
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

High spatial resolution infrared studies of proto-planetary disks

van Boekel, R.

Publication date
2004
Document Version
Final published version

Link to publication

Citation for published version (APA):
van Boekel, R. (2004). High spatial resolution infrared studies of proto-planetary disks.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/high-spatial-resolution-infrared-studies-of-protoplanetary-disks(b48d7705-5f34-4c7d-9ce0-030f716455bc).html


CHAPTER 1

Introduction

Approximately 8000 stars are visible to the naked eye. The finest detail that our
human eyes can discern is about an arcminute or 1/60th of a degree. The sun
and moon are about 30 arcminutes in diameter as viewed from the Earth and we
can clearly see their extent. The same is true for the Milky Way, the Magellanic
clouds and bright comets. However, the stars and planets are all points to the
unaided eye, i.e. they are unresolved1. We can therefore not see what their size
is, or study details on their surface. Our eyes offer us a beautiful, yet limited
view of the heavens.
To study the sky in more detail our eyes need the help of instruments. In

the early seventeenth century, the Italian astronomer Galileo Galilei was the first
to point his self-crafted telescope at the moon and the planets. He saw that the
moon was a world of its own, with mountains and craters, and discovered the ring
of Saturn and moons circling Jupiter. Galilei’s observation that the faint Milky
Way actually consisted of countless individual stars led to the realization that
the Sun is but one of many stars. Ever since, our understanding of the universe
has benefited again and again from advances in instrument technology, allowing
astronomers to study ever fainter objects with ever sharper vision.
In this thesis we present and analyse infrared observations of the circum-

stellar environments of stars obtained at unprecedented spatial resolution. The
highest spatial resolution is reached by means of long baseline interferometery,
a technique that we will discuss in more detail in section 1.3. We apply the
technique of interferometry, supplemented with that of spectroscopy, to two dif-
ferent scientific problems. First, it is used to resolve the proto-planetary disks of
young stars of intermediate mass (about 1.5 to 3.5 times the solar mass), known
as Herbig Ae stars. The study of these disks, believed to be the sites of ongoing
planet formation, is the main topic of this thesis and is introduced in section 1.1.
The last chapter of this book is devoted to interferometric observations of the
very massive star ηCarinae, which is in an evolved and unstable state of evolu-
tion. We introduce the scientific reason to study ηCarinae in section 1.2.

1Venus and Jupiter form a possible exception. With their maximum apparent diameter of just
under 1 arcminute, they are at the limit of human vision. People with good eyesight sometimes
claim that they can resolve these planets.
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2 Introduction

1.1 Proto-planetary disks around young stars

In this thesis we study young stars surrounded by material that is left over from
the star formation process, and is distributed in a disk-like structure. The study of
these systems has benefited greatly from advances in instrumentation. Infrared
spectroscopy, for instance, has revealed the presence of many different minerals,
that are also found in solar system objects and on Earth. These disks thus contain
materials similar to those present in the solar nebula, fromwhich the solar system
formed some 4.5 billion years ago. The process of planet formation is believed to
have begun in these environments, possibly leading to planetary systems similar
to our own.
The stars that we are studying belong to the class of HAeBe stars, first clas-

sified as a group by Herbig (1960). We study a subgroup of the HAeBe stars,
namely those that have masses below about 3.5M⊙. These stars have spectral
types ranging from early F to late B, and we refer to them as Herbig Ae stars
(HAe). Herbig Ae stars are the more massive counterparts to young solar type
stars that are known as T-Tauri stars. They share many characteristics with T-
Tauri stars, but are easier to study because of their higher luminosity. For an
overview of the properties of HAe stars, see Natta et al. (2000).
To introduce the subject of disks around Herbig Ae stars, we first summarize

current ideas on how low and intermediate mass stars form. Four phases in
this formation process can be identified on the basis of the shape of the spectral
energy distribution. The corresponding geometry of the star plus disk system is
explained in section 1.1.1. We then focus on the physical processes determining
the global structure and evolution of the disk (section 1.1.2). The role of gas
and dust in setting the structure of the disks of Herbig Ae stars are discussed
(section 1.1.3), as well as the processes that alter the properties of the dust grains
(section 1.1.4). We end with a list of open questions (section 1.1.5).

1.1.1 Star formation

Star formation is believed to occur in essentially two modes: i) isolated star
formation, in which a single star or a small group is formed in a molecular
cloud, and ii) cluster star formation, in which hundreds or thousands of stars
form simultaneously in a small volume. Most of our knowledge of the star form-
ation process has resulted from the study of the nearest regions of isolated star
formation.
The following picture of how isolated, low mass star formation proceeds has

emerged (Shu et al. 1987). Star formation occurs in molecular clouds: cold,
dense clouds of interstellar molecular gas and dust. Of these two components,
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Figure 1.1— A schematic view of the different phases of star formation. Spectral ener-
gies are sketched on the left, schematic views of the geometry are on the right. Figure
courtesy of Antonella Natta, Mark McCaughrean, Carsten Dominik and Vincent Icke,
adapted with permission.



4 Introduction

the gas is the one that dominates the mass: the gas over dust ratio is assumed
to be about 100. Initially, the molecular cloud is supported against gravitational
collapse by magnetic fields and turbulence. The densest regions develop into
cores which contract under their own gravity. These cores may contain a few
solar masses of material (e.g. Evans 1999) and will eventually develop into a
single star or multiple system. In the center of the slowly rotating, contracting
core, a protostar accumulates mass. Due to the non-zero angular momentum of
the contracting cloud, also an accretion disk will form. The protostar and disk
are at this stage deeply embedded in the surrounding envelope, which continu-
ously supplies new material to the accretion disk. Observationally, such objects
are known as Class 0 objects, characterized by emission at far-infrared and milli-
meter wavelengths only. The Class 0 phase is short-lived, and lasts only on order
of 104 yr (André et al. 2000). The top panels of figure 1.1 show the spectral en-
ergy distribution (SED) of such an object (left panel), and a schematic view of
its geometry (right panel).
As the star continues to accrete matter through the disk, a bi-polar outflow

may develop along the rotational axis of the system, which starts clearing away
material from the maternal cloud. When the source has evolved into a Class I ob-
ject, the system is no longer as deeply embedded as before, but still is surrounded
by significant amounts of cloud material. New material is still being supplied to
the outer parts of the accretion disk at this stage. The SED of an object in this
evolutionary phase, which lasts approximately 105 yr, is fully dominated by the
circumstellar disk (figure 1.1, second row).
When the reservoir of material in the maternal cloud is exhausted, and the

