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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.

1



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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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.
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Abstract We present new mid-infrared spectroscopy of the emission
from warm circumstellar dust grains in Herbig Ae/Be stars. Our survey sig-
nificantly extends the sample that was studied by Bouwman et al. (2001).
We find a correlation between the strength of the silicate feature and its
shape. We interpret this as evidence for the removal of small (0.1 µm)
grains from the disk surface while large (1-2 µm) grains persist. If the evol-
ution of the grain size distribution is dominated by gravitational settling,
large grains are expected to disappear first, on a timescale which is much
shorter than the typical age of our programme stars. Our observations
thus suggest a continuous replenishment of micron sized grains at the
disk surface. If the grain replenishment is due to the dredge-up of dust
from the disk interior, the mineralogy we observe is representative of the
bulk composition of dust in these stars.

2.1 Introduction

Young, low and intermediate mass stars are characterized by the presence of
an accretion disk, which is formed as a result of angular momentum conserva-
tion in the collapsing molecular cloud. After an initial high accretion phase, a
much longer pre-main-sequence phase ensues during which the - now passively
heated - disk slowly dissipates and possibly planets are formed. The processes
that determine the time-scale for disk dissipation seem not well coupled to the
evolutionary time-scale of the star towards the zero-age-main-sequence. It may
be linked to parameters as the environment, differences in disk properties, and
the process of planet formation.
Analysis of the IR dust emission features originating from the disk surface

can, along with other observables such as gas content, chemistry, and shape of
the spectral energy distribution (SED), be used to establish to what extend the
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dust composition in the disk has evolved away from that seen in the interstellar
medium (ISM). For instance, crystalline silicates are not known to be present in
the ISM (e.g. Demyk et al. 2000) but are a substantial component in (some)
comets and in interplanetary dust particles (IDPs) found in the solar system
(MacKinnon & Rietmeijer 1987; Bradley et al. 1992). Clearly, the refractory
material in the proto-solar cloud went through large changes as the solar system
was formed. Similar changes in dust composition have been found in the passive
disks surrounding, in particular, Herbig Ae/Be (HAEBE) stars (e.g. Malfait et
al. 1998b; Bouwman et al. 2001, hereafter BO01; Meeus et al. 2001, hereafter
ME01). These are intermediate mass pre-main-sequence stars, first defined as a
group by Herbig (1960).
We are studying the composition of dust in disks surrounding HAEBE stars,

using infrared spectroscopy. In this chapter, we present preliminary results of a
large spectroscopic survey at 10 µm of HAEBE stars whose 10 µm emission is
believed to be dominated by a disk. While BO01 analyzed the composition of
the silicates using the 10 µm spectral region, their small sample did not allow a
quantitative search for a correlation between band strength (i.e. the flux ratio of
the feature and continuum emission) and band shape. We do find a correlation
between the strength of the silicate emission with respect to the local continuum
and the shape of the band. Strong bands are dominated by small amorphous
silicate grains. Weak bands have a shape consistent with the presence of large
grains and show more pronounced emission from crystalline silicates. This sug-
gests that small grains are removed from the inner disk region on timescales
comparable to the appearance of large grains and crystalline material at the disk
surface. The observed correlation implies that the 10 µm continuum radiation in
HAEBE stars is of similar level between different stars. Randomly varying con-
tinuum levels would not result in a correlation between band strength and shape.
A detailed compositional analysis of the full sample will be presented elsewhere.

2.2 Observations and data reduction

Infrared spectra in the 10 µm atmospheric window were taken during two
nights in December 2001 with the Thermal Infrared Multi Mode Instrument 2
(TIMMI 2, Reimann et al. 1998), mounted at the 3.60m telescope at the ESO
La Silla observatory. Conditions were clear, though the water content of the
atmosphere was high, reducing somewhat the sensitivity and calibration accur-
acy of the observations. The low resolution (R≈160) N band grism was used in
combination with a 1.2 arcsecond slit, the pixel scale in the spectroscopic mode
of TIMMI 2 is 0.45 arcseconds. We employed chopping and nodding, using a
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+10 arcsecond chop throw north-south, and a −10 arcsec nod throw north-south.
Spectroscopic standard stars at various air masses were observed regularly and
were used to correct for the atmospheric transmission.
We flux-calibrated the spectra using the IRAS 12 µm data, correcting for

the difference in spectral coverage of the TIMMI 2 and IRAS band. We used
near-IR and IRAS photometry to construct a spectral energy distribution, and
applied two black body components (with a range in temperatures) to estimate
the continuum. A full description of our data reduction is presented elsewhere
(this thesis, chapter 4).
In Fig. 2.1a we show the ISO-SWS and TIMMI 2 spectrum of HD104237, as

well as the photometry based continuum estimate (solid line). The dashed lines
indicate the continuum components. Fig. 2.1b shows the ISO-SWS and TIMMI 2
spectra and the continuum estimate on a linear scale. A comparison between the
ISO and TIMMI 2 spectra of 6 sources shows that the two data sets agree well,
be it that our new TIMMI 2 spectra have on average a slightly lower (at most 0.1)
11.3 over 9.8 µm flux ratio, a possible artifact of our data reduction. This has
no qualitative and marginal quantitative influence on the correlation discussed in
section 2.3.2 and shown in Fig. 2.3

2.3 Analysis and discussion
2.3.1 Classification of the sources
ME01 empirically decomposed the infrared spectra of HAEBE stars into three
components: a power law component, a cold black-body component, and solid
state emission bands (mainly at 10 and 20 µm). They divided their sample into
two groups, where the group I sources show both the power law and the cold
BB component, and the group II sources only display the power law component.
The group I sources are interpreted as having a large (several hundred AU) flared
outer disk, whereas the group II sources have a smaller, non-flaring outer disk.
We classify the sources for which we have newly measured N-band spec-

tra following ME01. Whereas ME01 had ISO spectra of their sources at their
disposal, our classification is based solely on broad-band photometry. We find
that the group I and group II sources are well separated in an IRAS m12-m60
color versus LNIR/LIR diagram, where LNIR is the integrated luminosity as de-
rived from the J,H,K,L and M band photometry, and LIR is the corresponding
quantity derived from the IRAS 12, 25 and 60 µm points. For group I sources,
LNIR/LIR ≤ (m12-m60)+1.5, group II sources have LNIR/LIR > (m12-m60)+1.5.
For the classification of the sources we applied no color correction to the IRAS
data.
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Figure 2.1— The sed of HD104237, compiled using literature photometry (triangles),
ISO (grey scale) and TIMMI 2 (black) data. The smooth line is the continuum estimate.

2.3.2 Discussion of observed trends

In Fig. 2.2 we plot the continuum divided N-band spectra of our group II sources,
ordered by peak value. We plot 1+Fν,cs/ < Fν,c >, where Fν,cs is the continuum
subtracted spectrum (Fν−Fν,c) and < Fν,c > is the mean of the continuum. Con-
trary to a Fν/Fν,c plot, this representation preserves the shape of the emission
band even if the continuum is not constant. For a constant continuum level it
is identical to Fν/Fν,c. At the top and the bottom of the figure we plot the ab-
sorption coefficients of 0.1 and 2.0 µm olivine grains (taken from BO01), where
a continuum contribution is added in order to match the levels of UX ori and
HD98922, respectively.
We clearly observe a correlation between the band over continuum ratio
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Figure 2.2— Continuum divided spectra of the group II sources. Tick marks indicate
the 1.0 level

(which we call “strength”) and the shape of the silicate feature. Sources that
display a strong emission feature show a blue, unprocessed silicate band (i.e.
similar to that seen in the ISM), dominated by small (0.1 µm) grains, with little
or no evidence for crystalline silicates. The sources with weak emission bands
show a broader and flatter silicate feature (which we will refer to as “processed”),
which BO01 show to be dominated by large (1-2 µm) grains. We see substructure
at 9.2, 10.6 or in the 11.2 to 11.4 µm region in the silicate bands of HD150193,
HD104237, HD37806, HD95881 and HD98922. These bands can be identi-
fied with olivines (11.2 to 11.4 µm) and pyroxenes (9.2 and 10.6 µm, Jäger et al.
1998). Note that our data do not exclude the presence of a certain amount of
crystalline and/or large amorphous grains in sources with strong silicate bands,
some emission from processed material could be present, swamped by the much
stronger emission from the small amorphous grains.

In Fig. 2.3 we plot for our group II sources (a homogeneous group with sim-
ilar SEDs) the ratio of the feature flux at 11.3 and 9.8 µm, which is a measure
of the amount of processing the material has undergone, against the silicate fea-
ture strength. High 11.3/9.8 ratios indicate evolved dust and the increase of the
degree of processing with decreasing feature strength is evident.
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Figure 2.3— Degree of processing against feature strength for the group II sources.
Triangles represent ISO-SWS spectra, crosses indicate the newly measured TIMMI 2
spectra. In the upper right of the figure we indicate the typical uncertainties in the
displayed quantities.

2.4 Discussion and conclusions
Our observations for the first time show that the silicate band shape and strength
in HAEBE stars are correlated. The detailed spectral fits carried out in BO01
support our conclusion: HD142666 and HD104237 have mass ratios of 2.0
over 0.1 µm size grains of 1.54 and 8, respectively, whereas for HD144432,
HD163296 and HD150193 this quantity is less than 1.
It is interesting to compare the observed correlation to that expected for a

passive, non-turbulent disk in which grains settle gravitationally. The settling
timescale for dust grains in such a disk is approximately t≈107×(0.1µm/a) years
(Miyake & Nakagawa 1995), where spherical grains with radius a, a surface
density of 103 g cm−2 and a Kepler frequency of 10−7 s−1 are assumed. The
typical age of the stars in our sample is several times 106 years, with large un-
certainties. Since this age is similar to the characteristic removal time scale of
0.1 µm grains, we would expect to observe a large range in small amorphous
silicate grain abundances in our sample. Indeed, Fig. 2.2 demonstrates that this
is actually observed.
The settling time for large grains is much shorter than the typical age of our

sample stars. All micron sized and larger grains should have disappeared within
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106 years and we should not see any signature of large grains in our spectra.
However, the observed change in shape of the silicate band from a peak near
9.7 µm to a broader and flatter feature can be explained by a combination of
an increase of the average grain size from 0.1 to 1-2 µm and the presence of
crystalline silicates (BO01; this thesis, chapter 4). Thus, it appears that these
1-2 µm size grains must be replenished at the surface layer.
Two mechanisms may be responsible for this replenishment: turbulent mix-

ing from the midplane, or a supply of large grains from the inner disk by means
of an X-wind. If the large grains we observe are brought up by a turbulent disk,
the silicate feature we see may be representative of composition of the bulk of
the dust. Note that in this scenario, any small grains present in the disk interior
would be brought up also, and the absence of their signature in the spectra of
the sources in the lower half of Fig. 2.2 implies that the small grains have dis-
appeared throughout the disk1. The X-wind mechanism (Shu et al. 2001) may
also be capable of adding some (processed) material on the surface of the disk.
In that case, the composition of the surface layer as traced by the silicate feature
is not representative of that of the bulk of the silicates.
The detection of spectral structure near 9.2, 10.6 and 11.3 µm shows that

crystalline silicates are present at the surface of the disk. The most natural ex-
planation of this phenomenon is thermal annealing of amorphous grains in the
inner parts of the disk, where temperatures above the crystallization temperature
of silicates (about 1000-1100K, Hallenbeck et al. 1998) can be reached. BO01
have analyzed the 10 µm band composition and conclude that the presence of
SiO2 and forsterite indicate that thermal annealing produced the crystalline silic-
ates.
It is interesting to compare the shape of the silicate feature to that of solar

system comets, which should trace the dust composition in the proto-solar cloud
at large heliocentric distance. The 10 µm feature in comets resembles that of the
stars in Fig. 2.2 with weak silicate bands. Hanner et al. (1996) and Crovisier
et al. (2000) show that comets contain some crystalline silicates. Therefore, the
mid-plane of the proto-solar cloud contained processed silicates at the time of
formation of the comets.

Acknowledgements We thank Henrik Spoon and Ralph Siebenmorgen for
useful discussions on TIMMI 2 data reduction, and the TIMMI 2 team for assist-
ance during the observations. We thank Diane Wooden for valuable discussion
on infrared spectroscopy from the ground.

1We cannot exclude the presence of small grains at large distances from the central star, where
the temperature is too low for a 10 µm emission feature to be formed.
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Abstract We present new mid-infrared spectroscopy of the emission
from warm circumstellar dust grains in the Herbig Ae stars HD 100546,
HD 97048 and HD 104237, with a spatial resolution of ≈0.′′9. We find that
the emission in the UIR bands at 8.6, 11.3 and (HD 97048 only) 12.7 µm is
extended in the first two sources. The continuum emission is resolved in
HD 97048 and possibly in HD 100546. HD 104237 is not spatially resolved
in our observations. We find that the UIR emission in HD 100546 and
HD 97048 is extended on a scale of (several) 100 AU, corresponding to the
outer disk scale in flaring disk models. Small carbonaceous particles are
the dominant source of opacity in the HD 97048 disk.

3.1 Introduction

Herbig Ae/Be stars (HAEBEs, Herbig 1960) are intermediate mass pre-main-
sequence stars surrounded by material which is left from the star formation pro-
cess. A sub-group of mostly late B and A-F type HAEBE stars (hereafter HAEs)
show little or no optical extinction and usually low mass accretion rates, as de-
rived from radio analysis (Skinner et al. 1993) and the lack of significant veil-
ing in optical spectra. The spatial distribution of the circumstellar material of
these HAEs is a matter of debate. While the millimeter emission observed from
some stars originates from a compact dust disk which appears to be keplerian
(Mannings & Sargent 1997), near-IR interferometric observations seem con-
sistent with the hottest dust having a more spherical distribution (Millan-Gabet
et al. 2001). Only recently very high resolution interferometric measurements
at 2.2 µm have provided strong evidence for non-circular symmetry on sub-AU
scales, indicating disk like geometries in the innermost regions of HAE systems
(Eisner et al. 2003). Optical and near-infrared images in scattered light argue for
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disk geometries on large scales of 100AU (Grady et al. 2001; Augereau et al.
2001). Thus, evidence is growing that HAE stars indeed have disks.
The mid-infrared spectra of HAEs are dominated by a strong continuum

caused by warm grains in the immediate vicinity of the star, and solid state emis-
sion bands from silicates and carbonaceous material (Meeus et al. 2001; Natta
et al. 2001). The IR emission is believed to originate mostly from the surface
layer of a passively heated dusty disk (Chiang & Goldreich 1997). Indeed, re-
cent hydrostatic disk models are successful in explaining the spectra of HAEs
in the context of such disk models, without requiring other spatial components,
such as a spherical halo (Dullemond et al. 2001).
The location of the dust and the dust opacities determine the structure and emis-
sion properties of the disk. Direct studies of the inner disk structure requires
interferometric measurements. On larger spatial scales, where we can probe the
outermost regions of the disk using single telescopes, the blackbody temper-
atures are much too low for significant 10 µm emission to be produced. Such
10 µm emission could only arise from a population of very small “super-heated”
grains (VSG), and emission from large carbonaceous molecules (Polycyclic Aro-
matic Hydrocarbons, or PAHs) that can be excited by single photon absorption.
If present in the outer disk, these molecules offer a unique probe of the outer disk
structure since they can radiate at all stello-centric distances, irrespective of the
local blackbody temperature.
Meeus et al. (2001) noted that based on the IR Spectral Energy Distribu-

tion (SED), HAEs can be divided into two main groups: group I sources that
have a very strong, rising IR excess peaking around 60 µm, and group II sources
displaying a more moderate and less steeply rising IR excess. In the disk hy-
pothesis, group I sources show a flaring outer disk geometry, such that the disk
can intercept and re-process stellar radiation out to large stello-centric radii. In
group II sources, the outer disk is not flaring, leading to lower temperatures. It
is therefore expected that group I sources will show more extended emission and
the disk emission in group II sources will be concentrated close to the central
star.
A critical test of disk models requires high angular resolution observations

at IR and millimeter wavelengths. Mid-infrared imaging using single-dish tele-
scopes has shown that several HAEs are extended on a scale of 0.5 to 2 arcsec,
corresponding to about 100AU (Grady et al. 2001; Fisher et al. 2000; Jayaward-
hana et al. 2001; Ressler & Barsony 2003).
Long slit spectroscopy is ideally suited for detecting spatially resolved struc-

tures emitting in narrow spectral regions (i.e. emission lines/bands), when ob-
serving close to the resolution limit. The profile of the spectrum in the spatial
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direction is measured instantaneously in the emission band and in the continuum
next to it. Therefore, a relative increase in size can be detected with high con-
fidence, even if the response of the telescope to a point source (the point spread
function, PSF) is not known accurately. However, a long-slit spectrum yields
spatial information only along the direction of the slit.
Here, we report on spatially and spectrally resolved mid-IR observations

observations of three HAE stars, HD97048, HD100546 (both group I), and
HD104237 (group II). Both group I stars show prominent emission in the
Unidentified InfraRed (UIR) bands (Aitken & Roche 1981; Waelkens et al.
1996), usually attributed to PAHs. HD97048 is in a reflection nebula and has
been shown to have extended mid-IR emission from UIR bands (e.g. Sieben-
morgen et al. 2000) on a scale of about 10 arcsec.

3.2 Observations and data reduction

Long slit infrared spectra in the 10 µm atmospheric window were taken on 27
December 2001 and 19 March 2003 with the Thermal Infrared Multi Mode In-
strument 2 (Reimann et al. 1998, TIMMI 2,), mounted at the 3.60m telescope
at the ESO La Silla observatory. We used the low resolution (R≈160) N band
grism and a slit width of 1.2 arcseconds, the pixel scale in the spectroscopic
mode of TIMMI 2 is 0.45 arcseconds. To correct for the strong atmospheric and
instrumental background at 10 µm, we employed chopping and nodding, using a
+10′′ chop throw north-south, and a −10′′ nod throw north-south. This renders
us insensitive to diffuse emission on scales larger than 5′′. Spectroscopic stand-
ard stars were observed regularly and were used to correct for the non-uniform
atmospheric transmission. A summary of the observations is given in Table 3.2.
The (absolute) photometric accuracy of our observations is good to about

15%. In order to faciliate the comparison of the TIMMI 2 spectra and ISO-SWS
spectra, simple scaling factors (≈1) have been applied to the TIMMI 2 spectra,
such as to give the best match with ISO (note that the absolute accuracy of ISO
is about the same as that of our TIMMI 2 data).

3.3 Analysis of the spatial profiles

The resolution of our long slit spectra in the spatial direction is limited by dif-
fraction, atmospheric perturbations of the wavefront (“seeing”), abberations due
to imperfect telescope optics, and the sampling of the signal by the detector. At
10 µm, our observations are close to the diffraction limit, though the degrada-
tion of the PSF caused by the atmosphere is non-negligible. The 0.′′45 pixel size
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Table 3.1— Summary of the observations. The fourth column lists the seeing at 0.5 µm
as measured by the DIMMmonitor. Distances are calculated from Hipparcos parallaxes.

object U.T. AM seeing d [pc]
26 December 2001:
HD 81797 7:09 1.08 0.′′57
HD 100546 7:25 1.42 0.′′76 103+7−6
HD 104237 7:51 1.60 0.′′84 116+8−7
HD 81797 8:50 1.12 0.′′70
19 March 2003:
HD 55865 2:23 1.46 0.′′94
HD 97048 3:02 1.51 0.′′93 175+27−21
HD 63295 3:33 1.55 0.′′93

causes our spectra to be undersampled in the spatial direction. This hampers size
estimates of objects that are only marginally resolved, i.e. less than 1′′ in size,
since the spatial profiles of science target and PSF reference star will depend on
the exact positioning of the object on the detector pixels (a star positioned in the
center of a pixel will yield a significantly different spatial profile from a star that
is on the edge of a pixel). This problem can be overcome by fitting gaussians to
the spatial profiles of science star and PSF reference, instead of comparing them
directly. The fitted FWHM is hardly sensitive to differences in positioning. The
drawback of this approach is that our measured PSF deviates somewhat from the
gaussian shape in its wings. Therefore, the spatial extent of an extended emis-
sion component that is present along with a more compact component cannot be
accurately determined if the relative flux contribution of the former component
is low.

3.3.1 Determination of the PSF

When estimating the PSF during the observations of the science targets, we ap-
proximate the various contributions to the PSF by gaussians. In order to quantify
the seeing contribution, we compute the expected PSF using a geometrical model
for the telescope, and a simulation code for atmospheric turbulence (Conan et al.
2003) which requires the seeing (s) as an input parameter. The seeing at La Silla
is monitored by a DIMM (Sandrock et al. 2000) and we use these measurements.
This yields the (square of the) width of the synthetic PSF, σ2PSF,syn(λ), which is
compared to the actual observed PSF, σ2PSF,obs(λ). The abberations from the tele-
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Figure 3.1— FWHM2 of the spatial profile as a function of wavelength of HD100546
and the model PSF (lower panel). The solid grey curves show polynomial fits to the
FWHM2 of the PSF and the continuum (i.e. the emission outside the UIR bands). The
fitted continuum width is indicated with the dashed grey curve. The vertical dashed
lines indicate the wavelengths of the UIR bands. The upper panel shows the ISO SWS
spectrum of HD100546 in black and the ground based spectrum in grey.

scope optics are then computed as σ2abb(λ) = σ
2
PSF,obs(λ) −σ2PSF,syn(λ). Since the

science object is generally observed at a different airmass and under different
seeing conditions than the PSF reference, we compute the synthetic PSF for the
airmass and seeing of the science observation, and obtain the PSF of the science
measurement as σ2PSF,sci(λ) = σ

2
sci,syn(λ) + σ

2
abb(λ). When σPSF,sci is calculated

for all wavelengths, we fit a second order polynomial to σ2PSF,sci(λ) which is
our final PSF. In Fig. 3.1,3.2 and 3.3, the PSF and the polynomial fit to it are
labeled “PSF”, and are shown in black and grey, respectively. The FWHM of the
calibration star profiles show an unexplained increase with respect to the expec-
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Figure 3.2— FWHM2 of the spatial profile as a function of wavelength of HD97048
and the observed psf (lower panel). The solid grey curves show polynomial fits to the
FWHM2 of the PSF and the continuum (i.e. the emission outside the UIR bands). The
fitted continuum width is indicated with the dashed grey curve. The vertical dashed
lines indicate the wavelengths of the UIR bands. The upper panel shows the ISO SWS
spectrum of HD97048 in black and the ground based spectrum in grey.

ted behavior between 8 µm and the atmospheric cut-off at ≈7.8 µm. Therefore
we must be careful when interpreting the profiles of the science targets in this
wavelength range.

We use this method to determine the PSF during the observations of
HD100546 and HD104237. The method assumes that the static abberations due
to the telescope optics are independent of telescope elevation. Unfortunately, no
measurement of a calibration star is available at airmasses comparable to the
HD100546 and HD104237 measurements. However, the spatial profile meas-
ured in our observation of HD104237 agrees very well with the predicted PSF. If
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Figure 3.3— FWHM2 of the spatial profile as a function of wavelength of HD104237
and the model PSF (lower panel). The solid grey curve shows a polynomial fit to the
FWHM2 of the PSF. The vertical dashed lines indicate the wavelengths of the UIR bands.
The upper panel shows the ISO SWS spectrum of HD104237 in black and the ground
based spectrum in grey.

the spatial extent of HD104237 is ≪1′′(as one may expect, based on modeling
of its SED, and the non-detection in scattered light images (Danks et al. 2001),
contrary to HD100546 and several other group I HAe stars (Pantin et al. 2000;
Grady et al. 2001)), this measurement shows that our assumptions are valid.
Note that HD97048 which, according to the SED and the spatially resolved data
in this work, should show extended structure in scattered light images, has not
yet been observed in this fashion. The calibration stars used for the HD97048
were taken just before and after the science measurement, at nearly identical
airmass and under identical seeing conditions, and we have therefore a direct
determination of the PSF.
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3.4 Spatially extended emission

3.4.1 HD100546

The measured FWHM(λ) of the spatial profile of HD100546 and the predicted
PSF during this measurement are shown in the lower panel of Fig. 3.1. The
source appears to be marginally resolved in the continuum, and a small but sig-
nificant increase in size is seen in the UIR bands at 8.6 and 11.3 µm, and short-
ward of 8.4 µm. We assume a gaussian profile for the continuum emission and
derive a FWHM of 30±30AU. The continuum appears only marginally resolved
but we note that the estimated size of the continuum agrees well with the size
estimated from the SED by Bouwman et al. (2003). The derived size also agrees
with the size derived by Liu et al. (2003), who derive a FWHM of 24AU in a
recent nulling experiment on a 6.5m telescope. Using the residual (total minus
silicate emission) spectra of Bouwman et al. (2003), we estimate the contribu-
tion of the UIR bands to the total flux to be approximately 22% and 13% at
8.6 and 11.3 µm, respectively. We deduce FWHM values of 140±50AU and
150±100AU for the 8.6 and 11.3 µm UIR bands, using the expected PSF and
assuming that also the UIR emission has a gaussian light distribution. Note that
the spatially extended UIR contribution at these wavelengths contributes only a
relatively minor fraction to the total flux. Therefore, an accurate determination
of the sizes of the emitting regions is not possible, which is reflected in the rel-
atively large error bars on the estimates quoted above. However, the increase in
spatial extent in the UIR bands is seen at the wavelengths of all the UIR features,
and the conclusion that the UIR emission is more extended than the continuum
emission is therefore unavoidable. In an absolute sense, the size of UIR the emit-
ting region must be of order 100AU in order for it to be resolved by our 3.6m
telescope.
Grady et al. (2001, hereafter GR01) find evidence for extended emission at

11.7 µm using a narrow-band filter, which they attribute to either UIBs or silic-
ates. We show here that the extended emission is in fact due to UIBs. The meas-
ured FWHM in the GR01 image is 1.′′03, slightly larger than the mean FWHM
in the spatial direction of our longslit spectrum in the passband of the 11.7 µm
filter, which is 0.′′94. GR01 find that over the whole N-band the source is essen-
tially unresolved, which is consistent with our findings: if the spatial extent that
is tentatively detected here is real, an observation at an 8m class telescope would
be needed to make a solid detection.
Due to the atmospheric cut-off at ≈7.8 µm we only see the red wing of the

strong 7.7 µm UIR band. Even though the PSF is not fully understood here,
the very strong rise in FWHM shortward of 8.4 µm indicates that also the UIR
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emission here is resolved in our data. Assuming a PSF FWHM of 0.′′95 and an
UIR contribution of 65%, a rough estimate of the UIR FWHM in the 7.7-7.9 µm
complex yields a value of 140AU. Since conditions did not allow measurements
at wavelengths shortward of 8.0 micron, this estimate involves extrapolation of
the profile, adding considerable uncertainty. We note however, that the derived
size is consistent with the values measured in the 8.6 and 11.3 µm bands.
Despite the strong silicate emission that has significant spectral sub-structure

due to crystalline material, we see no wavelength dependence of the FWHM
outside the UIR emission bands. The emission from both the crystalline and
amorphous silicates must arise from a physically much smaller region than the
UIR emission.

3.4.2 HD97048

The spectrum of HD 97048 in the 10 µm range is dominated by UIR emission
(Gürtler et al. 1999; Siebenmorgen et al. 2000, hereafter SI01). There is no
evidence for a silicate emission band. As can be seen in Fig. 3.2, the spatial
extent of this source in the continuum emission is significantly higher than that
of the measured PSF. In the UIR bands at 8.6, 11.3 and 12.7 µm the FWHM
shows clear peaks indicating that the feature emission is still more extended.
Assuming a gaussian light distribution for both the continuum and UIR fea-

ture emission, we deduce a FWHM of 110±40AU for the continuum emission
at 10.5 µm, and FWHM values of 210±70, 270±70 and 290±100AU for the 8.6
11.3 and 12.7 µm UIR bands, respectively. We estimate the contribution of the
8.6, 11.3 and 12.7 µm UIR bands to the total flux to be 44%, 59% and 16%,
respectively.
Previous studies already showed that the mid-IR emission in HD97048 is

extended (Prusti et al. 1994, SI01) on a scale of 5-10 arcsec, and this was at-
tributed to emission in the UIR bands. We are insensitive to diffuse emission
on these scales but with our higher spatial resolution we resolve the emission
from the central source. Possibly, we have resolved the emission from a large,
flared disk, whereas the extended emission seen by SI00 originates in the loose
surroundings.
In our interpretation of the SED of HD97048, namely that it is a passive,

flaring disk, the outer disk needs to have opacity both at optical/UV wavelengths
(to absorb the stellar radiation) and infrared wavelengths (to emit the observed
10 µm continuum radiation). The spatial extent of the continuum emission im-
plies that the grain population dominating the continuum is not in thermal equi-
librium. The blackbody temperature at a distance of 50AU from the central star
is about 100 K, too low for significant emission in the 10 µm region. The con-
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tinuum must be dominated by very small “superheated” grains. HD97048 has
no silicate feature and therefore it is excluded that silicates are the source of
the continuum. As the grains producing the continuum radiation are necessarily
small, they would show a very strong emission band, peaking around 9.7 µm, if
they would consist of silicate material. For a continuum opacity source small
carbonaceous particles are the most likely candidate. Carbon has a high opacity
both in the optical and at 10 µm. We note that metallic iron nano-particles also
show no spectral structure and thus may be responsible for the observed exten-
ded emission. However, the strong UIR bands suggest a prominent population
of small carbon rich particles is likely present. Thus, carbon appears to domin-
ate the opacity of Herbig star disks if no silicates are present. In sources where
small silicate grains are seen in the spectrum, carbonaceous material may also
be responsible for a significant fraction of the opacity, along with the silicates.

3.4.3 HD104237

The group II source HD104237 is shown in Fig. 3.3. The measured spatial pro-
file is identical to that of the expected PSF. The increase in FWHM at 10.0-
10.4 µm is not confirmed by a repeated observation in march 2003 and remains
unexplained. We conclude that HD104237 is unresolved in our observations,
and that the bulk of the 10 µm emission in this source must arise from a region
≤30AU in diameter. Though this is consistent with the idea that group II sources
do not possess a flaring outer disk, this measurement does not put stringent re-
quirements on models for group II disks. Higher spatial resolution observations
are needed to critically test theory.

3.5 Discussion

3.5.1 The 7.7-8.6 µm region

In HD97048, both the 7.7-7.9 µm and the 8.6 µm band are very prominent. With
respect to “normal” PAHs, as found in the ISM, HD97048 has excess emission at
8.0-8.2 µm (Peeters et al. 2002). The spatial extent of this excess emission does
not appear significantly larger than that of the continuum emission (Fig. 3.2),
whereas the emission in the 7.7-7.9 µm and the 8.6 µm band is spatially more
extended. This indicates that the properties of the carrier of the 8.0-8.2 µm excess
emission are different from those of the carriers of the “normal” PAH bands.
Also HD100546 has excess emission around 8.2 µm compared to the PAH

spectrum as observed in the ISM. It can be seen in Fig. 3.1 that as we trace the
spatial extent of the emission blue-ward of the peak of the 8.6 µm feature, after
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an initial drop, the FWHM starts to increase again at 8.4 µm (in HD97048 this
happens only at 8.1 µm), indicating that the excess emission is spatially extended
on a scale of approximately 100AU. The carrier of this band must therefore
a very small, non-thermal equilibrium grain. Possibly, it is a processed PAH
molecule, larger than a typical ISM PAH. Our data suggest that the the 8.2 µm
excess emission originates predominantly from the central source rather than the
surrounding nebula (see also Sect. 3.5.2).
The reason we observe the excess emission at 8.2 µm to be much more ex-

tended than the continuum in HD100546, whereas in HD97048 this is not ob-
viously so, is likely a matter of contrast. In HD100546, the continuum is dom-
inated by silicates, which do not emit much at 8.2 µm (and emit significantly in
the 10 µm window only within about 15AU from the star). The 8.2 µm emission
in this star is fully dominated by the PAHs. In HD97048 the continuum emis-
sion at 8.2 µm dominates the total flux. It arises from small carbonaceous grains
and the continuum emission has a FWHM of about 100AU, equal within errors
to the FWHM of the 8.2 µm excess emission in HD100546. It is therefore not
surprising that we observe the 8.2 µm excess emission in HD97048 not to be
significantly more extended than the continuum, contrary to HD100546.

3.5.2 PAH energetics

The maximum size a PAH molecule (or VSG) can have in order to emit signific-
antly in the 10 µm region, depends on the ambient radiation field. The smallest
particles can be heated to several hundred K upon absorption of a single photon
and can thus radiate 10 µm emission at any distance from the central star. Lar-
ger particles may need to absorb multiple photons per cooling time to reach the
required temperature, confining their 10 µm emission to a region close to the
central star. In order to estimate whether or not multiple photon processes play a
role for PAHs of different sizes in the outer disks of HD97048 and HD100546,
we must consider the UV flux in these stars at the distances where we observe
the PAH emission. The UV flux at any distance from the central star, assuming
no extinction, is given by

FUV(R) =
LUV
4 πR2

(3.1)

The energy absorption rate of a PAH molecule with nC carbon atoms is given by:

Eabs = κ nC FUV (3.2)

where κ=7×10−18 cm2/C-atom (Joblin et al. 1996). Expressing eq. (2) in con-
venient units, the energy absorption rate of a PAH molecule as a function of
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distance to the central star is given by

Eabs(R) ≈ 6 nC
LUV
R2
[eV s−1] (3.3)

where LUV is the star’s UV luminosity in L⊙, and R the distance to the star in
AU.
The temperature of a PAH molecule, after it has just absorbed a UV photon,

is given by Schutte et al. (1992):

T ≈ 2000
!
Eγ
nC

"0.4
[K] (3.4)

where Eγ denotes the photon energy in eV. The observed UV flux of HD97048 is
6.50×10−9 erg s−1 cm−2 (Van Kerckhoven et al. 2002), with an assumed distance
of 180 pc (van den Ancker et al. 1998), this yields a UV luminosity of 2.52×1034
erg s−1, which corresponds to 6.54 L⊙. The bolometric luminosities of HD97048
and HD100546 are 40.7 and 36.0 L⊙, respectively (van den Ancker et al. 1998).
Since the spectral types of both stars (A0 and B9) are almost identical, we as-
sume that the spectral shape of HD100546 equals that of HD97048, yielding a
UV luminosity of (36.0/40.7)×6.19 = 5.48 L⊙ for HD100546.
The photon absorbtion rates nγ for PAH molecules with 50 C-atoms (typ-

ical, small ISM PAH), and the minimum number of C-atoms needed to ab-
sorb 1 photon per second nmin (the cooling time of a PAH molecule is about
1 second Bakes et al. (2001), so multi-photon processes will become significant
for particles containing more than nmin carbon atoms), are given in Table 3.2.
The median energy for a UV photon in these stars is 7.5 eV (Van Kerckhoven
et al. 2002).
In both stars, multi-photon processes will become important only for PAH
particles containing more than about 1000 C-atoms, at the distances where the
PAH emission is observed (note that extinction, which is likely present in the
lines of sight from the star to the outer disk, could significantly increase this
number). The temperature that such a PAH molecule attains upon absorbtion of
a single 7.5 eV photon is about 280 K, which is just warm enough to emit sig-
nificantly at 8 µm. Taking into account multi-photon processes, this temperature
will increase somewhat. Therefore, the carrier of the 8.2 µm excess emission
could either be a relatively large PAH, in which case multi-photon processes are
important, or a smaller PAH consisting of less than about 500 C-atoms which is
heated to some 400 K upon absorption of a single UV photon . In the former
case, the 8.2 µm excess emission must be confined to regions close (<1′′) to the
central star, in the latter, the carrier can be excited out to larger distances.
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Table 3.2— The the photon absorption rate nγ for a typical ISM PAH molecule (at the
distance from the star where the PAH emission is observed), and the minimum number
of C-atoms per molecule needed for multi-photon processes to be significant (nmin)

star FWHM nγ nmin
[AU] [s−1] [C-atoms]

HD 97048 110±40 0.079+0.116−0.036 633+544−377

HD 100546 140±50 0.049+0.069−0.022 1026+864−602

HD97048 provides the opportunity to constrain the nature of the carrier of
the 8.2 µm excess emission, as it is surrounded by both a circumstellar disk and
a remnant cloud. If the 8.2 µm excess emission is seen both in the central source
(disk) and the surrounding cloud, the carrier must be relatively small, and is ex-
cited by single-photon processes. If the excess emission is seen in the central
source only, the carrier could either be large (requiring multi-photon excitation)
and/or be synthesized locally in the disk. Unfortunately there is no straightfor-
ward way to distinguish between the carrier of the excess emission being present
both in the cloud and the disk but seen only in the disk because of the required
multi-photon excitation, and the carrier being present in the disk only.

