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Proto-planetary disks are found to orbit around low and intermediate mass stars. Current
theories predict that these disks are the likely sites for planet formation. In this review, we
summarize the improvement in our knowledge of their observed molecular properties since
PPIV. This is timely since a new facility, the Submillimeter-Array (SMA), has recently begun
operation and has opened the submillimeter atmospheric windows to interferometry, allowing
studies of warmer gas and dust in disks at subarcsecond resolution. Using results from the
IRAM array and the SMA, we focus on two complementary main topics: 1) the determination
of the physical structure of the disks from multi-transition CO isotopic analysis of high angular
resolution millimeter interferometric data and 2) the observations of molecules other than
CO (and isotopes), which enable investigations of the chemistry in proto-planetary disks. In
particular, we emphasize how to handle the available data to provide relevant constraints on the
thermal, physical and chemical structure of the disks as a function of radius, within the current
limitations in sensitivity and angular resolution of the existing arrays. These results suggest
the importance of photo-dissociation effects and X-ray heating. They also reveal unexpected
results, such as the discovery of non-Keplerian rotation in the AB Aur disk. We also discuss
how to extrapolate these results in the context of the tremendous capabilities of the ALMA
project currently under construction in Chile.

1. INTRODUCTION ten years, millimeter spectroscopic studies of disks have
hown that they are in Keplerian rotation. More recently,
e SMA Ho et al, 2004) has opened a new the era of sub-
illimeter interferometry, while the IRAM Plateau de Bure

In the last fifteen years, observations from the optic
up to the millimeter wavelength domains have revealed thﬁt‘

low and |ntermed|ate_mass stars of ages around a mﬂth erferomter (PdBI) routinely provides images of 0.6” res-
years, such as TTauri and Herbig Ae stars, are surroundS tion at 1.3mm. Since PPIV, observations of molecular

by circumstellar disks. The.se diSk§ are often ca}llgd "prOtoGisks have considerably improved, and mm/submm arrays
planetary” because they still contain enough original maten'ave provided many new direct constraints on physical and

rial (from the parent cloud) to form giant planets. Indeedchemical structure of disks which could not be addressed
although dust is the easiest tracer of proto-planetary dislg, disk continuum observations

0 - -
molecules represent more than 70 % of the total mass IrYln this review we focus on the recent molecular results

disks. -, which does not deplt_ate on dust grains, 15 b.>f6btained with the SMA and the IRAM array. We summarize
far the most abundant molecule in disks but it remains dit

in Section 2 the sensitivity which can be achieved by ob-

ficult to observe because of the lack of a dipole rnomeng‘erving CO transitions in disks with the PdBI and the SMA.

Even if a few direct H detections are now possible, the o "We also calculate the brightness temperature for transitions

served H lines mainly trace the warm gas located in therl-O up to J=3-2 and describe new methods of analysis for

inner disks (R< 10-20 AU), while, in many cases, diSkSinterferometric data. In Section 3, we present the CO disk

are knowr} to extend out to seyeral 100 AU. These outer 1 roperties as inferred from SMA and IRAM array observa-
gions, which may even contain most of the mass, are COFL

d v be ch rerized b lecules havi (Jons. Then Section 4 is dedicated to new results for some
and can only D€ characlerized by molecules having ro %beciﬁc disks because they provide new quantitative infor-
tional lines at low energy levels and detectable with larg

- - . ation on the disk physics since PPIV. Particular attention
millimeter and sub-millimeter interferometers. Aftep H

CO is th ¢ abundant molecul i it deol is given to the observation of molecular chemistry in Sec-
'S the most abuhdant molecu’e (evep IT it can deplelg,, 5 then we conclude by presenting the sensitivity of
on dust grains) and its lowest rotational lines are easily e

cited by collisions with H in disks. Only heterodyne ar- BLMA. This paper focusses on line data and outer disks

. e . only. In these proceedings, more information on continuum
rays give the sensitivity, resolving power and spectral re

Bmission can be found in the chaptersTiegti et al.and on
olution needed to map cold molecular disks. In the laséhemistry byBergin et al ptersTies A



2. MOLECULAR LINE FORMATION AND DISK scale heighfi(r) are given by:

MODELS 5
r .
The line formation process in proto-planetary disks is n(r,0) = ﬁézr) = no(r/ro) "
complicated because of the combination of strong velocity,
temperature and density gradients. The regular pattern of 2erST(r)
rotational motions provides a direct link between the pro- H(r)=\| —F—"= ho(r /o)™
jected velocity and position in the disk, a property which GM.m

provides some effective super-resolution, under the guigmd also follows power laws with = 1 + v — ¢/2 and
ance of an applicable model. In addition, proto-planetary — ;, 4 h = p + 1 + v — ¢/2. G, M, andm are the
disks have two specific properties which make the derivgyravitational constant, the stellar mass (the disk is not self-

tion of physical parameters from observations particularlyrayitating) and the mean molecular weight, respectively.
robust and relatively simple:

1. Power laws are good approximations for the radic
dependence of many physical quantities

2. As a result, molecular column densities can be de
rived from the observation of a single (partially opti-
cally thin) transition.

However, radiative transfer models are required to estima
the line brightness distribution as a function of projectet
velocity. This implies the use of dedicated codes, whos
precision should be matched to the sensitivity of the obse
vations to be analyzed. Such detailed models have becot
necessary only because the observations now provide su
cient sensitivity. In this section, we describe the availabl
tools and their use.

