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CHAPTER 2

VISIR spectroscopic and spatial survey of
Herbig Ae stars

A.P. Verhoeff, L.B.F.M. Waters, H. Veerman, E. Pantin, M. Min, J.W. Pel,
A.G.G.M. Tielens, M.E. van den Ancker, R. van Boekel, C. Boersma,

J. Bouwman, C. Dominik, A. de Koter, P.-O. Lagage, R.F. Peletier
Submitted to Astronomy & Astrophysics

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.
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28 VISIR spectroscopic and spatial survey of Herbig Ae stars

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.



30 VISIR spectroscopic and spatial survey of Herbig Ae stars

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



2.5 The PSF 37

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



2.7 Analysis 47

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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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.



54 VISIR spectroscopic and spatial survey of Herbig Ae stars

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.



2.9 Discussion 61

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.
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• 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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