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3. Methodology
We use the dust  Monte Carlo radiative transfer code 
MCFOST [8] to fit the SED and derive the density and 
thermal structure of the disk.  Then we use the thermo-
chemical radiative transfer code ProDiMo [9,10] to 
calculate the gas heating and cooling balance, the 
chemistry, and predict gas emission lines.  We compare the 
model predictions with multi-instrument observations and 
constraints from the literature.

★ Grids of models around good dust and gas solutions 
are calculated to find the most likely values of the 
disk parameters.

★ Best models are tested for consistency with near-IR 
interferometry data.

.   

2. Principal observational constraints

VSLR [km/s]

HD 135344B

Cavity radius: 45 AU. 
Emission inside a 33x70 AU 
beam centered on the star at 
870 μm (3σ) : 10.5 mJy [2,3]

The SED suggests the 
presence of a gap [1].  
No silicate emission at 
10 μm [15].   
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2. OBSERVATIONS

Mid-IR spectrophotometry of LkH! 330, SR 21N, and
HD 135344B was acquired as part of the Spitzer “From Cores
to Disks” (c2d) Legacy Science project. Out of a sample of over
100 spectra in the c2d first look program, chosen from known
T Tauri stars, only five disks (LkH! 330, SR 21N, HD 135344
B, T Cha, and CoKu Tau 4) showed SED features characteristic
of an inner hole (Brown et al. 2007). Those disks visible from
the northern hemisphere and with suitably large disk masses—
LkH! 330, SR 21N, and HD 135344B—have been targeted
for high spatial resolution follow-up imaging at submillimeter
wavelengths.

LkH! 330 is a little studied G3 star near the IC 348 region
of Perseus, which is a sparse cluster with stars between a few
to ten million years old (Strom et al. 1974). The distance to
Perseus is an unresolved problem with values ranging from 200
to 350 pc. A distance of 250 pc is assumed here following the
c2d convention.

SR 21N (aka Elias 2-30) is a 3 Myr old pre-main-sequence
binary, with a separation of 6.!!4, in the core of the " Ophiucus
cloud at a distance of 160 pc (Prato et al. 2003). The primary
has a spectral type of G2.5, while the companion has spectral-
type M4. A recent VLT/NACO AO survey found no other
companions (Correia et al. 2006). Interestingly, Prato et al.
(2003) found that the two companions were not coeval within
their limits, although large uncertainties remain. The disks of the
two components are closely aligned indicating that the stars are
likely gravitationally bound but the distance between the two is
large enough that we do not expect significant gravitational
perturbations to the SR 21N disk, particularly in the inner
regions (Jensen et al. 2004).

HD 135344B is an 8 Myr old F4 star in Lupus that lies
"20 arcsec from its A-type companion HD 135344A. The
two stars are likely not physically associated. The dust disk
around HD 135344B has been spatially resolved in UV scattered
light (Grady et al. 2005, 2009) and the mid-IR (Doucet et al.
2006). However, the two observations provide different disk
inclinations of <20# (Grady et al. 2009) and 46# (Doucet et al.
2006). A close (0.!!32 separation) binary system lies 5.!!8 to
the southwest (Augereau et al. 2001). A distance of 84 pc in
agreement with Dunkin et al. (1997) was used in Brown et al.
(2007). A further distance of 140 pc has been suggested by van
Boekel et al. (2005) and provides a better simultaneous fit of the
Submillimeter Array (SMA) image and SED.

