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ABSTRACT

Sensitive molecular line observations carried out with the Nobeyama 45 m telescope have resulted in the
detection of the '2CO (J = 1-0) and *3CO (J = 1-0) emission centered on the young, classical T Tauri star,
DM Tau. The derived peak antenna temperatures are 0.3 K in !2CO and 0.1 K in *3CO. No C*80 emission
was detected at an upper limit (3 ¢) of 45 mK. The emission feature has a line width of 1.7 km s~! and is
centered at vy = 5.9 km s~ !, which coincides well with the reported radial velocity for DM Tau (5.9 + 2.1
km s™1!). The '3CO profile shows a symmetric double peak, suggesting a Keplerian rotating disk. These
observations suggest that the molecular gas is associated with and is most probably gravitationally bound to
DM Tau. The derived radius of the gaseous disk is about 1000 AU using an optically thick disk model and a
Keplerian rotating disk model. The gaseous mass is between 7 x 10~* and 1 x 1073 M from the 3CO
intensity and the upper limit of C'30 intensity. Our results suggest that molecular gas is depleted from the
standard gas-to-dust mass ratio or that mass distribution in the disk is steeper than the standard law, r~ !5,
although our observations cannot detect emission from an optically thick gaseous component inward of

r < 100 AU, if the emission comes from a Keplerian rotating disk.

Subject headings: circumstellar matter — ISM: molecules — radio lines: ISM —
stars: individual (DM Tauri) — stars: pre-main-sequence

1. INTRODUCTION

Recent millimeter, submillimeter, and infrared continuum
observations suggest the presence of dust disks around T Tauri
stars, which have been considered to be precursors of planetary
systems (Adams, Lada, & Shu 1987). At least half the low-mass
pre—main-sequence stars show emission from hot micron-sized
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circumstellar dust (Strom et al. 1989). Results of these obser-
vations require the dust component to be confined to a disk;
otherwise the star would be invisible (Kenyon & Hartmann
1987; Bertout, Basri, & Bouvier 1988; Adams et al. 1987; Beck-
with et al. 1990). Predominance of blueshifted components of
the broad forbidden lines which are emitted from energetic
stellar winds also suggests an inclined occulting disk around an
object (Appenzeller, Jankovics, & Ostreicher 1984; Edwards et
al. 1987).

The size and mass are essential parameters to discuss the
dynamical instability and evolution of a protoplanetary disk.
In order to investigate them molecular line observation are
required, because most of the dust emission comes only from
the inner part (r < 100 AU) of the disk and gas is usually
dominated in mass. Although the 1.3 mm observations sug-
gests that the dust masses are between 107 ° and 1072 M,
(Beckwith et al. 1990), the actual total mass of the disk is quite
ambiguous.

Molecular line observations enable us to refine the structure
of the disk through Keplerian rotation model and spectral line
synthesis (Omodaka, Kitamura, & Kawazoe 1992; Sargent &
Beckwith 1991). The epoch of gas dissipation is another unre-
solved problem for which molecular line observations can
provide the answer. Around Vega-like stars, which are main-
sequence stars with IR excess due to dust emission, no molecu-
lar gas emission was found (Yamashita et al. 1993).

We have began a survey project for gaseous disks around
T Tauri stars in the Taurus-Auriga molecular clouds, which is
the best region because of its vicinity (140 pc; Elias 1978) and
richness of low-mass stars (<1 M); this allows us to easily
compare the results to the solar system using the Nobeyama 45
m telescope. Recently the rotating gas disk around GG Tau
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was found using the Nobeyama 45 m telescope (Skrutskie et al.
1993) and Nobeyama Millimeter Array (Kawabe et al. 1993).
These results show that we are ready to start a quest for proto-
planetary disks.

Careful criteria of source selection are required to carry out
the search for protoplanetary/circumstellar gaseous disks
because long integration times are required for detection. We
selected the sample stars by the following two criteria.

1. CO emission from the ambient molecular cloud must be
very weak, or the velocity of the star must be significantly
different from that of the ambient molecular cloud. We
checked the absence/weakness of ambient emission at the level
of 1 K with the Nagoya 4 m telescope (160" beam), with the
FCRAO 14 m telescope (45" beam), and with the Nobeyama
45 m telescope (15" beam) itself. The optical velocities are
obtained by P. Hartigan & L. Ghandour (private
communication).

