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ABSTRACT

Aims. We investigate the suitability of several molecular tracers, in particular CN N = 2—1 line emission, as a confusion-free probe
of the kinematics of circumstellar disks.

Methods. We use the IRAM 30-m telescope to perform a sensitive search for CN N = 2—1in 42 T Tauri or Herbig Ae systems located
principally in the Taurus-Auriga region. *CO J = 2—1 is observed simultaneously to provide an indication of the level of confusion
with the surrounding molecular cloud. The bandpass also contains two transitions of ortho-H,CO, one of SO and the C'70 J = 2—1
line which provide complementary information on the nature of the emission.

Results. While *CO is in general dominated by residual emission from the cloud, CN exhibits a high disk detection rate >50% in
our sample. We even report CN detection in stars for which interferometric searches failed to detect '>’CO, presumably because of
obscuration by a foreground, optically thick, cloud. Comparison between CN and 0-H,CO or SO line profiles and intensities divide
the sample in two main categories. Sources with SO emission are bright and have strong H,CO emission, leading in general to
[H,CO/CN] > 0.5. Furthermore, their line profiles, combined with a priori information on the objects, suggest that the emission is
coming from outflows or envelopes rather than from a circumstellar disk. On the other hand, most sources have [H,CO/CN] < 0.3,
no SO emission, and some of them exhibit clear double-peaked profiles characteristics of rotating disks. In this second category, CN
is likely tracing the proto-planetary disks. From the line flux and opacity derived from the hyperfine ratios, we constrain the outer
radii of the disks, which range from 300 to 600 AU. The overall gas disk detection rate (including all molecular tracers) is ~68%, and
decreases for fainter continuum sources.

Conclusions. The current study demonstrates that gas disks, like dust disks, are ubiquitous around young PMS stars in regions of
isolated star formation, and that a large fraction of them have R, R 300 AU. It also shows the potential of the CN N = 2—1 transition

to probe the kinematics of these disks, thereby measuring the stellar mass, using high resolution observations with ALMA.

Key words. radio lines: planetary systems — stars: pre-main sequence — circumstellar matter — protoplanetary disks

1. Introduction

Masses of young stars are a fundamental property with impacts
on theories of the stars’ formation, calculations of their evo-
lution to the main sequence, and the chronology of the plan-
ets that may be, or will be, associated with them. Dynamical
techniques provide the only absolutely reliable measurements of
mass. Because most binary orbits are at least a few years long,
the quickest way to accomplish a dynamical measurement is by
mapping the Keplerian rotation of the circumstellar disk of a
young star (Guilloteau & Dutrey 1998; Simon et al. 2000). These
early studies, and especially the more recent observations by
Schaefer et al. (2009), were all carried out by mm-wave interfer-
ometry in the J = 1-0 and J = 2-1 transitions of '>CO and re-
vealed two limitations of the method. The first is intrinsic: Young
stars with disks are generally located in molecular clouds whose

* Based on observations carried out with the IRAM 30-m telescope.
IRAM is supported by INSU/CNRS (France), MPG (Germany) and
IGN (Spain).

** Appendices are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

optically thick '>CO emission may mask the disk emission of
the star. The second limitation was technical: it was difficult to
find young stars with masses smaller than 0.5 M, that have de-
tectable gaseous circumstellar disks. A possible solution to the
first problem could be observation in the lines of '*CO or C'80
because the optical depth of the molecular cloud would be less in
these transitions than in 2CO. However, the disk emission in the
lines of the CO isotopologues would of course be less than that
of the 12CO lines. We judged that, at the time of our observations,
the instrumentation available to us had insufficient sensitivity to
obtain mass measurements to the required precision, <5%. The
commissioning of the Atacama Large Millimeter/Submillimeter
Array (ALMA) offers the promise to remove both obstacles to
mass measurement of young low mass stars by mapping the ro-
tation of their disks.

Our goal in this work is to assess the applicability of
several molecular tracers for confusion-free and high sensi-
tivity measurements of disk kinematics using ALMA. After
12CO, the strongest lines in disks are the rotational transitions
of 3CO J = 2—1 or 3-2, HCO* J = 3-2 and the hyperfine split
lines of CN N = 2—1 (Dutrey et al. 1997; Oberg et al. 2010).
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However, '*CO line emission can also be affected by confusion
(e.g. Dutrey et al. 2003, for BP Tau). The situation is less clear
for HCO" J = 3-2, but this transition can still have substantial
optical depth and be excited in clouds (see for example CW Tau
in Salter et al. 2011); furthermore, its relatively high frequency
requires better observing conditions. Other previous searches for
molecular tracers in disks were conducted with the single-dishes
(principally the IRAM 30-m and JCMT) or mm/sub-mm arrays
(IRAM PdBI, SMA and CARMA). The former were limited in
sensitivity (e.g. Salter et al. 2011, for a study of CN N = 2—1 and
HCO™" J = 3-2), while, because of the need for sufficient UV
coverage, the latter could only observe a few stars (e.g. Oberg
et al. 2010).

Recent advances in receiver and back-end technology at the
IRAM 30-m telescope encouraged us to carry out a new as-
sessment of molecular line tracers in circumstellar disks, par-
ticularly the CN N = 2-1 line hyperfine split lines. We re-
port here our systematic search for CN N = 2-1 emission
in 40 young stars located in the Taurus/Auriga star forming
region (SFR). Together with previous observations, 46 stars
in this SFR have now been observed with high sensitivity in
this transition, a gain of a factor almost four in sample size.
Section 2 describes our sample, the observations, and their anal-
ysis. Section 3 presents our results for the CO isotopologues,
CN, H,CO, and SO molecules. Section 4 discusses our assess-
ment of CN as a disk tracer and comments on stars with out-
flows and on general properties of the observed line emission.
Section 5 summarizes our results. An Appendix shows all the
observed spectra and provides details for many of the stars.

2. Observations and data analysis
2.1. Source sample

We focus here principally on the Taurus Aurigae region, to which
we add CB26, an embedded source in an isolated Bok glob-
ule, and HD 163296, an isolated HAe star. Our study is thus
only relevant to regions of isolated star formation. Table 1 lists
the stars involved in this study; the 40 stars observed anew at
the IRAM 30-m radiotelescope appear without specific sym-
bols. This sub-sample was observed in an homogeneous way.
It is completed by observations on a few sources (marked by
specific symbols in the Table) obtained independently, also with
the IRAM 30-m. 3CO, CN and the ortho-H,CO 3,3—2;5 transi-
tions were observed towards the Herbig Ae star HD 163296, to-
gether with the SO 65—54 line. Data from DM Tau is from Dutrey
et al. (1997). The intensity reported for LkCa 15 is from a noisy
IRAM 30-m spectrum, but is consistent with the interferometric
data of Chapillon et al. (2012). CI Tau, CY Tau and GO Tau were
detected with the IRAM 30-m, and later imaged at the IRAM
Plateau de Bure array (Guilloteau et al., in prep.). The overall
sample covers a wide range of spectral types (from M5.5 to A0,
taken from Luhman et al. 2010), luminosities (0.2 to 45 Ly),
and 1.3 mm continuum flux densities (from <4 to ~800 mJy),
but is not complete with respect to these quantities. No specific
account about extinction and location with respect to molecular
clouds was made when selecting sources. Sources with outflows
were deliberately included. The epoch 2000 coordinates are
from interferometric mm continuum images (Guilloteau et al.
2011) when available, or SIMBAD otherwise.

2.2. Observations

Most observations were carried out with the IRAM 30-m tele-
scope from Dec. 4 to Dec. 8 2011, under excellent weather
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conditions (precipitable water vapor content below 1 mm).
A few additional sources were observed on the afternoon of
May 1st, 2012 using the same instrumental setup. The weather
was good (water vapor content about 3 mm), but a few clouds
occasionally produced anomalous refraction. The absolute cali-
bration of this second set is thus more uncertain.

The dual-polarization, sideband separating receivers were
tuned to cover approximately 7.8 GHz of bandwidth around
224.3 GHz in the upper sideband (USB) and 208.7 GHz in the
lower sideband (LSB). The 8 units of the FTS back-end (each
of them being made of 3 adjacent sub-units) covered more pre-
cisely 4 frequency ranges (with 2 polarization each) at [220.325,
224.365] and [224.055, 228.105] GHz in USB, and [204.655,
208.695] and [208.375, 212.425] GHz in LSB. The back-end
provides a spectral resolution of 195 kHz, which translates into
0.25-0.28 kms~! in this frequency range. The spectral setup in-
cludes several lines (listed in Table 2) which can be relevant for
disks, in particular all 19 hyperfine components of CN N = 2—1.
The sideband separating mixers provide a mean rejection around
13 dB. However, the presence of strong lines spread over the
band indicate some variation across the band. A fortunate case is
the SO (54—43) transition at 206.176062 GHz, which appears at
226.572 GHz in the image sideband and permits a control of the
rejection near the CN N = 2—1 lines, whose strongest hyperfine
components are at 226.874 and 226.657 GHz. Single sideband
system temperatures were in the range 170—190 K in December,
and 170-250 K in May.

In December 2011, the exceptionally dry weather and clear
sky produced rapid cooling a few hours after sunset, which could
not be compensated by the thermal regulation of the telescope,
and resulted in significant pointing changes. This also presum-
ably affected the telescope efficiency. In May, anomalous refrac-
tion clearly occurred occasionally. As a result, the absolute cali-
bration is in general accurate to 10—15% but on several sources
is not better more than about 25%. However, since we control
the receiver sideband rejection, the relative intensities of the de-
tected lines are expected to be accurate to within 5% or better,
noise being in general a more severe limitation. Given the ab-
solute calibration issues, we did not correct for the elevation
dependent antenna gain, and simply use a uniform conversion
factor from antenna temperature (77 ) to flux density of 9 Jy/K.

Since our targets should be unresolved by the IRAM 30-m,
the observations were performed in symmetric wobbler switch-
ing mode, with the two references 60" away at the same ele-
vation. Together with the stable weather in December, this mode
provided flat baselines, allowing clear detection of the contin-
uum emission from the dust in most sources. Occasional baseline
discontinuities between the 3 sub-units (“platforming”) were
visible in the spectra, but none of the spectral lines we searched
for were affected by this problem.

We observed the sample of 40 sources (see Table 1), for
about 1 h each. For a typical linewidth of 2.6 kms™ (2 MHz),
representative of our sources, this gives a detection sensitivity of
0.08 Jy kms~! (1) on the integrated line flux.

2.3. Data analysis

We removed linear baselines in a window +60 kms~! wide

around each spectral line. Spectra for all objects appear in
Appendix B. Figures 1 and 2 show spectra for two objects:
Haro 6—10 which exhibits bright lines in all molecules, and
MWC 480, an isolated HAe star for which CN has already been
imaged with the IRAM array (Chapillon et al. 2012), included



Table 1. Source sample.

