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ABSTRACT

Context. The evolution of young massive protoplanetary disks toward planetary systems is expected to correspond to structural
changes in observational appearance, which includes the formation of gaps and the depletion of dust and gas.
Aims. A special group of disks around Herbig Ae/Be stars do not show prominent silicate emission features, although they still bear
signs of flaring disks, the presence of gas, and small grains. We focus our attention on four key Herbig Ae/Be stars to understand the
structural properties responsible for the absence of silicate feature emission.
Methods. We investigate Q- and N-band images taken with Subaru/COMICS, Gemini South/T-ReCS, and VLT/VISIR. We perform
radiative transfer modeling to examine the radial distribution of dust and polycyclic aromatic hydrocarbons (PAHs). Our solutions
require a separation of inner- and outer- disks by a large gap. From this, we characterize the radial density structure of dust and PAHs
in the disk.
Results. The inner edge of the outer disk has a high surface brightness and a typical temperature between ∼100–150 K and therefore,
dominates the emission in the Q-band. All four disks are characterized by large gaps. We derive radii of the inner edge of the outer disk
of 34+4

−4, 23+3
−5, 30+5

−3 and 63+4
−4 AU for HD 97048, HD 169142, HD 135344 B, and Oph IRS 48, respectively. For HD 97048 this is the first

detection of a disk gap. The large gaps deplete the entire population of silicate particles with temperatures suitable for prominent mid-
infrared feature emission, while small carbonaceous grains and PAHs can still show prominent emission at mid-infrared wavelengths.
The continuum emission in the N-band is not due to emission in the wings of PAHs. This continuum emission can be due to very
small grains or to thermal emission from the inner disk. We find that PAH emission is not always dominated by PAHs on the surface
of the outer disk.
Conclusions. The absence of silicate emission features is due to the presence of large gaps in the critical temperature regime. Many,
if not all Herbig disks with spectral energy distribution classification “group I”, are disks with large gaps and can be characterized as
(pre-) transitional. An evolutionary path from the observed group I to the observed group II sources seems no longer likely. Instead,
both might derive from a common ancestor.

Key words. protoplanetary disks – circumstellar matter – planet-disk interactions – stars: variables: T Tauri, Herbig Ae/Be –
stars: pre-main sequence

1. Introduction

Planetary systems form in the dusty disks around pre-main-
sequence stars. The structure and evolution of these disks depend
upon a wide range of parameters, such as the initial mass, size,
and chemical characteristics of the disk and the properties of the
central star. In addition, evolutionary processes such as grain
growth, grain settling, photo-evaporation and planet formation
can take place in disks. Their interplay will eventually transform
gas rich disks into debris disks with possibly planetary systems,

⋆ Tables A.1–A.4 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/555/A64

such as in Fomalhaut (Boley et al. 2012), β Pictoris (Lagrange
et al. 2010), or HR8799 (Marois et al. 2010). Characterization
of pathways toward mature planetary systems are key in under-
standing protoplanetary disks evolution.

The evolution of intermediate-mass pre-main-sequence stars,
known as Herbig Ae/Be stars, is different from that of lower- and
higher-mass stars due to the differences in stellar and circumstel-
lar physics (Natta et al. 2007). Meeus et al. (2001) classified the
Herbig Ae/Be stars into two groups: group I sources, which re-
quire blackbody components up to far-infrared wavelengths to
fit the spectral energy distribution (SED), and group II sources,
which can be well fitted with only a single power law at mid- to
far-infrared wavelengths.
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Table 1. Star and disk parameters used in this study.

Object RA (J2000) Dec (J2000) Teff [K] L∗ Av d M∗ i
h m s ◦ ′ ′′ [K] [L⊙] [pc] [M⊙] [◦]

HD 97048 11 08 03.32 –77 39 17.48 10 010 40.70 ± 5.9 1.21 158+16
−14 1.84 43◦

HD 169142 18 24 29.79 –29 46 49.22 8200 15.33 ± 2.17 0.46 145+15
−15 2.28 13◦

HD 135344 B 15 15 48.40 –37 08 55.86 6590 8.26 ± 1.17 0.32 140+14
−14 3.30 11◦

Oph IRS 48 16 27 37.19 –24 30 34.80 9000 14.3 ± 5 11.50 120+5
−5 2.0 48◦

Several explanations have been proposed to understand
the evolutionary link between group I and group II objects.
Dullemond & Dominik (2004b, 2005) showed that SEDs of
group I sources can be interpreted by hydrostatic disks with a
flaring geometry while group II sources are thought to be the
evolved version of group I sources: as dust grains coagulate and
settle to the mid-plane, the disk becomes flatter producing the
steeper, bluer mid- to far-infrared SEDs. Additionally, a decrease
of mid-to far-infrared flux in the SED can be explained by a
puffed-up inner disk that shadows large parts of the outer disk
(Dullemond & Dominik 2004a).

Gaps have been found in an increasing number of group I
sources such as in AB Aur (Honda et al. 2010), HD 142527
(Fukagawa et al. 2006; Fujiwara et al. 2006), HD 135344 (Brown
et al. 2009), HD 36112 (Isella et al. 2010), HD 169142 (Honda
et al. 2012), Oph IRS 48 (Geers et al. 2007a) and HD 100546
(Bouwman et al. 2003; Benisty et al. 2010). Recently, Honda
et al. (2012) proposed that the classification as a group I source
could mean a disk geometry with a strongly depleted inner disk
(i.e. a transitional disk). Due to gaps and inner holes, huge verti-
cal walls arise at the edge of the outer disk and significantly con-
tribute to the mid-to far-infrared flux. In view of the possibility
that all group I disks are transitional disks, the relation between
group I and group II sources may have to be revisited.

To get a better understanding of the geometry of group I
disks and the use of polycyclic aromatic hydrocarbons (PAHs)
to trace the geometry of disks, we examine a representative set
of four group I objects: HD 97048, HD 169142, HD 135344 B
and IRS48 for which we have obtained a homogeneous set of N-
and Q-band data. These targets have been observed and resolved
before in the N- and Q-band by Mariñas et al. (2011) and Geers
et al. (2007a). Our study adds a careful examination of the disk
sizes in the continuum and in the PAH filter at 11.2 µm by com-
paring to radiative transfer models. In Sect. 2, we introduce the
sources in our sample. Thereafter we describe the observations,
which are used as an input for the analysis in Sect. 3. We start in
Sect. 5 by fitting the Q-band size and demonstrate that the flux at
18.8 and 24.5 µm is dominated by the inner edge of the outer disk
and thus gives a solid constraint on the location where the outer
disk starts. In Sect. 6, we show that the disk size in the N-band at
10.5 µm is given by emission from the inner disk, outer disk, and
very small grains and is therefore less suitable to derive the gap
radius. We show in Sect. 6.5 that the full width at half maximum
(FWHM) of the 8.6 and 11.2 µm PAH features in our sample do
not correlate with the disk geometry which implies that imaging
in the PAH bands cannot always be used as a reliable tracer of
the disk structure. In Sect. 7, we discuss the implications of our
findings. Section 8 summarizes our conclusions.

2. The sample

We selected a sample of four Herbig Ae/Be objects for study:
HD 97048, HD 169142, HD 135344 B, and Oph IRS 48. The
SEDs are shown in Fig. 1. We collected a comprehensive data

set for these objects, which consists of Spitzer IRS spectra and
photometry. See Appendix A for an overview of available pho-
tometric UV, optical, infrared, and millimeter data and their ref-
erences. Spitzer IRS spectra are taken from Juhász et al. (2010).
The Spitzer IRS spectrum of Oph IRS 48 has been reduced with
the latest calibration version (S18.18.0, Sturm et al. 2013). These
four sources are representative for the sample of flaring Herbig
Ae/Be objects, which lack the silicate features in their spectra.
We have chosen these stars, since we could acquire a homo-
geneous set of mid-infrared (MIR) data for study. The four se-
lected stars are listed in Table 1 with the adopted spectral types,
temperatures, luminosities, visual extinctions, distances, stellar
masses, and disk inclinations. The SEDs are bright at mid- to
far-infrared (FIR) and sub-mm wavelengths and all show a simi-
lar “bump” of excess emission at ∼20 micron. Detailed radiative
transfer modeling suggests that this kind of SEDs are consistent
with disks with partially depleted inner region (i.e., a cavity or
a gap), while a wall-like structure at the outer edge of this re-
gion can be responsible for the abrupt rise of the SED at MIR
(Bouwman et al. 2003; Calvet et al. 2005; Espaillat et al. 2007).
In the remainder of this paper, we present and discuss the tar-
gets ordered by their sub-mm emission above the photosphere,
which is strongest for HD 97048, followed by HD 169142,
HD 135344 B and Oph IRS 48. With all other properties being
equal, the sub-mm excess can be used as a crude estimate of the
total disk mass. Thought we are aware that the sub-mm excess
is sensitive for some other properties, such as the differences in
stellar temperature, luminosity and the temperatures and opac-
ities in the outer disk, we use the sub-mm excess as a rough
indication of its evolutionary position between a massive young
flaring disk towards an evolved debris disk.

