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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
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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
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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

CO 4.7 micron  
spectro-astrometry

(Pontoppidan et al. 2008)

warm gas  “inside the gap”
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TABLE 2
Best fit model parameters

Star Rin [AU] Rout [AU] PA i M∗ [M"]
SR 21 v =1-0 7.6±0.4 > 10 16±3◦ 22±4◦a 0.9±0.1b

SR 21 v =2-1 7.0±0.4 > 10 15±4◦ 20±5◦a 1.0±0.1b

HD 135344B v = 1-0 0.3±0.3 > 15 56±2◦ 14±4◦c –
TW Hya v =1-0 0.11±0.07 > 1.5 332±10◦ 4.3±1.0◦d –
aAssuming M∗ = 0.7 − 1.5 M".
bAssuming i = 20◦ (Brown 2007).
cAssuming M∗ = 1.0 − 2.0 M".
dAssuming M∗ = 0.5 − 0.9 M".

0.1AU, which is well inside the 4 AU optically thin (at
λ ! 1 µm) region reported by Calvet et al. (2002).

The inclination determined from the recent Submil-
limeter Array (SMA) images (0.′′5 resolution) of the
SR 21 disk (Brown 2007) can be used to break the
inclination-mass degeneracy in the spectro-astrometry
and determine the stellar mass. Specifically, an incli-
nation of 20◦ gives a stellar mass of 1.1±0.1 M# for SR
21. While HD 135344B is viewed too face-on to get a
good estimate of the inclination from the SMA images, a
very broad assumption on the stellar mass of 1.0-2.0M#,
given the spectral type (F4), still gives a well-determined
inclination of 14 ± 3◦. Similarly, using a broad range of
stellar masses of 0.7±0.2 M# for TW Hya, the inclination
of the inner disk is constrained to 4.3 ± 1.0◦.

3.2. Azimuthal asymmetries

Because the models presented are azimuthally symmet-
ric and assume isotropic local line emission, they produce
symmetric (to inversion of the velocity axis) line profiles
and symmetric (to inversion of both the velocity and the
position axis) position-velocity diagrams. However, sig-
nificant departures from these symmetries are apparent
in the data, showing that the line emission from the in-
ner disks is not azimuthally symmetric about the contin-
uum centroid. This is especially apparent in SR 21 CO
(v=1-0) at PA=250 and 310◦, as well as in HD 135344
at PA=240◦. The spectro-astrometric technique is thus
well-suited for detecting disk asymmetries at a specific
azimuth angle ψ. The caveat is that it cannot directly
distinguish between an offset in radius in the line emis-
sion at ψ and an offset in the continuum emission in the
opposite direction, ψ + π. We define the asymmetry di-
rection as the azimuth angle at which the line emission
radial offset is positive, Xasym(v) = X(v) + ∆X(v). In
these disks, the rotation period of the molecular emis-
sion region is on the order of 1-10 years. A spectro-
astrometric monitoring program should therefore be able
to detect changes in the azimuth of the asymmetries.

The distribution of gas in the inner disks of SR 21
and HD 135344B can also be compared to the dust of
the disks outside of their inner gaps, as imaged by the
SMA (Brown 2007), clearly showing the presence of the
dust gaps inferred from SED analyses. Fig. 4 compares
the spectro-astrometric molecular line image information
with these SMA images, including the asymmetry direc-
tions. The best fit position angles as well as the asymme-
tries appear to match the appearance of the dust disks
very well, in particular for SR 21. The strongest submil-
limeter emission blobs for both SR 21 and HD 135344B
are aligned perpendicular to the major axis of the disk,
indicating that the blobs are not due to a geometric ef-
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Fig. 4.— Sketch of the CO rovibrational line emission relative to
the submillimeter continuum emission from Brown (2007) in SR 21
and HD 135344B. The emission in HD135344B extends from 10-
15AU to within 0.5AU from the central star, whereas the emission
from SR 21 is being constrained to a relatively narrow ring around
7AU. This is illustrated in the figure by a filled region for HD
135344B and a ring for SR 21. The solid line indicates the best fit
position angle and the “dumbbell” shows which side of disk is red-
shifted; note that the rotation is measured by gas on much smaller
size scales than the submillimeter continuum emission ring. The
arrows indicate the line asymmetry directions, as defined in the
text.

fect in an optically thin disk (which would place the blobs
parallel to the major axis), but likely indicate real tem-
perature and/or density differences.

4. DISCUSSION

We have shown that spectro-astrometry of the funda-
mental rovibrational band of CO can directly measure
many of the basic geometric parameters (position an-
gle, inclination, radial distribution and departures from
axisymmetry) of molecular gas in inner protoplanetary
disks with much fewer ambiguities than simple spec-
troscopy.

For the three disks studied in this paper, the high disk
masses (Brown 2007) as well as the presence of molecular
gas inside the dust gap argue against photo-evaporation
as a gap-forming mechanism. However, is it possible, us-
ing the spectro-astrometry, to distinguish between grain
growth and dynamical clearing? Further, is it possible
to rule out dynamical clearing by a massive, even stellar,
companion?

SR 21 — The presence of molecular gas in SR 21 at 7 AU
argues against a stellar companion as the cause of the
observed dust gap at 18AU. However, one possible in-
terpretation of the truncation of gas within 7AU, is the
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fect in an optically thin disk (which would place the blobs
parallel to the major axis), but likely indicate real tem-
perature and/or density differences.
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gas inside the dust gap argue against photo-evaporation
as a gap-forming mechanism. However, is it possible, us-
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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



Dust diagnostics

★ Dust scattering imaging [1,2]
★ Spitzer IRS spectrum [3]                    

No silicate feature,               
weak 11.2 micron PAH

★ mid-IR Q-band imaging [4]
★ sub-mm interferometry [5]
★ mm interferometry [6]
★ near-IR interferometry from 

PIONIER [7] 
★ Herschel-PACS continuum [8]  

Gas diagnostics

★ H2 near and mid-IR upper limits 
[9,10]

★ Spectroastrometry of CO 4.7 µm 
emission [11] 

★ Herschel [OI] 63 μm emission [8] 
★ CO 866 μm emission 

[12] 
★ High res. spectra of the [OI] 6300 Å 

line [13]
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  HD 135344B:
LARGE GAP?  SMALL GAP?  PLANETS?
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Several gas and dust diagnostics have been observed in        
HD 135344B:

Dust diagnostics
★ Dust scattering imaging [1,2]
★ Spitzer IRS spectrum [3] 
★ mid-IR Q-band imaging [4]
★ sub-mm interferometry [5]
★ mm interferometry [6]
★ near-IR interferometry from PIONIER [7] 
★ Herschel-PACS continuum [8]  

Gas diagnostics
★ H2 near and mid-IR upper limits [9,10]
★ Spectroastrometry of CO 4.7 µm emission [11] 
★ Herschel [OI] 63 μm emission [8] 
★ CO 866 μm emission [12] 
★ High res. spectra of the [OI] 6300 Å line [13]

Our task is to find a single coherent model able to 
reproduce most of the observations. The goal is to use 
multi-instrument observations to break model 
degeneracies and determine the gas and dust structure.