disk is no longer supplied with “fresh” matter, the accretion rate will decrease
dramatically. As the star gets hotter, a stellar wind develops, which blows the
remaining low density material above and below the disk out of the system. The
star becomes optically visible. These objects are known as Class II sources and
they will typically be in this evolutionary phase for up to 107 yr. Most of the
energy of a Class II source is emitted in the form of optical and ultra-violet (UV)
radiation from the central star, though at infrared wavelengths the disk dominates
the SED (figure 1.1, third row). During the Class II phase, planetesimals and
planets are believed to form in the disk. The star has essentially reached its final
mass, but is still contracting, and is increasing its surface temperature.
Finally, when most of the gas and dust in the circumstellar disk has been

dispersed or incorporated into large bodies, the systems are characterized by a
Class III SED (figure 1.1, bottom panels). What little dust is left in the disk
causes a very modest infrared excess, visible only at long wavelengths. The star
no longer contracts. Whereas in earlier phases the main energy source of the
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contracting (proto-)star was the release of gravitational energy, it is now fully
powered by thermonuclear fusion of hydrogen ions in its core. The star has
reached the main sequence. A star of 2.5M⊙ will remain on the main sequence
for about 5×108 yr (Meynet et al. 1994).

1.1.2 Disk evolution

A circumstellar disk will form around the contracting protostar in a very early
stage of the star formation process. In this disk, material can shed angular mo-
mentum, and move toward the center of the system, where it will be incorpor-
ated in the forming star. Through viscous processes, gravitational energy of the
accreting matter is dissipated. This release of potential energy in the disk dom-
inates the luminosity of the system during the Class 0 and Class I phases.
During the Class 0 phase, when the disk is still deeply embedded, the mass

infall rates are very high, several times 10−5M⊙yr−1. The rate at which the disk
accretes mass during the Class I phase may still reach values of 10−5M⊙yr−1

(Calvet et al. 2000). During this so-called active disk phase, the release of
gravitational energy is the main source of heating in the inner part of the disk.
Therefore, the disk is warm in the midplane where the densities are highest and
most energy is dissipated, and relatively cool in the tenuous surface layers. Con-
sequently, spectral features are seen in absorption (the disks are highly optically
thick) in the SED of a Class I source (see figure 1.1, second row). Material from
the maternal cloud that still surrounds the system causes additional absorption.
When the disk is no longer supplied with fresh material from the maternal

cloud, the accretion rate will decrease to values of order 10−8M⊙yr−1. In the
Class II phase, little gravitational energy is dissipated in the disk, and it is no
longer an important heating source of the disk material. In the now passive
disk, the main source of heating is irradiation by the central star. Therefore, the
material is hot at the disk surface where the stellar photons are absorbed, and cool
in the disk interior. This reversed temperature structure compared to the active
disk phase causes spectral features to appear in emission in the SED of a Class II
object (e.g. Calvet et al. 1991; Chiang & Goldreich 1997, see also figure 1.1,
third row). The formation of planetesimals is believed to initiate during this
phase. Giant gaseous planets, such as Jupiter, may form at this stage since the
disk is still gas rich.
The passive disk is dispersed on a timescale of several million years (e.g.

Hollenbach et al. 2000; Haisch et al. 2001). The small dust grains that are re-
sponsible for the opacity of the disk will have coagulated into particles that range
in size from millimeters to many kilometers. The remnant disk is gas poor and
optically thin (figure 1.1, bottom row). While the formation of terrestrial planets
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can still proceed at this stage, giant gaseous planets can no longer grow signi-
ficantly due to the lack of gas. The remaining small dust population is blown
away by the radiation pressure from the star. The gas has partially been accreted
onto giant planets or the central star, and partially been evaporated from the disk
(Hollenbach et al. 2000). In the Class III phase, the infrared excess is faint and
only visible at long wavelengths (!10 µm).

1.1.3 The geometry of passive disks

An important aspect of the study of circumstellar disks concerns their geometry.
The disks’ vertical structure, i.e. that in the direction perpendicular to the disk
mid-plane, is believed to be in hydrostatic equilibrium. The gas provides the
pressure support of the disk, and its temperature determines the disk structure.
The gas temperature is set by the heating and cooling processes that are at work.
The main heating source of the disk material is absorption of stellar radiation by
the dust grains in the disk (the gas itself is nearly transparent to stellar radiation).
This energy is transferred to the gas mostly by kinetic processes. The emission
of infrared radiation by the dust is the dominant cooling process in the disk.
Consequently, the temperature of the disk material and the macroscopic disk
structure are governed by the dust properties.
Meeus et al. (2001) noted that the infrared SEDs of Herbig stars come in two

basic flavors, which they dubbed “group I” and “group II”. Group I sources have
a very strong, rising IR excess peaking around 60 µm, whereas group II systems
display a more moderate IR excess, lacking the 60 µm bump. It was proposed
that group I sources have a “flaring” geometry, allowing the disk to intercept
and reprocess stellar radiation out to large stello-centric radii. The outer disks
of group II sources are assumed to have a flat or “self-shadowed” geometry, in
which the inner disk shields the outer disk from direct irradiation by the central
star. This substantially reduces the amount of radiation absorbed locally, leading
to lower temperatures in the outer disk of a group II source.
This hypothesis may be tested by constructing physical models of circum-

stellar disks that predict the spectral energy distribution of the emitting dust
(Kenyon & Hartmann 1987; Dullemond et al. 2001; Dullemond 2002; Dulle-
mond & Dominik 2004a). The direct study of the geometry of circumstellar disk
has proved very difficult due to their small angular size. By analyzing the spec-
tral energy distribution one may attempt to reconstruct the disk structure without
resorting to high spatial resolution observations. From the infrared SED one
can, as a first step, estimate the temperatures of the material in the disk, and how
much material is present at each temperature (see e.g. Bouwman et al. 2001).
Since the heating source of the disk is irradiation by the central star of which
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we know the spectrum and luminosity, the temperature of the material indic-
ates how far from the central star it is located. However, the translation of SED
into disk structure is not unique (Thamm et al. 1994), and relies on a number
of assumptions, limiting the diagnostic power of the method (for example, the
temperature-distance relation depends on the dust properties, and is complicated
by the high optical depths of the disks). Only with high resolution observations
in which the emission from the disk is spatially resolved, the disk structure can
be determined unambiguously.

