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CHAPTER 1

Introduction

1.1 Homo Astronomiae
Our Earth was formed 4.5 billion years ago. Life emerged 4 billion years ago.
The oldest remains of a Homo Sapiens were found in Ethiopia and date back
157,000 years (White et al. 2003). The earliest known cave paintings were
made 32,000 years ago in the south of France. The oldest script, the Jiahu
script, was carved into turtle shells in China around 6,000 BC. The Sumerians in
Mesopotamia were the first to practice a basic form of astronomy around 3500-
3000 BC, which was not much more than astral theology. Shortly after that, the
Babylonians were the first to recognize that celestial phenomena were periodic
and that predictions could be made using mathematics (see figure 1.1). They
successfully exploited this knowledge to increase their crops. Modern astron-
omy entails the physics of the universe. It is a cultural asset to our lives, which
thrives on our endless curiosity. Through the ages it has had various practical
spin-offs, that lead to technological advances, however it’s purpose is the sheer
expansion of knowledge.

1.2 Star and Planet Formation
This particular study is a part of the greater field of research called “Star and
Planet Formation”. In the 18th century the philosopher Immanuel Kant was one
of founders of modern theory of formation of the solar system: the nebular hy-
pothesis. It assumes that the Sun and the planets were formed by the collapse of
one great cloud. Today, the global picture of the early phases of evolution of at
least low mass stars is mapped out pretty well (see figure 1.2). Stars are formed
from the cores of gigantic gas clouds (see figure 1.3), which consist mainly of
molecular hydrogen, H2. A small density perturbation, caused by for instance a
nearby supernova can cause a cloud core to collapse under it’s own gravity. Dur-
ing this collapse a protostar is created, which continues to accrete matter through
a circumstellar disk. This accretion disk is produced through the conservation
of angular momentum, which spins up the infalling material as it approaches the
protostar. This process together with a stellar polar wind secures the clearing of
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10 Introduction

Figure 1.1 — Left: Earth, home to 6.77 billion human inhabitants, 3-30 million animal
species of which the majority are insects, around 0.4 million plant species, 1.5 million
fungal species, 0.01-1 billion bacteria species, and 0.5 million virus species. Image
credit: Apollo 17 Crew, NASA. Right: A Babylonian tablet mentioning the comet of
Halley. From the British Museum, Londen. Photo by Marco Prins of www.livius.org.

envelope material above and below the star. As time progresses these openings
grow and the accretion onto the protostar slows down. At this stage we are left
with the young star surrounded by a dusty gas disk, the protoplanetary disk. Un-
til this stage the star has generated energy by means of contraction. This stellar
contraction raises the central temperature high enough to initiate nuclear fusion,
which quickly becomes the dominant source of energy. When the contraction
comes to a halt the star has reached the Zero Age Main Sequence (ZAMS), the
branch in the temperature-luminosity diagram that contains the new born stars of
all masses. The evolution of the protoplanetary disk is relatively independent of
the evolution the star and is one of the great questions this thesis tries to address.
The global understanding is that small dust grains coagulate to form larger bod-
ies and eventually planets. The gas is dissipated from the disk and a debris disk
is left. When the debris is cleared through gravitational interaction, a planetary
system remains.

1.3 Protoplanetary Disks

The exact details of planetary formation are poorly understood and our tele-
scopes are not powerful enough to observe the process directly. We can however
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Figure 1.2 — Pictographic cartoon of formation history of a star and its planets. Figure from Hogerheijde (1998).



12 Introduction

Figure 1.3 — The Bok globule Barnard 68. The different panels show how the opaque-
ness of the molecular cloud varies with observing wavelength (clockwise; credit: ESO).

constrain and improve our models of the structure and evolution of the birth
places of planets, the protoplanetary disks. Below we describe a very simple,
first order model, which can account for a large fraction of the observations of
these disks.