Principal constraints:
★ The SED should have a dip at 10 μm [3]
★ A lack of 800 μm emission at R<30 AU [5]
★ Disk should extend at least to 150 AU [6]
★ CO 4.7 µm emission extends at least until 15 AU [11]
★ Line fluxes should be reproduced [8,9,10,11,12]

Motivation: The goal : to find the gas 
and dust disk structure

Methodology

References

Results

★ Does HD 135344B have a gap or a hole?
★ What is its size? Is it large? Is it small? or there 

is no gap at all?
★ Is the gap in the dust only? 
★ How is the gas structure?
★ How these results affects the picture of 

planet(s) opening the gap? 

Simultaneous modeling of multi-instrument gas and dust diagnostics 
in the circumstellar disk of HD135344B

There is a large amount of observations of gas and dust 
diagnostics of the transitional disk around HD 135344B 
(see box in the right).  There are a series of interesting 
questions regarding this object:
 

HD 135344B

A lack of COLD dust 
emission in the inner 
disk is observed in the 
sub-mm [5], suggesting 
indeed a gap

Models of the SED [3],  the sub-mm [5] and mm emission 
[7] suggest the following configuration:

To explain this LARGE gap of ~40 AU with a planet(s) is 
challenging. 

But, we know that HD 135344B 
is an active accretor as it has 
strong Hα emission. 

In addition:

The spectral energy 
distribution suggests 
the presence of a gap 
[3].  See the dip of 
emission at 10 μm

HD 135344B is a bright Herbig F4Ve star

Introduction

It has [OI] 6300 A 
emission (tracer of hot 
gas at small radii) [13]
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Fig. 3. Same as Fig. 1 for HD 179218 , the telluric absorption lines of the
B1 data have been truncated for so they wont overlap with the B2 data.

Fig. 4. In the top window the velocity spectrum of HD 101412 centered
around the [OI] line, after correcting for barycentric and radial velocity
and normalization, for B1 (black) and B2 (grey). The location of the
clipped out telluric lines is shown by horizontal bars. The difference
between both observations is shown in the bottom window. The inter-
stellar absorption feature at 50 km s−1 discussed in Sect. 2 is clearly
visible and replaced with the blue shifted part of the same spectrum as
shown with the dotted line.

Fig. 5. Same as Fig. 4 for HD 135344 B.

Fig. 6. Same as Fig. 4 for HD 179218.

Fig. 7. The SED of HD 101412 compiled using literature photometry.
The solid line is a reddened Kurucz stellar atmosphere model fitted to
the photometry of the central star. Also shown are SPITZER-IRS data
from Bouwman et al. (2007, in prep.).

Fig. 8. Same as Fig. 7 for HD 179218 but the ISO-SWS spectrum is
shown here (Acke & van den Ancker 2004).

excess emission for HD 101412 shows a steady decline that
“flares up” at 100 µm. This behavior is also displayed by other
IRAS sources at long wavelengths, and is probably caused by the
inclusion of interstellar material heated by, but not directly asso-
ciated with, the central star in the rather large (1 arcmin) IRAS
beam. The remaining two SEDs show a re-brightening at mid-IR
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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

It has spatially resolved CO 
4.7 μm  emission (tracer of 
warm gas)    indicating the 
presence of gas at least 
until 15 AU [11]

And scattered light 
emission has been detected 
down to 28 AU [1]

There is evidence that the gap is not empty

What is the structure of this disk?

Message of this poster: To reproduce simultaneously dust and gas observations, the gap of the transition disk 
HD135344B must be small: few AU (not tens of AU as previously suggested). A discontinuity is necessary to account for 
the different properties of the inner (large grains) and outer disk (smaller grains). Carbon is needed in the inner-most 
disk to reproduce the SED. A small gap is favorable to the planet hypothesis. This may apply to other transition disks.

We use the dust montecarlo radiative transfer code 
MCFOST [14] coupled  with the thermo-chemical 
radiative transfer code Prodimo [15,16] to
derive the disk structue.  We compare model predictions 
with multi-instrument observables (SED, emission lines) 

A. Carmona et al.: Understanding the structure of HD135344B by gas and dust modeling

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed [W/m2] 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17

carbon72 2.7E-16 2.3E-19 3.8E-17 8.4E-19 2.8E-18
carbon73 2.7E-16 2.2E-19 3.9E-17 8.7E-19 2.9E-18
carbon74 2.7E-16 2.3E-19 4.0E-17 8.1E-19 2.7E-18
carbon75 2.9E-16 2.2E-19 4.0E-17 9.6E-19 3.2E-18
carbon76 1.4E-16 2.4E-19 4.5E-17 3.2E-19 1.5E-18
carbon77 2.0E-16 2.3E-19 4.1E-17 5.5E-19 2.3E-18
carbon78 3.3E-16 2.3E-19 3.7E-17 1.2E-18 3.4E-18
carbon79 3.5E-16 2.4E-19 3.6E-17 1.3E-18 3.3E-18
carbon81 2.6E-16 2.3E-19 2.8E-17 8.2E-19 2.7E-18
carbon82 2.7E-16 2.2E-19 3.3E-17 8.7E-19 2.9E-18
carbon83 2.7E-16 2.2E-19 3.9E-17 8.7E-19 2.9E-18
carbon84 2.7E-16 2.2E-19 4.7E-17 8.7E-19 2.8E-18
carbon85 2.8E-16 2.3E-19 5.5E-17 8.6E-19 2.9E-18
carbon86 2.7E-16 2.3E-19 6.5E-17 8.2E-19 2.9E-18
carbon87 2.7E-16 2.3E-19 3.6E-17 9.5E-19 2.9E-18
carbon88 2.7E-16 2.3E-19 3.8E-17 8.1E-19 2.6E-18
carbon91 2.6E-16 1.9E-19 4.3E-17 6.9E-19 2.4E-18
carbon90 2.8E-16 2.3E-19 4.1E-17 9.0E-19 2.8E-18
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[9,10] Carmona et al. 2008, 2011; 
[11] Pontoppidan et al. (2008); 
[12] Dent 2005; 
[13] van der Plas (2008); 
[14] Pinte et al. 2006; 
[15] Woitke et al. 2009; 
[16] Thi et al. (2012);
[17] Zhu et al. (2012);

★ Grid of models around good solutions are calculated 
to find the most likely values of a disk parameter.

