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Stars are formed through the collapse of giant molecular clouds.
During this contraction the matter spins up and naturally forms a
circumstellar disk. Once accretion comes to a halt, these disks are
relatively stable. Some disks are known to last up to 10 Myrs. Most
disks however, dissipate on shorter time scales under the in�uence 
of photoevaporation and planet formation. These disks, consisting 
of 99% gas and 1% dust, have revealed a high variety of dust 
composition and geometry. It is not clear what determines this 
variety and if higher mass stars also display this variety. In this thesis 
we analyzed a large sample of young stars, covering a mass range 
of ~2 to ~20 solar masses. Mid infrared imaging and spectroscopy 
have been obtained, to determine their composition and geometry. 
The results were placed in a multi-wavelength context as provided 
by the literature and a survey for any possible trends was carried 
out. In addition, case studies were performed of two special stars. 
Comprehensive data sets were gathered and a radiative transfer 
code was used to create detailed models of their disk geometry.
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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

9



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
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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?
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Abstract Herbig Ae stars are intermediate mass pre-main-sequence
stars surrounded by gas-rich disks that are the remnant of the star forma-
tion process. These disks are sites of on-going planet formation, which
affects their geometry and composition. We map the spatial distribution of
warm circumstellar dust in a sample of 17 Herbig Ae stars. We put our
results into a multi wavelength context and investigate possible links be-
tween disk size and other quantities such as chemistry, geometry and the
spectral energy distributions. We use the N-band long-slit spectrometer
of VISIR to spatially and spectroscopically resolve our targets. The spec-
tra are Gaussian-fitted to obtain the FWHM-sizes as a function of wave-
length and we have deconvolved with a PSF derived from a sample of
∼130 calibrators. We spatially resolve 9 of the 17 stars in the continuum
and/or in the 8.6 and 11.2 micron PAH features. Typical spatial scales of
the PAH emission are 50–100 AU FWHM. We find that disks with a flaring
geometry (group I) are more often spatially resolved than disks with a “self-
shadowed” geometry (group II). The disks are more extended in the PAH
bands than in the continuum, with the notable exception of HD 169142.
Sources with strong PAH emission tend to be larger than sources with
weak PAH emission. The continuum emission of a few sources is consid-
erably more extended (up to ∼60 AU) than expected from thermal emission
modeling. This may be due to the presence of very small grains in the disk
surface layers, and/or the presence of inner holes or disk gaps. The lat-
ter explanation is supported by the negative trend we found between the
continuum sizes and the NIR excess flux.

27
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2.1 Introduction

There is growing evidence that the gas- and dust rich disks that surround virtually
all young low- and intermediate mass pre-main-sequence stars are the sites of
on-going planet formation. These disks form due to conservation of angular
momentum in the collapse phase of a molecular cloud core. Once accretion
has stopped, the disk dissipates on time-scales of 5-10 Myrs, leaving a gas-poor
dusty debris disk in which the dust is formed by collisions of larger bodies (see
Hillenbrand 2008 and references therein for a recent review).

Herbig Ae/Be stars, first described as a group by Herbig (1960), are interme-
diate mass pre-main-sequence stars that possess a passive proto-planetary disk,
i.e. the disk is heated by stellar photons only. They are often, but not always,
associated with reflection nebulosities and have both permitted and forbidden
emission lines in their spectra (see e.g. Waters & Waelkens 1998 or Natta et al.
2000 for reviews). In this chapter we focus mostly on the late B and A-F type
Herbig stars, which we will refer to as Herbig Ae stars. The disks surrounding
these stars share many properties with those of lower mass T Tau stars.

The Spectral Energy Distribution (SED) of Herbig Ae stars is characterized
by a large infrared (IR) and millimeter flux excess due to the thermal radiation
of dust grains in the disk. The SEDs can roughly be divided into two groups,
based on the slope of the spectrum from 10 to 60 µm (Meeus et al. 2001). Group
I sources have a rising spectrum, while group II sources have a flat or decreasing
spectral slope. These groups were further subdivided into ’a’ and ’b’ according
to the presence or absence of the 10 µm amorphous silicate band. No group IIb
sources were found, i.e. group II sources are all dominated by silicate emission.
Meeus et al. (2001) and Acke & van den Ancker (2004) show that group I sources
have on average strong emission bands from Polycyclic Aromatic Hydrocarbons
(PAHs), while group II sources have weak or no PAH emission. These trends are
confirmed by recent studies of a large Spitzer spectral survey of Herbig Ae stars
(Bouwman et al, in preparation). The SED classification and PAH correlations
can be understood if the group I sources have flaring outer disk geometries, and
group II sources have flat disks.

The SEDs of Herbig Ae stars have been interpreted with physical disk mod-
els such as those of Chiang & Goldreich (1997), Dullemond et al. (2001), Do-
minik et al. (2003) and Dullemond & Dominik (2004). The near-IR excess in
the 1-5 µm wavelength range is due to hot dust located in a puffed-up inner rim.
The 10-60 µm range is dominated by small warm dust grains in the upper disk
layers. The slope of the SED, and hence the classification into group I or II, can
be understood by the shadow which the inner rim casts on the outer disk regions
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(Dullemond & Dominik 2004). Disks with a large mass in small dust grains flare
and as such the dust in the outer disk regions receives direct starlight (group I).
Disks with a low mass in small dust grains have their radial τ = 1 surface in the
shadow of the inner rim, and have a flat or decreasing 10-60 µm spectrum (group
II). Note that the scale-height of the gas, that is set by the mid-plane gas temper-
ature, need not differ between group I and group II sources (see also Dullemond
et al. 2007a).

In this chapter, we will study the spatial structure and dust composition of
Herbig Ae disks at mid-IR wavelengths, using ground-based VISIR spectra,
backed up with spectra from the literature of the Spitzer and ISO space tele-
scopes. We will focus on the 10 µm atmospheric window which gives access to
warm silicate emission (both amorphous and crystalline) as well as some promi-
nent PAH bands at 8.6, 11.2 and 12.7 µm and we will use the space-based data as
a reference. Mid-IR imaging using 4 and 8 meter class telescopes has proven to
be an essential tool to determine the spatial distribution of different dust species
and to constrain disk geometries, because the disk geometry cannot uniquely be
constrained by the SED. This is particularly true when planet formation affects
the large-scale disk geometry, by creating disk gaps and/or inner holes. Such
“transitional” disks may show a large diversity in properties, reflected in the
SED (e.g. Furlan et al. 2006).

Many observational studies in the mid-IR have been published that show ev-
idence for disk gaps, inner holes, and sometimes unexpected spatial distributions
of dust species (e.g. Liu et al. 2003; Honda et al. 2005; Pantin et al. 2005; Fuji-
wara et al. 2006; Lagage et al. 2006; van Boekel et al. 2005; Doucet et al. 2006b;
Doucet et al. 2007; Mariñas et al. 2006; Geers et al. 2007a). This motivates the
present study, in which we use VISIR at the VLT to spatially and spectrally re-
solve the mid-IR emission of a sample of bright, nearby Herbig Ae stars. We will
study the relation between the dust composition, SED shape, and mid-IR spatial
scales detected with VISIR. This chapter is organized as follows: In section 3.2
we present the sample of stars. Section 2.3 describes the observations, section 2.4
the data reduction, and section 2.5 addresses the derivation of the telescope point
spread function. In sections 2.6 and 2.7 we show the results of the observations
and derive deconvolved sizes of the disks. Section 2.8 is devoted to a discussion
of the individual objects and section 2.9 to the general trends observed in our
data set. Section 2.10 contains the main conclusions of this study.
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Figure 2.1 — The 3.8 and 60 µm excess luminosities of the sample stars, expressed in
units of the stellar flux. The quantities represent the energy output of the hot and cold
circumstellar dust respectively. The dotted line accentuates a rough division between
group I and II sources.

2.2 Sample

2.2.1 Selection

To fully cover the spectral type A of the Herbig Ae/Be stars we selected a list
of sources with spectral type later than B8 from the catalog of Herbig Ae/Be
stars presented by Thé et al. (1994). These sources all contain an IR excess and
emission-lines. They are associated with an obscured star forming region, but
they are not all shrouded in a reflection nebula. This list was supplemented with
more recently found Herbig Ae stars by Malfait et al. (1998). From this com-
bined list, sources were selected that display emission features of PAHs. For
these sources it was known from studies like Habart et al. (2004) that the spe-
cific excitation mechanism of the PAH bands leads to spatially more extended
emission in the PAH bands than in the surrounding continuum, which is dom-
inated by thermal emission from dust grains. To secure a balanced sample we
also selected sources with weak or absent PAH emission.

The choice of unobscured objects leads to a sample of sources which are
seen under small inclinations (i . 70◦), which means relatively face on. This
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choice also leads to more isolated objects, which are thus less under influence
of the radiation of neighboring stars. The choice of PAH sources is likely to
introduce more group I sources, since recent surveys suggest the existence of a
correlation between the presence of PAH-emission and the flaring geometry of
the disks (e.g. Meeus et al. 2001, Acke & van den Ancker 2004, or Lagage et al.
2006). Even though we have added a few other Herbig Ae stars, we should be
careful with statistical statements based on our sample.

2.2.2 Stellar parameters
Most of the general characteristics of our sample stars have been discussed in
the literature. See for instance the surveys by van den Ancker et al. (1998), Acke
& van den Ancker (2004), van Boekel et al. (2005), or Bouwman et al. (in prep).
The distances have been determined mostly by association with star formation
regions and span a range of ∼100-400 pc. Luminosities were determined to be
in between 0.6-100 L�. Together with the effective temperatures, which are in
a range from 6600 to 10500 K, the masses and ages could then be determined
from comparing their positions in the Hertzsprung-Russell diagram with pre-
main-sequence evolutionary tracks (Palla et al. 1993). The masses vary from
∼1.5 to ∼3 M� and the ages from 105.5 to 107 yr. The stars have also been the
subject of many specific studies at different wavelengths, some of which will be
addressed in section 2.8. Table 2.1 displays the stellar parameters for the entire
sample.

2.2.3 SEDs and IR-excess
We have taken SEDs of the target stars from Acke & van den Ancker (2004) (see
also references therein). These data-sets have been updated and the revisions
will be published in Bouwman et al (in prep.). The SEDs have been de-reddened,
after which a Kurucz model was fit to identify the photosphere.

In order to quantify the shape of the SEDs we have calculated the excess
IR luminosity (LE) and the excess energy over the photospheric flux at 3.8 and
60 µm (L3.8 and L60 respectively). These quantities are listed in table 2.5. It
shows that group I and group II sources have a similar range in total excess
luminosity LE. Recall that the distinction between group I and II is only based
on the slope of the spectrum from 10 to 60 µm (Meeus et al. 2001). In Fig. 2.1
we plotted L3.8 against L60. The plot shows that the group I and II sources
of our sample are nicely separated in L60 space. The only exception to this is
HD 179218, which is a group I source according to the definition of (Meeus
et al. 2001) and is categorized as flaring with [O I] observations (see van der
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Table 2.1 — Stellar parameters of our sample of targets. The distance is indicated with d, the effective temperature with Teff and the
optical extinction with AV, which has an absolute error of 0.06 mag or less. L stands for the stellar luminosity, R for the stellar radius
and SFR for the association with a particular star formation region. Data was taken from van den Ancker et al. (1998), Acke & van den
Ancker (2004), van Boekel et al. (2005), and Doucet et al. (2006b). Some updates will be published in Bouwman et al. (in prep.). For
HD 95881 we state the updated parameters as derived in chapter 4.

Name Sp.Type Group d [pc] Teff [K] AV L [L�] R [R�] Mass [M�] log Age [yr] SFR
AB Aur A0Vpe Ia 144±14 9520 0.50 49.2±6.8 2.6±0.2 2.4±0.2 6.3±0.2 L1519
HD 34282 A3Vne Ib 400±40 8720 0.28 19.0±2.7 1.9±0.1 2.1±0.2 6.5
CQ Tau F3e Ia 100±20 6740 0.87 0.57±0.16 0.55±0.08 - 7.0 Tau T4
HD 95881 A2III/IVe IIa 170±50 8990 0.25 15.4±6.0 1.6±0.3 2.0±0.3 >6.5
HD 97048 B9.5Ve Ib 175±18 10010 1.27 43.5±6.3 2.2±0.2 2.5±0.2 >6.3 Ced 111
HD 100453A A9Ve Ib 111±11 7390 0.02 7.9±1.1 1.7±0.1 1.7±0.2 7.0±0.1
HD 100546 B9Vne Ia 103±6 10500 0.26 32.9±2.7 1.7±0.1 2.4±0.1 >7.0 Sco OB2-4?
HD 135344B F4Ve Ib 140±14 6590 0.31 8.2 ±1.1 2.2±0.2 1.6±0.2 6.9±0.3 Sco OB2-3
HD 141569 A0Ve IIa 99±10 9520 0.37 19.5±2.8 1.6±0.1 2.2±0.2 >7.0 (L169)
HD 142666 A8Ve IIa 145±15 7580 0.93 14.0±2.0 2.2±0.2 1.8±0.3 6.8±0.4 Sco OB2-2
HD 142527 F7IIIe Ia 145±15 6257 0.64 15.4±2.2 3.3±0.2 2.0±0.2 6.3±0.4 Sco OB2-2
HD 144432 A9IVev IIa 145±15 7345 0.17 10.4±1.5 2.0±0.1 1.8±0.2 7.0±0.3 Sco OB2-2
HD 144668A A7IVe IIa 210±21 7925 0.49 90±13 5.0±0.4 3.2±0.5 5.7±0.3 Lupus 3
HD 150193A A2IVe IIa 150±30 8990 1.46 24.6±7.0 2.0±0.3 2.3±0.2 >6.3 Sco OB2-2
HD 163296 A3Ve IIa 122±12 8720 0.09 24.2±3.4 2.2±0.2 2.0±0.2 6.7±0.4
HD 169142 A5Ve Ib 145±15 8200 0.43 14.8±2.1 1.9±0.1 2.0±0.3 6.9±0.3 Sco OB2-1
HD 179218 B9e Ia 243±24 10500 0.56 104±15 3.1±0.2 2.9±0.5 6.1±0.4 (L693)
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Plas et al. 2008). The high luminosity seems to be the obvious peculiarity of
HD 179218 compared to what is typical for the sample, but it is not clear how
this would influence its 60 µm luminosity.

The value of L3.8 is an indication of the amount of hot dust near the star.
For example for HD 141569, having almost no excess luminosity, the lack of
this emission is generally interpreted as the presence of an inner dust-free cavity.
Note in Fig. 2.1 that besides HD 141569 only group I sources have very low
values of L3.8.

2.3 Observations
2.3.1 VISIR
VISIR is the VLT Imager and Spectrometer for mid Infrared (see Lagage et al.
2004). It is mounted at the Cassegrain focus of ESO’s VLT telescope Melipal
at Paranal. Under good seeing conditions it provides diffraction-limited imaging
and spectroscopy in the N and Q-band, which is ∼0.3′′ at 10 µm. The spectrom-
eter offers a range in spectral resolution of 150 to 30000 and it has a pixel-scale
of 127 mas/pix. In order to get rid of the high atmospheric background the in-
strument employs standard chopping and nodding techniques.

Our observations were obtained between December 2004 and July 2007 as
part of the VISIR GTO program on circumstellar disks. For all our observations
the low resolution spectroscopic mode of VISIR was used. The full N-band can
be mapped by performing 4 wavelength settings at 8.5, 9.8, 11.4 and 12.2 µm.
VISIR offers a choice in slit-width, slit-rotation and chopping throw. The stan-
dard orientation of the slit is North-South, but for a few observations a different
orientation was chosen. This was done with the goal of tracing the expected
extended emission along the slit. We note that the limited knowledge of the IR
position angle leads to a small systematic under-estimate of the disk sizes in IR
emission. For all the observations chopping and nodding was performed parallel
to the slit. Since our targets were known to have angular sizes of 1′′ and lower,
a chopping throw of 8′′ was appropriate. This allowed the sources to remain
inside the detector field of view at all times and thus to maintain the best inte-
gration efficiency. A log of the observations can be found in table 1 and 2 of the
appendix.

2.3.2 ISO, Spitzer & TIMMI2
In order to compare, verify and flux-calibrate our VISIR data, we will also em-
ploy ISO, Spitzer and TIMMI2 data of the stars. Both ISO and Spitzer have
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Table 2.2 — Instrument specification of the different data types. Stated are the typical
values of the data used. The parameters specified from left to right are: the slit width, the
theoretical diffraction limit, the spectroscopic resolution, the sensitivity and the wave-
length range.

Instrument Slit [′′] θ [′′] R S [mJy/10σ/h] ∆λ [µm]
VISIR 0.75 0.3 250 100 7.9-13.2
Spitzer 3.6 3 70 185 5.5-37
ISO 14x20 4 250 2000 2.4-200
TIMMI2 1.2 0.7 160 250 7.9-13.2

a much lower spatial resolution than VISIR, but their space-based unobscured
view of the stars and wider slits gives them superior wavelength coverage and
flux-calibration. TIMMI2 is VISIR’s predecessor, it’s a ground-based mid-IR
spectrometer, which is operated at ESO’s 3.6 m telescope at La Silla. In table 2.2
we list the used instrument specifications for comparison. For the details regard-
ing the observations and data reduction, we refer the reader to Acke & van den
Ancker (2004) for ISO, Bouwman et al. (in prep.) for Spitzer and van Boekel
et al. (2005) for the TIMMI2 data.

2.4 Data Reduction
2.4.1 Spectral extraction
An IDL pipeline written by one of us (E. Pantin) was used to perform the first
steps of the spectral data processing. It stacks the data in the proper order, sub-
tracts the atmospheric and telescope backgrounds and suppresses the detector
striping (Pantin et al. 2007). A correction for slit curvatures and optical distortion
is then applied. The 1D spectrum is obtained with a optimal extraction method
by Horne (1986). Subsequently, the spectrum is wavelength calibrated by cor-
relating the simultaneously measured sky spectrum with a ATRAN/HITRAN
model. See Pantin (in prep.) for a more detailed description of the reduction
process.

Some secondary processing methods were devised to refine the results.
Small wavelength mismatches between the objects and the photometric calibra-
tors were corrected. The correction shift was obtained by correlating the stacked
sky-frames of science and calibration measurements. To correct for atmospheric
extinction we used the formalism described in van Boekel et al. (2005), which
requires two calibration measurements, at differing airmass, and interpolates the
extinction to the airmass of the science target. Unfortunately, for roughly half
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of our science observations we obtained only a single suitable calibration mea-
surement. To correct for the extinction of the science observation we used the
following formalism:

Iλ,s = S λ,s
1
R

(

RIλ,c
S λ,c

)
ms
mc

(2.1)

The intrinsic spectrum of a science target, Iλ,s, is calculated by taking the ob-
served spectra of science and calibrator S λ,s and S λ,c, the airmass values of these
observations, ms and mc, the model spectrum of the calibrator Iλ,c and the re-
sponsivity of the system, R. The latter was assumed to be a constant and was
obtained by taking the cross-section with the y-axis in a ln(S/I) versus airmass
diagram containing all wavelength averaged calibration measurements.

For the error determination we went back to the raw data. We split every
observation up into 10 or more subsets of equal integration time. Next, we per-
formed a simplified extraction on the central beam in all sets creating a dis-
tribution of spectra for each observation. After normalizing these spectra with
their median level, we determined the standard deviation as a function of wave-
length, which left us with the fractional error of the observed spectra. To obtain
the error-spectrum of the final calibrated spectrum we used standard differential
error-propagation. We find that typical sensitivities are around 100 mJy/10σ/1h.

2.4.2 FWHM extraction
To obtain the size of the sources as a function of wavelength we looked at every
individual nod position and considered only the beam in the center of the detec-
tor. This approach allows for a determination which is independent of how well
the A-A chop-nod-position coincides with the B-B chop-nod position. In order
to increase the Signal to Noise Ratio (SNR) we rebinned the data in the wave-
length direction, merging 8 pixels. Then we did a Gaussian fit to get the Full
Width at Half Maximum (FWHM) of every wavelength bin. After repeating this
for every individual nod position we obtained a distribution of wavelength de-
pendent sizes. The final wavelength-dependent width of a target is then the ’nod’
average of this distribution. For HD 34282 and HD 141569 the SNR’s were too
low to obtain meaningful results with this method. For these sources the total
stack of all nod positions was used, just as was done to extract the spectra. The
final width was then obtained by treating the central beam with the same re-
gridding and gauss-fitting as described above. The combined measurement error
and fitting error was determined by taking the same total 2D spectrum, but this
time we only merged 4 pixels in the wavelength direction to retain significant
wavelength resolution. Subsequently, the error could be retrieved by subtracting
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Figure 2.2 — The 20 calibration measurements with the best optical seeing (< 0.6′′).
The straight red line is the simulated diffraction limit of the instrument. Since all these
calibrations measurements are close to or in the diffraction-limited regime, the variety
of the signal is due to artifacts of the telescope and instrument. Here we can identify
a broadening, time-dependent variations and a jump going from the 9.8 to the 11.4 µm
setting.

a spline from the wavelength dependent FWHM and then calculating the stan-
dard deviation. Note that this is the measurement error of a 4 pixel wavelength
bin. When we use an entire setting as a single measurement of size the error is
decreased by the root of the number of bins used.

2.5 The PSF
Measuring the FWHM as a function of wavelength for ∼130 calibrators reveals
a great level of variety. To start classifying this variety we plotted the 20 calibra-
tors taken during optimal optical seeing (Fig. 2.2) and the 20 calibrators observed
during worst seeing (Fig. 2.3). Also plotted in red is the simulated diffraction
limit, calculated by considering an obscured pupil in analogy with Brown & Bur-
rows (1990) to simulate the effect of the telescope optics. Then we applied a spa-
tial sampling to simulate the effect of VISIR’s pixel grid, followed by a Gaussian
fit to obtain the FWHM. Figure 2.2 allows us to address the diffraction-limited
behavior of the telescope, since the seeing can be assumed to be negligible in the
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Figure 2.3 — The 20 calibration measurements with the highest optical seeing (> 1.1′′).
The straight red line is the simulated diffraction limit of the instrument. Notice that the
FWHM values are larger, the spread between measurements is larger and the slopes are
negative.

mid-IR as soon as the optical seeing drops below 0.7′′ (see Doucet et al. 2006a).
The slope of the measurements is in general agreement with theory, but we can
see that there is an overall offset. There is also a spread between measurements
taken at different times. A third effect, that remains unexplained, is the jump
observed between the 9.8 µm setting and the 11.4 µm setting. In the seeing lim-
ited regime (Fig. 2.3) we observe much more broadened signals, which decrease
with wavelength. Again there is a substantial spread between measurements at
different times.

We know from Burst Mode data in which all individual ∼20 ms integrations
are stored, that the VISIR imaging data present sporadic PSF distortions on a
3s timescale (Brandl et al. 2008). We therefore infer that these PSF variations
might produce the spread observed in Fig. 2.2. However, the FWHM discrepancy
between the simulated diffraction limit and the ’best’ calibration measurements
(i.e. with the lowest FWHM values), remains unexplained. The offset between
second and third setting could be caused by the instrument going slightly out
of focus when the filter is changed from N SW to N LW. In the seeing-limited
regime the slope generally agrees with the Roddier formula (FWHM ∝ λ−0.2).
The found spread in sizes is in first order explained by the correlation between
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Figure 2.4 — The correlation between the size of a point source on the detector and the optical seeing. In the top panel we plotted the wavelength-median of the
measured IR-size of the 11.4 µm setting against the optical seeing as measured by the Differential Image Motion Monitor (DIMM, see Sarazin & Roddier 1990). In the
middle panel we plotted the same values against the optical seeing as measured by the Shack-Hartmann wavefront sensor of the telescope’s active optics system (SH).
The SHZ label in the bottom panel stands for the same optical seeing, but as it would be in the zenith. The quantities on both axes have been transformed to zenith, via
the airmass-corrections given in the text. All displayed measurements are separated in 3 airmass categories as indicated in the bottom right corner. The measurement
uncertainties are negligible compared to the scatter. The straight red line is the simulated diffraction limit of the instrument. The dashed line displays the assumed border
between the diffraction limited and the seeing-limited regimes (see text). The data on the left of this line is fit with a constant and to the right we have fit a linear relation.
Indicated in the top right we indicated the standard deviation around the fit for both regimes, σ1 and σ2 respectively.
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Figure 2.5 — The measured size of a point source as a function of optical zenith seeing for the four different observational settings. The central wavelength of each
setting is indicated in the top left in µm. All the measurements are separated in 3 airmass (m) categories as indicated in the bottom right corner. The measurement
uncertainties are negligible compared to the scatter. The straight red line is the simulated diffraction limit of the instrument. The dashed line displays the assumed
border between the diffraction-limited and the seeing-limited regimes (see section 2.5). The data left of this line is fit with a constant and to the right we have fit a linear
relation. The final function (given in black) is the upper value of both fits. Indicated in the top right is the standard deviation around the fit for both regimes, σ1 and σ2
respectively.
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optical and IR-seeing. Then there are second order effects like the airmass (m)
dependence of seeing, which is roughly FWHM ∝ m0.6 according to Sarazin
(2003).

The non-uniformity of the calibration measurements prompted us to deviate
from the usual deconvolution procedure. That is, we do not consider the cali-
brators taken before or after the science measurement as good enough to define
the PSF. A single, or even two calibrators would underestimate the true uncer-
tainty in the PSF during the science observation. To solve this problem we can
either (a): still use the spectral calibrator, but assign a larger error bar to its
PSF than on the basis of Gaussian error estimates; or (b): use the sample as
a whole. In the second approach we assume that the PSF depends on 3 vari-
ables, i.e. wavelength, seeing and airmass. We use the observed spread in the
calibrator signals to measure the statistical error on an individual science obser-
vation. Careful inspection of individual cases showed that non of the calibration
measurements were a completely reliable representation of the PSF during the
science measurement. There were either large FWHM differences between con-
secutive calibrations or large differences between science and calibration in the
optical seeing, the airmass or the time of measurement. Therefore we defined
the PSF and its error using the entire sample of calibrators.

We know that the measured PSF has contributions from three sources, which
are the diffraction limit, the telescope-broadening and the atmospheric seeing.
In order to quantify these terms we correlated the measured size of the sample
of calibrator stars on the detector with the optical seeing. Figure 2.4 displays the
wavelength-median values of the calibrators observed with the 11.4 µm setting.
When we use the optical seeing as measured with the Differential Image Mo-
tion Monitor (DIMM, see Sarazin & Roddier 1990) we get a poor correlation,
because the DIMM measures from a different physical location and it observes
a different part of the sky. We checked with the optical seeing as measured
with the Shack-Hartmann wavefront sensor of the telescope active optics system
(SH). This is a measurement of the guidestar that was used during our science
measurements, thus in the same location and direction. The improved correla-
tion is clear from Fig. 2.4. In the bottom panel it shows the zenith or airmass
corrected version (SHZ), using an airmass dependence of the seeing of m−0.6

(Sarazin 2003).
The optical seeing could directly be corrected with this dependence, but the

correction of the IR size is less straight forward, because both the diffraction
limit and the seeing have to be taken into account (in the optical, seeing domi-
nates over telescope diffraction). We first empirically determined the diffraction
limit, θexp. This was done by separating the data by eye in diffraction limited
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(seeing-independent) and seeing-limited regimes, and determining the median
value of the diffraction-limited measurements. Then we quadratically subtracted
this value from all measurements above the median value to isolate the seeing
contribution. This seeing part was then corrected with the m−0.6 factor. Sub-
sequently, the experimental diffraction limit was quadratically added again. In
formula form:

Σc =
√

(Σ2
m − θ2exp) · m−1.2 + θ2exp (2.2)

In which Σm and Σc represent the measured and the airmass corrected IR-size
respectively. We plotted the data-points with symbols corresponding to their
original airmass values. This shows that there is still correlation left between
airmass and seeing. Whether this is due to an incorrect correction factor or due
to an observational bias remains unclear.

At this stage the data points have all been transformed to their zenith val-
ues and can be internally compared. The fit for the diffraction-limited regime
was assumed to be constant and equal to θexp. For the seeing-limited regime
we assumed a linear function. The final function was then obtained by taking
the highest value of both fits. With this resulting function we have obtained a
statistical or average PSF, which accounts for the effect of seeing. In addition
the standard deviation of the data-points around the function gives the statistical
dispersion of the data and thus the FWHM error of the PSF estimation for a ran-
dom measurement. Figure 2.5 displays the result for the four different settings.
To apply this PSF to our measurements we extended the statistical analysis to all
wavelength bins and transformed the PSF to the airmass of measurement with
an inversion of formula 2.2.

2.6 Results
2.6.1 Spectra
In order to obtain a continuous wavelength scale in our spectra the four differ-
ent wavelength settings were spliced together. The third setting was scaled at
10.6 µm to the Spitzer spectrum when available, otherwise the ISO spectrum
was used. The choice of 10.6 µm as the point of scaling was motivated by the
overall lower atmospheric transmission in the first, second and fourth setting.
The other settings were scaled to connect with the third in a continuous way.
The scaling factor was found by clipping 10 pixels of the edges of both settings,
taking the mean of the fixed setting in the remaining overlapping wavelength
domain and dividing this by the mean of the next setting in the same domain.
When the second setting was not present in the observation the first setting was
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Figure 2.6 — The N-band spectra of our targets. Our VISIR spectra are plotted with
black lines. Overplotted with thick green lines are the Spitzer spectra obtained in the
legacy program, see Bouwman et al. (in prep). For HD 97048 and HD 100546 the ISO
spectrum was overplotted (orange). Indicated in the bottom right is the scaling factor
( f ) needed to bring our VISIR spectra to the same flux-level as the alternative spectrum.
Also overplotted with are the TIMMI2 spectra, where available (thin blue lines). The
default orientation of the VISIR slit is North-South, where a different rotation was used
this is indicated in the upper left corner, with the position angle (PA) running East from
North. In the upper right corner we indicated the group classification and an optional ’R’,
which indicates that either the continuum or the PAH band is resolved in our analysis.
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Table 2.3 — All solid state and PAH features discernible by eye in the spectra in Fig. 2.6.

Name Amorphous Forsterite Enstatite PAH PAH
Silicate 8.6 11.2

AB Aur X - - - X

HD 34282 - - - X X

CQ Tau X X - - -
HD 95881 X X X X X

HD 97048 - - - X X

HD 100453 - - - X X

HD 100546 X X - - X

HD 135344B - - - X X

HD 141569 - - - X X

HD 142666 X - X X X

HD 142527 X X X - -
HD 144432 X - X - -
HD 144668A X X X - -
HD 150193A X X X - -
HD 163296 X X X - -
HD 169142 - - - X X

HD 179218 X X X - -

independently scaled to the Spitzer or ISO spectrum. The resulting spectra are
plotted in Fig. 2.6. Overplotted with thick lines are the Spitzer spectra (green)
and the ISO spectra (orange), the thin blue lines are the TIMMI2 spectra.

The first thing to notice when looking at Fig. 2.6 is the diversity of morphol-
ogy. There’s the typical PAH sources such as HD 169142. There are sources
showing mainly small amorphous silicate-grains like HD 144432 or bigger sili-
cate grains like in HD 144668. Then there are sources with crystalline silicates
like HD 179218. And of course there are sources that display a mixed chemistry
like HD 95881. In table 2.3 we indicated all the features that we can distinguish
by eye from the spectra.

Another interesting finding is the difference in flux level between the VISIR
and Spitzer/ISO spectra. In the bottom right corners of the spectra we stated
the factor needed to scale the VISIR spectrum to the alternative spectrum. For
the continuum the difference is understood with the 10 to 20% uncertainty in
VISIR’s absolute flux calibration. This uncertainty is mainly caused by the
change in atmospheric transmission with time, airmass, and azimuth. Another
part of the uncertainty stems from slit-loses: To obtain optimal spectral resolu-
tion VISIR employs a long narrow slit that cuts away spatially extended flux in
the dispersion direction. This effect occurs with spatially extended sources, but
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Table 2.4 — List of all targets from our sample that have been resolved, either in the
continuum or in the PAH-band. For the 8.6 and 11.2 µm PAH-bands we give the sig-
nificance level of the increase in spatial extent (FWHM) with respect to the continuum,
except for HD 169142 which displays no variation.

Name Resolved in Significance Significance
continuum? 8.6 increase [σ] 11.2 increase [σ]

AB Aur yes 10 35
HD 95881 no 7 32
HD 97048 yes 24 76
HD 100453 no 7 13
HD 100546 yes 27 41
HD 141569 yes 7 13
HD 142666 no 16 13
HD 169142 yes - -
HD 179218 yes 86 39

also when there are seeing differences between science and calibration measure-
ments.

The relatively smaller contributions in the PAH features (8.6 and 11.2 µm
or the shoulder of 7.7 µm) of the VISIR spectra are real and most likely caused
by the large spatial scale of this emission. With the Spitzer slit-width of 3.6′′
it is likely to pick up emission from the entire disk and any additional extended
emission from surrounding molecular cloud material, whereas VISIR with a slit-
width of 0.75′′ focuses on the disk. Some interesting examples that illustrate this
are AB Aurigae, HD 97048 and HD 142666. The cases in which the PAH fea-
tures appear identical in the VISIR and Spitzer/ISO spectra are also interesting.
In these cases the PAH emission most likely originates from the protoplanetary
disk. The differing slopes observed in some cases (e.g. HD 144668) are most
likely an artifact of the atmospheric correction. The exact origin remains un-
clear.

2.6.2 Spatial extension of science targets
In Fig. 2.7 we displayed the resulting angular sizes of our science targets as a
function of wavelength. With red straight lines we overplotted the simulated
diffraction limit. Also we plotted in green any calibration measurements taken
within 3 hours before or after the science observation, all corrected for airmass
differences. Likewise we plotted the statistical calibrator appropriate for the op-
tical seeing at the time of measurement and transformed to the airmass of mea-
surement (dotted blue). In addition we plotted the error of the PSF, as determined
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Figure 2.7 — Observed size of all our targets as a function of wavelength (Science).
The overplotted green lines are calibration measurements taken right before or after the
science exposures (Calib). Plotted with the blue dotted line is the statistical calibrator as
determined from the entire sample of calibrators (Stat Cal). The straight red line is the
simulated diffraction limit (Diffrac).
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Figure 2.7 — Continued
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in section 2.5.
The behavior of our science targets is significantly different from that of the

calibrators. For several sources the continuum is more extended than that of the
calibrators. For some sources there is a relative increase at the 8.6, 11.2 or the
12.7 µm PAH features. This relative increase in FWHM(λ) can be measured with
high precision because the same observing conditions and instrumental effects
apply to all wavelengths within one spectral setting. Moreover, an upturn with
decreasing wavelength is seen in the first setting, which also coincides with a
PAH opacity-increase, i.e. the red wing of the 7.7-7.9 µm PAH complex. Table
2.4 summarizes the results. For HD 97048 we have observations in two orienta-
tions and we can see that at least in the PAH-band the target is more extended in
the North-South direction.

2.6.3 Comparing flux and extent
In Fig. 2.8 we zoom in on the extended PAH features. It demonstrates unam-
biguously how the relatively extended emission is related to PAH-features in the
spectra. This is in agreement with previous findings by Habart et al. (2004), van
Boekel et al. (2004b) and Geers et al. (2007a), that in Herbig Ae/Be stars PAH
emission is more extended than thermal silicate emission. This is explained with
the fact that PAH molecules are transiently heated and can thus radiate at large
distance from the star where thermal equilibrium temperatures are too low to
cause a significant emission at 10 µm. Sources that deviate from the observed
trend are HD 34282 and HD 169142, which show clear presence of all PAH fea-
tures in the spectrum, but no increase of the extent at any of these wavelengths.

2.7 Analysis
2.7.1 Feature strength
From the VISIR spectra we measured the strength of the 8.6 and 11.2 µm PAH
features. This was done by interpolating the continuum between two wavelength
bins of 0.1 µm, just next to the features. For the 8.6 µm feature we used 8.4 and
8.85 µm and for the 11.2 µm feature we used 10.9 and 11.7 µm. The height of
the PAH peak and the corresponding continuum level could then be measured
by taking a 5 pixel average. The continuum subtracted PAH strength was then
expressed as a fraction of the total flux. We estimated the PAH flux determination
relative to the total flux to have an accuracy of ∼1%. However, for the sources
that blend forsterite and PAH emission at 11.2 µm, this method systematically
overestimates the PAH strength.
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Figure 2.8 — Comparing the flux of our sources with their observed angular size. The
dashed lines indicate the position of PAH-features at 8.6 and 11.25 µm. All sources
displaying PAH emission also display an increase of the spatial extent, except for
HD 169142. Note that the FWHM diagnostic is even more sensitive than the discrim-
ination of the PAH features from the flux spectrum; e.g. AB Aur, HD 100546 and
HD 179218.
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Table 2.5 — Feature strengths and excess luminosities. The feature strengths as determined from the VISIR spectra are expressed
as the ratio of continuum subtracted peak flux over the peak flux times 100%. The features as measured from the Spitzer spectra are
expressed as integrated flux under the continuum subtracted features. The silicate feature is defined as the sum of all silicate species. For
HD 100546 and HD 97048 the ISO spectrum was used and for CQ Tau the TIMMI2 spectrum (see section 2.7.1 for more details). The
excess luminosities at 3.8 (L3.8) and 60 µm (L60) and the overall infrared excess (LE) were determined from the SEDs (see section 2.2.3).

VISIR Spitzer SED
Name 8.6 11.2 12.7 Sil 8.6 11.2 L3.8 L60 LE

[%] [%] [%] [%] [10−15 Wm−2] [10−15 Wm−2] [10−3 L∗] [10−3 L∗] [10−2 L∗]
AB Aur 0.0 4.0 - 58+3.3

−3.1 8.9+3.1
−2.2 19+5.5

−7.5 45+2
−2 50+13

−10 51
HD 34282 25 48 15 65+4.1

−3.6 2.3+0.3
−0.2 2.9+0.7

−0.7 41+2
−2 91+14

−12 55
CQ Tau 0.0 0.3 0.0 87+3.2

−4.1 2.6+1.1
−1.0 0.0+0.0

−0.0 316+40
−36 385+100

−79 476
HD 95881 5.7 10 3.1 26+2.8

−2.4 7.6+0.9
−0.5 7.1+1.6

−0.9 75+4
−3 3+0

−0 54
HD 97048 17 38 9.1 24+10.

−9.3 20+2.5
−3.0 52+3.9

−4.4 16+1
−1 49+11

−9 33
HD 100453 4.5 15 3.9 26+3.5

−2.4 1.4+0.5
−0.3 11+0.4

−0.4 54+3
−2 63+18

−14 57
HD 100546 2.4 18 2.4 60+1.8

−3.2 38+3.2
−4.0 64+8.7

−7.6 15+1
−1 54+13

−10 59
HD 135344B 3.1 16 5.3 7.1+1.6

−1.1 0.0+0.0
−0.0 1.6+0.0

−0.1 49+2
−2 58+13

−11 43
HD 141569 11 10 0.0 28+30.

−12. 0.6+0.2
−0.1 0.7+0.1

−0.1 0+0
−0 3+0

−0 1
HD 142666 4.4 6.7 1.5 27+2.3

−2.4 1.5+0.3
−0.3 4.2+1.2

−1.3 30+1
−1 11+1

−1 32
HD 142527 1.3 14 2.3 50+3.7

−4.4 1.4+1.2
−1.0 10+3.6

−3.5 73+3
−3 146+47

−35 82
HD 144432 0.0 5.9 2.2 75+2.8

−3.2 0.0+0.0
−0.0 1.7+1.2

−1.0 41+2
−2 12+3

−2 47
HD 144668A 0.9 6.3 0.0 25+3.6

−2.8 1.3+1.0
−0.7 3.1+1.5

−1.2 61+3
−3 4+1

−1 45
HD 150193A 0.0 7.2 3.0 64+0.8

−1.3 0.6+0.9
−0.6 0.0+0.0

−0.0 39+4
−3 8+2

−1 43
HD 163296 1.1 6.8 0.0 54+1.1

−1.6 2.6+1.4
−1.4 3.8+2.6

−1.9 48+2
−2 19+5

−4 46
HD 169142 21 46 12 27+4.4

−3.3 4.2+0.4
−0.3 12+1.4

−1.7 12+1
−1 43+10

−8 27
HD 179218 4.4 8.2 3.2 57+2.0

−2.7 22+1.3
−1.3 14+2.0

−2.0 14+1
−1 17+4

−3 27
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Figure 2.9 — The deconvolved sizes of the sources that were resolved in the contin-
uum. The error-bars (red) are the medium values of the calculated error-spectra (see
section 2.7.2).

We also measured the strength of the 8.6, 11.2 µm PAH, and silicate features
from the Spitzer spectra, where the silicate feature was defined as the sum of all
silicate species. For the targets for which we did not have Spitzer data the ISO
or TIMMI2 spectra were substituted. To find the contribution of the individual
species we performed a mineralogical fit, similar to the one described in van
Boekel et al. (2004b). The difference being that the PAH features were allowed
to vary independently. The extracted features could then be integrated within the
respective boundaries 8.2-9.0, 10.9-11.8 and 8.0-13.2 µm. For the silicate feature
we also integrated the continuum and expressed the feature as a fraction of the
sum of silicate feature and continuum (i.e. total thermal radiation). Table 2.5
displays the resulting values. The silicate strength was used to sort the spectra in
Fig. 2.6. The sources dominated by PAH emission were sorted using the 11.2 µm
strength.
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Table 2.6 — Deconvolved sizes (FWHM) of our resolved targets. The 8.6 and 11.2 µm columns contain the continuum subtracted extent of the
respective PAH features. The 3.3 µm feature was obtained from the literature as a comparison: (a) Geers et al. (2007b) give the size of the PAH and
continuum emission with respect to the continuum, so we quote it as a lower-limit, (b) Habart et al. (2006) used a similar analysis. The size of our
continuum is the mean of all our measurements (see section 2.7.2). For the sources that were not resolved we give the 3σ upper-limit. For all our
results we also give the absolute sizes in AU, which assume the distances given in table 2.1. The column next to it is the 10 µm size stated in the
literature: (c) Liu et al. (2007) with interferometric nulling, (d) Weinberger et al. (2004) determined the outer radius with spatially resolved N-band
spectroscopy, (e) Doucet et al. (2007) used burst-mode imaging with VISIR and ( f ) Doucet et al. (2006b) obtained outer radii at 20.5 µm. The outer
diameter of CO-gas was taken from Dent et al. (2005). The FWHM width of the [O I] 6300 Å emission line was quoted from Acke et al. (2005).
Coronagraphic scattering light imaging is also indicated, where available an outer radius is quoted: (g) Liu et al. (2003), (h) Grady et al. (2000), (i)
Ardila et al. (2007), ( j) Grady et al. (2005), (k) Fukagawa et al. (2006), (l) Doering et al. (2007), (m) Grady et al. (2007) and (n) Mouillet et al. (2001).
The measurements with alternative slit orientations are indicated with a dagger (†).

Name 3.3 µm 8.6 µm 11.2 µm Continuum Lit. CO Dout O I Scat. Group
[′′] [′′] [AU] [′′] [AU] [′′] [AU] [AU] [′′] [km s−1] [AU]

CQ Tau - - - - - < 0.40 < 40 450 f 0.7 - no j Ia
HD 144432 - - - - - < 0.19 < 27 - 0.6 - - IIa
HD 150193A - - - - - < 0.18 < 28 - - - 190g IIa
HD 100546 >0.24±0.06a 1.64+0.37

−0.38 169 0.55+0.04
−0.05 56 0.45+0.02

−0.03 46 24±3c - 25 824i Ia
HD 163296 - - - - - < 0.19 < 24 < 12c; 200 f 4.0 - 450h IIa
AB Aur - 1.18+0.28

−0.32 170 0.72+0.04
−0.05 104 0.46+0.06

−0.09 66 27±3c 8.4 20 yes j Ia
HD 179218 - 0.93+0.10

−0.11 226 0.47+0.05
−0.06 115 < 0.31 < 75 - 1.9 43 - Ia

HD 142527 - < 0.21 < 31 < 0.21 < 31 < 0.21 < 31 - - - 490k Ia
HD 142666 - 0.29+0.11

−0.09 43 0.32+0.03
−0.04 47 < 0.18 < 26 - 0.8 - no j IIa

HD 144668A - - - - - < 0.25 < 53 - - - no j IIa
HD 95881 - 0.34+0.05

−0.08 58 0.40+0.04
−0.06 68 < 0.18 < 31 - - 76 no j IIa

HD 141569 - 0.63+0.03
−0.03 63 1.32+0.18

−0.19 130 0.51+0.03
−0.05 50 < 90d 5.0 154 325n IIa

HD 100453 0.18±0.02b 0.34+0.04
−0.07 38 0.24+0.07

−0.08 27 < 0.26 < 29 - - - - Ib
HD 135344B - < 0.17 < 24 < 0.17 < 24 < 0.17 < 24 200 f 1.8 - no j Ib
HD 97048 >0.2b(?) - - 1.60+0.02

−0.02 280 < 0.64 < 113 4e - 24 720l Ib
HD 97048† - 1.17+0.03

−0.03 205 1.35+0.02
−0.02 237 0.41+0.05

−0.10 72 4e - 24 720l Ib
HD 169142 0.3±0.05b 0.35+0.01

−0.02 50 0.35+0.01
−0.02 50 0.35+0.01

−0.02 50 < 11c 1.8 22 200m Ib
HD 169142† - 0.30+0.03

−0.05 44 0.30+0.03
−0.05 44 0.30+0.03

−0.05 44 - 1.8 22 200m Ib
HD 34282 - < 0.45 < 180 < 0.45 < 180 < 0.45 < 180 - 1.8 - - Ib
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2.7.2 Deconvolution of the continuum
In order to obtain the intrinsic angular size of the sample sources, we decon-
volved the results of Fig. 2.7. We assumed the spatial distribution of the light
of our science targets as well as that of our PSF to be Gaussian. This simplifies
the deconvolution to a quadratic subtraction. To select the appropriate PSF we
evaluated the quality of the calibrators taken before and after the science mea-
surement, by considering differences in airmass, seeing and time, but also the
wavelength-dependent behavior of the calibrator. In most cases, we preferred
the statistical PSF as described in section 2.5. The deconvolution was then per-
formed for every wavelength bin separately. Figure 2.9 displays the result of the
analysis for the resolved sources.