S. Guilloteau et al.: Molecules in T Tauri disks

Name RA Dec Spectral L. §,(1.3mm) Incli. Ay  References
J2000.0 J2000.0 type Lo (mJy) ©)
FN Tau 04:14:14.59 28:27:58.1 M5 0.50 <18 1.35 a A
CW Tau 04:14:17.0 28:10:56.51 K3 0.68 96 2.19 bB
CIDA-1 04:14:17.6 28:06:11 M5.5 14 - aa
CY Tau (*) 04:17:33.729  28:20:46.86 M1.5 0.40 111 28+5 0.1 ¢ I,B
BP Tau 04:19:15.834  29:06:26.98 K7 0.65 58 33+6 049 ¢ 1,B
DE Tau 04:21:55.6 27:55:05.55 Ml 1.14 36 1.56 b,Cp
RY Tau 04:21:57.42 28:26:35.6 K1 6.59 229 66+3 184 b,2,B
T Tau 04:21:59.435  19:32:06.36 KO 8.91 200 30 139 ¢ 3,C
Haro 6-5B 04:22:01.00 26:57:35.5 K5 0.05 134 80 996 d,4,D,p
FT Tau 04:23:39.188  24:56:14.28 C 0.38 73 23+5 c, 1,C
DG Tau-B 04:27:02.56 26:05:30.4 C >0.02 531 64«2 c, 1
DG Tau 04:27:04.67 26:06:16.9 K6 3.62 390 38+2 332 ¢ 1,D,B
Haro 6-10 04:29:23.729  24:33:01.52 K5 2.55 44 ¢, E
IQ Tau 04:29:51.56 26:06:44.9 MO.5 0.53 60 1.25 a,B
LkHa 358 04:31:36.15 18:13:43.1 K8 0.09 17 28+9 0.13 a5 A,y
HH 30 04:31:37.468  18:12:24.21 MO 0.2-0.9 20 83+2 296 ¢ 6,Ep
HL Tau 04:31:38.413  18:13:57.55 K7 1.53 819 45«1 743 ¢, 1,D,8
HK Tau 04:31:50.58 24:24:17.9 MO0.5 1.00 41 ~90 341 b,7,B
Haro 6-13 04:32:15.419  24:28:59.47 MO 2.11 114 40+3 119 ¢, 5 A8
GG Tau 04:32:30.34 17:31:40.5 K7 0.64 593 37+1 076 b,8,B
UZ Tau E 04:32:43.071  25:52:31.07 Ml 0.9-1.6 150 56«2 149 ¢, 1,C+G
04302+2247 04:33:16.2 22:53:20.0 - 130 88«2 e, 9
DL Tau 04:33:39.077 25:20:38.10 K7 1.16 204 43 +3 20 ¢ I,H
DM Tau ($) 04:33:48.70 18:10:10.6 Ml 0.16 109 35«1 031 ¢ 1,B,a
CI Tau (*) 04:33:52.014  22:50:30.06 K7 0.96 125 44«3 177 ¢, 1,B
AA Tau 04:34:55.42 24:28:53.1 K7 0.66 73 70«5 049 b, 10,C
DN Tau 04:35:27.38 24:14:58.9 MO 0.68 89 1.89 a,D,p
DO Tau 04:38:28.59 26:10:49.5 MO 1.29 136 2.64 b,B
HV Tau C 04:38:35.31 26:10:38.5 K6 0.60 40 ~90 242 b, 11,B
LkCa 15 (*) 04:39:17.76 22:21:03.7 K5 0.85 110 52+1 062 ¢, 1,B
Haro 6-33 04:41:38.827  25:56:26.68 MO 0.76 34 52«5 102 ¢, 5D
GO Tau (*) 04:43:03.050  25:20:18.80 MO 0.22 53 52+1 1.18 a,5B
DQ Tau 04:46:53.064  17:00:00.09 MO 0.91 83 097 ¢ C
DR Tau 04:47:06.22 16:58:42.8 K5 1.97 159 20 b,B
DS Tau 04:47:48.6 29:25:10.96 K5 0.67 25 031 b, C
UY Aur 04:51:47.37 30:47:13.9 MO 1.41 29 42 205 b,12,B
GM Aur (¥) 04:55:10.98 30:21:59.5 K7 1.23 176 50«1 0.14 ¢, 1,B
AB Aur 04:55:45.80 30:33:04.0 B9 44.86 110 20-30 0.62 f, 13,1
SU Aur 04:55:59.4 30:34:01.39 G2 9.29 <30 62 090 b,14,B
MWC 480 04:58:46.27 29:50:37.0 A2 11.50 280 37+1 025 ¢ 1,G,y
VDA98 CB 26  04:59:50.74 52:04:43.8 - 190 ~90 g 15
CIDA-8 05:04:41.4 25:09:57 M3.5 0.26 8 083 a A«
CIDA-11 05:06:23.3 24:32:24 M3.5 0.22 <4 036 a, A
RW Aur 05:07:49.56 30:24:05.1 K3 1.72 42 45+5 032 b,16,B
MWC 758 05:30:27.51 25:19:58.4 A3 11.00 55 21 c, 17,]
CQ Tau 05:35:58.485  24:44:54.19  A8/F2 12.00 162 29+2 096 ¢ 1,1,y
HD 163296 (#) 17:56:21.31 -21:57:22.0 Al 37.70 670 45+4 025 hK,y

Notes. Data for sources marked with (*) are for CN only, and were obtained separately, ($) no SO line, (#) different SO line. Flux references:
(a) Schaefer et al. (2009); (b) Andrews & Williams (2005); (¢) Guilloteau et al. (2011); (d) Osterloh & Beckwith (1995); (e) Graefte et al 2012;
(f) Piétu et al. (2005); (g) Launhardt et al. (2009); (h) Qi et al. (2011). Inclination references: (1) Guilloteau et al. (2011); (2) Isella et al. (2010b);
(3) Ratzka et al. (2009), (4) Krist et al. (1998); (5) Schaefer et al. (2009); (6) Pety et al. (2006); (7) McCabe et al. (2011); (8) Guilloteau et al. (1999);
(9) Graeffe et al. (2012); (10) Bouvier et al. (1999); (11) Duchéne et al. (2010); (12) Duvert et al. (1998); (13) Piétu et al. (2005); (14) Akeson
et al. (2002); (15) Launhardt et al. (2009); (16) Cabrit et al. (2006); (17) Isella et al. (2010a); (18) Isella et al. (2007). Luminosity references:
(A) Schaefer et al. (2009); (B) Bertout et al. (2007); (C) Kenyon & Hartmann (1995); (D) White & Hillenbrand (2004); (E) Prato et al. (2009);
(F) Pety et al. (2006); (G) Simon et al. (2000); (H) White & Ghez (2001); (I) Hernandez et al. (2004); (J) Chapillon et al. (2008); (K) Tilling et al.
(2012). Extinction references: Kenyon & Hartmann (1995), except (@) Bricefio et al. (2002) (A, for CIDA-8), (8) White & Hillenbrand (2004),
(y) van den Ancker et al. (1998).
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Haro 6—10
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Fig. 1. Spectra of the observed transitions towards Haro 6-10. Top
panel: 3CO J = 2—1 spectrum. Bottom panels, from top to bottom:
spectra of 3CO J = 2-1, C70 J = 2-1, CN N = 2-1, ortho
H,CO 3,525, ortho H,CO 3,,-2;,, and SO 54—4; presented on a com-
mon scale. The Y axis scale is antenna temperature, 7, (the conversion
factor to flux density is 9 Jy/K).

0.2
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Fig.2. As Fig. 1 but towards MWC 480. The red curve is a simple
Gaussian fit to the disk emission in 3CO J = 2-1.

in our sample as a reference object. To derive line intensities,
we fitted simple Gaussian profiles to the observed lines taking
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Table 2. Frequencies of transitions.

Frequency Molecule and Detection
(MHz) transition

206 176.062 SO (54—43) Yes
209 230.201 HC3N J =23-22 No
209419.15 BCBO J =2-1 cloud only
211211.455 ortho H,CO 313-2, Yes
220 398.688 BCcoJ=2-1 Yes
224714.385 Cc70J =2-1 Yes
225697.781 ortho H,CO 31,-2y, Yes
2262874185 CNN =2-1J=3/2-3/2, F = 1/2-1)2
226298.9427 CNN =2-1J =3/2-3/2, F = 1/2-3)2
226303.0372 CN N =2-1J=3/2-3/2, F =3/2-1)2
2263145400 CN N =2-1J =3/2-3/2, F = 3/2-3)2 Yes
2263324986 CNN =2-1J=3/2-3/2, F =3/2-5/2
2263419298 CN N =2-1J =3/2-3/2, F =5/2-3)2
226359.8710 CN N =2-1J =3/2-3/2, F = 5/2-5/2 Yes
226616.5714 CNN =2-1J=3/2-1/2, F = 1/2-3)2 Yes
226632.1901 CN N =2-1J=3/2-1/2, F = 3/2-3/2 Yes
226659.5584 CN N =2-1J =3/2-1/2, F = 5/2-3)2 Yes
226663.6928 CNN =2-1J=3/2-1/2, F = 1/2-1)2 Yes
226679.3114 CNN =2-1J =3/2-1/2, F = 3/2-1)2 Yes
226 874.1908 CN N =2-1J =5/2-3/2, F = 5/2-3/2 Yes
226874.7813 CN N =2-1J =5/2-3/2, F =7/2-5/2 Yes
226875.8960 CN N =2-1J =5/2-3/2, F = 3/2-1)2 Yes
226887.4202 CN N =2-1J =5/2-3/2, F = 3/2-3/2 Yes
226892.1280 CN N =2-1J =5/2-3/2, F = 5/2-5/2 Yes

226905.3574
227191.8195

CNN =2-1J =5/2-3/2, F = 32-5]2
CNN=2-1J=5/2-12, F =5/2-3/2

Notes. CN N = 2-1 line frequencies were measured in laboratory by
Skatrud et al. (1983); we use here the fitted values from the CDMS
Database (Miiller et al. 2001).

into account the hyperfine structure of the C!’0 J = 2-1 and
CN N = 2-1 lines. We used the “HFS (hyperfine structure)”
method of the CLASS data analysis program in the GILDAS'
package for this purpose. This method assumes a common ex-
citation temperature for all the hyperfine components, a likely
situation at the high densities appearing in disks. For a Gaussian
line, the emerging profile is then

TAw) = 0(I(Te) = ITry))

s |1 R v—= Vsys — Ui 2

XX, exp T exp ( 5V )

where R; are the relative intensities (X;R; = 1), v; the velocity of
each hyperfine component with respect to a common reference
frequency, and 7 the total line opacity (sum over all hyperfine
components, as the R; are normalized). Vs is the source veloc-
ity, 0V the line width at 1/e, and n a beam filling factor. The
HFS method uses X = nt(J,(Tex) — Jy(Thg), Viys, 0V and 7 as
free parameters. The difference in saturation between the vari-
ous hyperfine components allows determination of 7 provided
sufficient signal to noise. For CN, although all 19 hyperfine
transitions were used for the fitting, the quoted integrated line
flux includes only the 3 blended hyperfine components around
226.874 GHz and the two weak components at 226 887.399 &
226 892.151 MHz (which appear near Vi sg — 11 and —17 km 57!
in the brighter sources)?. Given the line ratios, the total line flux

ey

I See http://www.iram.fr/IRAMFR/GILDAS for more information
about GILDAS softwares.