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

.   

Dust properties

Disk geometry
Rin, Rout,

H/R, flaring, mass,
surface density

Star properties

MCFOST
Disk dust thermal structure

Observables:  SED, images

ProDiMo
Gas heating and cooling

Chemistry

Observables:
Line fluxes, 
Line profiles

SED OK?

Compare model line-strengths 
with measurements of the 
[OI] line at 63 μm, 
CO line at 866 μm, 
CO emission at 4.7 μm
(including the CRIRES 
CO line profile)
H2 upper limits

Iterate on the disk parameters, find 
trends, correlations

[1] Muto et al. (2012); 
[2] Grady et al. (2009) ;  
[3] Brown et al. 2007; 
[4] Pantin et al. (in prep);  
[5] Brown et al. 2009;  
[6] Lyo et al. 2011; 
[7] Benisty et al. (in prep); 
[8] Meeus et al. (2012), 

1. Assuming a 100% silicate dust composition a model 
with a large gap 

      
is able to reproduce the SED and the line fluxes
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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
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Table 3. Grid parameters.

inner disk outer disk

Model Flaring M

dust

R

in

R

out

edge ⌃ H/R Flaring M

dust

R

in

R

out

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

Model 46 1.05 8⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu

Model 46 1.05 8⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
Model 49 0.90 9⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
Model 50 1.10 10⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
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Table 3. CO line fluxes: observations and models with and without UV (all fluxes in W/m2)

Line �0 observed model 46 model 46 UV model 46 UV + pumping
CO P(1) 4.674150 5.20E-18 2.9196E-17 3.7705E-17 2.2460E-17
CO P(2) 4.682642 7.70E-18 2.9328E-17 3.9927E-17 2.4924E-17
CO P(4) 4.699949 1.13E-17 2.9322E-17 4.3598E-17 2.6839E-17
CO P(5) 4.708765 1.13E-17 2.9157E-17 4.4764E-17 2.7085E-17
CO P(7) 4.726726 1.41E-17 2.8812E-17 4.6354E-17 2.7091E-17
CO P(8) 4.735873 1.30E-17 2.8653E-17 4.6827E-17 2.6991E-17
CO P(10) 4.754501 1.45E-17 2.8357E-17 4.7353E-17 2.6746E-17
CO P(11) 4.763985 1.38E-17 2.8233E-17 4.7475E-17 2.6629E-17

Table 4. Line fluxes from the models the best SED fits of the grille: observations and models (all fluxes in W/m2)

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03 µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.4E-17 <1.6E-17 < 1.0E-17
Model 46 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19

Model 46 UV 20� 5.7E-17 1.7E-19 4.5E-17 9.0E-20 7.7E-19 fUV=0.02, slope fUV=0.0001
Model 46 UV 10� 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19
Model 46 UV 3Z 6.4E-17 1.6E-19 2.3E-17 5.5E-20 7.1E-19
Model 46 UV 3Z 2 6.3E-17 1.6E-19 2.0E-17 5.6E-20 6.8E-19

Results first grid with UV
model 047 4.9E-17 1.3E-19 2.6E-17 7.6E-20 1.7E-19
model 092 4.8E-17 1.3E-19 2.6E-17 6.8E-20 1.5E-19
model 138 3.4E-17 1.2E-19 2.6E-17 4.2E-20 1.4E-19
model 183 3.2E-17 1.2E-19 2.6E-17 4.0E-20 1.5E-19
model 273 3.3E-17 1.2E-19 2.3E-17 4.1E-20 1.4E-19
model 318 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 363 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 408 3.2E-17 1.2E-19 2.2E-17 4.0E-20 1.3E-19
model 453 3.0E-17 1.2E-19 2.3E-17 3.9E-20 1.4E-19
model 498 3.0E-17 1.2E-19 2.3E-17 3.8E-20 1.4E-19

Notes.

Table 5. Model parameters GRID, SED ranking

inner disk outer disk

Model Flaring M

dust

R

in

R

out

edge ⌃ H/R Flaring M

dust

R

in

R

out

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

model 047 1.05 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 092 1.10 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 138 0.90 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 183 1.05 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 273 0.90 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 318 1.05 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 363 1.10 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 408 0.90 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 453 1.05 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 498 1.10 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100

5

but it fails completely the CO 4.7 µm line profile, as the 
CO ro-vib. emission comes from the narrow inner region.
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Table 9. Model parameters and line fluxes for the 3-zones or Pu↵ed-up inner rim run

Model Zone Flaring M

dust

R

in

R

out

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

model PF1 1 1.05 8.0E-10 0.16 0.21 0.001 -1.0 0.0190/ 0.10 dust : 10.00 1000.00 3.50
2 1.00 1.0E-09 0.22 17.00 0.001 -1.0 0.0010/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-04 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF2 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 1.25 1.0E-09 0.27 17.00 0.001 -1.0 0.0100/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-16 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF3 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF4 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF5 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF7 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17
model PF1 2.1E-17 1.5E-19 1.7E-17 2.7E-20 1.3E-19
model PF2 7.6E-19 1.7E-24 5.7E-18 5.0E-23 1.7E-24
model PF3 1.5E-18 1.2E-22 4.9E-18 1.3E-20 1.8E-21 dust to gas = 0.01
model PF5 3.9E-19 2.6E-24 7.6E-19 1.5E-20 2.8E-22 dust to gas = 0.1
model PF4 5.3E-20 1.7E-25 1.9E-21 6.3E-21 8.1E-23 dust to gas = 1.
model PF7 2.8E-18 1.2E-22 4.9E-18 2.6E-20 4.6E-21 fPAH=0.2
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2. To put gas “inside” the gap does work,  the 
“wall” is optically thick thus dominates the CO emission

4. We have tried a large set of models (~200), and the most 
promising models look like this

3. The solution is to change the dust composition in 
the inner disk and make a larger inner disk (i.e. smaller gap)
An inner disk with 25% carbon and 75% small silicates (0.01-10 μm) can be large (~20 AU), it 
fits the SED, but the dust mass is so small (10-10 Msun) that the inner disk is “transparent” and 
the CO emission comes from the outer disk.  Additionally the CO emission is too weak.