Z(AU)

2.1. Disk Description
P Fig. 1.— Density structure of the DM Tau disk, with the

Disks models (such as those describedDutrey et critical density for thermalization of the J=2-1 transition,
al., 1994) are usually based on the descriptiorPdhgle Ne, indicated, as well as the = 0.5, 1,2 opacity curves
(1981): a geometrically thin disk in hydrostatic equilibrium(dash_dotted lines). The super-heated layers ofxthiang
with sharp inner and outer edges. Temperature, velocity aRgq Goldreich(1997) model and of those BF Alessio et al.

surface density assume power law radial dependencies: (1997, 1999) are also indicated. Fraartois et al.(2003).
For the kinetic temperatur&(r) = T,(r/r,) ¢

the surface densitys(r) = X (r/r,) ™" The definition given above implies thBt(r) = v/2c,/Q
and the velocity:V (r) = V,(r/r,) ™", withv = 0.5 for  (wherec, is the sound speed arftithe angular velocity).
Keplerian disks. Other groups takéd(r) = ¢,/ (D'Alessio et al.,1998;

We start by the simplest approach which assumes powghiang and Goldreich1997). As a consequence the scale
law dependencies versus radius. This is of course apprReight given in this description ig'2 larger, and this must
priate for the VelOCity, and power laws have been shown t@e proper|y taken into account in Comparisons_
be a good approximation for the temperature distribution Fig. 1 presents the density structure of a representative
(e.g.,Chiang and Goldreich1997). Using power laws for gisk, the DM Tau disk, with characteristic curves overlaid
the surface denSity is more debatable. It is often jUStiﬁegn it. For any given molecular line, two curves are espe-
for the mass distribution based on iherescription of the  cjally important: the height at which the density for ther-
viscosity with a constant accretion rate, but may not be apnalization is reached, and the height at which an opacity of
plicable to any arbitrary molecule. Given the limited spatiaprder 1 is obtained. By comparing the two, one can read-
dynamic range provided by current (sub-)millimeter arraysjy derive whether non-LTE effects have to be considered or

more sophisticated prescriptions are not warranted. not. These curves are given for the CO J=2-1 transition in
Since the disks are assumed to be in hydrostatic equilisig. 1, using a depletion factor of ten, showing that this tran-
rium, the volume density is given by sition remains thermalized throughout the disk,ras- 1
Lo curve is below the critical density line. Note that higher CO
n(r,z) = n(r, O)e’(Hw) lines, J=3-2 and above, are more optically thick and have

. ] _higher critical densities, and therefore may be sensitive to
where the mid-plane density(r,0) and the hydrostatic non-LTE effects.



2.2. Analysis of Thermalized Lines Jeans approximationhr << kT, can be used. For the

For the analysis of thermalized lines a ray tracing cod&~1-0 transition, equation 3 shows that

integrating the radiative transfer equation step by step along Ty(r) o X (r)S(r)/T(r)

the line of sight is enough, although care must be taken to

use sufficient resolution for the extreme velocities, which¥ the line-width is constant or

originate from the inner parts of the disk. )
The brightness temperatufg of a proto-planetary disk Ty(r) o< X (r)S(r)/T(r)*/?

can be easily expressed as a function of radifes a face-

on disk. In the optically thick case if the line-width is thermal. Fig. 2 compares the approxi-

mation with the exact formula.

Ty(r) =T(r) =T, x (r/r,) 4 (1) For higher transitions, a similar asymptotic behavior is
o . ) obtained ifE ;1 << kT, but at lower temperature the ex-
while in the optically thin case ponential term in Eq.3 plays a significant role. For typical
Ty(r) = 7.T(r) @) temperatures of proto-planetary disks, the J=2-1 transition

brightness i€}, (r) o« X (r) - £(r) to first order.
which, for theJ +1 — J transition of a linear molecule, is  For inclined disks, the above treatment is a simplification
indicating the first order behavior as a function of radial

E E 1
T(r) = 8771'3 2 (e‘kT(Jr> —e k%’%) distance from the star. Because of the velocity shear due
o\ = g ZAV to the disk rotation, the line opacity is a complex function
X(r) of the position and projected velocity, but the general trend
(2J + 1)mH mT(T)E(r) remains.
3 ’ hy For the CO abundances found in disk3u(rey et al,
81° 2 ity (L= FTO) 1997), the fi ional transitions 81CO icall
Ty(r) = ——p?-e FTm— 2 ), the first rotational transitions are optically
3h ZAV thick throughout the disk. It is convenient to call the disk
(2J +1) X(r) TOEO(r/rO)*(“‘” (3) layer where!?CO J=2-1 reaches an opacity of 1 along
U: g the line of sight as the "CO surface” of the disk. Rarer CO

isotopologues appear partially optically thin in the outer re-

ing a mass surface density in this formula) afids the gions, but remain optically thick in the inner parts. In this
partition function. The local linewidth\V is given by case, a single line can provide measurement of both the tem-

AV — \/W whereu,, is the thermal line-width perature and the (molecular) surface density, provided the
and vy, at}{urbuthéﬁt, term usually of ordee 0.1 km.s-!  Power law distribution holds everywhere. Optically thick
(Dartoi?; et al, 2003). lines are direct tracers of the kinetic temperature at 1

along the line-of-sight. This property can thus be used to
R R S sample not only the radial but also the vertical temperature
N gradient in the disk. This method is illustrated by Fig. 3
| for a pole-on disk and was first developedbartois et al.
1 (2003) inthe case of the DM Tau disk (see also Section 2.5).

where X is the molecular abundance relativefig (3 be-

g
[
T

2.3. Sensitivity of mm/sub-mm arrays

o
o
T

Many gas disks are large enough (outer radidg; ~
1 200 — 800 AU) to allow mm/sub-mm arrays to measure the
4 molecular brightness distribution versus radius. To under-
1 stand the limitation of the measurements, it is important to
compare the expected line brightness with the array sensi-

Brightness (arbitrary units)

e
»
T

0.2

tivity.
, ‘ , Fig. 4 presents the expected brightness temperature as
0 20 40 a function of radius for the J=2-1 and J=3-2 transitions of

Temperature (K)

the CO isotopologues, and of the dust emission at the cor-
Fig. 2.— Brightness, given in arbitrary units, versus kineti¢esponding frequencies, and compare them with the sensi-
temperature for CO lines J=1-0, J=2-1 and J=3-2 in a Kdivity of the SMA and Plateau de Bure interferometers, es-
plerian disk. Both a high temperature approximation antimated using the canonical values in system temperature,
exact formula are drawn. Only the J=1-0 transition appeagfficiency, etc... Note that although the continuum sensi-
well represented by the high temperature approximation fiivities could be improved by increasing the detector band-
the whole disk (fronDartois et al, 2003). width, this is not the case for the spectral lines where the
bandwidth is limited by the intrinsic line width. Only better
At high enough temperature, the expression can be simeceivers or more collecting area can improve the situation

plified. The partition function i ~ %, and the Rayleigh in this case.



