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•  planets 
• dust growth
• photoevaporation 
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Origin of holes/gap in transition disk ?



•  planets 
• dust growth
• photoevaporation 
• ??

Origin of holes/gap in transition disk ?

We need to constrain both the dust & gas 
structure

➪  multi-λ and multi-technique modelling



What is the gas & dust structure?
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A
bstract. 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. W

e 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. W
e 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.

K
eyw

ords. Stars: individual (SAO
206462, HD

135344B), Techniques: polarimetric

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 Differential 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 different 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.
PD

I
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
K
S 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 Q

r parameter images of

1

small dust
Rin ~ 28 AU 

Muto 2012, Garufi 2013

SMA

large dust
Rin ~ 40 AU 

Brown et al. 2009; Andrews et al. (2011)

Herbig F4Ve, 1.65 Msun, 140 pc,  i = 14º;  PA=55º 

No. 1, 2009 EVIDENCE FOR DUST CLEARING THROUGH RESOLVED SUBMILLIMETER IMAGING 497

2. OBSERVATIONS

Mid-IR spectrophotometry of LkHα 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 (LkHα 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—
LkHα 330, SR 21N, and HD 135344B—have been targeted
for high spatial resolution follow-up imaging at submillimeter
wavelengths.

LkHα 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 ρ 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 LkHα 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 LkHα 330 (top), SR 21N (middle),
and HD 135344B (bottom). The crosses mark the literature coordinates of the
central star. LkHα 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
LkHα 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

866 μm
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Fig. 2.— Top panel: average CO P-branch lines in the v=1-0 fundamental rovibrational band at 4.7 µm for the three cold disks. For
SR 21, the v=2-1 lines are displayed as well. Bottom panels: Spectro-astrometry for the same lines as defined in eq. 1; the y-axis offset is
for the line+continuum signal with respect to the continuum emission centroid. The red curves show the best fitting disk models. At the
bottom of each spectrum the transitions used for the composite are indicated. The telluric CO lines are visible as a gap in the spectra.
The errors have been propagated from the pixel RMS variations in the 2-D spectrum, under the assumption that the error is dominated
by background noise (a good approximation at 4.7µm).

Fig. 3.— χ2 surfaces for the best fitting Keplerian disk models. The contours are at 68, 95 and 99% confidence levels, corresponding to
1, 2 and 3σ.

q = 2/(4+β), where β = 1 is the dust opacity power law
index for small (non-grey) dust grains. For HD 135344B,
T1AU = 790 K and q = 0.4 provide a reasonable fit to the
line profile, although the line wings are so broad that a
single power law temperature profile fails to provide a
perfect fit. A shallower temperature profile with q < 0.4
over a range of radii may improve the fit, but explor-
ing more complex models requires the inclusion of more
physics, such as fluorescence excitation, in the excitation
temperature profile, and is beyond the scope of this pa-
per. Further, the line is asymmetric and the blue line
wing is stronger than what can be fitted by our simple

model. For SR 21, T7AU = 300 K and q = 0.4 was as-
sumed, relevant for LTE conditions. Note, however, that
given the strength of the CO v = 2 − 1 lines, the vibra-
tional ladder is probably non-thermally excited, even if
the rotational is not.

The most obvious result is that the molecular emission
originates well within the dust gaps reported in the liter-
ature, and that the radial distribution of the line emission
is not the same for the three disks. SR 21 appears to be
devoid of molecular gas within ∼ 5 AU, while the molec-
ular gas extends to within 1 AU for HD 135344B. The
molecular gas in TW Hya is found to extend inwards to
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q = 2/(4+β), where β = 1 is the dust opacity power law
index for small (non-grey) dust grains. For HD 135344B,
T1AU = 790 K and q = 0.4 provide a reasonable fit to the
line profile, although the line wings are so broad that a
single power law temperature profile fails to provide a
perfect fit. A shallower temperature profile with q < 0.4
over a range of radii may improve the fit, but explor-
ing more complex models requires the inclusion of more
physics, such as fluorescence excitation, in the excitation
temperature profile, and is beyond the scope of this pa-
per. Further, the line is asymmetric and the blue line
wing is stronger than what can be fitted by our simple

model. For SR 21, T7AU = 300 K and q = 0.4 was as-
sumed, relevant for LTE conditions. Note, however, that
given the strength of the CO v = 2 − 1 lines, the vibra-
tional ladder is probably non-thermally excited, even if
the rotational is not.

The most obvious result is that the molecular emission
originates well within the dust gaps reported in the liter-
ature, and that the radial distribution of the line emission
is not the same for the three disks. SR 21 appears to be
devoid of molecular gas within ∼ 5 AU, while the molec-
ular gas extends to within 1 AU for HD 135344B. The
molecular gas in TW Hya is found to extend inwards to

CO 4.7 μm

warm gas
inside cavity

R > 25 AU 
Pontoppidan (2008)

[OI] 63 μm
Meeus  et al. 2012

HD135344B data set



Methodology

MCFOST PRODIMO 

SIMPLE COMPLEX MODELS 

• SED
• CO P(10) ro-vibrational line profile
• PIONIER nIR visibilities
• dust cavity at 870 μm
• [OI] 63 μm
• good agreement with other line fluxes
• scattered light images  (2D !)

Carmona et al 2014



100% astronomical silicates
A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B
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Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.
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Adding gas in the gap

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7

Problem: Dust in inner disk shields the gas in the gap

CO ro-vib emission 
dominated by the inner-
most disk



Uniform carbon/silicate ratio

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7

Too much carbon,
CO ro-vib emission 
dominated by the inner 
rim of the outer disk

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7



Carbon-enriched inner disk

Simultaneous fit of the 
SED + CO ro-vib profile

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.

7



A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

row disk of 100% silicates and an extended disk with a large
fraction of carbonaceous grains. The family of Models 3 allows
for a radial dependent carbonaceous/silicates grains ratio.

We found that an inner disk of tens of AU composed of sil-
icates, but enriched with a small amount (10�12 M�) of amor-
phous carbon grains at small radii (0.2 < R < 0.26 AU) is able
to reproduce the near-IR SED, while at the same time it permits
the CO located at several AU to contribute significantly to the
CO ro-vibrational line flux, thus reproducing the observed CO
P(10) line profile.

Assuming a gas-to-dust ratio of 100 for the whole disk and
a carbon-enriched inner-disk, we tested a large number of mod-
els (⇠50000 MCFOST, ⇠1000 ProDiMo) varying the geometry
(i.e. h/r, flaring, surface density exponent) and dust mass for the
inner and outer disks. We found that the CO-rovibrational line
profile is reproduced by an extended inner disk in which the sur-
face density is flat or increases as a function of the radius (i.e.
a positive power law surface density). Solutions with outer disks
flared and anti-flared were found.