If the carbon fraction is reduced to 5% and the silicates are larger (10 -1000 μm), the inner 
disk can have more mass (10-9 Msun). The CO line flux is ok. But, the line profile is not 
correct as the inner disk is still too small, and there is an important contribution from the 
outer disk to the line flux.

A. Carmona et al.: Understanding the circumstellar disk of HD135344B by multiwavelength observations and modeling
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Summary: To fit the CO 4.7 μm line profile, a low velocity component from a 
large (tens of AU) continuous inner disk is needed.  The mass of this inner disk 
should be enough to emit the right CO flux and to avoid emission from the 
outer disk. Some carbon and large silicate grains are needed to have an 
extended “massive” inner disk, and to provide a reasonable fit to the dip in the 
SED and to reproduce the lack of 10μm silicate feature.

Question:  How to organize the carbon and large silicate grains 
to fit the SED and the CO 4.7µm emission?

0.22 0.27 20 24 200 AU

0.22 - 0.27 AU
0.1-10 µm carbon

10-12 Msun

This small region is responsible 
for the IR-excess at <10 μm

0.22 - 20 AU
100 -1000 µm silicates

10-7 Msun

This region is responsible for the 
CO 4.7 μm emission

24-200 AU
0.05 -1000 µm silicates

10-4 Msun

This region is responsible for the [OI]   
63 μm and cold dust and gas emission
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We are working on the details of the outer disk, the [OI] line is a factor 5 brighter.  We are also 
checking the compatibility of the model with near-IR interferometry and sub-mm interferometry data.

Conclusion
To reproduce simultaneously dust and gas observations, the gap of the transition disk 
HD135344B must be small: few AU (not tens of AU as previously suggested). A discontinuity is 
necessary to account for the different properties of the inner (large grains) and outer disk 
(smaller grains). Carbon is needed in the inner-most disk to reproduce the SED. Models without 
gap can also account for the observations. A small gap and a different inner/outer disk dust 
properties favors the planet hypothesis (see model predictions by [17]).

What about using the available multi-instrument observations 
to derive the gas and dust disk structure using advanced 
radiative transfer models?

Hα 

Methodology



“free” parameters

Geometry 

Flaring exponent
Rin
Rout
edge
surface density exponent
H/R scale height

Dust Properties 

Silicates (+ Carbon?)
amin 
amax
exponent = -3.5 (?)
Heating: Rad. Eq. + LTE 
PAH = Non. Rad. E
T < 1500 K



  HD 135344B:
LARGE GAP?  SMALL GAP?  PLANETS?

A. Carmona (IPAG, Grenoble),  C. Pinte (IPAG),  W.-F.  Thi (IPAG), 
M. Benisty (IPAG),  F. Ménard (IPAG), J. Olofsson (MPIA, Heidelberg) + GASPS collaboration

Several gas and dust diagnostics have been observed in        
HD 135344B:

Dust diagnostics
★ Dust scattering imaging [1,2]
★ Spitzer IRS spectrum [3] 
★ mid-IR Q-band imaging [4]
★ sub-mm interferometry [5]
★ mm interferometry [6]
★ near-IR interferometry from PIONIER [7] 
★ Herschel-PACS continuum [8]  

Gas diagnostics
★ H2 near and mid-IR upper limits [9,10]
★ Spectroastrometry of CO 4.7 µm emission [11] 
★ Herschel [OI] 63 μm emission [8] 
★ CO 866 μm emission [12] 
★ High res. spectra of the [OI] 6300 Å line [13]

Our task is to find a single coherent model able to 
reproduce most of the observations. The goal is to use 
multi-instrument observations to break model 
degeneracies and determine the gas and dust structure.

Principal constraints:
★ The SED should have a dip at 10 μm [3]
★ A lack of 800 μm emission at R<30 AU [5]
★ Disk should extend at least to 150 AU [6]
★ CO 4.7 µm emission extends at least until 15 AU [11]
★ Line fluxes should be reproduced [8,9,10,11,12]

Motivation: The goal : to find the gas 
and dust disk structure

Methodology

References

Results

★ Does HD 135344B have a gap or a hole?
★ What is its size? Is it large? Is it small? or there 

is no gap at all?
★ Is the gap in the dust only? 
★ How is the gas structure?
★ How these results affects the picture of 

planet(s) opening the gap? 

Simultaneous modeling of multi-instrument gas and dust diagnostics 
in the circumstellar disk of HD135344B

There is a large amount of observations of gas and dust 
diagnostics of the transitional disk around HD 135344B 
(see box in the right).  There are a series of interesting 
questions regarding this object:
 

HD 135344B

A lack of COLD dust 
emission in the inner 
disk is observed in the 
sub-mm [5], suggesting 
indeed a gap

Models of the SED [3],  the sub-mm [5] and mm emission 
[7] suggest the following configuration:

To explain this LARGE gap of ~40 AU with a planet(s) is 
challenging. 

But, we know that HD 135344B 
is an active accretor as it has 
strong Hα emission. 

In addition:

The spectral energy 
distribution suggests 
the presence of a gap 
[3].  See the dip of 
emission at 10 μm

HD 135344B is a bright Herbig F4Ve star

Introduction

It has [OI] 6300 A 
emission (tracer of hot 
gas at small radii) [13]
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Fig. 3. Same as Fig. 1 for HD 179218 , the telluric absorption lines of the
B1 data have been truncated for so they wont overlap with the B2 data.

