there is a kind of 
plateau visible from about 41 to 42.3 fim, hereafter called the 41 micron plateau, which 
is probably a blend of features, which could not be separated. Furthermore, at the short 
wavelength side of the 40.5 //m feature often a shoulder is seen around 39.7 fj,va and at 
the long wavelength side of the 43.8 micron feature a weak feature is present at 44.7 
/im. 

The main dissimilarity between the outflow- and the disk-sources is seen in the 
strength of the 43.0 and 43.8 micron features. In the outflow sources the 43.0 micron 
feature is often stronger and at least equally strong as the 43.8 micron feature, whereas 
in the disk-sources the 43.8 micron feature often dominates the 43.0 micron feature. 
Since the 43.0 micron feature is attributed to the crystalline water ice, we conclude that 
crystalline water ice is more abundant in outflow sources than in the disk sources. The 
same conclusion is drawn from the 60 micron complex (see Sec 7.3.7). 

Another difference between the disk and outflow sources is the blue edge of the 
40.5 micron feature. In the outflow sources it has a more gentle slope and it meets the 
continuum at wavelengths shortwards of 39.0 /im, while in the disk sources the slope 
is much steeper and ends usually at wavelengths longwards of 39.0 /mi. 

7.3.7 60 micron complex (50 - 72 //m) 

For this part of the spectrum not all sources were thoroughly reduced, therefore we 
will only mention the global trends and not go into the details. The 60 micron complex 
(shown in Fig. 7.11) consists of a broad band peaking at 60 - 65 ^m with a shoulder at 
52 micron. In Fig 7.38 and 7.39 the individual spectra are shown. In all disk sources, ex
cept for Roberts 22, we find a prominent and sharp 69 micron feature, while this feature 
is much less prominent in the outflow sources. It is interesting to note that Roberts 22 
also shows similarities to outflow sources in other respects, i.e. low crystalline over 
amorphous ratio (see Molster et al. 1999a; Chapter 6) 
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Figure 7.11 The normalised mean 60 micron complex spectrum of the disk and 
outflow sources. The normalised mean spectrum for the disk sources is derived 
from NGC6537, NGC6302, MWC922, HD44179 and Roberts 22, the normalised 
mean spectrum for the outflow sources is derived from all outflow source spectra. 

There are indications of a feature 57 fim, but this has not been measured separately. 
The strong, narrow peak seen at 63.18 /j,m is due to a fine-structure transition of [O I]. 

Disk and the outflow sources differ in the peak position of the 60 - 65 micron band. 
In the outflow-sources it generally peaks around 62 /^m, while in the disk-sources it 
peaks at about 65 micron (with Roberts 22 as the exception). Shifting to longer wave
lengths seems related with a decreasing 52 micron shoulder, and increasing strength of 
the 29.6 and 30.6 micron features. 

7.3.8 Remaining features 

In Fig 7.12 we show typical examples of the other feature which were not attributed to 
one of the complexes. Some of these features tend to appear in most stars (C-rich and 
O-rich) and always in emission like the ones at 11.05,13.6 (with a shoulder at 13.8) and 
14.2 micron and are therefore believed to be (partially) instrumental. The strength of 
these features differs from source to source. It should also be noted that in some C-rich 
stars features are seen at these wavelengths up to 50% times continuum, which is far 
more than expected for an instrumental feature. For these cases we attribute them to 
PAHs (Tielens et al. 1999). 

Real features are present at 20.7,21.5,26.1,47.7 (with a shoulder at 48.7) and 91 fim. 

HD45677 and OH26.5+0.6 both show a feature around 38 ^m, in both scan direc
tions. The width of these two features is quite similar, but the peak positions differ 
about 0.4 fim. Because of this difference and the fact that it is not seen in the other 
stars, this feature should be treated makes us suspicious about this feature. 
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Figure 7.12 An overview of the remaining features, the dashed line is the nor
malised mean spectrum for disk sources and the dotted line for outflow sources. 
There is no 90 micron feature detected in the outflow sources. 
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Figure 7.13 The mass absorption coefficients of forsterite derived from different 
laboratory measurements by, Koike et al. (1999; solid line), Jager et al. (1998; dotted 
line), Koike et al (1993; dashed line). The Jager et al. data has been multiplied by a 
factor 2 to match the other measurements 

7.4 Identification 

In this section we will first discuss some of the laboratory measurements of crystalline 
silicates that may be present in the circumstellar shells. Waters et al. (1996) identified 
most of these features with olivines (Mg2lFe(2_2x)Si04) and pyroxenes (Mg^Fei _rSi03), 
with 1 > x > 0. It turned out that the best match with the observed features was found 
for x = 1 (see also Section 7.4.8), called forsterite (Mg2Si04) and enstatite (MgSi03). 
We will show the similarities and the differences between different laboratory datasets 
of these materials. The cause of these differences will be discussed. Finally, we will 
discuss the identifications for the different features per complex. 

7.4.1 Laboratory measurements of crystalline silicates 

In order to understand and identify the different features found in the infrared spectra 
of the dust around evolved stars, good laboratory spectra are necessary. Most labo
ratory spectra do agree on a global scale, but detailed comparison often reveals quite 
some uncertainties. In Fig. 7.13, 7.14 and 7.15 we show different laboratory results for 
the same materials. It is clear that although the average trends are very similar, there 
are significant differences in the details, e.g. strength ratios. 

The general trend in the 3 datasets of forsterite in Fig 7.13 is the same. Forsterite 
has two strong features in the 10 micron region, two prominent features in the 18 mi
cron region, a strong band in the 23 micron complex and a strong band in the 33 micron 
complex, furthermore there is a weaker contribution in the 28 micron complex. A more 
detailed examination reveals quite some differences between the laboratory datasets. 
Peak positions are not identical, this might be a grain shape effect, since the position 
(and shape) of the forsterite features are grain shape dependent. The difference in the 
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Figure 7.14 The mass absorption coefficient of clino-enstatite derived from dif
ferent laboratory measurements by, Koike et al. (1999; solid line), Jager et al. (1998; 
dotted line), Koike & Shibai (1998; dashed line). This last dataset only extends to 
39 /im. 

peak position of the 23.7 micron feature for spherical particles and for a continuous 
distribution of ellipsoids is almost 1 ^m. Therefore small differences between the lab
oratory spectra and the ISO spectra can be expected and do not lead to a rejection of 
our identifications. The Jager et al. dataset shows extra features at 9.3, 40.7 and 43.3 
^m, these are probably due to enstatite inclusions. The measured absolute and relative 
strength of the features also differ. Notice that we scaled the Jager et al. data by a mul
tiplication of a factor 2, to match the other studies. At the moment, the origin of this 
difference is unclear. 

For enstatite there are two crystallographic configurations, the rhombic structure 
(ortho-enstatite) and the monoclinic structure (clino-enstatite). On earth the ortho-
enstatite is most common, but enstatite found in meteorites and produced via melting 
in laboratories often is of the clino-enstatite type. The structure of the enstatite grains 
is related to its thermal history, which makes them in principle a suitable candidate to 
explore the dust conditions when these grains were formed. Below 40 //m there is not 
much difference between the spectra of clino- and ortho-enstatite. The main differences 
are found in the 40 and 60 micron complexes. 

In Fig 7.14 we plot the mass absorption coefficients of clino-enstatite derived from 
three different laboratory samples, datasets. Again the general trend is very similar: a 
lot of structure in the 10 micron complex, at least 7 different features can be found here, 
a strong feature peaking slightly longwards of 19 fim and decreasing to longer wave
lengths with a lot of substructure. Enstatite has several modes in the 40 micron com
plex, where forsterite is relatively smooth. In this wavelength region it also becomes 
possible to distinguish between clino- and ortho-enstatite, which is very difficult be
low 40 ,um, and this spectral region provides a prime probe for the enstatite particles. 
Unfortunately, the datasets do not agree in this wavelength region. The sample prepa
ration of the Jager 1998 sample is likely responsible for the absence of the 44.7 micron 
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Figure 7.15 The mass absorption coefficient of ortho-enstatite derived from dif
ferent laboratory measurements by, Koike et al. (1999; solid line), Jager et al. (1998; 
dotted line), Koike & Shibai (1998; dashed line). The Jager et al.(1998) data is con
taminated with talc at 9.8,14.9 and 21.5 and 25.4 /mi. 

feature in their data (Jager, private communication). A careful examination of the ISO 
spectra with the laboratory data convinced us that the Koike 1999 dataset (Koike et al. 
1999) best represents the features found in our ISO spectra. 

The spectrum of ortho-enstatite (Fig 7.15) is a clear example why the purity of the 
laboratory samples always should be checked. The data from Jager et al. (1998) is 
contaminated by talc, producing all kinds of spurious features. Up to 40 /an, the ortho-
enstatite is very similar to the clino-enstatite. The feature at 33.0 fira in the Koike 1993 
dataset (Koike et al. 1993) could not be reproduced by other measurements and is 
therefore not believed to be real. 

These three examples show that one should be careful when applying a dataset 
from the literature, especially if it has not been checked on chemical homogeneity, 
particle size and shape distribution. The homogeneity is not only important for the 
natural samples, which often contain inclusions of other materials (see e.g. Jager et al 
(1998); Chapter 2), but also the synthetic samples are not always homogeneous. This 
can lead to different results. The size and shape of the dust particles can influence the 
strength and position of the solid state bands. 

Furthermore, the way these crystals were formed might result in different infrared 
spectra. Enstatite crystals which are formed from the vapour phase in a low density hot 
gas environment often produce structures in which one of the crystallographic axes is 
severely depressed (Bradley et al. 1983 and references therein). This is thought to be the 
situation in the outflows of mass losing stars. Therefore the absence or weakness of one 
of the laboratory bands in the stellar spectrum might be related to this phenomenon. 

Diopside (MgCaSi206) is another silicate with possible astrophysical relevance, This 
material shows peaks at (19.5, 20.6, 25.1, 29.6, 32.1, 33.9, 40.1, 44.8 and 65.7 pm). In 
Fig. 7.16 we show two laboratory measurements of this material. Several peaks in 
the diopside laboratory spectra coincide with features found in our ISO spectra, but 
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Figure 7.16 The mass absorption coefficient of diopside derived from different 
laboratory measurements by, Koike et al. (1999; solid line) and Jager (private com
munication). 

there are some problems with the strength. Many of the strongest features in diop
side longwards of 20 fj.m, are only weak peaks in our spectra, e.g. the 20.7, 25.1 and 
32.1 micron features. So, either diopside is much colder than the other dust species, 
which is somewhat unlikely (although the feature at 65.7 ^m could nicely explain the 
red part of the 60 micron feature (see Sec. 7.4.8)) or its abundance is rather low. A third 
possibility might be a depression of one of the crystallographic axes, by which features 
can be reduced. We have no information of diopside about the crystallographic axes 
at these wavelengths, so we cannot check this. However, it seems very unlikely that 
three of the strongest features are due to one crystallographic axes which should also 
be depressed. So, diopside is not expected to contribute much in the SWS wavelength 
regime. We therefore do not take this mineral further into account. 

In the following subsection we will use the Koike 1999 dataset for the identifica
tions, since that is thought to be the best and most pure one. However, one should 
realize that small wavelength shifts (2%) are found between the different laboratory 
samples, all of them claimed to be pure forsterite. Small defects in the ordering of 
the atoms might lead to these differences. It is likely that similar differences are also 
found for the grains in space/ One should also realize that the laboratory datasets 
were measured at room temperature, while most dust grains are much colder. A lower 
dust temperature often shifts the wavelengths of the peaks to shorter wavelengths and 
strengthen the features (see e.g. Henning & Mutschke 1997). 

7.4.2 10 micron complex (7 - 13 //m) 

In Fig 7.17 we show the mean disk and outflow source spectra together with the Koike 
1999 dataset. We subtracted a kind of continuum from these datasets, in the same way 
as we did for the infrared spectra of our sources, in order to get a better comparison 
between the laboratory and ISO data. This continuum subtracted dataset is also used 
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Figure 7.17 The normalised mean 10 micron complex spectra together with the 
forsterite (F; +2.3E4) and clino-enstatite (C; +5E3) and ortho-enstatite (O) mass ab
sorption coefficient spectra in this wavelength range. The forsterite and clino en-
statite spectra are shifted. The gray lines indicate the features found in our spectra, 
with their spread in peak position indicated above the plot. The amorphous silicate 
peak has not been indicated. 

in the other complexes. Note the similarities between the clino and ortho-enstatite 
samples. 

The broad feature in the 10 micron complex is thought to originate from amorphous 
silicates. This feature peaks at a relatively long wavelength, which can be an indication 
for the presence of large grains in the outflow (see e.g. Chapter 3). In Fig 7.18 we show 
this effect for spherical olivine grains (MgFeSi04; Dorschner et al. 1995). Note the shift 
in peak position and the broadening with increasing grain size. However, not only the 
grain size can influence the appearance of the feature, also compositional changes can 
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Figure 7.18 The Qabs for spherical olivine grains (MgFeSi04; Dorschner et al. 
1995) for different grain sizes: 0.01 pern (solid line), 0.1/tm (dotted line), 0.3/xm (short 
dashed line), l.Ofim (long dashed line), 3.0/vm (dashed dotted line). The curves 
were scaled to get an equal strength around 10 pm and then offset from each other. 

change the feature width and position (see e.g. Tielens 1990; Dorschner et al. 1995; 
Demyk et al. 1999). 

In the mean disk spectrum, several sharp features are present which might be iden
tified with crystalline silicate features. The forsterite feature, found in the laboratory 
data at 11.3 //m, seems somewhat red-shifted, while the other strong forsterite feature 
at 10.0 fim in the laboratory data seems blue-shifted. It should be noted that these 
shifts are within the differences seen between the different laboratory datasets. Ac
cording to the laboratory data enstatite would peak between and around the forsterite 
peaks, causing a severe blend of the features which hampers identification of the sepa
rate features. The strong band at 9.3 /im in the enstatite laboratory data seems split into 
two components in the stellar spectrum. A hint of this splitting is already seen in the 
laboratory data. The 10.7 micron band in the ISO data coincides nicely with one of the 
strongest enstatite bands. The enstatite band at 11.7 pm in the laboratory data is likely 
blended with the strong forsterite feature found at 11.3 fim in the laboratory data. This 
blend might also explain the (apparent) red-shift of the forsterite band in our ISO-data. 

It is worth to note here the spectrum of one of the sample stars MWC300 (see 
Fig. 7.26). In MWC300 it seems that there is amorphous silicate absorption. The E(B-V) 
to this star is 1.19 (Voors 1999) which corresponds to an Ay of 3.7, assuming a normal 
reddening law. This would correspond to a r97 = 0.25 using the law of Sandford et al. 
1995. Based on the ISO spectra we derived r 9 7 = 0.13 ± 0.03. The interstellar extinction 
curve presented by Roche & Aitken (1984) would give r9.7 = 0.2, which still above the 
observed r9.7. The lower value from the ISO data suggests that the shape and strength 
of this feature is not only due to interstellar absorption. A natural explanation would 
be that the interstellar absorption profile is filled in by circumstellar emission. The cen
tral wavelength of this broad circumstellar emission feature is likely shifted from the 
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9.7 firn interstellar absorption peak, because the observed profile does not look like the 
typical interstellar absorption profile. This shift to longer wavelengths might be ex
plained by large grains (see Fig 7.18). Large grains would not significantly contribute 
to the E(B-V) because of the grey extinction properties of these grains. 

7.4.3 18 micron complex (15 - 20 //m) 

The mean spectra of the 18 micron complex are shown in Fig 7.19 together with the 
laboratory spectra of forsterite and both types of enstatite. Note that the difference 
between clino and ortho-enstatite is only marginal in this wavelength region and these 
two forms cannot be distinguished. 

Forsterite shows features around 16.3,18.2 and 19.6 and a shoulder at 19.0 /jm (see 
Koike et al. 1999 and Chapter 3), while enstatite shows features around 15.4,17.6,18.5 
and 19.5 pm (see Koike et al. 1999 and Chapter 3). The laboratory data of these sili
cates are only slightly (0.1/jm) shifted from the peak positions found in our ISO-data. 
Because all expected peaks are found, not only in this wavelength range but also in the 
other complexes, the identification of enstatite and forsterite is unambiguous. How
ever, the peak strength of the features is not as expected. According to the laboratory 
data the peak at 19.5 /im should have been by far the strongest feature in this complex. 
This is not observed and cannot be explained by temperature effects. Since there are 
also unidentified features at 16.0 and 16.9 ̂ m it is likely that more dust components are 
present. These dust species might also contribute at other wavelengths in this complex 
and therefore change the apparent strength ratios of the different features. The 18.1 
and especially the 18.9 micron features are likely to have some extra excess besides the 
forsterite and enstatite. 

In the previous section we discussed already the spectrum of MWC300, since it 
showed evidence of circumstellar extinction on top of interstellar absorption. Also the 
18 micron complex has evidence for this statement. The 18 micron complex spectrum 
of MWC300 shows a profile that is reminiscent of absorption (see Fig. 7.28). It is too 
narrow to be solely explained by interstellar amorphous silicate absorption. However 
it could be interstellar absorption partially filled up with circumstellar emission, as al
ready has been discussed in the previous section. If the circumstellar grains are larger 
than the interstellar grains, something which is expected in a disk-source environment, 
the amorphous silicate feature would shift to longer wavelengths (see Fig 7.18). This 
might explain why we see absorption at relatively short wavelengths, due to interstel
lar silicates, and emission at the longer wavelengths, due to circumstellar silicates. The 
crystalline silicates also influence the shape of this feature. The 18.1 and 16.2 micron 
features are located at the positions of the rise in the 'absorption' feature. This also 
leads to a change in the feature appearance and is another proof of silicate emission 
together with interstellar absorption. We exclude the possibility of no absorption at 
all and only emission features, because this would lead to a broad emission plateau 
between the 10 and 18 micron region, which has not been observed in other stars. The 
narrow absorption like profiles are also found in the spectra of MWC922, AC Her, 
IRAS09425-6040 and NGC6302 (see Fig.7.28). However, in most of these cases it is 
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Figure 7.19 The normalised mean 18 micron complex spectra together with 
the forsterite (F; +1.3E4) and clino-enstatite (C; +6E3) and ortho-enstatite (O) 
mass absorption coefficient spectra in this wavelength range. The forsterite and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in our 
spectra, with their spread in peak position indicated above the plot. The amor
phous silicate peak has not been indicated. 

caused by a strong 16.2 and 18.1 micron features. This is evidenced by the decrease of 
the flux (in the continuum subtracted spectra) on the blue side of the blend of the 15.9 
and 16.2 micron features. This drop is not seen in MWC300 and probably MWC922. 
The last star has an E(B-V) = 2.0 (Voors 1999). The similarity of the spectrum with 
MWC300 and the high E(B-V) suggest that also here interstellar absorption plays a role. 
However, this cannot be proved in the 10 micron complex because it is dominated by 
PAH features. 

The 16.5 micron feature is only seen in two stars, which both show PAH emission 
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Figure 7.20 The normalised mean 23 micron complex spectra together with 
the forsterite (F; +1.1E4) and clino-enstatite (C; +7E3) and ortho-enstatite (O) 
mass absorption coefficient spectra in this wavelength range. The forsterite and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in our 
spectra, with their spread in peak position indicated above the plot. 

at the shorter wavelengths. There is a known PAH feature at about 16.4 /im (van Ker-
ckhoven C. et al. 2000), so we tentatively identify this feature with PAHs. 

7.4.4 23 micron complex (22 - 25.5 /zm) 

The mean spectra of the 23 micron complex are shown in Fig 7.20 together with the 
laboratory spectra of forsterite and both types of enstatite. Clino and ortho-enstatite 
show similar spectral structure, but the strength ratio of the main peaks is reversed. 

Both forsterite and enstatite have solid state bands in this wavelength range. These 

147 



CHAPTER 7. OVERVIEW 

two components can account for some of the observed structure. The 23.7 micron 
feature has been attributed to forsterite, 'while the 23.0 and 24.5 micron features coin
cides with enstatite features. However, since the strength of these two bands are not 
correlated (in the outflow sources the 24.5 micron feature is weak and the 23.0 micron 
relatively strong) it is expected that, at least one, of these two feature has a contribution 
from another dust species. 

The 22.4 and 25.0 micron feature still lack identification, they seem not to be cor
related with the other features in this complex. In most outflow sources we see a 
drop around 22.5 fim. Since absorption at these wavelengths is not expected (for most 
sources), it is either caused by emission features at both sides, or due to responsivity. 
Since it is not seen in the disk sources and the two emission features are found in sev
eral sources, we attribute the 22.5 /jm drop to the narrowness of the crystalline silicate 
features in the outflow sources. 

7.4.5 28 micron complex (26.5 - 31.5 fim) 

The mean spectra of the 28 micron complex are shown in Fig 7.21 together with the 
laboratory spectra of forsterite and both types of enstatite. In this complex the spectra 
of ortho and clino-enstatite start to deviate slightly from each other. 

Laboratory measurements show that forsterite has two features in this wavelength 
range: a strong band at 27.5 /im and a weaker (K 1/3 of the 27.5 fim) feature at 31.2 
/jm. This second feature seems to disappear if Fe is included in the lattice structure 
(see Jager et al. 1998; Koike et al. 1993). The spectrum of NGC6537 is remarkable in 
this respect, since it does show the typical forsterite feature and even a 69 micron fea
ture (indicating that the forsterite is very magnesium rich, see Sec 7.3.7 and Chapter 2), 
while there is no indication of a 31.2 micron feature. It is even more remarkable consid
ering the fact that the spectrum of NGC6537 is very similar to that of NGC6302 which 
shows the most prominent 31.2 micron feature in our sample. This raises some doubt 
about the forsterite identification of the 31.2 micron feature in the ISO spectra and we 
leave this to future research. 

The 28.2 micron feature, often blended with the 27.5 micron feature, is most likely 
due to enstatite, although it is not clear why there is no evidence for an almost equally 
strong 26.5 micron feature, which is seen in the laboratory transmission spectra (Jager 
et al. 1998; Koike et al. 1999). The weak 26.9 and 28.7 micron features as well as 
the relatively strong 29.6 and 30.6 micron features are not well described by forsterite 
and/or enstatite. For the latter two features this is very clear in the fit to the spectra of 
NGC6537 (Fig 8.8) and NGC6302 (Fig 8.9) (see Chapter 8). 

The strength of 29.6 and 30.6 micron features are correlated. This would imply that 
they are originating from the same dust species. No identification has been made yet. 

7.4.6 33 micron complex (31.5 - 37.5 /xm) 

The mean spectra of the 33 micron complex are shown in Fig 7.22 together with the 
laboratory spectra of forsterite and both types of enstatite. There is a shift between the 
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Figure 7.21 The normalised mean 28 micron complex spectra together with 
the forsterite (F; +8.5E3) and clino-enstatite (C; +3.5E3) and ortho-enstatite (O) 
mass absorption coefficient spectra in this wavelength range. The forsterite and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in our 
spectra, with their spread in peak position indicated above the plot. 

peaks of clino and ortho-enstatite, with the peaks around 36 fxm as the best example. 

Both forsterite and enstatite have features in this wavelength range. The band at 
33.6 ^m is identified with the strong resonance peak of forsterite. The strongest en
statite peaks are found around 36 micron (35.3 ^m for clino-enstatite and 36.1 fim for 
ortho-enstatite). They might be the carriers of the circumstellar 34.9 and 35.9 micron 
features. They are likely the main contributors to the plateau, which is nicely seen in 
Fig 8.7 to 8.18 (Chapter 8). The 36.5 micron peak also falls into the plateau regime. 
Forsterite does show a peak at these wavelengths, which would suggest that the long 
wavelength end of the plateau should be correlated with the strength of the 33.6 mi-
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Figure 7.22 The normalised mean 33 micron complex spectra together with 
the forsterite (F; +6E3) and clino-enstatite (C; +3E3) and ortho-enstatite (O) 
mass absorption coefficient spectra in this wavelength range. The forsterite and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in our 
spectra, with their spread in peak position indicated above the plot. 

cron forsterite peak. However, this correlation is not found in our sample. Also, the 
strength of the laboratory 36.5 micron feature is too weak to explain the strength of 
the 36.5 micron feature seen in some sources, e.g. MWC922. The fits to the plateau in 
Chapter 8 make clear that we are also still missing a component that peaks at 34.5 fim. 

If the red-edge of the plateau is due to ortho-enstatite, than the difference in the 
extension of the plateau (36.5 //m for the outflow objects and 37 /jm for the disk sources) 
could be explained by a larger percentage of clino versus ortho enstatite. However, this 
is in contrast with what has been found in the analysis of the 40 micron complex (see 
Sec 7.3.6). 
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Laboratory spectra of enstatite do show peaks at 33.0 and 34.0 /im, but these are 
much weaker than the enstatite features seen in the plateau. This is probably not a 
big problem for the 34.1 micron feature; although the observed feature is narrower 
than seen in the laboratory, this is also the case for more features. The 34.1 micron 
feature is a typical example of a feature that often does not show a sharp peak but 
seems necessary to add to fit the spectrum. Since there is no correlation found with the 
33.6 or 34.9 micron feature it is not expected to be related to the non-Gaussian shape 
of these features, but instead is due to another, not yet identified, dust component. We 
note that the 32.97 micron feature in high flux sources is due to incorrect responsivity 
curves. The 32.2, and 32.8 micron features still lack solid identifications. 

7.4.7 40 micron complex (38 - 45.5 /<m) 

In Fig 7.23 we show the mean spectra and the laboratory spectra of forsterite and both 
types of enstatite. The clino-enstatite feature at 44.9 /im, which we identify with the 
44.7 micron feature, is the first feature which is completely different from the ortho-
enstatite features and therefore a good benchmark for the clino to ortho enstatite ratio. 

The 40.5 micron feature is probably caused by enstatite, since laboratory spectra 
of both ortho- and clino-enstatite show a peak at this position. The 40.5 micron fea
ture shows large source to source variations in the peak positions, the extremes being 
IRAS09425-6040 (40.35 ^m) and HD179821 (40.80 ,an). This may indicate that two dif
ferent dust components are responsible for the emission in the 40.5 /im range. It should 
be noted that these two components are not seen separately, which indicates that, if 
present, they severely blend. Although it cannot be excluded at the moment that it is 
just one solid state, which can shift quite dramatically, we have other indications for a 
second component in the 40.5 micron feature. The fit to the spectra of HD179821 and 
AFGL4106 (see e.g. Fig 8.17 and 8.18 in the next Chapter 8) demonstrate that in these 
cases another dust component is necessary to explain the strength of the features. 

The 43.8 micron feature can probably be explained with ortho-enstatite. The strength 
ratio between the 40.5 and 44.7 micron features might therefore give an indication of 
the clino-enstatite over ortho-enstatite ratio. However, one would expect that this dif
ference is also seen at the long wavelength edge of the 35 micron plateau and there 
is no correlation found in that spectral regime. This indicates that other dust species 
influence the features attributed to enstatite features, as was already indicated for the 
40.5 micron feature. 

The 43.0 micron feature is attributed to crystalline H20-ice and clino-enstatite. It 
should be noted that the wavelength of the crystalline H20-ice feature can shift signifi
cantly with temperature, from 42.7 at 10 K to 44.7 at 140 K (Smith et al, 1994). Our peak 
positions indicate that the average ice temperature is around 40 K. This is a rather 
low temperature, although similar temperatures have been found for the H20-ice in 
AFGL4106 (Molster et al 1999b; Chapter 3) and NGC6302 (Lim et al. 2000; Chapter 4), 
based on a comparison of the strength and position of the 43 and 60 micron bands of 
H20-ice. This low temperature is most likely due to the very low absorptivity of water 
ice at visual and near IR wavelengths. The relative strength of the 43.0 micron feature 
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Figure 7.23 The normalised mean 40 micron complex spectra together with 
the forsterite (F) and clino-enstatite (C; +3.5E3) and ortho-enstatite (O; +1.2E3) 
mass absorption coefficient spectra in this wavelength range. The ortho- and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in 
our spectra, with their spread in peak position indicated above the plot. 

in the outflow sources compared to the disk sources suggests that crystalline H20-ice 
is more abundant in the outflow sources than in the disk sources. 

The 39.7 micron feature lacks identification, but there are indications that its strength 
shows an anti-correlation with the strength of the 44.7 micron feature. We therefore 
speculate that this feature is due to a reaction product of clino-enstatite and another 
(dust) species. 
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Figure 7.24 The normalised mean 60 micron complex spectra together with 
the forsterite (F; +2.7E3) and clino-enstatite (C; +1.6E3) and ortho-enstatite (O) 
mass absorption coefficient spectra in this wavelength range. The forsterite and 
clino-enstatite spectra are shifted. The gray lines indicate the features found in our 
spectra, with their spread in peak position indicated above the plot. 

7.4.8 60 micron complex (50 - 72 ^m) 

Fig 7.24 shows the mean spectra of the 60 micron complex and the corresponding spec
tra of forsterite and enstatite. We note that these silicates do only show sharp features 
in their lab spectra, while this complex is dominated by a broad feature. 

The 62 micron feature and the shoulder at 52 ^m, which is hardly seen in the disk 
sources and much more prominent in the outflow sources, is identified with crystalline 
H20-ice. In the disk sources the 62 micron band is red-shifted compared to the outflow 
sources. Laboratory data of crystalline H20-ice show only a small shift in peak position 
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of the 60 micron band with temperature. This shift is too small to explain the large 
differences in peak position between the disk and the outflow sources. This indicates 
that the 62 micron feature actually contains at least two solid state features: a 60 micron 
feature attributed to crystalline water ice and a 65 micron feature. The shift to shorter 
wavelengths in the outflow sources implies that the relative abundance of crystalline 
water ice is higher in the outflow sources, a conclusion which was also drawn on the 
basis of the 40 micron complex. 

The 65 micron feature has no firm identification. Diopside has been suggested and 
it shows a rather broad peaking at the right wavelength position. However, it raises a 
problem at the shorter wavelengths, since several other prominent bands of diopside 
are not seen (prominent) in the spectrum (see also Sec. 7.4.1). Enstatite shows some 
peaks in the 60-70 fim wavelength range, but since they are quite sharp in the labora
tory data (Koike et al. 1999) it is likely that other dust species also contribute to the 65 
micron band. These other dust species are likely related to crystalline silicates, since 
laboratory spectra of crystalline silicates do predict bands in this wavelength range. 

The 69 micron feature has been identified with forsterite. This peak shifts signif
icantly by adding fayalite to the solid solution series (to 73 /im with 4% fayalite and 
96% forsterite, see Jager et al. 1998). This feature therefore indicates that the olivine 
dust particles are very pure forsterite with hardly any Fe. However, it should be noted 
that the laboratory peak position of pure forsterite at room temperature is 69.7 pm, 
while we observe this feature around 69.0 //m. Recent laboratory measurements at low 
temperatures (Bowey, private communication) indicate a shift to shorter wavelengths 
with decreasing temperature; at 4 K this feature narrows and peaks at 68.8 /um. This 
would provide a natural solution to the discrepancy between observed and laboratory 
data taken at room temperature, see also Chapter 8. 

7.4.9 Remaining features 

It was noted that the features around 14 //m might be (partially) instrumental. The 
best indication for this statement would seem OH26.5+0.6 which shows these spuri
ous features also in emission while all other features in this wavelength range are in 
absorption. In Fig 7.25 we show its spectrum in this wavelength region, together with 
the spectrum of AFGL4106. It should be noted that the spectrum of OH26.5+0.6 could 
be very well fitted by the 'absorption' spectrum of enstatite. However the features 
around 14 fim were also found in stars which only show emission like AFGL4106. In 
these cases the enstatite spectra could not explain the structure anymore, and it looks 
more like a responsivity problem, also because it shows quite some similarities with 
the responsivity spectrum. Caution should be taken for these features, since the are 
likely influenced by both enstatite and responsivity problems. 

The 20.7 micron feature is seen in the forsterite and enstatite data, but not as strong 
as it is seen in some sources. Silica (Si02) does show a very strong resonance at this 
wavelength and might therefore be a good candidate. If silica is present it can be an ex
planation for the 9.1,15.9 and 26.1 micron features (Fabian et al. submitted). However 
one would also expect to see something at 12.6 micron which is not the case, therefore 
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Figure 7.25 A comparison of the features around 14 /̂ m in the continuum sub
tracted spectra of OH26.5+0.6 and AFGL4106, together with the responsivity pro
file and the mirrored (in the wavelength-axis) mass absorption coefficient spectrum 
of enstatite. Three dips in the responsivity are indicated by dashed lines. 

a solid identification for this feature is still lacking. 

The 21.5 micron feature is also seen as a weak feature in the enstatite and forsterite 
laboratory spectra. In some sources it is stronger than expected from these laboratory 
spectra, therefore it is likely that (also) another material is responsible for this feature. 
While the 20.7 micron feature is always present when the 21.5 micron feature is de-
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tected, this is not true the other way around. Therefore, they must originate from 
different dust species. Also, the strength ratio is not always the same. 

Forsterite has a feature at 26.1 /im (see Chapter 3), we therefore identify the 26.1 
micron feature with forsterite, although a contribution from silica cannot be excluded. 

The blend of the 47.7 and 48.6 micron features has not yet been identified; enstatite 
nor forsterite have features at these wavelengths. Ferrarotti et al. (2000) identified the 
blend of the 47.7 and 48.6 micron band with FeSi, also the 44.7 micron features might 
be explained by this material. However, their fit is not completely satisfactory, and the 
FeSi features around 30 /j.m are also not well matched with features in our ISO spectra. 
We wonder if shape effects shifts (and reshapes) the bands as is seen for forsterite. 
This has not been tested. Their identification was based on a condensation sequence in 
stellar outflows where free carbon and oxygen atomes are both underabundant. This 
can be either because the C / O ratio is close to 1 and all carbon and oxygen is locked 
up into CO, or in stars which expose their layers, which formerly have burnt hydrogen 
by the CNO-cycle. However, we observe the 48 micron feature in several stars, some 
of which are definitely O-rich (e.g. OH26.5+0.6). The proposed identification of the 48 
micron blend with FeSi is an interesting identification, but not convincingly confirmed 
yet. 

Other (hydrous) silicates often have peaks around these wavelengths. However, 
no suitable candidate is yet found. Therefore, the identification of this feature remains 
open. 

The longest wavelength feature which has been found in different stars is the 91 
micron feature. Also here identification lacks. Malfait et al (1998) suggested hydrous 
silicates; these materials often show a broad feature in this wavelength range, but a 
correct fit has not yet been achieved. It is difficult to explain how hydrous silicates 
would form in these outflows, since liquid water is necessary. 

In 89 Her and HD44179 a broad (full width zero intensity » 15 /im) solid state 
band which peaks around 33 fim, hereafter called the 33 micron band, is found. It has 
not been given in Table 7.2 and 7.3, because its shape and appearance are uncertain. 
It can be seen in Fig 7.1 and 7.3 as the extra emission below the 33 and 40 micron 
complexes. Also the 28 micron complex seems influenced by this feature. It shows 
a relatively sharp rise on the blue side at about 27 /im while it ends with a gentle 
slope on the red side at about 42 ^m. In the amorphous silicate data presented by 
Ossenkopf et al. (1992) a broad feature seems present around these wavelengths, but 
the limited wavelength resolution of this dataset at these wavelengths prevents a firm 
identification. The strength of this feature in our ISO data is likely too strong to be 
solely explained by the feature in the Ossenkopf dataset, therefore other materials are 
likely to contribute to this feature. The peak position and width bear some similarities 
with the 30 micron feature in C-rich sources, where it is attributed to MgS. Similar 
features are also seen in the direction of the galactic centre and in the dust of r/ Car. 
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7.5 The sample stars 

In this section we will discuss the individual stars with respect to the mean spectra and 
with respect to each other. The characteristics of the different features in the individual 
stars, including the spectra of the individual complexes (Fig 7.26 to Fig 7.39 see Ap
pendix), can be found in the Appendix. In these figures we also compare the spectra 
with the mean spectra for every complex, indicated the noise level and indicated the 
position of the features. The noise level is the mean 3 a noise level, but might change 
with wavelength in one complex, e.g. due to a significant change in continuum level 
or changes in band and therefore detector. These effects are most clear in the 10 and 28 
micron complexes. In this section we will only discuss the feature from which we are 
certain, while the doubtful features will be discussed in the Appendix. 

We ordered the stars with decreasing strength of the blend of the 33.6 + 34.0 micron 
features. It turned out that this method divides the stars automatically in the disk and 
outflow sources, we therefore have adopted this division. 

7.5.1 Disk-sources 

IRAS09425-6050 

This carbon-rich AGB star is one of the most intriguing stars in our sample. The source 
is discussed extensively in Chapter 5, therefore we will give a brief summary here. 
It was classified as a post-AGB object based on its IRAS colours. The ISO-SWS spec
trum however revealed a J-type carbon-star at wavelengths below 15 /jm (see Fig 1 in 
Chapter 5), while at longer wavelengths highly crystalline O-rich dust dominates the 
spectrum. It has the most crystalline circumstellar dust observed so far in the complete 
ISO sample (see Chapter 6,7 and this chapter). This O-rich dust is thought to originate 
from a previous mass loss phase before the star turned C-rich. Somehow this O-rich 
material was stored around this star. The IRAS 60 ^m point suggests that the spectrum 
is quite flat up to that wavelength. The very flat energy distribution together with the 
storage of the oxygen-rich material both point to the presence of a disk instead of an 
ordinary outflow. The star is thought to be a binary and an evolutionary progenitor of 
the Red Rectangle. The distance to this star is unknown, but based on the spectra of 
other J-type carbons stars it is estimated to be about 1.3 kpc. The IRAS 60 micron over 
mm continuum flux ratio is rather low, indicating the presence of large grains. Also, 
the gas over dust ratio in the disk surrounding this object is very low (< 15), which 
implies severe gas depletion. 

The SWS spectrum longwards 7 /im of this source has already been shown by Mol
ster et al (1999a). 

10 micron complex: The 10 micron complex of IRAS09425-6040 is still dominated 
by the carbon star and its present outflow, therefore C-rich molecules are found in 
absorption and prominent SiC emission is seen in the 10 micron complex. No clear 
evidence for crystalline material has been found. 
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18 micron complex: The 18 micron complex of IRAS09425-6040 is quite similar to 
the mean 18 micron complex of the disk sources, both in the position of the features as 
well as in the strength of the features. 

23 micron complex: The 23 micron complex is in general also quite similar to the 
mean 23 micron complex for the disk sources. There are some differences: The slope 
to the short wavelength side continues to shorter wavelengths than in the mean disk 
spectrum, the plateau does not show the step-like structure as is seen in the mean (disk) 
spectrum. The 24.5 micron feature relatively strong. 

28 micron complex: Intriguing about the 28 micron complex is the strength of the 
27.6 micron feature. It is also very broad and blends with the 26.9 and 28.2 micron 
features. The 30.6 micron feature is relatively strong. There is a hint for the 31.2 micron 
feature in rev 084, however this cannot be confirmed on the basis of the rev254 data 
because of the noise level in this area. The 29.6 micron feature peaks at the very blue 
side of the feature in the mean disk spectrum. 