The error-bars were obtained by propagating the PSF error derived in sec-
tion 2.5 and the measurement error derived in section 2.4.2. This was done by
numerically perturbing the science and PSF signals with random offsets within
their Gaussian distributions. Evaluating the standard deviation of the resulting
distribution of deconvolved signals then gives the final error. The error-bars plot-
ted in Fig. 2.9 are the median values of the final error spectra.

Table 2.6 sums up the results and includes the derived sizes in AU, assuming
the distances as displayed in table 2.1. The number given for the continuum is
extracted from Fig. 2.9 by taking the median value of the wavelength domain for
all the measurements. For the measurements that contained the 7.7-7.9 µm PAH
complex or a broad 11.2 µm component, we first selected the wavelength domain
of the continuum and then a median value was determined. Subsequently, we
averaged over all measurements and obtained the error as the quadratic sum of
errors divided by the number of measurements.

2.7.3 Deconvolution of the PAH-features
The spatial emission profiles of our sources are a composition of continuum
emission and emission from PAH molecules. Often the PAH component is found
to be more extended, see for instance Fig. 2.8. To find the intrinsic extension of
the PAH emission we need to first disentangle the PAH emission profile from
the underlying continuum profile. A first order approximation of the composed
spatial emission profile is the sum of two Gaussian distributions with different
widths and heights. To isolate the spatial emission profile of the PAH component
(Ix,PAH) we subtracted an estimated continuum profile (Ix,C) from the observed
spatial emission profile (Ix,Obs):

Ix,PAH = Ix,Obs − Ix,C (2.3)
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We took the 2D spectrum that we obtained for the spectral extraction (see
section 2.4.1) and did a telluric correction. The composed spatial emission pro-
file (Ix,Obs) was then measured at the peak wavelength of the PAH feature. The
shape of the continuum profile (Ix,C) was determined by taking the average of
the two wavelength bins just next to the PAH-bands:

Ix,C =
∑

λ

Ix,λ ·
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, (2.4)

with λ in the intervals 8.35-8.45 and 8.8-8.9 for the 8.6 µm PAH band and λ in
the intervals 10.85-10.95 and 11.62-11.72 for the 11.2 µm PAH band. The flux
in the continuum profile (FC) was established by taking the flux contribution of
the PAH feature relative to the total emission (RPAH = FPAH/FT), determined in
section 2.7.1 using the VISIR spectra:

FC = FT · (1 − RPAH) (2.5)

At this stage we isolated the emission profile of the PAH component by sim-
ply subtracting the derived continuum-profile (equation 2.3). Subsequently, we
fitted a Gaussian to the isolated PAH profile, to obtain the FWHM. To decon-
volve this result we did a quadratic subtraction of the statistical PSF just like in
section 2.7.2. For HD 95881 the width of the continuum was smaller then the
statistical PSF, this means the latter was an overestimate of the true PSF and so
we used the continuum as the PSF.

Table 2.6 contains all the resulting values of our PAH size analysis. The
absolute sizes in AU were obtained by multiplying with the distances as indi-
cated in table 2.1. The targets CQ Tau, HD 150193, HD 144668A, HD 144432
and HD 163296 were omitted because the PAH contribution in their spectra is
negligible. For HD 142527, HD 135344B, HD 169142 and HD 34282 we have
substituted the size of the continuum. Their PAH features do have significant
flux contributions, but their FWHM shows no variation at the wavelengths of the
PAH bands. By looking at AB Aurigae we know that PAH emission leaves a
significant signature in the FWHM before it is significant in the flux levels.

The stated errors on the PAH extent were established in the following man-
ner. In the feature the error in the continuum flux relative to the total flux is
typically 1%. We converted this to an error in the width of the PAH profile by
applying numerical error propagation. The resulting error was then quadratically
added to the relative measure error (see section 2.4.2). Finally, the effect of the
deconvolution taken into account by adding the error of the PSF through another
numerical error propagation, which then gave the final error.
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Note that this spectroscopic technique of determining the extension of the
PAH emission leads to higher values compared to a similar measurement with
image filters would, because we minimized and shifted our passband to the peak
of the PAH emission. Furthermore, the sources that blend forsterite and PAH
emission at 11.2 µm will have a systematic under-estimation of the 11.2 PAH
size, as a result of the systematic over-estimation of the feature strength (see
section 2.7.1).

2.8 Discussion of individual stars
CQ Tau: We did not resolve CQ Tau in the N-band and give an upper-limit
of the FWHM of 40 AU. Thanks to imaging at 20.5 µm Doucet et al. (2006b)
found a disk with an inclination of ∼33◦ and an outer radius of 450 AU. This
enormous size difference between 10 and 20 µm is puzzling. The fact that the
20 µm emission originates from colder dust which is thus further away from
the star only contributes marginally to solving this discrepancy, unless the disk
contains a gap between the dust responsible for the 10 and 20 µm emission. The
size definition however can also lead to substantially differing results. We can
think of a spatial emission profile which could by itself entirely explains the size
discrepancy. Take for example the case where the profile consists of a bright
spatially unresolved component and a lower intensity extended plateau. The
FWHM value would then result in an unresolved source, but the outer radius
would be quite large.

HD 144432: We did not resolve the source in the N-band, and find a 3 σ
upper-limit of FWHM < 27 AU.

HD 150193A: Our measurements give FWHM < 28 AU. Also interferomet-
ric nulling at 10 µm by Liu et al. (2007) led to an upper-limit of FWHM < 12 AU.
Scattered NIR light extends out to ∼190 AU and deviates from axi-symmetry
(Liu et al. 2003). This is remarkable because scattered light is rarely observed in
group II sources (see Grady et al. 2005). With submillimeter imaging, Mannings
& Sargent 1997 found a total disk mass of ∼0.01 M�.

HD 100546: For this source we found a continuum size of FWHM =
46±3 AU. The PAH features are more extended than the continuum: 169 and
56 AU. The spectrum shows a very dominant silicate feature, however the
FWHM(λ) plot does not display a wavelength dependence of the silicate feature.
Apparently the small warm silicate grains have the same spatial distribution as
the continuum emission. Our continuum size is larger than that of Liu et al.
(2007), who found a FWHM of 24±3 AU at 10 µm with interferometric nulling.
However, Liu et al. (2003) derived a FWHM at 11.7 µm of 30 AU and a disk
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inclination of 45◦±15◦. In order to explain the similar sizes they find at longer
wavelengths they infer the presence of a large inner gap.

Another interesting finding is the difference between the VISIR, TIMMI2
and ISO spectra. The different slit sizes put a lower limit on the spatial scale of
the excess PAH emission seen in the TIMMI2 spectrum and even more so in the
ISO spectrum. From this we estimate the PAH emission to reach up to at least a
100 AU in diameter, which is in agreement with the sizes we find for the 8.6 and
11.2 µm PAH features. Geers et al. (2007b) looked at the 3.3 µm PAH feature
and found a smaller FWHM of 0.24′′±0.06′′ (35 AU at 144 pc). However, they
evaluated the size with respect to the continuum and did not subtract the spatial
emission profile of the continuum (see section 2.7.3). Any remaining intrinsic
size difference can be attributed to the fact that the 3.3 feature is more energetic
than the 8.6 band and thus emits stronger in regions with higher probability of
a multi-photon excitation. At other wavelengths the object proves to be inter-
esting as well. Bouwman et al. (2003) modeled the ISO spectrum and found a
relatively large mid-IR excess and deviating dust distribution and composition.
They speculate on the presence of a proto-Jupiter in the inner disk. Ardila et al.
(2007) determine that the disk stretches out to 8′′ (824 AU at 103 pc) with HST
ACS coronagraphic imaging.

HD 163296 : We resolved the continuum of this target with a 2.7σ certainty.
Therefore it is very close to being resolved. However, we provide the 3σ upper-
limit of FWHM < 24 AU. Also Liu et al. (2007) found an upper limit of FWHM
< 11 AU at 10 µm with interferometric nulling. This value forms an amazing
contrast to the 200 AU outer radius found at 20.5 µm by Doucet et al. (2006b)
who also report a disk inclination of 60◦. This size difference could be due to the
definition of the measured quantity, but it could also be an indication of a disk
gap (see the comments for CQ Tau). The finding of an extended disk in scattered
light is unusual for a group II source (see Grady et al. 2005). Still Grady et al.
(2000) observed a disk with radius of 450 AU, inclination of 60◦ and a dark lane
at ∼325 AU, which they linked to planetary disk-clearing. Furthermore, they
detected a nebulosity, which appears to be a Herbig-Haro outflow. Isella et al.
(2007) found a Keplerian disk from millimeter imaging with an outer radius of
∼200 AU, inclination of 46◦ and CO emission up to 540 AU from the star, which
they also consider an indication of a planet forming in the outer disk. They also
find a spectral slope between 0.87 and 7 mm which reveals mm/cm-sized grains
and flux-levels from which they derive a total disk mass of ∼0.12 M�.

AB Aurigae: We found a size in the continuum of AB Aurigae of FWHM =
66±10 AU. Both 8.6 and 11.2 µm PAH features are more extended than the con-
tinuum; we find 170 and 104 AU respectively. Caution is needed for the contin-
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uum size, since we have a number of reasons to doubt the measurements. First,
both observations were done at high airmass. Second, the size as derived from
our pre-imaging is substantially smaller than our spectroscopic result. Also the
2 settings seem inconsistent with each other. Finally, the measured calibrators
give reason to assume that the PSF was larger than estimated by our statistical
method. We conclude that we have probably over-estimated the absolute size of
AB Aur. The PAH emission however is extended on such a scale that PSF un-
certainties are less relevant. The stronger PAH flux as observed with the wider
slit of Spitzer (see Fig. 2.6) also gives confidence that the PAH emission indeed
extends out to a radius of more than ∼100 AU.

Mariñas et al. (2006) looked at AB Aur with the Gemini North and found
a FWHM of 17±4 AU at 11.6 µm. Liu et al. (2007) did 10 µm interferomet-
ric nulling and found a FWHM of 27±3 AU. With 21 µm imaging Pantin et al.
(2005) found a resolved source of 130 AU (FWHM) and a ring of emission at
280 AU. Comparison of these sizes with a model for the thermal emission leads
to the suspicion that the inner-disk is strongly evolved (see section 2.9.2).

From SED considerations Dominik et al. (2003) have shown that the NIR
excess of AB Aur is too high to solely be explained by a puffed up inner rim.
Tannirkulam et al. (2008b) find that part of the NIR flux stems from inside the
dust-sublimation radius. They suggest dense opacity features from molecular
gas as the most plausible origin of this emission. Brittain et al. (2003) found two
separate concentrations of CO gas around this star between radii of ∼0.5 and
50 AU. While Piétu et al. (2005) observe an inner hole of 70 AU in radius in CO-
emission. Polarimetric measurements by Oppenheimer et al. (2008) reveal the
presence of a disk gap at ∼100 AU from the star and an apparent gas-depletion
inside 130 AU.

HD 179218: We didn’t resolve the source in the continuum: FWHM <

75 AU. The PAH-features are resolved however and show a large difference in
FWHM: ∼226 and ∼115 for the 8.6 and 11.2 µm features respectively. This
is likely an artifact of the method used to measure the 11.2 µm PAH strength
since here its feature blends with forsterite leading to an overestimate of the
PAH strength and subsequently to an under-estimate of the PAH size. Liu et al.
(2007) did 10 µm interferometric nulling and found a FWHM of 20±4 AU. Van
der Plas et al. (2008) found [O I]-gas in emission from 0.3 to 65 AU pointing
to a flaring geometry. Based on submillimeter observations of the CO-gas, Dent
et al. (2005) find an outer radius of 120±20 AU and an inclination of 40±10◦.

HD 142527: Our N-band spectra are unresolved, which puts a limit on the
size of FWHM < 31 AU. This is in agreement with imaging at 10 µm with VISIR
that we present in chapter 5. Nevertheless HD 142527 is a very interesting ob-
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ject. Imaging at 18.8 and 24.5 µm by Fujiwara et al. (2006) displays bright arcs
at 0.85′′ from the star. They explain the observed morphology with an inclined
flared disk. The SED of HD 142527 is remarkable in that it has an excess IR
luminosity which is almost equal to the stellar luminosity: LE = 0.8 L∗. Dominik
et al. (2003) have shown that such an excess is too large to be understood with
a simple passive disk model. Furthermore, Malfait et al. (1999) have demon-
strated, using fits to the ISO spectrum, that the star possesses two distinct dust
populations with different temperatures and compositions. In NIR scattered light
Fukagawa et al. (2006) observed a ’banana-split’ structure, which consists of 2
arcs at 100-400 AU and 150-490 AU from the star.

HD 142666: We did not resolve this source in the continuum and derive an
upper-limit of FWHM < 22 AU. However, the PAH features are extended. We
measured widths of 43 and 47 AU for the 8.6 and 11.2 µm features, therefore
this emission originates from the disk. A comparison of VISIR, TIMMI2 and
Spitzer spectra (Fig. 2.6) leads us to believe that the star is surrounded by PAH
molecules and material responsible for the continuum emission on a scale larger
than ∼100 AU (see section 2.9.2). However, a nebula is not detected in HST
scattering images (Grady et al. 2005). Hales et al. (2006) confirm this with near-
IR imaging polarimetry with the UKIRT. They found no extended structure, but
a degree of polarization, which at least confirms the presence of circumstellar
material.

HD 144668A: We didn’t resolve this source and give an upper-limit of
FWHM < 53 AU. This is in agreement with Liu et al. (2007), who determine
its FWHM at 10 µm to be < 19 AU with interferometric nulling.

HD 95881: We give an upper limit for the continuum of this source of
FWHM < 26 AU. The PAH bands were resolved: 58 and 68 AU for the 8.6
and 11.2 µm bands respectively. This object was classified as a group II source,
based on it’s IR-SED. HST coronagraphic imaging by Grady et al. (2005) led to
a non-detection, which confirms its compact dust geometry. We know however
from our data and from [O I]-emission that the source contains PAH molecules
and gas at an abundance that is unusually high for a group II source (see e.g.
Meeus et al. 2001 and Acke et al. 2005). Self-consistent passive disk modeling,
taking PAHs into account, actually predicts that dust-settling will leave PAH and
gas signatures intact (see Dullemond et al. 2007a). We suspect that HD 95881 is
in an intermediate state between a flaring and flat geometry.

HD 141569: We measured a continuum FWHM size of 50±6 AU. Also the
PAH-features are more extended than the continuum: 63 and 130 AU for the 8.6
and 11.2 µm respectively. Our continuum value is consistent with that of Wein-
berger et al. (2004), who detected the disk out to 90 AU with spatially resolved
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N-band spectroscopy. In any case both values are larger than what is to be ex-
pected from standard models. Of course HD 141569 is not a typical disk. Based
on the SED Merı́n et al. (2004) state that this protoplanetary disk contains a
small amount of dust and is on its way to become a debris disk. In scattered light
Mouillet et al. (2001) observed a geometrically thin disk with ringlike structures
at 200 and 325 AU and an empty region between 125 and 175 AU. The central
region (.17 AU) seems to be cleared of cold CO (Brittain et al. 2003). Measure-
ments of [O I] by Acke et al. (2005) however indicate a central concentration of
hot gas, which is in agreement with the smaller size we found for the more en-
ergetic one of the two measured PAH bands (i.e. the 8.6 µm band). Even though
the disk is in an advanced state of evolution, gas in the inner disk regions has not
yet dispersed.

HD 100453: We resolved the continuum of this target with a 2.7σ cer-
tainty. Therefore it is very close to being resolved. However, we provide the
3σ upper-limit of FWHM < 29 AU. The FWHM seems to be increasing with
wavelength faster than the calibrators. It is plausible that this is caused by colder
dust at larger distance contributing to the emission profile. We also find that the
PAH emission features are more extended than the continuum: FWHM = 38 and
27 AU for the 8.6 and 11.2 µm features respectively. Habart et al. (2006) looked
at the 3.3 µm PAH feature and found a FWHM of 0.18′′. Based on the deficit
of warm dust and gas as derived from the IR-SED, Collins et al. (2007) suggest
the presence of a planet in the inner-disk. Chen et al. (2006) suggest that the
gravitational influence of the companion of HD 100453 caused the evolved state
in the inner disk.

HD 135344B : We did not resolve the source in the N-band and give an
upper-limit of FWHM < 24 AU. While at 20.5 µm Doucet et al. (2006b) observe
an outer radius of 200 AU and an inclination of 45◦. The large difference be-
tween the size at 10 and 20 µm is very surprising. A possible explanation is that
a disk gap separates the 10 µm emission coming from the hot, inner dust rim and
the 20 µm emission coming from a colder outer disk. However, the size defini-
tion could also play a role (see the comments for CQ Tau). At 20 µm the SED
is rising, which means that the 20 µm flux is dominated by cold dust further out
in the disk. This by itself suggests the presence of a disk gap, since otherwise
a gradual decrease of flux with wavelength was expected. Brown et al. (2007)
modeled the Spitzer spectrum and found an inner rim starting at 0.18 AU, a gap
from 0.45 to 45 AU and a gas rich outer disk. This nicely agrees with the pic-
ture that emerges from our data. Furthermore, Grady et al. (2006) suggest the
presence of a planet in the inner disk to explain the lack of shadowing of the
relatively flat outer disk as perceived from the IR SED. Finally van der Plas et al.
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(2008) find a complex gas structure in [O I], which stretches up to 90 AU.
HD 97048: This is a group Ib source with strong emission from PAH

molecules. Our measurements show a continuum size of FWHM = 72±12 AU
and PAH sizes of 205 and 237 AU for the 8.6 and 11.2 µm bands respectively.
We do not consider the estimate of the continuum size as reliable, since all mea-
surements were taken at high airmass and seeing values. Also the calibrators
of one of the observing nights show that we are underestimating the PSF. Fur-
thermore, the settings vary a fair deal among each other. The calibration seems
to be less of a problem for the measurement with the N-S orientation. The cor-
responding PAH estimate is also of such a magnitude that the PSF uncertainty
should become negligible. Another problem with this source is that the spatial
emission profile is quite complex and only considering the FWHM gives only
limited information on the object’s dimensions.

Lagage et al. (2006) and Doucet et al. (2007) took burst-mode imaging with
VISIR at 8.6 and 11.3 µm and found a slightly resolved continuum and a 11.3 µm
size of FWHM = 200 AU. Their modeling shows that the emission can best be
explained with a flaring disk with North-South alignment and an inclination of
42.8+0.8

−2.5 degree and a flaring index of β = 1.26±0.05, which is in agreement with
the value expected from hydrostatic, radiative equilibrium models of passive
flared disks. Ignoring the continuum size, our results agree with those of La-
gage et al. (2006), although the PAH size we derive is slightly larger.

Habart et al. (2006) studied the spatial extent of the continuum subtracted
3.3 µm PAH-feature and found that it originates at distances > 0.2′′ away from
the star. Doering et al. (2007) observed scattered light up to 720 AU from the
star with HST coronagraphy.

HD 169142: Our VISIR observations display a resolved source which is
dominated by PAH emission. The continuum has a FWHM of 50±3 AU in the
North-South direction and a FWHM of 44±4 AU with the slit in a position angle
of a 110◦. At the wavelengths of the PAH bands we do not find a relative increase
of the spatial extent, while most other PAH sources do show such an increase.
This absence can be explained if the continuum is produced by a non-thermal,
optically thin, featureless component (see section 2.9.2).

Habart et al. (2006) looked at the 3.3 µm PAH feature and measured a
FWHM of 0.3′′, which is again the same as our continuum value. Based on
coronagraphic imaging Grady et al. (2007) propose a strongly evolved inner
disk, which is detached from the outer disk. They suggest the presence of a
planet as the most likely explanation for the observed structure. Such a central
cavity may also diminish the size difference between the continuum and the PAH
bands. Millimeter observations by Panić et al. (2008) display a Keplerian disk
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Figure 2.10 — The chemistry of our targets. The strength 11.2 µm PAH feature as a
fraction of stellar flux is plotted on the x-axis and the silicate strength as a fraction of
the local thermal emission is plotted on the y-axis.

with a 13◦ inclination. They estimate a total disk mass of (0.6-3)·10−2 M�.
HD 34282: We find an upper-limit to the FWHM of 180 AU. It was expected

that VISIR could not resolve the source in the continuum, since it is at 400 pc.
We also do not observe an increase of the extent in the PAH features, which was
unforeseeable because almost all other sources with PAH emission do contain
these. However, the large distance to HD 34282 could be the reason we do not
resolve the mid-IR emission at any wavelength.

2.9 Discussion

We will now consider the correlation or trends between the spatial extent of our
sample and other parameters that characterize the disk and the dust properties.
For the determination of the numbers we refer to section 2.7. We will first discuss
the relation between PAH strength, the silicate strength and the SEDs. Second,
we address the relation between the spatial extent of the continuum and the disk
geometry. Third, we consider the relation between the spatial extent of the PAH
features and their emission strength.
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Figure 2.11 — The strength ratio of the 11.2 over 8.6 µm PAH features against the
60 µm excess luminosity. The diagram displays a clear difference between group I and
II sources.

Figure 2.12 — The size of the continuum as a function of the 3.8 µm excess luminosity.
Note that the L3.8 is expressed as a fraction of the total excess luminosity LE.
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Figure 2.13 — The spatial extent of the 11.2 µm PAH emission as a function of its
flux strength in the Spitzer/ISO spectrum. Where the feature strength is expressed as a
fraction of the total infrared excess.

2.9.1 PAH and silicate strength

The mid-IR spectra of our sample show a wide range of PAH and silicate band
strengths (see Fig. 2.6). We considered the silicate strength as the most charac-
terizing parameter of our objects, which is why we displayed the sample in the
order of decreasing silicate strength. In doing so a division into two groups be-
comes apparent. There are sources, which are dominated by silicates and there
are sources dominated by PAH emission. We sorted the latter in order of increas-
ing strength of the 11.2 µm PAH feature. The question then arose whether the
silicate and PAH feature strengths are anti-correlated, so we plotted in Fig. 2.10
the silicate strength versus the 11.2 µm PAH strength as measured by Spitzer (see
section 2.7.1). We expressed the PAH strength as a fraction of the stellar flux, to
represent the reprocessing power of the PAH population. The silicate feature is
expressed as a fraction of the local thermal emission (feature+continuum). Fig-
ure 2.10 displays no trends, which indicates that all combinations of silicate and
PAH strength are possible. The apparent division must thus be caused by a con-
trast effect, i.e. it is harder to discern the PAH features when the silicate feature
is stronger.

We note that there is no relation between the 11.2 µm PAH strength and
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stellar luminosity, except that at high luminosity there are no strong PAH sources.
Such a trend has also been found for the 3.3 µm PAH band by Habart et al.
(2004). This is remarkable since the PAH strength is expected to scale with the
UV-flux.

Figure 2.11 shows the ratio of 11.2 over the 8.6 µm PAH feature strengths as
a function of L60. The group II sources of our sample display a smaller 11.2/8.6
band ratio than group I sources. We suggest that the 8.6 µm feature is in general
produced closer to the star, where there is a higher probability of multi photon
capture events. The 11.2 µm feature is then naturally suppressed relative to the
8.6 µm band, because of the shadowed geometry of group II sources.

2.9.2 Disk sizes in the continuum
We resolved 4 out of 10 group I objects and only 1 out of 7 group II objects.
The only resolved group II source is HD 141569, for which we know that it is in
an advanced stage of evolution, and may soon evolve to a debris disk. We note
that the group I/group II classification is affected by the absence of dust near the
dust sublimation temperature. Setting aside HD 141569 for the moment, the size
difference we found for the group I and II sources is remarkable. It cannot be ex-
plained with the differing excess luminosity at 60 µm, since that parameter shows
no relation with continuum size. Modeling by Meijer (2007) predicts that there
are no observable size differences at 10 µm between group I and II sources. The
segregation is on the other hand in agreement with other differences found be-
tween the two groups. That is, Acke & van den Ancker (2004) found that group
I sources are more likely to contain PAH emission, Acke et al. (2005) found that
group I sources have stronger [O I] emission, and Grady et al. (2005) found that
group I sources are more likely to be detected in scattering light imaging.

Assuming the distances of table 2.1 we derived FWHM sizes of our targets
reaching upto FWHM∼40-60 AU. This is significantly larger than the ∼25 AU
predicted by the passive disk model of Meijer (2007) that considers the thermal
emission of small dust particles in the disk. With the exception of AB Aur and
HD 97048 that were observed at high airmass and seeing, we believe the contin-
uum sizes derived above are reliable. So the question is what makes these disks
appear so large? We discuss two possibilities, (i) the contribution of very small
grains, and (ii) the presence of disk gaps and/or inner holes.

Very small grains. Non-thermal equilibrium emission of very small grains
can contribute to the continuum at spatial scales larger than the continuum pro-
duced by the thermal equilibrium grains considered in the model of Meijer
(2007). Obvious candidates are very small carbonaceous grains (Draine & Lee
1984), but in principle any material that produces a featureless continuum and
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that can be “super-heated” by the absorption of a single photon can be responsi-
ble. Such grains would only be heated when in direct view of the stellar radiation
field (similar to the PAHs), and so their spatial signature is only expected in the
group I sources, as is observed.

Disk gaps/inner holes. A lack of hot/warm dust in the inner disk regions
caused by a disk gap or an inner hole will lead to the suppression of the central
peak of the mid-IR emission profile. In this case, the spatial scale will be dom-
inated by emission from regions further out, thus resulting in a larger FWHM.
Note that this does not imply that the outer dimensions of these disks are differ-
ent.

The 3.8 µm excess luminosity can be used to further investigate the second
possibility, because it traces the amount of warm dust close to the star and as
such is a measure of how centrally peaked the mid-IR emission actually is. We
plotted the ratio of 3.8 µm over total excess luminosity against the continuum
size in Fig. 2.12. The negative trend confirms the picture of the central peak of
the emission profile setting the apparent size of the disk.

2.9.3 Disk sizes in PAH emission
We resolved 6 out of 10 group I objects and 3 out of 7 group II objects in the 8.6
and 11.2 µm PAH features. The size difference noted in section 2.9.2 between
group I and II sources is thus less clear when we look at PAH emission in stead
of continuum emission. However, the two added group II sources that display
an increase in the FWHM of the PAH bands, but are unresolved in the contin-
uum are HD 95881 and HD 142666, for which we have suggested that they are
in an intermediate stage between group I and group II. The FWHM size range
∼30-250 AU is in agreement with predictions made with modeling of the spatial
intensity profile (e.g. Habart et al. 2004; Visser et al. 2007).

Interestingly, HD 169142 shows no difference in size between the PAH bands
and the adjacent continuum, while in e.g. HD 97048 and HD 100546 the PAH
emission is more extended than the continuum. This difference in behaviour is
even more remarkable considering the strength of the PAH emission bands in
HD 169142. This suggests a different spatial distribution between the PAHs and
the continuum emitting dust grains in HD 169142 compared to other stars. A
possible explanation is that a substantial part of the PAH emission comes from
the inner disk regions, while the continuum is more dominated by grains at larger
distance from the star. A similar case was noted by Geers et al. (2007a), who find
that the PAH emission in IRS48 originates from closer to the star than the (cold,
20 µm) continuum.

In section 2.7.1 we determined the strength of the PAH features in the Spitzer
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or ISO spectra and in section 2.7.3 we determined the continuum subtracted spa-
tial extent (FWHM) of the PAH features with the VISIR spectra. In Fig. 2.13 we
plotted these quantities against each other for the 11.2 µm feature. The feature
strength is expressed as a fraction of the total IR-excess and the spatial extent of
the feature is in units of AU (again assuming the distances from table 2.1). The
positive trend in Fig. 2.13 can mean two things. Either that disk sizes are linked
to the PAH abundances. Or that disks are truncated on the outside and then de-
crease their total 11.2 µm PAH flux. The underlying idea here is that strong PAH
features are produced with large illuminated disk-surfaces. This is also consis-
tent with the absence of sources with a high 3.8 µm excess luminosity and a high
PAH strength. Also the relatively lower 11.2 over 8.6 µm band strength ratio for
self-shadowed disks (see Fig. 2.11) can be understood in the context of this idea.

Another interesting question is how the sizes of the 8.6 and 11.2 µm PAH fea-
tures compare. Recall that VISIR maps the N-band spectrum in four separate ob-
servations. This means that a comparison of the size of the different features can
only be done based on the absolute errors, which are rather large because of the
uncertainty in the PSF as described in section 2.5. Nevertheless, as displayed in
table 2.6, the extent of the 8.6 and 11.2 features does vary greatly for HD 179218
and HD 141569. For HD 179218 we suspect it to be caused by a over-estimation
of the 11.2 strength, since it blends with forsterite. For HD 141569 however we
think the analysis is reliable. The smaller size of the 8.6 feature was interpreted
as an indication of the presence of a hot gas in the inner disk region, which is
also what Acke et al. (2005) found by looking at [O I] gas.

2.10 Conclusions
We performed 10 µm long slit spectroscopy on 17 Herbig Ae stars with VISIR
at the VLT and obtained the following results:

• We spatially resolved the emission from 9 of the stars, 6 of these were
resolved in the continuum and 8 were significantly larger in the 8.6 and
11.2 µm PAH-bands than in the continuum.

• We find that group I sources are more liable to be resolved than group II
sources, both in the continuum (4 out of 10 versus 0 out of 6) and in the
PAH bands (6 out of 10 versus 2 out of 6).

• We performed Gaussian fits and quadratic subtraction of the PSF and
found FWHM disk sizes up to ∼60 AU in the continuum and up to
∼250 AU in the PAH bands.



66 VISIR spectroscopic and spatial survey of Herbig Ae stars

• The apparent division between silicate and PAH sources in the spectra is
caused by a contrast effect, i.e. the PAH features are less apparent when
the silicate feature is stronger.

• At least for the 3 sources, HD 100546, HD 141569, and HD 169142, we
found continuum sizes that are considerably larger than predicted on the
basis of the thermal emission from protoplanetary disks (Meijer 2007).

• The large continuum size of HD 169142 can be explained with non-
thermal equilibrium emission of very small grains.

• The large continuum sizes of HD 100546 and HD 141569 can also be un-
derstood with the advanced evolutionary state of the inner disk resulting
in the lack of a central peak of the emission profile. In other words, disks
with inner cavities or gaps appear bigger.

• The latter explanation is supported by the negative trend we find between
the absolute size of the continuum and the 3.8 µm excess luminosity.

• We find that group II sources display relatively more 8.6 than 11.2 µm
PAH emission than do group I sources. This is understood with the 8.6 µm
feature being generated closer to the star where the probability of multi-
photon capture is higher.

• We find a positive trend of PAH emission strength with its spatial extent.
Truncation of the irradiated PAH distribution could account for this corre-
lation.

• The sizes we find for the continuum subtracted PAH emission profiles
are in good agreement with predictions from modeling (e.g. Habart et al.
2004; Visser et al. 2007).
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CHAPTER 3
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Abstract The study of the formation of massive stars is complicated,
due to the short times scales, large distances and the presence of obscur-
ing natal clouds. There are however observational and theoretical indica-
tions that Herbig Be (HBe) stars are substantially different from their lower
mass companions, the T Tauri and Herbig Ae stars. We map the spatial
distribution and mineralogy of the warm circumstellar dust of a sample of
HBe stars. We compare our results to a sample of less massive Herbig Ae
stars. We use literature photometry to obtain optical extinctions and stel-
lar parameters of the targets. We obtained N-band imaging and long-slit
spectroscopic data with VISIR at the VLT and we analyze these data. We
perform photometry of the images and extract spatial information. We cor-
rect the spectra for extinction and perform mineralogical fits. The spectra
are also Gaussian-fitted to obtain the FWHM size as a function of wave-
length. We find that the mid IR emission of the HBe stars are typically
characterized by a circumstellar disk which efficiently reprocesses a sub-
stantial portion of the stellar flux. The dust composition is quite similar to
that of the Herbig Ae stars. However we do find several differences from
the lower mass stars. The shape of the SEDs is different, the IR excess is
lower and the PAH emission is weaker. We conclude from these findings
that the disks around the HBe stars are geometrically smaller than those
around lower mass stars.

3.1 Introduction
The formation and early evolution of massive stars is not well understood. This
is because massive stars form on a much shorter timescale than lower mass stars,
are on average more distant and, in their earliest infancy, behind large amounts
of optical extinction. The lack of a pre-main-sequence phase, during which any
remnant material slowly dissipates and a planetary system may form, marks an
important qualitative difference between massive and lower mass young stars.
For instance, the upper mass for stars to form planetary systems is not known.

67
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The much higher luminosity and intense UV radiation field of young massive
stars strongly affects their environment at very early times. The geometry and
composition of remnant gas and dust around the star may differ from that seen
in lower mass stars, as may the time-scale on which this circumstellar material
dissipates. Massive stars are also known to have prominent stellar winds (Vink
et al. 2001), which complicates the picture even more.

Herbig Be (HBe) stars are a sub-class of the Herbig Ae/Be stars, intermediate
mass young stars first described as a group by Herbig (1960). They represent the
more massive stars in the group, with Zero Age Main Sequence (ZAMS) masses
up to roughly 20 M�. Many observational studies have described the properties
of Herbig Ae/Be stars (see e.g. Natta et al. 2000). A picture has emerged in
which the lower mass Herbig Ae (HAe) pre-main-sequence stars have disks that
can be considered as scaled-up versions of disks found around the solar mass
T Tau pre-main-sequence stars. These disks are formed during the collapse and
proto-stellar phase as a result of angular momentum conservation, and are the site
of planet formation. The dust in these gas-rich disks has undergone substantial
settling and grain growth, which can be inferred from the large mass in cold,
millimeter sized grains detected in many systems (Natta et al. 2007). At mid
IR wavelengths, emission from the warm disk surface layers in HAe stars also
shows evidence for grain growth, and for crystallization (e.g. van Boekel et al.
2003, 2005; Schegerer et al. 2006; Kessler-Silacci et al. 2006).

There are observational indications that this qualitative picture no longer ap-
plies for higher mass stars. Searches for a reservoir of large, cold grains in more
massive HBe stars have shown that the mass in cold grains is substantially lower
than that in lower mass stars (Fuente et al. 2003). In a more recent study, Alonso-
Albi et al. (2009) show that the disk mass in some HBe stars is only of the order
of 10 per cent of the total envelope mass; they propose that the strong UV ra-
diation field of the central star causes rapid photo-evaporation of the outer disk,
leaving a relatively small inner disk. Observations of the inner disk structure
also suggest differences between high and low mass stars. Monnier et al. (2005)
show on the basis of near IR interferometry that the inner radius of disks in lower
mass stars is set by the dust sublimation radius and that the inner cavity is opti-
cally thin. For the high luminosity B0-B3 stars however smaller inner dust radii
are found, possibly implying optically thick gas in the inner regions. A detailed
study of the geometry of the disk surrounding the B1.5 star MWC 297 showed
that the disk is very compact and may extend to (close to) the stellar surface,
with little or no evidence for an inner cavity (Acke et al. 2008).

Theoretical studies of disk evolution in massive young stars predict that
the outer disk evaporates on short timescales while the inner disk can survive
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longer (e.g. Hollenbach et al. 1994; Gorti & Hollenbach 2009). Disk evapora-
tion timescales are found not to depend on stellar mass if the mass is less than
about 3 M�, while for more massive stars the intense UV radiation field evap-
orates the disks on timescales of the order of 105 yrs. Translating this mass to
spectral type at the zero age main sequence, substantial changes in disk life time
and disk geometry are expected in the mid-B spectral range.

So, what are the observed properties of circumstellar matter in HBe stars? Is
there evidence for grain growth and processing in HBe stars, similar to that seen
in HAe stars? Is the spectral energy distribution of HBe stars at IR wavelengths
different from that of lower mass stars, and how does this translate to (inner) disk
geometry? In order to answer these questions and put HBe stars into perspective,
observations at mid-IR wavelengths are needed at high angular resolution. So
far, many studies were based on IR data obtained with large beams, causing
contamination with ambient molecular cloud emission (prominent for massive
stars because of their strong UV radiation field). In the present study, we employ
the sub-arcsecond spatial resolution in imaging and spectroscopy that VISIR at
the VLT offers to study the immediate environment of HBe stars on spatial scales
comparable to the disks they may have.

This chapter is organized as follows: in section 3.2 we discuss the selec-
tion of our sample of HBe stars and their basic properties. Section 5.3 and 3.4
describe the observations and data reduction procedures, and we analyze the
images and spectra in section 3.5 and 3.6. In section 3.7 we discuss the results
and compare the HBe stars to their lower mass HAe companions. Section 3.8
contains the main conclusions.

3.2 Sample

3.2.1 Selection

We have taken targets from the Herbig Ae/Be catalogs of Thé et al. (1994) and
Vieira et al. (2003) and supplemented this list with more recently discovered
Herbig stars from Perez et al. (1989), de Winter et al. (1997), and van den Ancker
et al. (1998). We selected the targets based on several criteria. They have a
spectral type B or O, with a determination uncertainty less than 3 subclasses.
They are known to have an IR excess from NIR photometry. They are associated
to a star formation region. They are bright enough to observe with VISIR in
the MIR according to their IRAS 12 µm flux or according to the flux expected
from an extrapolation of the photospheric flux at optical wavelengths. They are
observable with the VLT and thus located in the southern hemisphere. While
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Table 3.1 — The stellar parameters of our sample of Herbig Be stars. Of a total of 30
targets, 19 were covered spectroscopically, 4 were not detected in the VISIR imaging
mode (†), 6 were too faint for spectroscopic follow up (#) and 1 target was not spec-
troscopically covered due to a lack of observation time (�). The astrometry was taken
from Simbad. The spectral types were taken from the literature, with the references indi-
cated in the next column. Note that LkHα 208 and LkHα 339 are A stars. They entered
the sample because of a previous misclassification and we kept them in the sample to
facilitate the comparison of HBe with HAe stars.

# Name Other Right Declination Spec. Ref.
Ascension Type

1 PDS 204 MWC 778 05 50 13.5 +23 52 17 B1?e V03
2 MWC 789 HD 250550 06 01 59.99 +16 30 56.7 B9e H04
3 LkHα 208 HBC 193 06 07 49.46 +18 39 26.3 A7e H04
4 LkHα 339 HBC 197 06 10 57.8 −06 14 37 A1e H04
5 MWC 137 PK 195-00.1 06 18 45.50 +15 16 52.4 B0e H92
6 LkHα 215 V699 Mon 06 32 41.80 +10 09 33.6 B6e H04
7 MWC 147 HD 259431 06 33 05.19 +10 19 20.0 B6e H04
8 R Mon BD+08 1427 06 39 09.95 +08 44 10.7 B8IIIev M01
9 PDS 241# Ced 92 07 08 38.8 −04 19 08 B0e V03

10 PDS 27 DW CMa 07 19 35.94 −17 39 18.7 B2?e V03
11 Hilt 641† HD 64315 07 52 20.28 −26 25 46.7 O6Vne W82
12 Hen 3-331 HD 85567 09 50 28.54 −60 58 03.0 B2ne Mi01
13 Hen 3-847 CPD-48 5215 13 01 17.80 −48 53 18.8 B5e V03
14 Hen 3-1110 HD 141926 15 54 21.83 −55 19 44.8 B2IIIne V03
15 MCW 1264# HD 152291 16 54 24.16 −40 39 09.5 B2II:e T94
16 V921 Sco CD-42 11721 16 59 06.78 −42 42 08.4 B0?pe S90
17 MWC 878 CPD-38 6814 17 24 44.69 −38 43 51.5 O9/B0e Mi01
18 Hen 3-1418# HD 319896 17 31 05.85 −35 08 29.3 B4e V03
19 Hen 3-1444� HD 320156 17 37 58.50 −35 23 04.3 B0e N95
20 PDS 152# HD 316051 17 39 52.18 −27 23 44.1 B5e N95
21 MWC 593# CPD-24 5962 17 49 10.17 −24 14 21.3 B0Ia:e V93
22 PDS 477 - 18 00 30.10 −16 47 22.7 B1e V03
23 AS 267† Hen 3-1559 18 01 56.65 −23 41 31.2 B5IV:ne T94
24 NGC 6530-45† V5098 Sgr 18 02 50.21 −24 16 19.2 B5e V97
25 LkHα 112† NGC 6530-180 18 04 22.74 −24 22 09.8 B2Ve V97
26 LkHα 115# NGC 6530-245 18 04 50.63 −24 25 41.9 B2Ve A07
27 LkHα 260 NGC 6611-494 18 19 09.39 −13 50 41.1 B6e DW97
28 MWC 297 NZ Ser 18 27 39.60 −03 49 52.0 B1.5Ve D97
29 AS 310 PK 026+01.1 18 33 21.17 −04 58 06.7 B1e H04
30 PDS 543 - 18 48 00.66 +02 54 17.1 B1e V03

References: (A07) Arias et al. 2007; (B99) Belikov et al. 1999; (B07) Borges Fernandes et al.
2007; (B93) Brooke et al. 1993; (DW97) de Winter et al. 1997; (D97) Drew et al. 1997; (F84)
Finkenzeller & Mundt 1984; (G06) Gamen et al. 2006; (H08) Herbig & Vacca 2008; (H82) Herbst
et al. 1982; (H76) Herbst & Racine 1976; (H04) Hernández et al. 2004.
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Table 3.1 — (continued). The distances were taken from the literature, with the ref-
erences indicated in the next column. The optical extinction, luminosity and radius
followed from our analysis of the optical photometry. The masses were determined
by comparing Teff and L∗ with PMS evolution tracks of Siess et al. (2000) and ZAMS
positions of Meynet et al. (1994).

# log Teff Distance Ref. AV log L∗ Radius Mass Group
[K] [kpc] [L�] [R�] [M�]

1 4.41±0.14 1.0±0.3 H08 4.5±0.4 3.67±0.15 3.5±0.7 10±2 U
2 4.04±0.03 0.7 F84 0.4±0.1 2.14±0.25 3.3±0.5 3.1±0.6 II
3 3.91±0.03 1.0 H92 0.9±0.1 1.61±0.11 3.2±0.5 2.4±0.4 U
4 3.97±0.05 0.83±0.05 H76 2.4±0.1 1.36±0.03 1.8±0.1 2.1±0.4 U
5 4.49±0.05 1.3 H92 4.5±0.1 4.42±0.11 5.7±0.8 5±1 II
6 4.14±0.08 0.8 H82 2.0±0.1 2.79±0.10 4.3±0.6 4.7±0.9 G
7 4.15±0.08 0.8 H82 1.3±0.1 3.26±0.11 7.1±1.0 6.6±1.3 U
8 4.07±0.05 0.8 J82 2.6±0.1 2.50±0.10 4.3±0.6 4.0±0.8 II
9 4.48±0.05 7.2 W89 2.9±0.1 5.18±0.11 14±2 32±6 G

10 4.34±0.14 1.25 V03 4.8±0.1 3.80±0.11 5.5±0.8 9.1±1.8 II
11 4.60±0.03 6.4 G06 - - - - -
12 4.32±0.08 1.5±0.5 Mi01 1.1±0.1 4.17±0.16 9±2 12±2 II
13 4.18±0.03 1.66±0.23 - 0.8±0.1 3.22±0.08 5.9±0.6 6.2±1.2 II
14 4.31±0.05 0.65 V03 2.4±0.1 3.88±0.11 7.0±1.0 14±2 G
15 4.26 - - - - - - -
16 4.15±0.03 1.15±0.15 B07 4.6±0.1 4.01±0.07 17±2 13±2 II
17 4.48±0.05 3.3±0.4 Mi01 2.4±0.1 4.77±0.07 8.9±0.8 20±4 II
18 4.23±0.04 1.4±0.3 V03 - - - - -
19 4.48 - - - - - - -
20 4.18 - - - - - - -
21 4.41 - - - - - - -
22 4.48±0.06 6.7±0.7 - 4.4±0.1 4.73±0.08 8.5±0.8 19±4 II
23 4.21 - - - - - - -
24 4.18 1.8±0.1 S90 - - - - -
25 4.32 1.8±0.1 S90 - - - - -
26 4.32 1.8±0.1 S90 - - - - -
27 4.15±0.04 2.14±0.1 B99 3.2±0.1 2.65±0.03 3.5±0.1 4.4±0.8 U
28 4.36±0.03 2.50±0.25 D97 7.7±0.1 4.01±0.05 6.4±0.5 10.6±2 II
29 4.40±0.07 2.5 B93 3.7±0.1 4.23±0.10 6.8±1.0 12±2 U
30 4.48±0.06 2.8±0.3 - 4.4±0.1 4.73±0.08 8.5±0.8 19±4 U

References (continued): (H92) Hillenbrand et al. 1992; (J82) Jones & Herbig 1982; (Mi01)
Miroshnichenko et al. 2001; (M01) Mora et al. 2001; (N95) Nesterov et al. 1995; (S90) Shore
et al. 1990; (T94) Thé et al. 1994; (V97) van den Ancker et al. 1997; (V03) Vieira et al. 2003;
(V93) Vijapurkar & Drilling 1993; (W82) Walborn 1982; (W89) Wouterloot & Brand 1989.
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our approach is optimized to select young massive stars, it is possible that our
sample is contaminated with stars in other evolutionary stages. We address this
issue in section 3.7.5.