Dust emission measurements were acquired with the SMA
using the very extended configuration with the eight 6 m di-
ameter antennae, which provided baselines ranging in length
from 30 to 590 m. The observations of LkH! 330 in 2006
November were taken with only seven antennae and the min-
imum length baseline was 80 m. Double sideband (DSB) re-
ceivers tuned to 341.165 GHz provided 2 GHz of bandwidth/
sideband, centered at an intermediate frequency (IF) of 5 GHz.
Calibration of the visibility phases was achieved with observa-
tions of a quasar within 10# of the source (listed in Table 1),
typically at intervals of 25 minutes. 3C273 was used as the
passband callibrator in all observations. Measurements of one
of Uranus, Titan, and Callisto provided the absolute scale for
the flux density calibration. Uncertainties in the flux scale are
estimated to be 15%. Table 1 lists the observed source posi-
tion, the synthesized beam size with natural weighting, sin-
gle DSB system temperatures, the phase and flux callibra-
tors and the observation dates. Comparison of the millimeter
source positions with the optical stellar positions (marked with

Figure 1. 340 GHz dust continuum images of LkH! 330 (top), SR 21N (middle),
and HD 135344B (bottom). The crosses mark the literature coordinates of the
central star. LkH! 330 clearly shows an inner hole of approximately 40 AU
radius with the synthesized beam of 0.!!28 $ 0.!!33 (plotted at bottom right).
SR 21N has the smallest hole of this sample with a radius of 27 AU. HD 135344B
is the most asymmetric of the disks and has a well-defined 37 AU hole. The
0.!!47 $ 0.!!25 beam (lower right corner) is elongated due to HD 135344B’s %37#

declination.
(A color version of this figure is available in the online journal.)

crosses in Figure 1) shows that within the position errors the
millimeter emission is centered on the star. SR 21N has the
least accurate optical position and has the largest difference
between the two positions. HD 135344B and SR 21N have
higher system temperatures and more elongated beams than
LkH! 330. The data were calibrated using the MIR software
package (http://cfa-www.harvard.edu/"cqi/mircook.html), and
processed with Miriad (Sault et al. 1995).

3. DATA

3.1. Image Plane

The SMA images clearly resolve the size, orientation, and
radial structure in all three disks (see Figure 1). The parameters

SED

870 μm continuum

CO 4.7 μm  emission 
(tracer of warm gas) 
extending at least 25 
AU (d =140 pc) [4]

Scattered light 
emission down 
to 28 AU [5,13]
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Abstract. Dissimilarities in the spatial distribution of small (µm!size) and large (mm!size)
dust grains at the cavity edge of transition disks have been recently pointed out and are
now under debate. We obtained VLT/NACO near-IR polarimetric observations of SAO 206462
(HD135344B). The disk around the star shows very complex structures, such as dips and spi-
rals. We also find an inner cavity much smaller than what inferred from sub-mm images. The
interaction between disk and orbiting companion(s) may explain this discrepancy.
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1. Introduction

A small sample of disks, the transition disks, shows a peculiar dip at infrared wave-
lengths, suggesting a depletion of warm dust around the central star (Strom et al. 1989).
Disk!companion interaction (Rice et al. 2003), photoevaporation (Alexander & Armitage
2007), and particle growth (Dullemond & Dominik 2005) are possible clearing processes.
Polarimetric Di!erential Imaging (PDI) is allowing high-resolution imaging of circum-

stellar disks (e.g. Quanz et al. 2011, Hashimoto et al. 2012) with unprecedented inner
working angle (0.1!!). Recently, comparisons of PDI images with sub-millimeter images
(e.g. Andrews et al. 2011) have revealed di!erent spatial distribution for small and large
dust grains (see e.g. Dong et al. 2012).

Figure 1. The disk around SAO 206462 from PDI VLT/NACO observations.

2. PDI observations and interpretation

PDI observations of the Herbig Ae/Be SAO 206462 (HD 135344B) were obtained with
the high-resolution NACO (Lenzen et al. 2003, Rousset et al. 2003) at the Very Large
Telescope (VLT), in H and KS band. The basic principle of PDI is the simultaneous
imaging of the linear polarization of the source along two orthogonal directions. The
detailed observation setting and data reduction can be found in Quanz et al. (2011) and
Avenhaus et al. (in prep.). The final products are radial Stokes Qr parameter images of
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1. Motivation: 

★ What is the disk gas mass and surface density 
inside and outside the cavity?