1.3.1 Structure
A protoplanetary disk is a collection of material left over from the stellar forma-
tion process, that circles a young star in nearly Keplerian orbits. The vertically
integrated radial density profile, known as the surface density, is often appoxi-
mated with a power law:

Σ(r) ∝ r −1 (1.1)

(see e.g. Dullemond et al. 2006). Like the interstellar medium, these disks con-
sist mainly of gas and a little bit of dust. The commonly used mass ratio is
Mgas/Mdust ∼ 100. The gas sets the pressure and thereby together with the grav-
ity of the star determines the vertical density structure of the disk, ρ(z). This can
be derived with the equation of hydrostatic equilibrium:

dP
dz = −ρ(z) · gz (1.2)
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Figure 1.4 — Below: A typical flaring geometry of a protoplanetary disk. Note the inner
dust free cavity, the puffed up inner rim, and the flaring outer disk. Above: Origin of the
various parts of a spectral energy distribution. Figure from Dullemond et al. (2007b).

where gz is the vertical component of the stellar gravity. The solution is:

ρ(z) = ρ0e−
z2

2h2 (1.3)

where ρ0 is the density at the midplane and h is the vertical scale height, which is
given by h = cs/ΩK, with cs, the sound speed, and ΩK ≡

√

GM∗/r3, the Kepler
frequency. The tiny dust fraction dominates the opacity of the disk and thereby
regulates the heating and cooling, through absorption of stellar flux and emission
in the infrared (IR). This sets the radial temperature profile of the disk, which is
roughly approximated by:

T (r) ∝ r −
1
2 . (1.4)

Vertically the disk is nearly isothermal, except for a super heated upper layer.
This optically thin upper layer reaches higher temperatures, because the dust
efficiently absorbs short wavelength stellar radiation, but does not emit IR radi-
ation quite as efficiently.
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Figure 1.5 — Vertical cuts of a protoplanetary disk displaying the interior dust and gas
structures. Figure from Dullemond et al. (2007b).

A typical disk (see figure 1.4) has an inner hole, because the radiation tem-
perature close to the star exceeds the evaporation temperature of the dust. Then,
there is a puffed up inner rim, due to the perpendicularly incident stellar flux
heating the material, causing an increased vertical scale height. This puffed up
inner rim casts a shadow on the disk, locally taking away the main source of heat-
ing. At greater radii the vertical scale height is larger and the disk can come out
of the shadow, since the effect of gravity is smaller. This outer disk surface can
thus be irradiated at grazing angles by stellar flux and thus heated, which causes
a further increase of the vertical scale height. This effect is enhanced at greater
radii, causing what we call a ’flaring’ geometry. The location of the surface with
optical depth, τ = 1, is described by an increasing ratio of the vertical over the
radial dimension, z/r, with distance from the star, r. The detailed structure of
the disk is characterized in figure 1.5. Gas and dust are relatively well mixed.
However, larger dust grains sink to the midplane. In the superheated top layers
of the disk molecules are dissociated to their atomic form and in the midplane
molecules freeze out onto dust grains.

1.3.2 Composition
Protoplanetary disks are mainly made up of three quarters of H2 gas and a quarter
He gas. There is however a large variety of other molecules present, common
examples are CO, H2O, OH, and O2 (see e.g. Kamp & Bertoldi 2000). Among
the larger molecules are the polycyclic aromatic hydrocarbons (PAHs). These
molecules are made up of benzene rings that are connected in various ways. The
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Figure 1.6 — Stretching and bending modes of PAH molecules, that are fundamental to
this thesis. Figure taken from the PhD thesis of Els Peeters.

Figure 1.7 — Some common minerals in protoplanetary disks: olivine, pyroxene, en-
statite, and silica.

open ends of these rings are filled with hydrogen atoms. PAHs molecules are
transiently heated with stellar UV photons and radiate in the IR through various
vibration modes. The modes essential for this thesis are indicated in figure 1.6.
The C-C stretch mode causes an emission complex around 7.7 µm; the C-H in
plane bending is responsible for an emission band centered on 8.6 µm; and the
C-H out of plane bending causes emission bands at 11.2 and 12.7 µm. PAH
molecules can cluster together and form larger aggregates. These carbonaceous
grains are known to have a continuous grain size distribution, because even the
smallest grains are relatively stable against photon induced dissociation. These
minute grains are often referred to as very small grains (VSGs) and radiate a
relatively featureless spectrum.