Angular Distance (") Angular Distance (")
, 10 1 , 107 1
10% gy —— — 10% gy :

T
|
|
|
L 1
3 ~ |
;\\ !
‘ |
+
|

T
|
|
|
|

Fo— !

E |
1
1
[
1
1

Brightnes Temperature (K)
Brightnes Temperature (K)

Continuum 1.3 mm 103 L Continuum 0.8 mm

|
|
|
|
|
|
|
-
| ———
1
|
|
|
|
|
|
|
|
|
|
1y

" PR T T | 1 P S S S S A 10 " PR S TR S ] N |
10' 102 10 102

Radius (AU) Radius (AU)

Fig. 4.— Left: Brightness temperature for CO (and isotopomers) in J=2-1 transition for a Keplerian disk orbiting a central
object of ~ 1M, (thick lines) compared to the sensitivity of the IRAM Plateau de Bure array (dashed lines). Right:
Same for the SMA in the transition J=3-2. We assume LTE conditions which are valid for J=2-1 but the J=3-2 line is not
necessarily thermalized everywhere. This curve is only an upper limit to the expected signal. The angular resolution is here
0.6”. This corresponds to the best resolution obtained so far. The diagram has been calculated for a TTauri disk located at
the Taurus distance: 140 pc.

200[7=7=7 , e s ) difficult if insufficient resolution is available, while the sur-
I \\\\ /,}.{'jr-/ p ‘ =2 g face density determination is limited by the low S/N in the
R P e, outer regions. The apparent sizes will be largely dependent
100 Y /AP on the optical depth, rather than on the true outer radius.

This is the reason why the (apparent) observed size of a dust
disk always appears smaller than the size of3iG0 emis-
sion. Fortunately, for both the SMA and the PdBI, many
CO disks can be observed with a similar level of sensitivity.

Z(AU)
o

-100
2.4. UV plane analysis andx? minimization tech-
nigues

—200

Fig. 4 clearly shows that sensitivity is a limitation even
Radius(AU) with the best arrays available so far. This problem is fur-
ther amplified by the limited UV coverage due to the small
Fig. 3.— Surface at which the opacity along the line ohumber of antennas in all existing mm/sub-mm arrays. The
sight reaches one for the various CO isotopes overlaid dRAM array has 6 antennas of 15-m diameter while the
the density structure (grey scale). This figure assumes tBMA has 8 antennas of 6-m diameter This limited UV cov-
canonical density of DM Tau disk (taking into account aerage implies significant sidelobe levels in the dirty im-
depletion factor of 10 for the CO abundance). Assumingges, and deconvolution is required to remove them. How-
this disk to be representative of its category, this shows thater, deconvolution is a non-linear process which increases
transitions above the J=3-2 are not thermalized, at least ihe noise level, specially for the case of weak extended
the outer layer. (FrorDartois et al, 2003). structures. As a consequence, comparing disk models to
CLEANed images is currently a method which remains in-

accurate. With 9 antennas of 6-m diameter and 6 of 10.4-m

The brightness temperature clearly shows the tWo &¥jjameter, CARMA will improve the synthesized beam is-

pected regimes for the partially optically thin transitionsy,o bt remain sensitivity limited. With 50 antennas of
Ty(r) = Tx(r) at small radii, andl},(r) o« X (r)X(r) at

- . oA 12-m diameter, these problems will become much less sig-
large radii. Depending on the relative importance of the WQificant with ALMA since the sampling of th&'V plane

regimes, the analysis of the observations will suffer fromsy, e significantly higher (1225 instantaneous baselines).
different limitations. The temperature determination will beThe addition of the ACA to ALMA will also improve the



sampling of the short spacings, which can be important fc
the sub-mm data.

Accordingly, the optimal way to analyze the data is tc
compare directly the "raw” data, i.e. the observed visibili-
ties, with the predicted visibilities from the model images = 100
Weighting each visibility data point by its (known) ther-
mal noise allows the definition of a least square distanc
between the model and the data, in the ugifatense:

T
<

<
Sampled zone

Temperature

2 = 2.2 (Re(mod; ) — Re(obsm))2 x W; e
+  2,.%;(Im(mod; ) — Im(obs; ,,))* x W; (4)

Disk plane 200 {1-0]

whereRe(a) andIm(a)) are the real and imaginary parts 1 10 T e 1e00
of the visibility a, anda; ,, is the visibility ¢ for velocity Radius (AU)
channeln. The weightW; is derived from the system tem-  ,, T{abs) Thick | Thick | Thin

. . . T(emi) Thick [ Thin [ Thin
peratureTs,,, the spectral resolutior, the integration
time 7, the effective collecting area of one antenfg,

and the loss of efficiency introduced by the correlajor gig 5 vertical temperature gradient in the DM Tau disk

