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ABSTRACT

Context. The physical structure of proto-planetary disks is not yell wonstrained by current observations. Millimeter iféeometry is an

essential tool to investigate young disks.

Aims. We study from an observational perspective the vertical ragéal temperature distribution in a few well-known disk$e surface

density distribution of CO and HCCand the scale-height are also investigated.
C Methods. We report CO observations at sub-arcsecond resolution twtHRAM array of the disks surrounding MWC 480, LkCa 15 and
(0 DM Tau, and simultaneous measurements of HG81—0. To derive the disk properties, we fit to the data a standesidrdodel in which
™) all parameters are power laws of the distance to the stasilediases associated to the method are detailed andresghlaVe compare the

properties of the observed disks with similar objects.

Results. We find evidence for vertical temperature gradient in thieglaf MWC 480 and DM Tau, as in AB Aur, but not in LkCa 15. The disk

temperature increase with stelldfextive temperature. Except for AB Aur, the bulk of the CO gaatitemperatures smaller than 17 K, below

! the condensation temperature on grains. We find the scaj@thei the CO distribution to be larger (by 50%) than the expehydrostatic

< scale height. The total amount of CO and the isotopologuie dapends globally on the star. The more UV luminous objapisears to

have more CO, but there is no simple dependency. T@&J)[HCO* ] ratio is ~ 600, with substantial variations between sources, and with
- radius. The temperature behaviour is consistent with @a&fiens, but published chemical models hav@dlilty reproducing the observed CO
o guantities. Changes in the slope of the surface densityifaliion of CO, compared to the continuum emission, suggeatmore complex

(/) surface density distribution than usually assumed in nsodértical mixing seems an important chemical agent, akaggbhoto-dissociation

CT) by the ambient UV radiation at the disk outer edge.

>

T Key words. Stars: circumstellar matter — planetary systems: protméay disks — individual: LkCa 15, MWC 480, DM Tau — Radiods:
00 stars
LO
g 1. Introduction and TTauri disks are too few to allow conclusions about the
— whole disk. In particular, there is no specific study on the in

) CO rotation line observations of low-mass and intermeediat§,cnce of the spectral type on the disk properties. This @n b

mass Pre-Main-Sequence (PMS) stars in Taurus-Auriga {chieved by comparing the properties of outer disks imaged b
1 140 pc, Kenyon et al., 1994) provide strong evidences thafjimeter arrays.

C_G both TTauri and Herbig Ae stars are surrounded by large

_ (Rout ~ 200800 AU) Keplerian disks (GM Auf: Koerner etlal. ~ The first rotational lines of CO £1L-0 and 32-1) mostly
(1993), GG Tau{ Dutrey et hI[ (1994), MWC 480: Manningtace the cold gas located in the outer diBk 30 AU) since
et al. [199))). Diferences between TTauri and Herbig Aeurrent millimeter arrays are sensitivity limited and dd ab
disks are observed in the very inner disk, very close to thav the detection of the warmer gas in the inner disk. In tise la
star [Dullemond et &[. 20D{; Monnier & Millan-Galet 2p02)years, several detailed studies of CO interferometric hags
However, detailed comparisons, namely based on resolved piovided the first quantitative constrains on the physicapp
servations instead of SED analysis, between Herbig Ae digkgies of the outer disks. Among them, the method developed

by [Dartois et al.|(2003) is so far the only way to estimate the
Send gfprint requests toV.Piétu, e-mailpietu@iran. fr overall gas disk structurp. Dartois e} &l. (2003) deducedén-
1 Based on observations carried out with the IRAM Plateau de Bdical temperature gradient of the outer gas disk of DM Tamfro

Interferometer. IRAM is supported by INSONRS (France), MPG a multi-transition, multi-isotope analysis of C@1-0 and 32-
(Germany) and IGN (Spain). 1 maps. The dust distribution and its temperature can bedrac
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by IR and optical observations and SED modelling (D’AlessiWC 480: The existence of a disk around this A4 Herbig Ae
et al.[T99p[ Dullemond & Dominfik 20P4). Howevler Piétu et aktar was first reported by Mannings e} 4l. (3997). Using data
@ ) recently demonstrated that SED analysis are linfited from OVRO, they perform a modelling of the gas disk consis-
the dust opacity. Due to the high dust opacity in the optictnt with Keplerian rotation. More recently, Simon et RD(B)

and in the IR, only the disk surface is properly characterizeconfirmed that the rotation was Keplerian and measured the
Images in the mm domain, where the dust is essentially optellar mass from the CO pattern.

cally thin, revealed in the case of MWC 480 a dust temperature

which is significantly lower than those inferred from SED lana
ysis and from CO images. With ALMA, the method describe

in this paper, which is today only relevantto the outer diak, a large CO and dust disk. The reflection nebula, observed in

become. applicable to the inner disk of young §tars. the optical, extends far away from the star (Grady b al. 1999
In this paper, we focus on the gas properties deduced frggﬁenov et 41[(20p5) used the 30-m to observe the chemistry

CO data. The analysis of the millimeter continuum data, ogF = :
; > a: the envelope| Piétu et]a[. (2Q05) has analyzed the disk us
served in the meantime, is presented separafely (Pietl et high angular resolution images of CO and isotopologues

00)). Here, we generalize the method developed by Dart% m the IRAM array and found that, surprisingly, the rotati

B Aurigae: ABAur is considered as the proto-type of the
erbig Ae star (of spectral type A0) which is surrounded by

et al. {200B) and we apply it to two Keplerian disks surrounck ¢ icalerian. A central hole was detected in the continuu

ing the TTauri star LkCa 15 (spec.type 5, Duvert d{ al. 00 ages and in the more optically tht*CO and G20 lines.
and the Herbig Ae star MWC 480 (A4 spectral type, Simon

et al.[2000). By improving the method, we also discuss the es-
timate of disk scale heights. Then, we compare their prop&=2. PdBI data
ties with those surrounding Herbig Ae and TTauri disks such

as AB Aur ‘mlma, HD 3428 003ﬁor DM Tau, Lk_Ca 15, and MWC 480,_ thJéC_ZO JE2-1 da_ta
DM Tau (Dartois et g, 2003). were observed in snapshot mode during winter 19998 in

After presenting the sample of stars and the observationshC2 and B1 configurations. Details about the data qualiy an

Sect. 2, we describe the improved analysis method in Sect.ruction arlezgiven 10 Simon etj3]. (2900) and in Dutrel Xibt al
Results are presented in Sect. 4 and their implicationsisészrl (L998). The C.O J=2-1 data were smoothed to 0'2. .
in Sect. 5. spectral resolution. The HCQJ=1—0 data were obtained si-

multaneously: a 20 MH512 channels correlator unit provided
a spectral resolution of 0.13 ke, The'3CO J1-0 and 32-
1 observations of DM Tau are described in Dartois p{al. (003
We obtained complementafyCO J=2-1 and 1-0 (to-
gether with G%0 J=1-0 observations) of MWC 480 and
LkCa15. These observations were carried out in snapshot
The stars were selected to sample the wider spectral tyge ramode (partly sharing time with AB Aur) in winter periods be-
with only a few objects. Tablﬂlgives the coordinates andspéween 2002 and 2004. Configurations D, C2 and Bl were
tral type of the observed stars, as well as of HD 34282 anded at 5 antennas. MWC 480 has also shortly been observed
GM Aur which were observed if?CO by [Pietu et gI.[(203) in A configuration simultaneously with AB Aur. Finally, data
and[Dutrey et al.[(1998) respectively. Our stars have splectwas obtained in the largest*8onfiguration for LkCa 15 and
type ranging from M1 to AO. All of them have disks observeMWC 480 in January 2006 (for a description of these observa-
at several wavelengths and are located in a hole or at the etiges, sed Piétu et . 2406). Both at 1.3mm and 2.7 mm, the
of their parent CO cloud. tuning was double-side-band (DSB). The backend was a cor-
relator with one band of 20 MHz, 512 channels (spectral res-
olution 0.11 kms™) centered on th&CO J1-0, one on the

DM Tau: DM Tau is abona fideT Tauri star. Guilloteau & : .

Too) fi : S . C'0 J=1-0 line, and a third one centered on €0 J=2—1
Dutrgy 19.9 ) first detected CO lines indicating _Keplerla.ne (spectral resolution 0.05 ke1'), and 2 bands of 160 MHz
rotation using the IRAM 30 meter telescope. Guilloteau

. o . r each of the 1.3 mm and 2.7 mm continuum. The phase and
Dutre -199 have confirmed those findings by resolving the .
emiss)ilo tLeuCO 1150 emission usin% IR),/AM Plategu seécondary flux calibrators were 044%/9 and 0528134. The

de Bure interferometer (PdBI) and derived physical para [ms phase noise was & 25’ and 15 to 50’ at 3.4 mm and
. . pny P .3 mm, respectively (up to 7@n the 700 m baselines), which
ters of its protoplanetary disk and mass for the central star.