2. The sample stars should show strong continuum emission
at 1.3 mm. Strong 1.3 mm continuum sources may be rich in
dust and also in molecular gas.

In this project we found CO emission associated with DM
Tau. We report the first results on DM Tau in this paper. The
spectral type of DM Tau is M0.5 (Strom et al. 1988). The age
and mass are estimated to be 0.48 M and 1.0 x 10° yr from
the H-R diagram using the tracks by D’Antona & Mazzitelli
(1994) and the opacities by Alexander, Augason, & Johnson
1989) (for more about the procedure in detail, see Hartigan,
Strom, & Strom 1995), or 0.62 M and 3.2 x 10° yr (Beckwith
et al. 1990); in this paper, we use the former values. No com-
panion star has been reported. The Ha emission equivalent
width is 140 A (Cohen & Kuhi 1979).

2. OBSERVATIONS

The observations were made in 1992 December to 1993
March in the 2CO (J = 1-0) line at 115 GHz using the
Nobeyama 45 m telescope. The half-power beamwidth
(HPBW) of the telescope is 1474 + 0?5 at 110 GHz, which
corresponds to 2000 AU at the distance to the Taurus-Auriga
dark cloud. The antenna main beam efficiency #,, = 0.47
+ 0.04 at 110 GHz. We assume the HPBW at 115 GHz is 14"
and the 7, is the same at 115 GHz. The position of DM Tau is
«(B1950.0) = 4"30™5457, 5(B1950.0) = + 18°3'56"7 (Herbig &
Bell 1988). For DM Tau we observed 21 positions in a
68” x 68" grid in equatorial coordinates (B1950.0) with a 17"
spacing. A four-beam SIS receiver installed on a rotating stage
was used. The typical system noise temperature was 400-550
K, including the atmospheric attenuation at zenith. The beams
are separated by 34” in equatorial coordinates. Four indepen-
dent 2048 channel acousto-optical spectrometers were used at
the identical sky frequency. The frequency resolution is 37 kHz,
corresponding to 0.096 km s~ ! at 115 GHz.

The integrations for DM Tau were carried out in the
position-switching mode. The reference position which is free
of CO emission is 1° east of the stellar position in right ascen-
sion. The room temperature chopper wheel calibration (Ulich
& Haas 1976) was used approximately every 20 minutes, which
gives the intensity in the antenna temperature scale (T'%) after
correction for atmospheric attenuation but not corrected for
any beam dilution effects.

In order to calibrate the intensity scale, we observed Orion
KL once each day. This calibration is required because the
receiver has no single-sideband filter. We assume that the peak

antenna temperature (T%) of Orion KL in the 2CO (J = 1-0)
line is 50 K. The correction was applied for all beams every
day. The correction factor ranges between 0.96 and 2.46, but
the difference depends mainly on the receiver beam; the daily
change for the same beam is less than 20% during the whole
observing period.

Just before and after 80 minute integration on the object, we
checked the pointing calibration. This was performed by five-
point mapping around an SiO maser source, NML Tau,
assuming its position a = 3"50™43%, § = +11°15'32”, using an
HEMT receiver in the SiO (J = 1-0) line at 43 GHz. The
pointing difference between the CO and SiO receivers is less
than 1”. For the profile at the stellar position we discarded the
data for which the pointing offset differs more than 4", almost
one-third of the CO beam, just before and after the integration.

A linear baseline is applied for the integrated profiles
between — 10 and 20 km s~ ! with respect to the local standard
of rest (LSR). The profile free of the emission is flat enough to
give a well-defined linear baseline.

We also observed the 3CO (J = 1-0) line at 110 GHz in
1993 October and 1993 December and C'80 (J = 1-0) at 109
GHz in 1993 February. The typical system noise temperature
was 350-500 K in both lines. We observed six positions in
13CO around the star on a 34” spacing grid and at the stellar
position in C*80. For the intensity calibration we assume the
peak antenna temperature (T%) of Orion KL in *3CO (J = 1-
0) is 15 K. Other specifications were the same as in 2CO
observations.