W; = # with o; = % inferred from multi-transition, multi-isotope CO analysis
Since, for the LTE case, the model images are charactdftom Dartois et al.,2003)

ized by a reasonably small humber of parametess (o,

gﬁs‘%:ﬁ] A”:/ Ie%r(;:r;l‘l/or{(;}t, ;{o ’nqh;i?z;’r’]ﬁ aggras(;?z;r:ggel;eriéu Stre1ese lines permit the derivation of the vertical kinetic tem-
g In general gni 2y T perature gradient. In the case of DM Tau, the measured
of the lack of sensitivity (see Fig. 4}, minimization tech-

nigques can be used to determine the best model parametgirrg?iem 's in agreement with predictions from models of
. . : . ) s externally heated by their central star ({Alessio
and, ideally, their error bars. This was first usedQyil- y y (

loteau and Dutrey(1998), using a simple grid-mapping to etal, 1999). The mid-plane is coolex(13 K) than the CO
find the best model for CO in DM Tau. This is howeverdISk surface ¢ 30 K at 100 AU). This appears in the re-

slow. and does not proberly consider the counling betwe ion of the disk where the dust is still optically thick to the
' 10t properly o ping ._Stellar radiation while it is already optically thin to its own
the parameters in the error determination. These two “mgmission around ~ 50 — 200 AU in the DM Tau case
e e 0 EJONY = 200 AL wihers i dust bcomes otcal i
X Y6 both processes, the temperature profile appears vertically

tine, which takes into account the coupling between the P& othermal

rameters (but not the skewness of the distribution, i.e. asym- Fig. 5 also shows that a significant fraction of the DM

vrci?rtlrm?er:i?lri?n&il;z)t.i gnizlﬁzlcso?;itr:]e:zgr:gzgje tﬂi:{;ﬁ?g (al'_rau disk has a temperature which is below the CO freeze
X 9 P ut point (17 K) but there remains enough CO in the gas

though the derivation of error bars is not always performed hase to allow the J=2-1 line of the main isotope to be op-

and a similar method has been recently applie@bgt al. tically thick. This is also the case for most of the sources

(200.4) o the SMA CO J=3 2_data of TW Hya (see_ als.%iscussed here, and there is no satisfactory explanation of
Section 4.2). Neither method includes the systematic bigs. .

) . . . ; ._1his chemical puzzle, so far.
which may be introduced by using an inappropriate dis

model, though. 2.6. Subthermal Excitation

2.5. Anexample: DM Tau The previous sections show how thermalized transitions

Because it is isolated from the nearby molecular clouds. - be analyzed using a simple power law model for the
y %emperature, and show that the temperatures derived from

DM Tau was among the first smgl_e sta_rs around Wh'CE] otopologues can provide insights into the radial and ver-
a bona-fide proto-planetary Keplerian disk was detecte@

) . i cal temperature structure of the disk. If the same analysis
;?ﬂlg tsguisaggrgﬂtrrmzﬁjgl?;li I;gz -(l; gﬁ;';:;ro Olcfgted is used for a transition which remains sub-thermally excited

: ) : - (in the regions where its opacity is 1), such an analysis
:jtwas_tl;hzflrst object fgr WT'Ch tjhe Irrethodtkgﬂ/f_antaly&s will yield the excitation temperature of the line instead of
escribed above was developed, atowing the TIrst measUligly, inatic temperature. If all lines of the molecule shared
ment of its stellar massM, = 0.5 Mg, Guilloteau and

. . i the same excitation temperature (i.e. Tif, = 7., the
Dutrey, 1998). Because of its large CO disk, it was alsg . .
. A ' ion temperature), the molecular column density woul
the first object on which a multi-isotope study of CO WasOtat on temperature), the molecular column density would

performed Dartois et al, 2003). Since thd*CO J=1-0 still be correctly determined. In general, thoudh, will

_ i . . crease with the energy levels, and the above assumption
and J=2-1 sample different disk layers, a global analysis (g\f/ﬁl underestimate the partition function, leading to a slight




same kinetic temperature, a good approximation over
the whole disk (with the exception of the disk at-
mosphere where the density is low). This method
was recently used to determine the best physical pa-
rameters of the gas disk orbiting TW Hya @y et al.
(2004).

underestimation of the column density.

A more accurate determination of the column density
requires solving the coupled equations of statistical equi-
librium and radiative transfer. This introduces 4 additional
complexities:

1. The disk temperature structure must be known
In both methods, hydrostatic equilibrium is assumed. The
largest source of uncertainty remains the radial density dis-
3. The location of the molecules within the disk must bé”bu,t'on' which is c_oupled to the dust propert_|es.. i
known, and Finally, the localization of the molecules within the disk
remains an unsolved problem. One can either assume full
4. the coupled equations must be solved to sufficient agertical mixing, or use vertical distributions provided by
curacy chemical models. Given all the combined uncertainties,
it remains unclear whether a full non-LTE analysis yields

The last complexity is actually the less difficult to solve.yore sensible results than those provided by the siffiple
For this purpose, two kinds of models are currently being,nroximation.

used:

2. The disk density structure must be known

. . ..3. PROTO-PLANETARY DISKS PROPERTIES
1. Approximate solutions based on escape probability

and 1-D radiative transfer, such as those developed The first extensive detailed analysis of CO emission from
by Piétu et al.(2006). disks around T Tauri and HAeBe stars using the above
L methods was performed [8imon et al.(2000). They used
2. Full2-D Monte-Carlo radiative transfer codé®ger- - y,a12¢:() 3=2.1 emission to characterize the disks around
heijde and van der Tak2000; Pavlyuchenkov and 5 giars showing the existence of large (ofters00 AU)
Shustoy2004) disks and demonstrating unambigously the Keplerian na-

The first method remains fast enough for usedmin- ture of the rotation_. More recentl_i}’,i'etu et al._(2006) have
imization routines, the escape probability technique beingxt€nded the CO isotopologue line analysis performed for
only marginally slower than a simple LTE approximation.2M Tau to a small sample of TTauri (LkCal5) and Herbig
The second method is in theory more accurate from th€ Stars (MWC480, AB Aur and HD34282). _
point of view of the radiative transfer, provided the Monte- 1ogether with other studies of HAeBe stars\dgnnings
Carlo noise is adequately controlled, but current implemer@d Sargen{1997, 2000), this allows some robust conclu-
tations are too slow for use ip? minimization. Further- SIONS to be reached:
more, it should be stressed that the gain in accuracy is not
necessarily significant; the main limitation in accuracy re-
mains currently in the interferometric observations, because
all molecular lines (except those tCO) are relatively 2.
weak. Moreover, all techniques suffer from the required a
priori knowledge of the temperature and density structure of
the disk, and of the localization of the molecules within this ~ 3-
structure. The related uncertainties are often much larger
than those introduced by the approximation made to solve
the coupled statistical and radiative transfer equations.