2.1. HD 97048

TIMMI2 observations by van Boekel et al. (2004) resolved the
disk at 8–13 µm. They suggested that the dominating source
of continuum emission is from very small carbonaceous grains
since thermal emission from grains in the outermost region of
the disk are too cold to dominate the SED in the continuum.
Resolved VISIR images in the N-band (Lagage et al. 2006;
Doucet et al. 2007) showed a detection of the circumstellar disk
with an inclination of i ∼ 43◦ from pole-on. It was shown
that the extended PAH emission at 8.6 µm could be explained
by surface emission from a hydrostatic disk model with a flar-
ing geometry. HST/ACS V-band images (Doering et al. 2007)
revealed scattered light out to a radial distance of ∼4′′ in al-
most all directions. Recent polarimetric differential imaging de-
tected polarized scattered light emission between ∼0.1′′–1.0′′

(∼16–160 AU) (Quanz et al. 2012). No detection of dust de-
pleted inner regions have been yet reported.

Several gas emission lines ([OI], CO, and H2) have been
detected and were, at least partly, spectrally and spatially re-
solved (Acke & van den Ancker 2006; van der Plas et al. 2009;
Martin-Zaïdi et al. 2007; Carmona et al. 2011). The spatial
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Fig. 1. Left: decomposed SEDs. The black solid lines show the Kurucz models and the Spitzer IRS spectra. The black dots represent the observed
photometry corrected for extinction (see also Appendix A). The solid purple line is the sum of the flux of all the components. The dashed yellow
and dashed-dotted green lines are the halo and inner disk components, respectively. The triple dotted dashed red line indicates the emission
from the wall (from the wall radius to 3 AU outwards). The dotted blue line shows the emission from the rest of the outer disk. Note that
the IRAS photometry and Spitzer spectrum do not match very well for HD 97048, this may be caused by the difference in beam sizes. Right:
azimuthally averaged radial brightness profiles of the Q-band relative to the maximum flux. The central wavelengths of these images are 18.8 µm
for HD 169142 and Oph IRS 48 and 24.5 µm for HD 97048 and HD 135344 B. The 24.5 µm fit to HD 169142 can be found in Honda et al. (2012).
The grey diamonds indicate the PSF of the calibration star. The red triangles show the observation of the science targets. The error bars indicate
the one sigma error on the azimuthally averaged radial brightness profiles. The solid purple line shows our best-fit model.
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distribution of gas is peculiar: analysis of the CO emission
profile shows that the CO gas sets in at greater than 11 AU,
while 80% of the [OI] emission originates between 0.8 < R <
20 AU. This was taken as a possible sign of photo-dissociation
of CO in the inner regions and heating by high-energy UV and
X-ray photons.

2.2. HD 169142

The disk around HD 169142 has been resolved with Sub-
aru/COMICS in the Q-band (Honda et al. 2012). Fitting the
Q-band images with radiative transfer models, they derive an in-
ner radius of 23+3

−5 AU for the outer disk, which is in agreement
with SED modeling by Meeus et al. (2010). H-band VLT/NACO
polarized light images (Quanz et al. 2013) confirmed this result
where it is shown that the inner disk (<∼20 AU) appears to be
depleted of scattered dust grains and an unresolved disk rim is
imaged at ∼25 AU. In addition Quanz et al. (2012) found an ex-
tra gap extending from ∼40–70 AU. Modeling of the 1.3 mm
continuum emission and CO line emission shows that the disk
has an outer radius of ∼235 AU and is viewed close to pole-
on with an inclination of i ∼ 13◦ (Raman et al. 2006; Panić
et al. 2008). This is in agreement with scattered light detected
out to ∼200 AU with differential polarimetry (Kuhn et al. 2001),
HST/ASC observations (Grady et al. 2007), and polarized light
images (Quanz et al. 2013). The PAH emission feature at 3.3 µm
is extended with a FWHM of 0.3′′ (∼50 AU) (Habart et al. 2006),
though the underlaying continuum is not.

Near-infrared (NIR) excess emission indicates that the in-
ner region (<23 AU) is not empty of dust and gas. Modeling by
Honda et al. (2012) favored the idea that an optically thin, but
geometrically thick component close to the star is the best dust-
solution to model the NIR excess. Detections of [OI] Acke et al.
(2005), Hα (Dunkin et al. 1997) and Brγ (Garcia Lopez et al.
2006) emission indicate the presence of gas in the inner disk of
HD 169142. Higher resolution interferometric observations are
needed for a better understanding of the inner disk.

2.3. HD 135344 B

The disk of HD 135344 B (SAO 206462) has recently been im-
aged in the H-band with Subaru/HiCIAO (Muto et al. 2012).
Scattered light components with two small-scale spiral struc-
tures are observed close to 0.2′′ (∼28 AU) from the central star.
This result was surprising since SMA sub-mm imaging (Brown
et al. 2009) showed a larger inner hole of ∼39 AU. These dif-
ferent radii of the beginning of the outer disk may indicate dif-
ferent radial distributions of small and large grains (Dong et al.
2012; Pinilla et al. 2012). Observations of CO line profiles (Dent
et al. 2005; Pontoppidan et al. 2008; Lyo et al. 2011) indicate
an almost pole-on geometry (i ∼ 11◦). From 20.5 µm imaging,
Doucet et al. (2006) derived an outer radius of 200 AU for the
dust disk.

Compared to the other sources in our sample, the MIR spec-
trum of HD 135344 B shows relatively weak PAH features. This
has been attributed to its lower stellar temperature and thus lower
UV field (e.g. Acke et al. 2010). For our study, HD 135344 B
serves as a perfect comparison object of a protoplanetary disk
in which emission from the stochastically heated PAHs and very
small grains is significantly weaker.

For the inner disk structure, interferometric N-band obser-
vations (Fedele et al. 2008) suggested a much higher incli-
nation (53◦–61◦) with estimated inner and outer radii of 0.05
and 1.8 AU respectively. Pontoppidan et al. (2008) observed

molecular CO gas (λ = 4.7 µm) at 0.3–15 AU. Though variabil-
ities in the NIR (Sitko et al. 2012) may indicate planet-disk in-
teractions, the physical origin of the inner disk remains unclear.

2.4. Oph IRS 48

The disk around the Herbig Ae star Oph IRS 48 (WLY 2-48) in
the ρ Ophiuchi star formation region was imaged and resolved
using VLT/VISIR (Geers et al. 2007a). A distance of 120 pc has
been derived for the ρ Ophiuchi star formation region (Loinard
et al. 2008). The 18.8 µm image reveals a ring structure with
an ∼1′′ diameter (120 AU). From the east-west orientation of
the continuum image an inclination of 48◦ was derived. The
brightness distribution of the image is not symmetric, the flux
on the east side of the star is ∼30% higher than on the west side.
The spectral type of A0 ± 3 has been derived from optical spec-
troscopy by McClure et al. (2010).

The size of the gap is unclear as observations at 18.8 µm dust
continuum, PAH emission and 4.6 µm CO all indicate very dif-
ferent gap sizes. Geers et al. 2007b found that the PAH emission
at 8.6, 9.0 and 11.2 µm peaks closer towards the central star than
the dust continuum ring at 18.8 µm. A study by Brown et al.
(2012a) using high spatial and spectral resolution VLT/CRIRES
data found vibrationally excited CO gas in a ringlike structure
at 30 AU around the star. No CO was found closer than 30 AU
from the star. SMA observations by Brown et al. (2012b) show
a 12.9 AU inner hole radius at 880 µm. Observations of higher
spatial resolution are needed to differentiate between potential
scenarios to explain the different radial distributions of CO gas
and large and small dust grains.

3. Observations

3.1. Q-band imaging

All objects in our sample are resolved in the Q-band. An
overview of the observed sizes is included in Table 2 and Fig. 3.
Images at 24.5 µm for HD 97048 and HD 135344 B were ob-
tained with the T-ReCS on the Gemini South telescope on UT
2011 June 28 and 14, and the total integration times were 637 s
and 1361 s, respectively. The calibration stars used for PSF mea-
surements were Gamma Cru for HD 97048 and Alpha Cen for
HD 135344 B. The filter used for the T-ReCS observation is
Qb centered at 24.56 µm (∆λ = 1.92 µm). For T-ReCS imag-
ing data, the chop and nod technique was used. The reduction
of the T-ReCS imaging data has been done using the pipeline
in the Gemini IRAF MIDIR package provided by Gemini. Each
observation is accompanied with the point spread function (PSF)
references obtained just before or after the main object. In all the
PSF data taken with Gemini/T-ReCS in 24.56 µm during the ob-
serving runs, the FWHM size is relatively stable (0.72′′±0.03′′).
Images at 18.8 µm and 24.5 µm for HD 169142 were taken from
(Honda et al. 2012), which were observed using COMICS on
the 8.2 m Subaru Telescope on Mauna Kea, Hawaii. An 18.8 µm
image of Oph IRS 48 is published in Geers et al. (2007a), which
was taken with VISIR on VLT.

