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ABSTRACT

Context. Transitional disks around young stars are promising categdto look for recently formed, embedded planets. Pldisét-
interaction models predict that planets clear a gap in tlsevgdle trapping dust at larger radii. Other physical medas could
be responsible for cavities as well. Previous observatimve revealed that gas is still present inside these cayviiig the spatial
distribution of this gas remains uncertain.

Aims. We present high spatial resolution observations with trecama Large Millimetgsubmillimeter Array (ALMA) of*3CO and
C*®0 lines of four well-studied transitional disks. The obsgions are used to set constraints on the gas surface despsityfically
cavity size and density drop inside the cavity.

Methods. The physical-chemical model DALI is used to analyze the gasges of SR 21, HD 135344B, DoAr 44 and IRS 48. The
main parameters of interest are the size, depth and shape @fas cavity. CO isotope-selective photodissociatiomdiided to
properly constrain the surface density in the outer diskf@*0 emission.

Results. The gas cavities are up to 3 times smaller than those of thdardall four disks. Model fits indicate that the surface dénsi
inside the gas cavities decreases by a factor of 100-1000Paed with the surface density profile derived from the iodisk.

A comparison with an analytical model of gap depths by plafisit interaction shows that the disk viscosities are jikelv, with

a ~ 1078 — —107* for reasonable estimates of planet massesl@fM,,.

Conclusions. The resolved measurements of the gas and dust in transisibalities support the predictions of models that describ
how planet-disk interactions sculpt gas disk structuresiafiuence the evolution of dust grains. These observedtsires strongly
suggest the presence of giant planetary companions inittoemslisk cavities, although at smaller orbital radii thentypically
indicated from the dust cavity radii alone.
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1. Introduction Other mechanisms that could cause a dust cavity or dust ring
are photoevaporatioh (Clarke etlal. 2001) and instatslgiethe
Protoplanetary disks around young stars are the birthesazfl €d9€s of dead zones (€.g.Regaly €t al. P012). Measurirgathe

planets (e.d. Williams & Cie#a 2011). Disks with inner dust< density inside the cavity is essential to distinguish betwihese
ities, also called transition disks, are good candidatesgsch Mechanisms: photoevaporation clears the dust and gas fiem t

for young planets that have recently been formed and clealBgide out; dead zones do not change the gas density inside th
out their orbit. Dust cavities have been inferred from mod:@Vity: planetary clearing creates a gas cavity. Furtheeniae
eling of Spectral Energy Distributions (SEDS op  decrease of gas surface density inside the gas cavity rddius

and references therein) and millimeter mterferetpends on the mass of the companion and the disk viscositye Mor
.. ’Brgwn et 3l 2009 Andrews efal. 2011). Planet can enerally, the fundamental properties of a disk are thetgas-
dates have been found in cavities of several transitionsdidkUSt ratio and gas surface density profile, as the gas does not

2012] Quanz etlal. 2013, 2015). Howeve'?ecessa”ly follow the dust distribution.

planet-disk interaction models indicate that dust casigies only
an indirect consequence of planet clearing: a planet wilkelo The presence of gas inside the dust cavities was discovered
the gas surface density along its orbit, creating a gas gdpawi through accretion (e.g. Valenti et al. 1993; Najita et al0?0
pressure bump at its outer edge where the millimeter-simstl dand H emission[(Bergin et al. 2008; Ingleby etlal. 2009). Other

ets traEEed %e. . Zh al. 2011; D n-Robinson alfikst indicators of warm molecular gas inside the cavitieseve
%ﬁﬂ 2). The resultis a millimeter-dusgr(or near infrared observations of CO rovibrational lines, inesel

in particular cases an azimuthal asymmetry, due to a Rossbgses revealing a gas cavity that was indeed smaller thalugte
wave instability of the pressure bump, van der Marel 8t 1320 cavity (Pontoppidan et &l. 2008; Brittain etlal. 2009; Sadykl.
IFukagawa et al. 201 8; Casassus &t al. 2013) and a gas catity2009; Brown et al. 2012). Due to a combination of high critica

can be up to two times smaller than the radius of the dust rirdgnsities and non-LTE excitation, rovibrational CO data ba



http://arxiv.org/abs/1511.07149v1

N. van der Marel et al.: Gas cavities in transitional disks

difficult to interpret and derived gas masses are highly modelb135344B, DoAr44 and IRS 48. For IRS 48, the 6-5 transi-
dependent. tions are observed, for the other disks the lower 3—2 triamsit
For a proper derivation of the molecular gas densities, G®eviously derived models fro’CO ALMA observations
pure rotational line observations are required. For a hdraff (Bruderer et all 2014; van der Marel et Al. 2015b) of IRS 48,
disks, pioneering interferometers such as SMA and PdBI &R 21 and HD135344B will be used as a starting point for anal-
ready revealed gas inside the cavity through CO rotatiomes$! ysis of the isotopologues. With DALI we determine a gas den-
AB Aur -5) GM Aur (Dutrey etldl. 2008) andbity structure that is consistent with the CO observatiGED
HD 135344B [(Lyo et dll_ 2011). Spatially resolved ALMA ob-and continuum dust interferometry. Information on the has g
servations of*?CO emission confirm the presence of gas irand dust from the literature is included. The goals of thislgt
side the dust cavity for several other disks (van der Marel et are to determine the gas surface density profile, speclficte
2013; Casassus etlal. 201.3; Pérez &t al.|2014; Zhang etldl, 2Gize, depth and shape of the gas density structure insidkutte
[Canovas et al. 20115). Using a disk model based on the dust sticavity in order to constrain the properties of potential ended
ture derived from the SED and millimeter imaging, tH€O planets.
data suggest a gas density decrease of 1 or 2 orders of magni-The paper is structured as follows. In Section 2.1 we describ
tude inside the dust cavity compared to the density profile tife details of the ALMA observations. In Section 2.2 we pnése
the outer disk[(van der Marel etlal. 2015b). On the other hardpment maps of thECO and*®CO observations. The modeling
the dust density decreased by at least 3 orders of magnita@ggroach is presented in Section 3. Section 4 presents ttle mo
inside the cavity. In cases of IRS 48 and J1604-2130, the gading results. Section 5 discusses the implications foresidbd
cavities are sficiently empty so that?’CO becomes optically planets in the disk.