★ What is the dust content inside the cavity?
★ How is the disk structure related to planet 

formation?

The goal of this project is to derive the gas and dust disk 
structure of the F4Ve (pre-) transition disk HD 135344B (in 
particular inside the sub-mm cavity), from simultaneous 
radiative transfer modeling of multi-instrument multi- 
wavelength  gas and dust observations.

Transition disks are protoplanetary disks that display 
evidence for a cavity in their disk structure.
These cavities might indicate the presence of young planets. 
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★ Our model suggest ~10-5 M⊙ of gas inside the cavity.  
★ To reproduce simultaneously the SED, the CO P(10) line, and near-IR interferometry data, we propose that the disk is composed 

of carbonaceous grains (10 -12 M⊙) from 0.2 AU (silicates sublimation radius) down to 0.08 AU (corotation radius).
★ Our model has 10 -7 M⊙ of dust assuming a dust size 0.1<a<1000 μm.  This consistent with the SMA 870 μm measurement.  

Lower dust masses are possible. ALMA 430 μm photometry of the inner cavity [14] (when public) would be useful to better 
constrain Mdust  and the dust size distribution inside the cavity.

★ An increasing gas surface density as a function of the radius in the inner cavity is consistent with the expected effect of a single 
migrating jovian planet.  This planet, if sufficiently massive, could be responsible of the spiral patters observed [5,13]. 

★ We find in our models that the total gas mass of the disk is a few times 10-3 M⊙, lower than the total gas mass of 2x10-2 M⊙ 
expected for a primordial disk with similar total dust mass of 10-4 M⊙. HD 135344B is an evolved disk.

★ The HD 135344B disk structure proposed could be applied to other (pre-)transition disks with CO 4.7 μm emission extending 
several AU.
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I.

The CO P(10) and the [OI] 63 μm line fluxes are best 
reproduced by disks with a gas-to-dust ratio > 100 in the 
inner disk (R< 30), and a gas-to-dust ratio < 50 in 
the outer disk.  The best model that describes the [OI] 
63 μm flux has a smooth gas surface density at 30 AU.

To fit to the CO P(10) line  and the SED simultaneously 
we required a carbon enriched inner disk (R<0.2 AU). 
Inner disks of 100% astro. silicates, or with an uniform mixture 
of carbon/silicate grains that fitted the SED produced CO ro-
vibrational line profiles inconsistent with the observations.

100 % silicates inner disk 25% carbon grains

VLTI/PIONIER H-band interferometry indicates that the  
emission originates at R<0.2 AU (inside the silicate 
sublimation radius).  The visibilities (black) are reproduced 
by a disk of carbonaceous grains at 0.08< R <0.2 AU (red).
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Fig. 5. Squared visibilities (in red) of Model 3 over-plotted onto the
observed 1.6 µm VLTI/PIONEER visibilities (in black). An inner ra-
dius of the disk located at 0.2 AU is not consistent with observations.
VLTI/PIONIER data clearly shows that there is material inside 0.2 AU,
the expected sublimation radius of silicates.

Model 4

 20  40  60  80
0.0

0.5

1.0

 40  60  80
−10

−5

 0

 5

 10

B/λ

V2

Bmax/λ

C
P

Fig. 6. Upper panel: Squared visibilities (in red) predicted by Model 4
(Rin = 0.1 AU) over-plotted onto the observed 1.6 µm VLTI/PIONEER
visibilities (in black). Lower panels: Closure Phases (CP) predicted by
Model 4 (red) and measured by VLTI/PIONIER (black).

ing paper (Benisty et al. in prep) ESO-VLTI PIONIER near-
IR observations of HD 135344B and other transition disks
will be presented in detail. In Fig 5), we present the observed
VLTI/PIONIER squared visibilities at 1.6 µm and the predicted
visibilities of Model 3. We see clearly that an inner disk lo-
cated at Rin > 0.2 AU, is not compatible with the interferom-

etry data, the near-emission in the model is produced too far out.
The VLTI/PIONIER data clearly show that in HD 135344B, the
material that dominates the near-IR excess is located at R<0.2
AU.