3.2. N-band VLT/VISIR

During the nights of March 26, 2005 and June 16, 2005, and
July 9, 2007, HD 169142, HD 97048, HD 135344 B have been
observed respectively with the VLT Imager and Spectrometer
for the mid-IR (VISIR, Lagage et al. 2004). These observations
were part of the VISIR GTO program on circumstellar disks
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Fig. 2. VISIR observations in the N-band. Left: the observed spectra, right: the corresponding FWHM (in arcseconds) as a function of wavelength.
From top to bottom, the VISIR observations of HD 97048, HD 169142, HD 135344 B, and Oph IRS 48 are shown. The red line shows the diffraction
limit for a 8.2 m telescope; the blue diamonds show the PSF values of the statistical calibrator. The 11.2 µm PAH feature in HD 97048 is more
extended than the continuum (which is unresolved) and as large as the continuum for HD 169142, but smaller than the continuum in Oph IRS 48.
For HD 135344 B, the continuum and PAH features are both unresolved.
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Table 2. FWHM sizes.

Object FWHM 10.5 µm FWHM 11.2 µm FWHM 18.8 µm FWHM 24.5 µm
[”] [”] [”] [”]

HD 97048 PSF 0.270 ± 0.015a 0.55 ± 0.05b . . . 0.720 ± 0.006e

obs 0.330 ± 0.015a 0.83 ± 0.05b . . . 0.789 ± 0.017e

HD 169142 PSF 0.40 ± 0.05b 0.33 ± 0.05b 0.493 ± 0.006d 0.628 ± 0.007d

obs 0.50 ± 0.05b 0.50 ± 0.05b 0.604 ± 0.017d 0.680 ± 0.034d

HD 135344 B PSF 0.30 ± 0.03b 0.30 ± 0.03b . . . 0.719 ± 0.004e

obs 0.30 ± 0.03b 0.30 ± 0.03b . . . 0.802 ± 0.007e

IRS48 PSF 0.41 ± 0.025c 0.41 ± 0.025c 0.5 ± 0.1c . . .
obs 0.66 ± 0.025c 0.63 ± 0.025c 0.7 ± 0.1c . . .

References. (a) Doucet et al. (2007); (b) Verhoeff (2009); (c) Geers et al. (2007b); (d) Honda et al. (2012); (e) This study.

Fig. 3. The FWHM of the four targets as function of wavelengths are given by the red triangles. Their corresponding PSF is given by the black dots.
The FWHM sizes are taken from different observations (references are given in Table 2). The solid grey line is the FWHM size of the diffraction
limit of a 8.2 m telescope.

(see e.g. Verhoeff 2009). Long-slit low-resolution (R ≈ 300)
spectroscopy was performed using the 8.8 and 11.4 µm setting
with a 0.75′′ slit in the north-south direction. For HD 135344 B
the 8.5 µm setting was used. Standard parallel chopping and nod-
ding was employed with a chopper throw of 8′′ to correct for the
atmospheric background. The observing conditions were good
for HD 169142 and HD 135344 in which the airmass was in be-
tween 1.0–1.1 and the optical seeing ∼0.6′′ and ∼0.8′′ respec-
tively, and poor for HD 97048 in which the airmass was in be-
tween 1.6–1.7 and the optical seeing ∼1.3′′. The spatial FWHM
of the spectra and their PSF was extracted with the method de-
scribed in Verhoeff et al. (2012). VLT/VISIR data of Oph IRS 48
is taken from Geers et al. (2007b). In this study, we do not fit the
absolute sizes of the N-band VISIR observations because of the
large uncertainty of the statistical calibrator. However, relative
size differences in the observations can be trusted. The spectra
and FWHM are shown on Fig. 2.

4. Description of the model

For modeling the disks, we use the radiative transfer tool
MCMax (Min et al. 2009). MCMax uses an axially symmet-
ric density setup and performs 3D Monte Carlo radiative trans-
fer using the scheme outlined by Bjorkman & Wood (2001) to
solve the temperature structure and scattering of light in the disk.
MCMax has been successfully applied to model observations

of protoplanetary disks over a large range of wavelengths and
observational techniques (e.g. Verhoeff et al. 2011; Honda et al.
2012). It is successfully benchmarked against a large number of
radiative transfer codes (Pinte et al. 2009). The mass accretion
rates of the disks that we study is sufficiently low to ignore vis-
cous heating through accretion. Thereby, our only energy source
is the central star, which is described by a Kurucz model for the
stellar photosphere using the stellar parameters listed in Table 1.

For the radial density profile we use the so-called similarity
solution (Hughes et al. 2008; Andrews et al. 2011),

Σ(r) ∝ r−p exp















−

(

r

R0

)2−p














, (1)

for r < Rout. Here R0 is the turnover point from where an expo-
nential decay of the surface density sets in and p sets the power
law in the inner region. We fix this to p = 1, which is a com-
monly used value (see e.g. Dullemond et al. 2006). We allow
for a gap in the radial surface density profile. We solve for the
vertical structure of the disk assuming vertical hydrostatic equi-
librium. We assume turbulence is sufficiently high such that the
gas and dust are well mixed and there is no size dependent dust
settling.

The hydrostatic equilibrium causes the inner edge of a disk
to be puffed up, because it is directly irradiated by the central
star. This is not only true for the innermost disk edge but also
for the inner edge of the outer disk. This allows such a wall to
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capture and reprocess significant amounts of radiation at a single
temperature.

To compute the optical properties of the dust grains in the
disk, we use the distribution of hollow spheres (DHS; see Min
et al. 2005) with an “irregularity parameter” fmax = 0.8. This
method simulates the properties of irregularly shaped particles
by breaking the symmetry of a homogeneous sphere. For the
grain composition we take a simple dust mixture of 80% silicates
(Dorschner et al. 1995; Henning & Stognienko 1996; Mutschke
et al. 1998) and 20% amorphous carbon (Preibisch et al. 1993).
Scattered light contribution is included in the total flux, and for
simplicity, we have assumed isotropic scattering. Opacities are
calculated from the optical constants using a size distribution
from amin to amax proportional to f (a) ∝ a−p. For each object,
we choose a maximum grain size of 1 mm and fit the minimum
grain size (between 0.1 and 1.0 µm) to the SED. Dust larger than
millimeter grains do not leave signatures on the observed SED
and are therefore of little relevance. The size distribution of the
grains is fitted to the observed spectral slope from the FIR to
the submm using power-laws of p = −3.5 and p = −4.0. The
power-law index is close to the size distributions (p = −3.5) of
interstellar grains (Mathis et al. 1977).

The PAHs and very small grains (VSGs) optical properties
are taken from Draine & Li (2007). The spectral feature profiles
of the PAH and VSG models are based on observations that at-
tempt to mimic the spectra for the central regions of galaxies in
the SINGS galaxy sample (Smith et al. 2007) at wavelengths λ >
5.5 µm. We used a PAH and VSG size of 0.001 µm (NC ∼ 460)
and 0.01 µm (NC ∼ 4.6 × 104) respectively. We have chosen sin-
gle sized PAHs and VSGs to be able to distinguish their effect
to the spectrum. Draine & Li (2007) note that the broad fea-
ture seen in the opacity profile of VSG near 30 µm may not ap-
ply to realistic carbonaceous grains since the measured absorp-
tion in amorphous carbon grains does not appear to show a peak
near 30 µm (Tanabe et al. 1983; Mennella et al. 1999). However,
studies of well-developed PDRs, such as the Orion Bar and the
reflection nebula NGC 2023 have indicated that ∼20–30 Å VSG
(NC ∼ 103−104) may be responsible for a 25 µm cirrus (Tielens
2008). There is yet no clear evidence for this broad feature in
protoplanetary disks.