Several Models 3 reproduced the CO P(10) flux and line pro-
file, the H2 infrared lines upper-limits, and the CO sub-mm and
mm line fluxes (see one example in Tables 4 & 5). However, in
all Models 3 calculated (covering a large range of geometries),
the emission of [OI] 63 and 145 µm, and the [C ii] line at 157 µm
were over-predicted by factors larger than five. We tested several
options available within ProDiMo (see Fig 4) such a global gas-
to-dust ratios lower than 100, H2O ro-vibrational cooling (pure
H2O rotational cooling is calculated by default), lower metallic-
ity, no PAHs, extremely low O/C abundances, but in most of the
cases the [O i] 63 and 145 µm lines were still too strong. We
found that the only e↵ective ways to significantly decrease the
[O i] 63 and 145 µm line fluxes were to assume Tgas=Tdust, or to
decrease the gas-to-dust ratio. The first is an extreme case of gas
cooling that is in fact unrealistic, as we now that Tgas >Tdust in
the disk surface layer. The second, had the limitation that when
the global gas-to-dust ratio was su�ciently low to describe the
[O i] 63 µm line, the CO ro-vibrational line was two orders of
magnitude weaker. This is suggesting that the gas-to-dust ratio
in the inner disk should be larger than in the outer disk.

Another limitation of the family of Models 3 was the fit to the
PIONIER near-IR visibilities. In a forthcoming paper (Benisty
et al. in prep) ESO-VLTI PIONIER near-IR observations of
HD 135344B and other transition disks will be presented in de-
tail. 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 starting at Rin = 0.2 AU, is
not compatible with the interferometry data. Near-emission in
Model 3 is produced too far out.

4.4. Family of Models 4: Carbon grains inside the silicate
sublimation radius, different gas-to-dust ratios for the
inner and outer disk, and dust settling in the outer disk.

4.4.1. The location of the carbonaceous dust

In the family of Models 3, the carbonaceous grains were located
at R>0.2 AU to be consistent with the assumption that the tem-
perature in the inner rim should not be higher than the silicate
grains sublimation temperature (T⇠1500 K, for nH & 1016 cm�3,
e.g. Helling et al. 2001). However, carbonaceous grains can sur-
vive temperatures higher than 1500 K and up to 2000 K (see for
example Kobayashi et al. 2011). Therefore, one interesting pos-
sibility to physically justify the inner-disk carbon enrichment is
that the carbonaceous grains are located inside 0.2 AU, the re-
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Fig. 4. E↵ect of changing di↵erent ProDiMo assumptions in the [O I]
63 µm and CO P(10) line fluxes in one representative example of the
family of Models 3. The star indicates the observed line fluxes. The
cyan intervals represent the 20% error on the CO P(10) line flux and
40% error in the [O I] 63 µm line flux. In the legend the symbols mean:
g/d: gas-to-dust ratio; COpump: CO ro-vibrational emission calculated
including UV fluorescent excitation; H2Ocooling: gas temperature calcu-
lated including ro-vibrational water cooling (pure rotational H2O cool-
ing is always taken into account); low Z: low disk metallicity; O/C :
oxygen over carbon abundance ratio; Tgas = Tdust: maximum possible
cooling; no PAH: gas heating calculated without the e↵ect of PAHs.

gion where silicate grains sublimate. The survival of carbona-
ceous grains in this region will be discussed in Section 6.2.

Therefore for the family of Models 4, we located the car-
bonaceous grain component at 0.08 < R < 0.2 AU, Rin equal to
the corotation radius, and Rout equal to the silicates sublimation
radius. The astronomical silicate grains component of the inner
disk was set to start at 0.2 AU. With this inner disk configuration
we obtained an excellent match to the PIONIER visibilities and
closure phases (see Fig 5). In our models the temperature at the
innermost radius is ⇠2000 K.

4.4.2. Decreasing the [O I] 63 µm emission

One limitation of the family of Models 3 was that it produced
too strong [O i] 63 µm line fluxes. The [O i] 63 µm line is pro-
duced partly by gas inside the cavity between 10 and 45 AU, but
principally by gas in the outer disk between 45 and 60 AU. As
the surface density and gas mass in the inner disk are set by CO
ro-vibrational line, to lower the [O i] line fluxes three modifica-
tions to the family of Models 3 were introduced in the family of
Models 4:

1. the gas-to-dust ratio in the outer disk was allowed to be lower
than 100,

2. the surface density of the outer disk needed too be shallower
(we obtained good solutions with q =-1.0, similar to the sur-
face density power law exponent found by Andrews et al.
(2011) from SMA sub-mm continuum observations)

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, a fourth modification
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Fig. 5. Upper panel: Squared visibilities (in red) of Model 3 over-
plotted onto the observed 1.6 µm VLTI/PIONIER visibilities (in black).
An inner disk starting at 0.2 AU is not consistent with observations.
VLTI/PIONIER data clearly shows that there is material at smaller radii
(i.e. inside the silicate sublimation radius). Central panel: Squared visi-
bilities (in red) predicted by Model 4 (Rin = 0.08 AU). Lower panel:
Closure Phases (CP) predicted by Model 4 (red) and measured by
VLTI/PIONIER (black).

was introduced in the outer disk by splitting it in two superposed
disks. A first disk with lower H/R (5%), 80% of the gas and dust
mass, and with a dust population of large grains (0.01 < a <

1000 µm); and a second disk with higher H/R (0.8-0.13), the
20% remaining gas and dust mass, and with a dust population of
smaller grains (0.01 < a < 10 µm). This modification aims to
keep most of the gas mass of the outer disk at low H/R (to fit the
[O i] 63 µm line) while allowing some small dust particles to be
present in an extended outer disk atmosphere at higher H/R to fit
the SED at � > 15 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).

Finally, concerning the inner disk, to address the fact that
scattered light imaging (Muto et al. 2012; Garufi et al. 2013)
revealed material inside the cavity down to 28 AU, we set, as a
first approximation, the inner disk to have an outer radius of 45
AU, such that the whole cavity is replenished with gas, and we
allowed the gas-to-dust ratio to be larger than 100 in the inner
disk to be able to have su�ciently high CO 4.7 µm emission.

With this ensemble of modifications, we found a family of
disk models able to describe 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 4, the line fluxes predicted are presented in Table 5.