1.1.4 Dust processing

The dust in HAe disks will serve as the building blocks of rocky planets, such
as Earth. The study of the dust gives insight in the very first steps of planet
formation, and may help to understand the composition of primitive solar system
bodies such as comets.
Dust formation requires high densities and temperatures below ∼1000K

(Dominik 1992). These conditions prevail e.g. in the winds of massive stars,
in supernova ejecta, in the outflows of evolved stars and in molecular clouds.
Most of the cosmic dust is believed to originate in the outflows of Asymptotic
Giant Branch stars (e.g. Boulanger et al. 2000). Here, dust is formed in both
the amorphous and crystalline forms. The dust will reside in the interstellar me-
dium (ISM) for several billion years on average (e.g Jones et al. 1994), and is
exposed to processes that may alter the grain structure or even destroy the dust.
It may then re-condense in a molecular cloud. Because of the low temperatures
in such clouds, it will do so in the amorphous form. The bulk of the dust in the
ISM is thus “recycled” several times, erasing the compositional and structural
characteristics of the grains at entry of the interstellar medium.
The dust in the interstellar medium consists mainly of amorphous carbon and

silicates (predominantly olivine, e.g. Kemper et al. 2004). The typical grain size
of ISM dust is small, of order 0.1 µm. Dust is thought to be in this form when
it enters the high density environment of the proto-planetary disk, though it may
be that in the spherical collapse phase the small grains have already grown to
some extent (Ossenkopf 1993; Suttner et al. 1999).
The wide range of mineralogies found in the disks of young stars is believed

to be the result of dust processing in the disk. In this thesis, the two processes
that are referred to as “dust processing” are growth and crystallization. Grain
growth occurs when small grains collide at low relative velocities, and “stick”
(e.g. Dominik & Tielens 1997). This will happen preferentially in the high dens-
ity environment of the midplane of a circumstellar disk. Already after ∼ 104 yr
of dynamical disk evolution the average mass of a grain may increase by a factor
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Figure 1.2— The effects of dust processing on the 10 µm silicate feature. On the left is
the spectrum of a HAe star that shows a silicate feature that is very similar to that of the
ISM, i.e. dominated by small, amorphous grains. On the right is the spectrum of another
HAe star, displaying much more processed dust. The shape of this spectrum implies that
the average grain size is larger and crystalline silicates are present.

101 to 102, and close to the disk midplane their sizes may reach at least a few
times 10 µm up to millimeters (Suttner & Yorke 2001). Initially, grains will
coagulate into loose aggregates, or “fluffy” particles. The optical properties of
such aggregates are a matter of debate. Contrary to grain growth, crystalliza-
tion requires high temperatures. When silicates are heated to a temperature of
about 900K, the lattice structure of the material rearranges into the energetical-
ly favored crystalline form (e.g. Hallenbeck et al. 2000). This process is called
thermal annealing. At temperatures above approximately 1 500K, silicates evap-
orate. The silicates re-condense in the crystalline form in environments where
they maintain high temperatures for longer period, as is the case in the inner disk
region. Such gas phase condensation therefore is an alternative way to produce
crystalline silicates. Silicates show a prominent emission feature around 10 µm,
caused by a vibrational mode (fundamental stretch) of the Si-O bond present in
silicate dust (see also Appendix A). The shape of the “10 µm silicate feature” is
affected by both grain growth and crystallization. The silicate band emitted by
small, amorphous silicate grains has a typical triangular shape, peaking at 9.7 µm
(see the left panel of figure 1.2). Grain growth makes the emission band broader
and flat-topped, such that the band no longer peaks at 9.7 µm but has a rather
constant level between 9 and 11 µm (e.g. Bouwman et al. 2001). The effects
of crystallization are apparent in the narrow resonances of crystalline silicates
around 9.2, 10.6 and 11.3 µm (right panel of figure 1.2). Thus, the 10 µm silicate
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band offers a useful diagnostic of the processes that alter the dust in circumstellar
disks.
The processes that are at work in the disk during the active disk phase have

thus far not been studied directly. These disks are still embedded in cool material
from the maternal cloud, causing extra absorption in the spectra. The observed
absorption features in the spectra of active disks indicate the presence of relat-
ively unprocessed dust (e.g. Cohen & Witteborn 1985; Whittet et al. 1996; Acke
& van den Ancker 2004). It is unclear whether this absorption arises predom-
inantly in the upper disk layers or in the cloud material that still surrounds the
system. From theory, we expect significant dust processing to occur during this
phase. The densities are high and we may expect grain growth to be effective. In
the inner disk regions, temperatures will be sufficiently high for thermal anneal-
ing, and evaporation and subsequent gas phase condensation to occur (e.g. Gail
2004). Most of this newly crystallized material will be accreted onto the star, but
a fraction of it is believed to be transported to larger distances by means of radial
mixing. It has also been proposed that at larger distances from the central star
the material may be transiently heated by shock waves (Harker & Desch 2002),
or in electric discharges (Pilipp et al. 1998; Desch & Cuzzi 2000) causing in situ
annealing.
It is during the passive disk phase that we observe the effects of dust pro-

cessing in circumstellar disks. Here we see a wide range in mineralogies, from
nearly “pristine”, to highly processed (see figure 1.2). It is not yet clear whether
these differences are due to an evolution of the dust during the passive phase,
or rather reflect different conditions during the preceding active phase. During
the passive phase, thermal annealing and gas phase condensation will occur at
the inner disk edge. It is not known whether there can still be efficient radial
mixing in this phase, or whether transient heating events can take place at large
distances from the star. Grain growth is expected to be efficient, as the densities
in the midplane are high.
As coagulation proceeds, the dust grains will eventually be incorporated into

larger bodies and form objects such as we presently see in the solar system:
planets (and moons), asteroids and comets. In these large bodies, various pro-
cesses will further alter the properties of the material. Reactions with liquid
water result in hydration of the silicates, such as is observed in interplanetary
dust particles (Sandford & Walker 1985). The high temperatures in large bodies
cause (further) crystallization of the material. Differentiation may occur in the
large bodies which at formation may be (partially) molten, causing the heavier
elements (such as iron) to sink to the center of the object, as has happened in e.g.
the Earth. Such secondary processing will erase the information about the early
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evolution of the dust.

1.1.5 Disk structure and evolution: open issues

The study of circumstellar disks forms a rapidly developing field of scientific re-
search. On the observational side, multiwavelength observations with increasing
sensitivity and resolving power have led to huge progress in our understanding
of these objects, and will likely continue to do so in the near future. The availab-
ility of low cost, high performance computing facilities is allowing sophisticated
theoretical studies of the disks, including hydrodynamical, radiative transfer, and
chemistry effects. Here, a number of open issues concerning the structure and
evolution of circumstellar disks are briefly reviewed.