Dartois et al. [(2003) performed the first high resolution tiaul introduced position errors af 0.05”. The estimated seeing is

— — about0.2.
transition, multi-isotope study of CO, and demonstratecstk Flux densit libration i itical step i h act
istence of a vertical temperature gradient in the disk. ux density caiibration Is a critical Step in Such projects

The kinetic temperature which is deduced from the modelling
is directly proportional to the measured flux density. TIsis i
LkCa15: Thisis a CTT isolated from its parent cloud. Duveréven more problematic since we compare data obtained on sev-
et al. (200D) andl Qi et al. (20P3) observed the disk®O and eral years. Hence, we took great care of the relative flux cali
in HCO*. High resolution*?CO data was obtained by Simorbration by using not only MWC 349 as a primary flux refer-
etal. ) who used it to derive the stellar mass. ence, assuming a flux9(= 0.95(v/87GHzP*° (see the IRAM

2. Sample of Stars and Observations

2.1. Sample of Stars
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Table 1. Star properties

Source Right Ascension  Declination Spect.Type ffektive Temp.(K)  Stellar Lum.(4) CO paper
LkCa 15 04:39:17.790 22:21:03.34 K5 4350 0.74 1,2
MWC 480 04:58:46.264 29:50:36.86 A4 8460 11.5 1,2
DM Tau 04:33:48.733 18:10:09.89 M1 3720 0.25 3

AB Aur 04:55:45.843 30:33:04.21 AR1 10000 52.5 5

HD 34282 05:16:00.491 -09:48:35.45 D 9440 29 4

GM Aur 04:55:10.98 30:21:59.5 K7 4060 0.74 6

Col. 2,3: J2000 coordinates deduced from the fit of the 1.3 immtiruum map of the PdBI. Errors bars on the astrometry aoedsr< 0.05”.
Col. 4,5, and 6, the spectral typdfective temperature and the stellar luminosity are thosergin|Simon et gl (2000) arjd Piétu e} l. (4003)
for HD 34282 and van den Ancker ef dl. (1p98) for AB Aur. Coli&, of CO interferometric papers are=lthis paper, 2= |§imon et g] (20Q0),

3 = Partois et al.[(2003), 4 Piétu et 43), 5 Piétu et a).[(2005), & Dutrey et . 8).

flux report 14) but also by having always our own internal re6f rotational CO lines @1-0 and *2-1), is strictly similar to
erence in the observations. For this purpose we applied tthat of[Dutrey et g1[(1994), and uses ray-tracing to comghete
methods: i) we used MWC 480 as a reference because its comages. The HCO data was also analyzed in LTE mode (see
tinuum emission is reasonably compact and bright, ii) we alSect 3.2.|3 for the interpretation of this assumption). \&e a
checked the coherency of the flux calibration on the speatral scheme of nested grids with regular sampling to provide suf-
dex of DM Tau, as described jn Dartois ef @l. (2003). We crodieient resolution in the inner parts of the disk while avaigli
checked all methods and obtained by these ways a reliable excessive computing time.

ative flux calibration from one frequency to another.

3.2. Description of the physical parameters

2.3. Data Reduction and Results . . -

For each spectral line, the relevant physical quantitieghvh
We used the GILDAS software packaged (Péfy 2005) to reeontrol the line emission are assumed to vary as power law as
duce the data and as a framework to implement our mifunction ofradius (see Se.l for the interpretation of this
imization technique. Figunﬂ 1 presents some channel magsn) and, except for the density, do not depend on heightzbo
of 12CO, 18CO JE2-1 and'3CO J1-0 for LkCa15 and the disk plane. The exponent is taken as positive if the diyant
MWC 480. Similar figures for DM Tau can be found in Dartoislecreases with radius:

et al. {200B), and for AB Aur ifi Pietu et ja[. (2005). A veloc-

ity smoothing to 0.6 kns ! (for MWC 480) and 0.4 kns?

(for LkCa 15) was applied to produce the images displayed

Figﬂ. However, in the analysis done by minimization, wedus
spectral resolutions of 20 kms™ (*2CO and HCO) and 0.21
km.st (13C0), and natural weighting was retained.

a(r) = ao(r/Ra) ™

For each molecular line, the disk is thus described by the fol
?owing parameters :

— Xo, Yo, the star position, andg;sk, the systemic velocity.

The HCO images are presented in ig.2. The typical an= PA, the position angle of the disk axis, arttie inclination.

gular resolution of these images is 8”. For LkCa 15, the line
flux is compatible with the result quoted py Duvert dtl. (@00

and[Qi et ). [2033), and for DM Tau with the single-dish mea-

surement of Dutrey et [ (1997).

3. Model description and Method of Analysis

— Vp, the rotation velocity at a reference radRg andv the
exponent of the velocity law. With our conventions 0.5
corresponds to Keplerian rotation. Furthermore, the disk i
oriented so that th¥, is always positive. Accordingly, PA
varies between 0 and 380whilei is constrained between
-90° and 90 (see fig[B).

— Tm andqgm, the temperature value at a reference ratius

In this section, we summarize the model properties and de- and its exponent (see 82.3).
scribe the improvements since the first versipn (Dutrey kt ak- dV, the local line width, and its exponeat The interpre-

fL99d).

3.1. Solving the Radiative Transfer Equation

To solve the radiative transfer equation coupled to thedsstat

tical equilibrium, we have written a new codeffering non
LTE capabilities. More details are given|in Pavlyuchenkioalk
(007). The LTE part, which is slicient for low energy level

1 Seehttp://www.iram. fr/IRAMFR/GILDAS for more informa-
tion about the GILDAS softwares.

tation ofdV is discussed in Seft.3.p.6

— Xm, the molecular surface density at a radRisand its ex-
ponentpn

— Rout, the outer radius of the emission, aRg, the inner
radius.

— hp, the scale height of the molecular distribution at a ra-
dius Ry, and its exponers,: it is assumed that the density
distribution is Gaussian, with

(r)
h(r) v

n(r,2) = exp|- @h(r)?| (1)
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Fig. 1. Channel maps of tht#CO and3CO line emission towards MWC 480 and LkCa 15. The synthesieedh is indicated in
each panel. The cross indicates the direction of the majbn@nor axis of each disk, as respectively derived from thedyasis
of the line data. The velocity of the channel is indicatedhia tipper left corner of each panel (LSR velocity in krh)sA
200 m taper has been applied on #€0 J=2—1 data of LkCa 15 which where obtained at higher angular utisol. Left:
MWC 480 Left: 12CO J=2—1 line, spatial resolution.28 x 0.99” at PA 16, contour spacing 200 mdyeam, or 3.4 K, or 3.6
o. Middle: 13CO J2-1 line, spatial resolution.@7 x 0.57 at PA 26, contour spacing 50 mflyeam, or 2.9 K, or 1.8-. Right:
13C0O JE1-0 line, spatial resolution.T2x 1.24" at PA 37, contour spacing 20 myeam, or 0.9 K, or 1.8-. Negative contours
are dashed, and the zero contour is omitRight: LkCa 15 Left: 12CO J=2—1 line, spatial resolution.21x 1.20” at PA 12,
contour spacing 150 mfyeam, or 1.4 K, or 2.5~. Middle: 13CO J=2—1 line, spatial resolution.46 x 1.24 at PA 52, contour
spacing 100 mJpeam, or 1.4 K, or 1.6. Right: 13CO J=1-0 line, spatial resolution.85x 1.51” at PA 47, contour spacing
30 mJybeam, or 0.8 K, or 1.8. Negative contours are dashed, and the zero contour isaamitt

(note that with this definitiong, < 0 in realistic disks) tern. The only exception is the inner radil’,, for which an
upper limit of typically 20 — 30 AU can only be obtained.

thus giving a grand total of 17 parameters to describe the-emi  The use of power laws is appropriate for the velocity, pro-
sion. vided the disk self-gravity remains small. Power laws have

It is important to realize that all these parameters can dieen shown to be a good approximation for the kinetic temper-
tually be constrained for the lines we have observed, umder aiture distribution (see, elg. Chiang & Goldrgich 1997), g
above assumption of power laws. This comes from two specificthe scale height prescription. For the surface densityep
properties of proto-planetary disks: i) the rapid decredtbe laws are often justified for the mass distribution based efth
surface density with radius, and ii) the known kinematic pagprescription of the viscosity with a constant accretioeraelf-
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Fig. 2. Channel maps of the HCQJ=1—0 line emission towards DM Tau, LkCa 15 and MWC 480. The craoskcates the
direction of the major and minor axis of each disk. The veéjooif the channel is indicated in the upper left corner of each
panel (LSR velocity in km:g). For displaying purpose, the spectral resolution is 0.6skhfor MWC 480 and LkCa 15, and 0.4
km.s™! for DM Tau. All contour steps are 20 mlbeam ¢ 207), negative contours are dashed and the zero contour isesitt
Top: DM Tau, spatial resolution is3x 3.3” at PA 47, contour step 0.22 K. Middle: LkCa 15, spatial resolutioA.Bx 3.4 at

PA 19, contour step 0.25 K. Bottom: MWC 480, spatial resolutioB.sx 2.5” at PA 42, contour step 0.36 K.

similar solutions to the disk evolution imply power laws it have evaluated the fiierences between the twdidirent repre-
an exponential edge (Hartmann ef|al. 1998). Although Malbsntations (see T{b.Z): as expected, the results are veitgrsi
etal. ) pointed out some limitations of this assumpkis  for 3CO, but the cylindrical representation is-# sigma bet-
the inner partsr(< 30 AU) of the disk, the approximation re-ter representation fot?CO J=2—1 (the most &ected transi-
mains reasonable beyond 50 AU. However, although this mégn because of its higher opacity). The mofieated param-
be valid for H, chemical &ects may lead to significant dif- eters arex and h. However, with the exception of the scale
ferences for any molecule. Given the limited spatial dyramieight, the &ects remain small compared to the uncertainties.
range and signal to noise provided by current (sub-)milléne Accordingly, we have arbitrarily decided to represent alt p
arrays, using more sophisticated prescriptions is notusdt-j rameters in terms afylindrical laws, i.e. the radius is = p in
fied, and power laws feer a first order approximation of thethe model description.

overall molecular distribution.