Initially, about one percent of the matter in protoplanetary disks is in small
solid dust grains. These dust grains will stick together when they collide form-
ing larger aggregates. This growth process is the first step in planet formation.
The dust is mainly made up of silicates. Around 15 percent of the dust is car-
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bonaceous (amorphous carbon, graphite, and nano-diamonds). Another 10 to
15 percent of the dust mass is in iron sulfide and metallic iron. Thus one could
say that silicates are the building blocks of rocky planets like Earth. Silicates
are made up of a large amount of silicate-groups that are kept together in a lat-
tice structure. All silicate-groups contain silicon, oxygen, and a third or fourth
element, which determines the silicate type. The chemical formula of for in-
stance olivine is Mg2xFe2−2xSiO4, where x can vary between 0 and 1; for pyrox-
ene it is MgxFe1−xSiO3; and for silica SiO2. Forsterite (Mg2SiO4) and enstatite
(MgSiO3) are the magnesium end members of olivine and pyroxene respectively.
In figure 1.7 some of these silicates are displayed. When the silicate groups are
oriented in a random fashion in the lattice structure the mineral is called amor-
phous. Heating of the mineral above ∼1000 K will cause the silicate-groups to
become aligned. In this state the mineral is called crystalline.

1.3.3 Evolution
Protoplanetary disks are called ’passive’ once their accretion rates have de-
creased to a level where accretion no longer is the dominant source of energy
in the disk. The energy the disk puts out in the form of IR radiation is now solely
stemming from reprocessed stellar flux. Though they are ’passive’, this does
not mean that these disks are static. On the contrary, there is a wide variety of
processes taking place.

Especially in the denser regions in the inner disk and in the disk midplane,
the dust grains collide and stick, creating larger grains. Once grains have un-
dergone a certain level of growth they become too heavy to float on the gas and
sink to the midplane. This is called dust settling or sedimentation. Substantial
sedimentation can alter the geometry of the disk from flaring to self-shadowed.

Grains can easily grow to 1 cm sizes through pairwise coagulation, but be-
yond that the growing mechanism is somewhat unclear. Johansen et al. (2007)
give a plausible mechanism for the growth from 10 cm to kilometer sizes. Turbu-
lence can create regions of increased gas pressure that tend to concentrate boul-
ders through differential drag winds. These boulder clusters can then become
gravitationally bound. Growth from ’planetesimal’ sizes onwards (& 10 km),
occurs by low velocity collisions. This is facilitated by gravitational focusing,
which becomes stronger with mass and thus leads to a runaway process. When
the body’s mass becomes large enough relative velocities are increased through
gravitational interactions. This decreases the capture rate and eventually kicks
out the neighboring planetesimals. However, if bodies reach ∼10 Earth masses
in size they start to gravitationally accrete the surrounding gas. This process is
called core-accretion and is the generally accepted formation scenario of gas gi-
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Figure 1.8 — Left: Modeling of the formation of a gap in the inner disk by a planet by
Armitage & Rice (2005). Right: Near IR scattered light image of the outer disk of the
young star HD 142527 with the Subaru telescope by Fukagawa et al. (2006).

ants like Jupiter (see e.g. Pollack et al. 1996). Alternative modeling efforts show
that monolithic collapse is also a possible scenario for the formation of gas gi-
ants (see Durisen et al. 2007 for a review). This so called gravitational instability
requires a high disk mass and density perturbations to initiate the collapse.

Once a high mass body like a planet is formed it has a substantial influence
on the shape of the disk. Modeling shows that bodies around a Jupiter mass
or more will locally remove gas more rapidly than the replenishing by viscous
spreading (Armitage & Rice 2005). The result is the formation of a disk gap
(see figure 1.8). Migration of the planet through the disk can cause such a gap to
grow to considerable sizes.