3. RESULTS

3.1. 12CO

The profile map of 12CO obtained is shown in Figure 1. The
profile in each panel is separated by 17" (2400 AU) in equato-
rial coordinates; north is top and east is left. The central panel
shows the profile at the stellar position. In all panels we find
the feature at 9 km s~ 1. We believe that this is the emission
from ambient clouds, which we will discuss later. It is remark-
able that the feature at 6 km s~! is significant only on the
stellar position. This suggests that the 6 km s~ ! component is
associated with the star. Weaker features at 6 km s~* are also
seen at a few positions other than the stellar position. No
systematic velocity gradient was seen between these weak fea-
tures and those at the stellar position.

The lower panel of Figure 2 is an enlargement of the central
panel of Figure 1. After 3 hr 35 minutes integration (on + off)
toward the star, this profile was obtained. The rms noise level
is 38 mK in T%. It is not clear that the feature has a double
peak like GG Tau (Skrutskie et al. 1993), given the present
noise level. We fit it with a single Gaussian component for the
sake of simplicity. Applying this fit, the systemic velocity is
found to be 5.9 km s~ ! in LSR, and the FWHM is about 1.7
km s~1. The peak antenna temperature, T%, of the fit is 0.3 K.
The integrated intensity [ T%dv is 0.5 K km s~ ' integrated
from vy g = 4.1kms ' to7.2kms 1.

After applying a Gaussian fit, the peak velocity and the
FWHM of the 9 km s~ ! feature toward the star are 9.3 km s ™!
and 1.1 km s~ !, respectively. The peak antenna temperature,
T%, is 1.1 K. The integrated intensity [ T%dv is 1.2 K km s~ *
integrated from v; g = 8.1kms ! to 11.2kms™ .

In Figure 1 the feature at 9 km s~ ! is seen at several posi-
tions around the star. The intensity is almost uniform in the
observed region, although a large-scale intensity gradient is
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FI1G. 1.—'2CO (J = 1-0) profiles around DM Tau observed using the Nobeyama 45 m telescope. Each panel is separated by 17" in the equatorial coordinate
(B1950.0). The central panel shows the profile toward the star. Ambient emission is seen at 9 km s~ *. A strong feature at 6 km s~ ! is seen only at the star (central
panel). Weaker features at 6 km s~ ! are also seen at several other positions, which we thought to be remnant gas.
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FI1G. 2—Profile at the star after 3.6 hr integration in 2CO (lower panel),
which is the same as the central panel of Fig. 1, after 10.5 hr integration in
13CO (middle panel), and after 4.2 hr integration in C'®O (upper panel). The
stellar velocity obtained by optical spectroscopy is indicated by v* with an

» error bar. The 6 km s~ ! feature in *2CO can be well-fitted by a single Gaussian
. under this noise level. The 6 km s~ ! feature in !3CO shows double peaks.

Velocity difference is 1.0km s ™.

seen from northwest to southeast which is consistent with the
low-angular resolution map obtained with the FCRAO 14 m
telescope. The 9 km s~ feature is emitted by the ambient gas
which has no physical interaction with the star, because the 9
km s~ ! feature at the stellar position shows no difference from
those surrounding the star. We do not discuss the 9 km s~!
feature again in this paper.

3.2. 3CO and C'®0O

The profiles toward DM Tau in !3CO and C!30 are shown
in the upper and middle panels of Figure 2 after 10 hr 30
minutes and 4 hr 10 minutes integration (on + off), respectively.
The rms noise levels in *3CO and C'®0 are 16 mK and 15 mK
in antenna temperature, respectively. Both the 6 km s~ ! and 9
km s~ ! features are detected in *3CO, but neither are detected
in C*80. In '3CO the 6 km s ! feature shows a double peak
with velocities at 5.2 and 6.2 km s~ 1. The systemic velocity and
line width are consistent with the 2CO profile. The 3*CO
profile shape is highly symmetric. The peak antenna tempera-
ture is 0.15 K for both peaks. The integrated intensity is 0.21 K
km s~ ! integrated from v; g = 4.7kms ' to7.2kms L.

Figure 3 shows the profile map in *3CO. No '3CO emission
at 6 km s~ ! can be detected except at the stellar position.

The resultant parameters of the 6 km s~ ! feature in three
isotope lines are summarized in Table 1.