2 This is essentially the flux in the J = 5/2-3/2 fine structure line, as
the only missing hyperfine component has much smaller intensity.
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Fig. 3. Integrated line flux of the 3,2, line of H,CO vs that of the
313—21, transition. Color codes indicate detected vs. non-detected lines:
blue for detection of both lines, black for detection of the 3,3—2;, line,
green for non detections. The detection threshold is set at 40. For de-
tected lines, the errorbars are 1o-. For non-detected lines, the limit is the
20 value, and the arrow length is 1o-. Sources in italics are those with
known molecular outflows.

including all hyperfine components would be 1.67 times larger
in the optically thin limit.

The two transitions of ortho-H,CO exhibit a strong correla-
tion (see Fig. 3) because they arise in the same rotational levels
and differ only by the small K splitting, with the 211.2 GHz line
on average 20% stronger than the 225.2 GHz line. We therefore
computed an average spectrum and line intensity using this ra-
tio. For the several lines we analyzed, Tables 3 and 4 list the de-
rived line intensity, Vi sgr and line width, AV. Figures 4 through 7
display relationships of the line intensities. The color coding in
these plots is as follows: blue designates detection of both lines,
red designates detection only of the line plotted on the x-axis,
and black detection only of the line plotted along the y-axis, and
green is for non detection of both lines. Sources in italics are
those with known molecular outflows.

The '*CO results are seriously affected by confusion. In
many cases, we attempted to fit only a putative disk component,
by masking the channels in which confusion seemed likely, ei-
ther because they appear negative or exceedingly strong, or be-
cause of strong C!”O emission at the same velocity. A summary
of disk detection is given in Table 5. The fits are displayed on
top of the '*CO spectra in the figures of Appendix B. The fit
results can be found in Table 3. These derived line intensities
are presented as a function of CN line flux in Fig. 9. Because of
the masking process to ignore confused parts of the spectrum,
the errorbars can be large. However, in sources where both Bco
and CN are detected, they in general display similar intensities,
within a factor 2.

3. Results

Line emission from these objects can come a priori from 4 dis-
tinct regions: molecular cloud(s) along the line of sight, the
circumstellar disk, a molecular outflow and (specially for the

youngest objects) a remnant envelope. Molecular cloud will ex-
hibit narrow lines, and because of our observing technique which
differentiate the emission with that 1” away, may appear in emis-
sion or absorption. Disks should lead to symmetric, in general
double-peaked, line profiles, and line widths ccsini (with typi-
cal values 2—4 kms™, face-on objects being rare). Contribution
from outflows or envelopes may vary considerably, and may be
difficult to distinguish from disk emission. Most of the stars in
Table 1 have a rich observational history from optical, infrared
and radio molecular line observations which can help interpret-
ing the line profiles. We have compiled the relevant informa-
tion and comment on the observational results for each source in
Appendix A.

3.1. Confusion in 13 CO

The '3CO spectra are in general complex. Out of the 42 sources,
the only two in which '3CO exhibits the expected double-peaked
profile which is a clear signature of emission from Keplerian
disk are the previously studied objects GG Tau and MWC 480
(see Fig. 2), included here as reference objects. CQ Tau and
MWC 758 also exhibit '*CO spectra which can be attributed
solely to disk emission. These 4 sources had been previously
studied specifically because they are relatively far from the
molecular clouds.

For the other sources, the spectrum complexity has two main
origins. Narrow features appear in emission or apparent absorp-
tion. These narrow features result from small velocity and in-
tensity gradients in the molecular cloud which are on the same
line of sight. Our beam-switching observing procedure reveals
such gradients on the arcminute scale. Note that, as the switch-
ing was made at constant elevation, the gradient direction rotates
on the plane of the sky, so that the observed features actually de-
pend on when the observations were performed. A comparison
between the spectra of BP Tau obtained here and that published
by Dutrey et al. (2003) illustrates this effect. The BP Tau case
also demonstrates that the lack of apparent confusion does not
imply the source is unaffected by the cloud: a sufficiently opti-
cally thick and homogeneous cloud will hide any disk emission
situated behind.

Besides contamination by molecular clouds, many sources
also exhibit strong, relatively wide profiles in '3CO. Based on
prior knowledge about these sources, this emission is in gen-
eral coming from outflows or envelopes, as in HL Tau, T Tau,
Haro 6-10, CB26, DG Tau and DG Tau B, which are all known
to drive powerful jets and CO outflows (see Appendix A). This
interpretation is corroborated by the emission lines from other
molecules (see below). However, the line widths are not very
large, so this emission can also contain a substantial contribu-
tion from the disk, specially for edge-on disks. An example is
IRAS 04302+2247 (hereafter 04302+2247, the Butterfly star,
see Wolf et al. 2003), for which IRAM interferometric observa-
tions reveal that the detected lines clearly trace the disk (Dutrey
et al., in prep.).

Despite confusion with molecular clouds, many other
sources exhibit line wings which are potential signatures of disk
emission. As mentioned in Sect. 2.3, these sources are identified
in Table 5, and appear in Fig. 9.

3.2. CN as a confusion-free disk tracer

There is essentially no evidence for confusion with molecular
clouds in CN, except for a few (4 or 5) sources. This can be seen
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Table 3. Fit results: CN and 3CO.
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Source CN 3Co
Area Visr AV Area Visr AV

Jy kms™! kms™! kms™! Jy kms™! kms™! kms™!
FN Tau <0.38 —1.40 + 0.09 7.44+ 0.03 0.84 +£0.05 Cloud
CW Tau -0.66 £ 0.07 6.80+0.07 0.85+0.07 2.69 +0.45 6.20 + 0.10 3.25+0.38
CIDA-1 -0.82+0.09 693+0.02 042=+0.03 1.14 £ 0.75 8.23 +0.19 0.56 + 0.27
BP Tau <0.59 0.26 +0.14 3.65+ 0.39 1.06 £ 0.60  Cloud
DE Tau <0.39 0.20 £ 0.15 11.43 +0.99 [3.00]
RY Tau 391 +0.86 5.06+1.58 14.22+2.19 2.54 £ 0.51 7.24 £0.29 [3.00]
T Tau 18.62 +0.31 7.96+0.03 3.12+0.05 170.37 + 0.20 8.02+ 0.00 2.50 +0.00 Cloud
Haro 6-5B 0.61 £0.13  7.67+042 3.61 £0.73 14.94 + 0.30 7.88+ 0.01 0.80 £ 0.02  Cloud
FT Tau 0.63+0.12 6.95+028 2.21+042 0.15 +0.07 9.38 + 0.20 0.78 + 0.34
DG Tau-B 1.33£0.15 6.18+0.18 234 +0.22 40.59 + 0.11 6.43+ 0.00 2.03 £0.00  Cloud
DG Tau 6.62+0.16 6.52+0.03 2.28+0.07 42.08 + 0.14 6.61+ 0.00 2.20+0.01  Cloud
Haro 6 11.05+0.22 6.70+0.02 1.97 +£0.05 41.64 + 0.47 7.15+ 0.01 1.07 £ 0.02  Cloud
1Q Tau 228 +021 622+025 5.07+0.35 0.45 +0.14 470 £ 0.24 1.45 + 0.60
LkHa 358 <0.27 6.91 + 1.31 6.82 + 0.04 1.43 £0.12
HH 30 <0.41 8.21 +£2.97 7.18 £0.07 2.34 +£0.29
HL Tau 0.81 £0.13  5.00+020 191 +0.37 54.88 + 0.76 5.88+ 0.01 1.46 £ 0.03  Cloud
HK Tau 1.33+£022 449+076 9.25+1.14 1.40 £ 0.62 5.25+0.62 3.12+0.77
Haro 6-13 0.30 +0.08 537+0.14 0.69+0.16 10.05 +7.19 5.03 + 0.06 1.67 +0.12
GG Tau 320+034  6.31+0.17 240+0.22 5.01 £0.34 6.49 + 0.09 2.66 +0.17
UZ Tau E 1.21+0.19 596+047 5.75+0.66 2.61 =0.29 590 +0.18 4.47 + 0.46
04302+2247 153 +£024 592+048 537+0.55 33.71 = 1.78 5.62 + 0.02 2.92 + 0.06
DL Tau 1.82+0.15 6.70+0.10 1.41+0.18 0.53 +£0.24 6.62 +0.29 1.29 + 0.64
DM Tau 590+034 6.04+007 1.806+0.12 6.84 +0.17 6.07 + 0.02 1.58 £ 0.04
AA Tau 0.74 +0.10 736 £0.11  0.96 +0.15 1.72 + 0.28 6.38 + 0.53 6.16 + 1.03
DN Tau 1.54 £0.17 6.61 £0.20 3.17+£0.29 0.24 + 0.09 7.79 £0.22 0.98 + 0.44
DO Tau 0.84 +020 591 +022 144+054 1.18 + 0.35 3.61 +0.85 4.96 + 1.65
HV Tau C 1.22+£020 695+059 6.51 £0.67 2.14 £ 0.61 6.08 + 0.34 5.02 £ 0.87
Haro 6-33 091 +0.17 5883+0.33 298+0.53 1.59 + 0.60 4.95 £ 0.55 4.52 +0.98
DQ Tau <0.34 -13.78 £ 0.14 9.62+ 0.01 1.62 £ 0.01  Cloud
DR Tau <0.75 6.73 £ 10.82 9.79 + 1.95 1.80 + 1.42
DS Tau <0.28 0.13 £ 0.08 8.13+0.22 0.64 £ 0.45  Cloud
UY Aur <0.69 24.09 +0.48 6.30 = 0.01 1.41 +0.02
AB Aur 042 +0.13  6.87 £0.08 0.47 +£0.09 36.43 +0.17 5.89 + 0.00 1.56 £ 0.01
SU Aur <0.27 1.75 £ 0.36 7.09 +0.33 3.05 + 0.47
MWC 480 358+0.23 504+0.16 444+0.22 7.42 +0.21 5.04 + 0.06 4.18 £0.13
CB26 0.82+0.14 620+0.35 3.35+045 48.36 + 0.15 5.68+ 0.00 1.39+0.00 Cloud
CIDA-8 <0.26 0.46 +0.23 7.69 + 0.68 [3.00]
CIDA-11 <0.23 0.11 +0.05 9.04+ 0.11 0.30 £ 0.33  Cloud
RW Aur <0.60 0.84 +0.31 2.46 +0.59 2.86 + 1.70
MWC 758 <0.86 0.82 +0.25 6.27 +0.39 2.28 £ 0.61
CQ Tau <0.28 1.54 £0.18 6.01 + 0.34 5.65 +0.70
HD 163296 10.91 £ 0.23 5.85+0.05 4.28+0.07 6.87 + 0.68 6.05 + 0.20 4.02 +0.45

Notes. Integrated line flux of CN (main group of hyperfine components) and '*CO. For '*CO, results in italics include cloud (or outflow) emission,
while the others were obtained by masking confused channels and trace the disk emission only.

by the lack of narrow features corresponding to those detected
in 13CO.