Models 4 confirmed the result that to describe the CO P(10)
line profile the gas in the inner disk should be distributed with
a surface density increasing as a function of the radius, and in-
dicated that to describe the [O I] 63 µm line flux observed by
Herschel, the gas-to-dust ratio in the outer disk should be lower
than 100. The best match to the Herschel lines [O I] 63 µm was
obtained by a gas-to-ratio below 10, nevertheless, gas-to-dust ra-
tios up to 40 provided [O I] 63 µm fluxes within a factor 2 of the
observations.

4.5. Family of Models 5: Introducing recent constraints from
polarized and mid-IR imaging.

In a recent work Garufi et al. (2013) showed that polarized scat-
tered light emission in HD 135344B drops significantly at a ra-
dius of 28 AU. A lack of polarized emission can be the signature
of either a lack of material or a change on the illumination of ma-
terial inside the cavity. Similary Maaskant et al. (2013) proposed
a cavity of size 30 AU based on modeling of the SED and mid-IR
imaging. The detection of scattered light down to 28 AU, inside
the sub-mm dust cavity of 45 AU, indicates a di↵erent spatial
location for the small and large dust grains in the outer disk.

To account for the recent results from Garufi et al. (2013), we
slightly modified the disk structure of the family of Models 4.
First we shortened the outer radius of the inner disk to 30 AU
and decreased its dust mass to keep it consistent with the SMA
870 µm upper limit (Model 5 produces 6.7 mJy of emission in-
side a 0.24 ⇥ 0.5” ⇠ 34 ⇥ 70 AU beam centered on the star).
Second, we extended the small particle component of the outer
disk down to 30 AU. The large grain component of the outer disk
was kept at 45 AU to account for the sub-mm 870µm imaging
constraints (Andrews et al. 2011).

With these modifications, we obtained a disk structure com-
patible with the Garufi disk structure, while keeping the fit to the
SED and the gas lines. Our model has gas and dust inside 30
AU to account for the extended CO ro-vibrational line observed,
however, note that this amount of dust (10�7 M�) is much lower
than the amount of dust in small grains in the outer disk (5⇥10�5

M�). The properties of a representative model of the family of
Models 5 is described in Table 4, the line fluxes predicted are
presented in Table 5. In Fig. 6, we present the synthetic SED,
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Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.
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Fig. 5. Upper panel: Squared visibilities (in red) of Model 3 over-
plotted onto the observed 1.6 µm VLTI/PIONIER visibilities (in black).
An inner disk starting at 0.2 AU is not consistent with observations.
VLTI/PIONIER data clearly shows that there is material at smaller radii
(i.e. inside the silicate sublimation radius). Central panel: Squared visi-
bilities (in red) predicted by Model 4 (Rin = 0.08 AU). Lower panel:
Closure Phases (CP) predicted by Model 4 (red) and measured by
VLTI/PIONIER (black).

was introduced in the outer disk by splitting it in two superposed
disks. A first disk with lower H/R (5%), 80% of the gas and dust
mass, and with a dust population of large grains (0.01 < a <

1000 µm); and a second disk with higher H/R (0.8-0.13), the
20% remaining gas and dust mass, and with a dust population of
smaller grains (0.01 < a < 10 µm). This modification aims to
keep most of the gas mass of the outer disk at low H/R (to fit the
[O i] 63 µm line) while allowing some small dust particles to be
present in an extended outer disk atmosphere at higher H/R to fit
the SED at � > 15 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).

Finally, concerning the inner disk, to address the fact that
scattered light imaging (Muto et al. 2012; Garufi et al. 2013)
revealed material inside the cavity down to 28 AU, we set, as a
first approximation, the inner disk to have an outer radius of 45
AU, such that the whole cavity is replenished with gas, and we
allowed the gas-to-dust ratio to be larger than 100 in the inner
disk to be able to have su�ciently high CO 4.7 µm emission.

With this ensemble of modifications, we found a family of
disk models able to describe 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 4, the line fluxes predicted are presented in Table 5.

Models 4 confirmed the result that to describe the CO P(10)
line profile the gas in the inner disk should be distributed with
a surface density increasing as a function of the radius, and in-
dicated that to describe the [O I] 63 µm line flux observed by
Herschel, the gas-to-dust ratio in the outer disk should be lower
than 100. The best match to the Herschel lines [O I] 63 µm was
obtained by a gas-to-ratio below 10, nevertheless, gas-to-dust ra-
tios up to 40 provided [O I] 63 µm fluxes within a factor 2 of the
observations.

4.5. Family of Models 5: Introducing recent constraints from
polarized and mid-IR imaging.

In a recent work Garufi et al. (2013) showed that polarized scat-
tered light emission in HD 135344B drops significantly at a ra-
dius of 28 AU. A lack of polarized emission can be the signature
of either a lack of material or a change on the illumination of ma-
terial inside the cavity. Similary Maaskant et al. (2013) proposed
a cavity of size 30 AU based on modeling of the SED and mid-IR
imaging. The detection of scattered light down to 28 AU, inside
the sub-mm dust cavity of 45 AU, indicates a di↵erent spatial
location for the small and large dust grains in the outer disk.

To account for the recent results from Garufi et al. (2013), we
slightly modified the disk structure of the family of Models 4.
First we shortened the outer radius of the inner disk to 30 AU
and decreased its dust mass to keep it consistent with the SMA
870 µm upper limit (Model 5 produces 6.7 mJy of emission in-
side a 0.24 ⇥ 0.5” ⇠ 34 ⇥ 70 AU beam centered on the star).
Second, we extended the small particle component of the outer
disk down to 30 AU. The large grain component of the outer disk
was kept at 45 AU to account for the sub-mm 870µm imaging
constraints (Andrews et al. 2011).

With these modifications, we obtained a disk structure com-
patible with the Garufi disk structure, while keeping the fit to the
SED and the gas lines. Our model has gas and dust inside 30
AU to account for the extended CO ro-vibrational line observed,
however, note that this amount of dust (10�7 M�) is much lower
than the amount of dust in small grains in the outer disk (5⇥10�5

M�). The properties of a representative model of the family of
Models 5 is described in Table 4, the line fluxes predicted are
presented in Table 5. In Fig. 6, we present the synthetic SED,
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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.

K
eywords. Stars: individual (SAO

206462, HD
135344B), Techniques: polarimetric

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 Differential 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 different 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
K
S 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 Q
r parameter images of

1
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Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.
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What did we learn ?



