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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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