Therefore for Model 4, we located the carbonaceous grain
component at 0.1 < R < 0.2 AU. We set Rin to 0.1 AU to have
inner-rim temperatures < 2000 K. The silicate grains component
was set to start at 0.2 AU. With an inner carbonaceous disk lo-
cated at 0.1 < R < 0.2 AU we obtained an excellent match to the
PIONIER visibilities and closure phases (see Fig 6).

4.4.2. Decreasing the [O I] 63 µm emission

The principal problem of Model 3 was that it produced too
strong [O i] 63 µm fluxes. In a disk with a cavity filled with gas
(as suggested near-IR scattered light imaging), roughly half the
[O i] 63 µm line is produced inside the cavity between 10 and
45 AU, and half on the inner rim of the outer disk between 45
and 60 AU. As the surface density in the inner disk is set by
the fit to the CO ro-vibrational line profile (discussed below),
we found that to lower the [O i] line fluxes the following mod-
ifications needed to be done in the outer disk: (1) the surface
density of the outer disk needed too be less steep (we obtained
good solutions with -1.0, similar to the surface exponent found
by Andrews et al. (2011) from SMA sub-mm continuum obser-
vations); (2) the gas-to-dust ratio in the outer disk should be
allowed to be lower than 100 (discussed below), (3) the scale
height of the outer disk needed to be lower than 10%.

These changes on the outer disk geometry entrained a bad fit
of SED at � > 15 µm. To resolve this, the fourth modification
introduced in the outer disk was to split it in two superposed
disks. A first disk with lower H/R (5%) and 80% of the dust mass
in large grains (0.05 < a < 1000 µm), and a second disk with
higher H/R (0.8-0.13, discussed below) and the 20% remaining
dust mass in small dust grains (0.01 < a < 10 µm). This two-
layered outer disk echoes the expected e↵ect by dust coagulation
and sedimentation (i.e. large grains closer to the mid-plane) and
allowed us to reproduce SED while fulfilling the requirements
of [O i] 63 µm line fluxes (within a factor 2).

Finally, concerning the inner disk, to address the fact that
scattered light imaging (Muto et al. 2012) revealed material in-
side the cavity down to 28 AU, we set the inner disk with outer
radius to 44 AU, such that the whole cavity is replenished with
gas, and allowed the gas-to-dust ratio to be larger than 100 to be
able to have su�ciently high CO 4.7 µm emission.

With these modifications we arrived to a model able to de-
scribe the SED, the line fluxes of [O I] 63 µm (within a factor 2),
CO P(10) (within a factor 4), the 12CO 3-2, 12CO 2-1, and the
upper limits of [O I] at 145 µm, [C ii] at 157 µm, and the H2 lines
in the near and mid-IR. The properties of a representative model
of the family of Models 4 is described in Table 5, the line fluxes
predicted are presented in Table 6. The predicted line profiles
and plots describing the optical depth as function of the radius
of the CO P(10), [O I] 63 µm, and CO 3-2 lines are presented in
Fig. 7.