1.  Refractory grains at R< 0.2 AU 
(we suggest carbon)
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scattered light emission. Details of the models are presented in Table 4 and the predicted lines fluxes are given in Table 5.
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Fig. 5. Upper panel: Squared visibilities (in red) of Model 3 over-
plotted onto the observed 1.6 µm VLTI/PIONIER visibilities (in black).
An inner disk starting at 0.2 AU is not consistent with observations.
VLTI/PIONIER data clearly shows that there is material at smaller radii
(i.e. inside the silicate sublimation radius). Central panel: Squared visi-
bilities (in red) predicted by Model 4 (Rin = 0.08 AU). Lower panel:
Closure Phases (CP) predicted by Model 4 (red) and measured by
VLTI/PIONIER (black).

was introduced in the outer disk by splitting it in two superposed
disks. A first disk with lower H/R (5%), 80% of the gas and dust
mass, and with a dust population of large grains (0.01 < a <

1000 µm); and a second disk with higher H/R (0.8-0.13), the
20% remaining gas and dust mass, and with a dust population of
smaller grains (0.01 < a < 10 µm). This modification aims to
keep most of the gas mass of the outer disk at low H/R (to fit the
[O i] 63 µm line) while allowing some small dust particles to be
present in an extended outer disk atmosphere at higher H/R to fit
the SED at � > 15 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).

Finally, concerning the inner disk, to address the fact that
scattered light imaging (Muto et al. 2012; Garufi et al. 2013)
revealed material inside the cavity down to 28 AU, we set, as a
first approximation, the inner disk to have an outer radius of 45
AU, such that the whole cavity is replenished with gas, and we
allowed the gas-to-dust ratio to be larger than 100 in the inner
disk to be able to have su�ciently high CO 4.7 µm emission.

With this ensemble of modifications, we found a family of
disk models able to describe 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 4, the line fluxes predicted are presented in Table 5.

Models 4 confirmed the result that to describe the CO P(10)
line profile the gas in the inner disk should be distributed with
a surface density increasing as a function of the radius, and in-
dicated that to describe the [O I] 63 µm line flux observed by
Herschel, the gas-to-dust ratio in the outer disk should be lower
than 100. The best match to the Herschel lines [O I] 63 µm was
obtained by a gas-to-ratio below 10, nevertheless, gas-to-dust ra-
tios up to 40 provided [O I] 63 µm fluxes within a factor 2 of the
observations.

4.5. Family of Models 5: Introducing recent constraints from
polarized and mid-IR imaging.

In a recent work Garufi et al. (2013) showed that polarized scat-
tered light emission in HD 135344B drops significantly at a ra-
dius of 28 AU. A lack of polarized emission can be the signature
of either a lack of material or a change on the illumination of ma-
terial inside the cavity. Similary Maaskant et al. (2013) proposed
a cavity of size 30 AU based on modeling of the SED and mid-IR
imaging. The detection of scattered light down to 28 AU, inside
the sub-mm dust cavity of 45 AU, indicates a di↵erent spatial
location for the small and large dust grains in the outer disk.

To account for the recent results from Garufi et al. (2013), we
slightly modified the disk structure of the family of Models 4.
First we shortened the outer radius of the inner disk to 30 AU
and decreased its dust mass to keep it consistent with the SMA
870 µm upper limit (Model 5 produces 6.7 mJy of emission in-
side a 0.24 ⇥ 0.5” ⇠ 34 ⇥ 70 AU beam centered on the star).
Second, we extended the small particle component of the outer
disk down to 30 AU. The large grain component of the outer disk
was kept at 45 AU to account for the sub-mm 870µm imaging
constraints (Andrews et al. 2011).

With these modifications, we obtained a disk structure com-
patible with the Garufi disk structure, while keeping the fit to the
SED and the gas lines. Our model has gas and dust inside 30
AU to account for the extended CO ro-vibrational line observed,
however, note that this amount of dust (10�7 M�) is much lower
than the amount of dust in small grains in the outer disk (5⇥10�5

M�). The properties of a representative model of the family of
Models 5 is described in Table 4, the line fluxes predicted are
presented in Table 5. In Fig. 6, we present the synthetic SED,

9

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

200 AU
0.16 450.21

Model 1a

flared

100% silicates 
10-10 M⊙

100% silicates 
10-4 M⊙

200 AU
0.16 450.21

Model 1b

flared

10-8 M⊙ silicates

10-6 M⊙ gas
silicates 
10-10 M⊙

silicates 
10-4 M⊙

200 AU
0.18 4520

Model 2a

25% carbon
75% silicates 

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.18 453

Model 2b

5% carbon
95% silicates

10-10 M⊙

silicates 
10-4 M⊙

200 AU0.2 0.26 4530

Model 3

carbon
enrichment

10-12 M⊙

silicates
10-6 M⊙

silicates
10-4 M⊙

0.08 0.2 45

Model 4
g/d < 100; dust settling

silicates 10-4 M⊙g/d > 100
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙

200 AU

small grains 20% large grains 80%

0.08 0.2 30

Model 5
g/d = 4 

silicates 10-4 M⊙g/d =150
silicates 

<10-7 M⊙

carbon 
disk 

10-12 M⊙ 
small grains 25%

200 AU
45

large grains 75%

Fig. 3. Cartoon displaying the disk structure of the family of 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 shown. 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 4 and the predicted lines fluxes are given in Table 5.
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Fig. 7. CO P(10) line profiles for diverse values of H/R and the surface density exponent of the inner disk q in the family of Models 5. The
reference radius of H/R s 10 AU. H/R is the same for the inner and the outer disk. All other parameters of Model 5 are kept constant. The best fit
is highlighted.

we found that gas-to-dust ratios between 100 and 200 can de-
scribe the CO P(10) line profile for a surface density power law
exponent of 0.2. Lower gas-to-dust ratios generate too narrow
profiles, larger values generate line profiles with high-velocity
wings too broad to be compatible with the observations. The best
fit was achieved with a gas-to-dust ratio of 150, therefore, a gas
mass inside the cavity of 1.5⇥10�7 M�. There is a degeneracy
between the gas mass of the inner disk and the exponent of the
power-law of the surface density. By increasing the power law
exponent higher gas masses in the inner disk are allowed while
reproducing the CO ro-vibrational line profile. However, there is
an upper-bound to the gas mass in the inner disk if the condition
that the surface density of the inner disk should be equal or lower
than the surface density of the outer disk at 30 AU and that the
flux of the [O i] line at 63 should be reproduced. We found that
up to 10�4 M� of gas can be allowed in the inner disk.