33 micron complex: The 33 micron complex follows the mean spectrum very well. 
There are two major discrepancies, the 32.2 micron feature is stronger than in the aver
age spectrum and the plateau drops steeper at the end, which might be an indication 
for the 36.5 micron forsterite feature. It should be noted that the feature over contin
uum ratio of the 33.6 feature, is the highest found so far in the ISO database. 

40 micron complex: The last complex we have spectra for is the 40 micron complex. 
Again there is not so much difference between the mean spectrum and IRAS09425-
6040. The most prominent difference is the strength of the 43.0 micron feature, which 
is very blue shifted. This suggest a significant (cold) crystalline water-ice contribution. 
This would be strange for a disk source and it is very unfortunate that this claim cannot 
be confirmed by a spectrum of the 60 micron complex. 

Another difference is the long wavelength side of the 40.5 micron feature. While 
the short wavelength side of this feature fits the mean spectrum very well, however it 
peaks at a very blue wavelength side. It has been already been mentioned in Sec 7.3.6 
that this feature might be a blend. This would suggest that in IRAS09425-6040 the 
short wavelength component is dominant over the long wavelength component. On 
the other hand, we cannot exclude an influence due to the noise level. 

Remaining features: The instrumental features around 14 p,m are weak or absent in 
IRAS09425-6040. The 20.7 and 21.5 micron features are clearly distinguishable in the 
spectrum, also the 26.1 micron feature is rather prominent. For the feature at wave
lengths longer than 45 micron we unfortunately have no data. 

NGC6537 

NGC6537 is an extreme Type I planetary nebula (PN), which bears a lot of similarities 
with NGC6302, which will be discussed hereafter. It has a bipolar outflow structure, 
which is expected to be caused by a disk (Cuesta et al. 1995). He, N are overabundant 
while C is severely underabundant, the typical characteristics of Type I PN, but for both 
NGC6537 and NGC6302 these abundances are more extreme than in the other Type I 
PN. Both NGC6537 and NGC6302 have very high excitation lines, e.g. [Si VI] (Ashley 
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& Hyland, 1988) which are not found in other PNe. NGC6537 is probably the evolu
tionary product of the most massive stars which end as a white dwarf and have a Zero 
Age Main Sequence (ZAMS) mass in the range 5-7 M©. The central star of NGC6537 
is likely to be one of the hottest, most massive and most luminous of the planetary 
nebulae nuclei from which white dwarfs eventually form. Shocks are expected to be 
present due to the interaction of the fast wind and the disk. The infrared spectrum 
shows evidence for both carbon-rich dust (PAHs) and oxygen-rich dust (silicates). 

10 micron complex: The 10 micron complex of NGC6537 is dominated by PAH 
features, and no evidence for crystalline silicate features has been found. 

18 micron complex: Because of the low dust temperature, the 18 micron complex is 
less prominent than in other sources. Still most prominent features are easy to recog
nize. The 18.1 micron feature is relatively strong compared to the other features The 
18.9 and 19.5 micron features are nicely separated. The sharp feature at 18.88 pm is 
unidentified, see the Appendix for more details on this feature. 

23 micron complex: The 23 micron complex of NGC6537 is characterized by a very 
strong 23.7 micron feature and relatively weak 23.0 micron feature. Although the 24.5 
micron feature is severely influenced by the [Ne V] emission line, the step-like structure 
is visible in the plateau. 

28 micron complex: One of the most interesting aspects of the 28 micron complex in 
NGC6537 is the absence of the 31.1 micron feature. The 29.6 and 30.6 micron features 
are both very strong relative to the 27.6 and 28.2 micron feature. 

33 micron complex: The 33 micron complex of NGC6537 is characterized by sharp 
features. The 33.6 micron feature is very prominent The peak caused by the 32.8 micron 
feature is rather sharp, and much weaker than the 33.6 micron peak. The plateau ends 
at almost 37 /im due to the presence of a 36.5 micron feature. The 34.1 micron features 
is seen as a small plateau on the 33.6 micron feature. 

40 micron complex: The 40 micron complex is rather similar to the mean disk com
plex. The main difference is that the 43.8 micron feature is somewhat weaker than on 
average. The 41.7 micron feature is rather pronounced in this star. 

60 micron complex: The 60 micron complex is rather smooth and peaks at about 
65 fim. The 69 micron forsterite feature is clearly present. The gentle rise at the blue 
side of this feature, indicates that crystalline water ice is present, as was already indi
cated by the 43.0 micron feature in the 40 micron complex. Another dust component 
is necessary to explain the peak position and the red side of this feature, the forbidden 
emission lines were removed by hand, but in the original spectrum, lines were found 
at 51.79 /im, [O III], the one at 57.31 pm, [N III] and the one at 63.16 pm, [O I]. It is inter
esting to note that all lines are blue shifted (in both scan directions). We probably see 
here the fast outflow from the star, based on the shifts the outflow is 135 ± 15 km/sec. 

Remaining features: As in IRAS09425-6040, the instrumental features around 14 pm 
are weak or absent in NGC6537. The 20.7 and 21.5 micron feature are present. The 26.1 
micron feature is one of the reddest in our sample. The 47.7 and 48.6 micron features 
are separately identified. Finally there is clear evidence for the presence of a 91 micron 
feature, with at 88.35 pm the [O III] line. 
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NGC6302 

NGC6302 or the 'Butterfly Nebula' is one of the infrared brightest PN. It has one of 
the hottest stars known with Teff = 250000 K (Casassus et al. 2000). Together with the 
high abundance of nitrogen and helium in the nebula (Aller et al. 1981) this points to a 
massive progenitor. It is a Type I PN, with a highly bipolar outflow and a thick dusty 
'disk'. Alike to NGC6537, the spectrum of NGC6302 show very highly excited forbid
den emission lines (up to [Si VII] for NGC6302). Meaburn & Walsh 1980 reported the 
presence of a fast wind (w 1000 km/s) based on the wings of the [Ne V] 3426 Aline, 
however this could not be confirmed by the observation of other emission lines Casas
sus et al (2000). Roche & Aitken (1986) already detected the PAH-features at 8.6 and 
11.3 micron, and Cohen et al. (1989) presented evidence for the 6.2 and 7.7 micron 
PAH feature, both observations indicate the presence of carbon-rich material. On the 
other hand Payne et al (1988) detected an OH-maser, normally associated with oxygen-
rich environments. This dichotomy in the dust is also present in our ISO spectrum, 
where we find the PAH-features and the crystalline silicates. In general, the spectrum 
of NGC6302 is very similar to that of NGC6537. The presence of an equatorial disk-like 
structure has long been known (Meaburn & Walsh 1980; Lester & Dinerstein 1984; Ro
driguez et al 1985) and can also be seen as a dark (dust) lane on images of this PN. For 
a more extensive description of the star and its spectrum we refer to Chapter 5 of this 
thesis. The 30 to 45 /jm part of the spectrum has first been published by Waters et al. 
(1996), Beintema (1998) showed the complete SWS spectrum while the LWS spectrum 
was shown by Barlow (1998). 

10 micron complex: The 10 micron complex of NGC6302 is dominated by by PAH 
features, and no evidence for (crystalline) silicate features has been found. 

18 micron complex: The 18 micron complex of NGC6302 is dominated by crystalline 
silicates. The absorption like profile in the spectrum around 17 //m is caused by the 
strong 16.2 and 18.1 micron features, and has probably nothing to do with interstellar 
or circumstellar absorption. The 19.5 micron feature is relatively strong compared to 
the 18.1 micron feature. 

23 micron complex: The main differences between the mean 23 micron complex and 
the 23 micron complex of NGC6302, is found in the strength of the 23.0 and 25.0 micron 
features. The 23.0 micron feature is slightly weaker than average while the 25.0 micron 
feature is significantly stronger. 

28 micron complex: The 29.6 and 30.6 micron features are very strong compared to 
other sources, but it is very similar to NGC6537. In contrast to NGC6537 the 31 micron 
feature is prominent in this source. The strength ratio of the 27.6 micron feature and 
the 28.2 micron feature is rather low compared to the average. 

33 micron complex: In general the complex is quite similar to the mean complex 
structure. However, there is a subtle difference, the 32.8 micron feature is weaker than 
average in this source. 

40 micron complex: The 40 micron complex is also rather similar to the mean disk 
spectrum. The features in NGC6302 seem a little sharper than in the mean spectrum. 
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Because of the sharpness of the features, the enstatite and crystalline water ice peak 
around 43 pm are nicely separated. 

60 micron complex: The 60 micron complex is very similar to the mean disk spec
trum and lines up pretty well with NGC6537 and MWC922. Compared to MWC922, 
NGC6302 shows a little more intensity at the blue side, probably indicating that there 
is a larger contribution from crystalline water ice as was already expected from the 40 
micron complex. The 69.0 micron feature is very prominent and quite narrow. 

Remaining features: NGC6302 has very nice 20.7 and 21.5 micron features. The 26.1 
micron feature is obscured by the presence of a strong emission line ([O IV]) and its 
presence cannot be confirmed at the moment. The 48 micron features is split up in its 
separate components, i.e. the 47.7 and 48.6 micron features. The 91 micron feature is 
present and even rather prominent. 

MWC922 

The evolutionary status of MWC922 is unclear, it was placed among the unclassified 
B[e] stars by Lamers et al. (1998). Both a pre-main sequence (Thé et al 1994) as well as a 
post main sequence status (Voors 1999) has been suggested for this star . The distance 
to this object is unknown. The star is projected on the Ser OBI association, which is 
at 1.7 kpc. However, there is no independent evidence that MWC922 should be as
sociated with Ser OBI. Simon & Dyck (1977) found an infrared excess at 20 and 25 
pm. Meixner et al (1999) observed this object at 8.2 and 12.2 /mi and they marginally 
resolved it. The broad energy distribution and rather high mm continuum flux are not 
compatible with a genuine outflow, therefore it is expected that this source does have 
a disk. The KAO data clearly showed strong PAH emission (Cohen et al. 1989), which 
usually is found in carbon-rich environments. The ISO spectrum shows that oxygen-
rich material is also present. The continuum divided LWS part of the spectrum was 
already shown by Barlow (1998), while the SWS part was shown by Voors (1999). 

10 micron complex: The 10 micron complex of MWC922 is dominated by PAH fea
tures. Around 10 micron absorption features seem present, which line up very well 
with the position of crystalline silicate emission features in other stars. Since crystalline 
silicates are not found being abundant in the ISM this must be circumstellar material, 
where they are indeed very prominent (see the other complexes of this star). It makes 
this star one of the few sources where crystalline silicates are found in absorption in 
the 10 micron complex. 

18 micron complex: Compared to the mean disk spectrum, MWC922 shows a drop 
around 17p.m. It is quite similar to what has been found for MWC300. It has been 
argued in Sec 7.4.3, that for MWC300 it is likely to be filled in interstellar absorption. 
MWC922 has an E(B-V)« 2 (Voors 1999), which is higher than for MWC300. It is not 
known which fraction is due to interstellar and which due to circumstellar reddening, 
but this high value leaves the possibility of filled in interstellar absorption open. One 
would expect to see evidence for this theory in the 10 micron complex. Unfortunately 
that complex is dominated by PAH features, which will fill in the absorption profile 
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and make it more difficult to recognize, since these features are located at the slopes of 
silicate absorption profile, masking its presence. The absorption of the crystalline sili
cates in the 10 micron complex suggest that also the circumstellar amorphous silicates 
will be in absorption at these wavelengths. Another indirect argument for the inter
stellar absorption in the 18 micron complex is the peak wavelength of the absorption 
feature, it is much bluer than the peak wavelength of the amorphous silicates found in 
emission in the disk sources. 

This is the only star where the 17 micron feature is clearly divided in a 16.7 and 
17.0 micron feature. In other sources where these features are found, they are severely 
blended. A closer look at the mean disk spectrum indicates that this feature is a blend 
of 2 features, even if one excludes MWC922 from this mean spectrum. It is also found 
in the two independent observations, so all these arguments make us confident about 
the reality of these two features. The 19.5 micron feature is the bluest found in our 
sample. There seems to be weak structure on top of the 18.1 micron feature, which is 
also found in HD44179. 

23 micron complex: The most striking aspects of the 23 micron complex of MWC922 
is the strong 23.9 micron feature and thus the relative weakness of the 23.7 micron fea
ture. Also the 23.1 micron feature is relatively strong, however there is no correlation 
between these two features, e.g. compare MWC922 with AC Her. 

28 micron complex: The 27.6 and 28.1 micron features are relatively strong in this 
star. Compared to other spectra, the 29.6 micron feature "misses" intensity at the long 
wavelength side. If the 29.6 micron feature is indeed a blend of two, then the most 
reddish feature is severely depressed in MWC922. The 30.6 and 31.1 micron features 
are clearly present and relatively strong. 

33 micron complex: The 33 micron complex of MWC922 is characterized by a promi
nent plateau. The small structure (at about 33.5 pm) on top of the 33.6 micron structure 
is likely to be the [S III] emission line. The 32.8 micron feature is slightly stronger than 
average. The feature at 34.8 pm is the [Si II] line. 

40 micron complex: The 40 micron spectrum of MWC922 is rather similar to the 
mean disk spectrum. All features in the mean spectrum are also seen in MWC922, and 
the feature strength ratios are comparable. Only the 44.7 micron feature, attributed 
to clino-enstatite, seems somewhat stronger, but this might be due to the continuum 
subtraction. 

60 micron complex: The 60 micron complex of MWC922 peaks at very long wave
lengths, implying that crystalline water ice does not play an important role at these 
wavelengths. This is in contrast with the 40 micron complex, where a band at 43.0 mi
cron has been found. This band is usually attributed to crystalline water ice, although 
clino-enstatite also contributes to this band. From the absence of a strong crystalline 
water-ice feature in the 60 micron complex of MWC 922, we now conclude that the 43.0 
micron feature is probably dominated by clino-enstatite. 

The 69 micron feature is very prominent and seems broadened at its red side, which 
might be an indication for another dust component. Interesting is the rather sharp 65 
micron feature, which seem to be flanked by another feature at 66.5 pm. Clino-enstatite 
does show peaks around these wavelengths and the strength of the 44.7 micron feature, 
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also clino-enstatite, is therefore interesting. 
Remaining features: The 3 instrumental features around 14 micron are all detected 

in this source. The 20.7 and 21.5 micron are clearly present and only slightly less 
prominent than in IRAS09425-6040. Also the 26.1 micron feature is rather prominently 
present. 

AC Her 

AC Herculis is an RV Tauri star, with a stable pulsation period of 75.47 days (Zsoldos 
1993). The star shows a depletion pattern of refractory elements, those with the high
est condensation temperature are most depleted (van Winckel et al. 1998). Waters et 
al. (1992) suggested that gas-dust separation is caused by selective re-accretion of gas 
but not dust from a (long-lived) disk. They also argued that binarity is a necessary 
condition for this process, storing the material in a disk, allowing it to form dust, and 
reaccrete the gas onto the star. Indeed, AC Her was found to be a binary with a pe
riod of 1194 days (van Winckel et al. 1998). In order to get gas-dust separation, they 
should be dynamically decoupled, which is the case for very low gas over dust ratios. 
The remarkably weak CO emission (Jura et al. 1995) seen in AC Her indicates that this 
condition is fulfilled. The narrow velocity width of the CO-line better matches to that 
expected for the Keplerian rotation of a disk than to an outflow. Finally, very strong 
mm continuum flux (van der Veen et al. 1994) indicates the presence of large grains, 
also an indication of long storage time and therefore a (planet forming?) dust disk. 
The infrared spectrum of the binary star AC Her is strikingly similar to the spectrum 
of the comet Hale Bopp (see Chapter 7). The SWS spectrum longwards of 7pm has 
already been shown by Molster et al (1999a) and is briefly discussed by van Winckel et 
al. (1998). 

10 micron complex: The 10 micron complex of AC is one of the best examples of the 
presence of crystalline silicates. All crystalline silicate features are found in emission 
in this source. This complex is well fitted by only crystalline silicates (see e.g. next 
Chapter), but an amorphous component cannot be excluded. 

18 micron complex: This complex is dominated by the 15.3, 15.9 and 16.2 micron 
features. These features are relatively strong due to the high temperature crystalline 
silicates which are present around this source, as evidenced by its 10 micron complex 
spectrum. Like in MWC300 and 89 Her the 18.9 micron feature is rather blue-shifted. 
This object has a low E(B-V) due to interstellar extinction (« 0.1). This low value of 
the interstellar E(B-V), the strength of the 15.9 and 16.2 micron features, and that the 
spectrum returns to the same level around 15 /un, suggests that the shape around 17 
pm in this object is caused by the 16.2 and 18.1 micron features. Note that in this case 
the spectrum drops at 18 pm, while in MWC300 and MWC922 the spectrum still raises 
longwards of 18 ̂ m, indicating that in these cases the 18.1 micron feature is on a slope. 

23 micron complex: The 23 micron complex differs in several respects from the 
mean spectrum. The feature at 22.69 pm has a remarkable shape, it is sharp, rather 
prominent. It appears very similar to a feature in HD44179, but there it is weaker. 
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However, there are some questions about its reality (see the Appendix). If this feature 
can be attributed to the 23.0 micron feature it is the most blue-shifted, which implies 
that also the 23.7 micron feature is significantly blue-shifted. Alike in MWC922 there 
is a 23.89 micron feature present. The 24.5 micron feature in the spectrum of AC Her is 
not as prominent as in the mean spectra. 

28 micron complex: The 28 micron complex is rather noisy, especially longwards 
of 29 micron, where band 4 starts, but all features seem present. The 27.6 and 28.2 
micron feature are still well visible and rather strong. The 29.6 and 30.6 micron fea
tures are hardly detectable above the noise. The sharp and strong peak at 31.0 p,m is 
questionable. Still, there are indications of an underlying 31.2 micron feature. 

33 micron complex: It should be noted that the band 4 data is of low quality although 
a lot of spurious points (glitches and glitch-tails) have already been removed by hand. 
As in the 23 micron complex there is some doubt about one of the most prominent 
features, the one at 32.6 pm (see for more details the Appendix). One thing should be 
noted, the 33 and 23 micron complexes do have a similar appearance. In the 23 micron 
spectrum of this source also a sharp feature has been found at the short wavelength 
side. In any case caution should be taken by interpreting this feature. 

40 micron complex: The noise in this part of the spectrum makes it very difficult 
to say more about this feature than that the 40.5 micron feature and the 43.8 micron 
feature are present. There seems some evidence for the 43.0 micron crystalline water 
ice feature, which is supported by a fast data reduction of LWS, showing evidence for 
the 60 micron feature. Also the 44.7 micron feature is visible in the LWS spectrum. 

Remaining features: The 20.5 and 21.5 features are more blended than in other stars 
and the final result looks somewhat similar to the responsiviry profile. This might point 
to a problem in the dark-current subtraction. However, there are some remarkable 
differences between the data and the responsivity at the edges of this structure and 
also the same kind of profile is found in the revl06 data, therefore we believe it is real. 

HD45677 

Although HD45677 is a well studied object its evolutionary status is still unclear. The 
star has spectral type B2 (Allen 1973; Feinstein et al. 1976), but there is uncertainty 
about its luminosity class, most likely III, IV or V. Based on Hipparcos measurements, 
van den Ancker et al. (1998) derived a lower limit for its distance of 300pc, which gives 
a lower limit to its luminosity of 104 L0. A pre-main sequence nature has often been 
suggested for this star, however its isolated position (HD45677 is not associated with 
nebulosity) and the absence of Algol-like variations and "blueing" effect make this 
questionable. De Winter & van den Ancker (1997) discuss extensively the problems 
with its evolutionary status. They suggest that the star is probably a young main se
quence star, which still did not get rid of its circumstellar material. Lamers et al (1998) 
also discuss this star and place it in the "unclassified" B[e] stars. They propose that it 
is an extreme example of a classical Be star. 

Polarization measurements showed that the circumstellar material is located in a 
disk (Schulte-Ladbeck et al. 1992). Also, the strong absorption cores of the Na I D and 
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Ca II K indicate the presence of an optically thick disk at zero velocity (de Winter & 
van den Ancker 1997). This disk was already present before 1950 when a significant 
disruption took place. After this event, the star dimmed up to KS 2 mag in 1981 without 
significant change in the colours. This is most easily explained by the production of 
large (= grey) particles. The short time-scale variations are attributed to changes in the 
accretion rate. In order to understand the colour variations during these events the 
production of small grains is necessary. The existence of small grain particles, which 
scatter the light, is also revealed by an UV-excess (Pérez et al. 1993). Apparently these 
small grains are not abundant enough in the line of sight to produce significant changes 
in the colour over a period of years. The spectrum of this star has already been pub
lished by Voors (1999) and Malfait (1999), who also modeled it. 

10 micron complex: Crystalline silicate features are found in the 10 micron com
plex of HD45677. The 10 micron amorphous silicate feature peaks at much shorter 
wavelengths than e.g. AC Her. This has probably to do with a differences in grain 
composition, abundance, size and/or shape distribution in both stars. 

18 micron complex: The 18 micron complex of HD45677 is very similar to the mean 
disk spectrum. It shows clear evidence for the presence of amorphous silicates. Among 
the disk sources it is the object with the clearest presence of amorphous silicates. The 
amorphous silicate feature peaks at a rather red wavelength, which might be an indi
cation of relatively large grains. However, there is not a large shift in the 10 micron 
complex, which suggest that the grains are relatively small. Therefore a compositional 
difference of the dust particles is more likely to explain the red peak position. One 
can think of differences in size, shape, and abundance ratios, but also contributions of 
other elements, like simple oxides and/or other silicates. On top of the amorphous 
silicate feature crystalline silicate features are found. 

23 micron complex: The 23 micron complex of HD45677 is rather similar to the 
mean 23 micron disk complex. Still there are two subtle differences. The 25.0 micron 
feature is a weaker in HD45677 than in the mean spectrum, while at the blue side of 
this complex the 23.0 micron feature is stronger than in the mean spectra. 

28 micron complex: The 28 micron complex of HD45677 is interesting due to the 
strong 27.6 and 28.2 micron features. The ratio between the flux of these two features 
and the 29.6 micron feature is the highest found in our sample. The 30.6 micron feature 
is also weak, therefore the dust species that causes the prominent 29.6 and 30.6 micron 
features in NGC6302 and NGC6537 must be only a minor component in HD45677. 

33 micron complex: The 33 micron complex of HD45677 is that of a typical disk 
source. It has a rather strong 33.6 micron feature and a relatively weak 32.8 micron 
feature. The main difference is found in the strength of the 35.9 micron feature, which 
is much stronger in this source than in the mean spectrum. Like in NGC6537 at the red 
side of the 33.6 micron feature shows evidence for the 34.1 micron feature. The plateau 
extends beyond 37 /im. 

40 micron complex: The 40 micron complex does show the usual features, i.e. the 
40.5, 41.8 43.0, 43.8 and 44.7 micron features. The 43.0 and 43.8 micron feature are 
rather narrow. The 43.0 micron feature is relatively weak which would predict that the 
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60 micron ice feature is also not that strong, but will more look like MWC922. The IRAS 
60 micron flux suggests that there is a small excess around 60 micron. Unfortunately 
we have no LWS data to check this. 

Remaining features: The 3 features around 14 //m, the 13.5, 13.8 and 14.2 micron 
features, are clearly present in the spectrum. The 20.7 and 21.5 micron feature are 
rather prominent and almost as strong as the 23 micron complex. 

89 Her 

89 Her is a high Galactic F2 Ibe supergiant with a temperature of about 6500 K (Waters 
et al. 1993). The star pulsates with a period of 63 days (Fernie 1981), although the 
pulsation is not constant and stops at irregular time intervals. The Ha line, shows a 
weak P Cygni profile, which is evidence for on-going mass loss of the order of 10"8 

M 0 / y r (Sargent & Osmer 1969). The star is slightly metal deficient and enhanced in 
CNO (Luck et al. 1990). Waters et al. (1993) confirmed the binary hypothesis of Ar-
relano Ferro (1984). 89 Her has an orbital period of 288.4 days. The separation between 
the 2 stars is larger than the present day stellar radii but would not fit a typical AGB 
star, therefore it is unlikely that 89 Her has followed a normal AGB evolution. The 
CO(1-0) and CO(2-l) line observations show a narrow (< 1 km/sec) central spike on 
top of a broader (« 8 km/sec) weak component (Likkel et al. 1991). This profile is very 
different from the profiles seen in detached shells. The very narrow CO-line can be 
explained if the CO is not in a spherically symmetric expanding shell but in a flattened 
disk like structure. Several other arguments for the presence of a disk, such as the lack 
of energy balance between the UV and IR, are given by Waters et al. (1993). Alcolea & 
Bujarrabal (1995) have tried to resolve 89 Her in CO(1-0). They found an outer shell, 
which likely originate from a heavy mass loss period experienced by the star in the 
past. This eruption of mass was probably triggered by the companion, mass loss over
flow or even a common envelope phase, and ended the "AGB" evolution of 89 Her. It 
is likely that during this period also the disk was formed. Alcolea & Bujarrabal (1995) 
find no evidence for the disk in CO(1-0), but this might be related to their velocity res
olution (1.6 km/sec), which is significantly larger than the rotation velocity of the disk 
(< 1 km/sec). We note that, if the narrow (< 1 km/sec) CO line indeed samples the 
disk velocity, the CO-gas must be located at a larger distance than the 1014 cm found 
for the hot dust (« 1000 K, Waters et al. 1993). This is not surprising since the CO(1-0) 
and CO(2-l) probe the cool dust regions which are likely to be further out. This result 
suggests that this system has a large temperature range (and therefore spatial exten
sion) for the dust. Likely, the hot dust is associated with the broader, weak component 
of CO. The ISO-SWS spectrum has not been published before. 

10 micron complex: 89 Her is the third source with a clear presence of crystalline 
silicates in the 10 micron complex. Still, the weakness of the 8.3 micron feature suggests 
that the complex is dominated by the 10 micron amorphous silicate feature. The peak 
position is red shifted, with respect to the ISM absorption feature, an indication of the 
presence of large grains. 
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18 micron complex: The 18 micron amorphous silicate feature is, unlike most disk 
sources, rather apparent in 89 Her. Its profile is rather broad with a prominent blue 
wing. On top of this amorphous feature, the crystalline features are present. The 18.0 
micron feature is relatively strong. Alike to MWC300 and AC Her, the 18.9 micron 
feature is severely blue-shifted (towards 18.49 /jm in this source), which makes the 
19.5 micron feature rather prominent. The 16.9 micron feature is more pronounced 
than in most spectra. 

23 micron complex: The 23 micron complex of 89 Her is rather smooth and few 
individual structures can be recognized. The broadness of this complex is similar to 
the complexes, including the plateau, seen in other sources. The width of the features 
seems larger than in the average disk spectrum, which causes the severe blend. Still 
a better signal to noise will probably unveil similar structures as found in the other 
sources, 

28 micron complex: The 28 micron complex is dominated by the rise of the broad 33 
micron band. On top of this feature are the 27.6 and 28.2 micron features. We possibly 
found a broad structure around 29.7 /im and no indications for a 30.6 micron feature. 
The 33 micron band together with the low S/N for Band 4 made this a problematic 
part of the spectrum. 

33 micron complex: The 33 micron complex suffers from the low flux levels. The 
three main features (the 32.8 and 33.6 micron features and the plateau) are present. 
Any substructure is difficult to quantify due to the low s/N. The 32.8 and 33.6 micron 
features are rather blue-shifted. 

40 micron complex: The 40 micron complex is completely dominated by noise, there
fore no conclusions can be drawn. 

Remaining features: The instrumental features around 14 //m are all present, but the 
20.7, 21.5 and 26.1 micron features are not detected. 

MWC300 

MWC300 is classified as a Bl Ia+ hypergiant by Wolf & Stahl (1985), based on the 
strong Fe III emission lines seen in the optical spectrum. They derived a temperature 
of reff = 208007^ and a luminosity of L„ « 5 x 1O5L0. This would place the star at a 
distance of 15.5 kpc and about 500 pc above the Galactic plane, therefore they propose 
a runaway scenario for this star. However Henning et al. (1994) detected MWC300 at 
sub-mm wavelengths and pointed out that for the derived distance of 15.5 kpc (Wolf & 
Stahl, 1985) the total dust mass in the circumstellar envelope would be in the order of 
300 MQ, which seems unrealistically high. Different attempts were made to spatially 
resolve this object (Skinner et al. 1993; Ageorges et al. 1997; Leinert et al. 1997; Pirzkal 
et al 1997), but they were all unsuccessful. This indicates that the dust is indeed cir
cumstellar and not associated with nearby nebulosity. A more realistic circumstellar 
dust and gas mass of a few M s would result in a much smaller distance (an order of 
magnitude) and therefore a luminosity of about 104 L0 . This new luminosity together 
with its extended atmosphere characteristics would classify this star as an evolved low 
mass star (Voors 1999). Winckler & Wolf (1989) and Hamann and Persson (1989) both 
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argue that MWC300 is surrounded by a (slowly expanding) disk-like structure and a 
low density wind near the poles. 

10 micron complex: In the 10 micron complex of MWC300 the 10 micron amorphous 
silicate absorption feature is most outstanding. There seems to be some substructure in 
the 10 micron complex, which might be explained with crystalline silicate features in 
emission. However, apart from the prominent 8.3 micron feature, these are always seen 
only in one scan direction and are therefore not trusted. The 8.3 micron feature is very 
similar to the ones in AC Her, 89 Her and HD45677, all sources with crystalline silicate 
emission in the 10 micron complex. In Section 7.4.2 and 7.4.3 it has been discussed why 
the amorphous silicate absorption is probably of interstellar origin. 

18 micron complex: The 18 micron complex of MWC300 is characterized by (inter
stellar) silicate absorption together with circumstellar silicate emission (see Section 7.4.2 
and 7.4.3). The circumstellar amorphous silicate emission profile is red-shifted with re
spect to the normal (=interstellar) amorphous silicate profile. This might indicate that 
large grains are present, a fact which can also be inferred from the high mm continuum 
flux (Henning et al. 1994). The different features of crystalline silicates are visible in the 
spectrum, although influenced by the interstellar absorption. The most clear example 
of a feature, influenced by interstellar absorption, is the 18.0 micron feature. In most 
sources it is one of the strongest features in the 18 micron complex, while in MWC300 
it is rather weak, since it has to fill up part of the interstellar absorption feature. A 
removal of the interstellar absorption profile is likely to reveal a prominent 18.0 mi
cron feature in MWC300 too. The shape of the 18.0 micron feature is also influenced 
by the blue-shifted 18.9 micron feature, a shift which was also found in AC Her and 
89 Her. The 19.5 micron feature is prominently present and rather broad. In the spec
trum of MWC922 the often blended 16.9 micron feature is split in two sharp features 
at 16.7 and 17.0 pm. In the spectrum of MWC300 only the sharp 17.0 micron feature is 
present, while the 16.7 micron feature is missing. 

23 micron complex: The 23 micron complex attracts attention because of the absence 
of the red shifted 23.0 micron feature. Two of the components of the 25 micron plateau 
are quite clear in this object. 

28 micron complex: MWC300 is again a source where the 27.6 and 28.2 micron fea
tures are stronger than the 29.6 and 30.6 micron features. The 28.8 micron feature is 
present in this source, but the sharp peak (at 28.7 pm) on top of the 28.8 micron fea
ture has significant uncertainties (see Appendix). Neglecting this peak, the remaining 
feature lines up very well with the weak feature found in NGC6537. 

33 micron complex: The overall shape is very similar to the mean spectrum. The 33.6 
and 34.1 micron band are clearly split in this source, and the structure nicely correlates 
with the structure in AFG14106. The plateau extends to almost 37 pm and the sharp 
feature at 34.81 pmis the [Si II] line. The 32.8 micron feature is weak but clearly present. 

40 micron complex: The 40 micron complex of MWC300 suffers from the low flux 
level in this part of the spectrum. Still we can disentangle the 40.5 micron feature, the 
blend of the 43.0 and 43.8 micron features and the 41.8 micron feature. 
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Remaining features: The ("responsivity") features around 14 pm are all present in 
this source. This is one of the few sources where the 21.5 micron feature is not present, 
while the 20.7 micron feature is rather prominent. This is evidence that these two 
features are (at least partially) caused by different dust species. The 26.1 micron feature 
is present and rather prominent. 

HD44179 

HD44179 is the central star in the X-shaped Red Rectangle nebula. It is an A type super-
giant with an effective temperature of about 7500 K in a binary system (P=318 days), 
surrounded by a circumbinary disk (Waelkens et al. 1996b), which we see (almost) 
edge on. The central star is heavily obscured by this disk and only seen in reflection 
by scattering lobes below and above the plane of the disk. The optically thick disk 
has been imaged with high resolution in the optical and near-IR by e.g. Roddier et al. 
(1995) and Osterbart et al. (1997). The central star has a photosphere which is severely 
depleted of refractory elements like AC Her (Waelkens et al. 1996b), also in this star 
the gas over dust ratio is very low (Jura et al. 1995). Again the CO(l-O) and CO(2-l) 
show very narrow (w 5 km/sec) line emission (Jura et al. 1995). Alike AC Her the 
present day orbit of the binary is too small to accommodate an AGB star, indicating 
a non-standard AGB evolution for the central star. HD44179 was long known as the 
prototype of a star surrounded by carbon-rich reflection nebula. Infrared imaging in 
the PAH bands showed that the carriers of these bands are located in the nebula and 
not in the disk (Bregman et al. 1993; Sloan et al. 1993; Waters et al. 1998). Waters et al. 
(1998) detected the presence of crystalline silicates together with C0 2 absorption. They 
argued that the oxygen-rich materials are likely located in the disk. The disk is proba
bly also responsible for the observed OH absorption in the UV by Rees & Sitko (1996). 
The mm and cm continuum flux of this source is rather high and suggests the presence 
of large (mm-sized) grains (Jura et al 1997). These grains are likely to be formed in the 
long-lived circum-binary dust disk. The similarities with the disks around young stars 
lead to speculations about possible planet formation around this evolved star. The de
tection of a mysterious dust clump around HD44179 by Jura & Turner (1998) feeds this 
interesting speculation. The SWS part of the spectrum was already shown by Waters 
et al. (1998). 

10 micron complex: The 10 micron complex of HD44179 is dominated by PAH-
features. No crystalline silicates seem to be present. A possible crystalline silicate 
feature has been around 10.8 pm, however at about the same position a feature is seen 
in genuine PAH-sources, due to a PAH cation. 

18 micron complex: It cannot be excluded that part of the features in this complex 
originate from a carbon based chemistry. The 18 micron complex differs in several 
respects from the mean disk spectrum. The 18.9 micron feature is the strongest seen in 
this sample. The spectrum around 15 pm is influenced by C0 2 absorption at 13.9,14.9, 
15.3 and 16.2 /im. Without these absorptions the feature at 15 pm would be very similar 
to the one found in 89 Her. The 15.9 and 16.2 micron features are rather prominent, 
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although not as strong as in AC Her. The 16.5 micron feature is present in both the 
AOT01 and the AOT06 spectrum and seems therefore rather secure. The only other 
star were this feature has been detected is NGC6537. Also longwards of 16.5 pnx these 
two stars look quite similar, with similar features at 16.9, 18.0 and 18.9 pm. The 3 
features found around 18 pn\ (at 17.8, 18.0 and 18.2 pm) are seen in both the AOT01 
and the AOT06 spectrum as well in the up as in the down scans and there is not much 
doubt about their reality. The 19.5 micron feature is rather weak in HD44179. 

23 micron complex: Where the 18 micron complex looks quite similar to NGC6537, 
the 23 micron complex is rather different. It has a rather prominent 23.0 micron fea
ture and the slope at the red side of the 23.7 micron feature is very gentle. There are 
indications for the step-function of the plateau but the noise level prevents strong con
clusions. The 23.0 micron feature is rather prominent and blue-shifted with respect to 
the mean spectrum. 

28 micron complex: The 28 micron complex is, like 89 Her, dominated by the onset 
of the broad 33 micron band. On top of the blue rise of this broad band the 27.6 and 
28.2 micron features are rather prominent (in contrast, for example, with NGC6302). 
The 29.6 micron feature seems less pronounced and also the 30.6 micron feature is just 
above the noise level. No detection is found for the 31.2 micron feature. 

33 micron complex: The 33 micron complex can be described by a very broad feature 
peaking at 33.6 ^m, a sharp 32.8 micron feature and a plateau extending to wavelengths 
larger than 37 pm. This very broad feature is a blend of the 33.6 and 34.0 micron 
features. In the 35 micron plateau the different components can be identified. 

40 micron complex: The 40 micron complex of HD44179 is interesting because it 
shows a prominent 40.5 micron feature, but the 43.0 and 43.8 micron features are much 
less pronounced. The steep slope at the red side suggests that they are present, but 
part of the spectrum between the 40.5 and 43.0 micron features must have been filled 
in. This might be due to an exceptionally strong 41.8 micron feature, but the width and 
wavelength position of this feature as measured in the other stars indicate that it is not 
sufficient to solely account for the closing of the gap between the 40.5 and 43.0 micron 
features. 

60 micron complex: The 60 micron complex is rather flat and does not show much 
structure, apart from the prominent 69 micron feature and [O I] at 63.18 pm. Because 
of this broad flat complex it is likely that there is only a small amount of crystalline 
water ice together with an extra dust component radiating at these wavelengths. 

Remaining features: The 13.6 and 14.2 micron features are found, but might be also 
due to carbon rich material that also peaks at these wavelengths (Hony et al. in prep.). 
There is no indication of a 13.8 micron feature. There is a weak 26.1 micron feature 
present. In the LWS regime a 48 micron feature is found, but it could not be resolved 
into the two separate components. No 91 micron feature could be detected because the 
spectrum was unreliable at these wavelengths. 
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Roberts 22 

Roberts 22 is a bipolar reflection nebula, which had an interesting history over the last 
4 decades. This star first appeared in the literature as entry 22 in Roberts' (1962) cata
logue of Wolf-Rayet stars. Henize, who discovered this object (Henize 1976: Hen 404) 
and noted broad Ho emission, suspected it of being a Wolf-Rayet star. He mentioned 
the object to Roberts, who included it in his 1962 catalogue. Since this object was not 
seen in the blue it was discarded as a Wolf-Rayet star by Smith (1968). Therefore it was 
listed as a Be star by Wackerling (1970). Sanduleak & Stephenson (1973) detected Ha 
and H/3 emission and suspected He II A4686 emission, which inspired them to qualify 
it as a possible symbiotic star. Allen et al. (1980) found that the central star is com
pletely obscured by a central dust lane and they determined the spectral type of this 
object from the two reflection lobes, which gave identical spectra (A21). They also clas
sified this star as a pre-main sequence star, although they did not exclude a post-main 
sequence nature. At present it is generally excepted that this star is a post-AGB star 
evolving to the PN stage. 

