N

N

*QMbi® BMBM; i?2 bim+im 2 Q7 i?2 i MbBi

Rj8j99" Ua P kye9ekV #v bBKmMmHi M2Qmb KC

KmHiBr p2H2M;i? ; b M/ /mbi Q#b2 p iB:

X* "KQM - *X SBMi2- qX 6X h?B-JX "2MBbiv- 6X JOM °
SX qQOBiF2- CX PHQ7bbQM- X Q#2 :2- 2]

hQ +Bi2 i?Bb p2 ' bBQM,

X * "KQM - *X SBMi2- qX 6X h?B- JX "2MBbiv- 6X JOM /- 2i HXX *QMtE
i° MbBiBQM /BbF >. Rj8j99" Ua P kye9ekV #v bBKmHi M2Qmb KQ/2HBI
/mbi Q#b2 p iBQMbX bi'QMQKv M/ biQT?vbB+b @ - kyR9- 8ed- R
BMbm@yjeR388N

> G A/, BMbm@yjeR388N
?2iiTbh,ff? H@BMbmX "+?Bp2b@Qmp2 i2bX7 fBMbn
am#KBii2/ QM k9 J ~ kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M


https://hal-insu.archives-ouvertes.fr/insu-03618559
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

A&A 567, A51 (2014) Astronomy
DOI: 10.10510004-6361201322534

& .
¢ ESO 2014 Astrophysics

Constraining the structure of the transition disk HD 135344B
(SAO 206462) by simultaneous modeling of multiwavelength
gas and dust observations 77?7?77

A. Carmona, C. Pint&!, W. F. Thit, M. Benisty*, F. Ménard?, C. Grady*®, I. KampP, P. Woitke', J. Olofsso,
A. Robergé, S. Brittair?, G. Duchén&’!, G. Meeus!, C. Martin-Zaid}, B. Dent?,
J. B. Le Bouquif, and J. P. Bergé#!

1 UJF-Grenoble ICNRS-INSU, Institut de Planétologie et d'Astrophysique de Grenoble (IPAG) UMR 5274, 38041 Grenoble,
France
e-mail:andres.carmona@obs.ujf-grenoble.fr

2 UMI-FCA, CNRSINSU France (UMI 3386), and Departamento de Astronomia, Universidad de Chile, 36D Casila, Santiago,

Chile

Eureka Scienti ¢, 2452 Delmer, Suite 100, Oakland CA 96002, USA

ExoPlanets and Stellar Astrophysics Laboratory, Code 667, Goddard Space Flight Center, Greenbelt MD 20771, USA

Goddard Center for Astrobiology, Goddard Space Flight Center, Greenbelt MD 20771, USA

Kapteyn Astronomical Institute, PO Box 800, 9700 AV Groningen, The Netherlands

SUPA, School of Physics and Astronomy, University of St Andrews, St Andrews KY16 9SS, UK

Max Planck Institut fir Astronomie, Kénigstuhl 17, 69117 Heidelberg, Germany

Department of Physics & Astronomy, 118 Kinard Laboratory, Clemson University, Clemson SC 29634, USA

10 Astronomy Department, University of California, Berkeley CA 94720-3411, USA

11 Departamento de Fisica Tedrica, Universidad Autonoma de Madrid, Campus Cantoblanco, 28049 Madrid, Spain

12 Joint ALMA Observatory, Alonso de Cérdova 3107, 763-0355 Vitacura, Santiago, Chile

13 European Southern Observatory, Alonso de Cordova, 3107 Vitacura, Chile

Received 25 August 201/3Accepted 23 March 2014

© 0 N oo g b w

ABSTRACT

Context. Constraining the gas and dust disk structure of transition disks, particularly in the inner dust cavity, is a crucial step to-
ward understanding the link between them and planet formation. HD 135344B is an accreting (pre-)transition disk that displays the
CO 4.7 m emission extending tens of AU inside its 30 AU dust cavity.

Aims. We constrain HD 135344B's disk structure from multi-instrument gas and dust observations.

Methods. We used the dust radiative transfer code MCFOST and the thermochemical code ProDiMo to derive the disk structure from
the simultaneous modeling of the spectral energy distribution (SED)/GRIRES CO P(10) 4.75m, HerschelPACS [Oi] 63 m,
SpitzefiRS, and JCMT2CO J = 3 2 spectra, VLTIPIONIER H-band visibilities, and constraints from (sub-)mm continuum inter-
ferometry and near-IR imaging.

Results. We found a disk model able to describe the current gas and dust observations simultaneously. This disk has the following
structure. (1) To simultaneously reproduce the SED, the near-IR interferometry data, and the CO ro-vibrational emission, refractory
grains (we suggest carbon) are present inside the silicate sublimation raf@is (B < 0:2 AU). (2) The dust cavityR < 30 AU)

is lled with gas, the surface density of the gas inside the cavity must increase with radius to t the CO ro-vibrational line pro le, a
small gap of a few AU in the gas distribution is compatible with current data, and a large gap of tens of AU in the gas does not appear
likely. (4) The gas-to-dust ratio inside the cavity$00 to account for the 870m continuum upper limit and the CO P(10) line ux.

(5) The gas-to-dust ratio in the outer disk (80R < 200 AU) is<10 to simultaneously describe the 33 m line ux and the

CO P(10) line pro le. (6) In the outer disk, most of the gas and dust mass should be located in the midplane, and a signi cant fraction
of the dust should be in large grains.

Conclusions. Simultaneous modeling of the gas and dust is required to break the model degeneracies and constrain the disk structure.
An increasing gas surface density with radius in the inner cavity echoes &ut @ a migrating jovian planet in the disk structure.

The low gas mass (a few Jupiter masses) throughout the HD 135344B disk supports the idea that it is an evolved disk that has already
lost a large portion of its mass.

Key words. protoplanetary disks — stars: pre-main sequence — planets and satellites: formation — techniques: high angular resolution —
techniques: interferometric — stars: individual: HD 135344B (SAO 206462)

? Based on PIONIER, CRIRES, and UVES observations coIIected]a‘t Introduction

the VLTI and VLT (European Southern Observatory, Paranal, Chil®bservations of young stars of dirent ages reveal that pro-
with programs 087.C-0702(A,B,D), 087.C-0458(C), 087.C-0703(Bjpplanetary disks evolve from optically thick, gas-rich disks
179.C-0151(A), 077.C-0521(A). to optically thin, gas-poor debris disks (e.g., see review by
7?7 Herschelis an ESA space observatory with science instrumenigilliams & Cieza 2011). The transition between these two
provided by_E_uro_pean-Ied Principal Investigator consortia and with irgiasses of objects is believed to occur relatively fas? y&ars)
portant participation from NASA. compared to the disk's life time (5.0 Myr) (e.g., Cieza et al.

*”? Appendix A s available in electronic form at 2007; Damjanov et al. 2007; Currie & Sicilia-Aguilar 2011).
http://www.aanda.org
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Infrared space observatories have unveiled several young starsThe goal of this paper is to address the problem of the gas
with spectral energy distributions (SED) characterized by IRnd dust structures in transition disks by performing a detailed
excess at10 m and signi cantly reduced excesses at shortestudy of the transition disk HD 135344B (SAO 206462). Our
wavelengths (e.g., Strom et al. 1989; Calvet et al. 200&im is to constrain the disk structure by modeling simultaneously
Sicilia-Aguilar et al. 2006; Hernandez et al. 2006; Espaillat et and in a coherent way multiwavelength & multi-instrument gas
2007; Fang et al. 2009; Merin et al. 2010; Rebull et al. 2018nd dust observations of the inner and the outer disk. Most
Cieza et al. 2010). These sources are commonly named “trapeci cally, we investigate gas and dust disk content and struc-
sition disks”, because they are believed to be the objects in tiiee inside the cavity by simultaneously modeling the SED, new
transition phase between a young star with an optically this TI-PIONIER near-IR interferometry data, the CO 4.T
gas-rich disk and a star with an optically thin gas-poor debmsnission, and constraints from sub-mm continuum interferom-
disk. etry. Furthermore, we seek to constrain the gas mass and the
Generally, the lack of strong emission in the near or mid-IBas-to-dust ratio in the outer disk by employing the SED, the
SED isinterpreted as evidence of a gap or cavity from afew up[@ 1] 63 m and 145 m lines, and (sub-)mm observations.
tens of AU in the disk. Follow-up imaging of several transition HD 135344B is an accreting (210 8 M /yr, Sitko et al.
disks with sub-mm interferometers have con rmed that trans2012) F4V young star (§ Myr, van Boekel et al. 2005)
tion disks indeed have a de cit of sub-mm continuum emissiahat has a “pre-transition disk” (i.e., a transition disk with
at a few mJy levels inside tens of AU (e.g., Piétu et al. 200rear-IR excess). It has the remarkable characteristic of exhibit-
Brown et al. 2009; Hughes et al. 2009; Andrews et al. 201itig CO 4.7 m emission extending tens of AU inside the 45 AU
Isella et al. 2012), thus providing further evidence for such inneub-mm dust cavity (Pontoppidan et al. 2008) and scattered light
disk cavities, at least on the large dust grains. emission from small dust grains down to 28 AU (Muto et al.
Several scenarios have been discussed in the literature2@12; Garu et al. 2013). HD 135344B display spiral struc-
explain the presence of a cavity and the transitional disk SEOres (Muto et al. 2012; Garu et al. 2013) and asymmetries
shape: grain growth (e.g., Dullemond & Dominik 2005; Birnstieh its outer disk dust emission (Brown et al. 2009; Andrews
et al. 2012), migrating giant planets that opened a gap (eet,al. 2011; Pérez et al. 2014). It is a transition disk that ex-
Varniéere et al. 2006; Zhu et al. 2011; Dodson-Robinson & Salyibits variability in its near-IR SED and in optical and near-IR
2011), dust Itration by a giant planet (e.g., Rice et al. 2006; Zhline emission on time scales of months (Sitko et al. 2012). It is
et al. 2012; Pinilla et al. 2012), disk dissipation due to a phota-source on which [@ 63 m emission has been detected in
evaporative disk wind (e.g., Alexander & Armitage 2007; OweHerschelPACS observations (Meeus et al. 2012). Finally, it is
et al. 2012), and dust free inner holes due to radiation pressar&ransition disk without close-in low-mass stellar companions
(Chiang & Murray-Clay 2007). One important step toward ur(Vicente et al. 2011).
derstanding the transitional disk phenomenon is to understandWe start the paper by a brief summary of current observa-
how the gas and dust structures compare. Do they follow e&@inal constraints on the disk of HD 135344B in Sect. 2. Then,
other in density structure? Do they thermally de-couple? DogsSect. 3, we describe the modeling tools and the general mod-
the gas-to-dust ratio stay constant as a function of the radius‘&ling procedure. In Sect. 4, we present and discuss therelnt
Several young stars with transition disks are emission-limeodels that were tested. In Sect. 5, we examine the disk con-
stars that exhibit signs of accretion (e.g., Najita et al. 2007&traints derived from the nal disk model. In Sect. 6, we discuss
Muzerolle et al. 2010; Cieza et al. 2012). As a consequence, the results in the context of the study of transitional disks and
cavities imaged in the sub-mm should have gas as the matepianet formation. Finally a summary and conclusions are pre-
from the optically thick outer disk ows through the cavity to besented in Sect. 7.
accreted by the central object (e.g., Lubow & D'Angelo 2006).
In fact, several transition disks display emission of CQ at m7 2 Observational constraints
(e.g., Salyk et al. 2009) a common tracer of warm gas in the innér . ] ] )
disk (e.g., Najita et al. 2007a). Furthermore, in a few transitiddD 135344B has been observed with a diversity of instruments
disks, CO ro-vibrational emission has been spatially resolved @pd techniques from UV to mm wavelengths. In Table 1, we
to distances of tens of AU (Pontoppidan et al. 2008). Moreovéfesent a concise summary of relevan_t previous observajclonal
recent studies of dust-scattered light in the near-IR have detec@@straints on HD 135344B. The most important observational
emission from small dust grains inside the cavities that were pf&nstraints for this study are:
viously imaged with sub-mm interferometry, W.ith the additional the SED has a dip in the 160 m region (Brown et al.
and remarkable property that no sharp edge is seen at the Ioca-2007).
tion of the sub-mm cavity's inner radius (e.g. Muto et al. 2012; '
Garu et al. 2013). This suggests that what is observed is likely
o121 2012). NearIR intorferometry provides evidence of dust SL3: 2008 Andrews etal 2011);
emis.sion (aﬁd inhomogeneities) ing{idpe the dust cavity of transi- the 3 continuum ux upper limitat870 mis 10.5 mJy for
TeS 9 Y OLUransI= 5 92490 0:5%peam centered on the star (Andrews et al.
tion disks (e.g., Kraus et al. 2013). Furthermore, recent ALMA 2011);
observations have spatially resolved gas inside the cavity of ran- - ¢ \inrational emission extends at least to 15 AU inside
sition disks (Casassus et al. 2_013, Brgderer et aI_. 2913). the sub-mm dust cavity (25 AU fat= 140 pc) (Pontoppidan
In summary, the observational evidence indicating that the et al. 2008);
dust cavities of transitions disks are indesat emptyhas been '
S.teadlly growing during past years. This opens mtergstlng qu(i:'sl:’ontoppidan et al. (2008) suggests a minimum extension of 15 AU
tions such as how much gas and dust are present in the cavily§ ming a distance of 84 pc. The distance currently used to interpret
what is their distribution and chemical composition; if dust isip 135344B data (Brown et al. 2009; Andrews et al. 2011) is 140 pc
present, what is its size distribution; if there is a gap in the gagn Boekel et al. 2005). R, constraint is scaled to the 140 pc, that
or in the dust, how large is it? leads to a minimum outer radius of 25 AU.

the 10 m silicate feature is absent (Geers et al. 2006);
the inner radius of the sub-mm cavity is 46 AU (Brown
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Table 1. Summary of most relevant previous observations and disk constraints.