Disk geometry. What are the physical processes that determine the structure of
a circumstellar disk? The flaring disk geometries that are observed (e.g. Padgett
et al. 1999), require the disk material to have a high opacity, also high above
the disk midplane. What grains cause these high opacities? What is the differ-
ence between group I and group II sources? Do the former really have a flaring
disk geometry whereas the latter have a self-shadowed disk? If so, is this dif-
ference indeed caused by a lower opacity of the disk material in the group II
sources? And is this related to the mass of the disk (Dullemond 2002; Dul-
lemond & Dominik 2004a)? A possible explanation for the observed differ-
ence between the two groups, lies in the observational fact that group I (flaring)
sources show more pronounced emission from Polycyclic Aromatic Hydrocar-
bons (PAHs) than group II (flat) sources (Acke & van den Ancker 2004). Un-
fortunately, this line of thought leads into a chicken-and-egg situation. Does the
presence of PAHs point to a rich population of small carbonaceous material, en-
suring a high optical depth in the disk, and thus allowing it to flare? Or do we see
the PAHs in flaring disks because these disks have a large surface that is directly
exposed to stellar radiation, allowing excitation of the PAHs?
What is the influence of giant planets on the structure of the disks? Will they

create several astronomical units wide “gaps” in the disks, as theoretical studies
suggest (e.g. Lin & Papaloizou 1986; Bryden et al. 1999; Wolf et al. 2002)?

Gas content. What is the gas to dust ratio in proto-planetary disks? What are
the real disk masses? The gas in circumstellar disks is extremely difficult to
study directly. Its most important constituent is cold molecular hydrogen (H2),
which is hard to detect since it has no emission lines. Warm molecular hydrogen
has been detected in some disks, but represents only a small fraction of the total
disk mass (e.g. Thi et al. 2001). Molecules that are often used as tracers for the
hydrogen content in various astrophysical environments, such as CO, are frozen
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out on dust grains in most of the disk (van Zadelhoff et al. 2003). The observed
CO emission in circumstellar disks likely originates in the warm surface layers
below the disk surface, where only a small fraction of the disk mass resides. The
only midplane molecule detected so far is H2D+ (Ceccarelli et al. 2004), which
traces ionization rather than mass. The gas to dust ratio is commonly assumed
to be 100 by mass, but may well differ from this value by a factor of a few. It
contributes a major source of uncertainty in the determination of the disk masses.

Dust processing. How, where, when? Is the dust really pristine when it first
enters the disk, or is there already some processing in the molecular cloud? On
what timescales does grain growth occur? In fact, theory predicts grain growth
to be much faster than the lifetime of the passive disk phase, so why do we still
see so many small grains at all? And what about crystallization? We observe
crystals throughout the disk, both close to the central star at high temperatures
and far from the star at low temperatures. The crystalline silicates close to the
star can be naturally formed by thermal annealing and gas phase condensation in
the hot inner disks. Are the crystals at large distance from the star formed in the
hot inner disk and transported outward, or are they formed locally in transient
heating events, such as shocks? Closely related to this question: what is the
origin of crystalline silicates in solar system comets?

Transport processes. How, where, and when is material transported in proto-
planetary disks? In a turbulent accretion disk, inward moving (or “accreting”)
material is naturally accompanied by a smaller amount of material moving out-
ward. Such radial mixing has been proposed as a mechanism to explain the
presence of crystalline silicates in the disk, at large distances from the central
star (Bockelée-Morvan et al. 2002; Gail 2004). During the active disk phase,
turbulent mixing is expected to be efficient. It is unclear whether this is still the
case during the passive disk phase, when the accretion rates are very low. Be-
sides transport of material due to turbulent motions, it has been suggested that
large-scale flows of material, both inward and outward, are present in circumstel-
lar disks (Urpin 1983, 1984; Stone et al. 1999), possibly allowing very efficient
radial mixing.

Planet formation. How does planet formation proceed, and what will it do to
the disk? Unto a decade ago, the sun was the only star known to harbor a plan-
etary system. Since the discovery of a planet revolving the star 51 Pegasi by
Mayor & Queloz (1995), more than one hundred exo-planetary systems have
been found. Indeed, planets appear common and may form in a large fraction
(all?) of circumstellar disks. We have little detailed knowledge of how planet
formation proceeds, and on what timescales they may form. Planet formation
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timescales are poorly constrained observationally. Theoretical studies of giant
planet formation yield formation time scales ranging from less than one thou-
sand years (Boss 1997, 1998) to several million years (Pollack et al. 1996). The
formation of the Earth is believed to have taken on the order of 108 yr (Wetherill
1990), though recent studies indicate that the formation time scale of terrestrial
planets may be shorter (Yin et al. 2002).

Disk dispersal. What physical mechanisms are responsible for the dispersal of
the disk? Circumstellar disks are known to be dispersed on a timescale of several
million years. Viscous accretion of material into the central star or into planets
is believed to be the dominant process of disk dispersal in the inner disk regions
R " 10AU. At radii larger than 10AU, photoevaporation will dominate the disk
dispersal, especially in cluster environments. In dense clusters, close encounters
with other stars may be the main dispersal mechanism in the outermost disk
regions (R !100AU, Hollenbach et al. 2000).
Observationally, it appears that the infrared excess fades simultaneously at

near-infrared through millimeter wavelengths, and that the transition to a diskless
state happens on a timescale that is relatively short compared to the total lifetime
of the disk (Clarke 2002). This is currently unexplained.

Interactions with the environment. What influence does the environment of
a young star have on its disk? Especially in cluster environments, the vicinity
of nearby massive stars causes an intense UV radiation field. This leads to pho-
toevaporation of the disk material (Hollenbach et al. 2000). Stellar encounters
could in principle tidally disrupt the disks, but sufficiently close encounters ap-
pear so rare that this is a negligible effect. In double star systems, the disks may
be truncated at the outside by tidal influences of the companion. Double star sys-
tems are known in which both components have a disk, and even circumbinary
disks exist (e.g. Guilloteau et al. 1999). In regions of cluster star formation, disks
still exist around some stars whereas they have already been dissipated around
other cluster members, which are thought to be of about the same mass and age,
and are in a similar environment.

Is the solar system unique? Most exo-planets that have been found to date are
gas giants relatively close to the central star. This may be largely or completely
due to the applied observational technique (radial velocity), which is most sens-
itive to objects of that nature. The giant planets that have been found at distances
to their parent star comparable to the orbit of Jupiter, all have a relatively high
eccentricity (e.g. Butler et al. 2000). Therefore, in contrast to our own solar sys-
tem, terrestrial planets in such systems cannot have orbits that are stable over
billions of years. This raises the question of how typical (or not!) the solar
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system is. Clearly, further studies are needed to establish whether or not the
planetary content of the solar system is “exceptional”. It will be a challenging
task in the coming decades to establish the frequency of Earth-like planets in
the “habitable zone” of other planetary systems. This issue is strongly linked
to a key question in science and philosophy alike: is there life elsewhere in the
universe?