A distance of 2 kpc has been adopted for this star (Allen et al. 1980; Sahai et al. 
1999). At this distance its total luminosity would be « 3 x 104 L®. From IR and the CO 
emission line data the progenitor (AGB) mass-loss rate was about 10-4 MQ/yr. This 
object has a time variable OH maser (Allen et al. 1980), which is mainly located in the 
central waist, but is also seen in the northern and southern scattering lobes (Sahai et 
al. 1999). The velocity distribution of the OH masers might be interpreted as a rotating 
disk, which is seen almost edge-on. The fact that the OH is also seen in the the lobes 
suggests that the disk is being disrupted, probably due to the fast wind (450 km/sec) 
seen in Ha (also time variable) arising from the central star. 

Roberts 22 is rather similar to HD44179, both have a kind of X-shaped bipolar out
flow, a disk, PAHs at short wavelengths and crystalline silicates at long wavelengths. 
This suggests a similar history for these two sources and it would be interesting to 
look for binarity in this source. Still there are also remarkable differences: in contrast 
to HD44179, the CO emission is rather prominent and has a normal outflow velocity 
of about 35 km/sec (Bujarrabal & Bachiller 1991). Also the spectra described in this 
section and the strength of the crystalline silicate features point to an "outflow" source 
instead of a disk source for Roberts 22. This might have to do with the destruction of 
the disk. 

The ISO satellite was unfortunately mispointed to this source. This can be seen by 
the large flux jumps in the overall spectrum. These flux jumps are caused by a change 
in aperture size. The mispointing caused a loss of flux and therefore a low signal to 
noise level in the whole SWS spectral range. Part of the spectrum was shown by Mol
ster et al. (1997). 

10 micron complex: The 10 micron complex is dominated by PAH features. The noise 
in the spectrum prevents us from more conclusions about the presence or absence of 
crystalline silicate features. 

18 micron complex: The 18 micron complex is rather noisy preventing the measure-
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ment of the individual components. The gentle slope at the blue side of the amorphous 
silicate feature suggests the presence of some crystalline silicates around 16 pm. Also 
other crystalline silicate features might be present but the noise prevents their detec
tion. 

23 micron complex: The 23 micron complex is dominated by noise and by fringes. 
The strong structures around 23 pm and 25 ̂ m are due to constructive interference of 
the fringes in the up and down scan, and the relatively flat structure around 24 //m is 
due to destructive interference of the fringes. The width of the whole structure is quite 
similar to the mean spectrum width. This suggests that the complex is present but not 
much can be said about the structure in this complex. 

28 micron complex: Because of the flux jumps around band 3E , it was not possible 
to subtract a reliable continuum for band 3E, indicated by the straight line in Fig 7.32. 
Still we have been able to measure bands in this wavelength range, because we use the 
local continuum for that. We have found the 27.6,28.2 and 28.8 micron features, which 
were all three seen in both the rev254 and the rev084 spectra. The 28.8 micron band is 
interesting since it is the most red-shifted one from the four stars where this band is 
found. 

33 micron complex: The general shape is roughly equal to the mean disk spectrum. 
We masked the unreliable narrow (0.1 pm) peak at 33.3 pm (see Appendix for more 
details), but still the 33.6 micron feature peaks at rather blue wavelengths, alike 89 Her 
which shows a similar complex. The 36.0 micron feature, which is mostly found in the 
outflow sources, is rather strong. It was already stated before that this source shows a 
lot of outflow characteristics. On the other hand the strength ratio of the 32.8 micron 
feature to the 33.6 micron feature is more like the disk sources. 

40 micron complex: The 40 micron complex is dominated by the 43.0 micron fea
ture, indicating that there is a lot of crystalline water ice. In this respect the spectrum 
looks somewhat similar to HD161796, although the relative strength of the 40.5 micron 
feature in Roberts 22 is much stronger than in HD161796. 

60 micron complex: While most disk sources do peak at a wavelength around 65 pm, 
Roberts 22 seems to peak around 60 pm, again alike the outflow sources and HD161796 
in particular. The 63.18 pn\ [O I] line is also visible. In correspondence with the outflow 
sources there is hardly any 69 micron feature. 

Remaining features: Interestingly the 14.2 feature seems present without the 13.6 fea
ture. The 26.1 micron feature seems absent and there is also no indication for features 
around 48 pm. The presence of the other feature are uncertain and will be discussed in 
the Appendix. There is some uncertainty over the presence of a 91 micron feature. 

7.5.2 Outflow sources 

VY2-2 

VY 2-2 is classified as a compact planetary nebula surrounded by a fossil molecular en
velope from the progenitor AGB star (Jewell et al. 1985 and references therein). Lamers 
et al. (1998) classified this star as a compact planetary nebula B[e] star. This very young 
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PN has both an ionized zone and a neutral, molecular cloud. The ionized nebula has 
been resolved as a thin shell extending to « 0"5 both at 15 Ghz (Seaquist & Davis 1983) 
and in Ha (Sahai & Trauger 1998). The inner radius was estimated to be 0"2. The OH 
maser detected in VY 2-2 is not in accordance with a homogeneous spherically sym
metric outflow, but suggests a clumpy outflow. 
Also for this source ISO was mispointed, causing severe flux jumps between the dif
ferent SWS bands. Although the quality of the spectrum is low, we decided to keep it 
in our sample since it was the only young O-rich PN. 

10 micron complex: The 10 micron complex of VY 2-2 is dominated by the amor
phous silicate feature, which is relatively broad. This feature starts at relative blue 
wavelengths which suggests that the 8.3 micron feature is present. Because of the noise 
level (increasing with wavelength) no statements could be made about the presence of 
other crystalline silicate features. At 12.8 /im the [Ne II] line is found. 

18 micron complex: Unfortunately no interesting features could be confirmed in this 
wavelength range, because of the low signal to noise ratio. The emission line at 15.56 
^m is [Ne III]. 

23 micron complex: Also in this wavelength range the spectrum suffers from a lot of 
noise. The comparison with the mean outflow spectrum suggests the presence of the 
23.0 and 23.7 micron blend. 

28 micron complex: The beginning of band 4 is less effected by noise, band 4 has a 
larger aperture and is therefore less influenced by the mispointing. The 29.6 and 30.6 
micron features can be identified. 

33 micron complex: The 33 micron complex still suffers from a low signal to noise 
ratio, but the general structure can be distinguished. The ratio between the 32.8 micron 
feature and the 33.6 micron feature is rather low in comparison with the rest of the 
outflow sources. The plateau is relatively strong. 

40 micron complex: The low signal to noise ratio in this part of the spectrum prevents 
us from firm conclusions about the structure in this complex. It seems that the 40.5 
micron feature and 43.0 + 43.8 micron blend can be distinguished. 

60 micron complex: The 60 micron complex is typical for an outflow spectrum, it 
peaks around 60-62 pm and the 69 micron feature is absent. 

Remaining features: The features around 14 /j.m and the 26.1 micron feature are not 
detected. Whether this is due to the noise level or that they really are absent is difficult 
to say, a comparison with the other stars suggest the first possibility. 20.7 and 21.5 
micron features are somewhat uncertain, they fit the average profile quite well, but the 
noise around these wavelengths makes them suspicious. 

HD161796 

HD161796 is a high galactic latitude F3 lb supergiant. Skinner et al (1994) determined 
a distance of 1.2 kpc and therefore a luminosity of 3600 L0 . Its photosphere has low 
metallicity and enhanced nitrogen abundance, implying that it is an evolved Popula
tion II object (Luck et al. 1990). The shape of the very strong CO emission found by 
Likkel et al. (1991) resembles the profile of mass-losing AGB stars and confirms there-
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fore the post-AGB nature of this object. The expansion velocity determined from this 
line is about 12 km/sec, a typical value for AGB stars. The detection of OH-maser 
emission (Likkel 1989) and silicate dust grains (Justtanont et al. 1992) implies that the 
circumstellar envelope was oxygen rich. The CO line shows low intensity wings, » 25 
km/sec from the line center, (Likkel 1991; Bujarrabal et al. 1992) which might imply 
that there is some bipolarity in this source. Skinner et al. (1994) resolved the envelope 
around this source in the mid-IR (10.5 and 12.5 pm). They found an expanding dusty 
equatorial toroid in a final phase of strongly enhanced, equatorially concentrated mass 
loss, which stopped about 240 years ago. During this mass-loss burst the mass-loss rate 
was about 3 x 10-4 M 0 /yr . Meixner et al. (1999) confirmed these results. The emission 
features in HD161796 are generally rather broad. The continuum divided LWS spec
trum was already presented by Barlow (1998). 

10 micron complex: As in all outflow sources, the 10 micron feature in HD161796 is 
dominated by the 10 micron amorphous silicate feature. The signal to noise level is too 
low to detect the crystalline silicate features. 

18 micron complex: The 18 micron complex of HD161796 is dominated by the 18.1 
micron feature. However, one should be careful with the interpretation of this feature 
(see Appendix for more details). The 19.5 micron feature is relatively strong. 

23 micron complex: Apart from the two 23.1 and the 23.7 micron features the most 
striking feature is the 25.0 micron feature. It is rather blue-shifted with respect to the 
other 25.0 micron features. Its presence is also confirmed in the rev071 dataset, al
though the feature there seems less blue-shifted and more in line with the other 25.0 
micron features. 

28 micron complex: The noise is rather severe in this part of the spectrum, still some 
features can be identified. The blend of 27.6 and 28.2 micron features is present. The 
29.6 micron feature is detected but has an extension at the short wavelength side, in 
both the up and down scan, which is not seen in the rev071 data. This gives severe 
uncertainty about the reality of this extension. 

33 micron complex: The 33 micron complex of HD161796 is more alike the disk 
sources than the outflow sources. The 33.6 micron feature is stronger than the 32.8 
micron feature. Also the gentle slope at the red side of this last blend resembles the 
disk sources better than the outflow sources. On the other hand the 36.0 micron feature 
is more typical for the outflow sources. 

40 micron complex: The 40 micron complex is completely dominated by a very 
strong 43.0 micron (crystalline water ice) feature. There might be a red-shifted 43.8 
micron feature in the strong 43.0 feature, but this is difficult to quantify. Most features 
found in other 40 micron complexes are present in this complex. There is an indication 
that the 40.5 micron feature is in fact a blend of 2 separate bands. Closer inspection of 
the spectrum suggests that there is a broadband underlying the strong crystalline H 2 0 
band. A suitable candidate for this feature might be amorphous H 2 0 ice. This helps 
the fitting of the 40.5 micron band (see next Chapter). 

60 micron complex: The 60 micron spectrum is characterized by the crystalline water 
ice structure. It peaks at « 60pm, which is much bluer than the disk sources, but in 
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better agreement with the expectation that there is crystalline water ice around this 
star. There is a hint for a 69 micron feature. We have measured it, but better data seem 
necessary for this feature. 

Remaining features: The 21.5 micron feature is affected by the differences seen in 
the up and down scan. Comparison with the rev071 and other data suggests that the 
21.5 micron feature is probably real, while other features in this wavelength area are 
probably not. The two features around 48 micron are found as a blend. 

OH26.5+0.6 

OH26.5+0.6 is an extreme OH/IR star, which shows two mass-loss regimes: a super-
wind phase in which the mass-loss rate was « 10-4 MG /yr which started about 200 
years ago, and a AGB phase with a mass-loss rate of about « 10-6 M 0 / y r (Justtanont 
et al. 1994,1996a). The transition between these two phases was probably very short 
(At < 150 yr). The total mass lost during the superwind phase has been estimated to 
be « 0.1 M 0 (Justtanont et al. 1996a). Because of this huge mass-loss rate the central 
star is optically completely obscured by circumstellar dust. 

Variability has been found for this star in the OH and near-IR, with a period of 
about 1600 ± 100 days (Engels et al 1983; Herman & Habing 1985; Jones et al. 1989). 
Infrared speckle interferometry at 9.7 jum (in the silicate feature) gives an angular size 
for the circumstellar dust shell of 0"50 ± 0'.'02, while the angular size of the dust shell 
outside this feature (at 8.7 pm) is less than 0'.'2 (Fix & Cobb 1988). This difference is 
caused by the enhanced opacity in the 10 ^m silicate feature, therefore the dust seen at 
these wavelengths is located at larger radial distances and is cooler than the dust seen 
on either side of the feature. 

The distance to the source is determined from the phase lag between the back and 
front side of the dust shell in OH together with the radius of the source on the sky. This 
leads to a distance of about 1.4 kpc (van Langevelde et al. 1990). The OH emission 
originates in a shell at 2"- 3" (Baud 1981; Bowers et al. 1983; Herman et al. 1985; 
Diamond et al. 1985), larger than the infrared source size. This implies that there is 
significant mass outside the superwind region, however it is too cold to contribute 
significantly to the mid-IR. 

OH26.5+0.6 is the only star in our sample which shows crystalline silicates in ab
sorption up to 30 /im, indicating the large optical depth of the circumstellar dust shell. 
Almost all features, both in emission as well as in absorption are red-shifted with re
spect to the average features. This might indicate that the chemical composition of the 
crystalline silicate is not purely Mg but a small fraction of Fe (< 10%) is incorporated. 
The spectrum of OH26.5+0.6 has already been shown by Sylvester et al. (1999). 

10 micron complex: The 10 micron complex of OH26.5+0.6 is dominated by the 
amorphous silicate absorption. Some structure seems present, however the absorption 
pattern cannot be matched with the features of crystalline silicates seen in other stars. 
Emission is not expected here, since at longer wavelengths we do see crystalline silicate 
features in absorption. The origin of the structure therefore remains unclear. 
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18 micron complex: The 18 micron complex of OH26.5+0.6 is an absorption spec
trum. Both the amorphous and the crystalline silicates are seen in absorption. We can 
recognize most features which are normally seen in emission. All absorption features 
are slightly red-shifted. It is clear from the absorption profile that the crystalline sili
cates only play a minor role in the spectrum (at these wavelengths). 

23 micron complex: As in the case of the 18 micron complex, also the 23 micron 
complex is completely formed by absorption. On top of the wing of the amorphous 
silicate absorption again shallow crystalline silicate features are seen. The blend of the 
23.0 and 23.7 micron features is rather narrow compared to the mean spectrum. The 
23.89 micron feature seems present in absorption. 

28 micron complex: This is the complex where the absorption spectrum goes into 
an emission spectrum. The 29.6 micron feature, the first feature in this star which 
appeared in emission, is rather blue-shifted. No 30.6 or 31.1 micron feature is found. 

33 micron complex: The 33 micron complex of OH26.5+0.6 is rather similar to 
HD161796, especially the broadness of the whole structure. The main difference be
tween these two stars is found in the 35 micron plateau. The 36.0 micron feature 
seems present in both sources, but there is some extra absorption around 35.0 /im in 
OH26.5+0.6. 

40 micron complex: OH26.5+0.6 looks very similar to the mean outflow spectrum. 
Where the spectra of OH26.5+0.6 and HD161796 were very similar for the 33 micron 
complex, they look quite different in the 40 micron complex. The strength ratio of the 
40.5 and 43.0 micron features is dramatically different. Still, as for all outflow sources 
the 43.0 micron feature is stronger than the 43.8 micron feature. The 44.7 micron feature 
is also weakly present in this spectrum. 

60 micron complex: The 60 micron complex has 2 peaks, one at about 60 pm, proba
bly due to crystalline water ice, and one at 65 pm, more alike MWC922. The 69 micron 
feature is clearly present, somewhat unexpected for an outflow source. 

Remaining features: Although all features are in absorption the 3 features around 
14 pm appear in emission. This strengthens our suspicion that these features are in
strumental. The 20.7 micron feature is thought to be in absorption, although it is rather 
blue-shifted with respect to the emission spectra from other sources. The 26.1 micron 
feature might have some self-absorption. 

HD179821 

HD179821 is a star with unusual properties and characteristics. Based on low resolu
tion spectra, the spectral type of this star was long thought to be G5 la, which corre
sponds to Teff ~ 4900 K, while recent high resolution spectra indicate a much higher 
temperature of about 6750 K (Reddy & Hrivnak 1999). The evolutionary status of this 
star is very uncertain. The SED of the star shows a double-peaked emission, one due to 
the photosphere and the other due to the dusty envelope, which is very similar to that 
of post-AGB stars, especially HD161796. The double-peaked structure indicates that 
the mass loss has ceased and that the circumstellar envelope is detached. The chemi
cal abundance of HD179821 is also very similar to post-AGB stars, although sodium is 
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overabundant (Zacs et al. 1996; Reddy & Hrivnak 1999). Its abundance differs clearly 
from the massive Population IF supergiants. This all suggests that HD179821 is a post-
AGB star. However, there are also indications that HD179821 might be a massive yel
low supergiant as suggested by Kastner & Weintraub (1995) and Hawkins et al. (1995). 
The expansion velocity of Vexp « 34 km/sec (Zuckermann & Dyck 1986; Likkel et al. 
1991; Bujarrabal et al. 1992) is very large compared with typical AGB outflow veloci
ties (8 -15 km/sec). Its kinematical distance (Zuckermann & Dyck 1986), the radiative 
transfer modeling by Hawkins et al. (1995) and the size of the OH maser ring (Jura 
& Werner 1999) are all consistent with a distance of w 6 kpc. At this distance the star 
has a luminosity of about 3.1 x 105 L e , far above the AGB luminosity limit. However 
it would place the star 500 pc above the galactic plane which is about 5 massive-star 
scale heights from the plane. But there is more evidence for its high luminosity. The 
interstellar Na I Dl and D2 absorption lines suggest a distance of at least 4 kpc. Also 
the strength of the O I triplet lines, which correlate with the absolute magnitude for 
supergiant stars indicate a very high value of about 3 x 105 L@. The high abundance 
of Na is corresponding with a high mass star, although it is already said above that 
the other elements correspond much better with post-AGB stars. If the star is indeed 
massive, the origin of the dust envelope is probably the Red Supergiant phase. In that 
case, the star may evolve to the Wolf-Rayet phase, before exploding as a supernova. 

The dusty envelope has been resolved at MIR wavelengths (Hawkins et al, 1995; 
Jura & Werner 1999). A ring-like structure was found with an inner radius of l'.'75 
(1.6 x 1017 cm at a distance of 6 kpc). This implies that the mass loss burst has stopped 
about 1500 years ago. In CO (Bujarrabal et al. 1992) and NIR scattered light (Kastner 
& Weintraub 1995) the dust envelope was found to extend to at least 18". Indicating 
that the mass loss burst lasted for at least 6000 yr. With a derived gas mass loss rate 
of the order of 10~3 M 0 / y r (Kastner & Weintraub 1995), about 6 M s was lost by the 
star during this mass-loss burst. This value is similar to that found by Jura & Werner 
(1999) based on submillimetre measurements, if a gas-to-dust ratio of 200 is assumed. 
From infrared imaging (Jura & Werner 1999) and maps in CO (Bujarrabal et al. 1992) it 
is seen that the gas and dust distribution is not spherical. Part of the spectrum of this 
source was already shown by Waters et al (1996). 

10 micron complex: The 10 micron complex of HD179821 is dominated by the red-
shifted amorphous silicate feature. The shape and position resembles the feature of 
AFGL4106 where it has been attributed to the presence of large grains (see Chap 3). 

18 micron complex: This complex lies on a very steep slope. It shows the characteris
tic outflow source spectrum. It bears much resemblance to AFGL4106 and IRC+10420, 
two other massive stars. It is dominated by the 18 micron amorphous silicate feature. 
On top of this feature weak crystalline silicates can be detected. 

23 micron complex: As for all outflow sources, the 25 micron plateau is also very 
weak in this source. The feature at 23.0 micron feature is surprisingly strong and the 
23.7 micron feature rather broad. The sharp rise of the 23.0 micron feature, which is 
typical for the outflow sources, is evident here. 

28 micron complex: The 27.6 and 28.2 micron features are relatively weak with re-
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speet to the 29.6 micron feature. Whether this is a typical outflow characteristic is dif
ficult to say, because the mean outflow spectrum is rather influenced by this spectrum 
(see Sec. 7.3.4). 

33 micron complex: The 33 micron complex is characterized by two relatively sharp 
features of the 32.8 and 33.6 micron features and, as in the 23 micron complex, a weak 
plateau. The feature at 33.0 //m is probably influenced by the responsivity but the 
33.6 micron feature is one of the sharpest in our sample. We note that there seems no 
evidence for the 36.5 micron feature in both datasets. The strength ratio of the 32.8 and 
33.6 micron features suggest that this star is massive and likely a post-red Supergiant. 

40 micron complex: Like HD161796 the spectrum is dominated by the 43.0 micron 
crystalline water ice feature. However the 40.5 micron feature is much stronger, rather 
red-shifted and shows a very gentle slope on the blue side. The 43.8 enstatite feature 
produces some recognizable structure. 

60 micron complex: The 60 micron complex peaks at rather blue wavelengths, indi
cating the presence of a lot of crystalline water ice, as was already concluded from the 
40 micron complex. 

Remaining features: There are indications of a broad feature around 13 micron, 
which is also seen in HD161796 and AFGL4106, however it is more likely that it is just 
continuum and that the 18 micron amorphous silicate feature already starts around 
14.5 /vm. The 14 micron instrumental features were not found in this source. A 20.7 
micron feature has been found, without an 21.5 micron feature. Also the 26.1 micron 
feature has been found. The 2 features around 48 //m were nicely split and therefore 
measured separately. 

AFGL4106 

AFGL4106 has extensively been discussed in Chap 3. We will give here only a short 
summary. AFGL4106 is a high mass (15 to 20 M@) binary with two almost equally lu
minous stars, one has a temperature of about 3750 K and the other 7250 K. The object 
is located at a distance of about 3.3 kpc. For a period of about 4.3 x 103 years the, most 
likely warm, star had a gas mass-loss rate of about 9 x 10"4 M 0 /yr , which gives a total 
expelled mass of about 4 M 0 . This huge mass-loss burst ended about 450 years ago. 

10 micron complex: This complex is characterized by the 10 micron amorphous 
silicate feature. The sharp feature at 11.06 pm is instrumental; no correction, as in the 
other sources, has been applied to this feature. There is no evidence for crystalline 
silicate features. 

18 micron complex: The 18 micron complex of AFGL4106 is very similar to the mean 
outflow spectrum, a broad amorphous silicate feature with on top weak crystalline 
silicate features. No typical differences between the mean spectrum and AFGL4106 
were found. 

23 micron complex: The 23 micron complex is somewhat remarkable. The 25 micron 
plateau is, like in most outflow sources, rather weak and ends already before 25 ^m. 
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The features around 23 ̂ m produce a very flat plateau. Some structure can be detected, 
but together with IRAS09425-6040 it shows the flattest structure in our whole sample. 

28 micron complex: because of badly corresponding up and down scans we have 
removed the first part of band 4 (29 to 30.5 ^m). Still, the 27.6 and 28.2 micron features 
stand out very prominently, with sharp drops on either side of the blend. 

33 micron complex: Although on first sight the 33.6 micron feature looks much 
stronger than the 32.8 micron feature, in reality they do not differ so much because 
there is the presence of the broad 33 micron band. This is in accordance with most 
other outflow sources, which show about an equal strength for these two features. 
This broad underlying band might be equal to the one seen in 89 Her and HD44179. It 
seems to start at a longer wavelength than in the other two sources, but this might be 
an artifact because the data around 30 ^m has been ignored in this analysis. 

40 micron complex: The 40.5 micron feature looks strong, but again this is partially 
due to the broad feature peaking around 35 /an. Alike to HD179821, the 40.5 micron 
feature has a gentle slope, a characteristic feature of the outflow sources. The 43.8 
micron feature is weak and almost completely overwhelmed by the 43.0 micron water 
ice feature. 

60 micron complex: The 60 micron complex peaks around 60 micron, typical for 
sources which are dominated by crystalline water ice, as could already be derived from 
the 40 micron complex spectrum. 

Remaining features: There is a broad feature around 13 micron which is also seen 
in HD161796 and HD179821. It is thought to be just continuum and probably induced 
by an early onset of the 18 micron amorphous silicate features. On top of this broad 
structure we see the instrumental features around 14 fim. The 20.7 and 21.5 micron 
features are found as well as the 26.1 micron feature, which is rather broad. We also 
detected the 48 micron blend. 

NML Cyg 

NML Cyg is a red supergiant, spectral type M6, which is heavily obscured by its dusty 
envelope. The distance to this object is probably somewhere between 1.8 and 2 kpc 
(Morris & Jura 1983; Bowers et al. 1983). At this distance NML Cyg is one of the 
most luminous supergiants with a luminosity of « 5 x 105 L0 , which implies a main 
sequence mass of 50 M0 . The mass loss rate is determined to be between 1.1 x 10-4 

(from OH and IR; Netzer & Knapp 1987) and 1.8 x lO-4 (from CO; Knapp et al. 1982). 
The dust shell has partially been resolved by Fix & Cobb (1988) in the N-band (10 ^m). 
They found an outer radius of 0.37 which corresponds to about 1016 cm. Monnier et 
al. (1997) found the same value for their outer dust shell, and detected a second dust 
shell, located inside the first one, at about 0.125. The outflow velocity determined in 
the 1612 MHz OH maser line is 27.7 km/sec (Bowers et al. 1983). The 22 GHz H 2 0 
maser enables us to trace the acceleration of the outflow from the inner radius of the 
dust shell, » 1.5 x 1015 cm (Ridgeway et al. 1986; Richards et al. 1996), where an out
flow velocity is found of 15 km/sec up to 7 x 1015 cm where the H 2 0 maser has an 
outflow velocity of 25 km/sec (Richards et al. 1996). Calculations show that at the in-
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ner radius the material is still gravitationally bound but when it leaves the OH maser 
zone it is unbound. In the H 2 0 maser map an asymmetry is found at subarcsecond 
scale (Richards et al. 1996), which is also seen on the OH maser maps on scales of a 
few arcsec, indicating that this asymmetry comes from inside and is not due to external 
influences. Parts of the ISO spectrum were already shown by Justtanont et al (1996b) 
and Waters et al. (1996). 

10 micron complex: The 10 micron feature is dominated by absorption of the 10 
micron amorphous silicate. The emission wings at both sides together with the loca
tion of the center of the absorption profile suggest that it is mainly self absorption. A 
(small) contribution from interstellar extinction cannot be excluded or confirmed. The 
substructure at 9.39, 9.54,10.07,10.33,10.76 and 11.0 pm is due to gas-phase NH3. 

18 micron complex: The 18 micron amorphous silicate absorption is less promi
nent than for similar high mass stars like AFGL4106 and IRC+10420. This might in
dicate that the 18 micron amorphous silicate band is just in the regime between self-
absorption and emission. Whatever the reason, it makes the crystalline silicates more 
apparent. Most crystalline silicate features are clearly seen. Still the 19.5 micron feature 
seems absent. 

23 micron complex: The 23 micron complex is interesting in two ways. The 25 micron 
plateau is almost absent. However, the blend of the other features is the broadest 
seen in our sample. In this respect the spectrum is somewhat similar to the 23 micron 
complex of IRC+10420. 

28 micron complex: The end of band 3D and the beginning of Band 3E suffer from 
spectral leakage from shorter wavelengths, therefore no features are measured in this 
wavelength range. The 30.6 micron feature is prominent in this spectrum, while on the 
other hand there is no indication for the 31.1 micron feature. 

33 micron complex: The spurious 32.97 micron feature gives the 33 micron complex 
its unique appearance. Apart from this RSRF structure the 32.97 micron feature looks 
normal, appearance of this complex. The 34.1 micron feature are very clear. These 
features are found in both the up and down scan of the AOT06 and the AOT01 data, 
this makes them rather confident detections, and one of the stars were they were most 
clearly separated. At 34.6 fim the OH maser pump line can be found in absorption as 
was already reported by Justtanont et al. (1996b). 

40 micron complex: The general shape of the complex is quite similar to what has 
been found for other sources. The 40.5 micron feature is relatively strong with respect 
to the 43.0 + 43.8 micron blend. However this is seen in more sources with HD44179 
as the most extreme case. The gas-phase rotational water lines, seen in emission, are 
most striking in this wavelength region (Justtanont et al. 1996). The modeling of these 
lines is outside the scope of this paper. Besides gas phase water crystalline water ice is 
also present because of the presence of the 43.0 micron feature. 

60 micron complex: The 60 micron feature is very similar to the mean outflow spec
trum, indicating that most of this feature is formed by emission from crystalline water 
ice. 
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Remaining features: The 13.6 and 14.2 micron features are blended with absorption 
features from HCN at 14.02 ^m and an unknown broad absorption at 13.25 //m. These 
features are seen in all datasets. The 20.7 and 21.5 micron features were detected. The 
48 micron blend has also been detected (and measured). 

IRC+10420 

IRC+10420 is a A5 Ia+ hypergiant with large IR-excess. It is found to be continuously 
evolving from cooler (F8 Ia+; Humphreys et al. 1973) to a hotter spectral type (A5 
Ia+; Oudmaijer 1998 and references therein). Between the 1920's and 1970 IRC+10420 
brightened about 1 magnitude in the blue; on the other hand, in the IR the luminosity 
decreased, apart from the 10 micron silicate feature which remained constant. This has 
been interpreted as by a clearing of the inner dust shell and a 10 micron feature which 
is partially self-absorbed (Jones et al. 1993 and references therein). IRC+10420 is at a 
distance of 5 ± 1 kpc which gives it a luminosity of about 5 x 105 L e , just below the 
Humphreys-Davidson limit. From CO and OH measurements an outflow velocity of 
40 km/sec has been derived (Nedoluha & Bowers 1992; Bachiller et al. 1988; Lewis 
et al. 1986). A high velocity outflow (> 100 km/sec) was found in Ha and started 
recently. Kastner & Weintraub (1995) found from their Near-IR polarimetric maps that 
the dust envelope extends to 9", which implies a dynamical age of the dust in the outer 
layers of about 5000 years. This is comparable to the time it would take a massive star 
to evolve from a red supergiant to an A-F type hypergiant, suggesting that this dust 
and gas may have been lost in a previous phase of evolution. Together with a derived 
mass loss rate in the order of 10 -3 M@/yr, it implies that about 5 M0 of gas and dust 
is present in the shell, a significant fraction from the 40 M 0 which it probably had on 
the main sequence. Bowers (1984) observed this star in the 1612 and 1667 MHz OH 
maser lines and found indications for multiple shells in OH extending out to 4". This 
suggests that the mass loss went in bursts and not uniformly. The presence of the OH 
maser pumping line at 34.6 /jm was reported by Sylvester et al (1997). The circumstel-
lar dust shell has been resolved in the mid-IR 8.7, 9.8 and 20.6 //m (Fix & Cobb 1988; 
Jones et al. 1993; Meixner et al. 1999). In these images an elliptical structure is found, 
which Oudmaijer et al. (1994) attribute to a bipolar outflow, which is beamed into our 
direction. 

10 micron complex: The 10 micron feature is dominated by the amorphous silicate 
emission. It peaks at a wavelength significantly offset from the usual 9.7 micron. This 
might be due to large grains, like in AFGL4106. Fix and Cobb (1988) also suggested 
the presence of large grains to explain the 10 over 20 micron amorphous silicate ra
tio. There are indications of substructure in the amorphous silicate feature, which is 
also seen in stars with prominent 10 micron crystalline silicate features. Interestingly 
enough no 11.3 micron feature (attributed to forsterite) is detected. This suggest that 
the forsterite abundance and/or temperature is probably very low, in contrast with 
the enstatite abundance. It should be noted that also in the rest of the spectrum the 
forsterite features are weak or not detected. 
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18 micron complex: The 18 micron spectrum is very similar to the mean outflow 
spectrum. A strong amorphous component with some weak crystalline silicate features 
on top of it. 

23 micron complex: The 23 micron complex is weak with respect to the continuum 
and therefore affected by noise. Still we could identify the different features. The 
complex is also quite broad and alike what is seen for AFGL4106 and NML Cyg. 

28 micron complex: Part of the spectrum has been removed due to deviating up 
and down scan. The 27.6 and 28.2 micron features are clearly present, but rather blue-
shifted, although not unusual. Like in many outflow sources there is no evidence for a 
30.6 or 31.1 micron feature. 

33 micron complex: The 33 micron complex is dominated by the strong 32.97 micron 
feature, which is predominantly seen in high flux sources, both in the carbon-rich as 
well as in the oxygen-rich dust environments. Therefore we assume that it is an ar
tificial feature caused by the detector responsivity for high fluxes. Below this feature 
the usual 33 micron complex is visible, although at a rather low level. The 34.0 micron 
feature seems rather strong with respect to the 33.6 micron feature, although this last 
feature is also influenced by the presence of the 32.97 micron feature. Alike to the fea
tures found in the 28 micron complex, these features are also blue-shifted with respect 
to the mean spectrum. In the 35 micron plateau, in which the different components can 
be detected, the 34.6 finx OH maser pumping line is nicely detected in absorption. 

40 micron complex: The 40 micron complex suffers more from the noise than the 
other complexes. Still the main features can be distinguished. The 42.8 micron feature 
is difficult to disentangle, but there seems hardly any 43.6 micron feature. 

60 micron complex: The 60 micron complex peaks at very short wavelength, indi
cating that there is crystalline water ice and a relatively low abundance of crystalline 
silicates, as was also found in the other complexes. 

Remaining features: The features around 14 /mi are all found. The 20.7 and 21.5 
micron feature are also present, although the first one is the broadest one found in our 
sample. Also the 26.1 micron feature is present, but weak. The 47.7 and 48.6 micron 
feature are also found, with the last one, in contrast to what has been found for other 
silicate features in this star, the most red-shifted found in our sample. 

7.6 Discussion and conclusions 

We have made an extensive study of the infrared spectra of O-rich environments of 
evolved stars. The spectra show a rich variety of feature most never seen before. The 
features divide into seven complexes at 10,18, 23, 28, 33, 40 and 60 /j,m. Each of these 
complexes is a convolution of a set of components, which vary independently, giving 
each spectrum a unique appearance. The large sample enabled us also to identify weak 
structures. 

Our conclusion from this work is that there is a clear distinction between the disk 
and outflow sources. Not only in the strength of the features, which was the original 
natural separator deviation between these two groups of objects, but also in the char-
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acteristics of the complexes. 

10 + 18 micron complex: 
The difference in shape is mainly due to an abundance difference between the crys
talline and amorphous silicates in the disk and outflow sources and is also directly 
connect to the strength of the features. 

23 micron complex: 
The strength of the 23.0 micron feature with respect to the strength of the 23.7 micron 
feature is higher in the outflow sources. The 24.5 micron feature is more prominent in 
the disk sources. 

28 micron complex: 
The 28 micron complex differs significantly from source to source and several outflow 
sources are effected by a lack of data, therefore no clear difference could be pointed out. 

33 micron complex: 
The features appear sharper in the outflow sources than in the disk sources. The (post-
)Red Supergiants discriminate themselves by almost equally strong 32.8 and 33.6 mi
cron features, even after subtracting the spurious 32.97 micron feature. This is not an 
characteristic of all outflow sources, see VY2-2, HD161796 and OH26.5+0.6. 

40 micron complex: 
For the 40 micron complex the main difference is found in the strength ratio of the 43.0 
and 43.8 micron features. In the disk sources the 43.8 micron feature is more promi
nent and in the outflow sources the 43.0 micron feature. This has to do with the high 
abundance of crystalline H20-ice in the outflow sources. 

60 micron complex: 
The main difference in this complex is found in the peak position of the 62 micron 
feature. This feature is probably a blend of crystalline H20-ice, peaking around 60 
firn (the outflow sources), and crystalline silicates, peaking around 65 fim (the disk 
sources). Also the 69.0 micron feature is much stronger in the disk sources than in the 
outflow sources, which might be an abundance effect. 

It is likely that the different history of these dust grains are responsible for the spec
tral differences. Molster et al. (1999a; Chapter 6) suggested that in the disk sources low 
temperature crystallization takes place. The crystallization of the silicates in outflow 
sources is likely to have taken place close to the star, i.e. high temperature crystalliza
tion. Therefore the difference found in the spectra and thus dust properties might have 
to do with the main crystallization process in these sources. 

Most features can be explained with forsterite and enstatite. It is clear that several 
other features lack a proper identification, and also the strength ratios are not always 
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correct, suggesting the presence of more contributing materials. Diopside has been 
mentioned but the strength of several features attributed to diopside suggests that it is 
only a minor component. 

The growth of enstatite crystals can occur in a preferential direction of one of the 
crystallographic axes. In chondritic porous interplanetary dust Particles (IDPs), which 
are believed to be the most pristine material of our solar system, enstatite has been 
found in which one or 2 directions of the crystallographic axes were severely depressed 
(Bradley et al, 1983). These enstatite crystals are expected to be formed from the vapour 
phase in a low density hot gas environment (Bradley et al, 1983 and references therein). 
Conditions which bare similarities with the conditions in the outflows of our stars. It 
is therefore possible that one or two of the crystallographic axes ([010] and [001] ac
cording to what has been seen in IDPs) are depressed. This will change the emission 
spectrum of this material in such a way that certain feature will be depressed, corre
sponding to the depressed crystallographic axis. This scenario might help to under
stand why the relative strength of some features differ from the lab spectra. 

It has already been mentioned that in the disk sources the timescales are likely long 
enough that a kind of low temperature crystallization can take place. From the spectra 
of IRAS09425-6040 it seems that this crystalline component is very stable over long 
timescales. 

Another abundant species is H 2 0 ice. Kouchi and Kuroda (1990) demonstrate that 
below 70 K the ice rapidly turns amorphous under the bombardment of UV-photons. 
Calculations based on their results and reasonable assumptions for the UV flux of the 
central stars would imply that all the crystalline water ice turns amorphous within 
a couple of days. Apparently the ice is efficiently shielded from the UV radiation of 
these stars. If the material is very clumpy as is seen in e.g. the Helix Nebula (first seen 
by Baade and reported by Verontsov-Velyaminov 1968), it might provide a suitable 
environment to survive the UV radiation. 

In the outflow sources the abundance of crystalline water ice seems much higher 
than in the disk sources. Assuming that initially the same amount of H 2 0 was formed, 
this difference points to a scenario in which crystalline water ice is destroyed on time 
scales longer than the outflow time scales. In outflows of stars density enhancements 
has been found, where molecules and dust are protected from the harsh UV radiation. 
This might explain the crystalline water-ice content even for the cold dust. Also in
side disks particles are protected against the UV radiation, but the turbulence in disks 
likely causes that most dust particles will ultimately be exposed to the destructive UV 
radiation, long before the disk has been blown away. 
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7.7 Appendix; Notes on individual stars 

8 10 12 8 10 12 

wavelength (jum) 

Figure 7.26 The 10 micron complex for the disk-sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 
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8 10 12 8 10 12 

8 10 12 8 10 12 
wavelength (/mi) 

Figure 7.27 The 10 micron complex for the outflow-sources plus the mean spec
tra and the responsivity profile of the attributing bands in this wavelength region 
(SWS-band 2C and 3A). The gray lines indicate the mean peak position of the fea
tures found, while their spread is indicated by the errorbar on top of the plot. The 
thick line in the upper left corner in each panel indicates the mean noise level. 