Technique Instrument Observation Interpretation or constraint Ref.
UV—mm photometry several SED: dip at 1B 40 AU gap 1,2
UV spectroscopy HST-COS shape of the continuum ux spectral type E4B; V) < 0:129 3,4,5
optical spectroscopy VLT-UVES photospheric absorption lines T = 6750 250K;logg > 4:0 this work
VLT-UVES broad [0i] 6300 A emission hot gas down to 0.1 AU 6,7
near-IR high-resolution VLT-CRIRES extended CO 4.7m emission; line gas in Keplerian rotation inside the cav8
spectroscopy pro le and spectro-astrometry sig-ity at least until 15 AU assumind = 84
nal pc (25 AU @ 140 pc)i = 14 for M =
1.65M ; PA 56
VLT-CRIRES non-detection of plines at 2 m uxes <10 YW m 2 9
near-IR imaging Subaru-HICIAO dust scattered light emission material down to 28 AU; no discontinuitpat
45 AU; spiral patterns; at outer disk
VLT-NACO polarized dust scattered light emisstrong drop of polarized dust emission atl
sion 28 AU
near-IR interferometry ~ VLTPIONIER visibilities, closure phases continuum emission inside the silicate sihis work
limation radius R < 0:2 AU)
mid-IR spectroscopy  SpitzefIRS no 10 m silicate feature limit to the mass of small silicate grains 12
weak 11.2 m PAH emission limit to the PAH abundance
non detection K pure-rotational uxes <10 "W m 2 13
lines, and the [N&] 12.8 m line
far-IR spectroscopy HerschelPACS  [Oi] 63 m detected, upper limits Fioije3 m =36 48 107 Wm 2 14, 20
to the
[0i]145 mand[Cii]157 mlines
sub-mm interferometry  SMA weak 870m continuum atR < cavityradius46 5AU;i 12;3 uxin 15,16
40 AU; a 024 0:5%(33 70 AU) beam centerred
on the star 10.5 mJy
ALMA resolved 450 m emission asymmetries in the outer disk observed 17
12C0O 6 5 detected aR < 40 AU gas inside the dust cavity.
sub-mm line single dish  JCMT 12C0O 3 2 detected double peakWHM = 2:2kms?t;i 11 18
mm continuum and SMA extended 1.3 mm emission Rout = 220 AU;i 11 19
line interferometry extendedCO 2 1 emission

References[1] see Table A.1, [2] Brown et al. (2007), [3] Grady et al. (2009), [4] France et al. (2012), [5] Schindhelm et al. (2012), [6] van der Plas
et al. (2008), [7] Fedele et al. (2008), [8] Pontoppidan et al. (2008), [9] Carmona et al. (2011), [10] Muto et al. (2012), [11] Garu et al. (2013),
[12] Geers et al. (2006), [13] Lahuis et al. (2007), [14] Meeus et al. (2012), [15] Brown et al. (2009), [16] Andrews et al. (2011), [17] Pérez et al
(2014), [18] Dent et al. (2005), [19] Lyo et al. (2011), [20] Fedele et al. (2013).

near-IR dust scattering images reveal small dust inside tisede ned as the luminosity between 91.2 and 250 nm) and
sub-mm cavity down to 28 AU with a smooth surface bright= / with = 2:15. This parametrized stellar UV spectrum
ness and no discontinuity at 45 AU (Muto et al. 2012; Garuis included in the FODIMO gas heating calculation in addition
et al. 2013). to the interstellar UV eld.

3. Modeling

3.1. Stellar parameters

We provide a detailed discussion of the derivation of the st _evirz;I data sets give da'rer:t inﬂnatignspfortHD_33534}[4B|:
lar parameters in the Appendix A.2. For our models we usef® ¢ rrh}leplls.gg)rlc/lsqg%escsc——)\] S35 I'( on %p%' an ed_a.
a star withTe = 6620 K (F4V), a stellar radius of 2.R , , forvi =L ); the N Ine at m Indi-

a mass of 1.68M , and A, = 0:4. Owing to uncertainties in cates = 11 2 (Dent et al. 2005); sub-mm continuum imag-

i ; ints toward = 12 (Andrews et al. 2011) and 21Brown
the photometry, the spectral type and, especially, the distar{¢d POIN'S o\ : i
( 20 pc) the stellar radius can varg).3R , and the stellar mass é%)fli _2009)'”;7“7‘ interferometry Sugges:;'ts. 1}2 (ZLgogt gl.
does so 0.1 M . The stellar UV spectrufwas parametrized ); near-IR imaging sets an upper limitio rady

; ; - et al. (2009); mid-IR imaging suggests= 46 5 (Doucet
with a fractional UV excessuy = Luv/L> equal to 0.001kuv 5 - 2006) and 45 5 (Marifias et al. 2011). For our analy-

2 FUSE and HST-COS spectra were obtained from DIANA pro3iS Of the SED and line pro les, we used= 14 . We used this
toplanetary disk observations and modeling databage:{\www. value because it is derived from a simultaneous t to the spectro-
diana-project.com/ ). Details on the data reduction procedures wilstrometry signature of the CO 4.7 line in three-slit position
be given in Dionatos et al. (in prep.). angles and the spectrally resolved CO 41 line pro le, and

3.2. Disk inclination and position angle
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because it is consistent with the inclination derived from the o Star properties \

servations of CO gas in the outer disk

Several estimations exist for the disk's position angle (PA |Dust properties S L
Pontoppidan et al. (2008) suggest a PAS6 2 based on sive drrbuton MCFOS-I
spectro-astrometry of the CO 4.7 emission; Grady et al. A Disk dust thermal structure
(2009) suggest a PA55 5 based on near-IR scattered ligh , / Observables : SED,images
imaging; Andrews et al. (2011), Brown et al. (2009), and Ly D|skR%iglmetry
et al. (2011) based on (sub-)mm interferometry.continuum o H;sﬁgggig%n'ggjsv no .
servations suggest a PA64 , 55, and 64 respectively. As we
aim to compare our model with the CO 4.7 lines we em- T yes
ployed a PA of 56.

Compare model line-strengths w
- . ith f th
3.3. Description of the general modeling procedure W”[o”.“ﬁ?nse“;irgg?;f’ e /
i CO line at 870! m, _
We aimed to CO emission at 4.7 m P ro DI M O
H2 upper limits

1. simultaneously tthe SED, the line prole of the CO = | sibiies and conti | Cehemgancoong

1 0P(10) line at 4.7545m, and the near-IR PIONIER vis- |0 VoPHes and coniniam

ibilities and closure phases; ' Obsenvables :
2. reproduce within a factor of a fethe detected line uxes of | terate on the disk parameters, Pnd e s,

. 12 trends, correlations P
CO P(10), [O] at 63 m, *“COJ = 3 2 at 870 m, and '

12c0J=2 1at1.27 mm; ]

3. obtain line uxes below the upper limitsr [O 1] at 145 m,
[Ch] at 157 m, H, 1 0S(1) at 2.12 m, H, 0 0S(1) at
17 m, and CO and kD infrared lines covered bilerschel

4 gsbigi;—gtg% Amzﬁ;ﬁ]gdsg;a beamof ® 0.533 70 AU) and Kamp et al. (2011). Details of the implementation of CO

centered on the star lower than 10.5 my. Egbvllggatlonal emission within D DIMO are given in Thi et al.

To be consistent with the sub-mm continuum constraints, the in- The modeling was performed without computing the hy-
ner radius of the outer disk's large and small grains was setdgestatic equilibrium. The disk gas and dust density distribu-
45 AU. Later in the modeling process, the inner radius of tHon (thus the gas-to-dust ratio) was set as input. We chose this
outer disk's small grains was allowed to extend down to 30 ABPProach to explore a large fraction of the parameter space.
to be consistent with the near-IR scattered-light constraints. Computing the hydrostatic equilibrium would have resulted in a
In Fig. 1, we provide an schematic overview of the modeling/nning time an order of magnitude longer and would have pre-
procedure. The modeling starts by assuming a dust compositi¥@nted us from performing a large exploration of the parameter
a dust size distribution, a dust mass, and a gas-to-dust ratio, J8fce. We have veri ed that our last model, Model 5, is consis-
the inner and the outer disk using a parametric disk (see det4®8t With hydrostatic equilibriumyi.e., the scale height we used
in next section). Then the Monte Carlo dust radiative transfgs input is consistent Withyaro=  KTgase=0)F3=GM .
code MCFOST (Pinte et al. 2006, 2009) is used to calculate the
dust's thermal and density structufigys(r; 2), Ngus(r; 2), and the
mean radiation eldJ (r; 2. MCFOST is employed to compute t
a synthetic SED, and continuum images in the H band andfaﬁ
870 m for comparison with VLTAPIONIER and SMA contin-
uum observations. 1. tthe SED,
The MCFOST disk structure and radiation eld is then2  tthe CO P(10) ro-vibrational line-pro le,
used as input for the thermochemical radiative transfer code check consistency with SMA 870m continuum upper lim-
ProDIMO (Woitke et al. 2009). FO DIMO calculates the disk its inside the cavity,
chemistry, the gas and dust heating and cooling, and the enelgydescribe near-IR visibilities,
level populations of molecules and atomsOBIMO computes 5 produce an [@] 63 m line ux consistent with théderschel
the synthetic line uxes and channel maps for gas emission lines gpservations,
from the optical to the mm using escape probability. 6. re ne the model to account for the latest near-IR polarization
Details of the coupling between the codes MCFOST and jmages (Garu et al. 2013).
ProDIMO and brief summaries of technical details of both
codes are provided in Woitke et al. (2010), Pinte et al. (201@or each family of models, a large portion of the parameter space
was explored by a combination of hand exploration, grid mod-
¥ Recent near-IR imaging (Muto et al. 2012; Garu et al. 2013) andling, and simplex optimization algorithms. In total we tested

sub-mm interferometry (Brown et al. 2009; Andrews et al. 2011; Pére0 000 MCFOST models and4000 O DIMO models.

et al. 2014) have revealed that the disk of HD 135344B has spiral arms

and asymmetries in the dust emission. One possible reason for the dis-

crepancy between the inclination derived from mid-IR imaging da®@4. Disk structure and MCFOST parameters

(i.e., dust emission) and the inclination derived from near-IR and sub- ] ) ]

mm CO gas observations is that disk asymmetries could be presen [ philosophy of MCFOST is to model the disk as composed
the mid-IR dust emission, hence a dient estimate of the inclination Of individual zones that may overlap. Each zone is a disk ex-
and PA. tending from an inner radiuR, to an outer radiug,,, with

Fig. 1. Schematic view of the general modeling procedure.