3.2.2. Reference Radius

3.2.1. Spherical vs Cylindrical representation ) )
Unlesspn, ~ 0, the choice of the reference radRswill affect

To describe the disk and its parameters, we can use either Cyhe relative error bar o0&y, §Zm/EZm. Depending on the an-
drical or spherical coordinates. gular resolution and on the overall extent of the emission, f
The description given in the previous sub-section is una@ach molecular line, there is &idirent optimal radiuBs which
biguous for thin disks (wherb(r) < r), However, for molec- minimizes this relative error. The same is true for all ottedr
ular disks with outer radius as large as 800 AU, the disk thickrence radii for the power laws. This makes direct compariso
ness is no longer small, and the classical theory of hydiostaat an arbitrary radius not straightforward. To circumvénis t
scale height, which uses cylindrical coordinates, is orlyjdv problem, we have determin&s, 6% as a function of the ref-
in the smallh/r limit. It may then become significant to distin-erence radius for each transition, and selecte®thgiving the
guish between aphericalrepresentation, where the functiongest $N ratio. Results are given Fj§[4-6: note that the curves
depends on the distance to the star=(d) and height above 3, (R;) should not be interpreted as independent estimates of
disk planez the local surface density atftérent radii: they explicitly rely
F=1(d2 (2) onthe assumption of a single power law throughout the whole

N . . gisk.
and acylindrical representation, where the functions depends h b lied Il oth |
on the projected distance on the disk=(p) and heightz , T € same arguments can be applie to all other power laws,

in particular to the scale height and the temperature. Hewev

F=1f(,2) (3) for the latter, the exponent is usually smajl£ —0.2 — 0.5),
so the choice of the reference radius is less critical. Fifjur
with d? = p? + Z. It is obvious that the exponent of the poweshows the variation of the parameters (hEgg T, andh) and
laws will depend slightly on which description is selectéée of the signal to noise ratio as a function of the reference ra-
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- North - No Table 2. Cylindrical vs Spherical description
Line CO(1-0) BCOo(2-1) 2Co(2-1)
Cylindrical
Rout (AU) 791+ 33 725+ 24 868+ 15
To (K) 9.1+03 147+ 0.3 242 +0.2
q -0.17+0.09 018+ 0.05 046+ 0.01
Vo (km.s?) 2.12+0.07 202+ 0.06 209+ 0.06
v 05 05 05
dVv (km.s') 0.133+0.015 Q136+ 0.015 Q147+ 0.010
e -0.28+0.08 -0.04+0.07 008+ 0.04
North T (cm?) 269+ 1710 414+6.110% 374+91108
Pm 3.3+03 37+04 45+ 05
<0 hm (AU) 271+ 44 278+ 29 334123
& -1.07+0.20 -1.09+0.10 -0.99+0.04
X 513329.3 514557.2 136376.5
Spherical
Rout 804+ 34 737+ 20 898+ 12
To 9.3+0.3 152+ 0.4 267 +0.2
q -0.14+0.09 020+ 0.05 050+ 0.01
bise Vo (km.s?)  216+007 207+ 0.06 208 0.05
axis \" 0.5 05 05
dVv (km.s') 0.135+0.016 Q137+ 0.015 Q183+ 0.012
e -0.26+0.08 -0.05+ 0.06 017+ 0.05

Fig. 3. Geometrical convention: four disk configurations yield-Zm (cm?) 257+ 1810° 351+5310° 411+7.4107

ing the same aspect ratio when projected are presented. TRe 32x03 36+04 34+04

shaded area correspond to the part of the disk that is closg':‘ﬂ (AV) 210;21’ €i8 ‘ii‘éi ‘3'12 1927; %)'?)6
han the plane of the sky containing the disk axis. Th oot Bt R oo D

o us than the plane of the sky containing the disk axis. The; 5133295 514558.9 1364515

curved arrow represents the sense of rotation (this defirees t¥
disk axis). The projected velocities allow to disentangte bresyits for DM Tau with “free” scale-height and “free” lineieth (see
tween one of the two columns (for the two cases presentedsutt[3.2]5 anfi 3.2.6 for more details) in the cylindrical apherical
the left, the red-shifted part would be the lower part, arel thepresentations. Caution: this table is here to illusttzelependence
contrary for the two cases on the right). It is possible t@det on the geometry of as many parameters as possible. The bastga
mine the sign of the inclination either with the asymmetrghat ters to be applied to DM Tau should be taken from Téble 3.
systemic velocity if sfficient signal to noise is available, or by

other means, e.g. scattered images in the optical and Rear

) . ; . i this case the excitation temperatiig, and the surface den-
PA is classically designed to be positive East from North. P &

sity £ is computed assuming the same temperature controls all
level population, i.e. the partition function. We can alstve

for molecular line excitation using a non-LTE statisticgue

dius for DM Tau. This is a reanalysis of the data published yrjum code: T, is then the kinetic temperature, adg the
Dartois et al.|(2043). This method gives consistent resuitts  total molecule surface density, within the limitations loé tra-
previous work, but allows a more precise determination ef tijiative transfer code accuracy. In this paper, only the Lkilen
parameters (especially the surface density as stated gliyve was used.

determining in which region they are constrained.ﬁig.él-ind

cates that the temperature is determined around 100 — 200 AU

while the surface densities are constrained in the 300 — 00 &-2-4. Surface Density

region. Somewhat smaller values apply to the other sourc@fe surface density is expected to fal mpidly with distance
LkCa 15 and MWC 480 (see F[§[$-6). from the star p(Hz) ~ 1 - 2), and in particular much more
rapidly than the temperaturg & 0.5). Remembering that, be-
cause of the partition function, the line opacity oda 1-0
transition scales as,,/T? at high enough temperatures (for
The interpretation of ,, (and as a consequenceXyf) depends constant line width), this indicates that, in general, taetcal

on the specific model of radiative transfer being used. Ia ttpart of the disk is much more optically thick than the outer
paper, we are dealing with CO isotopologues, for which LTEegions. For the detectable lines, the temperature can be de
is good approximationt, is then the kinetic temperature. Forived from the emission from this optically thick core, whil
transitions which may not be thermalized, twdfelient radia- the surface density, is derived from the optically thin region.
tive transfer models may be used. We can apply an LTE afhis remains valid provided the same temperature law applie
proximation: since we are fitting brightness distributichgis to the two regions. For the weakest lines, the opticallykhic

3.2.3. Temperature law
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core may be too small, and the temperature exponent remdorssv = 0.15 kms™. Note that in Eq}4, the value to be used for

essentially unconstrained: this should be reflected to &gth v is approximately the largest of the local line width and the

ror bars on the temperature. In such cases, however, the kpectral resolution. As a result, the scale height has auneas

emission scales &,/T (for J=1-0 line). able dfect on the images, even though the flaring parameter is
If the molecule is very abundant, such as CO, the locdifficult to constrain.

line core may be optically thick almost throughout the disk. Actually, because of theffect of the scale height on the

However, the local line wings remain optically thin: if the-v disk images, if a simple hydrostatic equilibrium is assurimed

locity resolution is high enough, this information can bedito  stead of handling the scale height separately, it will reisuA

constrain the opacity, and hence the surface density,atho bias in the temperature law since one is then introducingia co

less accurately. To illustrate this point, let us consitterdase pling between the vertical distribution of the moleculed #re

of a face on disk. The apparent width of the line profile is theemperature which is vertically isothermal in our model.

controlled only by the internal velocity dispersion (tuldmt + Finally, note that because the derivation of the scale lieigh

thermal) and by the line opacity. In the outer parts, the iine depends on the flering inclinations of the optically thick

optically thin and of Gaussian shape, while in the innergarparts, there is also a coupling between the surface density a

the line is broadened by the large opacity, and the profilégerthe scale height derivation. This coupling is speciallgsg for

towards a square shape, with width proportionaifa(r). The disks close to edge-on.

evolution of the line profiles as function of radius indicate

which radiust = 1, and thus constrains the molecular suts : .

face density. Note that if the spectral resolution is ifisient 3.2.6. Line Width

to properly sample the line width, this is no longer possibleine broadening results from a combination of thermal amd tu

Current correlators are not instrumentally limited but sthe bulent velocities.