thin inside the dust cavity, and it was found that the gas cav-
ity radius is indeed smaller than the dust cavity (Brudeteile 2 Data

2014/ Zhang et al. 2014; van der Marel efl al. 2015b), congisté”
with the planet-disk interaction predictions. The sameultes The observations were obtained during ALMA Cycle 1 and 2 in
was found for HD 142527 using CO isotopologue observatiodane and July 2014, with baselines ranging from 20 to 1100 m,
(Perez et &l. 2015). probing scales from 0.15 to 8 arcseconds. The sources aind the
Since detection of planets in disks is challenging, qugntifproperties are summarized in Table 2.
ing the gas density structure of the disk inside the cavity ca
provide important clues on the properties of embedded uns
planets. The depth and shape of the gap depend primarilyeon
planet mass and the disk viscosity (Zhu et al. 2011; Pinflele The disks SR 21, HD 135344B and DoAr 44 were observed in
2012; Fung et al. 2014). These models show that a planet da@sA Cycle 1 program 2012.1.00158.S (Pl van Dishoeck) in
not create a steep gas gap, but a gradual decrease overl seBziiad 7 (335 GHz or 896:m) with a resulting spatlal resolu-
AUs. While spatially resolve?CO can prowde some informa-tion of 0.2—0.25". The observations were taken in four séct
tion on the gas density profile, the emission remains opyicalvindows of 3840 channels: three windows have a bandwidth of
thick throughout most of the disk and is thus not a very goatb9 MHz (channel width 122 kHz, equivalent to 0.1 kr)s
absolute density tracer. Spatially resolved CO isotopsdogb- centered on thé3CO 3-2, ¢80 3-2 and CN 3-2 transitions
servations are required to constrain the outer disk masshendwith rest frequencies of 330.58796, 329.33056 and 3402477
gas cavity radius, as well as the depth and potentially thpesh GHz, respectively. The fourth spectral window was centered
of the gas surface density profile. 342.15000 GHz with a bandwidth of 1875 MHz (channel width
Converting CO emission into density is also not trivial: thé88 kHz, equivalent to 0.5 knT¥) aimed at higher continuum
CO abundance with respect to, s not constant throughout sensitivity. The total continuum bandwidth wa8.2 GHz. For
the disk due to photodissociation by the stellar UV radiatioHD135344B, the flux was calibrated using Ceres, and J1427-
and freeze out onto dust grains in the cold regions in the mig206 was used for calibration of both bandpass and gain. SR 21
lane and outer disk (van Zadelfiet al. [2001] Aikawa et al. and DoAr 44 were observed in one scheduling block, with Titan
). CO photodissociation is subject to self-shieldiAg. as flux calibrator, J1517-2422 as bandpass calibrator &2b31
CO isotopologues have lower abundances, they are not seb27 as gam calibrator. In both objects, the flux calibr&@ares
shielded until deeper into a cloud or disk (Bally & Lariger 298 resp. Titan) is highly resolved on long baselines. The gali ¢
ivan Dishoeck & Bladk 1988; Visser et/al. 2009). Thereforskdi bration on the flux calibrator was thus performed using a sub-
models that do not include isotope-selective photodisdioei set of the antennas. The total on-source integration time wa
predict higher CO abundances than when thieat is in- 30 minutes each for SR 21 and DoAr 44, and 54 minutes for
cluded, as recently demonstrated by Miotello et al. (20Ao, HD 135344B.
the gas temperature is decoupled from the dust temperature i IRS 48 was observed in ALMA Cycle 2 program
the upper layers in the disk and at the directly heated ce2613.1.00100.S (Pl van der Marel) in Band-%80 GHz or 440
ity wall (e.g..Kamp & Dullemond 2004; Jonkheid ei al. 2004;m) with a resulting spatial resolution of 0.15-0.2". The @ibs
Gorti & Hollenbachl 2008). For a proper interpretation of CQations were taken in four spectral windows of 1920 channels
emission, the physical and chemical structure of gas antl dtigee windows with a bandwidth of 937.5 MHz (channel width
needs to be modeled. We make use of physical-chemical md&8 kHz or 0.3 km 3'), centered on th&CO 6-5, G0 6-5
eling with DALI (Bruderer et all 201Z; Brudeter 2013), whichand HCO 9-8 transitions with rest frequencies of 661.067276,
simultaneously solves the heating-cooling balance of the ¢658.553278 and 674.80978 GHz, respectively. The fourtb-spe
and chemistry to determine the gas temperature, moledalara tral window was centered on 672 GHz with a bandwidth of 1875
dances and molecular excitation for a given density stractu  MHz (channel width 977 kHz or 0.5 knT¥ aimed at higher
In this paper, we present ALMA Cycle 1 and 2 observazontinuum sensitivity. The total continuum bandwidth wals7
tions of CO isotopologue$®CO and G80 at~ 0.2 - 0.25” GHz. The flux was calibrated using J1517-243, the bandpass
resolution of 4 additional well-studied transitional disiSR 21, with J1427-4206 and the gain with J1626-2951. J1700-2650 wa