An alternative way of exploring the gas-to-dust ratio in the
inner disk is to leave constant the gas mass and surface density
and to decrease the dust mass in the silicate disk at 0.2 < R < 30
AU. In Fig 9 we display the expected CO P(10) line profiles for
Model 5 when decreasing the amount of dust down to a factor

100, i.e. gas-to-dust ratios from 150 up to 15000. We found, that
if the gas surface density inside the cavity is constant, the de-
crease in the (silicate) dust mass does not a↵ect significantly the
CO 4.7 µm profile and line flux, nor the flux of the [O i] 63 µm
line. The lower mass in the inner disk a↵ects the fit of the SED.
A lower silicate dust mass inside the cavity lead to weaker emis-
sion in the 5-10 µm band. However, as the SED near-IR emis-
sion is dominated by the carbonaceous disk component, the SED
fit is still compatible with the observations. The lower bound to
the dust mass inside the cavity it is not constrained by current
observations. To constrain the dust mass inside the cavity, obser-
vations at high spatial resolution are required, for example with
VLT-MIDI or ALMA. In Table 7 we provide prediction of the
continuum fluxes at 430 and 870 µm inside 30 AU for di↵erent
silicate dust masses in Model 5.

5.6. Outer radius of the inner disk

In the family of Models 5, the inner disk has gas up to 30 AU.
We have tested models with outer radius of the inner disk rang-
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III. gas/dust > 100 inside the cavity 
(R<30 AU)
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Table 7. Predicted continuum fluxes for Model 5 at R< 30 AU for diverse values of the astronomical silicates dust mass at 0.2< R < 30 AU for
di↵erent grain sizes. The gas mass at R < 30 AU is kept constant and equal to 1.5⇥10�5 M�.

0.2 < R30 AU 0.1 < a < 1000 0.1 < a < 100 0.1 < a < 10
Silicate Dust Mass gas/dust inner 430 µm 870 µm 430 µm 870 µm 430 µm 870 µm

M� mJy mJy mJy mJy mJy mJy
1.0 ⇥ 10�7 150 13.4 1.6 17.1 0.4 3.5 0.2
5.0 ⇥ 10�8 300 8.2 0.9 10.3 0.3 3.0 0.3
2.5 ⇥ 10�8 600 5.5 0.6 6.7 0.2 2.8 0.2
1.0 ⇥ 10�8 1500 3.8 0.3 4.3 0.2 2.7 0.2
3.0 ⇥ 10�9 5000 3.0 0.2 3.2 0.2 2.7 0.2
1.5 ⇥ 10�9 10000 2.8 0.2 3.0 0.2 2.7 0.2
1.0 ⇥ 10�9 15000 2.8 0.2 2.8 0.2 2.6 0.2

spectro-astrometry signature (although even with Rout=30 AU,
the spectro-astrometry signature is under predicted) and because
surface densities with power-law exponents larger than 0.5 might
result in a unstable disk. In summary, the presence of a gap of a
few AU in the gas remains consistent with the current data.

6. Discussion

6.1. Sub-mm cavities, near-IR scattering imaging, gas
surface density, gaps, and planets in the inner disk

The growing observational evidence (see Introduction) indicates
that the gaps suggested by the SEDs and spatially resolved sub-
mm observations are in fact structures that reflect the distribution
of large grains, but not necessarily the distribution of small dust,
and, especially the gas.

The contribution of this paper to the discussion about the
transition disk structure are the following constraints for the gas
and dust in HD 135344B:
1. there is an important amount of gas inside the sub-mm dust

cavity (at least 10�5 M�), thus a gas-to-dust ratio > 100 at
R<30 AU.

2. the surface density of the gas (and dust) inside the sub-mm
dust cavity increases as a function of the radius (i.e., a posi-
tive surface density power law exponent).

3. the near-IR emission continuum is dominated by a contribu-
tion from refractory material inside the silicates sublimation
radius (we propose carbonaceous grains).

4. the amount of gas in the outer disk is much lower than ex-
pected for a gas to dust ratio of 100.

5. the [O i] 63 µm line emission and CO ro-vibrational line
profile are best described by a model in which the surface

density of the gas between the inner disk and outer disk is
smooth and without a significant discontinuity (a factor 10
maximum).

What does implies this? In most protoplanetary disks the sur-
face density distribution can be described by a power law with a
negative exponent, typically -1.0 (i.e. surface density decreases
with radius). A surface density profile with a positive power law
exponent (or at least flat), indicates that something should have
happenned in the inner disk. It is not clear what mechanism will
generate a surface density increasing with radius.

One possibility is that indeed we are observing the e↵ect of
a jovian planet in the disk. Although the exact results of sim-
ulations depend on the inner boundary conditions set, for ex-
ample the accretion rate onto the star, models studying the in-
teraction of a jovian planet and the disk show that a disk with
an initial negative power law surface density profile exponent
evolves into a disk which has a flat or a positive power law sur-
face density profile exponent at R < Rplanet (see for example,
Fig. 5 in Tatulli et al. 2011). Furthermore, a single jovian planet
opens a gap typically of few AU width (see review by Kley &
Nelson 2012). Such small gaps are compatible with current data
of HD 135344B. The presence of planet has been also invoked
by Garufi et al. (2013) and van der Marel et al. (2013) to explain
the di↵erence in the spatial location of large and small grains in
the outer disk of transition disks. Our results provide additional
support to the planet hypothesis in the case of HD 135344B.

We speculate that an alternative scenario for an increasing
surface density in the inner disk is the presence of spiral density
structures that lead the gas to concentrate preferentially a larger
radii.
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(Required for the CO P(10) flux)

100 lowermaximum dust mass



IV. outer disk:
 Gas/dust  < 100 

Required to 
fit [OI] 63 μm flux and 
the CO P(10) profile.

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

A. Carmona et al.: HD135344B

CO 4.755µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 4.12E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.13E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1018

1020

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.38E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.56E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.25E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.69E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 1.69E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.82E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 1.55E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.86E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 4.46E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.31E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1018

1020

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 4.03E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.74E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

9

H/R<0.09
10 -100 μm too weak

A. Carmona et al.: HD135344B

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 4.12E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 5.01E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ τ
lineτ

cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 3.41E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 5.23E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 3.15E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v

e 
F

li
n

e [
%

]

F
line

 = 5.35E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

12

H/R>0.13
10 -100 μm too strong

A. Carmona et al.: HD135344B

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 4.34E-19 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-10 -8 -6 -4 -2 0 2 4
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
lineτ

cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 2.68E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-8 -6 -4 -2 0 2 4
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1018

1020

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 8.49E-19 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-10 -8 -6 -4 -2 0 2 4
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.26E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1018

1020

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 1.35E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-10 -8 -6 -4 -2 0 2 4
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.52E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1018

1020

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.23E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.36E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1

0.2

0.3

0.4

0.5

0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1016

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 6.09E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.32E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 8.27E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 3.79E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1017

1018

1019

1020

1021

1022

N
<

H
>

 [c
m

-2
]

CO 4.755µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 1.03E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

102

τ

τ
line

τ
cont

    

0

20

40

60

80

100

0cu
m

u
la

ti
v
e 

F
li

n
e [

%
]

F
line

 = 4.41E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0

0.2

0.4

0.6

z/
r

-6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

0.1 1.0 10.0 100.0
r [AU]

1017

1018

1019

1020

1021

1022

1023

N
<

H
>

 [c
m

-2
]

13

0.09<H/R<0.13

a) 

0

2

4

6

8

[O
I] 

63
µ

m
 fl

ux
 [1

0-1
7  W

 m
-2

]

       

0.06 0.08 0.10 0.12 0.14 0.16 0.18
H/R

q = -0.4
q = 0.0
q = 0.2
q = 0.4
q = 0.6

1.5xF[OI] 63 µm obs.