3.5.3 HD97048: disk and nebula

HD97048 is surrounded by a reflection nebula, which has been shown to be a
source PAH emission (SI01). In the previous sections we discussed the proper-
ties of the central source, which we associate with the star and its circumstellar
disk. In this section we compare the disk spectrum, which we will call the ’on
source spectrum’, with the ISO-SWS spectrum. The ISO spectrum contains both
the disk emission and emission from the diffuse cloud that surrounds the system.
Comparing the two spectra (top panel of Fig. 3.2), we see that the

peak/continuum ratio in the PAH features is different between the on-source
spectrum and the ISO SWS spectrum. The ISO spectrum shows stronger PAH
emission bands than the on-source spectrum. Note that we multiplied the on-
source spectrum by a factor 1.08, such that the continuum level in the ISO and
TIMMI 2 spectra match, faciliating comparison of the PAH peak/continuum ra-
tios. Since the absolute photometric accuracy of both ISO-SWS and ground
based spectra is about 15%, the continuum level in the two spectra is equal
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within errors. Moreover, the slope of the continuum emission is indistinguish-
able between the on-source and ISO spectrum. This again suggests that the disk
is the only source of continuum radiation in the nebula. Whereas the central
source shows both continuum and PAH feature emission, emission from sur-
rounding nebula seems to be restricted to the PAH bands. Very low level con-
tinuum emission in the nebula cannot be excluded on the basis of our data, how-
ever.
An interesting possibility for the study of objects like HD97048, is the ex-

traction of multiple spectra along the slit. In this way, one can study the prop-
erties of the PAHs as a function of position, and possibly detect differences
between the nebular PAHs and the PAH population in the disk. Unfortunately,
our data are not of sufficient quality to do this, but we emphasize the potential of
such studies (see also Sect. 3.5.2).
To account for the observed FWHM of the central component, as shown in

Fig. 3.2, the physical size of the emitting region responsible for the continuum ra-
diation cannot be significantly smaller than 100AU. A population of very small,
non-thermal equilibrium grains (VSG) must be the source of the continuum.
Note that these grains cannot be silicates, since HD97048 neither shows the
strong, broad 9.7 µm emission band from small, amorphous silicates, nor the
emission bands associated with crystalline silicates.
The Figs. 3.1 and 3.2 show that both group I stars are extended at 8.6, 11.3

and (HD97048) 12.7 µm, corresponding to the wavelength of the UIR emission
bands. The red wing of the 7.7-7.9 µm UIR complex is observable from the
ground and is spatially extended in our spectra as well. Peeters et al. (2002) show
that the group of isolated HAEBE stars show similar behavior of the position and
relative strength of the UIR bands as detected by ISO. for HD97048 however
they note that the ratio of 7.6 to 7.8 µm band strength is different from that of the
other HAEBE stars. HD97048 also differs from HD100546 in that the former
has an extended optical reflection nebula while the latter has not.

3.5.4 PAH evolution

It is generally accepted that the carriers of the UIR emission bands are Polycyclic
Aromatic Hydrocarbons (PAHs). Our results show that the UIR emission in
HD97048 and 100546 is extended on a scale of some 100AU. Interestingly,
this size coincides with the outer disk scale in flaring (group I) disk models.
Presumably, the PAHs are localized in the flaring circumstellar disk around these
sources. HD97048 shows in addition a PAH component extended on a scale of
some 1000AU (SI01), which is likely associated with a remnant of the collapsing
envelope around this source.
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Recently, an extensive study of interstellar and circumstellar PAHs has re-
vealed the presence of systematic variations in the profiles and peak positions of
the main bands from source to source (Peeters et al. 2002). Specifically, the 6.2
and 7.7 µm bands are distinctly different for sources which have recently syn-
thesized their PAHs in their ejecta (e.g., post AGB objects and planetary nebula)
from those which are illuminating general interstellar medium materials. Two
of the sources in this study – HD97048 and HD100546 – were also included in
the Peeters et al. sample. The spectral characteristics of the UIR bands in these
two sources are very different from those in sources with pure ISM materials.
In particular, the 6.2 and 7.7 µm bands in the spectrum of HD97048 are inter-
mediate between those of of pure interstellar and pure circumstellar sources. In
fact, a linear combination of these types of spectra provides a good fit to the ob-
servations of HD97048 (Van Kerckhoven et al. 2002). It is tempting to localize
the PAHs with circumstellar spectral characteristics in the flaring disk while the
ISM-PAHs might reside in the envelope of this source. Our data do not allow us
to critically test this hypothesis, but our method may do so (see Sect. 3.5.3). The
6.2 and 7.7 µm bands in HD100546 are very similar to those of circumstellar
materials (Peeters et al. 2002) and presumably originate in the disk. In this view,
while all the material associated with these two sources derives originally from
interstellar material, the family of PAHs that made it into the disks – and that
dominates the emission spectra of these two sources – has been strongly mod-
ified. Presently, there is no direct evidence to link this modification to the disk
environment – in principle the modification might have occurred during the col-
lapse phase – but we note that HD97300 – the neighbor of HD97048 – shows
a very similar UIR spectrum while the PAH emission in this source is known to
be extended on a scale of several 1000AU (Van Kerckhoven et al. 2002, SI01).
The processes driving the modification of PAHs around young stellar objects

are not known. They might range from changes in the charge state of the emit-
ting PAH family driven by variations in the physical conditions (e.g. illuminat-
ing FUV field or electron density), variations in the size spectrum of the PAHs
driven by coagulation, chemical changes driven by the exposure to the stellar
radiation field, or even a complete chemical re-formation of PAHs in these disk
environment.

3.6 Conclusions

We have presented spatially and spectrally resolved 10 µm emission in the
Herbig Ae stars HD100546 and HD97048 (both group I). The continuum emis-
sion outside the UIR bands is possibly resolved in HD100546, whereas it is
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clearly extended in HD97048, with a FWHM of ≈110AU. The UIR emission
is resolved in both stars and arises from a physically larger region than the con-
tinuum emission. HD104237 (group II) is unresolved in our observations. Our
findings are consistent with the hypothesis put forward by Meeus et al. (2001),
namely that group I sources have flaring outer disks, whereas group II sources
do not. This hypothesis has recently been supported theoretically by Dulle-
mond (2002) and Dullemond & Dominik (2004a) who showed, using 2D ra-
diative transfer modeling, that both flaring and non-flaring disks are natural and
self-consistent solutions of the equations of hydrostatic equilibrium in passive,
irradiated circumstellar disks.
The continuum emission in HD100546 arises from a much smaller region

than the PAH emission. The warm silicates are confined to the innermost regions
of the disk. The continuum emission in HD97048 is spatially extended on a scale
of ≈100AU. Together with the absence of the spectral signature of small silicate
grains, this indicates that carbon rich very small grains are responsible for the
continuum emission in the disk. Small carbonaceous particles are an important
source of opacity in circumstellar disks and may dominate the opacity when no
small silicate grains are present.
Our data suggest that in HD97048, the excess emission seen around 8.2 µm,

indicative of processed carbon rich material, is confined to the disk. This is pos-
sibly consistent with an ISM-type PAH contribution at scales of ≈1000AU, and
a modified PAH population at ≈100AU. We argue that spatially resolved longs-
lit spectroscopy using large telescopes on good 10 µm sites has strong potential
for the study of (differential) dust evolution in the outer disks of HAe stars, and
- if present - their surrounding cloud remnant.
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Abstract We present spectroscopic observations of a large sample of
Herbig Ae stars in the 10 µm spectral region. We perform compositional fits
of the spectra based on properties of homogeneous as well as inhomogen-
eous spherical particles, and derive the mineralogy and typical grain sizes
of the dust responsible for the 10 µm emission. Several trends are reported
that can constrain theoretical models of dust processing in these systems:
i) none of the sources consists of fully pristine dust comparable to that
found in the interstellar medium, ii) all sources with a high fraction of crys-
talline silicates are dominated by large grains, iii) the disks around more
massive stars (M!2.5M⊙, L!60L⊙) have a higher fraction of crystalline
silicates than those around lower mass stars, iv) in the subset of lower
mass stars (M"2.5M⊙) there is no correlation between stellar parameters
and the derived crystallinity of the dust. Also, the correlation between the
shape and strength of the 10 micron silicate feature, reported in chapter 2,
is reconfirmed with our larger sample. The evidence presented in this
paper is combined with that of other studies to present a likely scenario
of dust processing in these systems. We conclude that the present data
favour a scenario in which the crystalline silicates are produced in the in-
nermost regions of the disk, close to the star, and transported outward to
the regions where they can be detected by means of 10 micron spectro-
scopy. Additionally, we conclude that the final crystallinity of these disks is
reached very soon after active accretion has stopped.

4.1 Introduction

A characteristic shared by many young, low and intermediate mass stars is the
presence of a strong infrared excess. This radiation emerges from circumstellar
dust grains left over from the star formation process. The material is believed to
reside in a disk which is formed as a result of angular momentum conservation
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in the collapsing molecular cloud. After an initial high accretion phase, a much
longer pre-main-sequence phase ensues during which the - now passively heated
- disk slowly dissipates, and possibly planets are formed.
The interstellar dust which finds its way into a proto-planetary disk will un-

dergo large changes in average size and chemical composition. These changes
trace the process of disk dissipation and planet formation. Our solar system
contains a precious record of the processes that took place during its formation.
Comparison of this record to what is observed around young pre-main-sequence
stars provides important insight into the history of our own solar system, and
helps to constrain planet formation models.
The infrared spectral region is rich in vibrational resonances of abundant dust

species. Therefore, infrared spectroscopy can be used to determine the composi-
tion of dust in proto-planetary disks, as well as constrain the size and shape of the
dust grains. Analysis of the infrared (IR) dust emission features originating from
the disk surface layer can be used to establish to what extent the dust composition
in the disk has evolved away from that seen in the interstellar medium (ISM). For
instance, crystalline silicates appear absent in the ISM (e.g. Demyk et al. 2000;
Kemper et al. 2004) but are a substantial component in (some) comets and in in-
terplanetary dust particles found in the solar system (MacKinnon & Rietmeijer
1987; Bradley et al. 1992). Clearly, the refractory material in the proto-solar
cloud went through large changes as the solar system was formed. It should be
kept in mind that spectroscopy in the 10 micron region is sensitive to a limited
grain size range: large grains (with sizes above a few µm, depending on chem-
ical composition and wavelength) show only weak spectral structure and do not
contribute significantly to the infrared spectrum.
In this work we study the composition of dust in the circumstellar envir-

onment of Herbig Ae/Be stars (Herbig 1960), using infrared spectroscopy. We
restrict our study to a sub-group of mostly late B and A-F type stars (hereafter
HAe stars). These stars show little or no optical extinction and low mass ac-
cretion rates, as derived from radio analysis (Skinner et al. 1993) and the lack
of significant veiling in optical spectra. For these lower mass members of the
Herbig class, evidence for the disk hypothesis is compelling (e.g. Mannings &
Sargent 1997; Grady et al. 2001; Augereau et al. 2001; Eisner et al. 2003).
The observed SEDs of these HAe stars can very well be explained with mod-

els for gas-rich, passively heated disks in hydrostatic equilibrium and a puffed-up
inner rim (Dullemond et al. 2001). These models indicate that the emission ob-
served at near-IR wavelengths is dominated by the inner rim, while the mid-IR
spectrum has a large contribution from the dust grains in the warm surface layers
of the disk, typically located between a few to several tens of Astronomical Units
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(AU) from the star. Therefore, mid-IR spectroscopy predominantly relates to the
composition of the dust in this surface layer. In Chapter 2 we argued that due
to the turbulent nature of the disk, the small grains observed at the disk surface
are well coupled to those in the disk mid-plane, and so the observations of the
surface layers likely bear relevance for the bulk small grain population.
Observations of the dust composition in HAe disks have revealed a very

rich mineralogy, and strong source to source variations of the dust composition
(e.g. Bouwman et al. 2001). Some stars show strong 9.7 and 18 µm amorphous
silicate emission, with a band shape and strength very similar to that seen in
the interstellar medium. Other objects have only weak silicate emission, with
sub-structure at 9.2, 10.6 and 11.3 µm due to crystalline silicates. At longer
wavelengths, high-quality observations only exist for a small number of stars,
so far all obtained with the Infrared Space Observatory (ISO). This situation is
rapidly improving due to ongoing observations with the Infrared Spectrograph
on board of the Spitzer Space Telescope. The ISO spectra reveal a mineralogy
dominated by the crystalline silicates forsterite and enstatite, i.e. Mg-rich, Fe-
poor materials (e.g. Malfait et al. 1998b; Bouwman et al. 2001; Meeus et al.
2001, hereafter ME01). A small group of stars lacks silicate emission, but
shows prominent emission from Polycyclic Aromatic Hydrocarbons (PAHs) at
3.3, 6.2, 7.7-7.9, 8.6 and 11.3 µm. Many stars show a combination of silicates
and PAHs.
In recent years, several investigators have attempted to find correlations

between the properties of the dust in the disk of Herbig stars on the one hand,
and global properties of the disk (e.g. disk geometry) and/or the star (e.g. mass,
luminosity, age, binarity) on the other hand (ME01; Bouwman et al. 2001; Acke
& van den Ancker 2004). Perhaps the most promising results so far are relations
between the dust properties and the shape of the SEDs of the disk; for instance,
the PAH bands are on average stronger in sources with SEDs that rise at far-IR
wavelengths (ME01). This has been interpreted in terms of the disk geometry in
the following way. Relatively red SEDs correspond to flaring disks, that have a
large surface which is directly irradiated by the star. If PAHs are present in this
flaring disk surface layer, they will contribute to the emission in the familiar PAH
bands. In Chapter 3, we studied the spatial distribution of the PAH emission in
HD97048, which was found to be extended on a scale of 1-2 arcsec (∼250AU).
but clearly associated with the disk. It is likely that in the other stars of our

sample the PAH emission also originates from the outer disk region. Disks that
lack a flaring outer region will have much less prominent PAH emission. Acke
& van den Ancker (2004) confirm this relation between PAH band strength and
SED shape using a sample of about 50 Herbig Ae/Be stars. Acke et al. (2004)
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note that stars with flat far-IR SEDs on average have flat millimeter spectral
slopes, suggesting that the cold mid-plane grains in these sources have grown to
larger size than the corresponding grains of stars with rising far-IR SEDs.
Despite considerable efforts, it has proven difficult so far to determine rela-

tions between stellar and dust parameters. This has prompted us to carry out a
comprehensive spectral survey at 10 µm of isolated HAe stars. Our goal is to
establish relations between star and dust properties that are of relevance for our
understanding of the evolution of dusty disks around young stars, by increas-
ing the number of stars for which mid-IR spectra are available. We have used
the Thermal Infrared Multi Mode Instrument 2 (TIMMI2, Reimann et al. 1998),
attached to the 3.6m telescope of the European Southern Observatory for our
spectral survey. All known optically bright HAe stars accessible from the La
Silla observatory were included in our initial list of targets. In practice, high
quality data could be obtained for stars with 10 µm fluxes of about 3 Jy or more.
Here we present the results of our spectroscopic survey at 10 µm. In total,

we obtained high quality spectra of a sample of 24 HAe stars, introduced in
section 4.2. We report on the observations and data reduction in section 4.3.
An overview of the spectra is given in section 4.4 In section 4.5 we present
compositional fits to the silicate feature observed in most of the sources, using
the optical properties of minerals commonly found in circumstellar disks. In
section 4.6 we discuss the implications of our results for our understanding of
dust processing in HAe disks.

4.2 The sample stars

Our sample of stars was selected from a larger list of (candidate) Herbig Ae/Be
stars studied by Malfait et al. (1998a). This list was constructed by comparing
the positions of stars in the Smithsonian Astrophysical Observatory Star Cata-
log with positions in the Infrared Astronomical Satellite (IRAS) point source
catalogue, and subsequent follow-up studies to find the Herbig star candidates.
Clearly, such a way to select stars may introduce biases. Our sample does not
contain stars that are heavily obscured due to e.g. on-going accretion or an edge-
on dusty disk. Instead, our sample is dominated by stars with a relatively ”clean”
environment, low optical extinction, and disk orientations that are not close to
edge-on. An overview of the stars in the sample and their basic parameters is
given in Table 4.1.
In order to select “genuine” HAe stars, we applied the following selection

criteria:

1. The position in the HR diagram should be in agreement with that of a
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Table 4.1— Basic parameters of the sample stars. In columns 1 and 2 we give the index number by which a star can be identified in tables and figures throughout
this work, and the name of the star, respectively. The classification of the sources according to ME01 is listed in the third column. In column 5 the distances, derived
from direct (Hipparcos) parallax measurements or by association to a star forming region (SFR, column 4), are given For the stars where the distance is determined
by association with a SFR we assume an error of 30% in the distance. The spectral type according to the MK classification, the effective temperature and the stellar
luminosity are given in columns 6, 7 and 8, respectively. Mass and age estimates for most stars, as derived by comparing their positions in the HR diagram to theoretical
pre-main-sequence tracks, are given in columns 9 and 10. For HD101412 we have no reliable distance estimate, and can therefore not determine its luminosity, mass
and age.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

# star group SFR d Sp.Type log Teff log L Mass log(Age)
[pc] [K] [L⊙] [M⊙] [yr]

1 AB Aur Ia L519 144+22−17 A0Ve+sh 3.979 1.67 2.4±0.2 6.3±0.2
2 UX Ori IIa Orion OB1a 340 ± 102 A4IVe 3.925 1.68 2.5±0.3 6.3±0.4
3 HD36112 Ia 204+63−39 A5IVe 3.911 1.35 2.0±0.3 6.5±0.3
4 HK ORI IIa Orion OB1a 340 ± 102 A4pevar 3.927 0.87 1.7±0.3 >6.8
5 HD245185 Ia Orion OB1a 340 ± 102 A0Ve 3.979 1.26 2.2±0.3 >6.8
6 V380 Ori IIa Orion OB1c 510 ± 153 A1:e 3.965 1.88 2.8±0.5 6.2±0.4
7 HD37357 IIa 240 ± 721 A2Ve 4.021 1.47 2.4±0.4 >7.0
8 HD37806 IIa Orion OB1b 470 ± 141 A2Vpe 3.953 2.13 3.6±0.8 5.9±0.4
9 HD95881 IIa Sco OB2-4? 118 ± 35 A2III/IVe 3.954 0.88 1.7±0.2 >6.5
10 HD97048 Ib Ced 111 175+26−20 B9.5Ve+sh 4.000 1.64 2.5±0.2 >6.3
11 HD100453 Ib 111+10−8 A9Ve 3.869 0.90 1.7±0.2 7.0±0.1
12 HD100546 Ia Sco OB2-4? 103+6−6 B9Vne 4.021 1.51 2.4±0.1 >7.0
13 HD101412 IIa B9.5V
14 HD104237 IIa Cha III 116+7−6 A4IVe+sh 3.925 1.54 2.3±0.1 6.3±0.1
15 HD135344 Ib Sco OB2-3 140 ± 42 F4Ve 3.819 0.91 1.6±0.2 6.9±0.3
16 HD139614 Ia Sco OB2-3 140 ± 42 A7Ve 3.895 0.91 1.7±0.3 >7.0
17 HD142666 IIa Sco OB2-2 145 ± 43 A8Ve 3.880 1.13 1.8±0.3 6.8±0.4
18 HD142527 Ia 198+60−37 F7IIIe 3.796 1.46 2.5±0.3 6.0±0.4
19 HD144432 IIa Sco OB2-2 145 ± 43 A9IVev 3.866 1.01 1.8±0.2 7.0±0.3
20 HD144668 IIa Lupus 3 207+45−31 A5-7III/IVe 3.899 1.94 3.2±0.5 5.7±0.3
21 HD150193 IIa Sco OB2-2 150+50−30 A2IVe 3.953 1.38 2.3±0.2 >6.3
22 HD163296 IIa 122+16−13 A3Ve 3.941 1.38 2.0±0.2 6.7±0.4
23 HD169142 Ib Sco OB2-1 145 ± 43 A5Ve 3.914 1.16 2.0±0.3 6.9±0.3
24 HD179218 Ia (L693) 243+68−43 B9e 4.021 2.00 2.9±0.5 6.1±0.4

1 We adopted a distance of 240 pc so that the luminosity of this star matches its spectral type.
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Table 4.2— Literature infrared photometry used in this work. Columns 3-7 list the magnitudes in the J (1.25 µm), H (1.65 µm), K (2.2 µm), L (3.6 µm), andM (4.8 µm)
photometric bands, with references in column 8 (BO: Bouchet et al. (1991), CA: Carter (1990), CO: Cohen (1973), CU: Cutri et al. (2003), DW: de Winter et al. (2001),
DW2: de Winter et al. (1996), EI: Eiroa et al. (2001), FO: Fouque et al. (1992), GL: Glass & Penston (1974), HI: Hillenbrand et al. (1992), LA: Lawrence et al. (1990),
MA: Malfait et al. (1998a), ME: Mendoza (1967), ST: Strom et al. (1990), SY: Sylvester et al. (1996), VR: Vrba et al. (1976), WA: Waters et al. (1988) ). Columns 9-12
contain the infrared fluxes in Jy from the IRAS Point Source Catalogue (Joint IRAS Science Working Group 1988).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
# star J H K L M references 12 µm 25 µm 60 µm 100 µm

1 AB Aur 6.10 5.10 4.40 3.30 2.90 HI 27.16 48.10 105.60 114.10
2 UX Ori 8.03 7.43 6.71 5.61 5.32 DW,26.2.1986 2.68 3.69 2.85 ∼3.76
3 HD36112 7.44 6.70 5.90 4.75 4.47 MA 5.59 12.59 27.98 18.95
4 HK Ori 9.52 8.38 7.29 5.87 5.10 HI 3.80 4.08 <1.64 <70.37
5 HD245185 9.34 8.87 8.26 7.46 6.23 HI 4.00 5.96 4.97 3.61
6 V380 Ori 8.25 7.10 6.03 4.44 3.61 J-L ST; M ME 8.61 8.85 <75.90 <38.59
7 HD37357 8.31 7.88 7.24 6.33 MA 2.01 2.79 ∼2.90 ∼20.29
8 HD37806 7.38 6.68 5.77 4.23 3.79 MA 11.02 9.40 <5.18 <33.98
9 HD95881 7.50 6.79 5.87 4.28 3.71 MA 9.14 6.87 1.45 <1.09
10 HD97048 7.30 6.75 6.04 4.61 4.56 HI 14.49 40.34 69.91 <250.10
11 HD100453 6.97 6.32 5.52 4.20 3.79 MA 7.23 33.59 39.36 23.86
12 HD100546 6.43 5.88 5.20 4.15 3.80 MA 65.78 242.60 165.20 98.56
13 HD101412 8.70 8.24 7.25 5.81 5.08 DW 3.22 3.09 ∼1.69 ∼10.52
14 HD104237 5.75 5.14 4.42 3.05 2.58 MA 23.65 23.05 14.72 9.58
15 HD135344 7.44 6.72 5.96 4.76 4.69 MA 1.59 6.71 25.61 25.69
16 HD139614 7.75 7.34 6.76 5.68 5.49 MA 4.11 18.14 19.30 13.94
17 HD142666 7.34 6.72 6.04 4.97 4.69 MA 8.57 11.21 7.23 5.46
18 HD142527 6.65 5.94 5.20 3.89 3.50 MA 10.38 21.23 105.10 84.70
19 HD144432 7.21 6.69 6.14 5.14 4.90 MA 7.53 9.36 5.76 3.29
20 HD144668 5.83 5.18 4.38 3.08 2.54 HI 18.05 14.51 ∼14.36 <63.25
21 HD150193 7.05 6.37 5.64 4.37 3.93 MA 17.61 18.10 8.13 <16.25
22 HD163296 6.24 5.52 4.70 3.52 3.14 MA 18.20 20.99 28.24 <40.62
23 HD169142 7.43 7.01 6.53 5.64 5.57 MA 2.95 18.43 29.57 23.42
24 HD179218 6.99 6.64 5.91 4.68 4.18 J,H EI; K-M LA 23.44 43.63 29.92 17.35
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Figure 4.1— The positions of our stars in the HR diagram. The solid curves indicate the
evolutionary tracks of stars of different masses; the dashed curve represents the birthline
for an accretion rate of 10−5 M⊙yr−1 (both are taken from Palla & Stahler 1993).

pre-main-sequence (PMS) star with a mass between 1.5 and 3.5M⊙ (see
Fig. 4.1).

2. A color criterion, J-H>0.25mag, assuring that the onset of the near-
infrared (NIR) excess is well defined, in agreement with the inner bound-
ary of the gas rich disk being set by the silicate evaporation temperature
of ∼1500K (see Table 4.2 for an overview of the photometric data used).

4.2.1 Selection effects

In order to study other selection effects that may have entered our sample, we
determined the mass and age (calculated from the birthline, for an accretion
rate of 10−5M⊙yr−1) of the stars by placing them in the HR diagram (Fig. 4.1)
and comparing their positions to PMS evolutionary tracks published by Palla
& Stahler (1993). Throughout this chapter “age” τ is defined relative to the
position of the birthline, which is where the star becomes optically visible for
the first time. The luminosity is calculated from the observed photometry and
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Figure 4.2— The derived stellar mass estimates vs. the pre-main-sequence age estim-
ates. Our sample shows a clear lack of relatively old disks around 3-4M⊙ stars, and of
disks around relatively young stars less massive than about 2.5M⊙.

the measured distance to each star. The uncertainties in the derived stellar masses
and ages are dominated by the uncertainty in the distances to the stars (see also
van den Ancker et al. 1998). In Fig. 4.2 we show the derived stellar masses versus
the PMS ages of the stars. It is evident from this figure that our sample lacks
”old” (τ > 106.3yr) disks around 3-4M⊙ stars, and ”young” (τ < 106yr) disks
around stars less massive than about 2.5M⊙. The lack of “old” disks around
3-4M⊙ stars is likely caused by the shorter timescale on which the disks around
more massive stars are dispersed. The lack of “young” disks around the lower
mass stars is most likely a bias, caused by the fact that these stars do not clear
their environment as rapidly as the more massive (more luminous) stars, and
consequently become optically bright later in their evolution. Also, at a given
age, lower mass PMS stars are less luminous than more massive ones, and so
more easily escape optical detection.
This selection effect must be taken into account in any discussion about

the evolution of the dust in proto-planetary disks based on optically selected
samples.
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Figure 4.3— Classification of the sources based on global SED properties. We plot the
ratio of the near-infrared and infrared luminosity (see section 4.2.2) vs. the IRAS m12-
m60 color (defined as m12-m60=−2.5 logF12/F60, where F12 and F60 are the fluxes at 12
and 60 µm as listed in the IRAS point source catalogue). Sources classified as group I
according to ME01 are in the lower right part of the diagram, group II sources are in
the upper left part. Group Ia sources are indicated with crosses, group Ib sources by
triangles, and group II sources with diamonds. The dashed curve indicates our division
line between the two groups (section 4.2.2).

4.2.2 Classification of sources

ME01 empirically decomposed the infrared spectra of Herbig Ae/Be stars into
three components: a power law component, a cold black-body component, and
solid state emission bands (mainly at 10 and 20 µm). They found that some
sources exhibit both the power law and cold black-body component, and clas-
sified these sources as “group I”. Sources that lack the cold black-body com-
ponent were classified as “group II”. A further division into subgroups “a” and
“b” serves to indicate the presence or absence, respectively, of silicate emission
bands at 10 and 20 µm. It was proposed by ME01 that group I sources have a
large (several hundred AU) flared outer disk, whereas the group II sources have
a smaller, non-flaring outer disk.
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We classify the sources for which we have newly measured N-band (8-
13.5µm) spectra following ME01. Whereas ME01 had ISO spectra of their
sources at their disposal, our classification is based solely on broad-band pho-
tometry. We find that the group I and group II sources are well separated in an
IRASm12-m60 color versus LNIR/LIR diagram (Fig. 4.3), where LNIR is the integ-
rated luminosity as derived from the J,H,K,L and M band photometry, and LIR is
the corresponding quantity derived from the IRAS 12, 25 and 60 µm points. For
group I sources, LNIR/LIR ≤ (m12-m60)+1.5, group II sources have LNIR/LIR >
(m12-m60)+1.5. The dashed line in Fig. 4.3 indicates the boundary between the
two groups. For the classification of the sources we applied no color correction
to the IRAS data.
By use of the LNIR/LIR ratio (Chapter 2; Dullemond et al. 2003) we compare

the near-IR SED to the mid-IR SED. The near-IR SED is found to be similar for
all HAe stars (Natta et al. 2001), while the major differences occur in the mid-IR
SED. The LNIR/LIR ratio ratio is smaller for group I than for group II sources.
The mid-IR SED of group I sources is “double-peaked” compared to the SED
of a group II source. Group I sources are redder than their group II counterparts.
The IRAS m12-m60 color index quantifies this difference in SED shape.

4.3 Observations and data reduction

Infrared spectra in the 10 µm atmospheric window were taken in December 2001
and March 2003 with the TIMMI2 instrument mounted at the 3.60m telescope
at ESO La Silla observatory. Conditions were clear during all nights. The low
resolution (R≈160) N band grism was used in combination with a 1.2 arcsecond
slit. The pixel scale in the spectroscopic mode of TIMMI2 is 0.45 arcseconds. A
log of our observations is given in Table 4.3.

4.3.1 Atmospheric correction

Ground-based observations at 10 µm are particularly challenging because of the
high atmospheric and instrumental background, and the varying transmission of
the earth atmosphere. As proper spectral calibration is essential for the compos-
itional analysis presented in section 4.5.1, we report here in some detail on our
data reduction method.
To deal with the high background signal, we employed standard chopping

and nodding, using a +10 arcsecond chop throw North-South, and a −10 arc-
second nod throw North-South. For the spectral calibration of our measurements
we regularly observed standard stars. These observations are used to determine
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Table 4.3— Log of the TIMMI 2 observations. We list the observing date (defined as the day on which each observing night began), time (U.T.), airmass of
the observation, and integration time in seconds (columns 3-6). The calibrators used for the atmospheric correction are also given, with the time and airmass of the
measurements (columns 7-12).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
# star date time mA Tint calibrator 1 time mA,1 calibrator 2 time mA,2

2 UX Ori 27-12-2001 01:09 1.31 1380 HD32887 01:59 1.06 HD32887 00:39 1.25
3 HD36112 18-03-2003 23:19 1.83 960 HD48915 00:27 1.04 HD29139 23:58 1.88
4 HK Ori 19-03-2003 23:21 1.39 960 HD48915 00:56 1.08 HD23249 00:04 1.68
5 HD245185 19-03-2003 00:27 1.56 720 HD48915 00:56 1.08 HD23249 00:04 1.68
6 V380 Ori 17-03-2003 00:59 1.37 960 HD48915 00:21 1.04 HD58972 01:36 1.34
7 HD37357 19-03-2003 01:08 1.43 720 HD48915 00:56 1.08 HD55865 02:33 1.46
8 HD37806 27-12-2001 04:04 1.12 690 HD32887 01:59 1.06 HD32887 00:39 1.25
9 HD95881 17-03-2003 02:55 1.37 720 HD48915 00:21 1.04 HD107446 02:41 1.32
10 HD97048 19-03-2003 03:02 1.52 720 HD98292 04:02 1.28 HD55865 02:33 1.46
11 HD100453 18-03-2003 05:24 1.13 960 HD93813 05:00 1.08 HD146003 06:38 1.25
12 HD100546 19-03-2003 05:09 1.34 960 HD109379 05:36 1.01 HD98292 06:18 1.37
13 HD101412 17-03-2003 03:25 1.19 960 HD48915 00:21 1.04 HD89388 04:04 1.19
14 HD104237 17-03-2003 04:57 1.52 480 HD123139 08:04 1.03 HD89484 04:37 1.65
15 HD135344 17-03-2003 05:56 1.13 960 HD123139 08:04 1.03 HD107446 06:35 1.20
16 HD139614 17-03-2003 07:25 1.05 960 HD123139 08:04 1.03 HD107446 06:35 1.20
17 HD142666 18-03-2003 06:07 1.23 720 HD93813 05:00 1.08 HD146003 06:38 1.25
18 HD142527 18-03-2003 06:56 1.11 720 HD123139 08:07 1.04 HD146003 06:38 1.25
19 HD144432 18-03-2003 07:25 1.06 960 HD123139 08:07 1.04 HD146003 06:38 1.25
20 HD144668 17-03-2003 09:15 1.02 720 HD152334 09:45 1.03 HD152786 09:01 1.14
21 HD150193 18-03-2003 08:23 1.04 720 HD123139 08:07 1.04 HD146003 06:38 1.25
22 HD163296 18-03-2003 09:40 1.04 480 HD123139 08:07 1.04 HD152786 09:22 1.12
23 HD169142 17-03-2003 10:07 1.03 960 HD152334 09:45 1.03 HD152786 09:01 1.14
24 HD179218 19-03-2003 09:39 1.78 480 HD152334 07:59 1.10 HD187642 10:00 1.68
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both the atmospheric extinction per unit airmass (Aν) and the instrumental re-
sponse (Rν) at all wavelengths. For each science observation, we determine Aν
and Rν from two calibration measurements:

sν,1 = Iν,1 e−τν,1Rν ; τν,1 = AνmA,1 (4.1)

sν,2 = Iν,2 e−τν,2Rν ; τν,2 = AνmA,2,

where sν,i are the measured calibrator spectra, Iν,i are the intrinsic (model) cal-
ibrator spectra, τν,i are the optical depths of the earth atmosphere during the
calibration measurements, and mA,i denote the airmass at which the calibrators
were observed. Whenever possible, we chosemA,1 ormA,2 to be very close to the
airmass of the science observation. Both calibrator measurements are chosen as
close in time as possible to the science observation. For the intrinsic calibrator
spectra we use “spectral templates” by Cohen et al. (1999)1. Table 4.4 lists the
observed calibrators and the applied templates, which are chosen to match the
calibrator spectral type as closely as possible. Solving Eq. 4.1 for Aν and Rν, we
find:

Aν =
ln(Iν,2/Iν,1) + ln(sν,1/sν,2)

mA,2 − mA,1
(4.2)

Rν =
sν,1

Iν,1e−AνmA,1
(4.3)

The intrinsic spectrum of a science target observed at airmass mA is then calcu-
lated from its measured spectrum sν as:

Iν =
sν
Rν
eAνmrmA (4.4)

For a number of sources we have ISO spectra available. We generally find
very good agreement in spectral shape between the ISO data and our new
ground based spectra. A comparison with the ISO spectra of the brighter stars
(HD100546, HD163296, HD150193) shows differences at the level of at most a
few percent in the shape of the spectra, when the TIMMI2 spectra are scaled such
as to most closely match the flux levels in the ISO spectra. For each HAe star
spectrum, the time and airmass of observation, as well as the time and airmass
of the two calibration observations are given in Table 4.3.

1available for download at the TIMMI2 website (http://www.ls.eso.org/lasilla/sciops/timmi/docs/tables/)
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4.3.2 Flux calibration

Our stars have been selected to be isolated Herbig stars. Therefore, the IRAS
photometry will in most cases not be contaminated by emission from nearby
sources or a surrounding remnant cloud. All emission seen in the IRAS data is
expected to originate in the disk. We flux-calibrated the spectra using the IRAS
12 µm data, by applying a scaling factor q such that

q
# ∞

ν=0
IνTνdν = F12 × 1.35 × 10−10 [erg s−1cm−2], (4.5)

where Tν is the normalized instrumental response function of the IRAS 12 mi-
cron band, and F12 is the 12 micron flux as listed in the IRAS point source
catalogue (a source that has a 12 µm flux of F12=1 Jy in the IRAS point source
catalogue, yields an inband flux of 1.35 × 10−10 erg s−1cm−2). The IRAS 12
micron band runs from 8 to 15 µm and is therefore somewhat broader than our
spectral coverage. To allow for the calibration we estimate the spectrum between
13.5 and 15 µm, by linearly extrapolating Iν between the continuum points meas-
ured at 8 and 13 µm. Our final calibrated spectrum is then Fν = qIν. We estimate
the absolute photometric accuracy to be 15%.