3.2.2 SEDs
To establish the pre-main sequence nature of our targets we pinpoint their po-
sition in the Hertzsprung Russell diagram. To do this we gathered all avail-
able photometry and constructed SEDs for all the targets that were successfully
observed with the VISIR spectrograph. We gathered spectral types, effective
temperatures and distances from the literature (see table 3.1 for references). If
the effective temperature was not stated by the authors, we used de Jager &
Nieuwenhuijzen (1987) to find a value corresponding to the spectral type. With
the effective temperature and distance we could assign a theoretical stellar SED
using the models from Kurucz (1991). By comparing this with the observed
photometry, we obtained the optical extinction, AV, and the luminosity of the
star L∗. In this comparison, we used the Steenman & The (1991) interstellar
extinction law characterized by a total to selective extinction RV = 3.1. For 3
targets, no distance estimates are specified in the literature. For these we used
the spectroscopic parallax to determine the stellar luminosity. For Hen 3-847 this
resulted in log g = 3.84 (see van den Ancker et al. 1998 and references therein),
for PDS 477 and PDS 543 we derived log g = 4.0.

In Fig. 3.1 we plot the constructed SEDs. Square symbols denote the de-
reddened photometry. Curves are the Kurucz models. The plots show that the
stellar photosphere of a number of sources is not properly constrained, which
increases the uncertainty on the luminosity somewhat, especially when the un-
certainty on the spectral type is large as well (e.g. PDS 204 and MWC 878).
For the other targets the goodness of the fit of Kurucz model and de-reddened
photometry give confidence in the reliability of the derived luminosities.

3.2.3 Stellar parameters
In table 3.1 we summarize the stellar parameters for our sample targets. For the
right-hand part of the table, we focused on the targets that were successfully
observed with the VISIR spectrograph. Masses for the stars below 7 M� were
found by interpolating in the HR diagram (see Fig. 3.2.2) between PMS evolution
tracks of Siess et al. (2000). For the stars above 7 M� we interpolated between
MS evolution tracks of Meynet et al. (1994). We adopted 20% errors on the
masses. The high mass Herbig stars (M & 8 M�) are known to become visible
only when they reach the ZAMS (Palla & Stahler 1993). So we would expect
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Figure 3.1 — Extinction corrected spectral energy distributions of our sample stars (open
squares). Overplotted are the Kurucz models (black line). VISIR photometry in the SiC
filter (see table 3.3) is indicated with a red filled triangle.
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Figure 3.2 — HR diagram of our spectroscopic sample. Overplotted are the Siess et al.
(2000) PMS evolution tracks (solid lines) and the Meynet et al. (1994) ZAMS (dotted
line). The number labels are the same as in table 3.1.

a lot of young stars close to the ZAMS. However, the optical selection of the
targets has a bias towards low AV and thus it favors stars that have dispersed
their natal clouds. These likely are young main sequence stars.

To calculate the uncertainties on the luminosities and radii (see table 3.1), we
did not take the uncertainties on the effective temperatures into account, but we
accounted for the uncertainties in the distances only. Most of the distances are
based on associations with star formation regions and clusters and their uncer-
tainties assume the associations are correct. When no error on the distance was
stated in the literature we assumed an error of 20%. Another source of uncer-
tainty that was not taken into account is in the choice of RV. Some studies (e.g.
Hernández et al. 2004) argue that RV = 5.0 is more appropriate for star forming
regions. In our SEDs construction such a higher RV value leads to considerably
higher luminosities. In table 3.2 we state a few of these values and supply values
that were stated in the literature. The variations in the luminosities in table 3.2
are measures of more conservative error estimates.
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Table 3.2 — Stellar parameters from the literature and luminosities as derived with the
assumption that RV = 5. The last column repeats our derived values with RV = 3.1 to
accommodate the comparison. The reference abbreviations are identical to those defined
in the footnote of table 3.1.

Literature RV = 5 RV = 3.1
Name AV log L∗ Mass Ref. log L∗ log L∗

[L�] [M�] [L�] [L�]
PDS 204 3.0 3.06 - H08 4.76 3.67
MWC 789 0.7 2.31 3.9 H04 2.23 2.14
LkHα 208 1.2 1.78 2.4 H04 1.79 1.61
LkHα 339 4.3 2.08 3.4 H04 1.80 1.36
MWC 137 4.5 4.46 18.9 H92 5.35 4.42
LkHα 215 3.2 3.24 6.6 H04 3.16 2.79
MWC 147 2.0 3.50 9.7 H04 3.41 3.26
R Mon 4.3 3.55 10.4 H92 3.05 2.50
Hen 3-331 1.0 3.7 9 Mi01 4.40 4.17
V921 Sco 4.8 4.0 9 B07 4.99 4.01
MWC 878 - 5.3 30 Mi01 5.30 4.77
LkHα 260 2.3 2.57 - DW97 3.30 2.65
MWC 297 7.7 4.05 10 D97 5.65 4.01
AS 310 6.6 5.43 43.5 H04 5.00 4.23

Table 3.3 — VISIR filters that were used to image our targets.

Filter λc [µm] Width [µm]
SiC 11.85 2.34
PAH2 11.25 0.59
PAH2 2 11.88 0.37

3.3 Observations
3.3.1 Imaging
From October 2006 to May 2007 N-band pre-imaging was obtained with the
VLT Imager and Spectrometer for mid Infrared (VISIR, see Lagage et al. 2004).
The targets were observed for typically ∼3 min. in the small field mode (pixel
field of view = 0.075′′) and in each of the three filters: SiC, PAH2, and PAH2 2
(see table 3.3). For the science targets we employed parallel chop-nodding to
remove the atmospheric background. A maximum chopper throw of 30′′ was
chosen to avoid any confusion with surrounding nebulosity. Originally we chose
chopping rotations, which were offset from the standard North-South orientation
for the same reason of avoiding confusion, as this was expected from optical and
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IRAS imaging of the targets. in the next observing period we stopped rotating,
since almost all targets turned out to be nearly point-like in the mid IR. Ob-
servations were carried out in ESO’s service mode at airmass <1.6 and optical
seeing <1.2′′, corresponding to a seeing in the N-band of .0.5′′. Photometric
standard stars were observed in all filters less than 3 hours before or after the
science targets. A detailed log of the observations can be found in table 3 of the
appendix.

3.3.2 Spectroscopy
VISIR long slit low-resolution (R ≈ 300) spectra were also obtained in ESO’s
service mode from January 2007 to February 2008. The complete N-band was
mapped with the sequence of four separate observations in the 8.5, 9.8, 11.4 and
12.2 µm settings. Each observation had a typical integration time of ∼5 min, a
slit-width of 0.4′′, a North-South orientation and a chopping throw of 8′′. Based
on our pre-imaging results, some observations were done using different choices
of slit orientation and chop throw. A couple of sources were not detected or
were too faint for follow up with spectroscopy (see table 3.1). In addition several
sources displayed extended emission, for these the slit was rotated to select the
mayor axis of the target. Furthermore, for AS 310 and PDS 204 larger chopper
throws were chosen, because of their larger mid IR sizes. Bright spectroscopic
standard stars were observed directly before and after the science observation for
the purpose of telluric correction but also to determine the spectroscopic Point
Spread Function (PSF). A detailed log of the observations can be found in table 4
of the appendix.

3.4 Data reduction
The raw VISIR images and spectra were reduced with our own pipeline, which
will be published in the future (see Pantin in preparation). The basics are ex-
plained in our study of HAe stars (see chapter 2). The resulting images of the
PAH2 filter are displayed in Figs. 3.3 and 3.4. The images are displayed on a log-
arithmic scale and the color contrast ranges from 1σ of the background (white)
to 0.9 of the peak flux (black). When the orientation deviates from the standard
North up and East left, a compass in the bottom right of the images is supplied.
For the observations that were followed up with spectroscopy the slit orientation
is indicated.

The VISIR spectra of our targets were calibrated right before and right after
the science observation, which allowed us to do the telluric correction with an
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Figure 3.3 — VISIR imaging in the PAH2 filter of those targets that display a compact
emission. The field of view is 16.8′′ by 16.8′′. The black lines indicate the slit orienta-
tion in the case of spectroscopic follow-up. In the bottom right we indicate the image
orientation when it deviates from the default, i.e. North up and East to the left.
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Figure 3.3 — Continued.
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Figure 3.4 — VISIR imaging in the PAH2 filter of the targets, that display detached
emission patches from the molecular cloud environment. The field of view is 19.2′′by
19.2′′. The black lines indicate the slit orientation in the case of spectroscopic follow-up.
In the bottom right we indicate the image orientation when it deviates from the default,
i.e. North up and East to the left.

airmass interpolation of the extinction. The principle is explained in detail in van
Boekel et al. (2004b) and it was applied for VISIR spectra of HAe star in chapter
2. The resulting spectra of our HBe stars are plotted in Fig. 3.5.

Because VISIR employs a long slit, spatial information of the targets is main-
tained along the slit. To characterize this information we extracted the FWHM
of the flux as a function of wavelength. A detailed description of our method can
be found in chapter 2. The resulting plots can be found in Fig. 3.6.

3.5 Analysis of the images

3.5.1 Photometry

Most of our targets are surrounded by nebulosity, which contributes significantly
to the IRAS flux. Imaging with VISIR allows one to zoom in to an aperture
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Figure 3.5 — VISIR N-band spectra of our targets. Overplotted with thick lines are the
Spitzer (green), and ISO spectra (orange). For V921 Sco, a TIMMI2 spectrum was also
overplotted (thin blue line). These spectra were scaled to the VISIR spectrum with the
factor, f , indicated in the bottom right for the Spitzer and ISO spectra. Indicated in the
top right are quality parameters, when they reach levels of concern. When the airmass,
m, was greater or equal to 1.5 the value is indicated. When the sensitivity, S , of the
measurement was larger than 5 times the median value of the performance history of
VISIR, the value is indicated in units of this median sensitivity.
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Figure 3.6 — Size of all our targets as a function of wavelength (black lines). The over-
plotted green lines are calibration measurements taken right before or after the science
exposures. Plotted with the blue dotted line is the statistical calibrator as determined
from the entire sample of calibrators. The straight red line is the theoretical diffraction
limit.
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Table 3.4 — The flux levels of our VISIR imaging of the targets. Entries flagged with
a dagger (†) were obtained during unsatisfactory weather conditions and were redone.
The F12 column represents the 12 µm IRAS measurement. The last column indicates
whether an optical reflection nebula is present.

Target PAH2 [Jy] PAH2 2 [Jy] SiC [Jy] F12 [Jy] Neb
PDS 204 4.2±0.8 3.7±0.9 3.5±0.7 6.4 X

MWC 789 4.5±0.7 4.6±0.7 3.8±0.6 4.5 X

LkHα 208 3.8±0.6 3.2±0.5 3.0±0.4 3.4 X

LkHα 339 1.1±0.1 0.9±0.1 0.9±0.1 3.0 X

MWC 137 3.2±0.5 3.1±0.5 3.0±0.4 9.7 X

LkHα 215 0.8±0.1 0.7±0.1 0.64±0.06 9.1 X

MWC 147 6.9±0.1 6.2±0.6 5.8±0.6 12.5 X

R Mon 41±4 43±4 41±4 54.7 X

PDS 241 0.12±0.06 0.08±0.04 0.04±0.03 14.1 X

PDS 27 14±1 15±1 13.9±1.4 15.0 -
Hen 3-331 6.5±1 5.5±0.8 5.8±0.6 6.4 -
Hen 3-847† 33±5 30±4 29±3 36.1 -
Hen 3-847 34±9 31±8 30±5 36.1 -
Hen 3-1110 0.30±0.05 0.31±0.06 0.29±0.04 0.76 -
MCW 1264 0.07±0.05 0.08±0.06 0.05±0.04 13.3 -
V921 Sco† 30±15 33.8±22 29±15 94.9 X

V921 Sco 36±7 33.8±7 30±4 94.9 X

MWC 878 23±5 21±4 20±3 21.1 -
Hen 3-1418 0.04±0.02 0.07±0.02 0.03±0.02 2.5 -
Hen 3-1444 6.2±1.2 5.5±1.1 5.7±0.8 6.7 -
PDS 152 0.13±0.05 0.12±0.04 0.18±0.04 3.7 -
MWC 593 0.10±0.03 0.09±0.03 0.10±0.03 <1.6 -
PDS 477 2.3±0.3 2.2±0.3 2.1±0.3 2.8 -
LkHα 115 0.4±0.1 0.28±0.06 0.29±0.04 – X

LkHα 260 0.6±0.1 0.48±0.07 0.44±0.07 – X

MWC 297 121±18 123±18 113±17 159 X

AS 310 1.4±0.6 1.2±0.5 1.1±0.5 24.4 X

PDS 543 2.3±0.5 2.0±0.4 1.9±0.3 4.2 -
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Figure 3.6 — Continued

of ∼1′′ around the star. The flux levels that are obtained in this way give new
information about the star and disk itself.

From inspection of the morphology of the stars in the obtained imaging
we conclude that a standard circular photometry aperture is suitable for all tar-
gets. More specific, we measured the stellar counts within a circle of radius
r = 13 pixels and the background within an annulus within radii r = 18 to r =
23 pixels. For a typical PSF the stellar aperture encompasses the first and second
airy rings, the third airy ring is ignored and the background aperture runs from
the fourth to the fifth airy ring.

The apertures were applied to obtain the background subtracted flux levels
in ADU/s of all science and calibration measurements. To obtain the tellurically
corrected flux levels of our science targets we used:

I = S 1
Re A·m (3.1)

Where I stands for the intrinsic flux, S for the measured background subtracted
flux, m is the airmass of the measurement and R and A are the responsivity of the
system and the atmospheric extinction per unit airmass.

To find the responsivity of the system we looked at the ensemble of all cal-
ibrators of all nights and plotted the natural logarithm of their observed counts
over their model fluxes against the corresponding airmass values. In this way a
least squared linear fit to the data points allows us to obtain the responsivity:

ln
(S

I

)

= ln(R) − A · m (3.2)
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The crossing with the y-axis represents the responsivity and the slope is deter-
mined by the extinction per unit airmass. The latter is not a constant, it depends
on the humidity and temperature of the atmosphere. Nevertheless, when we fit
the ensemble of calibrators, the uncertainty of the responsivity becomes small
compared to the other errors.

Now that we know the value of the responsivity we can calculate a value of
the extinction per unit airmass for every single calibration measurement through
an inversion of equation 3.1. To get the extinction per unit airmass at the time
of the science measurement we choose to use the calibrator nearest in time. To
estimate the accompanying error we used the variation in extinction as derived
from all calibrators during the same night.

This procedure was followed for all three filters (see table 3.3) and all science
targets; the results are summarized in table 3.4. The listed errors are obtained by
differential propagation of the measurement errors and the errors in the respon-
sivity and the extinction.

3.5.2 Spatial emission profile
We did a simple analysis of the spatial emission profile of the images by looking
only at a slice in the horizontal direction. The vertical direction was omitted
because of recurring artifacts on the top and bottom of bright targets. We first
separated the data in separate chop and nod positions to avoid smearing due to
the chopping and nodding procedure. For every separated “beam” we merged
the three pixel rows centered on the peak of the emission. Figure 3.7 displays
the profiles for our sample targets. Overplotted in green are the calibration mea-
surements that were observed within 2 hours before or after the science target
and had minimal airmass differences. The average of these two measurements
is a reliable representation of the PSF. The difference between the profiles of the
different chop and nod positions provides an indication of the reliability of the
measurements. However for the sources with low SNR, such as PDS 241, we
were forced to use a total stack of the data, which thus results in a single profile
curve. Hen 3-1418 and MCW 1264 were too faint for a meaningful analysis.

To obtain a size measurement of our targets, we fitted the extracted emission
profiles with a Gaussian. Where we had multiple profiles, the resulting FWHM
values were averaged. The PSF was then quadratically subtracted from the sci-
ence measurement. This process was performed for every target and every filter.
The results are displayed in table 3.5. The measurement errors were obtained by
taking the standard deviation of the FWHM values of all chop and nod positions.
The error in the PSF was estimated by taking the standard deviation of all cal-
ibration measurements in the same filter of the program. Note that this gives a
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Figure 3.7 — Spatial emission profiles as observed in the PAH2 imaging (black lines).
Overplotted are the calibrators nearest in airmass and time (green lines).
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rs Table 3.5 — Quadratically subtracted FWHM sizes of the targets in all imaging filters. For the targets that were not significantly resolved we report
the 3σ upper limit. The corresponding sizes in AU were obtained with the distances of table 3.1. In the one but last column we give a description of
the spatial emission profile as observed at lower intensities in the PAH2 filter, where we assigned ’Point’ to the targets which seem to be point like,
’Extended’ to the targets that have extended emission and ’Cloud’ to the ones that display detached emission from the molecular cloud environment.
The last column indicates whether a plateau emission is present, based on the background pattern.

Target PAH2 PAH2 2 SiC Profile Plateau?
[′′] [AU] [′′] [AU] [′′] [AU]

PDS 204 < 0.48 < 479 < 0.45 < 450 < 0.35 < 350 Cloud X

MWC 789 < 0.39 < 275 < 0.43 < 298 < 0.39 < 270 Point X

LkHα 208 < 0.40 < 404 < 0.44 < 440 < 0.50 < 500 Extended X

LkHα 339 < 0.38 < 318 < 0.34 < 283 < 0.40 < 328 Point X

MWC 137 0.34+0.03
−0.04 437 < 0.46 < 597 0.32+0.03

−0.04 419 Extended X

LkHα 215 < 0.51 < 407 < 0.40 < 318 < 0.42 < 335 Point X

MWC 147 < 0.41 < 326 < 0.46 < 371 < 0.41 < 329 Cloud X

R Mon < 0.33 < 260 < 0.43 < 347 < 0.51 < 409 Extended X

PDS 241 0.58+0.03
−0.03 4192 < 0.09 < 648 0.59+0.03

−0.03 4213 Cloud X

PDS 27 < 0.39 < 486 < 0.35 < 433 < 0.39 < 491 Extended? X

Hen 3-331 < 0.24 < 355 < 0.18 < 267 < 0.20 < 301 Extended X

Hen 3-847 < 0.21 < 343 < 0.20 < 334 < 0.21 < 349 Point X

Hen 3-1110 0.33+0.02
−0.03 216 0.24+0.03

−0.05 159 < 0.16 < 107 Extended X

V921 Sco < 0.33 < 374 < 0.28 < 324 < 0.29 < 339 Extended X

MWC 878 < 0.32 < 1068 < 0.24 < 808 < 0.32 < 1065 Point X

Hen 3-1444 < 0.45 - < 0.35 - < 0.48 - Point X

PDS 152 < 0.42 - < 0.35 - < 0.46 - Extended X

MWC 593 < 0.28 - < 0.24 - < 0.23 - Extended -
PDS 477 < 0.24 < 1597 < 0.42 < 2799 < 0.41 < 2772 Extended X

LkHα 115 < 0.25 < 448 0.22+0.04
−0.07 395 0.23+0.04

−0.07 422 Extended -
LkHα 260 < 0.48 < 1019 < 0.34 < 731 < 0.48 < 1026 Extended X

MWC 297 0.33+0.03
−0.03 833 0.45+0.03

−0.03 1130 0.24+0.04
−0.06 603 Extended X

AS 310 0.63+0.03
−0.03 1575 0.66+0.03

−0.03 1656 1.28+0.02
−0.02 3202 Cloud X

PDS 543 0.24+0.04
−0.06 660 0.22+0.03

−0.05 617 < 0.21 < 579 Extended X
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Figure 3.8 — Same as Fig.3.4, but in the PAH2 2 filter.

conservative error. The final errors were obtained by numerical propagation of
the measurement and PSF errors.

The last two columns of table 3.5 give a description of the spatial emission
profile at low intensities. After inspection of the images we picked out targets
which contain detached emission components. We display these separately in
Fig. 3.4. We assume these components are caused by illuminated natal cloud
remnants. These sources also show associated optical nebulosity (see table 3.4),
which is consistent with this hypothesis. In the continuum filter (PAH2 2) the
features are nearly absent (see Fig. 3.8), indicating that the nature of the emission
is most likely fluorescence from PAH molecules. After comparing the emission
profiles in Fig. 3.7 with their calibrators we could discriminate between targets
that are point-like and those that have spatially extended emission. We assigned
the label ’extended’ when the profiles of both nod positions were at any intensity
level more extended than the most extended profile of the calibrator. Finally, we
indicate the presence of the diagonally striped pattern in the background of the
images with a tick-mark. This pattern is an instrumental artifact which occurs
when observing objects that are more extended than the chopping throw. This
means that around these targets we can infer the presence of a homogeneous



88 A mid IR study of Herbig Be stars

plateau emission on scales larger than 30′′.

3.6 Analysis of the spectra
3.6.1 Extinction correction
In order to determine the composition of the circumstellar dust responsible for
the 10 µm feature we first need to correct the spectra for the interstellar extinc-
tion. To convert the optical extinction AV to an extinction in the N-band we
need to determine the shape of the extinction curve, which is quite different for
the diffuse interstellar medium (ISM) and for dense molecular clouds. Chiar
et al. (2007) set the maximum AV for reliable use of the diffuse ISM extinction
curve at 12 mag. None of the AV of the sample stars reach that maximum.
We therefore adopt the diffuse ISM extinction law given by Whittet (2003):
AV = 6.2 · E(J − Ks), where E(J − Ks) is the near IR color excess. A linear
fit given by Chiar et al. (2007) of the relation between the optical depth of the
9.7 µm silicate absorption feature, τ9.7, and E(J −Ks) provides the conversion to
the N-band: τ9.7 = 0.35 · E(J − Ks) = 0.056 · AV. We multiplied the spectra with
the function eτλ , with τλ given by the ISM silicate feature scaled to the calculated
9.7 µm optical depth.

3.6.2 Compositional fits
In order to allow a direct comparison, the extinction corrected spectra were fitted
with the same routine and the same spectral templates as used by van Boekel
et al. (2005) for HAe stars. The routine fits the most commonly found dust
species in circumstellar material that show spectral structure in the 10 µm region.
The only difference in our version of the routine is that it fits the three different
PAH features at 8.6, 11.2 and 12.7 µm independently. The extinction corrected
spectra and their best fits are displayed in Fig. 3.9. The resulting mass fractions
are given in table 3.6. The small and large grains have volume equivalent radii of
0.1 and 1.5 µm respectively. The targets LkHα 215 and Hen 3-1110 were omitted
from the analysis because of their low SNR.

There are a few notable characteristics appearing in the compositional anal-
ysis. The 10 µm features contain little PAH emission, there are ample crystalline
silicates and there is clear evidence for silica at 9 µm. In section 3.7 we will
put these characteristics into context when we compare the HBe sample to the
HAe sample of van Boekel et al. (2005). R Mon will be left out that discussion
because of the large error bars, probably because of an underestimate of the ex-
tinction. To check the influence of our extinction correction on the other sources,
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Figure 3.9 — The extinction corrected spectra (black lines), the fitted continua (dashed
green lines) and the complete compositional fits (thick orange lines).
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Table 3.6 — Mass fractions of the different components responsible for the 10 µm fea-
ture as derived from our compositional fits.

Target Tc [K] Olivine Pyroxene Forsterite
Small Large Small Large Small Large

PDS 204 337+0
−7 22+8.8

−7.3 47+10
−13 - 3.1+13

−2.9 4.7+0.8
−0.7 -

MWC 789 347+3
−7 77+3.5

−5.5 - 4.8+5.4
−3.5 1.3+6.5

−1.3 2.5+0.4
−0.4 1.7+0.7

−0.8
LkHα 208 326+0

−3 12+1.5
−1.5 0.4+5.1

−0.4 16+4.5
−4.2 54+4.6

−6.2 1.2+0.2
−0.2 5.7+0.4

−0.4
LkHα 339 242+1

−10 73+3.8
−5.3 0.1+2.5

−0.1 6.3+6.8
−4.7 0.4+5.2

−0.4 1.8+0.5
−0.5 0.1+0.5

−0.1
MWC 137 634+0

−8 12+6.9
−6.6 60+12

−11 1.5+5.1
−1.5 5.9+8.5

−5.1 1.2+0.5
−0.5 2.8+2.3

−1.9
MWC 147 464+3

−4 - 38+4.9
−4.2 1.1+4.6

−1.1 42+4.4
−7.1 1.4+0.2

−0.3 7.4+0.6
−0.8

R Mon 272+7
−6 0.4+10

−0.4 26+25
−21 0.3+5.2

−0.3 20+35
−19 7.7+6.5

−3.7 12+12
−7.5

PDS 27 302+8
−8 17+4.4

−4.6 - 71+5.5
−4.9 - - 0.6+1.5

−0.5
Hen 3-331 529+0

−6 0.5+1.9
−0.5 73+3.9

−4.7 1.7+4.1
−1.6 6.9+5.4

−5.4 1.4+0.3
−0.3 7.4+0.6

−0.6
Hen 3-847 342+7

−6 - - 14+2.8
−4.2 65+4.1

−2.7 - 7.3+0.5
−0.5

V921 Sco 394+4
−6 - 89+1.2

−1.2 - - - 6.4+0.9
−1.1

MWC 878 331+2
−6 7.4+2.9

−4.3 82+4.5
−3.1 - - - 4.5+0.5

−0.5
PDS 477 326+7

−4 30+1.9
−1.9 30+4.5

−3.8 - 28+2.5
−2.7 1.5+0.2

−0.2 2.4+0.5
−0.5

LkHα 260 480+4
−9 - 1.8+8.2

−1.7 2.5+5.8
−2.5 74+4.3

−7.3 3.6+0.5
−0.5 5.2+1.3

−1.1
MWC 297 512+10

−4 15+3.8
−4.2 70+4.5

−4.5 - 0.1+2.1
−0.1 - 0.6+0.7

−0.5
AS 310 258+8

−8 78+2.2
−2.9 - 0.9+5.9

−0.9 - 1.5+0.5
−0.5 -

PDS 543 333+4
−3 - - 33+4.1

−4.5 51+4.4
−4.5 0.8+0.2

−0.2 4.5+0.5
−0.5

we also obtained compositional fits to the uncorrected spectra. PDS 27 turns out
to be an odd ball in the sample, since it’s 10 µm features is entirely flat. This
most likely indicates the absence of grains smaller than a few micron.

3.6.3 Spatial extent
The observed sizes as a function of wavelength as displayed in Fig. 3.6 are quite
similar to the results found with the same method for HAe stars (see chapter 2).
The overall slopes are quite flat and no signature of the silicate feature can be
identified. For some targets the size measured in the continuum is larger than
the statistical PSF. An increase in size can be found in some targets at the wave-
lengths of the PAH emission features (PDS 204, MWC 147, Hen 3-331, Hen 3-
847). There is an upturn to the left of 8.3 µm, which we associate with the
7.7-7.9 µm PAH complex. Also there are slight increases at 8.6 and 11.2 µm,
which we associate with the C-H in plane and C-H out of plane bending modes
of the PAH molecule. We checked the significance of all these results and report
on them in table 3.7 (for details see chapter 2).

To get the intrinsic sizes of the sources we did a quadratic subtraction of the
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Table 3.6 — (continued). The PAH and continuum contributions are given in percent-
ages of the total flux of the 10 µm feature.

Enstatite Silica PAH Cont.
Small Large Small Large 8.6 11.2 12.7

- 13+2.7
−2.5 - 8.6+0.9

−1.1 0.36+0.05
−0.05 1.11+0.11

−0.14 0.32+0.14
−0.13 65.6+2.5

−3.8
0.1+0.3
−0.1 8.6+0.8

−1.3 - 4.2+0.7
−0.6 0.07+0.03

−0.03 0.05+0.06
−0.04 - 70.2+2.3

−3.3
- - - 8.9+0.4

−0.4 0.17+0.04
−0.04 0.07+0.04

−0.04 - 24.6+2.1
−2.1

- 10+1.3
−1.3 - 7.5+1.2

−1.3 0.28+0.09
−0.07 0.51+0.17

−0.16 0.12+0.23
−0.11 48.4+2.8

−3.6
0.6+0.7
−0.5 2.5+2.7

−2.1 - 11+0.7
−0.8 0.13+0.03

−0.03 - 0.15+0.04
−0.05 83.4+1.3

−1.1
- 0.2+0.5

−0.2 0.1+0.2
−0.1 9.5+0.5

−0.5 - - - 57.7+0.9
−0.6

19+13
−7.4 2.6+10

−2.5 8.8+2.1
−1.5 0.1+1.5

−0.1 0.05+0.05
−0.04 - 0.13+0.09

−0.07 88.5+2.6
−2.4

- - - 10+2.4
−1.6 - - 0.12+0.05

−0.04 81.4+1.8
−1.8

2.9+0.5
−0.5 - 0.1+0.3

−0.1 5.9+0.5
−0.5 0.07+0.04

−0.03 - 0.15+0.04
−0.04 73.2+0.8

−1.2
1.5+0.5
−0.4 2.5+0.5

−0.6 1.2+0.2
−0.3 7.5+0.5

−0.5 0.18+0.05
−0.05 0.15+0.05

−0.04 0.16+0.03
−0.03 52.4+1.5

−1.7
0.2+0.4
−0.2 - - 3.6+1.1

−0.5 0.24+0.05
−0.05 - 0.15+0.05

−0.05 71.6+0.8
−2.5

- - 0.3+0.2
−0.2 5.7+0.5

−0.4 0.07+0.03
−0.03 - 0.18+0.13

−0.09 66.1+2.4
−1.3

- 0.9+0.5
−0.5 - 5.2+0.4

−0.4 0.11+0.03
−0.03 0.09+0.04

−0.04 0.05+0.04
−0.03 54.5+1.1

−1.1
4.5+0.9
−1.2 0.9+1.4

−0.7 1.1+0.5
−0.4 5.7+1.1

−1.3 - - - 51.5+2.6
−2.5

- 0.8+0.8
−0.6 - 11+0.5

−0.5 0.09+0.03
−0.03 0.13+0.05

−0.05 - 83.8+0.9
−1.5

- 6.4+1.2
−1.4 - 13+1.2

−1.3 0.55+0.09
−0.11 - 0.64+0.32

−0.27 32.8+2.2
−2.7

- 0.5+0.6
−0.4 - 9.4+0.5

−0.5 0.07+0.05
−0.05 - - 27.6+1.7

−1.9

statistical PSF for every setting and in every wavelength bin. The error for the
absolute scale of every setting was then derived by numerical propagation of the
measurement errors and the error on the statistical PSF. Subsequently we defined
the continuum size of a particular target as the mean of the median values of all
settings. In this way we use all settings as independent measurements of the
N-band size and filter out the size increases due to PAH emission.

To retrieve the intrinsic scale of the PAH emission we considered the spatial
emission profile at the central wavelength of the 8.6 or 11.2 µm PAH features.
We first determined and subtracted the underlying continuum profile. This was
done by averaging the spatial profiles just outside the wavelength range of the
PAH features and scaling them to the continuum level as determined with the
VISIR spectra. Secondly, we fitted a Gaussian to the remaining PAH profiles to
obtain the FWHM. Third, we did a quadratic subtraction of the statistical PSF. In
table 3.8 we report the results of all the analyses. For a more detailed description
of the applied methods we refer the reader to chapter 2.



92 A mid IR study of Herbig Be stars

Table 3.7 — List of all targets from our sample that have been spatially resolved in the
2D spectra, either in the continuum or in the PAH-band. For the 8.6 and 11.2 µm PAH-
bands we give the significance level of an increased spatial extent (FWHM) with respect
to the extent of the continuum.

Name Resolved in Significance Significance
continuum? 8.6 increase [σ] 11.2 increase [σ]

PDS 204 yes 22 39
LkHα 339 yes - -
MWC 147 yes 6.6 7.9
Hen 3-331 no 16 -
Hen 3-847 no 36 18
MWC 878 yes - -
AS 310 yes - -

Figure 3.10 — VISIR spectra of PDS 204. A 5 pixel trace through the central component
(black) and a 5 pixel trace through the patch 1.7′′ south-east of the center (green).
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Table 3.8 — Deconvolved FWHM sizes of our targets in the spectroscopic mode. The
corresponding sizes in AU were obtained with the distances of table 3.1. The last two
columns indicate the inferred location of the PAH emission.

Name Continuum 8.6 µm 11.2 µm Disk Cloud
[′′] [AU] [′′] [AU] [′′] [AU] PAH? PAH?

PDS 204 0.35+0.04
−0.06 342 2.04+0.09

−0.09 2033 2.36+0.11
−0.11 2368 n y

MWC 789 < 0.31 < 216 - - - - n n
LkHα 208 < 0.28 < 289 < 0.28 < 289 - - y n
LkHα 339 0.55+0.08

−0.13 461 0.55+0.08
−0.13 461 0.55+0.08

−0.13 461 y y
MWC 137 < 0.27 < 357 - - - - ? y
LkHα 215 < 0.45 < 353 - - - - n y
MWC 147 0.35+0.04

−0.06 283 0.69+0.08
−0.08 558 2.09+0.33

−0.34 1679 n y
R Mon < 0.29 < 232 - - - - ? y
PDS 27 < 0.24 < 298 - - - - n n
Hen 3-331 < 0.28 < 421 0.39+0.05

−0.06 588 - - ? ?
Hen 3-847 < 0.26 < 445 0.38+0.05

−0.08 647 0.51+0.06
−0.08 846 ? ?

Hen 3-1110 < 0.34 < 218 - - - - ? ?
V921 Sco < 0.26 < 310 - - - - ? y
MWC 878 0.44+0.02

−0.02 1430 - - - - n ?
PDS 477 < 0.18 < 1213 - - - - ? y
LkHα 260 < 0.26 < 559 - - - - n y
MWC 297 < 0.27 < 696 - - - - ? ?
AS 310 1.15+0.03

−0.03 2868 1.15+0.03
−0.03 2868 - - n y

PDS 543 < 0.31 < 863 - - - - n y

3.6.4 Differential extractions
For a few objects it was possible to extract more than one spectrum. This
provides information about the spatial distribution of different minerals. For
PDS 204, we extracted a trace five pixel wide trace through the central compo-
nent and a trace through the attached emission patch 1.7′′ south-south-east of the
target. Fig. 3.10 shows them overplotted. The emission patch ∼1700 AU away
from the star generates the same amount of flux in the continuum subtracted
11.2 µm PAH feature. This makes it very likely that the PAH emission at the
center of PDS 204 is foreground emission from the envelop and not from a cir-
cumstellar disk. For MWC 147 we can make a similar statement. Figure 3.11
shows a trace through the central component and a trace four times as wide (20
pixels) through the top of the background emission patch (2.2′′ north of the star).
The SNR is not so good, but it appears that the continuum subtracted 11.2 µm
PAH feature is of the same magnitude at both locations.

Figure 3.12 displays five pixel wide traces through the primary source, the
background 1′′ north of the primary, and the secondary component 4.6′′ north
of AS 310. The primary has a distinct silicate feature, which is absent in the
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Figure 3.11 — VISIR spectra of MWC 147. A trace through the central component
(black) and a trace of the background north of the object (green). The secondary trace
was a factor 4 wider.

Figure 3.12 — VISIR spectra of AS 310. A trace through the central component (black),
a trace through the peripheral background 1′′ north of the primary (thick blue) and a
trace through the secondary component 4.6′′ north of the primary (dotted red).
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Figure 3.13 — The 12 µm luminosities against the stellar luminosities for the HAe sam-
ple of van Boekel et al. (2005; open blue squares) and our HBe sample (filled red
triangles). A dashed line with slope unity is added to guide the eye. The errors for the
HAe’s are all smaller than the plotting symbols.

adjacent background trace. Normally silicate features are associated with cir-
cumstellar disks, but the images of AS 310 (Fig. 3.4 and 3.8) seem to show a
large cloud of dust (diameter ∼ 0.05 pc). How this distribution of material can
generate the observed feature is not clear. The secondary component does not
seem to display a silicate feature. The absence of PAH emission in either of the
components or the background is also puzzling (compare Fig. 3.10).

3.7 Discussion
3.7.1 IR-excess
All of our sources display IR excess emission starting in the near IR and ex-
tending beyond the far IR. Figure 3.1 displays the great variety of shapes that
is observed. There are declining distributions (e.g. Hen 3-331), flat distributions
(e.g. PDS 27), and rising distributions (e.g. LkHα 339). Some distributions show
a broad bump that peaks around 10 µm (e.g. Hen 3-847). We must keep in mind
though, that most of our targets are still shrouded in their natal clouds, which
significantly contributes to the mid- and far-IR fluxes. With the higher spatial
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resolution of VISIR we are in most cases capable of isolating the emission of the
circumstellar disk. The difference is illustrated in Fig. 3.1. The filled red trian-
gles represent our photometric results at 12 µm (see section 3.5.1). Sources with
an obvious substantial environmental contribution include LkHα 215, LkHα 260,
LkHα 339, PDS 241 and AS 310. For PDS 241 the 12 µm excess as seen by
VISIR is so small that it is unlikely to possess a dusty disk. This is also valid
for LkHα 215 and Hen 3-1110, albeit to a lesser extent (see section 3.7.5 for a
discussion on their nature).

The IRAS 10-60 µm photometry contains both contributions from spatial
scales of circumstellar disks (. 1′′) and from the surrounding molecular cloud
(& 1′′). Therefore a classification of the disk in terms of flaring or flat disk
geometries (Meeus et al. 2001) based on the IRAS photometry is not (always)
meaningful. The VISIR photometry helps to isolate the disk-only mid-IR flux
and provides a more meaningful disk geometry estimate. In the last column of
table 3.1 we indicated our classification in group I, II, G and U. The ’G’ stands
for gas-disk (see section 3.7.5) and the ’U’ for uncertain. This latter classifica-
tion is needed because it is not possible to discriminate between a flaring disk
and a flat disk plus cloud contribution. This requires high spatial resolution pho-
tometry at longer wavelengths. Note that as a result, we can not identify group I
sources in our sample.

The variety of shapes of the IR excess of the HBe stars resembles that what
we see for the lower mass HAe stars (see Meeus et al. 2001). A noticeable
difference however is that our HBe stars have an IR excess that on average begins
at longer wavelengths and falls off at shorter wavelengths. We interpret these
differences as geometrical differences of the disk: The missing hot and cold end
of the thermal emission contribution are caused by larger inner and smaller outer
radii, relative to a

√
L scaled-up disk. The disk around an average HBe star

apparently has an inner hole, that is larger than expected from the sublimation
temperature and it is truncated from the outside.

In Fig. 3.13 we plotted the 12 µm luminosity, L12, against the stellar lumi-
nosity for the HAe sample of van Boekel et al. (2005) and for our HBe sample.
The L12 was calculated from the distance, d, and the IRAS 12 µm flux for HAe’s
and the VISIR SiC flux for the HBe’s (F12) as follows: L12 = 4π · d2 · F12 · ∆ν,
with ∆ν the bandwidth in Hz of the SiC filter (see table 3.3). The plot shows
that the average L12 goes up with stellar luminosity, but the typical reprocessing
power, L12/L∗, decreases with stellar luminosity. This is also true for the total
IR reprocessing power. Judging from the literature photometry we get a median
LIR/L∗ of 45% for the HAe’s and only 20% for the HBe’s. A correction for cloud
contribution would further lower the latter. This result was already observed for
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Figure 3.14 — The reprocessing power of the PAH molecules against the stellar lumi-
nosity. Symbols have the same meaning as in Fig. 3.13.

one particular HBe star: Acke et al. (2008) found that the total IR excess of
MWC 297 is only LIR/L∗ ∼ 5%. Translated to geometry this decrease of IR re-
processing power means that the disks of the HBe’s extend a smaller solid angle
on the sky than the HAe’s.

3.7.2 PAHs
The comparison of VISIR and Spitzer spectra of MWC 147 in Fig. 3.5 illustrates
nicely how wide field observations can report a much higher PAH flux. This
raises the question whether the PAH emission comes from a circumstellar disk,
from a surrounding nebula or both. Combining the results of the analysis of the
images and spectra we can locate the source of the PAH emission. We indicated
the results in the last two columns of table 3.8.

For some sources we could exclude the presence of PAH emission from the
disk, because the calculated flux was very low (see table 3.6). A comparison of
the imaging in the PAH2 filter and in the PAH2 2 filter shows whether surround-
ing clouds are contributing to the PAH emission. This is especially visible for
PDS 204, MWC 147, and AS 310 (compare Fig. 3.4 and 3.8). For these sources
the large values of the deconvolved spectroscopic size of the PAH emission also
points to a cloud origin of this emission (see table 3.8). By taking spectra at
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Figure 3.15 — The PAH strength relative to the 12 µm flux. Symbols have the same
meaning as in Fig. 3.13.

different locations we can exclude a significant PAH emission contribution from
the circumstellar disk (see Figs. 3.10 through 3.12). The PAH components from
the centers of these sources are not stronger than those of their surrounding me-
dia, suggesting the on-source PAH component is a projection of the cloud con-
tribution. For V921 Sco, PDS 477, and LkHα 260 the imaging shows a weak
cloud PAH component. For LkHα 208 and LkHα 339 the deconvolved spectro-
scopic size confirms a PAH emission component on disk scales For Hen 3-331
and Hen 3-847 we found an increase in FWHM, but our size estimate does not
clearly discriminate between a disk or nebula origin. Furthermore, from the ex-
cess of the IRAS 12 µm fluxes as compared to our VISIR photometry, we can
infer the presence of diffuse emission, which is generally assumed to be caused
by very small grains and PAHs. Where the data was not conclusive, we indicated
this with a question mark.

In Fig. 3.14 we plotted the logarithm of the total flux in the 8.6, 11.2, and
12.7 µm PAH bands divided by the stellar flux as a function of the effective
temperature (Teff). The plot includes the HAe sample of van Boekel et al. (2005;
open blue squares). It shows a trend of a decreasing PAH reprocessing power
with increasing luminosity of the star. However, when we plot the total PAH
flux relative to F12 we see that the ratio of the PAH and IR reprocessing powers
is roughly constant (see Fig. 3.15). The slightly smaller ratio for the HBe stars
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Figure 3.16 — Mass fraction in crystalline grains against the mass fraction in large
(1.5 µm) grains as derived from our compositional fits. Symbols have the same meaning
as in Fig. 3.13.

can be ascribed to the smaller outer radii of the HBe disks that we deduced
from the shape of the SED in the far IR (section 3.7.1), since the outer disk is
known to be the dominant contribution to the PAH emission of the integrated
flux spectrum. This makes it likely that the mass abundance of PAH molecules
remains unaltered in this stellar luminosity range.

3.7.3 Silicates
We have also compared the found silicate composition of our HBe sources as dis-
played in table 3.6 with the HAe sample of van Boekel et al. (2005). Figure 3.16
shows that for the HAe stars the crystallinity is typically low (∼5%). How-
ever, those sources for which the large grain component is particularly abundant
(>80%) can have much higher crystallinity fractions. The HBe stars do not show
this same behavior. High crystallinity fractions are also present for low fractions
of large grains. On average, the crystallinity fraction is slightly lower (8% ver-
sus 11% for the HAe’s). We checked the influence of the extinction correction
and found that an underestimate of the extinction could lead to a slight overes-
timate of the crystallinity. The general conclusions are however independent of
the extinction correction.
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Figure 3.17 — Mass fraction in silica grains against the ratio of enstatite over forsterite
grains. Symbols have the same meaning as in Fig. 3.13.