F[OI] 63 µm obs.

0.5xF[OI] 63µm obs.

4

10

2550100

1

b)

g/douter = 1

-30 -15 0 15 30
bV [km/s]

0.0

0.5

1.0

0.0[N
or

m
al

ize
d 

Fl
ux

] 2.2E-18
g/douter = 4

     

 

 

 

 

2.3E-18
g/douter = 10

     

 

 

 

 

2.3E-18
g/douter = 50

     

 

 

 

 

2.5E-18
g/douter = 100

     

 

 

 

 

2.6E-18

CO (P10) h= 4.7545 µm

c)
Fig. 8. Top panels: SED for disks with di↵erent values of H/R in the family of Models 5. The reference radius employed is 10 AU and H/R is set
to be the same for the outer and the inner disk. In color cyan the allowed range of H/R consistent with the SED. Central Panel: Flux of the [O I]
line at 63 µm as a function of H/R for surface density exponents of the inner disk ranging from -0.4 to +0.6 (see legend) for a gas-to-dust ratio
of the outer disk equal to 4. The dashed lines show the line flux for di↵erent gas-to-dust ratios of the outer disk keeping the inner disk surface
density exponent q = 0.2. Botton Panels: Expected CO P(10) profiles for di↵erent values of the gas-to-dust ratio in the outer disk for the family of
Models 5 assuming H/R=0.11 and q = 0.2. The number on the top right of each panel is the CO P(10) line flux in W m�2. The star represents the
values of Model 5 in Table 4 and Fig. 6.

ing from 15 to 30 AU. Solutions to the CO ro-vibrational line-
profile can be found with a similar gas mass as Model 5, by al-
lowing a more positive exponent of the power law of the surface
density distribution. For example for Rout= 15 AU, q increases
to +0.8. Models with an inner disk outer radius smaller than 30
AU produce slightly better fits to the top of the CO ro-vibrational

line, however, they produce lower spectro-astrometry signatures
and generate a surface density in the inner disk’s outer radius
slightly higher than the surface density at the outer disk’s inner
radius. Current data do not allow-us to set the exact value of the
outer radius of the inner disk. We favor a model with a cavity
replenished with gas up to 30 AU because it generates a larger
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Fig. 8. Top panels: SED for disks with di↵erent values of H/R in the family of Models 5. The reference radius employed is 10 AU and H/R is set
to be the same for the outer and the inner disk. In color cyan the allowed range of H/R consistent with the SED. Central Panel: Flux of the [O I]
line at 63 µm as a function of H/R for surface density exponents of the inner disk ranging from -0.4 to +0.6 (see legend) for a gas-to-dust ratio
of the outer disk equal to 4. The dashed lines show the line flux for di↵erent gas-to-dust ratios of the outer disk keeping the inner disk surface
density exponent q = 0.2. Botton Panels: Expected CO P(10) profiles for di↵erent values of the gas-to-dust ratio in the outer disk for the family of
Models 5 assuming H/R=0.11 and q = 0.2. The number on the top right of each panel is the CO P(10) line flux in W m�2. The star represents the
values of Model 5 in Table 4 and Fig. 6.

ing from 15 to 30 AU. Solutions to the CO ro-vibrational line-
profile can be found with a similar gas mass as Model 5, by al-
lowing a more positive exponent of the power law of the surface
density distribution. For example for Rout= 15 AU, q increases
to +0.8. Models with an inner disk outer radius smaller than 30
AU produce slightly better fits to the top of the CO ro-vibrational

line, however, they produce lower spectro-astrometry signatures
and generate a surface density in the inner disk’s outer radius
slightly higher than the surface density at the outer disk’s inner
radius. Current data do not allow-us to set the exact value of the
outer radius of the inner disk. We favor a model with a cavity
replenished with gas up to 30 AU because it generates a larger

15

too narrow
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Fig. 6. Upper panels: CO P(10) profile (left) and expected spectroastrometry signature (right) for Model 5. Central Panels optical depth of the
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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Fig. 5. Left: evolution of the density as function of radius in the case of a 6 Jupiter-mass planet. The solid line indicates the density profile used in
our model. Right: final density profile as a function of the disk radius for various planet masses.

region and the observed accretion rate, the inner region should
empty itself in less than one year. (ii) The planet “pushes” the
gas in the inner region during the creation of its gap. This is a
transitory event and occurs soon after the planet formation, it is
not part of the steady state we are looking for. (iii) Some material
from the outer disk can flow accross the gap, cross the planet’s
orbit, and replenish the inner region.

To reproduce the density jump suggested by the observations
of HD 100546, one needs to reproduce a surface density for the
inner disk that is about three orders of magnitude lower than the
surface density just outside of the gap. Ideally, it also needs to
produce the proper gap width, i.e., between about 4 and 13 AU.

4.1. Hydrodynamic code and simulation setup

To cover a sufficiently long time-span in the simulation we used
the algorithm FARGO (Masset 2000, 2002), which eliminates
the azimuthal velocity from the computation of the Courant-
Friedrich-Lévy condition. This speeds up the computation and
facilitates the study of the long-term disk evolution. Then, to
follow the disk over several orders of magnitude in radius to see
how the density evolves close to the star as well as outside, we
used the code FARGO-2D1D (Crida et al. 2007), which is an ex-
tension of the standard version of FARGO, where the 2D grid is
surrounded by a simplified 1D grid made of elementary rings
that are non azimuthally resolved. It aims at studying and taking
into account the general evolution of the disk in the simulations
of planet-disk interactions.