ing can be necessary when the sensitivity is the limitingofiac

If the disk is not seen face on, the systematic velocity gradi AV = T + V2 (5)

ent get superimposed to this local line broadening, but does m wrb

change the fundamental relationship between the appdeent (jowever, an accurate representation of the thermal breaden
cal) line width and the opacity. In any case, since ffiect goes ing requires a correct fitting of the gas temperature. This ca

as VIn(7), measuring the surface density by such a methodjgcome problematic when dealing with lines which are sub-
expected to be rather unprecise, and will result in largersr  thermally excited. Accordingly, our codefers two diferent

Furthermore, it should be noted that this opacity broadenigarameterizations of the line width. The first one is
effect results in a slight coupling of the line width parameters

dV ande,, to the surface density. AV [2kT cd\2ie dVev (©)
= I .C. = Vturb
m

3.2.5. Scale Height which corresponds, fag, = 0 (v, = cte), to the parametriza-

. . . tion used in our previous papers. The second one is
The existence of a known kinematic pattern also allows te con P pap

strain the scale height parametbgsande,. Unless the disk is AV = dV = dVi(r/Rav) ™ (7)
seen face on, for an optically thin line, the velocity range-

sected along a line of sight will depend on the disk inclioati i-€., we do not separate the thermal component from the total
and flaring, resulting in a coupling between scale height afi@e width. This dfers the advantage of providing values which
line width. For an optically thick line, the fierence in inclina- are not biased when the kinetic temperature fialilt to con-
tions between the front and back regions of the disk can aff#ain (as can happen for lines which are not at LTE). We use
be measured. The spatial distribution of the emission as@ futhis new description in this paper.

tion of projected velocity (or function of the velocity chaels) Note that all line widths we quote are half-width at
along the line of sight will depend on the scale height of th/€. This allows direct comparison with the thermal velocity,
disk (this is illustrated for the opacity by Fig.3 from Dagto V2KT/m, butone should multiply by #In(2) = 1.66 to convert
etal. ))_ At first glance, the expected scale heiglits;-o to FWHM. As described before, the line width is also coupled
der 50 AU at 300 AU from the star, would appear too smd® the scale height.

compared to the resolution of - 1.5” (100 to 200 AU), and

t.he exp(_)nenrlaI1 even more.dﬁcult to constrain. Howgver, mil- 3.3. Minimization Technique

limeter interferometry, being an heterodyne techniqueyes

phase referencing between velocity channels, and the-prédsing the disk parametrization described above, we have im-
sion in relative positions is equal to the spatial resolutilp proved several aspects of the method originally develoged b
vided by the Signal to Noise (as our bandpass accuracy, abigattois et g). [(2003).

a degree, is not the limiting factor), i.e. 10 AU. This super-

resolution approximately matches the expected displanttvme3 3.1. Minimization Method and Error Bars
due to Keplerian rotation, T

SV The comparison between model and data ang heinimiza-
or=2r— =10 AU atr =100 AU (4) tion is always performed inside the UV plane, using natural
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Fig.4. From left to right'?CO J2-1, 13CO J2-1, 3CO J1-0 and HCO J=1-0 in DM Tau. Top: Temperaturd,
(black curve, left axis) and signal to noise on the tempeedly /6T, (grey curve, right axis) as a function of reference radius
Rr.Middle Surface densit¥n, (left axis) and signal to noise on the surface dersityoXn, (right axis) as a function of reference
radiusRs. Bottom Scale heighh (left axis) and signal to noise on the scale heighih (right axis) as a function of reference
radiusR,.

weighting [Guilloteau & Dutrgy 1998). We have implemented®.3.2. Continuum Handling

modified Levenberg-Marquardt minimization scheme to dearc

for the minimum, and we use the Hessian to derive the errbne speed improvement allowed us to treat more properly the
bars. This scheme is much faster than the grid search taghnigontinuum emission. Even though the continuum brightness
used previously, and less prone to local minima. It allowfitto is small compared to the line brightness, continuum eniissio
simultaneously more parameters, and thus provide a better@nnot be ignored when trying to retrieve parameters fram th
timates of the errors because the coupling between paresneliae emission because it appears systematically in alltsgec

is taken into account. channels.

A simultaneous fit of the continuum emission with its own

However, the current fit method does not handle asymmetiysical parameters will properly take into account theise b
ric error bars which happen in skewed distributions: thigdi ases. We performed this by adding to the spediiditable a
tation should not be ignored when considering the errorg,onchannel dedicated to the continuum emission. The glpbé
T or Rout. The quoted error bars include thermal noise only, bgiven by the sumy? = x2 + x? wherey?2 andy? are they? for
do not include calibration errors (in phase and in amplijudehe continuum and for the line minimization, respectiv@lye
Amplitude calibration errors will directly ffect the absolute continuum emission is fitted using the following parameters
values of the temperature or the surface density (as a gcaReint, Rcout, the inner and outer radii of the dust distributiag,
factor, but not the exponent) while phase errors can inteduand py, the surface density power law, amg andgg, the dust
a seeing ffect. The latter fiect is very small for line analysis temperature power law. Note that the representation ofdhe c
because molecular disks are large enough but it starts tig-be Snuum needs only be adequate within the noise providedéoy th
nificant for dust disks. Our careful calibration proceduiiadps spectral (total) line width, about 10 to 20 MHz, rather than f
the amplitude #ect to below 10 %. All other parameters ar¢he whole receiver bandwidth (600 MHz). A simplified model
essentially unfiected by calibration errors. is thus often acceptable, as shown below.



Piétu et al.,: Vertical structure of protoplanetary disksrounding HAe and TTauri stars 9

?co(2-1) “ca
100 1.5
- 30
—~ 110 .
= 1 ! - 20
LE —~75O L
fo ) AN AR P R oL J9 oL Jo
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Radius (AU) Radius (AU) Radius (AU)
2co(2-1) ¥co HCO™(1-0)
o S L e e L - - T =3 15
18: ] 17: / 110 14 [ /55\ 1
19 E / 415 107 ¢ 1 0F
q F \ 7 F 10 F - 10
\V% 1OW? \\{ 10 1016? ‘s E 101357
E ; \q Fo Js i Js
1016? ﬁia 1015? . 1012?
SR B SIS s T 1q S 10
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Radius (AU) Radius (AU) Radius (AU)
2c0(2-1) "co
a TR TR 20 et
5 . B , 1s
< 10° | =45 10
) Ech ]
= F
3 J10 LkCa 15
L i
o M ] Fos ]
o ] 15 v 12
g 10k ] 10" & ]
I Bl 19
0 200 400 600 800 0 200 400 600 800
Radius (AU) Radius (AU)

Fig. 5. From left to right'?CO,'3CO and HCO J=1-0 in LkCa15.Top: Temperaturd, (black curve, left axis) and signal

to noise on the temperatufg,/6Tm (grey curve, right axis) as a function of reference radgsviddle Surface densit{n, (left

axis) and signal to noise on the surface densitydXn, (right axis) as a function of reference radigs Bottom Scale heighh

(left axis) and signal to noise on the scale helytsh (right axis) as a function of reference radiis For HCO™  the temperature
and surface density were adjusted separately: the cureesdshe used as an indicator of the region over which theseesgare
actually constrained, but not as a quantitative measumring of 3N, as the coupling between temperature and surface density
is ignored.

We also compared this robust method with a simplified (ar®3.3. Multi-Line fitting
faster) one in which we subtract, inside ti¥ plane, the con-
tinuum emission from the line emission before fitting. Thibs
traction is not perfect: for the optically thick regions (it
always occupy some fraction of the line emission) continu
should not be subtracted. However, unless the disk is seen

The code has also been adapted to allow minimization of more
than one data set at a time. This has been used to simultane-
JRysly fit the3CO J1-0 and ¥2—1 transitions. For multi-

,Er)fe fitting, the temperature is derived from the line ralibe
mperature is determined in the disk region where botlsline

on, because of the Keplerian shear, at each velocity, tlee | tically thin. In thi the fit | h i
emitting/absorbing region only occupies a small fraction of th re optically thin. in this case, the Tit Is much more accurate
than from a single line observation if there is no significant

disk area. This fraction is at most of order of the ratio of thv rical temperature aradient. When a temperature araiien
local line width to the projected rotation velocity at theskdi ertical temperature gradient. €n a temperature grace

edge, in practice less than 10 — 15 % for the disks we ¢ resent, the derived temperature will reflect an “averagei-t

sidered. Accordingly, the error made by subtracting thelwhd €rature weighted by the thermal noise.
continuum emission in every channel is quite small.
4. Results