For the disk structure, two methods are presently in use.

1. Large disks (CO outer radius ef 200 — 1000 AU)
exist.

The intrinsic linewidths are small, with a non-thermal
component of order 0.1 — 0.2 km.s ™.

All disks studied so far are in Keplerian rotation (with
the exception of AB Aur which is described in Sec-
tion 6). Since the mass of the disks is negligib{g,
minimization as those described in the section above
allow direct measurements of the stellar mass (see
also Fig. 6).

1. The gas kinetic temperature is determined from the
CO line analysis, and the radial density distribution
from the fit of the millimeter continuum images. This
is the method used by Dutrey, Guilloteau and collab-
orators.

4. For both Herbig Ae and (classical) TTauri disks, the
kinetic temperature at the CO disk surface (defined as
the surface where ~ 1 is reached for th&’CO J=2-

1 transition) is in agreement with the model of flared
disks heated by the central sté(r) o 6.

2. The kinetic temperature and density structures are de-
termined by modelling the Spectral Energy Distribu-
tion (and in some cases, interferometric dust map) of

5. Multi-line, multi-isotope analysis of CO reveal the
existence of a vertical temperature gradient in outer

the dust disk with a model similar to those ©hi-
ang and Goldreici{1997) ord’Alessio et al.(1998).
This method supposes 1) a dust grain distribution
and composition and 2) that dust and gas have the

disks which seems compatible with disk models, with
disk-mid planes cooler than CO surfaces.

6. Disks orbiting around Herbig Ae stars are hotter than

those found around TTauri starsCO observations



Fig.

69 36k| 5|73 18kl gles rak| 5)73 26K This remains to be explained by chemical models.

FW Jof & of @ ] of ‘W e 9. Finally, when both'*CO and!2CO data are exist-

b [y it 15k & ing, the outer radius derived froriCO is smaller
iaitan: IR Fraseaseany I ey N s g pean than the one derived fron?CO. The differences are

N BN ‘ 7% o @ o @R - consistent with the behavior expected from selective

photo-dissociation due to self-shielding.

FERMMAA PORRRER AN PORARARALAE Table 1 summarizes the known properties of outer disks in-
ferred by mm and sub-mm arrays, so far. The properties

T—_— e et e Table 1: Typical values for proto-planetary disks around T

Tauri stars
S ] of 74 1 oF gt 1 ofi Physical Parameter Ref.Value | exponent
E 1t 1 b 1k : Outer radius (AU) -
"raaasianatos I -saana 2o B Fessiabasin: IS vrs o aniad ° Rout 200-1000 -
' Turbulent line-width (kms1)
L. A1 AR N 3 Av ~01-02 |-
I o b . oo T L O, (e -1+ . Column Density (gcm?)
7 &} i 5™ i s* ] S(r) = 100 X (r/100AU)~? | 0.8 ~ 1.5
Eo 1o k <1°F A {°F W - Kinetic Temperature (K)
é e \é Ens - 1 F E T(r) =Tio0 X (T/lOOAU)_q ~ 30 ~ 0.6
Preadeendy Bl phedeedy  plediedyd Velocity law? 0.53
V(1) = Vigo(r/100AU)" - +0.01
S SEIUNE EE ISR B S 1. Of gas+dust, assuming a gas to dust ratio of 100.
Bl P e A A0 2: Thoo corresponds to the CO surface (J=2-1 line).

D amm: 7 fF 1 o 1° 1 "2 valuestaken fronDartois et al.2003.

3: From Simon et al2000.

-;DMTH;A' -5 LCa 15 7 “5|l@

above apply to classical T Tauri stars (CTTS) or HAe stars.

In addition,Duvert et al.(2000) searched for disks around
_ weak-lined T Tauri stars (WTTS). No bona-fide WTTS
6.— CO J=2-1 channel maps of disks around TTaudhowed significant?CO emission, and the only disk found

and Herbig Ae stars in Taurus-Auriga, observed with thgas around V836 Tau, a star which displays characteristics
IRAM array. These objects are isolated from their parenhtermediate between Class Il and Class Il objects. The
clouds. The channel patterns appear very similar from onfisk was unresolved, the observations indicating a radius
disk to another. The analysis of the kinematics show that 120 AU. These observations, though statistically not sig-
all these disks are in Keplerian rotation. Because of thgificant, suggest that most of the outer disk disappears on
velocity gradient and to the limited local line-width, only athe same time scale as the inner disk traced by the near-IR
small fraction of the disk contributes to the line emission irpxcess.

each velocity channel. Fro@imon et al(2000). Finally, one should emphasize that interferometric ob-

servations of spectral lines do provide with high accuracy
Ctlyvo parameters of the disk geometry: the position angle
and, more importantly, the inclination, which is essential
?or the modelling of the SED.

also reveal that the temperature close to the disk mi
plane is larger and above the temperature of freez
out of CO.