In the radiative transfer code, the PAHs and VSGs are treated
as transiently heated particles in the temperature distribution ap-
proximation. This means that the particles are heated using sin-
gle photon events. We use the cooling timescale of the particles
to determine the average temperature distribution before the next
photon hits the particles. In this way, we get a temperature dis-
tribution function for these transiently heated grains that can be
used to compute their emissivity. This emissivity is used again
in the Monte Carlo radiative transfer to include these grains fully
self-consistently. This procedure included multiphoton events
(i.e., a photon hits the particle before it is fully cooled down),
which are important close to the star. Note that it is needed to
iterate the procedure to get a self-consistent solution since the
emissivity of the PAHs and VSGs depend on the local radiation
field that is determined by the radiative transfer. However, con-
vergence is very fast since most of the heating of these grains is
done by direct UV radiation from the star.

Examples of the computed optical properties used in our
model are shown in Fig. 4. The halo component in the mod-
els consists of 100% carbon. For the disk components, we used
a composition of 80% silicates and 20% amorphous carbon
in the entire disk. Thus the opacity is dominated by silicate
grains in the UV and MIR to FIR wavelength domain while at

Fig. 4. Examples of absorption crosssection per unit mass used in this
paper for amorphous olivine (0.1 µm–1 mm, p = −3.5) and amorphous
carbon (0.1 µm–1 mm, p = −3.5) and PAHs and VSGs with sizes of
0.001 and 0.01 µm respectively. The halo consists of 100% carbon. For
the disk components, we used a composition of 80% silicates and 20%
amorphous carbon in the entire disk.

optical, NIR, and mm wavelengths, the carbon grains dominate
the opacity.

5. The disk size in the Q-band

5.1. Modeling goal

Our goal is to reproduce the SED and the azimuthally averaged
Q-band brightness profile shown in Fig. 1. In this section, we
will first show that a disk with a continuous density distribution
fails to fit the data. Instead, a multiple-component disk model,
which includes an inner disk or an inner halo, a gap, a wall,
and an outer disk fits the observations best. We find that the in-
ner edges of the outer disks are located in a temperature range
of ∼100–150 K and dominate the emission in the Q-band. There-
fore, we robustly constrain the location of this wall by fitting our
model to the observed Q-band images. We will discuss the re-
sults for each object individually. In the end of this section, we
briefly discuss the free parameters, assumptions and other possi-
ble degeneracies.

5.2. Models with a continuous density distribution fail

It is well known that the model fits to SEDs are highly degen-
erate in the derived geometry (e.g. Andrews et al. 2011). How-
ever, resolved images in the Q-band can break this degeneracy.
Fitting the observed Q-band size provides a solid measurement
of the location of the inner edge of the outer disk dominated
by micronsized grains. We have explored a wide range of pa-
rameters but fail to reproduce the observed Q-band sizes and
SEDs using models with a continuous density distribution (i.e.,
no gap or depleted inner region). Test-modeling shows that the
emission at Q-band wavelengths originates in dust located in the
inner <∼10 AU for disks with a continuous density profile from
the inner rim at the dust-sublimation radius up to the outer disk.
This implies the convolved Q-band sizes of such disk models
have a similar size as the PSF and are thus not resolved that for
an observation taken with an 8 meter class telescope of a disk lo-
cated at ∼150 pc. For a diffraction limit observation, these sizes
are 0.50′′ at 18.8 µm and 0.63′′ at 24.5 µm. Since all the sources
in our sample are significantly resolved in the Q-band images,
we consistently fail to reproduce our imaging data with continu-
ous disk models.
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Table 3. Best-fit model parameters.

Object Mdust Mhalo Rinnerdisk/halo Rwall Rout a p
[M⊙] [M⊙] [AU] [AU] [AU] [amin, amax]

HD 97048 6.0 × 10−4 . . . 0.3–2.5 34+4
−4 500 {0.5 µm, 1mm} –3.5

HD 169142 0.8 × 10−4 0.31 × 10−12 0.1–0.2 23+4
−4 235 {0.5 µm, 1mm} –3.5

HD 135344 B 1.0 × 10−4 0.47 × 10−12 0.1–0.3 30+4
−3 200 {1.0 µm, 1mm} –4.0

Oph IRS 48 3.0 × 10−5 0.50 × 10−12 0.1–0.3 63+4
−4 235 {0.1 µm, 1mm} –4.0

Another possible solution to broaden the Q-band size is to
include stochastically heated VSG to the disk. For HD 97048,
only a very high abundance (>∼3 × 10−6 M⊙) of VSGs broad-
ens the Q-band image to the observed size. However, this
model gives a very bad fit to the shape of the SED: the flux
is over-predicted in the MIR range, and the shape of the SED
is too flat (i.e., especially since the characteristic emission
bump between ∼15–30 µm is poorly fitted). For HD 169142 and
HD 135344 B, we fail to reproduce the observed Q-band size
with any abundance of VSG. We conclude that continuous den-
sity models fail to simultaneously fit the SED and Q-band size
and consider the gapless disk solution unlikely.

5.3. Fitting strategy for a multiple-component disk model

We find that an inner hole/gap (i.e., a depletion of >∼102 of the
surface density in the inner region) is required to fit the Q-band
size and SED. The effect of a gap is that the inner edge of the
outer disk has a high surface brightness and a higher temperature
at larger distances from the star. The MIR bumps at ∼20 µm seen
in all SEDs hint that the inner and outer disks are decoupled.
These bumps follow the shape of a modified black-body with a
temperature of ∼150 K, suggesting that a disk component with a
similar temperature is dominating the SED. Our fitting procedure
can be summarized as follows:

1. Start with a disk with a continuous density profile and fit the
FIR to mm photometry to a grain size power-law index of p
between 3.0 and 4.0.

2. Make a gap in the disk by decreasing the surface density by
15 orders of magnitude. This will result in a “wall” structure
at the inner edge of the outer disk. Choose the radius of the
inner edge of the outer disk, so that the convolved model
image fits the observed Q-band image size.

3. Put in an optically thick inner disk. This will increase the flux
in the NIR but casts a shadow on the outer disk and therefore
reduces the flux at MIR and FIR wavelengths.

4. If an optically thick inner disk fails to produce enough NIR
flux or casts too much shadow on the outer disk, add or re-
place with an optically thin inner halo to fit the NIR flux.

5. Choose the minimum size (between 0.1 µm and 1 µm) of the
grains in the disk to fit the flux in the MIR and FIR to the
SED.

We have tested various different approaches and find that we are
able to fit the data by using this procedure using a largely simi-
lar set of free parameters and assumptions for the grains and in
the physical structure of the disk (see also Sect. 4). This disk fit-
ting procedure allows us to fit all the Q-band images and SEDs
(Fig. 1). The N-band is not yet considered, since there are mul-
tiple candidates to be responsible for the emission. These candi-
dates will be discussed in Sect. 6, and it will be shown that we
follow a valid approach, since it does not influence the Q-band
size.

The spatial resolution and sensitivity of our Q-band data is
not sufficient to study the effects of asymmetries in the brightness
profile for which could be caused by the inclination or complex
structures of the disk wall. Therefore we azimuthally average the
radial brightness profiles in order to compare the observed and
model images (see Fig. 1). With the assumption that the wall of
the outer disk has a vertical shape, we fit the radius of the inner
edge of the outer disk, so that the convolved model image fits
the observed brightness profile. The model image is convolved
with the PSF (i.e., the observed calibration star). The uncertainty
in the distance of the objects translates into the dominant uncer-
tainty in constraining the radius of the wall.

The inner disk structure is not well known in Herbig Ae/Be
stars. It has been found that the NIR flux is often much higher
than expected for an inner dusty disk in hydrostatic equilibrium
(Acke et al. 2009). As a solution, we use an optically thin but ge-
ometrically thick shell of dust around the star to fit the NIR flux.
Replacing the optically thick inner disk with an optically thin
halo does not affect the Q-band size of the models. We assume
a 100% amorphous carbon distribution in the halo because it has
a steep opacity profile and thus gives the best fit to the SED. Al-
ternatively, large (>∼10 µm) silicate grains or metallic iron can
also be used. Although the physical nature of a halo is not yet
understood, it has some useful properties. While a puffed up in-
ner disk could also be used as a solution to fit the NIR flux of the
disk, test modeling shows that it casts a significant shadow and
therefore requires the entire outer disk to have a pressure scale-
height, which is ∼2–3 times higher than for a hydrostatic disk. A
halo does not cast a significant shadow on the outer disk so that
the temperature is kept high by direct irradiation and thereby the
scale height remains high in the outer disk. We prefer to main-
tain hydrostatic equilibrium in the outer disks of our models. We
note that the use of a halo instead of an inner disk does not have
an influence on the derived gap size. See Honda et al. (2012) for
more discussion of the use of a halo in our disk modeling. An
extended review about the inner regions of protoplanetary disks
can be found in Dullemond & Monnier (2010).

Table 3 shows an overview of the basic parameters used in
our best-fit models. The wavelength range between ∼5–14 µm
(including the N-band continuum and PAH emission) is studied
in Sect. 6.