189 



CHAPTER 7. OVERVIEW 
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Figure 7.28 The 18 micron complex for the disk-sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 

190 



7.7. APPENDIX; NOTES ON INDIVIDUAL STARS 

15 16 17 18 19 16 17 18 19 20 
wavelength (jum) 

Figure 7.29 The 18 micron complex for the outflow-sources plus the mean spec
tra, and the responsivity profile of the attributing bands in this wavelength region 
(SWS-band 3A, 3C and 3D). The gray lines indicate the mean peak position of the 
features found, while their spread is indicated by the errorbar on top of the plot. 
The thick line in the upper left corner in each panel indicates the mean noise level. 
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22 23 24 25 22 23 24 25 

wavelength (/^m) 

Figure 7.30 The 23 micron complex for the disk sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 
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22 23 24 25 22 23 24 25 

24 25 22 23 24 
wavelength (yum) 

Figure 7.31 The 23 micron complex for the outflow sources plus the mean spec
tra, and the responsivity profile of SWS-band 3D. The gray lines indicate the mean 
peak position of the features found, while their spread is indicated by the errorbar 
on top of the plot. The thick line in the upper left corner in each panel indicates the 
mean noise level. 
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Figure 7.32 The 28 micron complex for the disk sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 

194 



7.7. APPENDIX; NOTES ON INDIVIDUAL STARS 

27 28 29 30 31 27 28 29 30 31 
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wavelength (/um) 

Figure 7.33 The 28 micron complex for the outflow sources plus the mean spec
tra, and the responsivity profile of the attributing bands in this wavelength region 
(SWS-band 3D, 3E and 4). The gray lines indicate the mean peak position of the 
features found, while their spread is indicated by the errorbar on top of the plot. 
The thick line in the upper left corner in each panel indicates the mean noise level. 
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Figure 7.34 The 33 micron complex for the disk sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 
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Figure 7.35 The 33 micron complex for the outflow sources plus the mean spec
tra and the responsivity profile of SWS-band 4. The gray lines indicate the mean 
peak position of the features found, while their spread is indicated by the errorbar 
on top of the plot. The thick line in the upper left corner in each panel indicates the 
mean noise level. 
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Figure 7.36 The 40 micron complex for the disk sources. The gray lines indicate 
the mean peak position of the features found, while their spread is indicated by 
the errorbar on top of the plot. The thick line in the upper left corner in each panel 
indicates the mean noise level. 
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Figure 7.37 The 40 micron complex for the outflow sources plus the mean spec
tra and the responsivity profile of SWS-band 4. The gray lines indicate the mean 
peak position of the features found, while their spread is indicated by the errorbar 
on top of the plot. The thick line in the upper left corner in each panel indicates the 
mean noise level. 
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Figure 7.38 The 60 micron complex for the disk sources plus the mean spectra 
and the responsivity profiles of LWS band 1 (solid line), band 2 (dashed line), band 
3 (solid line) and band 4 (dashed line). The gray lines indicate the mean peak 
position of the features found, while their spread is indicated by the errorbar on 
top of the plot. The thick line in the upper left corner in each panel indicates the 
mean noise level. 
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Figure 7.39 The 60 micron complex for the outflow sources. The gray lines in
dicate the mean peak position of the features found, while their spread is indicated 
by the errorbar on top of the plot. The thick line in the upper left corner in each 
panel indicates the mean noise level. 
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IRAS09425-6040 

We have 2 SWS AOT01 observations for this star, and unfortunately no LWS data. We 
have slightly tilted band 2A so that the different subbands were nicely connected with 
each other. 

There is C2H2 absorption at 7.8 fim, also HCN absorbs around these wavelengths. 
The change in slope around 10.64 /mi suggests the presence of a 10.7 micron feature, 
however no other features are found, which makes it somewhat doubtful. The 11.3 SiC 
feature prevents the detection of the 11.4 micron feature associated with forsterite, but 
because of the absence of structure at shorter wavelengths it is likely not present. 

Because of the noise level the 15.3,15.9 and 16.2 micron features are measured as 
one, but they seem all present in this star. There are indications in the spectrum that 
there is a 17.5 micron feature, but this feature has not been measured separately. There 
might be an underlying amorphous silicate feature, but it was not included and has 
not been measured. The 24.0, 28.8 and 34.1 micron features might be present but have 
not been measured separately. There is a hint for the 31.2 micron feature in rev 084, 
however this cannot be confirmed on the basis of the rev254 data because of the noise 
level in this area. 

A 

10.64 ± .03 
11.13 ± . 0 7 
12.02 ± .02 
15.13 ± .01 
15.79 ± .01 
16.19 ± .01 
16.97 ± .02 
18.09 ± .01 
19.17 ± .01 
19.63 ± .01 
20.69 ± .01 
21.49 ± .01 
22.43 ± .01 
23.03 ± .01 
23.65 ± .01 
24.57 ± .03 
25.07 ± .02 
25.99 ± .02 
26.82 ± .01 
27.56 ± .08 
28.28 ± .12 
29.39 ± .02 
30.48 ± .01 
32.16 ± .08 
32.84 ± .03 

FWHM 

.49 ± .32 
1.31 ± .08 

.47 ± .03 

.29 ± .01 

.65 ± .02 

.10 ± .01 

.52 ± .06 
1.24 ± .05 

.94 ± .04 

.30 ± .01 

.37 ± .05 

.27 ± .01 

.22 ± .01 

.72 ± .01 

.54 ± .02 

.67 ± .05 

.25 ± .04 

.62 ± .04 

.40 ± .14 
1.18 ± .39 

.76 ± .19 

.74 ± .13 

.32 ± .07 

.32 ± .17 
1.00 ± .14 

' p e a k / ' c o n t 

1.066 ±.044 
1.386 ± .039 
1.094 ±.011 
1.055 ± .001 
1.134 ± .006 
1.079 ± .003 
1.104 ±.012 
1.324 ± .017 
1.223 ± .010 
1.116 ±.003 
1.135 ± .036 
1.059 ± .002 
1.032 ± .003 
1.269 ± .017 
1.283 ± .019 
1.132 ± .022 
1.034 ± .002 
1.191 ± .017 
1.174 ± .077 
1.537 ± .091 
1.207 ± .168 
1.348 ± .099 
1.190 ± .041 
1.154 ± .082 
1.705 ± .039 

•**band 
Wrrr 2 

27E-13 ± .3E-13 
27E-12 ± .4E-13 
.19E-13 ± .2E-14 
.46E-14 ± .2E-15 
.25E-13 ± .2E-14 
23E-14 ± .1E-15 
.16E-13 ± .3E-14 
.12E-12 ± .9E-14 
.65E-13 ± .6E-14 
.11E-13±.5E-15 
.15E-13 ± .5E-14 
.48E-14 ± .3E-15 
20E-14 ± .3E-15 
.51E-13 ± .3E-14 
.37E-13 ± .3E-14 
.19E-13 ± .3E-14 
.16E-14 ± .3E-15 
21E-13 ± .3E-14 
.13E-13 ± .9E-14 
.98E-13 ± .4E-13 
27E-13 ± 2E-13 
.35E-13 ± .1E-13 
.75E-14 ± .3E-14 
.61E-14 ± .7E-14 
.69E-13 ± .1E-13 

IRAS09425-6040: continues on next page 

202 



7.7. APPENDIX; NOTES ONINDPSIDUAL STARS 

IRAS09425-6040: continued from previous page 
A 

fim 
33.63 ± .01 
34.19 ± .01 
35.02 ± .10 
35.98 ± .03 
36.72 ± .04 
39.70 ± .02 
40.35 ± .01 
41.53 ± .05 
42.55 ± .06 
43.60 ± .08 
44.58 ± .01 

FWHM 
fira 

.63 ± .02 

.55 ± .07 
1.42 ± .39 
.73 ± .26 
.37 ± .09 
.21 ± .05 
.93 ± .06 
.92 ± .19 
.85 ± .18 

1.30 ± .50 
.44 ± .02 

^peak/ ^cont 

1.950 ±.028 
1.344 ± .072 
1.358 ± .021 
1.275 ± .032 
1.268 ± .046 
1.136 ±.011 
1.607 ± .073 
1.335 ± .100 
1.629 ± .167 
1.883 ± .134 
1.460 ± .023 

^band 
Wm"2 

.55E-13 ± .4E-14 

.17E-13 ± .5E-14 

.40E-13 ± .1E-13 

.15E-13 ± .7E-14 

.67E-14 ± .2E-14 

.13E-14 ± .3E-15 

.25E-13 ± .3E-14 

.12E-13 ± .5E-14 

.21E-13 ± .9E-14 

.40E-13 ± .2E-13 

.69E-14 ± .4E-15 

Table 7.5: The characteristics of the features in IRAS09425-
6040 

NGC6537= HD312582= Hen 2-340= IRAS18021-1950 

For NGC6537 we had 2 SWS and 2 LWS spectra. Unfortunately, the second SWS spec
trum was mispointed and could hardly used to check uncertain features in an inde
pendent dataset. 

The origin of the sharp feature at 18.88 fim is unknown, a rise in the spectrum is 
found for both the up and the down scan. A similar feature is seen in AC Her, but only 
in one of the two datasets. No other stars show this feature including NGC6302, which 
is almost a twin to this source. Therefore, we still have some doubts about this feature. 
Independent of the status of this feature, it influenced our measurement of the broad 
18.9 micron feature underneath. The 24.5 micron feature is severely influenced by the 
[Ne V] emission line. The 27.6 and 28.2 micron features are measured as one. 

A 

3.29 ± .01 
6.24 ± .01 
7.63 ± .04 
8.33 ± .17 

11.25 ± .01 
11.44 ± .01 
11.83 ± .02 
12.17 ± .01 
12.86 ± .01 
16.49 ± .01 
16.95 ± .04 
18.09 ± .01 

FWHM 
fim 

.06 ± .01 

.29 ± .02 

.67 ± .16 

.78 ± .30 

.15 ± .01 

.18 ± .01 
1.11 ± .04 
.04 ± .01 
.39 ± .01 
.11 ± .01 
.37 ± .15 
.43 ± .03 

Jpeak/ 'cont 

4.512 ± .066 
2.943 ± .200 
2.085 ±.151 
1.507 ±.086 
2.429 ± .017 
1.652 ± .006 
1.545 ± .008 
2.313 ± .009 
1.797 ±.024 
1.231 ± .022 
1.148 ± .020 
1.184 ±.012 

-^band 

Wm"2 

.81E-14±.1E-15 

.30E-13 ± .2E-14 

.52E-13 ± .2E-13 

.26E-13 ± .1E-13 

.12E-13 ± .4E-15 

.70E-14 ± .1E-15 

.35E-13 ± .9E-15 

.27E-14 ± .9E-17 

.18E-13 ± .8E-15 

.34E-14 ± .4E-15 

.80E-14 ± .2E-14 

.15E-13 ± .2E-14 
NGC6537: continues on next page 
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NGC6537: continued from 
A 

( i m 

19.11 ± .01 
19.60 ± .01 
20.66 ± .01 
21.59 ± .11 
22.98 ± .01 
23.63 ± .01 
24.50 ± .08 
25.12 ± .07 
26.29 ± .03 
28.00 ± .01 
28.70 ± .01 
29.62 ± .01 
30.55 ± .01 
32.34 ± .09 
32.83 ± .02 
33.70 ± .08 
34.36 ± .03 
35.09 ± .05 
36.54 ± .01 
39.96 ± .03 
40.53 ± .03 
41.58 ± .03 
42.99 ± .01 
43.74 ± .01 
44.67 ± .01 
47.70 ± .04 
48.64 ± .01 
51.40 ± .01 
51.79 ± .01 
57.31 ± .01 
62.39 ± .15 
63.16 ± .01 
68.79 ± .01 
88.35 ± .01 
90.70 ± .25 

FWHM 
fan 

.45 ± .01 

.21 ± .01 

.31 ± .05 

.49 ± .30 

.47 ± .02 

.64 ± .01 

.39 ± .14 

.44 ± .27 

.77 ± .02 

.81 ± .02 

.19 ± .01 

.98 ± .01 

.33 ± .01 

.69 ± .14 

.49 ± .09 

.80 ± .13 

.17 ± .10 
1.96 ± .26 

.25 ± .03 

.37 ± .19 

.74 ± .02 

.43 ± .07 
1.23 ± .11 

.60 ± .02 

.75 ± .02 
1.08 ± .07 

.44 ± .14 
2.10 ± .04 

.29 ± .01 

.28 ± .01 
14.61 ± .24 

.28 ± .01 

.46 ± .07 

.34 ± .01 
16.78 ± 2.32 

previous page 

^ p e a k / * c o n t 

1.129 ±.006 
1.154 ±.006 
1.104 ±.008 
1.067 ±.015 
1.123 ±.005 
1.209 ±.008 
1.048 ±.006 
1.030 ±.005 
1.063 ±.001 
1.141 ± .004 
1.052 ±.001 
1.355 ± .005 
1.202 ± .009 
1.084 ±.014 
1.234 ±.020 
1.413 ±.056 
1.077 ±.006 
1.192 ± .044 
1.070 ± .003 
1.067 ± .015 
1.200 ± .007 
1.073 ± .011 
1.194 ± .019 
1.140 ± .007 
1.131 ± .008 
1.117 ±.006 
1.039 ± .011 
1.094 ±.003 
1.948 ± .006 
2.276 ± .012 
1.188 ± .012 
2.343 ± .013 
1.072 ± .009 
1.766 ± .028 
1.140 ± .045 

•* band 

Wm"2 

.12E-13 ± .7E-15 

.68E-14 ± .7E-15 

.71E-14 ± .2E-14 

.84E-14 ± .6E-14 

.14E-13 ± .9E-15 

.32E-13 ± .1E-14 

.43E-14 ± .2E-14 

.29E-14 ± .1E-14 

.12E-13 ± .5E-15 

.30E-13 ± .2E-14 

.27E-14 ± .3E-16 

.90E-13 ± .1E-14 

.17E-13 ± .2E-14 

.15E-13 ± .4E-14 

.29E-13 ± .7E-14 

.81E-13 ± .2E-13 

.32E-14 ± .2E-14 

.88E-13 ± .3E-13 

.38E-14 ± .5E-15 

.59E-14 ± .5E-14 

.32E-13 ± .6E-15 

.67E-14 ± .2E-14 

.49E-13 ± .8E-14 

.17E-13 ± .1E-14 

.19E-13 ± .1E-14 

.21E-13 ± .lE-14 

.31E-14 ± .1E-14 

.31E-13 ± .1E-14 

.43E-13 ± .9E-16 

.51E-13 ± .3E-16 

.36E-12 ± .3E-13 

.49E-13 ± .2E-16 

.41E-14 ± .9E-15 

.17E-13 ± .1E-15 

.14E-12 ± .5E-13 

Table 7.6: The characteristics of the features in NGC6537 

NGC6302= Butterfly Nebula= HD155520= Hen 2-204= 
IRAS17103-3702= CD-36°11341 

Since NGC6302 was one of the calibration sources a lot of data was available. We 
had an AOT01 and a complete wavelength coverage in AOT06, together with 7 LWS 
datasets. The SWS pointings were slightly offset from the centre, therefore we mul-
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tiplied the whole SWS spectrum to fit the LWS spectrum. The final spectrum is in 
agreement with the IRAS broad band fluxes. 

There are indications that the 13.6 and 14.2 micron features are present in the AOT01, 
and the AOT06 (only the 14.2) datasets. However, strong atomic lines at these wave
lengths make a clear detection of these features impossible. The spectrum of NGC6302 
shows features at 15.3,15.8 /xm, however there is a strong [Ne III] line in between these 
features, which influences them. The difference in the up and down scan also made 
this a problemtic area. The feature at 16.3 /jm feature is only seen in band 3C of tha 
AOT01 speed 4, and not in band 3A of the same dataset. These last 3 features are also 
not visible in the AOT06 spectrum therefore we decided not to measured them. The 
24.5 micron feature is difficult to measure since there is another [Ne V] line close to it. 
Also for the 26.1 micron feature we face the problem of a rather strong line on top of 
it ([O IV]), which prevents us to get a reasonable estimate for this feature. If the 40.5 
micron feature is a blend of 2 features as has been suggested in Sec 7.3.6, these two 
features nicely blend into one structure peaking at 40.5 /im. 

and 16.3 

A 

3.29 ± .01 
3.40 ± .01 
6.24 ± .01 
7.66 ± .05 
8.56 ± .04 

11.01 ± .03 
11.29 ± .01 
13.60 ± .01 
18.11 ± .03 
18.97 ± .01 
19.56 ± .01 
20.67 ± .01 
21.62 ± .03 
22.38 ± .01 
22.97 ± .01 
23.65 ± .01 
24.54 ± .01 
25.00 ± .01 
27.54 ± .06 
28.04 ± .03 
29.65 ± .01 
30.51 ± .01 
31.12 ± .02 
32.25 ± .11 
32.78 ± .02 
33.71 ± .02 

FWHM 

.05 ± .01 

.05 ± .02 

.20 ± .01 

.69 ± .02 

.36 ± .03 

.13 ± .07 

.27 ± .07 

.32 ± .02 

.80 ± .17 

.68 ± .06 

.45 ± .02 

.38 ± .04 

.79 ± .25 

.36 ± .01 

.67 ± .01 

.70 ± .01 

.59 ± .01 

.31 ± .01 

.44 ± .12 

.51 ± .17 

.83 ± .02 

.41 ± .04 

.21 ± .04 

.39 ± .26 

.66 ± .09 

.87 ± .11 

•*peak/ 'cont 

6.306 ± 2.665 
2.095 ± .706 
1.708 ±.036 
1.735 ±.082 
1.418 ± .076 
1.180 ± .029 
1.774 ±.069 
1.089 ±.021 
1.128 ±.018 
1.128 ± .006 
1.135 ± .009 

1.057 ± .015 
1.065 ± .030 
1.015 ± .001 
1.112 ±.003 
1.187 ± .006 
1.085 ± .004 
1.079 ± .002 
1.061 ± .024 
1.111 ± .039 
1.165 ±.005 
1.148 ±.024 
1.046 ±.006 

1.058 ±.030 
1.216 ±.029 
1.412 ± .026 

fband 
Wm"2 

.14E-13 ± .9E-15 

.27E-14 ± .6E-15 

.34E-13 ± .1E-14 

.87E-13 ± .3E-13 

.24E-13 ± .1E-14 

.54E-14 ± .4E-14 

.49E-13 ± .1E-13 

.12E-13 ± .3E-14 

.10E-12 ± .3E-13 

.10E-12 ± .7E-14 

.79E-13 ± .9E-14 

.30E-13 ± .9E-14 

.84E-13 ± .6E-13 

.84E-14 ± .6E-15 

.12E-12 ± .3E-14 

.20E-12 ± .8E-14 

.79E-13 ± .5E-14 

.39E-13 ± .2E-14 

.47E-13 ± .2E-13 

.10E-12 ± .6E-13 

.25E-12 ± .1E-13 

.11E-12 ± .2E-13 

.18E-13 ± .4E-14 

.53E-13 ± .6E-13 

.25E-12 ± .6E-13 

.60E-12 ± .1E-12 
NGC6302: continues on next page 
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NGC6302: continued from previous page 
A 

/ im 

34.24 ± .03 
34.99 ± .04 
35.82 ± .12 
36.56 ± .02 
39.90 ± .10 
40.48 ± .06 
41.55 ± .06 
42.74 ± .09 
43.55 ± .06 
44.58 ± .01 
47.62 ± .01 
48.49 ± .02 
52.06 ± .10 
63.49 ± .24 
68.96 ± .01 
91.12 ± . 0 5 

FWHM 
fim 

.53 ± 

.97 ± 

.86 ± 

.42 ± 
1.30 ± 

.79 ± 

.88 ± 

.89 ± 

.81 ± 

.81 ± 

.78 ± 

.56 ± 
3.90 ± 

10.20 ± 
.65 ± 

12.72 ± 

.03 

.33 

.34 

.08 

.26 

.03 

.21 

.13 

.20 

.27 

.03 

.02 

.74 

.56 

.02 

.70 

'peak/ -*cont 

1.123 ±.030 
1.132 ± .028 
1.083 ± .026 
1.064 ±.010 
1.095 ±.012 
1.171 ± .016 
1.081 ± .016 
1.154 ±.033 
1.176 ±.022 
1.129 ±.005 
1.114 ±.003 
1.052 ±.004 
1.037 ±.005 
1.117 ±.013 
1.069 ± .001 
1.054 ± .006 

fband 
Wm"2 

.11E-12±.3E-13 
.21E-12 ± .1E-12 
.12E-12 ± .8E-13 
.39E-13 ± .1E-13 
.16E-12 ± .5E-13 
.17E-12 ± .2E-13 
.92E-13 ± .4E-13 
.17E-12 ± .6E-13 
.17E-12 ± .6E-13 
.12E-12 ± .4E-13 
.97E-13 ± .7E-14 
.31E-13 ± .1E-14 
.14E-12 ± .4E-13 
.85E-12 ± .1E-12 
.27E-13 ± .9E-15 
.19E-12 ± .3E-13 

Table 7.7: The characteristics of the features in NGC6302 

MWC922= Hen 3-1680= AFGL2132= IRAS18184-1302 

The SWS spectrum of MWC922 is derived from a combination of 2 AOT01 speed 2 
observations. Features were treated as real if they were seen both observations. 

The 9.1 and 9.5 micron absorption features seem to form a blend, this might be 
helped by a known instrumental feature at about 9.35 /vm. The 9.8 micron feature is 
very clear and seen in both datasets (up and down scan), the same holds for the 10.6 
micron feature. The 11.3 micron feature, if present, is completely overwhelmed by the 
11.3 micron PAH feature. 

As discussed in the text the 18 micron complex might suffer from interstellar ab
sorption. It was impossible to disentangle the circumstellar amorphous silicate feature 
from the interstellar absorption and the circumstellar crystalline silicate emission and 
therefore it has not been measured. The (interstellar) absorption of the amorphous sili
cates prevented us from measuring the features around 16 fim. Based on a comparison 
with the other stars these features seem to be present, but there remains uncertainty 
about their strength and FWHM. The 18.0, 18.9 and 19.5 micron feature are clearly 
present. The small structure (3 features) on top of the 18.1 micron feature is located at 
the same position as in HD44179. The presence of a weak feature at 17.43 fim is uncer
tain, since the two datasets do not fully agree around this wavelength. The feature at 
33.5 /jm is from the [S III] line. In the plateau no separate 36.0 micron feature can be 
distinguished. The 47.7 and 48.6 micron features were difficult to entangle and there
fore measured as one. At 63.18 fim the [O I] line is visible. The origin of the extension 
at the long wavelength side of the 69.0 micron feature is unknown. 
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A 
^m 

3.08 ± .01 
3.26 ± .01 
3.29 ± .01 
3.34 ± .01 
6.01 ± .01 
6.24 ± .01 
6.37 ± .01 
7.65 ± .01 
7.86 ± .01 
8.14 ± .01 
8.64 ± .01 
9.30 ± .02 
9.84 ± .01 

10.60 ± .03 
11.01 ± .03 
11.23 ± .01 
11.36 ± .03 
11.92 ± .03 
12.57 ± .05 
13.55 ± .01 
13.90 ± .03 
14.22 ± .01 
15.24 ± .01 
16.74 ± .01 
16.79 ± .01 
17.01 ± .01 
17.43 ± .01 
18.15 ± .01 
18.94 ± .01 
19.39 ± .01 
20.64 ± .01 
21.65 ± .03 
22.91 ± .01 
23.45 ± .02 
23.90 ± .01 
24.44 ± .03 
25.08 ± .02 
26.04 ± .01 
26.81 ± .02 
27.46 ± .01 
28.01 ± .01 
28.74 ± .10 
29.53 ± .05 

FWHM 
/mi 

.01 ± .01 

.05 ± .02 

.03 ± .01 

.16 ± .01 

.04 ± .01 

.12 ± .01 

.34 ± .06 

.35 ± .01 

.18 ± .01 

.68 ± .01 

.42 ± .01 

.32 ± .05 

.14 ± .02 

.32 ± .05 

.24 ± .13 

.11 ± .04 

.33 ± .11 

.59 ± .10 

.77 ± .20 

.37 ± .05 

.16 ± .08 

.37 ± .56 

.13 ± .02 

.12 ± .01 

.81 ± .03 

.14 ± .01 

.32 ± .06 

.58 ± .01 

.63 ± .04 

.14 ± .01 

.26 ± .03 

.66 ± .34 

.33 ± .01 

.78 ± .11 

.13 ± .01 

.75 ± .09 

.31 ± .06 

.29 ± .05 

.47 ± .04 

.40 ± .05 

.90 ± .33 
2.32 ± .56 

.69 ± .26 
1 

*peak/*cont 

1.062 ± .002 
1.061 ± .014 
1.198 ± .023 
1.028 ± .001 
1.031 ± .004 
1.377 ± .007 
1.088 ± .003 
1.261 ± .004 
1.112 ± .005 
1.265 ± .007 
1.322 ± .009 

.934 ± .006 

.953 ± .004 

.963 ± .007 
1.053 ± .019 
1.090 ± .015 
1.125 ± .050 
1.232 ± .044 
1.178 ± .045 
1.067 ± .009 
1.010 ± .003 
1.043 ±.027 
1.035 ± .001 
1.021 ± .001 

.925 ± .003 
1.037 ± .001 
1.019 ±.002 
1.039 ±.002 
1.059 ±.004 
1.048 ± .001 
1.074 ± .006 
1.047 ± .017 
1.037 ± .003 
1.104 ± .011 
1.059 ±.002 
1.044 ±.009 
1.034 ± .005 
1.033 ± .005 
1.054 ± .008 
1.085 ± .021 
1.154 ± .057 
1.150 ± .024 
1.110 ± .054 

rfWC922: cont 

-* band 

Wm"2 

.16E-14 ± .9E-16 

.14E-13 ± .8E-14 

.27E-13 ± .5E-14 

.20E-13 ± .7E-15 

.97E-14 ± .2E-14 

.33E-12 ± .1E-13 

.22E-12 ± .4E-13 

.67E-12 ± .1E-13 

.15E-12 ± .1E-13 

.13E-11 ± .2E-13 

.95E-12 ± .3E-13 
-.15E-12 ± .4E-13 
-.45E-13 ± .1E-13 
-.78E-13 ± .3E-13 
.77E-13 ± .6E-13 
.66E-13 ± .4E-13 
.28E-12 ± .2E-12 
.85E-12 ± .3E-12 
.85E-12 ± .4E-12 
.15E-12 ± .3E-13 
.88E-14 ± .5E-14 
.21E-12 ± .5E-12 
.25E-13 ± .3E-14 
.13E-13 ± .1E-14 

-.31E-12 ± .2E-13 
.24E-13 ± .2E-14 
.29E-13 ± .8E-14 
.11E-12 ± .6E-14 
.17E-12 ± .2E-13 
.30E-13 ± .4E-15 
.77E-13 ± .1E-13 
.13E-12 ± .1E-12 
.40E-13 ± .5E-14 
.26E-12 ± .6E-13 
.23E-13 ± .3E-14 
.92E-13 ± .3E-13 
.27E-13 ± .9E-14 
.23E-13 ± .8E-14 
.56E-13 ± .1E-13 
.73E-13 ± .3E-13 
.31E-12 ± .2E-12 
.68E-12 ± .2E-12 
.16E-12 ± .1E-12 

fnues on next page 
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MWC922: continued from previous page 
X 

/ im 

30.58 ± .03 
31.15 ± .01 
32.17 ± .01 
32.80 ± .01 
33.69 ± .01 
34.82 ± .01 
34.94 ± .05 
36.20 ± .07 
36.66 ± .04 
40.47 ± .04 
41.28 ± .14 
41.83 ± .03 
42.76 ± .05 
43.64 ± .03 
44.58 ± .02 
45.13 ± .06 
48.02 ± .07 
51.58 ± .08 
63.18 ± .01 
64.66 ±1.21 
69.15 ± .03 

FWHM 

.38 ± .19 

.36 ± .10 

.36 ± .01 

.75 ± .01 

.90 ± .02 

.07 ± .01 
2.11 ± .12 

.88 ± .24 

.51 ± .07 
1.08 ± .07 

.99 ± .24 

.58 ± .19 

.92 ± .10 

.99 ± .19 

.86 ± .37 
1.16 ± .10 
1.21 ± .19 
4.51 ± .22 

.28 ± .01 
11.50 ±1.68 

.65 ± .15 

' p eak / ' con t 

1.091 ± .017 
1.067 ± .019 
1.055 ± .004 
1.340 ± .015 
1.382 ± .016 
1.086 ±.003 
1.244 ± .034 
1.088 ±.023 
1.067 ± .022 
1.299 ± .030 
1.091 ± .012 
1.099 ± .021 
1.316 ± .035 
1.321 ± .059 
1.232 ± .057 
1.139 ±.013 
1.093 ± .014 
1.075 ± .035 
1.495 ± .029 
1.230 ± .071 
1.094 ± .015 

fband 
Wm- 2 

.59E-13 ± .5E-13 

.37E-13 ± .2E-13 

.26E-13 ± .3E-14 

.32E-12 ± .1E-13 

.40E-12 ± .2E-13 

.60E-14 ± .1E-15 

.53E-12 ± .8E-13 

.73E-13 ± .3E-13 

.29E-13 ± .1E-13 

.19E-12 ± .3E-13 

.53E-13 ± .2E-13 

.34E-13 ± .2E-13 

.15E-12 ± .3E-13 

.16E-12 ± .5E-13 

.10E-12 ± .7E-13 

.71E-13±.1E-13 

.40E-13 ± .1E-13 

.80E-13 ± .3E-13 

.18E-13 ± .4E-15 

.32E-12 ± .1E-12 

.69E-14 ± .3E-14 

Table 7.8: The characteristics of the features in MWC922 

AC Her= HD170756= SA086134= IRAS18281+2149 

For AC Her we have two SWS and one LWS dataset, no special tricks were performed 
during the data reduction. 

The feature at 18.85 micron is only seen in the rev520 dataset and not in the revl06. 
Although a similar feature has been found in NGC6537, it makes this feature question
able. There is a hint in the spectrum of the 22.4 micron feature and we have measured 
it, but the reader should be aware of the noise level in this part of the spectrum. The 
strong feature at 22.69 looks rather prominent and seems also be present in HD44179, 
where this feature is seen in both the AOT01 as well as the AOT06. However, there is 
no indication of this feature in the revl06 spectrum of AC Her. This makes this feature 
questionable. It should be noted that that the responsivity drops around that wave
length. It is clear that this feature should be treated with caution. The reality of the 
sharp peak around 31.0 /jm is questionable. This noise peak sits probably on top of 
a genuine 31.2 micron feature, which seems also present in the revl06 spectrum. The 
shape of this feature corresponds rather well with the mean shape of the 31.2 micron 
feature. The prominent feature at 32.61 /im is present in both the up and down scan of 
rev 520 (although much more prominent in the up scan), however nothing is seen in 
the revl06 data set. Therefore we have some doubt about its appearance. However it 
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should be noted that its wavelength position is not atypical for a 32.8 micron feature, 
but caution should be taken into account by interpreting this feature. The 33.7 and 34.1 
micron features are measured together. In the rev520 dataset there is an indication for 
the presence of a 35.9 micron feature and the absence of the 34.9 micron feature, how
ever it seems vice versa for the revl06 data, where a 34.9 micron feature seems present 
but hardly anything at 35.9 /jm. It is clear that the noise level in both datasets play 
tricks on us here. We interpret this controversy as evidence for the presence of the 35 
micron plateau although it is not clear where this plateau ends. 

A 
fim 

3.29 ± .01 
8.20 ± .02 
9.12 ± .02 
9.45 ± .11 
9.83 ± .01 
9.97 ± .02 

10.90 ± .02 
11.06 ± .01 
11.37 ± .01 
11.90 ± .01 
13.54 ± .01 
13.84 ± .01 
14.19 ± .01 
15.35 ± .01 
15.92 ± .04 
16.17 ± .05 
16.81 ± .01 
17.54 ± .01 
17.90 ± .01 
18.75 ± .01 
19.64 ± .01 
20.84 ± .01 
21.42 ± .02 
22.37 ± .01 
22.69 ± .01 
23.46 ± .06 
23.88 ± .01 
24.60 ± .10 
25.12 ± .04 
27.79 ± .03 
28.45 ± .03 
29.69 ± .01 
30.61 ± .01 
31.02 ± .01 
32.06 ± .01 

FWHM 
/ im 

.05 ± .01 

.41 ± .06 

.35 ± .10 

.25 ± .14 

.17 ± .02 
2.74 ± .02 

.66 ± .07 

.03 ± .01 

.38 ± .04 

.15 ± .02 

.18 ± .01 

.19 ± .01 

.21 ± .01 

.62 ± .12 

.37 ± .05 

.27 ± .12 

.46 ± .14 

.13 ± .01 

.47 ± .06 
1.20 ±.10 

.57 ± .02 

.52 ± .07 

.44 ± .03 

.17 ± .06 

.16 ± .02 
1.28 ±.14 

.23 ± .03 

.81 ± .12 

.30 ± .09 

.94 ± .10 

.23 ± .03 
1.05 ± .11 

.24 ± .01 

.18 ± .01 

.56 ± .02 

Jpeak/^cont 

1.074 ±.003 
1.068 ± .010 
1.082 ± .016 
1.039 ±.008 
1.050 ±.005 
1.630 ±.045 
1.083 ±.009 
1.050 ± .004 
1.127 ±.017 
1.071 ± .013 
1.065 ±.003 
1.085 ±.003 
1.050 ±.002 
1.065 ± .005 
1.133 ±.025 
1.067 ± .023 
1.032 ± .009 
1.024 ± .003 
1.055 ±.007 
1.079 ± .012 
1.084 ± .005 
1.055 ± .003 
1.046 ± .001 
1.025 ± .004 
1.059 ± .006 
1.142 ± .026 
1.049 ± .010 
1.085 ± .022 
1.051 ± .011 
1.155 ± .019 
1.087 ± .014 
1.086 ± .017 
1.084 ±.006 
1.116 ±.004 
1.136 ± .007 

AC Her: contii 

* band 

Wm"2 

.37E-14 ± .7E-15 

.22E-13 ± .6E-14 

.28E-13 ± .1E-13 

.llE-13 ± .8E-14 

.83E-14 ± .1E-14 
.11E-11 ± .6E-13 
.51E-13 ± .1E-13 
.17E-14 ± .5E-15 
.42E-13 ± .9E-14 
.75E-14 ± .2E-14 
.63E-14 ± .4E-15 
.88E-14 ± .5E-15 
.57E-14 ± .4E-15 
.21E-13 ± .5E-14 
.26E-13 ± .8E-14 
.10E-13 ± .7E-14 
.75E-14 ± .5E-14 
.14E-14 ± .2E-15 
.12E-13 ± .3E-14 
.39E-13 ± .7E-14 
.18E-13 ± .2E-14 
.97E-14 ± .2E-14 
.64E-14 ± .5E-15 
.12E-14 ± .5E-15 
.28E-14 ± .5E-15 
.46E-13 ± .9E-14 
.28E-14 ± .8E-15 
.16E-13 ± .5E-14 
.34E-14 ± .2E-14 
.24E-13 ± .5E-14 
.31E-14 ± .8E-15 
.12E-13 ± .4E-14 
.25E-14 ± .3E-15 
.25E-14 ± .3E-15 
.84E-14 ± .5E-15 

lues on next page 
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AC Her: continued from 
A 

32.61 ± .01 
33.83 ± .05 
35.96 ± .08 
40.27 ± .06 
43.64 ± .08 

FWHM 

.36 ± .01 
1.43 ± .27 
1.88 ± .94 
1.31 ± .20 
1.96 ±1.03 

previous page 

'peak/*cont 

1.220 ±.004 
1.304 ±.070 
1.150 ±.033 
1.292 ±.034 
1.202 ± .036 

' 'band 
WrrT2 

.82E-14 ± .4E-15 

.41E-13 ± .1E-13 

.22E-13 ± .1E-13 

.17E-13 ± .4E-14 

.14E-13 ± .8E-14 
Table 7.9: The characteristics of the features in AC Her 

HD45677= FS CMa= MWC142= SA0151534= AFGL5195= 
IRAS06259-1301 

For HD45677 we only had one SWS data set and unfortunately no LWS data. Band 2 B 
has been rotated to let all the bands nicely match. 

In general, the features of HD45677 are rather sharp compared to the other stars. 
The 34.1 and 34.9 micron features are both present but blend in this object and are 
therefore measured as one, the same applies for the 35.9 and 36.5 micron features. The 
sharp line at 34.81 /y,m is [Si II]. 

A 

fan 

3.30 ± .01 
8.31 ± .03 
9.17 ± .03 
9.45 ± .01 
9.59 ± .01 
9.81 ± .02 

10.57 ± .04 
11.06 ± .01 
11.50 ± .03 
13.54 ± .01 
13.77 ± .01 
14.28 ± .09 
15.37 ± .01 
15.94 ± .02 
17.00 ± .05 
17.57 ± .01 
18.06 ± .01 
18.46 ± .03 
18.88 ± .01 
19.43 ± .01 
20.67 ± .01 
21.59 ± .06 
22.41 ± .02 

FWHM 

.02 ± .01 

.43 ± .13 

.68 ± .35 

.19 ± .07 
2.20 ± .04 

.18 ± .06 

.35 ± .07 

.06 ± .01 

.73 ± .19 

.22 ± .04 

.19 ± .03 

.55 ± .20 

.35 ± .02 

.27 ± .05 

.52 ± .07 

.27 ± .03 

.49 ± .07 
2.25 ± .01 

.67 ± .01 

.61 ± .01 

.37 ± .07 

.62 ± .13 

.16 ± .05 

-•peak/ -"cont 

1.057 ±.044 
1.076 ±.054 
1.260 ±.212 
1.046 ± .011 
1.421 ± .035 
1.026 ±.008 
1.034 ± .006 
1.035 ± .005 
1.031 ± .007 
1.044 ±.002 
1.033 ± .003 
1.020 ± .007 
1.056 ± .005 
1.023 ± .006 
1.016 ± .004 
1.013 ± .003 
1.092 ± .029 
1.155 ± .017 
1.083 ± .001 
1.062 ± .003 
1.071 ± .016 
1.043 ± .011 
1.011 ± .002 

f band 
Wm"2 

.36E-14 ± .5E-15 

.17E-12 ± .1E-12 

.94E-12 ± .9E-12 

.46E-13 ± .3E-13 
.34E-11 ± .3E-12 
.22E-13 ± .1E-13 
.47E-13 ± .2E-13 
.72E-14 ± .2E-14 
.61E-13 ± .3E-14 
.16E-13 ± .3E-14 
.10E-13 ± .2E-14 
.19E-13 ± .1E-13 
.27E-13 ± .3E-14 
.84E-14 ± .4E-14 
.11E-13 ± .3E-14 
.46E-14 ± .1E-14 
.55E-13 ± .2E-13 
.39E-12 ± .4E-13 
.64E-13 ± .2E-14 
.41E-13 ± .3E-14 
.25E-13 ± .1E-13 
.23E-13 ± .1E-13 
.12E-14 ± .5E-15 

HD45677: continues on next page 
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HD45677: continued from previous pa 
X 

fxm 
22.95 ± .01 
23.67 ± .01 
24.52 ± .01 
25.04 ± .02 
26.07 ± .05 
26.93 ± .01 
27.75 ± .01 
28.30 ± .01 
29.37 ± .03 
30.61 ± .01 
32.33 ± .03 
32.79 ± .01 
33.65 ± .01 
34.45 ± .06 
34.81 ± .01 
35.64 ± .04 
38.21 ± .02 
39.87 ± .01 
40.64 ± .01 
41.70 ± .02 
42.95 ± .01 
43.60 ± .01 
44.90 ± .04 

FWHM 
/an 

.44 ± .02 

.84 ± .04 

.38 ± .03 

.29 ± .05 

.42 ± .12 

.21 ± .09 

.72 ± .01 

.49 ± .02 
1.41 ± .12 
.18 ± .01 
.24 ± .09 
.74 ± .06 
.80 ± .05 

1.19 ± .43 
.04 ± .01 
.89 ± .20 
.56 ± .08 
.91 ± .01 
.97 ± .01 

1.13 ± .11 
.51 ± .01 
.58 ± .02 
.95 ± .03 

-•peak/^cont 

1.063 ±.006 
1.135 ± .012 
1.065 ± .009 
1.021 ± .007 
1.027 ±.005 
1.029 ± .004 
1.178 ± .009 
1.113 ±.009 
1.102 ±.018 
1.031 ± .015 
1.059 ± .017 
1.193 ± .012 
1.259 ± .024 
1.075 ± .012 
1.156 ± .003 
1.113 ±.015 
1.101 ± .011 
1.091 ± .001 
1.300 ± .006 
1.086 ±.010 
1.213 ± .012 
1.321 ± .016 
1.084 ±.004 

8e 

fband 
Wrrr 2 

.18E-13 ± .2E-14 

.65E-13 ± .8E-14 

.12E-13 ± .2E-14 

.28E-14 ± .1E-14 

.45E-14 ± .2E-14 

.23E-14 ± .1E-14 

.41E-13 ± .2E-14 

.17E-13 ± .2E-14 

.37E-13 ± .9E-14 

.11E-14 ± .5E-15 

.25E-14 ± .1E-14 

.23E-13 ± .3E-14 

.31E-13 ± .4E-14 

.12E-13 ± .4E-14 

.90E-15 ± .3E-16 

.12E-13 ± .4E-14 

.43E-14 ± .1E-14 

.51E-14 ± .1E-15 
-17E-13 ± .3E-15 
.52E-14 ± .1E-14 
.54E-14 ± .2E-15 
.90E-14 ± .6E-15 
.35E-14 ± .3E-15 

Table 7.10: The characteristics of the features in HD45677 

89 Her= V441 Her= BD+26°3120= HD163506= 
IRAS17534+2603= AFGL2028= SA085545 

For 89 her we also had redundancy in the SWS domain with two datasets. For the LWS 
wavelength range we had only one dataset. To match the different bands with each 
other we were forced to slightly tilt band 2B. 

