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ABSTRACT

Planets are formed in disks around young stars. With an agel6fMyr, TW Hya is one of the nearest T Tauri stars that is stitteunded by a
relatively massive disk. In addition a large number of moles has been found in the TW Hya disk, making TW Hya the petést case in alarge
survey of disks withHerschel-PACS to directly study their gaseous component. We aim to coinsthe gas and dust mass of the circumstellar
disk around TW Hya. We observed the fine-structure lines df fd [C 1] as part of the Open-time large progr&ASPS. We complement this
with continuum data and ground-bas€dCO 3-2 and*CO 3-2 observations. We simultaneously model the continamidnthe line fluxes with
the 3D Monte-Carlo codMCFOST and the thermo-chemical co@eoDiMo to derive the gas and dust masses. We detect the [O 1] line @63
The other lines that were observed, [O1] at 145 and [Cl] at 157um, are not detected. No extended emission has been fourliniResy
modeling of the photometric and line data assumiigQ}[*CO]=69 suggests a dust mass for grains with ragitlsmm of~ 1.9 x 10 M,
(total solid mass of % 10 M) and a gas mass of (0.5-8)10° M,,. The gas-to-dust mass may be lower than the standard &itarstalue of
100.
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1. Introduction servations of all the major gas-phase carbon and oxygeriAgea

. . species, we can more precisely constrain the disk gas mass.
Planets are formed in the disks that surround a large fractio P P y ¢

T Tauri stars. Knowledge of the gas mass available fé¢mtint
disk ages is essential to constrain giant planet formatiod-m At a distance of 56 pc (Wichmann et &l. 1998), TW Hya is
els. Most studies estimate the dust mass from millimetetigcon one of the nearest classical T Tauri stars with an estimajedf
uum emission and assume the gas mass is a factor of 100 time@yr (Barrado Y Navascules 2006). Its proximity allows ais t
larger. This conversion factor has been calibrated fortheri attain an order of magnitude higher mass sensitivity tha@abd
stellar medium but is likely not valid for disks, especialiypse in the Taurus molecular cloud. Fits to the spectral energtyieli
that are evolving toward debris disks or where most of the gbgtion (SED) provide an estimate of the gas disk mass ®f 6
has accreted onto the planetary atmosphere. Disk gas ntass €82 M,, after applying a conversion factor f75 (Calvet et dl.
mates derived from observations 8O and optically thinner [2002). This large disk mass at this advanced age is surgrisin
13CO emission are at least a factor of 10 lower than the mass dg-the median disk lifetime is only 2-3 Myr (Haisch e al. 2001
rived from dust observations assuming the interstellariomed TW Hya is considered a transition object with an opticallinth
conversion factor. The discrepancy has been ascribed td@O pinner cavity and an optically thick outer di@% ;
todissociation at disk atmosphere and freeze-out ontodwdtl [Ratzka et dl. 2007). The fit to the SED also suggests thatgrain
grains in the disk midplane (e.q.. Qi eflal. 2004; Thiet aDP0 have grown to at least 1 cm.
An alternative explanation is that the CO abundance is rfot di
ferent and the gas in disks has been depleted.
The PACS instrument [(Poglitsch & al. 2010) on-board the The star TW Hya was observed as a Science Demonstration
Herschel Space Telescope (Pilbratt & all2010) makes it possible Project object and is part of thilerschel-GASPS program
to observe lines from species that result from the photodias (Dent & GASPS team_2010)Herschel observations of the
tion of CO (atomic oxygen and singly ionized carbon). With okfisk around the Herbig Ae star HD169142 are presented by
[Meeus et al.[(2010). In this letter we use fine-structureslime
* Herschel is an ESA space observatory with science instrtspeo- ~ addition to continuum data and CO (sub)millimeter lines ito d
vided by Principal Investigator consortia. It is open fooposals for rectly constrain the gas mass and compare it to the dust mass
observing time from the worldwide astronomical community. derived from fits to the SED.
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2. Observations and results
We obtained photometry in the “blue” (70m) and “red”