We ran several simulations to find and optimize the planet
mass needed to create the required density jump. A planet
will open a gap near its Lindblad resonance located at rL =(
1 + 1

m

)2/3
rp(1 ± e) where m is the mode of the Lindblad res-

onance, rp the position of the planet and e the eccentricity of the
orbit. To obtain the outer edge at ∼13 AU, we placed the planet
at 8 AU. We set up the 2D disk around it to capture the 2D struc-
ture of the wave. The 2D disk runs from 4 to 20 AU and the

1D disk extends from 0.1 AU to 150 AU3 to reproduce the global
behavior of the whole region.

4.2. Simulated density profile: evolution with time

In Fig. 5 (left) we follow the time evolution of the surface density
in the first 100 AU of the disk for a 6 Jupiter-mass planet. Such a
planet produces a surface density jump of the correct amplitude:
the inner disk surface density drops by three orders of magnitude
in about 200 000 years, confirming that a 6 MJup planet located
at 8 AU can carve the disk of HD 100546 with the proper surface
density jump across the gap.

Figure 5 (right) shows that most planet masses are able to
reproduce the strong density jumps imposed by the observations.
The only differences are the time required to reach that state, the
amount of mass left in the gap, and the width of the gap. The
main parameters that regulate how much mass is left in the inner
region are the accretion rate onto the star and the disk viscosity.
If we can estimate the accretion rate from observation, it is a lot
harder to have access to the local disk viscosity. We thus adopted
an ad hoc value of the viscosity that was successfully used for
previous simulations (see for example Quillen et al. 2005) and
aim only at reproducing the density jump. This does not allow
us to provide a lower limit for the mass of the putative planet
because the longest timescale is well within the age of the system
and so far we do not have constraints on the mass inside the gap.

Further remarks can be made regarding these numerical re-
sults. It is interesting to note that the density profile of the in-
ner region becomes flat early on (before 10 000 years) owing
to the accretion onto the star. It becomes flatter than the r−1

power-law used in our model. However, as mentioned above,
the slope of the density profile is not well constrained by the
current observations. We verified that radiative transfer models

3 We ran test simulations with different sizes of both disks to validate
the range of the 2D vs. 1D part of the domain and found no major dif-
ferences.
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L. Fouchet et al.: Planet gaps in the dust layer of 3D protoplanetary disks. I.

Fig. 2. Azimuthally averaged surface density
(top) and midplane volume density (bottom)
profiles after 104 planetary orbits. Left: dust
densities for Mp = 5 MJ and different grain
sizes. Center: dust densities for s = 1 mm and
different planet masses. Right: gas densities for
s = 1 mm and different planet masses.

Fig. 3. Time evolution of the azimuthally av-
eraged midplane radial volume density profiles
for Mp = 5 MJ and different grain sizes.

our CTTS disk, that planets with masses of 0.5 or 1 MJ create
shallow gaps, and that a 0.1 MJ planet only slightly perturbs the
gas density profile.

The dust phase, however, has a very different distribution de-
pending on the grain size, as can be seen by comparing all sim-
ulations for Mp = 5 MJ on the bottom rows of Fig. 1 and the left
panels of Fig. 2. The disk extension is dramatically reduced as s
increases from 100 µm to 1 cm: both its outer radius and vertical
thickness decrease. A spiral density wave is visible on the face-
on views for 100 µm and 1 mm grains (Fig. 1), similar to that
seen in the gas disk, while only a small section of it is visible
in the much narrower disk of 1 cm grains. The gap is wider and
deeper, with higher densities at its outer edge, for larger grain
sizes, and in all cases more pronounced than in the gas phase.
For 1 cm grains, because they are the most efficiently settled,
the midplane volume density better shows their concentration at
the gap outer edge, with a higher dust-to-gas ratio (∼0.3) than
the surface density does (∼0.09, compared to the initial uniform
value of 0.01). The disk interior to the gap is virtually unaffected
by the presence of the planet for 100 µm grains, but has almost
disappeared for the 1 mm grains and is no longer present for 1 cm
grains, for which a population of grains in corotation with the
planet can be seen instead. In that latter case, the gap is slightly
asymmetric and the outer disk appears eccentric (Fig. 1).

The same effect of grain size is seen for other planet masses
in the three upper rows of Fig. 1: the dust disk’s outer radius

and vertical extension are smaller, whereas the planet’s effect is
larger, for 1 cm grains than for 1 mm grains.

The effect of the planet mass on the dust phase for those two
sizes can be observed in the two center columns of Fig. 1 and
for 1 mm grains in the center panels of Fig. 2. The disk has the
same radial extent but is slightly thinner for less massive planets.
As is seen for the gas, the gap width and depth increase as Mp
increases, and the gap is always more pronounced in the dust
phase than in the gas. A very shallow gap is visible in the dust
for a 0.1 MJ planet, where only a slight perturbation is seen in the
gas, and planets of 0.5 or 1 MJ already carve well-defined gaps
in the dust disk. Contrary to the 5 MJ case, the disk interior to the
gap is still present and particles in corotation are not observed.

Figure 3 plots the time evolution of the azimuthally aver-
aged surface density radial profiles for the three grain sizes for
a 5 MJ planet. It shows that the disk’s outer radius changes very
little for 100 µm grains, decreases slowly for 1 mm grains, and
very rapidly for 1 cm grains. The same behaviour can be seen
for the density in the disk interior to the gap. For 1 cm grains,
the displacement of the density peak towards the center indicates
that the whole inner disk is accreted by the star. The gap forma-
tion shows the opposite trend as it is depleted rather rapidly for
100 µm grains, more slowly for 1 mm grains, and the density
peak at the planet’s orbital radius indicating the 1 cm corotating
grains does not evolve.
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sizes, and in all cases more pronounced than in the gas phase.
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the midplane volume density better shows their concentration at
the gap outer edge, with a higher dust-to-gas ratio (∼0.3) than
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asymmetric and the outer disk appears eccentric (Fig. 1).
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for a 0.1 MJ planet, where only a slight perturbation is seen in the
gas, and planets of 0.5 or 1 MJ already carve well-defined gaps
in the dust disk. Contrary to the 5 MJ case, the disk interior to the
gap is still present and particles in corotation are not observed.