Only two sources exhibit clear evidence of confusion in CN:
CW Tau and CIDA-1 (see Figs. B.2 and B.3) in which the
CN lines appear in absorption. These two sources are separated
by a few arcmin only, and all other lines also display the same
behaviour, clearly demonstrating the confusion along this line of
sight. The lines are very narrow, 0.44 + 0.04 km s™! a further
indication that this comes from a cold molecular cloud. More
detailed arguments about the properties of the molecular cloud
and its impact as a confusing signal for disk emission are given
in Appendix C.

A closer examination reveals confusion in two other sources,
AA Tau and AB Aur, and an unclear situation for Haro 6-13,
which exhibit emission with relatively narrow lines (see Table 3
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and Appendix A for details). Finally, like for 3CO, a lack of
apparent confusion does not indicate an absence of confusion.
CN emission is compatible with optically thin emission in
most sources (7, < 0.5, where 7, is the peak line opacity).
The HFS method yields 7, the sum of opacities of all hyperfine
components. The main group of components accounts for a lit-
tle more than half of this sum, but with local linewidths in the
range 0.2-0.5 kms~!, the peak opacity is 7, ~ 0.27-0.47, be-
cause the hyperfine components overlap only very moderately,
being separated by 0.77 and 1.50 kms™'. The opacity is con-
strained in the brightest sources: T Tau has optically thin emis-
sion (t = 0.53 + 0.06) but Haro 6-10 exhibits substantial op-
tical depth (r = 3.0 £ 0.3, i.e. 7, = 1). The next brightest
source, DG Tau, is marginally thick ( = 0.9 + 0.3). The spectra
also suggest CN could be optically thick in the Butterfly star
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Table 4. Fit results: H,CO and C'70O.

Source H,CO c0
Area Visr AV Area Visr AV

Jy kms™! kms™! kms™! Jy kms™! kms™! kms™!
FN Tau 024 +£0.06 -053+0.14 1.10+0.31 <0.20
CW Tau -0.27+£0.03 6.80+0.03 0.51+0.05 0.21 +0.05 6.28 + 0.06 0.43 £0.11
CIDA-1 -0.25+0.04 698+003 043+009 -087+0.07 691+0.02 0.43 +0.01
BP Tau <0.36 <0.34
DE Tau <0.26 <0.56
RY Tau <0.28 <1.68
T Tau 12.68 +0.14  7.87 +0.01 2.51 £0.03  6.07 +£0.27 7.96 + 0.04 2.03 +0.11
Haro 6-5B 0.19 + 0.04 8.40 + 0.21 1.49 £ 0.29 <0.84
FT Tau <0.25 <1.08
DG Tau-B 1.54 £ 0.12 6.43 +0.05 1.61 £0.19 4.01 £0.21 6.44 +0.02 0.98 + 0.06
DG Tau 2.37 £ 0.08 6.43 +0.03 1.50 £ 0.06  1.34 +£0.22 5.87 £0.15 2.24 +0.48
Haro 6 7.70 + 0.09 6.59 + 0.01 1.44+£0.02 4.39+0.18 6.39 = 0.02 0.98 + 0.05
1Q Tau <0.25 <0.23
LkHa 358 0.12 +0.03 7.14 £0.03  0.28 £0.57 1.09 + 0.10 7.05 +0.02 0.45 +0.04
HH 30 0.18 £0.04 6.06 +0.11 0.78 £0.15 1.81 £ 0.06 6.52 +0.01 0.43 +0.00
HL Tau 2.25+0.12 6.66 +0.12 425+028 527 +0.23 6.35 +0.11 5.08 +0.28
HK Tau <0.21 <0.18
Haro 6-13 1.13 £0.10 5.81+0.17 3.85+043 2.63+0.30 5.60 + 0.01 0.43 +0.01
GG Tau 091 £0.19 6.40+024 2.02+0.46 <0.50
UZ Tau E <0.25 <1.11
0430242247  2.82 +0.15 573+0.13 4883 +027 223+024 6.24 +0.20 3.77 £ 0.51
DL Tau 0.65 +£0.11 6.59+026 298 +£0.54 <0.21
DM Tau 0.54 + 0.05 6.21 +0.06 1.22+0.13
AA Tau <0.46 <0.22
DN Tau 0.26 +0.08 5.73 +£0.28 1.62 £ 0.56 <0.21
DO Tau 0.33 £0.11 535+039 2.15+054 <0.68
HV Tau C <0.18 <0.31
Haro 6-33 0.36 + 0.05 5.82+0.05 0.67+0.12 <0.24
DQ Tau <0.20 <0.46
DR Tau <1.36 <1.61
DS Tau 0.49 +£0.12 6.08 +0.44 346 +0.80 <0.22
UY Aur 0.78 £ 0.17 5.92+0.21 1.79 £ 0.40 <0.50
AB Aur 0.90 +£0.12 6.11 +£0.19 256+0.29 2.61 +0.28 6.02 +£0.10 2.03 +£0.25
SU Aur <0.16 <0.26
MWC 480 <0.14 1.66 + 0.26 5.51 £0.46 5.60 + 0.88
CB26 1.56 + 0.09 578 +0.06 245+020 577 +1.39 5.59 + 0.04 0.82 +£0.11
CIDA-8 0.16 +£ 0.03 6.75+0.02 028 +£0.58 0.77 £ 0.07 6.77 £ 0.02 0.43 +0.00
CIDA-11 <0.19 <0.18
RW Aur <0.43 <0.73
MWC 758 <0.51 251077 -031+3.07 1747 +4.84
CQ Tau 0.51 £0.10 6.15+049 441 +0.77 <2.47
HD163296 1.38 £0.20 5.50+037 5.12+0.79

Notes. Integrated line flux of H,CO (average of both transitions) and C'7O.

04302+2247, but because of limited signal-to-noise ratio, the
significance is low (7 = 10 =+ 3). Spectra of these sources are
displayed in Fig. 10, together with the best fit profiles.

Non zero optical depth (7 ~ 1) is also suggested for some
of the other strong sources, such has DL Tau, and also DM Tau
and LkCa 15, but the error bars remain large. The interferomet-
ric study performed by Chapillon et al. (2012) however con-
firms that CN is not completely optically thin in the latter two
sources. Apart from Haro 6-10 and 04302+2247, we found no
other source in our sample with optical depth larger than ~1; the
weighted mean opacity is ~0.6>.

In summary, we detected CN N = 2-1 in 24 out of
the 42 stars in our sample, and have only 4 cases of confu-
sion, and essentially all spectra are consistent with total optical
depth ~0.3-0.6.

3 The same value is obtained with or without T Tau.

3.3. SO and H,CO as outflow or envelope tracers

Strong SO emission is found in 7 out of the 41 stars in which
it has been observed (see Fig. 6). All these sources also dis-
play relatively strong H,CO emission (see Fig. 7). All of them,
except 04302+2247, are driving well-known jets and outflows.
In these sources, CN is either quite strong (DG Tau, T Tau,
DG Tau B, Haro 6-10) or very weak (CB26, HL Tau). All these
sources are also deeply embedded, and surrounded by an ex-
tended complex envelope. We also have a marginal detection
of SO in Haro 6-5 B, another embedded, jet-driving object. The
line profiles of SO and H,CO are similar, and resemble those
of C70 when detected. As the line widths are not very wide,
this emission may be attributed to the envelope rather than the
outflow itself. On the contrary, CN lines often display pro-
files which are quite different from those of SO, being either
narrower (e.g. HL Tau, Fig. B.16) or with no narrow velocity
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Fig. 4. Integrated line flux of H,CO (combina-
tion of both transitions) vs. CN N = 2—1 (main
group of hyperfine components). Color codes
indicate detected vs. non-detected lines: blue
for detection of both lines, red for detection of
the x-axis line only (here CN), black for detec-
tion of the y-axis line only (here H,CO), and
green for non detections. The detection thresh-
old is set at 30-. For detected lines, the errorbars
are 1o. For non-detected lines, the limit is the
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component (DG Tau B, Fig. B.10), or (rarely) broader (DG Tau,
see Fig. B.11).

The detection rate of HyCO is rather high, with 20 out of
42 stars observed (not counting the dubious cases FN Tau and
CIDA-8). However, cloud contamination appears more impor-
tant in H,CO (7 sources with narrow lines out of 42) than in
CN. This can be explained by excitation considerations, because
of the smaller critical densities of the observed transitions of
H,CO compared to CN N = 2—1. These transitions have sim-
ilar Einstein coeflicients, but the collisional rates of H,CO with
para-Hj (Troscompt et al. 2009) are typically 5 to 10 times larger
than those of CN with para-H, at 10 K (Kalugina et al. 2012).
On average, CN is brighter than H,CO (see Fig. 4), and the high
detection rate of H,CO is obtained because two lines of similar
intensities could be observed simultaneously and added in this
study. Strong H,CO lines clearly correlates with SO detectabil-
ity (see Fig. 7), i.e. in general outflow-driving sources.

3.4. C170 and other lines

While 1*CO emission from disk is overwhelmed by confusion,
C70 is in general too faint to be a suitable tracer of disks
(only 9 detections out of 40 observed sources, see Fig. 8). It is
convincingly detected in the disks of AB Aur, MWC 480 and
0430242227 only. On another hand, residual confusion from the
cloud is still visible in many sources: CW Tau and CIDA-1,
CIDA-8, Haro 6-13, HK Tau, Haro 6-33, Haro 6-5 B, HH 30,
and LkHa 358. The strong emission from HL Tau and CB26
presumably comes from their outflows, as the lineshapes are
complex and resemble those of SO. For other “outflow” sources,
the linewidths are small enough to leave some doubt about the
origin.
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20 value (best fit + 20), and the arrow length
is lo. Sources in italics are those with known
molecular outflows.
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We also have a 5o detection of 3C!30 towards Haro 6-10,
with a relatively narrow linewidth of 0.7 +0.15 kms~!. A line of
similar width is also detected towards AB Aur, at the 40 level. In
the later source, as the disk emission spreads over 2—3 km s
this must come from the molecular cloud, and implies that this
cloud also contributes to the signal of the other isotopologues.

Finally, emission at the 30 level appears towards Haro 6-10,
MWC 480 and GG Tau near the expected frequency of the HC3N
J = 23-22 transition, but these features are either too broad, too
narrow, or not at the right velocity. No other significant feature
appears anywhere else in the observed bandwidth.