with a scan speed of 20and a scan length of’?2(obsid
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E ‘ ‘ ‘ Table 2. Disk parameters for the modeling.
: [O1] PP,
F Fixed parameters
Inner cavity  Outer ring
Stellar mass M..(My) 0.6
Stellar luminosity L.(Lo) 0.23
Effective temperature Ter(K) 4000
Solid material mass density pgus{g cnT3) 3.5
Inner radius Rin(AU) 0.25 4
Outer radius Rout(AU) 4 196
ISM UV field X 1.0
a viscosity parameter a 0.0
Turbulent velocity Viurb(km s71) 0.05
Disk inclination i 7
63.0 63.1 63.2 63.3 63.4 CO isotopologue ratio Hcoy[*3cO] 69
Wavelength fim]
MCFOST best fit parameters
Fig. 1. Herschel-PACS spectrum centred around the Ol 681 cojumn density index 6 1
line on the upper-left panel. Reference scale height Ho(AU) 2.0 10.0
Reference radius 100 100
Table 1. Lines observed byerschel-PACS. The errors and up- Flaringindex 4 0.6 112
per limits are 30. The calibration error adds an extra40%  Minimum grain size 8min(1M) 3x 107
uncertainty. The CO data also have uncertainties of 30%. Maximum grain size amax(Cm) 10
Dust size distribution index p 3.4
- Dust massd <1 mm) Maus{Mo) 1.2x10° 19x10*
Line Cont. flux Obs. GHO08 M08 Solid mass Msoig(Mo) 20x%x 108 3.0x 103
Jy) (108 W m?)
0l 3P, —3P, 2.99+0.14  36.5:12.1 124-161 412 ProbiMo parameter range .
01 3P, %P, 7.00£0.05 < 5.5 2541 11 B'\j"‘ gas mass I';"gas('\"e) 3x30 02
Cll 2Py, »2Py, 8.79+0.08 < 6.6 0.8-12  0.06 Fra;’i‘grfsosf PAHS Wt ISM for, 0.01 0.1
?385’ 32_2 22 2:3(310_2 n.%.3 0.6 n.g'_a' Cosmic ray flux (s (L7-17)x 10°Y7

We first augmented thiderschel photometric data with con-
tinuum measurements from the literature. We also retrieved
) ) ¢ and reduced archivée8CUBA data for TW Hya obtained dur-
(160 m) band of thePACS camera by doing mini scan mapsing two nights with very good sub-millimeter transmission
(F,(450 um)= 4.25 + 0.85 Jy andF,(850 um)= 1.38 + 0.14

1342187342)._The total duration of this map was 731 sec, willy). The disk around TW Hya has an internal cavity from up
an on-source time of 146 seconds. The results are8M02 Jy o 4 AU where the gas and dust density are very low. Most
and 7.38+ 0.04 in the blue and red band respectively and hayg the mass is located in the external ring. The inri¥)(and

an absolute accuracy estimated to be 5% for the blue chamael _@uter radius Rout) of the external ring are well constrained by
10% for the the red channel. These values agree very well Withaging studies and are fixed at 4 AU and 200 AU respectively
the observed IRAS flux densities and also with the continuufRoberge et al. 2005; Qi etlal. 2004; Hughes &t al. 2007). We fit
flux densities measured with tHRACS spectrometer (Tabld 1). ted the SED with the 3D Monte-Carlo radiative transfer code
We also used th&ACS spectrometer to target the [Ol] line atMCFOST (Pinte et al[ 2006). We chose to restrict to a para-
63 um in line scan mode, and the [OI] and [CII] lines at 14%metric disk model for this letter. The disk has a radial dgnsi
and 15&:m, respectively in range scan mode (obsid 134218713¢ofile with indexe. The flaring is characterized by an open-
PaCS.LIneSpeC and obsid 1342187238 PaCSRangeSpe-C)..inyr{Q ang|e Hg at a given radiuﬂef and a ﬂaring indexy Yo}

[Ol] line at 63um was detected and we report upper limits fofhat the gas scale-height is given by = Ho(R/Ref)”. The

the other two lines; see Talile 1. The absolute accuraBAGS  |ow continuum flux in the 30-10Am region suggests that the
spectroscopy is currently estimated to be about 40%, but-is @uter disk flaring is weak. Amorphous olivine grains wereduse
pected to improve in the future. Figuré 1 shows the spectryorschner et al. 1995) with a power-law size-distributiber
centered at the pOSition of the Ol line at ﬁB] of the central fined by a minimum radiuamin, maximum radiuamax, and
pixel. power-law indexp. The dust size-distribution and mass are well
constrained by the continuum emission at long wavelengtnes.