4. DISCUSSION

4.1. The Feature Associated with DM Tau

The feature at 6 km s~ ! is well confined to the position of the
star. Its velocity is identical with the stellar velocity, 5.9 + 2.1
km s~! (P. Hartigan & L. Ghandour, private communication)
or 48 + 1.5 km s~ * (converted from the heliocentric velocity
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FiG. 3—!3CO profiles around DM Tau. Each panel is separated by 34” in the equatorial coordinate (B1950.0). The upper central panel shows the profile toward

the star. No 6 km s~ ! features are detected besides the stellar position.

by Hartmann et al. 1986), within the error. The feature at the
stellar position is significantly strong, although weak features
are seen at a few other positions.

We believe that the 6 km s ™! feature is physically associated
with the star and is a circumstellar/protoplanetary disk around
DM Tau for the following reasons, although the shape of the
feature was not resolved with the 14” beam. The 6 km s~ !
feature shows double peaks in *3CO emission with 1.0 km s !
velocity difference. This velocity difference is reasonable for the
Keplerian rotating disk around DM Tau, but it is too small for
a bipolar outflow because the velocity difference is smaller than
the escape velocity of DM Tau. Moreover, high-resolution
observations with the Nobeyama Millimeter Array show an
elongated feature and a systematic velocity gradient along the
major axis which suggests a rotating disk (Saito et al. 1995).
The 1.3 mm continuum observations also suggest the existence
of a dust disk around DM Tau (Beckwith et al. 1990), although
the size is smaller than our gaseous disk.

At several positions besides the stellar position, marginal
features at 6 km s~ ! are also seen. No systematic trend is found
for these features in the line intensity or velocity. These features
may be remnants after formation of the star and its circumstel-
lar disk. We will not discuss these features here.

4.2. Mass and Size of the Disk around DM Tau

In this section we discuss the size and mass of the disk
emitting the 6 km s~ ! feature associated with DM Tau. We
will not consider depletion of CO to H, although Dutrey,
Guilloteau, & Simon (1994) suggest the depletion of CO com-
pared with the dust around GG Tau. Although we use the
terminology for a disklike geometry in the following dis-

TABLE 1
6 km s~ ! FEATURE FROM DM TAURI

Peak Integrated rms

Peak T% Velocity Intensity Noise

Transition (K) (kms™?Y) (K kms™?) (mK)
12CO (J = 1-0)...... 0.3 5.9 0.5 38
13CO (J = 1-0)...... 0.15 52,62 0.21 16
C!'%0 (J = 1-0)...... <0.045 15

cussion, the estimated parameters are valid, at least within an
order of magnitude, for other geometries.

We can estimate the size of the circumstellar material from
the intensity of the profile. If the feature is optically thick with
random velocity v,,,4 and uniform brightness of T, the line
profile is the sum of all elements within the feature with inten-
sity AI = T, 0,4 AQgicx/Qeam at the velocity determined by the
large-scale motion within the feature with a velocity width of
Drand> Where AQy;q and Q... are solid angles of the element
and main beam, respectively. Therefore we can estimate the
size from the 12CO integrated intensity through

ij dv = Nmb Tb Urand Qdisk/Qbeam H (1)

where Qg is the solid angle of the feature. If the geometry
of the feature is a flat disk, then Qg;, = 7rl,, cos i, where rg;q
is a disk angular radius and i is the inclination of the disk
(i=0 for face-on). For the Gaussian beam Q. =
1.1330Zpgw. Although the thermal line width of CO at 20 K is
0.2 km s~ !, the typical line width of a dark cloud is broader
than it and is about 1-5 km s~ . The v,,,4 must be narrower
than the FWHM of the 6 km s~ ! feature, 1.7 km s~ !, if system-
atic rotation dominates. We assume v,,,4 = 0.5 km s~* and
T, = 20 K. The derived radius using equation (1) is 540 AU
(i = 60°) or 380 AU (i = 0; face-on). The solid angle of the
feature is the same as Q;,, even if the feature is not disklike.
Another estimate of the disk size is derived from the velocity
width of the profile based upon a rotating Keplerian disk using

4GM, sin? i
Taisk =3 @
Urw

where G is the gravitational constant, M is the stellar mass,
vpw is the full velocity width of the outermost part of the disk
with a radius rgg. The value of M, for DM Tau is 0.48 M.
Assuming the vgy is equal to the velocity difference between
the two peaks in *3CO emission, 1.0 km s~ the typical disk
radius is 1300 AU (i = 60°) or 1700 AU (i = 90°; edge-on).