5.4. Results of the model fitting

Below, we review the fitting procedure for each source individu-
ally and discuss their uncertainties. The decomposed SEDs and
Q-band fits are shown in Fig. 1, and the radial temperature and
density structure are shown in Fig. 5. The star and disk parame-
ters for the best-fitting models are given in Table 3.

5.4.1. Best-fit model HD 97048

We find the best-fitting model with the radius of the inner edge
of the outer disk set at 34+4

−4 AU. This is the first time that a disk
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Fig. 5. Top: radial temperature (K). Bottom: density (g cm3) structures of the disks. From left to right: HD 97048, HD 169142, HD 135344 B, and
Oph IRS 48. The dashed lines represent the τ = 1 surfaces as seen perpendicular from the disk. From top to bottom, the colors are red, purple,
orange, and blue and represent the wavelengths 1, 20, 70, and 1000 µm. The gray dot-dashed line shows the τ = 1 surface in radial direction in
scattered light (λ = 0.5 µm). Note that HD 97048 has a thick inner disk, and therefore the radial τ = 1 surface starts at the rim of the inner disk.

gap has been reported for HD 97048. An optically thick inner
disk with inner and outer radii of 0.3–2.5 AU fits the NIR flux in
a natural way so no halo is required.

We can compare our best-fit model to observations at other
wavelengths. Polarimetric differential images in the H and
K band by Quanz et al. (2012) show emission from ∼0.1′′−1.0′′

(∼16 up to 160 AU). We have computed theoretical images of
the disk of HD 97048 in polarized scattered light using the disk
parameters derived from the fitting of the SED and the Q-band
image. We find that the convolved polarized scattered light im-
age of our best-fit model does not match the observed brightness
profile. Up to ∼0.175′′, our models predict a reduced brightness
due to the gap. At 34 AU (∼0.22′′), our model shows a bump
due to the higher surface area of the inner edge of the outer disk.
From 55 AU (∼0.35′′), the surface brightness of the outer disk
starts to dominate and decreases further as a constant power-law.
A possible solution to this discrepancy between the observed
scattered light images and our predictions may be that the gap
is not entirely empty but filled with small (<1 µm) particles that
scatter efficiently. This solution has been suggested to explain
the missing cavities in the polarized scattered light images of
transitional disks, while SMA observations detected large gaps
(Grady et al. 2013; Dong et al. 2012).

5.4.2. Best-fit model HD 169142

The averaged size of the Subaru/COMICS 18.8 and 24.5 µm im-
ages are best fitted with the wall of the outer disk set at 23+3

−5 AU
(Honda et al. 2012). We note that this radius is a compromise
to the fit to both wavelengths since it predicts a slightly smaller
size than observed at 18.8 µm and slightly overpredicts the size
at 24.5 µm. The discrepancy between the 18.8 and 24.5 µm ob-
servations has been considered in the derived error.

An optically thick inner disk does not produce enough flux
to fit the NIR flux in the SED; therefore, we added a halo close
to the star. There are currently no other observations in the liter-
ature with sufficient spatial resolution to test our results.

5.4.3. Best-fit model HD135344B

The radial brightness profile is best fitted with the inner edge
of the outer disk set at 30+5

−3 AU. The Spitzer spectrum clearly
shows two different temperature components. This shape is con-
sistent with the NIR excess originating from a remarkably strong
component of T ∼ 1500 K. Since the SED between ∼5–10 µm
follows a Rayleight-Jeans slope, there is no strong contribution
in the NIR from lower temperature (<1000 K) dust.

Subaru/HiCIAO images by Muto et al. (2012) shows scat-
tered light emission as close as 0.2′′ (∼28 AU) from the star
while SMA sub-mm imaging by Brown et al. (2009) showed a
gap size of ∼39 AU. Our Q-band size is consistent with the Hi-
CIAO disk size. The origin and significance of the differences in
derived radii are still unclear. However, a model solution is eas-
ily found, since the Q-band is dominated by micron-sized grains
and the sub-mm by large (>100 µm) particles. Removing the
millimeter-sized grains in the disk below 39 AU does not affect
the fit in the Q-band or the SED.

5.4.4. Best-fit model Oph IRS 48

Due to a larger gap size relative to the other stars in the sample,
the observed Q-band image of Oph IRS 48 shows a clear ex-
tended ring of emission peaking at ∼0.55′′ (Geers et al. 2007a)
from the center. The radius from the center to the peak of this
ring represents the location of the inner edge of the outer disk
from the star. We have fitted the inner edge of the outer disk of
our model to the radius of the peak position of the observed ring
(the semi-major axis). The images are best fitted with the inner
edge of the outer disk at 63+4

−4 AU. We do not attempt to fit the
asymmetry in brightness which could be caused by e.g. Rossby
wave instabilities (Li et al. 2001) causing axial asymmetries and
differences in grain sizes in the disk. The calibration star taken
during the observation (the PSF) is of low quality. Therefore we
have fitted a Gaussian to the calibration star and used this to con-
volve the theoretical model image.
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The star has a high extinction (Av ≈ 11–13) and no photom-
etry is available in the optical, therefore de-reddening introduces
a large uncertainty in the luminosity of the star (Brown et al.
2012a; McClure et al. 2010). Since the luminosity directly af-
fects the temperature distribution of the outer disk, this translates
to an uncertainty in fitting the SED. Modeling shows, however,
that the relative brightness distribution at 18.8 µm is not influ-
enced by a factor of 2–3 higher or lower in stellar luminosity. So
the derived wall radius does not change.

We note that the observed radial brightness profile (Fig. 1)
is significantly brighter than our model at a radius of ∼0.6–0.8′′

from the star. This could be explained by a larger PSF during
the observations, a higher stellar luminosity, differences in grain
properties as a function of radius or by a complex disk asymmet-
ric structure of the outer disk.

The outer radius of the disk is unknown, so we choose an
outer radius of 235 AU similar to HD 169142. The modeling
is not sensitive to this choice. SMA observations at 880 µm of
Brown et al. (2012b) indicate a hole up to ∼13 AU. SMA and
new ALMA 690 GHz observations (van der Marel et al. in prep)
of this source at sub mm wavelengths are in conflict with each
other. While SMA images indicate a hole at 13 AU, there is no
indication of this in recent ALMA observations. ALMA reveals
a highly asymmetric dust structure, indicating that the SMA im-
age is actually misaligned due to its vertically elongated beam
and thus interpreted differently.

5.5. Short summary of Q-band analysis

We have applied a similar modeling approach to all four sources
and derived the outer radius of the disk gap from the Q-band
imaging. The decomposed SEDs (Fig. 1) show that the wall com-
ponent (the first 3 AU of the outer disk) dominates the emis-
sion at Q-band wavelengths. Therefore, the size of the resolved
Q-band images are a sensitive diagnostics for the radius where
the emission is emitted. For transition disks with a typical dis-
tance of ∼150 pc and observed with an 8 m class telescope, re-
solved Q-band images can be a good tracer of the gap size if the
dust in the wall reaches temperatures of ∼100–150 K.

To study the robustness of our results we have performed a
parameter study. We have taken the best-fit models and studied
the effect of variations in the following parameters: the location
of the inner edge of the outer disk, the size of the inner disk, the
surface density power-law, the stellar luminosity, the distance,
the minimum grain size and the silicate-to-carbon ratio. We dis-
cuss the influence of VSG in Sect. 6. We find that the angular
size of the Q-band image is only sensitive to the angular size
of the wall radius, where, of course, the absolute radius of the
wall depends directly on the adopted distance. Figure 6 quan-
tifies the results of the parameter study on the location where
the outer disk starts. The models show that the FWHM of the
Q-band generally increases as the inner wall of the outer disk
moves outward. The distance uncertainty results in the dominant
error on the fit to the radius of the wall, which is typically in the
order of a few AU.

6. The disk size in the N-band

6.1. The origin of emission in the N-band

The spatial resolution of a diffraction-limited observation in the
N-band is a factor of two higher than in the Q-band. However,
while the flux in the Q-band comes predominantly from micron-
sized grains in the wall of the outer disk, the origin of flux in the
N-band is more difficult to constrain, since it is a composite of

a) thermal dust from the inner and outer disk, b) stochastically
heated very small carbonaceous grains (VSGs), and c) poly-
cyclic aromatic hydrocarbons (PAHs). In this section we demon-
strate that the N-band cannot be used as a reliable tracer for the
gap size.

We use VLT/VISIR data (see Sect. 3.2) to study the N-band
sizes. Figure 2 shows the FWHM profiles of the VISIR obser-
vations in our sample. From this profile, the radial extent of
the 8.6 and 11.2 µm PAH features compared to the continuum
can be studied. We study the general trends of the N-band sizes
caused by dust, VSGs, and PAHs and study the relation to the
disk geometry.