5. Disk structure constraints derived from Model 4.

The interest of performing multi-instrument modeling is to use
the constraints obtained from di↵erent gas and dust tracers to
break the model degeneracies and narrow down the parameter
space of possible solutions. Ideally, a Bayesian analysis of a
large number of models covering a significant fraction of the
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Fig. 5. Squared visibilities (in red) of Model 3 over-plotted onto the
observed 1.6 µm VLTI/PIONEER visibilities (in black). An inner ra-
dius of the disk located at 0.2 AU is not consistent with observations.
VLTI/PIONIER data clearly shows that there is material inside 0.2 AU,
the expected sublimation radius of silicates.
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Fig. 6. Upper panel: Squared visibilities (in red) predicted by Model 4
(Rin = 0.1 AU) over-plotted onto the observed 1.6 µm VLTI/PIONEER
visibilities (in black). Lower panels: Closure Phases (CP) predicted by
Model 4 (red) and measured by VLTI/PIONIER (black).
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IR observations of HD 135344B and other transition disks
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VLTI/PIONIER squared visibilities at 1.6 µm and the predicted
visibilities of Model 3. We see clearly that an inner disk lo-
cated at Rin > 0.2 AU, is not compatible with the interferom-
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The VLTI/PIONIER data clearly show that in HD 135344B, the
material that dominates the near-IR excess is located at R<0.2
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inner-rim temperatures < 2000 K. The silicate grains component
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The principal problem of Model 3 was that it produced too
strong [O i] 63 µm fluxes. In a disk with a cavity filled with gas
(as suggested near-IR scattered light imaging), roughly half the
[O i] 63 µm line is produced inside the cavity between 10 and
45 AU, and half on the inner rim of the outer disk between 45
and 60 AU. As the surface density in the inner disk is set by
the fit to the CO ro-vibrational line profile (discussed below),
we found that to lower the [O i] line fluxes the following mod-
ifications needed to be done in the outer disk: (1) the surface
density of the outer disk needed too be less steep (we obtained
good solutions with -1.0, similar to the surface exponent found
by Andrews et al. (2011) from SMA sub-mm continuum obser-
vations); (2) the gas-to-dust ratio in the outer disk should be
allowed to be lower than 100 (discussed below), (3) the scale
height of the outer disk needed to be lower than 10%.

These changes on the outer disk geometry entrained a bad fit
of SED at � > 15 µm. To resolve this, the fourth modification
introduced in the outer disk was to split it in two superposed
disks. A first disk with lower H/R (5%) and 80% of the dust mass
in large grains (0.05 < a < 1000 µm), and a second disk with
higher H/R (0.8-0.13, discussed below) and the 20% remaining
dust mass in small dust grains (0.01 < a < 10 µm). This two-
layered outer disk echoes the expected e↵ect by dust coagulation
and sedimentation (i.e. large grains closer to the mid-plane) and
allowed us to reproduce SED while fulfilling the requirements
of [O i] 63 µm line fluxes (within a factor 2).

Finally, concerning the inner disk, to address the fact that
scattered light imaging (Muto et al. 2012) revealed material in-
side the cavity down to 28 AU, we set the inner disk with outer
radius to 44 AU, such that the whole cavity is replenished with
gas, and allowed the gas-to-dust ratio to be larger than 100 to be
able to have su�ciently high CO 4.7 µm emission.

With these modifications we arrived to a model able to de-
scribe the SED, the line fluxes of [O I] 63 µm (within a factor 2),
CO P(10) (within a factor 4), the 12CO 3-2, 12CO 2-1, and the
upper limits of [O I] at 145 µm, [C ii] at 157 µm, and the H2 lines
in the near and mid-IR. The properties of a representative model
of the family of Models 4 is described in Table 5, the line fluxes
predicted are presented in Table 6. The predicted line profiles
and plots describing the optical depth as function of the radius
of the CO P(10), [O I] 63 µm, and CO 3-2 lines are presented in
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5. Disk structure constraints derived from Model 4.

The interest of performing multi-instrument modeling is to use
the constraints obtained from di↵erent gas and dust tracers to
break the model degeneracies and narrow down the parameter
space of possible solutions. Ideally, a Bayesian analysis of a
large number of models covering a significant fraction of the
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carbon disk 0.08<R<0.2 AU

The CO P(10) line indicates that the surface density of the 
gas at R<45 AU must increase as a function of the 
radius (i.e.  surface density power law exponent q>0). 

IV.

4. Results

Messages of this poster:
★ We suggest that the inner-most disk of HD 135344B is composed of carbonaceous grains at 0.08<R<0.2 AU.
★ The inner cavity has ~10-5 M⊙ of gas inside the cavity. The surface density of the gas inside the cavity must 

increase with radius. The g/d ratio is > 100 inside the cavity.
★ The outer disk a mass of a few 10-3 M⊙. The g/d ratio should be lower than 50 at R>30 AU.