We started our exploration with simple models, and com-
plexity in the model was only added when we were not able to
ome of the observations. The model was re ned sequentially
owing this protocol:
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Table 2. HD 135344B stellar and geometrical parameters used for tfiable 3. Pro DiMO general parameters.
modeling.

ISMUV eld( ,Draine) = 1.0
Te = 6620K Non-thermal broadening =  0.15 km s?
logg = 45 fractional UV excess = 0.001
R = 21R UV power-law index = -2.15
M = 165M Cosmic ray ionizationrate of H = 5 10%s?
Ay, = 04
d = 140pc
b= 14 3.6. CO 4.7 m data and slit effects
PA = 56
Ray = 30 45AU For our analysis, we downloaded the 1D CO 4 reduced
Ryt = 200AU spectrum used in Pontoppidan et al. (2008Ye ux-calibrated

the spectrum using th8pitzer ux at 4.7 m (see Appendix A
for the photometry) and measured the CO line uxes by tting a
Gaussian to their line pro le. The CO P(1) to P(11) line pro les

. ] ) are available within the CRIRES spectrum. After subtracting the
a scale heighho at a reference radius, aring exponent (), continuum and normalization by the peak ux, the lines have the
and surface density exponert)( Each zone has a Gaussiaame line pro le within the errors (see Fig. A.3). We selected the
vertical density prole (;2) = o(r) exp( Z%=2h(r)?), a power- cO P(10) line for detailed modeling because the line pro le is
law surface density (r) = o(r=ro)?, and a scale height(r) = complete, is weakly aected by nearby strong telluric absorp-
ho(r=ro) , where s the aring exponentr the radial coordinate tjon fines, and has good signal-to-noise ratitN)s The line CO

in the equatorial plane, artw the scale height at the referencep(10) line uxis 15 10 7 W m 2 with an error on the order
radiusro. of 20% owing to slit losses and systematics.

For each zone, the dust composition, the dust size distribu- To compare the F DIMO predictions with the observed
tion, the dust mass, and the gas-to-dust ratio are de ned indeRIRES CO 4.7 m spectra, the ects of the slit width and
pendently. One zone can include several dust components, sogantation, the observing conditions, and spectral resolution
as silicate grains, carbonaceous grains, or PAHs. Zones can haseded to be taken into account.

Gaussian inner edges of size ve times the parameddge’. In Pro DIMO generates channel maps data cubes; i.e., for each
our models, for each zone, the gas-to-dust ratio is constant in tkedocity bin, a 2D image of CO emission is generated (see details
vertical direction. in Hein Bertelsen et al. 2014). The pixel size of the CRIRES

Dust grains are de ned as homogeneous and spherical pifiector in the spatial direction isIB6" at a distance of 140 pc
ticles with sizes distributed according to the power laa)i/  that corresponds to a pixel size o2 AU. We generated the
aP da, with ami, andamax the minimum and maximum sizes ofPfODIMO data cubes with a pixel size of 2 AU. _
the grains. We used the standard vafre  3:5. Extinctionand _ The RODIMO data cubes were rst convolved in the spatial
scattering opacities, scattering phase functions, and Mueller r#§€ction with a Gaussian PSF BWHM = 180 mas. T?en they
trices are calculated using the Mie theory. We employed the #4re convolved with a Gaussian B¥VHM = 3:3 kms ~ in the
tronomical silicates opacities of Draine & Lee (1984), the neutrfavelength direction to simulai= 90 000 of the observations.
PAH opacities computed by B. T. Draine (compiled from Laoft mask of 027(28 AU) with the correct PA was applied in each
& Draine 1993; Draine & Lee 1984; Li & Draine 2001), and th&hannel to mimic the slit. The uxes were added in the direction

amorphous carbonaceous dust optical constants derived by LPgPendicular to the slit to generate a 2D spectrum. _
Greenberg (1997). In the 2D spectrum the centroid of the photocenter at line

In summary, the free parameters of a model are the numggllocity( ) was calculated using (Pontoppidan et al. 2008)

of zones used to describe a disk, and for each Ban®ou, p, i()(i(j) x)Fi() .
g, h=r, edge, Maus; gas-to-dust ratio, and dust composition, an¥( ) = K "E0 (pixels) (1)
for each dust speciegin, andamay. e

Sub-mm continuum images were convolved with: 246 wherex,  Xg is the center of pixel relative the continuum cen-
0:5°beam for comparison with SMA observations. troid position,F;i( ) is the ux on the pixeli, andK is a correc-

tion factor to take into account that not all of the source ux is
enclosed in the aperture (Pontoppidan et al. 2008). We employed
K = 1:3 used by Pontoppidan et al. (2008) in their analysis of
the spectro-astrometry signal of HD 135344B to be able to com-
The Pareour models to their measurements. A 1D spectrum is further
: é)btained by summing the pixels in the spatial direction. To com-
pare the observed and synthetic line pro les, the spectra were
8rmalized by dividing them by the median of the continuum,
en after continuum subtraction, the pro le was renormalized

3.5. ProDiMo parameters

We used the cosmic ray ionization rate of¢f5 10 /s !
incident vertical UV was set to the interstellar medium valu
Non-thermal broadening was set to 0.15 krh 3Ve used the
UMIST chemical network (9 elements, 71 species connect
through 950 reactions neutral-neutral, ion-molecule, photore
tions, cosmic ray reactions, and absorption & desorption of CE, o 4iiable on the webpage of the CRIRES large brografine"
CO;, H20, NHz, CH;, see Woitke et al. 2009). UV uorescencepanet-forming zones ofpdigks around solar-massgste?rs:ga CRIRES
is included for [O] and [CII] but not for CO. UV CO uores-  eyolutionary survey(ESO-program 179.C-0151, PI: van Dishoeck &
cence has been included as a test later in the paper. A list of Higtoppidan)http://www.stsci.edu/~pontoppi/Pontoppidan_

species we used is provided in Woitke et al. (2009). web_home/CRIRES_Disks.html|
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Table 4. Summary of model parameters.

Zone ® Maust Rn Rou edge o H=R Dusttype  amin @max fpaw G=D
M] [AU] [AU] [AU] [AU] [ m] [m]
Model 1a Only astronomical silicates. No gas in the gap
1 1.10 7.0E-10 0.16 0.21 0.002 -1.5 0.00L60 Astro-Silicates 10.00 1000.00 100
2 100 1.1E-04 45 200 1.0 -2.5 M5 Astro-Silicates 0.05 1000.00 6.5E-3 100
Model 1b Only astro. silicates. Gas in the gap
1 1.10 7.0E-10 0.16 0.21 0.002 -15 0.0L&0 Astro-Silicates 10.00 2000.00 100
2 110 1.0E-08 0.21 40 0.0 -1.0 0.023.0 Astro-Silicates 10.00 2000.00 100
3 1.00 1.1E-04 45 200 1.0 -2.5 %55 Astro-Silicates 0.05 1000.00 6.5E-3 100
Model 2a 25% carbon grains inner disk
1 125 1.8E-10 0.18 20 0.001 -1.5 0.0020 Amor. Carbon 0.01 10 100
Astro-Silicates 0.01 1000
2 1.00 1.0E-04 45 200 1.0 -2.5 b4 Astro-Silicates 0.05 1000 6.5E-3 100
Model 2b 5% carbon grains inner disk
1 1.00 3.0E-10 0.18 3 0.001 -2.0 0.00a0 Am. Carbon 0.01 10 100
Astro-Silicates 10 1000 100
2 1.00 1.1E-04 45 200 1.0 —-2.5 (7153 Astro-Silicates 0.05 1000 6.5E-3 100
Model 3 carbon-enriched innermost diskd& R < 0:25 AU); G=D = 100 in the whole disk
1 1.00 6.0E-12 0.21 30 0.002 -5.0 0.00a0 Am. Carbon 0.01 10 100
2 1.00 1.0E-06 0.21 30 0.002 0.25 0.00.30 Astro-Silicates 100 2000 100
3 0.60 1.0E-04 45 200 1.0 —2.0 645 Astro-Silicates 0.05 1000 6.5E-3 100
Model 4 inner disk: carbon grainsiB < R < 0:2 AU; silicates @ < R < 45 AU; (G=D)inner = 150; outer disk: dust settingGED)outer = 2; continuous gas surface density at 45 AU
1 1.10 2.5E-12 0.085 0.20 0.002 0.0 0.0120 Am. Carbon 0.01 10 150
2 112 35E-07 020 44 0.0 0.30 1ne Astro-Silicates 0.10 1000 150
3 1.0 0.4E-04 45 200 0.0 -1.0 1» Astro-Silicates 0.01 10 0.18 2
4 10 16E-04 45 200 0.0 -1.0 019 Astro-Silicates 0.01 1000 0.18 2
Model 5 inner disk: carbon grains@B < R < 0:2 AU; silicates 02 < R < 30 AU; outer disk: small dust dust down to 30 AU, large dust down to 45 AU
1 1.10 2.5E-12 0.085 0.20 0.002 0.00 0.@M20 Am. Carbon 0.01 10 100
1.12 1.0E-07 0.20 30.00 0.0 0.20 ma Astro-Silicates 0.10 1000 150
3 1.00 0.5E-04 30.00 200.00 0.0 —-1.00 1a Astro-Silicates 0.01 10 0.09 4
4 1.00 1.5E-04 45.00 200.00 1.0 -1.00 o Astro-Silicates 0.01 1000 0.09 4

Notes.® s the aring exponent® qis the surface density exponent.

by dividing it by its maximum ux. In this way the continuum is and a gas-to-dust ratio of 100 in the whole disk. The solutions
always at 0 and the line peak is always at 1. The integrated liakk converged to the same disk structure, namely a narrow ring
uxes of the model (taking the slit eects into account) and theof dust at 0.16 to 0.21 AU with a dust mass of a few*fav

line pro les were compared to the observations separately.  with grains larger than 10m (to reproduce the lack of 10m
silicate feature), followed by a large gap of 45 AU and an
outer disk from 45 to 200 AU with dust mass of 0M . By
changing the disk's geometrical parameters, we found a disk
able to reproduce most of the observed gas line uxes (see
Before presenting the family of models 5, the model that bedodel 1a in Tables 4 and 5). However, because in this model the
describes the observations, we brie y describe the sequenceérgm gas is located in the narrow innermost region, the CO ro-
families of models we tested to illustrate the reasoning that le¥i#rational emission produced has a broad double-peaked pro le
us to the nal model. A family of models is de ned primarily with FWHM 50 kms ! that is inconsistent with the observed
by its dust properties (i.e., composition and location). We haf®VHM 15 kms* (see Model 1a in Fig. 3).

extensively explored the parameter space in each family of mod- wjth the aim of producing CO ro-vibrational emission ex-
els. Hovyever, we limit the discussion to the parameter space@fding tens of AU and a narrower line pro le, in Model 1b, we
the family of models 5. In Table 4 we present the details ofgtroduced gas (and dust) between 0.21 and 45 AU. We found
representative example of each family of models. Theedint that although up to 1 M of dust and 10F M of gas can
families of models show us the close re!ation_ thgt exists betwegél introduced inside the cavity and still t the SED, the CO ro-
the properties assumed for the dust (size distribution, compaghyrational line always displayed a broad double peaked pro le
tion, and mass) at the beginning of the modeling procedure aggh a FHWM of 50 kms?!. We tested many at and ared
the gas lines obtained. disks lling the cavity (see Model 1b in Fig. 3), but the same
result was found in all cases. The optically thick innermost disk
of silicates required to t the near-IR SED shields the material
inside the cavity and does not permit the gas at several AU to be
warm enough to contribute signi cantly to the CO ro-vibrational
As starting point we assumed the simplest model, which haslares. A change in the dust's optical properties of the inner disk
inner and outer disk composed of 100% astronomical silicatssequired to enable ro-vibrational CO emission at tens of AU.

4. Modeling results

4.1. Family of models 1: a disk only composed
of astronomical silicate grains
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Table 5.0bserved and modeled line uxes.