1.2 The nature of the most massive stars

In the final chapter of this thesis (chapter 9), we use the Very Large Telescope In-
terferometer (VLTI, Glindemann et al. 2003) commissioning instrument VINCI
(Kervella et al. 2000) to resolve the innermost regions of ηCarinae, the brightest
extrasolar system object in the sky at 10 and 20 µm. What links this study to
that of the main topic of this book is therefore the observational technique that is
used to study this object. Here we introduce the scientific reasons for studying
ηCarinae.
ηCarinae is the most luminous star known in our Galaxy (for a review see

Davidson & Humphreys 1997). It is in a late and unstable state of evolution.
The star experienced an enormous eruption in the late 1830s, which lasted some
twenty years, during which it appears to have expelled ∼10 to 15 solar masses
of material (Morris et al. 1999). This matter is ejected in a bi-polar outflow,
now extending some 20 000 AU, and is referred to as the homunculus. Though
it has been the subject of numerous investigations, we still do not know what
caused this “Great Eruption”. Recently it has been proposed that almost all of
the ejected material is located in the polar lobes (Smith et al. 2003b). As these
expand at roughly 650 km s−1, the mechanical energy imparted to the ejecta
during the eruption was therefore on the order of 1049.9 to 1050.1 ergs. As stated,
it is at present unclear what mechanism(s) could liberate such energies without
disrupting the entire star. Also unknown is why the eruption resulted in a bi-polar
shaped nebula.
The spatial resolution of VINCI allows to resolve the present-day stellar

wind of ηCarinae on a scale of 5milli-arcsec or 11AU, adopting a distance of
2300 parsec. The enormous luminosity of ηCarinae, it is about 5 million times
as bright as the Sun, drives a very dense stellar wind. The wind density is such
that it becomes opaque for light emitted at the surface, shifting the photospheric
layer into the wind. It is the shape and extent of this “wind surface” that is re-
solved with the interferometer. The most important result in chapter 9 is that we
find the wind to deviate from spherical symmetry. It is elongated, with a depro-
jected axis ratio of approximately 1.5 and is exactly aligned along its major axis
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with the bi-polar homunculus created in the late 1830s.
The polar enhanced present-day stellar wind can be understood in the frame-

work of a radiation driven wind eminating from a star that is rotating near its
critical speed. The alignment of the homunculus and the present-day wind sug-
gest a common physical cause, implying that rotation played an important role
in the events that occurred in the middle of the 19th century.

1.3 Observational techniques used in this book

The twomain observational techniques used in this book are that of long baseline
interferometry, and ground based (thermal) infrared observations. Both tech-
niques are briefly described in this section, as neither is in the “standard tool
box” of most researchers.

1.3.1 Long Baseline Interferometry

The physical size of our solar system, in terms of its radius, is about 100 Astro-
nomical Units (AU). The terrestrial planets and the asteroids occupy the inner-
most 3 to 4 AU, while the gaseous giants are at distances of 5 to 30 AU from the
sun. Pluto’s orbit is considerably excentric, with a distance to the sun of about
30 AU at perihelion and about 50 AU at aphelion. This small planet traverses the
Kuiper belt, which may extend out to some 100 AU. The Herbig systems studied
in this thesis are at a typical distance of 100 pc. Given the dimensions of our
solar system, it would measure about 2 arcseconds in diameter if viewed from
such a distance. However, the region of the terrestrial planets would only span
about 80 milli arcseconds.

Observing with one telescope

With present day telescopes the maximum spatial resolution that can be obtained
is limited by diffraction, a consequence of the wave nature of light. The spatial
resolving power of a telescope is determined by its response function. The shape
of the response function depends on the geometry of the telescope aperture. If
the aperture is circular, as is the case with most telescopes, the response function
is given by the Airy pattern, of which a graphical representation is shown in fig-
ure 1.3. The typical width of the Airy pattern (or spatial resolution) in arcseconds
is given by

θ [arcsec] ≈ 0.25λ [µm]
D [m]

, (1.1)
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Figure 1.3— The response function of a telescope with a circular aperture. The width
of the central peak scales linearly with the observing wavelength, and inversely with the
diameter of the telescope.

where λ is the wavelength at which one is measuring in micron, and D is the
diameter of the telescope mirror in meter. The finest details discernible in a
diffraction limited astronomical image therefore scale linearly with the telescope
diameter, and inversely with the observing wavelength. The four mirrors of the
Very Large Telescope, among the largest in the world, each have a diameter of
8.2 meter. So, if one measures at a canonical infrared wavelength of 10 µm, such
a telescope allows for a spatial resolution of about 0.3 arcsecond. For the above
example this implies that roughly the orbit of Neptune (at 30AU from the sun)
defines one resolution element, if the solar system would be viewed from 100 pc
distance. Though this is quite impressive, it shows that the largest telescopes
would not be able to resolve the terrestrial region at mid-IR wavelengths, and
only offer a very limited spatial resolution of the solar system as a whole.

Combining the light from two telescopes

It is possible to obtain higher angular resolution than that of the largest tele-
scopes. This is achieved by the use of an interferometer, in which the light
from two telescopes is combined. The spatial resolution of an interferometric
observation is determined by the distance between the telescopes, rather than the
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diameter of the individual elements. The telescope separation is referred to as
the interferometric baseline B, and can be up to several hundred meters in mod-
ern optical and infrared interferometers2. The basic geometry of a two-element
interferometer, such as used in this book, is outlined in figure 1.4.
An interferometer makes use of the wave nature of electromagnetic radiation.

When two waves of identical wavelength are combined, the resulting wave amp-
litude varies between the sum (the waves are added in phase) and the difference
(the waves are added in anti-phase) of the individual wave amplitudes. It can be
shown that the response function of an interferometer has a cosine behavior with
a period of λ/B. The typical width of this pattern in arcseconds is

θ [arcsec] ≈ 0.10λ [µm]
B [m]

. (1.2)

If we use the VLTI as an example, then at 10 µm for a baseline of 100m we
get a spatial resolution of 10 milli arcsecond. Viewing the solar system from
a distance of 100 pc, the typical resolution element would be about the size of
the Earth orbit. This simple estimate shows that the new generation of infrared
interferometers, such as MID-Infrared Interferometric Instrument (MIDI, Lein-
ert et al. 2003) on the VLTI, is able to resolve the equivalent of the terrestrial
regions around nearby young stars with proto-planetary disks. The potential of
interferometry for the study of circumstellar disks is evident.