Figure 3.17 shows that HBe stars typically have a somewhat higher mass
fraction of silica and a slightly lower forsterite over enstatite ratio than the HAe
stars. The presence of substantial amounts of silica is particularly interesting.
Silica is a primary condensation product of MgO-SiO2 vapor in non-equilibrium
conditions (Rietmeijer et al. 1999). However, we find here that the silica fraction
is related to the enstatite over forsterite ratio in the disk. Sargent et al. (2009)
predicted that in protoplanetary disks silica can form via the incongruent melt-
ing reaction of enstatite. In this scenario enstatite (MgSiO3), silica (SiO2), and
forsterite (Mg2SiO4) are connected by the chemical equilibrium reaction:

2 Mg Si O3 ⇐⇒ Si O2 + Mg2 Si O4 (3.3)

The kinetics of this reaction requires temperatures around 1200 K to efficiently
transform enstatite into silica and forsterite (Fabian et al. 2000). Hence, this sug-
gests that the high silica fractions in the HBe disks reflect a high temperature
solid state equilibrium processing of the silicates, rather than complete vaporiza-
tion followed by condensation. In contrast, the emission temperatures of the dust
in our spectra are typically substantially lower (see table 3.6). The reaction can
either happen in situ through flash heating associated, for example, with nebular
lightning or shocks (Sargent et al. 2009) or it occurs in the hot inner regions of
the disk and global turbulence transports the material to the cooler outer layers
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that dominate the 10 µm spectra (Gail 2004).

3.7.4 IR extent
For several HBe’s we have reported spatially resolved measurements based on
our low resolution VISIR spectroscopy in table 3.8. The continuum results of
MWC 878 and MWC 147 are not reliable, because the observed standard stars
(see Fig. 3.6) show that the statistical PSF is an underestimate of the true PSF at
the time of measurement. LkHα 339 and PDS 204 were resolved in the contin-
uum, revealing seemingly remarkably large disks. Note however that the former
is an A1 star, which was left in the sample for sake of completeness. The large
spatial scale of the continuum emission of AS 310 is very peculiar. The nature of
this emission is not clear (see Fig. 3.12). Note that in the optical, this source also
has a quite prominent nebulosity. The magnitude of the increase of the extent at
the wavelengths of the PAH emission of PDS 204 and MWC 147 shows that it is
caused by cloud contributions. The deconvolved scale of the PAH emission of
Hen 3-331 and Hen 3-847 is consistent with disk dimensions. For LkHα 339, the
weak PAH emission seems to be on the same scale as the continuum emission.

3.7.5 Relation to B[e] and classical Be stars
Several classes of hot B-type stars exist that show permitted and/or forbidden
emission lines in their optical spectra, and an IR excess due to circumstellar gas
and/or dust. Apart from the Herbig Be stars discussed in this chapter, the ”clas-
sical Be stars” and the B[e] supergiants can show observational characteristics
that are similar to those of HBe stars. We refer to Lamers et al. (1998) for a more
complete discussion on this topic. B[e] supergiants are evolved, probably rapidly
rotating high mass stars with highly stratified outflows, a fast ionized wind in the
poles and a slow, dusty outflow at the equator (Zickgraf et al. 1985). Their IR
SEDs show a wide range of dust temperatures, similar to what is expected from
disks surrounding young pre-main-sequence stars. The luminosities of B[e] su-
pergiants in the LMC has been well established, and is typically in the range 105

to 106 M�, with a few cases at lower luminosities (Zickgraf et al. 1986). The
luminosities estimated for our sample of HBe stars are significantly lower, and
so we conclude that it is unlikely that our sample is strongly contaminated by
B[e] supergiants.

Classical Be stars are rapidly rotating main sequence stars or giants with
circumstellar gas located in a dense equatorial disk (Poeckert & Marlborough
1978). No forbidden emission lines are seen in the optical, and the IR excess is
due to free-free and bound-free emission from the gas in the disk. The mid-IR
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spectra of these stars typically show a power-law continuum with hydrogen re-
combination line emission superposed (Hony et al. 2000). There is not much ev-
idence for the presence of dust in disks surrounding classical Be stars. Probably,
the density in the disk is not high enough to form molecules and dust. The IR ex-
cess of classical Be stars at 10 µm is modest, typically up to 2.5 magnitudes (Wa-
ters 1986), and much smaller than in disks surrounding HBe stars. In our sample,
we find some stars which have large 10 µm excess based on IRAS photometry,
but our high spatial resolution mid-IR imaging shows much lower fluxes cor-
responding to much smaller IR excess (LkHα 215, PDS 241, and Hen 3-1110).
Unfortunately, these sources are too weak in the mid IR to establish the nature
of their IR excess with VISIR spectroscopy, but on the basis of the SED it is
possible that these stars are in fact classical Be stars rather than Herbig Be stars.
To detect classical Be stars in star forming regions is interesting, since it shows
that B type stars can rotate close to their critical speed at a very young age (see
also Acke et al. 2008).

A final remark concerns massive interacting binaries. Such systems may
also show a dusty disk around one of the stars in the system, or around the whole
binary. However, such evolutionary phases are rare and we do not expect that
our sample is contaminated with such systems.

3.7.6 Emerging picture
The imaging of our Herbig Be stars revealed compact circumstellar material,
most likely distributed in disks. The SEDs show that compared to Herbig Ae
stars HBe stars have an IR excess that is less prominent and on average starts
at longer wavelengths and fall off at shorter wavelengths. We interpret these
differences as geometrical differences of the disks. The disks around HBe stars
are truncated from the inside and outside and extend a smaller solid angle on
the sky. The observed 10 µm features in Fig. 3.5 show that the mineralogy of
these disks is quite similar to that of their lower mass Ae companions. As for
HAe’s, we detect amorphous silicates, crystalline silicates and emission from
PAHs. Noteworthy differences are the IR extinction (e.g. MWC 297), the strong
silica feature at 9 µm (e.g. PDS 543), the larger forsterite over enstatite ratio
(Fig.3.17), the low abundance of PAHs (e.g. MWC 147) and an absence of PAH
dominated sources.

The flux-levels, the spatial compactness and the underlying dust composition
all point to the fact that, as for the HAe stars, the IR emission of Herbig Be stars
is typically characterized by a circumstellar disk which efficiently reprocesses a
substantial portion of the stellar flux. The picture described above of the HBe
disks being smaller than those found around HAe’s is consistent with modeling
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results of Gorti & Hollenbach (2009), who find that FUV photoevaporation pre-
dominantly removes gas from the outer disk and that more luminous stars lose
their disks rapidly. This picture can also explain the lower PAH flux contribu-
tion we found, since this emission is known to come from radii larger than the
thermal silicate emission (see e.g. chapter 2; Habart et al. 2004; Visser et al.
2007).

3.8 Conclusions
We have performed N-band imaging and long-slit spectroscopy with VISIR at
the VLT on a sample of Herbig Be stars. The main conclusions we can draw
from the results of our study can be summarized as follows:

• The IR emission of the HBe stars can be characterized by a circumstellar
disk which efficiently reprocesses a substantial portion of the stellar flux.

• Compared to HAe stars, HBe’s typically have a smaller IR excess, which
starts at longer wavelengths and falls off at shorter wavelengths.

• The 12 µm reprocessing power of Herbig stars goes down with stellar lu-
minosity.

• The 10 µm spectra show that the HBe’s have a comparable mineralogy to
the HAe stars.

• Most of the HBe stars are surrounded by nebula, which contribute to the
PAH flux seen in wide field spectroscopy.

• The disks around HBe stars generally have a lower PAH reprocessing
power than HAe stars.

• The mass abundance of PAH molecules is likely no different for disks
around HBe and HAe stars.

• The 10 µm spectra of the HBe’s do not show a relation between the mass
fraction in crystalline grains and the mass fraction in large grains, as is the
case for HAe stars.

• The HBe’s typically have a stronger silica 9 µm feature and a lower
forsterite over enstatite ratio.

• We spatially resolved 4 out of 17 HBe stars in either the continuum or in
the 8.6 or 11.2 µm PAH-bands.



104 A mid IR study of Herbig Be stars

• On the basis of their SEDs LkHα 215, PDS 241, and Hen 3-1110 are can-
didate classical Be stars.

• The shape of the SED, the lower 12 µm reprocessing power and the weaker
PAH emission can all be explained by assuming that HBe have smaller
disks than the HAe’s, which is consistent with predictions from photoe-
vaporation theory.
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Abstract Based on the far infrared excess the Herbig class of stars is
divided into a group with flaring circumstellar disks (group I) and a group
with flat circumstellar disks (group II). Dust sedimentation is generally pro-
posed as an evolution mechanism to transform flaring disks into flat disks.
Theory predicts that during this process the disks preserve their gas con-
tent, however observations of group II Herbig Ae stars demonstrate a lack
of gas. We map the spatial distribution of the gas and dust around the
group II Herbig Ae star HD 95881. We analyze optical photometry, Q-
band imaging, infrared spectroscopy, and K and N-band interferometric
spectroscopy. We use a Monte Carlo radiative transfer code to create a
model for the density and temperature structure which quite accurately re-
produces all the observables. We derive a consistent picture in which the
disk consists of a thick puffed up inner rim and an outer region which has a
flaring gas surface and is relatively void of small dust grains. HD 95881 is in
a transition phase from a gas rich flaring disk to a gas poor self-shadowed
disk.

4.1 Introduction
Herbig Ae (HAe) stars are known to have gas-rich, dusty disks that are the rem-
nant of the star formation process. These disks are most likely the sites of on-
going planet formation. The processes leading to and associated with planet
formation modify both the composition and the geometry of the disk. Grain
growth and grain settling are expected to result in large spatial variation of the
grain size distribution and the gas to dust mass ratio within the disk. The gravi-
tational interaction of proto-planets with the disk can create gaps/holes. Also the
gas and the dust chemistry is expected to vary spatially. In order to understand
planet formation, it is thus important to establish the spatial distribution of gas
and dust in proto-planetary disks independently.
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Observationally, the Spectral Energy Distributions (SEDs) of HAe stars have
been divided into two groups, that reflect differences in the slope of the mid-IR
(10-60 µm) spectral range (Meeus et al. 2001). Group I sources have red SEDs,
while group II sources have blue SEDs. These differences can be interpreted
in terms of the geometry of the disk. The direct irradiation of the inner rim
of a disk with an inner hole causes it to be puffed up (Dullemond et al. 2001).
This puffed up inner rim casts a shadow, and only the outer disk surface re-
gions emerge from the shadow and receive direct stellar light. Depending on
the dust opacity, some disks may never emerge from the shadow of the inner
rim (Dullemond & Dominik 2004). This provides an elegant explanation for the
observed two types of SEDs: group I sources being flaring, and group II sources
self-shadowed. This interpretation has been confirmed using spatially resolved
mid-infrared (IR) imaging with the Very Large Telescope Interferometer (VLTI;
e.g. Leinert et al. 2004).

A difference between group I and group II sources was also found for the
strength of the mid-IR emission bands attributed to Polycyclic Aromatic Hydro-
carbons (PAHs; Meeus et al. 2001; Acke & van den Ancker 2004): flaring disks
tend to show strong PAH emission while self-shadowed sources show weaker
or no PAH emission. A similar difference was found for the strength of the
[O I] 6300 line (Acke et al. 2005). However, there is significant scatter in these
trends (see below). Both the PAHs and the [O I] line strength probe the gas in
the upper disk layers, and both require direct irradiation of the disk surface by
stellar photons to be excited. PAHs mainly probe the disk on scales of several
tens to 100 AU (e.g. van Boekel et al. 2004b; Lagage et al. 2006; Geers et al.
2007b; Verhoeff et al. 2009), i.e. similar scales as the dust continuum emission
in the 10-60 µm wavelength range. These observations suggest that the spatial
distribution of gas in group II sources is different from that of group I sources:
apparently, in group II sources the gas in the surface of the outer disk does not
receive direct stellar photons.

In a theoretical study, Dullemond et al. (2007a) show that for disks in which
the dust settles but the scale-height of the gas does not change, both group I
and group II sources should show prominent PAH emission from gas directly ex-
posed to the stellar radiation field, contrary to the observed trend. However, some
disks classified as group II sources (i.e. with a self-shadowed dust geometry) are
observed to show prominent PAH emission and [O I] line emission; examples
are HD 98922 and HD 95881 (Acke et al. 2005; Acke & van den Ancker 2004).
In chapter 2 we showed that for HD 95881 the PAH emission is extended at a
scale similar to those of group I sources. Fedele et al. (2008) studied the spatial
distribution of gas and dust in three HAe stars and show that the gas and dust
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Table 4.1 — Characterizing parameters of HD 95881. The second column lists parame-
ters as given by Acke & van den Ancker (2004), where SFR stands for the star formation
region. New values for some of the parameters are given in the third column.

Parameter Value New
Right Ascension 11h 01m 57 .s62
Declination -72◦ 30′ 48.′′4
Spectral Type A2III/IVe
Teff [K] 8990
Distance [pc] 118±12 170±30
Luminosity [L�] 6.9±1.0 15.4±6
AV [mag] 0.25
Radius [R�] 1.1±0.1 1.6±0.3
Mass [M�] - 2.0±0.3
SFR Sco OB2-4? ?
Group IIa

in these stars may be decoupled. In the case of the group II source HD 101412,
PAH and [O I] emission were detected and found to be more extended than the
dust continuum at 10 µm. These observations suggest that disks exist in which
the dust has settled but the scale-height of the gas is still large enough at several
tens of AU distance from the star to produce substantial PAH and [O I] line emis-
sion. Such disks may provide important clues as to how gas-rich disks evolve to
gas-poor debris disks.

In this chapter, we study the spatial distribution of the gas and dust in the disk
of HD 95881. This star was part of a larger study of spatially resolved mid-IR
spectroscopy of HAe stars described in chapter 2. We use optical spectroscopy
of the [O I] line, the SED, infrared spectra as well as near-IR and mid-IR inter-
ferometric observations to constrain the geometry of the gas and dust in the disk.
We use a hydrostatic equilibrium disk model to fit the SED and compare the pre-
dicted spatial distribution of the near-IR and mid-IR emission of the best fitting
disk model to the interferometric observations. We find convincing evidence that
the dust in the disk of HD 95881 has settled but that the gas still has a significant
scale-height. We derive an estimate on the total disk mass by fitting the strength
of the PAH bands.
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4.2 Stellar parameters

There is little information available on HD 95881 in the literature. From optical
photometry the spectral type was determined to be A2III/IVe (Houk & Cow-
ley 1975), which was translated into an effective temperature of 8990 K (Acke
& van den Ancker 2004). The distance was established by a relatively uncer-
tain association with the star formation region Sco OB2-4 (Acke & van den
Ancker 2004). The distance to this region was previously determined by de
Zeeuw et al. (1999). When we take these parameters to pinpoint HD 95881 in
the Hertzsprung-Russell-diagram, we find that it is situated to the left of the Zero
Age Main Sequence (ZAMS), which is unphysical. Since we consider the de-
termination of Teff as reliable, we adopted a luminosity of 15.4 L� assuming the
ZAMS luminosity from Meynet et al. (1994) at the given Teff . The correspond-
ing ZAMS mass was adopted as the stellar mass. From the new luminosity, new
estimates for the radius and distance follow. Table 4.1 lists the basic character-
istics and our new estimates. To double check the new distance we looked at
the Tycho parallax, which gave a lower limit of 80 pc. We also consulted the
Hipparcos catalog for spectral types and (B − V) photometry of stars within 1◦
from HD 95881 and compared the distance to the color excess E(B − V) for the
region (de Zeeuw et al. 1999). For HD 95881 the color excess of E(B−V) = 0.08
leads to an upper limit on the distance of ∼200 pc. The derived distance interval
of 80-200 pc is consistent with both distance estimates, but because of the argu-
ment given above we adopt a distance estimate as derived from the ZAMS of
170±30 pc.

4.3 Observations

4.3.1 AMBER

Spectrally dispersed K-band interferometric observations of HD 95881 were ob-
tained with VLTI/AMBER on the UT1-UT3-UT4 baseline setting during the
night of February 4, 2007. The weather conditions were excellent, with the opti-
cal seeing as low as 0.5′′. The data have been reduced according to the standard
AMBER data reduction procedure described in Tatulli et al. (2007). AMBER
observations of a standard star (HD 100901, K0/K1III) were performed directly
before the science measurement and used to calibrate the raw visibilities.
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4.3.2 VISIR imaging

Q band imaging data were obtained on the 14th of December 2005 using the VLT
Imager and Spectrometer for mid-Infrared (VISIR; see Lagage et al. 2004). Stan-
dard ”chopping and nodding” mid-infrared observational technique was used to
suppress the background dominating at these wavelength. The Q2 filter was
chosen, which has a central wavelength of 18.72 µm and a half-band width of
0.88 µm. The pixel field of view was 0.075′′ and the orientation was standard
(north up, east to the left). The total integration time spend on HD 95881 was
680 s. The reference star, HD 1024601 (10.6 Jy in the Q2 filter), was chosen from
the database of VISIR standard stars based on criteria of flux and distance on the
sky to the target. 456 s of integration time was spent on HD 102461. The airmass
of both sources was always below 1.5. The sensitivity achieved was estimated to
be 57 mJy / 10σ/1h; the optical seeing was moderately fluctuating in the range
0.75-0.85′′.

4.3.3 VISIR spectroscopy

Long slit N-band spectra were obtained with VISIR in the low resolution (LR)
mode. A sample of 17 HAe stars was observed under the VISIR GTO program
on circumstellar disks (see chapter 2). During the nights of December 16, 2005
and April 8, 2006 we observed HD 95881. Standard parallel chop-nodding was
used with a chopper throw of 8′′, a slit-width of 0.75′′, and a standard North-
South orientation. After and before the science measurements bright standard
stars were observed. The airmass of the observations was ∼1.6 and the optical
seeing was around 1.0′′ during the first night and around 1.2′′ during the second
night.

4.3.4 MIDI

HD 95881 was observed with the MID-infrared Interferometric instrument
(MIDI; see Leinert et al. 2003), the 10 µm instrument of the VLTI, during the
night starting June 6 2004, as part of the ”science demonstration” program. The
UT1-UT3 baseline was used, resulting in a projected baseline length of 65m at
a position angle of 81◦ east of north. The grism was used to spectrally disperse
the signal at a resolution of R≈ 230. This ensures that relatively narrow ”dusty”
emission features such as those of crystalline silicates and PAHs are well re-
solved spectrally. The seeing was constant at a value of 0.′′6 and the atmospheric
transparency was excellent.
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We performed observations in ”High-Sens” mode, i.e. we took an interfer-
ometric measurement combining the light from both telescopes, and subsequent
photometric measurements measuring the signal from one telescope at a time.
Stars of known brightness and angular diameter were observed, using the same
procedure, for photometric calibration and monitoring system coherence losses
(interferometric ”transfer function”). We found our interferometric measurement
of HD 95881 to be of significantly higher quality than the corresponding photo-
metric measurements, and chose to directly calibrate the correlated flux rather
than converting to interferometric visibility by division over the photometry.

4.3.5 Additional data

A low resolution Spitzer-IRS spectrum is used to compare and flux-calibrate the
VISIR spectrum. For the acquisition and reduction of the Spitzer data we refer to
Bouwman et al. (in preparation). Photometric data points were taken from Acke
& van den Ancker (2004). Together with the Spitzer spectrum they make up the
SED, which allows us to constrain the disk geometry (see section 4.5). Finally,
[O I] data were taken from an earlier study, see Acke et al. (2005).

4.4 Analysis

4.4.1 AMBER

A good fit (χ2/ν=1.8) to the AMBER data could be obtained with an inclined
uniformly emitting ring surrounding a point-like source representing the star
(Fig. 4.1). The inner and outer radius of this ring are 2.2±0.2 mas (0.37 AU)
and 2.7±0.3 mas (0.46 AU). The disk inclination is 60◦±10◦ and its position an-
gle is 102◦±2◦. The mean radius of the ring is 2.4 mas (∼0.4 AU). This is similar
to the values found by Eisner et al. (2004) for a group of Herbig Ae/Be stars.
The fraction of the K-band flux that is ascribed to the star by the fit of a Kurucz
model to the optical photometry (∼20%) is not exactly equal to the AMBER
estimate of 32±4%. It may be that this discrepancy is due to the presence of
an unresolved disk component, e.g. hot gas inside the dust sublimation radius,
that contributes to the K-band emission. The latter has been claimed for quite a
number of pre-main-sequence stars (Eisner et al. 2007; Kraus et al. 2008; Acke
et al. 2008; Tannirkulam et al. 2008b; and Isella et al. 2008)
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Figure 4.1 — The AMBER K-band visibilities of HD 95881. The projected length
and position angle of the baselines is indicated on the left. Overplotted is the best-fit
ring+point-source model (solid lines; see text).

Figure 4.2 — The continuum-normalized [O I] 6300 emission line of HD 95881 (Acke
et al. 2005). The velocity axis has been centered on the centroid position of the feature,
i.e. the radial velocity of the central star. Line profiles corresponding to a surface bright-
ness proportional to r−3 are overplotted. Red represents a model with an outer radius
beyond 31 AU; yellow corresponds to the model with an outer radius equal to 11 AU.
See text for details.
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Figure 4.3 — The Spitzer LR spectrum of HD 95881 (SNR ≈ 500). The left rake points
at the PAH bands at 6.2, 7.9, 8.6, 11.2, 12.7, and 16.4 µm. The right rake points at the
forsterite bands at 11.3, 16.2, 19.5, 23.5, and 33.5 µm. The red square is the photometry
from the VISIR Q-band imaging (see section 4.4.4).

4.4.2 [O I] data

Acke et al. (2005) have investigated the [O I] 6300 emission line in a large sam-
ple of Herbig stars. The authors argue that the emission is non-thermal and
originates from the disk surface of a flared circumstellar disk. This is consistent
with the large detection rate of [O I] emitters among the group I sources in the
sample. Roughly half of the group II sources, however, display the [O I] 6300
line in emission as well, albeit less strong. HD 95881 is one of these targets.

In Fig. 4.2, the [O I] 6300 line profile is shown. We have fitted a generic
model to the data, assuming that the intensity drops off with radius as a power
law and that the disk is in Keplerian rotation. We adopt the disk inclination
derived from the AMBER fit. An acceptable fit (reduced χ2 = 3) was achieved
with a power index of −3.0±0.2, an inner radius of 0.9±0.2 AU and an outer
radius larger than 11 AU. The best fit (reduced χ2 = 1.5) has an outer radius
beyond 31 AU. In the figure we show the best-fit profile, as well as the profile
that corresponds to the model with an 11 AU outer radius. Decreasing the outer
radius of the model to even lower values would further deteriorate the fit quality.
We can therefore conclude that a significant fraction of the [O I] emission comes
from a region at tens of AU from the star. Note that our model does not account
for the 15% of [O I] flux which is emitted in the blue- and red wings of the
profile. In these regions, close to the star, the power law approximation fails.
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Figure 4.4 — The ratios of the integrated PAH band strengths for a sample of Herbig Ae
stars. The ratio of the 8.6 over 11.2 µm feature is relatively high for HD 95881.

4.4.3 Spitzer

The Spitzer-IRS spectrum is given in Fig. 4.3. It displays a rich mineralogy, there
is emission of amorphous and crystalline silicates as well as emission of various
PAH bands. The blue slope at longer wavelengths is typical for group II sources.

We have taken 6.2, 7.7, 8.6, 11.2 and 12.7 µm PAH band strengths from
chapter 2 and from Bouwman et al. (in prep.) and looked at the ratios of their
continuum subtracted and integrated strengths. Compared to other HAe stars
HD 95881 appears very ordinary in this aspect. The only exception is the 8.6 µm
PAH feature, which is relatively strong. We show this in Fig. 4.4, where we
plotted the 12.7 over 11.2 µm against the 8.6 over 11.2 µm PAH feature ratios.
The 8.6 µm feature pops out as being rather strong.

4.4.4 VISIR imaging

A dedicated data reduction pipeline was used for the imaging. It features a
comprehensive set of methods to correct for instrumental signatures such as
detector striping or background low-frequencies excess of noise (Pantin et al.
2008, 2009). A photometric analysis gives an integrated flux for HD 95881 of
6.0±0.5 Jy in the Q2 filter (18.72 µm). This is in fair agreement with the Spitzer
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Figure 4.5 — The residuals of the VISIR Q2 image after point source subtraction. The
spatial scale is in arcseconds.

data (see Fig. 4.3). Since the emission of the star is negligible at this wavelength,
this flux can be attributed to the disk. We searched for an extended emission
component using PSF subtraction at a sub-pixel (1/10) precision level. The PSF
was derived from the observation of the standard star. The resulting residuals
shown in Fig. 4.5 display an excess of signal that is roughly axi-symmetric and
decreases gradually as a function of distance from the star.

Assuming that the disk has the geometric parameters given in Tab. 5.8, we di-
vided the residuals in a series of concentric ellipses having a separation of 0.075′′
along the semi-major axis of the disk. We assumed an aspect ratio corresponding
to a flat disk inclined at 55◦, and a position angle of 103◦ from North. We used
these elliptic annuli to numerically estimate the surface brightness distribution
and the corresponding uncertainty levels.

Our statistical analysis confirms we have a true detection since for distances
in the range 0.4-0.85′′ from the star the average values in each of the elliptical
annuli are well above the detection limits set at 99% confidence. The measured
average surface brightness in elliptic annuli as a function of the semi-major axis
distance to the star are plotted in Fig. 4.6. The 3σ uncertainties are displayed as
bars on the plot. The total flux in the resolved component is 0.7±0.1 Jy.
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Figure 4.6 — Surface brightness levels as a function of distance from the star in the Q2
image after point source subtraction.

4.4.5 VISIR spectroscopy

The general reduction and analysis strategy of the spectroscopic VISIR data is
described in detail in chapter 2. For HD 95881 the telluric correction was done
by means of an airmass interpolation of two calibrators. The observation of April
8 2006 appeared to be suffering strong atmospheric residuals. The spectrum of
December 16 2005 was thus chosen as most representative. The missing obser-
vation of the 9.8 µm setting was replaced with the poor one from April 8 2006.
We scaled the VISIR spectrum to the Spitzer spectrum at 10.6 µm using a factor
of 1.36. The resulting spectrum in Fig. 4.7 has a SNR of ∼300. The agreement
with the Spitzer spectrum is encouraging. The slight deviation observable just
left of the ozone band at 9.6 µm is typical for the quality of the data taken on
April 8, 2006.

The Full Width at Half Maximum (FWHM) of the spatial emission profile
of the target was determined by performing a Gauss-fit in 32 merged wavelength
bins. Comparison of the science signals with the PSF shows that the target is un-
resolved in the continuum. After quadratic subtraction of the PSF and averaging
over the median values of all measurements we find a three sigma upper-limit
to the FWHM extent of the continuum emission region of < 0.18′′, which corre-
sponds to < 31 AU at the adopted distance of 170 pc. Note however in Fig. 4.8
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Figure 4.7 — The VISIR N-band spectrum of HD 95881 (black line). Overplotted, using
a thick green line, is the Spitzer spectrum. The thin blue line is the correlated flux as
measured with MIDI. The thin orange line is the difference between the Spitzer and
MIDI spectra.

that the science signal displays a relative increase at 8.6 and 11.2 µm and an up-
turn to the left of ∼8 µm, which are exactly the wavelengths at which the PAH
molecules have emission features. We checked the significance of these FWHM
features with respect to pixel-to-pixel variations and concluded that the PAH
emission is significantly more extended than the continuum.

In order to estimate the spatial extent of the PAH emission we measured
the spatial emission profile at the peak wavelengths of the PAH bands and we
subtracted the spatial emission profile of the continuum contribution. This con-
tinuum profile was determined by interpolating the intensities and spatial pro-
files adjacent to the PAH bands. The resulting observed spatial profile of the
PAH emission was Gaussian fitted to obtain the FWHM. Finally, the instrumen-
tal width (i.e. the PSF) was quadratically subtracted to obtain a measure for the
intrinsic extent of the PAH emission. We found FWHM values of 0.34′′+0.05

−0.08
and 0.40′′+0.04

−0.06 for the 8.6 and 11.2 µm PAH bands respectively, which results in
absolute sizes of 58 and 68 AU. In a Gaussian distribution of the PAH emission
this would mean that 99% is confined in a radius of ∼100 AU. Note that this is
a conservative estimate of the PAH emission scale since the PAH surface bright-
ness is expected to fall off with distance from the star together with the UV flux
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Figure 4.8 — VISIR measurement of the flux (top panels) and spatial extent (bottom
panels) of HD 95881 as a function of wavelength. Both opacity features of PAHs at 8.6
and 11.2 µm are visible as a relative increase in the width of the signal. The relative
upturn to the left of ∼8 µm is related to the PAH complex at 7.7 µm.

as 1/r2.

4.4.6 MIDI

In Fig. 4.7 we compare the spectrum in correlated flux as seen by MIDI to the
spectra observed by VISIR and Spitzer. The correlated flux spectrum is dom-
inated by the central few AU of the disk, the Spitzer and VISIR spectra probe
the entire disk. Note the difference in the strength of the 8.6 and 11.2 µm PAH
bands in the spectra. These bands are prominent in the total flux spectra, but
essentially absent in the correlated flux spectra. The PAH emission region is
apparently outside of the disk region probed by MIDI. This shows by direct
measurement that the PAH features arise at scales much larger than ∼2 AU in
the disk of HD 95881. To stress this point we also plotted the difference between
the Spitzer and the MIDI correlated flux spectrum in Fig. 4.7. This difference
spectrum is dominated by the emission of the outer disk (r & 2 AU) and shows
very distinct PAH features.

To investigate spatial differences in the weak silicate emission we considered
the shape of the feature in the Spitzer, MIDI, and difference spectrum in a con-
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Figure 4.9 — The normalized continuum subtracted silicate feature. The Spitzer spec-
trum (thick green) represents the entire disk, the MIDI correlated flux spectrum (dotted
blue) represents the inner disk (r . 2 AU), and the difference spectrum (thin orange) rep-
resents the outer disk (r & 2 AU). The similar shape of the inner and outer disk silicate
feature indicates a similar grain size distribution and crystallinity.

sistent manner. We approximated a continuum with a straight line intersecting
the spectra at 8.3 and 13.2 µm, subtracted this from the spectra and then normal-
ized the spectra with the flux level at 10.3 µm. Figure 4.9 shows the result. The
shape of the silicate feature of the inner and outer disk (r & 2 AU) is very simi-
lar, which implies that the grain size distribution and crystallinity should also be
very similar.

4.4.7 Observational picture

Before we describe a detailed modeling effort of the circumstellar material, we
summarize the analyses of the various observations. This already gives an insight
into the spatial distribution of the gas and the dust. In Fig. 4.10 we display a
schematic representation of the disk, which aims to put the results of the data
sets into perspective and combines them into a consistent picture.

The AMBER data probes the very inner parts of the disk. The analysis shows
that the K-band emission could be explained with an emitting ring at ∼0.4 AU.
A more physical model, which will be presented in section 4.5 has the inner rim
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Figure 4.10 — Schematic depiction of the protoplanetary disk of HD 95881. Indicated
are the different regions of the disk that are probed by diagnostics discussed in this
chapter.
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of the disk at 0.55 AU. A part of the K-band emission was shown to originate
from inside the dust-sublimation radius. This could be an indicator of ongoing
accretion.

The [O I] 6300 emission line is formed by the photo-dissociation of OH
molecules by UV photons. The detection of the [O I] 6300 at large distances
(from one to tens of AU) from the central star is thus an indication that the outer
disk has an illuminated gas surface.

The Spitzer data establish the presence of PAH emission and the VISIR
spectrum pins it down to a circumstellar disk. The emission features of PAH
molecules are caused by internal vibrational modes, which are mainly excited by
UV photons. Since the PAH molecules are coupled to the gas, the PAH emission
is another indicator of an illuminated gas surface. The resolved VISIR spectrum
sets the radial scale of this gas surface at ∼100 AU.

The VISIR Q-band image displays a faint extended emission component
(∼10% of the total flux) that stretches out to large radii (r ∼150).

The MIDI correlated flux spectrum shows that the PAH features originate
from radii much larger than ∼2 AU and that the silicate composition is quite
similar in the inner and outer disk.

4.5 Modeling
In this section we present a theoretical model for the disk around HD 95881
which quite accurately reproduces the observations described above. To obtain
this model we use the Monte Carlo radiative transfer code MCMax by Min et al.
(2009). This code can compute a self-consistent disk structure and a full range
of observables. It has a build-in option that models the full PAH excitation, us-
ing the temperature distribution approximation (see e.g. Guhathakurta & Draine
1989; Siebenmorgen et al. 1992) including multi-photon events for the excita-
tion. We use MCMax here to compute the temperature structure, the vertical
density structure and the resulting SED, the Spitzer spectrum, the AMBER visi-
bilities, the MIDI correlated flux, the VISIR images, and the FWHM as function
of wavelength. The steps to come to the final model presented here were the
following.

4.5.1 Initial constraints
First we fixed the composition and the size and shape distribution of the sil-
icate component of the dust to be equal to that obtained from the 10 micron
silicate feature by van Boekel et al. (2005) . For HD 95881 these are 80% large
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(1.5 µm) pyroxene grains, 11% large enstatite grains, 5% large forsterite grains,
and 3% small (0.1 µm) silica grains. In order to get the required continuum opac-
ity needed we added amorphous carbon grains. To model the irregular shape of
the carbon grains we used a Distribution of Hollow Spheres (DHS; Min et al.
2005). For the refractive index of carbon we adopted the data by Preibisch et al.
(1993). Note that this continuum component is most likely not all in the form
of amorphous carbon. Small grains of metallic iron and/or iron sulfide have ex-
tinction properties similar to that of carbon. Also, large grains of various dust
species could produce the observed continuum component. The abundance of
amorphous carbon is a fitting parameter. The other free parameters all have to
do with the geometry of the disk. As a first step we focused on the thermal dust
grains, ignoring the PAH bands. The density distribution of the dust disk was
parameterized using a radial surface density (Hughes et al. 2008)

Σ(r) ∝ r−p exp
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for Rin < r < Rout. Here R0 is the turnover point from where an exponential de-
cay of the surface density sets in and p sets the powerlaw in the inner region. We
fix this powerlaw to p = 1, a commonly used value (see e.g. Dullemond et al.
2006). The vertical density structure was computed from hydrostatic equilib-
rium. However, since we found that this vertical structure cannot reproduce the
SED, we included a scaling parameter Ψ by which the scale-height of the disk is
increased. For the density distribution we thus have the inner and outer radii Rin
and Rout, the turnover radius R0, the total dust mass in small grains Mdust, and
the vertical density scaling parameter Ψ, as free parameters.

4.5.2 Fitting the SED
We first constrained the parameters describing the density structure. We found
that the vertical height of the disk needs to be significantly increased compared to
hydrostatic equilibrium in order to obtain the large near IR excess. The height of
the disk was scaled with a factor Ψ = 2.75. The exponential decay of the surface
density sets in at R0 = 2.5 AU. To put the density structure in some perspective,
at ∼7.5 AU our prescription produces the same density as does a 1/r2 density law,
but beyond 10 AU the surface density becomes negligible. The inner radius of the
disk is at 0.55 AU, while the outer radius has no influence on the observationally
constrained part of the SED as long as it is beyond ∼10 AU. We find a total mass
in small dust grains of 10−8 M�. Note that the total dust mass is probably much
higher, because the mass in large dust grains is not constrained. To this dust
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Figure 4.11 — Schematic depiction of the two considered disk models. First we consider
a spatial distribution that is the same for both the dust and the gas. Second we consider a
model that assumes that the surface density of the gas decays much slower with distance
from the star.

distribution we added PAHs in an abundance needed to explain the features seen
in the Spitzer spectrum. For the opacity of the PAHs we use those computed by
Draine & Li (2001) for molecules consisting of 100 carbon atoms.

4.5.3 Spatial distribution of the gas
We consider two possibilities for the spatial distribution of the gas, as traced by
the PAHs (see Fig. 4.11). The first is to assume that the gas and the dust have
the same spatial distribution in the disk. The second is to assume that the gas
does not have the exponential decay of the surface density for radii larger than
2.5 AU, but that this disappearance of the dust at these radii is caused by grain
growth and settling, which do not affect the gas.

The first model, which has the gas and dust in the same spatial distribu-
tion, results in a fairly large abundance of PAH molecules needed to explain the
strength of the features seen. The PAHs are in this case fairly well shielded
from the stellar radiation by the dust grains, and thus a large amount is needed.
Furthermore, in order to explain the absence of PAH emission in the MIDI cor-
related flux, we find that we have to remove the PAHs from the inner 2 AU. The
total mass in PAHs in this case is 3·10−8 M�. This model does not reproduce the
increase in FWHM at the wavelength of the PAH features that we found in the
VISIR spectroscopic data (Fig.4.8).

The second model, which assumes the gas is distributed in a more extended
flared disk (see Fig. 4.11) resulted in a very good overall fit of all the observables
presented above. In this model we put the PAHs in a disk with a similar surface
density as the dust grains but with R0 = ∞, i.e. the surface density remains a
powerlaw (p = 1) for all radii. In this way we create a flaring outer gas disk,
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Table 4.2 — The parameters for our final model for the circumstellar disk of HD 95881.
The small dust grains and the PAH molecules have a different spatial distribution.

Parameter Dust PAHs
Inner disk radius (Rin) 0.55 AU 0.55 AU
Outer disk radius (Rout) 200 AU 200 AU
Inclination angle (i) 55◦ 55◦
Position angle (major axis E of N) 103◦ 103◦
Vertical density scaling parameter (Ψ) 2.75 2.75
Power law for the surface density (p) 1 1
Turnover point (R0) 2.5 AU ∞
Mass (M) 10−8 M� 5·10−9 M�

which is able to catch much of the radiation from the star. We find that the PAH
emission is dominated entirely by the outer regions. If the PAHs would be de-
stroyed according to the mechanism proposed by Dullemond et al. (2007a) we
find that the inner 25 AU should be free of PAHs. However, even without de-
struction the PAH contribution from these inner regions is negligible. Thus, we
cannot confirm whether or not PAH destruction takes place in this disk. Extrap-
olating the powerlaw surface density distribution of the PAHs to the inner edge
(at 0.55 AU) we find that at Rin the PAH abundance is 0.25% of the dust mass.
The total PAH mass we find is 5·10−9 M�, which is large compared to the mass
in small dust grains, because the PAH disk is so much larger. Including PAH
destruction in the inner disk would only lower the total PAH mass by 12%.

4.5.4 Final model

The second model, that assumes that the PAHs do not have an exponential de-
cay with radius, reproduces the available spatial information much better. This
second model was fine-tuned to best reproduce all available observables. The
position angle and inclination of the disk were constrained using the interfero-
metric data. We find that the AMBER interferometric observations put important
constraints on the parameters for the inner regions of the disk, lifting some of the
degeneracies present when these data are not considered. The parameters of the
final model are summarized in table 5.8.
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4.6 Discussion

4.6.1 Comparison of the model with the observations

Our disk model did a very good job in reproducing all the observables. The
fits to the SED, the Spitzer spectrum, the MIDI correlated flux, the AMBER
visibilities, the VISIR spectroscopic FWHM and the Q-band image are presented
in Fig. 4.12.

Spitzer. The general slope and most features in the Spitzer spectrum are
reproduced. However the observed 6.2, 7.9 and 8.6 µm PAH features are stronger
than in our model and the predicted PAH features around 20 µm are not seen in
the Spitzer spectrum. These differences are related to the PAH chemistry, which
is a much debated subject (see section 4.6.4).

MIDI. The N-band correlated flux obtained by MIDI has an error on the
absolute calibration of approximately 10%, similar to the difference with the
model output. Thus our modeling of the spatial distribution of the small dust
grains is consistent with the MIDI result.

AMBER. The simple flat ring+point-source model of section 4.4.1 actually
reproduced the inclination, position angle and visibilities of the disk very well,
although the inner rim radius (0.37 AU) is significantly below the 0.55 AU of
our final model. Our more physical final model gives a slightly poorer fit to the
visibilities. This indicates that the structure of the inner disk is more complicated
than assumed. The exact structure is currently much debated (see section 5.8).

VISIR spectrum. The model FWHM was obtained by making a Gaussian
fit to the spatial profile after convolving the model with a Gaussian of the same
width as the PSF of the VISIR 11.2 µm setting. The VISIR 8.5 µm setting was
then scaled to the model assuming a variable seeing that can be quadratically
added. The matching continuum levels are thus a result of our method, but the
increase in the FWHM at the PAH wavelengths are a confirmation of the correct
modeling of the spatial distribution of the PAHs.

VISIR image. A model of the Q2 image was obtained by taking the output of
our model at 19.0 µm, just next to the artificial PAH feature. We convolved this
model image with the VISIR PSF and we applied a PSF subtraction in analogy to
the image analysis of section 4.4.4. The resolved emission component of Fig. 4.5
is not reproduced by the model. A likely explanation for this is the photolumi-
nescence of very small grains, which are not included in our model (see Flagey
et al. 2006).
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Figure 4.12 — The best model fit to the observables of HD 95881. The upper left panel
shows the fit to the spectral energy distribution with an inset for the ISO spectrum. The
gray line is the observed spectrum, the black line the model spectrum and the points
with error bars are photometric measurements obtained from the literature. The upper
right panel shows the correlated flux as obtained by MIDI. The gray line is the observed
correlated flux and the black line the model. The bottom left panel shows the visibilities
obtained by AMBER (points with error bars). The colored curves give the model results
(color coding the same as Fig. 4.1). The bottom right panel shows in gray the VISIR
FWHM as a function of wavelength and in black the model.
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4.6.2 The distribution of gas and dust
Our modeling reveals that the spatial distribution of the gas and the dust in the
disk around HD 95881 is different. The dust in the upper layers of the outer disk
is heavily depleted, while the gas still has a large scale height. To reproduce
the near IR flux we needed to assume a scale height, which is much larger than
would be obtained from vertical hydrostatic equilibrium (Ψ = 2.75). We do not
have an explanation for this, but we note that the value of Ψ is sensitive to the
assumptions on the structure and composition of the material in the inner disk
(see e.g. Isella et al. 2008; Tannirkulam et al. 2008a). Furthermore, our value
is well within the range of scaling parameters (1.0-3.0) needed by Acke et al.
(2009) to explain the near IR SED of about half of their sample of ∼30 Herbig
Ae/Be stars.

The spatial distribution of the small grain component was well constrained
by the SED. The large grains could not be constrained directly, but are probably
abundantly present in a settled outer disk. Observations of the millimeter flux
will help to constrain the mass in this component as well as the size distribution.
We can however make an estimate of the total dust mass, based on the modeled
total PAH mass (5·10−9 M�) and the modeled PAH abundance at the inner edge
(0.25%). Assuming that the PAH to dust ratio is homogeneous throughout the
disk we find that the total dust mass adds up to 2·10−6 M�. This means that most
of the dust mass resides in large grains (200:1). Using the canonical gas to dust
ratio of 100 the total disk mass becomes 2·10−4 M�. Note, that with a lower
value of Ψ in the outer disk a larger gas mass could be required to reproduce the
observations.

The results presented above naturally lead to the picture of a disk in which
the dust grains in the outer disk are coagulated and settled towards the midplane,
while the gas is still available to keep the PAH molecules in the higher atmo-
sphere of the disk. As already noted in the theoretical study by Dullemond et al.
(2007a), growth and settling of the dust grains leads to a natural increase of the
relative strength of the PAH signature, as is observed in this disk and confirmed
by our modeling effort.

4.6.3 Context
In general the study of Dullemond et al. (2007a) showed that the natural outcome
of a group I source after grain-growth and sedimentation of the dust is a group II
source, that maintains the flaring structure for the gas. However, observational
studies have shown that most group II sources lack a flaring gas distribution.
Meeus et al. (2001) and Acke et al. (2004) showed that group I sources display
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significantly more PAH emission. Acke et al. (2005) showed that group I sources
have in general stronger [O I] emission. Apparently the gas of most group II
sources has either dramatically decreased its scale height because of the lack of
heating or the gas has been dispersed from the disk. How disks can lose their gas
is currently being debated (see Hillenbrand 2008), but photoevaporation seems
to be the most likely mechanism.

On the other hand there is a fair number of group II sources that do show
indications of a flaring gas distribution. Some group II sources display PAH
emission in their 10 µm spectra, for example: HK Ori (van Boekel et al. 2005)
and HD 142666 (see chapter 2). Some group II sources display the [O I] 6300
line in emission, for example: HD 98922 (Acke et al. 2005) and HD 101412
(Fedele et al. 2008). These sources all seem to be in a transitional phase from
a gas rich flaring disk to a gas poor self-shadowed disk. Roughly half of the
known group II sources are in this phase, which means we can infer that half of
the life time of the disk of a group II source is spent on the dispersal of the gas.
An estimation for this time scale is the photoevaporation time scale, which is on
the order of ∼106 yr (Gorti & Hollenbach 2009)

4.6.4 PAH emission
In section 4.4.3 it was noted that the PAH spectrum of HD 95881 is typical for
HAe stars, except for the 8.6 µm feature, which is relatively strong. This feature
is created by the in-plane bending mode of the CH bonds. Why the emission
from this mode should be preferred in HD 95881 is unclear. However we can
think of a scenario in which the disks are eroded from the outside inward. Such
a truncation process decreases the integrated PAH feature strength. An indication
for this was found in the mild correlation between 11.2 µm PAH strength and its
FWHM (see chapter 2). Putting this together with modeling results of Visser
et al. (2007), who show that short wavelength features originate from regions
closer to the star than long wavelength features, we are left to think that the
amount of truncation is apparently favoring the 8.6 µm feature.