 % of flux inside the slit

430 μm continuum

SMA

preliminary results
photometry not yet public [14]

ALMA
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Fig. 3. Cartoon displaying the disk structure of the models tested, together with the CO P(10) line profile and SED predicted. The CO P(10) line
profile includes the e↵ects of the slit and it is displayed for PA of the slit of 180�. A representative example of each family of models is displayed.
In the SED plots the dotted line is the star emission, the dash-dotted line is the dust thermal emission, and the dashed line is the dust scattered light
emission. Details of the models are presented in Table 5 and the expected lines fluxes are given in Table 6.
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line and of the continuum, cumulative line flux, number density, and emitting region diagrams for the CO P(10) (left) and [O I] line at 63 µm
(right) lines. The box in thick black lines represents the region in the disk that emits 70% of the line radially and 70% of the line vertically, thus
approximately ⇠ 50% of the line flux. Lower Panels: (left) Similar plots for the 12CO 3-2 line at 870 µm, (right) surface density of the gas (black
continuos line) and the dust (blue dashed line) as a function of the radius. Note the change in the gas-to-dust ratio between the inner and outer disk.
The line fluxes quoted in the panels are the total integrated line fluxes. In the case of the CO P(10) line the flux is the total flux from the disk. For
the integrated line flux taking into account the slit losses see Table 5. Extra information about the model is presented in Fig B.1 in the Appendix.
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Table 1. Model parameters and line fluxes

Model Zone Flaring M

dust

R

in

R

out

edge ⌃ H/R Comments
[M�] [AU] [AU] [AU]

Model5 4 HR11 SD020 150 4 1 1.10 2.5E-12 0.09 0.20 0.002 0.00 0.0120/ 0.10 ac opct 100.00% 0.01 10 3.5; g/d= 100
2 1.12 1.0E-07 0.20 30.00 0.000 0.20 1.1000/ 10.00 Draine Si sUV 100.00% 0.10 1000 3.5; g/d= 150
3 1.00 5.0E-05 30.00 200.00 0.000 -1.00 1.1000/ 10.00 Draine Si sUV 100.00% 0.01 10 3.5; g/d= 4
4 1.00 1.5E-04 45.00 200.00 1.000 -1.00 0.7000/ 10.00 Draine Si sUV 100.00% 0.01 1000 3.5; g/d= 4

fUV = 0.0010 q= -2.1500

Model5 4 HR11 SD080 150 4 R15 1 1.10 2.5E-12 0.09 0.20 0.002 0.00 0.0120/ 0.10 ac opct 100.00% 0.01 10 3.5; g/d= 100
2 1.12 1.0E-07 0.20 15.00 0.000 0.80 1.1000/ 10.00 Draine Si sUV 100.00% 0.10 1000 3.5; g/d= 150
3 1.00 5.0E-05 30.00 200.00 0.000 -1.00 1.1000/ 10.00 Draine Si sUV 100.00% 0.01 10 3.5; g/d= 4
4 1.00 1.5E-04 45.00 200.00 1.000 -1.00 0.7000/ 10.00 Draine Si sUV 100.00% 0.01 1000 3.5; g/d= 4

fUV = 0.0010 q= -2.1500

[O I] [O I] [C ii] 12CO J3-2 12CO J2-1 ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1)
63 µm 145 µm 157 µm 1.27mm 870 µm 4.7545 µm 2.12 µm 17.03µm

Observed 3.6�4.8E-17 <4.6E-18 <6.4E-18 1.2E-19 8.0E-20 1.5E-17 <1.6E-17 < 1.0E-17
Model 3.4E-17 1.6E-18 1.7E-18 1.5E-19 4.7E-20 2.3E-18 70% 7.5E-19 1.8E-19
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5. Conclusions