[Oi] [O1] [Cii] 2c0J3 2 'C0J21 =10PA0} H,1 0S(1) HO 0S(1)
63 m 145 m 157 m 866 m 1.3mm 4.7545m 212 m 17.03 m

Observed 3.64.8E-17 <4.6E-18 <6.4E-18  1.2E-19 8.0E-20 15E-17 <1.6E-17 <1.0E-17
Model 1a 5.4E-17 44E-18  3.7E-18 2.3E-19 7.4E-20 1.6E-17 74% 8.2E-20 1.9E-19
Model 1b 7.2E-17 55E-18  4.7E-18 2.5E-19 7.8E-20 1.7E-17 74% 1.8E-19 4.4E-19
Model 2a 2.7E-16 1.8E-17  8.7E-18 2.6E-19 8.0E-20 1.5E-17 21% 5.4E-18 9.4E-18
Model 2b 3.4E-16 2.8E-17  1.2E-17 3.3E-19 1.0E-19 7.4E-17 26% 8.7E-18 1.2E-17
Model 3 2.6E-16 2.0E-17  1.2E-17 2.8E-19 8.5E-20 1.2E-17 66% 1.5E-18 4.6E-18
Model 4 4.0E-17 2.4E-18  2.2E-18 1.6E-19 5.0E-20 3.7E-18 72% 5.4E-19 2.6E-19
Model 5 3.2E-17 1.5E-18  1.7E-18 1.5E-19 4.7E-20 2.5E-18 72% 6.0E-19 1.8E-19

Notes.® The percentage after the CO P(10) line- ux corresponds to the fraction of line ux retrieved inside the slit.

NC=100 PAH=0.1% of PAHs. However, such PAHs generated too much gas heating
' ' ' ' that translated into [@] 63 m line uxes that are three to ten
times stronger than the observations for almost all the models
10712} reproducing the SED. To have an {[333 m emission compat-

3 ible within a factor 3 of the observations, we increased the PAH
size to NC= 100 and used a 0.01% fraction in mass of the dust
in the form of PAHS fpan = 6:0 10 2 for a gas-to-dust ratio of
100, see Fig. 2).

A

AF. (W m™®)

10—[3

1015 =20 =25 30 4.2. Family of models 2: an inner disk composed of a uniform
A (um) mixture of amorphous carbon and astronomical silicates

NC=100 PAH=0.01%

To modify the continuum optical depth of the inner disk and to
make it possible for the gas at larger radii ( 1 AU) to con-
tribute to the CO 4.7 m emission, we introduced amorphous
carbonaceous grains in the dust mixture in the family of mod-
els 2. Amorphous carbonaceous grains are commonly employed
to t SEDs of T Tauri and Herbig ABBe stars. We assumed rsta
carbonaceousilicate grains ratio constant with radius. The frac-
tion of carbon grains in the dust mixture sets the extension of the
1078, . . . inner disk that ts the near-IR SED. The greater the fraction of
10 15 20 25 30 carbon grains, the larger the inner disk that reproduces the near-
A (um) IR continuum. With a 25% fraction of carbonaceous grains, an
Fig. 2. Ex_pected PAH spectrum_(black) aigpitzerIRS spectrum (in_ :‘ﬁggirhﬂ:)sge?;f?r?qjgbloz;.%tshtg g&égrgsgﬁfagggg,lgnsifr?er
red) for di erent dust mass fractions of neutral PAHs in the outer disk; . . .
In the rest of the paper, we used a 0.01% PAH fraction-N@mber of isk extending from 0.18 to 3 AU is required (Model 2b).

carbon atoms. Magenta points are photometry points (see Appendix A). The introduction of amorphous carbon grains reduced the to-
tal dust mass required to tthe near-IR SED by a factor of a few,

allowed for a dust size distribution with smaller grains in the

4.1.1. PAH content inner disk (and t the lack of 10 m silicate feature), and dras-

. . . . . tically changed the inner disk's optical continuum depth. These
PAHSs are an important ingredient for calculating the gas heat"l%anges resulted in an optically thin inner disk at 427, thus a
To constrain the PAHs, we employed @pitzefiRS spectrurh %E ro-vibrational emission entirely dominated by emission from
PAHSs are implemented as a second dust componentin MCFORE jnner rim of the outer disk, and a very narrow single peaked
Thdelr ;t)ropertles{ (a:Eundanrc]:e atnd sc|ize) tar$hpa3ﬁe|§!)tm/lt(?|? CO ro-vibrational line pro le with a width of a few km $, in-
order to compute the gas heating due to the photoelectecte ; ; ; ;

Initially, we found that the observed 11.2n PAH feature consistent with the observations (see Fig. 3).

could be reproduced with neutral PAHs with 21 carbon atoms
(NC = 21) and 0.01% of the dust in the outer disk in the form.3. Family of models 3: an inner disk with a
radial-dependent mixture of carbon and silicates

10721

A

AF. (W m™®)

5 For our analysis, we downloaded tBpitzefiIRS observations (AOR

3580672, PI: Houck) from th&pitzerarchive and reduced the dataThe results of the families of models 1 and 2 suggested that the
again. The short-low data were reduced using the FEPS pipelggiution was an intermediate inner disk structure between a nar-
(S18.18.0, see Bouwman et al. 2008). The short-high and the long-h disk of 100% silicates and an extended inner disk with a

data were reduced with the c2d pipeline (S18.18.0, Lahuis et al. 200 ge amount of carbonaceous grains. In the family of models 3,

For the high-resolution modules, we used the PSF extraction meth, . . .
which includes correction for pointing uncertainties. The mid-IR spec- allowed for a radial-dependent carbonacéslisate grains

trum of HD 135334B is characterized by the absence of the siIicJ@tio' ) ]
feature at 10 m, weak PAH emission at 11.2m, and a lack of other We found that an inner disk of tens of AU composed of

PAH emission features (Geers et al. 2006; Maaskant et al. 2013).  silicates, but enriched with a small amount (0M ) of
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Fig. 3. Cartoon displaying the disk structure of the family of models tested, together with the CO P(10) line pro le and SED predicted. The
CO P(10) line pro le includes the ects of the slit, and it is displayed for PA of the slit of 18@ 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
dust's scattered light emission. Details of the models are presented in Table 4, and the predicted lines uxes are given in Table 5.
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Fig.4. E ect of changing dierent FODIMO assumptions in the [ ‘L L ]
[O1] 63 m and CO P(10) line uxes in one representative example r JFT*%,M,& ]
of the family of models 3. The star indicates the observed line uxes. r *W'” | 1
The cyan intervals represent the 20% error on the CO P(10) line ux [ X @‘THMMH ]
and 40% error in the [@ 63 m line ux. In the legend the symbols i Wk K g 1
mean: GD: gas-to-dust ratio; CRnpy CO ro-vibrational emission cal- ] Jf ., ]
culated including UV uorescent excitation;coiing: gas temperature 051 ¥ oy ]
calculated including ro-vibrational water cooling (pure rotationaDH r . ]
cooling is always taken into account); low Z: low disk metallicity G - 1
oxygen over carbon abundance rafl@zs = Tquse maximum possible [ ]
cooling; no PAH: gas heating calculated without theet of PAHs.

V2

amorphous carbon grains at small radii2(&c R < 0:26 AU)
is able to reproduce the near-IR SED, while at the same time it
makes it possible for the CO located at several AU to contribute
signi cantly to the CO ro-vibrational line ux, thus reproducing
the observed CO P(10) line pro le (see Fig. 3). 5
Assuming a gas-to-dust ratio of 100 for the whole disk and a
carbon-enriched inner disk, we tested a large number of models
( 50000 MCFOST, 1000 RO DiMO) by varying the geometry & ©
(i.e., HR, aring, surface density exponent) and dust mass for
the inner and outer disk. We found that the CO ro-vibrational
line pro le is reproduced by an inner disk extending tens of AU
in which the surface density is at or increases as a function
of the radius (i.e., a power-law surface density with a positive ‘ ‘
exponent). Solutions with ared and anti- ared outer disks were 40 60 80
found.

Several Models 3 reproduced the CO P(10) ux and line pro-
le, the H; infrared lines upper-limits, and the CO sub-mm an8lig. 5. Upper panel squared visibilitiegin red) of Model 3 overplot-
mm line uxes (see one example in Tables 4 and 5). However, igd onto the observed 1.6m VLTI/PIONIER visibilities (in black).
all Models 3 calculated (covering a wide range of geometrie@f‘ inner disk starting at 0.2 AU is not consistent with pbservatlons.
the emission of [Ol] 63 and 145m, and the [Gi] line at 157 m 'aT..' /.P'ON'E.E ?ﬁta .Fleetlrly Stn.o""st.that g.‘fée 'f Tate”?' at Smda"er
were overpredicted by factors over ve. We tested several o |'si|l:|>i(|:ii%'s”2§: fed)e;elgi:teezub;ml\?olgglril%n Ené%gﬂ]g)_sﬁga;:r
tions avall(?lble within FODIMO (see F'_g' 4)3 such as Q'Oba' 98Spanel closure phases (CP) predicted by Model 4 (red) and measured
to-dust ratios lower than 100,28 ro-vibrational cooling (pure py vLTI/PIONIER (black).
H,O rotational cooling is calculated by default), lower metal-
licity, no PAHSs, extremely low @C abundances, but in most of
the cases the [@ 63 and 145 m lines were still too strong. This last result indicated that the gas-to-dust ratio should be dif-
We found that the only eective ways to signi cantly decreaseferent for the inner and outer disk.
the [O1] 63 and 145 m line uxes were to assuM&gas = Tqust Another limitation of the family of models 3 was the tto the
or to signi cantly decrease the gas-to-dust ratio. The rst is aRIONIER near-IR visibilities. In a forthcoming paper (Benisty
extreme case of gas cooling that is unrealistic, as we know tletal., in prep.), ESO-VLTI PIONIER near-IR observations of
Tgas™> Taustin the disk's surface layer (e.g., Kamp & DullemondHD 135344B and other transition disks will be presented in de-
2004). The second had the limitation that when ghebal gas- tail. In Fig. 5, we present the observed VIFIONIER squared
to-dust ratio was low enough to describe thel| 63 m line, visibilities at 1.6 m and the predicted visibilities of Model 3.
the CO ro-vibrational line was two orders of magnitude weakale see clearly that an inner disk startingRat = 0:2 AU is not

Bmax/!
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compatible with the interferometry data. The near-IR continuum Finally, for the inner disk, to address the fact that scattered
in Model 3 is produced too far out. light imaging (Muto et al. 2012; Garu et al. 2013) revealed ma-
terial inside the cavity down to 28 AU, we set, as a rst approx-
imation, 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 over 100 in the inner disk to be able to
have su ciently high CO 4.7 m emission.

4.4.1. The location of the carbonaceous dust With this ensemble of modi cations, we found a family

. : of disk models able to simultaneously describe the SED, the
In the family of models 3, the carbonaceous grains were Ig P(10) line pro le, the line uxes of [d] 63 m (within a

cated atR > 0:2 AU to be consistent with the assumption i, 2), CO P(10) (within a factor 4}2CO 3 2,12CO 2 1
that the temperature in the inner rim should not be higher thgp the’upper limits of [@] at 145 m [Cii] at 157 m.

the silicate grains sublimation temperatufie ( 1500 K, for 5.4 the H lines in the near and mid-IR. The properties of a

6 3 H

ny > 10° cm ?, e.g., Helling et al. 2001). However, carbonazeresentative model of the family of models 4 is described in
ceous grains can survive temperatures higher than 1500 K aneiBje 4, and the line uxes predicted are presented in Table 5.
to 2000 K (see for example, Kobayashi et al. 2011). Therefore, _ .
one interesting possibility for physically justifying the inner-disk 1€ family of models 4 con rmed the result that to describe
carbon enrichment is that the carbonaceous grains are locaffj €O P(10) line prole, the gas in the inner disk should be
inside 0.2 AU, the region where silicate grains sublimate. THgstributed with a surface density increasing as a function of
survival of carbonaceous grains in this region is discussedif radius, and indicated that to describe the][68 m line
Sect. 6.2. ux, the gas-to-dust ratio in the outer disk should be much lower

Therefore for the family of models 4, we located the cafh@n 100. The best match to the B3 m line ux was ob-
bonaceous grain component a@®< R < 0:2 AU, R, equal tained by a gas-to-ratio below 10; nevertheless, gas-to-dust ra-

the corotation radius, anBo, equals the silicates sublimationti®S UP t0 40 provided [0 63 m uxes within a factor 2 of the

radius. The astronomical silicate-grain component of the inn@pServations.

disk was set to start at 0.2 AU. With this inner disk con gura-

tion we obtained an excellent match to SED and the PIONIE®RS. Family of models 5: introducing recent constraints
visibilities and closure phases (see Fig. 5). In our models the from polarized and mid-IR imaging

temperature at the innermost radius 000 K.