. The degree of CO depletion clearly decreases with  SOME INTERESTING CASE STUDIES

the effective temperature of the star, with CO being The properties derived above for the disks of T Tauri and
essentially undepleted in AB Aur, demonstrating thaijae stars are not necessarily representative of all stars. In
sticking onto dust grains plays a significant role in thgyarticular the disk size is likely biased towards large values
depletion process. because the large disks provide the stronger emissions. Fur-
. Beyond a radius of 150 AU, outer disks orbiting _thermore, the initial studies hav_e focussed on objects \_NeII
TTauri stars have a temperature which is belowK, |splated from molecular clouds, in order to avoid confusion
the CO freeze-out temperature. However, a signil‘WIth the emission from the molecular cloud. . .
icant amount of CO is still present (optically thick . Indeed, rgcent results ha_ve rgvealeq stars with atypical
12CO J=2-1 line) even at these low temperaturesd'SK properties. We chus in "[hIS section on three well-
known stars. AB Aur is considered as the proto-type of



the Herbig Ae star. TW Hya is the closest (and among thé.1.2. SMA Analysis
oldest) T Tauri star surrounded by a disk and BP Tau is AB Aur has also been observed in tHeeO J=3-2 line
considered, from optical observations, as the reference fﬁﬁd continuum at 0.8 mm with the SMA hyin et al

a Classical T Tauri star surrounded by an active accretictQOOG)_ The dust emission is not centrally peaked but ex-
disk. Thanks 1o the_ ab|I|ty.to trace directly the.gas COMPORihits a lower surface density in the center. This is clearly
nent and the disk kinematics, the mm/submm interferomet,., on bottom of Fig. 7. The Subaru Near-Infrared image

ric observations provide information which are in two Case€$15s peen superimposed to the SMA continuum data (from
at least, in apparent contradiction with the simple pICturg;n ot a1, 2006). The sub-mm continuum emission is dom-
obtained from optical observations. inated by bright asymmetric spots which follow the spiral
4.1. AB Aur pattern visible in the Near-Infrared images.

o . Contrary to the continuum, tHé CO J=3-2 observations

In many aspects, AB Aur is taken as the proto-type of thgeak at the stellar position. Moreover, in several velocity

Herbig Ae star. The star is an A0 star0f10° years. Mod-  channels, the CO J=3-2 traces the innermost spiral arm seen
elling of the SED shows that the star is a Group | SOUrcg the NIR. The kinematics of tHéCO data cannot be fitted
having a flared diskMeeus et al. 2001). Itis also sur- py Keplerian rotation and the CO emission which follows

rounded by a large reflection nebi(@rady et al, 1999)  the innermost spiral arm exhibits outward radial motions.
extending up to~ 10000 AU (Fig. 7, top). More recently,

using the Subaru telescopgeykagawa et al.(2004) found 4.1.3. Comparison
that at medium scale(100 — 500 AU) the material around ¢ j5 clear that both SMA and PdBI data reveal that

the star presents a spiral patterBemenov et al(2004), e circumstellar material presents many departures from a

using the IRAM 30-m anq Plateau de Bure interferometeEymmetric structure. In particular, both sets of data indicate
have shown that AB Aur is surrounded by a large envelopﬂ:]at

and a circumstellar disk traced by HEO

1. spiral-like features are observed as in the Near-
4.1.1. PdBI Data |nfrared'

Recent sub-arcsecond images of AB Aur obtained by
Piétu et al. (2005) with the IRAM Plateau de Bure inter-
ferometer in the isotopologues of CO, and in continuum
at 3 and 1.3 mm reveal that the environment of AB Aur 3. at mm/sub-mm wavelengths, the inner disk has been
is very different from the proto-planetary disks observed  cleared or, at least, exhibits a lower column density
so far with mm arrays. These observations also allow the than the outer disk.
authors to trace the structure of the circumstellar material
in regions where optical and IR mapping is impossible pelhe interpretation remains however unclear. Using "stan-
cause of the emission from the star itself. dard” dust properties to derive the disk mass, the disk is not

In the top left panel of Fig. 7, the HST image fra@mady sufficiently massive to be unstable against its own gravity.
et al. (1999) is given in grey scale while contours corAlthough dust absorption coefficients are in general rather
respond to the thermal dust emission observed at 1.3 mi#pcertain in disks, making mass estimates quite unreliable,
by Piétu et al. (2005) (the cross shows the star Iocation)in this case the disk mass is corroborated by the CO abun-
The mm continuum emission is not centrally peaked but idances. This disk mass appears consistent with a normal
dominated by a bright, asymmetric (“spiral-like”) feature aCO abundance for the Taurus region. As the disk of AB
about 140 AU from the central star. Little emission is asscAUr is warm enough (about 30 K in the spiral regions), it is
ciated with the star itself. indeed expected that CO does not deplete onto grains.

The molecular emission, shown on bottom of Fig. 7, re- One possibility would be the formation of a planet or
veals that AB Aur is surrounded by a very extended flatl®W mass companion in the inner disk. This is likely a
tened low mass gaseous structure (“disk”) which is also néossible explanation for the inner hole, but it remains un-
centrally peaked. Bright molecular emission is also founglear whether the spiral structure and strong departure from
towards the continuum asymmetry. The large scale molé.Keplerian rotation can be sustained at such large distances
cular structure suggests the AB Aur “disk” is inclined befrom the perturbing object.
tween~ 25 and 35 degrees. The significant asymmetry of The other possibility would be that it is still in an early
the continuum and molecular emission prevents an accurdiBase of star formation in which the Keplerian regime is not
determination of the inclination of the inner disk part. SurYet fully established. The latter interpretation is supported
prisingly, the analysis of the CO line kinematics reveal thay the existence of a large envelope around AB Aur, and is
the disk rotation is non Keplerian, the exponent of the vereinforced by the fact that the dust observed at mm wave-

locity law differing from 0.5 at the 18 level (0.40 + 0.01). L‘;”Eths appears less evolved than in most proto-planetary
isks.