4.7 Conclusions
A comprehensive study was performed to map the distribution of the gas and
dust in the protoplanetary disk around HD 95881. In Fig. 4.10 we displayed a
schematic representation of the disk, which puts all results in perspective. The
AMBER K-band interferometry showed that there is an extended hot inner re-
gion with emission coming from within the sublimation radius. The detection
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of the [O I] 6300 indicated that the disk has a flaring gas surface at large dis-
tances (from one to tens of AU) from the star. The finding of PAH features in the
Spitzer and VISIR spectra confirmed the presence of an illuminated gas surface.
The resolved VISIR spectrum traced this surface up to radii of ∼70 AU. The
MIDI correlated flux spectrum confirmed that the PAH emission comes from
much larger radii than ∼2 AU. The MIDI spectrum also showed that the silicate
composition is quite similar in the inner and outer disk. In the Q-band, VISIR
imaging revealed faint dust emission at radii upto ∼150 AU, most likely due to
very small grains.

We used the radiative transfer code MCMax (Min et al. 2009) to create a
model of the disk’s density and temperature structure. Our model satisfactorily
reproduced all of our observations. The main conclusions that followed from
our model are that the inner disk contains most of the small grains and has a
puffed up inner rim, the dust grains in the outer disk have coagulated and settled
towards the midplane, while the gas and PAH mixture maintain a flaring geom-
etry. Theory predicted the existence of these type of disks (Dullemond et al.
2007a), while observational trends showed that most of the sources with self-
shadowed dust distributions have dispersed their gas. In this light HD 95881 is a
special source: it is in the transition phase from a gas rich flaring dust disk to a
gas poor self-shadowed disk.
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Abstract The recent findings of Jupiter-like planets around young A-
type stars make it ever more likely that the Herbig Ae/Be stars will de-
velop planetary systems. Previous observations of HD 142527 revealed a
complex and highly processed circumstellar envelope. Its properties differ
considerably from other Herbig Ae/Be stars and this seems to suggests
that HD 142527 is in a stage of accelerated evolution. To obtain a better
understanding of the geometry and evolutionary status of the circumstellar
material around the Herbig Ae star HD 142527. We map the composition
and spatial distribution of the dust around HD 142527. We analyze SEST
and ATCA millimeter data, VISIR N and Q-band imaging and spectroscopy.
We gather additional relevant data from the literature. We use the radia-
tive transfer code MCMax to construct a model of the geometry and den-
sity structure of the circumstellar matter, which fits all of the observables
satisfactorily. We find that the disk of HD 142527 has three geometrically
distinct components. A self-shadowed inner disk, a spherical halo and a
massive self-shadowed outer disk. The inner and outer disk are separated
by a gap running from 30 to 130 AU. This peculiar geometry can explain
the extreme IR reprocessing power of the disk.

5.1 Introduction
Herbig Ae/Be (HAeBe) stars are intermediate mass, pre-main sequence (PMS)
stars with an infrared (IR) excess and emission lines. The observed IR excess
is due to circumstellar dust confined to a disk. Based on the amount of far IR
excess emission the geometry of these disks is considered to be either flaring
or flattened, classified by Meeus et al. (2001) as group I or II respectively. The
composition, structure and evolution of these disks has been extensively studied
as they are generally believed to be the sites of ongoing planet-formation. In this
study, we focus on the F6IIIe star HD 142527. This star is particularly interesting
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because its huge IR and millimeter excess is hard to understand in terms of a
passive disk model (see Dominik et al. 2003).

The disk of HD 142527 has been imaged in scattered light (Fukagawa et al.
2003) and in the thermal IR (Fujiwara et al. 2006), showing that the disk extends
to several 100 AU with a prominent disk gap at a distance of about 100 AU.
The dust in the disk is highly processed. Both the scattered light and thermal
IR images show evidence for grain growth: typical grain sizes inferred are 1-
2 µm. This picture is also seen in the thermal IR spectrum of HD 142527. Van
Boekel et al. (2004a) show that the silicates in the inner disk, spatially resolved
with the MIDI instrument at the Very Large Telescope Interferometer, are fully
crystalline. Even the integrated disk spectrum of HD 142527 has a crystallinity
of more than 20%. The outer cold dust is characterized by crystalline water
ice and possibly hydro-silicates (Malfait et al. 1999), again pointing to a highly
processed dust environment. Recently, Honda et al. (2009) show evidence for
crystalline water ice in the near IR scattered light spectrum of the disk. Ohashi
(2008) show that the cold dust is distributed in an arc-like structure, adding to
the complexity of the source.

Clearly, the disk of HD 142527 is in an interesting evolutionary phase and
deserves further study. In particular we are interested in understanding the very
large far IR excess, the geometry of the disk and the mineralogy of the dust. For
this purpose we have gathered a comprehensive data set on this object, consist-
ing of SEST and ATCA millimeter photometry, a Spitzer-IRS spectrum, VISIR
N and Q-band imaging and VISIR N and Q-band spectroscopy. In this chap-
ter, we focus on the SED and the disk geometry. In a future paper (Min et al.,
in preparation) we will study the dust mineralogy. This chapter is structured as
follows: section 5.3 describes the observations and the data reduction. In sec-
tions 5.4 through 5.7 we do an in depth analysis of these data-sets. In Sect. 5.8
we construct a comprehensive model of the disk geometry using a Monte Carlo
radiative transfer code. The discussion in Sect. 5.9 considers the discrepancies
between model and observations, the emerging geometrical picture of the cir-
cumstellar matter and possible explanations for the peculiarities.

5.2 Stellar Parameters
HD 142527 was cataloged as a F6III star by Houk (1978). Henize (1976) noted
its emission line nature and Waelkens et al. (1996) classified it as a Herbig star.
With Hipparcos measurements, van den Ancker et al. (1998) placed it at a dis-
tance of 200+60

−40 pc, however we consider the association by Acke & van den
Ancker (2004) to the star formation region Sco OB2-2 as more reliable and thus



5.2 Stellar Parameters 131

Figure 5.1 — The spectral energy distribution of HD 142527. The plotted squares are the
dereddened photometry values from the literature (see Acke et al. 2004), supplemented
with our measurements at 1.2 and 3.5 mm. Overplotted is the fitted Kurucz model.

Table 5.1 — Characterizing parameters of HD 142527.

Parameter Value
Right Ascension 15h 56m 41 .s89
Declination -42◦ 19′ 23.′′5
Spectral Type F6IIIe
Teff [K] 6250
Distance [pc] 145±15
AV 0.60±0.05
Luminosity [L�] 20±2
Radius [R�] 3.8±0.3
Mass [M�] 2.2±0.3
Group Ia
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Figure 5.2 — The SEST/SIMBA 1.2 mm continuum map of the HD 142527 field.

we adopt the distance of 145 pc (de Zeeuw et al. 1999). By comparing a Kurucz
(1991) model for the photosphere associated with the given spectral type to the
literature photometry we obtained an optical extinction of AV = 0.60±0.05 and
a stellar luminosity of L = 15±2 L� (see Fig. 5.1). However, our modeling of
the dust (see Sect. 5.8) demonstrates the presence of a gray extinction compo-
nent. Taking this component into account, we derive a stellar luminosity of L
= 20±2 L�. A stellar radius of R∗ = 3.8±0.3 R� was derived from the effective
temperature and the luminosity. The position in the HR diagram was compared
to the PMS evolution tracks of Siess et al. (2000) and resulted in a stellar mass
of M = 2.2±0.3 M�. Table 4.1 summarizes the stellar parameters.

5.3 Observations and data reduction

5.3.1 SEST

HD 142527 was observed with the 15 m Swedish/ESO sub-mm Telescope
(SEST) in August 2003. The 37-channel SEST imaging bolometer array
(SIMBA, Nyman et al. 2001) was used to observe the continuum dust emis-
sion at 1.2 mm. The observations were performed in “fast mapping mode”, and
maps were made of 400′′ by 500′′ in azimuth and elevation respectively. The
atmospheric transparency was monitored by performing regular sky dip mea-



5.3 Observations and data reduction 133

Figure 5.3 — Image of HD 142527 at 3.5 mm using the 352 m configuration of the
ATCA. The displayed contour levels are -16.2,16.2, 21.6, 27.0, 32.4, 37.8 mJy/beam.
The resolution of the image is 16.2′′ by 2.9′′ at a PA of 24◦. The beam size is shown in
the bottom left. The source appears to be slightly resolved.

surements, the absolute flux calibration was established by observing Uranus. In
total, 6 maps of HD 142527 were made, and the source was clearly detected in
all of these. In Fig. 5.2 we show the resulting image combining all maps. We
determine the apparent brightness of HD 142527 at 1.2 mm to be 1.12±0.02 Jy.

5.3.2 ATCA

Observations at 3.476 mm were obtained with the Australia Telescope Compact
Array (ATCA) on June 11/12, 2002 in the EW352 configuration using a band-

Table 5.2 — Fluxes and position of the calibrators and the target. For the phase-
calibrator the flux was derived from imaging the 6 channels centered on the maser line.
For the target we obtained a SNR = 8.0.

Name Peak flux [mJy] R.A. δ

Uranus 7.04 - -
IRSV1540 10.8 15h 44m 39 .s9 -54◦ 23′ 04.′′37
HD142527 43.1±5.4 15h 56m 41 .s9 42◦ 19′ 23.′′47
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Table 5.3 — Log of the VISIR imaging ordered on observation time. The columns
from left to right give the target name, the imaging filter, the chopper throw, the date
in 2005 ,the time, the airmass and optical seeing, the integration time and the category
(calibration or science). The pixel scale was chosen to be 0.075′′ and the orientation was
the standard north up east left for all the observations.

Target Filter Chop Date Time Airmass Seeing Int.time Category
[m-d] [h:m] [′′] [s]

HD139127 SIC 9 04-28 05:07 1.07 0.83 110 CAL
HD142527 SIC 10 04-28 05:18 1.07 0.83 354 SCI
HD186791 SIC 9 04-28 10:07 1.22 0.77 110 CAL
HD142527 Q2 8 06-30 02:21 1.05 0.82 680 SCI
HD142527 Q2 8 06-30 02:37 1.06 0.75 680 SCI
HD139127 Q2 9 06-30 02:57 1.09 0.72 338 CAL

width of 2.3 mm. Only three antennas out of the six in the full array were avail-
able (numbers 2, 3 and 4). The resolution was 16.2′′ by 2.9′′. Observations on
the target source were interleaved with observations of the bright, nearby SiO
maser source, IRSV 1540, as a phase-reference calibrator, with a cycle of two
minutes on the phase-reference followed by five minutes on the target. Every
half hour Tsys observations were made and every hour a new pointing solution
derived using the phase-reference. The absolute flux scale and bandpass were
calibrated using an observation of Uranus. The flux of Uranus was determined
to be 7.0 Jy. From the variance in flux over time of the sources IRSV 1540 and
1057-797, the flux scale appears to be constant to within 10%. Fitting a gaus-
sian to the source shown in Fig. 5.3 suggests that the source is marginally re-
solved. The derived peak flux is 43.1±5.4 mJy with an spatially integrated flux
of 47.1±6.5 mJy. This last number was previously quoted by Acke et al. (2004)1

as unpublished.

5.3.3 VISIR imaging
During the nights of April 28 and June 30, 2005, N and Q-band imaging of
HD 142527 was performed with VISIR, the VLT Imager and Spectrometer for
mid IR (Lagage et al. 2004). The observations were obtained in visitor mode
under the VISIR GTO program on circumstellar disks. The chosen filters were
the SiC and Q2, which have central wavelengths at 11.85 and 18.72 µm and
half-band widths of 2.34 and 0.88 µm respectively. Standard chopping and nod-
ding was applied (at 0.25 and 0.033 Hz) to suppress the dominating atmospheric
background emission. All the imaging data were obtained using a pixel scale of

1In that paper the wavelength of the ATCA data-point was stated inadvertently as 2.9 mm.
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Table 5.4 — Log of the VISIR MR spectroscopy ordered on observation time. The
columns from left to right give the target name, the wavelength setting, the slit-width,
the orientation of the slit (rotating from North to West), the date and time, the airmass
and optical seeing, the integration time, and the category (calibration or science). All
MR spectra were obtained on July the 1st 2007, with a 8′′ chopper throw.

Target Setting Slit Orient. Time Airmass Seeing Int.time Category
[µm] [′′] [◦] [h:m] [′′] [s]

HD142527 18.180 0.4 113 03:10 1.11 1.19 1846 SCI
HD142527 17.820 0.4 113 03:52 1.18 1.40 1846 SCI
HD148478 18.180 0.4 0 05:17 1.25 0.86 159 CAL
HD148478 17.820 0.4 0 05:23 1.27 0.83 159 CAL

0.075′′. The observing conditions during both nights were good: the airmass was
below 1.1 and the optical seeing was around 0.8′′. For the imaging in the SiC fil-
ter the standard stars HD 139127 (12.75 Jy) and HD 186791 (57 Jy) were brack-
eting the science observation and were used to estimate the photometry and the
associated errors. The achieved sensitivity was estimated to be 10 mJy/10σ1h
averaged over the two reference stars. For the imaging in the Q2 filter the refer-
ence star, HD 139127 (4.95 Jy), was used for PSF and photometric purposes. It
was selected from the database of VISIR standard stars based on the flux level
and distance to the science target on the sky. The achieved sensitivity was es-
timated to be 70 mJy/10σ1h in the Q2 filter. Table 5.3 summarizes the obser-
vational details. For the reduction of all the data we used a dedicated pipeline,
which corrects for various instrumental signatures (see Pantin et al. 2008, 2009).

5.3.4 VISIR spectroscopy
Long slit spectra were taken with VISIR in the N-band and in the Q-band. For
both observations standard parallel chopping and nodding with a chopper throw
of 8′′ was applied to correct for the atmospheric background.

The N-band spectrum was observed in the low resolution mode (LR) on the
night of April 27, 2005. The 0.4′′ slit was employed in a standard North-South
orientation. The entire 10 µm feature was covered in four separate settings. The
observing conditions were favorable; the average airmass was ∼1.1 and the op-
tical seeing was 0.7′′. Standard stars were observed before and after the sci-
ence measurement for the correction of the atmospheric absorption. The N-band
spectrum of HD 142527 was observed as part of a VISIR GTO program on cir-
cumstellar disks, in which the 10 µm feature of a sample of 17 Herbig Ae stars
was studied (chapter 2; see observational log therein).

The Q-band spectrum was observed in the medium resolution mode (MR) on
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the night of June 30, 2007. The 0.4′′ slit was employed in an inclined orientation
with PA = 67◦. The 18 µm forsterite feature was mapped in two runs centered
on 17.82 µm and 18.18 µm. The observing conditions were fair; the average
airmass was ∼1.1 and the optical seeing was 1.4′′. The standard star HD 148478
was observed directly after the science measurement for the correction of the
atmospheric absorption. Table 5.4 contains the observational log.

The first steps of the data reduction are identical to the VISIR image re-
duction (Sect. 5.3.3). The resulting reduced spectral images contain the two di-
mensional spectra in counts/s. These images were corrected for slit curvature
and optical distortions. The spectra were extracted using the optimal extrac-
tion technique of Horne (1986). The wavelength calibration was performed by
correlating an ALTRAN/HITRAN model with the simultaneously measured sky
spectra. See Pantin (in prep.) for a more detailed of the reduction process.

For the N-band spectrum the telluric correction was performed with an air-
mass interpolation of the two observed standard stars; the formalism is described
in van Boekel et al. 2004b. For the Q-band spectrum we corrected for atmo-
spheric extinction using one standard star and a simple correction for the airmass
difference. The formalism is defined as follows:

Iλ,s = S λ,s
(

Iλ,c
S λ,c

)
ms
mc

(5.1)

In this equation S λ,c and S λ,s are the observed counts of the calibration and the
science measurements, mc and ms are the airmass of the measurements, and Iλ,c
and Iλ,s are the Cohen model of the calibrator and the resulting spectrum.

5.3.5 Additional data
A low resolution Spitzer-IRS spectrum of HD 142527 was taken from Bouwman
et al. (in prep.). The ISO spectrum was taken from Dominik et al. (2003). N-
band interferometric visibilities observed with MIDI were taken from van Boekel
et al. (2004a). Photometric data points were taken from Acke & van den An-
cker (2004). The Subaru/Comics 24.5 µm image was taken from Fujiwara et al.
(2006) and the TIMMI2 N-band spectrum from van Boekel et al. (2004b).

5.4 Analysis of the millimeter data
The two measurements at 1.2 and 3.5 mm together with two more measurements
at 0.8 and 1.3 mm from Walker & Butner (1995) give us a spectral index β de-
fined as Fν ∝ ν β · B(ν,T ). Assuming the four data-points are in the Rayleigh-
Jeans limit of the SED, we obtain β = 1.0±0.1. Compared to other HAeBe stars
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this value is higher than average. Natta et al. (2007) find that, computed over the
wavelength interval 1.3-7 mm, the spectral index β is < 1 for about 60% of the
objects. Acke et al. (2004) determines the spectral index on observations from
0.35 to 2.7 mm and finds an average of < β > = 0.6 for 13 group I sources. At
mm wavelengths the SED is thus steeper than that of most HAeBe stars. Con-
sidering that β = 1.7 (Weingartner & Draine 2001) for the ISM we can conclude
that the dust around HD 142527 has evolved, but that the average grain size is
relatively small compared to most HAeBe stars.

From the 1.2 mm observation, we can derive a dust mass using the formalism
of Hildebrand (1983) for an optically thin cloud:

Mdust =
Fν d2

B(ν,T )
4 a ρ
3Qν

(5.2)

With a the grain radius and ρ the grain density. Considering the emissivity per
unit dust mass κν = 3Qν/4 a ρ, taking κν (250 µm) = 10 cm2 g−1 from Hildebrand
(1983) and extrapolating with β = 1.0 we get κν (1.2 mm) = 2 cm2 g−1, which is
commonly used in the literature and is supposedly correct within a factor of 4
(see e.g. Beckwith et al. 1990). Assuming an average dust temperature of Tdust =
40 K and using the distance of d = 145 pc, we calculate a total dust mass of Mdust
= 1 · 10−3 M�. This value is consistent with the model we present in Sect. 5.8.

The 3.5 mm observation also allows to constrain the size of the object and
the location of the dust. The disk is marginally resolved in one direction with a
size of 2.9′′ at a PA of 66◦. This translates to a physical size of ∼ 400 AU at a
distance of 145 pc. Furthermore, the pointing of the ATCA is accurate to within
a few tenths of an arcsecond, corresponding to an location accuracy of ∼50 AU
at 145 pc. This pinpoints the center of the dust mass to the optical position of the
star.

5.5 Analysis of the Spitzer spectrum
The Spitzer-IRS spectrum portrayed in Fig. 5.4 shows a rich mineralogy. There
are indications for amorphous silicates, crystalline silicates and PAHs. The
strong rise in the far IR part of the spectrum is remarkable, even for a group
I source. This extreme far IR excess was already evident from the ISO spectrum
(Malfait et al. 1999). Dominik et al. (2003) noted that it cannot be explained in
the context of a passive disk model.

The solid state features due to forsterite grains are prominent at all wave-
lengths (λ = 11.3, 16.2, 19.5, 23.5, and 33.5 µm). The characteristic dust tem-
peratures at which these features are produced go down with wavelength. The
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Figure 5.4 — The Spitzer-IRS LR spectrum of HD 142527 (SNR ≈ 400). The left rake
points at the PAH bands at 6.2, 7.9, 8.6, 11.2, 12.7, and 16.4 µm. The other rake points
at the forsterite bands at 11.3, 16.2, 19.5, 23.5, and 33.5 µm. The photometric points
(red) are from our VISIR imaging. In blue we overplotted the modeled spectrum (see
section 5.8).

finding of cold crystals is very remarkable and is a subject of much debate (see
e.g. Bouwman et al. 2003).

5.6 VISIR imaging analysis
5.6.1 The observed images
The photometric analysis gives integrated fluxes for HD 142527 of 8.8±0.6 Jy
and 14.6±1.5 Jy in the SiC (11.85 µm) and Q2 (18.72 µm) filters respectively.
Since the emission of the star is negligible at these wavelengths, these fluxes can
be attributed to the circumstellar disk. We searched for extended emission com-
ponents at both wavelengths using a PSF subtraction technique at a sub-pixel
(1/10) precision level. The PSF in both filters was derived from the observations
of the standard stars. In the SiC filter, no visible extension is detected. This con-
strains the spatial distribution of the emission to the upper limit of the FWHM
size of 0.35′′ (50 AU at 145 pc). In the Q-band, clear extension is detected. A
visual inspection of the observed image in Fig. 5.5 demonstrates that the emis-
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Figure 5.5 — The observed 18.72 µm VISIR image. The color bar shows the surface
brightness with a cut off at 3.1 Jy/arcsec2. Overplotted are the positions of the VISIR
and TIMMI2 spectroscopic slits. The VISIR N-band slit position is plotted with the
green straight line, the VISIR Q-band slit position is plotted with the blue dotted line
and the TIMMI2 N-band spectrum is plotted with the yellow dashed line. The Spitzer
slit encompasses the entire image.

sion is divided between a compact central component and an extended region.
We find that the emission in the central component is also spatially resolved (see
Fig. 5.6). A quadratic subtraction of the PSF leads to a FWHM of the spatial
emission profile of 0.21′′±0.04, which corresponds to 30 AU at a distance of
145 pc.

5.6.2 Central component subtraction

We modeled the central component by scaling the PSF to the peak and width
of the central component of the HD 142527 image. We then subtracted this
modeled central component from the observed image with a centering accuracy
of 1/10 of a pixel. The result is displayed in Fig. 5.7. The extension seen after
central component subtraction has an elliptical shape. An ellipse fitting of the
outer boundary isophotes indicate a position angle of 110◦±20◦ from North and
an inclination of the emitting surface of 40◦±20 from face-on. The flux in the
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Figure 5.6 — The normalized mean radial surface brightness profile of the VISIR
18.72 µm image (black) and the PSF (dotted red). We also plotted the result of our
modeling effort (green; see section 5.8).

residuals after central component subtraction is 2.9±0.5 Jy and the integrated
flux of the subtracted central source is 11.1±1.1 Jy. However, this method of
separating the photometry of the central component and the extended region is
rather uncertain, since their flux was mixed in the observation process by the
PSF. In Sect. 5.6.4 we present results of a more precise deconvolution method.

5.6.3 18.72 versus 24.5 µm
We compared our VISIR 18.72 µm image to the COMICS 24.5 µm image of
Honda et al. (2005). In Fig. 5.7, we over-plotted the central component sub-
tracted COMICS image with white contours. It shows that the eastern emission
peak shifts to the south when going from 18.72 to 24.5 µm. This cannot be
explained with a disk inclination or with flaring of the disk and is thus an indica-
tion of azimuthal opacity variation, which must be linked to an azimuthal density
variation.

We have also analyzed the mean surface brightness as a function of dis-
tance from the star. In analogy to Honda et al. (2005), we discriminated be-
tween eastern and western components: the eastern profile was averaged over



5.6 VISIR imaging analysis 141

Figure 5.7 — The central component subtracted VISIR 18.72 µm image of HD 142527.
The color bar shows the surface brightness in Jy/arcsec2. The over-plotted contours from
the 24.5 µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 5.3 Jy/arcsec2.

the PA = 0-180◦ and the western profile was averaged over the PA = 180-
360◦. In Fig. 5.8, we plot these spatial profiles for our VISIR image and for
the COMICS image. The observed profiles in the top panel show that the flux
ratio of F18.72 µm/F24.5 µm decreases substantially from the inner to the outer re-
gion. The bottom panel shows that the COMICS image is more extended. These
features are consistent with a radially decreasing dust temperature.

5.6.4 Deconvolution
A more precise method to disentangle the central and outer emission components
is to deconvolve the image. We have deconvolved the Q2 image using the MEM-
multi-resolution method (Pantin & Starck 1996) and obtained the image shown
in Fig. 5.9. The spatial resolution in the deconvolved result has been limited to
0.1′′, which corresponds to the Shannon limit imposed by the spatial sampling.
At that resolution the image is composed of two components. The central com-
ponent is marginally resolved (FWHM of 0.3′′) and has a integrated flux of 10.84
Jy. The second component located further away at a distance of ∼0.8′′ has a nar-
row ring-like shape. The ridge drawn by the maximum of emission in the ring
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Figure 5.8 — The mean radial surface brightness profiles of the east (PA = 0-180◦)
and west (PA = 180-360◦) sides of the VISIR 18.72 µm image (blue) and the COMICS
24.5 µm image (red). The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtraction.

can be fitted by an ellipse. This ellipse corresponds to an annulus of emission
having a position angle of PA = 120◦±20◦ and an inclination of 20◦±2◦ from
face-on. The emission ring has an average distance to the star (measured on the
semi-major axis) of 0.8′′ (130 AU) and a FWHM of 0.3′′ (44 AU, see Fig. 5.10).
The slightly different numbers (PA and inclination) obtained from the analysis
on the central component subtracted image can be explained by the PSF smear-
ing, as mentioned before. We thus select the numbers measured on the decon-
volved data as being more representative of the true geometric configuration.
Fig. 5.10 displays the mean radial profile of the deconvolved image, obtained
by averaging the emission over 360◦. The surface brightness as a function of
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Figure 5.9 — The deconvolved VISIR Q-band (18.72 µm) image of HD 142527. In
order to zoom in on the lower surface brightness we did a cut off at 6.5 Jy/arcsec2.

Figure 5.10 — The mean radial brightness profile as a function of distance to the star
as retrieved from the deconvolved 18.72 µm image (black). The result from the model
image convolved with a Gaussian with a FWHM of 0.1′′ is overplotted in green.
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Figure 5.11 — Mean brightness profile of the outer disk (0.5′′ < r < 1.1′′) as a function
of position angle (PA; east from north). The result from the deconvolved 18.72 µm image
is plotted in black and the result from our model image is plotted in green.

azimuth averaged over the radii from 0.5′′ to 1.1′′ has minima of 0.6 Jy/arcsec2

at PA = 0◦, 180◦, and 230◦ and a maxima of 2.4 Jy/arcsec2 at PA = ∼60◦ and
1.7 Jy/arcsec2 at PA = ∼300◦(see Fig. 5.11).

5.7 VISIR spectroscopy analysis
5.7.1 N-band
The flux of the VISIR LR N-band spectrum was multiplicatively scaled to the
flux of the Spitzer spectrum at 10.6 µm with a factor of 1.17. To make a contin-
uous spectrum the three other wavelengths settings were spliced together. This
was done by scaling them with the ratio of the median values of the overlapping
regions. In Fig. 5.12, we present the resulting spectrum. We also plotted the
Spitzer and TIMMI2 spectra for comparison. The three spectra display a num-
ber of significant differences. We can explain some of these with the different
slit configurations depicted in Fig. 5.5. The excess on the blue side of the Spitzer
spectrum is probably caused by the wider Spitzer slit, which captures the gen-
erally more extended PAH emission. Also the TIMMI2 slit is somewhat wider
than the VISIR slit, but the main differences at 9.2, 10.0 and at 12.6 µm can in
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Figure 5.12 — The VISIR N-band spectrum of HD 142527 (black). Overplotted are the
Spitzer spectrum (thick green) and the TIMMI2 spectrum (thin blue).

this case not be attributed to PAH emission.

5.7.2 Q-band
Figure 5.5 shows the chosen slit orientation of the VISIR MR Q-band spectrum.
The spectrum contains a contribution from the central component and a contri-
bution from the eastern component. In Fig. 5.13 we plotted the total spectrum.
The second section centered on 18.18 µm has been scaled with a factor 1.15 to
connect continuously with the section centered on 17.82 µm. The wavelength
regions where the atmospheric transmission as measured with the standard star
is less than 30% of the maximum are blocked out with yellow bands. Note also
that we have overplotted in thick green the Spitzer spectrum and that there is a
significant difference in slope. The bluer slope of the VISIR spectrum is in ac-
cordance with expectations, since the VISIR slit has selected the hotter parts of
the disk and the Spitzer spectrum covers the entire disk, including all the colder
outer parts.

The chosen slit orientation allows to spatially discriminate the spectra of the
central and eastern components. This is illustrated by Fig. 5.14, where we have
plotted the spatial profile of the spectral section centered on 17.82 µm after a
collapse of the wavelength dimension. In green we have overplotted the cali-
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Figure 5.13 — The VISIR Q-band spectrum of HD 142527. Overplotted are the Spitzer
spectrum (thick green) and the wavelengths of poor atmospheric transmission (yellow
bars).

Figure 5.14 — The spatial emission profile of the Q-band spectrum. Overplotted in
green is the corresponding calibration measurement.
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Figure 5.15 — The ratio of the extracted spectra of the central and eastern components
(see Fig. 5.5 for the slit position). The yellow bars are wavelengths of poor atmospheric
transmission.

brator. The eastern (left) and western (right) components are both significantly
detected. Even the central component seems to be marginally resolved, although
the statistics are poor.

In order to compare the spectra of the central and eastern components we
did a differential spectral extraction. We went back to the 2D spectral image
and extracted five pixel wide traces from the central and eastern components.
We divided the raw spectrum of the central component by that of the eastern
component (see Fig. 5.15). This way we take care of atmospheric absorption
and focus on any difference between the two spectra. The wavelength range
of our measurement is too limited, for a discrimination of the slope of the two
underlying blackbodies. We do however discern bumps running from 17.92 to
18.18 µm and we suspect they are linked to the 18.0 µm feature identified by
Molster et al. (2002) as a composition of enstatite and forsterite. This would
point to a higher crystallinity of the inner disk compared to the outer disk, which
was also demonstrated with interferometric observations by van Boekel et al.
(2004a).
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Table 5.5 — The parameters for our final model for the circumstellar disk of HD 95881.
The small dust grains and the PAH molecules have a different spatial distribution.

Parameter Dust PAHs
Inner disk radius (Rin) 0.55 AU 0.55 AU
Outer disk radius (Rout) 200 AU 200 AU
Inclination angle (i) 55◦ 55◦
Position angle (major axis E of N) 103◦ 103◦
Vertical density scaling parameter (Ψ) 2.75 2.75
Power law for the surface density (p) 1 1
Turnover point (R0) 2.5 AU ∞
Mass (M) 10−8 M� 5·10−9 M�

5.8 Modeling
In order to get a good feeling for the geometry of the circumstellar disk around
HD 142527 we focus on fitting the SED and the IR images using radiative trans-
fer modeling. For the modeling we assume an axisymmetric dust distribution
and we use the radiative transfer code MCMax (Min et al. 2009) to find the ge-
ometric parameters. The final model derived below accurately fits the SED and
the Spitzer and ISO IR spectra. It also fits the general features of the IR images
of the star, although some differences with the observations are present. These
discrepancies will be discussed in section 5.9.1.

5.8.1 Fitting the observations

The great puzzle of HD 142527 is its huge flux in the far IR. The total IR flux is
actually of the same order as the stellar flux (FIR = 0.92·F∗). Any successful disk
model will first and foremost need to explain this baffling observation. Second,
the peculiar spatial distribution of the IR emission as seen at 18.72 and 24.5 µm
will need to be reproduced and also the mid IR interferometric visibilities will
need to be matched. Below we discuss several options to correctly model the
SED and we show how we come to our final best fit model using the IR images
and mid IR interferometric constraints.

It is clear from the images that the surface density of the disk is not smooth.
We therefore split the disk in an inner and an outer disk separated by a gap.
The density distribution of the two regions are treated separately (see below).
We fixed the composition and the grain size and shape distribution of the silicate
component of the dust to be equal to that obtained by van Boekel et al. (2005). In
that paper the continuum flux was represented by emission from a single black-
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body. Here, we add continuum opacity in the form of amorphous carbon grains
with an abundance of 25% by mass. For the shape of the carbon grains, we used
the Distribution of Hollow Spheres (DHS; see Min et al. 2005) and for the refrac-
tive index we used the data by Preibisch et al. (1993). Although the continuum
component is most likely not all in the form of amorphous carbon, for the fitting
of the SED this is of little importance. In the ISO spectrum of the outer disk a
clear water ice feature around 45 µm is seen. Therefore, in the outer disk we add
an abundance of small water ice grains to the dust mixture.

For the surface density of the disk we use a simple power law:

Σ(r) = Σ0 ·
(

r
r0

)p
(5.3)

Where r denotes the distance to the central star, the exponent p is set to -1 (see
e.g. Dullemond et al. 2006), and the scaling factor, Σ0, is different for the inner
and outer disk. The vertical density distribution of the disk is solved under the
assumption of hydrostatic equilibrium. However, we add an extra parameter that
scales the height of the disk (Ψ; see Ratzka et al. 2007). For values of Ψ smaller
than unity, this Ψ can be interpreted as settling of the grains to the midplane,
hence we refer to this as the sedimentation parameter.

We have extensively studied parameter space to come to the most likely so-
lution that fits the observations. One of the main results that stem from this
investigation is that the arc-like structures seen in the IR images are well repro-
duced by the radiation from the inner edge of an inclined outer disk. However,
when we include the inner disk in the radiative transfer, the outer disk is signif-
icantly shadowed (see also Mulders et al. in prep.). In order to get the required
near IR flux around 2 micron, we have to scale the inner disk by roughly a factor
of three. Thus, in that case the shadow on the outer disk would be quite large
and in order to get the required flux out of the outer disk, it would also need to
be scaled by a factor of 2.5 over hydrostatic equilibrium.

The model discussed in the previous paragraph has several shortcomings.
First of all, there is no good explanation for the increased scale height of the
disk over hydrostatic equilibrium. Second, the resulting model images are more
axisymmetric than the observed IR images. Finally, we compared the mid IR
visibilities obtained by van Boekel et al. (2004a) with MIDI to those obtained
from this model and find that the model visibilities are a factor 1.5 too high (see
Fig. 5.16). This means that the emission is too much peaked towards the center
of the disk.

As suggested by Mulders et al. (in prep.) a way to avoid the large shadow on
the outer disk is to put the material in the inner region in a spherical shell instead
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Figure 5.16 — The MIDI visibilities compared to the different models of the inner disk
region. The model that combines an optically thick disk with an optically thin spherical
halo fits best to the visibilities.

of a disk. In this way the material in the inner region is kept optically thin, and
the outer disk is not shadowed. Using an inner dust shell we can get a very good
fit to both the images and the SED. Since we kept the composition and grain
size distribution of the halo the same as in the inner disk, the halo causes a gray
extinction at optical wavelengths (τ = 0.37). This means a slightly higher stellar
luminosity L = 20 L� is required, than would be the case when only taking the
interstellar extinction into account. The scale height of the outer disk needs to be
decreased to 0.8 times the equilibrium solution which can be easily understood
in terms of settling of the grains towards the midplane. However, in order to fit
the spectral shape of the emission from the inner region we have to make the
powerlaw for the surface density very flat (Σ(r) ∝ r−0.4). This leads to mid IR
visibilities that are a factor 4 lower than the observed visibilities (see Fig. 5.16).
The solution is to combine a low mass inner disk with an optically thin spherical
halo of dust. This allows us to get very good agreement for the SED, images and
mid IR visibilities.

5.8.2 Final Model
We summarize our final best fit model in Fig. 4.10. We have a settled inner disk
which extends from 0.3 to 30 AU and has a sedimentation parameter of Ψ = 0.4.
There is a small mass in a optically thin spherical halo, which starts at 0.3 AU and
runs up to 30 AU. However, this outer radius is not well constrained by the obser-
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Figure 5.17 — Model fit (black) to the literature photometry (dots with error bars) and
ISO spectrum (gray).

vations. The outer disk starts at 130 AU. Vertically it was scaled toΨ = 0.9 times
the equilibrium height, which puts the radial τ=1 surface at 60 AU. The inner re-
gion consists of the dust composition as obtained by van Boekel et al. (2004b)
with 37.5% carbonaceous grains representing all continuum opacity sources. In
order to correctly reproduce the slope of the SED in the far IR, we have set the
size of the grains in the outer disk to 2.5 µm. In addition, in the outer disk we
added 45.5% of crystalline water-ice to reproduce the observed 45 µm ice fea-
ture. Note that such a high mass fraction can only be possible if the crystalline
water-ice is somehow over-represented in the small grain population. The result-
ing model parameters are summarized in table 5.8 and the fits to the observables
are discussed in section 5.9.1.

5.9 Discussion

5.9.1 Comparison of the model with the observations

Our disk model described in section 5.8 manages very well to reproduce the var-
ious observations. We are confident that the small discrepancies between obser-
vational and modeling results reflect details in the geometry and/or mineralogy
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Figure 5.18 — Comparison of the VISIR 18.72 µm (upper left), COMICS 24.5 µm (bot-
tom left), and their modeled images (to the right). The model images were obtained by
convolving the model output at the specified wavelengths with the observed PSF’s. For a
clear comparison the observed and modeled images were displayed with the same lower
and upper flux level cut-offs.
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Figure 5.19 — The mean radial brightness profiles of the east (0◦ < PA < 180◦) and west
(180◦ < PA < 360◦) sides of the VISIR 18.72 µm image (top panel) and the COMICS
24.5 µm image (bottom panel) compared to the profiles of the model images (green).

that will not strongly effect the emerging picture of the system. Here we list the
comparison and discrepancies.

Photometry. The fit to the literature photometry and ISO spectrum is pre-
sented in Fig. 5.17. The flux level and general slope of the photometry, as well
as the features of the ISO spectrum are reproduced. The model slightly overesti-
mates the long wavelength part of the ISO spectrum.

Spitzer. The fit to the Spitzer spectrum is presented in Fig. 5.4. The flux level
and general shape are reproduced, but the 10 µm feature is somewhat overesti-
mated, the forsterite features at larger wavelengths are underestimated and the
continuum there is somewhat overestimated.

MIDI. In Fig. 5.16 the MIDI visibilities were compared to the different mod-
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els. Our final model resembles the visibilities very well, the differences are most
likely because we did not take any mineralogical gradients into account.

VISIR & COMICS. The modeled VISIR 18.72 µm and COMICS 24.5 µm
images are compared to the observations in Fig. 5.18. The model images were
obtained by taking the output of the model at the specified wavelengths and by
convolving them with their associated PSF’s. The overall spatial distribution of
the emission matches very well. In Fig. 5.6, we zoom in on the radial profile
of the inner disk as seen in the VISIR image. This fit is very encouraging. In
Fig. 5.19, we plotted the radial profile of the mean surface brightness of the east-
ern and western sides of the images. The fit is very good. The only discrepancy
worth mentioning is the flux ratio of the eastern lobe over the central component
of the COMICS image.

VISIR deconvolved. Fig. 5.10 shows the radial profile of the mean surface
brightness of the deconvolved VISIR image. To model the deconvolved image
we convolved the model output at 18.72 µm with a 2D Gaussian with a FWHM of
0.1′′. This was done to mimic the obtained resolution of the deconvolved image.
The fit is quite excellent, although the emission in the gap is not reproduced.
This likely indicates that some dust is present in the gap. Fig. 5.11 shows the
azimuthal profile of the outer disk resulting from the deconvolved image. The
PA and the brightness of the eastern lobe are quite well reproduced, but the
brightness peak at the western side of the outer disk is not reproduced. This
is an indication that the density distribution and geometry of the outer disk are
somewhat more complex than assumed by our model (compare with Fig. 5.19),
we will get back to this in section5.9.5.

5.9.2 General picture

The picture that emerges from the combined efforts of the observational and the
modeling analyses is that the circumstellar matter around HD 142527 consists of
three geometrically distinct components, as depicted in Fig. 4.10. First, there is
a small inner disk structure running from 0.3 to 30 AU, with a puffed up inner
rim and a self-shadowed disk further out. Second, there is a small amount of
dust in an optically thin halo around the star. And third, there is a fairly massive
outer disk, consisting of a huge wall at 130 AU, and a self-shadowed outer part
running up to 200 AU. This wall has a vertical height of 60 AU, as traced by the
radial τ=1 surface.
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Figure 5.20 — A pictographic display of the disk around HD 142527.

5.9.3 Inner disk & halo
The inner disk and halo together are responsible for the near IR flux, the slightly
resolved inner component of the VISIR image (see e.g. Fig. 5.6), most of the
10 µm feature and the MIDI visibilities. The inner disk contains very little mass
in small dust grains (Mdust = 2.5 · 10−9 M�). Likely all the material is already
locked up in planetesimals or perhaps terrestrial planets. Also the degree of
sedimentation of the dust compared to the gas (Ψ = 0.4) seems to point at an
advanced state of evolution.

For the inner halo we estimated a dust mass of 1.3 · 10−10 M�. The origin of
the halo is unclear to us and we can not think of a physically sound mechanism
to explain it. However we will address some speculative explanations. The first
of these is to assume the presence of a large body, like a planet that gravitation-
ally perturbs smaller comet-like bodies on inclined orbits, which then collide and
form small dust grains. The problem with this explanation is that we found the
inner disk to be optically thick in the vertical direction. Such a disk would even
out any inclined orbits in a couple of Kepler time-scales, much like in the rings
of Saturn. Another, also speculative, explanation is by a combination of mag-
netospheric infall and stellar radiation pressure. This mechanism would employ
the stellar magnetic field to bring ionized gas from the inner rim to higher in-
clinations, dragging dust grains along. The dust grains would then be subjected



156 The complex circumstellar environment of HD 142527

to radiation pressure forcing them radially outwards. This mechanism would se-
cure a constant replenishment of the halo material. However, the halo mass is
already ∼5% of the inner disk mass, discrediting this explanation. The outer disk
is more massive and from that point of view would be a more likely origin of the
halo material. In that case it seems likely that the halo extends to the outer disk
(r ∼130 AU), since otherwise the material would have to cross the gap quickly
and linger in the inner disk region. A larger halo would contain slightly more
mass, but it’s observational features in the SED, visibilities and images would be
the same.

5.9.4 Disk gap
Our analysis of the VISIR 18.72 µm image and the modeling effort (see
Fig. 5.10) demonstrate the presence of large inner gap reaching from 30 to
130 AU, which is relatively void of small dust grains. One might speculate about
the presence of a large Jupiter mass planet present in the gap that is responsible
for the clearing of the material. In the light of recent findings this seems a very
likely possibility. Marois et al. (2008) and Kalas et al. (2008) found Jupiter-like
planets in wide orbits around young A-type stars by direct imaging. Lagrange
et al. (2009) make the presence of a Jupiter-like planet in the debris disk of β
Pictoris (also A-type) very likely. Furthermore, models of the Solar nebula gen-
erally rely on an early formation of Jupiter, which then promotes the formation
of the terrestrial planets (Pollack et al. 1996). This argument favors the in sec-
tion 5.9.3 proposed presence of terrestrial planets in the inner disk.

To check whether photoevaporation could be responsible for the clearing of
the gap we consulted Gorti & Hollenbach (2009), who describe the following
scenario for the dispersal of a disk around a 1 M� PMS star. In the outer regions
of the disk FUV photoevaporation dominates accretion and the disk is expected
to shrink rapidly to a truncation radius, rt ∼150 AU. Under favorable conditions
a gap is created at 3-30 AU, after which the inner disk rapidly disappears on a
viscous timescale of . 105 yr. The outer disk is subsequently rapidly eroded
(. 105 yr) from inside out. The authors estimate disk lifetimes of ∼106 yr. Since
the gap of HD 142527 is located at larger radii and there is still material in the
inner disk it is unlikely that photoevaporation is the dominant cause of the disk
geometry.

5.9.5 Outer disk
The most distinct and curious aspect of the appearance of HD 142527 is it’s
large IR excess (FIR = 0.92 · F∗), which was noted by Dominik et al. (2003).
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We managed to self-consistently explain this flux level by invoking the presence
of a huge wall of material at 130 AU. We found that the height of this material
reaches up to 60 AU, as expressed in radial τ=1 surface. This means that the
outer disk covers 42% of the sky as seen from the star. It is this covering fraction
that allows the disk to reprocess so much stellar light and emit IR radiation in a
relatively small solid angle (58%). This wall is also the cause of the bright spot
in the IR images. A frontal irradiation over the entire vertical surface is required
in order for this wall to puff up the way it does. This is guaranteed by the small
solid angle of the flattened inner disk and the large disk gap.

Further out the disk is self-shadowed runs up to 200 AU. From our model we
estimated the total dust mass in small grains in the outer disk to be 1.0 ·10−3 M�,
consistent with our analysis of only the millimeter data (see Sec. 5.4). Assuming
a gas to dust ratio of a 100, the total disk mass is well below the gravitational
instability limits (see e.g. Gammie 2001), but it is at the high end of the range
in disk masses (10−3 to 10−1 M�) found for other Herbig stars by Acke et al.
(2004).

The dust of the outer disk is also responsible for the scattering seen in the
Subaru images of Fukagawa et al. (2003). This cold dust is very processed, since
it contains both crystalline H2O ice (see also Malfait et al. 1999) and forsterite.
Ohashi (2008) find convincing evidence for strong gas depletion on the basis of
12CO(3-2) emission, which is also an indication of advanced disk evolution.