Visibility

As mentioned before, an interferometer measures the combined signal of the
light waves coming from the individual telescopes. If the source is small com-
pared to the spatial resolution of the interferometer, all waves will interfere con-
structively, and the modulation of the combined signal will be maximal. If the
object at which we point our telescopes is sufficiently extended, radiation emit-
ted at one part of the source may interfere destructively with radiation emerging
from another part of the source. This reduces the modulation amplitude in the
combined signal. For a source that is much larger than the resolution of the
interferometer, this modulation amplitude will be zero.
The amplitude of the modulation in the combined signal is one of two quant-

ities that is contained in the interferometric visibility, which is the output of an
2The relevant quantity for the resolution of an interferometric measurement is the projected

separation of the telescopes in the direction orthogonal to the source direction. Here, we will
refer to this quantity as the baseline B, and to the physical distance between the telescopes as the
“ground separation”. In the interferometric practice the term “baseline” is often used for both
these quantities, which may be confusing.
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Figure 1.4— The geometry of a simple two-element interferometer. Parallel light waves
from a distant source are intercepted by two telescopes, with a projected separation B.
The light paths in both arms of the interferometer are indicated with the dashed curves.
The light waves are combined at “beam combination”, where the interference pattern is
recorded. Since the waves are to be combined in phase, the extra path length light travels
to reach telescope 1 is compensated by delay lines.

interferometer. The visibility is a complex quantity, of which the modulus is
given by the modulation amplitude of the combined signal. The phase is given
by the position of the peaks in the combined signal. Observing a source with the
sinusoidal response function of an interferometer is mathematically equivalent
to extracting one component of the Fourier transform of the brightness distribu-
tion, or “image”, of the source. This is known as the van Cittert-Zernike theorem
(e.g. Born & Wolf 1999). At baseline B, we measure the component with period
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P = λ/B.
Since the Fourier transform is reversible, we can in principle reconstruct the

image of a source from interferometric visibility measurements. Such aperture
synthesis imaging typically requires visibility measurements on a large number
of different baselines. At radio wavelengths, this technique has routinely and
very successfully been applied for decades. At optical and infrared wavelengths
it is, for technical reasons, much more difficult to obtain visibility measurements
on a large number of baselines. Moreover, due to turbulence in the Earth atmo-
sphere, the visibility phase cannot be measured with a two-telescope optical/IR
interferometer3. Such a device generally measures only the visibility amplitude.
Often, as is also done in this book, the visibility amplitude is simply referred to
as the “visibility” V .
True aperture synthesis imaging is not routinely done with optical/IR in-

terferometers, though the technique has been pioneered by e.g. Baldwin et al.
(1996). Still, with only visibility (amplitude) data much can be learned about the
nature of celestial sources. Interpretation of visibility data requires a physical
model of the brightness distribution of the source under investigation. If sev-
eral models appear feasible, their predicted visibilities may be confronted with
measurements. Possibly, this allows to discard some (or all) of these models.
Alternatively, if a parameterized model of a well understood source is available
we may use interferometric visibilities to quantify one or more characteristic di-
mensions of the system. Here, the classic example is the measurement of stellar
diameters (Michelson & Pease 1921).
In this short introduction many aspects of the technique of interferometry

have not been addressed. For a much more detailed discussion, including a
derivation of an interferometer’s response to both point sources and extended
sources, we refer to Lawson (2000).

1.3.2 Ground-based infrared observations

The dust in circumstellar disks has temperatures ranging from ∼50 to ∼1 500K.
Therefore, it emits most of its radiation in the infrared region of the spectrum
(the emission from 1500K dust peaks around 2.5 µm, 50K dust around 75 µm).
Most of the observations described in this book are done at wavelengths around
10 µm, and therefore are sensitive to dust with temperatures of several hundred
Kelvin.

3When the light from three telescopes is combined simultaneously, some of the phase inform-
ation can be extracted from the signal, despite the disturbing influence of the atmosphere. For a
discussion, see e.g. Lawson (2000).
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A major complication of infrared studies is that the Earth atmosphere is
opaque in a large part of the infrared spectrum. One way to overcome this prob-
lem is to put a telescope above the atmosphere, on-board a satellite. The advant-
age of this approach is that the entire infrared spectral region can be studied, with
high sensitivity. Satellite missions such as the Infrared Astronomical Satellite
(IRAS), the Infrared Space Observatory (ISO) and the recently launched Spitzer
Space Telescope (SST) have been very successful, and have resulted in much of
our current knowledge of dust in the universe. However, space missions also
have a number of drawbacks: they operate for only a limited amount of time
during which a limited number of sources can be observed; they usually have
rather poor spatial resolution due to their relatively small mirrors, and they are
very costly. It is therefore desirable to observe in the infrared from the ground,
offering more flexibility and sharper vision with larger telescopes.

From the ground it is possible to observe the infrared sky in a number of
atmospheric windows: regions of the spectrum where the atmosphere is (reason-
ably) transparent. In the near-infrared, these windows are the J, H, K, L and M
bands at approximately 1.2, 1.6, 2.2, 3.5 and 4.8 µm, respectively. In the mid-
infrared the atmospheric windows are the N and Q bands around 10 and 20 µm.
The work presented in this thesis focuses mainly on the N band, which runs

roughly from 8 to 13.5 µm. The transmission of the atmosphere is highly non-
homogeneous across the N-band due to absorption by atmospheric CO2, H2O
and O3 molecules. This requires careful calibration of the observations. As in the
10 micron spectral region we are most sensitive to materials with a temperature
of several hundred Kelvin, this poses a severe difficulty doing 10 µm work from
the ground: our own environment has a temperature of about 300K. The Earth
atmosphere and the telescope optics are therefore very bright in the N-band.
Typically, the sky and instrumental background are several orders of magnitude
brighter than the celestial source that we are investigating. Moreover, the sky
background is variable on a timescale of fractions of a second. The procedures
by which we overcome the difficulties with ground based 10 µm observations are
now briefly described.