These observations alone do not allow a definite answer
and more modelling of the first phase of disk and planet

2. there is a clear (and large) departure from Keplerian
rotation, and
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Fig. 7.— Top-Left: 1.4 mm continuum data on AB Aur (in contours) superimposed on the HST imag&famty et al.
(1999), in false color. The angular resolutio®ig5 x 0.59” at PA18°. Top-Right: A montage displaying high resolutions
image of the continuum emission at 2.8 mm and 1.4 mm, and of the integrated line emis$iGal=2—1 3CO J=2-1
and¥*CO J=1-0 transitions. The (lower resolution) emission at 110 GHz is also presented. F&tmet al. (2005).
Bottom: Disk of AB Aur observed with the SMA and superimposed to the Subaru Near-Infrared image. Left: CO J=3-2,
the angular resolution i5.04” x 0.72” (natural weighing). Right: Dust emission, the angular resolutiénds’ x 0.66”
(obtained by removing the data inside the first 80kThe SMA dust images clearly reveal a depression in the center. The
sub-mm dust peaks at location of the inner NIR arms. Fromet al. (2006).

formation are required to properly interpret these data.  strain the disk properties. Channel maps of the observa-
tions and of the best model are shown in Fig. 8. In the

4.2. TWHya modelling, the disk thermal structure was mainly derived

Located at a distance of 56 pc, TW Hya is the closedtom the Spectral Energy Distribution assuming reasonable
known T Tauri star. With an age ef 5-10° years, itis also dust properties, and the gas was assumed to be fully cou-
one of the oldest stars which still exhibits a CO and gagled to the dust. While this is a reasonable assumption for
disk (Kastner et al, 1997). Recent observations performedhe lower CO transitions, the CO J=3-2 line becomes opti-
by Qi et al. (2004) with the SMA in'2CO J=3-2 confirm cally thick in a high layer above the disk plane, where the
that the size of the disk is small with radiss170 AU and ~ density is not necessarily sufficient to provide full coupling
show that the disk is not perfectly pole-on but is tilted bypetween the gas and dust temperature. The height at which
~ 6° from face-on. CO J=3-2 becomes optically thick depends significantly on

A detailed modelling was performed I)i et al. (2004) the disk mass and CO abundance, and will vary from one
on these data. They used 2-D Monte-Carlo codes to coflisk to another. Indee®i et al. (2004) reported that the
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Fig. 8.— Analysis of TW Hya. Channel map for the CO J=3-2 SMA observations (top) and for the best model (bottom).
FromQi et al. (2004)

predicted CO J=3-2 intensities were always lower than thigon factor is estimated to be 150 with respect to H. This
observed ones, and mentioned that this was most likely d@O depletion remains unique compared to other TTauri CO
to such an effect. disks, even if one takes into account possible uncertainties
To check this,Qi et al. (2006) used the SMA to map such as a lower gas-to-dust ratio or a higher value for the
the CO J=6-5 emission in the Tw Hya disk. These new datdust absorption coefficient. With a kinetic temperature of
reveal, like the existing CO J=2-1 and J=3-2 ones, a rotatirapout~ 50 K at 100 AU (derived from the CO data), BP
disk. A detailed simultaneous modelling of the J=3-2 andau has also the hottest outer disk found so far around a T
J=6-5 data show that additional heating is needed to explaiauri star.
the line intensities and that, at least in the outer disk layers, One possibility would be that a significant fraction of
the vertical temperature gradient of the gas is steeper thére disk might be superheated (above the black body tem-
that of the dust. perature) similarly to a disk atmosphere (see model from
A natural heating source is provided by the X-ray emis€hiang and Goldreich1997). This could explain both the
sion coming from the star: TW Hya is a strong X-ray emit+elatively high temperature and the low disk maBsitrey
ter with a typical luminosity 0f210%° ergs.s' (Kastner et al. (2003) have estimated the fraction of small grains
et al, 1999). Inclusion of an idealized X-ray heating in the(a < 0.1um) still present in the disk to reach in the visible
disk model provides a better simultaneous fit of the CO J=2+, = 1 at the disk mid-plane. The mass of small grains is
1 and J=3-2 (performed witR? minimization) and also of about 10 % of the total mass of du$tZ-10~5 M,) derived
the J=6-5 data. The agreement with J=6-5 transition is nfitom the mm continuum data.
perfect, but these observations can be considered as the firsin view of the TW Hya results, another alternative would
observed evidence of X-ray heating of molecular gas in be that X-ray (or UV radiation, BP Tau being a very actively

Tauri disks. accreting object) provides an additional heating of the gas.
A more sophisticated modelling, using the appropriate dust
4.3. BPTau and gas densities, would be required to test this idea.

Under many aspects, BP Tau can be considered as theWhatever the cause of the heating, BP Tau remains
prototype of the CTTS. The object exhibits a high accretionnique so far for its low CO abundance. It suggests that
rate of~ 3 - 10~ My /yr from its circumstellar disk which BP Tau may be a transient object in the phase of clearing its
also produces a strong excess emission in the ultraviol@yiter disk. This also shows that optical observations alone
visible and NIR(Gullbring et al, 1998). Such a high accre- do not allow comprehensive studies of the disk physics.
tion rate is not surprising since the star is likely very youn%