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

In a recent work Garu et al. (2013) has shown that polarized
scattered light in HD 135344B drops signi cantly at a radius
4.4.2. Decreasing the [O1] 63 m emission of 28 AU. A lack of polarized emission can be the signature of
o ) ) either a lack of material or a change in the illumination of mate-
One limitation of the family of models 3 was that it producegiy) insjde the cavity. Similarly, Maaskant et al. (2013) propose
[O1]163 mline uxes that are too strong. The [P63 m line 5 cavity of size 30 AU based on modeling the SED and mid-IR
is emitted partly by gas inside the cavity between 10 and 45 Althaging. The detection of scattered light down to 28 AU, inside
but principally by gas in the outer disk between 45 and 60 Aldye sub-mm dust cavity of 45 AU, indicates a dient spatial
Since the surface density and gas mass in the inner disk are|§g4tion for the small and large dust grains in the outer disk.

th ro-vibrational line, to lower the [iPline uxes, thr
by the CO ro-vibrational line, to lower the [(Dline uxes, three To account for the recent results from Garu et al. (2013),

g(r)n(?;ycgpgqr:)sdgstz? family of models 3 were introduced in th(?/ve slightly modi ed the disk structure of the family of mod-

els 4. First, we shortened the outer radius of the inner disk to

1. the gas-to-dust ratio in the outer disk was allowed to be Iowé? AU and decreased its dust mass to keep it consistent with the
than 100 MA 870 m upper limit. Second, we extended the small parti-

2. the surface density of the outer disk needed to be shallowdlf component of the outer disk down to 30 AU. The large grain
(We obtained good solutions with=  1:0, similar to the component of the outer disk was kept at 45 AU to account for

surface density power law exponent found by Andrews et 1€ Sub-mm 870m imaging constraints.

(2011) from SMA sub-mm continuum observations). With these modi cations, we obtained a disk structure com-
3. the scale height of the outer disk needed to be lowpatible with the Garu disk structure, while keeping the tto the
than 10%. SED and the gas lines. Our model has gas and (some) dust inside

30 AU to account for the extended CO ro-vibrational line ob-
These changes in the outer disk geometry led to a bad t sérved. However, the amount of dusRat 30 AU (<10 ' M )is
SED at > 15 m. To resolve this, a fourth modi cation much less than the amount of dust in the outer diski@* M ).
was introduced in the outer disk by splitting it into two superfhe properties of a representative model of the family of mod-
posed disks. A rst disk with lower FR (5%), with 80% of the els 5 is described in Table 4, and the line uxes predicted are
gas and dust mass, and with a dust population of large grapresented in Table 5. In Fig. 6, we present the synthetic SED,
(0:01 < a < 1000 m); and a second disk with higher/lRl the predicted CO P(10) line pro le and spectro-astrometry sig-
(0.8 0.13), with the 20% remaining gas and dust mass, and withl, and the plots describing the optical depth of the line and of
a dust population of smaller grains:f@ < a < 10 m). This the continuum, the cumulated line ux intensity, and the num-
modi cation aims to keep most of the gas mass of the outer diler density of the species as a function of the radius for the
at low HR (to t the [O1] 63 m line), while allowing some CO P(10), [A] 63 m, and CO 3-2 lines at 870m lines.
small dust particles to be present in an extended outer disk Rigure 6 also presents a plot of a surface density of the gas and
mosphere at higher/R to tthe SED at > 15 m. This two- the dust as a function of the radius. In Fig. A.4, we present the
layered outer disk echoes the expecteda by dust coagulation plots of the number density of H as a function of the radius, the
and sedimentation (i.e., large grains closer to the midplane). dust and gas temperature in the disk, and similar plots to those
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Model 5
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Fig. 6. Upper panelsCO P(10) pro le (eft) and expected spectro-astrometry signatughf) for Model 5. Central panelsoptical depth of the

line and of the continuum, cumulative line ux, number density, and emitting region diagrams for the COIBff)@n@ [Oi] 63 m (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 approximatel’
50% of the line ux.Lower panels(left) similar plots for the"?CO 3 2 line at 870 m, (right) surface density of the gas (solid black line), and

the dust (dashed blue line) as a function of the radius. The line uxes quoted in the panels are the integrated line uxes from the whole disk. F

the CO P(10) integrated line ux taking the slit losses into account see Table 5. More information about the model is presented in Fig. A.4.
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in Fig. 6 but for the [d] 145 m, [Cii]157 m, and H 0-0 S(1) 5.2. Inner disk surface density exponent

17 mlines.
I The CO P(10) line pro le strongly depends on the surface den-

sity power law exponent of the inner disk gas. In Fig. 7, we dis-
play the calculated CO P(10) line pro le after taking the slit
e ects into account for disks with inner and outer disiRH
The interest of performing multi-instrument modeling is to us&nging from 0.07 to 0.15, and ranging from 0:4 to +0.6.
the constraints obtained from dirent gas and dust tracers torhe CO P(10) line pro le is best described by slightly positive
break the model degeneracies and narrow down the parame@®@wer-law surface density exponents, in other words, by a sur-
space of possible solutions. Ideally, a Bayesian analysis ofage density that increases as a function of the radius. Power law
large number of models covering a signi cant fraction of thexponentsy smaller than 0.0 produce line pro les that are too
parameter space should be performed. However, owing to th@ad, andy larger than+0.4 produce line pro les that are too
prohibitive amount of computing time that this kind of analynarrow. Keeping in mind the uncertainties and simpli cations in
sis would require when the heating and cooling balance and the FODIMO code, we can exclude gas surface density pro les
chemistry calculation are included, we limit our discussion to tiwith negative exponents for the inner disk. A steep surface den-
parameter space surrounding Model 5, the best solution fouitly pro le with a negative exponent will assign too much gas
Our solution is a model that reproduces most of the constraiiesthe inner few AU of the disk. This would result in too much
imposed by observations; however, there is the possibility tHzat CO gas close to the star emitting at high-velocities; hence,
the solution inotunique. a broad line-pro le (see upper row in Fig. 7) that is inconsis-
tent with the line pro le and spectro-astrometric signal observed,

. . . which shows that the CO ro-vibrational emission comes from
5.1. Compromises during the modeling procedure radii greater than a few AU.

Ideally, a model should be able to reproduce all the observa- 1NiS result is relatively independent of the scale height
tions available. However, to be able to reproduce most of tggSUmed for the inner disk. Here we have assumed that the
observations simultaneously, we needed to relax the perfectcf 4-7 m line is produced entirely by disk emission. Although
for a few of them. PO DIMO includes a larger number of phys-& contribution from a weak disk wind cannot be ruled out
ical processes, but, not all the physics are included in the cof@€ Object displays asymmetric oxygen emission at 6300 A,
Furthermore, our models are axisymmetric, HD 1353448 Y&n der Plas et al. 2008), the symmetric spectro-astrometry sig-
known to display a spiral structure (Muto et al. 2012; Garyhature detected by Pontopp|.dan. et al. (2008) at .thr_ee slit posi-
et al. 2013). Not including these spiral structures may have #@ns favors a dominant contribution from disk emission.
impact, or not, on the integrated line uxes that we are tting. Even though that all the cavity is lled with gas, the pre-
But, we are modeling integrated quantities and spiral arms pfiicted spectro-astrometry signature of our models is a factor 2
duce local changes, so, itis not clear whether their impact wolf§ver than the observations by Pontoppidan et al. (2008), and
be dramatic. the line ux is weaker than the line ux observed. Since we t
The rst compromise is the t to near-IR SED at 80 m. the line prole, the relative contributions to the ux by the dif-

Our model is fainter than the observations at those wavelengtff§€nt radii should be correct. The missing ux might be related
For an innermost carbon disk that reproduces the near-IR int-2 €O heating mechanism or CO physics not yet included in

ferometry data and the SED near-IR excess, one can construgt@PMo.
disk between 0.2 to 30 AU with sucient dust mass for a given
silicate dust size distribution, such that the 8 to 20 excess iS 5 3 |nner and outer disk scale height
well reproduced (see for example Model 3). However, the up-
per limit of the continuum emission at 870n inside 30 AU We have set the scale height at the reference radius of 10 AU to
sets a stringent limit on the amount of dust mass that can be patthe same for the inner disk and the small dust grain compo-
in the inner disk. Higher masses can be achieved using smatient of the outer disk. In Fig. 8b, we display theeet of chang-
grain size distributions; however, when the dust size distributidgmg the scale height, the power law exponent of the surface den-
is dominated by dust withmin < 10 m, then the silicate feature sity of the inner disk, and the gas-to-dust ratio of the outer disk
appears. A solution for better tting the near-IR SED might bé the ux of the [O1] 63 m line.
to introduce an additional zone at highefHin the inner disk The [OI] 63 m line ux changes little with a change in
with small grains §min < 10 m) with 1% to 10% of the inner the surface density of the inner disk, and is slightly sensitive
disk's dust mass. to changes in the scale height of the inner and outer disk. In
The second compromise is the absolute ux of the CO r@eneral, higher HR values produce larger [[P63 m uxes.
vibrational lines. A cavity without discontinuity in the gas im-However, the mild sensitivity in the /R of the outer disk is be-
plies that around half of the [() 63 m and 145 m lines will cause most of the gas mass in the outer disk is in its midplane
be emittednsidethe cavity (see Fig. 6). Therefore, when the gdayer that has lower R and large grains. Changes in the scale
mass or temperature is increased to better tthe CO P(10) ukeight of the small dust extended outer disk's atmosphere change
the ux of the [Oi] lines will also increase. Since the [63 and the [OI] 63 m line ux little because its mass is low with re-
145 m excitation is better understood and tested than CO rgpect to that of the midplane.
vibrational excitation (the collision rates are known only withina The scale height of the disk is mainly constrained by the
factor ten (Thi et al. 2013)), and because thé][68 mline can SED t. In Fig. 8a, we show three insets displaying the SEDs
be used to constrain the gas mass, we gave priority to reprodémeModels 5 withH=R = 0:7, 0.11, and 0.15. The SED is com-
the [O1] 63 mand 145 m line uxes and upper limits simulta- patible with Models 5 with an iR between 0.9 and 0.13. Disks
neously with the CO P(10) line pro le over tting the CO P(10)with H/R lower than 0.9 underestimate the ux at 10 m
integrated line ux. Our models underpredict the CO P(10) lineegion, and disks with AR over than 0.13 overestimate the ux
ux, hence the spectro-astrometry signature. inthe 10 100 m region.

5. Disk structure constraints derived from Model 5
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Fig. 7. CO P(10) line pro les for diverse values of/R and the surface density exponent of the inner disk the family of models 5. The
reference radius of iR is 10 AU. HR is the same for the inner and the outer disk. All other parameters of Model 5 are kept constant. The best
is highlighted.

5.4. Outer disk's gas-to-dust ratio The amount of gas in the inner rim of the outer disk in u-
. , . ences the shape of the CO P(10) pro le, making it more centrally
The tto the SED provides a relatively robust estimate of thgeaked when more gas is present in the outer disk (see Fig. 8c).

mass of mm-size grains in the outer disk. This value changefle pest t to the CO P(10) line is given by gas-to-dust ratios in
little in all the models tested and is on the order ofl® * M . the outer disk below 10.