We verified that this simplified method gives, as expecteflj',l' Interpretation of the Power Law model

the same results as the robust one. We used it, as it is sighifie parametric model would perfectly describe the line emis
icantly faster. This better handling of the continuum akalv sion from a molecule in LTE in a vertically isothermal disk
us to improve on the mass determination of MWC 480 (Simavhich is in hydrostatic equilibrium, with power law for thé k

et aI.), where the continuum is relatively strong. netic temperature and surface density, and constant rmatecu
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Fig. 6. From left to right?CO J2—1,3CO J2-1,13CO J1-0 and HCO J=1-0 in MWC 480.Top: Temperaturd
(black curve, left axis) and signal to noise on the tempeedly /6T, (grey curve, right axis) as a function of reference radius
Rr.Middle Surface densit¥n, (left axis) and signal to noise on the surface dernsityoXn, (right axis) as a function of reference
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radiusR,. As for LkCa 15, temperature and surface density are adjsstparately for HCQ

abundance. In such a casg,= q/2 if the local line width is 4.2. Geometric and kinematic parameters

thermal, anch = g/2 -1 - vandhg = (+/2kTo/m)/Vy (us-

ing the same reference radit® = Rr = R,, M being the

mean molecular weight). If such a disk was chemically ho-

mogeneous, all molecular lines would yield the same results

for the 17 parameters (after correctionXpf for the molecule Figure[f shows the geometric and kinematic parameters PA,

abundance)..lilﬂierenc_:es between the parameters de”\_'e,d frqn&nd rotation velocityiqo derived from the observed transi-
sev_eral transitions will reflect departures from such aalidi- tions in DM Tau, LkCa 15 and MWC 480. The grey area repre-
uation. sent the 1o range of the mean value computed from the CO

For example, the geometric parameters PA iasftbuld all lines. As expected, the derived value are in very good agree-
be identical, as should be the kinematic parametgeg, Vo,v ment altogether. In particular, the distribution of the ided
(and we should have = 0.50 for Keplerian rotation)Xp, Yo values and the error bars are consistent with a statisteat s
should reflect the absolute astrometric accuracy of the IRAring, meaning that: i) the observed lines come from thessam
interferometer. Oferent values foll,, from several transitions disk, ii) the error bars have the good magnitude, and iiijehe
for the same molecule, or its isotopologues, may revealoatrt is no bias in the determination of the parameters. This aisly
temperature gradients, or, in case of non-LTE excitati@m-d of the “basic” parameters is of prime interest, becauseoivsh
sity gradients, since such transitions prob@edent regions of that the analysis method is robust, and that the error baesda
the disk. The values of, from different molecules may alsoreal physical meaning. Although noisier, the kinematic ged
provide constraints on the density, because of tifemint crit- ometric parameters determined from HCCare in agreement
ical densities. And, more directly, the valuesif, pm, Rn and  with those found from CO. We thus used the CO-derived val-
Rout Will reflect the chemical composition of the disk as funcdes to determine the surface density and excitation terhpera
tion of radius. of HCO" .
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Fig. 7. From left to right: kinetic and geometric parameters detif@ DM Tau, LkCa 15 and MWC 480. From top to bottom:
rotation velocity at 100 AU, inclination and position angkr DM Tau and MWC 480, the error bars represent (from left to
right) the value of the parameter measured from*@0 J2—-1, 13CO E2-1,3CO E1-0 and HCO J=1-0 lines. For
LkCa 15 (from left to right), the values are derived from tA80 J=2—1 line, from the simultaneous fit of t#éCO J=2—1 and
the3CO J1-0 lines, and from the HCO J=1-0 line. In all three sources, the grey area represént around the mean of
the values of the CO isotopes.

4.3. Results

rived from 12CO also depends weakly on the assumed scale

LkCa15 and MWC 480, respectively. Compared to previous

described in Seld.3 and|[in Piétu e} &I (4006).

scopic data before analysis. All the models were obtained in
the same manner. In particular, we assumed a constant \ine
width (e, = 0), Keplerian rotation\ = 0.5), and a flaring

exponent, = —1.25 (the value for a Keplerian disk in hydro-
static equilibrium with a temperature radial dependen@5)f
This value is very close to those found|by Chiang & Goldieic
) for the super heated layer model. Systematic tesits wi

height, since we derive the inclinations from the apparedt C

Tables[B,[4 and]5, present the best fit results for DM Tay, « o

apers (e.d. Simon et|al. 20Q0; Duvert gf al. 2000; Dutreyjeta The diferences between the values reported here for
1998), the new fits include all the refinements of the meth&M Tau and those published py Dartois gt al. (3003) come from

the diferent assumptions in the analysis. Dartois t[al. (2003)
All quoted results where obtained using cylindrical coassumed hydrostatic equilibrium, and model the line width f
ordinates and the continuum was subtracted to the spectawing Eq[p . They also assumedCOJ/[**CO] = 60.

The 3CO emission in MWC 480 is strong enough to al-

ow separate fitting of thesP—1 and &1—0 lines. We thus

present separate results for each line. We also presentltines
which both lines are fitted together: as expected in this,thee
erived temperature is in between the results from #2-J1
nd 3:1-0 transitions. However, for LkCa 15, th8CO emis-

: .. sion is too weak for a separate analysis: only the resulta fro
different sets of free parameters ensure that the geometrital an b y y

kinematical parameters are insensitive to these assunsgptio
The temperatur@m(r) is also hardly #ected. The surface den-

e simultaneous fitting of botCO lines is presented.

For HCO" in MWC 480, the signal to noise did not allow

sity m(r) and outer radiu®,,; depends to some extent on th@n independent derivation of the temperaflige we used the
assumed flaring parametey. However, because of the coudaw derived from3CO. A similar problem occurs in LkCa 15:
for simplicity, we usedT,, = 19 K andg, = 0.38, val-
should be taken with some caution. The dynamical mass des compatible with the CO results, although there is a solu-

pling between scale height and line width, bdth and dV
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Table 3.Best parameters for DM Tau.

@ @ ©) 4 ©) (6)
Lines 2CO0 k21 BCOX2-1 ¥CO Xx1-0 Mean HCO J=1-0
Systemic velocityV, s (km.s?) 6.026:0.002 6.031+ 0.003 6.088: 0.004 6.0380.002 6.01+0.01
Orientation, PA{) 63.9+0.3 65.7+0.4 65.6+0.5 64.7+0.2 65+ 1
Inclination,i (°) -33.5+1.0 -35.5+1.2 -35.8+15 -34.7+0.7 -33+2

Velocity law:  V(r) = Vioo(155a5) "

Velocity at 100 AU,Vig (km.s'?) 2.24+0.06 2.07+0.06 2.15+0.08 2.16+ 0.04 210+ 0.15

Stellar mass, M(Mg) 0.56+0.03 0.48+0.03 0.52+ 0.04 0.530.02 05+0.1
Surface Density at 300 AU, (c) 14+06107 53+1110° 59+0610° 11+0310°
Exponentp 38+03 34+04 28+0.3 23+04
Outer radiuRoy, (AU) 890+ 7 720+ 19 760+ 22 800+ 30
Temperature at 100 AU, (K) 286+ 05 145+ 05 80+0.3 14+ 2
Exponentg 0.49+0.01 012+ 0.03 -0.34+0.07 040+ 0.1
dv (km.s?) 0.12+0.01 015+ 0.01 020+ 0.01 013+ 0.01
Scale Height at 100 AU, (AU) 3011 28+4 28+5 (19+8)

Column (1) contains the parameter name. Columns (2,3,&dtelthe parameters derived fréACO J=2—1, 3CO J=2—1 and**CO J=1-0
respectively. Only>CO constrain the size of the inclination. Column (5) indésathe mean value of the kinematic and geometric parameters.
Column (6) indicate the parameters derived from HCB1—-0, obtained using a fixed inclination, orientation and atethass. For HCQ
because of the lower resolution, the error on the temperatnd surface density include contributions from the uadasst on the exponent.

T is better constrained at 300 AU.(2+ 0.5 K), andX,, at 500 AU (32 + 0.5 10> cm™?) .

Table 4.Best parameters for LkCa 15

1) 2 (3 (4) (%)

Lines 12CO k21 13co Mean HCO J=1-0
Systemic velocityV s (km.s) 6.29:0.01 6.33+0.02  6.30+0.01 626+ 0.04
Orientation, PA{) 150.9+0.4 150.4+1.0 150.7+0.4 150+ 2
Inclination,i (°) 51.8+0.8 49.6+1.0 51.5:0.7 515+ 1.3 or 46+ 3

Velocity law:  V(r) = Vioo(1g5a5) "

Velocity at 100 AU,Vig (km.s'?) 3.07+0.06 2.97+0.06 3.00+0.05 291+0.050r311+0.15

Stellar mass, M(Mg) 1.06+ 0.04 0.99+0.05 1.01=0.03

Surface Density at 300 AU, (cTf) 2.9+0.110° 26+0.210° 8.0+ 0.510%
Exponentp 44+03 150+ 0.15 25+03
Outer radiusRyy;, (AU) 905+ 40 550+ 20 660+ 60
Temperature at 100 AU, (K) 22+ 05 212+17 [19]
Exponenty 0.37+0.02 040+ 0.10 [0.38]
dVv (km.st) 0.19+0.01 029+ 0.03 023+ 0.04
Scale Height at 100 AU, (AU) 191 17+ 3 (€3]

Column (1) contains the parameter name. Columns (2,3) atelithe parameters derived froffCO J=2—1, and a combined fit of the
13CO J2—1 and**CO J1-0 respectively. Column (4) indicates the mean value of therkiatic and geometric parameters. Column (5)
indicates the HCOresults: we used a fixed temperature law compatible with theésGtopologue results (see text).

tion marginally better (Zo) with slightly lower temperatures 5.1. CO dynamical masses

(Tm = 13 K), with a somewhat steeper surface density gradient. ) o
Table [ shows a comparison of the mass determination ob-

tained in this work and in Simon et [al. (2000). The subtrac-

tion of the continuum has slightly improved the mass deter-
5. Discussion mination in the case of MWC 48(. Simon ef dl. (2000) used

the old Solar metallicityZ = 0.02) pre main-sequence (PMS)
We discuss here the physical implications of the results praodels. In Fid]8, we present here also results for a metal-
sented in the preceding section. The following subsecfions licity Z = 0.01, much closer to the new Solar metallicity
cus on the measurement of star masses, of the vertical t¢M0126, seq Asplund et g. 2Q04; Grevesse ¢{ al. 2005, and
perature gradient, of the hydrostatic scale heights, ofQfde references therein). LkCa 15 is in agreement with models of
abundances and CO outer radii, and of the H@@tribution. both metallicities M = 0.95+ 0.05M,,t = 5—- 6 Myr and
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Table 5. Best parameters for MWC 480.