4. Discussion
4.1. Using CN as a disk tracer

Our main approach to test whether CN is a disk tracer is to as-
sume that the (mean) CN surface density is independent of the
disk properties. This assumption is sustained by several indepen-
dent arguments. First, the imaging study of DM Tau, LkCa 15
and MWC 480 by Chapillon et al. (2012) give similar CN surface
densities in the 3 objects. Second, chemical modeling performed
to interpret these CN images predict that the CN surface density
is rather insensitive to the disk mass, varying by only +30% for
masses differing a factor 3 in both directions. A similar result
was found by Jonkheid et al. (2007) in their models for disk
around HAe stars. Last, from an observational point of view, our
analysis shows that the CN line optical depth does not appear
to exhibit wide variations. We thus assume the CN line opacity
to be constant (and relatively small), apart from the 3 sources in
which it is clearly determined. Under this assumption, the total
flux is directly related to the total number of CN molecules, i.e.
principally by the disk outer radius (S, o R2,,).
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For a quantitative derivation of R,y, we use the approach
of Guilloteau & Dutrey (1998) which shows that, at moderate
inclinations (20° < i < 70°), the line flux from a Keplerian disk
is related to local line width and disk outer radius:

[suo 7

Row =D B(To)(pAV)rcos(i)

@)

where D is the distance (140 pc), Ty the excitation tempera-
ture, AV the local line width, i the inclination, and p a factor
depending on line opacity along the line of sight. The rationale
for and derivation of Eq. (2) are given in Appendix D. In the opti-
cally thin regime, p is proportional to the opacity, which is itself
inversely proportional to cos(i), so the dependency on inclina-
tion disappears, and the flux just scales with the total number
of molecules. In this optically thin case, Eq. (2) can be extrap-
olated to low inclinations i < 20°. For nearly edge-on objects,
where the above formula breaks, Beckwith & Sargent (1993)
have shown that the expected flux is not a strong function of
inclination. Hence the apparent dependence on i essentially van-
ishes. We thus use pcos(i) = 0.3 cos(45°) for all sources in
which the opacity cannot be determined from our spectra, and,
for the few sources in which 7 is determined by the HFS fit,
we use p cos(i) = 7cos(45°). However, larger disks with smaller
average line opacity can equally fit the data: in this respect, the
derived radii are thus likely to be lower limits to the true CN disk
size.

For the other parameters, we take AV = (0.2 km s_l, a value
consistent with the local line width determined in the disks of
DM Tau, LkCa 15 and MWC 480 by Piétu et al. (2007) and
Chapillon et al. (2012). For the temperature, Chapillon et al.
(2012) derived 30 K for MWC 480, but values (10-15 K) for
DM Tau and LkCa 15. We used 15 or 30 K according to our best

Fig.5. As for Fig. 4 but for 3CO J = 2-1
(including contribution from the cloud) vs. CN
N =2-1. T Tau is out of scale here.
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knowledge of source properties. Note that the derived disk radius
will scale as 1/4/Tq (Eq. (2)). The assumed temperatures and de-
rived disk radii are given in Table 5 for a uniform disk distance
of 140 pc. Given the uncertainty on the CN opacity, these radii
should only be interpreted as estimates of the disk size. They
range from <200 AU for non detection, to >1000 AU for the
brightest sources. For MWC 480 and DM Tau, the derived ra-
dius is in good agreement with the more accurate determination
from interferometric data of Chapillon et al. (2012), justifying a
posteriori our choice of parameter values.

For T Tau and Haro 6-10, the CN line opacity is reasonably
well constrained. The large disk radii which are derived make the
disk interpretation very unlikely, as both objects contain mul-
tiple systems with strong evidence for tidal truncation of the
embedded circumstellar disks to outer radii <60 AU (Akeson
et al. 1998; Guilloteau et al. 2011). Both systems also display
clear evidence for high velocity wings in CO, indicating power-
ful molecular jets. Hence, for these objects, CN may come from
the outflows rather than from a circum-stellar/binary disk. As the
line width are however limited, it is also possible that a substan-
tial fraction of CN comes from the extended envelope in which
these objects are embedded.

For DG Tau, although modeling performed by Salter et al.
(2011) shows the CN line intensity can be produced by a large
Keplerian disk, we suspect that a similar situation occurs be-
cause of the strong outflow and complex, clearly non Keplerian,
circumstellar environment (see Appendix A for more details on
this source).

For other sources, a disk origin for the CN emission is in-
ferred from the following qualitative arguments:

— The line-width Av derived from the Gaussian fit is of the or-
der of 2—4 kms™!, as expected for a Keplerian disk orbiting
a star of 0.5-2 M.
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Fig. 6. As for Fig. 4 but for SO vs. CN N =
2-1.

Fig.7. As for Fig. 4 but for H,CO vs. SO.
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— Larger line widths are found for the more inclined objects
(see Fig. 11). This figure does not correct for stellar mass:
doing so would improve the correlation between line width
and inclination.

— The CN outer radius is within 300—600 AU, in good agree-
ment with the range of interferometrically derived radii in
previously imaged Keplerian disks.

— In objects which have already been imaged in CN,
MWC 480, DM Tau, LkCa 15 (Chapillon et al. 2012),
GM Aur and AA Tau (Oberg et al. 2010), CN unambiguously
comes from the disk, even in the confused case of AA Tau.

Note that none of the main CN line profiles appears double
peaked (e.g. compare CN and '*CO in MWC 480 Fig. 2). This
is a result of the overlap between the three strongest J
5/2-3/2 hyperfine components which are separated by 0.77 and
1.50 kms~! respectively. These separations are smaller than the
overall width due to Keplerian shear, significantly blurring the
expected double peaked profiles emerging from such disks in
(spatially) unresolved observations. However, the velocity sepa-
rations are larger than the local line width (0.3-0.5 kms™'), so
that in resolved (interferometric) images, the patterns from each
of the three components are spatially separated. Furthermore,
the strongest J = 3/2—1/2 component, which is separated
by 17 km s~! from the nearest one, is only 1.6 times weaker
than the J = 5/2-3/2 F = 5/2-3/2 component. In practice,
the hyperfine structure of CN is only a minor complication in the
derivation of the kinematics from interferometric measurements,
especially at the high densities encountered in disks, which en-
sures that all hyperfine components will have the same excitation
temperature.

To the 24 sources detected in CN in our sample, we should
add 5 more disks: GM Aur (Oberg et al. 2010), LkCa 15

Fig. 8. As for Fig. 4 but for C'’0 J = 2—1 vs.
CNN =2-1.

(Chapillon et al. 2012), CI Tau, CY Tau, and GO Tau (Guilloteau
et al., in prep.), leading to a total of 29 detections out of 47 ob-
jects. 3 (Haro 6-10, T Tau and DG Tau) are very unlikely to be
disks, and, on the basis of the existence of outflows and SO de-
tection, 2 more are perhaps outflows (HL Tau and CB26). This
still leads to a disk detection rate of at least 24/47, i.e. 250%
at our sensitivity level of ~0.1 Jykms~'. Furthermore, in most
disks, the CN N = 2—1 intensity is within a factor 2 of that of
13CO J = 2-1 (see Fig. 9).

This demonstrates the ability of the CN 2—1 line to be a good
tracer of disk kinematics for stars still embedded in molecular
clouds whose CO and '*CO line emission could confuse the disk
emission profile.

4.2. Molecular disk properties

Our study is the first large, sensitive survey for 1>CO, CN, ortho-
H,CO, and SO towards disk around Class II PMS stars. Detailed
sensitive studies of several molecules concerned only a few ob-
jects: in Taurus only GG Tau, DM Tau, LkCa 15 and MWC 480
(Dutrey et al. 1997; Guilloteau et al. 1999; Thi et al. 2004; Piétu
et al. 2007; Chapillon et al. 2012; Dutrey et al. 2011). Previous
multi-molecule surveys were limited to a dozen objects, and in
general biased towards the brightest disks, either in CO (e.g. the
DISCS survey of Oberg et al. 2011), or in continuum (Salter
etal. 2011, used a minimum 1.3 mm continuum flux of 75 mly).
We reach here a sensitivity level (~0.1 Jykms~!) comparable
to or better than that of ()berg et al. (2011), and 5 to 10 times
better than that of Salter et al. (2011). Furthermore, the smaller
beam size of the 30-m allows to better isolate confusion cases
compared to the JCMT study of Salter et al. (2011). The im-
proved sensitivity allows us to detect many more sources, such
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Fig. 9. As for Fig. 4 but for '3CO (disk compo-
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as FT Tau, IQ Tau, V806 Tau (Haro 6-13), UZ Tau, DN Tau,
DO Tau in the Salter et al. sample. Excluding sources detected
in SO which are presumably contaminated by outflows, we have
a total of 32 sources* (out of 47) which exhibit CN, *CO or
H,CO emission from a disk, i.e. 68% of the sample.

Figures 12 and 13 explore possible correlation of the CN in-
tensity with spectral type of the star and 1.3 mm continuum flux
of the disk respectively. Figure 14 considers the H,CO/CN in-
tensity ratio vs. the stellar spectral type. Despite the large sam-
ple size, no correlations are apparent. This lack of correlation is
also observed for other stellar parameters (mass loss, X-ray lu-
minosity). However, a number of properties emerge from these
correlation plots.

First, CN line is relatively weak (in fact undetected so far)
in the hottest stars in our sample (SU Aur, CQ Tau, MWC 758,
AB Aur), although MWC 480 and HD 163296 exhibit strong
CN emission (Fig. 12). The rather poor molecular content of
AB Aur has been shown to be a consequence of its strong
UV flux by Schreyer et al. (2008). The UV flux penetration
may furthermore be enhanced by the large inner cavity (radius
~100 AU) of AB Aur (Piétu et al. 2005). A similar situation
may occur for MWC 758 due to its ~40 AU cavity (Isella et al.
2010b). Chapillon et al. (2008, 2010) argue that CQ Tau is gas
deficient. Little is known about the gas disk of SU Aur, but the
strong X-ray luminosity of SU Aur may play a role in lower-
ing the molecular abundances. MWC 480 and HD 163296 have
strong CN. Contrary to AB Aur, CQ Tau and MWC 758 which
are Type I sources, these two sources are Type II according to

4 This includes the 16 sources detected in CN that have no SO emis-
sion, plus the Butterfly star, plus 8 sources in *CO (including HH 30)
and 2 sources in H,CO (Haro 6-13 and DS Tau), to which we add the
5 sources detected in CN by other studies.

A92, page 12 of 31

nent only) vs. CN. The dashed lines indicate a
factor 2 between the two line fluxes.

the classification of Meeus et al. (2001), which can indicate self-
shadowed disks. Such a configuration would seriously limit the
UV penetration, leading to a chemical composition much more
similar to those of T Tauri disks.

Second, at the level of our sensitivity, we do not detect the
CN line for spectral types cooler than M1.5 (Fig. 12). Assuming
similar CN column densities than in the warmer stars, our sen-
sitivity translates into upper limits of order 150—250 AU for the
disk outer radius. Thus, our negative result may only be the con-
sequence of smaller disk sizes for lower mass stars, rather than
implying a change in chemistry at this spectral type threshold.