4.4 Description of the observations

4.4.1 Description of the spectra

The spectra of our sample of HAe stars are shown in Fig. 4.4. All stars show
spectral structure on top of a continuum whose slope varies strongly from star to
star. The spectral features are due to various kinds of silicates (see section 4.5.1
below). Also, emission from Polycyclic Aromatic Hydrocarbons (PAHs) can
be seen, at 7.9, 8.6, 11.3 and 12.7 µm. The relative importance of the silicate
and PAH contributions varies strongly. There are sources that show both silicate
and PAH emission (e.g. HD100546), sources that show only silicate emission
(e.g. HD144432), and sources that display only PAH emission (e.g. HD97048).
There are no sources in our sample that have a completely featureless 10 micron
spectrum.
ME01 and Acke & van den Ancker (2004) found that the SED correlates

with the presence and/or strength of the PAH bands: group I sources tend to
show (prominent) PAH emission, while group II sources do not. This trend is
confirmed in our sample, but we note that there is considerable scatter. For
instance, HD95881 has little far-IR excess and is thus classified as group II, but,
nonetheless, shows clear PAH emission bands.
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Table 4.4— Spectral templates used for the calibrators (see section 4.3.1).
calibrator spectral template file template

type sp. type
HD23249 K0IV hd123139.tem K0IIIb
HD29139 K5III alp Tau.dat K5III
HD48915 A1V ν2 law ν2 law
HD55865 K0III hd123139.tem K0IIIb
HD58972 K3III hd6805.tem K2III
HD89388 K3IIa hd6805.tem K2III
HD89484 K1IIIb hd169916.tem K1IIIb
HD92397 K4.5III hd32887.tem K4III
HD93813 K0/K1III hd123139.tem K0IIIb
HD98292 M2III alp Tau.dat K5III
HD107446 K3.5III hd32887.tem K4III
HD109379 G5II hd37160.tem G8III-IV
HD123139 K0IIIb hd123139.tem K0IIIb
HD146003 M2III alp Tau.dat K5III
HD152334 K4III hd32887.tem K4III
HD152786 K3III2 hd6805.tem K2III
HD177716 K1IIIb hd169916.tem K1IIIb
HD187642 A7V HD187642 spec.dat A7IV-V

The silicate band shows very large variations in shape and strength. The bulk
of the emission is in most cases due to amorphous silicates, but almost all stars
show some spectral structure near 11.3 µm, which can be attributed to forsterite.
Note, however, that this feature blends with the 11.3 µm PAH band. There are
also narrow emission bands near 9.2 and 10.6 µm. These are due to crystalline
forsterite and enstatite, respectively. The spectrum of HD100546 is dominated
by crystalline forsterite, while that of HD179218 is dominated by crystalline
enstatite. This latter star shows one of the richest 10 µm spectra observed to
date (see Fig.4.5). The resonances of crystalline enstatite are clearly visible in
the spectrum of this source. The ISO spectrumHD179218 at longer wavelengths
also points to a relatively high abundance of crystalline enstatite (Bouwman et al.
2001). It is obvious that the nature of the crystalline dust in our sample shows
very large variations, both in terms of the fraction of the dust that is crystalline,
and its composition.
There are four stars (HD97048, HD100453, HD135344 and HD169142),



4.4 Description of the observations 69

all classified as group I, that show no detectable silicate emission. Instead, their
10 µm spectra are dominated by PAH emission. The lack of silicate emission
is most simply explained by assuming that there are no small (< 3-5 µm) silic-
ate grains in the inner 10-20AU of the disk. Meeus et al. (2002) derive limits
on the presence of small silicate grains in HD100453, and argue that all grains
smaller than 4 µm must have been removed. The most likely cause for the re-
moval of small silicate grains is grain growth, but apparently this has not affected
the population of small carbonaceous grains to the same extent (see this thesis,
Chapter 3). Possibly, small grains survive in the outer disk regions. At large
distance from the star, the silicate grains may be too cold to contribute to the
10 µm spectrum, while the PAHs can still produce significant emission. This can
only occur if the PAHs have not been incorporated into larger grains. Indeed, in
Chapter 6 we find evidence for a distance dependence of the typical silicate grain
size in the surface layers of HAe star disks: in the innermost regions growth has
proceeded further than in the outer disk regions.

4.4.2 The shape and strength of the silicate feature

In Fig. 4.6 we show the ratio of the continuum subtracted flux at 11.3 and 9.8 µm,
against the silicate peak to continuum ratio (“feature strength”)2. Group I sources
are indicated with triangles, group II sources with diamonds (the “outlier” at
[1.95,1.25] is HD100546). Sources with a low 11.3/9.8 ratio have a triangular
shaped emission feature, clearly peaked just shortward of 10 µm (e.g. UX Ori,
in Fig. 4.4). Sources with a high 11.3/9.8 generally have a broad, flat-topped
emission band, often showing substructure (e.g. HD37806, HD142527). There
is a clear correlation between shape and the strength of the silicate feature; stars
with a strong feature (i.e. a high peak/continuum ratio) have a low 11.3/9.8 ratio,
whereas stars with weaker silicate features have higher 11.3/9.8 ratios. This
correlation was first demonstrated in Herbig Ae stars in Chapter 2 of this thesis.
Meeus et al. (2003) and Przygodda et al. (2003) have subsequently shown that
the same trend is observed in the silicate feature of T-Tauri stars.
The shape of the emission bands with a low 11.3/9.8 ratio is similar to that

of the ISM silicate absorption feature. Such 10 micron features are indicative of
small, amorphous silicate grains, i.e. “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger grains, and a higher

2To estimate the continuum we simply interpolate linearly between 8 and 13 micron. The
peak/continuum ratio is the maximum value of the normalized spectrum Fnorm = 1 + Fν,cs/ <
Fν,c >, where Fν,cs is the continuum subtracted spectrum (Fν−Fν,c) and < Fν,c > is the mean of the
continuum. This representation preserves the shape of the emission band even if the continuum is
not constant. For a constant continuum level it is identical to Fν/Fν,c.
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Figure 4.4— N-band spectra of the sources in our sample. The ISM silicate extinction
efficiency, plotted in the upper left panel, was taken from Kemper et al. (2004). The
AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the
best fits to the spectra (grey curves, see section 4.5.2).
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Figure 4.4— (Continued)

degree of crystallinity, i.e. “processed” dust. Thus, the silicate feature 11.3/9.8
ratio is a measure of the amount of processing that the material has undergone
(Bouwman et al. 2001).
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Figure 4.5— The N-band spectrum of HD179218 (upper panel), and the measured mass
absorption coefficients of ortho enstatite taken from Chihara et al. (2002) (lower panel).
The wavelengths of the most prominent emission bands are indicated by the dotted lines.
In this object, enstatite grains are an important constituent of the grain population that
causes the 10 µm feature.

4.5 Analysis

4.5.1 Compositional fits

To derive the composition of the silicate dust causing the 10 micron feature,
the observed spectra have been fitted using the most commonly found dust spe-
cies in circumstellar material that show spectral structure in the 10 micron re-
gion. These are amorphous and crystalline olivine and pyroxene and amorphous
silica (e.g. Bouwman et al. 2001). Amorphous olivine (Mg2xFe2(1−x)SiO4, where
0 " x " 1 denotes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It dominates the 10 micron
extinction caused by dust grains in the ISM (Kemper et al. 2004). The 10 mi-
cron emission spectrum of small amorphous olivine grains is characterized by a
rather broad feature which peaks at 9.8 µm. Small amorphous pyroxene grains
(MgxFe1−xSiO3) show an emission feature very similar to that of amorphous
olivine grains, though shifted toward shorter wavelengths. The emission spectra
from small crystalline olivine and pyroxene grains show strong, narrow reson-
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Figure 4.6— The flux ratio of the continuum subtracted spectra at 11.3 and 9.8 micron
(a measure for the amount of processing that the material has undergone) versus the
peak/continuum ratio of the silicate feature (a measure for the typical grain size). Group I
sources are indicated with triangles, group II sources with diamonds. In the upper right
corner of the figure we indicate the typical uncertainties in the displayed quantities.

ances that are observed in for example circumstellar disks (Waters & Waelkens
1998; Bouwman et al. 2001) and comets (Crovisier et al. 1997; Bouwman et al.
2003). From the positions of the resonances in the emission spectra of these
objects it is clear that the magnesium rich components dominate the emission
(see e.g. Jäger et al. 1998). In our fitting procedure we therefore use crystalline
olivine and pyroxene with x = 1, i.e. forsterite and enstatite respectively. For the
amorphous olivine and pyroxene we use x = 0.5.
Studies of interplanetary dust particles (Rietmeijer 1989) have shown that

some of these particles contain large inclusions of silica (SiO2). Also, from
laboratory experiments it is suggested that when amorphous silicates are an-
nealed to form forsterite, silica will be formed (see e.g. Fabian et al. 2000). The
emission spectrum of silica in the 10 micron region has a distinct spectral signa-
ture, with a strong feature peaking at 8.9 µm. Therefore, silica is included as one
of the possible dust components.
Many of our sources show emission bands at 7.9, 8.6, 11.3 and 12.7 µm

that are attributed to PAHs. A number of sources that do not show an obvious
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silicate feature do show strong PAH bands (HD97048, HD100453, HD135344,
HD169142). Some sources with silicate bands have clear PAH emission as well
(e.g. HD100546, HD179218). In order to include the PAH emission in our com-
positional fits, we constructed a simple PAH template. This was done by taking
our two highest quality spectra of sources without a silicate feature (HD97048
and HD169142), subtracting the continuum emission, and averaging over the
two spectra. The resulting PAH emission spectrum was added as a fit compon-
ent, and is shown in the bottom panel of Fig. 4.7.
We assume that all the dust grains contributing to the spectrum at 10 µm have

the same temperature, i.e. they are in thermal contact. Furthermore we assume
that the region of the disk from which the observed flux originates is optically
thin at 10 µm, which must be the case since we see emission features. The flux
emitted by a distribution of dust grains is then given by

F silicateν ∝ Bν(T )
$
wiκi, (4.6)

where Bν(T ) denotes the Planck function at temperature T , κi is the mass ab-
sorption coefficient of dust component i (see also Fig. 4.7), and wi is a weighting
factor which is proportional to the total dust mass in component i. The summa-
tion is over all dust components. The mass absorption coefficient of each dust
species is determined by the size, shape, structure and chemical composition of
the dust grains. The total model spectrum F modelν is then calculated by adding a
continuum and PAH contribution to the silicate emission.

Shape of the dust grains

The shape and structure of the dust grains are very important parameters determ-
ining the feature shape of the emission spectrum. Usually it is assumed that the
grains are homogeneous and spherical so that Mie theory can be applied to cal-
culate the κi. Another widely used assumption is that the grains are much smaller
than the wavelength of radiation (“Rayleigh limit”) in which case it is mathemat-
ically straightforward to adopt a continuous distribution of ellipsoids (CDE Bo-
hren & Huffman 1983; Bouwman et al. 2003). Since micron sized silicate grains
are not in the Rayleigh limit at a wavelength of 10 µm, we cannot use CDE calcu-
lations to study grain growth. Furthermore, a comparison between calculations
of the mass absorption coefficients of small crystalline silicates with measure-
ments shows that we cannot get good agreement using homogeneous spherical
particles (see for example Fabian et al. 2001).
Adopting different grain shapes, Min et al. (2003) showed that the absorption

properties can be divided in essentially two categories. The one category con-
tains the perfect homogeneous spheres; the other all other investigated shapes,
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Dust component Chemical formula Shape Ref.
Amorphous olivine Mg2xFe2−2xSiO4 Homogeneous Spheres DO
Amorphous pyroxene MgxFe1−xSiO3 Homogeneous Spheres DO
Crystalline forsterite Mg2SiO4 Hollow Spheres SP
Crystalline enstatite MgSiO3 Hollow Spheres JA
Amorphous silica SiO2 Hollow Spheres SK

Table 4.5— Characteristics of the various dust components used in the fitting procedure
(see section 4.5.1). The chemical formulae and assumed grain shapes have been indic-
ated in the second and third column. In the fourth column, we give references for the
used refractive index data used (DO: Dorschner et al.1995, SP: Servoin & Piriou 1973,
JA: Jäger et al. 1998, SK: Spitzer & Kleinman 1960. )

including hollow spheres. Shape effects within the second category do exist, but
they are small compared to the differences with homogeneous spheres. One
could say that this implies that the difference between perfect homogeneous
particles and those having other shapes is essentially a result of a breaking of
perfect symmetry (see also Min et al. 2003). This implies that we have only
very limited information on the true (likely irregular) shape of astrophysical dust
grains from spectroscopic analysis. However, a practical implication of this res-
ult is that one may represent the absorption properties of irregular grains with
sufficient accuracy by adopting any type of shape other than that of homogen-
eous spheres. For this purpose, one can use a distribution of hollow spheres,
simply averaging over the volume fraction occupied by the central inclusion,
which ranges from 0 to 1. In this shape distribution, the material volume of
the particle is kept constant. This shape distribution has the advantage that it
can be applied for all grain sizes using a simple extension of Mie theory. Min
et al. (2003) showed that this indeed gives excellent results for small forsterite
grains. Therefore, in this chapter, the mass absorption coefficients of all crys-
talline grains (forsterite, enstatite) and silica are calculated with a distribution of
hollow spheres. For the amorphous olivine and pyroxene particles we use Mie
theory since for these species the effects of shape on absorption properties are
minor.

The κi are calculated using laboratory measurements of the refractive index
as a function of wavelength. References for the measurements used for the vari-
ous dust species are listed in Table 4.5.
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Figure 4.7—The mass absorption coefficients of the various templates used in the fitting
procedure (upper 5 panels). We use grains with volume equivalent radii of 0.1 µm (solid
lines) and 1.5 µm (dotted lines). In the lower panel we show the template used for the
PAH emission, which is normalized such that the maximum flux equals unity. For a
detailed discussion see section 4.5.1.

Fitting procedure and error analysis

In order to keep the number of free parameters in the model small, only two grain
sizes are used for every silicate dust type. Throughout this paper the size of a dust
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grain is denoted by the radius of a material volume equivalent sphere. We find
that the variety of spectral shapes is best covered by spectral templates of dust
grains with a volume equivalent radii of 0.1 and 1.5 µm (for a similar analysis
see Bouwman et al. 2001). We thus have contributions of five silicate species,
of PAHs and of a blackbody continuum of which the absolute level and shape
(temperature) can be varied. The emissivities of the silicates are multiplied by a
blackbody spectrum with the same temperature as the continuum. This results in
13 free parameters. The silicate and PAH templates are shown in Fig. 4.7.
To fit the spectra we minimize the reduced χ2 of the entire 10 micron region

given by

χ2 =
1

Nλ − M

Nλ$

i=1

%%%%%%
F modelν (λi) − F observedν (λi)

σi

%%%%%%

2

. (4.7)

Here Nλ is the number of wavelength points λi, M is the number of fit paramet-
ers (in this case M = 13) and σi is the absolute error on the observed flux at
wavelength λi. For a given temperature T we can calculate the optimal values
for the weights wi of the individual dust components, using a linear least square
fitting procedure.
The measurement errors (σi) used in the fitting procedure represent the stat-

istical noise in the spectra. The calibrator spectra all have a very high signal to
noise ratio (SNR) and statistical noise of the calibration observations is negli-
gible. The SNR in our Herbig star spectra range from ∼18 in the faintest source
(HD135344) to approximately 60 in the bright sources (e.g. HD100546). There
are also systematic uncertainties, arising from an imperfect calibration, and the
uncertainty in the used spectral templates for the calibrators. Some degree of
systematic error is inevitable, since the science target and calibrator cannot be
measured at the same time and in the same direction. Since we cannot assess the
systematic uncertainties we do not take these into account. We note, however,
that agreement between our ground based spectra and high SNR ISO spectra is
generally very good. For the faint sources (such as UX Ori), the statistical noise
dominates the error budget. For bright sources (e.g. HD144432) the systematic
uncertainties may be important, implying that we underestimate the errors. This
will evidently lead to higher χ2 values in the fit procedure.
The errors on the fit parameters are calculated using a Monte Carlo method.

For every spectrum we generate 1000 synthetic spectra, by randomly adding
Gaussian noise to the spectrumwith a distribution of widthσi at each wavelength
point. This yields 1000 spectra that are all consistent with our data. On each of
these, we perform the exact same compositional fit procedure, yielding (slightly)
different values of the fit parameters. From the resulting distribution of all fit
parameters, we calculate the mean (which will be our ’best fit’ value) and stand-



78 A 10 µm spectroscopic survey of Herbig Ae star disks

8 10 12 8 10 12

Figure 4.8— The templates used in the fitting procedure (solid curves) together with
the resulting best fits using all other templates (dotted curves). The spectra are all nor-
malized such that the maximum value of the template equals unity. In the left column
we show the templates for the small grains (0.1 µm), in the right column those of the
large grains (1.5 µm). The large pyroxene template can be fitted reasonably well with a
linear combination of the other templates. Therefore, only our highest SNR spectra are
of sufficient quality to firmly establish the presence of large pyroxene grains. Non of the
other templates can be fitted well, which shows that for these dust species we have an
unambiguous spectral diagnostic.

ard deviation. Besides its simplicity, this method has the advantage that degen-
eracies between fit parameters automatically show up as large errors in these
parameters.
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4.5.2 Results

Fig. 4.4 shows the observed spectra together with the best fit model spectra. For
comparison we also fit the interstellar extinction as observed towards the galactic
center (Kemper et al. 2004). The resulting values of the fit parameters are sum-
marized in Table 4.6. The overall quality of the model fits is very good and we
thus conclude that the diversity of the shapes of the observed spectra are well
covered by the choice of the spectral templates. We notice that in some sources
the model fits show slightly more spectral structure between 9 and 11 µm than
the observed spectra. This could be caused by the choice of the shape distribu-
tion of the dust grains, which may be too simple to represent the spectral details
of realistic particles. We also notice that in, for example, HD179218 we cannot
accurately reproduce the detailed shape of the spectrum. Especially the feature
around 11.3 µm is less sharply peaked in the observed spectrum than in the model
fit. This effect can also be seen in other sources, albeit in a more modest form,
and could be caused by a missing dust component or by the choice of the shape
distribution.
As an objective measure for the goodness of fit, the reduced χ2 of every

fit is listed in Table 4.6. For a good fit this parameter should be close to unity.
The likely reason that we have relatively high values of χ2 for about half of the
sources is that we do not take into account the uncertainties on the κi. These are
mainly caused by uncertainties in the shape, structure and size of the grains, and
in the laboratory measurements of the wavelength dependent refractive indices.
To test whether we have degeneracies between the various templates used in

the fitting procedure we tried to fit each of the silicate templates using a linear
combination of all other templates. The results are shown in Fig. 4.8 where we
plot the mass absorption coefficients together with the best fit using the other
templates (here the mass absorption coefficients have been normalized such that
the maximum value equals unity). The figure shows that almost all of the tem-
plates used have a unique spectral structure that cannot be reproduced by the
other templates. Only the emission from large pyroxene grains can be repro-
duced reasonably well by the other templates, although significant differences
still exist (e.g. the 11.3 µm feature that is present in the fit to the large pyroxene
opacity in Fig. 4.8). The fit consists of 52% large olivine grains, 43% small
pyroxene grains and only 5% of crystalline silicates. This could result in a slight
change in the fraction of large grains when this template is not used. The crys-
talline fraction would not be affected significantly. Because the small pyroxene
grains are needed in order to reproduce the short wavelength side of some of the
spectra, we chose to include also the large pyroxene grains for consistency. The
presence of large pyroxene grains can be firmly established only in the highest
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Table 4.6— The best fit values of the parameters in our compositional fits. The abund-
ances of small (0.1 µm) and large (1.5 µm) grains of the various dust species are given as
fractions of the total dust mass, excluding the dust responsible for the continuum emis-
sion. If a species was not found, or unconstrained by the spectra, this is indicated by a
- symbol.

# Star χ2 T [K] Olivine Pyroxene
Small Large Small Large

0 Gal. Center 66.8 - 85.8+0.1−0.1 - 12.5+0.1−0.1 -
1 AB Aur 2.5 463.8+6.3−4.1 49.5+2.2−2.4 47.2+2.5−2.6 - -
2 UX Ori 0.7 676.5+28.6−37.4 63.6+4.9−4.5 30.7+6.0−7.9 - 2.0+5.8−1.8
3 HD36112 1.7 669.1+19.4−21.2 50.5+1.8−1.7 22.4+3.2−3.1 - 22.2+1.8−1.8
4 HK Ori 0.4 516.0+11.9−11.4 7.1+7.6−5.4 0.9+16.3−0.9 13.7+7.2−7.9 75.3+9.9−13.3
5 HD245185 0.6 337.1+7.1−9.1 28.5+3.5−3.5 57.4+7.5−8.8 0.1+2.5−0.1 12.2+6.5−5.9
6 V380 Ori 1.8 480.6+9.4−1.3 - 0.8+6.5−0.8 - 74.6+2.9−5.0
7 HD37357 0.5 508.3+22.4−24.5 3.9+5.9−3.4 39.4+11.9−14.8 0.1+3.6−0.1 46.0+10.4−9.9
8 HD37806 1.8 524.5+6.6−6.0 - 59.8+4.6−5.7 - 0.8+5.2−0.8
9 HD95881 3.7 428.5+1.5−8.6 - - - 79.7+4.0−2.7
10 HD97048 1.4 303.1+6.9−3.1 - - - -
11 HD100453 2.1 429.3+0.7−9.3 - - - -
12 HD100546 5.6 261.4+8.6−1.4 2.5+1.1−1.6 78.5+1.3−1.2 - 0.0+0.7−0.0
13 HD101412 0.5 425.0+5.8−5.2 - 0.3+9.1−0.3 0.2+4.3−0.2 75.2+5.4−7.0
14 HD104237 3.9 446.4+3.6−6.4 - - - 77.7+1.6−1.3
15 HD135344 0.8 680.4+17.7−13.7 - - - -
16 HD139614 0.6 276.6+3.5−6.7 16.0+6.2−6.5 47.0+11.2−16.7 - 29.7+13.8−9.8
17 HD142666 1.6 396.3+3.9−6.3 42.8+2.9−2.7 9.7+5.0−6.5 - 43.5+3.9−2.9
18 HD142527 11.1 522.5+7.5−2.5 - 0.0+0.8−0.0 - 73.2+0.7−1.0
19 HD144432 3.0 400.5+9.6−0.5 52.7+0.7−0.7 0.0+1.1−0.0 - 42.3+0.7−0.8
20 HD144668 9.6 516.8+3.2−6.8 - 56.9+6.8−13.2 - 12.0+12.4−6.1
21 HD150193 5.1 409.9+0.1−10.3 - 0.7+1.1−0.6 - 82.1+0.7−0.8
22 HD163296 10.7 461.2+8.9−1.2 15.3+0.7−1.4 29.8+3.8−1.4 - 42.2+0.8−2.1
23 HD169142 0.9 348.0+3.5−8.0 - - - -
24 HD179218 11.8 350.0+0.0−14.1 - 11.3+2.6−2.6 - 58.7+2.1−2.0
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Table 4.6— (continued). The PAH and continuum flux contributions (the last two
columns) are listed as percentages of the total integrated flux over the 10 µm region,
contained in these components. These are measures for the relative flux contributions,
but cannot be interpreted as relative dust masses.

# Forsterite Enstatite Silica PAH Cont.
Small Large Small Large Small Large contr. contr.

0 0.6+0.0−0.0 - - - - 1.0+0.0−0.0 0.5+0.0−0.0 -
1 0.6+0.2−0.2 2.7+0.7−0.7 - - - - 1.9+0.1−0.2 53.1+0.5−0.4
2 1.2+0.4−0.4 0.3+0.9−0.3 0.6+0.6−0.4 1.1+1.2−0.8 - 0.6+0.4−0.4 0.1+0.3−0.1 45.2+1.3−1.4
3 2.9+0.1−0.1 0.0+0.1−0.0 1.8+0.2−0.2 0.2+0.4−0.2 - - 0.1+0.1−0.1 33.9+0.4−0.5
4 0.7+1.0−0.6 1.4+2.7−1.3 0.1+1.0−0.1 0.1+1.6−0.1 - 0.8+1.6−0.8 2.5+0.4−0.4 68.5+1.4−1.3
5 0.2+0.3−0.2 0.7+0.9−0.6 0.0+0.3−0.0 0.0+0.7−0.0 - 0.9+0.5−0.5 1.1+0.2−0.3 50.6+1.1−1.1
6 2.2+0.6−0.5 10.8+1.5−1.4 - 10.8+1.8−1.7 0.8+0.3−0.3 0.0+0.4−0.0 0.7+0.1−0.1 84.9+0.5−0.4
7 2.7+0.5−0.6 2.2+1.8−1.5 0.9+0.9−0.7 1.3+1.8−1.1 0.0+0.2−0.0 3.5+0.8−0.8 0.1+0.3−0.1 47.5+1.6−1.5
8 6.2+0.9−0.8 3.5+1.9−1.8 0.2+0.9−0.2 20.9+2.7−2.6 5.0+0.4−0.4 3.5+0.8−0.8 1.8+0.2−0.2 73.7+1.0−0.9
9 0.7+0.5−0.5 4.7+1.6−1.9 0.0+0.8−0.0 11.3+1.7−2.4 3.0+0.3−0.3 0.5+0.9−0.5 3.0+0.2−0.1 84.2+0.4−0.7
10 - - - - - - 14.1+0.2−0.2 83.1+0.6−0.4
11 - - - - - - 4.4+0.1−0.1 93.5+0.2−0.4
12 6.2+0.8−0.2 0.1+0.4−0.1 - 5.7+0.5−0.4 0.2+0.1−0.1 6.7+0.3−0.6 3.7+0.1−0.7 55.3+2.9−0.6
13 0.7+1.2−0.6 3.4+3.1−2.5 0.1+1.2−0.1 16.8+3.9−3.4 3.2+0.6−0.6 0.1+1.2−0.1 2.0+0.2−0.2 80.2+1.1−0.9
14 5.9+0.4−0.6 - - 11.8+1.0−1.2 1.7+0.2−0.1 2.9+0.4−0.4 1.4+0.2−0.1 63.4+0.6−0.9
15 - - - - - - 4.9+0.3−0.3 90.3+1.0−1.0
16 2.4+0.9−0.8 0.7+1.7−0.6 0.0+0.7−0.0 4.1+2.3−2.1 - 0.1+0.7−0.1 2.2+0.3−0.3 75.9+1.3−1.6
17 1.1+0.3−0.3 2.3+0.8−0.8 0.0+0.3−0.0 0.6+0.8−0.5 - - 1.7+0.2−0.1 66.8+0.5−0.5
18 8.6+0.4−0.2 - 0.6+0.2−0.2 14.2+0.8−0.6 2.4+0.1−0.1 1.0+0.2−0.3 3.1+0.1−0.2 58.8+0.7−0.3
19 1.9+0.1−0.1 0.7+0.3−0.3 0.7+0.2−0.2 0.9+0.3−0.3 - 0.6+0.1−0.1 0.5+0.1−0.1 39.7+0.5−0.3
20 7.0+0.3−0.3 6.3+0.9−0.8 0.0+0.3−0.0 12.1+0.9−0.8 1.5+0.2−0.3 4.2+0.3−0.3 1.2+0.1−0.1 85.3+0.2−0.3
21 3.3+0.1−0.1 4.1+0.3−0.3 0.2+0.2−0.2 3.7+0.3−0.4 - 5.8+0.1−0.1 0.2+0.1−0.1 39.7+0.2−0.3
22 3.1+0.1−0.1 1.3+0.3−0.3 0.2+0.1−0.1 4.0+0.3−0.3 - 4.1+0.1−0.1 1.1+0.1−0.1 49.6+0.2−0.2
23 - - - - - - 16.1+0.2−0.2 82.0+0.4−0.5
24 - 3.5+0.6−0.7 6.2+0.4−0.4 18.3+0.8−0.7 2.0+0.1−0.1 - 4.4+0.1−0.1 64.8+0.2−0.2
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SNR spectra.
There are a few points one has to keep in mind when interpreting the results

of the presented analysis presented above.

• Since we consider only the 10 micron region of the infrared spectrum our
data are sensitive only to grains with a temperature of ∼ 200 K or more.
This limits our study to the inner disk regions.

• Because of the same limitation of the spectral range our data are sensitive
only to the small grain component. In order for the emission to show an
observable spectral signature, the dust grains have to be small compared to
the wavelength of radiation. 10 µm measurements are sensitive to grains
with a volume equivalent radius rV "3 µm.

• The disks we study are partially optically thick at 10 µm. This means that
we cannot see deep into the disk. We only observe the surface layer.

• Due to the limited spatial resolution of our observations, we observe the
integrated spectra of the entire inner disk surface. The observed flux is
therefore an average over distance to the star and thus over temperature.
Also we know from spatially resolved observations of the innermost part
of a few disks that the mineralogy is not constant as a function of distance
to the star (Chapter 6). Close to the star we have higher temperatures and
densities which trigger both crystallization and grain growth. The derived
parameters therefore represent an average temperature and an average dust
composition.

4.5.3 Observed trends in the fits

We will now discuss the trends and correlations observed in the derived fit para-
meters.
In Fig. 4.9 we visualize the grain growth and crystallinity, as implied by our

compositional fits. Horizontally we plot the mass in large (1.5 µm) grains, as a
fraction of the total dust mass, excluding the dust responsible for the continuum
component, and the PAHs. Vertically, we likewise plot the mass fraction con-
tained in crystalline silicates in small and large grains, which is also referred to
as the crystallinity of the material.
Upon inspection of the figure it is clear that all disks show signs of substantial

removal of small grains. There are no sources with a mass fraction in large
grains below 30%. This infers that none of the sources in our sample contains
truly “pristine” dust. All sources have an appreciable amount of large grains at
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Figure 4.9— The relation between grain size and crystallinity found in our spectral fits.
Vertically, we plot the mass fraction of crystalline grains (forsterite and enstatite). Hori-
zontally, the mass fraction of large (1.5 µm) grains is plotted. Since group Ib sources do
not display a silicate feature, they are not shown here. For a discussion see sections 4.5.3
and 4.6.

their disk surface, compared to ISM conditions. In addition, all sources have a
crystallinity that is higher than the value we derive for the ISM (∼1%, Kemper
et al. 2004, derive an even more stringent upper limit of 0.4%).
The derived mass fraction in large grains ranges from ≈30% to ≈100%, with

most sources at high values. All sources exhibiting a high degree of crystallinity
have a high mass fraction in large grains. There are no highly crystalline sources
(crystallinity above 10%) with less than 85% of the dust mass in large grains.
There are no sources with a mass fraction of crystalline material above 35%

(see also Table 4.6). It should be kept in mind that the silicate emission we see
likely originates in the surface layer of the disk. In Chapter 2 we argue that the
disks are well mixed in the vertical direction, and that therefore the observed
silicate emission is representative of the whole micron and sub-micron sized
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Figure 4.10— The fraction of the dust mass contained in silica grains vs. the mass frac-
tion contained in forsterite grains. Following Bouwman et al. (2001) we also plot the
theoretical annealing behavior of two different amorphous magnesium silicates, smectite
dehydroxylate (SMD; Mg6Si8O22; upper dashed line) and serpentine dehydroxylate
(SD; Mg3Si2O7; lower dashed line). The solid line represents the expected annealing
behavior of a mixture of these two silicates, consisting of 4% SMD and 96% SD, which
was found by Bouwman et al. (2001) to give the best fit to their data. Our data are in
better agreement with a pure SMD initial composition.

dust population of the disk. In this work, “crystallization” refers to the process
of crystallizing the material (by whatever means), spreading it over a significant
part of the disk region seen at 10 µm, and bringing it up to the disk surface where
we can see it spectroscopically. In a scenario where the crystalline silicates are
produced by thermal annealing in the innermost disk regions, and transported
outward by radial mixing, the degree of crystallization is therefore a measure
of the degree of mixing in the disk rather than the actual process of annealing,
which is effectively instantaneous at the inner disk edge.

In Fig. 4.10 we plot the mass fraction of dust contained in forsterite versus
that contained in silica grains. It is clear that these mass fractions are correlated.
Experiments show that when forsterite is created by annealing of an amorph-
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Figure 4.11— The mass fraction of crystalline material contained in enstatite vs. the
total mass fraction of crystalline material. A value of 0 on the vertical axis indicates that
all the crystalline silicates present in the disk are in the form of forsterite, while a value
of 1 means all crystalline silicates are in the form of enstatite.

ous silicate, silica is formed as a by-product (Rietmeijer et al. 1986; Hallenbeck
& Nuth 1997; Fabian et al. 2000). The amount of silica that is created when
forming a certain amount of forsterite depends on the type of amorphous silic-
ate one starts out with. As already suggested by Bouwman et al. (2001), we
can try to constrain the composition of the amorphous material by measuring
the ratio of forsterite over silica. In the figure we also plot the expected an-
nealing behaviour of smectite dehydroxylate (SMD; Mg6Si8O22) and serpentine
dehydroxylate (SD; Mg3Si2O7). In low temperature condensation experiments,
these are the only magnesium silicates that are formed (Rietmeijer et al. 1999).
Whereas Bouwman et al. (2001) found that a mixture of 4% of SMD and 96%
of SD yielded the best fit to their data, our results seem to favour an initial com-
position of pure SMD. Possibly, the discrepancy between the results found by
Bouwman et al. (2001) and the results found here is connected to the differences
in the dust components used to fit the 10 µm spectra. Notably, Bouwman et al.
(2001) do not include large silica and forsterite particles.
In Fig. 4.11 we show the mass fraction of crystalline material contained in
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Figure 4.12— The mass fraction of large grains in the crystalline grain population vs.
the mass fraction of large grains in the amorphous component. When the average size
of the amorphous grains is large, the majority of the crystalline material resides in large
grains as well.

enstatite versus the total mass fraction of crystalline material. There is a cor-
relation between the fraction of the total mass contained in crystalline silicates
and the composition of these crystalline silicates. In general, for sources with a
high degree of crystallinity most crystals are in the form of enstatite, while for
the sources with a low crystallinity, forsterite is the dominant crystalline species.
We will discuss this further in section 4.6.3.

The amount of growth that the crystalline material has experienced is com-
pared to the growth in the amorphous component in Fig. 4.12. If the amorphous
grains are large, also the crystalline grains are large, though the correlation is
not tight. In all sources in which the amorphous component has more than 85%
large grains, also the crystalline component is dominated by large grains. The
sources that have less than 85% large grains in the amorphous component all
have a low crystallinity (see Fig. 4.9). Therefore, the ratio of large and small
crystals is poorly constrained in these sources, which is reflected in the large
errorbars.
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Figure 4.13— The mass fraction of dust in crystalline grains vs. the stellar mass. Higher
mass stars show an on average higher fraction of crystalline grains than do lower mass
stars.

The fraction of crystalline silicates is correlated with the mass and luminosity
of the central star. This is visualized in Fig. 4.13. The higher mass (higher
luminosity) stars have an on average higher crystallinity than the lower mass
(lower luminosity) stars. This correlation will be discussed in section 4.6.3.

All stars with a stellar mass above about 2.5M⊙ (L>60L⊙) have a high frac-
tion (!85%) of large grains (Fig. 4.14). Possibly, conditions in disks around
more massive stars are more favourable for growth than they are in the disks
around lower mass stars. An alternative explanation for the observed trend is
that the disks around the more massive stars, which are all relatively young
(Fig. 4.2), are more turbulent than those around the less massive, older stars.
As a consequence the mixing in the young disks will be more efficient. While in
the older stars the large grains decouple from the gas and settle to the midplane
(and therefore will not be detected in the 10 micron spectrum anymore), in the
young stars, larger grains can still reach the disk surface and cause the observed
average grain size to be higher.
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Figure 4.14— The mass fraction of dust residing in large grains vs. the stellar mass. All
stars with a mass M ! 2.5M⊙ have a mass fraction of large grains above 85%.

4.6 Discussion

We now discuss our fit results in terms of the processes that are responsible for
the dust evolution. We will first briefly outline the expected conditions that pre-
vailed during the active disk phase (section 4.6.1), i.e. the phase prior to the
passive disk phase. For a comprehensive review of active disks, see Calvet et al.
(2000). The disks of all stars in our sample are in the passive disk phase. The
characteristics of this phase are discussed in section 4.6.2. In section 4.6.3 we
summarize the constraints put on dust processing by this work and previous stud-
ies. Lastly, in section 4.6.4 we sketch a scenario that is consistent with the current
knowledge of dust processing and disk evolution.

4.6.1 The active disk phase

The accretion of matter onto a forming proto-star is believed to be initially spher-
ically symmetric. At some point, as the proto-star contracts, conservation of an-
gular momentum inhibits further spherical accretion. The accretion process then
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proceeds through a disk, and is accompanied by a bi-polar outflow. The fact
that material is radially transported through the disk implies that the disk has
viscosity, which is in turn coupled to turbulence.
During this so-called active disk phase, gravitational energy of the accreting

material is dissipated in the disk, thereby heating it. Accretion rates in the active
phase may reach values up to 10−5M⊙yr−1 (Calvet et al. 2000). Close to the
central star the main energy source of the disk is accretion luminosity, whereas
at larger radii irradiation by the star and hot inner disk regions is expected to be
the main heating source of the disk material.
The dust in the disk consists mainly of silicates (studied in this work), and

carbon. The dust does not contribute significantly to the disk mass in this phase
of the disk evolution (the gas over dust ratio is on the order of 102 by mass).
However, the thermal radiation emitted by the dust is the dominant cooling pro-
cess in the disk. In the outer disk regions where the main energy source is ir-
radiation, the dust governs the heating of the disk as well. Therefore, the dust
properties determine the disk temperature, except in the innermost disk region
where the heating is dominated by viscous dissipation of gravitational energy of
the accreting material. The gas, heated by the dust, provides the pressure support
of the disk.
The densities in the disk are high, especially near the disk mid-plane, and

one may expect coagulation of small dust grains into larger aggregates to occur.
Already after ∼ 104 yr of dynamical disk evolution the average mass of a grain
can increase by a factor 101 to 102, and close to the disk midplane the grains
may reach sizes of at least a few times 10 µm up to millimeters (Suttner & Yorke
2001). Close to the central star the temperatures in the disk can reach values in
excess of 1 000K. At this temperature the (initially mostly amorphous) silicates
are annealed, to form crystalline silicates. Yet closer to the star, temperatures
reach values beyond 1 500K, and crystalline silicates may form by gas phase
condensation of evaporated material.
In some of the stars in our sample, the crystalline silicates appear so prom-

inent that it is unlikely that their emission arises from the innermost disk region
only; the abundance of crystalline silicates must be high in a large part of the
region of the disk responsible for the 10 µm emission (less than 10-20AU from
the star). There are in essence two possible ways to get crystalline material at
10AU distance from the star: (1) thermal processing in the hot inner disk and
subsequent radial transport of this material outward, and (2) local production
of crystalline material at large distance from the star in transient heating events
(shocks, lightning). During the active disk phase the accretion rate in the vis-
cous disk is high and the disk will be turbulent. This is expected to enable radial
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mixing of material (Bockelée-Morvan et al. 2002; Gail 2004).