There is uncertainty about the 15.2 micron feature. The structure seen at these wave
lengths seems, real, it is found in both the rev082 and the rev518 data. However it is 
rather blue-shifted and also very broad, therefore the question arises whether the fea
ture found at 15.0 fim in this object is the same as the 15.2 micron feature. 

We have fitted the smooth 23 micron complex with 3 features but these were not 
well constrained. Therefore caution should be taken in interpreting the results of this 
complex, even though the errors might look small. 

The 31.2 micron feature is not detected. The structure that is seen around this wave
length is noise. 
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A 
fj,m 

8.40 ± .06 
9.15 ± .01 
9.46 ± .02 
9.77 ± .03 
9.97 ± .13 

10.68 ± .04 
11.06 ± .01 
11.33 ± .02 
13.51 ± .01 
13.87 ± .01 
14.20 ± .01 
15.00 ± .03 
15.69 ± .02 
16.10 ± .02 
16.94 ± .03 
17.95 ± .02 
18.00 ± .09 
18.49 ± .02 
19.36 ± .02 
23.00 ± .02 
23.67 ± .02 
24.52 ± .07 
27.63 ± .03 
28.21 ± .02 
29.66 ± .03 
32.62 ± .05 
33.45 ± .09 
34.61 ± .22 

FWHM 
fim 

.42 ± .17 

.38 ± .14 

.20 ± .02 

.29 ± .07 
1.59 ± .29 

.45 ± .16 

.03 ± .01 

.86 ± .24 

.44 ± .22 

.18 ± .05 

.24 ± .02 

.73 ± .20 

.24 ± .06 

.62 ± .14 

.64 ± .16 

.55 ± .08 
1.69 ± .43 

.36 ± .05 

.64 ± .03 

.53 ± .02 

.85 ± .08 

.89 ± .08 

.35 ± .07 

.52 ± .04 
1.24 ±.04 

.71 ± .17 
1.15 ± .96 
3.67 ±1.35 

' peak/ 'cont 

1.031 ± .023 
1.083 ± .043 
1.045 ± .009 
1.036 ± .017 
1.204 ± .038 
1.038 ± .023 
1.035 ± .003 
1.095 ± .031 
1.031 ± .005 
1.022 ± .011 
1.036 ± .009 
1.031 ± .008 
1.034 ± .003 
1.056 ± .024 
1.057 ± .028 
1.060 ± .010 
1.051 ± .019 
1.024 ±.004 
1.046 ±.005 
1.041 ± .005 
1.082 ± .013 
1.041 ± .012 
1.124 ±.007 
1.176 ± .017 
1.190 ±.013 
1.202 ±.033 
1.265 ± .089 
1.194 ±.210 

•**band 

Wm"2 

.60E-13 ± .6E-13 

.11E-12 ± .9E-13 

.26E-13 ± .6E-14 

.30E-13 ± .2E-13 

.83E-12 ± .2E-12 

.46E-13 ± .5E-13 

.18E-14 ± .2E-15 

.17E-12 ± .8E-13 

.16E-13 ± .7E-14 

.51E-14 ± .4E-14 

.90E-14 ± .3E-14 

.21E-13 ± .9E-14 

.65E-14 ± .2E-14 

.28E-13 ± .2E-13 

.27E-13 ± .2E-13 

.19E-13 ± .5E-14 

.44E-13 ± .7E-14 

.47E-14 ± .1E-14 

.13E-13 ± .2E-14 

.55E-14 ± .8E-15 

.16E-13 ± .4E-14 

.72E-14 ± .2E-14 

.57E-14 ± .1E-14 

.12E-13 ± .9E-15 

.28E-13 ± .2E-14 

.13E-13 ± .5E-14 

.21E-13 ± .8E-14 

.43E-13 ± .5E-13 

Table 7.11: The characteristics of the features in 89 Her 

MWC300= V431 Sct= AFGL2170= IRAS18267-0606 

Also for MWC 300 we unfortunately only have one SWS spectrum and no long wave
length data. The substructure found in the 10 micron complex, which might be at
tributed to crystalline silicates is always seen in only one scan and we therefore do 
not trust its appearance, we have therefore not measured them. There might be struc
ture around 16 ^m, but this is severely blended by the interstellar silicate absorption 
and has therefore not been measured. The amorphous silicate detected at 17.03 fim is 
probably due to the interstellar absorption and not the circumstellar amorphous sili
cate emission feature, which could not be extracted from the data and has therefore not 
been measured. The up and down scan differ for the sharp peak at 28.68 fim, in one it 
is present in the other it is not, but the drop around 28.9 fim is seen in both the up and 
down scan, confirming the presence of the 28.8 micron feature. There is an indication 
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of the 32.2 micron feature but at a very low level, therefore it has not been measured. 
The up and down scan do not correspond at 42.5 micron therefore we have removed 
this feature before measuring the 40 micron complex. The shallow slope of the blue site 
of the 40.5 micron feature suggests the presence of a 39.8 micron feature. The presence 
of the 44.7 micron feature can neither be proven nor rejected. 

A 
fim 

3.30 ± .01 
8.33 ± .03 
9.89 ± .09 

11.31 ± .01 
12.18 ± .02 
12.89 ± .01 
13.53 ± .02 
13.74 ± .04 
14.15 ± .01 
16.98 ± .01 
17.03 ± .03 
17.61 ± .01 
17.96 ± .01 
18.43 ± .01 
19.36 ± .03 
20.66 ± .01 
22.66 ± .01 
23.14 ± .01 
23.72 ± .01 
24.52 ± .02 
25.14 ± .01 
25.91 ± .03 
27.89 ± .01 
28.68 ± .01 
29.65 ± .01 
30.68 ± .01 
31.27 ± .01 
32.97 ± .13 
33.65 ± .05 
34.05 ± .01 
34.81 ± .01 
35.04 ± .26 
40.59 ± .01 
41.71 ± .01 
43.62 ± .03 

FWHM 
/xm 

.35 ± .34 

.67 ± .07 
2.00 ± .19 

.13 ± .01 
1.35 ± .23 

.38 ± .02 

.28 ± .03 

.16 ± .09 

.39 ± .04 

.24 ± .08 
1.32 ± .03 

.15 ± .03 

.29 ± .01 

.74 ± .07 

.86 ± .06 

.31 ± .03 

.50 ± .05 

.41 ± .02 

.68 ± .03 

.53 ± .07 

.27 ± .02 

.40 ± .01 
1.20 ± .03 

.42 ± .04 
1.44 ± .25 

.34 ± .11 

.24 ± .01 

.96 ± .12 

.52 ± .36 

.38 ± .11 

.10 ± .01 
2.56 ± .32 
1.50 ± .03 

.41 ± .02 
1.91 ± .08 

•*peak/ -*cont 

1.017 ± .008 
1.044 ± .006 

.859 ± .019 
1.031 ± .002 
1.070 ± .006 
1.033 ± .007 
1.039 ± .004 
1.016 ± .003 
1.021 ± .003 
1.017 ± .003 

.940 ± .012 
1.019 ± .002 
1.033 ± .004 
1.075 ± .010 
1.059 ±.009 
1.073 ± .002 
1.024 ± .009 
1.065 ±.007 
1.114 ±.020 
1.057 ±.012 
1.039 ±.005 
1.066 ±.003 
1.192 ± .004 
1.117 ±.011 
1.128 ±.009 
1.079 ± .007 
1.087 ± .006 
1.154 ± .017 
1.196 ± .042 
1.157 ± .046 
1.082 ± .006 
1.089 ± .014 
1.203 ± .011 
1.104 ±.004 
1.216 ±.010 

-^band 

Wm-'2 

.15E-13 ± .9E-14 

.10E-12 ± .2E-13 
-.83E-12 ± .2E-12 
.89E-14 ± .1E-14 
.20E-12 ± .5E-13 
.25E-13 ± .7E-14 
.20E-13 ± .4E-14 
.49E-14 ± .3E-14 
.14E-13 ± .3E-14 
.47E-14 ± .2E-14 

-.95E-13 ± .2E-13 
.30E-14 ± .8E-15 
.96E-14 ± .1E-14 
.53E-13 ± .1E-13 
.45E-13 ± .9E-14 
.17E-13 ± .2E-14 
.79E-14 ± .4E-14 
.16E-13 ± .2E-14 
.43E-13 ± .9E-14 
.16E-13 ± .5E-14 
.49E-14 ± .9E-15 
.11E-13 ± .6E-15 
.87E-13 ± .3E-14 
.17E-13 ± .3E-14 
.59E-13 ± .9E-14 
.80E-14 ± .3E-14 
.58E-14 ± .5E-15 
.36E-13 ± .8E-14 
.26E-13 ± .2E-13 
.14E-13 ± .6E-14 
.16E-14 ± .3E-15 
.45E-13 ± .1E-13 
.30E-13 ± .2E-14 
.38E-14 ± .3E-15 
.33E-13 ± .2E-14 

Table 7.12: The characteristics of the features in MWC300 
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HD44179= Red Rectangle= BD-10°1476= IRAS06176-1036= 
AFGL915= SA0151362 

For this source we had an AOT01 and some parts done with a higher resolution (AOT06) 
Also an LWS spectrum was available. 

The feature at 17.07 ^m is likely to be a blend of the 16.7 and 17.0 micron features. 
The reality of the 20.7 micron feature is uncertain since it is very broad in the AOT01 
spectrum (although seen in both the up and down scan), but nothing is seen in the 
AOT06 spectrum. Therefore caution should be taken by interpreting this feature in this 
star. The structure around 23.2 ^m is not found in all datasets and differs between the 
up and the downscan. Therefore, we masked this part before measuring the complex. 
Comparing the 28 micron complex with e.g. 89 Her suggests that on the blue side of 
the 27.6 micron feature the 26.8 micron feature is also present. 

A 
/ j m 

3.02 ± .01 
3.29 ± .01 
3.37 ± .02 
5.26 ± .01 
5.68 ± .01 
6.02 ± .01 
6.26 ± .01 
6.42 ± .01 
7.09 ± .01 
7.58 ± .01 
7.83 ± .01 
8.63 ± .01 

10.84 ± .14 
11.27 ± .01 
11.98 ± .01 
12.71 ± .01 
13.58 ± .01 
14.19 ± .01 
15.87 ± .01 
16.19 ± .01 
16.50 ± .01 
17.07 ± .02 
18.03 ± .01 
18.97 ± .01 
19.65 ± .07 
20.77 ± .02 
21.59 ± .06 
22.86 ± .01 
23.81 ± .01 
24.65 ± .08 

FWHM 
/an 

.05 ± .01 

.05 ± .01 

.33 ± .05 

.10 ± .02 

.17 ± .02 

.08 ± .01 

.16 ± .01 

.39 ± .03 

.13 ± .04 

.12 ± .01 

.55 ± .01 

.39 ± .01 

.10 ±.10 

.21 ± .08 

.20 ± .03 

.35 ± .01 

.37 ± .04 

.27 ± .06 

.44 ± .02 

.08 ± .01 

.11 ± .01 

.84 ± .03 

.93 ± .12 

.43 ± .06 

.86 ± .04 

.59 ± .03 

.41 ± .09 

.48 ± .02 

.90 ± .07 

.43 ± .16 

Jpeak/ 'cont 

1.011 ± .003 
1.496 ± .137 
1.072 ± .009 
1.058 ± .005 
1.066 ± .007 
1.208 ± .021 
1.858 ± .040 
1.184 ± .003 
1.045 ± .011 
1.082 ± .003 
1.934 ± .030 
1.446 ± .018 
1.084 ±.054 
1.380 ±.082 
1.044 ±.006 
1.129 ±.003 
1.043 ± .004 
1.036 ±.006 
1.034 ± .002 
1.008 ± .001 
1.019 ± .001 
1.039 ± .005 
1.042 ± .008 
1.039 ± .007 
1.018 ±.004 
1.028 ±.004 
1.010 ±.006 
1.027 ±.002 
1.068 ±.007 
1.024 ±.005 

**band 
Wm" 2 

.15E-13 ± .7E-14 

.49E-12 ± .1E-12 

.55E-12 ± .lE-12 

.88E-13 ± .3E-13 

.17E-12 ± .4E-13 

.25E-12 ± .4E-13 

.20E-11 ± .2E-12 

.98E-12 ± .9E-13 

.87E-13 ± .4E-13 

.12E-12 ± .1E-13 

.61E-11 ± .2E-12 

.18E-11 ± .9E-13 

.24E-13 ± .2E-13 

.65E-12 ± .4E-12 

.62E-13 ± .2E-13 

.28E-12±.2E-13 

.88E-13 ± .2E-13 

.52E-13 ± .2E-13 

.65E-13 ± .6E-14 

.26E-14 ± .2E-15 

.91E-14 ± .1E-14 

.13E-12 ± .2E-13 

.15E-12 ± .4E-13 

.57E-13 ± .2E-13 

.48E-13 ± .lE-13 

.45E-13 ± .8E-14 

.10E-13 ± .7E-14 

.29E-13 ± .3E-14 

.13E-12 ± .2E-13 

.20E-13 ± .1E-13 
HD44179: continues 
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HD44179: continued from previous page 
A 

fixn 

25.04 ± .17 
26.08 ± .06 
27.69 ± .03 
28.26 ± .06 
29.44 ± .04 
30.77 ± .05 
32.51 ± .06 
33.03 ± .01 
33.70 ± .04 
34.35 ± .04 
35.28 ± .09 
36.02 ± .02 
36.53 ± .09 
40.46 ± .01 
43.49 ± .12 
47.98 ± .10 
56.55 ±1.36 
63.18 ± .01 
65.56 ± 1.06 
69.02 ± .01 

FWHM 

.40 ± .07 

.72 ± .11 

.67 ± .15 

.59 ± .07 
1.54 ± .27 

.81 ± .09 

.75 ± .13 

.50 ± .06 

.94 ± .26 

.73 ± .23 
1.68 ± .74 
.37 ± .03 
.81 ± .28 

1.27 ±.19 
3.01 ± .21 
1.33 ± .26 
5.91 ± 2.83 

.30 ± .02 
15.29 ± .88 

.78 ± .17 

'peak/^cont 

1.020 ±.015 
1.019 ± .002 
1.097 ± .027 
1.068 ±.025 
1.097 ±.043 
1.040 ±.009 
1.082 ±.009 
1.107 ±.023 
1.146 ± .012 
1.088 ± .040 

1.067 ± .006 
1.032 ± .006 
1.035 ± .015 
1.068 ±.008 
1.080 ± .020 
1.044 ± .011 
1.043 ± .014 
1.063 ± .008 
1.185 ± .064 
1.053 ± .006 

^band 
W m " ! 

.15E-13 ± .1E-13 

.22E-13 ± .4E-14 

.95E-13 ± .4E-13 

.55E-13 ± .2E-13 

.19E-12 ± .1E-12 

.36E-13 ± .5E-14 

.65E-13 ± .2E-13 

.54E-13 ± .2E-13 

.13E-12 ± .4E-13 

.64E-13 ± .4E-13 

.94E-13 ± .4E-13 

.91E-14±.3E-14 

.24E-13 ± .2E-13 

.48E-13 ± .1E-13 

.11E-12±.3E-13 

.19E-13 ± .8E-14 

.50E-13 ± .3E-13 

.24E-14 ± .2E-15 

.28E-12 ± .9E-13 

.38E-14 ± .1E-14 

Table 7.13: The characteristics of the features in HD44179 

Roberts 22= Hen 3-404= Wray 15-549= AFGL4104= 
OH284.18-0.79= IRAS10197-5750 

When ISO observed Roberts 22 with SWS it was offset, so a lot of flux was missed. 
Increasing apertures gave also flux jumps between the different subbands. In total we 
had 2 SWS and 1 LWS spectrum for this source. 

We have measured the 18 micron amorphous silicate band. However, it is not un
likely that the 18.0,18.9 and 19.5 micron features are present and therefore included in 
this measurement, but the noise level prevents firm conclusions about their presence. 
The 15.9 and 16.2 micron features are measured together. The 23 micron complex has 
been measured as one feature, since it was to noisy to separate the different features. 
The 28 micron complex suffered from flux jumps between the different bands. There
fore no reliable continuum could be drawn for band 3E. Still we were able to measure 
the features in this band since we use a local continuum for these measurements. All 
3 features found in band 3E were seen in both the rev084 as well as the rev254 dataset. 
Before measuring the 33 micron complex we have masked the narrow (0.1 /im) peak 
at 33.3 fim, since it was only found in one scan direction and not in the rev084 data. 
The 35.9 + 36.5 were measured as one, alike the 39.8 + 40.5 micron features. The 20.7 
and 21.5 micron features are found in rev254, where their shape resembles the average 
shape of these features quite well. However, nothing is found in the rev084 dataset, to-
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gether with the low S/N in this part of the spectrum makes these features suspicious. 
Better data is necessary to draw firm conclusions about these 2 features. There is some 
concerning about the data beyond 80 ^m. Therefore, the detection of the 90 micron 
feature in Roberts 22 is uncertain. 

A 

3.31 ± .01 
6.27 ± .01 
7.95 ± .01 
8.60 ± .01 

10.99 ± .01 
11.29 ± .01 
12.33 ± .03 
14.24 ± .01 
16.13 ± .01 
17.98 ± .02 
20.70 ± .03 
21.42 ± .01 
23.55 ± .01 
27.63 ± .01 
28.15 ± .01 
28.88 ± .01 

32.76 ± .03 
33.51 ± .03 
34.18 ± .08 
35.01 ± .10 
36.13 ± .01 
40.25 ± .09 
41.77 ± .01 
42.94 ± .18 
43.88 ± .13 
61.24 ± .11 

90.4 ± .5 

FWHM 
/i,m 

.11 ± .01 

.15 ± .01 

.51 ± .02 

.51 ± .05 

.16 ± .04 

.23 ± .05 

.87 ± .06 

.29 ± .01 

.85 ± .06 
1.94 ± .12 

.65 ± .11 

.31 ± .02 

1.59 ± .03 
.28 ± .01 
.41 ± .01 
.24 ± .01 
.61 ± .06 
.87 ±.14 
.74 ± .10 

1.43 ± .27 
.57 ± .03 

1.60 ± .25 
.42 ± .04 
.87 ± .26 

1.03 ± .20 
12.05 ± .16 

13.5 ± 2.5 

^peak/ Jcont 

2.620 ± .146 
2.539 ± .029 
1.808 ± .104 
1.334 ±.080 
1.096 ± .017 
1.134 ±.017 
1.188 ± .014 
1.047 ±.003 
1.037 ± .004 
1.121 ± .007 
1.049 ± .004 
1.074 ± .004 
1.089 ±.003 

1.043 ±.002 
1.044 ±.001 
1.067 ±.001 
1.063 ± .009 
1.088 ±.013 
1.034 ± .009 
1.047 ±.013 
1.043 ±.004 
1.037 ±.005 
1.026 ±.006 
1.081 ± .023 
1.056 ± .006 

.000 ± .000 

.000 ± .000 

Fband 

Wirr 2 

.46E-14 ± .5E-15 

.19E-13 ± .3E-15 

.40E-13 ± .4E-14 

.21E-13 ± .6E-14 

.42E-14 ± .1E-14 

.87E-14 ± .3E-14 

.53E-13 ± .7E-14 

.51E-14 ± .4E-15 

.15E-13 ± .2E-14 

.13E-12 ± .1E-13 

.21E-13 ± .3E-14 

.16E-13 ± .2E-14 

.10E-12 ± .5E-14 

.17E-13 ± .1E-14 

.24E-13 ± .7E-15 

.21E-13 ± .8E-15 

.54E-13 ± .1E-13 

.10E-12 ± .3E-13 

.32E-13 ± .lE-13 

.80E-13 ± .3E-13 

.26E-13 ± .4E-14 

.46E-13 ± .1E-13 

.73E-14 ± .2E-14 

.44E-13 ± .2E-13 

.32E-13 ± .9E-14 

.49E-12 ± .1E-13 

.16E-12 ± .3E-13 

Table 7.14: The characteristics of the features in Roberts 22 

VY 2-2= IRAS19219+0947 

VY 2-2 has been one of two sources on which ISO was not centered correctly. This 
resulted in flux jumps and intensity losses. We had one SWS and one LWS spectrum. 
The whole SWS spectrum suffered from the mispointing of the satellite. This reduced 
the flux level and therefore the signal to noise ratio. 

The reality of the feature at 11.6 fim is severely doubted, since the up and down 
scan do not agree with each other. It is therefore a good indicator of the noise-level 
in that part of the spectrum. The amorphous silicate ,clearly present in the 10 micron 
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complex, could not be detected at the 18 micron complex, likely due to the noise level. 
The feature at 25.1 /im is too broad to be an forbidden emission line. However it 

also seems narrower than the normal 25.0 micron feature. The noise in this part of the 
spectrum is quite severe, therefore we have some doubts about this feature. If other 
data confirm this to be the 25.0 micron feature, it would be the strongest 25 micron 
feature in the sample. The overall intensity from 24.2 to 25.2 micron suggests that the 
plateau is present and this has been measured (excluding the uncertain strong peak at 
25.1 //m. 

There were a lot of spurious features in band 4 which were removed by hand dur
ing the data reduction. There are hints in both the up and down scan for the different 
features in the 35 micron plateau, therefore we have measured them. However, the sig
nal to noise ration in this area makes these features somewhat uncertain and therefore 
no firm conclusions should be drawn based on these features alone. Also the 40 micron 
complex suffers from the high noise level. The features seen in the spectrum given by 
the ISO-data archive in Vilspa are probably due to glitches and glitch tails, which were 
found in this part of the spectrum. We have removed these spurious points by hand. 
We have tried to split the 40 micron complex in a 40.5 micron feature and a 43.0 + 43.8 
micron blend and measured the result. 

A 
/ im 

10.05 ± .03 
20.58 ± .02 
21.35 ± .01 
23.34 ± .02 
25.04 ± .01 
29.90 ± .01 
30.54 ± .01 
32.87 ± .01 
33.69 ± .01 
34.49 ± .04 
35.32 ± .04 
35.97 ± .01 
36.58 ± .03 
40.40 ± .05 
42.47 ± .14 
52.60 ± .15 
59.91 ± .29 
89.59 ± .78 

FWHM 
/tm 

2.80 ± .06 
.32 ± .10 
.51 ± .01 
.82 ± .08 
.56 ± .03 
.58 ± .01 
.63 ± .03 
.69 ± .02 
.61 ± .01 
.84 ± .12 
.66 ±.19 
.33 ± .02 
.97 ± .27 

1.23 ± .12 
2.59 ± .62 
5.46 ± .44 

10.60 ± 1.26 
17.63 ±1.73 

^peak/^cont 

6.915 ± .997 
1.124 ± .013 
1.098 ± .009 
1.099 ± .007 
1.157 ±.002 
1.139 ± .007 
1.078 ±.009 
1.135 ± .005 
1.217 ±.009 
1.154 ±.018 
1.158 ± .011 
1.109 ± .004 
1.075 ±.009 
2.090 ± .124 
1.094 ±.011 
.000 ± .000 
.000 ± .000 
.000 ± .000 

^band 
Wrn"2 

.10E-11 ± .4E-13 

.11E-13 ± .4E-14 
.12E-13 ± .1E-14 
.18E-13 ± .3E-14 
.16E-13 ± .7E-15 
.15E-13 ± .1E-14 
.87E-14 ± .1E-14 
.14E-13 ± .7E-15 
.18E-13 ± .9E-15 
.16E-13 ± .4E-14 
.12E-13 ± .3E-14 
.39E-14 ± .3E-15 
.76E-14 ± .3E-14 
.38E-14 ± .2E-15 
.19E-13 ± .7E-14 
.41E-13 ± .7E-14 
.76E-13 ± .1E-13 
.45E-13 ± .5E-14 

Table 7.15: The characteristics of the features in VY 2-2 
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HD161796 = V814 Her= BD+50°2457= IRAS17436+5003= 
AFGL5384= SAO30548 

We got a nice dataset of HD161796, including an AOT06 observation of band 4. In the 
final spectrum we attached this AOT06 spectrum between 29.03 and 43.17 /jm. 

A broad feature around 13 micron may be present, which is also seen in AFGL4106 
and HD179821, however in the latter spectra it resembles continuum with an early 
rise of the 18 micron silicate feature starting at about 14.5 pm. The 18 micron complex 
is located on the slope of a steep spectrum and there is some uncertainty about the 
strength of the 18 micron feature. The up and down scan do not completely agree 
around this feature. Still the peak position and FWHM agree very well with the feature 
seen in the mean outflow spectrum. So we conclude that it is likely that there is a 
feature at this wavelength, but its strength is somewhat controversial. Because of the 
presence of the crystalline silicate features it is more difficult to measure the amorphous 
silicates. This dust feature also hampers from our method of measurement; We fitted 
Gaussians while this feature is not a Gaussian. The small feature which is seen at 17.5 
fi is noise. The shape of the 20.5 micron feature is similar to the shape in the mean 
spectrum, however its strength is similar to the features at 22.0 and 22.4 /im, for which 
the up and down scan differ significantly. Therefore is the detection of the 20.5 micron 
feature only marginal. Because of the reasonable uncertainty about the 22.4 micron 
feature, it has not been measured. The 28.8 micron feature might be present but one 
should take into account that we only measured it after masking the spurious feature at 
29.2 /im. It should be noted that the 30.6 micron feature is found in the AOT06 data and 
the rev342 data but nothing is seen in the rev071 dataset. The spectrum between 29.03 
and 43.17 is from the AOT06 observation. The 35.9 and 36.5 micron features has been 
measured as a blend. The 35.1 micron feature is probably somewhat underestimated 
and blue-shifted. The status of the feature at 44.09 fim is not completely sorted out. It 
is seen in all data sets, but also the up and down scan do often differ at this point. For 
now, we assume that it is the result of a blend of the 43.8 and the 44.7 micron features. 

A 

10.36 ± .05 
13.37 ± .05 
14.16 ± .01 
15.02 ± .06 
15.88 ± .01 
16.18 ± .05 
17.37 ± .07 
18.04 ± .01 
18.84 ± .02 
19.49 ± .01 
20.54 ± .07 
21.52 ± .01 
23.04 ± .01 

FWHM 

2.06 ± .09 
1.12 ±.16 
.25 ± .02 
.58 ± .10 
.24 ± .08 
.42 ± .10 

2.01 ± .20 
.49 ± .03 
.84 ± .06 
.46 ± .10 
.70 ± .10 
.43 ± .01 
.41 ± .01 

' p e a k / ' c o n t 

2.085 ± .205 
1.185 ± .048 
1.089 ±.007 
1.059 ±.021 
1.087 ±.017 
1.047 ± .004 
1.161 ± .059 
1.105 ± .015 
1.086 ± .029 
1.072 ± .035 
1.036 ± .018 
1.049 ± .001 
1.073 ± .002 

•**band 

Wirr 2 

.11E-12±.1E-13 

.36E-13 ± .1E-13 

.52E-14 ± .9E-15 

.12E-13 ± .6E-14 

.95E-14 ± .4E-14 

.94E-14 ± .3E-14 

.20E-12 ± .8E-13 

.36E-13 ± .5E-14 

.55E-13 ± .1E-13 

.30E-13 ± .2E-13 

.24E-13 ± .lE-13 

.19E-13 ± .3E-15 

.28E-13 ± .1E-14 
HD161796: continues on next page 

218 



7.7. APPENDIX; NOTES ON INDIVIDUAL STARS 

HD161796: continued from previous page 
A 

fim 

23.65 ± .01 
24.36 ± .01 
24.83 ± .01 
26.20 ± .09 
27.70 ± .02 
28.24 ± .01 
28.85 ± .01 
29.67 ± .03 
30.66 ± .10 
32.29 ± .02 
32.94 ± .01 
33.63 ± .01 
34.16 ± .01 
34.74 ± .03 
36.07 ± .04 
39.44 ± .01 
40.34 ± .01 
41.91 ± .03 
43.01 ± .02 
44.09 ± .04 
47.65 ± .03 
52.34 ± .21 
59.89 ± .31 
66.40 ± .37 
68.89 ± .02 

FWHM 
/j,m 

.77 ± .03 

.36 ± .01 

.53 ± .05 

.74 ± .14 

.69 ± .11 

.32 ± .03 

.29 ± .06 

.69 ± .10 

.53 ± .26 

.51 ± .08 

.69 ± .03 

.59 ± .03 

.51 ± .07 

.63 ± .17 
1.41 ± .29 
.28 ± .04 

1.12 ± .05 
1.06 ± .05 
1.02 ± .05 
1.22 ± .17 
1.62 ± .10 
4.34 ± .23 
5.98 ± .59 

11.37 ± .43 
.54 ± .11 

' peak/ 'cont 

1.107 ±.009 
1.035 ± .001 
1.067 ± .007 
1.015 ± .003 
1.037 ± .008 
1.047 ± .005 
1.037 ± .006 
1.031 ± .006 
1.018 ± .003 
1.015 ± .002 
1.097 ± .005 
1.109 ± .004 
1.065 ± .010 
1.028 ±.004 
1.037 ± .005 
1.012 ± .001 
1.054 ± .003 
1.082 ± .003 
1.262 ± .009 
1.129 ± .010 

1.036 ± .006 
1.050 ± .004 
1.132 ± .002 
1.126 ± .027 
1.041 ± .003 

fband 
Wm"2 

.75E-13 ± .9E-14 

.11E-13 ± .4E-15 

.32E-13 ± .6E-14 

.96E-14 ± .4E-14 

.21E-13 ± .8E-14 

.12E-13 ± .2E-14 

.84E-14 ± .3E-14 

.16E-13 ± .5E-14 

.61E-14 ± .2E-14 

.50E-14 ± .1E-14 

.41E-13 ± .4E-14 

.39E-13 ± .3E-14 

.20E-13 ± .6E-14 

.10E-13 ± .4E-14 

.29E-13 ± .9E-14 

.16E-14±.1E-15 

.28E-13 ± .2E-14 

.38E-13 ± .3E-14 

.11E-12±.9E-14 

.63E-13 ± .1E-13 

.18E-13 ± .4E-14 

.45E-13 ± .4E-14 

.11E-12 ± .1E-13 

.13E-12 ± .3E-13 

.19E-14 ± .5E-15 

Table 7.16: The characteristics of the features in HD161796 

OH26.5+0.6= V347 Sct= IRAS18348-0526= AFGL2205 

For OH26.5+0.6 we got 2 LWS and one SWS dataset. 
Up to 28 fim all features are in absorption. The amorphous 10 micron feature suf

fers from a high degree of absorption and no Gaussian profile is fitted to it, the centre 
of the absorption is at 9.9 ±0.1 /jm. The substructure in the 10 micron absorption band 
might be real, it is seen in both the up and down scan, but these positions does not 
match with other sources in our sample. The 23.0 and 23.7 micron features are mea
sured as a blend. It is not completely clear whether the 27.6 and 28.2 micron features 
are present or not. They are located at the border where the spectrum goes from ab
sorption to emission. It seems that there is some excess emission at these wavelengths, 
but no clear peak has been seen. This suggest that they suffer from self absorption, 
which makes it impossible to measure them with Gaussians. So we have not measured 
these features, although they seem to be present. The 33 micron complex without the 
plateau has been measured as one feature, since it was not possible to make sure how 
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to separate the different features, for which are indications of their presence. Although 
there is an indication of 2 different features in the 60 micron complex of OH26.5+0.6 
we have measured it as one. There seems self absorption in the 26.1 micron feature, 
which hampers the measurements of this feature. The 48 micron blend has again been 
measured as one due to the noise level in that part of the spectrum. 

A 
fim 

13.40 ± .01 
14.20 ± .01 
15.42 ± .01 
16.06 ± .02 
16.37 ± .01 
17.07 ± .03 
17.51 ± .01 
17.78 ± .03 
18.16 ± .01 
18.99 ± .02 
19.53 ± .01 
20.57 ± .01 
22.51 ± .02 
23.30 ± .02 
23.89 ± .01 
24.51 ± .01 
25.04 ± .02 
26.19 ± .01 
26.71 ± .01 
29.55 ± .01 
33.41 ± .01 
35.35 ± .02 
36.19 ± .09 
36.67 ± .13 
37.83 ± .04 
39.62 ± .07 
40.72 ± .04 
42.02 ± .10 
42.96 ± .03 
44.05 ± .04 
44.81 ± .01 
48.10 ± .08 
52.17 ± .05 
63.43 ± .59 
69.09 ± .01 

FWHM 
/ j m 

.23 ± .02 

.36 ± .01 

.26 ± .02 

.44 ± .02 

.20 ± .03 

.37 ± .08 

.36 ± .12 
3.66 ± .08 

.28 ± .01 

.46 ± .02 

.39 ± .05 

.16 ± .01 

.34 ± .07 

.87 ± .03 

.25 ± .02 

.22 ± .02 

.37 ± .14 

.22 ± .05 

.35 ± .03 
1.35 ± .09 
1.57 ± .05 
1.67 ± .08 

.65 ± .11 

.57 ± .15 

.61 ± .14 
1.10 ± .11 
1.53 ± .07 

.60 ± .39 
1.34 ± .18 
1.05 ± .08 

.50 ± .02 
1.65 ± .07 
1.75 ± .20 

14.80 ± .89 
.78 ± .38 

'peak/ ' c o n t 

1.022 ±.001 
1.060 ±.004 
.953 ± .002 
.967 ± .002 
.986 ± .002 
.976 ± .004 
.965 ± .004 
.655 ± .022 
.977 ± .003 
.975 ± .002 
.964 ± .001 
.972 ± .001 
.972 ± .004 
.946 ± .004 
.983 ± .003 
.982 ± .002 
.978 ± .001 
.973 ± .004 
.964 ± .003 

1.054 ± .003 
1.090 ± .007 
1.046 ± .008 
1.020 ± .005 
1.015 ± .006 
1.013 ± .003 
1.023 ± .007 
1.097 ± .012 
1.034 ± .018 
1.130 ± .011 
1.089 ± .021 
1.049 ± .003 
1.039 ± .001 
1.054 ± .006 
1.129 ± .029 
1.042 ± .008 

•* band 

Wirr 2 

.32E-13 ± .4E-14 

.12E-12 ± .1E-13 
-.61E-13 ± .7E-14 
-.60E-13 ± .6E-14 
-.10E-13 ± .2E-14 
-.30E-13 ± .1E-13 
-.39E-13 ± .2E-13 
-.54E-11 ± .6E-12 
-.19E-13 ± .3E-14 
-.31E-13 ± .4E-14 
-.39E-13 ± .6E-14 
-.14E-13 ± .1E-14 
-.29E-13 ± .1E-13 
-.14E-12 ± .1E-13 
-.12E-13 ± .3E-14 
-.11E-13 ± .2E-14 
-.22E-13 ± .8E-14 
-.16E-13 ± .6E-14 
-.32E-13 ± .6E-14 
.17E-12 ± .2E-13 
.26E-12 ± .3E-13 
.13E-12 ± .2E-13 
.20E-13 ± .8E-14 
.14E-13 ± .8E-14 
.11E-13 ± .4E-14 
.32E-13 ± .1E-13 
.16E-12 ± .2E-13 
.26E-13 ± .2E-13 
.16E-12 ± .2E-13 
.80E-13 ± .2E-13 
.20E-13 ± .2E-14 
.40E-13 ± .2E-14 
.48E-13 ± .1E-13 
.49E-12 ± .1E-12 
.69E-14 ± .5E-14 

Table 7.17: The characteristics of the features in OH26.5+0.6 
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HD179821 = V1427 Aql= BD-00°3679= IRAS19114+0002= 
AFGL2343= SA0124414 

Our data products of HD179821 consist of two SWS and one LWS spectrum. 
The 18 micron complex lies on a very steep slope, which makes it difficult to identify 

and measure the different features. The 18 micron amorphous silicate feature might 
be about 10% to strong since it has been measured including the crystalline silicate 
features. The 15.9 and 16.2 micron features were measured together, since it appeared 
very difficult to separate them. The 17.0 micron feature is very weak, but its width 
corresponds well with the mean feature shape. The detection of the 18.9 micron feature 
is uncertain, it has therefore been measured together with the 18.0 micron feature. The 
24.5 and 25.1 micron features has been measured as one. The 40.5 micron feature shows 
a relatively long slope towards the shorter wavelengths, this is fitted with an extra 
Gaussian, which is attributed to the 39.8 micron features. This extra Gaussian influence 
the strength and probably also the width of the 40.5 micron feature. The sharp drop 
around 67 /im might have to do with the border between two different bands in the 
LWS spectrum. We remind the reader that we have not performed any shift of the 
bands for this LWS spectrum. 