Fig. 4. In the top window the velocity spectrum of HD 101412 centered
around the [OI] line, after correcting for barycentric and radial velocity
and normalization, for B1 (black) and B2 (grey). The location of the
clipped out telluric lines is shown by horizontal bars. The difference
between both observations is shown in the bottom window. The inter-
stellar absorption feature at 50 km s−1 discussed in Sect. 2 is clearly
visible and replaced with the blue shifted part of the same spectrum as
shown with the dotted line.

Fig. 5. Same as Fig. 4 for HD 135344 B.

Fig. 6. Same as Fig. 4 for HD 179218.

Fig. 7. The SED of HD 101412 compiled using literature photometry.
The solid line is a reddened Kurucz stellar atmosphere model fitted to
the photometry of the central star. Also shown are SPITZER-IRS data
from Bouwman et al. (2007, in prep.).

Fig. 8. Same as Fig. 7 for HD 179218 but the ISO-SWS spectrum is
shown here (Acke & van den Ancker 2004).

excess emission for HD 101412 shows a steady decline that
“flares up” at 100 µm. This behavior is also displayed by other
IRAS sources at long wavelengths, and is probably caused by the
inclusion of interstellar material heated by, but not directly asso-
ciated with, the central star in the rather large (1 arcmin) IRAS
beam. The remaining two SEDs show a re-brightening at mid-IR
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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

It has spatially resolved CO 
4.7 μm  emission (tracer of 
warm gas)    indicating the 
presence of gas at least 
until 15 AU [11]

And scattered light 
emission has been detected 
down to 28 AU [1]

There is evidence that the gap is not empty

What is the structure of this disk?

Message of this poster: To reproduce simultaneously dust and gas observations, the gap of the transition disk 
HD135344B must be small: few AU (not tens of AU as previously suggested). A discontinuity is necessary to account for 
the different properties of the inner (large grains) and outer disk (smaller grains). Carbon is needed in the inner-most 
disk to reproduce the SED. A small gap is favorable to the planet hypothesis. This may apply to other transition disks.

We use the dust montecarlo radiative transfer code 
MCFOST [14] coupled  with the thermo-chemical 
radiative transfer code Prodimo [15,16] to
derive the disk structue.  We compare model predictions 
with multi-instrument observables (SED, emission lines) 
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[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed [W/m2] 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17

carbon72 2.7E-16 2.3E-19 3.8E-17 8.4E-19 2.8E-18
carbon73 2.7E-16 2.2E-19 3.9E-17 8.7E-19 2.9E-18
carbon74 2.7E-16 2.3E-19 4.0E-17 8.1E-19 2.7E-18
carbon75 2.9E-16 2.2E-19 4.0E-17 9.6E-19 3.2E-18
carbon76 1.4E-16 2.4E-19 4.5E-17 3.2E-19 1.5E-18
carbon77 2.0E-16 2.3E-19 4.1E-17 5.5E-19 2.3E-18
carbon78 3.3E-16 2.3E-19 3.7E-17 1.2E-18 3.4E-18
carbon79 3.5E-16 2.4E-19 3.6E-17 1.3E-18 3.3E-18
carbon81 2.6E-16 2.3E-19 2.8E-17 8.2E-19 2.7E-18
carbon82 2.7E-16 2.2E-19 3.3E-17 8.7E-19 2.9E-18
carbon83 2.7E-16 2.2E-19 3.9E-17 8.7E-19 2.9E-18
carbon84 2.7E-16 2.2E-19 4.7E-17 8.7E-19 2.8E-18
carbon85 2.8E-16 2.3E-19 5.5E-17 8.6E-19 2.9E-18
carbon86 2.7E-16 2.3E-19 6.5E-17 8.2E-19 2.9E-18
carbon87 2.7E-16 2.3E-19 3.6E-17 9.5E-19 2.9E-18
carbon88 2.7E-16 2.3E-19 3.8E-17 8.1E-19 2.6E-18
carbon91 2.6E-16 1.9E-19 4.3E-17 6.9E-19 2.4E-18
carbon90 2.8E-16 2.3E-19 4.1E-17 9.0E-19 2.8E-18
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★ Grid of models around good solutions are calculated 
to find the most likely values of a disk parameter.

★ Best models are tested for consistency with near-IR 
interferometry data.
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1. Assuming a 100% silicate dust composition a model 
with a large gap 

      
is able to reproduce the SED and the line fluxes
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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
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Table 3. Grid parameters.

inner disk outer disk

Model Flaring M

dust

R

in

R

out

edge ⌃ H/R Flaring M

dust

R

in

R

out

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

Model 46 1.05 8⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu

Model 46 1.05 8⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
Model 49 0.90 9⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
Model 50 1.10 10⇥10�10 0.16 0.21 0.001 -1.0 0.019/0.1 1.1 1.1⇥10�4 32 150 3.0 -0.7 10/100 0.0001 PAHneu
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Table 3. CO line fluxes: observations and models with and without UV (all fluxes in W/m2)

Line �0 observed model 46 model 46 UV model 46 UV + pumping
CO P(1) 4.674150 5.20E-18 2.9196E-17 3.7705E-17 2.2460E-17
CO P(2) 4.682642 7.70E-18 2.9328E-17 3.9927E-17 2.4924E-17
CO P(4) 4.699949 1.13E-17 2.9322E-17 4.3598E-17 2.6839E-17
CO P(5) 4.708765 1.13E-17 2.9157E-17 4.4764E-17 2.7085E-17
CO P(7) 4.726726 1.41E-17 2.8812E-17 4.6354E-17 2.7091E-17
CO P(8) 4.735873 1.30E-17 2.8653E-17 4.6827E-17 2.6991E-17
CO P(10) 4.754501 1.45E-17 2.8357E-17 4.7353E-17 2.6746E-17
CO P(11) 4.763985 1.38E-17 2.8233E-17 4.7475E-17 2.6629E-17

Table 4. Line fluxes from the models the best SED fits of the grille: observations and models (all fluxes in W/m2)

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03 µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.4E-17 <1.6E-17 < 1.0E-17
Model 46 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19

Model 46 UV 20� 5.7E-17 1.7E-19 4.5E-17 9.0E-20 7.7E-19 fUV=0.02, slope fUV=0.0001
Model 46 UV 10� 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19
Model 46 UV 3Z 6.4E-17 1.6E-19 2.3E-17 5.5E-20 7.1E-19
Model 46 UV 3Z 2 6.3E-17 1.6E-19 2.0E-17 5.6E-20 6.8E-19