The gas mass, hence the gas-to-dust ratio, in the outer disk is

;ﬂgiﬁg'g%j Ft))z/ltof;e;irs]gmurlﬁgeous tto the B3 m line ux model dependent. However, since most of the models that si-
. . P ' . . multaneously describe the [P63 m line ux, the SED, and
Figure 8D displays the ux of the [} 63 m as a function o co P(10) line pro le require gas-to-dust ratios for the outer
of H/R for gas-to-dust ratios of the outer disk ranging from &isy that are smaller than 10, we believe that a gas-to-dust ratio
to 100. We can see that the ux of the [P63 m line is very Srpuch lower than 100 in the outer disk is a robust result.

sensitive to the value of the gas-to-dust ratio in the outer di . . . .
We nd that the [Oi] 63 m line ux tends to be described by . Fnally, the simultaneous modeling of the CO P(10) line pro-
fﬁ and [O1]163 mline ux favors models in which thgassur-

models with gas-to-dust ratios in the outer disk that are mu . . >
lower than 100. Gas-to-dust ratios between 25 and 4 provide {S€ density contrast between the inner and the outer disk at the
Hnner rim of the outer disk is less than a factor 20.

best tto line ux for the scale heights that are compatible wit
the SED.

In all the models, the [@] 145 m line ux is below the 55 |nner disk's gas mass, dust mass, and gas-to-dust ratio
Herschel ux upper limits. In all the models, CO sub-mm lines
are so optically thick (> 100 see Fig. 6) that decreasing the gaSor a given dust composition and size distribution, the SMA
mass does not a&ct the line uxes, so these cannot be used 870 m photometry upper limit of 10.5 mJy in a 320 AU beam
trace the gas mass. centered on the star (Andrews et al. 2011) sets the maximum

The exact value of the gas-to-dust ratio in the outer disk is
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b)

c)

Fig. 8. Top panelsSED for disks with di erent values of KR in the family of models 5. The reference radius used is 10 AU, ailisiset to

be the same for the outer and the inner disk. The cyan color shows the allowed ran@eaaridistent with the SELOCentral panel ux of the
[O1]line at 63 m as a function of ¥R for surface density exponergsf the inner disk ranging from0:4 to +0.6 (see legend) for a gas-to-dust
ratio of the outer disk equal to 4. The dashed lines show the line ux foemdint gas-to-dust ratios of the outer disk for a constant inner disk
surface density exponeqgt= 0:2. Bottom panelsexpected CO P(10) pro les for derent values of the gas-to-dust ratio in the outer disk for the
family of models 5 assumingl=R = 0:11 andq = 0:2. The number in the top right corner of each panel is the CO P(10) line ux in W fhe

star represents the values of Model 5 in Table 4 and Fig. 6. The best combined t of th@JOm line ux and the CO P(10) line pro le is given

by gas-to-dust ratios below 10 in the outer disk.

amount of dust that can be located inside 30 AU almost indepen- Assumingamin = 0:1 m andanax = 1000 m for the in-
dently of the surface density power law exponent and the scaler disk (similar to that of the outer disk, except &, that
height of the inner disk. With the currently available data, this slightly larger to avoid the presence of a strong 10 sili-
dust size distribution cannot be constrained. cate feature), and an inner disk extending from 0.2 to 30 AU,
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Fig.9.CO P(10) line pro les as a function of the gas-to-dust ratio in the inner disk in Model 5. The gas nfas<(l® M ) and the gas surface
density (see Fig. 6) @& < 30 AU are kept constant. The mass of carbon grains in the innermost disk is kept constant. The outer disk is kep
constant. We decreased the mass of silicateat ® < 30 AU up to a factor 10@rom left to right

Table 6. Predicted continuum uxes for Model 5 & < 30 AU for diverse values of the astronomical silicates dust mas2at ® < 30 AU for
di erent grain sizes.

0:2<R<30AU 0:1< a< 1000 0:1<a< 100 Ol<a<10
Silicate dust mass  géRiStpner | 430 m 870 m | 430 m 870 m | 430 m 870 m
M mJy mJdy mJdy mJy mJy mJdy
1.0 107 150 13.4 1.6 171 0.4 35 0.2
50 108 300 8.2 0.9 10.3 0.3 3.0 0.3
25 108 600 5.5 0.6 6.7 0.2 2.8 0.2
1.0 108 1500 3.8 0.3 4.3 0.2 2.7 0.2
30 10° 5000 3.0 0.2 3.2 0.2 2.7 0.2
15 10° 10000 2.8 0.2 3.0 0.2 2.7 0.2
1.0 10° 15000 2.8 0.2 2.8 0.2 2.6 0.2

Notes.The gas mass & < 30 AU is kept constant and equal t61 105 M .

a dust mass in the inner disk of 110 Y M astronomical factor 100 (i.e., gas-to-dust ratios from 150 up to 15000). We
silicates reproduces the dip in the SED at 1% and gener- found that if the gas surface density inside the cavity is constant,
ates a ux of 1.6 mJy at 870m inside 30 AU. The disk model a lower (astronomical silicates) dust mass does not signi cantly
convolved with a 34 70 AU beam produces 6.7 mJy of cona ect the CO 4.7 m prole and line ux, or the ux of the
tinuum ux centered on the star, which is a ux below the 3 [O1] 63 m line. A lower silicate dust mass inside the cavity
upper limit of the SMA observations. Using this dust mass, weads to weaker emission in the B0 m band. However, since
found that gas-to-dust ratios between 100 and 200 can desctliie SED near-IR emission is dominated by the carbon grains in
the CO P(10) line pro le for a surface density power law expahe innermost disk, the SED t is still compatible with the ob-
nent of 0.2. Lower gas masses in the inner disk (i.e., lower gagrvations. The lower bound to the dust mass inside the cavity
to-dust ratios) generate CO P(10) pro les that are too narrois,not constrained by current observations. To constrain the dust
and higher gas masses (i.e., higher gas-to-dust ratios) prodoaess inside the cavity, observations at high spatial resolution are
line pro les with high-velocity wings that are too broad to beequired, for example with ALMA. In Table 6 we predict the
compatible with the observations. The best t was achieved wittontinuum uxes at 430 and 870m inside 30 AU for di erent

a gas-to—éjust ratio of 150, hence, a gas mass inside the cavitgii€ate dust sizes and masses in Model 5.

15 10° M.

There is a degeneracy between the gas mass of the inner gl%k Outer radius of the inner disk
and the exponent of the power law of the surface density. By ™
increasing the power-law exponent (i.e., more positive), highﬁ,]rt
gas masses in the inner disk are allowed while reproducing {3
CO ro-vibrational line pro le. However, there is an upper boung

he family of models 5, the inner disk has gas up to 30 AU.
have tested models with outer radii of the inner disk ranging

density of the outer disk at 30 AU and the ux of the [Dine g
at 63 m should be reproduced. We found that up to*181 of
gas is possible in the inner disk.

ribution. For example, fdR,,: = 15 AU, g increases ta-0.8.
Models with an inner disk outer radius smaller than 30 AU pro-
duce slightly better ts to the top of the CO ro-vibrational line;
An alternative way of exploring the gas-to-dust ratio in thowever, they produce lower spectro-astrometry signatures and
inner disk is to leave the gas mass and surface density cgenerate a surface density in the inner disk's outer radius that is
stant and to decrease the dust mass in the disk?2akOR < slightly higher than the surface density at the outer disk's inner
30 AU. In Fig. 9, we display the expected CO P(10) line praadius. Current data do not allow us to set the exact value of the
les for Model 5, keeping the inner disk's gas mass constaauter radius of the inner disk. We favor a model with a cavity
(1.5 10° M ) and decreasing the amount of dust down to plenished with gas up to 30 AU because it generates a larger
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spectro-astrometry signature (although even Wifh = 30 AU, present in the disk. However, at the present time there is no
the spectro-astrometry signature is underpredicted) and becauseevidence for such a companion. Our models disfavor the
surface densities with power-law exponents larger than 0.5 migitesence of gaps of tens of AU in the gas inside the cavity of
result in an unstable disk. In summary, the presence of a gagHb 135344B, therefore, disfavor the hypothesis that a multi-
the gas of a few AUn the gads consistent with the current data,Jovian planet system (e.g., Zhu et al. 2011; Dodson-Robinson
but a large gap in the gas of tens of AU does not appear likely& Salyk 2011) is what is responsible for the transitional disk
shape in HD 135344B. This conclusion could be extended to
) ) other accreting pre-transition disks with CO ro-vibrational emis-
6. Discussion sion extending tens of AU or with CO sub-mm emission inside
: .- the cavity.
6.1 (;l;rt]ﬁ ed{f;(n%iiit?oit:juigiu;ﬁ;; : D 135344B and the origin Finally, the result that the total t_he amount of gas in the
disk of HD 135344B (a few 1¢ M ) is much lower than ex-
The growing observational evidence indicates that the gaps spgeted for a gas-to-dust ratio 100 indicates that HD 135344B
gested by the SEDs and spatially resolved sub-mm observatitshan evolved protoplanetary disk that has already lost a large
are in fact structures that re ect the distribution of large graingortion of its gas mass. A low gas-to-dust has been reported for
but not necessarily the distribution of small dust, and, especia#inother transition disk, IRS 48 (Bruderer et al. 2013). Further
the gas. detailed studies with a larger sample of objects are required to
As noted by Pontoppidan et al. (2008) the presence of ga&st whether a lower gas mass is a common characteristic of the
in the cavities disfavors photoevaporation as the possible origiansition disk population.
of the transition disk shape in HD 135334B. A gas-to-dust ratio
over 100 in the inner disk indicates that the mechanism depletig
the material in the cavity is more ecient at depleting dust than . ; L . L
the gas. This could potentially favor the grain-growth scenario. glr:l'(gs and optically thick *inner walls” in pre-transition
But, as noted by Birnstiel et al. (2012), grain-growth alone has
di culties explaining the lack of sub-mm emission in the gap.One crucial ingredient for the simultaneous tting of the SED
Positive and at power law surface density proleg € 0 and the CO 4.7 m emission that extends tens of AU is the hy-
and 1) for the inner disk of transition disks have previously beg@othesis of an innermost disR 0:25 AU) enriched with car-
suggested by Dong et al. (2012) in the framework of their gebenaceous grains. This feature is essential for making it possi-
eral disk model to explain thid-band scattered light present in-ble for the CO warm gas at tens of AU to contribute to the CO
side the sub-mm dust cavities. Our results for the modeling B{10) line pro le while having an inner disk that reproduces the
the CO ro-vibrational lines in HD 135344B provide an indepemear-IR SED.
dent argument suggesting that the surface density pro le inside The VLTI/PIONIER data clearly shows that th&band ex-
the cavity can increase with radius in transition disks. cess is located inside 0.16 to 0.20 AU, the silicate sublimation
What implications does a positive surface density pro leadius of HD 135344B (the exact value depends on the mass of
have? In most protoplanetary disks the surface density distliast andhy). This provides a plausible physical explanation for
bution can be described by a power law with a negative expire carbon enrichment in the innermost disk: carbon grains are
nent, typically 1:0 (i.e., a surface density thdecreasesvith present at @8 < R < 0:2 AU because silicate grains have subli-
radius). A surface density pro le with a positive power law exmated. The mass of carbonaceous grains required to t the SED
ponent (or at least at), indicates that the disk's gas structure hasd the near-IR visibilities is:3 10 ** M , which is a small
signi cantly changed in the inner disk. It is not entirely cleaamount of dust when compared to the total dust mass of the disk
what mechanism will generate a surface density increasing wittat is around 1¢* M and the dust mass & < 30 AU that
radius. is10°to 10 * M . In Model 5, the carbon abundance relative
One interesting possibility is that we are indeed observing ny required in carbon grains is around two times the solar
the e ects of a Jovian planet inside the inner cavity. Althoughbundance.
the exact results of simulations depend on the inner boundary We assumed that the size distribution of the carbonaceous
conditions set, for example the accretion rate onto the star, ayrdins in the innermost disk is 0.1 to 10n. Future detailed
the evolution time of the simulation, models studying the intework on the process of dust evaporation in the inner disk of
action of a Jovian planet and the disk show that a disk with &D 135344B (for example, as performed in the inner rim of
initial negative power-law surface density pro le exponent coultlerbig Ae stars by Kama et al. (2009), or in the warm debris
evolve into a disk that has a at or a positive power-law surfaagisk of Formalhaut by Lebreton et al. (2013) including the ef-
density pro le exponent aR < Ryanet (S€€ for example Fig. 2 fects of gas) would be required to constrain with a physical basis
in Lubow & D'Angelo 2006; Fig. 1 in Varniére et al. 2006; orthe dust size distribution of carbon and silicates as a function of
Fig. 5in Tatulli et al. 2011). Furthermore, a single Jovian plan#ie radius in the inner 1 AU of HD 135344B.
is expected to open a gap typically of a few AU width (see re- The presence of carbonaceous grains in inner disks to t
view by Kley & Nelson 2012). Such a small gap is compatirear-IR visibilities has been suggested in a few circumstellar
ble with current data and models of HD 135344B. Another prelisks, such as Absil et al. (2006) and Lebreton et al. (2013) in the
dicted e ect of the presence of a planet in the disk is a higheases of the warm debris disks of Vega and Formalhaut. Kraus
surface density for the gas in the outer disk with respect to theal. (2013) analysed the (pre-)transitional disk V1247 Ori, a
surface density for the gas in inner disk. We retrieve suchsaurce that is relatively similar to HD 135344B. To tV1247 Ori
gas surface density structure in our models, although, we mear-IR and mid-IR interferometry data, Kraus et al. suggest a
a surface density derence that is smaller than found by the midisk structure where the innermost disk is composed of a mix-
gration calculations (e.g., Lubow & D'Angelo 2006). ture of carbon (50%) and silicate (50%) grains &t0< R <
Taking all this together, the characteristics found i0:34 AU, and a mass of 10 M carbon dust grains inside
HD 135344B evoke the ects of a migrating Jovian planet0:3 < R < 46 AU. The gap composed of carbon was suggested