A 

10.57 ± .03 
11.07 ± .01 
16.06 ± .03 
16.91 ± .03 
17.72 ± .08 
18.26 ± .01 
19.75 ± .01 
20.65 ± .01 
22.49 ± .04 
22.99 ± .01 
23.55 ± .01 
24.75 ± .01 
26.03 ± .11 
27.65 ± .01 
28.14 ± .01 
29.88 ± .06 
32.37 ± .01 
32.95 ± .01 
33.62 ± .01 
34.18 ± .05 
34.88 ± .31 
35.96 ± .13 
40.36 ± .04 
40.80 ± .02 

FWHM 
/ im 

2.46 ± .06 
.05 ± .01 
.67 ± .05 
.48 ± .07 

3.02 ± .07 
1.08 ± .03 

.36 ± .02 

.16 ± .01 

.55 ± .22 

.28 ± .01 
1.07 ± .01 

.66 ± .15 
1.10 ± .09 

.49 ± .11 

.39 ± .02 
1.99 ± .21 

.74 ± .04 

.50 ± .02 

.67 ± .05 

.48 ± .30 
1.54 ± .26 

.51 ± .32 
2.57 ± .30 

.53 ± .05 

' peak/Jcont 

1.616 ± .142 
1.099 ±.021 
1.053 ± .011 
1.022 ± .009 
1.209 ± .050 
1.037 ±.001 
1.022 ±.001 
1.031 ± .002 
1.020 ± .006 
1.048 ± .005 
1.057 ±.004 
1.017 ±.002 
1.025 ± .004 
1.011 ± .002 
1.019 ± .001 
1.043 ± .010 
1.034 ± .002 
1.084 ±.003 
1.088 ± .005 
1.018 ± .008 
1.023 ± .002 
1.017 ± .002 
1.060 ±.012 
1.040 ±.003 

' 'band 
Wm- 2 

.34E-12 ± .5E-13 

.18E-14 ± .7E-15 

.70E-13 ± .2E-13 

.27E-13 ± .lE-13 

.14E-11 ± .3E-12 

.11E-12 ± .7E-14 

.24E-13 ± .2E-14 

.16E-13 ± .3E-14 

.39E-13 ± .3E-13 

.44E-13 ± .6E-14 

.20E-12 ± .1E-13 

.37E-13 ± .1E-13 

.90E-13 ± .2E-13 

.17E-13 ± .7E-14 

.22E-13 ± .2E-14 

.24E-12 ± .5E-13 

.65E-13 ± .7E-14 

.11E-12 ± .7E-14 

.14E-12 ± .2E-13 

.26E-13 ± .3E-13 

.81E-13 ± .1E-13 

.20E-13 ± .lE-13 

.27E-12 ± .8E-13 

.36E-13 ± .6E-14 
HD179821: continues on next page 
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HD179821: continued from previous page 
A 

/an 
41.93 ± .01 
43.06 ± .01 
43.86 ± .01 
44.61 ± .01 
47.55 ± .04 
48.34 ± .02 
55.37 ±1.49 
61.78 ± .62 
69.15 ± .10 

FWHM 
/ im 

.78 ± .03 
1.48 ± .03 

.41 ± .02 

.56 ± .02 
1.01 ± .07 
1.37 ± .18 
5.77 ± 2.47 

10.23 ± 1.36 
1.04 ± .47 

*peak/^cont 

1.039 ±.002 
1.157 ±.006 
1.042 ± .001 
1.056 ±.002 
1.034 ±.005 
1.032 ±.006 
1.035 ±.022 
1.137 ±.027 
1.025 ± .003 

^band 
Wm- 2 

.47E-13 ± .4E-14 

.34E-12 ± .2E-13 

.23E-13 ± .lE-14 

.41E-13 ± .3E-14 

.37E-13 ± .8E-14 

.45E-13 ± .1E-13 

.15E-12 ± .1E-12 

.61E-12 ± .2E-12 

.82E-14 ± .5E-14 

Table 7.18: The characteristics of the features in HD179821 

AFGL4106= HD302821= CPD-58°2154= IRAS10215-5916 

There are three SWS datasets for AFGL4106 and one LWS dataset. We had to rotate 
band 3E to match band 3D and 4. 

The 18 micron amorphous silicate feature might be about 10% - 20% to strong since 
it has been measured including the crystalline silicate features. Again some features 
has been measured as a blend like the 15.9 + 16.2 micron features, the 16.7 + 17.0 micron 
features and the 47.7 + 48.6 micron blend. There are slight indications for 22.4 micron 
feature, however we decided not to measure it because of the noise level, which makes 
this feature rather uncertain. 

A 

10.58 ± .04 
11.06 ± .01 
13.64 ± .02 
14.17 ± .01 
16.05 ± .01 
16.73 ± .02 
17.70 ± .06 
18.01 ± .03 
18.81 ± .13 
19.51 ± .13 
20.63 ± .01 
21.43 ± .01 
22.26 ± .05 
22.82 ± .01 
23.46 ± .04 
24.47 ± .01 
24.86 ± .01 
26.10 ± .04 

FWHM 

2.46 ± .04 
.08 ± .01 
.46 ± .04 
.26 ± .04 
.60 ± .02 
.66 ± .05 

2.89 ± .04 
.68 ± .06 

1.03 ± .07 
.39 ± .23 
.45 ± .05 
.34 ± .03 
.38 ± .14 
.34 ± .03 

1.29 ± .08 
.33 ± .05 
.33 ± .10 
.84 ± .03 

' p eak / ' con t 

2.124 ± .184 
1.081 ± .002 
1.038 ± .008 
1.025 ± .006 
1.054 ±.007 
1.033 ± .008 
1.132 ± .031 
1.044 ± .010 
1.037 ± .009 
1.011 ± .006 
1.033 ± .004 
1.025 ± .002 
1.013 ± .003 
1.027 ± .002 
1.061 ± .005 
1.014 ± .002 
1.013 ± .002 
1.010 ± .002 

fband 
Wm"2 

.48E-11 ± .5E-12 

.13E-13 ± .3E-14 

.75E-13 ± .2E-13 

.33E-13 ± .1E-13 

.29E-12 ± .4E-13 

.23E-12 ± .7E-13 

.42E-11 ± .9E-12 

.38E-12 ± .1E-12 

.49E-12±.1E-12 

.69E-13 ± .7E-13 

.19E-12 ± .5E-13 

.11E-12 ± .2E-13 

.65E-13 ± .3E-13 

.10E-12 ± .2E-13 

.88E-12 ± .1E-12 

.52E-13 ± .2E-13 

.47E-13 ± .2E-13 

.81E-13 ± .2E-13 
AFGL4106: continues on next page 
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AFGL4106: 
A 

lim 

27.62 ± .01 
28.13 ± .01 
32.08 ± .02 
32.85 ± .02 
32.96 ± .01 
33.63 ± .01 
34.02 ± .01 
34.75 ± .05 
35.76 ± .01 
36.44 ± .01 
39.78 ± .02 
40.44 ± .04 
41.68 ± .01 
42.73 ± .03 
43.30 ± .07 
44.67 ± .03 
47.88 ± .08 
61.82 ± .26 

continued from previous page 
FWHM 

/ j m 

.68 ± .02 

.30 ± .02 

.37 ± .21 

.92 ± .12 

.11 ± .01 

.55 ± .04 

.21 ± .01 
1.39 ± .21 

.54 ± .02 

.29 ± .05 

.40 ± .08 
1.08 ± .29 

.59 ± .01 

.63 ± .05 
1.02 ± .03 

.57 ± .14 
1.91 ± .16 

13.26 ± .16 

'peak/^cont 

1.031 ± .001 
1.023 ± .001 
1.012 ± .002 
1.068 ± .007 
1.009 ± .001 
1.069 ± .006 
1.025 ± .002 
1.025 ± .007 
1.033 ± .003 
1.025 ± .002 
1.013 ± .002 
1.052 ± .003 
1.025 ± .002 
1.033 ± .007 
1.054 ± .006 
1.014 ± .006 
1.039 ± .007 
1.053 ± .008 

**band 

Wm- 2 

.18E-12 ± .6E-14 

.55E-13 ± .6E-14 

.28E-13 ± .2E-13 

.34E-12 ± .5E-13 

.55E-14 ± .5E-15 

.19E-12 ± .3E-13 

.26E-13 ± .4E-14 

.17E-12 ± .7E-13 

.76E-13 ± .8E-14 

.29E-13 ± .7E-14 

.17E-13 ± .5E-14 

.16E-12 ± .4E-13 

.38E-13 ± .4E-14 

.49E-13 ± .1E-13 

.12E-12 ± .1E-13 

.18E-13 ± .1E-13 

.11E-12 ± .3E-13 

.44E-12 ± .7E-13 
Table 7.19: The characteristics of the features in AFGL4106. 

NML Cyg= V1489 Cyg= IRC+40448= OH80.8-1.9= AFGL2650 

Also for NML Cyg there was an nice dataset available with 4 SWS observations, of 
which one was an AOT06 observation of band 4. We have included this high resolution 
spectrum in our final spectrum. Band 2A has been tilted to fit the other bands. 

The 8.3 micron feature might be present, but is difficult to separate from the amor
phous silicate feature which still peaks at these wavelengths. The structure around 
10.07 fim is coincides with the feature in the responsivity and is therefore not trusted. 
The structures around 11.05 fim are due to the apparent not completely correct re
moved 11.1 micron responsivity feature. 

The 13.6 and 14.2 micron features are influenced by absorption features at 13.25 and 
14.02 /im. 

We assumed that there was no 13.8 micron feature and that therefore the flux at that 
wavelength position was continuum. The features were measured with respect to that 
continuum. 

The 16.9 and 17.2 micron features are measured as one. If there is a very weak 19.5 
micron feature it has been measured together with the 18.9 micron feature. At 14.96 
^m gas phase C0 2 absorption has been detected. 

The 18 micron amorphous silicate could not be extracted from the data, it is prob
ably between emission and self absorption. The 24.5 micron feature, is rather blue-
shifted and strong compared to the other 24.5 micron features. It gives NML Cyg the 
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CHAPTER 7. OVERVIEW 

broadest appearance in this complex of all sources. We cannot exclude that this feature 
is not the same as the other 24.5 micron features. 

The end of band 3D and the beginning of Band 3E are not OK due to leakage, 
therefore no features are measured in this wavelength range There might be a 39.8 
micron feature present, however this is difficult to measure with so many water lines 
present in that region. Therefore we measured it as one feature, neglecting the presence 
of the water lines. This might lead to an overestimation of the flux level of the features. 

The 47.7 and 48.6 micron features were measured as a blend. 

A 

9.94 ± .03 
13.54 ± .01 
14.21 ± .01 
15.24 ± .01 
15.85 ± .01 
16.14 ± .01 
16.82 ± .01 
18.06 ± .01 
18.97 ± .01 
20.58 ± .01 
21.57 ± .01 
23.04 ± .02 
23.73 ± .02 
24.34 ± .01 
30.61 ± .01 
32.28 ± .04 
32.68 ± .04 
32.96 ± .01 
33.55 ± .03 
33.93 ± .02 
34.67 ± .10 
35.91 ± .02 
40.52 ± .01 
42.11 ± .06 
43.07 ± .01 
44.01 ± .01 
44.81 ± .01 
47.92 ± .20 
64.64 ± .25 
68.91 ± .03 

FWHM 

1.30 ± .15 
.17 ± .02 
.18 ± .01 
.18 ± .01 
.30 ± .03 
.22 ± .01 
.48 ± .02 
.69 ± .03 
.87 ± .06 
.48 ± .07 
.15 ± .01 
.63 ± .02 

1.04 ± .09 
.16 ± .02 
.33 ± .02 
.29 ± .06 
.47 ± .20 
.21 ± .06 
.64 ± .12 
.27 ± .19 

1.88 ± .31 
.53 ± .04 

1.40 ± .03 
1.00 ± .08 
1.23 ± .03 

.98 ± .02 

.42 ± .01 
2.42 ± .65 
4.67 ± .43 

.95 ± .14 

'peak/^cont 

.747 ± .025 
1.007 ± .001 
1.012 ± .002 
1.011 ± .002 
1.031 ± .001 
1.017 ±.001 
1.020 ± .001 
1.036 ± .001 
1.028 ± .001 
1.015 ± .001 
1.017 ±.002 
1.020 ± .001 
1.031 ± .003 
1.006 ± .001 
1.028 ± .002 
1.020 ± .005 
1.057 ± .003 
1.043 ± .014 
1.052 ±.003 
1.020 ± .008 
1.019 ±.006 
1.013 ± .001 
1.056 ± .001 
1.008 ± .001 
1.049 ± .001 
1.041 ± .002 
1.025 ±.001 
1.067 ± .015 
1.046 ± .005 
1.023 ± .007 

-''band 
Wm"2 

-.47E-10 ± .1E-10 
.97E-13 ± .1E-13 
.17E-12 ± .2E-13 
.14E-12 ± .3E-13 
.58E-12 ± .9E-13 
.24E-12 ± .2E-13 
.54E-12 ± .5E-13 
.12E-11 ± .8E-13 
.11E-11 ± .1E-12 
.27E-12 ± .5E-13 
.85E-13 ± .2E-13 
.35E-12 ± .3E-13 
.82E-12 ± .2E-12 
.23E-13 ± .4E-14 
.97E-13 ± .1E-13 
.53E-13 ± .2E-13 
.22E-12 ± .1E-12 
.79E-13 ± .4E-13 
.25E-12 ± .6E-13 
.49E-13 ± .4E-13 
.24E-12 ± .1E-12 
.42E-13 ± .7E-14 
.31E-12 ± .1E-13 
.26E-13 ± .4E-14 
.19E-12 ± .4E-14 
.11E-12 ± .7E-14 
.28E-13 ± .7E-15 
.31E-12 ± .1E-12 
.15E-12 ± .3E-13 
.12E-13 ± .5E-14 

Table 7.20: The characteristics of the features in NML Cyg 
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7.7. APPENDIX; NOTES ONINDTVIDUAL STARS 

IRC+10420= V1302 Aql= IRAS19244+1115= AFGL2390 

The last source in our sample is IRC+10420. We got one complete spectral coverage 
in the SWS and LWS wavelength range. Part of the SWS-spectrum was done with an 
AOT06 which is included in our final spectrum. IRC+10420 show some structure in 
the 10 micron complex which lines up quite nicely with crystalline silicates in other 
sources. The weak 10.6 micron feature is uncertain, since it is not consistent with the 
feature seen in the mean disk spectrum feature. The 11.3 micron feature is consistent 
with feature seen in AC Her but very weak. 

The 16.2 micron feature is somewhat unsure, since it is clearly seen in band 3c (up 
an down scan), but not in band 3A (nor in the up nor in the down scan). The amor
phous feature has been measured without the crystalline features and the strength is 
therefore somewhat over estimated, however this effect is negligible compared to the 
uncertainty in continuum level. The 18.0 + 18.9 micron features are measured as one. 

Band 3D was not corrected for leakage problems in the calibration sources, because 
the flux level in IRC10420 is so high that it is very likely that also here leakage has its 
influence. Band 3E is tilted to fit the AOT06 and LWS on one side and the rest of the 
data at the other side. The 20.7 micron feature is the broadest one found in our sample, 
still the data seems valid, since the up and down scan show exactly the same trend. 

The up and down scan of the AOT06 differ severely between 29.3 and 30 ^m, prob
ably due to memory effects in this high flux source. Therefore we have removed this 
part of the spectrum, since also the AOT01 suffered from the same problems in this 
part of the spectrum. 

There is a possibility of a 39.8 micron feature however the different datasets contra
dict each other around these wavelengths. Therefore we have measured this feature as 
a 40.5 micron feature. 

A 

9.12 ± .02 
9.45 ± .01 

10.61 ± .02 
10.71 ± .01 
11.04 ± .01 
13.51 ± .01 
13.76 ± .01 
14.15 ± .01 
15.09 ± .01 
15.86 ± .01 
16.16 ± .01 
16.85 ± .04 
17.44 ± .09 
18.19 ± .03 
20.70 ± .05 
21.45 ± .03 

FWHM 

.24 ± .03 

.15 ± .04 
3.77 ± .06 

.11 ± .02 

.11 ± .02 
.26 ± .01 
.23 ± .01 
.36 ± .01 
.25 ± .03 
.43 ± .01 
.20 ± .03 
.57 ± .13 

2.87 ± .16 
.81 ± .06 
.84 ± .13 
.31 ± .08 

*peak/ 'cont 

1.018 ±.009 
1.023 ±.007 
2.847 ± .161 
1.014 ± .001 
.981 ± .001 

1.042 ±.003 
1.037 ±.003 
1.045 ± .003 
1.014 ± .002 
1.053 ± .007 
1.023 ±.005 
1.021 ± .004 
1.310 ± .065 
1.025 ±.004 
1.032 ± .011 
1.017 ± .003 

•**band 
Wrrr 2 

.16E-12 ± .9E-13 

.14E-12 ± .9E-13 
.90E-10 ± .3E-11 
.62E-13 ± .1E-13 

-.78E-13 ± .1E-13 
.20E-12 ± .2E-13 
.15E-12 ± .1E-13 
.27E-12 ± .3E-13 
.61E-13 ± .2E-13 
.46E-12 ± .5E-13 
.10E-12 ± .4E-13 
.29E-12 ± .1E-12 
.16E-10 ± .4E-11 
.46E-12 ± .9E-13 
.50E-12 ± .2E-12 
.88E-13 ± .3E-13 

IRC+10420: continues on next page 
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CHAPTER 7. OVERVIEW 

IRC+10420: continued from previous page 
A 

22.96 ± .03 
23.73 ± .08 
24.16 ± .02 
24.55 ± .08 
26.01 ± .05 
27.48 ± .01 
27.97 ± .01 
32.56 ± .02 
32.99 ± .01 
33.54 ± .01 
34.82 ± .01 
35.95 ± .01 
40.37 ± .01 
41.52 ± .10 
42.99 ± .06 
44.39 ± .03 
47.83 ± .04 
49.07 ± .03 
54.91 ± .01 
61.55 ± .13 

FWHM 

.57 ± .06 

.74 ± .17 

.22 ± .08 
1.04 ± .14 
1.06 ± .14 

.31 ± .01 

.68 ± .04 

.53 ± .10 

.28 ± .01 

.91 ± .06 
1.17 ±.11 

.53 ± .05 

.64 ± .04 
1.73 ± .12 
1.59 ± .24 

.49 ± .09 
1.85 ± .20 

.55 ± .17 
5.25 ± .18 

10.65 ± .13 

*peak/*cont 

1.019 ± .002 
1.016 ±.004 
1.004 ±.002 
1.006 ±.002 
1.013 ±.003 
1.024 ± .001 
1.027 ± .001 
1.020 ±.003 
1.042 ±.002 
1.031 ± .004 
1.017 ±.005 
1.017 ±.003 
1.035 ± .005 
1.031 ± .005 
1.031 ± .009 
1.009 ±.002 
1.068 ±.007 
1.017 ±.009 
1.033 ± .008 
1.056 ±.019 

•**band 

Wm- 2 

.16E-12 ± .2E-13 

.17E-12 ± .7E-13 

.12E-13 ± .5E-14 

.79E-13 ± .2E-13 

.16E-12 ± .5E-13 

.66E-13 ± .2E-14 

.15E-12 ± .2E-13 

.54E-13 ± .2E-13 

.56E-13 ± .6E-14 

.13E-12 ± .3E-13 

.82E-13 ± .3E-13 

.34E-13 ± .8E-14 

.56E-13 ± .1E-13 

.12E-12 ± .2E-13 

.98E-13 ± .4E-13 

.82E-14 ± .3E-14 

.16E-12 ± .3E-13 

.12E-13 ± .8E-14 

.14E-12 ± .4E-13 

.31E-12±.1E-12 

Table 7.21: The characteristics of the features in IRC+10420 
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Chapter 8 

A correlations study of crystalline 
silicate features 

F.J. Molster, L.B.FM. Waters, A.G.G.M. Tielens, C. Koike and H. Chihara 
to be submitted 

Abstract 

The infrared spectra revealed the presence of crystalline silicates in the circum-
stellar dust shells surrounding evolved stars. Some of the solid state features could 
be identified with enstatite or forsterite, and for others no identification is present 
yet. Apart from the identification no quantitative trend analysis on a large sample 
has been done for these features. Molster at al. (1999a) found a qualitative trend 
between sources with a disk and those with a normal outflow. In this paper we will 
for the first time do a quantitative trend analysis of the crystalline silicates based on 
a sample of 17 stars with different evolutionary background. We have modelled 15 
out of 17 stars using a simple model and tried to correlate these results with other 
known parameters. 

We checked previous claims in the literature on their validity on this large sam
ple. We confirm in this study the trend found by Molster et al. (1999a) and find that 
the forsterite over enstatite abundance ratio differs for disk and outflow sources. 
However, not all claims in the literature appeared to be strong enough, and we 
demonstrate why they are not correct. 

We will show that the 69.0 micron feature, attributed to forsterite, might be a 
very suitable independent candidate to provide information about the dust tem
perature of the outer dust layers. 

We found that the enstatite is more abundant than forsterite in all sources, ex
cept one were they were equal. There is a hint that the enstatite over forsterite ratio 
is higher in the outflow sources than in the disk sources. 

The temperature of the enstatite is about equal to forsterite in the disk sources 
but slightly lower in the outflow sources. There seems a general trend in both the 
disk and outflow sources, that the crystalline silicates are colder than the amor
phous silicates. 
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CHAPTER 8. CORRELATIONS 

Finally we find an indication that the ratio of ortho to clino enstatite, which 
is about 1:1 in disk sources, shifts towards ortho enstatite in the high luminosity 
(outflow) sources. 

8.1 Introduction 

In a previous study (Chapter 7; hereafter Paper I) we have measured and described the 
circumstellar dust features found in the infrared spectra of evolved stars. The majority 
of these features could be identified with crystalline olivines (Mg2a;Fe2_2xSi04) and py
roxenes (MgxFei_3;Si03), where 1 > x > 0. Jager et al. (1998; Chapter 2 hereafter Paper 
II) measured the mass absorption coefficient of crystalline pyroxenes and olivines with 
different Fe over Mg ratios. Bands of both materials show a shift in the wavelength 
position of the peaks to longer wavelengths with increasing Fe content. The detection 
of the 69 micron feature, which is very sensitive to the Fe/Mg ratio (Koike et al. 1993; 
Jager et al. 1998), as well as the relative strength of the crystalline silicate features in 
the spectrum of IRAS09435-6040 (Molster et al. 1999a; Chapter 6; hereafter Paper III), 
led to the conclusion that the crystalline olivines observed in the ISO spectra are very 
Mg-rich (x > 0.95); the Mg-rich end member of the olivines is called forsterite. The 
same kind of argument, but then based on the 40.5 micron feature, can be given for 
the pyroxenes. Also here we believe that they are very Mg-rich and therefore enstatite. 
This kind of identification of the dust species is very important for a better insight 
in the dust evolution, and therefore in the conditions in the dust forming layers and 
thereafter. This may lead to a better understanding of the mass loss process and thus 
the evolution of the mass-losing star itself. 

There is a clear separation between sources with and without a dusty disk. This 
difference is evident quantitatively in the sense that the crystalline silicate features are 
stronger with respect to the continuum in the sources which are surrounded by a disk 
(Paper III), and also qualitatively in the shape of the features, which is a proof for 
different dust properties (Paper I). 

However, more quantitative statements are necessary to come to a better under
standing of the nature of the circumstellar dust in these objects, and of their formation 
and processing history. In order to get these quantitative statements, a comparison 
with laboratory measurements is necessary. Unfortunately the laboratory measure
ments do not always agree with each other. In Paper I we discussed different labo
ratory measurements of olivines and pyroxenes, and possible causes of discrepancy. 
Despite these differences, qualitative agreement with the ISO spectra is already quite 
impressive as we will demonstrate in the present study. 

In Sec. 8.2 we discuss trends in the position and width of the solid state bands. In 
Sec 8.3 we apply a very simple optically thin dust model to the spectra to determine a 
typical temperature for the dust species. The results in this modelling are used to look 
for correlations which are discussed in Sec. 8.4. 
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8.2. TRENDS IN THE BANDWIDTH AND POSITION 
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Figure 8.1 The peak position of the forsterite peak at 23.7 /jm versus the peak 
position of the forsterite peak at 33.6 /im (left side) and the forsterite peak position 
at 69.0 nm versus the position at 33.6 /jm (right side). The diamonds denote the 
disk sources and the circles denote the outflow sources. The error bars denote 1 a 
errors in the wavelength position 

We have tried to be consistent with the naming in Paper I, which implies that if 
we are referring to a wavelength position we use /an, while referring to the name of 
specific feature we will write 'micron'. 

8.2 Trends in the bandwidth and position 

In this section we will investigate the correlations between the bandwidth and band 
position of the different features as measured in Paper I. 

8.2.1 The peak position 

It has already been noted above that the peak position of crystalline olivines shifts 
with increasing Fe content. The shift is quite constant in frequency space (Paper II) 
and scales roughly linearly with the Fe abundance. This shift is therefore most clear at 
the longest wavelengths. The bands identified with forsterite do show some spread in 
the peak position in our sample, which is larger than the uncertainty with which the 
peak wavelengths has been measured. There may be small differences in the Fe/Mg 
ratio between different sources. We plot in Fig. 8.1 the wavelength position of the 23.7 
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3. 

33 

32.9 

OC.Ö 

32.7 

32.6 

_ ' i ' • > ' i • i 

I s 1 B ,-

AC Her 

- t * 1 , , i 

I s 
1 9. , -_ 

30.5 30.6 
A [/um] 

30.7 

Figure 8.2 The peak position of the 30.6 micron feature versus the peak position 
of the 32.8 micron feature. AC Her has been indicated because the identification of 
this feature is uncertain. The dashed line indicates a possible relation (neglecting 
AC Her). 

and 33.6 micron peaks. These two peaks are the 2 most prominent forsterite peaks at 
wavelengths above 20 pm. 

No clear trend could be determined from this plot. This indicates that the Fe content 
in the crystalline olivines is rather similar in all sources, and the wavelength positions 
even agree with an absence of Fe in the crystalline olivines. The range in peak position 
of the forsterite features may have several other causes. Grain shape differences can 
cause bands to move, as can differences in the temperature of the grains (Mennella et 
al. 1998; Bowey et al. 2000), however for these influences also a systematic trend in 
the same direction is expected. Other minerals do contribute in the same wavelength 
range therefore the spread in wavelength position is likely caused by contributions 
from other minerals. We also checked the trend between the 69.0 and the 33.6 micron 
features. Again, no clear correlation could be found, and the 69.0 micron position 
agrees with a zero or very low abundance (< 1%) of Fe. 

However, another interesting trend is found in the wavelength position of the 33.6 
micron feature. The outflow sources seem to peak around 33.6 fim, while the disk 
sources peak around 33.7 ^/m. This difference cannot be attributed to temperature ef
fects, since this would be emerge as a trend in the plots of Fig 8.1. Therefore contribu
tions from other minerals, or slight differences in the structure of these dust particles 
do to differences in their history, might explain this trend. It should be noted that this 
result is only based on a limit amount of stars and more observations are required to 
confirm the trend. 

Voors (1999) found a constant distance (in ^m) between the 30.6 and the 32.8 micron 
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Figure 8.3 The FWHM/A of the pure enstatite (squares) and the pure forsterite 
(triangles) features versus their wavelength. The error bars are the minimum and 
maximum value found for the wavelength and FWHM/A of these features. The 
open symbols are from the laboratory data while the solid symbols are from our 
ISO data. 

band. He attributed this relation to the fact that it is probably the same material. We 
checked this statement and could not confirm a constant distance between these two 
features, but we found a possible relation. The result can be seen in Fig. 8.2. We have 
indicated AC Her because there is some uncertainty about its relation to the 32.8 micron 
feature. We indicated a possible relation (AA32.8 = 0.8 x AA30.6), with the dashed line. 
The source of this relation is not known yet. It is unlikely that the 2 dust features come 
from the same material since their strength normalized to the 33.6 micron feature does 
not correlate. One can think of a similar mechanism that works for both dust species. 
For olivines it is known that an increase of the Fe content shifts the peaks proportional 
to the amount of Fe (Jager et al. (1998). If a same kind of relations applies for the 
materials which are responsible for the 30.6 and 32.8 micron features, this will lead to a 
relations between their peak positions. This implies that the cause of the shifts in these 
two dust species is related to each other and if identified will probably give valuable 
information about dust formation process. 

8.2.2 The bandwidth 

Based on a study of the crystalline silicate features in AFGL4106 (Molster et al. 1999b; 
Chapter 3) concluded that the forsterite features were broader than the enstatite fea
tures. We can now verify whether this conclusion also holds for our larger sample. 
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Figure 8.4 The FWHM of the lab data divided by the FWHM of our ISO data for 
the enstatite (squares) and forsterite (triangles) features versus their wavelength. 
Almost all observed bands are narrower than the corresponding laboratory bands. 

We have tested this hypothesis on our complete sample. The result can be seen in 
Fig 8.3, where we plotted the wavelength versus the FWHM/A for the feature which 
were solely attributed to enstatite or forsterite. We used the values from Table 3 from 
Paper I, for the mean, the minimum and the maximum values of the wavelength and 
the FWHM as observed in the ISO spectra. The laboratory data for forsterite were 
based on the data of Koike et al. (1999) and Jager et al. (1998), while for enstatite we 
used the clino- and ortho-enstatite of Koike et al. (1999). We measured the features in 
the laboratory spectra in the same way as we did for our ISO-data. The minimum and 
maximum values in the plot for the laboratory data are derived from the minimum and 
maximum values found during these measurements. For the lab data we only plotted 
the features which were also plotted for the ISO data. 

There is no clear trend between FWHM of the forsterite and enstatite data. Below 
40 fim there might be a slight trend with the forsterite on average slightly broader, 
but the errors and exceptions are too large to draw firm conclusions. However, there 
is a significant difference between the ISO and the laboratory data. The laboratory 
measurements are on average 2 times broader than the values derived from our ISO 
sample. This is shown in Fig 8.4 where we plotted the FWHM found in the lab data di
vided by the FWHM found in our ISO data versus the wavelength. Almost all points 
are above 1, indicating that the laboratory measurements are broader than the same 
features in the ISO-data. This is probably a temperature effect. The width of the labo-
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8.2. TRENDS IN THE BANDWIDTH AND POSITION 

100 200 300 
2.4 

Ë 2.2 

1.8 

72.5 

3 
< 72 

I I I T I I T I I I I I. 

100 200 
T (K) 

300 

Figure 8.5 The dependence of the wavelength position and the FWHM of the 
olivine feature at 72 fiin versus the temperature. The data is taken from the mea
surements of Mennella et al. (1998). Note that the 100 and 24 K data have the same 
A and FWHM. 

ratory features is due to anharmonic interaction of the vibrations causing the absorp
tion with the thermal phonon bath. At lower temperature, the latter has a narrower 
frequency distribution resulting in a narrowing of the features. The amount of nar
rowing depends on the origin of the feature. There are 2 forsterite features, the 11.4 
and 26.1 micron features, for which the lab data seems narrower than our ISO data. 
Both features might be influenced by the presence of other minerals peaking at these 
wavelength, e.g. diopside (at 11.3 ^m) and silica (at 26.1 fim). The enstatite feature 
at 11.7 /xm will also likely blend and therefore broaden the 11.4 micron feature. An 
indication for this last statement is the mean peak position which is determined to be 
11.4 ^m, while lab data predict a feature at 11.2 fim. A blend with the 11.7 ̂ im enstatite 
feature would lead to this redward shift of the peak position. 

The 69.0 micron forsterite feature has also been found in different laboratory spec
tra and always peaks at 69.7 ^m, while in our ISO spectra it is always found around 
69.0 )im. This shift is significant and deserves an explanation. There are several reasons 
why a peak position will shift. An increasing Fe content, other impurities or differences 
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Figure 8.6 The wavelength position of the 69 micron band versus its FWHM. 
The circles are the outflow sources and the diamonds the disk sources. The open 
diamond is CPD-56°8032. The wavelength resolution is 0.29 ^m in this area, so all 
features are well resolved. The open triangles are the lab data from Bowey et al. 
(2000) 

in grain shape will shifts this feature to longer wavelengths, e.g. an olivine of a solid 
solution of 96% Fo (forsterite) and 4% Fa (fayalite), shows this feature already at 73 /mi, 
see Paper II. Only a lowering of the temperature will shift this feature bluewards. An
other effect of this temperature decrease is the narrowing of the feature. This trend is 
shown for an olivine in Fig 8.5 from Mennella et al. (1998). This is a general prop
erty of crystalline features reflecting the anharmonic interaction of the phonon modes 
with the thermal phonon bath. The 69.0 micron band is the best isolated band in our 
spectrum to test for this effect. 

There is a hint of a relation in our data (see Fig 8.6), although there is quite some 
scatter and more data would be helpful. In the same plot we also placed CPD-56°8032, 
a star which was not in our sample, but also contains a lot of crystalline silicates. The 
outlying point at 69.15 fim with a FWHM of 0.65 /im is MWC 922. It has a blended 
69 micron feature, which might give problems in the determination of its peak position 
and FWHM. 

Laboratory measurements of the effects of temperature of the pure forsterite on 
width and position of the 69 /an feature (Bowey et al. 2000) indicate a significant nar
rowing and bluewards shift with decreasing temperature. These laboratory data has 
been included in Fig. 8.6. The narrowing of this (and other) feature(s) would provide 
an independent measurement of the temperature of the dust, without knowing any
thing of the rest of the spectrum! 
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Not only the 69.0 micron feature narrows when it becomes colder, most other fea
tures also do. This explains why the features we find in our ISO-data, « 100 K, are 
often much narrower than in the laboratory data, w 300 K (see e.g. Fig 8.3). 

8.3 The modelling 

In this section we will apply a very simple model to derive the typical temperature 
and abundance ratio of forsterite and enstatite in the dust shells. We assume that the 
dust shell is optically thin at infrared wavelengths and that the size distribution of the 
different dust species is similar. A comparison of several laboratory data sets with 
the observations indicates that the laboratory data of Koike et al. (1999) give a good 
qualitative match to the observations (see e.g. Paper I). We will use this data set for 
our modelling. We have fitted the continuum subtracted spectra with the continuum 
subtracted forsterite and enstatite (50% ortho-enstatite and 50% clino-enstatite) mass 
absorption coefficients multiplied by a blackbody (i.e. the energy distribution of a 
blackbody as determined by a Planck curve). The temperature of the blackbody is not 
necessarily the same for enstatite and forsterite. In determining the best fit, we varied 
the temperature in steps of 5 K. The resulting spectra were separately scaled to fit the 
spectrum. This scaling factor is related to the mass of the dust species. The absolute 
masses would require knowledge of the distances to the stars and of the shape and 
the size distribution of the circumstellar dust particles, and is beyond the scope of this 
paper. The mineral mass ratios determined in this paper assume that they have the 
same grain size and shape distribution. The best fits were determined by eye and no 
X2 method has been applied since it was clear that dust species were still missing. This 
method is of sufficient accuracy given the current quality of the lab data and given the 
fact that several prominent dust features still lack identification, thus strongly affecting 
any \2 method. It appeared that the temperature and mass for forsterite could very 
well be determined using the 23 and 33 micron complexes, while the enstatite values 
were almost solely determined using the 28 and 40 micron features. 

The results of this simple fitting procedure are shown in Fig 8.7 to 8.18 and the 
derived temperatures and mass ratios are given in Table 8.1 We also tried to get an 
estimate for the typical temperature of the underlying continuum. In order to derive 
this value we assumed that the continuum is caused by small spherical grains with 
optical constants based on set 1 of Ossenkopf et al. (1992). We fitted the continuum 
on the original, not the continuum subtracted, spectra. An independent fit based on a 
<3(A) ~ A-1 emissivity law gave similar temperatures. This gave us confidence that the 
continuum temperature is well determined in this way. For the rest of this paper we 
will take the temperature derived by the fit with the Ossenkopf dataset as the contin
uum temperature. The continuum temperature results are also given in Table 8.1. 

It should be noted that the three stars with a continuum temperature above 200 K 
all show crystalline silicates in emission in the 10 micron region. The temperature of 
the crystalline silicates has been determined based on bands at wavelengths above 20 
micron. These bands are dominated by cool dust, and the derived low temperatures 
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Star Type Tforst lenst T 
xcont 

M„„rt 
M fors t 

Mamorph 
Mforst 

Disk sources 
IRAS09425-6040 
NGC6537 
NGC6302 
MWC922 
AC Her 
HD45677 
89 Her 
MWC300 
HD44179 

C-star with O-dust 
ho tPN 
hotPN 
PPN?, Herbig star? 
RV Tauri star 
Herbig star? 
PPN 
PPN? 
C-PPN with O-dust 

85 
75 
65 
90 
100 
140 
110 
90 
135 

100 
65 
70 
100 
90 
140 
100 
90? 
135 

145 
80 
80 
140 
225 
235 
320 
145 
120 

1.2 
5.8 
1.0 
2.7 
5.0 
5.3 
5.0 
1.4? 
4.0 

1.0 
20.8 
6.3 
4.4 
-
-
-

3.4 
122.2 

Outflow sources 
HD161796 
HD179821 
AFGL4106 
NML Cyg 
IRC+10420 

PPN 
post-RSG? 
post-RSG 
RSG 
post-RSG 

105 
75 
100 
150 
90 

80 
65 
80 
-
-

100 
90 
120 
180 
195 

11.4 
3.3 
8.0 
-
-

100.0 
40.8 
59.0 
123.0 
10.8 

Table 8.1 The derived forsterite, enstatite and continuum temperatures from our model fits. 
Also the forsterite to enstatite and forsterite to amorphous mass ratios are given. The '-' denotes 
that it was not possible to derive a realistic value. The typical error in the temperature is 10 K 
and in the mass ratios a factor 2. (P)PN = (proto-)Planetary Nebula, RSG = Red Supergiant 

(Table 8.1) are too low to explain the strength of the crystalline silicate bands in the 10 
micron complex. A second, much warmer, component must be introduced to explain 
these 10 micron bands. Probably a temperature gradient is present in these disks. 

Our simple model, consisting of only two crystalline dust components, fits most 
stars very well, see e.g. MWC922 (Fig 8.10). Still, it is clear that this simple model is 
not sufficient to explain all the features. The main discrepancies between our model fits 
and the ISO data lie at the wavelengths below 20 fim. This is partly due to temperature 
gradients in dust shells around our sample stars, i.e. the temperature is determined 
from the wavelengths above 20 fim, and partially due to missing dust components. 
The 18 micron complex is badly fitted. The modelled 19.5 micron feature (originating 
from both forsterite and enstatite) is often much too strong and the modelled 18.0 and 
18.9 micron features are often too weak when compared to the ISO spectra. The too 
strong 19.5 micron feature might be a radiative transfer effect, since this feature is less 
of a problem in the full radiative transfer modelling (see e.g. Molster et al. 1999b). 
This might indicate that our assumption of T < 1 is not correct at wavelengths around 
19.5 pm. It is well possible that the particle shape in the laboratory is not exactly sim
ilar to the ones in space. This can lead to differences in strength and position of the 
features. Since the overall correspondence is rather nice, this will only have a small 
effect, but it might be sufficient. The weakness of the 18.0 and 18.9 micron features 
suggests the presence of another dust component. The 29.6 and 30.6 micron features 
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also need an extra component, as is very clear in the spectra of NGC6537 (Fig 8.8) and 
of NGC6302 (Fig 8.9). In these two sources also the 40.5 micron feature is not well 
fitted, suggesting that the same dust component which is responsible for the 29.6 and 
30.6 micron features also peaks around 40.5 /urn. 