Figure 3 plots the time evolution of the azimuthally aver-
aged surface density radial profiles for the three grain sizes for
a 5 MJ planet. It shows that the disk’s outer radius changes very
little for 100 µm grains, decreases slowly for 1 mm grains, and
very rapidly for 1 cm grains. The same behaviour can be seen
for the density in the disk interior to the gap. For 1 cm grains,
the displacement of the density peak towards the center indicates
that the whole inner disk is accreted by the star. The gap forma-
tion shows the opposite trend as it is depleted rather rapidly for
100 µm grains, more slowly for 1 mm grains, and the density
peak at the planet’s orbital radius indicating the 1 cm corotating
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Conclusions 

A variety of disk observations = finer disk models

• Surface density & change in gas/dust ratio : compatible with the 
planet scenario

• Small gaps of few AU in the gas are compatible with the data

• gas mass is lower than expected for the amount of dust 
observed: HD 135344B is an evolved object

• Dust segregation (in size & in composition)

Carmona et al 2014
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• near-IR dust scattering images reveal small dust inside the
sub-mm cavity down to 28 AU with a smooth surface bright-
ness and no discontinuity at 45 AU (Muto et al. 2012; Garufi
et al. 2013).

3. Modelling

3.1. Stellar parameters

We provide a detailed discussion of the derivation of the stellar
parameters in the Appendix A. For our models we used as input
a Kurucz template spectrum of Te↵=6750 K, and log g = 4.5,
scaled to the luminosity of a star with Te↵=6620K (F4V). We
employed Av = 0.4, a stellar radius of 2.1 R� and a mass of 1.65
M�. Note that due to uncertainties in the photometry, spectral
type, and, specially, distance (±20 pc) R can vary ±0.3 R� and
M ±0.1 M�. The UV spectrum2 was parametrized with a frac-
tional UV excess fUV = LUV/L? equal to 0.001 (LUV is defined
as the luminosity between 91.2 and 250 nm) and F⌫ / ⌫ � with
� =-2.15.

3.2. Disk inclination and position angle

Several data sets give di↵erent inclinations for HD 135344B:
CO 4.7 µm emission suggests i =14� ± 4� (Pontoppidan et al.
2008, for M =1.65 M�); the CO J = 3 � 2 line at 870 µm indi-
cates i =11�±2� (Dent et al. 2005); sub-mm continuum imaging
points towards i =12� (Andrews et al. 2011) and 21� (Brown
et al. 2009); mm interferometry suggests i =11� (Lyo et al.
2011); near-IR imaging sets an upper limit of i =20� Grady et al.
(2009); mid-IR imaging suggests i =46�±5� (Doucet et al. 2006)
and 45� ± 5� (Mariñas et al. 2011). For our analysis of the SED
and line profiles we used i = 14�. We used this value because it
is derived from a simultaneous fit to the spectro-astrometry sig-
nature of the CO 4.7 µm line in 3 slit position angles and the
spectrally resolved CO 4.7 µm line profile.

Several estimations exist as well for the disk’s position angle
(PA). Pontoppidan et al. (2008) suggest a PA=56� ± 2� based
on spectroastrometry of the CO 4.7 µm emission; Grady et al.
(2009) suggest a PA=55� ± 5� based on near-IR scattered light
imaging; Andrews et al. (2011) and Brown et al. (2009), based
on the sub-mm interferometry continuum, suggest a PA=64� and
55� respectively; Lyo et al. (2011) suggest a PA of 64� based on
continuum mm-interferometry. As we aim to compare our model
with the CO 4.7 µm lines we employed a PA of 56�.

3.3. Description of the general modeling procedure

We aimed to

1. simultaneously fit the SED, the line profile of the CO ⌫ =
1 � 0 P(10) line at 4.7545 µm, and the near-IR PIONIER
visibilities and closure phases.

2. reproduce within a factor of a few the detected line fluxes of
CO P(10), [O i] at 63 µm, 12CO J = 3 � 2 at 870 µm, and
12CO J = 2 � 1 at 1.27 mm.

2 FUSE and HST-COS spectra were obtained from DIANA proto-
planetary disk observations and modeling database (http://www.diana-
project.com/). Details on the data reduction procedures will be given in
Dionatos et al. (in prep.).
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Fig. 1. Schematic view of the general modeling procedure.

3. obtain line fluxes below the upper limits for [O i] at 145 µm,
[C ii] at 157 µm, H2 1 � 0 S(1) at 2.12 µm, and H2 0 � 0 S(1)
at 17 µm.

4. obtain a 870 µm flux inside a beam of 400⇥0.500(33⇥70 AU)
centered on the star lower than 10.5 mJy.

To be consistent with the sub-mm continuum constraints, the in-
ner radius of the outer disk’s large and small grains was set to
45 AU. Later in the modeling process, to be consistent with the
near-IR scattered-light constraints, the inner radius of the outer
disk’s small grains was allowed to extend down to 30 AU.

In Fig. 1, we provide an schematic overview of the model-
ing procedure. The modeling starts by assuming a dust compo-
sition, dust size distribution, dust mass, gas-to-dust ratio, for the
inner and the outer disk using a parametric disk (see details in
next section). Then the Monte-Carlo dust radiative transfer code
MCFOST (Pinte et al. 2006, 2009) is used to calculate the dust
thermal and density structure, Tdust(r, z), ndust(r, z), and the mean
radiation field J⌫(r, z). MCFOST is employed to compute a syn-
thetic SED, and continuum images in the H band and at 870 µm
for comparison with VLTI/PIONIER and SMA continuum ob-
servations.

The MCFOST disk structure and radiation field is then em-
ployed as an input for the thermo-chemical radiative transfer
code ProDiMo (Woitke et al. 2009). ProDiMo calculates the
disk chemistry, the gas and dust heating and cooling, the en-
ergy level populations of molecules and atoms, and, using es-
cape probability, ProDiMo computes the synthetic line fluxes
and channel maps for gas emission lines from the optical to the
mm.

Details of the coupling between the codes MCFOST and
ProDiMo, and brief summaries of technical details of both codes
are provided in Woitke et al. (2010), Pinte et al. (2010), and
Kamp et al. (2011). Details of the implementation of CO ro-
vibrational emission within ProDiMo are given in Thi et al.
(2013).

We compared the gas line fluxes calculated with ProDiMo
with the observed line fluxes or upper limits. Then we changed
the inner/outer disk geometry or the inner/outer disk dust proper-
ties such as the SED was fit and calculated new gas line-fluxes.
By trying di↵erent dust compositions, dust grain size distribu-
tions, and disk structures and geometries, correlations and trends
within the disk parameters and the strength of gas lines were
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Fig. 6. Upper panels: CO P(10) profile (left) and expected spectroastrometry signature (right) for Model 5. Central Panels optical
depth of the 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. The
surface density distribution of the gas at R<30 AU increases with radius. Note the change on 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. A.4 in the Appendix.
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Fig. 6. Upper panels: CO P(10) profile (left) and expected spectroastrometry signature (right) for Model 5. Central Panels optical
depth of the 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. The
surface density distribution of the gas at R<30 AU increases with radius. Note the change on 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. A.4 in the Appendix.
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