Chopping and Nodding

To correct for the strong and variable background, we periodically tilt the sec-
ondary mirror of the telescope by several arcseconds, at a frequency of a few
Hertz. This is called chopping, and it causes the telescope’s viewing direction
to change several times per second. In both positions images are recorded by
the detector. In the second chopping position, the image of the source is shifted
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Figure 1.5— A schematic illustration of the background correction in 10 µm observa-
tions. The raw frames that are recorded by the detector in both chopping positions are
dominated by the background which is much brighter than the celestial source we are
observing. Most of the background is canceled when we subtract the frames recorded
in chopping position 1 from those recorded in chopping position 2. The residual back-
ground that is removed by subtracting the chopped frames taken in nodding position B
from those taken in nodding position A. Figure courtesy of Frank Przygodda, adapted
with permission.
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with respect to the first chopping position. When we subtract the image taken in
the second chopping position from the image taken in the first, the background
emission from sky and most of the background emission from the telescope op-
tics cancel. The result of this exercise is a positive and a negative image of the
source. The procedure is illustrated in figure 1.5.
Part of the background emission is emitted by the telescope optics. Since

the light paths in the two chopping positions are not exactly identical, this will
lead to residual artifacts in the recorded images. To remove these, we employ
so-called nodding: we move the telescope by a few arcseconds, such that the
light path that corresponded to the first chopping position, now corresponds to
the second chopping position. When a number of “chopped” images have been
recorded in both nodding positions, we subtract the second nod (B) from the first
(A). If all went well, the artifacts in the background are gone and we are left
with a clean image of the source (or rather: with two positive and two negative
images). In this case, the pointing of the telescope in the second nod position is
chosen such that the positive image in nod A overlaps with the negative image
in nod B. Upon subtraction, this results in two negative images and a “double”
positive image in the nodded frame.

Spectroscopy in the 10 µm window

When we have dealt with the atmospheric and instrumental background using
chopping and nodding, we still need to correct for the effects of the numer-
ous atmospheric absorption lines. Especially spectroscopic observations require
careful calibration of the atmospheric transmission. In principle, this calibration
is very simple. By observing a source with a known spectrum (i.e. a calibration
star) under the same conditions as the scientific target, we determine the atmo-
spheric transmission and the instrumental efficiency. When we divide the obser-
vation of the scientific target by the calibration measurement, and then multiply
the result with the known intrinsic calibrator spectrum, we obtain the intrinsic
spectrum of the science target. An example of a raw and calibrated spectrum of
a HAe star is shown in figure 1.6
Even though the spectral calibration is straightforward in principle, it needs

considerable care in practice. The atmospheric transmission strongly depends on
the telescope elevation (airmass) and can vary with time. Since it is clearly im-
possible to observe the science target and the calibrator simultaneously, the best
we can do is to perform a calibration measurement soon before and/or after the
science observation. It is usually unfeasible to observe the calibrator at exactly
the same elevation as the science target, and therefore the correction for the at-
mospheric transmission (and instrumental efficiency) are in practice interpolated
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Figure 1.6— Spectral calibration in the mid-infrared: the spectrum of the HAe star
HD142527 as measured on the detector (left panel), and after correction for the atmo-
spheric transmission and instrumental efficiency (right panel).

from multiple calibration measurements at different elevations. This procedure
is described in more detail in chapter 4.

1.3.3 MIDI

Two chapters in this thesis describe the first long-baseline interferometric obser-
vations at 10 µm of circumstellar disks. The instrument used for these observa-
tions is the MID-Infrared Interferometric Instrument MIDI, at the VLTI. It was
built by a German-Dutch-French consortium led by Chr. Leinert and U. Graser
from the Max Planck Institut für Astronomie in Heidelberg. The MIDI software
development was led by W. Jaffe (NEVEC / Leiden Observatory). The Dutch
contribution toMIDI was funded through NOVA (Nederlandse Onderzoekschool
Voor Astronomie), in partnership with ASTRON.
MIDI is a Michelson type interferometer. The heart of the instrument con-

sists of a two element beam combiner designed to operate in the thermal infrared
(see Leinert et al. 2003). The light of two telescopes is passed to an arrangement
of warm optics, including a small instrumental delay line which allows scan-
ning a limited optical path difference to find the fringes. The two beams then
enter the cold optical bench (designed and built at ASTRON, project manager
A. Glazenborg) whose optical elements are cooled to 40K, while the detector
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Figure 1.7— The Cold optical bench of MIDI inside its cryostat. The cold optics are in
a vacuum chamber measuring about 85×60 cm, and are cooled to a temperature of 35K.
The beams from the VLT telescopes enter the instrument from the bottom of the picture.
MIDI is located in the interferometric laboratory on ESO’s Paranal observatory, Chile.
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is at a temperature of 4−8K. The entire cold optical bench is surrounded by
radiation shields and placed in a cryostat.
MIDI is designed to have beam combination in or close to the pupil plane,

and to detect the signal in the image plane. We measure the degree of coherence
between the interfering beams (i.e. the object visibility at the actual baseline set-
ting) by artificially stepping the optical path difference between the two beams
rapidly over at least one wavelength within the coherence time of the atmosphere
at 10 µm, which is about 0.1 s. This is done with the help of the small instru-
mental delay lines (Leinert et al. 2000).
MIDI allows the measurement of interferometric visibilities in a number of

broad and narrow-band filters across the 10 µm atmospheric window. The in-
strument contains a prism and a grism, allowing low (λ/∆λ∼30) and medium
(λ/∆λ∼250) resolution spectrally dispersed visibility measurements. The spec-
troscopic capabilities of MIDI highly increase the diagnostic power of the vis-
ibility measurements. Especially for the study of dusty environments, such as
circumstellar disks, the gain in information content of spectrally dispersed vis-
ibility measurements over non-dispersed measurements is huge. For a source
with an strongly centrally peaked intensity distribution it is even possible to
obtain a full N-band spectrum of the interferometrically resolved inner region.
MIDI combines the phenomenal spatial resolution of an interferometer with
the strong diagnostic power of spectroscopy, allowing mineralogical studies on
milli-arcsecond scales.

1.4 This thesis

The studies presented in this thesis are aimed at gaining a better understanding
of circumstellar environments, in particular - but not solely - by the use of high
resolution observations.
In chapter 2 we present the first results of a ground based 10 µm spectro-

scopic survey of HAe stars, and for the first time demonstrate that the shape of
the silicate emission band and its strength (i.e. the peak to continuum ratio) are
correlated. Those emission bands that are reminiscent of ISM dust are stronger
than silicate bands which show the signs of dust processing. We interpret this as
strong evidence for grain growth.
Chapter 3 describes 10 µm spectroscopic observations of two HAe stars that

show emission from PAHs. The spatial resolution of these observations is an
order of magnitude higher than that of previous, space based studies. We find
that the PAH emission is extended on a scale of ∼100 AU, consistent with the
flaring outer disk geometry already inferred from the infrared SEDs of these
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stars.
The full 10 µm survey of HAe stars is presented in chapter 4. We perform

compositional fits to the spectra, in which we focus on the degree to which the
dust has been crystallized and growth has occurred. We find that no Herbig star
disk contains truly pristine dust. All highly crystalline sources have experienced
much grain growth, and the more massive, more luminous stars (M ! 2.5M⊙,
L! 60L⊙) show the strongest signs of dust processing. For the less massive
stars, there is no obvious relation between the degree of dust processing and the
estimated age of the star, suggesting that most of the processing takes place in
the active or early passive disk phase.
As part of the preparatory work for interferometric observations with MIDI,