The 33.0 micron feature is not well fitted, but this feature is likely to be influenced by 
instrumental behaviour (see Paper I). In the 35 micron plateau we clearly miss intensity 
around 34.8 ^m in all sources. The predicted 69.0 micron feature is often too weak with 
respect to the ISO spectra (see e.g. Fig. 8.17). This is an indication for the presence of 
colder dust, and thus of a temperature gradient. 

Besides all the features that are missing, we also have a problem with too much 
intensity predicted by our modelling around 27 ^m. This excess is mainly due to en-
statite, but also forsterite contributes slightly to it. We are still looking for an explana
tion of this phenomenon. 

For some sources, like AC Her, a single temperature approach is clearly not correct, 
we will discuss this in the sections dedicated to these stars. Finally, we did not attempt 
to fit the absorption profiles, as stated above we assumed the dust was optically thin. 
Also no attempt was done to fit the carbon dust features, which were present in some 
sources. 

We compared the temperatures found in this study with those found in Chapter 
3 to 5, and we found a reasonable agreement. Difference in the temperatures found 
could often be described to the use of different datasets. 

8.3.1 The sample stars 

Here we will describe the model fits to the individual stars, which where also analyzed 
in Paper I. For a description of the individual stars in this sample we we refer to Paper 
I. From this sample we rejected Roberts 22 and VY 2-2, because the ISO satellite was 
unfortunately offset when observing these two objects resulting in large flux jumps in 
the overall spectrum. This made it impossible to derive temperature estimates of the 
dust around these two stars. Also OH26.5+0.6 has not been fitted because below 30 /jm 
it has an absorption spectrum, which we could not describe with our simple model. 

The main errors in the model fits are due to differences in the continuum subtrac
tion. This leads to errors in the temperature of the order of 10 K and mass uncertainties 
of the order of a factor 2. We note that for our modelling we completely rely on the lab
oratory data input. This may result in a systematic effect on our derived temperatures 
and masses. 

IRAS09425-6050 

The fit to the spectrum of IRAS09425-6040 is shown in Fig 8.7. The model reproduces 
the 23,33 and 40 micron complexes very well. There are some discrepancies in the 
28 micron complex where the observed features are somewhat narrower than the lab
oratory measured ones (perhaps reflecting a T-dependent dust absorptivity; see Sec
tion 8.2.2). The model fit also produces a somewhat too strong 19.5 micron feature and 
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Figure 8.7 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of IRAS09425-6040. The forsterite has been multiplied with a Planck curve of 85 K 
and the enstatite mix has been multiplied with a Planck curve of 100 K. 

somewhat too weak 28 micron complex. The broad feature at 11 fim is due to SiC. This 
very simple model predicts no significant flux in the 10 micron complex due to crys
talline silicates, which is consistent with its absence in the ISO spectrum. The forsterite 
and enstatite have a temperature of respectively 85 and 100 K. 

Molster et al. (2000) modelled this star using a spherical radiative transfer model. In 
general the temperature ranges found by them agree with the temperatures found by 
us .he main difference is the temperature of enstatite. They found a temperature for en
statite which was lower than the temperature for forsterite. This resulted in problems 
fitting the 28 and 40 micron complex simultaneously, it also resulted in an unrealis-
ticly high mass for the enstatite. They argue that this might have to do with the not 
well known absorptivity of crystalline enstatite. The amorphous silicate over forsterite 
mass ratio found in that paper is 1.5 which is close to the value derived in this study. 

NGC6537 

The results for NGC6537 are shown in Fig. 8.8. The 23, 33 and 40 micron complexes 
are particularly well fitted. The 28 micron complex, in contrast, is not reproduced at 
all, and another dust component is obviously present in this source. The same dust 
component might also contribute somewhat to the 40 micron complex. Introducing 
an extra dust component to fit these two discrepancies may result in a lowering of 
the enstatite contribution to the 28 and 40 micron complexes. A possible candidate 
for this extra dust component is diopside (MgCaSi206), which peaks at the required 
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Figure 8.8 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of NGC6537. The forsterite has been multiplied with a Planck curve of 75 K and 
the enstatite mix has been multiplied with a Planck curve of 65 K. 

wavelengths. However this material produces peaks at other wavelengths, e.g. at 20.6, 
25.1 and 32.1 ^m, for which the predicted strength is badly matched with the ISO data. 
Therefore, the identification of this dust component remains open. 

The temperatures found for the forsterite (75 K) and enstatite (60 K) in NGC6537 
are among the lowest found in our sample. Note that when this extra dust component 
significantly contributes to the 40 micron complex, the temperature of enstatite will be 
higher (and its mass lower) than what has been determined here. 

NGC6302 

The continuum subtracted spectrum of NGC 6302 is well fitted with forsterite and the 
mixture of 50% clino- and 50% ortho-enstatite (see Fig 8.9). However, like in NGC6537 
the 29.6, 30.6 and 40.5 micron features are clearly not well fitted. This indicates that 
another dust component is present around this star. 

From the fit with amorphous silicates to the total spectrum (see e.g. Lim et al. 2000; 
Chapter 4) it is clear that small grains dominate at the shortest wavelengths, because 
higher temperatures are necessary to fit that part of the spectrum. These grains might 
be small enough to be not in thermal equilibrium with the radiation field. This is 
exemplified by the presence of the PAH features at the shortest wavelengths. These 
features are the typical result of emission by C-rich molecules (« 50 C-atoms). 

The temperature found for the enstatite and forsterite, respectively 65 and 70 K, 
are in the middle of the temperature range (95-40 K) found by Lim et al. (2000). They 
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Figure 8.9 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of NGC6302. The forsterite has been multiplied with a Planck curve of 65 K and 
the enstatite mix has been multiplied with a Planck curve of 70 K. 

found a density distribution which was much flatter than expected in a normal outflow. 
Where in a normal outflow the temperature is mainly determined by the temperature 
at the inner radius, with a flatter density distribution the contribution of the cold grains 
becomes more important. This leads to a significant colder temperature than found 
at the inner radius and is therefore consistent with our values derived here. They 
found an enstatite over forsterite ratio of 1.8 which is slightly higher than the value we 
derived over here, but because of the errors in both models this is not inconsistent with 
each other. They found (for the smallest grains) an forsterite over amorphous silicate 
ratio of 12.0, which is almost a factor 2 higher than found here. This is likely due to the 
temperature of the amorphous grains, which appeared to be lower than the crystalline 
silicates. An explanation for this result is still lacking. 

MWC922 

The fit to the continuum subtracted spectrum of MWC922 is one of the best we have. 
For this fit we used a 90 K forsterite and 100 K enstatite component. Especially the 40 
micron complex is very well reproduced by our model, indicating that the 50% clino-
and 50% ortho-enstatite are the right proportions for this object. At A < 16/jm the 
spectrum of MWC922 is dominated by PAH-features which were not incorporated in 
the fitting procedure. One of the main discrepancies is found in the 35 micron plateau 
where too little emission is predicted at 34.8 ^m. 
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Figure 8.10 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of MWC922. The forsterite has been multiplied with a Planck curve of 90 K and 
the enstatite mix has been multiplied with a Planck curve of 100 K. 

AC Her 

A model with cool dust fits the long wavelength part (> 20/um) of the AC Her spectrum 
rather well (dotted line in Fig 8.11). However, the short wavelength features indicate 
the presence of a dust component with a much higher temperature. The temperature 
of this material is not well constrained. In Fig. 8.11 we show a fit of 700 K (dashed line 
in Fig 8.11), but a similar fit could be derived with a temperature several hundreds of 
Kelvin higher or lower. It was not possible to constrain this temperature very well. 
Therefore it is impossible to give a reliable mass estimate for this hot component. 

In our modelling we only assumed a single temperature, but in reality a tempera
ture gradient is expected. The fact that we were not able to fit the complete spectrum 
of AC Her with one temperature is an indication for this. In principle it would be pos
sible that the dust is located in two separate regions, with an inner warm dust disk 
and an outer cooler dust ring. However, since the SED does not show a double peak 
distribution at the infrared wavelengths, we reject this possibility. 

It is interesting to note that the overall spectrum of AC Her is very similar to that 
of comet Hale Bopp (Paper III) from which we know that the dust is located at one 
place. Temperature differences found in the grains around this comet must therefore 
originate from the grain size differences. The (very) small grains can account for the 
high temperature dust, while the bigger grains are responsible for the low temperature 
dust emission. Such a scenario might also be possible for AC Her, which would imply 
that the dust might not have to be so close to the star as previously thought. A full 
radiative transfer model fit would be necessary to understand the dust distribution 
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Figure 8.11 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of AC Her. The forsterite has been multiplied with a Planck curve of 100 K and the 
enstatite mix has been multiplied with a Planck curve of 90 K (dotted line). The 
dashed line is a 700 K (for both forsterite and enstatite) model fit. 

around AC Her and is beyond the scope of this paper. 

HD45677 

From the continuum subtracted spectrum of HD45677 we first removed the broad 
amorphous silicate features, which resulted in the spectrum as seen in Fig 8.12. We 
cannot exclude that we also removed part of the crystalline silicate features in the 18 
micron complex in this way. This does not influence our results since these were based 
on the 23, 28, 33 and 40 micron complexes, which are outside the 10 and 18 /im amor
phous silicate bands. To fit the spectrum of HD45677 we neglected the strength of the 
19.5 micron feature, which is now severely overestimated. If we fit the 19.5 and 40 
micron features simultaneously, the 28 micron complex becomes severely underesti
mated. This would not have been a problem if the 29.6 and 30.6 micron features were 
strong as in NGC6537 and NGC6302. But the weakness of these feature in AC Her 
reflects the low abundance of this unidentified dust species, and can therefore not ex
plain an underestimated 28 micron feature. It is possible that yet another unidentified 
dust component emits preferentially in the 28 micron complex. Other attempts to fit 
the 28 micron complex will result in a severely overestimated 40 micron complex, and 
also the fits to the 23 and 33 micron complexes will become worse. It is unlikely that 
this discrepancy can fully be explained by the subtraction of the amorphous silicates. 
Because this is not the only source with this problem we leave this for future research. 
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Figure 8.12 A fit (dotted line) to the continuum and amorphous silicate sub
tracted spectrum (solid line) of HD45677. The forsterite has been multiplied with 
a Planck curve of 140 K and the enstatite mix has been multiplied with a Planck 
curve of 140 K. 

The predicted strength of the crystalline silicate features in the 10 micron complex 
is underestimated but, as for AC Her, a warm dust component seems present here as 
well. Since the strength of the amorphous silicate band at 10 /im is uncertain, errors 
in the estimate of its contribution affects the strength of the crystalline silicate bands 
at these wavelengths. Therefore we did not attempt to fit this hot crystalline silicate 
compounds. 

Malfait (1999) also studied this star. He modelled this object with a radiative trans
fer code. HD45677 could only be modelled with a 2 component dust shell, consisting 
of a hot shell, responsible for the main part of the flux up to 20 /im and a cool com
ponent which is the main contributor to the crystalline silicates features. Due to the 
method we use here, our temperature estimate is based on this cool component. Mal
fait finds a temperature between 250 and 50 K for this cool component. Unfortunately 
this is not specified for the different components separately so we can only say that 
our temperature estimates do agree with this temperature range. 

89 Her 

Before we fitted the continuum subtracted spectrum of 89 Her we first subtracted a 
broad feature below the 26 to 45 /im region. The result can be found in Fig 8.13. This 
feature is also seen in HD44179 and probably AFGL 4106 and discussed in Paper I. 

The continuum subtracted spectrum of 89 Her is quite noisy at the longer wave-
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Figure 8.13 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of 89 Her. The forsterite has been multiplied with a Planck curve of 110 K and the 
enstatite mix has been multiplied with a Planck curve of 100 K. 

lengths, which makes the fits not as unique as in other stars. Also in this star warmer 
grains are necessary to explain the crystalline silicate structure found on top of the 
amorphous silicate feature in the 10 micron complex. Again, problems in the separa
tion of the crystalline and amorphous silicates kept us from fitting this feature. Based 
on the CO observations and the near-IR excess, it was argued in Paper I, that there must 
be dust with different temperatures, likely a temperature gradient, around 89 Her. 

MWC300 

The forsterite feature are nicely reproduced by our simple model in MWC300, but it 
is clear from Fig 8.14 that the 28 micron complex is not well fitted. The problems 
with the 28 micron feature resulted in poorly constrained values for enstatite. If we 
would have fitted the strength of the 28 micron complex, and ignored the 19.5 micron 
feature, we would have derived a temperature of roughly 150 K, which is much larger 
than the forsterite temperature. It would also predict prominent features at the shorter 
wavelengths, which were not seen. Therefore we neglected the 28 micron complex 
when fitting the enstatite. Although we have argued in this paper that the strength 
of the 19.5 micron feature is difficult to model correctly, we decided, because of the 
problems in the 28 micron complex, to constrain the enstatite by the 19.5 micron feature 
in MWC300. This resulted in a similar temperature for the forsterite and enstatite dust 
species. This result makes us confident in our approach for this star, however we note 
that there remains quite some uncertainty for the enstatite. Also the source of the extra 
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Figure 8.14 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of MWC300. The forsterite has been multiplied with a Planck curve of 90 K and 
the enstatite mix has been multiplied with a Planck curve of 90 K. 

flux in the 28 micron feature is unknown. 
It seems that the 40 micron complex is lacking the 44.7 micron feature, which would 

imply that the ortho-enstatites are more abundan t than the clino-enstatites. However, 
because of the noise level in this complex w e are not certain this is the case, and better 
data is necessary 

HD44179 

As for 89 Her, we removed the very broad feature in the 26 to 45 ^ m range in the 
cont inuum subtracted spectrum of HD44179. The 18 micron complex seems to contain 
a contribution from amorphous silicates which was also removed. The result can be 
found in Fig 8.15. The crystalline silicate features are nicely reproduced by forsterite 
and enstatite both wi th a temperature of 135 K. It should be noted that a change in the 
subtraction of that broad feature, from which the properties are not well determined, 
may lead to a shift of the derived temperature by more than the generally assumed 
error of 10 K. This might explain why we find a higher temperature of the crystalline 
silicates (135 K) than for the cont inuum (120 K). 

There is another indication that the crystalline silicates might actually be colder 
than the temperature derived. The 19.5 micron feature, assuming a temperature of 
135 K, is much stronger than observed. A model fit that reproduces the strength of the 
19.5 /im feature, fails to reproduce the bands at longer wavelengths. Note that a sim
ilar problem was encountered for HD45677. The derived temperature predicts some 

^ I | I I I I | I I I I | I J I I f 

245 



CHAPTER 8. CORRELATIONS 

30 
A [yum] 

Figure 8.15 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of HD44179. The forsterite has been multiplied with a Planck curve of 135 K and 
the enstatite mix has been multiplied with a Planck curve of 135 K. Below 15 jum 
the spectrum is dominated by PAH features. 

structure in the 10 micron complex, however, these blend with the strong 11.3 PAH 
feature, which dominates this part of the spectrum. Therefore no crystalline silicates 
are detected in the 10 micron complex. 

The derived continuum temperature of 120 K is somewhat uncertain due to the 
complex nature of the source (Waters et al. 1998). Since the short wavelength part of 
the continuum is formed by C-rich grains, we based our fits on the long wavelength 
range. This will likely underestimate the temperature of the continuum. Taken all 
these uncertainties into account, the crystalline silicates may have an equal or even 
lower temperature than the amorphous silicates, as is found in the other stars. 

HD161796 

Up to 40 fj,m the continuum subtracted spectrum of HD161796 is well fitted by crys
talline silicate, however the 40 micron complex in HD161796 is dominated by crys
talline water ice. In order to fit this spectrum we therefore added crystalline water ice 
to the spectrum (Smith 1994). The fit is showed in Fig 8.16. In general most features are 
reasonably well reproduced. The poor fit around 40 /jm suggests that an underlying 
weak broad component contributes. Possibly, this is amorphous water ice. 

The crystalline silicates appear to be warmer than the amorphous ones. However 
the overall errors in these fits are such that equal temperatures for these two dust 
species is still very well possible. The peak wavelength of the crystalline water ice 
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Figure 8.16 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of HD161796. The forsterite has been multiplied with a Planck curve of 105 K and 
the enstatite mix has been multiplied with a Planck curve of 80 K. We also included 
crystalline water ice with a temperature of 70 K 

feature in our model is slightly offset from our ISO spectrum, this might be a tempera
ture effect, indicating that the emissivities we used were based on water ice which was 
too warm. 

HD179821 

HD179821 shows prominent crystalline water ice features in the 40 and 60 micron com
plex. Therefore we also added crystalline water ice in our model fit. The result can be 
found in Fig 8.17. The fit is quite reasonable and most feature are nicely reproduced. 
Around 30, 40.5 and 48 fim a dust component is missing. This might be explained 
by the same unidentified dust species which was found in NGC6537 and NGC6302. 
The crystalline silicate features are rather cold, 65 K for the enstatite and 75 K for the 
forsterite, therefore no detectable features are expected in the 10 micron region. 

AFGL4106 

For the fit to the continuum subtracted spectrum of AFGL4106 (see Fig 8.18) we changed 
the ratio of clino versus ortho enstatite to 1: 3. Otherwise the 44.7 micron feature would 
have appeared too strong in the model spectrum. This feature is located at a flank of 
the 43.0 micron feature. The 43.0 micron feature is not well reproduced by our sim
ple model, resulting in an offset of the 44.7 micron feature. The 23, 28 and 33 micron 
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Figure 8.17 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of HD179821. The forsterite has been multiplied with a Planck curve of 75 K and 
the enstatite mix has been multiplied with a Planck curve of 65 K. To fit the 40 and 
60 micron complex, we included crystalline water ice with a temperature of 45 K 

complexes are fitted quite well. 
A broad feature between 30 and 45 //m seems present. It is not known whether this 

is the same feature as in 89 Her and HD44179. It seems to peak at a longer wavelength 
(38 /jm) than in the other two sources. Subtracting this feature, which has not been 
done, will increase both the temperature of forsterite and enstatite. The 40.5 fim feature 
is very strong, even if one removes this broad feature, indicating that other dust species 
are present. No attempt has been done to subtract the amorphous silicate features at 
10 and 18 /im, to fit the substructure in the 18 micron band. In this star no detectable 10 
micron structure is expected from the crystalline silicates, which is in agreement with 
the observations. 

A full radiative transfer model has been applied by Molster et al. (1999b). The 
derived enstatite abundance has been based on wrong assumptions and is therefore 
difficult to compare. They found and forsterite to amorphous silicate ratio of only 18, 
which is significantly lower than we find in this study. It might be related to the fact 
that they used amorphous olivine for their optical constants and in study we used the 
optical constants of Ossenkopf. This will produce some differences also in the temper
ature. Also for the forsterite another dataset was used, which has a different ratio of the 
23.7 to 33.6 micron features. This results in an apparently lower temperature for their 
forsterite particles and therefore a higher mass. The situation for the amorphous dust 
particles is the other way around. They found a higher temperature which resulted in 
less mass. The combination of these two effects might be able to explain the difference 

HD179821 
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Figure 8.18 A fit (dotted line) to the continuum subtracted spectrum (solid line) 
of AFGL4106. The forsterite has been multiplied with a Planck curve of 100 K and 
the enstatite mix has been multiplied with a Planck curve of 80 K. 

found between this and their study. 

NML Cyg 

We could not fit enstatite to the spectrum of NML Cyg since a part of the 28 micron 
complex was missing, due to problems with the data reduction (see Paper I). We were 
able to fit forsterite to the continuum subtracted spectrum and found a temperature of 
about 150 K (not shown). 

IRC+10420 

Also for IRC+10420 we only fitted the forsterite component which appeared to be about 
90 K (not shown). Enstatite could not be fitted due to the lack of data in the 28 micron 
region. We checked the 40 micron complex and if enstatite would have been fitted an 
ortho to clino ratio of 2 : 1 would probably give the best fit to the strength of the 44.7 
micron feature. 

8.4 Correlations 

From the modelling, we were able to derive values for the temperature and the relative 
contributions to the total amount of dust mass by forsterite and enstatite. Correlating 
these values can give interesting insight in the dust inventory as we will show in this 
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69fim [fu.m] 

Figure 8.19 The Temperature of the forsterite grains versus the wavelength po
sition of the 69 micron band. The circles are outflow sources and the diamonds are 
disk sources. 

section. Since in Paper I it was found that there is a significant difference between the 
spectra of disk and of outflow sources, we will separate them. In all plots in this section 
the outflow sources are represented by a circle while the disk sources are represented 
by diamonds. 

8.4.1 Temperature dependence of lab spectra: peak width and posi
tion 

In Sec 8.2.2 we showed a relation between the peak position and FWHM of the 69 
micron forsterite band and the temperature of the forsterite. Since we have now deter
mined the temperature of the forsterite grains, we checked this relation in our data. The 
result is plotted in Fig. 8.19. There is no clear correlation between these two quantities. 
A possible explanation for this scatter behaviour might be the fact that the temperature 
of the forsterite is determined from bands in the 20 to 40 /jm range. The strength and 
width of the 69 micron feature may be dominated by much cooler dust. The predicted 
strength from out simple model fits, which is lower than the strength in our ISO spec
tra, is an indication for this statement. Although the aperture size is different for the 
20 to 40 nm range (SWS) and the 70 fiva. range (LWS), it is not expected to be of great 
influence, since most sources did not show big flux jumps between the SWS and LWS 
spectra, indicating that most sources could be treated as point-sources. Differences in 
grain size and shape can influence the peak position. It should be noted that all 69.0 mi-

250 



8.4. CORRELATIONS 

« 

140 

120 

100 

80 

60 

i-H>-H> | Y 

- / 
/ 

/ 
^ 
/ 
/ 
/ 
^ 

/ 
-^ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

**-

/ 
/ -

/ 

/ 
/ 

^~ 
~7~ 

H 1 

60 80 100 
Tf [K] 

120 140 

Figure 8.20 The temperature of the forsterite grains versus the temperature of 
the enstatite grains. The dashed line represents the equal temperatures for the 
forsterite and enstatite grains. The errors are typically in the order of 10 K 

cron features are significantly blue-shifted with respect to the room-temperature lab
oratory measurements (69.7 /im). We therefore still believe in a temperature versus 
peak-wavelength relation. 

8.4.2 Other temperature trends 

In Fig 8.20 we compare the temperature of the enstatite and forsterite, derived from 
our simple model fits. For the disk sources the enstatite and forsterite grains seem to 
have an equal temperature while in the 3 outflow sources the forsterite seems warmer. 
While, these statistics are still based on only a few stars, it is an intriguing trend. If 
this trend can be confirmed in more stars it implies that the process which causes the 
crystallization in the disk also changes some of the grain characteristics (e.g. fluffiness, 
Fe/Mg ratio or shape effects) causing this difference in temperature. 

Another interesting correlation is to look at the temperature of the crystalline and 
the amorphous silicates. In Fig 8.21 we plotted the forsterite temperature versus the 
amorphous silicate temperature. We first note that, in general, the crystalline forsterite 
grains are colder than the underlying continuum consisting of amorphous silicates. 
There are two sources that are below the line of equal temperature (dashed line), these 
are HD44179 and HD161796. Their result has already been discussed in the sections 
about these stars and the main conclusion is that it is quite possible that the tempera
ture of the crystalline silicates is instead equal or lower than the amorphous silicates. 
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Figure 8.21 The temperature of the forsterite grains versus the temperature of 
the amorphous silicate grains. The dashed line represents the equal temperatures 
for the forsterite and amorphous silicate grains. The diamonds correspond to the 
disk sources, while the circles correspond to the outflow sources. 

The difference in temperature between the amorphous and crystalline silicates has 
probably to do with the difference in chemical structure. The crystalline silicates are 
Mg-rich (see this paper and Paper I), while the amorphous silicates must contain met
als to explain their higher absorptivity. Possibly the reaction of the Mg-rich crystalline 
silicates with gaseous iron may proceed in these outflows at temperatures well below 
the glass temperature leading simultaneously to amorphous and dirty silicates (Tielens 
et al, 1998). 

For some stars like IRC+10420, MWC922 and IRAS09425-6040 the difference in tem
perature excludes the possibility of one grain population, which is partially crystalline. 
The crystalline and amorphous silicates must form two different grain populations. 
From this simple model we cannot say that they are also spatially separated, but ra
diative transfer modelling of the ISO spectra by Molster et al. (1999b; Chapter 3), Lim 
et al. (2000; Chapter 4) and Molster et al. (2000; Chapter 5) indicates that this is not 
necessary. Finally we note that there is no obvious separation between the disk and the 
outflow sources. Because of the analogy between the different sources, we expect that 
this grain separation is valid for all sources in our sample. 
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Figure 8.22 The mass of the forsterite grains versus the mass of the enstatite 
grains. We have assumed that they have the same size and shape distribution. 
The dashed represents the equal masses for the forsterite and enstatite grains. The 
outflow sources are marked as a circle while the disk sources are marked with a 
diamond. 

8.4.3 Abundance trends 

From our modelling we were also able to derive an abundance ratio for enstatite and 
forsterite. This is shown in Fig 8.22. In all sources, except NGC6302, the enstatite is 
more abundant than the forsterite, on average a factor 3-A. Again there is a difference 
between the disk and outflow sources. The outflow sources have on average a higher 
enstatite over forsterite ratio than the disk sources. For CPD-56°8032 an equal amount 
of enstatite and forsterite was found by Cohen et al. (1999). 

If the crystallization of the amorphous grains would be a thermodynamical process, 
it is expected that the warmer dust shells would show a higher crystallinity. This effect 
would be most clear in the disks sources, where the dust stays at roughly the same 
place. In the outflow sources the temperature of the dust is more an indication of the 
age of the dust, in which case an increase of the crystallinity with a lowering of the 
temperature may even be possible. We investigated the crystalline over amorphous 
silicates abundance ratio with the temperature of the amorphous silicates (see Fig 8.23). 
We excluded AC Her, 89 Her and HD45677 from this analysis because the continuum 
and feature temperatures derived are likely not resulting from particles with the same 
size distribution and/or location around these objects, resulting in unrealistic mass 
ratios. No clear relation could be found between the temperature of the amorphous 
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Figure 8.23 The forsterite (open symbols) and enstatite (solid symbols) over 
amorphous silicates 'mass' ratio versus the temperature of the amorphous silicates. 
The circles refer to the outflow sources, while the squares and diamonds refer to 
the disk sources. The typical error in the temperature is about 10 K and in the mass 
ratio a factor 2. 

silicates versus the crystallinity, neither for the disk nor for the outflow sources. The 
crystallization process is either a relic of the past or it is not thermally driven. Some 
other results, which were already derived before are also apparent in this plot. The 
enstatite grains are more abundant than the forsterite grains, which was also shown in 
Fig 8.22. The crystallinity in the disk sources is on average higher than in the outflow 
sources. 

8.4.4 Crystallinity versus stellar flux ratio 

It has been suggested by Waters & Molster (1999) that the enstatite over forsterite ratio 
increases with luminosity of the star. They based their conclusions on the ratio of the 
32.97 and 33.6 micron bands. They attributed the former band to enstatite, and the 
latter one to forsterite. Unfortunately, the 32.97 micron band is strongly affected by 
instrumental effects (see Paper I), which are most prominent in the brightest sources. 
These are usually also the intrinsic most luminous sources, such as IRC+10420 and 
NML Cyg. Since it is not unlikely that in the high flux sources the grain formation 
will result in different ratios of the dust species we still decided to investigated this 
scenario. Unfortunately for many of these stars the distances are not well known and 
neither are therefore their luminosities. For 7 stars distances have been determined and 
we have plotted their luminosity versus the enstatite over forsterite ratio in Fig 8.24. 
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Figure 8.24 The luminosity of the stars versus the enstatite over forsterite mass 
ratio.The circles denote outflow sources and the diamonds the disk sources. 

Our analysis indicates no correlation between the enstatite over forsterite ratio and 
luminosity of the star. The only trend which is clear is that the outflow sources contain 
more enstatite than the disk sources, which was already shown before. 

8.5 Discussion 

Most features can be explained with forsterite and enstatite. However laboratory spec
tra of these species often produce too broad bands. Most laboratory spectra were mea
sured at room temperature, while the dust species around our stars are in the order of 
80 K. Lowering the temperature can narrow the dust features, and this might be the 
natural solution for the width problem. It can also solve another problem. The 69.0 
micron feature has been attributed to forsterite. It is very sensitive for the Mg/Fe ratio 
in olivines (see Jager et al. 1998; Chap 2), and one of the key features for the determi
nation of the Fe content in crystalline silicates. However in most lab spectra it peaks at 
69.7 ^m. Recent lab measurements show that this feature shifts to about 68.8 fim when 
measured at 4 K (Bowey et al. 2000). So it seems that the temperature dependence is 
able to solve also this problem. 

A lowering of the temperature cannot only shift and narrow the bands, it can also 
split the bands in two components. This might explain why in some sources we see a 
blend and in others the two separate components are found. 

From the correlation study in this chapter a clear difference between the disk and 
the outflow sources emerges. The differences found in Paper I were based on the shape 
and strength of the different solid state features in the spectrum. These differences can 
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now be traced back to differences in temperature and chemical composition of the cir-
cumstellar dust. The outflow sources seem more abundant in cold enstatite grains than 
the disk sources. There are also indications that in the high luminosity outflow sources 
the ortho- over clino-enstatite abundance ratio is larger than unity (see AFGL4106 and 
IRC+10420), while in the other (disk) sources nice fits were obtained with a ratio of 
unity. 

One can think of the following scenario to explain these results. The final dust 
composition in the outflows of evolved stars contains more enstatite than forsterite. 
Calculations predict that forsterite will form first and can thereafter react with Si02 

to form enstatite. Because the temperature of these enstatite grains is lower than the 
forsterite in the outflow sources, this transformation was apparently most efficient for 
very transparent particles. A very transparent particle suffers from less radiation pres
sure and therefore can stay longer in the warm and hot regions, where reactions go 
quicker. This prolonged stay for the very transparent forsterite grains would than re
sults in a large production of transparent enstatite. It is reasonable to assume that the 
dust-gas coupling is efficient in the region where the formation of enstatite takes place. 
Therefore also the dust-dust coupling will likely be efficient. This weakens the pro
posed scenario. If this process is more global, i.e. there are whole regions which have 
a different (chemical) composition of the particles, the proposed scenario might still 
work. If true it predicts that the crystalline silicates are not equally distributed but 
concentrated in separate regions. 

The difference between the disk and the outflow sources might be related to differ
ences in conditions during the condensation of the grains out of the hot gas, and/or 
to differences in the conditions since the formation of the dust particles. One possi
ble difference during the formation of these grains could be the amount of radiation 
pressure exerted on the particles. It is expected to be lower in the disk sources, oth
erwise the disk is likely to be blown away. Also the presence of a companion -most 
if not all disk sources are a binary system- might influence the dust forming process. 
If we assume that the initial (forming) conditions are similar for the disk and outflow 
sources, than the differences in the conditions after formation must be dominant. Time 
is an obvious differences, but also grain-grain interactions occur more easily in a disk 
environment. Also a relation with grain coagulation -the disks contain large grains-
cannot completely be ruled out. 

If the initial dust composition is equal in the disk and outflow sources it would im
ply that also the ortho over clino-enstatite ratio is greater than unity. The disk sources 
in our sample were nicely fit with a ratio of about unity. Both ortho-enstatite and 
forsterite have an ortho-rhombic crystal structure. A transformation between ortho-
enstatite and forsterite is therefore more likely than a process between forsterite and 
clino-enstatite. If by a still unknown process in these disks the ortho-enstatite is indeed 
preferentially transformed (back) into forsterite it would explain both the decrease in 
ortho over clino enstatite ratio and the reduced enstatite over forsterite ratio. 

We note that clino-enstatite is often found in meteorites on earth. The process re
sponsible for the overabundance of clino-enstatites in meteorites in the disks of young 
stars might be the same as the one in the disks around evolved stars. This similarity 
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between the disks around young and around evolved stars, is new evidence to the 
hypothesis that the circumstances and processes in disks around young stars are very 
similar to these in disks around evolved stars, although their origin is quite different. 

8.6 Conclusions 

We can summarize the main results of this study as follows: 

1 The ISO spectra could be reasonable fitted with laboratory spectra of forsterite 
and enstatite. 

2 The models underestimate the flux at 18, 29.6, 30.6,48 fim and sometimes at 40.5 
^m, which is an indication for the presence of (an)other dust component(s). No 
solid identification could be made yet. Diopside does have features at most of 
these wavelengths, but also strong features at others which are weak or absent in 
the ISO-spectra. 

3 The 19.5 micron feature is often overestimated by our model spectra. No ex
planation is yet known for this phenomenon, but it should be noted that in the 
full radiative transfer modelling it appeared to be much less of a problem. This 
might indicate that optical depth effects play a role. Also the calculation of the 
absorption coefficients from the constants instead of the absorption coefficients 
from laboratory particles might lead to differences. 

4 The band width of the laboratory data is larger than in optical our ISO spectra. 
This difference is likely a temperature effect, and might be used as an indepen
dent temperature indicator. Especially the 69.0 micron band is very suitable for 
this analysis. 

5 The temperature of the forsterite and enstatite grains are (almost) similar for the 
disk sources, while the forsterite is slightly warmer in the outflow sources. This 
would imply that the forsterite and/or enstatite grains differ slightly in the disk 
and outflow sources. It is not clear whether this difference is due to a different 
formation process, or due to a different dust process history after the grain for
mation. Since this difference is only based on 3 sources more data is required to 
confirm this trend. 

6 The crystalline silicates are colder than the amorphous silicates. This is probably 
due to the difference in chemical composition. No Fe is present in the crystalline 
silicates, while in the amorphous silicates it is expected to explain the higher 
absorptivity. This difference in temperature also implies that the crystalline and 
amorphous grains are two distinct grain populations. 

7 Enstatite is on average a factor 3-A more abundant than forsterite in our sources. 
There are indications that the enstatite over forsterite ratio in the outflow sources 
is higher than in the disk sources. 
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8 In the low luminosity sources the spectra were well fitted with an equal amount 
of ortho- and clino-enstatite, while in the high luminosity sources more ortho-
enstatite was present. 

9 No correlation could be found between the crystallinity and the temperature of 
the dust. Also the luminosity of the stars does not seem to be correlated with the 
enstatite over forsterite ratio. 

10 These simple model fits already give a good insight in the dust around our stars. 
In Paper I the shape of the features naturally separated the disk and outflow 
sources. In this study the differences between these two categories became again 
evident. 
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Chapter 9 

Summary and Outlook 

9.1 General summary 

In this chapter I will focus on the general trends and results described in this thesis. The 
broad wavelength coverage and relatively high spectral resolution of the ISO spectra 
allowed us to do detailed research on the properties of the dust around stars. The age 
of astromineralogy has now really started. 

We have analyzed the crystalline silicate features in the spectra of circumstellar 
dust shells. ISO detected the presence of crystalline silicates not only in (the remnants 
of) proto-planetary disks, but also in the outflows of evolved stars. The reason why 
they have not been detected before is because of their low temperature. This low tem
perature results in negligible features around 10 ^m and strong bands above 20 fim. 
Most dust features in the ISO spectra could be explained by the crystalline Mg-rich 
end members of the solid solution series of pyroxene and olivine, i.e. enstatite and 
forsterite. Still, several features, e.g. the features around 30 fim, are unidentified. 

The exact wavelength position of the individual features depends on the Fe content 
in the silicates and on the temperature. The increase of one of these values will increase 
the wavelength at which the band occurs. The forsterite feature at 69.0 fim is the best 
example of this statement. The wavelength positions found in our spectra indicate that 
the crystalline silicates are both very Fe deficient and cold. 

One of the main discoveries is that a high abundance of crystalline silicates is only 
found in sources for which we know or expect that they have a disk. The crystalline sil
icate abundance is in the order of 10% or less for the normal outflow sources, while for 
the disk sources it can be up to 75%. It does not matter whether this disk is an accretion 
(around young stars) or an excretion (around evolved stars) disk. However, the mere 
presence of a disk is not sufficient to have a high abundance of crystalline silicates. 
The difference between disk and outflow sources is not only found in the abundance 
of the crystalline silicates but also in the detailed shape of the dust bands. Although 
the general trend and spectral features are rather similar, these small differences be
tween the two groups of objects indicate that the dust properties are not identical. The 
abundance and spectral differences may point to a different crystallization process in 
the disk and outflow sources. In the outflow sources the most likely crystallization 
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process is thermal annealing. In contrast, the temperatures in the disks are too low 
to explain the higher fraction of crystalline silicates by a prolonged period of thermal 
annealing. A low temperature crystallization process seems to take place. The exact 
mechanism is not known yet but long timescales seem a prerequisite. 

We found that the amorphous silicates are warmer than the crystalline silicates. The 
temperature difference implies that the crystalline and amorphous silicates are two 
separate grain populations which are not in thermal contact. This difference in tem
perature has most likely to do with a difference in chemical composition. The opacity 
in the visual and near-IR is higher for the amorphous silicates and this can probably 
be related with the higher Fe content. This seems to be confirmed by radiative transfer 
modelling of dust spectra, which allow an equal distribution in space for the amor
phous and crystalline silicates. The strength of the features in IRAS09425-6040, the star 
with the highest abundance of crystalline silicates, is another indication of the low Fe 
content in the crystalline silicates. 

Another result from our modelling efforts is the fact that the crystalline silicate par
ticles are not spherical. Using the available optical constants for forsterite and enstatite 
in a Mie calculation results in emission features at the wrong wavelength positions and 
with the wrong strength ratios. This effect is already found when transmission prop
erties of the same material for which the optical constants are derived, are calculated. 
A continuous distribution of ellipsoids (CDE) explains the wavelength positions and 
strength ratios much better, although also not perfectly. However, the size distribu
tion information cannot be retrieved from this calculation and the CDE calculations 
are only valid for very small particles (2na/X < 1, with a the radius of the particle) 
and this assumption is not always fulfilled. 

Simple model fits to the dust features show that enstatite is 3 to 4 times more abun
dant than forsterite, assuming a similar grain size distribution. There is a slight indica
tion that the enstatite over forsterite ratio is even higher for the outflow sources than 
for the disk sources, but more data should confirm this trend. In both the disk and 
the low luminosity outflow sources the spectra are well fitted with an equal amount of 
ortho and clino enstatite. In the high luminosity sources the ortho enstatite becomes 
more abundant. 