4.6.2 The passive disk phase

When the supply of fresh material from the maternal cloud has exhausted, further
accretion onto the star proceeds only on a very low level (order 10−8M⊙yr−1).
Under these conditions the energy production by viscous dissipation can be fully
neglected. Throughout the disk the temperature of the material is determined
by absorption of stellar radiation, this is referred to as the passive disk phase.
The stars that we study are in this evolutionary phase. In the observed SEDs
of sources in the passive disk phase, the infrared excess typically becomes no-
ticeable above the photospheric emission at a wavelength of about 1 µm. The
excess emission in the near-infrared indicates that the inner radius of the disk
is determined by the evaporation temperature of silicates (at about 1 500K). At
wavelengths longward of 2 µm the infrared emission from a gas rich disk com-
pletely dominates the SED.
The formation of planets and planetesimals is thought to occur during the

passive disk phase. As the disk dissipates on a timescale of 107 yr, the infrared
excess fades. The inner disk regions become devoid of gas and dust first. When
the star has evolved into the debris disk phase (e.g. βPictoris, Aumann 1984;
Smith & Terrile 1984) excess emission can be seen above the stellar photospheric
emission only at wavelengths above ∼10 µm.

The era of crystallization

During the passive disk phase there is a region in the inner disk where the temper-
ature is above 1 000K, and therefore the silicates will be crystallized. As there is
no significant accretion luminosity, this region will be smaller than in the active
disk phase. It is unclear whether the disk will be turbulent enough for significant
radial mixing to take place during the passive phase. Also the proposed mech-
anisms for local production of crystalline silicates in the outer disk regions are
more efficient in the active disk phase. Theoretically therefore, the active disk
phase is the preferable era for the crystallization of the dust. Nonetheless it has,
from an observational point of view, been suggested that the crystallinity of HAe
disks gradually evolves from low to high values during the passive phase (Grady
et al. 2000).
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4.6.3 New constraints on dust processing

We first briefly repeat the results that follow directly from our spectral modeling:

1. All disks have already substantial removal of the smallest (0.1 µm) grains.
The mass fraction of large (1.5 µm) grains ranges from about 35 to almost
100 percent.

2. The crystallinity ranges from about 5 to 30 percent. Disks with a high
crystallinity are always dominated by large grains.

3. Vice versa, disks with more than 80 percent large grains show a crystallin-
ity above 10 percent; disks with less than 80 percent large grains show a
crystallinity below 10 percent.

4. Large crystals are found when large amorphous grains are abundant. We
do not find disks in which the bulk of the grains is large, and the crystalline
silicates are small.

5. In disks with a crystallinity below 15 percent, more than 45 percent of the
crystalline silicates consist of forsterite. Above 15 percent crystallinity,
more than 45 percent of the crystalline silicates consist of enstatite.

When the stellar parameters of our sample stars (see Table 4.1) are taken into
account, several additional conclusions can be drawn:

6. The highest crystallinity found (between 20 and 30 percent) only occurs
in disks around stars with a mass above 2.5M⊙, and a luminosity above
60L⊙.

7. Below a crystallinity of 20 percent, there does not appear to be a cor-
relation between stellar parameters (mass, luminosity) and crystallinity.
Separate studies of the 10 micron spectra of TTauri stars (Przygodda et
al. 2003; Honda, private communication) indicate that the crystallinities
of TTauri star disks are similar to those observed in the disks of those
HAe stars in our sample that have M"2.5M⊙ (i.e. "10 percent). We note
that a small subset of the TTauri star disks shows a significantly higher
crystallinity, deviating from the general trend (Honda et al. 2003).

8. The stars in our sample with masses below 2.5M⊙have an age ranging
from 2×106 to ∼107 yr (see Fig. 4.2). If we consider only this subgroup,
we find no relation between the stellar age and the disk crystallinity. This
suggests that whatever caused the observed range of crystallinities in these
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stars, occurred before 2×106 yr. This puts the epoch of crystallization in
the active and/or early passive phase.

9. The stars that lack a 10 micron silicate emission band (HD97048,
HD100453, HD135344 and HD169142) tend to be old, with ages of 5-
10Myr.

A number of previous studies have been concerned with the crystalline silicates
in HAe star disks. Here we briefly recall some of the results that are of relevance
for this study:

10. Recent observations using the 10 µm instrument MIDI (Leinert et al. 2003)
on the VLT Interferometer (Glindemann et al. 2003) have enabled the ex-
traction of the spectra of the innermost ∼2AU of several HAe stars that
are also studied in this thesis (Chapter 6), showing that:

- HD144432 has virtually all its crystals in the inner 2AU.

- HD163296 has a flatter crystallinity ”gradient” and has a higher
overall crystallinity than HD144432.

- HD142527 has the highest crystallinity of the stars studied in
Chapter 6, virtually the entire inner disk is crystallized. Also at radii
larger than 2AU, the abundance of crystalline silicates is relatively
high.

- The innermost regions of the disks studied in Chapter 6 have exper-
ienced more grain growth than the outer disk regions. Small grains
are mostly found at larger distance from these stars.

11. ISO observations of HD179218 and HD100546 show the presence of cold
(100-150K) crystalline silicates. This implies a substantial crystallinity
even at distances between 20 and 40-50AU (Malfait et al. 1998b, ME01).

12. A 33.5 µm forsterite band is tentatively detected in the ISO spectrum of
HD100453 (Vandenbussche et al. 2004).

We will now discuss the implications of the points mentioned above. For
clarity, we have labeled each of the implications with the index number(s) of the
point(s) that lead to it.

1, 2, 3: The dust in the circumstellar disks coagulates more easily than it crys-
tallizes. This is likely due to the fact that the circumstances enabling grain
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growth (i.e. high densities) prevail in a much larger part of the disk than
the circumstances needed for crystallization of silicates (i.e. high tem-
peratures). Once a certain level of coagulation is reached, crystallinity
becomes a lot more obvious in the upper layers of the disk.

4: This observation is consistent with crystallization occurring as the grains
grow: whatever population of grains is present, is crystallized. Most of
the crystallization occurs when the average grain size is already large (mi-
cron sized).

1, 2, 3, 10, 12: Coagulation is more efficient in the inner disk regions than in
the outer disk regions. In the sources that lack a silicate band coagula-
tion must have proceeded furthest. Our relation between grain growth and
crystallization (Fig. 4.9) then implies that these disks must have a substan-
tial fraction of crystalline silicates, certainly above 10 percent and perhaps
more than 20 percent. However, we do not find the usual forsterite band
at 11.3 µm nor the 23.5 µm forsterite band. So, also the crystalline silic-
ates must on average be large. Indeed this is what was concluded for
HD100453 (Vandenbussche et al. 2004). Again, it seems that whatever
(inner disk) grain population is present, is crystallized.

4: Micron sized crystalline grains are present in the disks. It is hard to produce
crystalline grains of these sizes via shock heating. At any rate, our data
put severe limits on the efficiency of shock heating, because the shock
mechanism must be able to produce sufficiently strong shocks to crystal-
lize micron sized grains.

5: If we consider two possible sources of crystalline silicates, i.e. chemical
equilibrium reactions (gas phase condensation and subsequent gas-solid
reactions) and thermal annealing, then we can note the following:

- Enstatite is expected to be the dominant crystalline species formed
by chemical equilibrium processes in most of the inner disk, apart
from the hottest, innermost region.

- Since most likely amorphous olivine is the most abundant species en-
tering the disk from the ISM, forsterite (or better, crystalline olivine)
is expected to be the dominant crystalline species formed by thermal
annealing.

In disks with a low crystallinity, olivine is the dominant crystalline spe-
cies, suggesting that this material is formed by thermal annealing. The
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high abundance of enstatite observed in the highly crystalline disks indic-
ates that the production of crystalline material has occurred by means of
chemical equilibrium processes in these sources.

1, 2, 3, 4, 10: Our TIMMI2 and MIDI data taken together are consistent with
crystallization starting in the innermost regions. Disks with a high crys-
tallinity in the TIMMI2 data have a substantial fraction of crystalline
grains in the 5-10AU area (or even 20-50AU, see e.g. the ISO spectra
of HD100546, HD179218), i.e. well outside the regions where thermal
annealing and chemical equilibrium processes are expected to be effective.

5, 11: HD179218 has a high abundance of cold enstatite. In the context of the
above reasoning, this enstatite must have been either produced locally in
transient heating events, or transported there from the inner disk regions.
If chemical equilibrium processes are an important means of producing
enstatite, the HD179218 data point to enstatite production in the inner
regions and transport to larger distance by radial mixing.

6: Crystallization is more efficient in disks around higher mass, higher lumin-
osity stars. Several possible explanations for this trend can be identified:

1. during the active phase, the region in which the disk material is suf-
ficiently hot for thermal annealing (and chemical equilibrium pro-
cesses) to occur is larger in high mass stars, since the energy dissip-
ated in the disk per unit mass accreted material is higher. If this is the
dominant effect, our results favour crystallization in the active phase.

2. during the passive phase, when the extent of the region where anneal-
ing (and chemical equilibrium processes) can occur is set by irradi-
ation from the central star, the higher luminosity of the more massive
stars causes this region to be larger than in the low mass stars. If this
is the dominant effect, our results favour crystallization in the passive
phase.

3. the disks around more massive, more luminous stars may be more
turbulent, both during the active and passive phase. The outward
mixing of processed material will then be more efficient in the high
mass stars, causing a more prominent appearance of this dust in the
spectrum.

It is currently unclear which of the above effects is dominant. The study of
young (τ < 106 yr), low mass stars may allow to determine the dominant
effect.



4.7 Conclusions 95

4.6.4 Global picture that emerges

The 10 µm emission is emitted by the surface layer of the disk at radii below
20AU from the central star. In the midplane of this region (and presumably even
at larger radii), dust coagulation takes place. Vertical mixing ensures that the co-
agulated, micron-sized grains reach the disk surface layer and become apparent
in the spectrum. Growth is most efficient in the innermost disk regions where the
densities are highest. Crystallization by means of thermal annealing and chem-
ical equilibrium processes occurs in the hot innermost disk region. In many disks
there are significant amounts of crystalline material at larger (!5AU) distances
from the star, where thermal annealing and chemical equilibrium processes are
ineffective. The combined evidence presented in section 4.6.3 seems to favour
radial transport from the innermost disk regions as the source of these crystals,
above local production mechanisms (e.g. shock annealing).
Crystallization is most efficient in the disks surrounding the more massive,

more luminous stars (M! 2.5M⊙, L! 60L⊙). In these disks, the region in which
thermal annealing and chemical equilibrium processes can produce crystalline
silicates is larger than in the disks surrounding lower mass stars. Additionally,
the disks around the more massive stars may be more turbulent, enabling more
efficient radial mixing. It is unclear whether the crystallization of the dust in the
disks occurs predominantly in the active disk phase, or in the passive phase that
follows. Our data do suggest that the disks reach their final crystallinity relatively
early in the passive phase (τ" 2Myr). Therefore, crystallization happens during
the active and/or early passive phase.

4.7 Conclusions

We have undertaken a large spectroscopic survey of Herbig Ae stars in the 10 µm
atmospheric window, and have presented new spectra of 23 stars. The correlation
between the shape and the strength of the 10 µm silicate emission band reported
in Chapter 2 is reconfirmed with a larger sample. We have performed compos-
itional fits to the silicate feature using opacities of minerals commonly found
in circumstellar disks (amorphous olivine and pyroxene, crystalline olivine and
pyroxene, and amorphous silica) and polycyclic aromatic hydrocarbons. For all
minerals we have allowed both “small” (0.1 µm) and “large” (1.5 µm) grains in
order to study the effects of grain growth. This set of materials is sufficient to
reproduce the wide variety of observed spectral shapes.
We find a trend between the mass fraction in large grains and the mass frac-

tion in crystalline grains: all sources with a high crystallinity have a high mass
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fraction in large grains. There are no highly crystalline sources which are dom-
inated by small grains. Most sources have a mass fraction in large grains of more
than 80 percent.
We note that there is an important bias in our sample (and probably in most

samples of Herbig stars studied in the literature): the more massive sample stars
(∼3M⊙, “high mass”) are younger than the less massive (" 2.5M⊙, “low mass”)
stars. There are no low mass stars younger than 1Myr in our sample. In order to
establish the disk conditions at the end of the active disk phase, which precedes
the passive phase, it is essential that such very young, low mass stars are found
and studied. Since these stars may still be enshrouded in circumstellar material,
they may have to be selected using infrared data.
We find a trend between the derived crystallinity of the dust and the mass

(and luminosity) of the central star: the disks around stars with a mass larger
than 2.5M⊙ (a luminosity above 60L⊙) have a higher crystallinity (! 20%) than
the less massive, less luminous stars. Within the subset of sources with a stellar
mass below 2.5M⊙, no correlation between crystallinity and stellar parameters
(mass, luminosity, age) is seen. These lower mass stars in our sample are all
older than ∼ 2Myr. Since in this subset there is no correlation between age and
crystallinity, we conclude that the crystallization of the material predominantly
happens in the active or early passive disk phase (before 2Myr).
The evidence presented in this paper combined with conclusions from other

studies seems to favour a scenario in which crystalline silicates are produced in
the innermost regions of the disk and transported outwards. Spatially resolved
spectra of these disks, as can be obtained using for example the MIDI instrument
on the Very Large Telescope Interferometer, will provide crucial information on
the radial dependence of the mineralogy of the dust in these disks. In addition,
measurements at longer wavelengths can probe colder regions (further out) in
the disk which can provide further constraints on the temperature structure and
spatial distribution of the dust.
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CHAPTER 5

Photometric observations and angular size
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Abstract A new catalogue of 464 interferometric calibration stars at
δ ≤ +35◦ is presented, primarily intended for the calibration of interferomet-
ric measurements in the 10 and 20 µm atmospheric windows. The major-
ity of sources are K and M giants, the sample is flux limited at N≈2 mag.
We obtained near-infrared (JHKL) photometric observations for all stars,
which are combined with new and existing optical (Geneva) photometry
and 8-25 µm satellite data to fully characterize the SED. Kurucz and MARCS
model atmosphere SEDs are fitted to the optical and NIR photometry,
yielding angular diameter estimates. We compare our results with previous
diameter determinations, that are available for a subset of our stars, and
find good agreement within the fit uncertainties. We compare our newly
derived diameters with previous estimates, and discuss the applicability
and limitations of the catalogue.

5.1 Introduction

With newly commissioned interferometric instrumentation in the southern hemi-
sphere becoming available to the community, the need arises for a well charac-
terized network of calibration sources. Cohen et al. (1992) presented an all sky
network of such calibrators, with angular sizes derived from fitting the spectral
energy distribution (SED). Their network contains 336 calibration stars at declin-
ations south of +35◦, i.e. observable from the European Southern Observatory,
at Paranal. Our new catalogue contains 464 stars, of which 338 are not present
in the Cohen et al. (1992) network. This work therefore doubles the number of
calibration sources at δ ≤ 35◦, suitable for calibrating interferometric measure-
ments in the thermal infrared. Especially near the galactic plane, the sky density
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of available interferometric calibrators is strongly increased. The first 10 µm
interferometric facility operating in the southern hemisphere is the MIDI instru-
ment (Leinert et al. 2003) on the Very Large Telescope Interferometer (VLTI,
e.g. Glindemann et al. 2003). This work is part of the calibration effort of the
MIDI consortium.
In contrast to classical imaging on single telescopes, interferometric meas-

urements do not directly yield the two dimensional (2D) intensity distribution
of the source under investigation. Rather, the result of an interferometric ob-
servation is a measurement of the the complex degree of coherence of the light,
also called visibility (V), at a spatial frequency k = B/λ, where λ denotes the
wavelength of observation, and B is the baseline, or projected distance between
the interferometer elements. As the baselines can be much larger than the dia-
meters of existing telescopes, the spatial resolution of an interferometer is ac-
cordingly higher than that of classical imaging devices. The visibility is directly
related to the 2D intensity distribution (or “image”) of the source through the
van Citterd Zernike theorem, which states that the visibility is the Fourier trans-
form of the intensity distribution of the source. At any baseline, the visibility1

is equal to the fringe contrast (Imax − Imin)/(Imax + Imin), where Imax and Imin de-
note the maximum and minimum intensity in the combined signal from the two
telescopes, respectively.
Ideally, an interferometric calibrator should be bright, and unresolved for the

interferometer such that the highest possible fringe contrast is obtained. This
requires the angular diameter of the calibration source to be ≪ λ/B. Stars are
the natural celestial sources that best fulfill these basic criteria. Stars of early
spectral type are better suited than stars of late spectral type, as they have the
smallest angular diameter for a given brightness. However, there are only about
a dozen southern A or B stars stars that are bright enough for our purposes, and
therefore we must go to later type stars to get good sky coverage, at the expense
of the “compactness” of the calibrators. In practice it is possible to use also
slightly resolved stars, if the angular diameter of the calibrator is known a priori
to sufficient accuracy. This allows the use of also later type stars for calibration
purposes at 10 µm, which dramatically increases the number of available sources.
Compared to direct (single telescope) imaging, interferometric measure-

ments in the optical and infrared have very poor sensitivity, since the interfer-
ometric signal needs to be recorded within an atmospheric coherence time τ0.

1The visibility is a complex quantity, exhibiting both an amplitude and a phase. With a 2-
element (optical/IR) interferometer it is not possible to recover the phase, and when we speak
of “visibility” in this paper, we mean the amplitude of the visibility. Sources that exhibit point
symmetry - such as almost all stars, not considering starspots - always have zero phase.
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This time is typically of order 10ms at 10 µm, and less at shorter wavelengths.
In the case of MIDI measurements without atmospheric compensation, this re-
quires a source to be brighter than ≈1 Jy at 10 µm (N≈4mag)2. A calibrator
however should be significantly brighter than the detection limit. We have re-
quired a minimum brightness of 5 Jy (N≈2mag).
Here, our effort to extend the number of available calibration sources with

respect to the network of Cohen et al. (1992) is presented. In Section 5.2 we will
describe the selection of the stars in the calibration network, Section 5.3 reports
on the (new) photometry obtained. In Section 5.4, the fitting of angular diameters
to the SED is covered in detail. The catalogue is described in Section 5.5. In the
final section, the results are discussed and compared to previous work.

5.2 Sample selection

In order to obtain a statistically complete, flux limited sample, we selected our
sources solely from infrared data taken by the Infra Red Astronomical Satellite
(IRAS, Neugebauer et al. 1984) and the Midcourse Space Experiment (MSX,
e.g. Price & et al. 1999) satellite. Whereas IRAS performed an all-sky survey,
the MSX survey covered the galactic plane and Magellanic clouds. Since our
primary focus is the calibration of instrumentation in the southern hemisphere
we restricted our sample to sources at δ ≤ +35◦.
Candidate calibration sources were selected from the IRAS Point Source

Catalogue, according to the following criteria:

• 12/25 µm color temperature ≥ 4000K

• color corrected 12 µm flux ≥ 5 Jy
The color correction was done according to the IRAS point source catalogue
explanatory supplement (Beichman et al. 1988), the 12/25 µm flux ratio was used
to derive the color temperature.
Additional sources were selected from the MSX Point Source Catalogue

(Egan et al. 1997), using the SPIRIT III instrument A (8.3 µm), C (12.1 µm)
and D (14.7 µm) band fluxes as follows:

2Note that this does not mean that it is impossible to observe fainter sources with an IR inter-
ferometer. If there is a bright source nearby, the effects of the atmosphere can be measured on this
reference source and compensated for (“fringe tracking”), allowing an integration time of many
times τ0 on the faint source. For many sources it is also possible to do the fringe tracking on the
science target itself in the NIR while doing a science integration at 10 µm, where the sensitivity is
generally much lower due to the extremely high background from the atmosphere and telescope
optics.
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HD 281813

Figure 5.1—A comparison between the observed (J-K) vs.(V-K) colors (diamonds) and
their synthetic counterparts, based on the Kurucz SEDs (asterisks) and the MARCS SEDs
(+ signs). HD89353 is found to have circumstellar matter, we will check on the possibly
erroneous NIR photometry of HD281813.

• A/C and A/D color temperature ≥ 4000K

• C-band flux ≥ 5 Jy

where a blackbody fit was used to derive the color temperatures.
This selection yielded a total of 459+145 (IRAS+MSX) sources. These

were visually inspected on (digitized) Palomar Observatory Sky Survey plates
(Abell 1959; Reid & Djorgovski 1993) to exclude crowded fields for which large
aperture near-infrared and mid-infrared photometry would suffer from confu-
sion problems. Stars surrounded by strong nebulosity or sources in dark clouds,
where no optical star is seen at all, were also excluded since these objects are
likely to have circumstellar matter, rendering them unsuitable as interferometric
calibrators. The optical selection resulted in the rejection of 51+5 sources. In the
remaining sample of 548 sources, there is a 37 star overlap between the samples
selected from the IRAS and MSX data, which leaves us with 511 candidate cal-
ibrators.
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Figure 5.2— Sky distribution of the 464 stars in the calibration network. Coordinates
are J2000 right ascension (hours) and declination (degrees). + symbols denote sources
drawn from the IRAS point source catalogue, sources indicated with × symbols are
selected from the MSX point source catalogue.

Optical coordinates, proper motions, parallaxes, spectral types and HD num-
bers were obtained from SIMBAD. We demanded association of the selected
infrared sources with a star, which was possible for all but one of the candidate
calibrators (IRAS 15583-5030 was removed from the sample). All other stars
have an entry in the Henry Draper catalogue. Since our sample is flux limited at
12 µm, we preferentially select K andM giants. We removed 40 stars with known
binarity (Section 5.2.1) and 5 stars of unsuitable spectral type (Section 5.2.1), re-
ducing the sample of candidate calibrators to 465 stars. We note that unknown
binarity can in principle render some of the stars unsuitable for calibration pur-
poses. Such binaries would in general yield unrealistically low values of the
transfer function (quantifying the degradation of the interferometric signal), and
would usually be noted by comparison to other calibration measurements if the
observing night is stable. The further characterization of the calibrators by the
use of actual interferometric measurements (using both MIDI and NIR instru-
mentation) is an ongoing effort.
A color color diagram of the selected stars is shown in Fig. 5.1. One star

clearly has colors that deviate from those of normal stars: HD89353. The 10 µm
spectrum of this star shows clear evidence of circumstellar matter, and we have
therefore removed it from our sample, reducing the final list to 464 stars. The
distribution of the stars over the sky is shown in Fig. 5.2.



104 Mid infrared interferometric calibrators

5.2.1 Requirements on the calibrators

A good interferometric calibration source needs to comply with several criteria:
(1) the star should not be a (close) binary, (2) the star should be of ’normal’
spectral type, (3) the star should not be (highly) variable, and (4) the star should
not have an IR-excess (indicating circumstellar matter). In order to check for
requirements 3 and 4, we used our model atmosphere SED fits (the fitting pro-
cedure is described in Section 5.4). These fits yield the angular diameter of the
calibrators which determines how much photometric variability can be tolerated,
and the predicted photospheric emission level at 12 µm which can then be com-
pared to measured values (IRAS, MSX) to determine whether the source has an
IR-excess. We will now discuss these four criteria in more detail.

Binarity

Binary stars are generally considered unsuitable as interferometric calibrators,
as their intrinsic visibility can only be accurately predicted when all parameters
of the system (separation, position angle, relative brightness, diameters of the
individual components) are well known. Moreover, the visibility of a binary
system can change quite rapidly with projected baseline, and thus with time
during an observing night. For close (spectroscopic) binaries, the binary position
angle and separation can change significantly on timescales of days or weeks.
All stars marked as binary in the Hipparcos catalogue with a separation of

less than 2 arcseconds were removed from the sample (12 stars). Stars that are
marked as spectroscopic binary (27 stars) or eclipsing binary (1 star) in the SIM-
BAD database have also been discarded.

Spectral type

Stars of very late spectral type often show photometric variations associated with
radial pulsations. Therefore they are normally not considered suitable as interfer-
ometric calibrators. Existing catalogues of interferometric calibrators are aimed
mostly at the optical/NIR spectral region, where the bright late (M type) stars are
usually significantly resolved on baselines of order 100 meter. In this spectral
region, avoiding M type stars as calibrators makes very good sense. However, in
the 10 µm region, angular diameter demands on the calibrators are much more
relaxed, and we can in general allow modestly variable M type stars as calib-
rators. In Sections 5.4.4 we show how for each individual star, we determine
whether or not photometric variability is a concern for the suitability of the star
as a calibrator.
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Figure 5.3— Spectral types and luminosity classes of the calibration stars as listed in the
SIMBAD database. 26 M stars did not have a sub class indicated and are listed under
’M’ in the left hand plot. The majority of the stars are K and M giants of luminosity
class III. 50 stars did not have a luminosity class assigned to them and are listed under
’none’ in the right hand plot.

We rejected five stars on the basis of their spectral type: HD30593 (CII),
HD52432 (C), HD54300 (Spe), HD70276 (Sevar), and HD223075 (CII). An
overview of the spectral types of the stars that remained in the sample is given in
Fig. 5.3.

Variability

Photometric variability is a widespread phenomenon among late-type stars, and
it is usually associated with a varying angular diameter. The Geneva photomet-
ric system has been used systematically for long term monitoring of stars, and
for most of our sample stars, several observations are available. We determ-
ined for all of these stars the weighted standard deviation of all measurements
available and compared this to the standard deviation found within the sample
of Geneva photometric standard stars. Fig. 5.4 presents this comparison. The
standard stars generally have a standard deviation below 0.01 mag (represented
by the horizontal line), while quite a large fraction of the other stars have a sig-
nificantly larger standard deviation, and can therefore be considered intrinsically
variable. However, this does not necessarily render these stars unsuitable for in-
terferometric calibration purposes. For a discussion, see Section 5.4.4 The stars
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Figure 5.4— Standard deviation on the visual magnitude versus visual magnitude for
the stars in our sample (asterisks) and Geneva standard stars (diamonds). The horizontal
line corresponds to sigma = 0.01 mag. A significant number of stars in our sample show
modest intrinsic variability. For a discussion, see Sections 5.2.1, 5.4.4, and 5.4.4.

for which photometric variability is a concern are flagged in the catalogue (see
Section 5.5).

IR-excess

A mid infrared excess is to be avoided when one wants to use a star as a calib-
rator for interferometric measurements: even if the central star is not resolved
by the interferometer, the circumstellar structure might be large enough to cause
some loss of coherence. Even though a first filtering has already been done us-
ing the mid infrared colors, an additional check for infrared excesses should be
performed after the detailed fitting of the synthetic SEDs to the observed fluxes.
This was done by comparing the difference between the observed 12 µm flux and
the flux predicted by our best fitting synthetic SED with the standard deviation
on the measurement. In Fig. 5.5 we show a histogram, showing the distribution
of the observed 12 µm with respect to the predicted values, in bins of one stand-
ard deviation. We find that 49 stars have an observed 12 µm flux that is more than
3σ above the predicted value, these stars have been flagged in the catalogue.
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Figure 5.5— The density of our catalogue with respect to the difference between the
measured and the synthetic 12 micron fluxes, expressed in standard deviations on the
measurement.

5.3 Photometric observations

5.3.1 Literature photometry used

The mid infrared photometric measurements used for the source selection and
the characterization of the long wavelength part of the SED were taken from the
IRAS point source catalogue (Beichman et al. 1988) and the MSX Point Source
Catalogue (Egan et al. 1997). The IRAS satellite had four passbands, at 12,
25, 60 and 100 µm, respectively. The SPIRIT III instrument on board the MSX
satellite had 6 passbands, at 4.29, 4.35, 8.3, 12.1 ,14.7 and 21.3 µm, respectively.
The photometric accuracy of the IRAS bands is typically some 5, 7, 11 and
13%, respectively. Typical errors on the MSX fluxes are 10, 14, 5, 3, 4 and 14%,
respectively.
For the UV-optical wavelength region, several “classic” catalogues were

tested for their overlap with our sample (e.g. the Johnson system: Lanz 1986).
However, only half of our sample could be covered by using just one of these
catalogues. The Geneva-catalogue offers the most complete, homogeneous set
of optical photometry for our sample. In the literature, photometric measure-
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Table 5.1— An overview of the filter properties of the Geneva photometric system (ac-
cording to Rufener & Nicolet 1988), and the SAAO near-infrared system (according to
Fiorucci & Munari 2003).

system band λ [µm] ∆λ [µm]
Geneva B 0.4227 0.0282

U 0.3464 0.0159
V 0.5488 0.0296
G 0.5807 0.0200

SAAO J 1.229 0.286
H 1.657 0.323
K 2.227 0.380
L 3.442 0.613

ments were available for 342 stars (Rufener 1988), amounting to 74% of our
sample. In the SED fits, only measurements in the broad-band Geneva filters (U,
B, V and G) were used (see Table 5.1).

5.3.2 New JHKL observations

We obtained a new, fully homogeneous set of near infrared photometric meas-
urements for all our programme stars. Photometric measurements in the near-
infrared passbands J, H, K and L were performed at the South African Astronom-
ical Observatory (SAAO) 0.75-m telescope, using the MkII infrared photometer.
A full description of the MkI photometer, which is very similar in design and
optically identical to MkII, can be found in Glass (1973).
The majority of sources (≈ 85%) were observed during two 7-night runs, in

May and November 2001. The programme was then completed during several
nights throughout 2002 and early 2003. The standard chop/nod procedure was
used, with an integration time of in total 40 s for each ”module” (consisting of
10 s in the main beam, 2×10 s in the alternate beam, and finally another 10 s in
the main beam). Each observation consisted of at least 2 modules, sometimes
more in L for the dimmer sources. A 37 arcsec aperture was used. Calibration
stars from Carter (1990) were measured regularly, of which 50 are contained in
our sample.
Since the sources are all very bright, statistical errors on the measurements

are small (usually ≤0.005mag). The accuracy is governed by the accuracy of the
SAAO calibration network, which is 2% in JHK and 5% in L).
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The colors of HD281813 (see Fig. 5.1) are not in agreement with its spectral
type (M5). We will check on these results, and for the time being, HD281813
has not been included in the catalogue.

5.3.3 New Geneva photometry

Ideally one would like to have photometry in the Geneva system for all candid-
ate calibrators at our disposal. Unfortunately, no more Geneva photometry is
being obtained on the 70 cm Swiss telescope at La Silla observatory, Chile. This
problem was partially solved using the 1.2 m Mercator telescope of the Leuven
Institute for Astronomy at La Palma observatory. We obtained new Geneva pho-
tometry for 42 stars in our list. This brings the number of stars for which we
have Geneva photometry available to 384, which is 83% of our sample.

5.3.4 Absolute calibration of the photometry

We have photometry from two different systems to calibrate, corresponding to
the subsections below: Geneva photometry and SAAO photometry. We will start
by presenting the calibration that was done by the consortia responsible for each
instrument. Afterward, we will confront these calibrations with an absolutely
calibrated spectrum of Sirius and align the photometry accordingly, thus obtain-
ing a consistent absolute calibration between both systems.

Geneva photometry

Since all Geneva system photometry was taken with identical instruments
(though at different telescopes), we take the calibration from Rufener & Nicolet
(1988), which is based on the αLyr calibration by Hayes & Latham (1975) and
the secondary subdwarf standards of Oke & Gunn (1983). Their zero points are
listed in column one of Table 5.2.

SAAO photometry

An absolute calibration of the original SAAO JHKL-system was published by
Glass & Feast (1973). However, since then, filters have been changed and some
differences do exist. Updated calibration constants have been provided by Glass
(private communication) and are given in column 3 of Table 5.2.
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Table 5.2— The calibration constants for the different photometric systems, according
to the cited authors.

band λ R&N Glass Aligned Rel. Diff.
[µm] [Wm−2] [logWm−2Hz−1] [Wm−2]

U 0.346 3.2955e-08 3.2708e-08 0.99132
B 0.423 2.7091e-08 2.6421e-08 0.97527
V 0.549 2.0886e-08 2.0587e-08 0.98567
G 0.581 1.9532e-08 1.9565e-08 1.00171
J 1.25 -19.82 7.8567e-10 1.04755
H 1.65 -20.01 2.5340e-10 1.03781
K 2.2 -20.21 1.2474e-10 1.05309
L 3.5 -20.55 3.4601e-11 1.00013

5.3.5 Alignment of the photometry

To achieve the best possible accuracy when fitting models, the photometric cal-
ibrations should be checked for their consistency and their agreement with an ab-
solutely calibrated standard. Multiplication factors (with a value close to unity)
are applied to the calibration constants such that the measured flux (integrated
over whole the filter) is equal to the predicted flux of the absolutely calibrated
standard. Rufener & Nicolet (1988) used the spectrum of Vega by Hayes &
Latham (1975) for their absolute calibration. However, the declination of Vega
is too northern for it to be observed under reasonable circumstances from South
Africa. The southern hemisphere counterpart of Vega is Sirius. For Sirius as
well there exists an absolute calibration, which makes it well suited for the abso-
lute calibration and alignment of our photometric systems. Both Vega and Sirius
have been used for similar purposes by Cohen et al. (1992). For our absolutely
calibrated model of Sirius, we adopt the same parameters as Cohen et al. (1992):
Teff=9850K, log g=4.25, vt=0 km/s, [Fe/H]=+0.5, and an angular diameter of
θ=6.04mas. We used a Kurucz model with these parameters to determine the
aligned zero points of all photometric filters. These are listed in the one but last
column of Table 5.2. Some differences between these values and those of the
cited papers are present, with a maximum deviation of a few percent (see last
column of Table 5.2).

boekel
these are in [erg/s/cm2/Hz], not [W/m2/Hz]
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5.4 Modeling

In this section we describe the determination of effective temperatures and an-
gular diameters from the available photometry by synthetic SED fitting. This
includes a description of the models used to construct the synthetic SEDs, of
the minimization method and of our treatment of interstellar extinction. Finally,
we discuss the resulting uncertainties in the interferometric calibration. The free
parameters in the fitting routine are: effective temperature (Teff), angular dia-
meter (θ) and interstellar visual extinction (AV). However, Teff and AV were
fitted only for those stars for which Geneva photometry is available. If not, Teff
and AV were kept fixed; Teff was taken from the spectral type and AV from the
Arenou-model (see Section 5.4.3).

5.4.1 Models

In principle the entire temperature range of our programme stars is covered by
the Kurucz grid, which contains models with effective temperature ranging from
3 000 to 50 000 K. However, Kurucz models neglect the contribution of complex
molecules, which is problematic for the coolest stars in our sample. Therefore,
we also employ a grid of MARCS models, which account for the effects of tens of
millions of lines of TiO, CO, OH, SiO, H2O and other molecules. The treatment
of these molecular lines is self-consistent, implying that line blanketing effects
caused by these lines are accounted for. This is important as we need to integrate
over large parts of the spectrum to derive synthetic broad-band photometric data.
All our ATLAS9 (Kurucz 1979, 1992, 1994) and MARCS (Gustafsson et al. 1975;
Plez et al. 1992) models have a solar metal content, and adopt a hydrostatic at-
mosphere consisting of planar layers. We did not succeed in converging MARCS
models with a surface gravity below log g = 0.5. Only very few stars may suffer
from this limit, and have been labeled in the catalogue.
The synthetic spectral energy distributions of the Kurucz models are readily

available from internet. These have a spectral resolution of only 20 Angstrom
in the optical, but do correctly weigh the blanketing of lines. The spectra in our
grid of MARCS models have been computed using the opacity sampling method.
To assure correct determination of the model structure and SED we used over
150 000 frequency points. The grid parameters of Kurucz and MARCS models
are summarized in Table 5.3.
To check whether our synthetic grid covers the parameter range of our pro-

gramme stars, and to verify whether the Kurucz and MARCS models smoothly
connect near 4 500 K we plot the J-K versus V-K diagram in Fig. 5.1 following
Bessell et al. (1998). Indeed the total grid covers well the observed range in
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Table 5.3— Model grid parameters for the ATLAS9 and MARCS models used in this
work.

Grid ATLAS9 MARCS

Min. Teff [K] 3500 3000
Max. Teff [K] 50000 4500
Teff-step [K] 250-2500 250
log g 0.0-5.0 0.5-3.0
log g-step 0.5 0.5
λ-range [µm] 0.001-160 0.009-200
# λ points 1469 153910

colors. Models with very red V-K colors, but blue J-K colors, show no observed
counterparts. This is because these models represent K and M dwarfs, which are
not present in our sample due to their low luminosity. The agreement between
the Kurucz and MARCS models is very good down to almost 3 750 K.