photometric observations and angular size estimates of a large number of inter-
ferometric calibration stars are presented in chapter 5.
In chapter 6 we use MIDI to study the mineralogy of three HAe stars. For the

first time we extract the spectrum of the innermost regions (the central 1-2 AU) of
these disks. The dust in these inner disk regions is much more crystalline than the
dust at greater distance from the star. In one object, HD142527, the spectrum of
the innermost disk region indicates that the silicates have been nearly completely
crystallized.
In chapter 7 we perform simulations of interferometric visibilities of sev-

eral different disk models. We investigate models with a flaring outer geometry
and with a flat outer disk. We also consider disk models with and without a re-
gion of increased vertical scale height at the inner disk edge. The different disk
geometries result in different visibilities. We show that with a small number of
interferometric measurements at 10 µm, it is possible to discriminate between
the various proposed disk models.
Chapter 8 presents MIDI visibility measurements at 10 µm of a number

of HAe stars. We compare the measurements to the visibilities predicted by
disk models that have been constructed solely to reproduce the SED. The pre-
dicted model visibilities generally show qualitative agreement with the measure-
ments. This is a promising first step. Further development of the models and
additional interferometric measurements at different wavelengths and baselines
should provide strong constraints on the structure and geometry of disks around
young stars.
Lastly, in chapter 9 we use the VLTI test instrument VINCI, and the VLT ad-

aptive optics camera NAOS/Conica, to observe the luminous blue variable star
η Carinae at a wavelength of 2 µm. Using a large number of visibility meas-
urements at four different baselines, we find that the emission from the central
core of this object is beautifully consistent with that of an optically thick stellar
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wind. We derive a mass loss rate of 1.6×10−3 M⊙/yr. On one baseline, we have
a large number of measurements taken at different times, spanning a wide range
in projected baseline position angles. This allows investigation of asymmetries
in the central source. The central source is elongated, in the same direction as
the large nebula that has been expelled from the system during an outburst in
the early 19th century. We interpret our results as strong evidence that the star is
rotating near its break-up velocity, and that rapid rotation must have played an
important role in the events that occurred some 170 years ago.
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Appendix: Dust species commonly found in HAe star
disks

In this appendix the dust species that are commonly found in the disks of HAe
stars are briefly described. The chemical formulae are given in parentheses. The
wavelengths of the main spectral features are indicated.

Amorphous olivine (Mg2xFe2−2xSiO4). The basic “building block” of silicates
is the (SiO4)4− tetrahedal unit. In olivines, these are held together by ionic
bounds with cations (Mg2+ and Fe2+) located between the SiO4 units. In
amorphous silicates, the tetrahedal units are arranged in an irregular fash-
ion. The relative abundances of magnesium and iron are parameterized by
x, the value of which is between 0 and 1. Amorphous olivine has promin-
ent emission bands at 9.7 and 17.5 µm.

Amorphous pyroxene (Mg2xFe2−2xSi2O6). In pyroxenes, the SiO4 groups
share two oxygen atoms with neighboring tetrahedal units, to form a
“chain” silicate. The spectrum of amorphous pyroxene looks rather sim-
ilar to that of amorphous olivine. The peak positions of the emission bands
are at 9.2 and 18 µm, respectively.

Crystalline olivine (Mg2xFe2−2xSiO4). The lattice structure in this form of oliv-
ine is highly ordered. Crystalline silicates show much narrower emission
bands than amorphous silicates. The position of the emission bands de-
pends on the iron content of the material. The crystalline olivines that
are observed in circumstellar disks and comets have a low iron content
and consist of the magnesium-rich end member of the crystalline olivines
(Mg2SiO4), called forsterite. Forsterite is the silicate that condensates dir-
ectly from the gas phase at high temperatures (∼ 1500K). Alternatively it
may form by thermal annealing of amorphous silicates, if the iron can dif-
fuse out of the lattice. diffuses out of the lattice. Forsterite has prominent
emission bands at 11.3, 16.2, 19.5, 23.7, 27.6, 33.6 and 69 µm.

Crystalline pyroxene (Mg2xFe2−2xSi2O6). The positions of the emission bands
of crystalline pyroxene are also sensitive to the iron content, although to
a somewhat lesser extent than those of crystalline olivine. Enstatite is the
magnesium-rich end member of the crystalline pyroxenes. Enstatite forms
in a gas-phase solid reaction between forsterite and silica. It may form
by thermal annealing of amorphous pyroxene, provided that the iron can
diffuse out of the lattice. Enstatite has prominent emission bands at 9.2,
10.7, 11.7, 19.5, 28.2, 35, 40.5 and 44 µm.
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Silica (SiO2). In Silica all 4 oxygen atoms of the tetraheder are shared with
neighboring SiO4 units. Silica has emission bands at 9, 12.5 and 21 µm.

Carbon (C). After the silicates, carbon makes the second largest contribution
to the dust mass in the disks. It has a very high opacity in the optical/UV
and probably plays an important role in the absorption of stellar radiation
in the disk, and in the determination of the disk temperature and structure.
Carbon does not have prominent spectral features in the infrared.

Polycyclic Aromatic Hydrocarbons, or PAHs. These are large molecules con-
sisting of coupled C6 hexagons (“benzene rings”). In this thesis, PAHs
are called “dust”, though this nomenclature may be arguable. The free
molecular bonds of the carbon atoms that are on the “edge” of the mo-
lecules are occupied by hydrogen atoms. Contrary to the grains consisting
of the other materials discussed here, PAH particles are so small that they
can be excited by the absorption of a single stellar optical/UV photon, and
therefore their emission is not limited to regions close to the central star.
PAHs show prominent emission bands at 3.3, 6.2, 7.7-7.9, 8.6, 11.3, and
12.7 µm.

Iron sulfide (FeS). The most important sulfur bearing species found in for ex-
ample meteorites and interplanetary dust particles, is iron sulfide. Since
in the diffuse ISM, most sulfur is in the gas phase, the iron sulfide grains
must be formed in the molecular cloud or in the disk. Iron sulfide displays
a broad spectral feature, peaking around 23 µm, and additional features at
33 and 38 micron.

The studies presented in this thesis are for the most part focussed on the
10 µm region. Given the spectral signatures of above dust species it is clear
that in this spectral region we have diagnostics for amorphous and crystalline
silicates, silica, and PAHs. The most important other constituent of the dust in
circumstellar disk, carbon, does not show spectral features in the 10 µm region,
but likely contributes to the continuum emission that is observed in our spectra.