fit to the long-wavelength photometric points including tiesv
Herschel-PACS data is shown in Fid.]2 and the disk parame-
ters constrained by the fit are listed in Table 2. The inferred
dust mass in grains with radius 1 mm is Mgus=1.9 x 1074

As there is no evidence for an outflow from TW Hya, we advl, and the total mass in solids (pebbles) uptax = 10cm
sume that all the fluxes arise from the circumstellar disle (s& Msig=3 x 102 M. However, the fit fails to account for
also the discussion in_Mathews etlal. 2010). The intergogtat the flux at~25 um, which may stem from our assumption of
of the observations with thBENT grid of models is detailed in a unique temperature for grains of all sizes. The flux around
[Pinte et al.[(2010). We performed a more detailed analysis he20-30um is strongly inclination-dependent because we adopted

3. Modeling and discussion
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a sharp density change between the inner cavity and the outer
ring at 4 AU. Solids as large as 10 cm in radius are needed to
account for the observed 7 mm and 3.6 cm flux_(Wilner et al. [ st - 56 ]
[2000). The small grains in the TW Hya disk account for 6% of i dist =28 Pﬁv |
the total solid mass. We also estimated a mass in small grains -101- . » R — igciltz:e?ms s
of 3 x 10* M, assuming that the emission in the millimeter is LA . F 8
optically thin, an average dust temperature of 20 K, andngrai r
opacityk, = 2.0(v/vo)® gcnT? wherevg = 230769 GHz and

B = 0.6 (Beckwith & Sargent 1991). The two estimates of dus
mass (with radiua < 1mm) are consistent within a factor 2 with
each other. The visibility amplitudes generated by the risate
consistent with the observed amplitudes at 345 GHz by (Qilet a
2004).

For the line observations we augmented Herschel data
with SMA CO 3-2[(Qi et al. 2004) andCMT *3CO 3-2 observa- )
tions [Thi et all 2004). Following the characterizationlud tlisk I
structure from the SED, we ran three series of models with the L
thermo-chemical coderoDiMo (a detailed description is given -
inWoitke et al[2009). IfProDiMo species abundances are com-  “18 : :
puted at steady-state from the gas, and dust temperaturellas w
as the local UV field for the photodissociation reactions.ofi-c
stantisotopologue ratidjCOJ[°CO] of 69 is assumed. The gas

!(inetic temperature Is co_mputed by balancing heating aod_co_Fig. 2. Fit to the SED generated BroDiMo using the param-
ing processes. Line profiles are computed by non-LTE ra@atiy o s fomMCFOST. The inputPhoenix stellar spectrum plot-
transfer withinProDiMo. The disk is assumed to be passwel¥ed in red is from Brott & Hauschildk (20D5). IUE (UV) data are
heated. The disk turbulent velocity and inclination arelwen- from|Valenti et al.(2003). TheMASSJ,H, K Ii?AS, andSpitzer-
strained by millimeter interferometric dafa (Qi etlal. 2p0Phe |, PSphotometry are archival data, TSpitzer-1RSspectrum is

outer disk is irradiated by direct and scattered stellartq@in® blished by Ratzka ethl. (2007). Thierschel-PACS data are
as well as by in_terstellar uv photons. The free parameters I?ﬂlﬁ)tted in filled green triangles. 'I2he averddBVRI photomet-
the4gas simulations are t_he disk gas mwlg,ss (bet_ween 3 ic points are published by Rucinski & Krautter (1983). TIe98
10" and 0.3 M), the fraction of polycyclic aromatic hydrocar- ,;m and 1.1mm data points (inverted filled blue triangles) are
bons (PAHSs) in the disk with respect to the interstellar abughken froni Weintraub et hl (1989). The 3.4mm point (oper blu
dancefpan, and the cosmic ray flux (=1.7x 10" st in the ~ gquare) is from Wilner et al. (2003) while the 7mm and 3.6 cm
ISM). Observations show that PAHs are depleted by at Ieasb@,—ms (filled blue square) are frdm Wilner et al. (2000).