Results first grid with UV
model 047 4.9E-17 1.3E-19 2.6E-17 7.6E-20 1.7E-19
model 092 4.8E-17 1.3E-19 2.6E-17 6.8E-20 1.5E-19
model 138 3.4E-17 1.2E-19 2.6E-17 4.2E-20 1.4E-19
model 183 3.2E-17 1.2E-19 2.6E-17 4.0E-20 1.5E-19
model 273 3.3E-17 1.2E-19 2.3E-17 4.1E-20 1.4E-19
model 318 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 363 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 408 3.2E-17 1.2E-19 2.2E-17 4.0E-20 1.3E-19
model 453 3.0E-17 1.2E-19 2.3E-17 3.9E-20 1.4E-19
model 498 3.0E-17 1.2E-19 2.3E-17 3.8E-20 1.4E-19

Notes.

Table 5. Model parameters GRID, SED ranking

inner disk outer disk

Model Flaring M

dust

R

in

R

out

edge ⌃ H/R Flaring M

dust

R

in

R

out

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

model 047 1.05 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 092 1.10 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 138 0.90 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 183 1.05 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 273 0.90 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 318 1.05 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 363 1.10 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 408 0.90 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 453 1.05 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 498 1.10 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100

5

but it fails completely the CO 4.7 µm line profile, as the 
CO ro-vib. emission comes from the narrow inner region.
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flat flared
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Table 9. Model parameters and line fluxes for the 3-zones or Pu↵ed-up inner rim run

Model Zone Flaring M

dust

R

in

R

out

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

model PF1 1 1.05 8.0E-10 0.16 0.21 0.001 -1.0 0.0190/ 0.10 dust : 10.00 1000.00 3.50
2 1.00 1.0E-09 0.22 17.00 0.001 -1.0 0.0010/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-04 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF2 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 1.25 1.0E-09 0.27 17.00 0.001 -1.0 0.0100/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-16 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF3 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF4 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF5 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF7 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17
model PF1 2.1E-17 1.5E-19 1.7E-17 2.7E-20 1.3E-19
model PF2 7.6E-19 1.7E-24 5.7E-18 5.0E-23 1.7E-24
model PF3 1.5E-18 1.2E-22 4.9E-18 1.3E-20 1.8E-21 dust to gas = 0.01
model PF5 3.9E-19 2.6E-24 7.6E-19 1.5E-20 2.8E-22 dust to gas = 0.1
model PF4 5.3E-20 1.7E-25 1.9E-21 6.3E-21 8.1E-23 dust to gas = 1.
model PF7 2.8E-18 1.2E-22 4.9E-18 2.6E-20 4.6E-21 fPAH=0.2

10

2. To put gas “inside” the gap does work,  the 
“wall” is optically thick thus dominates the CO emission

4. We have tried a large set of models (~200), and the most 
promising models look like this

3. The solution is to change the dust composition in 
the inner disk and make a larger inner disk (i.e. smaller gap)
An inner disk with 25% carbon and 75% small silicates (0.01-10 μm) can be large (~20 AU), it 
fits the SED, but the dust mass is so small (10-10 Msun) that the inner disk is “transparent” and 
the CO emission comes from the outer disk.  Additionally the CO emission is too weak.

If the carbon fraction is reduced to 5% and the silicates are larger (10 -1000 μm), the inner 
disk can have more mass (10-9 Msun). The CO line flux is ok. But, the line profile is not 
correct as the inner disk is still too small, and there is an important contribution from the 
outer disk to the line flux.
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Summary: To fit the CO 4.7 μm line profile, a low velocity component from a 
large (tens of AU) continuous inner disk is needed.  The mass of this inner disk 
should be enough to emit the right CO flux and to avoid emission from the 
outer disk. Some carbon and large silicate grains are needed to have an 
extended “massive” inner disk, and to provide a reasonable fit to the dip in the 
SED and to reproduce the lack of 10μm silicate feature.

Question:  How to organize the carbon and large silicate grains 
to fit the SED and the CO 4.7µm emission?

0.22 0.27 20 24 200 AU

0.22 - 0.27 AU
0.1-10 µm carbon

10-12 Msun

This small region is responsible 
for the IR-excess at <10 μm

0.22 - 20 AU
100 -1000 µm silicates

10-7 Msun

This region is responsible for the 
CO 4.7 μm emission

24-200 AU
0.05 -1000 µm silicates

10-4 Msun

This region is responsible for the [OI]   
63 μm and cold dust and gas emission
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We are working on the details of the outer disk, the [OI] line is a factor 5 brighter.  We are also 
checking the compatibility of the model with near-IR interferometry and sub-mm interferometry data.

Conclusion
To reproduce simultaneously dust and gas observations, the gap of the transition disk 
HD135344B must be small: few AU (not tens of AU as previously suggested). A discontinuity is 
necessary to account for the different properties of the inner (large grains) and outer disk 
(smaller grains). Carbon is needed in the inner-most disk to reproduce the SED. Models without 
gap can also account for the observations. A small gap and a different inner/outer disk dust 
properties favors the planet hypothesis (see model predictions by [17]).

What about using the available multi-instrument observations 
to derive the gas and dust disk structure using advanced 
radiative transfer models?

Hα 

Methodology



Step 1 
Assume only Silicates



outer disk 
0.16 0.21 150 AU17-32

Solution:  Narrow Ring
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Table 3. CO line fluxes: observations and models with and without UV (all fluxes in W/m2)

Line �0 observed model 46 model 46 UV model 46 UV + pumping
CO P(1) 4.674150 5.20E-18 2.9196E-17 3.7705E-17 2.2460E-17
CO P(2) 4.682642 7.70E-18 2.9328E-17 3.9927E-17 2.4924E-17
CO P(4) 4.699949 1.13E-17 2.9322E-17 4.3598E-17 2.6839E-17
CO P(5) 4.708765 1.13E-17 2.9157E-17 4.4764E-17 2.7085E-17
CO P(7) 4.726726 1.41E-17 2.8812E-17 4.6354E-17 2.7091E-17
CO P(8) 4.735873 1.30E-17 2.8653E-17 4.6827E-17 2.6991E-17
CO P(10) 4.754501 1.45E-17 2.8357E-17 4.7353E-17 2.6746E-17
CO P(11) 4.763985 1.38E-17 2.8233E-17 4.7475E-17 2.6629E-17