Radiative processes can also cause changes of the disk geometry. Ultravio-
let (UV) photons can ionize and heat the gas in the surface layers of the disk.
In the outer disk, where the escape velocity is low, far UV photons generate a
photoevaporative flow. This process can cause the disk to get truncated from the
outside. The more energetic extreme UV photons can create a gap in the disk
at a radius of rg ∼ 7 (M∗/M�) AU, where M∗/M� is the ratio of the stellar mass
over the solar mass (see Gorti & Hollenbach 2009).
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Figure 1.9 — Optical detection of a planet in the debris disk of the young A4V type star
Fomalhaut with the Hubble Space Telescope (Kalas et al. 2008).

1.4 Diagnostics
To select targets in the sky with protoplanetary disks an observational class is
used, called the Herbig Ae/Be stars. These are pre-main-sequence stars with
emission lines, due to circumstellar gas and IR excess due to circumstellar dust
(see Waters & Waelkens 1998). The definition secures the presence of a circum-
stellar disk composed of gas and dust. The focus of this thesis is on observations
of the dust in these disks. To demonstrate where this study adds value to the field
we first describe the various observations of Herbig Ae/Be stars and what we can
learn from them and then we go over to a description of the instrument we used
intensively and what we can observe with it.

1.4.1 Observations

Throughout the years numerous astronomers have obtained photometry at vari-
ous wavelengths of many young stars. Such a collection of measurements makes
up what we call a spectral energy distribution (SED). In figure 1.4 such a SED
was portrayed for a typical flaring disk. At UV and optical wavelengths the SED
is dominated by the stellar photosphere. At near IR wavelengths the SED starts
to rise above the photosphere due to thermal radiation from the inner rim, that
intercepts and reprocesses the stellar flux. This rise in the SED is called the onset
of the IR excess. After a shadowed disk region, which emits relatively little ra-
diation, the disk surface emerges from the shadow and hosts a superheated layer
that is responsible for the 10 and 20 µm silicate emission features. At the longer
millimeter wavelengths the disk becomes optically thin and the SED is governed
by the larger dust grains in the midplane. Note that the SED gives a powerful
insight, because it probes much of the geometry of protoplanetary disks.
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Figure 1.10 — The Spitzer IRS spectrum of the Herbig Ae star HD 169142 (Bouwman
et al in prep.). Indicated with the rake are the central wavelengths of PAH emission
bands at 6.2, 7.9, 8.6, 11.2, 12.7, and 16.4 µm.

Near IR and classical optical imaging also supply a wealth of information.
With these observations it is necessary to mask the dominant light from the star
with a coronagraph at the expense of some spatial resolution. In figure 1.8 we
displayed a near IR coronagraphic image of the Herbig Ae star HD 142527 (Fuk-
agawa et al. 2006). The coronograph blocks the inner part of the disk and the
outer disk does not radiate in the near IR, thus the emission we see is stellar flux
scattering of the surface of the disk. The image shows that there is substantial
deviance from the axi-symmetric geometry proposed in figure 1.4. Figure 1.9
illustrates an exceptional direct detection of a planet in the debris disk around
the young A4V type star Fomalhaut using Hubble Space Telescope optical coro-
nagraphy (Kalas et al. 2008).

At IR wavelengths the Earth’s atmosphere is only partially transparent. To
complicate matters the Earth’s atmosphere emits thermal radiation at these wave-
lengths. To then clearly observe protoplanetary disks one ideally uses spaceborn
telescopes. In figure 1.10 we displayed a spectrum obtained with the Spitzer
space telescope. This particular spectrum is of the Herbig star HD 169142 of
spectral type A5Ve. The spectrum displays very distinct PAH features at 6.2, 7.9,
8.6, 11.2, and 12.7 µm. Their emission mechanism, addressed in section 1.3.2,
requires UV irradiation and becomes effective at radii larger than those of the
regions responsible for the thermal IR emission. Since the disk is optically thick
to UV radiation and the object is not embedded in a natal cloud, this tells us that



20 Introduction

Figure 1.11 — Submillimeter imaging of the debris disk of Fomalhaut by Holland et al.
(1998). The black star indicates the optical position of the star. Note, the substantial
morphological difference with the optical image in figure 1.9. At submillimeter wave-
lengths the disk is nearly optically thin and we can thus see the spatial distribution of the
dust, while at optical wavelengths we see scattered light from the surface of the disk.

the outer disk has an illuminated, and thus flaring, surface that contains PAH
molecules.