9. Sublimation of dust grains in the inner disk, carbon
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to avoid the presence of the 10n silicate feature and also tony = 2 10° cm 2 (midplane value at 0.1 AU in Model 5, see
avoid a strong excess at> 8 m. Furthermore, Kraus et al. Fig. A.4), this simple calculation shows that carbon grains with
suggest the presence of some inhomogeneities in the “gap” maes 0.01, 0.1, and In survive at 2000 K time scales of around
terial. At the time of writing, there have been no observatiorssmonth, a year, and ten years, respectively.
of CO ro-vibrational emission for V1247 Ori. In our model of  To calculate the carbon replenishment time scal® at
HD 135344B, we ruled out any large percentage of carbon graig AU, three input parameters are needed: the gas mass accre-
(>25%) at 02 < R < 30 AU on the basis of the CO ro-vibrationaltion rate, the gas-to-dust ratio, and the fraction in mass of dust
pro le. A gap with a large amount of carbon grains producesgrains in the form of carbonaceous grain®kat 0:2 AU. Sitko
narrow single-peaked CO ro-vibrational line pro le because thet al. (2012) suggest a gas accretion rate ofl® 8 M /yr. Our
CO emission is dominated by the inner rim of the outer disk (seeodel indicates that the gas-to-dust ratidRat 30 AU is 150
Model 2). (it can be higher). The mass fraction of carbon grains with re-
The carbonaceous grains innermost disk inside the silicafgect to silicates at:P < R < 30 AU can be constrained ob-
sublimation radius proposed here for HD 135344B providegrvationally by the maximum mass of carbon that can be added
an alternative disk structure to the “optically thick-wall” sugand still keep the t to the SED and the CO ro-vibrational line.
gested for pre-transition disks (e.g., Espaillat et al. 2007, 20M¥e have found that up to 3% of the dust mass {1® ) at
Brown et al. 2007). We have shown here that the “opticall:2 < R < 30 AU can be in the form of carbon grains and
thick wall disk structure” isnot compatible with detecting CO still tthe SED and CO lines. Taking the gas accretion rate, the
ro-vibrational emission extending tens of AU. Therefore, thgas-to-dust ratio, and the fraction in mass of carbon together,
carbon-rich (or refractory grains rich) inner disk structure sugve obtain a supply rate of carbon grains to the innermost disk
gested for HD 135344B might be applicable to other transitiaf 4 10 12 M /yr. The life time of carbon grains larger than
disks displaying near-IR excess and CO 4t emission ex- 0.1 m is years, thus, the disk can have around*d®1 tran-
tending several AU (e.g., SR 21, Pontoppidan et al. 2008)ent carbon grains & < 0:2 AU. A carbon mass similar to that
Further near-IR interferometry observations of (pre-)transitios required to t the near-IR SED in our models.
disks are required to establish what fraction of them have dust In summary, taking the supply rate via dust mass accretion
material inside the silicates sublimation radius. Moreover, sina@d the destruction timescales in the innermost disk together, we
CO ro-vibrational emission has been detected in several tranad that a carbon innermosR < 0:2 AU) disk could indeed be
tion and pre-transition disks (e.g., Pontoppidan et al. 2008; Salytausible in HD 135344B.
et al. 2009), it would be of great interest to extend the analysis In a recent work, Lee et al. (2010) have studied the survival
presented here to them. of carbon grains in a T Tauri disk. They nd that carbon grains
The models described here have used amorphous caran be destroyed by oxygen atoms in the wafm (500 K) up-
grains. We tested graphite grains using a mixture of 50% paer layers of the disk on time scales ranging from tens to thou-
allel and 50% perpendicular opacities. The t to the CO P(1@ands of years depending on the carbon grain size, porosity, and
line pro le did not change signi cantly. The SED displayed adistance of the star. The potential destruction of carbon grains
slightly weaker emission at 30 m. atR > 0:2 AU could present a challenge to the interpretation
A potential challenge for the presence of carbonaceopgesented here. Lee et al. models are not dynamical models in
grains in the innermost disk @8 < R < 0:2 AU) is an oxygen- the sense that the dust components are not followed with the gas
rich atmosphere. Carbon grains would react with the oxygen &ainda simulation. Thus, it is unknown what fraction of the total
be destroyed (see for example the models of Gail 2001, Lee etsghount of carbon grains will ectively reach the upper layers
2010). The presence of carbon grains in the innermost disk @the disk and be destroyed, what fraction of the carbon grains
pends on the balance between the destruction and the replenjgh-survive in the midplane, and with what rate carbon grains at
ment timescales. a few AU disk are replenished by the outer disk in an accreting
To estimate the destruction timescale by oxygen atoms (i.disk. Future, more detailed models that include the dynamics of
chemical sputtering), we take one carbon grain of densiiyi-  the gas, the interaction between the gas and the dust, the photo-
tial size ap, and radiusa. Atomic oxygen reacts with individ- chemistry of the disk, and carbon destruction would be of great
ual carbon atoms at the surface of the carbon grain, producingedp in further testing of the scenario proposed here.

change in the carbon grain's size with time (Evans 1994): From the point of view of interpreting the observations, other
a_ a, nomcY kTgas.l:Z' refractory grains in the innermost disk, such as titanium, cal-
Tt = T a= 2mo ) cium, or aluminum-bearing minerals (e.g., titanium or aluminum

oxide), could be responsible for the near-IR excess observed.
wheret is the time for the grain to be destroyew, the number Since the current data do not constrain the inner disk composi-
density of oxygenrfo = ny cand o =3 10 “), Ytheyieldof tion to this degree of re nement (i.e., multiple refractory dust
this Eley-Rideal type reactiokthe Boltzmann constant, ant  species), we did not attempt to t our data with mixtures of car-
the mass of the oxygen atomng = 16 my). Here we assume hon andor other refractory components. We retained the amor-

that the destruction yate is constant. Solvingtfare obtain phous carbon solution since it is the simplest refractory grain
2 mo 2 @) that can be assumed.
ao PR . . .
nomcY  KTgas The conclusion that the innermost disk of HD 135344B

could be carbon-rich potentially presents a problem in a wider
If the grain's mass density is 2.2 g cm?, then the life time of cosmochemical context, because the Earth and other terres-
a carbon grain, of radiusolis | | trial planets (as well as some exoplanetary systems, e.g, Xu
01 a  2000K ¥ 10©¢m 3 et al. 2013) display a carbon to silicon de cit in comparison
t 028 - 5ot T yr: (4) with meteorites, the Sun, and the Interstellar Medium. Perhaps
©L m gas MH HD 135344B is an unique object, or the processes responsi-
The value of the yield is not well constrained. Assumingle for the carbon depletion on Earth are particular to the Solar
Y = 01 (Vierbaum & Roth 2002, but it can be lower),System, or perhaps there is much wider variety of the possible
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chemical compositions that terrestrial planets can have ierdi inner disk structure (Brown et al. 2007), namely a narrow dust
ent planetary systems. We stress that the carbon-rich innermnoaer disk of from 0.18 to 0.45 AU followed by a large 45 AU
disk of HD 135344B is a plausible solution that allows us to sdust gap replenished with gas, fails to reproduce the CO ro-
multaneously reproduce all available gas and dust observablégational emission observed as the line pro le produced from
of the inner disk, most notably the near IR visibilities indicatinghis disk model is a broad double peak.

continuum emission inside the silicate sublimation radius and We have found a disk model that is able to reproduce current
the CO ro-vibrational emission extending tens of AU. But otheibservational constraints. This disk is composed of three zones:
refractory grains could provide similar solutions. Amorphous
carbon grains provide the simplest solution that ts the data, blit

they are not the only possible solution. A rst zone between 0.08 and 0.2 AU composed of small

carbonaceous grains (and gas) with a total dust mass of a few
10 2 M (a few solar abundances of carbon). The presence
6.3. Double- and single-peaked CO-rovibrational line pro les of these inner carbonaceous grains provides

in transition disks a) a ttothe near-IRH-band visibilities and closure phases,

In a recent study of CO-rovibrational emission in young b) a t of the near-IR SED, while allowing the warm CO
stars, Bast et al. (2011) have observed three types of line  at several AU to emit and contribute to th& 4 m line

pro les: (1) double-peaked; (2) narrow-single peaked; and (3) pro le,
single-peaked with a broad base. Bast et al. argue that the pro- ¢) an agreement with the higher temperatuies (1500 K)
les of type 3 stem from a combination of emission from the expected in this zone.

inner part of the diskR< a few AU), and emission from a slow
moving disk wind. In their analysis, Bast et al. suggest the lin
pro le parameter I (the full width line pro le at 10% of its
height divided by the full width of the line pro le at 90%) to dis-
tinguish between the derent types of line pro les. In the case
of HD 135344B, the value of 8, obtained from an average of
the lower J-transition lines up to P(14), is 6.9. Thereby locat-
ing HD 135344B just above the value of 6, the maximum line
pro le parameter for a Keplerian disk model with a power-law
temperature pro le.

In our models of HD 135344B, we have found that the CO
ro-vibrational line pro le is the result of the combination of two
contributions: (1) the emission from the gas inside the dust cavity
and (2) the emission from the gas located in the inner rim of the
outer disk. The relative contribution of both components, hence,
the CO ro-vibrational line pro le, depends on the properties of
the dust in the inner disk and the gas mass in the inner and outer
disk.

In Models 1 and 2, we have shown theeet of the inner
disk dust composition on the CO ro-vibrational line pro le. If the
optical depth of the continuum at 4. inside 30 AU is small - : : o ; 9
( < 0:1, e.g., Model 2), then the CO ro-vibrational emission will ﬁ:scka'r-lt;glr?nga?ﬁscgr?dclfgé?Thtéptt?oir?ebslggqasm M)
be dominated by the contribution of the inner rim of the outer _ ' _ )
disk, and a narrow single-peaked line pro le would be produced: A third zone from 30 AU to 200 AU (the out4er disk) with

A single-peaked line pro le can also be obtained by increas- 2sStronomical s;llcate grains, adustmassol@ *M , agas
ing the gas mass in the outer disk, diminishing the gas mass in Ma&sS 10* 10 ] M (gas-to-dust ratie10), surface density
the inner disk, or increasing the scale height of the outer disk €XPonentof 1:0, and aring of 1.0. In this zone large {D<
with respect to the inner disk. In the case of Model 5, if the gas & < 1000 m) and small (& < a < 10 m) dust grains
mass in the outer disk is increased such that the gas-to-dust ratioh@ve di erent radial and vertical spatial distributions. Large

is more than 10, then the line pro le becomes more and more 9rains are located at 4§ R < 200 AU in a disk with scale
single-peaked (see bottom panel of Fig. 8). height 0.05 and 75% of the gas and dust mass. Small grains

ot ; located at 3& R < 200 AU in a disk with higher scale
In summary, our radiative transfer calculations of the are )
CO 4.7 m emission show that in the case of transition disks, height (0.09 t0 0.13, i.e., the saméRtas zone 2) and 25%

. G . f the gas and dust mass. The vertical structure of the outer
the presence of single-peaked CO ro-vibrational line pro les can ol ;
be explained by Keplerian disk emission without recourse to a fi'Sk ecthodes tthe te_:xpectehdla:ts og‘hdus'ig(r)o_wtphand ;sett(;l_ngk._
disk wind component. This only applies to sources in which the gas-lo-dust ratio much lower than In the outer disk 1S

emission line center is not blueshifted with respect to the stellar '€quired to tthe [O] 63 m line ux and to reproduce the
velocity. CO ro-vibrational line pro le simultaneously.