1. Observational details
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Fig. 1. ALMA observations of the continuum®CO and G20 3-2 lines of the first three targef®op left: zero-moment3CO map.
Top middle: Continuum mapTop right: *3CO spectrum integrated over the entire diBkttom left: zero-moment &0 map;
Bottom middle: first moment'3CO map (velocity map)Bottom right: C*20O spectrum integrated over the entire disk. The beam
is indicated in each map by a white ellipse in the lower lefnen. The dotted white ellipse indicates the dust cavityusd

The data were calibrated and imaged in CASA version 4.2.1.
Given the high signal-to-noise ratio of these observatems

set as secondary gain calibrator, but not used in the finireal
tion. The total on-source integration time was 52 minutes.
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Fig. 2. ALMA observations of the continuum, tHéCO and G80 6-5 lines of the fourth targeTop left: zero-moment3CO map.
Top middle: Continuum mapTop right: *3CO spectrum integrated over the entire diBkttom left: zero-moment &0 map;
Bottom middle: first moment'3CO map (velocity map)Bottom right: C*20 spectrum integrated over the entire disk. The beam
is indicated in each map by a white ellipse in the lower lefhen. The dotted white ellipse indicates the dust cavityusd

Table 1. Stellar properties

Target SpT L. M. R. Ter M d Ay Ref.
(Lo) (M) (Ro) (K) (Mo yr?) (pc) (mag)
HD135344B F4 78 16 22 6590 -a0° 140 0.3 1,2,3
SR21 G3 10 1.0 32 5830 <1-10° 120 6.3 4,5,6
DoAr44 K3 14 13 175 4730 910° 120 2.2 5,6
IRS48 A0 143 20 1.3 10000 -40° 120 115 7,8

1)[Prato et dl[(2003), 2) Andrews ef al. (2011), 3) Espadtal. (2010), 4) Dunkin et &l. (1997),[5) Pontoppidan &12008), 6) Grady et al.
(2009), 7) Brown et al! (2012), 8) Salyk et al. (2013)

Table 2. Properties of the ALMA observations

Target Derived position Beam Beam mus? rMsc1gc® rMSont PA P ULSR
(J2000) size () PAY) (mJybeam!) (mlJybeam!) (mJybeam!) () () (kmy/s)
HD135344B 15:15:48.42 -37:09:16.36 0621 46 9.8 14 0.26 63 16 7.25
SR21 16:27:10.27 -24:19:13.04 04519 -65 6.4 8.9 0.12 14 16 3.0
DoAr44 16:31:33.46 -24:27:37.53 0.26.19 -65 6.8 8.9 0.14 30 20 4.35
IRS48 16:27:37.18 -24:30:35.39 04®@15 87 23 25 0.59 100 50 4.55

Notes. @ Measured in 0.5 km$ bins® Derived from the”*CO channel maps.

plitude and phase self-calibration was performed afterdsted in °CO (van der Marel et al. 2015b). IRS48 shows a full gas
phase referencing. The data were cleaned using Briggs weiging in *3CO, which does not ster from foreground absorp-
ing with a robust factor of 0.5, resulting in a beam size dfon found in the'?CO (Bruderer et al. 2014). On the other hand,

~ 0.25” x 0.20”" (Cycle 1 data) and- 0.19” x 0.15” (Cycle 2
data). Tabl€R lists the observational properties of theéiconm
and spectral line maps of the imaging results.

2.2. Continuum and line maps

FiguredTl and]2 show the zero-momét€O and GO maps
and spectra, the velocity map (first moment) of €0 and

the foreground absorption seen in tH€0 emission of SR 21
(van der Marel et al. 2015b) alséfects the'*CO spectra.

All CO data reveal rotating gas disks with inclination
>15°, with a double-peaked velocity profile. The gas rings for
HD135344B, DoAr44 and IRS 48 are in all cases smaller than
the continuum cavities, as shown directly in €0 panels in
Figure[1 and and in the radial cuts in Figlie 3. The emission
inside the gas cavities is at least a factor of 2 lower thamén t

the continuum. The spectrum was extracted from the regionssfrrounding rings. In contrast, SR 21 does not appear to &iave

the zero-moment map size. Channel maps of ‘@0 emis-

cavity in the gas at this spatial resolution. The pegk [ the

sion are given in the Appendix. Three of the four sourceltegrated maps is 12-30 for tA&CO and 5-20 for ¢°O.
HD135344B, DoAr44 and IRS48, show a clear hole in the The!3CO channel maps and velocity maps are used to derive
13CO and CG®0 images (Figuréll and 2), that was not seete stellar position, the position angle, inclination andrse ve-
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locity, which are within errors consistent with the valuesided The gas and dust follow the same density profile, but the gas-

from the'2CO datal(van der Marel etlal. 2015b). The derived p#e-dust ratio is varied throughout the disk, as shown in Fégu

rameters are given in Tall¢ 2. [. Inside the cavity, the dust density is zero, apart fromirthe
The continuum images show ring-like structures for SR2her disk, which is set byqs. The gas density inside the cav-

HD135344B and DoAr44, and a highly asymmetric structure faty is varied with dropsigas In the outer disk, the gas-to-dust

IRS 48, as seen in previous Cycle 0 data (van der Marel et adtio is fit by a constant number. The vertical structure is de