factor of 10 (fpan = 0.1) in disks with respect to the interstellar
abundanc 06). Because the gas is mosthdheat

by photoelectrons ejected from PAH, the PAH abundance is the

main free parameter that controls the gas temperature hree t

series of models correspond to three possible states: wislis

a very low PAH abundancegay = 0.01), disks with a typical and'3CO) to constrain column densities or masses. The flux dif-
PAH abundanceftay = 0.1), and X-ray irradiated disks with ference between the two isotopologues shrinks with inangas

a low PAH abundancefgay = 0.01) but ten times the standarddisk gas mass. The observE&€CO/*2CO 3-2 ratio is consistent
cosmic ray flux {=1.7 x 10°*” s71) to mimic the influence of with a very low-mass disk. The Cll and CO lines probe the outer
strong X-ray emission_(Bruderer et/al. 2009). The modelltesudisk mass (panel f). All together, the observations coirstie

are plotted in Fig.13. The density, dust and gas temperature-s disk gas mass betweendl0-4 and 5x 10°3 M. The modeling
ture are shown for a typical disk in the appendix. The resubsiggests that the disk of TW Hya has a gas-to-dust mass fatio o
from series 3 are within 10% of the values of series 2, sugge8t6—26, around a factor of 10 lower than the interstellan@alf

ing that X-ray does not influence the line fluxes that are eahittwe compare the gas mass to the total mass in solids (ie imgudi
at radii beyond a few AU. In panels a and b we can see that thaids with radii up to 10 cm), the gas-to-solid ratio is 6-177.

Ol 63 um and 145um flux increases with the disk gas massGorti & Hollenbachl(2008, GH08) included X-ray and UV heat-
The Ol 63um line is optically thick while the Ol 14xm line ing in modeling the disk of TW Hya with a gas mass of 0.03 M
is optically thin for all models. Both lines arise mostly iming but noticed that X-ray weakly influences the fluxes. Their riod
between 4 and 10 AU and thus probe the gas mass up to @@erestimates the two Ol line fluxes (Table 1 and Elg. 3). Disk
20AU with 10—-20% contribution from the inner cavity (pangel f models with X-ray heating only also predict too strong Ol 8sx

In panel ¢ the ClI flux first starts to increase with higher dis@Meijerink et al! 2008, M08) for their model withy=2 x 10%°

gas mass but then plummets for disk gas masses greater #yans' scaled tod=56 pc. At~ 10 Myr, TW Hya is one of the
102 Mo. The CllI line is optically thin and the flux increasesldest classical T Tauri stars. The outer dust disk is venglo
with radius. As the disk becomes more massive, more carbottived, while the inner disk contains little amount of magrirhe
converted into CO and the disk becomes cooler. lonized carbgas may have a shorter lifetime than the dust due to photeevap
is excited in gas at 100 K. The CO 3-2 flux increases withoration or the small grains result from collisions betweka t
increasing disk gas mass although the emission line is yighhrge grains. TW Hya is one of the strongest X-ray active TriTau
optically thick with 7 >100 (panel d). CO 3-2 emission comestars|(Raassen 2009), which may result in a high gas phgieeva
from the outer diskR > 50 AU). Finally, panel e illustrates the oration ratem}_mm) as evidenced in the blueshift
use of the line emission ratio between two isotopologt®3® [Ne Il] emission observed ky Pascucci & Sterzik (2009).
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Fig. 3. Three series of model results compared to observationshilieedoxes enclose the model outputs for disk gas mass betwee
5x 104 M, and 5x 102 M, Panel a shows the predictions and observation of the Qin6&ne. The 3 uncertainty range is
plotted as dashed lines. Panel b and ¢ show the predicted fundethe 3 upper limits for the Ol 14%m and CllI lines. The two
lower panels (d and e) are the comparison between obsergatial model outputs fdFCO 3-2 emission and théCQO/*3CO 3-2
ratio. Panel f shows the normalized cumulative fluxes for @ M, model (series 1). The diamonds Ry,=174 AU model,o
Rout=120 AU model) show the predictions for TW Hya from GHO08.
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Fig.A.2. Dust temperature profile.
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