@ @ ©) 4 5) (6)
Lines 2CO0x2-1 COX2-1 BCOXE1-0 Bco HCO J1-0
Systemic velocityV, s (km.s?) 5.076:0.003 5.16+ 0.02 5.17+0.02  5.084+ 0.003 511+ 0.04
Orientation, PA{) 58.0+0.3 55.8+0.6 57.1+0.9 57.8:0.2 62+ 3
Inclination,i (°) 37.5+0.7 37.6+£1.6 33.2+3.2 37.0+0.6 340+ 15

Velocity law:  V(r) = Vool 15575)

Velocity at 100 AU,Vig (km.s'?) 3.95+0.06 3.98+0.14 4.45+0.33 4.03 0.05 388+ 0.13
Stellar mass, M(M) 1.76+0.06 1.65+ 0.15 2.4%0.23 1.83 0.05 170+ 0.12
Surface Density at 300 AU, (cr) 3.6+0210° 33+0410° 53+0910° 45+0310° 34+03102
Exponentp 4.7+0.3 30+04 45+ 09 39+03 15+0.2
Outer radiuRou, (AU) 740+ 15 450+ 15 520+ 70 480+ 20 520+ 50
Temperature at 100 AU, (K) 481 28+2 21+4 23+1 (15+6)
Exponenty 0.65+0.02 037+ 0.08 028+ 0.09 037+ 0.04 (06+0.4)
dv (km.s?) 0.25+0.01 025+ 0.02 015+ 0.03 021+ 0.02 033+ 0.07
Scale Height at 100 AU, (AU) 1811 18+4 20+2 19+ 2

Column (1) contains the parameter name. Columns (2,3,&dtelthe parameters derived fréACO J=2—1, 3CO J=2—1 and**CO J=1-0
respectively. Column (5) indicates the mean value of therkiatic and geometric parameteX§dg, PA, i, Vioo). For the other parameters,
Column (5) indicate the results of a simultaneous fit of the #CO transitions as for LkCa 15. Column (6) indicates the HE&Sults: as the
temperature is poorly constrained, the surface densitéze derived assuming the temperature gived®®0 J=1—0. The surface density is
best determined at 250 AU:3k+ 0.3 10> cm 2.

1.1+ 0.1 Mg,t = 4 — 6Myr, for Z = 0.01 andZ = 0.02 respec- temperature dierence betweet?CO and*3CO. However, in
tively). In fact, the measured dynamical mass does not geoviLkCa 15, there is no clear evidence of temperature gradient.
any strong constraint on the location of LkCa 15 in this diss a general trend, the hotter stars of the sample, namely the
gram (since the PMS tracks are almost parallel to the Y akiterbig Ae stars, exhibit larger kinetic temperature in theks,

for stars with 05 < M,./My < 1 in this distance independentnot only at their surfaces but also for their interiors (skE® a
HR diagram), but serves as a consistency check. Howeverﬁm:t for AB Aur). For MWC 480, even if the surface ap-
MWC 480, either the metallicity ig = 0.01 (i.e. nearly solar), pears hotter, a significant fraction of the disk (far 200 AU)

in which case the derived dynamical mass is in agreement wigmains at temperature below the CO freeze-out temperature

theIO) tracklsl(= 1.8 Mo, t = 8 Myr), or the The comparison between the three sources can be un-
metallicity is 0.02 and MWC 480 would be located at a largefersiood by noting that the surface densities30 de-

distance as suggested|by Simon ¢fal. (P000) (m8s2D Mo,  creases from DM Tau to MWC 480 and LkCa 15 (see §e§t.5.8).
age~ 7 Myr, and the distance would need to be increased Rygreover, the temperature is lower in DM Tau, resulting in

about 10 %) higher opacities for thesP—1 and ¥1—0 transitions than in
the other sources. As a result, the location of the 1 sur-

Table 6. Stellar masses face in the'*CO lines difer in the three sources. In DM Tau,
this surface is above (for thea—1 line) or at (for the 31—-0
Source Previous mass  This work line) the disk plane (as seen from the observer). A similar be
(Mo) (Mg) havior is observed in MWC 480.
DM Tau 055+ 0.03 053+ 0.02

In LkCal5, the*CO lines are nearly optically thin
MWC480  165+007 183+ 0.05 throughout the disk, and the temperature is accuratelyr-dete

See Simon et al., 2000 for the previous measurements. Theaddes mined by the 32—1/ J=1-0 line ratio. The lack of dter-

are based only of#CO while the new measurements are the avera?é‘ce beﬁween th]éCO zfmd13CO results ind?cate both lines are
of all available CO lines. ormed in a similar region: there must be litféCO at temper-

atures much lower than indicated KCO.

LkCal5 097+ 0.03 101+ 0.03

5.2. Vertical Temperature Gradient 5.3. CO Surface density and outer radius

The primary goal of these observations was to confirm the fintkhere are significant fferences in surface densities between
ings of|Dartois et g1.[(2003): the existence of a verticalgem the three sources. At 300 AU, the measured surface densities
ature gradient. Fif}.9 shows the temperatures deduced fremaf 13CO range from~ 2.5 10'® cm2 in LkCa 15 to~ 3.2 10%°
various CO lines versus the stafextive temperatures in allcm=2 in MWC 480 and~ 7 10*° cm™ in DM Tau. The varia-
sources of the sample. We confirm the DM Tau results with thisns are even larger fo?CO with values~ 310 cm2 in
slightly different analysis. MWC 480 also presents a significabkCa 15 and MWC 480, and 4 times larger, 149.6m2 for
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Fig. 8. Summary of the dynamical mass measurement for the sourdesafample. As i Simon et fal. (2900), the results are
shown in a distance corrected HR diagraniNi? versus E¢). New results have been obtained for MWC 480 and LkCa 15.
They are all compatible with the previous ones. In the cadd\WiC 480, the improvement in the mass determination is due to a
better fit of the continuum, as explained in Sect.3.Bedt: Tracks for a stellar metallicitZ = 0.01.Right: Tracks for a stellar
metallicity Z = 0.02. The models have been computed by Siesg 4t al.|(2000)sBots at 1 Myr and are spaced by 1 Myr. The
tracks range from 0.5 to 2.0 by 0.1 Wwith the 2.2 and 2.5 Mtracks added. Forgks, the error bars are assumed to#jeone

sub spectral type class.

DM Tau (although the latter is uncertain by a factor 2 becaugketion onto dust grains may be morfieetive at larger radii
of the steep density gradient). (although the lower densities result in a larger timescate f

The 12COy 13CO ratio is 20+ 3 in DM Tau near 450 AU, Sticking onto grains).
the distance where this ratio is best determined. It is Plat
300 AU for LkCa 15, and & 2 for MWC 480. These values areTgple 7.HCO' and CO Outer Radius
much lower than the standat8C/*3C ratio in the solar neigh-
bourhood. These low values are most likely the result of sigSource Rou(?CO)  Ryu(}’CO)  HCO

nificant fractionation, as in the Taurus molecular clouds;e (AV) (AV) (AV)
the typical temperatures near 400 AU are around 12 K (see alddV Tau 890+ 7  740+15 800+ 80
Sect5p). LkCals ~ 905:40  550+20 660+ 60