5.4.2 SED fitting method

The essence of our method is a minimization of the reduced χ2 which compares
observed with synthetic photon count rates:

χ2reduced =
1
N − 1

$ (Qobs,dered − Qsynth)2
σ2Qobs

where N is the number of photometric observations, Qobs,dered are the dereddened
observations, Qsynth the synthetic photon count rates (depending on Teff and θ)
and σQobs the internal photometric errors on the observations. The Qsynth can
be calculated from the models and the known filter transmission properties and
detector quantum efficiencies.
For a grid of 256 equidistant temperatures in the range [0.75, 1.25] ×

Teff,spectral type the best fitting angular diameter and amount of visual extinction
are determined by applying the downhill simplex method of Nelder & Mead
(1965) to the above χ2 function. The appropriate gravity for each star is determ-
ined from the combination Teff,spectral type - luminosity class as listed in Table B1
of Gray (1992). As error bar on the observations, we use the internal error
of the photometric system which is possible because of the alignment of the
photometry discussed in Section 5.3.5. The error determination is described in
more detail in Section 5.4.4. We found it necessary to restrict the AV range to
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[0.5, 1.5]× AV,Arenou, in order to avoid finding solutions far from the actual solu-
tion due to a degeneracy in Teff and reddening. This problem will be discussed
in more detail in Section 5.4.3. Solutions which have AV at either limit of this
interval are flagged in the catalogue.
Once we have calculated the χ2 for each of the 256 temperatures in the al-

lowed temperature range, we choose the Teff corresponding to the minimum χ2,
and its associated θ and AV. If possible, i.e. if the lower limit of the temperature
grid is below 4 500 K, this procedure is performed for both ATLAS9 and MARCS
models, and the best fitting model is chosen. For the coolest stars this is always
the MARCS model. For each individual star, the nature of the best fitting model
(ATLAS9/MARCS) is indicated in the catalogue. Given the need for UV/optical
photometry to have a good handle on the effective temperature and on the inter-
stellar extinction, we decided to fix Teff to Teff,spectral type and AV to AV,Arenou if
only near-IR photometry was available.

5.4.3 Interstellar extinction

Since it is unfeasible to search for B-type stars near every star in our catalogue,
and to use these to accurately determine E(B-V), we opted for the 3D galactic
interstellar extinction model by Arenou et al. (1992) as a way of making an initial
estimate of the interstellar extinction toward each star. This model gives AV as a
function of galactic longitude, galactic latitude and distance (up to about 1 kpc).
The galactic latitude was sampled using the following bin limits: -90, -60, -30,
-15, 0 ,15, 30, 60, 90 degrees, and the longitude was sampled using 20◦ bins.
Using this value for the extinction in the V-band, E(B-V) can be obtained from
the average interstellar extinction law of Savage & Mathis (1979) and hence, the
interstellar extinction for all filters can be computed. The amount of extinction
as a function of E(B-V) for each filter is given in Table 5.4. Given the high
uncertainty on the values given by the model, we use these values only as a
starting point, from which further progress can be made if Geneva photometry is
available.
The interstellar extinction remains one of the major unknowns for quite a

few of our stars. For about 25% of the catalogue, the fitting routine ran into
the limits of the allowed extinction range. In case of a high absolute extinction
value, such an event has possibly resulted in an inaccurate temperature and dia-
meter determination. To estimate the magnitude of this effect, we tested how
far the extinction value used for the temperature and diameter determination can
deviate from the actual extinction without moving the derived temperature and
diameter more than 1σ away from the actual values. Since the better part of our
catalogue is made up of K giants, we used Arcturus as our test star. The first step
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Table 5.4— The average interstellar extinction law by Savage & Mathis (1979) for the
Geneva and SAAO photometric systems.

filter λ−1 (µm−1) Aλ/E(B-V)
U 2.89 4.32
B 2.37 3.75
V 1.82 2.75
G 1.72 2.58
J 0.80 0.77
H 0.61 0.53
K 0.45 0.34
L 0.29 0.14

was to deredden the Arcturus observations with the actual amount of extinction
(AV = 0.07mag). Then we reddened the observations with AV ranging from 0 to
0.8mag and derived effective temperature and angular diameter for each set of
“new” observations, while forcing the code to use AV = 0mag. In this way, the
value of AV used in the fit is lower than the actual value. We use this approach
since in our fits, when the value of AV runs into the limit of the allowed range,
it usually does so at the high end (and thus the actual extinction may be higher
than the values we allow). The results are shown in Fig. 5.6.
We conclude from this test that, although the temperature and diameter de-

terminations are affected already at 0.1 mag of interstellar extinction, the in-
crease in error bar implies the derived temperature is wrong at the 1σ level only
if the interstellar extinction exceeds 0.4mag. Moreover, for the angular diameter,
the increase in error bar is such that even at almost 1mag of interstellar extinction
unaccounted for, the actual diameter is still within 1σ of the determined value.
This is caused by the lower fitted luminosity that accompanies a high value of
AV in the test, which counteracts the effect of the lower fitted Teff .

5.4.4 Error determination

We distinguish two sources of error that limit the achievable accuracy of the
interferometric calibration: (1) the formal fit uncertainty in the derived angular
diameter (∆θfit), and (2) the variations in diameter associated with photometric
variability of the star (∆θvar).
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Figure 5.6— Effective temperature and angular diameter derived for artificially
reddened Arcturus observations, while forcing the code to use AV = 0mag (for a dis-
cussion, see Section 5.4.3)

Angular diameter uncertainty in the SED fit

Uncertainties on the derived angular diameter are composed of three different
contributions, listed below in decreasing order of significance:
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1. the uncertainty on the effective temperature

2. the uncertainty in the absolute calibration of the photometry

3. the uncertainty in the fitting of the angular diameter to the photometry for
a given effective temperature.

The uncertainty on the effective temperature is by far the dominant factor.
It is determined through analysis of the reduced χ2 surface around the optimal
effective temperature. Since this profile is rarely symmetrical around the op-
timum, the largest temperature deviation with a χ2 < 2× χ2optimal was used as 1σ
error bar. Note that different temperatures probably go with a different optimal
value of the interstellar extinction, which implies the χ2 surface is flatter than
when the interstellar reddening is kept fixed. This increases the size of the error
bar. Nevertheless, given the uncertainty on interstellar extinction values, this is
the correct way to determine the actual uncertainty on the temperature, ∆Teff ,
derived from SED fitting. Typical values are 1-2% relative error.
From the uncertainty on the temperature follows the largest part of the un-

certainty on the diameter, computed through the fitting of the angular diameter
at Teff ± ∆Teff . Since the total luminosity should be conserved, one can see that
this error will reach 2-4% of the diameter. To this error should be added the error
due to the absolute calibration of the Sirius spectrum, used for the alignment of
our photometry. As in Cohen et al. (1992), we take this to be 1.46% in flux, or
half of this value in angular diameter (0.73%).
Given the high quality of our photometric data, with optical internal errors

as low as 0.5%, and the number of photometric points available, the third source
of possible error will only lead to an uncertainty well below 0.5%: half of the
photometric error (since flux goes as radius squared) divided by the square root
of the number of observations, and is thus negligible. Since the first and second
source of uncertainty are fully independent, they should be added as squares.

Uncertainty in angular diameter due to variability

Out of the 384 stars for which we have Geneva photometry available, 376 were
observed multiple times, and we therefore have an estimate of the photometric
variability of these stars (see also Fig. 5.4). To estimate the influence of the pho-
tometric observations on the angular diameter, we have assumed that the stars
radiate as blackbodies with a constant luminosity (i.e. T 4effR

2 = constant). We
take the variations in V-band magnitude to represent the monochromatic vari-
ations of the blackbody flux at 0.55 µm. Then, the corresponding variation in
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temperature and angular diameter are calculated3. We generally find that the
uncertainties in the fitted diameter (∆θfit, see Section 5.4.4) are larger than the
variations in diameter associated with photometric variability of the star (∆θvar).
We have flagged sources for which the photometric variations lead to large un-
certainties in the interferometric calibration in the catalogue.

Uncertainty in the interferometric calibration

In order to determine whether or not a specific star is suitable for use as an inter-
ferometric calibrator, we need only to answer one question: “is the uncertainty
in relative visibility (∆V/V , not to be confused with the variability in V-band
magnitude) that arises from the uncertainty in the angular diameter smaller than
the desired calibration accuracy?” If the answer is “yes”, the star is a suitable
calibrator.
The relative uncertainty in the visibility depends on several quantities, but

most importantly on the angular size of the calibrator compared to the resolution
of the interferometric measurement. If the calibrator is very small compared to
the interferometric resolution, uncertainties in the calibrator diameter will usu-
ally have negligible effects on ∆V/V . If the interferometric resolution is compar-
able to the calibrator diameter, uncertainties in the calibrator size will result in
high values of ∆V/V , limiting the suitability of the calibrator.
In order to quantify how the uncertainties in angular diameter propagate into

∆V/V for the individual stars, we have assumed that the brightness profiles of
our stars are uniform disks. The visibility of a uniform disk is given by:

V =
2J1(ρ)
ρ

with ρ =
πBθUD
λ
, (5.1)

where J1(ρ) denotes the first order Bessel function, B is the interferometric
baseline, θUD is the angular diameter and λ is the wavelength of observation. We
calculate the visibility at a specific baseline for angular diameters θ and θ + ∆θ,
from which we find a value of ∆V/V .
How much uncertainty in angular diameter can be tolerated depends on the

required accuracy of the transfer function. The goal of MIDI is to reach visibility
accuracies of about 1%. In the catalogue we have indicated whether the uncer-
tainty in ∆V/V , arising from ∆θfit and ∆θvar exceeds 1%, for a baseline of 100m

3Note that this method grossly overestimates the errors of stars in a narrow temperature range
around 6600 K, as this is the point where the variations in temperature and radius almost perfectly
counteract each other in the brightness at 0.55 µm. Therefore, the assumption of constant lumin-
osity at this temperature will lead to unrealistically large variations in temperature and radius for
small variations in V-band magnitude.
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and 200m. In Section 5.6.2 we give an overview of how many stars are suit-
able as interferometric calibrators in the 10 µm band, as a function of required
calibration accuracy and baseline.

5.5 Description of the catalogue

The MIDI calibrator catalogue is available electronically, on:
http://www.science.uva.nl/∼vboekel/MIDI calibration/mcc.txt
For each star, its name, coordinates (J2000), and proper motion are given

in columns 1, 2 and 3. The spectral type and Hipparcos parallax are listed in
columns 4 and 5. In columns 6, 7 and 8 we list the Geneva (literature and new)
and SAAO (new) photometry, and the flux at 12 µm as measured by IRAS and
MSX. The fitted parameters (Teff , θ, and AV) are given in columns 9, 10 and 11.
We also list Teff as inferred by the spectral type, and AV as estimated in the
model by Arenou et al. (1992), in columns 9a and 11a, respectively. The χ2

values of the resulting fits are listed in column 12. The model used for each
star (Kurucz/MARCS) is indicated in column 13. The remaining columns in the
catalogue give a number of quality flags. In column 14, all stars that have an
IRAS/MSX flux of more than 3σ above the predicted level are flagged. The
stars for which we do not have Geneva photometry are flagged in column 15.
The stars for which the derived effective temperature deviates more than 10%
from the temperature inferred from the spectral type receive a flag in column 16.
If the fitted interstellar extinction is at either limit of the allowed range this is
indicated in column 17. The stars that have been fitted with MARCS models and
are of luminosity class I and spectral type M or unknown, possibly have a lower
gravity than our grid allowed, and have been flagged in column 18. The most
important quality flag is given in column 19, where we indicate whether the
uncertainty in the transfer function arising from the uncertainty in the SED fit
∆θfit (for a baseline of 100 and 200m, column 19a and 19b), and the photometric
variability ∆θvar (column 19c and 19d), exceeds 1%.

5.6 Discussion

5.6.1 Comparison angular sizes to literature values

For a significant fraction of the stars in our sample, determinations of the angu-
lar diameter have previously been done, both in the framework of the absolute
calibration of spectrometers and for interferometric calibration purposes. These
are both direct measurements (lunar occultation, long-baseline interferometry)
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Figure 5.7— A comparison between the diameters found in this work and the diameters
derived from lunar occultation (LO) measurements, listed in the CHARM catalogue.

and indirect determinations (SED fitting, similar to our approach). To compare
our newly derived diameters with previous estimates, we employ the CHARM
catalogue (Richichi & Percheron 2002). This catalogue is a compilation of direct
and indirect diameter determinations available in the literature4

In Fig. 5.7 we compare our angular diameter estimates with values determ-
ined by lunar occultation (LO) measurements. Given the rather large uncertain-
ties on most of the LOmeasurements (illustrated by the error bars, and the spread
in derived values when multiple measurements are available), we conclude that
the comparison is satisfactory.
A comparison between our derived diameters and those obtained by long-

baseline interferometric measurements is shown in Fig. 5.8. Again, the agree-
ment is generally good. Several stars (around coordinates [2.5,4.5] and [7,9] in
Fig 5.8) show a large difference in derived diameter between the two methods.

4Note that the CHARM database simply lists all available measurements, it does not guarantee
internal consistency. For the objects that are well represented in the database (say a few tens of
observations), the spread on the listed diameters can be quite large (for example in the case of
αTau, the standard deviation amounts to 9% of the diameter, for αBoo this is 14%).
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Figure 5.8— A comparison between the diameters found in this work and the diameters
derived from long-baseline interferometry (LBI) measurements, listed in the CHARM
catalogue.

These measurements were done in the late 1980s (Shao et al. 1988; Hutter et al.
1989) with the Mark III interferometer. For some of these stars, more recent
LBI measurements exist that agree well with our results (Nordgren et al. 1999,
2001). Note that for the stars that our catalogue has in common with Cohen et al.
(1992), our results are consistent with this work. We therefore conclude that the
early Mark III measurements are erroneous.

In Fig. 5.9 we compare our new determinations with previous work by (Co-
hen et al. 1992), who used a method similar to ours (SED fitting). However,
Cohen et al. (1992) do not fit the effective temperature, but rely rather on the
literature spectral type. They then only fit the angular diameter to match the
photometry. For the stars in common in both catalogues, we find very good
agreement between the derived values. The star at [3.5,2.2] in Fig. 5.9 has a very
low effective temperature in our fit, and due to the high uncertainty in the angular
diameter, has been flagged in the catalogue.
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Figure 5.9— A comparison between the diameters found in this work and the diameters
listed in the CHARM catalogue, derived by indirect (IND) methods (SED fitting).

5.6.2 Catalogue effective size

The most important statistic of the catalogue is how many stars are suitable cal-
ibrators, given the accuracy requirements and the interferometric baseline. For
every star, we calculated ∆V/V at a number of different baselines, up to 200m
(see Section 5.4.4). Fig. 5.10 shows the number of sources, for which ∆V/V is
smaller than the required calibration accuracy, for several different precisions
ranging from 0.1 to 5%. We perform our calculations at a wavelength of 8 µm,
as this is where the requirements on the calibrators are most stringent.

For the uncertainty in the angular diameter, we quadratically added ∆θfit and
∆θvar. For the stars for which we do not have information on optical variability
(88 in total) we have assumed ∆θvar to be zero. The formal uncertainty from
the SED fitting is nearly always the dominant contributer to the total uncertainty
in the angular diameter. It can be seen in Fig. 5.10 that for an accuracy of 1%,
about 75% of the stars can be used at a baseline of 100m, whereas at a baseline
of 200m, only about a third of the stars are suitable.
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Figure 5.10— The number of usable stars in the catalogue, as a function of baseline and
required interferometric calibration accuracy.

5.7 Summary

We have presented a new set of calibrators for interferometric measurements in
the 10 and 20 µm atmospheric windows. Our sample contains 464 stars brighter
than 5 Jy at 12 µm, at declinations south of +35◦. This doubles the number of
available sources with respect to an earlier catalogue of calibrators published by
Cohen et al. (1992). We have obtained new JHKL photometry for all sources at
the South African Astronomical Observatory. We have used a large set of liter-
ature photometry in the Geneva system, and have obtained new Geneva meas-
urements for a smaller number of stars. We have derived angular sizes through
the fitting of model atmospheres to the spectral energy distribution at optical
and near infrared wavelengths. We have discussed the suitability of our stars for
calibration purposes, depending on the required calibration accuracy and the in-
terferometric baselines used. The catalogue can be accessed through the internet
on http://www.science.uva.nl/∼vboekel/MIDI calibration/mcc.txt.
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Abstract Our solar system was formed from an interstellar cloud of
gas and dust. Most of the interstellar dust mass is contained in amorph-
ous silicates (Kemper et al. 2004). In contrast, crystalline silicates are
abundant throughout the solar system, reflecting thermal and chemical al-
teration of solids during planet formation. Even primitive bodies such as
comets contain crystalline silicates (Hanner et al. 1994). Little is known
about the nature of the dust that served to form Earth-like planets. In-
frared spectroscopy of vibrational resonances in the lattice of small dust
particles provides information about their chemical composition, size and
shape. Here we report the first spatially resolved detection and composi-
tional analysis of these building blocks in the innermost two astronomical
units of protoplanetary disks. We find the dust in these regions to be highly
crystallised, more than any other dust observed in young stars to date.
In addition, the outer region of one star has equal amounts of pyroxene
and olivine while the inner regions are dominated by olivine. The spectral
shape of the inner disk spectra shows surprising similarity with solar sys-
tem comets. Radial mixing models naturally explain this resemblance as
well as the gradient in chemical composition. Our observations imply that
silicates crystallise before any terrestrial planets are formed, consistent
with the composition of asteroids in the solar system.

Most young stars are surrounded by a disk of gas and dust which is a rem-
nant of the star formation process. This disk is formed due to conservation of
angular momentum in the collapsing proto-stellar cloud, and channels material
from the cloud to the proto-star. When the material in the surrounding molecular
cloud is exhausted, the disk dissipates within approximately 107 years (Haisch
et al. 2001). Planet formation is believed to result from the growth of sub-micron

125
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Fraction large Crystalline olivine
Crystallinity [%] grains [%] to pyroxene ratio

Star Inner D. Outer D. Inner D. Outer D. Inner D. Outer D.

HD 163296 40+20−20 15+10−10 95+5−10 65+20−20 2.3+3.7−0.5 -
HD 144432 55+30−20 10+10−5 90+10−10 35+20−20 2.0+1.8−0.6 -
HD 142527 95+5−15 40+20−15 65+15−10 80+10−30 2.1+1.3−0.7 0.9+0.2−0.1

Table 6.1— The fractional abundances of large and crystalline grains as well as the
ratio of crystalline olivine to pyroxene in the inner (1-2 AU) and outer (2-20 AU)
disk regions of three Herbig Ae stars. The dust components used in the model spec-
tra are amorphous and crystalline olivine (Mg2xFe2−2xSiO4), amorphous and crystalline
pyroxene (MgxFe1−xSiO3), and amorphous silica (SiO2). For the crystalline compon-
ents we used the magnesium rich silicates (x = 1) and for the amorphous components
we used x = 0.5. The crystallinity is defined as the percentage of the total dust mass
contributing to the 10 micron feature, contained in crystalline olivine and pyroxene.
Since the signature of crystalline silicates in the outer disk spectra of HD 163296 and
HD 144432 is not very clear, the ratio of crystalline olivine over pyroxene in these spec-
tra is not very well determined. Especially the abundance of crystalline pyroxene in
these spectra is poorly constrained. All dust species are considered with two different
grain sizes, 0.1 µm (small grains) and 1.5 µm (large grains). temperature. Since we are
looking at a coagulating environment where the various dust species are expected to be
in thermal contact, we assume that all components have the same temperature.
The opacities of the dust species are calculated from refractive indices obtained by labor-
atory measurements by Dorschner et al. (1995); Servoin & Piriou (1973); Jäger et al.
(1998); Spitzer & Kleinman (1960), using the method of Min et al. (2003). The abund-
ances of the various dust species are determined using a linear least squares fitting pro-
cedure assuming the dust emission comes from an optically thin part of the disk. The
errors on the fit parameters include both uncertainties in the data and in the modeling
method, and are 1σ. As the dominant part of the error budged is due to systematic un-
certainties that are the same in the inner and outer disk spectra, the relative difference
between the two is much more significant than the error bars suggest. For details on
the fitting procedure and the error analysis we refer to supplementary information that
accompanies this paper on www.nature.com/nature.

sized interstellar dust particles (Beckwith et al. 2000). Therefore, changes in size
but also in the chemical nature of the dust grains in the nebular disk environment
trace the first steps in planet formation. For instance, crystalline silicates are
formed as a result of thermal annealing of amorphous grains, or by vaporisation
and subsequent gas-phase condensation in the innermost disk regions. These are
referred to as primary processes. After inclusion of dust in larger parent bod-
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Figure 6.1— The spectrum of the innermost disk regions of HD 142527 compared to
spectra of typical dust species. From top to bottom we plot the observed inner disk spec-
trum of HD 142527, the laboratory spectra of crystalline olivine and pyroxene (Chihara
et al. 2001), a laboratory spectrum of an IDP consisting of hydrated silicates (Sandford
& Walker 1985), and the interstellar medium silicate spectrum (Kemper et al. 2004).
The resolution of the laboratory data is reduced to that of the interferometric spectrum.
The main resonances of crystalline pyroxene at 9.2 micron and crystalline olivine at
11.3 micron are clearly seen in the HD 142527 spectrum. We can exclude that there is a
significant contribution of hydrated silicates to the spectrum in the inner disk regions of
HD 142527, suggesting that we see primary, rather than secondary dust.

ies such as asteroids and planets, so-called secondary processing occurs, which
includes oxidation, aqueous alteration and thermal metamorphism. Asteroids
and comets contain pristine interstellar dust as well as dust which has seen sub-
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stantial processing (Bradley 2003). The reconstruction of the formation history
of our solar system depends on a better understanding of the nature of primary
and secondary processes, and when and where they occurred in the proto-solar
nebula.
We observed three Herbig Ae stars with the Mid-Infrared Interferometric

Instrument MIDI (Leinert et al. 2003) installed at the Very Large Telescope In-
terferometer (VLTI). The light from two 8.2 meter Unit Telescopes separated
by 103 meters on the ground was combined, providing a spatial resolution of
about 20 milli-arcseconds. This corresponds to ∼1-2 Astronomical Units (AU)
at the distance of our programme stars; an improvement of more than a factor
of 10 in spatial resolution compared to the largest modern day telescopes, in this
wavelength regime. The MIDI instrument measures spectrally dispersed visib-
ilities with λ/∆λ = 30 in the 7.5 to 13.5 µm atmospheric window. Since the
intensity distribution of circumstellar disks is strongly centrally peaked (Eisner
et al. 2003, Chapter 8 of this thesis), the correlated spectra measured by the in-
terferometer are dominated by the inner 1-2 AU of the disks. We refer to these
as the inner disk spectra. In addition, spectra were obtained with a single 8.2
meter telescope, in which the objects are spatially unresolved (Chapter 8). We
refer to these spectra as the total disk spectra. The difference between the total
and the inner disk spectra arises mainly from a region between approximately 2
and 20 AU. We will refer to these spectra as the outer disk spectra.
In figure 6.1 we show the inner disk spectrum of HD 142527. The spectrum

is clearly dominated by crystalline olivine and pyroxene. These minerals are also
the most common ones in solar system objects. No contribution from amorphous
silicates is evident. As shown below, the spectrum is in fact consistent with 100
percent crystalline material, making it the most crystalline dust ever observed
in young stars (Molster & Waters 2003). Clearly, the mechanism responsible
for crystallisation must be highly efficient. Figure 6.2 shows the inner and outer
disk spectra for all three stars. We have fitted the observations using laboratory
measurements of materials which are the dominant species found in circumstel-
lar disks (Bouwman et al. 2001) and interplanetary dust particles (Bradley 2003).
The derived mass fraction of crystalline silicates, the olivine over pyroxene ratio
in the inner and outer disk spectra, as well as the fraction of material that resides
in large grains, are listed in Table 1.
Both in the solar system and in circumstellar disks crystalline silicates are

found at large distances from the star. The origin of these silicates is a matter of
debate. While in the hot inner disk regions crystalline silicates can be produced
by means of gas phase condensation or thermal annealing, the typical grain tem-
peratures in the outer (2-20AU) disk regions are far below the glass temperature
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Figure 6.2— Infrared spectra of the inner (1-2 AU) and outer (2-20 AU) disk regions of three
Herbig Ae stars. The outer disk spectrum of each source has been constructed by subtracting
the correlated spectrum from the total disk spectrum (presented in Chapter 8). The regions that
dominate the inner and outer disk spectra are indicated in the schematic representation of a proto-
planetary disk at the top of the figure (not to scale). The flux levels are scaled such that the sum
of the inner and outer disk spectrum, i.e. the total disk spectrum, is normalized to unity. This
allows the relative contributions of the inner and outer disk to the total spectrum to be easily
estimated from this figure. The uncertainties in the spectra are indicated by the error bars in the
lower left corner of each graph. The differences in shape between the inner and outer disk spectra
are clearly visible in all three sources, indicating a difference in dust mineralogy. The broadening
of the feature as seen in the inner disk spectra indicates grain growth, while the resonance at
11.3 µm indicates the presence of crystalline silicates (see also Figure 6.1). Also shown are the
best fit model spectra for the inner and outer disk regions (red lines, see also Table 6.1). The
model spectra reproduce the observed spectral shapes, though the fits to the inner disk spectra are
of somewhat lesser quality than the fits to the outer disk spectra.
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of silicates of ∼1000K. The crystals in these regions may have been transported
outward through the disk (Gail 2004) or in an outward flowing wind (Nuth et al.
2002). An alternative source of crystalline silicates in the outer disk regions is
in situ anealing by e.g. shocks (Harker & Desch 2002) or lightning (Pilipp et al.
1998; Desch & Cuzzi 2000). A third way to produce crystalline silicates is the
collisional destruction of large parent bodies in which secondary processing has
taken place. We can use the mineralogy of the dust to derive information about
the nature of the primary and/or secondary processes the small grain population
has undergone.
Radial mixing models (Gail 2004) predict that the innermost disk region

consists entirely of forsterite (the Mg-rich end member of the olivine family).
At slightly lower temperatures, a reaction with gas-phase silicon efficiently con-
verts this to enstatite (the Mg-rich end member of the pyroxene family). Thermal
annealing and radial mixing dominate at larger distance from the star, finally
resulting in a predicted olivine to pyroxene ratio of about 0.5. Our observations
qualitatively confirm these predictions. The inner disk spectrum of HD 142527
puts the strongest constraints since it is the most processed one in our data. As-
suming equal temperatures for all dust species, we find that the ratio of olivine
to pyroxene in the inner disk spectrum is 2.1, while it is 0.9 in the outer disk
spectrum. This is the first direct measurement of a gradient in the chemical com-
position of the dust in proto-planetary disks. The measured gradient is smaller
than predicted by radial mixing models. This could be due to non-equilibrium
chemistry, or due to the assumed stochiometry in the amorphous silicates prior
to annealing.
For all three stars the inner disk regions have a substantially higher degree of

crystallinity than the outer regions. However, these outer regions show a crys-
talline silicate abundance that clearly exceeds limits derived for the interstellar
medium (Kemper et al. 2004). Therefore, these crystalline silicates have to be
produced in the disk. It is not clear that the local processes that have been pro-
posed to produce these crystals can account for the observed degree of crystallin-
ity. Models for radial mixing of proto-planetary disks (Gail 2004) can produce
a crystalline fraction of several tens of percent at distances of 5-10 AU (which
is the relevant scale for our observations) provided that a reservoir of crystal-
line material is present in the innermost disk regions. Our data prove that this
reservoir exists.
Secondary procesing of dust in large parent bodies produces hydrous silic-

ates by means of aqueous alteration. Studies of meteorites have shown that the
fine-grained matrix material of chondrites often consists of hydrous silicates.
However, we can exclude the possibility that the grains in our sources are pre-
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Figure 6.3— A comparison between the spectral shapes of various astronomical objects (left
column) with those of the inner and outer disk regions of our three Herbig Ae stars (right column).
In the first row, we compare the silicate feature of the interstellar medium (ISM Kemper et al.
2004) with the outer disk spectrum of HD 144432. The silicate grains in the ISM are small
(<0.1 µm) and amorphous. This results in a spectrum that has a typical triangular shape, peaking
at 9.7 µm. The outer disk spectrum of HD 144432 is very similar, although a very weak shoulder
at 11.3 µm can be seen, indicating the presence of small amounts of processed material. In the
second through last row, we compare the inner disk spectra of our three Herbig stars with three
solar system comets (Hanner et al. 1994; Crovisier et al. 1997). The shapes of these spectra are
very different from that of the ISM, indicating a higher degree of crystallinity, and on average
larger dust grains. Grain growth makes the silicate emission band broader. Crystalline silicates
have several bands in the 8-13 micron spectral region, the strongest of which is at 11.3 µm. Modest
crystallinity causes the the silicate feature to have rather sharp shoulders around 9.5 and 11.5 µm,
in highly crystalline sources the crystalline silicates show prominent peaks (see Hale Bopp and
HD 142527). The spectra are shown here in order of increasing crystallinity from top to bottom.
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dominantly hydrosilicates, since these show a fairly sharp peak near 10 µm, as
seen in Interplanetary Dust Particles (IDPs) rich in hydrosilicates (Sandford &
Walker 1985). We conclude that aqueous alteration, followed by parent body
destruction, has not yet resulted in the production of a large abundance of small
hydrosilicate grains in HD 142527. Therefore, parent body processing can be
excluded as the main source of crystalline silicates.

Figure 6.3 shows a remarkable similarity between the inner disk spectra of
our objects and those of solar system comets, suggesting that also the compos-
ition of the dust is comparable. Therefore, the building blocks of comets in
our solar system have been processed in a similar way and to the same degree
as in the inner disks of our programme stars. This is surprising since comets
formed in the icy regions of the solar nebula, beyond 5 AU distance from the
sun. Cometary crystalline silicates are Mg-rich (Crovisier et al. 1997). Chem-
ical equilibrium models indeed predict the formation of Mg-rich crystalline silic-
ates at very high temperatures (Gail 2004). Measurements of the composition of
crystalline silicates that form in the outflows of red giants (Molster et al. 2002)
support such chemical models. In addition, crystalline silicates found in fluffy,
chondritic porous class IDPs have a whisker or platelet morphology and internal
crystallographic defects, indicative of gas-phase condensation (Bradley 2003).
This latter process is unlikely to occur in the outer regions of proto-planetary
disks, but is expected to be important in the innermost regions. The most natural
explanation for the presence of these materials in comets therefore seems to be
transport by radial mixing from the rich reservoir of processed, Mg-rich crys-
talline silicate grains in the inner disk. Furthermore, radial mixing models can
account for the presence of cold crystalline silicates in the outer (> 20 AU) re-
gions of some proto-planetary disks (Malfait et al. 1998b; Bouwman et al. 2001)
as well as the occurence of large (10-20 µm) FeS crystals in IDPs of cometary
origin (Bradley 2003).

It has been suggested that the degree of crystallinity of proto-planetary disks
slowly increases with time after the accretion of matter on the star has stopped
(Grady et al. 2000). This evidence is based on the lack of crystalline silicates in
infrared spectra of embedded young stars, that are still actively accreting gas and
dust from an interstellar cloud. In contrast, passive proto-planetary disks around
optically visible stars that are no longer accreting matter can show strong crys-
talline silicate emission (Malfait et al. 1998b). The star with the highest degree
of crystalline silicates in our sample, HD 142527, is also the youngest one, with
an age of approximately 1 Myr (van den Ancker, private communication). Our
observations thus imply that crystallisation of almost the entire inner disk and a
substantial part of the outer disk must have occurred very early in the evolution
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of the disk. Since dust processing - both radial mixing and shock processing -
is more efficient during the active disk phase, our observations provide strong
evidence that crystallisation occurred in the active disk phase. The formation of
the planets and asteroids in the inner solar system is believed to have occurred on
a much longer timescale (Wetherill 1990), during the passive disk phase. There-
fore, our observations suggest that, as was the case in the early solar system,
the silicate dust in the inner regions of proto-planetary disks is highly crystalline
before planet formation occurs.
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Supplementary material

Fitting procedure

We have modeled the 10 micron emission from small silicate dust particles us-
ing calculated emissivities of irregularly shaped, chemically homogeneous dust
grains. We use a statistical approach, i.e. we simulate the optical properties of
irregularly shaped particles by those of a shape distribution of particles with vari-
ous simple shapes. We use a distribution of hollow spheres which successfully
reproduces laboratory measurements of absorption spectra of small particles
(Min et al. 2003). Note that it is not assumed that the particles actually are
hollow spheres. Rather, a distribution of hollow spheres with varying inner hole
size can be used as a calculation method to derive the optical properties of irreg-
ular grains. The dust materials included are amorphous and crystalline olivine
(Mg2xFe2−2xSiO4), amorphous and crystalline pyroxene (MgxFe1−xSiO3), and
amorphous silica (SiO2). Here x determines the Mg/Fe ratio. In the 10 micron
region at the spectral resolution that we have, the spectra are not very sensitive
to the iron over magnesium ratio. We use the magnesium end members (x = 1)
for the crystalline silicates and for the amorphous material we adopt x = 0.5.
The dust components we consider are the most important ones that give rise to
spectral signature in the 10 micron region. We also add a continuum contribu-
tion which accounts for the large grain component and for the featureless dust
components such as amorphous carbon and metallic iron. In order to fit the data
we make the following assumptions:

1. The emissivity of dust is represented by the emissivities of only two
particle sizes, 0.1 µm (“small”) and 1.5 µm (“large”) We have extensively
tested that indeed we can describe the size distribution of the grains with
this minimum number of free parameters. Silicate particles smaller than
0.1 micron are spectroscopically identical to 0.1 micron grains (i.e. they
have the same mass absorption coefficients, such that the total derived dust
mass does not depend on the size of the grains). Grains that are larger than
a few microns quickly loose their emission band at 10 µm. The spectra
of intermediate grain sizes can be reproduced by a linear combination of
our small and large grains. We found that a ”large” grain size of 1.5 µm is
the optimum value, i.e. it gives the best fits of the spectra at the spectral
resolution of our data (even slightly better than a 2.0 µm grains used by
Bouwman et al. 2001).
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2. The thermal radiation we analyze comes from the optically thin part of the
disk, which allows us to add the contributions from the various compon-
ents linearly.

3. Since we observe a relatively small wavelength range we represent the
continuum emission by a single temperature blackbody. All dust com-
ponents have the same single temperature. This is justified because it is
very likely that the dust grains have coagulated, implying thermal contact
between the various dust components.

The emissivities of the various dust components for the two sizes are plotted
in Fig. 6.4. The abundances of the dust components are determined by using a
linear least square fitting procedure. The temperature of the grains is varied until
a best fit is obtained.
The emission in the 10 micron region is dominated by small (< 3 µm),

warm dust grains. Therefore, the derived abundances using the method described
above are for this dust population.

Error analysis

The following sources of errors can be identified: (1) statistical noise in the
spectra, (2) systematic errors in the data, and (3) errors in the model calculations.
1. Statistical noise on the spectra.

The spectra are obtained with high signal to noise ratios, so the statistical noise
will contribute a minor part to the total error budget.
2. Systematic errors in the data.

First of all a systematic error is introduced by the varying spatial resolution of
the interferometer between 8 and 13 µm. Because the spatial resolution at short
wavelength is higher than at longer wavelengths, we see a slightly larger part of
the disk at longer wavelengths. This introduces a slope in the spectrum. The
magnitude of this effect depends on the exact geometry of the innermost disk
regions. The effect was modeled by assuming various disk geometries and turns
out to have only minor influence on the derived abundances (∼5% level). An-
other source of systematic errors is introduced by the imperfect beam overlap in
the interferometer. This effect also causes a slope in the spectrum. The effects
of an erroneous0 slope in the spectrum on the derived abundances are negligible
(∼1% level). Third, the uncertainties arising from the atmospheric calibration
are less than 10%, which is a conservative estimate. The estimated total errors
in measurements have been indicated in the lower left corner of the panels of
figure 2 in the main paper.
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8                           10                         12

Figure 6.4— The emissivities of the various dust components and particle sizes used in
the fitting procedure. The solid lines are for 0.1µm grains, the dotted lines for 1.5µm
grains. The opacities of the dust species are calculated from refractive indices obtained
by laboratory measurements by Dorschner et al. (1995); Servoin & Piriou (1973); Jäger
et al. (1998); Spitzer & Kleinman (1960).

3. Errors in the model calculations.
Themain source of error in the model arises from uncertainties in the emissivities
and the limited number of dust species included. Also, we make the assumption
that laboratory measurements of cosmic dust analogs are representative for ma-
terials observed in astronomical objects. The spectra obtained with the Infrared
Space Observatory have shown that the overall agreement is good. The labor-
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atory measurements are reproduced reasonably well by the model calculations
of emissivities of small particles. The errors in the model calculations limit the
accuracy of the absolute value of the derived abundances. However, since all
spectra are fitted using the same procedure, the relative trends, on which our
discussion is based, are not affected much.

Estimation of the errors on the fitting parameters.