[2013). The ®N on the continuum ranges between 130 and 50idied by the scale heighi. and the flaring angley, follow-

for the diferent disks. The Band 7 continuum data of SR2ihg h(r) = h(r/rc)?. The fraction of large graings and the

and HD135344B show minor azimuthal asymmetries with scale height of the large grainsare used to describe the set-

contrast of less than a factor 2, similar to the Band 9 contitling. More details on the star, the adopted stellar UV radia

uum (Pérez et &l. 20114; van der Marel et al. 2015b), althdligh tion, the dust composition and vertical structure are desdr

asymmetry in SR21 appears to be less pronounced in BanihZan der Marel et all (2015b).

than in Band 9. The Band 9 and Band 7 continuum images are

compared and analyzed in Pinilla et al. (2015). The contimuu -

emission in IRS 48 is discussed in van der Marel &{al. (2015a) % Model fitting approach

The best fit models from Table 4lin van der Marel etlal. (2015b)
cut (aU) Cut (AT) are used as initial model for the vertical structure and dest
—200 —100 0 100 200-200 —-100 0 100 200 sity structure for SR21 and HD135344B, based on a combina-

_ LA[ADTSEEE SRET 1, tion of SED, dust 690 GHz continuum visibility atdCO 6-5
9 1.0 1HCo (gas) 11CO (gas) ] . . -
K modeling. These models were fit by eye, starting from a sarfac
75 0.8 density and cavity size consistent with the millimeter hiiéy
5 06 curve, followed by small adjustments on the inner disk param
»:: 04 eter Pqus) and vertical structure to fit the SED. For the fit to
% o0e ] the?>CO data, the gas surface density was taken initially assum-
§ o0 J . \ ) A ing a gas-to-dust ratio of 100, and the amount of gas insiele th
£ o2l contingum (dust) 7 Cnmm:um (S) cavity was subsequently constrained by varylngaggg_pa_rarr_\-
-1.50-0.75 0.00 0.75 1.50-1.50-0.75 0.00 0.75 1.50 eter, Wherégas = 59a929a5f0r r< rC?V- The dust densny inside
cut (") the cavity (betweemng,, andrcavdus) is set to be entirely empty
of dust grains. SR21 is an exception: a small amount of dust is
000 1058 AV oo a00 L oSEAY) included between 7 and 25 AU, following van der Marel et al.
2 T O R (2015b). The dust structure of DoAr44 was analyzed in a simi-
T 10 1c0 (gas) 117C0 (gas) lar way in AppendiX®B through SED and dust 345 GHz contin-
= os ' uum visiblity modeling. For IRS48, we use the model derived b
£ Bruderer et al/[(2014), although we choose to use an expiahent
g 06 power-law density profile instead of a normal power-law, ¢o b
» 04 consistent with the other three disks in this study.
g 0.2 With the new CO isotopologue data, we use the initial dust
2 0.0bro ; . structure model and only vary a small number of parameters to
~ —0.2l\/_continuum (dus continyum (dus fit the CO emission by eye by subsequent adjustments of the sur

—1~50—0-75C0-t03,)0-75 1.50-1.50-0.75 0.00 0.75 1.50 face density, gas-to-dust-ratio, outer radius, and {h@ameters
" to fit the amount of gas inside the cavity. These are shown to be

. . . . . . he most relevant parameters by our previous modeling. We do
o nensly uts ol e o s f a6k use o o Markov-Chan-onteCarlo (MCNG) et
emission (blue). In case of IRS48, the deprojected intgmsit "ds the computational time of the models is too long and the
of the minor ax.is is taken, to 00\’/er the (asymmetric) cont number of parameters too large. Formal uncertainties ofenod
uum profile. The cuts clearly reveal that the gas cavity rai rE)arameters, the uniqueness of the fitand correlann_betpme
smaller thaﬁ the dust cavity radii rameters cannot .be computed dllre.ctly, but the densny&_epa}

' rameters are estimated to be within an order of magnitude and
the radial parameters to within 5 AU based on a small model gri
(see also Figurlel 5 afd T.1).

) The outer disk CO emission and submillimeter continuum
3. Modeling flux are fit simultaneously by varying. and the gas-to-dust-
ratio GDR. The outer radiug, is set by fitting the CO spectrum
(the maxima in the spectra or double peaks, arising from the
As a starting point for our models we adopt the physic&eplerian motion) and provides outer boundaries for cornmgut
structure suggested by Andrews et al. (2011), as implerdentee gas masses. Using this surface density profile, the iemiss
by [Bruderer 3) and fully describedlin van der Marel &t ahside the cavity is constrained by tagparameters (Figuid 4).

). The surface density(r) is assumed to be a ra-The near infrared excess determines the dust density imtiee i
dial power-law with an exponential cutidollowing the time- disk throughqus: The gas cavity radiugaygasand dropigasoare

3.1. Physical model

dependent viscosity disk model ~ r” with y = 1 fitto the CO emission. In some cases, an additional drop in gas
(Lynden-Bell & Pringlé 1974; Hartmann et/al. 1998) surface density is required betwerg,gasand the dust cavity
5 2y radiusrca\,du_st This drop is indicated bg_?gas, _ _
() = S (L) exp(— (L) ) @) The main parameters that are varied are the gas cavity radius
re re I'cavgas@nd the drop in gas densifijaso betweernr sy, andrcavgas
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In three of the four targets an inner gas cavity (smaller than
the dust cavity) was required to fit the data. In SR21 the 7
; . AU cavity previously derived from rovibrational emissiorasv
10% k. ; ; . adopted, but no gas cavity is resolved at the spatial resalut

; ; of ~ 0.2” (24 AU) in our observations. In all disks, the depth is
constrained to within an order of magnitude and the cavitg si
to within £5 AU, mainly through the comparison of the spatially
resolved emission, but further confirmed by the line winghe
spectra. In the intensity cuts in Figurk 5 thgs, parameter is
varied. The comparison shows that the uncertainty on the den
dust 3 sity drop is less than an order of magnitude. In Appefidix C we
show the intensity cuts for larger and smaller gas cavitii,need
spectively. These plots show that the uncertainty on thegas
ity radius is typicallys5 AU and the uncertainty on the depth
! U RN RO is less than one order of magnitude. Furthermore, in bothlSR2

1 10 100 and DoAr44 an additional drafyasbetweer caygasandr caydustS
Radius (AU) required to fit the data.