(6 - 10%yr, Gullbring et al, 1998). . MOLECULAR CHEMISTRY IN DISKS

'Recent CO J=2-1 and 1.3mm continuum images ob- chemistry is an essential agent in the shaping of the gas
tained with the IRAM array have shown a weak and smaflisks. Molecular (and atomic) abundances play a key role
CO and dust diskSimon et al. 2000). The disk is small i getermining the cooling rate of the gas, and thereby in
since its radius is of order 120 AU and in Keplerian rota-  he thermal balance of the disk. To measure this structure,
tion around &1.3 + 0.2)(D/140pc) _MQ mass star. '\_/'Ofe' it is essential to understand where in the disk the molecules
over, contrary to what is observed in other TTauri disks, thg,a |ocated.
detailed analysis of the CO data shows that the J=2-1 tran- Many examples are given above which illustrate this re-
sition is marginally op'tically thir{Dutrey et al, 2093). The quirement. Among them, one can cite the process of CO
disk mass can be estimated from the mm continuum emig|ective photo-dissociation at the disk outer edge in DM
sion by assuming a gas-to-dust ratio of 100, itis very smalty, (partois et al, 2003) or the role of the X-ray heating
~1.2-107% M. By reference to this mass, the CO deplej, the gas disk surfac®i et al, 2006). Both processes re-
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Fig. 9.— Fits of the molecular data obtained with the IRAM PdBI array for DM Tau. From left to right and top to bottom,

the parameters are: position angle (ROTA?)ninclination (INCLI, in ©), Temperature at 100 AU (TKO, in K), radial

velocity at 100 AU, (VMASS, in km/s) and radial index of the surface density law (PM). The good consistency of the
error bars on all fits for the geometry and the kinematics clearly demonstrate the robustness of the method and the correct
derivation of the error bars. FroRiétu et al.(2006).

quire a deep understanding of the disk physical structure (titan from the point of view of the theory. A first systematic
least, the geometry, density and gas and dust temperatuagempt has been performed bgfi and collaborators, who
and of the dust properties (e.g. size of dust particles). Secently completed a molecular survey of DM Tau and a
far, only the disk geometry can be easily constrained. few sources including LkCal5 with the IRAM array. Fig. 9
Because molecules are in general much less abundatiows the results of thg? minimization, assuming LTE
than '3CO, and the line emission much weaker (with theconditions, for the observed molecular transitions in DM
exception of HCG due to its large dipole moment), the Tau. Such an analysis provides a first order indication on
sensitivity of the arrays becomes a serious problem for tithe molecular abundance gradients in the disk. Chemical
study of chemistry (see Section 2.3). This explains why smodels will have to explain the general trends found e.g.
far no comprehensive observational study of the disk cherfer the HCO"/CO or CN/HCN ratios, as well as the mag-
istry has been published, and that chemical models still r&itude of the abundances. However, a detailed comparison
fer to the single-dish work obutrey et al. (1997) orvan  with chemical models will require proper incorporation of
Zadelhoff et al(2001). Observational studies of the chemthe disk structure and non-LTE analysis, since some transi-
istry in disks are currently limited to detections of the mordions appear sub-thermal.
abundant species: HCQCN, GH, CS, HCN, HCO and Note that proper analysis of any line detection in disks
DCO*. The high CN/HCN abundance ratio observed inmequire adequate handling of the line formation process, and
DM Tau by Dutrey et al. (1997), as well as the detec- in particular of the disk kinematics. Failure to do so can
tion of C,H, are strongly suggestive of photon-dominatedesult in mis-interpretation of spectral lines, as shown by
processes. Guilloteau et al.(2006) for HDO in DM Tau.Guilloteau et
Another complexity is related to the possible non-LTEal. (2006) demonstrate that the line-to-continuum ratio of
effects in the line excitation as discussed in Section 2.6. Aan absorption line from a circumstellar disk is limited to the
a consequence, chemical studies in disks are even more d#tio of intrinsic linewidth (thermal + turbulent) to the pro-
ficult to handle from the point of view of the observationgected rotation velocity at the disk edge. Except for edge-on
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disks, this ratio is less than about 0.1 — 0.2, showing that thendent improvements:
detection of HDO in absorption claimed Beccarelli et al.

(2005) cannot be real. 1. thg advgnt of sub-mm obsgryations yvith the SMA,
which will allow some multi-line studies of mole-
6. SUMMARY AND PERSPECTIVES cules, although this will be restricted to very few ob-

jects given the sensitivity limitation.

» Angular Distance 1("> 2. the progress in modelling, specially in radiative trans-

— et fer codes which are now accurate and fast enough to
be used systematically

3. the improvement in sensitivity of the mm-arrays
which is expected in the next two years, thanks to
new dual-polarization receivers of the IRAM PdBI
and to the advent of the CARMA array.

4. the improvement in continuum sensitivity, due to in-
creased continuum bandwidth, which will allow bet-
ter comparisons of dust and gas distributions.

Brightnes Temperature (K)

However, sensitivity will remain a concern, and good co-
ordination between the major arrays, as well as use of the
best analysis techniques, will be essential to get the best
o L constraints on the chemistry of disks from the available in-
10' 10? struments.
Radius (AU) . . .
Despite these improvements, the studies of molecular

disks will largely remain confined to the nearest star for-

Fig. 10.— Same Figure as Fig. 4 but for ALMA. Brightnessmation regions, Taurus-Auriga, TW Hya association and

temperature for CO (and isotopomers) in J=3-2 transitio@ph, which are not representative of the bulk of the star for-
for a Keplerian disk orbiting a central object 6f 1Me  mation process. Going beyond this limitation and accessing
(thick lines) compared to the sensitivity of ALMA with the the nearest star-forming cluster, Orion, will require a further

whole array. Note that the angular resolution is heg¥ . step in sensitivity which can only be provided by ALMA.
This has been done for a T Tauri disk located at the Taurus a| MA will also allow a major breakthrough in the study
distance: 140 pc of less abundant molecules, such a€£ or isotopologues
of the other molecules: at the Taurus distance, it will al-
Mm and sub-mm interferometric studies of spectral linefow meaningful comparison of the distributions of dust and
have revealed a number of essential features of the prot@olecules on more than a decade in radius (see Fig. 10.)
planetary disks. CO images have shown the existence of
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