In order to estimate the sensitivity of the derived fitting parameters to
the above mentioned statistical and systematical errors, we use a monte carlo
method, in which we generate a large number of synthetic data sets (1000) by
adding random noise to the spectra. All these data sets are then fitted using the
same fitting procedure. The spread in the derived parameters then gives an es-
timate of the sensitivity of these parameters to the exact shape of the spectra. We
determine the strength of the random noise by requiring that the best fit model to
the original data set has a reduced χ2 of unity. In this way we simulate the added
contributions of all above mentioned error sources, including systematic errors.
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CHAPTER 7

Flaring and self-shadowed disks around Herbig
Ae stars: simulations for 10 µm interferometers
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Abstract We present simulations of the interferometric visibilities of
Herbig Ae star disks. We investigate whether interferometric measure-
ments in the 10 µm atmospheric window are sensitive to the presence
of an increased scale height at the inner disk edge, predicted by recent
models. Furthermore, we investigate whether such measurements can
discriminate between disks with a flaring geometry, and disks with a flat
geometry. We show that both these questions can be addressed, using
measurements at a small number of appropriately chosen baselines. The
classification of Herbig Ae stars in two groups, based on the appearance
of the spectral energy distribution (SED), has been attributed to a differ-
ence in disk geometry. Sources with a group I SED would have a flaring
outer disk geometry, whereas the disk of group II sources is proposed to be
flat (or “self-shadowed”). We show that this hypothesis can be tested us-
ing long-baseline interferometric measurements in the 10 µm atmospheric
window.

7.1 Introduction

Herbig Ae/Be stars (HAEBEs, Herbig 1960, for a more recent review see Natta
et al. 2000) are intermediate mass pre-main-sequence stars, surrounded by ma-
terial which is left from the star formation process. A sub-group of mostly late
B and A-F type HAEBE stars (hereafter HAEs) show little or no optical extinc-
tion, and usually have low mass accretion rates as derived from radio analysis
(Skinner et al. 1993) and the lack of significant veiling in optical spectra. There
is ample evidence that the circumstellar material responsible for the large in-
frared excesses of these stars, is located in a circumstellar disk (e.g. Mannings
& Sargent 1997; Grady et al. 2001; Augereau et al. 2001; Eisner et al. 2003).
Vink et al. (2002) show that the gaseous component has a disk-like geometry on
scales of less than 0.1AU.

139
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Whereas the presence of these circumstellar disks seems firmly established,
the structure of the disks is a matter of debate. Kenyon & Hartmann (1987) de-
veloped “flaring” disk models for T-Tauri stars, in which H/R (the ratio of the
disk surface height to the distance to the star) increases with increasing distance
to the central star. The flaring disk model was refined by Chiang & Goldreich
(1997, hereafter CG97) who introduced an optically thin surface layer respons-
ible for the infrared emission features generally seen in circumstellar disks. Natta
et al. (2001) and Dullemond et al. (2001) reconsider the CG97 model in the
context of HAe stars, proposing that the innermost region of the disk has an
increased scale height: the “puffed up inner rim”. This configuration, which
results from considerations of hydrostatic equilibrium at the directly irradiated
inner rim, naturally explains the “near-infrared bump” commonly observed in
the Spectral Energy Distribution (SED) of HAe systems (Natta et al. 2001).
Meeus et al. (2001) noted that based on the IR SED, HAEs can be divided

into two main groups: “group I” sources that have a very strong, rising IR excess
peaking around 60 µm, and “group II” sources displaying 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. In the outer disk of group II sources, on the other
hand, H/R is approximately constant, or decreasing with increasing distance to
the star. The inner disk shields the outer disk from direct irradiation by the
central star, hence the term “self-shadowed” disk. This substantially reduces the
amount of radiation absorbed locally, leading to lower temperatures in the outer
disk of a group II source.
Recent 2D modeling by Dullemond (2002), Dullemond & Dominik (2004a,

henceforth DD04), has quantitatively confirmed that both flaring and self-
shadowed disks are natural solutions of the equation of vertical hydrostatic equi-
librium in passive circumstellar disks (see also section 7.2.3). These models
form the basis of the current study. There is ample evidence that group I and
group II disks indeed have a flaring and self-shadowed geometry, respectively
(e.g. Grady et al. 2004, Dullemond & Dominik 2004b, Chapter 8). However,
as this is not an observational study, we will consistently refer to the models
as flaring/self-shadowed, rather than group I/II (which is by definition an SED
classification).
With the advent of long (∼102m) baseline interferometry using large aper-

tures, it has now become possible to observe HAe disks in the thermal infrared
with a spatial resolution of order 10−2 acrsec. Initially the number of baselines
will be limited, and only interferometric amplitudes (no phases) will be avail-
able. True aperture synthesis imaging of disks is therefore not (yet) possible.
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DD04 flaring

CG 97

DD04 self−shadowed

Figure 7.1— A schematic representation of the geometries of the disk models studied
in this work. The shadow cast by the inner rim is shaded light.

The interpretation of the measured visibility amplitudes, which contain inform-
ation about the geometry of the disks, requires the use of disk models.
Here we present model calculations of the interferometric visibilities of HAe

disks, to investigate what we can learn from the measurement of visibility amp-
litudes. We focus on the 10 µm atmospheric window, where we are probing
emission from warm (T!200 K) material, expected to be present in HAe disks
at "20AU from the central star. We compare the CG97 model to models exhib-
iting a puffed up inner rim, and investigate the expected behaviour of flaring and
self-shadowed models. We show that mid-IR interferometry can discriminate
between the proposed models.
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7.2 Modeling method

The goal of this study is to predict and compare interferometric visibilities of
various disk models. Synthetic disk images are made using a ray tracing al-
gorithm, where special care is taken to ensure all spatial scales in the disk are
sufficiently resolved. Interferometric visibilities are calculated by Fourier trans-
forming the images. In this work we consider only pole-on models but note that
to good approximation, inclination can be included by scaling the calculated spa-
tial frequencies (or interferometric baselines) by a factor 1/cos θ along the minor
axis of an inclined disk, where θ is the inclination of the disk.

7.2.1 Interferometry

Rather than images, an interferometer produces an interference signal called the
interferometric “visibility” (V), which is the spatial coherence function of the
intensity distribution of the source. The visibility is related to the intensity dis-
tribution through the van Citterd-Zernike theorem, which states that the visibility
is the Fourier transform of the intensity distribution of the source. For an intro-
duction to long-baseline interferometry, we refer to Lawson (2000).

7.2.2 Spectrally resolved visibilities

Traditionally, visibility curves are represented as a function of the projected
baseline B1, at a specific wavelength (a V(B) curve). Such a curve represents
a number of visibility measurements at different projected baselines, which usu-
ally requires the use of multiple telescope pairs and/or moving telescopes.
A new possibility in the 10 µm region is the use of spectral dispersion with

large wavelength coverage. When using an instrument that has this capability,
one can obtain a whole “visibility curve” in one single measurement. Unlike
the common V(B) curve, the V(λ) curve obtained this way holds many visibility
values at only one baseline. The spatial resolution of the observation (∼λ/2B)
changes by almost a factor of 2 between 7.5 and 14 µm. Detailed modeling is re-
quired to interpret V(λ) curves. Most HAe stars show a prominent emission band
between 8 and 12 µm, due to silicate dust. The shape of this emission band varies
strongly, depending on chemical composition, particle size and lattice structure
of the silicate grains. When simulating interferometric visibilities using disk
models, one finds that the detailed shape of the visibility curve depends on the
opacities used, i.e. on the dust properties. These are different from star to star,

1The spatial frequency of the observation is: k = B/λ, where λ is the observing wavelength.
The units of k are cycles/radian if λ and B have the same units
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Figure 7.2— The spectral energy distributions of the DD04 flared (full curve), DD04
self-shadowed (dashed curve) and CG97 (dotted curve) models. The full grey curve
represents the DD04 flared model, where the silicate resonances between 8 and 25 µm
have artificially been removed from the opacity table (see also section 7.3.3 and Fig. 7.6).

and vary within a disk as a function of distance to the star (Chapter 6). The vis-
ibilities measured in the silicate emission feature are a mixture of disk structure
and mineralogy. Therefore, in order to deduce information on the disk structure,
it is preferable to use measurements at wavelengths outside the silicate feature,
which in practice means between ≈12 and 13.5 µm. At 8 µm, it is also possible
to sample the continuum emission, this is however more difficult since here the
atmospheric transmission is rather poor.

7.2.3 The DD04 disk model

The disk models used in this work are described in DD04. These are 2-D axisym-
metric models in which the gas and dust density and temperature are given as a
function of radius R and polar coordinate Θ. The disk is assumed to be heated
only by irradiation by the central star. A 2-D continuum radiative transfer code
is used to compute the entire temperature structure of the disk. The vertical
density structure, for a given radial surface density distribution Σ(R), is com-
puted by demanding vertical hydrostatic equilibrium. In this way the disk has a
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Figure 7.3— Radial intensity profiles of the DD04 flared, DD04 self-shadowed and
CG97 models (upper panel). The lower panel shows the normalized cumulative flux
distribution of the models. The three regions of the disk that we distinguish (“bright in-
ner rim”, “intermediate shadowed region”, and “outer disk”) are indicated for the DD04
flaring model (in the DD04 self-shadowed model, the intermediate shadowed region
extends somewhat further outward).

self-consistent temperature and density structure, from which images and SEDs
can be computed using a ray-tracer. For this work we use the following stellar
parameters: M∗ = 2.5M⊙, R∗ = 2R⊙ and T∗ = 10 000 K, which amounts to a
stellar luminosity of L∗ = 36 L⊙. All disk models in this work have a disk mass
of 0.1M⊙, a gas/dust ratio of 100, a surface density distribution of Σ ∝ R−1.5,
and an outer radius of 200AU. The DD04 flaring models have an inner disk ra-
dius which is calculated self-consistently assuming an optically thick inner rim.
The location of the inner rim is set by the dust evaporation temperature, which is
about 1500 K for silicate dust. The CG97 model has an inner radius of 0.21AU,
which corresponds to the radius where the black-body temperature is 1500 K.
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For the dust opacities we use a simple model consisting only of small silicate
grains (Laor & Draine 1993).
If the disk is optically thick enough, the disk has a flaring shape (DD04

and Dullemond 2002). When the optical depth is decreased, a flaring disk can
turn into a self-shadowed disk and the SED changes from a group I to a group II
shape. The flaring and self shadowed models shown here are the BL1 and the
BL4 model from DD04. Both disks have a mass of 0.1M⊙. In the BL1 model all
the dust mass is in 0.1 µm silicate grains. In the BL4 model 99.9% of the mass
has been converted into 2mm size grains located in the midplane, while only
0.1% remains in small 0.1 µm grains, thus strongly lowering the opacity of the
disk. We stress however, that the flaring vs. self-shadowed behaviour of the disk
depends on high vs. lower optical depth, and that dust coagulation is but one of
several possible mechanisms to achieve lower optical depths.
In the proposed scheme, the outer disk of a self-shadowed source is shiel-

ded from direct stellar irradiation by its own inner disk. However, the outer
disk receives near-IR radiation emitted by the hot innermost disk regions, and
optical/UV radiation which is scattered by the diffuse inner disk atmosphere.
Therefore, the temperature and scale height in a self-shadowed disk are still sig-
nificantly larger than zero. Note that in a flaring disk, there is also a region just
outward of the inner rim that is shielded from direct stellar radiation. Contrary to
a self-shadowed disk, a flaring disk emerges from the shadow cast by the puffed
up inner rim, at distances of a few AU from the star.

7.3 Results

The geometry of the disk models investigated in this work is schematically rep-
resented in Fig. 7.1. The outer disk geometries in the CG97 and DD04 flaring
models are very similar, however the inner disk region is different. The DD04
flaring has a puffed up inner rim, and an intermediate shadowed region (shaded
light). The DD04 self-shadowed model has an inner disk structure that is very
similar to the DD04 flaring model. The outer disk in the self-shadowed model
never rises above the shadow cast by the puffed up inner rim, but is irradiated by
the hot inner disk regions.

7.3.1 Spectral energy distributions

The emerging spectral energy distributions of the disk models are shown in
Fig. 7.2. The infrared excess emission at far infrared (FIR) wavelengths (∼60-
100 µm) is clearly stronger in the flaring disk models than in the self-shadowed
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model. The FIR excess is significantly stronger in the DD04 flaring model than
in the CG97 (also flaring) model. This can be traced to the simplifications made
in the CG97/DDN01 models which do not take properly into account various
3-D radiative transfer effects. In particular, these models do not account for the
moderate ‘boosting’ of radiation toward the polar axis to compensate for the oc-
cultation in equatorial directions by the disk’s own flaring outer regions. In the
DD04 models these effects are consistently taken into account by virtue of the
full multi-dimensional radiative transfer treatment used in those models. The
near-infrared excess around 2-3 µm which is very prominent in the DD04 model
SEDs, is much less pronounced in the CG97 model. In the 10 µm region, the
CG97 and DD04 flaring model SEDs are virtually identical in spectral shape,
though the DD04 flaring model has a somewhat higher absolute flux level. The
DD04 self-shadowed disk is fainter than the flaring models, and has a blue-er
continuum slope in the 10 µm region.

7.3.2 Radial intensity profiles

Fig. 7.3 shows the radial intensity profiles at 12.6 µm of a DD04 flaring and self-
shadowed disk model, and the CG97 model. Both the DD04 flaring and self-
shadowed model essentially exhibit three regimes:

1) the “bright puffed up inner rim”, that causes a ringlike emission, contrib-
uting mainly between 0.5 and 0.8AU from the star.

2) a region just behind the inner rim (as seen from the star), where the dust
temperatures are much lower than in the inner rim. From this “intermedi-
ate shadowed region”, relatively little radiation emerges (as can be seen in
the cumulative flux distributions of the DD04 models in the lower panel
of Fig. 7.3, which are nearly constant in this region).

3) the “outer disk region”, whose main flux contribution arises between 3 and
20AU from the central star. In a flaring disk model, this outer disk region
is directly irradiated by the central star.

The “bright puffed up inner rim”, “intermediate shadowed region” and “outer
disk region” are of course just different parts of the same physical structure, and
the distinction made here serves merely to help the reader develop a qualitative
understanding of how such geometries translate into interferometric visibilities.
In Fig. 7.3 we have indicated the three regions discussed above. For the DD04
flaring model, the outer radius of the intermediate shadowed region can be well
defined to be between 2 and 3AU, where the slope of the cumulative flux dis-
tribution clearly increases. In the DD04 self-shadowed model, this radius is less
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clearly defined but evidently somewhat larger than in the DD04 flaring model.
The contribution of the bright inner rim emission to the total system flux depends
strongly on wavelength (for the self-shadowed model, the inner rim contributes
more than 90% to the total flux at 6 µm, about 60% at 8 µm, about 35% at 13 µm
and less than 5% at 30 µm), and is always higher in a self-shadowed model than
in a flaring model harboring the same central star.
The CG97 has, per definition, a flaring disk structure. Contrary to the DD04

flaring model however, it does not have a bright puffed up inner rim, and con-
sequently it lacks an intermediate shadowed region.

7.3.3 Visibility curves

Visibility as a function of baseline

Fig. 7.4 shows the predicted “classical” visibility curves V(B) of the considered
disk models, at several wavelengths. From top to bottom we show the predic-
tions for the CG97 model, the DD04 flaring model and the DD04 self-shadowed
model. To develop an intuitive understanding of how the characteristics of the
emerging intensity distribution of the various models are reflected in their visib-
ility curves, we will discuss the curves in Fig. 7.4. In this example, the star is put
at a distance of 150 pc, typical of nearby Herbig stars.
At a baseline of 0m all sources are of course unresolved and have a visib-

ility of 1. The CG97 model shows a steady drop in visibility as the baseline is
increased. The slope of the visibility curve changes gradually, reflecting that the
radial intensity profile shown in Fig. 7.3 has no strong substructure. In this sense,
the CG97 model is “scaleless”.
For the DD04 models, this is different. These models have essentially 2

scales: the bright inner rim, which emits between 0.5 and 0.8AU, and the outer
disk, which emits most of its flux between about 3 and 20AU. In between lies the
intermediate shadowed region, whence little flux emerges. This general picture is
reflected in the visibility curves. Starting at 0m, and increasing the baseline, we
observe a steady drop in visibility as the outer disk gets more and more resolved.
Note that at a baseline of 10m the visibility is already significantly lower than 1,
predicting that the largest modern day telescopes might marginally resolve the
outer disks in such objects at 10 µm. For the HAe star HD 100546 this has indeed
been observed (Liu et al. 2003, Chapter 3). At a baseline of about 30m, the outer
disk is mostly resolved while the inner rim is still essentially unresolved. There-
fore, the visibility curves flatten at this point. The visibility level at this baseline
(about 15% for the flaring model and 40% for the self-shadowed disk, at 9.8 µm)
indicates the fraction of the total system flux that is emitted by the bright inner
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Figure 7.4— Simulated visibility curves V(B) of a CG97, a DD04 flaring, and a DD04 self-
shadowed disk model (from top to bottom, for V(λ) curves of these models see Fig. 7.5). We
show model visibilities at three different wavelengths. x1 and x2 denote optimum baselines to
distinguish between the various models (see section 7.3.4).
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Figure 7.5— Visibility curves V(λ) of a CG97, a DD04 flaring, and a DD04 self-shadowed
disk model (for V(B) curves of these models see Fig. 7.4). We show predicted behaviour of the
visibility as a function of wavelength V(λ), for several different baselines. The wavelength regions
that are inaccessible from the ground are shaded grey.
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rim. At longer baselines, the bright inner rim itself becomes resolved to the in-
terferometer, and the visibility gradually goes to its first null. Since the interfer-
ometer’s spatial resolution scales inversely with observing wavelength, whereas
the apparent diameter of the inner rim hardly depends on the wavelength, zero
visibility is reached first at the shortest wavelengths, and at longer baselines for
the longer wavelengths.

Visibility as a function of wavelength

Fig. 7.5 shows V(λ) curves for the CG97, DD04 flaring and DD04 self-shadowed
model, at a number of different baselines. Each of these curves represents a
single, dispersed, visibility measurement (the spectral region inaccessible from
the ground is shaded grey). Each curve in Fig. 7.5 can be regarded as a cut
through Fig. 7.4 at a specific baseline, with a much denser wavelength sampling.
The overall trend for all curves is to show the highest visibilities at 8 µm,

and lower visibilities at 13 µm. This is because the apparent size of the disks
increases with wavelength more rapidly than the interferometric resolution de-
creases. There is generally a sharp decrease in visibility between 8 and 9.5 µm.
This decrease is largely due to the fact that the disks appear larger in the silicate
feature than in the continuum. Since the dominant energy source of a passive
disk is photon absorption at the disk surface, these disks have a temperature
structure such that they are warmest at the disk surface, and coolest in the disk
midplane. At a wavelength where the opacity is low, one will look deep into
the disk, and thus see dust that is on average relatively cool. At wavelengths
where the opacity is higher (i.e. in the silicate resonance) one looks less deep
into the disk and thus sees dust that is on average warmer, making the disk at
that particular wavelength appear larger. Consequently, the region of the disk
where the observed dust is warm enough to emit significantly in the 10 micron
region is larger in the silicate resonance than in the continuum next to it, making
the disk appear bigger in the resonance. In Fig 7.6 we demonstrate the import-
ance of the silicate resonance for the simulated visibility curves. We show the
visibilities of the DD04 flaring model (full curves, see also the middle panel of
Fig. 7.5). To calculate visibility curves of a model without silicate resonances,
we removed the 10 and 20 micron silicate features from the opacity table prior to
the ray tracing (dotted curves). The large influence of the opacity of the material
on the resulting visibilities is evident. The SED of the model without silicate
resonances is indicated by the full grey curve in Fig. 7.2.
The interpretation of the curves in Fig. 7.5 in terms of disk geometry is not

straightforward, for several reasons. First, the emerging intensity distribution of
the disk changes with wavelength. Second, the spatial resolution of the interfero-
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Figure 7.6— The effect of the increased dust opacity in the silicate feature. The full
lines show the visibility curves of the DD04 flaring model, the dashed lines show the
visibility curves of the same model, where the silicate resonances have been removed in
the opacities prior to the ray tracing.

meter decreases by almost a factor of two between the short and long wavelength
edges of the 10 µm atmospheric window (N-band). Third, how the disk intensity
distribution (and thus the visibilities) changes with wavelength depends on the
opacity of the dust, i.e. on mineralogy. When we measure a single V(λ) curve,
what we see therefore is a mixture of disk geometry changing with wavelength,
instrumental resolution changing with wavelength, and the mineralogy of the
source.

As the mineralogy changes from star to star, it is difficult to obtain general
diagnostics for disk geometry from a V(λ) curve. The detailed interpretation
of such a measurements requires a model of each individual star, where both
the spectrum (mineralogy) and the disk structure are fitted simultaneously. As a
general diagnostic for disk structure it is thus preferable to measure visibilities
in the continuum, where the visibilities do not depend strongly on mineralogy.
We will come back to this in section 7.3.4.

However, the spectral capabilities of the interferometer develop their full
strength, when one uses observations at several baselines in order to reconstruct
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an “image” of the disk2. With spectrally dispersed visibilities, the spectrum
of the disk is then known immediately at all positions in the disk. It is then
possible to study the mineralogy, size distribution and chemical composition of
dust grains in the disk surface layer as a function of distance to the central star,
providing crucial information about processing and radial mixing in disks.
If the intensity distribution in the disk is strongly centrally peaked like the

models discussed in the present paper, the correlated flux obtained at a single,
long baseline3 can be directly interpreted as the spectrum of the innermost re-
gions of the disk (in the correlated spectrum obtained with only one measure-
ment, there is still an unknown spatial term mingled in, that typically introduces
a slope in the spectrum. This however has little influence on the derived miner-
alogy). The outer disk spectrum can then be obtained as a difference between
the integrated disk spectrum and the inner disk spectrum. Applying this method
to the first spectrally resolved full N-band visibility measurements of HAe stars,
it was demonstrated in Chapter 6 that the mineralogy can vary strongly with
distance to the star.

7.3.4 Distinguishing between the various models

The goal of this study is to show how interferometric measurements can be used
to distinguish between the various disk models. Clearly, the curves in Fig. 7.4 are
different for the different models. However, one will typically not have continu-
ous measured visibility curves at hand, but rather have samples at a few different
baselines. Here we show that it is, at least in principle, possible to distinguish
both between the CG97 and DD04 models on one hand, and between the DD04
flaring and DD04 self-shadowed on the other, using measurements at only 2,
appropriately chosen, baselines.
The distinguishment between the CG97 and DD04 models results from the

absence of an intermediate shadowed region in the former. At spatial scales cor-
responding to the intermediate shadowed region in the DD04 models, little flux
emerges. Therefore, the visibility curves are relatively flat at the baselines cor-
responding to these spatial scales, they show a “plateau” (very prominent in the
DD04 flaring model visibility at 12.6 µm in Fig. 7.4). The CG97 model does
not have such specific spatial scales with much reduced emergent intensity, and

2In practice this will be easiest for disks that are seen not too far from pole on, so their image
has a high degree of azimuthal symmetry. This limits the number of baselines needed, and requires
the measurement of visibility amplitude only, since all phases will be approximately 0

3The visibility is the ratio of the correlated flux and the total flux (Fcor/Ftot). The correlated
flux, or correlated spectrum in the case of a spectrally dispersed measurement, is the quantity an
interferometer measures.
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Figure 7.7— A diagnostic diagram used to distinguish between models with (DD04)
and without (CG97) a bright inner rim, and between models with a flaring (DD04 flared)
and flat (DD04 self-shadowed) outer disk geometry. On the horizontal axis we plot
the slope of the visibility curves between 2 appropriately chosen “normalized” baseline
lengths x1 and x2 (xi = Bi/d, where Bi is the baseline in m and d is the distance to the
star in pc, see section 7.3.4 for how x1 and x2 are best chosen). On the vertical axis
we plot the predicted visibility at the longest baseline. The CG97 models have a much
steeper slope than the DD04 models. The DD04 self-shadowed model has a much higher
visibility than the DD04 flaring model.

therefore lacks the plateau in the visibility curve. The visibility curves of CG97
and DD04 models thus have a different slope at baselines corresponding to the
scale of the intermediate shadowed region. Once this slope difference has been
detected, DD04 flaring and DD04 self-shadowed disks can be distinguished by
the relative contribution of the bright inner rim to the total system flux, which is
much higher for a self-shadowed model. Note that the bright inner rim itself is
virtually identical in both models, but the outer disk is much brighter in the flar-
ing disk than in the self-shadowed case. Therefore, the predicted visibilities at
our selected baselines are much lower for the flaring model. We recall that dedu-
cing properties about the disk structure is best done outside the silicate emission
feature, which in practice favors the region between 12 and 13 µm.
A measurement at a specific baseline samples the corresponding angular

scale, and the physical scale (in AU) associated with this baseline therefore de-



154 Herbig Ae star disks with a 10 µm interferometer

pends linearly on the distance to the star. It is therefore convenient to introduce
the “normalized baseline”

x ≡ B
D

(7.1)

where B is the baseline in meter and D is the distance to the star in parsec.
Consider the emission of a small part of the disk, arising between R and R + dR
from the central star, i.e. a ring with angular diameter θ = R/d (where d is the
distance to the star). The visibility curve of such an annulus of emission is the
zeroth order Bessel function:

Van(B) = J0(
θB
λ
) (7.2)

where B is the interferometric baseline, and λ is the wavelength of observation.
The visibility reaches the first null at a baseline of about

B0 ≈ 158
λµm
θmas

[m] (7.3)

where for convenience the wavelength and annulus angular diameter have been
expressed in µm and milli-arcseconds, respectively. Our goal is to detect the
effect of the intermediate shadowed region, i.e. the very low flux contribution
from annuli between about 0.8 and 3AU. To estimate which baseline is most
sensitive to emission from an annulus with diameter θ, let us take the baseline
where the visibility is half its maximum value, Van = 0.5:

B0.5 ≈ 100
λµm
θmas

[m] (7.4)

For an annulus of 2AU radius, this corresponds to a normalized baseline of x =
λµm/40. Let us take the region between 1 and 2AU from the star as characteristic
for the intermediate shadowed region.
We find that in order to most clearly separate the specific DD04 models

(with an intermediate shadowed region) used in this work from the CG97 models
(without an intermediate shadowed region), the best choice for x is:

x1 =
λµm
44 [m pc

−1]
x2 = 2x1 (7.5)

The visibility is now sampled at the baselines corresponding to x1 and x2 (for a
star at 150 pc and at a wavelength of 12.6 µm these are 43 and 86m, respectively,
see also Fig 7.4), yielding visibilities V1 and V2. In Fig. 7.7 we plot the on the
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vertical axis the visibility measured on the longest of the two baselines (V2). On
the horizontal axis we plot the deduced slope of the visibility curve between x1
and x2. In addition to the CG97 model with an inner radius of 0.21AU we plot
CG97 models with inner radii of 0.02 and 0.5AU, to illustrate the behaviour with
varying inner radius. From this figure we see that:

1) The CG97 models have a much steeper slope than the DD04 models in
this baseline regime.

2) The DD04 flaring model has a much lower visibility at the long baseline
than the DD04 self-shadowed model (and on the short baseline as well).

We can conclude therefore, that it is possible to discriminate between the various
models, with a very limited number of measurements.
This analysis has been done in an idealized world where we have both as-

sumed that the disks are pole-on, and that our models are a good representation
of the true disk geometry. The optimum choice for x1 and x2 depends on the
geometry of the disk and may therefore in reality be somewhat different than the
values given in our recipe (equation 7.5). If the outer disk is smaller than we
predict, the value of x1 should be increased. If the bright inner rim is located at
radii somewhat larger than predicted, the value of x2 should be decreased. There
is however evidence that the bright inner rim is located at radii somewhat smaller
than predicted in our models (Eisner et al. 2003), and therefore this is not likely
a reason for concern. In practice, measurements at more than 2 baselines (≈5)
are probably needed to unambiguously establish the nature of the sources.

7.4 Conclusions

We have presented model calculations of interferometric visibilities of circum-
stellar disks around Herbig Ae stars. We compare predictions for disks with
(DD04) and without a bright inner rim (CG97). We show that it is possible to
distinguish between both model possibilities using a small number of interfer-
ometric measurements in the 10 µm atmospheric window. Such measurements
also allow to distinguish between flaring and self-shadowed disk models. This
allows testing of the hypothesis that group I and group II sources correspond to
flaring and self-shadowed disks, as is suggested by their spectral energy distri-
butions.
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Abstract We present the first long baseline mid-infrared interferometric ob-
servations of the circumstellar disks surrounding Herbig Ae/Be stars. The ob-
servations were obtained using the mid-infrared interferometric instrument MIDI
at the European Southern Observatory (ESO) Very Large Telescope Interfer-
ometer VLTI on Cerro Paranal. The 102 m baseline given by the telescopes
UT1 and UT3 was employed, which provides a maximum full spatial resolution
of 20 milli-arcsec (mas) at a wavelength of 10 µm. The interferometric signal
was spectrally dispersed at a resolution of 30, giving spectrally resolved visibil-
ity information from 8 µm to 13.5 µm. We observed seven nearby Herbig Ae/Be
stars and resolved all objects. The warm dust disk of HD 100546 could even be
resolved in single-telescope imaging. Characteristic dimensions of the emitting
regions at 10 µm are found to be from 1 AU to 10 AU. The 10 µm sizes of our
sample stars correlate with the slope of the 10-25 µm infrared spectrum in the
sense that the reddest objects are the largest ones. Such a correlation would
be consistent with a different geometry in terms of flaring or flat (self-shadowed)
disks for sources with strong or moderate mid-infrared excess, respectively. We
compare the observed spectrally resolved visibilities with predictions based on
existing models of passive centrally irradiated hydrostatic disks made to fit the
SEDs of the observed stars. We find broad qualitative agreement of the spec-
tral shape of visibilities corresponding to these models with our observations.
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Quantitatively, there are discrepancies that show the need for a next step in
modelling of circumstellar disks, satisfying both the spatial constraints such as
now available from the MIDI observations and the flux constraints from the SEDs
in a consistent way.

8.1 Introduction

Most young low- and intermediate mass stars are surrounded by a disk of gas
and dust, which is believed to be an evolved form of the accretion disk from
which the star formed. This disk dissipates on a typical timescale of 107 years
and is believed to be the site of planet formation. The structure and evolution of
such supposedly proto-planetary disks is one of the focal points of current star-
and planet formation studies. Since the material in these disks is cool, and their
size is of the order of 100AU (corresponding to an angular size of 1 arcsec at
the distance of the nearest low-mass star forming regions), the study of star- and
planet formation requires high angular resolution observations at infrared and
millimeter wavelengths.
After a decade-long concentration of efforts on the study of disks around the

low-mass T Tauri stars, in recent years substantial progress has been made in
high angular resolution studies of the disks surrounding Herbig Ae/Be stars, too.
These are intermediate mass pre-main sequence stars, first defined as a group by
Herbig (1960). By their ultraviolet radiation, some Herbig Ae/Be stars excite
noticeable emission from the infrared bands of Polycyclic Aromatic Hydrocar-
bon molecules (PAHs, see Malfait et al. 1998b), emissions which otherwise are
ubiquitous in the diffuse interstellar medium (Mattila et al. 1996) and compact
HII regions (Roelfsema et al. 1996). But the infrared spectrum of Herbig Ae/Be
stars is mainly characterized by a large excess from dust in their circumstellar
environment (Hillenbrand et al. 1992; Malfait et al. 1998a). In general infrared
and mm emission from Herbig Ae/Be stars of earlier spectral type lacks clear
indications of circumstellar disks while these are present in the mm interfero-
metric observations of the later spectral types of this group (Natta et al. 2000).
For the subset of Herbig Ae/Be stars with spectral type A or late B (“Herbig Ae
stars”) defined by the study of Malfait et al. (1998b), which is ’isolated’, i.e. not
closely associated with molecular cloud material, the infrared and mm emission
can safely be attributed to a circumstellar disk.
This is particularly evident at millimeter wavelengths, where spatially re-

solved images of isolated Herbig Ae stars convincingly show a disk signa-
ture at typical scales of several 100AU in CO (Mannings & Sargent 1997;
Dutrey 2004). In the visible and near-IR, scattered light images reveal the pres-
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Table 8.1— Basic properties of the target stars
Name Sp. T. Te f f Luminosity Distance EB−V log(age) group1 References

(K) (L⊙) (pc) (mag) (yr)
HD 100546 B9Vne 10500 36 103±7 0.09 > 7.0 I 2, 5 , 6
HD 142527 F7IIIe 6260 31 200±50 0.21 5.0 ±0.5 I→ II 2, 5, 6
HD 144432 A9IVev 7350 32 145±201 0.05 6.5 ±0.5 II 3, 5, 6
HD 163296 A3Ve 8720 30 122±15 0.03 6.6 ±0.4 II 2, 5, 6
HD 179218 B9e 10500 80 244±55 0.17 5.0 ±0.6 I 2, 5, 6
KK Oph A6 8000 20 160±301 0.59 6.5 ±0.5 II 4, 6
51 Oph A0II/IIIe 10100 289 131±15 0.05 5.5 ±0.2 II 2, 5, 6, 7
1 error estimated 2Hipparcos parallax 3Pérez et al.(2004) 4Hillenbrand et al. (1992)
5van den Ancker et al. (1998) and references therein 6Dominik et al. (2003) 7van den Ancker et al. (2001)
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ence of non-spherical dust distributions with a scale of up to 1000AU (e.g.
Grady et al. 2001). In parallel, the late-type Herbig Ae/Be stars tend to show
substantially smaller near-IR scattering haloes than their more massive early-
type Herbig Ae/Be counterparts, probably reflecting differences in UV radiation
field and evolutionary time scales (Leinert et al. 2001). Recent interferometric
observations with the Palomar Testbed Interferometer at 2.2 µm indicate that also
the hottest dust in Herbig Ae stars has a non-spherical spatial distribution (Eis-
ner et al. 2003), again suggesting a disk geometry. Most authors agree that the
millimeter emission observed in Herbig Ae stars stems from cold grains in the
mid-plane of an optically thick, gas-rich, usually passive, externally heated disk,
while the mid-IR emission arises from the warm optically thin disk atmosphere
(D’Alessio et al. 2001; Chiang & Goldreich 1997).

Little is known however about the geometrical shape of the disks. The usual
approach is indirect through attempts to fit the observed spectral energy distri-
bution (SED). Hillenbrand (1992) had used, in analogy to the classification of
T Tauri stars, the slope of infrared emission beyond 2.2 µm to distinguish three
groups of Herbig Ae/Be stars. More relevant to our observations is the approach
by Meeus et al. (2001) who concentrate on Herbig Ae stars and classified them
into two groups, based on the slope of the 10-60 µm spectral region. Their
group I sources show a rising IR spectrum and are interpreted in terms of flar-
ing disks. The group II sources have a bluer spectral slope, which Meeus et al.
(2001) propose is due to non-flaring disks. This interpretation is supported by
the stronger emission in group I sources from PAHs: flaring disks subtend a lar-
ger solid angle and thus stellar photons can reach a larger surface area, resulting
in stronger PAH emission.

A physical description of the qualitative picture drawn byMeeus et al. (2001)
has been given recently in a series of papers by Dullemond et al. (2001, hereafter
DDN), Dullemond (2002) and Dominik et al. (2003). The DDN models are a
modification of the Chiang & Goldreich (1997, hereafter CG97) passive, cent-
rally irradiated hydrostatic equilibrium flaring disk models for T Tauri stars. The
most important feature of the DDN models is a puffed-up inner rim at the dust
sublimation radius, which casts a shadow on the surface of the disk, substantially
reducing the disk surface temperature behind the inner rim. This shadow affects
the spatial scale of the mid-IR emission in a different way for flaring and non-
flaring geometries and may be the basic principle giving rise to the two groups
of Herbig Ae stars with different mid-infrared behaviour. While the DDN mod-
els are quite successful in explaining what they were made for, i.e. the infrared
SEDs of HAe stars (Dominik et al. 2003), the underlying spatial distributions
for these and other disk models finally will have to be based on high-spatial
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resolution observations of the circumstellar structures.
Recently, the Very Large Telescope Interferometer (VLTI, Glindemann et

al. 2003) of ESO’s Paranal Observatory has been equipped with MIDI, the MID-
infrared Interferometric instrument (Leinert et al. 2003). MIDI combines the
light of two telescopes and provides spectrally resolved visibilities in the 10 µm
atmospheric window. With the baselines between the 8.2 m - telescopes (UTs)
of the order of 100 m, the instrument will be most sensitive to source geometries
a few AU in size for the distances of 100-300 pc typical of our sample. This is
also the region from which most of the 10 µm emission in the studied sources is
thought to originate.
The instrument was successfully installed in late 2002, and first scientific

observations were obtained in June of 2003. These observations were conducted
in the context of both the MIDI consortium guaranteed time, and of the Science
Demonstration Time, which was provided by ESO to demonstrate the science
potential of the VLTI. Here we report on first results of MIDI observations of
the disks surrounding Herbig Ae/Be stars. This chapter is organized as fol-
lows: Sect. 8.2 describes the observations and data reduction procedures. In
Sect. 8.3 and 8.4 we introduce the sample and present the results obtained on
these sources. In Sect. 8.5 we discuss the spectrally resolved visibilities of the
seven observed Herbig Ae/Be stars, correlate these with other known properties
of the target stars and compare the observed visibilities with those predicted on
the basis of DDN models. Sect. 8.6 summarizes the results of this study.