The models of thé?CO fits oflvan der Marel et al. (2015b)
Fig. 4. Generic surface density profile for the gas and dust.  fit remarkably well the isotopologue data in the outer disklyO
minor corrections in surface density and gas-to-dust-ragre

Table 3. Results for the gas density profile of each transitiofgduired to fit the new data. However, inside the cavity ttes pr

1nsub 1ﬂgap rcavgas rcavdust
T L T T

inner disk i outer disk

dust Cavitiy

disk. viously derived results for the gas surface density weraddo
be inconsistent. A modest drop in the gas density insidetise d
Parameter HD SR DoAr RS cavity radiusr,, Was sifficient to explain thé?>CO data but no
13@ 21 44 48 gas cavity was seen. Since the gas cavity becomes visibiein t
Surface  r. (AU) 25 15 25 60 isotopologue data and turns out to be smaller than the duisy ca
density X (g cnr?) 120 400 60 0.5 radius, the gas cavity radiugagascould be fit independently of
GDR 80 100 100 12 the depth.
MP (10°M;) 0.13 0075  0.05  0.015
Mgfli}s(ww@) 15 7.7 2.5 0.55 o
Radial I cavgas(AU) @ 30 7 16 25 4.1. Results of individual targets
structure  Jgasy@ 2104 10200 <10* <103
I cavaust(AU) 40 25 32 60 HD135344B
Sgas® 1 5.102 102 1 HD135344B shows a clear gas cavity, both¥¢0O and ¢80
I'out (AU) 125 60 60 90 images, which is significantly smaller than the dust cavsige(
Inner I'sub (AU) 0.18 0.18 0.08 0.4 top two panels of FigurEl1). The modeling constrains the gas
disk Igap (AU) 025 10 1.0 1.0 cavity radius to 30 AU (dust cavity radius is 40 AU) and the
Saust (AU) 210* 110° 110% 110° dropis 2- 107 (top right panels in FigurEl5). Previously, the
Vertical ~ h; (rad) 015  0.07 0.1 0.14  model based on th#CO data requiredgss of 1071 — 10-2 for
structure ¢ 0.05 015 0.1 0.22 3 cavity radius of 40 AU. A 30 AU gas cavity was also derived
;S 8'35 8'25 8'25 8'55 in lvan der Marel et al.| (2015b) considering the inner raditis o

the small dust grains derived from the scattered light eioriss
Notes. a) HD13-HD135344B. b) The masses are only constraineéarufietal. 2013), but @gas value as low as- 10~ under-
within ro, for the detected surface brightness. c) The drop insidepfoduces thé?CO emission inside the cavity. As tRéCO is
AU could not be constrained by the ALMA data, we adopt the @aluoptically thick and mainly traces the temperature atihe 1
from CO rovibrational spectroastrometry by Pontoppidaale2008).  surface, this new result suggests that the temperatucsteis
d) The uncertainties on the gas cavity size is typically AU and less  gomewhat higher than in our model, perhaps due to some resid-
than one order of magnitude on the depth of the drop. ual dust in the cavity (increasing the CO abundance due to its
shielding and changing the heating-cooling balance) oxére

, , , . tical structure (shadowing on the outer disk) @m
The CO isotopologues provide better constraints on theityensy, 5 getailed discussion).
than the'?CO because they are less optically thiéRQO) or
even optically thin (2%0). The dfects of isotope-selective pho-
todissociation are properly considered in the modelingdisd
cussed in Sectidn 4.3.

The residual of thé3CO emission (left panels in Figulé 5)
shows that the model overpredicts the emission in the oigkr d
(>0.5"). On the other hand, the*®D residual has an underpre-
diction of the emission in the outer disk. The residuals gee s
tially insignificant, but integrated over the whole disk yheere
4. Results likely related to real structure, suggesting an outer gag with

a possible gap. The radius ef 100 AU coincides with a sug-
Data and models are compared through the spectra and the gasted planet that is launching one of the spiral arms obdénv
moment maps (intensity maps) of bd8CO and G80. For each scattered light observatio@@OlZ). If theiiadeed
target we show the direct comparison of the images of thainte planet at this large orbit, it is expected to clear a gapergtrs,
sity map of the best fit model, and the constraint on bgilyas which could possibly explain the structure in the outer disk
and dgas2 through spectra and intensity cuts through the majtire focus of this study is only on the emission inside the dust
and minor axis of the zero-moment map. cavity, this is not investigated further.
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Fig. 5. Modeling results and observations of tf€0 and G20 emission for the best fitting models in derotated imagessaedtra.
The left panels show the direct image comparison of the resoient map: derotated observations, model, convolved haode
residual. In the residual map the overlaid contours inditia¢ 3r levels, where dashed lines are negative. The central pshels
the gas density profiles with fiierentdyaso drops in solid lines and the dust density profile in dasheesliThe right panels show
the resulting intensity cuts for major and minor axis fortbB}CO and CG®0. The best-fitting model is indicated in red, otigss,
values in blue. The drop in density can be constrained tonvith order of magnitude.
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SR21 nential power-lavg(r) is replaced by an increasing exponential