The overall spatial brightness distribution was fairly well modeled, however
from the overlay of the images at 18.72 and 24.5 µm in Fig. 5.7 it is clear that the
peak of the emission of the eastern lobe shifts to the south when going to longer
wavelengths. Such an asymmetry can not be explained with an axi-symmetric
density distribution; thus this is an indication of azimuthal variation in the den-
sity. Also, figures 5.9 and 5.18 show that there are some discrepancies between
the observed images and the modeled images in the azimuthal direction. Pre-
vious modeling efforts of protoplanetary disks has made the existence of spiral
density waves likely (see Durisen et al. 2007 for a review). It could be that we
are observing the signature of such waves here in HD 142527.

To add to the complexity of the geometry the sub-millimeter mapping by
Ohashi (2008) showed that the spatial distribution of the bulk of the material is in
an arc-like structure enclosing the central star. Their image shows concentrations
to the north-east and north-west and a surprising absence of material to the south.
The similarity to our deconvolved 18.72 µm is striking (see Fig. 5.9). From our
azimuthal analysis we concluded that the emission maxima are actually at PA =
60◦ and PA = −60◦ (see Fig. 5.11). The resemblance that comes to mind is that
of the Trojan asteroids of Jupiter, who reside in the two Lagrangian points of
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stability that lie 60◦ ahead and behind the planets orbit. This would imply the
presence of a large planetary body 0.8′′ (120 AU) north of the star. A modeling of
the gravitational dynamics is called for to determine whether this configuration
is physically possible and to constrain the exact orbital parameters and mass of
such a body.

5.10 Conclusions
We obtained and analyzed SEST and ATCA millimeter data, VISIR N and Q-
band imaging and spectroscopy. We compared these to data-sets from the lit-
erature including optical photometry, Spitzer, ISO, and TIMMI2 spectra, and
MIDI interferometry. We modeled the observations with the radial transfer code
MCMax and we came to a self-consistent model, which satisfactorily explains
all the observations. Our disk model shows that the circumstellar matter around
HD 142527 has three geometrically distinct components: a self-shadowed inner
disk, a spherical halo and a massive self-shadowed outer disk. We find that the
disk has a huge gap running from 30 to 130 AU. At 130 AU there is a huge wall,
which is responsible for the extreme far IR excess. Furthermore, we find sev-
eral indications of azimuthal structure in the outer disk, possibly due to planet
formation. All in all, HD 142527 shows strong mineralogical and geometrical
signs of rapid disk evolution and will remain an interesting object for the study
of protoplanetary disks as instruments and models improve.
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CHAPTER 6

Epilogue

6.1 Summary

In this thesis we have studied the infrared properties of dusty disks surrounding
young stars. Most of these stars are Herbig Ae or Be stars, which are inter-
mediate mass pre-main-sequence stars surrounded by gas-rich disks that are the
remnant of the star formation process. These disks are the sites of on-going
planet formation, which affects their geometry and composition. For all sources
considered in this thesis, we have mapped the spatial distribution of the warm
circumstellar dust by looking at high spatial resolution mid IR spectra obtained
with VISIR at the VLT. In chapters 2 and 3 we discussed two samples of con-
necting mass ranges. This allowed for comparative studies of disk properties in
a total mass range of 2 to 20 M�. The main properties we addressed, were the
geometry and composition. In chapters 4 and 5 we did two case studies of stars
representing two entirely different disk geometries as derived from their SEDs:
one extremely self-shadowed and one extremely flaring. Below we address all
chapters once more one by one.

In chapter two we worked out the analysis technique of the VISIR spectro-
scopic data and we used it to study a sample of 17 Herbig Ae stars. The spatial
distribution of the emission in the VISIR spectra was fitted with Gaussians to
obtain the FWHM-sizes as a function of wavelength. These size spectra were
then deconvolved with a statistical PSF based on a sample of ∼130 calibration
measurements. We proceeded with the analysis of the science sample and then
put our results in a multi-wavelength context as given by the literature. We found
that disks with a flaring geometry (group I) are more often resolved than disks
with a self-shadowed geometry (group II). The disks are more extended in the
PAH bands than in the continuum, with the notable exception of HD 169142.
Sources with strong PAH emission tend to be larger than sources with weak
PAH emission. The continuum emission of a few sources is considerably more
extended (up to ∼60 AU) than expected from thermal emission modeling. This
may be due to the presence of very small grains in the disk surface layers, and/or
the presence of inner holes or disk gaps. The latter explanation is supported by
the negative trend we found between the continuum sizes and the NIR excess
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flux.
In chapter three we studied a sample of 30 Herbig Be stars. These more

massive young stars are hard to study, due to the short formation times scales,
large distances and the presence of obscuring natal clouds. There are however
observational and theoretical indications that Herbig Be stars are substantially
different from their lower mass companions, the T Tauri and Herbig Ae stars.
We used literature photometry to obtain optical extinctions and stellar parame-
ters of the targets. The high spatial resolution of the VISIR instrument allowed
us to zoom in, filter out the natal cloud contributions and investigate the disks.
With N-band imaging and spatially resolved spectroscopy we mapped the spatial
distribution and mineralogy of the warm dust. What we found was that the mid
IR emission of the Herbig Be stars is typically characterized by a circumstellar
disk which efficiently reprocesses a substantial portion of the stellar flux. The
dust composition is quite similar to that of the Herbig Ae stars. However we
do find several differences from the lower mass stars. The shape of the SEDs is
different, the IR excess is lower and the PAH emission is weaker. We concluded
from these findings that the disks around the Herbig Be stars are geometrically
smaller than those around lower mass stars.

In chapter four we carried out a case study of the special Herbig Ae star,
HD 95881. This star is classified as a group II source, which is related to a
self-shadowed or flat disk geometry. However, it displays signatures of a flaring
gas surface. This is very interesting because it agrees with theory, but obser-
vationally it is atypical. The prediction from theory is that in an evolutionary
scenario with dust sedimentation a flaring disk can transform into a flat disk, but
the gas geometry will remain unaltered, which should actually enhance the gas
signatures. However, from observations most group II sources appear to have
very weak gas signatures. In this context HD 95881 is hypothesized to be an
evolutionary link. In order to map the spatial distribution of the gas and dust
around HD 95881 we undertook a multi-wavelength study. We analyzed optical
photometry, Q-band imaging, mid IR spectroscopy, and K and N-band interfer-
ometric spectroscopy. We then used a Monte Carlo radiative transfer code to
create a model for the density and temperature structure which quite accurately
reproduced all the observables. We derived a consistent picture in which the disk
consists of a thick puffed up inner rim and an outer region which has a flaring gas
surface and is relatively void of small dust grains. We concluded that HD 95881
is in a transition phase from a gas rich flaring disk to a gas poor self-shadowed
disk.

In chapter five we performed another case study of a particular Herbig Ae
star, HD 142527. This star was known to have an inexplicably large IR excess.
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Spectroscopic observations revealed a highly processed nature of the circumstel-
lar material, in terms of grain growth and crystallinity. Furthermore, scattered
light observations showed the presence of a disk gap. All these properties seem
to suggest this star is in an interesting evolutionary phase and worthy of fur-
ther investigation. We thus mapped the composition and spatial distribution of
the warm circumstellar dust with various observations and modeling. We ana-
lyzed SEST and ATCA millimeter data, VISIR N and Q-band imaging and spec-
troscopy. We then constructed a model of the geometry and density structure of
the circumstellar matter using the radiative transfer code MCMax. This model
satisfactorily fitted all of the observations. What we found was that the disk of
HD 142527 has three geometrically distinct components. A self-shadowed inner
disk, a spherical halo and a massive self-shadowed outer disk. We also found
that the disk has a huge gap running from 30 to 130 AU. This peculiar geometry
and mass distribution is the cause of the extreme IR reprocessing power.

6.2 Transcending Lessons
We have learned a great deal by studying the dust around young stars for a large
range of stellar masses. We found that over the entire mass range, from ∼2 to
∼20 M�, the matter around young stars can be characterized by a circumstel-
lar disk that reprocesses a substantial portion of the stellar flux. Furthermore,
the composition of the emitting dust does not vary greatly over the entire mass
range. We did find a great deal of diversity in the 10 µm features, which is due
to different levels of dust-processing, in terms of grain-growth and crystalliza-
tion. However, we did not find any relation between any stellar parameter and
the level of dust-processing.

The difference we found between the stars of the two mass ranges was in
the deviations from the assumed initial geometry. In the lower mass range we
found a number of disks that show indications of disk gaps and/or inner holes.
The stars in the higher mass range showed indications that over time the disks
have decreased in size. We recognize the change of disk geometry for low mass
stars as the signature of planet formation and for higher mass stars as a sign of
photoevaporation. From this we postulate that there is a competition of two time
scales of decay of protoplanetary disks. In disks around low mass stars gravita-
tional processes, such as sedimentation and planet formation are fast enough to
dominate the fate of the disk. In disks around higher mass stars the time-scale of
photoevaporation is so short that planet formation is likely inhibited. We have
made a schematic representation of this view in figure 6.1. Modeling efforts like
Gorti & Hollenbach (2009), indeed show that photoevaporative flows become
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Figure 6.1 — Pictographic display of the evolution of the disks around Herbig Ae and
Be stars.

exceedingly large around higher mass stars. This is also what observations seem
to suggest. For instance, Balog et al. (2008) observed proplyds that have lost
most of their gas and are now being stripped of their dust content by the photon
pressure of nearby O stars. Also, Acke et al. (2008) show that the particular
Herbig Be star MWC 297 has a total IR excess of only LIR/L∗ ∼ 5%, which is
an indication of a very small disk. However, numerical modeling by Throop &
Bally (2005) indicated that photoevaporation can in some cases actually promote
the formation of planets. They argue that gravitational instabilities are facilitated
by the decrease of the gas to dust ratio.

The group dichotomy is something that was addressed throughout this thesis
and especially in the two case studies. We were not able to confirm or disprove
the common assumed evolution from a flaring (group I) to a flat geometry (group
II) through grain-growth and sedimentation. We did find that the group I sources
are more often resolved and more often show indications of disk gaps then the
group II sources (see chapter 2). This suggests that some flaring disks actually
experienced more evolution than self-shadowed disks. In chapter 4 we studied
an exceptional case that seems to be in a transition phase from a gas-rich disk
with a flaring geometry to a self-shadowed and gas-poor disk. This certainly
does advocate for the evolutionary link. In chapter 5 however, we found that the
particular group I source, HD 142527, has a very evolved disk. It has a huge
gap and a very processed mineralogy. We also found that it’s extreme IR excess
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is caused by a large covering angle, but the disk is actually not flaring. This
brings to question whether there are more group I sources, which are mistak-
enly assumed to be flaring. So, although an evolutionary link is plausible, there
is probably more at stake. Theoretical modeling by Meijer et al. (2008) con-
firmed previous findings that the amount of mass in small dust grains governs
the degree of flaring. However, an observational survey by Acke et al. (2009)
showed that the scale height of the inner disk determines the shadowing of the
outer disk. Maybe some group II sources are capable of evolving into group I
sources? This could be achieved by decreasing the scale-height of the inner disk
and by producing second generation small dust grains in the outer disk. Such a
second generation group I source does not necessarily have to be flaring.

6.3 Future Studies
Every answer one gets usually just leads to more questions and a PhD thesis is
no different for that matter. There are a number of open questions which we
stumbled upon in this thesis. Here we mention these briefly and list some future
instruments which could answer these questions.

One of the fundamental insecurities that clouds our understanding of proto-
planetary disks is the poorly constrained stellar ages. This makes it almost im-
possible to place the objects on a time-line, to infer an evolutionary sequence and
determine the various time-scales. This situation could be improved by better
determinations of fundamental stellar parameters such as the distance, spectral
type and extinction. This can be done with better optical spectra and photome-
try. However, even then it will be hard to determine accurate stellar ages. This
is because the ages are determined with isochrones of constant mass in the HR
diagram and these isochrones are very close together.

Another fundamental deficit is the lack of well know disk masses. This is
in part because the emissivity of the dust is only known within a factor of 5 and
in part because of instrumental constraints. Surely it would be interesting to see
what the precise range of disk masses is and how these relate to other parameters.
To improve the emissivity determination a lot more modeling efforts and labora-
tory experiments are needed. On the observational side promising future studies
will be done with high sensitivity and high spatial resolution millimeter imaging.
Especially with the ALMA telescopes coming online in a few years. As proto-
planetary disks are optically thin at these wavelengths, imaging will be able to
trace the mass quantities and spatial distribution to high accuracy. This will also
allow to find the geometrical signatures of planet formation and photoevapora-
tion, and thus provide more clarity on the picture (see figure 6.1) discussed in
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section 6.2.
Like many other authors we could not find a relation between the stellar

parameters and the level of dust processing, in terms of grain growth and crys-
tallization. On top of that, how do we explain the large geometrical diversity?
Even if we had accurate stellar ages it would be hard to explain the variety of
objects with a single evolutionary sequence. Could it be that disks are different
from the start? Are the dominant geometrical and compositional differences set
by the initial phase of cloud collapse, where cloud mass, angular momentum, and
magnetic fields are the main influences? Does this diversity have an influence
on planet formation or photoevaporation? In order to answer these questions we
should increase our samples, broaden the spectral range under consideration, go
to higher spatial resolution, and also look at the younger Class I objects. This will
allow us to disentangle and classify the different objects. This can be achieved
in the future by a combination of space and ground-based observations.

The Herschel Space Observatory was successfully launched in May 2009
and features a 3.5 meter mirror (compare diameter HST, d∼2.4 m). It hosts sev-
eral instruments exploring the far IR and submillimeter with imaging and spec-
troscopy. The longer wavelengths will tells us more about embedded sources
and the mineralogy of the cold dust in the outer disks. The James Webb Space
Telescope (JWST) is scheduled for launch in 2014. The JWST will have a mirror
with a diameter of 6.5 meter. It will contain an IR instrument called MIRI which
will provide imaging and spectroscopy at wavelengths of 5 to 28 µm. The higher
sensitivities of these instruments will allow us to look at much more objects and
eliminate possible biases. The higher spectral resolution will allow us to go in to
mineralogy and chemistry in much more detail.

A large step forward in the spatial resolution of the observations will be
achieved with the coming ELTs. These are ground-based optical telescopes with
primary mirrors larger than 20 meters in diameter. Until now most disks are
unresolved or marginally resolved in the mid IR. The few resolved disks show
substantial deviation from axi-symmetry (see chapter 5). New measurements
with higher spatial resolution disks will likely reveal more variety of geometry,
which will be a challenge for future models. Until then a lot can still be done
with MIDI, the mid IR interferometric spectroscopic instrument at the VLT. Es-
pecially for the relatively underrepresented higher mass stars. MIDI can set lim-
its on the disk sizes, which can help to verify our models, for instance for the
supposed truncation radius of the FUV photoevaporation process. Furthermore
MIDI can reveal mineralogical gradients, which seem to be present in all disks.
These gradients contain information about radial mixing, a process which is still
poorly constrained.
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Recently the disk versus envelope debate of the previous decade (see e.g.
Natta et al. 2000) has been reignited. Observational studies in the near IR, like
Leinert et al. (2001) and Monnier et al. (2006), demonstrated the presence of
halos around a substantial number of Herbig stars. Furthermore, Acke et al.
(2009) showed that for many disks it is not possible to reproduce the near IR flux
without assuming a scale-height which is higher than what would be expected
from vertical hydrostatic equilibrium (Ψ = 1.0-3.0). In chapter 5 we showed
that the presence of a halo can alleviate this modeling problem of the inner disk.
What the origin of these halos could be, is quite a mystery. An expansion of the
near IR interferometric spectroscopic studies with AMBER to higher mass stars
is called for. The next generation instruments will undoubtedly also shed light
on this matter. Spectra at longer wavelengths (e.g. Herschel) should be able to
reveal absorption features of these halos. High spatial resolution imaging (e.g.
ELTs) should be able to resolve the halos in the near IR.

We will end here with one of the big questions brought up in section 6.2. Are
higher mass stars capable of forming planets? One way of verifying this is to
just look for planets around evolved higher mass stars. The problem there is that
most current exo-planet searches are insensitive to planets around higher mass
stars. New space-borne telescopes like COROT and Kepler carry the promise
of discovering numerous new planets and examining a few of their atmospheres.
They are also going to be able to show whether there is an absence of planets
around higher mass stars and at what stellar mass the demise takes place.
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Samenvatting in het Nederlands

Dit proefschrift beschrijft infrarood observaties van het stof rond jonge sterren.
Het doel van deze observaties is het verkrijgen van inzicht in de aard van dat
stof. Dit is interessant omdat deze stofkorrels de elementaire bouwstenen vor-
men van nieuwe planeten. Door de verdeling en de compositie van dit stof te
bepalen hopen we een duidelijker beeld te krijgen van hoe planeetvorming pre-
cies in werking treedt. In deze Nederlandse samenvatting worden de theoreti-
sche context, de gebruikte waarnemingen, en de bevindingen van het onderzoek
in toegankelijke en bondige taal voor een breed publiek uitgelegd.

Stervorming en Schijfevolutie

Sterren ontstaan uit enorme gaswolken. Als gevolg van een kleine dichtheids
variatie kan zo’n wolk onder zijn eigen zwaartekracht ineenstorten. Tijdens het
samentrekken gaat de gaswolk sneller rond draaien, als een ballerina die haar
armen intrekt. Deze rotatie zorgt voor een afplatting van de wolk, dit resulteert in
de vorming van een schijf. In het centrum van deze schijf bevindt zich de nieuw
geboren ster, die nog materie verzamelt via de schijf. Wanneer de rotatie van de
materie rond de ster hoog genoeg wordt dan zal het niet verder naar binnenvallen.
Er is dan een betrekkelijk stabiel systeem ontstaan. Een jonge ster met daar
omheen een schijf van gas en een beetje stof, de zogenaamde protoplanetaire
schijf. Op de voorkant van dit proefschrift is een artistieke impressie van zo’n
schijf weergegeven.

Deze schijven bestaan voor drie kwart uit waterstofgas, voor één kwart uit
helium en voor één procent uit vast stof. Dit stof bestaat weer uit silicaten, kool-
stof en ijzer-verbindingen. Doordat de schijven sterlicht opvangen worden ze
verwarmd. Warm gas zorgt voor druk die de afplatting van de schijf tegengaat.
De schijf wordt als het ware opgeblazen. Op grotere afstanden van de ster, waar
de zwaartekracht lager is, kan de schijf nog meer opgeblazen worden. Daardoor
heeft de schijf een uitwaaierende vorm. In de linker zijde van figuur 6.2 is een
dwarsdoorsnede van zo’n schijf geı̈llustreerd. Door de hoge dichtheid in zulke
schijven kunnen stofdeeltjes elkaar gemakkelijk vinden. Bij botsing blijven deze
aan elkaar plakken en op die manier ontstaan grotere deeltjes. Als deeltjes zwaar
genoeg worden dan zinken ze naar het middenvlak van de schijf. Dit proces
wordt sedimentatie genoemd. Bij hoge mate van sedimentatie kan de stofschijf
van geometrie veranderen. De uitwaaierende vorm wordt dan een meer afge-
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Waaierend

Model 2

Plat

Figuur 6.2 — Dwarsdoorsnedes van twee gangbare modelen van stofschijven rond jonge
sterren. Links: de uitwaaierende vorm is de algemene verklaring voor de bronnen met
veel koude straling (groep I). Rechts: de afgeplatte vorm is de algemene verklaring voor
bronnen met weinig koude straling (groep II).

platte. In de rechter zijde van figuur 6.2 is een dwarsdoorsnede van zo’n platte
schijf te zien. Het gas verdampt waarschijnlijk in een versneld tempo uit zo’n
schijf, omdat het voor de koeling grotendeels van het stof afhankelijk is. Uit-
eindelijk blijft er een nog plattere schijf over met brokstukken samengeklonterd
stof, waarvan sommigen groot genoeg zijn om planeet genoemd te worden.

Dit globale beeld van de schijf vormen en hun evolutie is waarschijnlijk te
simplistisch. Evengoed zijn onze telescopen nog niet krachtig genoeg om een ge-
detaileerd beeld van de schijven te vormen. Er is wel een tweedeling gevonden
van schijven met veel of weinig ver-infrarood straling. Aan de hand daarvan zijn
de sterren ingedeeld in respectievelijk groep I en II bronnen. Deze ver-infrarood
straling is afkomstig van koud stof, wat zich op grote afstand van de ster bevind.
Bovendien moet dit koude stof direct sterlicht opvangen om te kunnen stralen.
Groep I bronnen moeten dus aan de buiten kant van hun schijf materiaal om-
hoog houden. De waarneemtweedeling wordt zodoende gangbaar verklaard met
de twee modellen van schijfvormen van figuur 6.2. Er zijn echter ook andere vor-
men mogelijk. Modellen laten zien dat de schijven enorm turbulent moeten zijn.
Bovendien vindt planeetvorming waarschijnlijk al in een vroeg stadium plaats.
Deze nieuw gevormde planeten hebben een enorme gravitationele invloed op de
schijven. Ze kunnen brokstukken versnellen en destructieve botsingen veroor-
zaken, waardoor er een nieuwe generatie van fijn stof ontstaat. Een planeet met
tien aard-massa’s of meer, kan zelfs een brede kloof in de schijf creëren over
de volledige lengte van zijn baan. Andere waargenomen eigenschappen lopen
zodanig uiteen dat het maar de vraag is of het verschillende stadia van één zelfde
evolutie scenario betreft. We kunnen dit moeilijk controleren omdat we geen
eenduidige leeftijdsmeter van de sterren of van de schijven hebben.
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Planeetvorming
De essentiële ingrediënten voor planeetvorming zijn reeds naar voren gekomen
in de evolutie van de stofschijf. Stofkorrels groeien door bij botsingen aan elkaar
te kleven. Als deze ’sneeuwballen’ dan een grootte van een decimeter bereiken
gaan ze tegen de gas druk in bewegen en hopen ze zich op in gebieden met re-
latieve overdruk. Zo’n concentratie van brokstukken kan vervolgens gebonden
worden door de onderlinge zwaartekracht. Zodra objecten een grootte bereiken
van rond de tien kilometer noemen we ze planetesimalen. Zo’n planetesimaal
kan met behulp van zijn zwaartekracht nog meer omgevingsmateriaal verzame-
len. Naar mate dit object in massa groeit, wordt het daar zelfs effectiever in. Bij
een zekere massa gaat de zwaartekracht echter weer tegenwerken. Omgevings
objecten worden dan juist versneld in plaats van gevangen. Dit veroorzaakt ver-
volgens destructieve botsingen en sommige planetesimalen worden zelfs uit de
schijf geschoten. Planeten die desondanks een massa bereiken van meer dan
tien keer de aard-massa, zijn in staat om het omliggende gas gravitationeel te
binden. Dit proces wordt kern-aanwas (core-accretion) genoemd. Dit is het al-
gemeen geaccepteerde scenario voor het vormen van gasreuzen zoals Jupiter. Er
zijn echter ook alternatieve modellen die het ontstaan van gasreuzen verklaren
met de monolitische instorting van een deel van de schijf onder invloed van de
zwaartekracht.

Infrarood Observaties
Het grootste deel van de data voor dit proefschrift is in Chilië verzameld. De
Europese organisatie ESO heeft daar in de Atacama woestijn meerdere moder-
ne telescopen staan. Dat is een ideale lokatie, omdat door de extreme droogte
en de grote hoogtes, er weinig obstructie voor sterlicht is. Bovendien geven de
telescopen daar zicht op de relatief minder in kaart gebrachte zuidelijke helft
van de hemel. De telescoop die wij gebruikt hebben heet de VLT, een acroniem
voor Very Large Telescope. Zoals in figuur 6.3 zichtbaar is, zijn dit eigenlijk
vier identieke telescopen. Elk van deze telescopen heeft een holle parabolische
spiegel met een doorsnede van maar liefst 8.2 meter. Deze grote diameter stelt
ons instaat om een scherp beeld te vormen van hemellichamen op grote afstand.
Daar waar het licht van de primaire spiegel samen komt hangt een bolle secun-
daire spiegel. Deze stuurt het gebundelde licht naar het centrum van de primaire
spiegel, waar een mechaniek bevestigt zit die het licht naar drie verschillende
instrumenten kan sturen.

Wij hebben gebruik gemaakt van het infrarood instrument VISIR. Hiermee
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Figuur 6.3 — De vierdelige Europese telescoop in Chilië, de VLT. De derde van links,
genaamd Melipal, is de gene die gebruikt is voor de dataverzameling van dit proefschrift.
Links in de foto is een persoon nog net zichtbaar tegen de horizon, dit illustreert de
enorme afmeting van de telescopen. Foto met dank aan ESO.

kunnen we de thermische emissie van de schijven rond jonge sterren bestuderen.
Het voordeel daarvan is dat dit licht intrinsieke informatie van de schijven be-
vat. De moeilijkheid van deze observaties is dat onze aardatmosfeer maar weinig
transparant is voor infrarood licht en zelf ook een enorme lading infrarood licht
uitstraalt. Het is als het ware alsof we sterren proberen te observeren met dag-
licht. Er zijn echter twee golflengte banden waar de aardatmosfeer relatief veel
infrarood licht doorlaat. Deze worden de N en de Q-band genoemd. Bovendien
hebben we een techniek ontwikkeld die ons instaat stelt om het licht van sterren
uit het licht van de aardatmosfeer te filteren. Deze techniek wordt ’chopping and
nodding’ genoemd. Het komt er op neer dat we om de twee seconde ons blikveld
heen en weer bewegen. In deze twee blikvelden staan sterren op andere posities,
maar de emissie van de aardatmosfeer is hetzelfde. Achteraf kunnen we gemak-
kelijk de digitale foto’s van elkaar af trekken. De straling van de aardatmosfeer
valt dan weg en het sterlicht blijft over.

We hebben met VISIR infrarood waarnemingen gedaan van ongeveer 50 jon-
ge sterren van verschillende massa. Van een groot aantal van deze sterren hebben
we foto’s gemaakt. Aan de hand van deze foto’s kunnen we de lichtkracht van
de schijf bepalen, een limiet zetten op de grootte en voor grote objecten kun-
nen we de ruimtelijke verdeling van het stof bekijken. Voor de meeste sterren
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hebben we ook spectra genomen. Dit houd in dat we het sterlicht hebben ont-
rafeld in zijn verschillende golflengtes, zoals met een prisma, dit wordt ook wel
dispersie genoemd. Met deze spectra kunnen we kwantitatief de compositie van
het stralende deel van de schijven bepalen. Zo’n spectrum wordt namelijk ge-
vormd door bijdragen van verschillende mineralen. Uit laboratorium metingen
zijn de vormen van de spectra van de meeste mineralen vrij goed bekend. Dit
stelt ons in staat om met de juiste compositie van mineraal spectra het waargeno-
men ster spectrum te reproduceren...en voilà, we hebben de compositie bepaald.
Daarnaast kunnen we met deze spectra ook ruimtelijke informatie inwinnen. De
detector bestaat namelijk uit een vierkant van 256 bij 256 kleine lichtsensoren.
Bij het observeren van spectra gebruiken we één richting van deze detector voor
de dispersie en in de andere richting blijft de ruimtelijke informatie behouden.
Dit stelt ons in staat om de grootte van het waargenomen object op meerdere
golflengtes tegelijk te bepalen.

Andere Observaties en Modelconstructie
Naast deze VISIR observaties hebben we ook gebruik gemaakt van waarnemin-
gen op andere golflengtes, we hebben schijfmodellen geconstrueerd en onze re-
sultaten vergeleken met die van anderen in de wetenschappelijke literatuur. De
synthese van deze informatie heeft ons in staat gesteld om een beeld te creëren
van de ruimtelijk verdeling van het stof.

Voor een groot aantal sterren hebben we optische fotometrie uit de literatuur
verzameld. Dit zijn meting van de intensiteit van een ster bij verschillende golf-
lengtes. Aan de hand van deze fotometrie hebben we elementaire eigenschappen
van de sterren kunnen bepalen, zoals de lichtkracht en de massa. Ook hebben
we voor veel sterren gebruik kunnen maken van infrarood spectra die met ruimte
telescopen zijn gemaakt, zoals ISO en Spitzer. Met behulp van deze spectra kon-
den we de kwaliteit van de VISIR spectra verifiëren en kijken naar compositie
verschillen van de schijf en omliggende wolk materiaal.

Voor veel sterren zijn in het verleden coronografische opnames gemaakt.
Zulk soort foto’s worden met een speciale camera gemaakt die in staat is het
centrale deel van een blikveld af te dekken. Net zoals wij onze hand voor de zon
houden om meer van de omgeving gewaar te worden, houden deze een corono-
graaf voor de ster zodat het licht van de omliggende schijf zichtbaar wordt. Deze
foto techniek wordt vooral gebruikt om het reflecterende sterlicht van de schijf
waar te nemen. Dit geeft informatie over de afmeting en de structuur van het
oppervlak van de schijf. In figuur 6.4 zien twee schijven door het gereflecteerde
sterlicht, gefotografeerd met de Hubble Space Telescope. Bij de linker zien we
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Figuur 6.4 — Opnames van stofschijven in gereflecteerd sterlicht met de Hubble Space
Telescope. Links: Een zijaanzicht van HH 30. Zie hoe de waaierende geometrie naar
voren komt. Rechts: Een coronografische opname van HD 141569. De donkere ring net
buiten de heldere ring wordt verklaard met een kloof in de schijf, die waarschijnlijk door
een planeet is veroorzaakt. Foto’s met dank aan NASA.

een zijaanzicht en dekt de schijf het directe sterlicht af, waardoor er geen coro-
nograaf nodig is. Bij de rechter zien we de resten van de coronograaf terug als
een donker kruis en de naar buiten lopende strepen. Het object zelf vertoont een
heldere ring die naar buiten toe eerst afzwakt en vervolgens weer iets toeneemt
in helderheid. Deze ring van afgenomen helderheid wordt geassocieerd met een
kloof in de schijf, die waarschijnlijk door een planeet is veroorzaakt.

Voor twee bronnen hebben we een brede set van verschillende waarnemin-
gen geanalyseerd. Naast de reeds genoemde waarnemingen hebben we onder
andere gekeken naar interferometrie. Dit is een techniek waarbij we simultaan
gebruik maken van twee telescopen, waardoor we verder kunnen inzoomen op
kleine structuren. Vervolgens hebben we voor beide sterren een schijfmodel ge-
maakt met een modern computer programma genaamd MCMax. Dit programma
simuleert nauwkeurig de verspreiding van het sterlicht door een stof schijf. Aan
de hand daarvan kan het voor een aangenomen dichtheid structuur en lichtkracht
van de ster de resulterende temperatuur structuur bepalen. Als deze bekend zijn
dan kan het programma modelwaarnemingen produceren. Aan de hand van de
vergelijking met echte waarnemingen kan vervolgens de dichtheid structuur wor-
den bijgesteld tot er een goede fit gevonden wordt.
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De Bevindingen
Door naar een groot aantal sterren van verschillende massa te kijken, van grof-
weg 2 tot 20 keer de massa van de zon, hebben we een vergelijkend onder-
zoek kunnen doen. Wat we gevonden hebben is dat voor alle gewichtsklasses
geldt dat, de materie rond de ster gekarakteriseerd kan worden met een schijf die
een behoorlijk deel van het sterlicht opvangt en weer in het infrarood uitzendt.
Binnen alle gewichtsklasses hebben we een grote diversiteit van stofcompositie
gevonden. Deze diversiteit hebben we echter niet kunnen relateren aan eigen-
schappen van de centrale ster. Het is ook vrij moeilijk om deze diversiteit te
verklaren aan de hand van één schijfevolutie scenario. Het is daarintegen heel
goed mogelijk, dat het vormingsproces van de schijven een grote rol speelt. De
grote hoeveelheid gravitationele energie die in de beginfase wordt vrij gemaakt
zou best tot een grote variëteit van chemie kunnen leiden. De verschillen die we
vonden tussen de lage massa sterren en de sterren van hogere massa, zaten in
de geometrie van de schijf. De schijven rond de lage massa sterren tonen vaak
indicaties van kloven, waarschijnlijk als gevolg van planeetvorming. De schij-
ven rond de hogere massa sterren tonen kenmerken van verdamping als gevolg
van de intensere stralings velden. Het is de vraag of deze verdamping van de
schijf nog wel planeetvorming toelaat. Met andere woorden, waarschijnlijk zijn
sterren van hogere massa niet in staat om planeten te vormen.

We hebben ook gekeken naar het verschil tussen de bronnen met veel kou-
de straling (groep I) en de bronnen met weinig koude straling (groep II). We
hebben echter geen uitsluitsel of bevestiging kunnen geven over de algemeen
aangenomen evolutie van een uitwaaierende schijfvorm naar een meer afgeplat-
te schijfvorm (zie figuur 6.2). De objecten van groep I hadden vaak een grotere
schijnbare afmeting en toonden vaker indicaties van kloven in hun schijven. Dit
suggereert dat sommige groep I bronnen juist verder geëvolueerd zijn dan de
gemiddelde groep II bron. Door twee specifieke sterren nader onder de loep
te nemen hebben we de schijfgeometrie daarvan met meer detail kunnen be-
palen. Voor HD 95881 hebben we geleerd dat de schijf zich in een bijzondere
fase bevindt. De stofschijf is totaal afgeplat, maar het gas is nog niet verdampt.
Dit plaatje is dus weer wel in overeenstemming met het evolutie idee. Voor
HD 142527, hebben we ontdekt dat de grote hoeveelheid koude straling, die hem
het label groep I geven, wordt veroorzaakt door een heel bijzondere schijfgeo-
metrie. De schijf heeft een grote kloof en een enorme muur van materie op grote
afstand van de ster. HD 142527 is dus wel een groep I bron, maar hij heeft geen
waaierende schijf en bevindt zich juist in een gevorderde staat van evolutie.
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Appendix: Observational logs

Table 1: Log of the science observations of the Herbig Ae sample ordered on right ascension.
The columns from left to right give the target name, the wavelength setting, the slit-width, the
orientation of the slit (rotating from North to West), the chopper throw, the date and time, the
airmass and optical seeing, and the integration time.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Int.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

ABAur 11.4 0.3 0 9 2004-12-02 05:00 1.77 1.45 1799
ABAur 8.8 1 0 10 2005-01-25 01:17 1.75 1.58 1236
HD34282 8.5 0.75 0 8 2005-12-14 05:31 1.09 0.78 828
HD34282 9.8 0.75 0 8 2005-12-14 05:51 1.12 0.84 846
HD34282 11.4 0.75 0 8 2005-12-14 06:11 1.18 0.94 862
HD34282 12.2 0.75 0 8 2005-12-14 06:40 1.26 1.02 874
CQTau 8.5 0.75 0 8 2005-12-16 03:00 1.70 1.39 496
CQTau 11.4 0.75 0 8 2005-12-16 03:13 1.65 1.32 517
CQTau 12.2 0.75 0 8 2005-12-16 03:26 1.62 1.33 524
HD95881 8.5 0.75 0 8 2005-12-17 07:04 1.64 1.02 658
HD95881 11.4 0.75 0 8 2005-12-17 07:21 1.60 0.97 513
HD95881 12.4 0.75 0 8 2005-12-17 07:33 1.58 0.99 526
HD95881 8.5 0.75 0 8 2006-04-08 23:49 1.63 1.15 162
HD95881 9.8 0.75 0 8 2006-04-08 23:53 1.62 1.25 165
HD95881 11.4 0.75 0 8 2006-04-08 23:57 1.61 1.12 168
HD95881 12.2 0.75 0 8 2006-04-09 00:02 1.60 1.13 171
HD97048 11.4 0.75 0 10 2005-01-26 07:57 1.67 1.31 517
HD97048 11.4 0.75 270 8 2005-06-17 00:18 1.76 1.52 524
HD97048 8.8 0.75 270 8 2005-06-17 00:34 1.78 1.58 517
HD97048 12.4 0.75 270 8 2005-06-17 00:54 1.81 1.44 179
HD97048 12.4 0.75 270 8 2005-06-19 00:39 1.81 1.46 538
HD100453 8.5 0.75 0 8 2005-12-17 07:54 1.31 0.80 658
HD100453 11.4 0.75 0 8 2005-12-17 08:11 1.28 0.85 513
HD100453 12.4 0.75 0 8 2005-12-17 08:23 1.26 0.82 526
HD100546 8.8 0.75 219 8 2005-03-26 02:04 1.50 1.21 341
HD100546 11.4 0.75 219 8 2005-03-26 02:14 1.49 1.16 345
HD100546 12.4 0.75 219 8 2005-03-26 02:23 1.48 1.13 354
HD135344 8.8 1 0 10 2005-03-25 08:48 1.06 1.00 529
HD135344 11.4 1 0 10 2005-03-25 09:01 1.07 0.96 538
HD135344 12.4 1 0 10 2005-03-25 09:30 1.12 0.90 543
HD135344 8.5 0.4 0 8 2007-07-10 23:33 1.06 0.58 294
HD135344 9.8 0.4 0 8 2007-07-10 23:41 1.05 0.53 322
HD135344 11.4 0.4 0 8 2007-07-10 23:48 1.04 0.55 322
HD135344 12.2 0.4 0 8 2007-07-10 23:56 1.04 0.52 331
HD141569 8.8 0.75 0 8 2005-03-28 08:24 1.07 0.65 334
HD141569 11.4 0.75 0 8 2005-03-28 08:41 1.08 0.67 513
HD141569 12.4 0.75 0 8 2005-03-28 08:55 1.10 0.70 526
HD141569 9.8 0.75 0 8 2005-03-28 09:09 1.12 0.72 513
HD141569 11.4 0.75 0 8 2005-03-28 09:22 1.14 0.71 520
HD141569 12.4 0.75 0 8 2005-03-28 09:35 1.16 0.76 534
HD141569 8.5 0.4 0 8 2007-07-11 00:38 1.08 0.64 588

Continued on next page. . .
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Table 1: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Int.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD141569 9.8 0.4 0 8 2007-07-11 00:53 1.07 0.62 483
HD141569 11.4 0.4 0 8 2007-07-11 01:34 1.07 0.66 483
HD141569 12.2 0.4 0 8 2007-07-11 01:45 1.08 0.62 496
HD142666 8.5 0.4 0 8 2007-07-11 02:26 1.04 0.61 147
HD142666 9.8 0.4 0 8 2007-07-11 02:31 1.04 0.58 161
HD142666 11.4 0.4 0 8 2007-07-11 02:35 1.05 0.60 161
HD142666 12.2 0.4 0 8 2007-07-11 02:39 1.05 0.59 165
HD142527 8.8 0.4 0 10 2005-04-28 05:50 1.05 0.82 161
HD142527 8.8 0.4 0 8 2005-04-28 05:58 1.05 0.76 644
HD142527 9.8 0.4 0 8 2005-04-28 06:13 1.05 0.76 644
HD142527 11.4 0.4 0 8 2005-04-28 07:01 1.07 0.67 644
HD142527 12.4 0.4 0 8 2005-04-28 07:17 1.09 0.67 517
HD144432 8.5 0.4 0 8 2007-07-11 03:18 1.09 0.69 147
HD144432 9.8 0.4 0 8 2007-07-11 03:22 1.10 0.69 161
HD144432 11.4 0.4 0 8 2007-07-11 03:26 1.11 0.68 161
HD144432 12.2 0.4 0 8 2007-07-11 03:31 1.12 0.67 165
HD144668 8.5 0.75 0 8 2006-04-09 04:10 1.43 1.24 162
HD144668 9.8 0.75 0 8 2006-04-09 04:15 1.41 1.07 165
HD144668 11.4 0.75 0 8 2006-04-09 04:19 1.39 1.13 168
HD144668 12.2 0.75 0 8 2006-04-09 04:24 1.37 1.05 171
HD150193 8.5 0.4 0 8 2007-07-11 04:03 1.12 0.63 147
HD150193 9.8 0.4 0 8 2007-07-11 04:08 1.13 0.65 161
HD150193 11.4 0.4 0 8 2007-07-11 04:12 1.14 0.68 161
HD150193 12.2 0.4 0 8 2007-07-11 04:17 1.15 0.69 165
HD163296 8.5 0.4 0 8 2007-07-11 05:03 1.09 0.74 147
HD163296 9.8 0.4 0 8 2007-07-11 05:07 1.10 0.74 161
HD163296 11.4 0.4 0 8 2007-07-11 05:11 1.11 0.73 161
HD163296 12.2 0.4 0 8 2007-07-11 05:16 1.12 0.75 165
HD169142 11.4 0.75 0 8 2005-03-27 09:49 1.02 0.82 524
HD169142 8.8 0.75 0 8 2005-03-27 10:02 1.02 0.79 345
HD169142 12.4 0.75 250 8 2005-06-19 07:30 1.17 0.78 538
HD169142 11.4 0.75 250 8 2005-06-19 07:43 1.21 0.88 524
HD169142 8.8 0.75 250 8 2005-06-19 07:55 1.25 0.95 517
HD169142 8.1 0.4 0 8 2007-07-11 06:05 1.16 0.67 147
HD169142 8.5 0.4 0 8 2007-07-11 06:09 1.17 0.70 147
HD169142 9.8 0.4 0 8 2007-07-11 06:13 1.18 0.66 161
HD169142 11.4 0.4 0 8 2007-07-11 06:17 1.20 0.70 161
HD169142 12.2 0.4 0 8 2007-07-11 06:21 1.21 0.71 165
HD179218 8.8 0.4 0 8 2005-04-28 08:04 1.40 1.21 644
HD179218 9.8 0.4 0 8 2005-04-28 08:21 1.36 1.05 644
HD179218 11.4 0.4 0 8 2005-04-28 09:00 1.32 1.14 644
HD179218 12.4 0.4 0 8 2005-04-28 09:16 1.31 1.14 517
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Table 2: Log of the calibration observations of the Herbig Ae sample ordered on observation date.
The columns from left to right give the target name, the wavelength setting, the slit-width, the
orientation of the slit (rotating from North to West), the chopper throw, the date and time, the
airmass and seeing, and the integration time.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD9362 11.4 0.3 0 9 2004-12-02 05:49 1.81 1.66 341
HD59717 11.4 0.4 0 8 2004-12-02 06:39 1.07 1.35 171
HD40091 11.4 0.4 0 14 2004-12-02 08:42 1.32 1.46 870
HD82434 8.8 0.4 0 10 2005-01-23 08:20 1.20 0.99 51
HD82434 9.8 0.4 0 10 2005-01-23 08:22 1.20 0.90 56
HD82434 11.4 0.4 0 10 2005-01-23 08:25 1.21 0.87 57
HD82434 12.4 0.4 0 10 2005-01-23 08:28 1.22 0.89 60
HD9138 8.8 1 0 10 2005-01-25 00:51 1.71 1.79 529
HD59294 8.8 1 0 10 2005-01-25 02:01 1.40 1.48 677
HD100407 11.4 0.4 0 10 2005-01-25 08:26 1.02 0.71 56
HD100407 12.4 0.4 0 10 2005-01-25 08:29 1.02 0.71 54
HD113996 11.3 0.75 0 10 2005-01-26 08:34 1.67 1.38 513
HD113996 11.3 0.75 180 10 2005-01-26 08:56 1.64 1.33 108
HD113996 11.3 0.75 0 10 2005-01-26 09:07 1.63 1.32 108
HD50310 11.4 0.75 202 10 2005-01-27 02:07 1.13 0.96 172
HD102964 9.8 0.75 0 10 2005-01-28 03:44 1.73 1.42 172
HD102964 11.4 0.75 0 10 2005-01-28 03:50 1.68 1.36 168
HD136422 8.8 1 0 8 2005-03-25 09:57 1.16 1.00 353
HD136422 11.4 1 0 8 2005-03-25 10:05 1.17 1.06 179
HD136422 12.4 1 0 8 2005-03-25 10:19 1.21 1.34 181
HD91056 8.8 0.75 0 8 2005-03-26 00:37 1.42 1.01 168
HD91056 8.8 0.75 0 8 2005-03-26 00:37 1.42 1.01 172
HD91056 11.4 0.75 0 9 2005-03-26 00:59 1.38 0.88 171
HD91056 12.4 0.75 0 9 2005-03-26 01:04 1.37 0.93 175
HD73603 11.0 1 0 8 2005-03-27 02:17 1.06 0.98 176
HD73603 11.0 1 0 8 2005-03-27 02:23 1.06 0.78 176
HD73603 11.0 1 126 8 2005-03-27 02:28 1.07 0.81 176
HD73603 11.0 1 233 8 2005-03-27 04:08 1.39 1.12 176
HD169916 11.4 0.75 0 8 2005-03-27 10:20 1.01 0.86 174
HD73603 12.4 1 233 8 2005-03-28 00:04 1.03 0.68 175
HD73603 12.4 1 233 8 2005-03-28 00:50 1.00 0.52 347
HD73603 8.8 1 233 8 2005-03-28 01:02 1.00 0.53 333
HD73603 9.8 1 233 8 2005-03-28 03:47 1.32 0.99 333
HD73603 12.4 1 233 8 2005-03-28 03:58 1.37 1.06 347
HD73603 8.8 1 233 8 2005-03-28 04:08 1.42 1.07 333
HD152880 8.8 0.75 0 8 2005-03-28 10:03 1.04 0.69 217
HD152880 11.4 0.75 0 8 2005-03-28 10:13 1.05 0.77 224
HD73603 8.8 1 270 8 2005-03-29 00:28 1.01 0.95 341
HD73603 8.8 1 270 8 2005-03-29 00:28 1.01 0.95 345
HD73603 9.8 1 270 8 2005-03-29 00:37 1.00 0.88 341
HD73603 9.8 1 270 8 2005-03-29 00:37 1.00 0.88 345
HD73603 11.0 1 270 8 2005-03-29 00:46 1.00 0.89 345
HD73603 11.0 1 270 8 2005-03-29 00:46 1.00 0.89 349
HD73603 12.4 1 270 8 2005-03-29 00:55 1.00 0.93 175
HD73603 12.4 1 270 8 2005-03-29 00:55 1.00 0.96 358
HD73603 8.8 1 270 8 2005-03-29 03:54 1.37 1.16 345