ISO showed us that a mixed chemistry around evolved stars is not as unusual as 
previously thought. The disks of IRAS09425-6O4O and the Red Rectangle are oxygen-
rich while the central objects are carbon-rich. This is explained by the fact that these 
disks were formed in a period when the star was still oxygen-rich. It demonstrates that 
these disks are stable for a period at least as long as the central star needed to change 
from oxygen-rich to carbon-rich. Typical timescales for such a transition process are 
10,000 to 100,000 years. The stability of these disks is also reflected in the relative large 
grains present in these disks. The coagulation of the dust particles is accelerated by 
the low gas over dust ratio in the disk. Disks with low gas/dust ratios allow for a 
more random movement of the dust particles and therefore higher probability to en
counter other dust particles. The conditions in these disks together with the available 
timescales are very similar to what is found in the disks around young stars. This sug
gests that also in the disks around evolved stars planetesimals will form. So the term 
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proto-planetary-nebula might be more correct for these kind of objects than previously 
thought. 

9.2 Outlook 

Besides the results summarized in the previous section, many questions remained and 
new ones were raised. In order to answer these questions more data is needed. From 
the results of ISO it is clear that for new spectroscopic data one should aim for a broad 
wavelength coverage with a relatively high spectral resolution (A/AA > 300). 

Existing data can also still be exploited. Full radiative transfer modelling, preferable 
in 2-D, of the (ISO-)spectra of stars, will learn us a lot more about the different dust 
components. An essential step for the interpretation of the spectra. It is even better 
when it can be combined with (new) high angular resolution images. New infrared 
imaging instruments will allow us to locate the position of the crystalline silicates in the 
outflows. Especially the optical and infrared interferometry will result in new insight 
about questions like: Where are the crystalline silicates formed in the outflow? Are the 
amorphous silicates formed out of the crystalline silicates or vice versa? How massive 
are the high crystallinity disks? How crystalline is the Red Rectangle disk? Are the 
crystalline silicates formed in restricted areas under special conditions or more equally 
distributed in the outflow? Are all disk sources binaries? 

Not only astronomical observations are required, also new results are expected 
from laboratory measurements. There are still a number of spectral features which 
are waiting for identification. Old and new laboratory measurements of astronomi
cally interesting materials should be compared with the spectra in order to increase 
the number of identified features. For some dust species it might be necessary to go to 
the astronomically relevant temperatures in order to predict the right widths and peak 
positions. These results might also be used to explain the spectral difference between 
the disk and outflow sources. This brings us to another question. The source of the 
low temperature crystallization is still not known. Laboratory experiments are needed 
to rule out some of the suggested possibilities. 

Progress is expected from the side of the computer simulations. Binary evolution 
calculations are expect to shed light on the evolution of (narrow) binaries. This will 
lead to a better understanding of the formation and evolution of (circumbinary) disks. 
It will help us to determine the age of the present day disks and therefore timescales 
for the dust processes. Another aspect is the calculation of the optical properties of ir
regularly shaped, relatively large particles. Spherical particles do not produce the right 
spectral features, while CDE calculations are only valid for very small particles. New 
techniques will make it possible to calculate the optical properties of non-spherical 
large particles. 

A final question that I would like to raise is the following: "What happens with the 
crystalline silicates when they enter the ISM (interstellar medium)?" The ISO data set 
strict upper-limits on the amount of crystalline silicates in the ISM. Are the crystalline 
silicates destroyed and formed again around young stars, or are they concealed in the 
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ISM and unveiled around young stars? Research on the crystalline silicates around 
young stars, in interplanetary dust particles and other (pre-)solar material will hope
fully result in answers to this problem. 
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Hoofdstuk 10 

Nederlandse samenvatting 

10.1 Een stoffige studie 
Hoewel stofdeeltjes minder dan 1% van de massa in ons heelal vormen, speelt stof 
een zeer belangrijke en soms zelfs dominante rol in allerlei processen. Alleen al de 
vragen met betrekking tot de vorming van onze aarde zijn voldoende reden om haar 
bouwstenen, stof dus, te bestuderen. Het doel van het onderzoek beschreven in dit 
proefschrift, is meer informatie te verkrijgen over het stof rondom stervende sterren 
en hoe het soort stof dat gevormd wordt, afhangt van de lokale omstandigheden. 

10.1.1 Algemene inleiding 

Het meeste stof in ons melkwegstelsel is gevormd aan het eind van het leven van lichte 
sterren (sterren met een massa tot een paar keer die van onze zon). In een relatief korte 
periode verliest de ster zeer veel materie in de vorm van een dichte sterwind. Onze zon 
zal over zo'n 5 miljard jaar in die fase belanden en dan ongeveer 40% van haar massa 
verliezen. Dit is de laatste stuiptrekking van een ster voordat de energieproductie in 
de ster stopt en zij uiteindelijk afkoelt en uitdooft. Uit het gas dat de ster gedurende 
deze periode uitstoot zal stof condenseren. Men kan dan ook zeggen, dat het leven 
van stofdeeltjes begint daar waar het leven van sterren ophoudt. 

Gedurende vrijwel het gehele leven van een ster wordt haar evolutie bepaald door 
kernfusieprocessen in het binnenste van de ster. In de periode van erg hoog massa
verlies wordt de snelheid van veroudering echter gedomineerd door de snelheid van 
massaverlies door middel van een sterwind. Dit massaverlies kan oplopen tot meer 
dan dertig keer de massa van de aarde per jaar. 

Het condensatieproces is erg belangrijk voor de snelheid waarmee de ster massa 
verliest en dus ook voor de evolutie van de ster. Dit valt als volgt te begrijpen: hoe 
meer stof er condenseert uit gas, hoe makkelijker de ster haar buitenlagen zal wegbla
zen. Het licht van de ster kan dan minder makkelijk doordringen naar buiten, zoals 
een roetwolk het zonlicht kan verduisteren. Omdat het licht toch wil ontsnappen, duwt 
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het als het ware het stof voor zich uit en met het stof wordt ook het gas meegesleurd 
en zo ontstaat een sterwind. Hoe minder makkelijk het sterlicht kan ontsnappen hoe 
meer stof en gas er wordt weggedrukt. Het soort stof dat gevormd wordt, hangt af van 
factoren als dichtheid, temperatuur, en chemische samenstelling van het gas en van de 
snelheid waarmee deze omstandigheden veranderen in tijd en plaats. Vanwege deze 
afhankelijkheid is het (uiteindelijke) stof dat we zien daarom een soort geschiedenis
boek van de omstandigheden op het tijdstip dat het stof gevormd werd. Het proces 
van stofvorming en de invloed op de evolutie van een ster is nog niet geheel duidelijk 
en dus kunnen we ook de laatste stadia van evolutie van (lage massa) sterren nog niet 
goed voorspellen. Dat is natuurlijk niet bevredigend. Temeer daar de stofdeeltjes, die 
in deze sterwinden gevormd worden, ook weer de bouwstenen zijn van een nieuwe 
generatie sterren en planeten. 

10.1.2 Verschillende soorten stof 

Het soort stof dat condenseert in de wind van oude sterren kan opgedeeld worden in 
twee groepen: het zuurstofrijke en het koolstofrijke stof. 

Het molecuul CO (koolmonoxide) is erg stabiel en wordt al bij hele hoge tempera
turen gevormd. Dit betekent dat als er oorspronkelijk meer zuurstof dan koolstof was 
(C/O < 1) al de koolstof zich bindt tot CO en dat er zuurstof overblijft. Het resultaat 
is dat, als het materiaal in de wind verder is afgekoeld, zuurstofrijk stof vormt zoals 
ijzeroxides en silicaten (zand, kiezelsteentjes enz.). Is er daarentegen meer koolstof dan 
zuurstof (C/O > 1) dan bindt al de zuurstof zich tot CO en blijft er koolstof over. In 
zo'n omgeving ontstaat koolstofrijk stof zoals grafiet, siliciumcarbid (SiC) en polycy
clische koolwaterstoffen (vergelijkbaar met de deeltjes die uit de uitlaat van een auto's 
komen). Alle sterren beginnen oorspronkelijk met een koolstof over zuurstof verhou
ding kleiner dan 1, maar door inwendige aanmaak van koolstof kan deze verhouding 
voor zwaardere sterren groter worden dan 1. Het soort stof dat we waarnemen rondom 
een ster geeft dus een indicatie voor de chemische samenstelling van de mantel van de 
ster en zegt tegelijkertijd iets over de (oorspronkelijke) massa van de ster. 

10.1.3 Gestructureerd stof 

Een ander verschil tussen stoffen is hoe de atomen geordend zijn. De atomen kunnen 
een geordende structuur ten opzichte van elkaar hebben, een kristalstructuur, zoals bij
voorbeeld de koolstofatomen in diamant. Atomen kunnen echter ook ongeordend ten 
opzichte van elkaar liggen. Deze laatste toestand wordt amorf of chaotisch genoemd. 
Glas is een voorbeeld van het laatste. Figuur 10.1 geeft een schematisch voorbeeld van 
het verschil tussen een geordende en een ongeordende structuur. 

In de praktijk blijkt dat stoffen zich bij voorkeur geordend manifesteren, maar de 
begintoestand is regelmatig amorf. Als stof vanuit de amorfe toestand naar de kris-
tallijne toestand is gegaan, zeggen we dat het is gekristalliseerd. Een bekend voorbeeld 
van dit proces kan gevonden worden in hele oude kerkramen die langzaam uitkristal
liseren 
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CRYSTALLINE AMORPHOUS 

Figuur 10.1 Een schematisch voorbeeld van een geordende (crystalline) en een 
ongeordende (amorphous) structuur, zoals kan optreden bij stoffen (uit "Interstel
lar processes", eds. D.J. Hollenbach and H.A. Thronson jr., 1987, bijdrage van Tie-
lens & Allamandola) 

10.1.4 De bestudering van stof 

Stof in de ruimte is over het algemeen zeer klein. De gebruikelijke grootte bedraagt 
ongeveer 0.1 micrometer (1 micrometer is 1 miljoenste gedeelte van de meter), wat 
grofweg overeen komt met één duizendste van een mensenhaar. Ze zijn dus alleen 
te bestuderen als ze in grote aantallen samen voorkomen. Dit lijkt erger dan het in 
werkelijkheid is. De totale hoeveelheid massa hoeft niet zo hoog te zijn omdat voor 
de zichtbaarheid het totale oppervlak en niet de inhoud van belang is. Een blok ijs 
van 1 x 1 x 1 m heeft een oppervlak van 6 m2. Als we dit in hele kleine blokjes met 
een lengte van 0.1 pm opdelen wordt het totale oppervlak 10 miljoen keer zo groot (60 
km2). Een brok ijs van slechts 200 x 200 x 200 m opgedeeld in kleine blokjes met een 
lengte van 0.1 ^m zou een oppervlakte gelijk aan dat van de aarde hebben. Relatief 
kleine hoeveelheden zijn dus over het algemeen nog heel goed te bestuderen. 

Stof kan op twee manieren bestudeerd worden, indirect en direct In het eerste geval 
wordt gekeken naar de invloed van stof op het licht van de ster. Men kan hierbij bij
voorbeeld denken aan de weerkaatsing of absorptie van sterlicht aan stofdeeltjes. Bij 
de directe methode wordt het licht 'gemaakt' door de stofdeeltjes zelf bestudeerd. In 
dit proefschrift is vooral gebruik gemaakt van de directe methode. 

Licht van sterren kan gesplitst worden in verschillende kleuren, zoals een regen
boog of een prisma het zonlicht in allerlei kleuren ontleedt. De helderheid in de ver
schillende kleuren kan je in een grafiek uitzetten. Dit wordt een spectrum genoemd 
(zie ook Figuur 10.2). 

Kleuren houden niet op bij het zichtbare licht maar gaan aan de ene kant door met 
UV-, Röntgen- en 7-straling en aan de ander kant met infrarood- (ook wel warmtestra
ling) genoemd, microgolf- en radiostraling. Om de kleur van licht aan te duiden maken 
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Figuur 10.2 Een foto van het licht van een molecuul ontleed verschillende kleu
ren met daaronder de bijbehorende intenstiteitsgrafiek. In het onderste plaatje 
staat op de x-as de kleur of golflengte van het licht, terwijl de y-as de intensiteit 
aangeeft. De twee getallen geven de golflengte (in nanometers) van de helderste 
pieken. Voor beide plaatjes wordt de term spectrum gebruikt. 

we gebruik van het feit dat licht een golfkarakter heeft. De afstand tussen twee pie
ken van opeenvolgende golven wordt de golflengte genoemd (zie Figuur 10.3). Deze 
afstand kan rechtstreeks gerelateerd worden aan de kleur van het licht. In een spec
trum zetten we dus vaak de golflengte uit tegen de helderheid op die golflengte. De 
golflengte van zichtbaar licht ligt tussen 0.4 (violet) en 0.7 (rood) micrometer. 

b e w e g i n g s r i c h t i n g 

a f s t a n d ( n m ) 

Figuur 10.3 Golf behorend bij bijvoorbeeld de lijn 291,20 nm (10_9m) uit Fi
guur 10.2. De golflengte (A) is de afstand tussen twee opeenvolgende pieken. De 
gestippelde lijn geeft de golf een tijdje later weer. Deze golf heeft een constante 
intensiteit in de tijd (alle toppen zijn even hoog). 

Als je een ijzeren staaf opwarmt, voel je er al vrij snel de hitte vanaf komen. Dit is 
warmtestraling. Ga je daarna deze staaf nog warmer maken dan wordt die eerst rood, 
daarna geel, en uiteindelijk wit heet. De temperatuur van de staaf bepaalt dan ook de 
kleur die de staaf heeft. De temperatuur van stofdeeltjes in de ruimte is dusdanig dat 
hun kleur in het gebied van de infrarode straling ligt. Hoe kouder het materiaal hoe 
langer de golflengte. 

Willen we dus het stof rondom sterren bestuderen dan kunnen we het stof het beste 
in het infrarood bestuderen. Het veel grotere oppervlak van alle stofdeeltjes samen 
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Figuur 10.4 Een plaatje van ISO 

zorgt ervoor dat het stof de ster in het infrarood overstraalt. Een ander voordeel van 
het infrarood is dat de verschillende stofdeeltjes specifieke kleuren in het infrarood 
hebben, waardoor ze makkelijker te onderscheiden zijn. 

Er is echter ook een groot nadeel aan waarnemingen in het infrarood. Veel kleuren 
worden door de atmosfeer van de aarde tegen gehouden. Om dit probleem het hoofd 
te bieden is er een satelliet gelanceerd die buiten de dampkring waarnemingen aan 
heel veel sterren heeft gedaan. Deze satelliet wordt ISO (Infrared Space Observatory) 
genoemd en is te zien in Figuur 10.4. Deze satelliet was ontworpen om spectra te 
nemen van stof rondom sterren, en heeft gewerkt van november 1995 tot en met april 
1999. 

10.2 De ontdekking van ISO 

Met ISO hebben we gekeken naar stof rondom geëvolueerde sterren. Het stof dat 
rondom dit soort sterren gevormd wordt, beweegt zich relatief langzaam van de ster af 
(in één jaar ongeveer 2 keer de afstand van de aarde tot de zon). Zoals in de inleiding al 
genoemd liggen de condities waarin het stof is gevormd als het ware vastgevroren in 
de hoeveelheid en het soort stof dat ontstaan is. Door nu dit stof te analyseren hoopten 
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Figuur 10.5 Een mogelijke atomaire structuur van wanordelijke en ordelijke si
licaten tezamen met hun infrarode spectrum. De driehoekjes stellen een silicium 
atoom omringd door een tetraëder (regelmatig viervlak) opgespannen door 4 zuur
stofatomen. Let op het verschil tussen de twee spectra: de 2 brede structuren in het 
wanordelijke silicaat en de vele scherpe pieken in het ordelijke silicaat. 

we meer inzicht te krijgen in wat er gebeurt op het moment dat oude sterren zeer veel 
massa verliezen. 

In dit proefschrift heb ik me voornamelijk geconcentreerd op sterren met een zuur
stofrijke atmosfeer, waar zich dus zuurstofrijk stof vormt. Voordat ISO zijn waarne
mingen had gedaan, was bekend dat het voornaamste soort stof dat rondom deze 
sterren ontstaat een ongeordende silicaat is. Deze stof kenmerkt zich door een heel 
breed scala aan kleuren in het infrarood die mooi in elkaar overlopen. ISO toonde ons 
echter dat er ook geordende silicaten rondom deze sterren aanwezig kunnen zijn, de 
zogenaamde kristallijne silicaten. De geordende silicaten kenmerken zich juist door 
relatief scherpe afbakeningen van de kleuren in het infrarood en door het feit dat ze 
ook nog specifieke kleuren op de langere golflengtes hebben (zie Figuur 10.5). Waar 
in de amorfe deeltjes verschillen in samenstelling of structuur verdwijnen in de brede 
spectrale structuren maken de scherpe structuren, veroorzaakt door het geordende ka
rakter van de stoffen, het mogelijk om onderscheid te maken in chemische samenstel-

a 

A 
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Figuur 10.6 De infrarode spectra van de komeet Hale Bopp, en de twee oude 
sterren AC Her en IRAS09425-6040, tezamen met de spectra van de twee meest 
voorkomende kristallijne silicaten (forsteriet Mg2SiC>4 en enstatiet MgSi03) zoals 
ze eruit zullen zien bij 85 K (« — 190°C). Hoewel de spectra er globaal verschillend 
uitzien, zitten de pieken steeds op dezelfde golflengte (A). Dit duidt erop dat hier 
dezelfde stoffen (forsteriet en enstatiet) aanwezig zijn. 

ling en structuur van stofdeeltjes en dus astromineralogie, de wetenschap die zich bezig 
houdt met de mineralogische eigenschappen, zoals chemische samenstelling, vorm en 
structuur, van stofdeeltjes buiten ons zonnestelsel, te bedrijven. 

Het grootste gedeelte van dit proefschrift gaat over deze kristallijne silicaten. Hele
maal nieuw waren kristallijne silicaten niet. Op aarde zijn vrijwel alle silicaten kristal
lijn, en ook in kometen, meteorieten en kleine stofdeeltje uit ons eigen zonnestelsel (de 
zogenaamde interplanetaire stofdeeltjes) waren kristallijne silicaten gevonden. Buiten 
ons zonnestelsel was het bestaan van kristallijne silicaten alleen aangetoond rondom 
een enkele ster die zojuist geboren is. Dit leek erop te duiden dat kristallijne silicaten al
leen voorkwamen in (restanten van) planeetvormende schijven. Dankzij ISO weten we 
nu dat er ook kristallijne silicaten rondom oude sterren zijn (Figuur 10.6). Overigens 
maken in de meeste sterren de amorfe silicaten nog steeds het grootste gedeelte van 
het stof uit. 

de vraag die opkwam, is waarom we de kristallijne silicaten niet eerder hebben 
waargenomen in het stof rondom oude sterren. Dit heeft te maken met de temperatuur 
van de kristallijne silicaten. Voor jonge sterren en kometen ligt de gebruikelijke tempe
ratuur van kristallijne silicaatdeeltjes rondom de -80 °C. Dit zorgt ervoor dat de sterke 
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Figuur 10.7 Het spectrum van forsteriet Mg2Si04 bij kamer temperatuur (A), 
-80 (B) en -190°C (C). Let op hoe de verhouding tussen de verschillende pie
ken verandert. Er bestonden nauwelijks waarnemingen van spectra boven de 20 
micrometer tot de lancering van ISO. 

pieken rondom 10 micrometer nog erg duidelijk zijn. Dit is een golflengte gebied, 
waarin nog waarnemingen gedaan kunnen worden vanaf aarde, omdat de atmosfeer 
op deze golflengtes transparant is. In de geëvolueerde sterren is de gebruikelijke tem
peratuur rondom -190 °C. Dit resulteert in sterke pieken op golflengtes die voor ISO 
gelanceerd werd niet of nauwelijks waarneembaar waren, (zie Figuur 10.7). Er was 
dus een satelliet zoals ISO voor nodig om deze ontdekking te kunnen doen. 

10.3 Het onderzoek beschreven in dit proefschrift 

Voordat begonnen kan worden met de interpretatie van de aanwezigheid van de ver
schillende stoffen, moet er natuurlijk wel eerst bekend zijn wat voor soort stof er 
rondom de sterren aanwezig is. 
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Hoofdstuk 2 

In hoofdstuk 2 wordt beschreven hoe we in een laboratorium in Jena (Duitsland) nauw
keurige spectra hebben genomen van verschillende stoffen, zowel aards gesteente als 
in het laboratorium gemaakte stoffen. We vonden dat veel pieken in onze spectra ver
klaard konden worden met zeer ijzerarme silicaten in de olivijn- (Mg22:Fe(2_2i;)Si04) en 
pyroxeen- (Mg^Fe^^SiOs) serie, dus met x (uit de index) dicht bij 1. Dit was verras
send omdat voor de amorfe silicaten verwacht wordt dat er een behoorlijk percentage 
ijzer in zit. Dit verschil in chemische samenstelling kan trouwens ook het temperatuur
verschil verklaren tussen de amorfe en kristallijne silicaten zoals gevonden in hoofd
stuk 8. 

Hoofdstuk 3 

In hoofdstuk 3 wordt het object AFGL4106 ontleed. Dit is een zeer heldere infrarood-
bron en daardoor goed te bestuderen met ISO. Gebaseerd op onder andere het ISO-
spectrum zijn we te weten gekomen dat dit een oude, massieve dubbelster is in plaats 
van een alleenstaande geëvolueerde lage-massa-ster. Op grond van het spectrum heb
ben we kunnen afleiden dat de stofdeeltjes rondom deze ster relatief groot moeten zijn 
(« 10 micrometer). Aan de hand van een model van het spectrum schatten we dat de 
kristallijn silicaat fractie ongeveer 10% van de totale stofmassa is. Op grond van oude 
waarnemingen vanaf 1900 en ons model van de stofschil hebben we kunnen afschaf
ten dat deze dubbelster op ongeveer 3.3 kiloparsec ( « l x 102Om = 700 miljoen keer de 
afstand aarde zon) staat. Deze nieuwe afstand was een groter dan de meeste andere 
afstanden die in de literatuur gegeven werden. 

Hoofdstuk 4 

In hoofdstuk 4 bestuderen we een andere ster NGC6302. Dit is een stervende lage-
massa-ster die enige tijd geleden zeer veel massa heeft uitgestoten. Een plaatje van 
deze ster is te vinden op de voorkant van dit proefschrift. Het spectrum van NGC6302 
toont zeer sterke kristallijne silicaat structuren. We concluderen dat deze ster zeer 
waarschijnlijk omgeven is door een stofschijf. Deze schijf zorgt er voor dat het recente 
massaverlies een sterk bipolair karakter heeft gekregen. Bovendien vermoeden we 
dat de meeste kristallijne stofdeeltjes in deze schijf zitten. Deze ster blijkt ook een 
aanzienlijke hoeveelheid waterijs (kristallijn) te bevatten. 

Hoofdstuk 5 

De ster IRAS09425-6040 is één van de grootste verrassingen van ISO. Deze ster, die 
in hoofdstuk 5 besproken wordt, is een geëvolueerde koolstofrijke ster en was verder 
vrij onbekend. ISO vond echter dat zich rondom deze ster een zuurstofrijke schijf 
bevindt. Deze schijf moet gevormd zijn toen de ster nog een zuurstofrijke mantel had. 
De schijf is blijkbaar stabiel en heeft de overgang van zuurstofrijk naar koolstofrijk 
in de buitenlagen van deze oude ster overleefd. Maar het meest verbazingwekkende 
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aan dit object is het feit dat ongeveer 75% van het stof in deze schijf kristallijn is. Dit 
is het hoogste percentage kristallijn stof dat tot nu toe is gevonden rondom een ster. 
IRAS09425-6040 lijkt een voorloper te zijn van een ster zoals de Rode Rechthoek. Ook 
hier is een zuurstofrijke kristallijne schijf gevonden rondom een koolstofrijke ster en 
ook andere eigenschappen lijken te duiden op een gelijksoortige evolutie. De Rode 
Rechthoek is een dubbelster en daarom vermoeden we dat ook IRAS09425-6040 een 
dubbelster is. 

Hoofdstuk 6 

Bij de bestudering van de kristallijne silicaten rondom verschillende sterren kwamen 
we erachter dat de sterren met de sterkste signatuur van kristallijne silicaten allemaal 
sterren zijn waarvan we weten of vermoeden dat er een schijf rondom zit. Omgekeerd 
is trouwens niet altijd het geval, de aanwezigheid van een schijf geeft geen garantie 
voor een verhoogde aanwezigheid van kristallijne silicaten. Dit wordt beschreven in 
hoofdstuk 6. In dit hoofdstuk doen we ook suggesties tot verklaring van deze hogere 
fractie aan kristallijne silicaten. Voor de kristallijne silicaten in ons zonnestelsel is tot 
nog toe gesuggereerd dat het oorspronkelijke amorfe materiaal dicht bij de zon ge
weest is, daar verhit is tot ongeveer 800°C wat leidde tot kristallisatie, en daarna weer 
ver weg ons zonnestelsel in geslingerd is. Het stof dat condenseert uit de sterwind van 
een oude ster is natuurlijk ook erg warm geweest toen het pas was uitgestoten. Men 
zou dus een hoge fractie van kristallijn materiaal verwachten. We zien echter dat in 
normale sterwinden het percentage kristallijn stof ongeveer 10% is. Het grote verschil 
tussen deze normale sterwinden en sterren met een schijf is de tijdschaal. Bij gewone 
sterwinden beweegt het stof zich met ongeveer een snelheid van 10 km/sec (ongeveer 
2 keer de afstand zon aarde in een jaar) van de ster af en na 1.000 tot 10.000 jaar is het 
verdwenen in de ruimte tussen de sterren. In een schijf blijft het stof draaien rondom 
de ster en kan dus veel langer dichtbij de ster blijven. Alle hoog kristallijne schijven 
hebben grote deeltjes (minstens 100 micrometer). Dit betekent dat ze redelijk stabiel 
moeten zijn, opdat deeltjes tot zo'n grootte kunnen groeien. Dit was ook al duidelijk 
uit het feit dat er zuurstofrijke schijven rondom koolstofrijke sterren zitten. De over
gang van een zuurstofrijke naar een koolstofrijke ster duurt gewoonlijk zo'n 100.000 
jaar N.B. Dit is een tijdspanne die lang genoeg zou moeten zijn om brokstukken in de 
grootteorde van onze maan te produceren. Dit is echter iets dat we (nog?) niet kunnen 
detecteren. Het lijkt er dus op dat het kristallisatieproces in deze schijven een proces 
is dat tijd vergt en bij lage temperaturen werkt. We doen een aantal suggesties in dit 
hoofdstuk, zoals een bombardement met ionen of hoog energetische straling. Labora
toriumexperimenten zullen deze theorieën moeten bevestigen, dan wel ontkrachten. 

Hoofdstuk 7 

Hoofdstuk 7 is het dikste hoofdstuk van dit proefschrift. Het geeft een systematisch 
overzicht van de verschillende structuren zoals waargenomen in de ISO-spectra van 
17 sterren met kristallijne silicaten. Er is geprobeerd om de structuren te ordenen en te 
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identificeren. De meeste pieken in het spectrum kunnen verklaard worden door ensta-
tiet (MgSi03) en forsteriet (Mg2Si04). Ook zijn er in de meeste bronnen aanwijzingen 
voor de aanwezigheid van kristallijn waterijs. Naast deze identificaties zijn er ook nog 
verschillende pieken waarvan de identificatie op dit moment nog ontbreekt. Niet al
leen in de sterkte van de kristallijn silicaatstructuren (en dus de hoeveelheid) maar ook 
in de vorm van de spectra bestaat er verschil tussen de schijf- en de niet-schijfbronnen. 
Dit is de tweede aanwijzing, naast wat vermeld werd in hoofdstuk 6, dat er (ook) een 
ander kristallisatieproces gaande is in de schijfbronnen. 

Hoofdstuk 8 

Na de uitvoerige studie in hoofdstuk 7 hebben wij in hoofdstuk 8 verschillende rela
ties met betrekking tot de kristallijne silicaten onderzocht. De algemene trend is dat de 
laboratoriumspectra breder zijn dan de waargenomen spectra. Dit is een temperatuur-
effect. De meeste laboratoriumspectra zijn genomen bij kamertemperatuur, terwijl het 
stof rondom de sterren veel kouder is. Dit maakt de banden smaller. Recentelijk zijn 
er laboratoriummetingen verricht bij veel lagere temperaturen, en deze bevestigen het 
temperatuureffect. Ook tonen ze aan dat de pieken naar kortere golflengtes verschui
ven bij een verlaging van de temperatuur. Eén van de resultaten van dit onderzoek 
is dat een forsterietpiekje dat op ongeveer 69 micrometer in het spectrum zit, waar
schijnlijk gebruikt kan gaan worden om een temperatuur af te schatten voor het koude 
stof. 

Om meer te weten te komen over het forsteriet en enstatiet heb ik geprobeerd de 
spectra van de verschillende sterren te modelleren met een simpel stofmodel. Met be
hulp van dit model verkreeg ik een grove schatting van de gebruikelijke temperatuur 
van forsteriet, enstatiet en de amorfe silicaten. Ook resulteerde dit in massaverhoudin
gen russen deze drie stoffen. De resultaten hiervan zijn dat het amorfe silicaat warmer 
is dan het kristallijne silicaat, waarschijnlijk vanwege de chemische samenstelling. Dit 
betekent wel dat het amorfe en kristallijne silicaat aparte deeltjes zijn en niet samen 
in één deeltje kunnen zitten, anders hadden ze dezelfde temperatuur gehad. De re
sultaten van het modelleerwerk aan IRAS09425-6040 en AFGL4106 tonen aan dat de 
kristallijne en amorfe stofdeeltjes waarschijnlijk wel gelijk verspreid voorkomen in de 
stofschijf. Het forsteriet is ongeveer even warm als het enstatiet. Er is een kleine aan
wijzing dat in de niet-schijf bronnen het forsteriet iets warmer is dan het enstatiet. 
Dit zou te maken kunnen hebben met de verschillende kristallisatie processen en dus 
mogelijk wijzen op een iets andere samenstelling of structuur. Gezien het feit dat het 
slechts gebaseerd is op een paar bronnen, zal dit nog verder onderzocht moeten wor
den. Er blijkt ongeveer 3 tot 4 keer meer enstatiet dan forsteriet voor te komen in het 
stof rondom de sterren die wij gebruikt hebben. 

Hoofdstuk 9 

In het laatste hoofdstuk geven we een korte samenvatting van de gevonden resultaten 
en blikken we vast vooruit. Nieuwe telescopen en instrumentatie zal ons instaat stellen 
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om de precieze plaats van de kristallijne silicaten in de winden en schijven van sterren 
vast te stellen, iets wat op dit moment niet mogelijk is. Ook zal een scherper beeld 
kunnen onthullen of de bronnen met een schijf dubbelsterren zijn of niet. Voor een be
paalde klasse sterren lijkt dit inderdaad het geval, maar definitieve bewijzen hiervoor 
worden pas met betere telescopen verwacht. 

Maar ook vanuit het laboratorium is vooruitgang mogelijk. Het verschil in spec
trale structuur in schijf- en niet-schijfbronnen wacht nog op identificatie: is het een 
verschil in chemische samenstelling, is het een nog onbekende stof of is het iets in de 
kristalstructuur? Er zijn ook nog structuren in de verschillende spectra die erop duiden 
dat er meer stoffen dan forsteriet en enstatiet aanwezig zijn. Deze zullen hopelijk in 
de toekomst geïdentificeerd worden met behulp van laboratoriumspectra. Ook zullen 
laboratoriumexperimenten moeten aantonen wat de oorzaak van kristallisatie bij lage 
temperaturen is. 

Een ander nog onopgelost probleem is wat er in de ruimte tussen de sterren, het 
interstellaire medium (ISM) gebeurt met de kristallijne silicaten. Kristallijne silicaten 
worden bij oude sterren en bij jonge sterren gevonden. De eerste voegen nieuw stof 
toe aan het ISM en de laatste worden eruit gevormd. Er zijn echter (nog) geen aan
wijzingen voor de aanwezigheid van kristallijne silicaten in het ISM. Onderzoek aan 
stofdeeltjes in ons eigen zonnestelsel zal waarschijnlijk meer duidelijkheid kunnen ver
schaffen over de oorsprong van de kristallijne silicaten in ons zonnestelsel en dus over 
de evolutie van stof vanaf de vorming bij oude sterren via het ISM tot aan de vorming 
van nieuwe sterren met planetenstelsels. 
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Abbreviations used in this thesis 

AGB (star) 
BSG 
C-rich 
CDE 

CSE 
EDX 

ESO 
FIR 
FWHM 
GKH 
HBB 
HKV 
HST 
IDP(s) 
IR 
IRAS 
ISM 
ISO 
ISOCAM 
ISOPHOT 
KBr 

LBV(s) 
LRS 
LWS 

MAC(s) 

Asymptotic Giant Branch (star) 
Blue SuperGiant 
Carbon rich 
Continuous Distribution of Ellipsoids; shape distribution 
of particles 
Circum Stellar Envelope 
Energy Dispersive X-ray; analysis method for the 
composition of samples 
European Southern Observatory 
Far InfraRed A > 25/um 
Full Width (at) Half (of the) Max(imum) 
Gürtler et al. 1996 (used in Chapter 3) 
Hot Bottom Burning 
Hrivnak et al. 1989 (used in Chapter 3) 
Hubble Space Telescope 
Interplanetary Dust Particle(s) 
InfraRed 
InfraRed Astronomical Satellite; infrared satellite 
InterStellar Medium 
Infrared Space Observatory; infrared satellite 
Camera on board ISO 
Photopolarimeter on board ISO 
Kalium-Bromide; embedding material used in 
sample preparation 
Luminous Blue Variable(s) 
Low Resolution Spectrum; observing mode of IRAS 
Long Wavelength Spectrometer; spectrometer 
onboard ISO (43 - 195/im) 
Mass Absorption Coefficient(s) 
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MIR 
M R 
OH/IR star 
O-rich 
PAH 
PE 
post-AGB star 
PN(e) 
PPN(e) 
RR 
RSG 
RSRF 
SED 
SEM 

SN 

sws 
TIMMI 

UIR 
WR 

uv 
ZAMS 

Mid InfraRed 5 < A < 25^m 
Near InfraRed 1 < A < 5^m 
Luminous infrared star with OH maser 
Oxygen-rich 
Polycyclic Aromatic Hydrocarbons 
PolyEthylene; embedding material used in sample preparation 
post Asymptotic Giant Branch star or Proto Planetary Nebula 
Planetary Nebula(e) 
Proto Planetary Nebula(e) 
Red Rectangle, stellar object also known as HD44179 
Red SuperGiant 
Relative Spectral Response Function 
Spectral Energy Distribution 
Scanning Electron Microscope; used for the analysis 
of samples 
SuperNova 
Short Wavelength Spectrometer; spectrometer 
on board ISO (2.4 - 45/im) 
Thermal Infrared Multi-Mode Instrument; infrared 
camera mounted at the ESO 3.6m telescope 
Unidentified InfraRed bands; sometimes called PAH 
Wolf-Rayet star 
UltraViolet 
Zero Age Main Sequence 
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besprekingen met jullie twee vallen onder de categorie "leuk en leerzaam". Teije, we 
hebben niet zo heel vaak contact gehad, maar de besprekingen die we hebben gehad 
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ik wil beginnen bij mijn kamergenoten omdat die waarschijnlijk het meest te verduren 
hebben gehad. 

Paul, al vrij snel vertrok je weer. Het gaf mij in ieder geval de kans om de beste plek 
in de werkkamer te confisqueren. 

Mario, drie en een half jaar lief en leed gedeeld in F3.09 en daarbuiten, een periode 
die ik niet zal vergeten. Het feit dat jij mijn reisjes naar Californië en Hawaï 'overnam' 
is je vergeven. Ik wil jou natuurlijk ook bedanken voor de 1500 keer thee halen, 1000 
keer mijn mok schoonmaken en je verwoede pogingen om mij muzieksmaak bij te 
brengen. 

Annique, the emptiness in the office by the departure of Mario was soon replaced 
by the presence of you. I still think that you are the best possible replacement. You 
are the reason that I want to brush up my French. I hope you enjoyed my presence as 
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much as I did yours. 
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Groningers en Leidenaren mogen wat dit aspect betreft niet onvermeld blijven. 
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members my dataset would have been of much lower quality or even unusable. Thank 
you very much! 

Chiyoe, Janet, Anne, Conny and Harald, I got a lot of laboratory data from you all, 
often before publication. Without all these contributions I could not have written this 
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Stellingen behorend bij het proefschrift 

Crystalline silicates in circumstellar dust shells 

door 

F.J. Molster 

1. Kristallijne silicaten in circumstellair stof zijn, in tegenstelling tot amorfe silicaten, ijzerarm en 
magnesiumrijk. 
(Hoofdstuk 2,4,5,7,8) 

2. Een hoge fractie kristallijne silicaten duidt op de aanwezigheid van een circumstellaire stofschijf. 
(Hoofdstuk 6) 

3. De berekende spectrale piekposities van bolvormige kleine kristallijne silicaat deeltjes komen 
niet overeen met de waarnemingen. Hieruit mogen we concluderen dat kleine kristallijne silicaat 
deeltjes niet bolvormig zijn. 
(Hoofdstuk 2,3) 

4. AFGL4106 is een massief dubbelster systeem. 
(Hoofdstuk 3) 

5. De verschillen in de transmissie spectra van schijnbaar gelijksoortige kosmisch analoge stof-
monsters maakt duidelijk dat men het materiaal goed moet onderzoeken en beschrijven in 
publikaties. 
(Hoofdstuk 2,7) 

6. Het verschil tussen 99% en 100% zonsverduistering is een verschil van dag en nacht. 

7. De scholierendemonstratie van december 1999 en de overhaaste reaktie van de politiek is een 
goed voorbeeld van: "Stennis maakt macht". 

8. Arbeidsduurverkorting voor promovendi zonder compenserende contractverlenging, leidt bij 
gelijkblijvende kwaliteit van de proefschriften tot een sigaar uit eigen doos. 

9. Het feit dat de stelling "verduistering van geld en andere vervangbare zaken zal jure nostro in 
den regel niet strafbaar zijn" ' met succes verdedigd is, toont aan dat rechtsopvattingen niet 
universeel zijn, maar in de loop van de tijd veranderen. 
* Stelling XI behorende bij het academisch proefschrift Opzettelijke stranding in het Averij-Grosrecht door 

Frederik Adriaan Molster verdedigd op dinsdag 27 maart 1888 aan de Universiteit van Amsterdam. 

10. De term 'gedupeerde beleggers World On Line' gaat voorbij aan het speculatieve karakter dat 
een investering in dit bedrijf had. 



11. Zolang voor veel scholieren het alternatief voor school aantrekkelijker is dan school, behoort de 
overheid het behalen van een diploma te stimuleren, en niet te bagatelliseren door de leeftijd 
voor volledige leerplicht te verlagen. 

12. Er is een sterke correlatie tussen de lengte van de nacht en de dikte van de krant. Dit suggereert 
dat veel van wat in de krant opgeschreven wordt het daglicht niet kan verdragen. 

Amsterdam, 15 juni 2000 
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