MWC480 740+ 15 480+20 520+50

The exponent of the surface density distribution varies sig
nificantly. For DM Tau and MWC 480, an exponent-oB.5 is
appropriate for all isotopologues. For LkCa 15, there isgda In all three sources, the outer radius¥€O is significantly
difference between the exponent f6€0, 1.5, and that for smaller than int2CO. In LkCa 15, the large fierence may be
12C0, 4.5. Each line however samples a verfatent region partly attributed to the change in the exponent of the dgnsit
of the disk. The"*CO data are most sensitive to the 200 — 3d@w. However, if we assumg = 1.5 for 2CO, we get an outer
AU region, while the?CO data is influenced by the outermostadius of 710« 10, still significantly larger than that fd£CO.
parts, 500 — 700 AU (because of the opacity of tH@O line) The dfect is thus genuine.
and up to the outer disk radius. Theffdrence in exponent
may thus indicate a steepening of tF€O surface density .
distribution at radii larger than 500 AU. At such radii, the 5.4. The LkCa 15 inner hole
12CO emission becomes optically thin, and better constraiimsthe case of LkCa 15, it is also important to mention its pe-
the surface density thddCO. For DM Tau and MWC 480, the culiar geometry[ Pietu et hif (2406) have discovered a 50 AU
surface density of CO falls faster with radius than usuadly acavity in the continuum emission from LkCa 15. We checked
sumed for molecular diskgp(~ 1 - 1.5, for H,). Note that whether there is any hint of this cavity in the CO data. Adding
the uncertainty on temperature laffiects only weakly the sur- the inner radius as an additional free parameter yiBlgis=
face density derivation, specially for the2-1 transition for 13+ 5 AU for 2CO andR; = 23 + 8 AU for 3CO. These
which the emission is essentially proportional3g for the values are consistent with a smaller hole, or no hole atrall, i
considered temperature range in the optically thin regithes CO and*3CO. The 50 AU inner radius determined from the
apparent steepening could reflect a change in th§ §hiface continuum is excluded at thed? level in 12CO, and at the 3~
density distribution in the disk. However, it can also besute level in *3CO. Moreover the fit of a hole does not significantly
of chemical &ects. The isotropic ambient UV field will tendchange the value gd, for both?>CO and'*CO emissions.
to photo-dissociate CO isotopologues near the disk outgg.ed These small values indicate that the CO gas extends well
Another dtect is that, because of the lower temperatures, dato the continuum cavity. The cavity is thus not completely
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0.55 0.84 1.01 Stellar mass (Mo)

183 2 located well above the disk plane. Spatially resolved olaser

»s - tions of the HCO J=3—2 transition are required to check this
possibility.

100 —— "0 (J=2-1)

co (J=1-0)

5.6. Turbulence in Outer Disks

MWCA80 We derive intrinsic (local) line widths ranging betweend ®
sl . w032 and 029 kms L. When taking into account the thermal compo-
7 oM Aur © | nent (008 to Q15kms™), from Eqgp andl]7 we derive turbu-
- ES lent widths below 0.15 kns™. These values should be used as
x Lkca 15 ® | upper limits, since the spectral resolution used for théyais
¢ (0.2 kms™) is comparable to the derived line widths. They
. are nevertheless significantly smaller than the sound speed
oL E— ‘ Y S Cs = 0.3 to 05km.s ™t in the relevant temperature and radius
ne Efective temperature (K) e range. The turbulence is thus largely subsonic. A more pre-
i@e analysis, using the full spectral resolution and anate
nowledge of the kinetic temperature distribution, is rieeg
Sor a better determination.

Tioo (K)

Fig. 9. Temperatures derived from the CO isotopes versus é
fective temperature of the central star. From left to righg
sources are DM Tau (filled triangles), GM Aur (empty stars
LkCa15 (filled squares), MWC 480 (filled pentagons), HD

34282 (empty stars) and AB Aur (filled hexagons). From tog 7. Hydrostatic Scale Height

to bottom,*2CO Jk2-1,13CO k2-1, 3*CO J1-0 temper-
atures. We follow the approach which is described in Sect.3.2.5 wher

the scale-height is not formally derived from the hydradstat

void, but still has a sflicient surface density for thefco €quilibrium. In a first step, the flaring exponeat is taken
lines to be detected. The LkCa 15 situation is similar to th§flual toé = —1.25. Such a value is in agreement with pre-
of AB Aur, for which the apparent inner radius increases frogictions from models such gs Chiang & Goldrgigh (1997) and

1200 t03CO and to the dust emissil_- 005). "Alessio et al. [1999). The observed transitions indicagte
) parent scale heights at 100 AU of 30 AU in DM Tau, and 19 AU

in LkCa 15 and MWC 480 (see T4b[B-5). The only discrepant
5.5. HCO" surface density result is the value derived froA#CO in MWC 480, 10 AU. In
a second step, treatirgy as a free parameter provides similar
results, except for LkCa 15 where th#CO data is best fitted
— the outer radius in HCO is similar to that in“CO, and in by a flat f, = 0), but thick disk (see Fifj.5).
particular it is larger than that iFCO. On the other end, using the temperature derived from the
— in the two cases where it could be determined, the excitdco 31251 transition as appropriate, we can derive the hy-
tion temperature of the HCQJ=1-0 is lower than that of §rostatic scales heights. These scale heights are 15, 185nd
the'3CO J=2-1 line. AU, respectively for DM Tau, LkCa 15 and MWC 480, with
— at300 AU, the f*COJ[HCO* Jratio is 500:150 (DM Tau), 4 typical exponene, = —1.35, approximately 1.5 — 2 times
320+ 50 (LkCa15), and 130& 200 for MWC 480, with gmaller than the apparent values. Although, as mentioned in
an additional uncertainty around 50 % for these last Wec{3.2]5, the scale height has to be interpreted with some
sources due to the adopted temperature distribution. Theggtion (especially when determined frdfCO), these results
values are similar to, although slightly smaller than the oy ggest that CO has a broader vertical distribution thart isha
found by|Guilloteau et 4l{ (19p9) for the circumbinary diskypected from an hydrostatic distribution of the gas. The cu
of GG Tau ¢ 1500). On the other enfl, Pety e{ 4l. (J006knt data do not allow us to identify the causes of tiisa.
find a ratio of about 1bfor the low mass disk aroundyertical spreading due to turbulence can be rejected asithe t
HH 30, but at a smaller radius (100 AU). bulence is largely subsonic (see Sect.5.6). The largerappa

— This ratio varies with radius: there is a tendency to havengight may be due to CO being more abundant in the photo-

the exception ot3CO in LkCa 15).

The HCO data analysis reveal 4 major facts

In DM Tau, the excitgtion temperatur(_a fa_lls down to _about 6kg Comparison with other Disks and Models