Table 4. Line fluxes from the models the best SED fits of the grille: observations and models (all fluxes in W/m2)

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03 µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.4E-17 <1.6E-17 < 1.0E-17
Model 46 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19

Model 46 UV 20� 5.7E-17 1.7E-19 4.5E-17 9.0E-20 7.7E-19 fUV=0.02, slope fUV=0.0001
Model 46 UV 10� 5.7E-17 1.7E-19 4.7E-17 9.0E-20 7.7E-19
Model 46 UV 3Z 6.4E-17 1.6E-19 2.3E-17 5.5E-20 7.1E-19
Model 46 UV 3Z 2 6.3E-17 1.6E-19 2.0E-17 5.6E-20 6.8E-19

Results first grid with UV
model 047 4.9E-17 1.3E-19 2.6E-17 7.6E-20 1.7E-19
model 092 4.8E-17 1.3E-19 2.6E-17 6.8E-20 1.5E-19
model 138 3.4E-17 1.2E-19 2.6E-17 4.2E-20 1.4E-19
model 183 3.2E-17 1.2E-19 2.6E-17 4.0E-20 1.5E-19
model 273 3.3E-17 1.2E-19 2.3E-17 4.1E-20 1.4E-19
model 318 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 363 3.1E-17 1.2E-19 2.5E-17 3.9E-20 1.4E-19
model 408 3.2E-17 1.2E-19 2.2E-17 4.0E-20 1.3E-19
model 453 3.0E-17 1.2E-19 2.3E-17 3.9E-20 1.4E-19
model 498 3.0E-17 1.2E-19 2.3E-17 3.8E-20 1.4E-19

Notes.

Table 5. Model parameters GRID, SED ranking

inner disk outer disk

Model Flaring M

dust

R

in

R

out

edge ⌃ H/R Flaring M

dust

R

in

R

out

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

model 047 1.05 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 092 1.10 6.0E-10 0.15 0.25 0.01 -0.5 0.0206/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 138 0.90 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 183 1.05 6.0E-10 0.15 0.25 0.01 -1.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 273 0.90 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 318 1.05 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 363 1.10 6.0E-10 0.15 0.25 0.01 -1.5 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 408 0.90 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 453 1.05 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100
model 498 1.10 6.0E-10 0.15 0.25 0.01 -2.0 0.0262/0.15 1.10 1.1E-04 35 150 3.0 -0.7 10/100

5

SED OK:

• Large silicates >10 μm
• Large PAH (NC > 100)

Line Fluxes OK



Cold gas

CO 866.96µm
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CO 866 μm

Fobserved = 1.2E-19 W/m2

Op.  thick emission: larger disk → higher CO 3-2 fluxes 
Surface Density → Rout constraint

Disk extend



[OI] 63.18µm
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higher inner disk scale height → lower [OI] fluxes
larger PAH size → lower [OI] fluxes

Inner part of 
the outer disk

[OI] 63.18 μm

Fobserved = 4.7E-17 W/m2



Crucial parameters
edge of the inner disk
extend of the inner disk

★ The CO 4.7 μm emission is produced in 
the inner disk at a fraction of AU. 

CO 4.726 µmCO 4.726 µm

CO 4.7 μm

Fobserved = 1.5E-17 W/m2
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Naturally the expected CO 4.7 micron 
line profile does not fit ! 



Does not work the inner ring gets most of  
the radiation and dominates the emission

outer disk 
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A flat disk 



Flaring Disk?

outer disk 

A. Carmona et al.: Understanding the circumstellar disk of HD135344B by multiwavelength observations and modeling

Table 9. Model parameters and line fluxes for the 3-zones or Pu↵ed-up inner rim run

Model Zone Flaring M

dust

R

in

R

out

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

model PF1 1 1.05 8.0E-10 0.16 0.21 0.001 -1.0 0.0190/ 0.10 dust : 10.00 1000.00 3.50
2 1.00 1.0E-09 0.22 17.00 0.001 -1.0 0.0010/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-04 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF2 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 1.25 1.0E-09 0.27 17.00 0.001 -1.0 0.0100/ 0.10 dust : 10.00 1000.00 3.50
3 1.10 1.1E-16 32.00 150.00 3.000 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF3 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF4 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF5 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

model PF7 1 1.25 1.6E-11 0.21 0.26 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
2 0.80 1.0E-09 0.27 30.00 0.001 -0.5 0.0100/ 0.10 dust : 0.01 10.00 3.50
3 1.10 1.1E-16 32.00 150.00 0.100 -0.7 10.0000/ 100.00 dust : 0.05 1000.00 3.50

[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17
model PF1 2.1E-17 1.5E-19 1.7E-17 2.7E-20 1.3E-19
model PF2 7.6E-19 1.7E-24 5.7E-18 5.0E-23 1.7E-24
model PF3 1.5E-18 1.2E-22 4.9E-18 1.3E-20 1.8E-21 dust to gas = 0.01
model PF5 3.9E-19 2.6E-24 7.6E-19 1.5E-20 2.8E-22 dust to gas = 0.1
model PF4 5.3E-20 1.7E-25 1.9E-21 6.3E-21 8.1E-23 dust to gas = 1.
model PF7 2.8E-18 1.2E-22 4.9E-18 2.6E-20 4.6E-21 fPAH=0.2

10

does not 
work neither



The Wall is the problem!

if we want to describe the CO 4.7 micron emission 
this model needs to be abandon

A B

gap
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Fig. 2. CO results

8

0.16 15 AU

a disk with dust 100% silicates does not make it 
(we tried settling does not help neither)



Step II 
Add Carbon to the Mix

Idea 1:  
Uniform Mixture Carbon + Silicates

A. Carmona et al.: Understanding the circumstellar disk of HD135344B by multiwavelength observations and modeling
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inner disk:
25% carbon
75% silicate

(dust: 2X10-10 Msun)