In order to evaluate the radius of the inner part of the disk
from which we do not measure the emission, we can use the full
width of the profile. The full width at the first null is about 3.5
km s~ !, If we assume a Keplerian rotating disk about a 0.48
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M, star with an inclination of 60°, then the detected profile is
emitted from the gaseous component of the disk beyond 100
AU, which is beyond the radius of the orbit of Pluto, 40 AU.
Therefore our estimte of the gaseous mass of the disk applies
only to the outer part (r > 100 AU) of this structure.

The lower limit to the molecular mass of the disk is esti-
mated from the integrated intensity of *3CO based upon the
assumption of optically thin emission. From the !3CO (J =
1-0) line we can estimate the column density of **CO mole-
cules in cm~ 2 through

*(13
N(**CO) = 2.42 x 1014 L LA COVtrypdv ©)

1 —exp (—529/T,)°

where | T%(**CO)/fpdv is the integrated mainbeam bright-
ness temperature of the 13CO (J = 1-0) line in K km s~ ! and
T, is the gas excitation temperature in K. It is difficult to
evaluate the gas excitation temperature directly from obser-
vations. Using CO data observed by Skrutskie et al. (1993),
Kitamura et al. (1993) estimated the gas temperature of the
gaseous circumstellar disk around GG Tau to be 13 K at 500
AU and 30 K at 100 AU. Using 1.3 mm continuum data
observed by Beckwith et al. (1990) and their equation (8), the
dust temperature around DM Tau is estimated to be 108 K at
1 AU and 10 K at 100 AU. We assume T,, to be 20 K in this
paper. The number ratio of N(H,)/N(*3CO) is assumed to be
9 x 103 (Schloerb & Snell 1984). The derived lower mass limit
of the 6 km s~ ! feature in the 1474 beamis 7 x 10~ * M.
Using the upper limit of the C!80 emission, we can estimate
an upper mass limit for the 6 km s~ ! feature. Using an upper
limit of intensity, 3 o of, 45 mK, and the expected FWHM the
same as that of 12CO emission, 1.7 km s, the upper limit of
the integrated intensity of C*80 is 0.08 K km s ! assuming the
Gaussian line shape. From the C!80 (J = 1-0) line, we can
estimate the column density of C*2O molecules through

J TX(C *O)/tmp dv
1 —exp(—527/T,)°

where [ T%(C'®0)/n,,dv is integrated mainbeam brightness
temperature in the C120 (J = 1-0) line in K km s * and T, is
the gas excitation temperature in K. The number ratio of
N(H,)/N(C'®0) used is 4 x 105 (Duvert, Cernicharo, &
Baudry 1986). Assuming the gas excitation temperature T,, to
be 20 K, the derived upper mass limit of the 6 km s ! feature in
our 1474 beam is 1 x 10~ 3 M. Therefore, the gaseous mass is
between 7 x 10™% M and 1 x 1073 M, if the abundance of
the CO gas is not depleted. Note that these estimations are
valid only for the outer part of the disk (r > 100 AU) in the
previous discussion.

Using the millimeter-wave continuum, the mass of the disk
around DM Tau can be derived. The dust continuum from the
disk is 109 mJy at A = 1.3 mm. The estimated total mass of the
disk is 0.034 M, assuming the typical interstellar dust-to-gas
mass ratio (Beckwith et al. 1990). This is nominally more
massive than our derived disk mass by a factor of 30. However,
the discrepancy does not directly imply gas depletion from the
disk because the masses derived from these two methods are
based upon emission from different annuli of the disk. Because
of antenna dilution and dilution in the velocity domain due to
rapid rotation in the inner regions of the disk, we cannot esti-
mate the gaseous mass in the inner part (r < 100 AU) of the
disk. The continuum observations demonstrate that an opti-
cally thick disk at millimeter wavelengths exists around DM

N(C'80) = 2.43 x 10**

@
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Tau inside r = 13 AU and that the mass derived from these
observations is dominated by the inner part (r < 20 AU) of the
disk (Beckwith et al. 1990). However, the mass in the outer
region (100 AU < r < 1000 AU) is more massive than that in
the inner region (r < 100 AU) if the mass distributes as r !5
(Hayashi 1981; Beckwith et al. 1990) by a factor of 2. Therefore,
a discrepancy of a factor of 30 suggests either that the molecu-
lar gas (at least CO gas) is depleted compared with the dust
from typical intérstellar gas or that mass distribution on the
disk is steeper than the standard law, r !5,

More accurate parameters will be derived by fitting the data
with more realistic models in a forthcoming paper (Kitamura
et al. 1995).