Continued on next page. . .
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD73603 9.8 1 270 8 2005-03-29 04:04 1.42 1.21 345
HD73603 11.0 1 270 8 2005-03-29 04:13 1.47 1.12 349
HD73603 12.4 1 270 8 2005-03-29 04:22 1.53 1.03 358
HD92682 11.4 0.75 270 8 2005-06-16 23:56 1.66 1.59 174
HD92682 8.8 0.75 270 8 2005-06-17 00:01 1.67 1.62 172
HD105340 11.4 0.75 0 8 2005-06-17 01:11 1.67 1.59 174
HD105340 8.8 0.75 0 8 2005-06-17 01:17 1.68 1.54 172
HIP90185 12.4 0.75 0 8 2005-06-19 01:04 1.68 1.14 534
HD177716 12.4 0.75 0 8 2005-06-19 08:16 1.18 0.79 175
HD177716 11.4 0.75 0 8 2005-06-19 08:22 1.19 0.84 171
HD177716 8.8 0.75 0 8 2005-06-19 08:26 1.21 0.86 168
HD2261 8.8 0.75 0 8 2005-06-29 07:48 1.28 0.94 169
HD2261 9.8 0.75 0 8 2005-06-29 07:53 1.26 0.96 169
HD2261 11.4 0.75 0 8 2005-06-29 07:58 1.25 0.94 172
HD2261 12.4 0.75 0 8 2005-06-29 08:03 1.24 0.94 176
HD211416 8.8 0.75 0 8 2005-06-29 10:35 1.34 0.90 110
HD211416 9.8 0.75 0 8 2005-06-29 10:39 1.35 0.90 110
HD211416 11.4 0.75 0 8 2005-06-29 10:42 1.35 0.94 112
HD211416 12.4 0.75 0 8 2005-06-29 10:46 1.36 1.06 115
HD123139 8.8 0.75 0 8 2005-06-30 02:05 1.12 0.95 29
HD123139 9.8 0.75 0 8 2005-06-30 02:07 1.12 0.87 29
HD123139 11.4 0.75 0 8 2005-06-30 02:08 1.12 0.92 30
HD123139 12.4 0.75 0 8 2005-06-30 02:11 1.13 0.85 30
HD198542 8.8 1 0 8 2005-07-02 04:58 1.10 1.05 172
HD198542 11.4 1 0 8 2005-07-02 05:03 1.09 1.02 174
HD1522 11.4 1 0 8 2005-07-02 06:40 1.69 1.57 174
HD187642 8.5 0.4 0 8 2005-11-18 00:34 1.37 1.21 144
HD187642 9.8 0.4 0 8 2005-11-18 00:39 1.39 1.17 157
HD187642 11.4 0.4 0 8 2005-11-18 00:44 1.40 1.19 157
HD187642 12.2 0.4 0 8 2005-11-18 00:48 1.42 1.09 162
HD1255 8.5 0.4 0 8 2005-11-18 02:15 1.28 1.08 144
HD1255 9.8 0.4 0 8 2005-11-18 02:20 1.29 1.00 157
HD1255 11.4 0.4 0 8 2005-11-18 02:35 1.33 1.11 157
HD1255 12.2 0.4 0 8 2005-11-18 02:40 1.34 1.14 162
HD39425 8.5 0.4 0 8 2005-11-18 04:05 1.22 0.94 144
HD39425 9.8 0.4 0 8 2005-11-18 04:10 1.21 0.79 157
HD39425 9.8 0.4 0 8 2005-11-18 04:10 1.21 0.79 157
HD39425 11.4 0.4 0 8 2005-11-18 04:22 1.18 0.73 157
HD39425 11.4 0.4 0 8 2005-11-18 04:22 1.18 0.73 157
HD39425 12.2 0.4 0 8 2005-11-18 04:27 1.16 0.75 162
HD39425 12.2 0.4 0 8 2005-11-18 04:27 1.16 0.75 162
HIP109268 8.5 0.75 0 8 2005-11-19 00:59 1.20 1.19 165
HIP109268 11.4 0.75 0 8 2005-11-19 01:04 1.21 1.26 172
HIP109268 12.2 0.75 0 8 2005-11-19 01:09 1.22 1.33 174
HIP21281 8.5 0.75 0 8 2005-11-19 03:11 1.28 1.01 165
HIP21281 12.2 0.75 0 8 2005-11-19 03:21 1.26 0.94 174
HIP109268 8.5 0.75 0 8 2005-11-20 00:59 1.20 1.08 165
HIP109268 11.4 0.75 0 8 2005-11-20 01:04 1.21 1.13 172
HIP109268 12.2 0.75 0 8 2005-11-20 01:09 1.22 1.10 174
HD11353 8.5 0.75 0 8 2005-11-20 03:51 1.09 0.82 165
HD11353 11.4 0.75 0 8 2005-11-20 03:56 1.10 0.93 172

Continued on next page. . .
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD11353 12.2 0.75 0 8 2005-11-20 04:01 1.10 0.99 174
HIP109268 8.5 0.75 0 8 2005-11-21 00:23 1.15 1.10 165
HIP109268 11.4 0.75 0 8 2005-11-21 00:42 1.18 1.06 172
HIP109268 12.2 0.75 0 8 2005-11-21 00:47 1.19 1.06 174
HD2261 8.5 0.75 0 8 2005-11-21 02:40 1.12 1.20 108
HD2261 11.4 0.75 0 8 2005-11-21 02:44 1.12 1.10 112
HD2261 12.2 0.75 0 8 2005-11-21 02:47 1.13 1.11 114
HD30080 8.5 1 0 8 2005-12-14 03:26 1.05 0.86 165
HD30080 11.4 1 0 8 2005-12-14 03:32 1.06 0.83 171
HD30080 12.2 1 0 8 2005-12-14 03:50 1.07 0.78 172
HD35536 8.5 0.75 0 8 2005-12-14 07:09 1.30 1.07 165
HD35536 9.8 0.75 0 8 2005-12-14 07:15 1.33 1.04 169
HD35536 11.4 0.75 0 8 2005-12-14 07:23 1.36 1.05 172
HD35536 12.2 0.75 0 8 2005-12-14 07:27 1.39 1.11 174
HD22663 8.5 1 212 10 2005-12-15 03:24 1.05 0.77 169
HD22663 11.4 1 212 10 2005-12-15 03:29 1.06 0.83 174
HD13596 8.5 0.75 0 8 2005-12-16 03:49 1.75 1.55 165
HD13596 11.4 0.75 0 8 2005-12-16 03:54 1.79 1.53 172
HD13596 12.2 0.75 0 8 2005-12-16 03:59 1.83 1.49 174
HD30080 8.5 0.75 0 8 2005-12-17 06:36 1.03 0.71 162
HD102964 8.5 0.75 0 8 2005-12-17 08:42 1.18 0.72 162
HD102964 11.4 0.75 0 8 2005-12-17 08:47 1.17 0.78 168
HD102964 12.4 0.75 0 8 2005-12-17 08:53 1.16 0.76 172
HD71701 8.5 0.75 0 8 2005-12-17 09:06 1.72 1.73 162
HD71701 11.4 0.75 0 8 2005-12-17 09:10 1.72 2.17 168
HD71701 12.4 0.75 0 8 2005-12-17 09:15 1.73 1.76 172
HD82668 8.5 0.75 0 8 2006-03-18 00:44 1.26 1.36 60
HD82668 8.5 0.75 0 8 2006-03-18 01:31 1.21 1.02 60
HD82668 9.8 0.75 0 8 2006-03-18 01:34 1.20 1.05 61
HD82668 11.4 0.75 0 8 2006-03-18 01:36 1.20 1.03 62
HD82668 12.2 0.75 0 8 2006-03-18 01:39 1.20 0.98 62
HD92305 8.5 0.75 0 8 2006-03-18 03:08 1.70 1.24 57
HD92305 9.8 0.75 0 8 2006-03-18 03:11 1.70 1.28 58
HD92305 11.4 0.75 0 8 2006-03-18 03:13 1.70 1.22 60
HD92305 12.2 0.75 0 8 2006-03-18 03:16 1.70 1.15 60
HD92305 8.5 0.75 0 8 2006-03-18 04:30 1.71 1.27 57
HD92305 8.5 0.75 0 8 2006-03-18 04:30 1.71 1.27 57
HD92305 9.8 0.75 0 8 2006-03-18 04:33 1.72 1.31 58
HD92305 9.8 0.75 0 8 2006-03-18 04:33 1.72 1.31 58
HD92305 11.4 0.75 0 8 2006-03-18 04:35 1.72 1.31 60
HD92305 11.4 0.75 0 8 2006-03-18 04:35 1.72 1.31 60
HD92305 12.2 0.75 0 8 2006-03-18 04:38 1.72 1.25 60
HD92305 12.2 0.75 0 8 2006-03-18 04:38 1.72 1.25 60
HD123139 8.5 0.75 0 8 2006-03-18 05:54 1.06 0.66 57
HD123139 8.5 0.75 0 8 2006-03-18 05:54 1.06 0.66 57
HD123139 9.8 0.75 0 8 2006-03-18 05:57 1.06 0.66 58
HD123139 9.8 0.75 0 8 2006-03-18 05:57 1.06 0.66 58
HD123139 11.4 0.75 0 8 2006-03-18 05:59 1.05 0.63 60
HD123139 11.4 0.75 0 8 2006-03-18 05:59 1.05 0.63 60
HD123139 12.2 0.75 0 8 2006-03-18 06:02 1.05 0.63 60
HD123139 12.2 0.75 0 8 2006-03-18 06:02 1.05 0.63 60
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD146051 8.5 0.75 0 8 2006-03-18 07:58 1.12 1.00 57
HD146051 8.5 0.75 0 8 2006-03-18 07:58 1.12 1.00 57
HD146051 9.8 0.75 0 8 2006-03-18 08:01 1.12 1.05 58
HD146051 11.4 0.75 0 8 2006-03-18 08:04 1.12 0.95 60
HD146051 12.2 0.75 0 8 2006-03-18 08:07 1.11 0.99 60
HD80007 11.4 0.75 0 8 2006-03-19 03:33 1.46 1.02 60
HD80007 11.4 0.75 0 8 2006-03-19 03:33 1.46 1.02 60
HD80007 8.5 0.75 0 8 2006-03-19 03:36 1.46 1.02 57
HD80007 8.5 0.75 0 8 2006-03-19 03:36 1.46 1.02 57
HD146791 8.5 0.75 0 8 2006-03-19 05:34 1.78 1.29 58
HD146791 8.5 0.75 0 8 2006-03-19 05:34 1.78 1.29 58
HD146791 9.8 0.75 0 8 2006-03-19 05:36 1.75 1.36 60
HD146791 9.8 0.75 0 8 2006-03-19 05:36 1.75 1.36 60
HD146791 11.4 0.75 0 8 2006-03-19 05:39 1.73 1.30 60
HD146791 11.4 0.75 0 8 2006-03-19 05:39 1.73 1.30 60
HD146791 12.2 0.75 0 8 2006-03-19 05:42 1.70 1.40 61
HD146791 12.2 0.75 0 8 2006-03-19 05:42 1.70 1.40 61
HD146791 8.5 0.75 0 8 2006-03-19 07:53 1.13 0.88 57
HD146791 8.5 0.75 0 8 2006-03-19 07:53 1.13 0.88 57
HD146791 9.8 0.75 0 8 2006-03-19 07:55 1.12 0.90 58
HD146791 9.8 0.75 0 8 2006-03-19 07:55 1.12 0.90 58
HD146791 11.4 0.75 0 8 2006-03-19 07:58 1.12 0.91 60
HD146791 11.4 0.75 0 8 2006-03-19 07:58 1.12 0.91 60
HD146791 12.2 0.75 0 8 2006-03-19 08:00 1.11 0.92 60
HD82308 12.2 0.75 0 8 2006-03-21 01:19 1.54 1.06 174
HD82308 12.2 0.75 0 8 2006-03-21 01:19 1.54 1.06 174
HD82308 9.8 0.75 0 8 2006-03-21 01:24 1.53 1.01 169
HD82308 9.8 0.75 0 8 2006-03-21 01:24 1.53 1.01 169
HD75691 9.8 0.75 0 8 2006-03-21 01:43 1.00 0.61 169
HD75691 9.8 0.75 0 8 2006-03-21 01:43 1.00 0.61 169
HD75691 11.4 0.75 0 8 2006-03-21 01:47 1.00 0.58 172
HD75691 11.4 0.75 0 8 2006-03-21 01:47 1.00 0.58 172
HD75691 12.2 0.75 0 8 2006-03-21 01:52 1.00 0.66 174
HD75691 12.2 0.75 0 8 2006-03-21 01:52 1.00 0.66 174
HD102461 11.4 1 0 8 2006-03-21 02:05 1.35 0.80 60
HD102461 11.4 1 0 8 2006-03-21 02:05 1.35 0.80 60
HD102461 12.2 1 0 8 2006-03-21 02:08 1.35 0.81 61
HD102461 12.2 1 0 8 2006-03-21 02:08 1.35 0.81 61
HD102461 8.5 1 0 8 2006-03-21 03:26 1.22 0.81 58
HD102461 8.5 1 0 8 2006-03-21 03:26 1.22 0.81 58
HD102461 9.8 1 0 8 2006-03-21 03:29 1.22 0.79 60
HD102461 9.8 1 0 8 2006-03-21 03:29 1.22 0.79 60
HD102461 11.4 1 0 8 2006-03-21 03:32 1.22 0.87 60
HD102461 12.2 1 0 8 2006-03-21 03:35 1.22 0.92 61
HD102461 8.5 1 0 8 2006-03-21 04:40 1.19 0.70 58
HD102461 9.8 1 0 8 2006-03-21 04:43 1.19 0.66 60
HD136422 8.5 0.75 0 8 2006-03-21 05:00 1.34 0.92 57
HD136422 9.8 0.75 0 8 2006-03-21 05:02 1.33 0.91 58
HD136422 11.4 0.75 0 8 2006-03-21 05:06 1.31 0.79 60
HD136422 12.2 0.75 0 8 2006-03-21 05:09 1.30 0.86 60
HD136422 11.4 0.75 0 8 2006-03-21 05:12 1.29 0.80 60
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD136422 9.8 0.75 0 8 2006-03-21 05:15 1.28 0.85 58
HD136422 8.5 0.75 0 8 2006-03-21 05:17 1.27 0.87 57
HD136422 8.5 0.75 0 8 2006-03-21 06:09 1.13 0.88 28
HD136422 9.8 0.75 0 8 2006-03-21 06:11 1.13 0.82 29
HD136422 11.4 0.75 0 8 2006-03-21 06:13 1.12 0.83 30
HD136422 11.4 0.75 0 8 2006-03-21 06:26 1.10 0.88 30
HD136422 11.4 0.75 0 8 2006-03-21 06:33 1.09 0.98 30
HD136422 11.4 0.75 0 8 2006-03-21 06:39 1.08 0.90 30
HD136422 11.4 0.75 0 8 2006-03-21 06:45 1.07 0.82 30
HD157999 8.5 1 0 8 2006-03-21 08:27 1.28 0.90 58
HD157999 9.8 1 0 8 2006-03-21 08:29 1.27 0.84 60
HD157999 11.4 1 0 8 2006-03-21 08:32 1.26 0.83 60
HD157999 12.2 1 0 8 2006-03-21 08:34 1.26 0.79 61
HD168723 8.5 1 0 8 2006-03-21 09:50 1.14 0.66 58
HD168723 9.8 1 0 8 2006-03-21 09:52 1.13 0.64 60
HD168723 11.4 1 0 8 2006-03-21 09:55 1.13 0.57 60
HD168723 12.2 1 0 8 2006-03-21 09:57 1.13 0.57 61
HD91056 8.5 0.75 0 8 2006-04-08 23:33 1.44 0.91 25
HD91056 9.8 0.75 0 8 2006-04-08 23:35 1.44 0.96 25
HD91056 11.4 0.75 0 8 2006-04-08 23:37 1.44 0.98 26
HD91056 12.2 0.75 0 8 2006-04-08 23:39 1.43 0.97 26
HD75691 8.5 0.75 0 8 2006-04-09 00:15 1.00 0.70 162
HD75691 9.8 0.75 0 8 2006-04-09 00:20 1.00 0.82 165
HD75691 11.4 0.75 0 8 2006-04-09 00:24 1.00 0.80 168
HD75691 12.2 0.75 0 8 2006-04-09 00:29 1.00 0.77 171
HD123139 8.8 0.75 0 8 2006-04-09 01:49 1.54 1.21 165
HD149447 8.5 0.75 0 8 2006-04-09 04:35 1.46 1.12 25
HD149447 9.8 0.75 0 8 2006-04-09 04:37 1.45 1.16 25
HD149447 11.4 0.75 0 8 2006-04-09 04:39 1.44 1.14 26
HD149447 12.2 0.75 0 8 2006-04-09 04:41 1.43 1.08 26
HD178345 8.8 1 0 8 2006-06-20 06:18 1.04 0.88 168
HD178345 8.8 1 0 8 2006-06-20 06:18 1.04 0.88 172
HD178345 11.4 1 0 8 2006-06-20 06:27 1.04 0.85 171
HD178345 11.4 1 0 8 2006-06-20 06:27 1.04 0.85 174
HD178345 12.2 1 0 8 2006-06-20 06:32 1.04 0.82 172
HD178345 12.2 1 0 8 2006-06-20 06:32 1.04 0.82 176
HD178345 8.8 1 0 8 2006-06-20 07:54 1.14 0.76 168
HD178345 8.8 1 0 8 2006-06-20 07:54 1.14 0.76 172
HD178345 9.8 1 0 8 2006-06-20 07:59 1.15 0.78 168
HD178345 9.8 1 0 8 2006-06-20 07:59 1.15 0.78 172
HD178345 11.4 1 0 8 2006-06-20 08:03 1.16 0.76 171
HD178345 11.4 1 0 8 2006-06-20 08:03 1.16 0.76 174
HD178345 12.2 1 0 8 2006-06-20 08:07 1.17 0.80 172
HD178345 12.2 1 0 8 2006-06-20 08:07 1.17 0.80 176
HD6805 8.5 1 0 8 2006-06-22 08:56 1.36 1.04 165
HD6805 11.4 1 0 8 2006-06-22 09:02 1.33 1.00 171
HD6805 12.4 1 0 8 2006-06-22 09:08 1.31 0.94 175
HD6805 8.5 1 0 8 2006-06-22 10:48 1.06 0.77 165
HD6805 11.4 1 0 8 2006-06-22 10:53 1.06 0.71 171
HD6805 12.4 1 0 8 2006-06-22 10:58 1.05 0.72 175
HD6805 8.5 1 0 8 2006-06-23 07:40 1.94 1.51 169
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD6805 11.4 1 0 8 2006-06-23 07:45 1.88 1.35 174
HD6805 12.2 1 0 8 2006-06-23 07:50 1.83 1.41 176
HD6805 8.5 1 0 8 2006-06-23 09:41 1.18 1.07 165
HD6805 8.5 1 0 8 2006-06-23 09:41 1.18 1.07 169
HD6805 11.4 1 0 8 2006-06-23 09:45 1.17 1.16 171
HD6805 11.4 1 0 8 2006-06-23 09:45 1.17 1.16 174
HD6805 12.2 1 0 8 2006-06-23 09:50 1.16 1.09 172
HD6805 12.2 1 0 8 2006-06-23 09:50 1.16 1.09 176
HD32887 8.5 0.4 0 8 2007-01-06 05:18 1.22 0.94 67
HD32887 9.8 0.4 0 8 2007-01-06 05:21 1.23 1.00 73
HD32887 11.4 0.4 0 8 2007-01-06 05:23 1.25 0.96 73
HD32887 12.2 0.4 0 8 2007-01-06 05:27 1.26 0.93 75
HD42995 8.5 0.4 0 8 2007-01-06 06:24 1.97 1.37 67
HD42995 9.8 0.4 0 8 2007-01-06 06:26 2.00 1.40 73
HD42995 11.4 0.4 0 8 2007-01-06 06:29 2.02 1.45 73
HD42995 12.2 0.4 0 8 2007-01-06 06:32 2.05 1.53 75
HD48915 8.5 0.4 0 8 2007-01-06 06:51 1.22 1.13 67
HD48915 9.8 0.4 0 8 2007-01-06 06:54 1.23 1.12 73
HD48915 11.4 0.4 0 8 2007-01-06 06:56 1.24 1.10 73
HD48915 12.2 0.4 0 8 2007-01-06 06:59 1.25 1.32 75
HD48915 8.5 0.4 0 8 2007-01-06 08:08 1.66 1.64 67
HD48915 9.8 0.4 0 8 2007-01-06 08:11 1.68 1.60 73
HD48915 11.4 0.4 0 8 2007-01-06 08:14 1.71 1.63 73
HD48915 12.2 0.4 0 8 2007-01-06 08:17 1.73 1.63 75
HD42995 8.5 0.4 0 8 2007-01-08 05:12 1.61 0.88 75
HD42995 9.8 0.4 0 8 2007-01-08 05:15 1.62 0.89 77
HD42995 11.4 0.4 0 8 2007-01-08 05:18 1.63 0.90 77
HD42995 12.2 0.4 0 8 2007-01-08 05:21 1.64 0.88 78
HD32887 8.5 0.4 0 8 2007-01-08 05:52 1.41 0.79 67
HD32887 9.8 0.4 0 8 2007-01-08 05:55 1.42 0.83 73
HD32887 11.4 0.4 0 8 2007-01-08 05:57 1.44 0.80 73
HD32887 12.2 0.4 0 8 2007-01-08 06:01 1.46 0.85 75
HD136422 8.5 0.4 0 8 2007-07-10 23:11 1.09 0.59 70
HD136422 9.8 0.4 0 8 2007-07-10 23:13 1.09 0.61 77
HD136422 11.4 0.4 0 8 2007-07-10 23:16 1.08 0.57 77
HD136422 8.5 0.4 0 8 2007-07-11 00:17 1.03 0.50 70
HD136422 9.8 0.4 0 8 2007-07-11 00:20 1.03 0.51 77
HD136422 11.4 0.4 0 8 2007-07-11 00:22 1.03 0.51 77
HD146051 8.5 0.4 0 8 2007-07-11 01:11 1.08 0.62 70
HD146051 9.8 0.4 0 8 2007-07-11 01:14 1.08 0.61 77
HD146051 11.4 0.4 0 8 2007-07-11 01:17 1.08 0.62 77
HD146051 12.2 0.4 0 8 2007-07-11 01:19 1.07 0.59 79
HD146051 8.5 0.4 0 8 2007-07-11 02:06 1.08 0.56 70
HD146051 9.8 0.4 0 8 2007-07-11 02:08 1.08 0.54 77
HD146051 11.4 0.4 0 8 2007-07-11 02:11 1.08 0.55 77
HD146051 12.2 0.4 0 8 2007-07-11 02:14 1.08 0.55 79
HD152786 8.5 0.4 0 8 2007-07-11 02:59 1.18 1.15 70
HD152786 9.8 0.4 0 8 2007-07-11 03:01 1.18 1.15 77
HD152786 11.4 0.4 0 8 2007-07-11 03:04 1.18 1.07 77
HD152786 12.2 0.4 0 8 2007-07-11 03:07 1.18 1.14 79
HD167618 8.5 0.4 0 8 2007-07-11 03:44 1.02 0.61 70
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD167618 9.8 0.4 0 8 2007-07-11 03:46 1.02 0.61 77
HD186791 8.5 0.4 0 8 2007-07-11 04:37 1.24 0.89 70
HD186791 9.8 0.4 0 8 2007-07-11 04:39 1.24 0.85 77
HD186791 11.4 0.4 0 8 2007-07-11 04:42 1.24 0.86 77
HD186791 12.2 0.4 0 8 2007-07-11 04:45 1.23 0.78 79
HD167618 8.1 0.4 0 8 2007-07-11 05:29 1.11 0.76 70
HD167618 8.5 0.4 0 8 2007-07-11 05:31 1.11 0.83 70
HD167618 9.8 0.4 0 8 2007-07-11 05:34 1.12 0.78 77
HD167618 11.4 0.4 0 8 2007-07-11 05:36 1.12 0.72 77
HD167618 12.2 0.4 0 8 2007-07-11 05:39 1.13 0.76 79
HD168454 8.1 0.4 0 8 2007-07-11 06:35 1.26 0.83 70
HD168454 8.5 0.4 0 8 2007-07-11 06:37 1.27 0.83 70
HD168454 9.8 0.4 0 8 2007-07-11 06:40 1.28 0.80 77
HD168454 11.4 0.4 0 8 2007-07-11 06:42 1.29 0.79 77
HD168454 12.2 0.4 0 8 2007-07-11 06:45 1.30 0.81 79
HD140573 8.5 0.4 0 8 2007-07-30 00:11 1.17 1.24 67
HD140573 9.8 0.4 0 8 2007-07-30 00:13 1.17 1.19 73
HD140573 11.4 0.4 0 8 2007-07-30 00:16 1.17 1.11 73
HD140573 12.2 0.4 0 8 2007-07-30 00:19 1.17 1.33 75
HD140573 8.5 0.4 0 8 2007-07-30 01:35 1.29 1.12 67
HD140573 9.8 0.4 0 8 2007-07-30 01:37 1.30 2.25 73
HD140573 11.4 0.4 0 8 2007-07-30 01:40 1.31 1.96 73
HD139127 8.5 0.4 0 8 2007-07-30 02:24 1.25 1.40 144
HD139127 9.8 0.4 0 8 2007-07-30 02:28 1.26 1.55 157
HD139127 11.4 0.4 0 8 2007-07-30 02:33 1.27 1.47 157
HD139127 12.2 0.4 0 8 2007-07-30 02:37 1.29 1.46 162
HD178345 8.8 1 0 8 2007-08-30 01:08 1.03 0.76 172
HD178345 9.8 1 0 8 2007-08-30 01:12 1.03 0.72 172
HD178345 11.4 1 0 8 2007-08-30 01:16 1.03 0.67 174
HD178345 12.2 1 0 8 2007-08-30 01:21 1.03 0.70 176
HD178345 8.8 1 0 8 2007-08-30 02:37 1.08 0.71 172
HD178345 9.8 1 0 8 2007-08-30 02:41 1.08 0.69 172
HD178345 11.4 1 0 8 2007-08-30 02:45 1.09 0.70 174
HD178345 12.2 1 0 8 2007-08-30 02:50 1.10 0.68 176
HD218670 12.4 1 0 8 2007-08-30 04:08 1.10 0.80 179
HD218670 11.4 1 0 8 2007-08-30 04:13 1.10 0.76 174
HD218670 8.8 1 0 8 2007-08-30 04:17 1.09 0.71 172
HD218670 9.8 1 0 8 2007-08-30 04:22 1.09 0.77 172
HD218670 12.4 1 0 8 2007-08-30 05:21 1.07 0.83 179
HD218670 11.4 1 0 8 2007-08-30 05:26 1.07 0.86 174
HD218670 8.8 1 0 8 2007-08-30 05:30 1.07 0.83 172
HD218670 9.8 1 0 8 2007-08-30 05:35 1.07 0.84 172
HD218670 12.4 1 0 8 2007-08-30 06:41 1.12 0.81 179
HD218670 11.4 1 0 8 2007-08-30 06:46 1.12 0.81 174
HD218670 8.8 1 0 8 2007-08-30 06:50 1.13 0.89 172
HD218670 9.8 1 0 8 2007-08-30 06:54 1.14 1.13 172
HD218670 9.8 1 0 8 2007-08-30 09:37 1.76 1.09 172
HD167618 8.5 0.4 0 8 2007-09-10 00:09 1.03 0.74 67
HD167618 9.8 0.4 0 8 2007-09-10 00:12 1.03 0.71 73
HD167618 11.4 0.4 0 8 2007-09-10 00:15 1.03 0.69 73
HD167618 12.2 0.4 0 8 2007-09-10 00:18 1.03 0.67 75
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD167618 8.5 0.4 0 8 2007-09-10 01:40 1.13 0.72 67
HD167618 9.8 0.4 0 8 2007-09-10 01:43 1.14 0.71 73
HD167618 11.4 0.4 0 8 2007-09-10 01:46 1.14 0.70 73
HD167618 12.2 0.4 0 8 2007-09-10 01:49 1.15 0.78 75
HD200914 8.5 0.4 0 8 2007-09-10 02:04 1.01 0.56 144
HD200914 9.8 0.4 0 8 2007-09-10 02:09 1.00 0.57 157
HD200914 11.4 0.4 0 8 2007-09-10 02:13 1.00 0.54 157
HD200914 12.2 0.4 0 8 2007-09-10 02:18 1.00 0.57 162
HD169916 11.4 0.4 0 8 2007-09-10 23:28 1.00 0.86 157
HD169916 12.2 0.4 0 8 2007-09-10 23:33 1.00 0.82 162
HD167618 8.5 0.4 0 8 2007-09-10 23:50 1.02 0.60 67
HD167618 9.8 0.4 0 8 2007-09-10 23:53 1.02 0.42 73
HD167618 11.4 0.4 0 8 2007-09-10 23:56 1.02 0.40 73
HD167618 12.2 0.4 0 8 2007-09-10 23:59 1.03 0.62 75
HD168454 8.5 0.4 0 8 2007-09-11 01:09 1.06 0.88 67
HD168454 9.8 0.4 0 8 2007-09-11 01:12 1.07 0.83 73
HD168454 11.4 0.4 0 8 2007-09-11 01:15 1.07 0.89 73
HD168454 12.2 0.4 0 8 2007-09-11 01:18 1.08 0.79 75
HD177716 11.4 0.4 0 8 2007-09-11 23:31 1.02 0.57 157
HD177716 12.2 0.4 0 8 2007-09-11 23:35 1.02 0.60 162
HD167618 8.5 0.4 0 8 2007-09-11 23:52 1.02 0.67 67
HD167618 9.8 0.4 0 8 2007-09-11 23:55 1.03 0.61 73
HD167618 11.4 0.4 0 8 2007-09-11 23:58 1.03 0.62 73
HD167618 12.2 0.4 0 8 2007-09-12 00:01 1.03 0.64 75
HD168454 8.5 0.4 0 8 2007-09-12 00:56 1.05 0.87 67
HD168454 9.8 0.4 0 8 2007-09-12 00:59 1.05 0.87 73
HD168454 11.4 0.4 0 8 2007-09-12 01:02 1.06 0.79 73
HD168454 12.2 0.4 0 8 2007-09-12 01:06 1.06 0.85 75
HD165135 8.5 0.4 0 8 2007-09-13 00:17 1.03 0.73 67
HD165135 9.8 0.4 0 8 2007-09-13 00:20 1.03 0.71 73
HD165135 11.4 0.4 0 8 2007-09-13 00:22 1.04 0.69 73
HD165135 12.2 0.4 0 8 2007-09-13 00:26 1.04 0.69 75
HD169916 8.5 0.4 0 8 2007-09-13 01:26 1.09 0.72 67
HD169916 9.8 0.4 0 8 2007-09-13 01:29 1.10 0.74 73
HD169916 11.4 0.4 0 8 2007-09-13 01:32 1.10 0.72 73
HD169916 12.2 0.4 0 8 2007-09-13 01:35 1.11 0.72 75
HD200914 8.5 0.4 0 8 2007-09-13 01:51 1.01 0.76 144
HD200914 9.8 0.4 0 8 2007-09-13 01:56 1.00 0.77 157
HD200914 11.4 0.4 0 8 2007-09-13 02:01 1.00 0.72 157
HD200914 12.2 0.4 0 8 2007-09-13 02:05 1.00 0.74 162
HD140573 8.5 0.4 0 8 2007-09-13 23:40 1.59 0.98 67
HD140573 9.8 0.4 0 8 2007-09-13 23:43 1.61 1.00 73
HD140573 11.4 0.4 0 8 2007-09-13 23:46 1.63 0.99 73
HD140573 12.2 0.4 0 8 2007-09-13 23:50 1.65 1.21 75
HD140573 8.5 0.4 0 8 2007-09-14 00:56 2.50 1.14 67
HD140573 9.8 0.4 0 8 2007-09-14 00:59 2.56 1.10 73
HD140573 11.4 0.4 0 8 2007-09-14 01:02 2.64 1.23 73
HD140573 12.2 0.4 0 8 2007-09-14 01:05 2.71 1.10 75
HD189319 8.5 0.4 0 8 2007-09-14 01:29 1.40 1.11 144
HD189319 9.8 0.4 0 8 2007-09-14 01:34 1.40 1.03 157
HD189319 11.4 0.4 0 8 2007-09-14 01:39 1.41 1.09 157
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD189319 12.2 0.4 0 8 2007-09-14 01:44 1.41 1.07 162
HD183799 8.5 0.4 0 8 2007-09-14 02:06 1.06 0.66 67
HD183799 9.8 0.4 0 8 2007-09-14 02:09 1.06 0.66 73
HD183799 11.4 0.4 0 8 2007-09-14 02:12 1.07 0.79 73
HD183799 12.2 0.4 0 8 2007-09-14 02:15 1.07 0.77 75
HD183799 8.5 0.4 0 8 2007-09-14 03:07 1.19 0.89 67
HD183799 9.8 0.4 0 8 2007-09-14 03:10 1.19 0.80 73
HD183799 11.4 0.4 0 8 2007-09-14 03:12 1.20 0.80 73
HD183799 12.2 0.4 0 8 2007-09-14 03:16 1.21 0.82 75
HD8512 8.5 0.4 0 8 2007-09-14 03:30 1.45 1.00 144
HD8512 9.8 0.4 0 8 2007-09-14 03:35 1.42 1.11 157
HD8512 11.4 0.4 0 8 2007-09-14 03:39 1.40 1.09 157
HD8512 12.2 0.4 0 8 2007-09-14 03:44 1.37 1.05 162
HD146051 8.5 0.4 0 8 2007-09-14 23:38 1.29 0.86 67
HD146051 9.8 0.4 0 8 2007-09-14 23:41 1.30 0.74 73
HD146051 11.4 0.4 0 8 2007-09-14 23:43 1.31 0.78 73
HD146051 12.2 0.4 0 8 2007-09-14 23:47 1.32 0.90 75
HD152786 8.5 0.4 0 8 2007-09-15 00:39 1.35 1.51 67
HD152786 9.8 0.4 0 8 2007-09-15 00:42 1.35 1.40 73
HD152786 11.4 0.4 0 8 2007-09-15 00:45 1.36 1.49 73
HD152786 12.2 0.4 0 8 2007-09-15 00:48 1.37 1.33 75
HD152161 8.5 0.4 0 8 2007-09-18 01:01 1.38 0.91 67
HD152161 9.8 0.4 0 8 2007-09-18 01:04 1.39 0.91 73
HD152161 11.4 0.4 0 8 2007-09-18 01:06 1.40 0.91 73
HD152161 12.2 0.4 0 8 2007-09-18 01:10 1.41 0.75 75
HD168454 8.5 0.4 0 8 2007-09-18 02:00 1.25 1.25 67
HD168454 9.8 0.4 0 8 2007-09-18 02:03 1.26 1.28 73
HD168454 11.4 0.4 0 8 2007-09-18 02:06 1.27 1.32 73
HD168454 12.2 0.4 0 8 2007-09-18 02:10 1.28 1.31 75
HD33684 8.5 0.4 0 8 2007-12-19 03:13 1.29 1.01 70
HD33684 9.8 0.4 0 8 2007-12-19 03:16 1.29 1.06 77
HD33684 11.4 0.4 0 8 2007-12-19 03:19 1.29 1.15 77
HD33684 12.2 0.4 0 8 2007-12-19 03:22 1.29 1.08 79
HD32887 8.5 0.4 0 8 2007-12-19 04:18 1.00 0.72 70
HD32887 9.8 0.4 0 8 2007-12-19 04:21 1.01 0.74 77
HD32887 11.4 0.4 0 8 2007-12-19 04:24 1.01 0.76 77
HD32887 12.2 0.4 0 8 2007-12-19 04:27 1.01 0.81 79
HD33684 8.5 0.4 0 8 2007-12-19 04:43 1.29 1.10 70
HD33684 9.8 0.4 0 8 2007-12-19 04:46 1.30 1.10 77
HD33684 11.4 0.4 0 8 2007-12-19 04:49 1.30 0.99 77
HD33684 12.2 0.4 0 8 2007-12-19 04:53 1.30 1.02 79
HD32887 8.5 0.4 0 8 2007-12-19 05:48 1.11 0.81 70
HD32887 9.8 0.4 0 8 2007-12-19 05:51 1.12 0.82 77
HD32887 11.4 0.4 0 8 2007-12-19 05:54 1.12 0.78 77
HD32887 12.2 0.4 0 8 2007-12-19 05:57 1.13 0.78 79
HD32887 9.8 0.4 0 14 2007-12-21 02:44 1.03 0.71 77
HD32887 11.4 0.4 0 14 2007-12-21 02:47 1.03 0.66 77
HD32887 12.2 0.4 0 14 2007-12-21 02:50 1.03 0.62 79
HD42995 9.8 0.4 0 14 2007-12-21 03:48 1.56 1.11 77
HD42995 11.4 0.4 0 14 2007-12-21 03:51 1.55 1.07 77
HD42995 12.2 0.4 0 14 2007-12-21 03:54 1.54 1.07 79
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Table 2: Continued.

Target Setting Slit Orient. Chop Date Time Airmass Seeing Obs.time
[µm] [′′] [◦] [′′] [y-m-d] [h:m] [′′] [s]

HD54605 8.5 0.4 0 8 2007-12-21 06:35 1.02 0.68 70
HD54605 9.8 0.4 0 8 2007-12-21 06:38 1.02 0.64 77
HD54605 11.4 0.4 0 8 2007-12-21 06:41 1.02 0.76 77
HD54605 12.2 0.4 0 8 2007-12-21 06:44 1.02 0.64 79
HD54605 8.5 0.4 0 8 2007-12-21 07:35 1.09 0.63 70
HD54605 9.8 0.4 0 8 2007-12-21 07:38 1.10 0.65 77
HD54605 11.4 0.4 0 8 2007-12-21 07:41 1.10 0.72 77
HD54605 12.2 0.4 0 8 2007-12-21 07:44 1.11 0.76 79
HD81797 8.5 0.4 0 8 2007-12-22 07:43 1.04 0.63 70
HD81797 9.8 0.4 0 8 2007-12-22 07:46 1.04 0.63 77
HD81797 11.4 0.4 0 8 2007-12-22 07:49 1.04 0.65 77
HD81797 12.2 0.4 0 8 2007-12-22 07:52 1.04 0.63 79
HD89388 8.5 0.4 0 8 2007-12-22 08:48 1.25 0.77 70
HD89388 9.8 0.4 0 8 2007-12-22 08:51 1.25 0.81 77
HD89388 11.4 0.4 0 8 2007-12-22 08:54 1.25 0.83 77
HD89388 12.2 0.4 0 8 2007-12-22 08:57 1.25 0.82 79
HD45348 8.5 0.4 0 8 2007-12-23 05:48 1.15 0.78 70
HD45348 9.8 0.4 0 8 2007-12-23 05:52 1.15 0.73 77
HD45348 11.4 0.4 0 8 2007-12-23 05:55 1.15 0.74 77
HD45348 12.2 0.4 0 8 2007-12-23 05:58 1.16 0.74 79
HD54605 8.5 0.4 0 8 2007-12-23 06:48 1.03 0.76 70
HD54605 9.8 0.4 0 8 2007-12-23 06:51 1.04 0.78 77
HD54605 11.4 0.4 0 8 2007-12-23 06:54 1.04 0.84 77
HD54605 12.2 0.4 0 8 2007-12-23 06:57 1.04 0.73 79
HD45348 8.5 0.4 0 8 2008-02-24 03:01 1.26 1.27 70
HD45348 9.8 0.4 0 8 2008-02-24 03:05 1.26 0.91 77
HD45348 11.4 0.4 0 8 2008-02-24 03:08 1.27 0.61 77
HD45348 12.2 0.4 0 8 2008-02-24 03:11 1.28 0.67 79
HD48915 8.5 0.4 0 8 2008-02-25 00:37 1.02 1.16 70
HD48915 9.8 0.4 0 8 2008-02-25 00:40 1.02 1.16 77
HD48915 11.4 0.4 0 8 2008-02-25 00:43 1.01 1.01 77
HD48915 12.2 0.4 0 8 2008-02-25 00:47 1.01 1.01 79
HD45348 8.5 0.4 0 8 2008-02-25 01:41 1.15 0.56 70
HD45348 9.8 0.4 0 8 2008-02-25 01:44 1.16 0.50 77
HD45348 11.4 0.4 0 8 2008-02-25 01:47 1.16 0.61 77
HD45348 12.2 0.4 0 8 2008-02-25 01:50 1.16 1.09 79
HD112142 9.8 0.4 0 8 2008-02-25 05:22 1.17 1.21 77
HD112142 11.4 0.4 0 8 2008-02-25 05:25 1.16 1.24 77
HD112142 12.2 0.4 0 8 2008-02-25 05:28 1.15 1.24 79
HD112142 8.5 0.4 0 8 2008-02-25 06:21 1.06 1.92 70
HD112142 9.8 0.4 0 8 2008-02-25 06:24 1.06 4.37 77
HD112142 12.2 0.4 0 8 2008-02-25 06:30 1.06 3.09 79
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Table 3: Log of all the VISIR N-band pre-imaging of the Herbig Be sample ordered on observation
date. The columns from left to right give the target name, the imaging filter, the orientation
(rotating from North to West), the chopper throw, the date and time, the airmass and optical
seeing, the integration time and the category (calibration or science).

Target Filter Orient. Chop Date Time Airmass Seeing Int.time Category
[◦] [y-m-d] [h:m] [′′] [s]

HD198048 PAH2 0 9 2006-10-06 00:12 1.08 0.90 110 CAL
HD198048 SIC 0 9 2006-10-06 00:15 1.08 0.85 109 CAL
HD198048 PAH2 2 0 9 2006-10-06 00:18 1.08 0.88 109 CAL
HD198048 SIC 0 9 2006-10-06 01:15 1.09 0.86 109 CAL
HD198048 SIC 0 9 2006-10-06 01:26 1.10 0.92 109 CAL
HD198048 SIC 0 9 2006-10-06 02:08 1.14 0.94 109 CAL
HD198048 SIC 0 9 2006-10-06 02:17 1.16 0.98 109 CAL
HD26967 PAH2 0 9 2006-10-06 07:29 1.05 0.87 110 CAL
HD26967 SIC 0 9 2006-10-06 07:32 1.05 0.79 109 CAL
HD26967 PAH2 2 0 9 2006-10-06 07:35 1.05 0.72 109 CAL
PDS204 SIC 96 30 2006-10-06 07:56 1.68 1.06 171 SCI
PDS204 PAH2 96 30 2006-10-06 08:01 1.66 1.04 173 SCI
PDS204 PAH2 2 96 30 2006-10-06 08:05 1.65 1.01 172 SCI
MWC789 SIC 60 30 2006-10-06 08:17 1.44 0.91 171 SCI
MWC789 PAH2 60 30 2006-10-06 08:21 1.43 0.84 173 SCI
MWC789 PAH2 2 60 30 2006-10-06 08:25 1.42 0.89 172 SCI
LkHa208 SIC 85 30 2006-10-06 08:39 1.45 1.04 171 SCI
LkHa208 PAH2 85 30 2006-10-06 08:43 1.44 0.98 173 SCI
LkHa208 PAH2 2 85 30 2006-10-06 08:48 1.43 1.00 172 SCI
LkHa339 SIC 160 30 2006-10-06 09:01 1.08 0.70 171 SCI
LkHa339 PAH2 160 30 2006-10-06 09:05 1.07 0.68 173 SCI
LkHa339 PAH2 2 160 30 2006-10-06 09:09 1.07 0.71 172 SCI
HD33554 PAH2 0 9 2006-10-06 09:21 1.33 0.94 110 CAL
HD33554 SIC 0 9 2006-10-06 09:25 1.33 1.00 109 CAL
HD33554 PAH2 2 0 9 2006-10-06 09:28 1.34 1.04 109 CAL
HD49968 PAH2 0 9 2006-10-06 09:39 1.55 1.29 110 CAL
HD49968 SIC 0 9 2006-10-06 09:42 1.54 1.85 109 CAL
HD49968 PAH2 2 0 9 2006-10-06 09:46 1.54 2.29 109 CAL
HD41047 PAH2 0 9 2006-12-05 05:08 1.02 0.98 110 CAL
HD41047 SIC 0 9 2006-12-05 05:11 1.02 0.99 109 CAL
HD41047 PAH2 2 0 9 2006-12-05 05:15 1.02 0.96 109 CAL
MWC137 SIC 45 30 2006-12-05 05:26 1.32 1.45 171 SCI
MWC137 PAH2 45 30 2006-12-05 05:30 1.32 1.40 173 SCI
MWC137 PAH2 2 45 30 2006-12-05 05:35 1.31 1.39 172 SCI
LkHa215 SIC 90 30 2006-12-05 05:45 1.23 1.27 171 SCI
LkHa215 PAH2 90 30 2006-12-05 05:49 1.23 1.14 173 SCI
LkHa215 PAH2 2 90 30 2006-12-05 05:53 1.22 1.12 172 SCI
MWC147 SIC 45 30 2006-12-05 06:03 1.22 1.18 171 SCI
MWC147 PAH2 45 30 2006-12-05 06:08 1.22 1.18 173 SCI
MWC147 PAH2 2 45 30 2006-12-05 06:12 1.22 1.26 172 SCI
RMon SIC 90 30 2006-12-05 06:22 1.20 1.46 171 SCI
RMon PAH2 90 30 2006-12-05 06:26 1.20 1.30 173 SCI
RMon PAH2 2 90 30 2006-12-05 06:31 1.20 1.23 172 SCI
HD26967 PAH2 0 9 2006-12-05 06:42 1.27 1.21 110 CAL
HD26967 SIC 0 9 2006-12-05 06:46 1.28 1.20 109 CAL
HD26967 PAH2 2 0 9 2006-12-05 06:49 1.29 1.24 109 CAL

Continued on next page. . .
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Table 3: Continued.