Unlike the other disks, the CO emission in SR21 does nlaiw betweer caydusi@ndrcavgas Motivated by planet-disk interac-

appear to have a cavity. Rovibrational CO emission suggestm models, following:

a gas cavity of 7 AU radiud (Pontoppidan etlal. 2008), whi B (—ton/W

remains unresolved at the ALMA spatial resolution (14 A () =X(rca) - € @)

diameter0.12"). The physical model includes this 7 AU cavitywhere the widthw is given by

The'?CO emission already indicated a drop in density between leay — Feav2

7 AU and the dust cavity radius of 25 AU. The intensity cuts of = N o) oo (o) )

the CO isotopologues also suggest a drop in density conrsiger cavliTgase=At cav

the strength of the emission (right panels in Figure 5). Adog  The width is just chosen to conneX(r) atrcavdust@ndrcaygas fit-

to the model fitting, this drop is about two orders of magnissid ting dgasa and no new parameters are introduced. This 'straight
connection’ is further motivated by the shape of the gaps in
Figure 7 in_de Juan Ovelar et al. (2013) of planet-disk irdera

DoAr44 - _ _ ~ tion models. Using the above relation and the derived cavity

DoAr44 is the only disk in this study with a symmetric dustyin radii, the drop in density is derived again for the best fiftin

The dust cavity radius was found to be 32 AU (see $dct. B)gusimodel (see FigurEl6). The best fitting values are within a fac-

the same modeling approach as in van der Marellet al. (2015@}. of 2 of thes s, values in the vertical drop model (Talgél 3):

The cavity size and di;sk mass are similar to previous studigs, fing 2104 103 2:10% and 5102 for HD135344B, SR21,

of SMA 345 GHz continuum data (Andrews et al. 2011). Th§oar44 and 1RS48 respectively, although IRS48 is a poor fit

drop in dust density inside the cavit§(stca) is at least a factor compared to the double drop model. However, the outer radius

1000. The CO isotopologue intensity maps have low signal § the slope (.4,) of 60 AU has been constrained from the SED

noise compared to the other disks, likely due to the lowek dig g \/|SIR image rather than from the millimeter continuum as

mass, but still show a gas cavity that is only half the sizehef ti, he other disks, due to the asymmetric structure, makigg t

dust cavity: 16 AU. Thegaszinside 16 AU is at most 10. An approach rather uncertain. Another possibility is that mnloie

additional drop in gas density between 16 and 32 AU of1® nation with other clearing mechanisms are responsibleHer t
required to fit the emission (right panels in Figlte 5). different drop shapes.

IRS48 4.3. Isotopologue selective photodissociation

The CO iso’_[opo_logue emi_ssion in IRS48 confirms the presen,lcr(]ae main process regulating the survival of CO in disks, pho-
of a gas cavity with a considerably smaller radius than thete P 9 g P

peak of the dust asymmetry (60 AU), as foun dissociation, does not equallyffect diferent CO isotopo-

. , 2 {
i ith th A ing f ; . Jogues [(van Dishoeck & Black 1988)2°CO becomes optically
%2{ig;gﬂS(tBe[thme'teItﬂ|e ZSQO] 2;{ ﬁ]asrgggt(? Ezdcgnn;?gtﬁmdﬂvi{hick at low column densities and shield itself throughd t
the models of the other disks, we assume a radial power-lgw wiliSk from the photodlssoc!au?g flux. On the other hand, less
exponential cut-f rather than a simple power-law as done bgPundant isotopologues, like %O, are not self-shielded un-
.[(2014), but a similar vertical structurensity il much deeper into the disk and continue being photodis-

structure and mass are found as in their study. Because D lated. This results in regions Whel%éso IS less abun-
considers only axisymmetric models, the millimeter comtim 92Nt than predicted by a constartf@*°0] ratio found in
asymmetry is not fit: the total submillimeter flux, the VISIRt.he ISM. Accordlngly, th.'s leads to reducedgo "F‘e intensi-
18um image and the SED are again used to constrain the digs- The importance of isotope se_lectl\iéets varies depend.-
density and dust cavity radius. The gas cavity radius isddon N9 disk parameters, dust properties and the stellar FU fiel
be 25 rather than 20 AU found by Bruderer etlal. (2014), bt trgMiotello et all2014). The UV field is calculated at each fiosi

is within the uncertainty on the radius, and no additionaipdr M the DALI model taking into account the local dust density.

between 25 and 60 AU in density is required to fit the emission O this reason, isotope-selective photodissociatiorbbas
(right panels in Figurl5). implemented in the modeling of all disks in our sample. Ipeto

13C0 shows a full ring of emission. However, the emissioSelective &ects are substantial only for'®D line emission and

. ; ' P [h the outer disk regions, where the bulk of the gas phase CO
IS V\{eaker at the Iocat[on pf the dust trap, as seen in the-reg@ located (Figur&l7). Theflect on the outer disk emission is
ual image (left panels in Figufé 5). TR.CO emission is barely | “eicciabie for SR21. On the other hand, IRS48 has an even
optically thick at the dust trap radius of 60 AU (the= 1 sur- o0 ik mass but shows a significanfieience. This may be
face IS at the mlqlplane) and the drop_ in emission is likely d Elated to the low gas-to-dust ratio in this disk ;I'his shows

to continuum optical depth or a drop in temperature due to t %tope-selective photodissociation depends O'n the quatibh