%- A second zone extending from 0.2 to 30 AU (i.e., the dust
cavity) replenished with gas (18-10 * M ) with a surface
density increasing as a function of the radius and dust mass
of astronomical silicates of maximum I0M . An increas-

ing surface density pro le with radius is required to t the
shape of the CO ro-vibrational emission lines. The tto the
SED constrained the scale height between 0.09 and 0.13 at
10 AU with a aring exponent 1.12. The gas-to-dust ratio
in this zone is larger than 100, however, the exact value is
not well constrained. We found models up to gas-to-dust ra-
tios of 15 000 that are consistent with the observations either
by decreasing the silicate dust mass by a factor 100, or by
increasing both the gas mass by a factor of a few and the
power-law exponent of the surface density distribution. The
upper bound to the gas massRak 30 AU is given by the

ux of the [O 1] 63 m, combined with the requirement that
the surface density of the inner disk should be equal or lower
than the surface density of the outer disk at 30 AU. The dust
surface density @ < 30 AU is lower than the one expected
from extrapolating the dust surface density from the outer

The models suggest that the best t to the gas observations in
HD 135344B is provided by a disk in which the gas surface den-
We conducted a modeling project aimed at constraining the gaty and the scale height have no large discontinuities at 30 and
mass and the gas and dust disk structure of the transition digk AU. In other words, there is no large gap in the gas distri-
HD 135344B from multi-instrument and multiwavelength obsebution of HD 135344B. The cavity observed in the near-IR and
vations of gas and dust. We found that the previously suggestedh-mm is replenished by gas and (some) dust. The presence of

7. Summary and conclusion
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Appendix A To obtain an estimate of the luminosity and to constrain the
value of the radius, we used a distance of 140 pc (van Boekel
A.1. Photometry et al. 2005), theB andV photometry (9.2 and 8.7, SIMBAD

database), and the, , My, BC values of Schmidt-Kaler (1982)

for stars of luminosity class V (i.e., smallest possible radii). We

found that for al, equal to 6440 K (F5) and 6890 K (FR,=

2:09 and 2.0R respectively. Interpolating fofe 6620 K, we

A.2. Stellar parameters obtained 2.0&R . These values are closer to the radius estimate
of 2.15R suggested by Andrews et al. (2011) than theR.4

The stellar properties of HD 135344B have been studied blaimed by Miiller et al. (2011).

previous authors (e.g., Dunkin et al. 1997; Miller et al. 2011; For our models, we used a star with = 6620 K (F4V), a

Andrews et al. 2011). While authors agree on a spectral type Btgllar radius of 2.R , a mass of 1.68/ , andA, = 0:4.

an e ective temperature 6750150 K (6660 K, Dunkin et al.

1997; 6590 K, Andrews et al. 2011; 681080 K, Miller et al.

2011), and a mass of 1.6 to 1M , there is a discrepancy in

estimations of the radius of the star. Mdller et al. (2011) suggest

a radii of 24 0:25R , while Andrews et al. (2011) suggest a

radii of 2.15R .

To have an independent assessment of the star properties,
we downloaded reduced archival high-resoluti&h= 75 000)
ESQVLT-UVES spectra of HD 135344B in the 4800 to 5500 A
and 58306800 A ranges and used the interactive spectra vi-
sualization tool described in Carmona et al. (2010) to com-
pare the UVES spectrum to BLUERED (Bertone et al. 2008)
high-resolution synthetic spectra, in regions not contaminated
by emission lines or telluric absorption. We found that the opti-
cal spectra of HD 135344B is compatible with spectral templates
with T¢ ranging from 6500 to 7000 K for logranging between
4.0 and 5.0 (see Fig. A.1). Naturally, lgg= 5:0 is not realistic

as logg = 4:33 for an F-type star on the main sequence. Th
minin?l?m in the 2 statisticxg%ggests'ﬁe around 675% K Felg.A.Z. Coadded HST-COS spectrum of HD 135344B smoothed and

i dereddened (see details in the text). F3V (HR 9028, IUE SWP 14002,
To have a second constraint on the spectral typeAanave  red) and F4V (HD 27901, SWP 45935, blue) spectral type compari-

employed the HSTCOS spectrum of HD 135344B. In Fig. A.2, son stars are shown, scaled by theatence iV magnitudes between

we display coadded COS spectrum of HD 135344B, smooth#@m and HD 135344B. HD 135344B shows a distinct FUV excess for

by a running nine-point boxcar lter, and dereddened by wavelengths shortward of 1600 A, demonstrating the accretion lumi-

Cardelli et al. (1989R = 3:1 extinction curve witlE(B V) = nosity. The structure seen in the COS data is not noise, but uorescent

0:129 (Av = 0:4). We overplot F3V (HR 9028, IUE SWP 14002 H: emission (France et al. 2012). The rise in ux for the comparison

red) and F4V (HD 27901, SWP 45935, blue) spectral type corffars shortward of H I Lyman is an artefact. No correction in all of the

parison stars scaled by the erence iV magnitudes between SPECtra has been made for geocoronal Lyman

them and HD 135344B. The spectral template F4V provides the

best tto the observed COS spectrum. The F4V spectrum corre-

sponds to &, of 6620 K using Schmidt-Kaler (1982). A.3.CO 4.7 m emission

In this appendix, we summarize the drent sources of the pho-
tometry used to construct the SED (see Table A.1).

Fig.A.1. 2, as a function of theT, of the observed VLIUVES
high-resolution R = 75000) spectrum and a rotational broadened
BLUERED (Bertone et al. 2008) high-resolution synthetic spectra.

sini was set to minimize 2, for eachT, and logg.

Fig. A.3. The CO P(1) to P(11) line pro les are available within the
CRIRES spectrum. The lines have been continuum subtracted and nor-
malized by the peak ux. The CO P(10) line is in red.
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Table A.1. Photometry.

F Error References F Error References
[m]  [Wm? [Wm 2] [m]  [Wm? Wm ?]
0.105 28 10% 1.6 101 FUSE 10.70 3047 10 31 10 Spitzer
0.110 46 10% 1.7 101 FUSE 12.25 2038 108 2:8 1016
0.115 51 10% 1.9 101 FUSE 14.03 1514 108 1.9 101
0.118 75 10% 27 10 FUSE 16.34 2047 108 2.3 1016
0.119 37 10% 37 10% COS 19.39 3644 108 36 101
0.123 48 10% 37 10% COs 2215 4955 1013 42 1016 00
0.129 36 101 32 10% cCoOs 25 80 1018 11 1018 |RAS?
0.137 27 10% 32 10% cos 25.39 6280 10! 58 10 Spitzer
0142 22 10% 1.3 1015 cOs 29.73 8155 1013 88 1016 00
0.152 34 10% 21 10% cCos 47 15 1012 22 10%  Harvey et al. (1996)
0.163 76 10% 66 101 COS 60 13 1012 1.8 1013 |RASP
0.169 92 10% 82 101 COSs 60 14 1012 20 101 |SOPHOT
0.174 14 10“ 1.1 101 cos 63.18 120 102 47 10 GASPS
037 34 10% 1:6 10 Coulson & Walther (1995) 72.85 984 10 4.1 10
044 @87 10712 1.4 101 00 7936 8% 10 38 101
055 74 1012 1.1 1018 00 80 98 101 1.5 10 |SOPHOT
065 725 102 92 10 89.99 777 10 33 10 GASPS
0.77 53 1012 12 10% Grady et al. (2009) 90.16 768 10 33 1015 00
0.8 618 10 75 10 Coulson & Walther (1995) 100 69 1013 1.2 10 |SOPHOT
1.2 45 1012 1.0 1018 00 100 77 101 77 10 |RASP
122 480 102 98 10 2MASS 14478 397 10® 21 10 GASPS
1.6 396 10? 94 10 Coulson & Walther (1995) 14553 396 10 21 10 @
163 44 1012 1:3 108 2MASS 157.75 378 108 1.9 101 0
1.7 41 1012 1:8 101 Grady et al. (2009) 17952 285 108 1.7 101 0
219 419 102 55 10" 2MASS 180.42 283 10%® 1.7 101 0

2.2 35 10712 1.4 10 Coulson & Walther (1995) 200 4 10% 1.0 10 ISOPHOT
3.8 210 10 79 10 Coulson & Walther (1995) 350 50 10 15 10'* Coulson & Walther (1995)
4.75 148 1012 63 101 00 450 25 10 1.0 101 00

5.60 1681 10'? 1.2 10  Spitzer 800 24 1071 15 101 ©

6.80 1083 10'? 88 101 850 173 101 35 101 Sandelletal. (2011)

7.42 8949 10 82 10 00 1100 71 101 11 10  Coulson & Walther (1995)
8.45 8565 10 7.1 10 00 1300 33 101 97 101 Sylvester et al. (1996)

9.66 4965 10 52 1016 00

References® Skrutskie et al. (2006)® Walker & Wolstencroft (1988).

A.4. Model 5: Herschel CO and water lines Table A.3. Predicted emission line uxes by Model 5 in selected

Table A.2. Predicted and observed CO rotational emission line uxe'g20 water lines aHerschetwavelengths.

by Model 5 atHersche) sub-mm, and mm wavelengths.

Transition Flux Observed Ref.

Transition Flux Observed Ref. [ m] [10*Wm? [10 ¥Wm ?]
[m] [10¥Wm? [10*Wm? 0-H,0 8,5 7,y 63.32 3.7 <120 1
J=36 35 72.84 0.4 <246 1 0-HO 715 65 66.09 2.8 <120 1
J=29 28 90.16 1.7 <191 1 0-HO 330 2,1 66.44 23.7 <120 1
J=23 22 113.46 3.9 <128 1 0-H,O 757 616 71.96 7.8 <120 1
J=18 17 144.78 5.5 <69 1 0-HO 31 25, 75.39 26.1 <120 1
J=15 14 173.63 9.1 <155 1 0-HO 43 31 78.74 19.6 <120 1
J=65 433.55 8.3 0-H,O 6,5 505 82.03 12.2 <120 1
J=5 520.23 5.6 0-H,0 2,; 1,, 108.07 18.8 <120 1
J=4 3 650.25 3.3 0-H,O 33 24, 174.62 12.5 <120 1
J=32 866.96 1.5 1.2 2 0-H,O 21 1p; 179.53 16.6 <120 1
j - i é ;ggg-;‘g é’g’ﬁ 0.8 3 p-HyO o6 615 59.99 08 <120 1
: : p-H,O 615 5,4 78.93 1.0 <120 1
References(1) Meeus et al. (2013); (2) Dent et al. (2005); (3) Thi et al. Enig 322 ‘51;51 lg";ﬁ ?1’6 :138 1

(2001).

References(1) Upper limit at 145 m is assumed (Fedele et al. 2013).
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A.5. Details of Model 5
In this gure, we show additional plots of the structure and emitting regions of several gas tracers in Model 5.

Gas temperature Dust temperature

Hydrogen number density

Fig. A.4. Model 5.Upper panels(left) gas temperatureright) dust temperatureCentral panels(left) hydrogen number densityiight) optical

depth of the line (jine), of the continuum (.ny), cumulative vertical ux, and number density as a function of the radius for thgljge at 145 m.

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 approximatel:
50% of the line ux.Lower panelssimilar plots for the [Gi] line at 157 m (left) and the ortho KO 0 S(1) at 17 m (right).
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