Since protoplanetary disks become optically thin at millimeter wavelengths,
imaging at these wavelengths can probe the distribution and quantity of the dust
mass. Figure 1.11 shows imaging at 850 µm of the debris disk around Fomalhaut
(Holland et al. 1998). From the absence of dust near the star they infer the
possible presence of Earth-like planets.

1.4.2 VISIR

For this thesis data was collected with the VLT Imager and Spectrometer for mid
Infrared (VISIR; see Lagage et al. 2004). The instrument was build by a French-
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Figure 1.12 — A schematic layout of the VISIR spectrometer design. Figure from the
VISIR manual.

Dutch consortium (S.A.P., Saclay, ASTRON, Dwingeloo) and is attached on the
Cassegrain focus of the third unit telescope (Melipal) of the VLT in Paranal,
Chile. The location in the Atacama desert, the driest place on Earth, secures op-
timal observing conditions, since water vapor is the main source of background
noise in the mid IR. There are two windows in this wavelength region where the
Earth’s atmosphere is relatively transparent. These are centered at 10 and 20 µm
and are called the N and Q-band respectively.

To remove the thermal background emission from the atmosphere the instru-
ment employs a standard technique called chopping and nodding. Chopping is
the back and forth movement of the secondary mirror that allows us to subtract
the spatially invariant background noise. This chopping is done with a frequency
of 0.5 Hz, which secures a nearly complete removal of the atmospheric back-
ground. However, we are left with a residual thermal noise from the telescope,
because of the slightly different optical paths of the two chopping positions.
This is corrected for by changing the telescope pointing back and forth every 90
s, which is called nodding. In the ideal case the chopping and nodding throws
are smaller than the field of view, so images can be recombined in the reduction
process and no integration time is lost.

As implied by it’s name, VISIR is capable of making images and spectra. In
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Figure 1.13 — A VISIR image at 8.6 µm of the protoplanetary disk around the Herbig
Ae star HD 97048. In the bottom left a PSF is supplied as a reference. On the right it
shows the same image, but cut off at 4.4 mJy/arcsec2, demonstrating how the center of
the isophote is offset from the peak of the emission. Figure taken from Lagage et al.
(2006) with permission.

the imaging mode a spatial resolution of θ∼0.3′′ in the N-band and θ∼0.6′′ in
the Q-band can be obtained in good seeing conditions. This is the great advan-
tage of an 8-meter class telescope over spaceborn telescopes, which necessarily
have smaller mirrors and thus a proportionally lower spatial resolution. Me-
dian sensitivities (10σ in 1 hour) go down to 5 mJy in the N-band and 50 mJy
in the Q-band. In the low resolution spectroscopy mode full N-band spectra
can be obtained with four different adjacent wavelength settings. The spectral
resolution obtained in this fashion is around R=300 with a sensitivity of ∼40
mJy·10σ/1h. The instrument also offers a medium (R∼3,000) and a high res-
olution (R∼30,000) mode in the N and Q-band. However, the higher spectral
resolution goes at the cost of sensitivity and only the brightest sources are eligi-
ble for these observations.

VISIR imaging of protoplanetary disks adds valuable information on the spa-
tial scale and sometimes on the geometry and structure of the surface of the disk.
Figure 1.13 displays a VISIR image of the Herbig Ae star HD 97048 centered on
the PAH band at 8.6 µm (Lagage et al. 2006). The emission is widely extended
as demonstrated by the inset point spread function (PSF). Ellipse fitting to the
isophotes demonstrates that the center of the emission is offset from the opti-
cal position of the star. This offset increases with decreasing surface brightness.
Modeling shows that this can be explained with a flaring disk geometry.
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Figure 1.14 — The 10 µm feature of the young B6e type star MWC 147. The thin black
line is the VISIR spectrum and the thick green line is the Spitzer IRS spectrum. Note
the difference in the PAH bands.