4.3. Comparison to the Disk around GG Tau

The fist T Tauri star associated with molecular line emission
from a circumstellar disk was GG Tau (Kawabe et al. 1993;
Skrutskie et al. 1993). From the results of the 12CO and C'80
observations from the Nobeyama 45 m telescope by Skrutskie
et al. (1993), the radius of the disk around GG Tau using
equation (1) is 770 AU if the inclination of 60° or 540 AU if the
disk is face-on. Using equation (2) and the recalculated stellar
mass of 0.28 M, (see the next paragraph), we find a radius as
610 AU with i = 60° or 820 AU if the disk is viewed edge-on.
Using equation (4) and the corresponding equation for 12CO
with the same physical parameters as used in this paper, the
upper mass limit in the 14” beam is recalculated to be
1.1 x 1073 M and the lower mass limit is calculated to be
7.1 x 107% M. Based upon the results by Skrutskie et al.
(1993), Kitamura et al. (1993) estimated more precise param-
eters for the disk around GG Tau. Their estimated gaseous
mass is less than 0.003 M and the disk radius is 900 AU at an
inclination of 67°. Comparing their results with our estima-
tions leads us to believe that our rough estimations are correct
to within an order of magnitude.

Our results suggest that the size and mass of the gaseous
disk around DM Tau are similar to those of the disk around
GG Tau. The stellar mass and age of GG Tau, using the tracks
by D’Antona & Mazzitelli (1994) and the opacities by Alex-
ander et al. (1989), are 0.28 M and 4.3 x 10* yr, respectively
(for the procedure in detail, see Hartigan et al. 1995), which are
considerably less massive than the values used by Beckwith et
al. (1990), 0.65 M and 3 x 10° yr. The stellar mass of DM Tau
is only 1.5 times that of GG Tau, but DM Tau appears to be 25
times older than GG Tau. However, the disk around DM Tau
does not appear to have evolved significantly over this great
time span. According to the Kyoto model, the gas in a proto-
planetary disk is dissipated at approximately 107-108 yr after
the birth of the central star (Hayashi, Nakazawa, & Nakagawa
1985). The Kepler times of DM Tau and GG Tau are larger
than that of the Sun only by a factor of 1.6 and 1.9, respec-
tively. Both the disks around DM Tau and GG Tau may be
before the gas dissipation stage.

A close companion star is reported for GG Tau using IR-
speckle observations (Leinert et al. 1991), but no companion
has been seen for DM Tau. However, we find no significant
difference between the gas disks around DM Tau and GG Tau.
Recently Dutrey et al. (1994) reported a hole of the dust disk
around GG Tau by direct imaging. They suggest that this hole
may be formed by the companion star through dynamical
effects. High-resolution imaging of DM Tau is very important
in order to evaluate the effects of binarity.
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5. CONCLUSIONS

During the survey for circumstellar disks around T Tauri
stars in the Taurus-Auriga region, we have found molecular
line emission toward DM Tau. The results show that the
gaseous disk around the star is 1000 AU in radius and 1073 to
10~* M, for the outer disk (r > 100 AU). The size and mass of
the disk around DM Tau are comparable to those of the disk
around GG Tau, although DM Tau appears to be 25 times
older than GG Tau and has no companion star. Our results
suggest that molecular gas is depleted from the standard

CIRCUMSTELLAR GAS AROUND DM TAURI 899

gas-to-dust mass ratio or that mass distribution in the disk is
steeper than the standard law, r~ -3, although our observa-
tions cannot detect emission from an optically thick gaseous
component inward of r < 100 AU, if the emission comes from
a Keplerian rotating disk.

We wish to thank P. Hartigan and L. Ghandour for pro-
viding the optical velocity of DM Tau. We also thank the staff
in the Nobeyama Radio Observatory for the operating of the
45 m telescope.
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