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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.