0.18 < R < 20 AU          
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[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17
carbon3 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 carbon 25%

model PK1 5.1E-18 1.1E-26 2.4E-21 7.6E-22 1.1E-23 settling=0.1
model CO 16 6.3E-18 6.2E-27 6.4E-22 3.0E-22 1.3E-24
carbon3 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25%
carbon4 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25% settling = 0.1
carbon5 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25% settling = 0.5
carbon7 8.3E-17 1.9E-19 4.9E-18 2.7E-19 4.7E-19
carbon8 5.2E-16 2.8E-19 1.1E-17 3.5E-18 2.6E-18
carbon9 3.1E-16 2.6E-19 6.8E-18 1.3E-18 6.7E-19

carbon10 4.4E-17 9.8E-20 6.5E-18 7.4E-20 3.6E-19
carbon11 4.6E-17 9.7E-20 6.4E-18 8.1E-20 3.5E-19
carbon12 2.2E-16 2.4E-19 5.4E-18 1.1E-18 1.1E-18

model PF1 2.1E-17 1.5E-19 1.7E-17 2.7E-20 1.3E-19 this one has no carbon
carbon13 9.2E-17 1.8E-19 1.0E-17 1.0E-19 1.3E-19
carbon14 1.1E-16 2.1E-19 1.0E-17 2.3E-19 9.8E-20
carbon15 1.2E-16 2.1E-19 7.3E-18 2.5E-19 1.2E-19
carbon16 3.7E-17 1.5E-19 5.7E-18 3.7E-20 1.2E-19
carbon17 1.4E-16 3.2E-19 3.8E-18 2.6E-19 1.9E-19
model 46CO 3.0E-16 2.5E-19 2.1E-17 1.5E-18 1.7E-18

12

Too faint ! 

CO 4.755µm
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25 % Carbon :  Emission from the outer disk

0.18 < R < 20 AU          
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outer disk 

0.18 3 17-32 200
5% carbon
8x10-10 Msun
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[OI] CO J3-2 CO ⌫ =1-0 P(10) H2 1-0S(1) H2 0-0S(1) comments
63 µm 866 µm 4.7545 µm 2.12 µm 17.03µm

(1) (2) (3) (4) (5)
Observed 4.6E-17 1.2E-19 1.5E-17 <1.6E-17 < 1.0E-17
model carbon 13 9.2E-17 1.8E-19 1.0E-17 1.0E-19 1.3E-19

model PK1 5.1E-18 1.1E-26 2.4E-21 7.6E-22 1.1E-23 settling=0.1
model CO 16 6.3E-18 6.2E-27 6.4E-22 3.0E-22 1.3E-24
carbon3 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25%
carbon4 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25% settling = 0.1
carbon5 7.0E-17 1.7E-19 5.1E-18 2.5E-19 4.3E-19 25% settling = 0.5
carbon7 8.3E-17 1.9E-19 4.9E-18 2.7E-19 4.7E-19
carbon8 5.2E-16 2.8E-19 1.1E-17 3.5E-18 2.6E-18
carbon9 3.1E-16 2.6E-19 6.8E-18 1.3E-18 6.7E-19

carbon10 4.4E-17 9.8E-20 6.5E-18 7.4E-20 3.6E-19
carbon11 4.6E-17 9.7E-20 6.4E-18 8.1E-20 3.5E-19
carbon12 2.2E-16 2.4E-19 5.4E-18 1.1E-18 1.1E-18

model PF1 2.1E-17 1.5E-19 1.7E-17 2.7E-20 1.3E-19 this one has no carbon
carbon13 9.2E-17 1.8E-19 1.0E-17 1.0E-19 1.3E-19
carbon14 1.1E-16 2.1E-19 1.0E-17 2.3E-19 9.8E-20
carbon15 1.2E-16 2.1E-19 7.3E-18 2.5E-19 1.2E-19
carbon16 3.7E-17 1.5E-19 5.7E-18 3.7E-20 1.2E-19
carbon17 1.4E-16 3.2E-19 3.8E-18 2.6E-19 1.9E-19
model 46CO 3.0E-16 2.5E-19 2.1E-17 1.5E-18 1.7E-18
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CO 4.755µm

   
10-8
10-6
10-4
10-2
100
102

o

o
line

o
cont

   
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 1.01E-17 W/m2

1 10 100
r [AU]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

z/
r

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

CO 
[cm-3]

  

Less extended carbon 
allows for larger 

masses



near-IR emission: 
dominated by the carbon dust emission in the inner disk
we have large freedom choosing the dust in the 
extended inner disk

6x10-12 Msun
0.2-0.25 AU



Carbon at R< 1 AU 
for the NIR excess

Large Silicates at R< 20-40 AU 

Small Silicates at R> 30 AU 
and gas (g/d =100)

Power Law surface density

Idea II 
Just put the Carbon in the inner-most disk
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it works !
I.  Gas surface density must be flat
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Do you fit the sub-mm images?

Not an issue, emission of the inner disk is below SMA sensitivity
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Dust 0.01 - 10 micron
g/d =10000 
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flux too low

Dust 10 - 1000 micron
g/d =1000  flux OK

A. Carmona et al.: HD 135344B: a large gap? a small gap? grain growth? planets?

5

Dust 100 - 1000 micron
g/d =100 flux OK

0.2 < R < 25 AU

degeneracy Dust Size, g/d, disk size



How we will know? Spatially resolved 
observations:  ALMA + EVLA
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A. Carmona et al.: HD 135344B: a large gap? a small gap? grain growth? planets?

5

1 - 1000

100 - 1000

10 - 1000

Different slopes!!!



The slit effect is important

NO slit 0.2” slit

4

SR21 v=1-0 SR21 v=2-1 HD 135344B v=1-0

190o

250o

310o

190o

310o

250o 240o

180o

300o

TW Hya v=1-0

333o

243o

P(4,5,7,8,10,11) P(1,2,4,5,7,8,10,11) P(1,2,4,5,7,8,10,11)R(8,7,6,5,4,2,0)+P(1,2,3,4,5,6)

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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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

need to fit the spectroastrometry signal
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0.22 0.27 25 40 200 AU

0.2 - 0.27 AU
0.1-10 µm carbon

10-12 Msun

This small region is responsible for 
the IR-excess at <10 μm

0.20 - 25 AU
100 - 2000 µm silicates

10-7 Msun

Flat surface density
This region is responsible for the CO 

4.7 μm emission

30 - 200 AU
0.05 -1000 µm silicates

10-4 Msun

This region is responsible for the [OI]   
63 μm and cold dust and gas emission
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