Third, although CN intensity does not correlate with the
continuum flux at 1.3mm (Fig. 13), which is a tracer of the
dust mass, there is a clear threshold. Only 4 sources with
S,(1.3mm) > 60 mlJy are undetected in CN (CW Tau, CQ Tau,
DQ Tau, and DR Tau which has been observed with relatively
limited sensitivity) while only 4 sources are detected among the
17 sources with S, (1.3 mm) < 60 mly.

Comparing the emissions from CN and H,CO, we find that
to first order, the H,CO/CN ratio divides the sources in two
categories (see Fig. 14). [HCO/CN] > 0.5 is found in warm
sources (Herbig Ae stars) or outflow/envelope dominated ob-
jects, while it is below 0.3 for the disk sources. This trend
is consistent with our current understanding of chemistry. In
disks, H,CO is formed in the gas phase and on grains (Semenov
& Wiebe 2011). Therefore, H,CO can be released in the gas
phase at high enough temperatures, either because of large stellar
flux (HAe stars) or because of shock heating (outflow sources).
Enhanced abundance of H,CO has been observed in many out-
flows (e.g. Bachiller et al. 2001; Tafalla et al. 2010). As a con-
sequence, sources with weak or no H,CO emission mostly cor-
respond to cold objects without outflows. While CN appears as
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Table 5. CN outer radii and line detections.

Source Radius 7, Line width Detection?
(AU) (K)  kms™! BCO H,CO SO

FN Tau <170 15 Cloud

CW Tau <170 15 Disk

CIDA-1 <170 15

BP Tau <250 30

DE Tau <250 15

RY Tau 310 30 0.82+0.27 Disk

T Tau 1230 30 2.96 +0.02 Yes  Yes

Haro 6-5B 310 15 3.12+«1.17 Yes

FT Tau 310 15 1.69 +£0.34

DG Tau-B 450 15 2.12+0.30 Yes  Yes

DG Tau 700 30 2.11 +0.09 Yes  Yes

Haro 6-10 660 30 1.50 +0.04 Yes  Yes

IQ Tau 560 15 492 +£0.53 Disk

LkHa 358 <240 15 Disk Yes

HH 30 <270 15 (Disk)  Yes

HL Tau 250 30 1.79+0.44 Yes  Yes

HK Tau 320 30 8.56+1.96

Haro 6-13 <280 15 Yes

GG Tau 490 30 228 +0.32 Disk Yes

UZ Tau E 310 30 6.58 +1.23 Disk

04302+2247 190 30 299 +047 Disk Yes  Yes

DL Tau 560 15 196 +£0.16 Yes

DM Tau 610 15 144 +£0.11 Disk Yes

AA Tau 300 15 095 +0.26 Disk

DN Tau 490 15 321 +£042 Yes

DO Tau 310 15 0.50+0.17 Disk Yes

HV Tau C 310 30 597 +0.87 Disk

Haro 6-33 260 30 3.05 +0.68 Yes

DQ Tau <210 15

DR Tau <420 15

DS Tau <310 30 Yes

UY Aur <300 30 Disk Yes

AB Aur <250 30 Disk Yes

SU Aur <140 30 Disk

MWC 480 520 30 4.54+0.34 Disk

CB 26 350 15 2.92 +1.00 Yes  Yes

CIDA-8 <290 15 Cloud

CIDA-11 <540 15

RW Aur <280 30

MWC 758 <450 30 Disk

CQ Tau <190 30 Disk  Yes

HD 163296 760 30 4.16 +0.11 Disk Yes

Notes. The assumed distance is D = 140 pc, except for HD 163296
(¢, D = 120 pc). For '3CO, sources in which the emission partially
originates from a disk are indicated. For H,CO, no distinction is made
upon the origin of the emission, apart from the two likely cases of cloud
confusion FN Tau and CIDA-S.

a clear disk tracer in the M1-KS5 spectral type range, the situ-
ation is more complex for the HAe stars, for which H,CO is
sometimes a better probe than CN, but remains weak. Using the
Baraffe et al. (1998) tracks, the M1 limit corresponds to about
0.5 My, for stars in the 1 to 3 Myr age.

Sulfur-bearing molecules (CS, SO, H,S and CCS) have been
recently searched by Dutrey et al. (2011) and Chapillon et al.
(2012) in the four disks surrounding MWC 480, LkCa 15,
GO Tau and DM Tau. So far, only CS has been detected, nei-
ther SO nor H,S. Our survey provides a much larger sample for
SO, and confirms its general weakness in disks (only one source
detected, 0430242242, our results contradicting the detection in
AB Aur reported by Fuente et al. 2010). On the other hand, we
find SO to be ubiquitous in outflow sources. The SO chemistry
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Fig.10. Hyperfine components of CN in bright, potentially thick
sources. The best fit with the hyperfine components is overlaid. The
intensity scale is T’ (K).
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in disks is not fully understood: current models predict too much
SO and H,S molecules (Dutrey et al. 2011), most likely as a
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result of incomplete treatment of Sulfur chemistry on grain sur-
faces. However, SO is a clear tracer of shocks, with high abun-
dances in extremely high velocity outflows (Tafalla et al. 2010).

The absence of correlations in Figs. 12, 13 justifies a poste-
riori our simple source-independent hypothesis (essentially con-
stant CN surface density) to interpret the line emission. In this
framework, the CN flux is a simple tracer of disk size, and our
study shows that at least 50% of the young stars are surrounded
by large (2300 AU) disks, in our specific case of isolated star
formation. The overall disk detection rate is displayed in Fig. 15.
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detections.

Hatched areas are for sources with molecular outflows (traced
by SO), filled areas are disks detected in CN, '*CO or H,CO, and
empty histograms non detections. The distribution of disk sizes
exhibits a strong peak near 300 AU; however, because of sen-
sitivity limitations, our survey becomes incomplete for smaller
disk sizes.

It is beyond the scope of our angularly unresolved data to
provide detailed modeling of the disk emission for individual ob-
jects. The above considerations on the detected lines are broadly
consistent with prior knowledge of disk chemistry. The large CN
detection rate supports the simple idea that CN is present only in
a photodissociation layer above the disk plane, with a relatively
uniform surface density over a large range of source properties
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(Jonkheid et al. 2007; Chapillon et al. 2012). The lower detec-
tion rate for sources with low 1.3 mm flux may be the result of
a change of chemical regime for disks with low mass. However,
it is also consistent with a simpler idea, namely that these faint
disks are just much smaller than the others. Higher sensitivity,
spatially resolved observations can solve this issue.

5. Summary

We have performed a sensitive survey of 42 young stars prob-
ing isolated star formation regions in CN, ortho-H,CO, SO,
13CO and C'70 rotational lines near 206—228 GHz with the
IRAM 30-m telescope. It reveals that:

— BCO is strongly affected by confusion, either from molecu-
lar clouds, or from outflows and envelopes.

— CN is a good, nearly confusion free, tracer of disks for stars
in the M1-KS5 spectral type range (i.e. stars more massive
than about 0.5 My according to the Baraffe et al. (1998)
tracks).

— The warmest stars exhibit two very different behaviours:
some have strong CN, but most have undetectable CN and
weak H,CO emission.

— SO is ubiquitously found in outflow-driving, embedded
sources, but exceptional in disks (only 1 source). When SO
is present, H,CO is stronger than CN.

— CN N = 2-1 is strong enough to be a good tracer of disk
kinematics in at least half of the objects.

— The disk detection rate in CN lines exceeds 50%. The de-
tected disks are large, 2300 AU in radius.

— The overall gas disk detection rate (by any molecular tracer)
is ~68%. However, gas disk detection is much more diffi-
cult for sources with small (<60 mJy) 1.3 mm continuum
flux. We cannot distinguish at present whether this is due to
smaller disk masses or smaller disk sizes (<200 AU radius).

Our results only apply to regions of isolated star formation. In
more crowded regions (e.g. p Oph), confusion will unavoid-
ably be larger. The disk size distribution may also be differ-
ent. It is however likely that CN will remain a better tracer of
disk kinematics than the much more confused '2CO or 3CO,
or the significantly weaker H,CO emission. Looking to the ad-
vent of ALMA, with 8 times greater collecting area than the
IRAM 30-m, better antenna efficiency, and expected system tem-
peratures around 100 K at this frequency, will provide a sensitiv-
ity gain of order 16. Thus ALMA should be able to obtain, in the
same integration time, a 4 times better limit on the outer radius.
This may open for the first time the possibility to probe beyond
the M1 limit, unless the chemistry changes to reduce drastically
the CN abundances around the lower mass stars.
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Appendix A: Comments on individual sources

FN Tau: the tentative detection of H,CO is at an unusual veloc-
ity of =0.5 kms™".

CW Tau is dominated by confusion (see discussion in
Appendix C). Despite strong confusion, line wings of '*CO
could indicate a disk at velocity 6.2 km s~ and with a line width
of 3.3+0.4 kms™'. CW Tau drives a bipolar outflow that can be
traced in optical forbidden lines over 4””—6" along both outflow
directions (Hirth et al. 1994).

CIDA 1 (Briceno et al. 1993) is a late spectral type object (M5.5
White & Basri 2003), with weak 1.3 mm continuum emission
(Schaefer et al. 2009). The line of sight towards CIDA 1 in-
tercepts the same molecular cloud than that of CW Tau and is
highly confused. The tentative fit of the '*CO line wing is not
conclusive on the presence of a disk.

BP Tau harbors a small (120 AU radius) disk (Dutrey et al.
2003) and strong confusion in '>CO. No signal at all is detected
in these new observations, but the sensitivity towards this source
is lower than average.

DE Tau has relatively weak 1.3 mm continuum (36 mJy). There
is some confusion in 1*CO, but no evidence for disk emission.

RY Tau: the CN detection is marginal (3.507). A fitofa3 km 7!
wide Gaussian to the '3CO spectrum also indicate a potential
disk, at the 50 level, but with a different velocity. RY Tau is
a suspected close binary, with separation >3 AU (Bertout et al.
1999). Velocity measurements by Nguyen et al. (2012) indicate
a possible SB1 with radial heliocentric velocity in the range
16.7-19.4kms™', which is equivalent to 7.7-10.4km s~ in the
LSR, and more consistent with the '*CO velocity. High reso-
lution image at 1.3 mm by Isella et al. (2010a) indicate an in-
clination of 66° and a morphology consistent with a deficit of
emission in the inner 15 AU.

T Tau is a triple system, with a compact (~60 AU) circumstellar
disk around the single T Tau N (Akeson et al. 1998; Guilloteau
et al. 2011). Its molecular environment is complex, and all the
detected lines are most likely coming from an outflow or heated
envelope, perhaps the outflowing cavity walls imaged in '*CO
by Momose et al. (1996).