8.2 Observations and data reduction

8.2.1 Observing procedure

The targets were observed in three nights of Guaranteed Time Observations
and three nights of Science Demonstration Time from June 11 - June 17, 2003.
The individual observations are listed in Table 8.2. The observing sequence,
typical of interferometric measurements, is influenced by the design of the
instrument, presented in Leinert et al. (2003). After the coarse acquisition by
the telescopes, we took images with MIDI in imaging mode, i.e. without beam
combiner and without prism, resulting in one image per telescope beam. These
separated single-telescope images were taken in parallel with the short wave
N band filter (8.7 µm, width 1.4 µm) while chopping the secondary of the two
involved UTs with typically 2 Hz over 10 ′′. The images were used to adjust the
position of the stars to a predetermined pixel in order to maximize the overlap
of both images for the following interferometric measurement. Then, the beam
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Table 8.2— Journal of observations
Object 10 µm flux UT date Projected baseline Nb. of Point sources

(Jy) (2003) length (m) PA (◦) resp. names of calibrators
HD 100546 65.8i 17.6. 0 h 74.4 60.5 HD89388, HD152161
HD 142527 10.4i 14.6. 0 h 102.0 11 HD120323a, HD 120323b, HD 168454
HD 144432 7.5i 17.6. 2 h 102.0 26.2 HD89388, HD152161, HD139063a, HD 139063b

HD 144432 7.5i 17.6. 5 h 97.0 42.5 HD139063a, HD 139063b, HD 139997
HD 163296 18.2i 14.6. 3 h 99.3 16 HD167618a, HD 167618bb

HD 179218 23.4i 16.6. 3 h 59.7 12.9 HD165135b, HD 187642a, HD 152161
HD187642b, HD 167618

HD 179218 23.4i 16.6. 6 h 86.0 40.0 HD165135b, HD 187642a, HD 152161
HD187642b, HD 167618

KK Oph 11.3 17.6. 1 h 100.3 8.8 HD152161, HD139063a

KK Oph 11.3 17.6. 4 h 102.4 28 HD139063a, HD 139063b

51 Oph 15.7i 15.6. 3 h 101.2 23 HD168454a, HD 168454b, HD 167618
51 Oph 15.7i 15.6. 7 h 101.4 38 HD168454a, HD 168454b, HD 167618
51 Oph 15.7i 15.6. 8 h 85.6 45 HD168454a, HD 168454b, HD 167618
51 Oph 15.7i 16.6. 0 h 98.8 -7 HD165135a, HD 152786, HD165135b

51 Oph 15.7i 16.6. 2 h 99.6 14 HD165135a, HD 152786, HD165135b

a first of several measurements of the calibrator during this night, the others are designated b, c i IRAS 12 µm flux
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combiner, which produces two interferometric outputs of opposite signal, and
the low resolution prism were introduced into the optical train. This prism gives
a spectral resolution of λ/∆λ ≈ 30. To find the location of zero optical path
difference (OPD), a range of a few millimeters around the expected point of
path length equalisation was scanned. The scanning involved varying the setting
of the VLTI delay lines while internally stepping the OPD rapidly over a few
wavelengths. For unresolved or partially resolved sources, the “white light”
fringe signal - obtained by integrating the reading of each exposure over the
complete wavelength range from 8 µm to 13 µm - clearly indicates the point of
zero OPD. Then, an interferometric measurement with self-fringe tracking is
started. In this mode, the piezo-mounted mirrors within MIDI are used to scan a
range in OPD of six to eight wavelengths (λ ≈ 10 µm) in steps of typically 2 µm.
After each scan, the position of the fringe packet in the scan is measured and the
VLTI delay lines are adjusted in order to re-center the fringe packet for the next
scan. In this way, typically a few hundred scans are obtained within 3-4 minutes.
Then, photometric data are recorded by blocking first the light from one, then
from the other telescope and recording a few thousand frames in about a minute.
For these photometric measurements, chopping of the telescopes is used again
to obtain sky and background subtraction. No chopping is used during fringe
search and tracking. The sensitivity limit for this self-fringe tracking mode was
≈ 2 Jy (unresolved source).

As usual, calibrator stars with known diameter were observed immediately
after the object and in the same region of the sky to correct for the reduction
in fringe contrast due to optical imperfections and atmospheric turbulence. The
calibrators were taken from a list of 478 stars at least 5 Jy bright at 10 µm and
selected for absence of circumstellar emission, disturbing companions or strong
variability (see Table 8.3). The time lapse between object and calibrator obser-
vations was 30 minutes. With the present accuracy of ≈ 10% per single visibility
measurement, there is no problem using also calibrators observed in the same
mode one or two hours earlier or later in connection with other objects.

It is an advantage of the long observing wavelength that these interferometric
observations can be performed without a higher order adaptive optics correction
even on the 8m UT telescopes. For median seeing of 0.7′′ the Fried parameter
has a value of r0 ≈ 5.3m. With the image stabilisation given by the tip-tilt sensors
in the Coudé foci of the UTs we then have essentially diffraction-limited per-
formance in the 10 µm range. No adverse effect of the tip/tilt operation is seen
in the interferometric data. But we disabled the active optics on the UTs during
the interferometric measurement to avoid the OPD jumps of a few wavelengths
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Table 8.3— Parameters of calibrator stars
Calibrator Spectral Flux Uniform disk Ref.

type (Jy) diameter (mas)
HD89388 K3IIa 33.2i 5.17 ± 0.10 2
HD120323 M4.5III 176i 9.16 ± 0.07 2
HD139063 K5III 30.1i 4.47 ± 0.24 1
HD139997 K5III 14.5i 3.46 ± 0.38 2
HD152161 M3II-III 35.25i 4.83 ± 0.50 2
HD152786 K3III 82.2i 7.21 ± 0.21 2
HD165135 K0III 16.3i 3.33 ± 0.05 2
HD167618 M3.5III 149i 11.33 ± 0.04 2
HD168454 K3IIIa 43.7i 5.78 ± 0.15 2
HD187642 A7V 23.2i 3.22 ± 0.01 2

1 CHARM catalogue, Richichi & Percheron (2002)
2 catalogue of MIDI calibrators, Chapter 5
i IRAS 12.5 µm flux

associated with refocussing. The future higher order correction system MACAO
will be helpful for data taken under less favourable seeing conditions.

8.2.2 Data reduction

For data reduction, a custom software written in the IDL language was used,
based on power spectrum analysis. The first step is to read in the photometric
datasets, average the frames on the target and the frames on the sky and subtract
the average sky frame from the average target frame. This sky-subtracted frame
contains the spectrum of the object, oriented horizontally on the chip. The po-
sition of the spectrum is measured columnwise by searching for peaks that are
sufficiently high above the background fluctuations. The result is the position
and width of the spectrum as a function of wavelength. This procedure is car-
ried out independently on both photometric datasets (which contained data from
telescopes UT1 and UT3, respectively). Then a mask is created with the average
position and width of the two spectra as a function of wavelength.
This mask is used to extract the object data from the fringe tracking data-

sets. Each frame of the fringe data, corresponding to one individual OPD setting
inside a scan, is reduced to a one-dimensional spectrum by multiplying by the
mask and performing the weighted integral over the direction perpendicular to
the spectral dispersion. Then the two – oppositely phased – interferometric out-
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put channels of the beam combiner are subtracted from each other. This com-
bines the interferometric modulation of both channels into one and at the same
time helps subtract the background. The few dozen spectra from each scan with
the piezo-mounted mirrors are collected into a two-dimensional array with op-
tical wavelength and OPD as axes. The contents of this array are column-wise
Fourier-transformed from OPD to fringe frequency space. As a rule, four of the
≈0.05 µm wide wavelength (pixel) channels were added to improve the signal-
to-noise (S/N) ratio. The fringe amplitude for each optical wavelength is then
obtained from the power spectrum at the corresponding fringe frequency.

The scans where fringes were actually detected are selected based on the
white-light fringe amplitude, i.e. the amplitude of fringes we see after integ-
rating the signal over all usable wavelengths. The histogram of all white-light
fringe amplitudes within a fringe track dataset usually shows a small peak near
zero, and a broad peak at higher amplitudes. We interactively set a threshold
just below this broad peak - for the faintest sources allowing self-fringe track-
ing this will correspond to S/N ≈ 2 - and average the spectrally resolved fringe
power spectra of all scans with a white-light fringe amplitude higher than this
threshold. To correct for the bias introduced by signal fluctuations not related
to the fringe signal, the off-fringe power spectrum, determined on the source,
but far from zero OPD, is subtracted from the signal. The fringe amplitude (or
correlated flux) as function of wavelength is the square root of the fringe power
spectra after this “background” subtraction. Division of this final fringe amp-
litude by the photometric flux gives the raw (instrumental) visibility of the ob-
ject as function of wavelength. To allow at least approximately for the influence
of unequal fluxes in the two interfering beams, the flux for the transformation to
visibilities is calculated by the expression

√
AB, where A and B are the fluxes de-

termined from the photometric datasets of the two incoming telescope beams. A
precise correction, which would imply determining the fluxes in the two beams
for each individual interferometric scan or even each exposed frame, is not pos-
sible in the first available measuring mode described here. Calibrated visibilities
for the object are obtained by dividing its raw visibility by the instrumental vis-
ibility derived for a calibrator star of known diameter (see Table 8.3), allowing
for eventual deviation of the calibrator’s known visibility from the point source
value 1.0. We are confident that these results are free of spurious fringe detec-
tions: overresolved sources do not show traces of a fringe signal. Even for the
bright source OH 26.5+0.6 with a N band flux at the time of our observations of
≈ 650 Jy no fringe signal was detectable.
This method of power spectrum analysis has its strength for reasonably

bright sources (like the Herbig Ae/Be stars studied in this paper) and then should
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be comparatively insensitive to atmospheric fluctuations.

A second method, based on coherent integration, which involves a clever
kind of shift-and-add has been developed in parallel and will be described else-
where. It promises to work more reliably for sources with low flux levels. Here,
it has been used to independently verify the visibilities obtained from power
spectrum analysis.

The errors on the observed visibilities are mostly systematic. The statistical
signal-to-noise ratio on the white light fringe amplitudes - if self-fringe track-
ing is possible at all - is 5-10 at minimum and much better after adding up the
several hundred scans taken per interferometric measurement. The main system-
atic effect is the varying overlap between the interfering beams due to imperfect
source acquisition and residual image motion. This may reduce the fringe signal
by different, unknown amounts for object and calibrator measurement, and the
same is true for seeing variations. Comparing the raw visibilities observed for
different calibrator stars during one night, the standard deviation of these values
under good conditions amounts to ± 5-10% (relative) at the red and blue end of
the spectrum, respectively, while for adverse conditions these numbers have to
be multiplied by a factor of 2-2.5. The visibility observed on calibrators (“in-
strumental visibility”) rises from about 0.4 at 8 µm to about 0.7 at 13 µm, rather
repeatable from night to night.

8.3 The sample

The core of our small sample consists of five isolated Herbig Ae stars for which
near- to mid-infrared spectra were available from the ISO spectrometer SWS. It
includes both sources with strong and with moderate mid-infrared excess, and
these sources showed the emission signatures corresponding to the presence of
different dust populations in their circumstellar environment. With KK Oph and
51 Oph one source more closely associated to molecular cloud material and one
source with rather optically thin circumstellar environment, respectively, were
added to cover a wider range of Herbig Ae/Be stars. None of these stars has
a known close (i.e. sub-arcsec) companion, so that the mid-infrared excesses
should be solely due to diffuse emission. Unknown companions with separations
of 80mas or more would have shown clearly in our visibility measurements by
several cycles of the sinusoidal variation typical for binary sources.
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Figure 8.1— Observed visual to millimeter spectral energy distributions of the programme stars.
Dereddened fluxes, taken from the literature, are shown as diamonds, while the curves in grey give SWS
and LWS spectra from the infrared satellite ISO. The solid line represents the sum of the stellar photosphere
(dotted line) and the best fit DDN model, taken from Dominik et al. (2003) for all stars except KK Oph, where
a new model was constructed, and 51 Oph. For 51 Oph no fit of the spectral energy distribution by a DDN-type
disk model was possible (see text).
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8.3.1 Description of the sample

In Table 8.1 we summarize some basic properties of the seven Herbig Ae/Be
stars studied in this paper. The stars cover a fairly narrow range in temperature
and - except for 51 Oph - in luminosity, thus allowing meaningful comparisons
of other properties. The stars are not embedded in their parental molecular cloud;
the bulk of the infrared emission seen with large aperture telescopes (e.g IRAS
and ISO) should therefore be due to their circumstellar disks, even in the case of
KK Oph. Fig. 8.1 shows the visual to millimeter spectral energy distributions of
the programme stars.
The data are taken from de Winter et al. (2001) and references therein with

exception of the 1.3mm point of KK Oph, which was taken from Henning et al.
(1994).
The solid lines in Fig 8.1 show the best fit DDN models for our programme

stars, taken from Dominik et al. (2003) for all stars except KK Oph, where the
model was done for this paper, and 51 Oph. We will return to these stars in
Sects. 5.2 and 8.5.3.

8.3.2 Notes on individual objects

HD100546 The infrared spectrum of this group I source is characterized by
strong emission from crystalline forsterite (Mg2SiO4, see Malfait et al. 1998a),
that seems to be located at a typical distance of ∼ 10AU from the star (Bouwman
et al. 2003). The PAH emission is strong and spatially resolved on a scale of
∼ 100AU. (Chapter 3) The 10 µm and 20 µm emission was recently shown
resolved (Liu et al. 2003) on a scale of ≈ 24AU.
HD142527 The 10 µm spectrum of HD142527 shows a flat-topped

silicate emission feature with an excess at 11.3 µm indicating grain growth and
crystallisation of the warm silicate grains in the disk atmosphere (Bouwman
et al. 2001). This source was originally classified by Meeus et al. (2001) as a
group I source, on the basis of the strongly rising far-IR spectrum. The optical
and IR luminosity being equal, the spectrum of HD142527 cannot easily be
explained in the context of a passive centrally irradiated disk, since in such
disks the maximum reprocessed luminosity is half of the stellar luminosity.
The lack of substantial veiling in the optical spectrum of HD142527 precludes
active accretion as the source of extra luminosity at IR wavelengths, as does the
observed silicate emission at 10 and 20 µm (Malfait et al. 1999; Meeus et al.
2001). Ignoring the 40 µm - 200 µm spectral range, the source should be
classified as a group II source. We consider it as such in the remainder of this
paper. The excess IR emission beyond 30-40 µm must be due to a close-by
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source.

HD144432 The 10 µm silicate band of HD144432 is one of the strongest
observed in HAe stars (Chapter 2) and has a shape that closely resembles that of
the interstellar medium. The IR spectrum falls steeply which implies a group II
classification.

HD163296 The millimeter continuum and CO (J=1-0) rotational line
emission of this group II source was spatially resolved by Mannings & Sargent
(1997) providing strong evidence for the presence of a disk. The millimeter
slope of Sν ∝ ν2 suggests that the cold mid-plane grains are millimeter-sized
(assuming the disk is optically thin at these wavelengths). The ISO spectra show
only weak evidence for crystalline silicates (Meeus et al. 2001). A broad 20 µm
band centered at 23 µm was identified with FeS by Keller et al. (2002). Clearly,
the dust in the disk of HD163296 is already substantially modified from the
ISM dust composition.

HD 179218 Strong PAH emission bands dominate the 10 µm spectrum of
HD179218. The 10 µm silicate emission band as well as the ISO spectrum
(Meeus et al. 2001) show that crystalline dust is abundant in this group I
star. While the crystalline silicates in HD100546 are dominated by forsterite,
HD179218 also shows pyroxenes, probably enstatite (MgSiO3 Meeus et al.
2001).

51 Oph The A0 giant 51 Oph has double-peaked Hα emission, suggesting
the gas is in a rotating disk (Waters, private communication). The ISO spec-
trum of 51 Oph is very different from that of other HAe stars (van den Ancker
et al. 2001) and shows emission from gas-phase molecules (CO, CO2, H2O).
The 10 µm spectrum shows a silicate band, though less strong than the other
sources in our sample. The spectrum drops steeply longwards of 25 µm. Milli-
meter emission from cold grains has so far not been detected. Both observations
suggest that 51 Oph does not have a substantial reservoir of cold grains. A close
companion which could have truncated the circumstellar dust distribution and
thus removed the colder material is not known. Clearly the nature of the disk in
this group II star is very different from that in other HAe stars.
KK Oph This is a PMS binary (Leinert et al. 1997) with a separation

between both components of 1.6′′. The star shows UX Ori type variations
(Herbst & Shevchenko 1999) which probably indicates that we see the disk at
a rather inclined angle (Natta et al. 2000; Dullemond et al. 2003). The latter
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Figure 8.2— Isophotal representation of the deconvolved 8.7 µm image of HD100546.
The contour levels are linearly spaced from 100% to 25% for the fourth root of the image
brightness I, i.e. they are ∝ I1/4. The last contour therefore is equivalent to 0.4% of the
maximum of I. The orientation of the 0.5′′ slit during the exposure was at position angle
140◦, i.e. along the long axis of the object.

authors also suggest that UX Ori stars have self-shadowed disks. Consistently,
the scheme described in Chapter 4 classifies the star as a group II source. The
DDN fit plotted in Fig. 8.1 is new and was done with the following parameters:
Te f f = 8700 K, L = 20 L⊙, M = 2.0 M⊙, SpT = A7, d = 165 pc, Trim = 1200 K,
vertical expansion factor at inner rim χrim = 4.0, Mdisk = 0.02 M⊙, exponent of
density law = -2.7, rout = 200AU, i = 70◦.

8.4 Results

The observing sequence for our interferometric measurements described above
implies that in principle three types of data are available for each observed
source: single-dish acquisition images at 8.7 µm (FWHM 1.4 µm), single dish
low resolution (λ/∆λ ≈ 30) spectra over the full N band (7.5 µm - 13.5 µm), and
the spectrally resolved interferometric measurements of correlated flux, respect-
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Figure 8.3— Observed 7.5-13.5 µm spectra of the programme stars. Note the large
range in silicate band shapes, and the presence of crystalline silicates (shoulder at
11.3 µm) in some objects. PAH bands at 7.9, 8.6 and 11.3 µm are prominent in
HD100546 and HD179218. The MIDI spectra are indicated in black. TIMMI 2 spectra
are drawn in grey. In order to allow a good comparison of the spectral shapes, scaling
factors (from top left to bottom right: x1.08, x1.15, x1.25, x0.92, x0.75, x0.90, x1.05)
have been applied to the TIMMI 2 spectra. Given the fact that the absolute level of the
TIMMI2 data was simply determined by adjusting to IRAS results, the level of agree-
ment in shape and absolute value between these fully independent sets of spectra gives
confidence to both.

ively the visibility derived from it.

8.4.1 Imaging

The 8.7 µm single dish acquisition images are a valuable supplement to the in-
terferometric measurements. They provide low spatial frequency information
on the sources which by design is not contained in the interferometric measure-
ments. These images are used after the pointing to test if the target is within the
MIDI FOV (diameter of about 3”) and to perform a fine pointing. Chopping (f =
2 Hz, angle = -90◦, amplitude = 10′′) is needed to visualize the star, which is not
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perfectly centered in the first image, and centered in a second step. The num-
ber of frames recorded per image was 2000 and the exposure time is by default
limited to 4ms in order to avoid background saturation. The frame cycle rate is
close to 10ms, so the recording of an image lasts about 20 s.
Normally these images are unresolved or at most barely resolved for our

sources, with the notable exception of HD100546. Fig. 8.2 shows a contour
map of this source after deconvolution with the point spread function seen on the
interferometric calibrator star HR 6257 (HD152161). The pixel size on the sky
was 98mas. This scale factor has been derived from observations of close visual
binaries. The deconvolution has been performed using the Lucy-Richardson al-
gorithm (1974) with 40 iterations. This number is sufficient to increase the spa-
tial resolution of the image and to provide good convergence. The deconvolved
image immediately shows that in this source the warm dust is also distributed in
a flattened, most probably disk-like geometry. A two-dimensional Gaussian fit
to the brightness distribution gives a FWHM along the long and short axes of
283 ± 34mas and 180 ± 84mas (29AU and 19AU, respectively). This agrees
with the size of ∼ 24AU found by Liu et al. (2003) by nulling interferometry,
but is a much more direct measurement. The position angle of the long axis is
134 ± 5◦, essentially the same as the 127 ± 5◦ found by Grady et al. (2001) on
arcsec scales. The disk-like distribution of circumstellar matter appears to be
continuous at least down to the 100mas (10AU) range.
The fact that HD100546 is resolved by a single UT telescope with a FWHM

similar to that of an Airy disk does not mean that it is pointless to derive and
discuss its visibilities. Of course, the resulting visibility values will be small
(see Fig. 8.5).

8.4.2 8 - 13 µm spectra

Fig. 8.3 shows the low-resolution N band spectra obtained with MIDI for the
sources of our sample during the spectrophotometric observations needed for
the determination of visibilities from the correlated fluxes. These spectra result
from chopped observations at 2 Hz with a stroke of 10′′. The typical on-source
exposure time is 20 s. Spectra obtained for the same sources with TIMMI2 on
the 3.6m telescope on La Silla are overplotted. The generally good agreement
gives us confidence in the calibration and operation of MIDI. The errors in the
shape of the spectra are 5% to 10%, in the absolute value 10% to 15%.
All of the spectra show silicate in emission, as expected for circumstellar

disks where we see the heated surface layers. For sources with strong variability,
the essentially simultaneously obtained spectra will have the value to show the
status of the object to which the interferometric measurements refer.
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Figure 8.4— The observed visibilities of the programme stars with the model predictions overplotted.
These models were made with the sole purpose of fitting the spectral energy distribution and do not contain
any feedback from the visibility observations. Three model visibility curves are shown: two referring to the
inclination used in the SED fitting and calculated for a cut along the long axis (broken line) and along the
short axis (solid line) respectively, while the dotted line is the prediction for a pole-on view. The errors give
the standard deviation of the visibility results obtained for one source with different calibrators.
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Table 8.4— Sizes of the emitting regions1

Object SED average radial half-light half-light
group visibility surface density radius [′′] radius [AU]

(9 - 13 µm) gradient at 12.5 µm at 12.5 µm
HD 100546 I 0.040±0.008 0.04 0.050 ±3%2 5.1±0.53
HD 142527 II 0.249±0.055 -0.52 0.011 ±5%2 2.1±0.23
HD 144432 II 0.183±0.021 -0.30 0.014 ±3%2 2.1±0.23
HD 163296 II 0.203±0.017 -1.18 0.007 ±2%2 0.8±0.13
HD 179218 I 0.091±0.014 0.21 0.034 ±3%2 8.2±0.83
KK Oph II 0.313±0.037 -0.57 0.010 ±5%2 1.6±0.23
51 Oph II 0.643±0.063 – 0.007 ±8%3 0.5±0.074

1 derived from optically thin power law radial density distributions (see text)
2 error from visibility uncertainty
3modelling uncertainty of 10% assumed
4half of the FWHM of a Gaussian distribution giving the observed visibility at 12.5 µm

8.4.3 Visibilities

In Fig. 8.4 we show the visibilities as a function of wavelength (which at the same
time means with decreasing spatial frequency) as observed with MIDI. The er-
rors give the standard deviation obtained by reducing the object data sets with
different calibrator stars observed during the same night, a representative meas-
ure of the uncertainty in the visibility values. Most programme stars show a
remarkably similar pattern with a moderately high visibility near 8 µm, followed
by a notable drop between 8 µm and 9 µm and roughly constant values beyond.
There is no obvious structure in the visibility curves related to the silicate emis-
sion feature. This shape appears typical. It reflects the distribution of the emitting
material over a range of temperatures with distance, with a particular concentra-
tion of the warmest material at small distance from the star. The objects 51 Oph
and HD179218 are special in this respect, and this will be discussed below in
section 5.2. Fig. 8.4 also includes, for comparison and subsequent discussion,
predicted visibilities based on DDN models of passive, centrally irradiated cir-
cumstellar disks. These models were constructed with the sole purpose to fit
the spectral energy distribution of the individual objects without any spatial con-
straint except the radius of sublimation around the central star. Therefore they
are not necessarily expected to provide a good representation of the observed
visibilities.
For 51 Oph no model prediction is shown. This source cannot be described



8.5 Discussion 175

by a DDN model, since its environment violates one of the physical assumptions
of that model: optical thickness of the circumstellar disk out to the mid-infrared
range. Instead, for 51 Oph, we restrict ourselves to estimating a size by com-
paring to the simplest geometrical ad-hoc model we can think of, a Gaussian
brightness distribution. This is a reasonable approximation for barely resolved
(high visibility) objects. The visibility of such a distribution is calculated as

V( f ) = V0 exp (−3.56 f 2Θ2), (8.1)

whereΘ is the FWHM in arcsec of the Gaussian distribution and f the spatial
frequency in arcsec−1. The results are given in Table 8.4.2 and discussed together
with the mid-infrared size estimates for the other sources below.

8.5 Discussion

The results presented in this paper refer to interferometric observations with only
one or a few similar baseline settings. For dedicated discussions of individual
objects we have to await complementing observations on different baselines or
to study in detail the behaviour of the spectra on different spatial scales. Here
we concentrate on the general view on the geometrical size of the circumstellar
dust distribution around Herbig Ae/Be stars, as given by these new observations
for the 10 µm wavelength region.

8.5.1 Size of the emitting regions

All of the sources were resolved with MIDI in the 10 µm range over the projected
baselines of 60m - 100m resulting during the observing run. This means that the
10 µm sizes of the observed disks are larger than 3mas FWHM. We take this as
detection limit since at the short wavelength end of the 10 µm band it will reduce
a visibility by more than 10% from the point source value of 1.0.
To derive realistic size estimates for our sample of typically well resolved

Ae/Be stars, Gaussian fits are not appropriate since they have too steep a bright-
ness decrease with distance from the star with respect to the more gradual light
distribution in a circumstellar disk. Instead, we choose to use a simple model
thought to approximate this light distribution in a better way. Outside of the sub-
limation radius r0 we assume an optically thin distribution of grey particles with
the radial distribution of their surface density given by a power law

Σ(r) = Σ0(r/r0)−m (8.2)
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as typically used in circumstellar disk models. The equilibrium temperature of
such a distribution is given by

T (r) = T0(r/r0)−1/2 (8.3)

where again r0 is the radius at which for grey particles the sublimation temper-
ature T0 = 1500K is reached. The exponent of the power law for the spatial
distribution is the free variable which can be varied to reproduce the observed
visibility. We choose to fit the visibility value at 12.5 µm, since this wavelength is
practically free of silicate emission. The resulting angular and linear sizes, given
as radius encircling half of the total emission at this wavelength, are shown in
Table 8.4.2. The radii fall into the range of 1AU to 10AU, which happens to be
not too far from the ≈ 3.5AU at which grey particles would have their maximum
emission at this wavelength for a luminosity of 40 L⊙, typical for our sample
stars. Since our mid-infrared sizes were measured in a reasonably uniform way,
we can compare them with other properties of the sources.

8.5.2 Spatial distribution of mid-infrared emission

In Fig. 8.5 we have plotted the sizes shown in Table 8.4.2 as function of the
mid-infrared spectral slope represented by the IRAS colour between 12 µm and
25 µm, -2.5log(Fν,12 µm/Fν,25 µm). A correction has been applied to the mid-
infrared colour of HD142527, indicated by the arrow in Fig. 8.5. We recall that
the excess emission beyond 30-40 µm in this object, well represented by black-
body emission of ≈ 70 K, probably is due to a nearby very red source. This
means that up to 60% of the 25 µm flux could be due to such contamination, and
we choose to correct the IRAS colour of HD142527 according to half of this
value to be conservative. With this in mind, we see within our small sample a
correlation between estimated size and the gradient of the mid-infrared SED, in
the sense that the largest objects (which also are those with the lowest measured
visibility) have the reddest colours.
This correlation, if generally confirmed for Herbig Ae stars, would give the

phenomenological classification into sources of group I and group II by Meeus
et al. (2001) an observable physical foundation and also give some support to
their interpretation in terms of flaring versus non-flaring disks. It also would give
some support to their explanation of this effect: The reddest objects (group I) are
observed to be larger, i.e. their mid-infrared radiation is spread out to larger
distances. This naturally can be explained by a flaring disk geometry which
would expose more distant material to direct illumination by the central star.
With some caution, we can repeat the argument, but now based on the dif-

ference in spectrally resolved visibility between the most typical group I source
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Figure 8.5— Correlation between the mid-infrared spectral slope (taken from IRAS
as −2.5 log(Fν,12 µm/Fν,25 µm)) and the half-light radius corresponding to the observed
visibilities at 12.5 µm. The errors reflect the uncertainty in IRAS fluxes and visibility
measurements; the resulting uncertainty in size may be optimistic. The largest sources
are those with the reddest mid-infrared spectral distribution, and these were also classi-
fied as group I. For HD142527 the arrow shows the correction for contamination of the
IRAS colour by an unrelated very red nearby source (see text).

HD100546 and the group II sources of our sample (Fig. 8.4). While near 8 µm
the visibilities of all sources are roughly similar, the group I source HD100546
shows a much more pronounced drop in visibility with wavelength compared
to the group II sources between 8 and 9 µm, and beyond 9 µm has substantially
lower visibility than the group II sources. It means that the 10 µm emitting dust
is systematically farther away from the star in this group I source. This is in
qualitative agreement with the concept that group I sources have flaring disks,
better exposed to stellar radiation still at larger distances, and group II sources
do not. We may have found an access to “see” the gross features of the disk
geometry in the inner circumstellar regions.
For different reasons, 51 Oph and HD179218 do not fit well this otherwise

convincing interpretation of visibilities. For 51 Oph, as already mentioned, the
disk is much more compact than that of the other stars. This can also be seen
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from the different shape of the IR spectrum and the lack of any detected milli-
meter continuum emission. In consequence the visibility values are consistently
much higher than for the other group II sources. For HD179218, the second
group I source in our sample, the low visibility values also point to warm emit-
ting dust at larger distances from the star than in the group II sources. However,
the very low visibility seen around 8 µm indicates a special, possibly double-
peaked, spatial structure for this emission. Conceivably also the PAH emis-
sion, particularly strong in this source, could have lowered the resulting visibility
value at the shortest wavelengths.

8.5.3 Comparison to model predictions

For simplicity we limit ourselves here to the existing DDN set of models that
fit the SEDs of our programme stars. Adding other sets of models would imply
evaluating the relative merits of these approaches. This should be done, and
carefully, but will be a paper of its own.

Description of the models

The DDN models refer to passive, centrally irradiated circumstellar disks with
an inner hole (Dullemond et al. 2001). The SED emerging from such a disk
primarily has two main components: (i) an optically thin emission from the sur-
face layer, responsible for the observed solid-state emission features and part of
the near-and mid-IR flux, and (ii) a component originating from the midplane of
the disk which contributes to the mid-IR flux and dominates the far-IR and sub-
millimeter wavelength regions . In the innermost regions of Herbig Ae/Be disks,
the temperatures become so high that dust grains evaporate. At the interface
between dusty and dust free regions, a puffed-up inner rim forms. It intercepts
up to 25% of the stellar radiation and re-emits as a blackbody component of
typically 1200-1500K. Just outside the inner rim, a shadow is cast over the disk
out to a radius of about 5-10AU. The hot inner rim as third component in the
SED, effective in explaining the near-infrared (2-7 µm) bumps observed in some
Herbig Ae/Be stars, is the essential new ingredient in the DDN models with
respect to earlier approaches (Kenyon & Hartmann 1987; Chiang & Goldreich
1997). As in these older models, a flaring disk geometry in which the surface
curves upwards as a function of distance from the star is normally used.
With suitable parameters, these DDN models provide a reasonable fit to the

SEDs (star plus disk) of most Herbig Ae stars, (Dominik et al. 2003), and they
were constructed just for this purpose. No spatial information has entered into
the fitting procedure. The fundamental stellar parameters are taken from Meeus
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et al. (2001), while the disk is described by the parameters disk mass Mdisk, the
slope of the surface density power law p, the outer disk radius rout, the inclin-
ation i and in some cases the height of the inner rim χ. Dust grains 0.1 µm in
size are assumed in a mixture of astronomical silicate (Draine & Lee 1984) and
carbon (Laor & Draine 1993). The contribution by direct stellar flux is usu-
ally negligible (Fig. 8.1). For most programme stars, fits were already available
(Dominik et al. 2003). For KK Oph, the fit to the spectral energy distribution
yielded the parameters summarised in section 3.2.

Comparison of visibilities

The general observed trend of visibility with wavelength is given by a pro-
nounced decrease between 8 µm and 9 µm followed by a plateau out to 13 µm.
This trend appears even clearer in the visibility predictions based on SED fit-
ting DDN models, which also are plotted in Fig. 8.4. The tentative explana-
tion for this behaviour is that the hot inner rim region of the circumstellar disks
gives an overproportional contribution to the shorter wavelength region, result-
ing in a smaller effective size at these wavelengths than would be expected for
the smooth temperature distribution in the disk. We take the general agreement
between observations and predictions as qualitative confirmation of the physical
picture underlying the DDNmodels. However, quantitatively there remain signi-
ficant differences between model predictions and observations to the extent that
in no case there is real good agreement between them. The observed decrease in
visibility is steeper (for HD100546) or shallower (for HD142527, HD144432,
KK Oph) than predicted. The level of the “plateau” longward of 9 µm is also
different in some cases. But these differences are usually less than 30% of the
observed visibility which will translate to smaller corrections in size because
of the non-linear transformation to visibilities. The largest deviation is seen in
HD163296 with a factor of 1.5-1.8 which translates into differences in the width
of an equivalent Gaussian distribution of 13% to 20%, which is not a dramatic
effect.
Certainly, one does not expect a perfect spatial distribution of infrared emis-

sion predicted by models constructed solely to fit the spectral energy distribution.
But the discrepancies show that these models cannot be the last word but will
need modifications. It will be important to include spatial constraints such as
those given by the presented interferometric observations into the next efforts of
circumstellar disk modeling to reach a deeper understanding of structure, physics
and evolution of such disks.
We do not try in this paper to produce such improved fits. As the prob-

ably best example of a spatially and spectrally self-consistent model for HL Tau
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(Men’shchikov et al. 1999) shows, this tends to require an extensive effort, best
to be done carefully on an object by object basis.

8.6 Summary and conclusion

Our mid-infrared interferometric study of a sample of seven Herbig Ae/Be stars
has shown that

– MIDI on the VLTI is well able to resolve the circumstellar dust structures
around Herbig Ae stars in the mid-infrared

– one source, HD100546 is already resolved in our single-dish images.
Here, it can be directly seen that the inner, warm dust is distributed in
a disk-like geometry.

– the characteristic 10 µm sizes as derived from the interferometric obser-
vations by comparison to optically thin distributions of grey particles are
1-10AU

– for our small sample, these sizes correlate with the slope of the mid-
infrared spectral energy distribution between 10 µm and 25 µm

– this gives a physical foundation to the phenomenological classification of
Herbig Ae/Be stars into groups by their mid-infrared colour

– this gives support to the distinction of these groups I and II by flaring-
dominated versus non-flaring-dominated circumstellar dust distributions

– overall the shape of the observed visibility curves is in qualitative agree-
ment with the shapes resulting for the SED-fitting models of Dulle-
mond et al. (2001)

– the measured sizes now put spatial constraints on the disk structure which
opens the route to more realistic models reproducing both the spectral en-
ergy distribution and the spatial scale.

These first results are based on interferometric size (visibility) determina-
tions only, and additional insight will be gained when studying other aspects of
the interferometric data, like asymmetries in the circumstellar dust distribution
or detailed spectral shapes as function of spatial scale. The availability of these
further options shows that long-baseline mid-infrared interferometry, as offered
by MIDI on the VLTI, has the potential to become one of the methods of choice
for studying circumstellar dust around young stars.
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CHAPTER 9

Direct measurement of the size and shape of the
present-day stellar wind of η Carinae

R. van Boekel, P. Kervella, M. Schöller, T. Herbst, W. Brandner, A. de Koter,
L. B. F.M. Waters, D. J. Hillier, F. Paresce, R. Lenzen and A.-M. Lagrange

Astronomy & Astrophysics 2003, 410, L37-L40

Abstract We present new high angular resolution observations at near-
IR wavelengths of the core of the Luminous Blue Variable η Carinae, using
NAOS-CONICA at the VLT and VINCI at the VLT Interferometer (VLTI). The
latter observations provide spatial information on a scale of 5 milli-arcsec
or ∼11 AU at the distance of η Carinae. The present-day stellar wind of
η Carinae is resolved on a scale of several stellar radii. Assuming spherical
symmetry, we find a mass loss rate of 1.6×10−3 M⊙/yr and a wind clumping
factor of 0.26. The VLTI data taken at a baseline of 24 meter show that the
object is elongated with a de-projected axis ratio of approximately 1.5; the
major axis is aligned with that of the large bi-polar nebula that was ejected
in the 19th century. The most likely explanation for this observation is a
counter-intuitive model in which stellar rotation near the critical velocity
causes enhanced mass loss along the rotation axis. This results from the
large temperature difference between pole and equator in rapidly rotating
stars. η Carinae must rotate in excess of 90 percent of its critical velocity
to account for the observed shape. The large outburst may have been
shaped in a similar way. Our observations provide strong support for the
existence of a theoretically predicted rotational instability, known as the
Ω limit.