Target Filter Orient. Chop Date Time Airmass Seeing Int.time Category
[◦] [y-m-d] [h:m] [′′] [s]

PDS241 SIC 45 30 2006-12-05 07:24 1.08 1.12 171 SCI
PDS241 PAH2 45 30 2006-12-05 07:31 1.08 1.20 173 SCI
PDS241 PAH2 2 45 30 2006-12-05 07:36 1.09 1.05 172 SCI
PDS27 SIC 0 30 2006-12-05 07:47 1.02 0.90 171 SCI
PDS27 PAH2 0 30 2006-12-05 07:51 1.03 0.89 173 SCI
PDS27 PAH2 2 0 30 2006-12-05 07:56 1.03 1.01 172 SCI
HD75691 PAH2 0 9 2006-12-05 08:22 1.00 1.05 110 CAL
HD75691 SIC 0 9 2006-12-05 08:25 1.00 1.07 109 CAL
HD75691 PAH2 2 0 9 2006-12-05 08:29 1.00 0.98 109 CAL
HD61935 PAH2 0 9 2007-01-07 06:01 1.05 0.69 110 CAL
HD61935 SIC 0 9 2007-01-07 06:04 1.06 0.75 110 CAL
HD61935 PAH2 2 0 9 2007-01-07 06:07 1.06 0.77 110 CAL
Hen3331 SIC 135 30 2007-01-07 06:17 1.27 1.10 173 SCI
Hen3331 PAH2 135 30 2007-01-07 06:22 1.27 0.98 173 SCI
Hen3331 PAH2 2 135 30 2007-01-07 06:26 1.26 0.95 173 SCI
Hen3331 SIC 135 30 2007-01-07 06:30 1.26 0.94 173 SCI
Hen3331 PAH2 135 30 2007-01-07 06:35 1.26 0.89 173 SCI
Hen3331 PAH2 2 135 30 2007-01-07 06:39 1.25 0.89 173 SCI
Hen3847 SIC 70 30 2007-01-07 06:52 1.54 1.21 173 SCI
Hen3847 PAH2 70 30 2007-01-07 06:56 1.51 1.21 173 SCI
Hen3847 PAH2 2 70 30 2007-01-07 07:00 1.49 1.23 173 SCI
Hen3847 SIC 70 30 2007-01-07 07:05 1.47 1.22 173 SCI
Hen3847 PAH2 70 30 2007-01-07 07:10 1.45 1.16 173 SCI
Hen3847 PAH2 2 70 30 2007-01-07 07:14 1.43 1.20 173 SCI
HD75691 PAH2 0 9 2007-01-07 07:30 1.03 0.69 110 CAL
HD75691 SIC 0 9 2007-01-07 07:33 1.04 0.80 110 CAL
HD75691 PAH2 2 0 9 2007-01-07 07:36 1.04 0.89 110 CAL
HD41047 PAH2 0 9 2007-01-13 02:47 1.02 0.71 110 CAL
Hen3331 SIC 135 30 2007-01-13 04:14 1.44 1.16 172 SCI
Hen3331 PAH2 135 30 2007-01-13 04:19 1.43 1.16 173 SCI
Hen3331 PAH2 2 135 30 2007-01-13 04:23 1.42 1.12 173 SCI
Hen3331 SIC 135 30 2007-01-13 04:28 1.40 1.08 173 SCI
HD89682 PAH2 0 9 2007-01-13 04:43 1.37 0.96 110 CAL
HD89682 SIC 0 9 2007-01-13 04:46 1.36 0.87 110 CAL
HD89682 PAH2 2 0 9 2007-01-13 04:50 1.35 0.87 110 CAL
HD111915 PAH2 0 9 2007-01-13 06:24 1.52 1.07 110 CAL
HD111915 SIC 0 9 2007-01-13 06:27 1.50 1.03 110 CAL
HD111915 PAH2 2 0 9 2007-01-13 06:31 1.48 1.06 110 CAL
HD111915 PAH2 0 9 2007-01-13 07:23 1.30 0.93 110 CAL
HD111915 SIC 0 9 2007-01-13 07:27 1.29 0.98 110 CAL
HD111915 PAH2 2 0 9 2007-01-13 07:30 1.28 1.11 110 CAL
HD111915 PAH2 0 9 2007-01-13 07:34 1.27 1.09 110 CAL
HD111915 SIC 0 9 2007-01-13 07:37 1.26 1.13 109 CAL
HD111915 PAH2 2 0 9 2007-01-13 07:40 1.25 1.12 110 CAL
Hen3331 PAH2 2 135 30 2007-01-13 07:51 1.26 1.04 173 SCI
Hen3847 SIC 70 30 2007-01-13 08:02 1.22 0.91 172 SCI
Hen3847 PAH2 70 30 2007-01-13 08:06 1.21 1.14 173 SCI
Hen3847 PAH2 2 70 30 2007-01-13 08:11 1.20 1.07 173 SCI
HD41047 PAH2 0 9 2007-02-28 00:17 1.01 0.79 110 CAL
Hen31110 SIC 0 30 2007-02-28 09:22 1.17 0.89 173 SCI
Hen31110 PAH2 0 30 2007-02-28 09:27 1.17 0.83 173 SCI

Continued on next page. . .
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Table 3: Continued.

Target Filter Orient. Chop Date Time Airmass Seeing Int.time Category
[◦] [y-m-d] [h:m] [′′] [s]

Hen31110 PAH2 2 0 30 2007-02-28 09:31 1.17 1.15 173 SCI
HD145897 PAH2 0 9 2007-02-28 09:45 1.04 1.17 110 CAL
HD145897 SIC 0 9 2007-02-28 09:48 1.04 1.06 110 CAL
HD145897 PAH2 2 0 9 2007-02-28 09:51 1.03 1.11 110 CAL
HD41047 PAH2 0 9 2007-03-01 01:11 1.04 0.83 110 CAL
HD41047 SIC 0 9 2007-03-01 01:15 1.05 0.81 109 CAL
Hen31110 SIC 0 30 2007-03-01 06:46 1.45 1.43 171 SCI
Hen31110 PAH2 0 30 2007-03-01 06:50 1.44 1.55 173 SCI
HD123123 PAH2 0 9 2007-03-04 06:49 1.04 0.63 110 CAL
HD123123 SIC 0 9 2007-03-04 06:53 1.04 0.66 109 CAL
HD123123 PAH2 2 0 9 2007-03-04 06:56 1.03 0.75 110 CAL
HD123123 PAH2 0 9 2007-03-04 07:02 1.03 0.74 110 CAL
HD123123 SIC 0 9 2007-03-04 07:05 1.02 0.66 110 CAL
HD123123 PAH2 2 0 9 2007-03-04 07:08 1.02 0.64 110 CAL
MWC1264 SIC 0 30 2007-03-04 07:52 1.30 0.73 173 SCI
MWC1264 PAH2 0 30 2007-03-04 07:56 1.28 0.74 173 SCI
MWC1264 PAH2 2 0 30 2007-03-04 08:01 1.27 0.76 173 SCI
V921Sco SIC 0 30 2007-03-04 08:30 1.21 0.80 173 SCI
V921Sco PAH2 0 30 2007-03-04 08:34 1.20 0.84 173 SCI
V921Sco PAH2 2 0 30 2007-03-04 08:39 1.19 0.81 173 SCI
MWC878 SIC 0 30 2007-03-04 08:53 1.20 0.80 173 SCI
MWC878 PAH2 0 30 2007-03-04 08:57 1.19 0.84 173 SCI
MWC878 PAH2 2 0 30 2007-03-04 09:02 1.18 0.76 173 SCI
HD163376 PAH2 0 9 2007-03-04 09:19 1.23 1.19 110 CAL
HD163376 SIC 0 9 2007-03-04 09:22 1.22 1.02 110 CAL
HD163376 PAH2 2 0 9 2007-03-04 09:25 1.21 1.11 110 CAL
HD145897 PAH2 0 9 2007-03-04 09:39 1.03 0.81 110 CAL
HD145897 SIC 0 9 2007-03-04 09:42 1.03 0.86 110 CAL
HD145897 PAH2 2 0 9 2007-03-04 09:46 1.03 0.81 110 CAL
HD41047 PAH2 0 9 2007-03-06 00:54 1.05 0.76 110 CAL
HD41047 SIC 0 9 2007-03-06 00:58 1.05 0.82 109 CAL
HD41047 PAH2 2 0 9 2007-03-06 01:01 1.05 0.81 110 CAL
HD139663 PAH2 0 9 2007-03-06 08:47 1.01 0.99 110 CAL
HD139663 SIC 0 9 2007-03-06 08:51 1.01 0.89 110 CAL
HD139663 PAH2 2 0 9 2007-03-06 08:54 1.01 0.90 110 CAL
Hen31418 SIC 0 30 2007-03-06 09:20 1.12 1.02 173 SCI
Hen31418 PAH2 0 30 2007-03-06 09:24 1.11 1.03 173 SCI
Hen31418 PAH2 2 0 30 2007-03-06 09:29 1.11 1.01 173 SCI
HD163376 PAH2 0 9 2007-03-06 09:41 1.16 1.04 110 CAL
HD163376 SIC 0 9 2007-03-06 09:44 1.15 1.05 110 CAL
HD163376 PAH2 2 0 9 2007-03-06 09:48 1.15 1.00 110 CAL
HD99167 PAH2 0 9 2007-03-10 07:06 1.21 1.00 110 CAL
HD99167 SIC 0 9 2007-03-10 07:09 1.22 0.88 109 CAL
HD99167 PAH2 2 0 9 2007-03-10 07:13 1.23 0.96 110 CAL
Hen3847 SIC 160 30 2007-03-10 07:22 1.12 0.78 172 SCI
Hen3847 PAH2 160 30 2007-03-10 07:32 1.12 0.84 173 SCI
Hen3847 PAH2 2 160 30 2007-03-10 07:36 1.13 0.79 173 SCI
HD145897 PAH2 0 9 2007-04-14 07:58 1.03 0.70 110 CAL
HD145897 SIC 0 9 2007-04-14 08:01 1.04 0.77 109 CAL
HD145897 PAH2 2 0 9 2007-04-14 08:05 1.04 0.84 109 CAL
HD145897 PAH2 0 9 2007-04-14 08:11 1.04 0.77 110 CAL
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Table 3: Continued.

Target Filter Orient. Chop Date Time Airmass Seeing Int.time Category
[◦] [y-m-d] [h:m] [′′] [s]

HD145897 SIC 0 9 2007-04-14 08:14 1.05 0.95 109 CAL
HD145897 PAH2 2 0 9 2007-04-14 08:17 1.05 0.82 110 CAL
PDS477 SIC 0 30 2007-04-14 08:29 1.02 0.91 172 SCI
PDS477 PAH2 0 30 2007-04-14 08:33 1.02 0.98 173 SCI
PDS477 PAH2 2 0 30 2007-04-14 08:37 1.02 0.91 173 SCI
NGC6611494 SIC 0 30 2007-04-14 08:50 1.03 0.88 172 SCI
NGC6611494 PAH2 0 30 2007-04-14 08:54 1.03 0.83 173 SCI
NGC6611494 PAH2 2 0 30 2007-04-14 08:58 1.03 0.94 173 SCI
MWC297 SIC 0 30 2007-04-14 09:09 1.08 0.89 172 SCI
MWC297 PAH2 0 30 2007-04-14 09:16 1.07 2.02 173 SCI
MWC297 PAH2 2 0 30 2007-04-14 09:20 1.07 1.62 173 SCI
V921Sco SIC 0 30 2007-04-19 06:26 1.10 1.02 172 SCI
V921Sco PAH2 0 30 2007-04-19 06:30 1.10 1.01 173 SCI
V921Sco PAH2 2 0 30 2007-04-19 06:35 1.09 0.99 173 SCI
HD139663 PAH2 0 9 2007-04-19 06:52 1.00 0.75 110 CAL
HD139663 SIC 0 9 2007-04-19 06:55 1.00 0.72 109 CAL
HD139663 PAH2 2 0 9 2007-04-19 06:59 1.01 0.77 110 CAL
MWC878 SIC 0 30 2007-04-19 07:09 1.06 1.02 172 SCI
MWC878 PAH2 0 30 2007-04-19 07:13 1.06 0.85 173 SCI
MWC878 PAH2 2 0 30 2007-04-19 07:17 1.06 0.89 173 SCI
Hen31444 SIC 0 30 2007-04-19 07:27 1.05 0.87 172 SCI
Hen31444 PAH2 0 30 2007-04-19 07:31 1.04 0.90 173 SCI
Hen31444 PAH2 2 0 30 2007-04-19 07:36 1.04 0.82 173 SCI
MWC593 SIC 0 30 2007-04-19 07:45 1.03 0.85 172 SCI
MWC593 PAH2 0 30 2007-04-19 07:49 1.02 0.93 173 SCI
MWC593 PAH2 2 0 30 2007-04-19 07:53 1.02 0.88 173 SCI
PDS152 SIC 0 30 2007-04-19 08:02 1.01 0.93 172 SCI
PDS152 PAH2 0 30 2007-04-19 08:07 1.01 0.90 173 SCI
PDS152 PAH2 2 0 30 2007-04-19 08:11 1.00 0.79 173 SCI
HD163376 PAH2 0 9 2007-04-19 08:23 1.05 0.82 110 CAL
HD163376 SIC 0 9 2007-04-19 08:26 1.05 0.73 109 CAL
HD163376 PAH2 2 0 9 2007-04-19 08:29 1.05 0.72 110 CAL
AS310 SIC 0 30 2007-04-19 08:39 1.08 0.78 172 SCI
AS310 PAH2 0 30 2007-04-19 08:43 1.08 0.86 173 SCI
AS310 PAH2 2 0 30 2007-04-19 08:47 1.08 0.94 173 SCI
PDS543 SIC 0 30 2007-04-19 08:56 1.15 1.00 172 SCI
PDS543 PAH2 0 30 2007-04-19 09:00 1.14 0.99 173 SCI
PDS543 PAH2 2 0 30 2007-04-19 09:05 1.14 1.07 173 SCI
PDS543 SIC 0 30 2007-04-19 09:09 1.14 1.13 172 SCI
NGC6530245 SIC 0 30 2007-04-19 09:26 1.01 0.78 172 SCI
NGC6530245 PAH2 0 30 2007-04-19 09:30 1.01 0.77 173 SCI
NGC6530245 PAH2 2 0 30 2007-04-19 09:35 1.01 0.81 173 SCI
HD161096 PAH2 0 9 2007-04-19 09:46 1.20 0.82 110 CAL
HD161096 SIC 0 9 2007-04-19 09:49 1.21 0.84 109 CAL
HD161096 PAH2 2 0 9 2007-04-19 09:52 1.22 0.92 110 CAL
Hen31110 SIC 0 30 2007-04-22 06:20 1.16 1.08 172 SCI
Hen31110 PAH2 0 30 2007-04-22 06:24 1.16 1.07 173 SCI
Hen31110 PAH2 2 0 30 2007-04-22 06:28 1.16 1.14 173 SCI
HD133550 PAH2 0 9 2007-04-22 06:38 1.04 1.07 110 CAL
HD133550 SIC 0 9 2007-04-22 06:41 1.04 1.15 109 CAL
HD133550 PAH2 2 0 9 2007-04-22 06:44 1.05 0.98 110 CAL
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Table 3: Continued.

Target Filter Orient. Chop Date Time Airmass Seeing Int.time Category
[◦] [y-m-d] [h:m] [′′] [s]

Hen31110 SIC 0 30 2007-05-28 05:24 1.20 1.23 171 SCI
Hen31110 PAH2 0 30 2007-05-28 05:28 1.20 1.36 173 SCI
Hen31110 PAH2 2 0 30 2007-05-28 05:32 1.21 1.15 172 SCI
HD133550 PAH2 0 9 2007-05-28 05:44 1.18 1.07 110 CAL
HD133550 SIC 0 9 2007-05-28 05:47 1.19 1.13 109 CAL
HD133550 PAH2 2 0 9 2007-05-28 05:50 1.20 1.15 109 CAL
HD163376 PAH2 0 9 2007-05-28 06:01 1.05 1.06 110 CAL
HD163376 SIC 0 9 2007-05-28 06:04 1.05 1.00 109 CAL
HD163376 PAH2 2 0 9 2007-05-28 06:07 1.05 0.88 109 CAL
AS310 SIC 0 30 2007-05-28 06:28 1.07 1.13 171 SCI
AS310 PAH2 0 30 2007-05-28 06:32 1.06 1.24 173 SCI
AS310 PAH2 2 0 30 2007-05-28 06:37 1.06 1.39 172 SCI
HD177716 PAH2 0 9 2007-05-28 06:48 1.01 1.33 110 CAL
HD177716 SIC 0 9 2007-05-28 06:51 1.01 1.26 109 CAL
HD177716 PAH2 2 0 9 2007-05-28 06:55 1.01 1.25 109 CAL
HD188603 PAH2 0 9 2007-05-28 08:49 1.01 0.93 110 CAL
HD188603 SIC 0 9 2007-05-28 08:52 1.01 1.07 109 CAL
HD188603 PAH2 2 0 9 2007-05-28 08:56 1.01 0.94 109 CAL
HD177716 SIC 0 9 2007-05-28 10:17 1.28 1.59 109 CAL
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Table 4: Log of all the VISIR N-band LR spectroscopy of the Herbig Be sample ordered on ob-
servation date. The columns from left to right give the target name, the wavelength setting, the
orientation of the slit (rotating from North to West), the chopper throw, the date and time, the
airmass and optical seeing, the integration time and the category (calibration or science). The
slit-width was kept at 0.4′′ throughout all observations.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

HD32887 8.5 0 8 2007-01-06 05:18 1.22 0.94 67 CAL
HD32887 9.8 0 8 2007-01-06 05:21 1.23 1.00 73 CAL
HD32887 11.4 0 8 2007-01-06 05:23 1.25 0.96 73 CAL
HD32887 12.2 0 8 2007-01-06 05:27 1.26 0.93 75 CAL
LkHa208 8.5 0 8 2007-01-06 05:41 1.62 1.18 291 SCI
LkHa208 9.8 0 8 2007-01-06 05:49 1.66 1.28 318 SCI
LkHa208 11.4 0 8 2007-01-06 05:57 1.71 1.39 318 SCI
LkHa208 12.2 0 8 2007-01-06 06:05 1.76 1.32 327 SCI
HD42995 8.5 0 8 2007-01-06 06:24 1.97 1.37 67 CAL
HD42995 9.8 0 8 2007-01-06 06:26 2.00 1.40 73 CAL
HD42995 11.4 0 8 2007-01-06 06:29 2.02 1.45 73 CAL
HD42995 12.2 0 8 2007-01-06 06:32 2.05 1.53 75 CAL
HD48915 8.5 0 8 2007-01-06 06:51 1.22 1.13 67 CAL
HD48915 9.8 0 8 2007-01-06 06:54 1.23 1.12 73 CAL
HD48915 11.4 0 8 2007-01-06 06:56 1.24 1.10 73 CAL
HD48915 12.2 0 8 2007-01-06 06:59 1.25 1.32 75 CAL
LkHa339 8.5 45 8 2007-01-06 07:20 1.71 1.35 291 SCI
LkHa339 9.8 45 8 2007-01-06 07:27 1.78 1.35 318 SCI
LkHa339 11.4 45 8 2007-01-06 07:35 1.87 1.28 318 SCI
LkHa339 12.2 45 8 2007-01-06 07:43 1.96 1.46 327 SCI
HD48915 8.5 0 8 2007-01-06 08:08 1.66 1.64 67 CAL
HD48915 9.8 0 8 2007-01-06 08:11 1.68 1.60 73 CAL
HD48915 11.4 0 8 2007-01-06 08:14 1.71 1.63 73 CAL
HD48915 12.2 0 8 2007-01-06 08:17 1.73 1.63 75 CAL
HD42995 8.5 0 8 2007-01-08 05:12 1.61 0.88 75 CAL
HD42995 9.8 0 8 2007-01-08 05:15 1.62 0.89 77 CAL
HD42995 11.4 0 8 2007-01-08 05:18 1.63 0.90 77 CAL
HD42995 12.2 0 8 2007-01-08 05:21 1.64 0.88 78 CAL
HD32887 8.5 0 8 2007-01-08 05:52 1.41 0.79 67 CAL
HD32887 9.8 0 8 2007-01-08 05:55 1.42 0.83 73 CAL
HD32887 11.4 0 8 2007-01-08 05:57 1.44 0.80 73 CAL
HD32887 12.2 0 8 2007-01-08 06:01 1.46 0.85 75 CAL
LkHa208 8.5 0 8 2007-01-08 06:21 1.95 0.94 291 SCI
LkHa208 9.8 0 8 2007-01-08 06:29 2.02 0.97 318 SCI
LkHa208 11.4 0 8 2007-01-08 06:37 2.11 0.98 318 SCI
LkHa208 12.2 0 8 2007-01-08 06:45 2.21 1.06 327 SCI
HD140573 8.5 0 8 2007-07-30 00:11 1.17 1.24 67 CAL
HD140573 9.8 0 8 2007-07-30 00:13 1.17 1.19 73 CAL
HD140573 11.4 0 8 2007-07-30 00:16 1.17 1.11 73 CAL
HD140573 12.2 0 8 2007-07-30 00:19 1.17 1.33 75 CAL
Hen31110 8.5 0 8 2007-07-30 00:43 1.17 1.01 438 SCI
Hen31110 9.8 0 8 2007-07-30 00:54 1.18 1.74 479 SCI
Hen31110 11.4 0 8 2007-07-30 01:05 1.19 1.88 479 SCI
Hen31110 12.2 0 8 2007-07-30 01:16 1.20 1.69 493 SCI
HD140573 8.5 0 8 2007-07-30 01:35 1.29 1.12 67 CAL
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Table 4: Continued.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

HD140573 9.8 0 8 2007-07-30 01:37 1.30 2.25 73 CAL
HD140573 11.4 0 8 2007-07-30 01:40 1.31 1.96 73 CAL
HD139127 8.5 0 8 2007-07-30 02:24 1.25 1.40 144 CAL
HD139127 9.8 0 8 2007-07-30 02:28 1.26 1.55 157 CAL
HD139127 11.4 0 8 2007-07-30 02:33 1.27 1.47 157 CAL
HD139127 12.2 0 8 2007-07-30 02:37 1.29 1.46 162 CAL
HD167618 8.5 0 8 2007-09-10 00:09 1.03 0.74 67 CAL
HD167618 9.8 0 8 2007-09-10 00:12 1.03 0.71 73 CAL
HD167618 11.4 0 8 2007-09-10 00:15 1.03 0.69 73 CAL
HD167618 12.2 0 8 2007-09-10 00:18 1.03 0.67 75 CAL
AS310 8.5 179 30 2007-09-10 00:45 1.09 0.64 438 SCI
AS310 9.8 179 30 2007-09-10 00:57 1.10 0.66 479 SCI
AS310 11.4 179 30 2007-09-10 01:08 1.12 0.72 479 SCI
AS310 12.2 179 30 2007-09-10 01:20 1.14 0.72 493 SCI
HD167618 8.5 0 8 2007-09-10 01:40 1.13 0.72 67 CAL
HD167618 9.8 0 8 2007-09-10 01:43 1.14 0.71 73 CAL
HD167618 11.4 0 8 2007-09-10 01:46 1.14 0.70 73 CAL
HD167618 12.2 0 8 2007-09-10 01:49 1.15 0.78 75 CAL
HD200914 8.5 0 8 2007-09-10 02:04 1.01 0.56 144 CAL
HD200914 9.8 0 8 2007-09-10 02:09 1.00 0.57 157 CAL
HD200914 11.4 0 8 2007-09-10 02:13 1.00 0.54 157 CAL
HD200914 12.2 0 8 2007-09-10 02:18 1.00 0.57 162 CAL
HD169916 8.5 0 8 2007-09-10 23:18 1.01 0.85 144 CAL
HD169916 9.8 0 8 2007-09-10 23:24 1.01 0.80 157 CAL
HD169916 11.4 0 8 2007-09-10 23:28 1.00 0.86 157 CAL
HD169916 12.2 0 8 2007-09-10 23:33 1.00 0.82 162 CAL
HD167618 8.5 0 8 2007-09-10 23:50 1.02 0.60 67 CAL
HD167618 9.8 0 8 2007-09-10 23:53 1.02 0.42 73 CAL
HD167618 11.4 0 8 2007-09-10 23:56 1.02 0.40 73 CAL
HD167618 12.2 0 8 2007-09-10 23:59 1.03 0.62 75 CAL
MWC297 8.5 0 8 2007-09-11 00:15 1.08 0.84 291 SCI
MWC297 9.8 0 8 2007-09-11 00:22 1.08 0.89 318 SCI
MWC297 11.4 0 8 2007-09-11 00:30 1.09 0.89 318 SCI
MWC297 12.2 0 8 2007-09-11 00:38 1.10 0.84 327 SCI
HD168454 8.5 0 8 2007-09-11 01:09 1.06 0.88 67 CAL
HD168454 9.8 0 8 2007-09-11 01:12 1.07 0.83 73 CAL
HD168454 11.4 0 8 2007-09-11 01:15 1.07 0.89 73 CAL
HD168454 12.2 0 8 2007-09-11 01:18 1.08 0.79 75 CAL
HD177716 8.5 0 8 2007-09-11 23:21 1.03 0.66 144 CAL
HD177716 9.8 0 8 2007-09-11 23:26 1.03 0.62 157 CAL
HD177716 11.4 0 8 2007-09-11 23:31 1.02 0.57 157 CAL
HD177716 12.2 0 8 2007-09-11 23:35 1.02 0.60 162 CAL
HD167618 8.5 0 8 2007-09-11 23:52 1.02 0.67 67 CAL
HD167618 9.8 0 8 2007-09-11 23:55 1.03 0.61 73 CAL
HD167618 11.4 0 8 2007-09-11 23:58 1.03 0.62 73 CAL
HD167618 12.2 0 8 2007-09-12 00:01 1.03 0.64 75 CAL
NGC6611494 8.5 0 8 2007-09-12 00:15 1.03 0.67 291 SCI
NGC6611494 9.8 0 8 2007-09-12 00:23 1.04 0.71 318 SCI
NGC6611494 11.4 0 8 2007-09-12 00:31 1.05 0.76 318 SCI
NGC6611494 12.2 0 8 2007-09-12 00:39 1.06 0.83 327 SCI
HD168454 8.5 0 8 2007-09-12 00:56 1.05 0.87 67 CAL
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Table 4: Continued.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

HD168454 9.8 0 8 2007-09-12 00:59 1.05 0.87 73 CAL
HD168454 11.4 0 8 2007-09-12 01:02 1.06 0.79 73 CAL
HD168454 12.2 0 8 2007-09-12 01:06 1.06 0.85 75 CAL
HD165135 8.5 0 8 2007-09-13 00:17 1.03 0.73 67 CAL
HD165135 9.8 0 8 2007-09-13 00:20 1.03 0.71 73 CAL
HD165135 11.4 0 8 2007-09-13 00:22 1.04 0.69 73 CAL
HD165135 12.2 0 8 2007-09-13 00:26 1.04 0.69 75 CAL
PDS477 8.5 0 8 2007-09-13 00:45 1.09 0.67 291 SCI
PDS477 9.8 0 8 2007-09-13 00:53 1.10 0.67 318 SCI
PDS477 11.4 0 8 2007-09-13 01:00 1.12 0.73 318 SCI
PDS477 12.2 0 8 2007-09-13 01:09 1.14 0.77 327 SCI
HD169916 8.5 0 8 2007-09-13 01:26 1.09 0.72 67 CAL
HD169916 9.8 0 8 2007-09-13 01:29 1.10 0.74 73 CAL
HD169916 11.4 0 8 2007-09-13 01:32 1.10 0.72 73 CAL
HD169916 12.2 0 8 2007-09-13 01:35 1.11 0.72 75 CAL
HD200914 8.5 0 8 2007-09-13 01:51 1.01 0.76 144 CAL
HD200914 9.8 0 8 2007-09-13 01:56 1.00 0.77 157 CAL
HD200914 11.4 0 8 2007-09-13 02:01 1.00 0.72 157 CAL
HD200914 12.2 0 8 2007-09-13 02:05 1.00 0.74 162 CAL
HD140573 8.5 0 8 2007-09-13 23:40 1.59 0.98 67 CAL
HD140573 9.8 0 8 2007-09-13 23:43 1.61 1.00 73 CAL
HD140573 11.4 0 8 2007-09-13 23:46 1.63 0.99 73 CAL
HD140573 12.2 0 8 2007-09-13 23:50 1.65 1.21 75 CAL
Hen31110 8.5 0 8 2007-09-14 00:03 1.42 1.10 438 SCI
Hen31110 9.8 0 8 2007-09-14 00:15 1.46 1.09 479 SCI
Hen31110 11.4 0 8 2007-09-14 00:26 1.50 1.12 479 SCI
Hen31110 12.2 0 8 2007-09-14 00:38 1.55 1.16 493 SCI
HD140573 8.5 0 8 2007-09-14 00:56 2.50 1.14 67 CAL
HD140573 9.8 0 8 2007-09-14 00:59 2.56 1.10 73 CAL
HD140573 11.4 0 8 2007-09-14 01:02 2.64 1.23 73 CAL
HD140573 12.2 0 8 2007-09-14 01:05 2.71 1.10 75 CAL
HD189319 8.5 0 8 2007-09-14 01:29 1.40 1.11 144 CAL
HD189319 9.8 0 8 2007-09-14 01:34 1.40 1.03 157 CAL
HD189319 11.4 0 8 2007-09-14 01:39 1.41 1.09 157 CAL
HD189319 12.2 0 8 2007-09-14 01:44 1.41 1.07 162 CAL
HD183799 8.5 0 8 2007-09-14 02:06 1.06 0.66 67 CAL
HD183799 9.8 0 8 2007-09-14 02:09 1.06 0.66 73 CAL
HD183799 11.4 0 8 2007-09-14 02:12 1.07 0.79 73 CAL
HD183799 12.2 0 8 2007-09-14 02:15 1.07 0.77 75 CAL
PDS543 8.5 30 8 2007-09-14 02:28 1.44 0.98 291 SCI
PDS543 9.8 30 8 2007-09-14 02:36 1.48 1.07 318 SCI
PDS543 11.4 30 8 2007-09-14 02:43 1.53 1.05 318 SCI
PDS543 12.2 30 8 2007-09-14 02:51 1.58 1.10 327 SCI
HD183799 8.5 0 8 2007-09-14 03:07 1.19 0.89 67 CAL
HD183799 9.8 0 8 2007-09-14 03:10 1.19 0.80 73 CAL
HD183799 11.4 0 8 2007-09-14 03:12 1.20 0.80 73 CAL
HD183799 12.2 0 8 2007-09-14 03:16 1.21 0.82 75 CAL
HD8512 8.5 0 8 2007-09-14 03:30 1.45 1.00 144 CAL
HD8512 9.8 0 8 2007-09-14 03:35 1.42 1.11 157 CAL
HD8512 11.4 0 8 2007-09-14 03:39 1.40 1.09 157 CAL
HD8512 12.2 0 8 2007-09-14 03:44 1.37 1.05 162 CAL
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Table 4: Continued.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

HD146051 8.5 0 8 2007-09-14 23:38 1.29 0.86 67 CAL
HD146051 9.8 0 8 2007-09-14 23:41 1.30 0.74 73 CAL
HD146051 11.4 0 8 2007-09-14 23:43 1.31 0.78 73 CAL
HD146051 12.2 0 8 2007-09-14 23:47 1.32 0.90 75 CAL
V921Sco 8.5 20 8 2007-09-15 00:00 1.16 1.02 291 SCI
V921Sco 9.8 20 8 2007-09-15 00:08 1.17 1.01 318 SCI
V921Sco 11.4 20 8 2007-09-15 00:15 1.19 0.98 318 SCI
V921Sco 12.2 20 8 2007-09-15 00:24 1.21 0.97 327 SCI
HD152786 8.5 0 8 2007-09-15 00:39 1.35 1.51 67 CAL
HD152786 9.8 0 8 2007-09-15 00:42 1.35 1.40 73 CAL
HD152786 11.4 0 8 2007-09-15 00:45 1.36 1.49 73 CAL
HD152786 12.2 0 8 2007-09-15 00:48 1.37 1.33 75 CAL
HD152161 8.5 0 8 2007-09-18 01:01 1.38 0.91 67 CAL
HD152161 9.8 0 8 2007-09-18 01:04 1.39 0.91 73 CAL
HD152161 11.4 0 8 2007-09-18 01:06 1.40 0.91 73 CAL
HD152161 12.2 0 8 2007-09-18 01:10 1.41 0.75 75 CAL
MWC878 8.5 10 8 2007-09-18 01:22 1.33 0.80 291 SCI
MWC878 9.8 10 8 2007-09-18 01:30 1.36 0.80 318 SCI
MWC878 11.4 10 8 2007-09-18 01:37 1.40 0.39 318 SCI
MWC878 12.2 10 8 2007-09-18 01:45 1.44 0.39 327 SCI
HD168454 8.5 0 8 2007-09-18 02:00 1.25 1.25 67 CAL
HD168454 9.8 0 8 2007-09-18 02:03 1.26 1.28 73 CAL
HD168454 11.4 0 8 2007-09-18 02:06 1.27 1.32 73 CAL
HD168454 12.2 0 8 2007-09-18 02:10 1.28 1.31 75 CAL
HD33684 8.5 0 8 2007-12-19 03:13 1.29 1.01 70 CAL
HD33684 9.8 0 8 2007-12-19 03:16 1.29 1.06 77 CAL
HD33684 11.4 0 8 2007-12-19 03:19 1.29 1.15 77 CAL
HD33684 12.2 0 8 2007-12-19 03:22 1.29 1.08 79 CAL
MWC789 8.5 75 8 2007-12-19 03:37 1.41 1.11 294 SCI
MWC789 9.8 75 8 2007-12-19 03:45 1.39 1.15 322 SCI
MWC789 11.4 75 8 2007-12-19 03:52 1.38 1.09 322 SCI
MWC789 12.2 75 8 2007-12-19 04:00 1.36 1.18 331 SCI
HD32887 8.5 0 8 2007-12-19 04:18 1.00 0.72 70 CAL
HD32887 9.8 0 8 2007-12-19 04:21 1.01 0.74 77 CAL
HD32887 11.4 0 8 2007-12-19 04:24 1.01 0.76 77 CAL
HD32887 12.2 0 8 2007-12-19 04:27 1.01 0.81 79 CAL
HD33684 8.5 0 8 2007-12-19 04:43 1.29 1.10 70 CAL
HD33684 9.8 0 8 2007-12-19 04:46 1.30 1.10 77 CAL
HD33684 11.4 0 8 2007-12-19 04:49 1.30 0.99 77 CAL
HD33684 12.2 0 8 2007-12-19 04:53 1.30 1.02 79 CAL
MWC137 8.5 105 8 2007-12-19 05:06 1.30 0.91 294 SCI
MWC137 9.8 105 8 2007-12-19 05:14 1.30 0.86 322 SCI
MWC137 11.4 105 8 2007-12-19 05:22 1.31 0.87 322 SCI
MWC137 12.2 105 8 2007-12-19 05:30 1.31 0.89 331 SCI
HD32887 8.5 0 8 2007-12-19 05:48 1.11 0.81 70 CAL
HD32887 9.8 0 8 2007-12-19 05:51 1.12 0.82 77 CAL
HD32887 11.4 0 8 2007-12-19 05:54 1.12 0.78 77 CAL
HD32887 12.2 0 8 2007-12-19 05:57 1.13 0.78 79 CAL
HD32887 8.5 0 14 2007-12-21 02:41 1.04 0.71 70 CAL
HD32887 9.8 0 14 2007-12-21 02:44 1.03 0.71 77 CAL
HD32887 11.4 0 14 2007-12-21 02:47 1.03 0.66 77 CAL
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Table 4: Continued.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

HD32887 12.2 0 14 2007-12-21 02:50 1.03 0.62 79 CAL
PDS204 8.5 30 14 2007-12-21 03:03 1.66 0.95 294 SCI
PDS204 9.8 30 14 2007-12-21 03:11 1.63 0.98 322 SCI
PDS204 11.4 30 14 2007-12-21 03:19 1.60 1.05 322 SCI
PDS204 12.2 30 14 2007-12-21 03:27 1.58 0.99 331 SCI
HD42995 8.5 0 14 2007-12-21 03:45 1.56 1.16 70 CAL
HD42995 9.8 0 14 2007-12-21 03:48 1.56 1.11 77 CAL
HD42995 11.4 0 14 2007-12-21 03:51 1.55 1.07 77 CAL
HD42995 12.2 0 14 2007-12-21 03:54 1.54 1.07 79 CAL
HD54605 8.5 0 8 2007-12-21 06:35 1.02 0.68 70 CAL
HD54605 9.8 0 8 2007-12-21 06:38 1.02 0.64 77 CAL
HD54605 11.4 0 8 2007-12-21 06:41 1.02 0.76 77 CAL
HD54605 12.2 0 8 2007-12-21 06:44 1.02 0.64 79 CAL
PDS27 8.5 0 8 2007-12-21 06:56 1.03 0.76 294 SCI
PDS27 9.8 0 8 2007-12-21 07:04 1.04 0.77 322 SCI
PDS27 11.4 0 8 2007-12-21 07:12 1.05 0.76 322 SCI
PDS27 12.2 0 8 2007-12-21 07:20 1.06 0.72 331 SCI
HD54605 8.5 0 8 2007-12-21 07:35 1.09 0.63 70 CAL
HD54605 9.8 0 8 2007-12-21 07:38 1.10 0.65 77 CAL
HD54605 11.4 0 8 2007-12-21 07:41 1.10 0.72 77 CAL
HD54605 12.2 0 8 2007-12-21 07:44 1.11 0.76 79 CAL
HD81797 8.5 0 8 2007-12-22 07:43 1.04 0.63 70 CAL
HD81797 9.8 0 8 2007-12-22 07:46 1.04 0.63 77 CAL
HD81797 11.4 0 8 2007-12-22 07:49 1.04 0.65 77 CAL
HD81797 12.2 0 8 2007-12-22 07:52 1.04 0.63 79 CAL
Hen3331 8.5 0 8 2007-12-22 08:09 1.24 0.85 294 SCI
Hen3331 9.8 0 8 2007-12-22 08:17 1.24 0.83 322 SCI
Hen3331 11.4 0 8 2007-12-22 08:25 1.24 0.85 322 SCI
Hen3331 12.2 0 8 2007-12-22 08:33 1.24 0.85 331 SCI
HD89388 8.5 0 8 2007-12-22 08:48 1.25 0.77 70 CAL
HD89388 9.8 0 8 2007-12-22 08:51 1.25 0.81 77 CAL
HD89388 11.4 0 8 2007-12-22 08:54 1.25 0.83 77 CAL
HD89388 12.2 0 8 2007-12-22 08:57 1.25 0.82 79 CAL
HD45348 8.5 0 8 2007-12-23 05:48 1.15 0.78 70 CAL
HD45348 9.8 0 8 2007-12-23 05:52 1.15 0.73 77 CAL
HD45348 11.4 0 8 2007-12-23 05:55 1.15 0.74 77 CAL
HD45348 12.2 0 8 2007-12-23 05:58 1.16 0.74 79 CAL
RMon 8.5 0 8 2007-12-23 06:10 1.24 0.88 294 SCI
RMon 9.8 0 8 2007-12-23 06:18 1.25 1.02 322 SCI
RMon 11.4 0 8 2007-12-23 06:25 1.27 1.01 322 SCI
RMon 12.2 0 8 2007-12-23 06:33 1.28 1.34 331 SCI
HD54605 8.5 0 8 2007-12-23 06:48 1.03 0.76 70 CAL
HD54605 9.8 0 8 2007-12-23 06:51 1.04 0.78 77 CAL
HD54605 11.4 0 8 2007-12-23 06:54 1.04 0.84 77 CAL
HD54605 12.2 0 8 2007-12-23 06:57 1.04 0.73 79 CAL
HD45348 8.5 0 8 2008-02-24 03:01 1.26 1.27 70 CAL
HD45348 9.8 0 8 2008-02-24 03:05 1.26 0.91 77 CAL
HD45348 11.4 0 8 2008-02-24 03:08 1.27 0.61 77 CAL
HD45348 12.2 0 8 2008-02-24 03:11 1.28 0.67 79 CAL
LkHa215 8.5 0 8 2008-02-24 03:24 1.55 1.41 294 SCI
LkHa215 9.8 0 8 2008-02-24 03:32 1.60 1.54 322 SCI
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Table 4: Continued.

Target Setting Orient. Chop Date Time Airmass Seeing Int.time Category
[µm] [◦] [y-m-d] [h:m] [′′] [s]

LkHa215 11.4 0 8 2008-02-24 03:40 1.65 1.57 322 SCI
LkHa215 12.2 0 8 2008-02-24 03:48 1.71 1.51 331 SCI
HD48915 8.5 0 8 2008-02-25 00:37 1.02 1.16 70 CAL
HD48915 9.8 0 8 2008-02-25 00:40 1.02 1.16 77 CAL
HD48915 11.4 0 8 2008-02-25 00:43 1.01 1.01 77 CAL
HD48915 12.2 0 8 2008-02-25 00:47 1.01 1.01 79 CAL
MWC147 8.5 105 8 2008-02-25 01:00 1.22 1.23 294 SCI
MWC147 9.8 105 8 2008-02-25 01:08 1.22 1.23 322 SCI
MWC147 11.4 105 8 2008-02-25 01:16 1.23 1.23 322 SCI
MWC147 12.2 105 8 2008-02-25 01:24 1.23 1.23 331 SCI
HD45348 8.5 0 8 2008-02-25 01:41 1.15 0.56 70 CAL
HD45348 9.8 0 8 2008-02-25 01:44 1.16 0.50 77 CAL
HD45348 11.4 0 8 2008-02-25 01:47 1.16 0.61 77 CAL
HD45348 12.2 0 8 2008-02-25 01:50 1.16 1.09 79 CAL
HD112142 8.5 0 8 2008-02-25 05:19 1.17 1.30 70 CAL
HD112142 9.8 0 8 2008-02-25 05:22 1.17 1.21 77 CAL
HD112142 11.4 0 8 2008-02-25 05:25 1.16 1.24 77 CAL
HD112142 12.2 0 8 2008-02-25 05:28 1.15 1.24 79 CAL
Hen3847 8.5 5 8 2008-02-25 05:42 1.17 1.17 294 SCI
Hen3847 9.8 5 8 2008-02-25 05:50 1.16 1.22 322 SCI
Hen3847 11.4 5 8 2008-02-25 05:58 1.15 1.12 322 SCI
Hen3847 12.2 5 8 2008-02-25 06:06 1.14 1.12 331 SCI
HD112142 8.5 0 8 2008-02-25 06:21 1.06 1.92 70 CAL
HD112142 9.8 0 8 2008-02-25 06:24 1.06 4.37 77 CAL
HD112142 11.4 0 8 2008-02-25 06:27 1.06 4.38 77 CAL
HD112142 12.2 0 8 2008-02-25 06:30 1.06 3.09 79 CAL
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