Haro 6-5 B, also known as FS Tau B, is a nearly edge-on,
deeply embedded object. Confusion in '*CO is very strong.
Previous interferometric measurements of 3CO J = 1-0 re-
vealed a complex region (Dutrey et al. 1996). HST images in-
dicate a 300 AU radius disk at high inclination, 70—80° (Krist
et al. 1998; Padgett et al. 1999). FS Tau B possess a jet and a
counterjet, as well as an optically visible cavity wall (Liu et al.
2012). Our combined detection of CN and H,CO may indicate
a compact, warm disk or some emission from an outflow or en-
velope. 5” resolution images in '*CO J = 1-0 with the NMA
(Yokogawa et al. 2002) revealed a disk at Visg ~ 7.0 km s
with a kinematics dominated by rotation. They indicate mo-
tions compatible with Keplerian motions around a central star
of 0.25 M, only. Given the high confusion level, this value may

be unreliable. Our CN line width, though unprecise, suggests a
higher stellar mass. The asymmetric H,CO spectrum may be af-
fected by confusion in the blueshifted part.

FT Tau is a deeply embedded, low luminosity star with un-
known spectral type. A compact (60 AU) dust disk was resolved
by Guilloteau et al. (2011), who also detected '>CO emission,
suggesting a small disk at low inclination around a 0.7—-1.0 M
star. The clear detection of CN confirms the disk interpretation.
13CO emission from the disk may be present at redshifted veloc-
ities compatible with CN, but confusion makes any quantitative
estimate impossible.

DG Tau is a well studied object, driving an optical microjet. The
system inclination remain unclear: between 38 and 45° from the
jet (Pyo et al. 2003; Eisloftel & Mundt 1998), and 20 to 32° from
the dust disk (Isella et al. 2010a; Guilloteau et al. 2011). Images
in 3CO (2-1) (Testi et al. 2002) indicate a complex morphol-
ogy, a large fraction of the emission coming from a remnant en-
velope (see also Kitamura et al. 1996). There is no clear evidence
for Keplerian rotation. The relatively narrow lines of H,CO and
SO could originate from this remnant envelope. CN(2—1) was
previously detected by Salter et al. (2011)°, who modeled this
as coming from a Keplerian disk. Our CN line width is consis-
tent with the measurement of Salter et al. (2011), but the large
derived outer radius, combined with the complex morphology,
suggests CN is most likely coming from the outflow or the rem-
nant envelope.

DG Tau B is a totally obscured object, driving a powerful one-
sided molecular outflow (Mitchell et al. 1997). High inclination
(64-75°, see Guilloteau et al. 2011; Eisloffel & Mundt 1998)
however yield moderate line-of-sight velocities for the outflow.
The rich spectrum may originate from the outflow, but CN lacks
the narrow component detected in H,CO and C!70O, which is
presumably due to the molecular cloud.

Haro 6-10 (also known as GV Tau) is a close binary, with
two compact (<30 AU), optically thick, circumstellar disks
(Guilloteau et al. 2011), but no known circumbinary disk.
The circumstellar disks are misaligned and the system is em-
bedded in a common envelope (Roccatagliata et al. 2011).
H,O maser emission has been recently reported, and suggest that
the Southern component is itself a close binary (Wilking et al.
2012). As for DG Tau B, the CN line is much wider than those
of H,CO and C'70. The proeminent red wing in 3CO is likely
to trace the outflow.

IQ Tau was observed in '2CO by Schaefer et al. (2009), who
did not detect any significant emission with the IRAM Plateau
de Bure interferometer at 5 resolution. The CN emission ex-
hibits the clear signature of Keplerian rotation (although the ex-
pected double peaked aspect is reduced because of the hyperfine
component blending). CN is apparently stronger than *CO in
this source. A tentative fit of a disk component to the *CO spec-
trum suggest the redshifted emission may still be masked by the
cloud.

> Although their Figs. 10 and 12 mark it as the 3-2 transition.
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LkHa 358: !3CO is heavily confused. A small molecular disk
was reported from interferometric measurements by Schaefer
et al. (2009) from '>CO emission. An attempt to fit a disk com-
ponent to the '3CO line wings is consistent with this interpre-
tation, provided '*CO has significant optical depth (>2 on aver-
age). The narrow emission from C!”O most likely comes from
the surrounding cloud, as the ~3.5¢0 signal from H,CO.

HH 30: Pety et al. (2006) had previously imaged the '3CO emis-
sion from this emblematic edge-on object. The narrow line from
C'70 likely comes from the cloud, as the ~3c signal from
H,CO.

HL Tau is the archetype of the deeply embedded, outflow driv-
ing sources. The redshifted side of the outflow is known to be
brighter (Cabrit et al. 1996; Monin et al. 1996). From the line
profiles, C'70, H,CO and especially SO (which is significantly
redshifted), must come from the outflow. However, the CN line
is much narrower and exhibit a systemic velocity of 4.7 kms™,
and thus could be a pure disk tracer.

HK Tau is a binary star, with one component exhibiting an edge-
on disk (McCabe et al. 2011). The relatively broad CN line
is consistent with emission from this edge-on disk around
HK Tau B. The blue shifted side of the disk may also have been
detected in '3CO.

Haro 6-13, also known as V 806 Tau, was imaged in '>CO by
Schaefer et al. (2009), who based on agreement in position angle
between CO and dust emission, attributed the emission to a disk
of at least 180 AU radius. HCO*3-2 emission has been detected
by Salter et al. (2011). The H,CO spectra are complex, as the
C'70 one, and perhaps result of superposition of relatively broad
emission with a narrow (0.5 kms™!) absorption feature.

GG Tau was included as a reference source in our sample. Our
results agree with the initial detections of Dutrey et al. (1997).
H,CO is well detected in the combined spectrum.

UZ Tau E is aspectroscopic binary part of the UZ Tau hierarchi-
cal quadruple system. The CO disk was detected by Simon et al.
(2000), who found an inclination of 55° and an outer radius of
300 AU. Our derived radius from CN is in excellent agreement
with this value. *CO emission from the disk is also detected, in
the line wings, but still exhibits confusion.

IRAS 04302+2247 (the Butterfly star Wolf et al. 2003), is an
edge-on system. Recent IRAM interferometric measurements
indicate a stellar mass of order 1.6 My and a disk radius of
260 AU (Dutrey et al., in prep.). Although this source exhibits
a large H,CO/CN ratio, which we in general attribute to out-
flows, the HoCO and SO emissions come from the disk. From the
hyperfine ratios, CN appears potentially optically thick in this
source, in which case the emission must be dominated by smaller
radii. The rather large linewidth concurs with this interpretation.

DL Tau was imaged in '>CO by Simon et al. (2000) who pointed
out the strong confusion making the inclination derivation unre-
liable. Confusion is also large in '*CO, masking all the emission

A92, page 18 of 31

except for the red-shifted wing. Like IQ Tau, DL Tau shows
strong, double peaked line profile in CN. The outer radius de-
rived from CN is consistent with the value quoted by Simon et al.
(2000) for CO. H,CO is also detected.

AA Tau: CN is clearly detected, and weak emission is also vis-
ible in 13CO, despite confusion. However, the disk contribution
in >CO is much smaller than the intensity reported by Greaves
(2005) (0.6 K kms™! at JCMT, i.e. 12 Jy kms™"), which must
have included cloud emission. CN in AA Tau was discovered by
Oberg et al. (2010). We recover only about half of their quoted
flux (1.7 Jy kms™"), and our derived velocity suggests that the
blue-shifted part of the CN spectrum is masked by confusion,
like the '3CO one.

DN Tau is very similar to DL Tau and IQ Tau, with CN stronger
than '3CO. Schaefer et al. (2009) failed to detect '>CO from this
object with the IRAM interferometer, again presumably because
of strong confusion with the cloud.

DO Tau shows clear CN detection (407), but the line width is
poorly constrained. The line can be narrow, so (positive) con-
tamination by the cloud is not fully excluded. Identification of
a disk component in '3CO is difficult, as the redshifted side is
dominated by the cloud.

HV Tau C, like HK Tau B, is a compact (80 AU radius) edge on
disk in a multiple system, here a hierarchical triple. '?CO emis-
sion from the disk was resolved by Duchéne et al. (2010) with
the IRAM array. The broad CN line (AV = 6 km s_l) is con-
sistent with an origin in a compact disk. The CN flux suggests
a somewhat larger radius (300 AU in Table 5), or equivalently,
non negligible optical depth. The observed hyperfine ratios are
indeed compatible with substantial optical depth, 7 = 7.0 £ 2.7,
which would also yield a lower line width, 4.2 + 0.6 km s L
13CO emission from the disk produces the line wings visible in
Fig. B.26

Haro 6-33 (also known as IRAS 04385+2550) was detected in
12CO by Schaefer et al. (2009), who interpreted the emission as
coming from a Keplerian disk, despite strong confusion. There is
also substantial cloud contamination in *CO, but CN and H,CO

are detected. The derived disk radius in CN is in good agreement
with the '>CO result.

DQ Tau exhibits huge confusion, and no detection at all.

DR Tau was reported as tentatively detected in CN(2—-1) by
Salter et al. (2011) at a velocity of 11 kms™! with an integrated
flux of 3.5 = 1.3 Jy kms™!. Our spectrum shows no line at all,
with a 30~ upper limit on the flux of 1.4 Jy kms~!. Confusion
with the cloud is huge in '*CO: only the red wing between 10
and 11 kms™!' may be attributable to a disk component.

DS Tau shows no apparent confusion. A weak (40°) line is de-
tected when combining both 0-H,CO transitions, with a velocity
(6.0 kms™") and linewidth (3 km s™!) consistent with disk emis-
sion, but no CN or 3CO.
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UY Aur is a 0.8” separation binary system. The '3CO line is
strong, and consistent with an origin in the complex circumbi-
nary structure imaged by Duvert et al. (2000). There is a 40
detection of H,CO with a compatible kinematics.

AB Aur: the strong '*CO line emanates from a combination of
the disk/ring structure imaged by Piétu et al. (2005) and the sur-
rounding envelope. The clear detection of C'7O confirms the
large CO content of this source. H,CO is convincingly detected,
confirming the result of Fuente et al. (2010) using the para-
H,CO 30320 line at 218.2 GHz. However, we find no evidence
at all for CN or SO from the disk, which were claimed to be de-
tected by these authors. We only have a narrow (0.4 kms™!),
3.50 feature in CN(2—-1) at a velocity consistent with cloud
emission. The CN (1-0) line quoted by Fuente et al. (2010) must
have been residual emission from the cloud. For SO, they re-
port a line intensity of 26 mK kms™' for the 3,23 line, and
60 mK kms™" for the 5¢—45 transitions, while we obtain a 30
upper limit of 21 mK kms~' for the 5,—43 using the AB Aur
velocity and line widths. Note that Fuente et al. (2010) used a
larger throw (120”) than us in the wobbler switching, so that
their results are more susceptible to residual emission from the
envelope.

SU Aur: despite confusion with the cloud, the '3CO spectrum
exhibits a broad component compatible with emission from a
disk. No other molecule is detected. SU Aur is a strong X-ray
source (Franciosini et al. 2007). Near IR imaging indicates a
highly inclined disk (~65°) and outflow cavity walls (Akeson
et al. 2002; Chakraborty & Ge 2004).