It is important to emphasize that the plateau of continuum
emission between the strong PAH features at 8.6 and 11.2 µm is
not from PAH emission. This is illustrated by the VLT/VISIR ob-
servations of the FWHM profile of HD 97048 in the N-band (see
Fig. 2). The FWHM increases by ∼11 µm, peaks at 11.2 µm and
decreases back to the continuum size at 11.6 µm. If the plateau
of continuum emission at 10.5 µm would also originate in PAH
molecules, then the FWHM size would not be different com-
pared to the size at 11.2 µm.

Below, we first discuss two possible origins of continuum
emission between the PAH features; thereafter, we compare their
sizes with the disk size in the PAH 8.6 and 11.2 µm filters.

6.2. Thermal dust continuum

Thermal emission from dust grains with a temperature
of ∼200–400 peaks in the N-band. Depending on the stellar tem-
perature, luminosity, the disk structure and grain size, dust of
this temperature is typically located in the inner <∼15 AU in the
disk. In the best-fit models of the transitional disks of our sample,
we have assumed that the gaps are depleted in dust. Continuum
emission in the N-band, therefore, originates in the Rayleight-
Jeans and Wiens tails of the inner and outer disk respectively.
This is illustrated by the decomposed SEDs in Fig. 1, in which
the separated disk components are shown. In this scenario, the
FWHM size in the N-band is a measure for the relative contribu-
tion of the inner disk versus the outer disk.

HD 135344 B is not resolved with respect to the PSF. In the
decomposed SEDs in Fig. 1 the flux at 10.5 µm for HD 135344 B
is dominated by the halo. Since the halo is very close to the
star (0.1–0.3 AU), the N-band is also not resolved in our best-
fit model and is in agreement with the observations.

The size of the continuum emission in the N-band is influ-
enced by the radial size of the inner disk. In Fig. 7, we show a
small parameter study for HD 97048 in which the outer radius
of the inner disk is increased. We compare the FWHM of our
models with the (Doucet et al. 2006) observations of HD 97048
since they are of better quality and have a low seeing (their ob-
servation of the PSF is diffraction limited). If the contribution
from the inner disk becomes larger in the N-band, the FWHM
of the model image decreases. For small inner disks of <∼5 AU,
this has no effect on the Q-band size. However, the N-band is
nearly as small as the PSF and the Q-band also decreases (see
Fig. 6) for models with a larger inner disk or no gap. We can
fit the observed N-band size by choosing an inner disk from 0.3
to 2.5 AU, though an inner disk of this size does not fit the SED
(see Fig. 7).

6.3. Continuum emission from very small grains

Besides the inner disk, emission in the N-band can also originate
in stochastically heated, very small carbonaceous grains that can
be transiently warm far from the star. Similar to PAH molecules,
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Fig. 6. Parameter study showing the SED and Q-band FWHM as a function of the inner radius of the outer disk. From top to bottom: HD 97048,
HD 169142, HD 135344 B and Oph IRS 48. Left: the SEDs of models with a different location of the inner edge of the outer disk. Right: the FWHM
sizes of these four models as a function of the location of the outer disk wall, given for the Q-band at 18.8 µm (HD 169142 and Oph IRS 48)
and 24.5 µm (HD 97048 and HD 135344 B). The horizontal dotted and dashed lines give the FWHM sizes of the observations and calibration stars
(PSFs) respectively. The ±1σ variation in the FWHM as a function of the position angle is given by the grey and light cyan boxes (observation and
PSF) and the error bars of the models. The colors on the left and right figures correspond to similar models. The vertical dashed-dotted line shows
the chosen parameter of our best-fit model. We note that for Oph IRS 48 the semi-major axis of the MIR image is fitted, but not the FWHM.

VSG are excited by UV photons and re-emit at longer wave-
lengths. These very small grains are expected in the size range
of ∼20–30 Å. For comparison, recall that a typical 50 C-atom
interstellar PAH molecule is ∼6 Å, and the interstellar dust grains

have sizes of ∼50–3000 Å (Tielens 2005). For a disk with a
high abundance of VSGs, the image size is influenced by the
radial density distribution of VSGs in the disk and the number
of UV photons that interact with the VSGs. Thus, the N-band
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Fig. 7. Models of HD 97048 with increasing size for the outer radius of the inner disk. The larger the inner disk, the smaller the N-band size. The
grey and light cyan boxes and the error bars indicate the ±1σ error on the FWHM of the azimuthally averaged radial brightness profiles for the
target and PSF, respectively. Observed data of HD 97048 is from Doucet et al. (2006).

Fig. 8. Models of HD 97048 with very small grains added to the disk. We note that a larger inner disk of 0.3–5 AU is chosen in this modeling grid
to fit the observations. The higher the abundance of VSG, the larger the N-band size. The grey and light cyan boxes and the error bars indicate
the ±1σ error on the FWHM of the azimuthally averaged radial brightness profiles for the target and PSF, respectively. Observed data of HD 97048
is from Doucet et al. (2006).

size becomes larger for an increasing abundance of VSG in the
outer regions of a protoplanetary disk.

To demonstrate the effect of VSG on the disk size, we have
performed a small parameter study using the best-fit model for
HD 97048 with a larger (0.3–5 AU) contribution from the inner
disk and an abundance of VSGs in the entire disk. Figure 8 shows
the SEDs and FWHM sizes in the N-band of these models. We
can compensate for an increased contribution from a larger inner
disk (which makes the disk size in the N-band smaller) by in-
cluding VSG, which emits at 10 µm in the outer disk and hence
fit the observed N-band size (Doucet et al. 2006) as well as the
SED. The VSG increase the Q-band size but only negligibly
(∼0.005′′). Hence, the derived radii of the outer disks through
the analysis of the Q-band (see Sect. 5) is not affected by includ-
ing or neglecting VSG emission in the Q band.

The spectrum of HD 135344 B serves as an ideal example of
an SED with very weak PAH and VSG emission. It has a stellar
temperature of 6590 K, and as a result, its UV field is low com-
pared to the other sources in our sample, which may explain the
weakness of the PAH features. The contribution of VSG seems
low, since all the N-band excess observed in the spectrum is orig-
inating from the hot inner disk.

6.4. N-band continuum summary

We conclude that it is difficult to constrain the origin of emission
in the N-band. An improved fit to the SED and the N-band image

was found in Sect. 6.3 for HD 97048 by assuming a larger inner
disk size and by including VSG in the modeling. Since we do not
have information on the actual size, structure and dust composi-
tion of the inner disk however, we are degenerate in determining
to what degree thermal dust or VSG are responsible for emission
in the SED and the disk sizes in the N-band. Detailed analysis of
multiwavelength data with sufficient spatial resolution may pro-
vide more insight on this issue. The most important insight of
our modeling effort in this section is that the Q-band is a more
reliable tracer for disk gaps than the N-band for the sources in
our sample (i.e. group Ib Herbig stars at a distance of ∼150 pc).

6.5. The disk size in the PAH features

PAHs are the carriers of the characteristic features observed in
the 5–15 µm range. Studies of the relative emission profiles
have been carried out to find a relationship between the chem-
ical and physical characteristics of these large molecules (e.g.,
size, charge state and excitation) and the physical conditions of
a region (e.g., density, temperature, radiation field and metallic-
ity). After direct irradiation from the photospheric UV radiation
field, PAH molecules presumably located on the surfaces and/or
inner rims of protoplanetary disks cool through emission in their
MIR vibrational modes. PAH molecules are thought to be co-
spatial with the gas. PAH emission is often found spatially ex-
tended in protoplanetary disks of Herbig stars (van Boekel et al.
2004; Habart et al. 2006). If PAH molecules in the outer disk are
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illuminated by UV photons, they can be excellent tracers of the
outer disk structure. As Lagage et al. (2006) and Doucet et al.
(2007) show for HD 97048, imaging in the PAH filter can be
used to derive the (flaring) structure of the disk surface.

Using spatially resolved VLT/VISIR observations, we com-
pare the sizes of the PAH emitting regions in the N-band for
the objects in our sample. Figure 2 shows the FWHM plots
as a function of wavelength in the N-band. For HD 97048, the
FWHM size in the PAH feature is larger than in the contin-
uum as expected. However, this behavior is not observed in the
other sources: the sizes of the PAH features in HD 169142 are
as large as the continuum; they are unresolved in HD 135344 B;
and most surprisingly, the FWHM of the 11.3 µm PAH feature in
Oph IRS 48 is smaller than the continuum (Geers et al. 2007b,a).
We recall that the 3.3 µm PAH feature is extended in HD 97048,
HD 169142 and Oph IRS 48 (Habart et al. 2006; Geers et al.
2007b). Can we understand the very different behavior of our
sample in the spatial extent of the emission in the PAH bands
and the 10 micron continuum?