9.1 Introduction

The Luminous Blue Variable η Carinae is the most luminous star known in the
galaxy (Davidson & Humphreys 1997). Its extreme properties make it an in-
teresting laboratory to study the physics of the most massive stars in galaxies.
Not much is known about the life of such stars, including their birth and post-
main-sequence evolution. η Carinae has already left the main sequence and is
now in an unstable phase; it experienced a large outburst in the 19th century
which created the beautiful bi-polar nebula seen in many images (referred to as
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184 The size and shape of the η Carinae stellar wind

the homunculus). As much as 10M⊙ may have been ejected during that event
(Smith et al. 2003b). A smaller outburst seems to have occurred around 1890,
creating a smaller, but similarly shaped nebula hidden inside the larger one (Ishi-
bashi et al. 2003).
The origin of the highly bi-polar shape of the homunculus is a matter of

debate. Model calculations show that a spherical explosion into a massive equat-
orial torus can explain the observed geometry (Frank et al. 1995). Indeed, evid-
ence for the presence of a 15 M⊙ torus was found from ISO spectroscopy (Mor-
ris et al. 1999). Note however, that Smith et al. (2003b) argue that most of this
mass is actually located in the lobes. Other models reproduce the shape of the
nebula by assuming a non-spherical outburst that runs into a spherical envel-
ope. Recently, several authors proposed that luminous stars rotating close to
their critical speed have stellar winds with a higher wind density and expansion
velocity at the poles (Owocki et al. 1996; Maeder & Desjacques 2001; Dwarka-
das & Owocki 2002). Therefore, the shape of the homunculus may be a natural
consequence of the combined effects of rapid rotation and the high luminosity
of η Carinae. Note that the extreme luminosity of η Carinae implies that even
a modest amount of rotation causes the star to be close to its critical velocity
(Langer 1997). Evidence in support of a polar enhanced wind was recently in-
ferred from Hubble Space Telescope (HST) spectroscopy of starlight scattered
off dust grains in the homunculus (Smith et al. 2003a).
In this chapter we present the first results of an extensive high angular res-

olution near-IR study of the core of the homunculus, revealing for the first time
the shape of the present-day stellar wind on a scale of 5 milli-arcsec.

9.2 Observations

We have observed η Carinae with the adaptive optics camera NAOS-CONICA
(Lenzen et al. 1998; Rousset et al. 2000) attached to Yepun, one of the 8.2 meter
Unit Telescopes of the Very Large Telescope (VLT) of the European Southern
Observatory (ESO), located at Cerro Paranal, Chile. NAOS was in the visual
wavefront sensor configuration with 14 × 14 subapertures used for wavefront
sensing. CONICA was used with the S13 camera (13.25milli-arcsec/pixel) and
the NB 239 intermediate band filter with a central wavelength of 2.39 µm and a
width of 60 nm. We employed a neutral density filter with an attenuation factor
of ≈70 at the observing wavelength in order to avoid saturating the central peak
of the point spread function. Individual exposures were 0.16 s long, and 20 ex-
posures were co-added, resulting in a total exposure time of 3.6 s per frame.
Four such frames were obtained. The reduced image, diffraction limited at 70
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Figure 9.1— Diffraction-limited 2.39 µm image of the core of the η Carinae nebula,
taken with the adaptive optics camera NAOS-CONICA at the VLT. The position of the
Weigelt Blobs is indicated.

milli-arcsec, is shown in figure 9.1.
The central 1.5 arcsecond region of the nebula is dominated by a point source

and shows a complex morphology of blobs in the immediate vicinity. The bright-
est blobs were previously discovered using speckle imaging techniques (Weigelt
& Ebersberger 1986; Hofmann & Weigelt 1988). There is a clear asymmetry in
the emission, which is brightest in the north-west. Approximately 57 per cent
of the flux seen inside a region with a diameter of 1.4 arcsec, centered on the
core of the nebula and corresponding to the Airy disk of the siderostats, is con-
centrated in the unresolved point source. We use recent literature data (Smith
& Gehrz 2000) to flux calibrate our observations and find that the unresolved
central source has a flux of about 200 Jy.
We used the two 35 cm test telescopes of the VLT Interferometer

(Glindemann et al. 2003) and the test instrument VINCI (Kervella et al. 2000)
to obtain interferometric measurements at baselines ranging from 8 to 62 meters
in length. The observations were carried out in the first half of 2002 in four dif-
ferent nights, and again in early 2003. The baselines used, have a ground length
of 8, 16, 24, and 66m respectively. In particular observations with the 24m
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baseline cover a wide range of projected baseline orientations.
In figure 9.2 we show the VINCI observations, given as squared visibility

points. The visibility curves were corrected for the emission in the siderostat
beams on scales larger than 70 milli-arcsec, by adding the resolved component
seen in our NAOS-CONICA images. This results in a reduction of the visibilit-
ies by a factor (1-fres), where fres is the fraction of the total flux in the siderostat
beams that does not come from the central source (0.43). For each baseline, the
top panel of figure 9.2 shows the average visibilities at that baseline, while the
bottom panel shows the variations of visibility with projected baseline orienta-
tion for the 24m baseline.

9.3 Analysis

9.3.1 Nature of the emission

Figure 9.2 shows that the visibility decreases with increasing baseline, indicating
that the interferometer is resolving the central source. The near-IR emission seen
in the central region of η Carinae must come from an object that emits half of its
flux in an area of 5 milli-arcsec or 11AU diameter, assuming circular symmetry
and adopting a distance of 2300 parsec (Davidson & Humphreys 1997). Using
the measured size and flux of 200 Jy (Smith & Gehrz 2000), a lower limit to the
temperature of the object can be derived, assuming that at a wavelength of 2.2 µm
there is no extinction. We find a minimum temperature of 2300 K. Allowing
for a foreground extinction of one (two) magnitudes (Hillier et al. 2001), this
temperature goes up to 3200 (5000) K. The minimum temperature is too high to
be caused by thermal emission from dust. We conclude that we have spatially
resolved the ionized stellar wind.

9.3.2 Mass loss rate

We constructed a simple physical model for the observed size and flux of
η Carinae, assuming that it is due to a spherical star with a dense, ionized and
isothermal stellar wind that reaches a terminal flow velocity of 500 km/s (Hillier
et al. 2001). The wind is further assumed to be clumpy, with the clumping factor
f defined as ρ = f ρ and where ρ is the unclumped wind density. For a more
detailed description of the model assumptions, we refer to de Koter et al. (in
preparation).
A range of mass loss rates and clumping factors are consistent with the

data. When combined with optical spectra of the central star taken with the
HST (Hillier et al. 2001), a unique determination of the mass loss rate and the
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wind clumping factor is possible. The HST spectrum can be fitted using a non-
local thermodynamic equilibrium (non-LTE) model for the star and wind (Hil-
lier et al. 2001) which is degenerate in the ratio Ṁ/

&
f , where f is the wind

clumping factor as defined above. A good fit to the HST observations is ob-
tained for a ratio Ṁ/

&
f = 0.00316M⊙/yr. We finally arrive at a mass loss rate of

1.6±0.3×10−3M⊙/yr and a wind clumping factor f = 0.26 (figures 9.2 and 9.3).
The spatial light distribution of the non-LTE model yields a somewhat better fit
to the data than the LTE model.

9.3.3 Asymmetry of the emission

The 24m baseline (figure 9.2) data show a variation of visibility with projected
baseline orientation, which is inconsistent with a spherical distribution of light
at 2.2 µm. Deviations from spherical symmetry will introduce additional uncer-
tainty in the derivation of the mass loss rate given above. To determine the axis
ratio of the emission, a gaussian shape was fit to the observations at each pro-
jected baseline orientation. Note that the actual light distribution is not gaussian.
Therefore, the typical size of 7 milli-arcsec derived from the gaussian fits differs
from the 5 milli-arcsec derived from our (spherical) physical model. We find a
major to minor axis ratio of 1.25±0.05, and a position angle of 134±7 degrees.
This position angle is within errors equal to the position angle of 132 degrees
(Davidson et al. 2001) found for the homunculus. We therefore have conclusive
evidence that the density contours in η Carinae’s wind are elongated along the
major axis of the Homunculus. The chance that the two prolate structures - i.e.
the core and the Homunculus - have different orientation in 3 dimensions but still
show the observed alignment when projected on the plane of the sky is about 10
percent, given the uncertainties in our measurements. The core on a scale of
101AU, and the Homunculus reaching out several times 104AU, must be truly
aligned in space. Adopting an angle between the major axis of the Homunculus
and the line of sight of 41 degrees (Davidson et al. 2001), the observed aspect
ratio of major over minor axis of 1.25 implies a de-projected aspect ratio of
roughly 1.5 (in detail this de-projection depends on the actual three dimensional
structure of the object).

9.4 Discussion

It has been thought (e.g. Lamers & Pauldrach 1991; Poe & Friend 1986) that
stellar rotation enhances mass loss in the equatorial regions, resulting in disk-like
winds. However, this would imply that η Carinae’s rotation axis is perpendicular
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Figure 9.2— upper panel: Observed visibility as a function of projected baseline. The
full line is the best fit LTE wind model to the VLTI observations. The dashed line is
the best fit non-LTE radiative transfer model to the observed visibilities. Lower panel:
Variation of FWHM fitted to the visibility of η Carinae measured with VINCI at the
VLTI as a function of projected orientation of the 24m baseline. The solid line gives
the best fit to the measurements, assuming a 2D gaussian shape of the source at each
projected baseline orientation. The amplitude of the size variations gives a ratio of major
to minor axis of 1.25±0.05. The major axis has a position angle of 134±7 degrees east
of north.

to the major axis of the bi-polar homunculus, which is unlikely. A recent model
(Owocki et al. 1996; Dwarkadas & Owocki 2002) for line-driven winds from
luminous hot stars rotating near their critical speed predicts a higher wind speed
and density along the poles than in the equator. This counter-intuitive effect is
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Figure 9.3— Allowed ranges in mass loss rate and wind clumping factor for the LTE
wind model (contours) and the full non-LTE radiative transfer model applied to the
Hubble Space Telescope spectra (Hillier et al. 2001) (dashed line). Both data sets agree
for a mass loss rate of 1.6×10−3M⊙/yr and a wind clumping factor of 0.26.

caused by the increased polar temperature (von Zeipel 1924) and associated ra-
diation pressure. Our data clearly favour the polar wind model. The VLT data
do not provide information about the velocity field. However, recent HST spec-
troscopy (Smith et al. 2003a) of starlight reflected by dust in the Homunculus
indicates a latitude-dependent wind outflow velocity, with the highest velocit-
ies near the pole; this is expected for a wind which is stronger at the poles.
These data also suggest a polar enhanced wind density. Applying the model of
Dwarkadas & Owocki (2002, see also Maeder & Desjacques 2001), we find that
η Carinae must rotate at about 90 percent of its critical velocity to account for
the observed shape.

The question arises whether the model assumptions (line-driven wind, ra-
diative envelope) made by e.g. Dwarkadas & Owocki (2002) are applicable to
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η Carinae. We note that η Carinae is almost certainly fully convective (Langer
1997), due to its near-Eddington luminosity (defined as the luminosity where
surface gravity is compensated by radiation pressure). Therefore the difference
between polar and equatorial temperatures in η Carinae will likely be smaller
(Lucy 1967) than in polar wind models, that adopt radiative envelopes. For such
a convective envelope to produce a substantial temperature contrast, η Carinae
must rotate in excess of 0.9 of the critical speed. The observed mass loss rate
of 1.6×10−3M⊙/yr can be explained in terms of radiation driven wind theory (C.
Aerts, private communication).
The alignment of the homunculus and the present-day wind suggests a com-

mon physical cause. Rotation may then also be responsible for the shape of
the homunculus (Dwarkadas & Owocki 2002). An outburst in 1890 probably
produced a bipolar nebula with a present-day size of 2 arcsec (Ishibashi et al.
2003), which is aligned with, and inside the larger homunculus. There is thus
strong evidence that the wind geometry is similar over a wide range of mass
loss rates. It is not likely however that line-driven wind models are applicable to
the outbursts. Nevertheless, our data underpin the importance of rotation for the
post-main-sequence evolution of very massive stars such as η Carinae; it seems
inevitable that as the star evolves, it will run into a rotational instability, referred
to as the Ω limit (Langer et al. 1999).
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Samenvatting in het Nederlands

De vorming van sterren en planetaire systemen

Op vele plaatsen in ons Melkwegstelsel worden op dit moment nieuwe sterren
“geboren”. Dat gebeurt in gigantische wolken van koud gas en stof die zich in
de interstellaire ruimte bevinden. Zo’n wolk kan onder zijn eigen zwaartekracht
in elkaar storten, waarna zich in het centrum een nieuwe ster vormt. Omdat de
wolken altijd een klein beetje draaien vormt zich rond de jonge ster een schijf
van gas en stofdeeltjes. We noemen dit een “circumstellaire schijf”. In figuur 1
is een foto van een dergelijke schijf te zien.
De zon is zo’n 4 12 miljard jaar geleden gevormd, en ze is ongeveer halver-

wege haar leven. Ook de zon had ten tijde van haar vorming een schijf. Hierin
zijn de planeten van het zonnestelsel, waaronder de aarde, gevormd. Het is erg
waarschijnlijk dat ook in de schijven die we nu zien rondom jonge sterren pla-
neten worden gevormd. De stofkorrels zijn, als ze terechtkomen in de circum-
stellaire schijf, minder dan een micrometer (één-duizendste millimeter) groot.
Samenklitting van deze deeltjes leidt tot grotere stofdeeltjes, die door verdere
samenklontering poreuze steentjes vormen, welke weer verder groeien tot rots-
blokken, en uiteindelijk planeten. De initieel minuscule stofdeeltjes zijn dus
feitelijk de bouwstenen van planeten.
Hoe precies verloopt het proces van planeetvorming en wat gebeurt er met

het stof in de schijven rondom jonge sterren? Dit is een belangrijke vraag in de
sterrenkunde, en de metingen en analyses in dit proefschrift helpen ons hopelijk
een stukje verder richting het antwoord.

Infraroodspectroscopie

De planeetvormende schijven rond jonge sterren verraden hun aanwezigheid on-
der andere door de grote hoeveelheid infraroodstraling die ze uitzenden. Deze
straling is licht met een langere golflengte dan het licht dat we met onze ogen
kunnen zien1. In de schijven rond jonge sterren wordt infraroodstraling uitge-
zonden door kleine stofkorrels. Uit de analyse van deze straling kunnen we veel
leren over de aard van het stof. De techniek die we hiervoor gebruiken heet
infraroodspectroscopie. Hierbij meten we het spectrum van het stof, ofwel de

1Infraroodstraling kunnen we wel voelen met onze huid: bijvoorbeeld de “warmtestraling” die
van een kachel komt, is infrarood licht.
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Figuurr 1 — Een foto van de circumstellaire schijf rondom the ster V 1213 Tau, gemaakt 
mett de Huhble ruimtetelescoop. Het sterlicht dat wordt gereflecteerd door de minuscule 
stofkorrelss in de schijf is te zien in groen licht. Ook zichtbaar is gas dat in de polaire 
richtingg wordt uitgestoten (rood). Duidelijk is de uitwaaierende vorm van de schijf te 
zien.. De infraroodstraling die het stof zelf uitzendt bij een golflengte van 10 micrometer, 
welkee in dit proefschrift bestudeerd is. komt uit een veel kleiner gebied, op deze schaal 
ongeveerr 2 millimeter groot. De baan die de aarde om de zon maakt, zou op deze foto 
slechtss 0.2 millimeter in doorsnede zijn. 

hoeveelheidd licht die het stof uitzendt als functie van de golflengte. In figuur 2 is 
hiervann een voorbeeld te zien. Veel soorten stof hebben pieken in hun spectrum: 
bijj  bepaalde golflengten zenden ze relatief veel straling uit. Elke stofsoort heeft 
opp deze manier zijn eigen "vingerafdruk", en door de pieken in het spectrum pre-
ciess te analyseren, kunnen we achterhalen wat voor materialen er in de schijven 
rondd andere sterren voorkomen. Dit blijken dezelfde stoffen te zijn die we ook 
vindenn op aarde en elders in ons eigen zonnestelsel, bijvoorbeeld in kometen. 

Dee evolutie van stof in circumstellaire schijven 

Opp het moment dat het stof in de circumstellaire schijf terecht komt. heeft het 
zeerr specifieke eigenschappen. De stofkorrels zijn hooguit een paar tiende mi-
crometerr groot, en de kleinste bouwstenen waaruit de korrels zijn gemaakt (de 
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Figuurr 2— De spectroscopische "vingerafdruk" van het stof in de circumstellaire schijf 
rondomm de ster HD 100546, op een afstand van 340 lichtjaar. In dit spectrum is te zien 
watt de waargenomen hoeveelheid licht is die het stof uitzendt als functie van golflengte. 
Aann de pieken in het spectrum kunnen we zien wat voor materialen in de schijf voorko-
men,, hoe groot de stofkorrels zijn, en of het materiaal amorf danwei gekristalliseerd is. 

"moleculen")) zitten kriskras door elkaar; we noemen dit ook wel '"amorf'. Een-
maall  in de schijf zal een stofkorrel regelmatig tegen een andere korrel botsen, en 
eraann vast klitten. Zo worden de korrels steeds groter, het stof "groeit". Wan-
neerr het stof erg heet wordt (typisch als de temperatuur boven de 1 000 graden 
Keivin22 komt) zullen de bouwstenen van het stof zich ordenen. Dit gebeurt bij-
voorbeeldd wanneer de stofkorrels in de buurt van de binnenrand van de schijf 
komen,, dicht bij de centrale ster. De moleculen zitten niet langer kriskras door 
elkaar,, maar netjes op een rij : er vormt zich een kristal. Zowel groei als kris-
tallisatiee veranderen de spectroscopische vingerafdruk van het stof. Door het 
spectrumm te analyseren kunnen we dus niet alleen zien welke materialen er in de 
schijvenn voorkomen, maar ook hoe groot de stofkorrels zijn, en of ze al dan niet 
kristallijnn zijn. 

22 Voor de omrekening van de Keivin naar de Celcius schaal dient men 273 graden af te trekken 
vann de temperatuur in graden Keivin. 
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Hett blijkt dat de stofkorrels in de door ons bestudeerde circumstellaire schij-
venn afmetingen hebben van, ruwweg, één micrometer tot tientallen micrometers. 
Dee massa's van de stofdeeltjes zijn dus al honderden tot miljoenen malen groter 
dann bij aanvang van het planeetvormingsproces. Ook zien we in veel schijven dat 
eenn deel van het stof is gekristalliseerd. De kometen in ons eigen zonnestelsel, 
waarvann we denken dat ze sinds ze gevormd zijn in de schijf rondom de jonge 
zonn qua samenstelling nauwelijks meer zijn veranderd, bevatten ook kristallen. 
Dee kristallen die we in circumstellaire schijven zien zouden wel eens op dezelfde 
manierr gevormd kunnen zijn als de kometaire kristallen. 

Dee structuur  van circumstellaire schijven 

Doorr het spectrum van een circumstellaire schijf te bekijken kunnen we achter-
halenn wat voor materialen in de schijf voorkomen. We kunnen ook afschatten 
watt de temperatuur van die materialen is (erg warme materialen stralen vooral 
opp relatief korte golflengten, koude materialen op langere). Als we eenmaal de 
temperatuurr van het materiaal kennen, kunnen we ook ongeveer bepalen op wat 
voorr afstand van de ster dit materiaal zich bevindt: dicht bij de ster is het mate-
riaall  heet, ver van de ster is het koud. 

Opp basis van het spectrum zijn de schijven in te delen in twee groepen: die 
(fantasievol)) "groep I" en "groep II " zijn genoemd. De groep I schijven blijken 
veell  meer "warm" stof te hebben, in het temperatuurbereik van ongeveer 100 
tott 400 graden Keivin, dan de groep II schijven. Beide groepen laten ook veel 
emissiee zien van erg heet stof, met een temperatuur van 1 000 tot 1 500 graden 
Keivin. . 

Mogelijkk wordt het verschil in spectrum tussen groep I en II veroorzaakt door 
eenn verschillende ruimtelijke vorm van de schijf. De twee schijfgeometrieën zijn 
geïllustreerdd in figuur 3. De straling van het heetste stof komt van het binnenste 
deell  van de schijf, die er voor beide soorten schijven ongeveer hetzelfde uit-
ziet.. De buitenschijf van een groep I object heeft een uitwaaierende geometrie. 
Hierdoorr vangt de schijf relatief veel licht van de ster op, waardoor ze efficient 
wordtt verwarmd en relatief veel infraroodstraling kan uitzenden. We denken dat 
dee buitenschijf van een groep II object een platte geometrie heeft, waardoor de 
buitendelenn van de schijf geen licht ontvangen van de ster. en daardoor relatief 
koudd zijn en slechts weinig infraroodstraling uitzenden. 
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Eenn scherper zicht op schijven 

Eénn van de redenen waarom de studie van c i re um steil aire schijven niet eenvou-
digg is, is dat deze objecten zich op erg grote afstand van ons bevinden. De schij-
venn die in dit proefschrift zijn onderzocht staan op een afstand van honderden 
lichtjarenn (één lichtjaar is ongeveer tien-duizend-miljard kilometer), en daarom 
hebbenn ze een heel kleine afmeting aan de hemel. Het infrarode licht dat we 
waarnemenn komt uit een deel van de schijf dat vanaf de aarde gezien ongeveer 
evenn groot is als een munt van één euro, gezien op een afstand van 25 kilome-
ter.. Om de schijven rond andere sterren in detail te kunnen bestuderen, moet 
jee dus heel erg scherp kunnen zien. De infrarood waarnemingen die tot dusver 
gedaann zijn, hadden onvoldoende beeldscherpte om te kunnen meten hoe groot 
dee schijven zijn, en wat precies hun vorm is. De schijven waren niet meer dan 
lichtpuntjess voor onze telescopen. 

Dee beeldscherpte van een telescoop schaalt met zijn afmeting: als de dia-
meterr van de telescoopspiegel verdubbelt, dan zijn twee maal zo kleine details 
zichtbaar.. De grootste telescopen ter wereld hebben een diameter van ongeveer 
100 meter. De beeldscherpte van zo'n telescoop is net goed genoeg om te zien dat 
dee schijven een afmeting hebben en geen lichtpuntjes zijn, maar bij lange na niet 
goedd genoeg om de schijven in detail te onderzoeken. De diameter van de baan 
diee de aarde om de zon maakt is veel kleiner dan de fijnste details die we met de 
grootstee telescopen kunnen zien. 

Omm de schijven in detail te kunnen bestuderen, hebben we dus veel grotere 
telescopenn nodig. Het bouwen hiervan is praktisch (nog) niet haalbaar. Maar 
gelukkigg is er nog een manier om hele scherpe waarnemingen te doen. Door het 
lichtt van twee telescopen op een speciale manier te combineren, krijgen we een 
beeldscherptee die niet meer afhangt van de diameter van de individuele spiegels, 
maarr van de afstand tussen de telescopen. In dit proefschrift hebben we metin-
genn gedaan met twee telescopen die 100 meter uit elkaar staan. Hiermee zagen 
wee de schijven met dezelfde beeldscherpte als met een telescoop van 100 me-
terr diameter mogelijk zou zijn! Het is zo gelukt om een gebied ter grootte van 
dee aardbaan te onderscheiden. De techniek waarbij het licht van twee of meer-
deree telescopen wordt gecombineerd heet interferometrie. In figuur 4 zijn vier 
telescopenn te zien van de Europese sterrenwacht in Chili, die samen kunnen wer-
kenn als een interferometer, en die gebruikt zijn voor een aantal studies die in dit 
proefschriftt worden gepresenteerd. 
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groepp II, "plat" 

Figuurr 3— Een illustratie van de twee verschillende geometrieën waarvan we denken 
datt ze voorkomen in circumstellaire schijven. De groep I objecten hebben een uitwaaie-
rendee schijf, de groep II schijven hebben een platte geometrie. 

Ditt proefschrift 

Tijdenss de studies die beschreven zijn in dit proefschrift hebben we ons vooral 
gerichtt op drie vragen: 

1.. Wat zijn de eigenschappen van de stofkorrels in circumstellaire schijven? 

2.. Hoe verandert het stof in deze schijven in de loop van de tijd, en hoe 
hangenn de processen die verantwoordelijk zijn voor deze veranderingen af 
vann de eigenschappen van de centrale ster en de positie van het stof in de 
schijf? ? 

3.. Wat is de ruimtelijke structuur van de schijven rond jonge sterren? 

Omm antwoord te krijgen op deze vragen hebben we het licht afkomstig van de 
schijvenn rond zo n 25 jonge sterren waargenomen en geanalyseerd. Uit metingen 
mett een enkelvoudige telescoop hebben we de gemiddelde eigenschappen van 
hett stof over de gehele schijf kunnen bepalen. Voor de grootste schijven hebben 
wee met deze data eigenschappen over de structuur van de buitendelen van de 
schijff  af kunnen leiden, maar verreweg de meeste schijven bleken te klein om in 
detaill  te bestuderen. 
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Figuurr 4— De vier grootste telescopen van de Europese sterrenwacht op Paranal, Chili. 
Elkk van de telescopen heeft een diameter van 8.2 meter. De gebouwen waar de telesco-
penn in staan zijn 30 meter hoog. Voor deze foto, genomen vanuit een klein vliegtuigje, 
zijnn bij wijze van uitzondering overdag de deuren open gedaan zodat de telescopen te 
zienn zijn. De witte lijnen geven aan hoe het licht van de verschillende telescopen kan 
wordenn gecombineerd op één centraal punt, aangegeven door een witte ster in het mid-
denn van de figuur. In dit proefschrift hebben we hett licht van de eerste en derde telescoop 
vann links (deze staan 103 meter uit elkaar) gecombineerd, en daarmee de scherpste waar-
nemingenn van planeetvormende schijven ooit gedaan. 

Vann een aantal sterren hebben we ook interferometrische waarnemingen ge-
daann met twee telescopen, waardoor een veel scherper zicht op de schijven mo-
gelijkk was. Zo konden een drietal schijven in detail worden onderzocht. Met 
dezee gegevens was het mogelijk om de eigenschappen van het stof te bepalen 
datt zich in het binnenste deel van schijven bevindt, in een gebied ter grootte 
vann de aardbaan. Ook onderzoek naar de structuur van de schijven was mo-
gelijkk dankzij deze waarnemingen. Deze waarnemeingen zijn gedaan met het 
Duits/Nederlands/Fransee instrument MIDI. 

Dee eigenschappen van het stof in de circumstellaire schijven zijn onderzocht 
inn hoofdstuk 2, 4 en 6 van dit proefschrift. In hoofdstuk 2 wordt aangetoond dat 
dee stofkorrels in de schijven inderdaad groeien. De spectrale analyse van een 
groott aantal schijven is beschreven in hoofdstuk 4. In deze studie wordt vooral 
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gekekenn naar de hoeveelheid groei en de mate van kristallisatie die het stof heeft 
ondergaan.. De hoeveelheid kristallen blijkt erg te verschillen van schijf tot schijf. 
Ookk de mate waarin de stofkorrels gegroeid zijn loopt sterk uiteen, maar het 
iss wel duidelijk dat in alle schijven het stof al in enige mate is gegroeid. Het 
blijktt dat als er veel kristallen in een schijf zitten, er ook altijd veel groei heeft 
plaatsgevondenn (het omgekeerde is niet waar; er zijn ook schijven met weinig 
kristallen,, waarin het stof al wel veel groei heeft ondergaan). Hieruit blijkt dat 
groeii  een "makkelijker" proces is dan kristallisatie van de stofkorrels. Blijkbaar 
heersenn de omstandigheden die nodig zijn voor groei in een groter deel van de 
schijff  dan die voor kristallisatie. 

Inn hoofdstuk 6 gebruiken we interfe rometri se he waarnemingen om de bin-
nenstee delen van drie schijven in detail te bestuderen. Het blijkt dat de kristallen 
diee we al zagen in de spectra in hoofdstuk 4 zich voornamelijk aan de binnenkant 
vann de schijven bevinden. In de schijven met relatief veel kristallijn materiaal 
wordenn ook kristallijne deeltjes in de meer naar buiten gelegen se hij f regionen 
gezien,, maar altijd zitten er aan de binnenkant méér kristallen dan verder weg. 
Wee denken dat deze kristallen ook in de hete binnenste delen van de schijf zijn 
gevormd,, en vervolgens naar de buitendelen van de schijf zijn getransporteerd, 
waarschijnlijkk door turbulente wervels die voor vermenging (en dus transport) 
vann schijf materiaal zorgen. In één ster blijkt het stof in een gebied ter grootte 
vann de aardbaan zelfs helemaal te bestaan uit kristallen. Mocht dit ook zo ge-
weestt zijn in de schijf rond de jonge zon, dan is wellicht ook de aarde ooit uit 
kleinee kristallen gevormd. 

Dee structuur van de schijven is bestudeerd in hoofdstuk 3, 7 en 8. De voor-
naamstee vraag die we ons hier stelden was: "is het verschil tussen groep I en 
groepp II schijven inderdaad een kwestie van geometrie, zoals geschetst in fi-
guurr 3?" Van een paar groep I schijven hebben we met behulp van waarnemingen 
mett één telescoop kunnen zien dat ze erg groot zijn, in overeenstemming met de 
ideeënn die we hierover hadden. Ook de interfe rometri se he waarnemingen die we 
inn hoofdstuk 8 presenteren wijzen erop dat we het bij het rechte eind hebben. In 
hoofdstukk 7 laten we zien hoe we in de toekomst deze kwestie definitief kunnen 
beslechtenn met behulp van interfe rometri sche metingen. 

Doorr de studies in dit proefschrift zijn we meer te weten gekomen over de 
schijvenn rondom jonge sterren, en over het stof dat zich in deze schijven bevindt. 
Wee hebben waarnemingen gedaan met 's werelds beste telescopen en nieuwe in-
novatievee technieken, waardoor het detail waarin we de schijven kunnen bestu-
derenn een fikse sprong voorwaarts heeft gemaakt. De gebruikte interferometri-
schee techniek staat nog in de kinderschoenen, en de studies die in dit proefschrift 
beschrevenn staan zijn dan ook de eerste in hun soort. We mogen verwachten dat 
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wee met onze nieuwe, scherpe blik op schijven in de komende jaren veel vooruit-
gangg zullen boeken in ons begrip van deze objecten, en daarmee in de onstaans-
geschiedeniss van het zonnestelsel en de aarde. 





Dankwoord d 

Hett zal ergens in het voorjaar van 1999 geweest zijn dat Jan-Willem Pel me 
weess op een aio-positie in Amsterdam. Het onderzoek zou zich richten op cir-
cumstellairee schijven en gebruik maken van innovatieve technieken, waarmee 
dezee schijven in ongekend detail bestudeerd kunnen worden. Na een aangename 
kijkk in de extragalactische keuken tijdens mijn studie in Groningen leek me dit 
eenn prachtige kans mijn horizon te verbreden. Nu, na ruim 4 jaar onderzoek, is 
ditt boek het tastbare resultaat. 

Laatt u zich vooral niet misleiden door mijn naam die eenzaam op de voor-
kantt van dit proefschrift staat. Het hier gepresenteerde onderzoek is mogelijk 
geweestt dankzij jarenlange inzet en toewijding van vele collega's aan de Uni-
versiteitt van Amsterdam, bij ESO en diverse instrument-teams. Graag maak ik 
vann de gelegenheid gebruik om op deze plek mijn oprechte dank te betuigen aan 
iedereenn die aan dit boek heeft bijgedragen. Heel erg bedankt! 

Bestee Rens, ik herinner me nog goed onze eerste discussies. De sterren 
vlogenn me om de oren: "HD" en dan het zoveelste nietszeggende getal. En 
bijj  elke ogenschijnlijk willekeurige cijfercombinatie wist je te vertellen om wat 
voorr ster het ging: jong, oud, met schijf, massaverlies, in stervormingsgebied 
zus,, spectraaltype zo, met deze bijzonderheden, interessant om deze reden. Het 
zouu beslist niet de laatste keer zijn dat ik me verbaasde over je grote kennis van 
hett vak. Je optimisme en bovenal je aanstekelijke enthousiasme vormen een 
voortdurendee bron van inspiratie. 

Alss observationeel astronoom heb ik bijzonder veel plezier beleefd aan de 
samenwerkingg met theoretici. In deze samenwerkingen heb ik altijd het idee 
gehadd dat juist de verschillende invalshoeken waarmee we vragen benaderden 
leiddenn tot meer inzicht, en dat zo het geheel groter was dan de som der delen. 
Alex,, een discussie met jou is de ideale manier om een gedachtengang aan te 
scherpen.. Of het onderwerp wel of niet binnen je specialismen valt lijk t daarbij 
nauwelijkss van belang. Mocht je de sterrenkunde nog eens vaarwel zeggen, vrees 
niet!!  Een carrière als scenarioschrijver ligt voor het oprapen. Carsten, als ik het 
fijnefijne wilde weten van de fysica van circumstellaire schijven, had ji j meestal de 
antwoordenn op mijn vragen paraat, of wist je op z'n minst waar ik ze kon vinden. 
Bestee Kees, dat ji j tijdens mijn 2 jaar bij ESO op steenworp afstand werkte, is dit 
proefschriftt zeer beslist ten goede gekomen. Ik zie ernaar uit straks in Heidelberg 
weerr regelmatig bij je binnen te lopen. Mag ik wel mijn Hans Teeuwen cd's een 
keerr terug? Michiel, het is me een waar genoegen geweest je te mogen voorzien 
vann toepassingen van je grondige theoretische werk. 
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Sciencee is teamwork. During the past four years I collaborated with a number 
off  people who have all contributed to the work presented in this thesis. I owe 
speciall  gratitude to Tijl and Leen from Leuven, the MIDI team, in particular 
Christoph,, Frank and Olivier, and the VLTI team, in particular Pierre, Markus 
andd Francesco. 

II  had the pleasure to work at the European Southern Observatory headquar-
terss near Munich for two years during my PhD. Being part of an organization 
ass big and international as ESO, has been quite an experience. Great colleagues 
andd friends have made it easy to feel at home in Bavaria. Many a day in the Alps, 
afternoonss in a Biergarten and evenings at Museum Lichtspiele, left memories of 
thee best kind. Ricardo, thanks for talking me into deliberately jumping out of an 
airplane.. We flew! Rita, I finally did make the "impossible" route on the climb-
ingg wall. Thanks for catching me on all the attempts it took to reach that point. 
Servuss Hebe Freunde vom TSV Neufahrn! Das ich noch mal die sportliche Ehre 
einerr deutschen Mannschaft verteidigen wilrde, hatte ich mir nicht traumen las-
sen.. Herzlichen Dank für eure Gastfreundschaft! Bruno, you always try to put 
thee interest of the students and fellows first, it doesn't go unnoticed. Thanks for 
givingg me the flexibilit y when I needed it. 

II  wish to thank all API's for the relaxed atmosphere at our institute, for ''sin-
terklaas",, and other parties. Just about any excuse will do for cake, an excellent 
tradition.. You make also the occasional visitor feel very much at home East of 
Eden.. A regular change of institutes has resulted in many "meet your new office 
mate""  occasions. Guilloume, Annique, Ricardo, Suzanna, Gian-Carlo, Tiziana, 
Tomm and Diego, thanks for your enjoyable company! 

Velee goede herinneringen heb ik aan de talrijke vakanties en de nog veel 
talrijkeree feestjes die ik samen met mijn vrienden heb beleefd. Ook wanneer de 
windd een tijd van voren kwam, waren we er voor elkaar. Een land of plaats is zo 
mooii  als de mensen die er wonen, dankzij julli e blijf t Brabant van alle plekken 
dee mooiste. Jullie allemaal te noemen zou dit dankwoord wat lang maken, en 
mett elke selectie doe ik julli e geen recht. Dat ik me hier beperk tot mijn "soul 
mates""  Gijs en Silvie zullen julli e me vast kunnen vergeven. 

Lievee pa en ma, Martine, een fijne jeugd en de nodige bagage voor de toe-
komst,, dat is het belangrijkste wat ouders hun kinderen kunnen geven. School 
vondenn julli e erg belangrijk, en altijd hebben julli e mij gestimuleerd maar nooit 
onderr druk gezet om "goede punten te halen". Ik hoefde maar één ding te doen: 
mijnn best. Toen ik vertelde dat ik sterrenkunde zou gaan studeren hebben julli e 
jee toch wel een paar keer achter de oren gekrabd. Maar julli e steun was, en blijft , 
onvoorwaardelijk.. En zo hoort het ook. Ik hoop julli e er inmiddels van te hebben 
overtuigdd dat sterrenkunde een "echt vak" is. Dank julli e wel, voor alles. 
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A very special place in the interferometric
laboratory at Paranal. This picture was taken
in march 2001, “avant-midi”.