VISIR spectroscopy adds information about the composition of the surface
of protoplanetary disks. In the N-band we can capture the 10 µm silicate feature,
various PAH bands and the continuum emission contribution. For carbonaceous
grains it is not possible to discriminate between species, because their spectra are
featureless. The silicates however, all have their own unique emission spectrum,
which makes it possible to determine the mass abundances from the N-band
spectra. Furthermore, it is possible to determine the level of crystallization and
the size of the grains from the shape of the spectra. In principle spaceborn tele-
scopes can also supply this information. The added value of VISIR is that it
allows us to zoom in on the disk scale because of it’s superior spatial resolution.
This is nicely illustrated by figure 1.14. It displays the N-band spectrum of the
Herbig Be star MWC 147 as captured by VISIR (black line) and by Spitzer (thick
green line). Notice how the wider field of view of the Spitzer telescope (θ∼3′′)
captures a lot of PAH emission, while with VISIR we zoom in on the scale of the
protoplanetary disk and we are left with a silicate feature. This demonstrates that
the PAH emission originates from a surrounding medium, most likely a remnant
of the natal cloud.

The high spatial resolution of VISIR also makes it interesting to look at two-
dimensional spectra. The spectra are taken with a long slit, which preserves the
spatial information in the dimension perpendicular to the dispersion direction.
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Figure 1.15 — Illustration of the technique to obtain the angular size of an object
as a function of wavelength. Middle panel: A two dimensional VISIR spectrum of
HD 97048. Top panel: A calibrated extraction of the spectrum. Bottom panel: The
FWHM size of the 2D spectrum.

With these 2D spectra it is possible to measure the width of a target as a function
of wavelength. A technique that is widely employed in this thesis. Figure 1.15
demonstrates such an observation for HD 97048. At the wavelength of the PAH
band the spectral beam becomes wider. This clearly indicates that the PAH emis-
sion has a larger spatial scale than the continuum emission.

1.5 Questions
The big stage-setting question of this thesis is: how are planets formed? We
know that planet formation takes place in dusty disks around young stars, which
leads us to the wider question: how do these protoplanetary disks evolve? The
general picture was described in section 1.3.3. However, the specific mecha-
nisms and processes remain hidden from view and modeling attempts don’t have
a consensus on many issues. For instance: how does growth proceed beyond peb-
bles of a centimeter; what are the roles of gravitational instabilities, planet mi-
gration and photoevaporation; and what are the time scales for these processes?
Then of course we also wonder, where do we fit into all this? Is our solar system
the result of a typical evolution of a protoplanetary disk?

In this study we look at two samples of Herbig Ae/Be stars, with different
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mass ranges and we perform two case studies of Herbig Ae stars. The general
questions we pose are:

• What is the geometry and composition of the circumstellar material?

• What is the spatial distribution of the material?

• What is the difference between disks around intermediate mass stars and
higher mass stars?

In chapter 2 we study 17 Herbig Ae stars in the mass range of 1-3 M�. The main
questions there are: what is the scale of the mid IR emission; is there a difference
in scale for the PAH and silicate contributions; and can we explain the scales we
find? In chapter 3 we look at a sample of ∼20 Herbig Be stars in the mass range
3-30 M�. The interesting questions are whether the more massive Herbig Be
stars have circumstellar disks like their lighter congeners; what are the differ-
ences in composition and geometry; and can we explain these differences? In
chapter 4 we analyze a comprehensive data set of the Herbig Ae star HD 95881
and we create a model for the disk using a Monte Carlo radiative transfer code.
This particular object has a very blue SED, suggestive of a self-shadowed ge-
ometry, while there are indications of a flaring gas structure. Thus the central
question is: what is the spatial distribution of the dust and the gas? In chapter 5
we look at the Herbig Ae star HD 142527, which has an exceptionally red SED.
Previous attempts to model the extreme far IR excess were unsuccessful. Thus
the great question there is: what is the geometry and the structure of the disk?