We have examined the scenario that PAH emission is emit-
ted from the disk surface (i.e., not from the halo). We have
fitted the peak fluxes of the observed PAH features by adding
PAH molecules in the disk with a fixed abundance with re-
spect to the other dust components. See Sect. 4 for details
of the PAH implementation in the radiative transfer code. For
HD 97048, HD 169142, HD 135344 B, and Oph IRS 48, the
abundance ratio (fraction of total dust mass) fitting the observa-
tions are respectively {3.5, 5, 10, 100} × 10−4, and the is result
in a total mass in PAHs are respectively {1.7, 0.4, 1.0, 3.0} ×
10−7 M⊙. If no VSG are included, we find that the FWHM sizes
at the PAH wavelengths are resolved and significantly larger than
the continuum. Except for HD 97048, these models are not con-
sistent with the FWHM observations from VISIR. If VSG are in-
cluded and have a large contribution to the continuum emission
in the N-band as explained in Sect. 6.3, the observed angular
size in the PAH band is still larger compared to the continuum.
This is because the contrast between the flux from PAHs and the
continuum from thermal dust is higher than the contrast between
emission from VSG and thermal dust. Therefore, the angular size
of the disk is larger in the PAH band than in the N-band contin-
uum for any of these models include PAHs and fit the SED.

For HD 97048, PAH emission has a dominant contribution
from PAHs in the outer disk and thus have a larger observed
size in the PAH bands of VISIR. A closer look at the brightness
distribution of the 11.2 µm VISIR image of HD 97048 (Doucet
et al. 2007) shows no clear sign of a gap. Instead, it shows a rel-
atively strong inner component between 0–0.2” (0–30 AU). The
PAH model in Doucet et al. (2007), which assumes a continu-
ous density in the disk and no gaps in the inner disk structure,
overpredicts the PAH surface brightness of the outer disk by a
factor of 2 between 0.2–1.5′′ (30–240 AU). This suggests that
there is a significant contribution from the inner disk to the PAH
flux, so the relative contribution from inner and outer disk to the
PAH flux seems to be different from what Doucet et al. (2007)
modeled. However, the observed FWHM of the disk in the PAH
band still has to come out larger than the continuum.

The VISIR observations of HD 169142 show that the ob-
served FWHM of the continuum and the PAH features are simi-
lar in size. The contrast between the size in the PAH filter and the
continuum can be decreased, if VSG are added to the disk and
dominate the continuum emission in the N-band. In that case, the
continuum size also increases and the difference between the size
in the PAH filter versus the continuum becomes smaller. How-
ever, the addition of VSG does not result in a equal disk size

Fig. 9. Sketch of a Herbig group Ib star. In the VISIR data, we find
that PAH emission in the spectra of HD 169142, HD 135344 B, and Oph
IRS 48 is dominated by PAHs located in the inner region (i.e. .50 AU).
While in HD 97048, the PAH emission is dominated by PAHs in the
outer disk surface (as shown by Lagage et al. 2006; Doucet et al. 2007).

between the continuum and the PAH band; therefore, an extra
component of PAHs in the inner disk is needed.

For HD 135344 B, the PAH features are fitted with a higher
abundance ratio than for HD 97048. Because the UV field of
HD 135344 B is lower, the line fluxes of the PAH features are
also weaker. Our disk model with PAH emission dominated by
PAHs in the outer disk predicts that the PAH features would
be spatially resolved by VISIR. This is, however, not seen in
our VISIR data in Fig. 2. No PAH features were also observed
within the correlated flux spectrum of HD 135344 B measured
with MIDI (Fedele et al. 2008), leading these authors to draw
the conclusion that the PAH emission must be more extended
than the continuum (i.e. >∼5–10 AU). These measurements can
only be reconciled with our VISIR data in a situation in which
the bulk of the N-band continuum emission comes from a narrow
ring very close to the star (0.05–1.8 AU), and that the emitting
PAHs are located in another ring/structure small enough not be
be resolved by VISIR outside this region.

In Oph IRS 48, the FWHM of the 11.3 µm PAH feature is
even smaller than the continuum (Geers et al. 2007b). Direct
imaging observations by VISIR in the PAH band at 11.3 µm
Geers et al. (2007a) show that the PAHs are centrally located
and do no show a similar ring structure as seen at 18.8 µm con-
tinuum, which traces the outer disk. This can only be explained
if PAH emission has a higher contribution from PAHs located
in the inner regions (possibly from within the gap) compared to
PAHs in the surface of the outer disk.

6.6. PAH-band summary

Modeling the N-band FWHM sizes of the 11.3 µm PAH feature
of our sample has demonstrated that PAH emission is not always
dominated by emission from PAHs in the outer disk surface. A
strong contribution from PAHs in the inner regions (probably
including the gap itself) can explain the small FWHM of the
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VISIR 11.3 µm PAH feature of HD 169142, HD 135344 B and
Oph IRS 48. Measuring the size of a disk in the PAH filter does
contain information about the disk size. However, the relative
contributions to the total PAH flux from the inner and outer disks
can vary strongly from source to source, making PAHs a more
complex tracer of disk structure than previously assumed. See
Fig. 9 for a sketch of this geometry.

7. Discussion

7.1. The weakness of silicate emission features in some
sources is caused by large disk gaps

Spectroscopic ISO/SWS (Meeus et al. 2001) and Spitzer/IRS
observations (Juhász et al. 2010) revealed that the 10 µm sili-
cate feature is detected in the majority of the Herbig Ae/Be stars
(8 out of 53 lack the feature in the Spitzer sample). Flaring and
flat objects with silicate features are respectively called group Ia
and group IIa; those without silicate features are called group Ib
and group IIb. Although this may be a consequence of the limited
number of Herbig stars in the sample, objects without evidence
of silicate emission are so far only found among flaring group I
sources.

Until now, it was not well understood how the absence of
these features is connected to the physical disk structure. An ex-
planation supported by our study is because of the geometry: the
(sub-) micron-sized silicate dust suitable for prominent feature
emission (T ∼ 200–400 K) are depleted in the disk due to the
large size of inner holes or gaps. Objects without silicate features
are only found in group I Herbig Ae/Be stars, which suggests
that gaps are connected to the flaring geometry. Since we found
that Herbig Ae/Be stars in our sample are best fitted with large
gaps separating the inner and outer disk, we suggest that a de-
creasing strength of the silicate feature is related to the severe
depletion of (sub-) micron-sized silicate grains of ∼200–400 K.
Its weakness can serve as a tracer of large dust-depleted inner
regions of protoplanetary disks. Figure 10 shows a sketch of this
scenario for transitional group I objects. group Ia sources that
have a gap show silicate features, because the inner disk (e.g.
HD 142527, Verhoeff et al. 2011) and/or the outer disk wall (e.g.
HD 100546, Mulders et al. 2011) still have a sufficient amount of
silicate dust in the critical temperature regime (∼200–400 K re-
gion). In group Ib objects (the objects in our sample: HD 97048,
HD 169142, HD 135344B, and IRS 48), our study shows that the
silicate dust is severely depleted in this region.

HD 97048 is a prototypical group I source, and so far no gap
has been reported. Now that our study finds an inner gap (or a re-
gion of lower dust density), it strengthens the case for disk gaps
as the reason for the absence of the silicate features in the spec-
tra of group Ib, and more generally, the classification of group I
sources as transitional disks.

7.2. Gaps in Herbig Ae/Be objects

It was already suggested by Waelkens et al. (1994) based on
SED analysis that disks around Herbig Ae/Be stars may have
large gaps separating an inner and outer disk. It was proposed
that larger circumstellar bodies could form in these gaps, typi-
cally, in the temperature range of 200 to 500 K. With the im-
proved spatial resolution of current telescopes, the prediction of
large gaps as a common feature in Herbig Ae/Be stars seems to
be confirmed.

Fig. 10. Sketch showing the region where (sub-) micron-sized silicate
grains have a temperature (T ∼ 200–400 K) where they produce strong
silicate features. Transitional group Ia sources (top) show silicate fea-
tures, because the inner disk and/or the outer disk wall have a sufficient
amount of silicate dust in this region. In the group Ib objects of our
sample (bottom), the silicate dust is severely depleted in this region,
and thus, no silicate features are produced.

Other group I Herbig stars without silicate features that
are not included in our sample are HD 100453, HD 34282, and
HD 141569 (with distances of 112, 164, and 99 parsec, respec-
tively). The first two sources are also resolved in the Q-band by
Gemini/T-ReCS observations (Mariñas et al. 2011). HD 141569
has generated much debate in the literature, but it is now be-
lieved that this disk is in transition to a debris disk (Wyatt 2005;
Reche et al. 2009). Our analysis outlined in Sect. 5 suggests that
significantly resolved Q-band images of Herbig Ib stars indicate
disk gaps. Since all Herbig Ib stars are resolved in the Q-band,
we suggest that all Herbig Ib objects have similar disk structures
with large gaps between the inner and outer disk.