MWC 480 was included here as a reference source in our sam-
ple. It has been extensively studied with the IRAM mm array
(Piétu et al. 2007; Chapillon et al. 2012). We find the double
peaked '3CO profile characteristic of an isolated Keplerian disk.
CN emission is in excellent agreement with the interferometric
results of Chapillon et al. (2012). The detection of C'7O for the
first time in this source confirms the significant CO abundance in
this object. Note that, as expected, the C'”O profile is apparently
larger than the '*CO one.

CB26 is a deeply embedded, edge-on object driving an unusual
outflow (Launhardt et al. 2009) in an isolated Bok globule. Like
in HL Tau, we detect here strong H,CO and SO emission, but
only a weak CN line. If interpreted by disk emission, the CN line
is consistent with a disk size about 250 AU.

CIDA 8 has weak continuum emission and no CO disk from
interferometric measurements of Schaefer et al. (2009). Cloud
contamination exists, but appears limited to a very narrow ve-
locity range. There is a surprising detection of H,CO just outside
the range visibly contaminated in '*CO, but with a narrow line
width which suggests it originates from a cloud.

CIDA 11 shows no detection at all. It was also not detected in
continuum and CO by Schaefer et al. (2009).

RW Aur is a binary system that was imaged in '>CO by Cabrit
et al. (2006), who find evidence for a very small (50 AU radius)
disk, but did not detect 3CO emission. Our negative result is
consistent with their findings.

MWC 758 is a 1.8 M, star surrounded by a disk where CO is
apparently depleted and mostly optically thin (Chapillon et al.
2008), despite high temperatures (30 K). We find a relatively
weak line of 13CO, consistent with this interpretation. No other
molecule is detected: the marginal signal in C!7O is not at the
expected disk velocity. The limited CO opacity could be related
to the large cavity detected by Isella et al. (2010b) in continuum.

CQ Tau is a “twin” of MWC 758, also exhibiting a warm
(>50 K) disk with optically thin CO emission (Chapillon et al.
2008), but its continuum emission is strongly centrally peaked
(Banzatti et al. 2011; Guilloteau et al. 2011). Although different
distances are often quoted based on Hipparcos parallax, these
differences are not significant and Chapillon et al. (2008) argue
that both CQ Tau and MWC 758 are also located at 140 pc. We
also detect 3CO with a similar intensity than in MWC 758.
H,CO is detected at the 50 level, with kinematic parameters
quite consistent with those derived from 13CO. However, we find
no evidence for CN. Our 30~ limit of 0.28 Jy km s™! is marginally
consistent with the flux of 0.22 + 0.11 Jy kms™! reported by
Oberg et al. (2010).

HD 163296 is an isolated Herbig Ae star located at 120 pc
(van Leeuwen 2007). It harbours a large (~550 AU) CO disk
inclined at about 45° (Isella et al. 2007), and has been exten-
sively studied in CO isotopologues, including C'7O (Qi et al.
2011). CN N = 3-2 was detected by Thi et al. (2004). The
strong CN N = 2-1 emission is compatible with an optically
thin line. The outer radius in Table 5 is slightly larger than that
measured from CO. The discrepancy may have several origins.
First, as the star is very luminous, CN may be in a warmer re-
gion. Second, Hughes et al. (2011) report a rather large turbu-
lence level (=0.3 km s_l) from CO measurements, larger than
assumed. We also report the first detection of H,CO, through the
ortho-H,CO 3,3 — 21 transition. Comparison of our 3CO spec-
trum to the interferometric result of Qi et al. (2011) su%gest some
contamination near 2—4 kms~! (and also 13 kms™! as in the
12CO spectra of Qi et al. 2011).

Appendix B: Spectra for individual sources

This appendix displays the spectra towards the various sources.
For each source, the top panel shows the '*CO J = 2—1 spec-
trum. The continuous red line, if present, is a Gaussian fit ob-
tained after masking the confused velocity range. The bottom
panel displays on a common scale from top to bottom the spec-
tra of: 13CO J = 2—1 (with fit as in top panel), C'’0O J = 2-1,
CN N = 2-1, ortho H,CO 3,3-215, ortho H,CO 3,,-21;, the
average of both 0-H,CO transitions, and SO 54—43, arbitrarily
shifted in intensity to avoid overlap. The intensity scale is an-
tenna temperature (1} in K): conversion to flux density can be
obtained using a factor of 9 Jy/K.
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Fig. B.1. Spectra of the observed transitions towards FN Tau.

0
Velocity (km/s)

0.2

-0.2

0.2 quﬁlﬁﬂwwmw

—0.2 B A | H Lo st Yt e oo oo Ul

Fig. B.2. Spectra of the observed transitions towards CW Tau.
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Fig. B.4. Spectra of the observed transitions towards BP Tau.
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Fig. B.9. Spectra of the observed transitions towards FT Tau.
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Fig. B.28. Spectra of the observed transitions towards DQ Tau.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220298&pdf_id=40
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220298&pdf_id=41
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220298&pdf_id=42
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220298&pdf_id=43

S. Guilloteau et al.: Molecules in T Tauri disks

0.5

(@}
N

-0.5

0.6 -

M ) H HHJW MLl h H

o PPt

0.2 ﬁ1lﬂ]rhkw¢‘ﬁﬁLuqlﬁ+ﬂlﬁ11ﬁﬂThﬂﬁm¢ﬂle¢Hr1#“ﬂuﬂ CN(2—1)

Sco(2-1)

co(2-1)

0
Velocity (km/s)
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Fig. B.33. Spectra of the observed transitions towards SU Aur.
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Fig. B.34. Spectra of the observed transitions towards MWC 480.
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Fig. B.36. Spectra of the observed transitions towards CIDA-8.
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Fig. B.39. Spectra of the observed transitions towards MWC 758.
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Fig. B.40. Spectra of the observed transitions towards CQ Tau.
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Fig. B.41. Spectra of the observed transitions towards DM Tau.

Appendix C: The CW Tau/CIDA-1 line of sight

CW Tau and CIDA-1, which are only separated by 1 arcmin,
exhibit strong confusion in 13CO, and are the only sources in
which confusion in CN is obvious. Confusion is also visible in
H,CO and even C'70. In addition, in the Salter et al. (2011)
study, CW Tau is the source which has extended HCO* (3-2)
emission.

In the beam-switched observations, the detection of hyper-
fine components of CN (Fig. C.1) suggests significant optical
depth. Optically thick CN from clouds could introduce difficul-
ties in using CN as a kinematical disk tracer, as it could absorb
the disk emission. This potential problem is mitigated by sev-
eral independent arguments. First, the cloud line width is small,
so only a small fraction of disk kinematics will be affected.
Second, CN has several hyperfine components, of very differ-
ent opacities: this would help in modeling the absorption layer.
Furthermore, anomalously high (7 > 1) apparent opacities can
be the result of opacity gradients in a cloud with more moder-
ate (t > 1) average opacity, as the strongest lines saturate first.
However, observations of the CW Tau line of sight in frequency
switching shows a flat-topped, 2 K line of '3CO, with a line
width of 1.40 kms™! and the same velocity than the CN signal,
but no significant CN emission at a level of 50 mK (30). Thus,
in the beam-switched observations, the detected signal probably
originates from emission in one or both of the reference beams,
and in the cloud, CN is most likely not much excited. Although
high opacities cannot be excluded, the unusual hyperfine line
ratios may also be related to weak excitation-dependent anoma-
lies, since CN collision rates display significant dependencies
on the hyperfine levels (Kalugina et al. 2012). Non negligible
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opacities, low excitation and possible hyperfine anomalies have
already been reported for CN in dark clouds by Crutcher et al.
(1984).

Appendix D: Formation of lines in Keplerian disks

Line formation in a Keplerian disk is strongly constrained by
the velocity gradient (Horne & Marsh 1986). We use here this
property to explore to what extent the detected CN lines trace
the (putative) circumstellar disks. Unless the disk is seen face
on, only a fraction of the disk projects at any given velocity. This
fraction can be estimated with simple reasoning: we follow here
the derivation presented by Guilloteau et al. (2006). r, 6 being
the cylindrical coordinates in the disk plane, the line of sight
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Fig.D.1. Regions of the disk which yield equal projected velocities
Uobs- The ellipse is the projection of the disk outer edge observed with
an inclination of 45°.

velocity (in the system rest frame) is

Vobs(r,60) = VGM../rsinicos 6. D.1)
The locii of isovelocity are given by
16) = (GM./V3,)sin®icos® 6 (D.2)

with a finite local line width Av (assuming rectangular line shape
for simplification), the line at a given velocity Vs originates
from a region included between r;(6) and r(6):

GM )

— "  sin%icos’d
(Vobs + Av/2)2

ri(6) (D.3)

M
rs(6) ¢ sin®icos’ 6]. (D.4)

min |Roy, ————————
! (Vobs - AV/2)2
Figure D.1 indicates the regions of equal projected velocities for
6 different values: Vops > v4, Vobs = vds Vops < U4, and their
symmetric counterpart at negative velocities, where vg4:

Vg = VGM,/Roy sini

D.5)

is the projected velocity at the outer disk radius R,y Figure D.1
shows that the fraction of the disk covered by the gas at velocities
Vobs = vq is of order Av/vg, and drops very rapidly for larger
velocities. The larger area covered for Vops =~ vq explains the
classical double peaked line profiles emerging from Keplerian
disks.

For moderately inclined (i < 70°) disks in Keplerian rotation,
the integrated line flux is given by

f S,dv = B,(To)(pAV)rR2, / D*cos(i) (D.6)

where T is the disk temperature (assumed uniform for sim-
plicity), AV the local linewidth, R, the disk outer radius, D is
the source distance and i the disk inclination. p is a factor of
order of the line of sight 7; for optically thin lines, saturating
as «clog(t)) for large optical depths (see Guilloteau & Dutrey
1998, their Fig. 4). The optically thick limit is obtained because
of the Keplerian shears which, as demonstrated above, limits
the maximum fraction of the disk covered at any velocity to
0V/vq. 6V is the local linewidth including opacity broadening,
so 0V ~ log(1;)AV for large opacities.

Note that as 71 ~ 7,/ cos(i), where 7, is the line opacity per-
pendicular to the disk plane, and since 7, o« £/AV, where o is
the molecule surface density, the (apparent) dependence on in-
clination and line width disappears for optically thin lines: the
integrated line flux scales as the number of molecules.

From Eq. (D.6), we can derive the outer radius of the
molecule distribution provided with have an estimate of p

[su0 )7

B, (To)(pAV)mcos(i)

Row=D {D.7)

Equation (D.7) is valid for single lines. For molecules with hy-
perfine structure like CN, line blending must be accounted for.
We do so in taking into account the relative weight of the hy-
perfine components: the integrated flux of the J = 5/2-3/2 fine
structure group presented in Table 3 is multiplied by 0.45 to ob-
tain the flux in the strongest hyperfine component, which then
used in Eq. (D.7) to derive the outer radius. The fitted opacity,
if available, is used to provide an estimate of p (o = 7, T being
the sum of the opacities of all hyperfine components), which is
otherwise set to 0.3.
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