beyond 600 AU, while the CO data indicates kinetic temper-

ature of about 10 K in this region. Our calibration techniqu@nly one other source has been studied at the same level in
ensures that this is not an artifact. It may be a hint of vewy lothe CO isotopologues: AB Aur by Piétu et| al. (2P05). The
temperatures in the disk mid-plane. On the other end, it neaytemperature behavior of the ABAur disk is similar to that
an indication of sub-thermal excitation. However, as thg-cr of the MWC 480 disk, although the AB Aur disk is warmer.
cal density for the HCO® J=1-0 is only a few 16 cm3, such Temperature derived from CO for all sources are summarized
a sub-thermal excitation would require that the HC@as is in Fig.E. As expected, the disk temperatures (midplane and s
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face) clearly increase with the stellar luminosity. The/AD tained for large grainsa( = 310™* m) andy = 1000  being
star HD34282, mapped Hy Piétu ef 4I. (4003}480 also the enhancementover the interstellar UV field at 100 AU, with
exhibits a hotter disk surface while the TTauri star GM Aua 1/r> dependence), i.e. when the UV field penetration is im-
([Dutrey et 8 [1998) has a colder disk. From Table 1 of Pigportant.
et al. (200p), the*CO surface density in ABAur at 300 AU  So far, no published model reproduces the smaller outer
is about 2 18° cm2, 4 to 8 times larger than in the DM Tau,radii for 23CO than for*2CO. To do so, it seems essential to ac-
MWC 480 or LkCa 15 disks. This larger surface density prolgount for selective photodissociation of CO isotopologhgs
ably results from a lack of depletion onto dust grains, sintke interstellar UV radiation field, and in particulay the UV
the temperature in the AB Aur disk remains well above the C@diation impinging on the disk outer edgehe disappearance
condensation temperature at least up to 700 AU in radius, carfi **CO at distances 500 AU from MWC 480 and LkCa 15
trary to those of DM Tau, LkCa 15 and MWC 480 which aréndicate that the typical extinction through the disk astha-
much colder beyond 200 - 300 AU. dius corresponds roughly #, ~ 1, although the disks extend
LkCa 15 diters slightly from the general picture: no cleaat least to 700 - 900 AU. A consistency check can be done
vertical temperature gradient is observed, and#®© surface on this hypothesis: assuming a standéygH, ratio, the'3CO
density slope is much less steep (exponent 1.5) and the outer radius can be used to constrain the CO abundance at this
CO isotopologues indicate a discrepant scale height bebavi distance. From Fif]-6, the typicBiCO surface density at the
This may be linked to a peculiar disk geometfy: Pietu gt d8CO outer radius is24 10'° cm2, which converts to X2CQO]
([@008) have reported a 50 AU cavity in the continuum emis- 3 — 6 10°°, in good agreement with the expectation in this
sion from LkCa 15, perhaps due to planetary formation orteansition region. In DM TauAy, =~ 1 would occur near 800
low mass companion. This peculiar geometry mégc the AU, i.e. the (outer) DM Tau disk is more opague than those of
temperature structure of the surrounding disk, by for eXampMWC 480 and LkCa 15. This larger opacity can result either
shielding it from stellar radiation behind a warm, thickném from a larger H density, or from a largeAy/Ho, i.e. more
rim. Any definite conclusion about the peculiarities of Lk small grains in DM Tau.
seems premature at this point. All the chemical models are hampered by the need to spec-
Molecular abundances in proto-planetary disks have be@nthe appropriate K density distribution and the dust proper-
studied by several authors. Disks are believed to be domdnaties. These parameters remain largely unknown. The values o
by a warm molecular layer, exposed to the UV radiation emp-and Ry for the dust in LkCa 15 and MWC 480 derived by
nating from the central stdr. van Zadefhet all (200B) showed Piétu et g. [(2096) dier systematically from those found here
2-D radiative transferféects result in a stronger penetration ofor CO. In addition, the absolute value of the absorption co-
the UV field into the disk than simple+lLD models assumed. efficient of dust is also uncertain, which makes the derivation
A more refined model was published by Aikawa & Nomuraf an H; surface density through continuum observations quite
(2008), which use a time dependent chemistry taking into atifficult. Using the parameters given py Piétu ¢t[al. (2006), we
count the thermal structure of the disk, 2-D radiative tranfind at the dust core outer radius 180 AU, that the CO abun-
fer and sticking onto grains. Their model parameters areematance is~ 1076 for LkCa 15, while it is~ 3107—310° for
appropriate for DM Tau. Despite its comprehensiveness, tiMWC 480, depending on which temperature profile is adopted
model fails to represent the observed surface densitipseit for the dust. These very low values, as well as the veffedi
dicts relatively shallow§ ~ 1) radial distribution of the sur- ent values of the exponepffor dust and CO, may thus indicate
face density, in sharp contrast with the steep slope obdervihat the H surface density cannot be extrapolated by a simple
However, their model only extends out to 300 AU, while thpower law, but displays instead a very significant change nea
constraint we obtain on the surface densities in DM Tau refer150 AU. This can have significant impact on the chemical
mostly to larger radii. model predictions for any specific disk.
Semenov et al| (20P6) point out the importance of vertical
mixing in explaining the molecular surface densities. Aitam
study was conducted hy Willacy el dl. (2006) who conclude th@ Summary
a diffusion codicient of order 18 cn’s™ is required to bring We report new*CO observations in LkCa 15 and MWC 480
the CO surface density in reasonable agreement with obsegytained with the IRAM array, and HCO observations of
tions. Vertical mixing may be essential in explaining why CQkCa 15 and MWC 480 and DM Tau. These data were analyzed
is detected at temperature well below the freeze out vahe, aogether with existing?CO data. As we improved our mod-
also why, despite very fierent temperature profiles, DM Talelling method, we also carried again the analysis on DM Tau
and MWC 480 display similar CO surface densities. data as a consistency check. By comparing these results with
None of these model studied th¥O isotopologue. Hily- previous one obtained on AB Aur (and to the temperatures de-
Blant et al. [200]7) used a simpler PDR model to study the efved from12CO observations in HD34282 and GM Aur), this
fects of grain size and stellar UV flux on the CO isotopologugiowed us to derive the following conclusions:
abundances. In this static model, self-shielding ef €O and
13CO is treated explicitly, but CO sticking onto grainsis meti — We systematically detect radial gas temperature gradi-
cluded. This model shows the importance of fractionatiath an ents. Vertical temperature gradients are also ubiquitous i
reproduces better the observed surface densities. Irciplart AB Aur, DM Tau, and MWC 480, but LkCa 15 is an ap-
from their Fig.6, [?COJ/['3CO] ratio of order 10 — 20 is ob- parent exception (perhaps due to its peculiar geometry).
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Disks surrounding hotter stars, such as Herbig Ae obje®@artois, E., Dutrey, A., & Guilloteau, S. 2003, A&A, 399, 773
(MWC 480 and AB Aur), present a hotter CO surface. ThBullemond, C. P. & Dominik, C. 2004, A&A, 417, 159
behavior agrees with the prediction from models of passiirillemond, C. P., Dominik, C., & Natta, A. 2001, ApJ, 560,
irradiated disks. 957
— CO disks around hotter stars are also hotter around thatrey, A., Guilloteau, S., & Guelin, M. 1997, A&A, 317, L55
mid-plane (ABAur and to a lesser extent MWC 480)Dutrey, A., Guilloteau, S., Prato, L., et al. 1998, A&A, 338,
Although [CQHj] ratios are not directly measurable, the L63
much higher surface density 61CO in the warmest disk, Dutrey, A., Guilloteau, S., & Simon, M. 1994, A&A, 286, 149
AB Aur, indicates that depletion onto grains is an importafiiuvert, G., Guilloteau, S., Ménard, F., Simon, M., & Dutrey
mechanism for the colder disks. However, the CO surfaceA. 2000, A&A, 355, 165
density does not appear to be a monotonous function of {Beady, C. A., Woodgate, B., Bruhweiler, F. C., etal. 1999JAp
stellar type. 523,L151
— For the more sensitive transitions, we are able to meas@eevesse, N., Asplund, M., & Sauval, A. J. 2005, in
an apparent scale height which appears to be larger thakAS Publications Series, ed. G. Alecian, O. Richard, &
the hydrostatic scale height. Although marginal, this tesu S. Vauclair, 21-30
is in agreement with the expectation that molecules pref@uilloteau, S. & Dutrey, A. 1994, A&A, 291, L23
entially form in a warm photo-dissociation layer above th@uilloteau, S. & Dutrey, A. 1998, A&A, 339, 467
disk plane. Guilloteau, S., Dutrey, A., & Simon, M. 1999, A&A, 348, 570
— However, in the outer part of TTauri diskR & 300 AU) Hartmann, L., Calvet, N., Gullbring, E., & D'Alessio, P. 189
and even around MWC 480, the averaged kinetic temper-ApJ, 495, 385
ature measured along the line of sight is well below thdily-Blant, P., Dartois, E., Roug E., et al. 2007, A&A, sub-
freeze-out temperature of CO, but a significant amount ofmitted
CO is still observed. This is in contradiction with most preKoerner, D. W., Sargent, A. I., & Beckwith, S. V. W. 1993,
dictions of chemical models but would be in favor of mod- Icarus, 106, 2
els with vertical mixing. Malbet, F., Lachaume, R., & Monin, J.-L. 2001, A&A, 379,
— The CO surface density fallsfomuch more rapidly with 515
radius than predicted by most chemical models. In the cadéannings, V., Koerner, D. W., & Sargent, A. I. 1997, Nature,
of DM Tau and LkCa 15, we also observe thatth@O has 388, 555
a steeper surface density exponent tH&@0. This suggests Monnier, J. D. & Millan-Gabet, R. 2002, ApJ, 579, 694
a steepening of the surface density slope beyond 300 — 5&¥/lyuchenkov, Y., Guilloteau, S., Henning, T., et al. 2067
AU, but photo-dissociation, and also perhaps depletion onprep.
grains are likely to play a role. Pety, J. 2005, in SF2A-2005: Semaine de I'Astrophysique
— A change in surface density behaviour is also suggested byrancaise, ed. F. Casoli, T. Contini, J. M. Hameury, &
the very diferent parameters (expongnand outer radius) L. Pagani, 721+
derived from the continuum emission. Pety, J., Gueth, F., Guilloteau, S., & Dutrey, A. 2006, A&A,
— For all disks where!?CO and!3CO data are available, 458, 841
photo-dissociation by the ambient UV field impinging orPiétu, V., Dutrey, A., & Kahane, C. 2003, A&A, 398, 565
the disk edge is likely the appropriate mechanism to eRiétu, V., Dutrey, A., Guilloteau, S., Chapillon, E., & Ref.
plain the smaller outer radii determinedfCO compared 2006, A&A, 460, L43
to that of'2CO. Piétu, V., Guilloteau, S., & Dutrey, A. 2005, A&A, 443, 945
— Except for the warmest disks, CO fractionation is an inQi, C., Kessler, J. E., Koerner, D. W., Sargent, A. |., & Blake
portant mechanism. For DM Tau and LkCa 15, we estimateG. A. 2003, ApJ, 597, 986
an isotopologue ratio, of order or less than 10 — 20 betweSamenov, D., Pavlyuchenkov, Y., Schreyer, K., et al. 2005,

300 AU and the"*CO outer radius. ApJ, 621, 853
— At 300 AU, the [2COJ[HCO" ] ratio is around 600, within Semenov, D., Wiebe, D., & Henning, T. 2006, ApJ, 647, L57
a factor 2. It apparently decreases with radius. Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593

AcknowledgementsWe acknowledge all the Plateau de Bure IRAN?'mon’ M., Dutrey, A., & GUII.IOteaU’ S. 20.(.)0’ qu, 545, 1034
stdf for their help during the observations. We also would likéank van den Ancker, M. E., de Winter, D., & Tjin A Djie, H. R. E.

Guilen Oyarcabal and Rowan Smith for their participationhe fits. 1998, A&A, 330, 145 .
van Zadelh€, G.-J., Aikawa, Y., Hogerheijde, M. R., & van

Dishoeck, E. F. 2003, A&A, 397, 789
Willacy, K., Langer, W., Allen, M., & Bryden, G. 2006, ApJ,
Aikawa, Y. & Nomura, H. 2006, ApJ, 642, 1152 644, 1202
Asplund, M., Grevesse, N., Sauval, A. J., Allende Prieto&C.
Kiselman, D. 2004, A&A, 417, 751
Chiang, E. I. & Goldreich, P. 1997, ApJ, 490, 368
D’'Alessio, P., Calvet, N., Hartmann, L., Lizano, S., & Cant”
J. 1999, ApJ, 527, 893

References