Flaring Herbig Ae/Be stars with silicate features and detected
gaps are AB Aur (Honda et al. 2010), HD 142527 (Fukagawa
et al. 2006; Fujiwara et al. 2006), HD 36112 (Isella et al. 2010),
and HD 100546 (Bouwman et al. 2003; Benisty et al. 2010).
These stars still do have silicate emission, despite a gap.

In recent years there has been much speculation about Her-
big group I objects being transitional disks. However, there are
also many flaring Herbig Ae/Be stars for which no gaps are yet
reported. Most of these objects are located at larger distances and
therefore more difficult to spatially resolve. Other targets are just
not yet observed at full resolution and/or have not been subject
to detailed radiative transfer analysis.

There is only limited information available on the spatial
structure of flat (group II) disks. Mariñas et al. (2011) re-
ported faint extended emission at 12 µm from HD 144668 and
HD 163296, but no resolved group II objects in the Q-band1.
The disks of HD 163296 and HD 31648 (MWC 480) are spa-
tially resolved in the sub-mm (Sandell et al. 2011) and observed
in scattered light (Wisniewski et al. 2008; Kusakabe et al. 2012);

1 We follow the classification in Juhász et al. (2010) of HD 34282 as
a group Ib source. Thus, no group II source in the sample of Mariñas
et al. (2011) is resolved in the Q-band.
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however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.6′′ (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >∼50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are different. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ∼200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing effects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.

7.3. Consequences for the evolutionary link between group I
and group II

While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both effects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.

gr

gr

Fig. 11. Sketch of an evolutionary scenario for disk evolution in Herbig
Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the different evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant difference between group I (red dots and orange
triangles, F30/F13.5 >∼ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >∼ 5.1), as expected for a disk with a large gap and a
vertical wall of T ∼ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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Fig. 12. For a sample of Herbig stars, the sub-mm flux at 1.3 mm (nor-
malized at a distance of 150 pc) is compared to the MIR spectral index
given by the flux ratio at 30.0 and 13.5 µm. Filled symbols indicate
sources for which gaps have been reported in the literature. The sub-
mm flux can be used as a proxy for the disk mass while the MIR spec-
tral slope may trace gaps in the temperature range T ∼ 200–400 K.
Because gaps are found in most group I objects, the evolutionary link
from group I to group II is no longer obvious.

continuous disks. Other candidates are heavily embedded YSOs
(i.e. Lada Class I sources). Examples may be present in an ISO
study of 46 Herbig Ae/Be stars (Acke & van den Ancker 2004)
where a small sample of six objects has been identified (labeled
as group III) and display the amorphous 10 micron feature in ab-
sorption. It was believed that these objects possess disks whose
luminosity is dominated by viscous dissipation of energy due
to accretion. These objects are deeply embedded systems and
hence, are fundamentally different from the other sample stars.

T Tauri stars are more numerous than Herbig objects, and
therefore, better statistics are available in studies of the SED
shape in the context of star and disk properties. In recent Spitzer
studies, large samples of T Tauri stars have been studied (e.g.
Cieza et al. 2010, 2012; Currie & Sicilia-Aguilar 2011; Oliveira
et al. 2013). SEDs classifications of T Tauri stars reveal a similar
variety as for Herbig Ae/Be stars. Using radiative transfer mod-
eling, these SEDs are identified as objects with large inner cav-
ities, transitional disks with obvious gaps and objects with ho-
mologously depleted (flattened) outer disks. However, the dust
mineralogy (grain sizes, temperatures and crystallinity fractions)
does not show any correlation to either stellar and disk charac-
teristics or mean cluster age in the 1–10 Myr range as shown by
(Oliveira et al. 2013).

A variety of effects are thought to be responsible for disk
evolution. Such as planet formation (Lissauer 1993; Boss 1997),
grain growth and settling (Dullemond & Dominik 2004b, 2005),
photo-evaporation (e.g. Alexander et al. 2006; Gorti et al. 2009),
viscous accretion (Hartmann et al. 1998), the magneto-rotational
instability (Chiang & Murray-Clay 2007), and dynamical inter-
actions between the disk and stellar or substellar companions

(Artymowicz & Lubow 1994). The timescales and strengths of
these disk clearing mechanisms highly depend on intrinsic disk
properties such as initial disk mass, composition and angular
momentum. Properties are poorly constrained and likely have a
large dispersion. The duration and stability of each evolutionary
phase, with either a cleared inner gap or a flattened outer disk
are therefore currently one of the main challenges of the disk-
evolution field.

8. Conclusions

We have modeled the spectral energy distribution and N- and
Q-band imaging of type Ib Herbig AeBe stars using the radiative
transfer code MCMax. The best-fitting models of the protoplan-
etary disks indicate that the inner regions of these disks contain
large gaps. As a consequence, directly irradiated vertically ex-
tended outer disk walls emerge on the inner edge of the outer
disk. We conclude:

– We observed HD 97048 and HD 135344 B with the T-ReCS
instrument on the Gemini South telescope. Both sources are
extended at 24.5 µm with respect to the calibration stars. The
derived source sizes are 0.789 ± 0.017′′ and 0.802 ± 0.007′′,
respectively.

– For all four sources in our sample, the observed Q-band sizes
require disk models with an inner-hole/gap, making them
transitional disks. We fail to model the Q-band images using
models with a continuous density distribution (i.e. no gaps).
Although SED modeling is degenerate in terms of the source
structure, our study suggests that the typical SEDs of Herbig
group Ib sources is an indicator of gaps. We find that Q-band
images are required to unambiguously infer the presence and
sizes of gaps.

– Radiative transfer modeling constrains the radius of the inner
edge of the outer disk at 34+4

−5 AU for HD 97048, 23+3
−5 AU

for HD 169142, 30+2
−1 AU for HD 135344 B and 63+4

−4 AU for
Oph IRS 48.

– We have selected Herbig group Ib sources that show a pro-
nounced increase in flux at about 20 µm and are resolved in
the Q-band. Hence, the emitting dust temperature of the wall
is typically ∼100–150 K.

– The absence of silicate features in Herbig Ib objects is a nat-
ural consequence of the presence of large gaps in the inner
disks of our models. The depletion of dust in the inner re-
gions results in weaker silicate features.

– The observations show that the continuum emission in the
N-band is not due to emission in the wings of PAHs. In gen-
eral, this continuum emission can be due to VSGs or to ther-
mal emission from the inner or outer disk. For most of our
sources, we cannot decide which of these is the dominant
source of emission. Therefore, Q-band imaging is a more re-
liable tracer of gaps.

– Disks with PAH emission do not automatically imply a disk
structure, where PAH emission is dominated by PAHs on the
surface of the outer disk.

– If the conclusion holds up that all group I sources are tran-
sitional and group II sources have no gaps, then the evolu-
tionary link from group I to group II is no longer obvious.
A possible solution is that both groups have evolved from
a common ancestor (i.e., gapless flaring-disk structure). In
transitional group I objects, gap formation has proceeded the
collapse of the outer disk while grain growth and dust set-
tling have flattened the outer disk in flat group II objects.
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Appendix A: Photometry

Herschel/PACS: For HD 97048 and HD 135344 B, FIR photom-
etry was derived from Herschel/PACS scan maps at 70, 100,
and 160 micron. The PACS photometric data were reduced with
the mini scanmap pipeline in HIPE version 8.1.0 (calTree ver-
sion 32). The photometry was extracted using apertures of 12′′,
15′′ en 20′′ for 70, 100 and 160 micron, respectively. The fluxes
were aperture and color-corrected, and have a maximum error
of 5%, according to the PACS manual.

Other photometry is collected from the literature. The pho-
tometric data is presented in Tables A.1 for HD 97048, A.2 for
HD 169142, A.3 for HD 135344 B and A.4 for Oph IRS 48. Up-
per limits and erroneous data are not included. The photome-
try is sorted by the central wavelengths of the photometric fil-
ters. Magnitudes have been converted to fluxes (in Jansky) for
comparison in the SED. The conversion has been done using
zero magnitudes provided in the instrument documentations and,
where possible the spectral index were considered. The photom-
etry listed in the tables is not corrected for extinction, while the
photometry presented in the SEDs in Fig. 1 are corrected, ac-
cording to the stellar extinction given in Table 1, the param-
eter R = 3.1, and the extinction law presented in Fitzpatrick
(1999). Tables A.1–A.4 are only available in electronic form at
the CDS.
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