) . 3 C e
local increase of dust density. Thé\Sof the C°0 emission is ¢ yic “and stellar parameters and not only on the total disk g
too low to show the gas ring or this local drop in emission, b ass

the data have been used to set constraints on the gas density. Int.erestingly, isotope-selective photodissociationyoaf-

fects the CO isotopologue emission in the outer disk (rather
4.2. A gradual drop than inside the cavity), likely because of the lower CO calum

densities and the temperatures, conditions where thepiseto
The structure with two gas density drops inside the cavitytb selective photodissociation is mor&estive. A similar result
in DoAr44 and SR21 (and previously IRS 4_&._B_Lu_d—u%_e_r_e_Lét alas found in full disks, where the regions strongfijeated by
[2014) has been interpreted as implication of multiple pisa¢  isotope-selective processes were located in the outeecotd
different orbits. An alternative explanation is a gradual drop gions (Miotello et all 2014). However, this is only true fame
increasing surface density profile inside the cavity. Ineord  ditions in these four disks. Possiblfexts in more extreme sce-
investigate this, we have run additional models where tip@ex narios can not be excluded.
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1078 e — 0.0 L there is a dierence up to a factor of 2, while nofiirence is
Lot = - . seen for DoAr44.
I e
IRS48 {|'m r Beo
= 10° g 20 i 2.0
RS <. ! 1.5 (2011): less than 1 brown dwarf mass>87 AU radius. For
o P 1.0 SR21, companions witly > 0.01 or> 10Mj,, are ruled out
&0 107® i§‘> = 1.0 : 0.5 for 11-21 AU orbital radius according to near-infrared dape¥
S 2 0.5 : ' masking interferometry (Andrews etl 11). For the ottver
i, £ 00 ; 0.0 disks no limits on companions are known. Unfortunately tee d
10 B ' -0.5 rived limits are outside the orbital range suggested by @sr g

-1.0-0.50.0 0.5 1.0

0 20 40 60 80 RA () cavity radii, assuming the companion orbital radius is elas

RA (AU) the gas cavity radius.

Fig. 6. Comparison of the intensity cuts between the best fit mod- The diference between gas cavity radius and dust cavity
els (blue) and a gradual model (red) as defined in Equédionradius can be compared with modeling results of planet-disk
The right panel gives the density profile. All disks exceps#8 interaction b al. (2013). They show a rela-
can be fit equally well with this gradual increase profile. tion between the observed dust cavity wall in the near ieftar
(SPHERE-ZIMPOL predictions), tracing the small dust gsain
and the millimeter-dust cavity wall as observed by ALMA.
Simulations were run for éfierent planet masses afféirent radii

_ _ o (IFigure 8 and Equation 1 in the mentioned paper). The simula-
The main outcome of Figurel 3 and the modeling is that &lbns were performed assuming a viscosityeot 10°3 for a

four transition disks have gas inside the cavity, with a gafsk of 0.05 M,. The ratio between the two radi{My) is found
cavity that is smaller than the dust cavity (for SR21 adopteg fo|iow

from[Pontoppidan et al. (2008)). The CO isotopologues canfir

the main result from thé?CO data: gas is present inside th Mp

dust cavities and has a smaller decrease in density than PMMP) =c (Wup)

millimeter-dust. With the new optically thin isotopologdata,

the density profiles are now much better constrained thagobasvith ¢ ~ 0.85, andy ~ [-0.22, -0.18, —0.16] for planet orbital

on just!2CO datal(van der Marel etlal. 2015b). radius= [20, 40, 60] AU, respectively. Assuming that the small
Two other transition disks have beenfistiently spatially dust grains follow the gas, this relation can be appliedatiye¢o

resolved in CO and continuum to also confirm a gas cawur cavity radii. The gadust cavity radii ratios for our targets

ity smaller than the dust cavity: HD1425t are 0.75, 0.28, 0.5 and 0.42 for HD135344B, SR21, DoAr44

2013;|Perez et al. 2015) and J1604-2130 (Zhang et al.| 20a4d IRS48, respectively, with gas cavity radii of 30, 7, 1@ an

ivan der Marel et all_2015b). To date, no counterexample @& AU. Using they = —0.22 relation (closest to our gas cavity

been found for which the gas follows the same distribution aadii), planet masses are predicted to be 2, 11 ant¥25 for

the dust. This hints at the exciting possibility that thegoriof HD135344B, DoAr44 and IRS48. For SR21, we extrapojate

transition disks indeed lies in embedded planets that Haeead for the 7 AU gas cavity radius to be -0.26, resulting in a ptane

their orbit in the gas and trapped the millimeter-dust aiethge. mass of 71 Jupiter masses. The derived masses remain umcerta
An upper limit on any embedded companions has been dkie to the fixed viscosity in the models: a lower viscosity idou

rived for HD135344B using direct imaging in_Vicente et alresult in lower masses.

5. Discussion

(4)




N. van der Marel et al.: Gas cavities in transitional disks

Another way to compare the observations with planet-digk Conclusions
interactions models is using thgasodrop value. The outcome of

the gradual drop model is particularly interesting as it ietter In this work, we have analyzed high spatial resolution ALMA

> . G 1 O
resemblance to the shape of the gap carved by a planet amse?Hl?m'"'mete.r. observations of'CO and CFO line emission
planet-disk interaction simulationis (Crida etal. 2006uhal. | '°M 4 transition disks using full physical-chemical madgl

2011: de Juan Ovelar etlal. 2013: Fung et al. 2014). Fung et Yping a previously derived surface density model of the ,dust

have derived an analytical prescription based on the owtaafm _based on the SED and millimeter continuum visibilities, gph

numerical simulations of the depth of the gap, which can S‘f I model of the gas and dust was derived for each of the disks
t
p

constraints on the mass of the planet in combination with e structure and amount of gas inside the cavity is the main

viscosity in their Equation 14: oint of interest as it gives direct information about paign

embedded planets.

1. All four disks show a gas cavity that is up to two times
smaller in radius than the dust cavity. Two other examples
are known from the literature.

2. All disks can be fit to a gas density model with one or two
drops in the gas density inside the cavity.

3. The gas density drop inside the cavity is at least a fadtor o

Tgap/Zo = 4.7 X 10*3(

)1.26(%—))612 )

) (5
5x 103 102

with g the mass ratio between planet and stathe viscosity
parameterh)/r the scale height anBgy,,/o the drop in density,

or 6gasa The equation is only valid fog = 104 - 102, Asimi- 4

lar relation was recently derived by Kanagawa ét al. (2016

derived parameters can thus provide an estimate for thefplan \ )
5. The derived values of the gas mass from the CO isotopo-

mass, assuming a certain viscosity value. The relation kiasya
strong dependence dm'r, due to the strong dependencies of
the torque on the disk angular frequency. Note that the difks
these simulations are isothermal to male constant as a func-
tion of radius. Since the gas temperature has in realitycagtr

1000 compared to the gas surface density profile of the outer
disk.

An alternative model with a gradual increase of surface de
sity with radius inside the cavity fits the data equally well f
three of the four disks.

logues are within a factor of a few compared to previously
derived values from spatially resolvédCO observations,
submillimeter continuum and a gas to dust ratio of 100. The
isotopologues are however crucial for the gas density profil

vertical gradient due to the UV heating, especially at the ca _ inside the cavity. _ o )

ity wall, this makes Equation 5 uncertain. On the other han®: The depth of the gas density drop indicates that the viiscos
these processes are happening close to the midplane and th&i€s in these disks are low for reasonable companion masses.
isothermal approximation is not entirely incorrect. In Bimg
the relation to our findingdh/r is only marginally constrained
by our models due to the degeneracies in SED modeling.

h/r = cs/Vk, with the sound speet} «« VT andvi the Keplerian Acknowledgements. The authors would like to thank P. Pinilla for useful dis-
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off from the h/r derived from our radiative transfer modelingber states), NSF (USA) and NINS (Japan), together with NRéngda) and
Using these values fdr/r in combination with theSgaszvalues NSC and ASIAA (Ta_lwan), in cooperation with the Republic dfile. The Joint
derived for the gradual drop models for our disks, planetsess A-MA Observatory is operated by ESO, AMIRAO and NAOJ.
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Appendix A: Channel maps

In this section we present tHBCO channel maps for each observed target.
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Fig.A.1. 3CO channel maps for each observed target. Overlaid in whiteoars are the Keplerian velocity profiles for the derived
inclination and given stellar mass.
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Appendix B: Dust model DoAr44

Unlike the other disks, the dust surface density profile oABlgl was not yet constrained by ALMA data from previous paper
Using the same approach aslin (van der Marel et al. 2015b)daimas found by fitting the SED, the 345 GHz continuum vigtipil
curve and the 345 GHz continuum intensity cuts. The cavitg & 32 AU, similar to the previous result by Andrews et/aD1(?).
The depth of the dust density inside the cavity was consithlny varying théqustcavbetweerr gap andreavaust It was found that the
dust density drops by at least a factof 1€imilar to the other disks.
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Fig.B.1. Modeling results and observations of DoAr44 of the dustamefdensity, comparingdustcav ranging between 10
and 10 as indicated in the right panel. The observations are platteblack.L eft: Spectral Energy Distributiormiddle left:
Amplitude of the 345 GHz continuum visibility for the depected baselines. The null line is indicated with a dashes tmddle
right: Normalized intensity cuts through the major (bottom) andani(top) axis of the 345 GHz continuum image. The model
images are convolved with the same beam as the ALMA obsenstiight: The dust surface density profile. Indicated aredhe:

, the drop in density to fit the inner disk through the nearardd emission, anélysicay, the minimum drop in dust density inside
the cavity to fit the observations.

Appendix C: Additional models

FigurelC.1 shows the modeling results €O for the baseline model (Talilk 3) foffigirent gas cavity sizes. The plots demonstrate
that the gas cavity radius is determined to within 5 AU ureiety.
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Fig. C.1. Modeling results for dferent cavity sizes for three of the four sources. The platsvghe!3CO intensity cuts of the data
(black) and the models (colors) forftéirent density drop&yas2 The central panel uses the gas cavity siggasof the final model
(see Tabl€13), the left panel the results for a 5 AU smallerogaity and the right panel the results for a 5 AU larger ca\iyr
SR21 the 7 AU radius remains unresolved in the ALMA data seddauis is not explored. The plots reveal that the gas caadius
is determined to within 5 AU uncertainty.
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Fig.C.1. Continued.

14



	1 Introduction
	2 Data
	2.1 Observational details
	2.2 Continuum and line maps

	3 Modeling
	3.1 Physical model
	3.2 Model fitting approach

	4 Results
	4.1 Results of individual targets
	4.2 A gradual drop
	4.3 Isotopologue selective photodissociation

	5 Discussion
	6 Conclusions
	A Channel maps
	B Dust model DoAr44
	C Additional models

