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ABSTRACT

We have made aperture synthesis 2CO(J = 1-0) observations of a T Tauri star, GG Tau, in Taurus with
8" resolution using the Nobeyama Millimeter Array (NMA). We have discovered a rotating gas disk having a
radius of about 500 AU around GG Tau. The rotation velocity is 0.8 km s~ !/sin i at the radius, which is
roughly consistent with a Kepler rotation around the central star. The inclination angle of the disk, i, is esti-
mated to be about 60°, and the gas kinetic temperature is estimated to be about 8 K at that radius. The lower
limit of the molecular gas mass in the disk is obtained to be 1.0 x 10™* M, by assuming that the CO line is
optically thin, and the upper limit is estimated to be about 0.4 M from kinematical consideration. This
would be the first example of the resolved protoplanetary gas disk with an AU scale of several 100.

Subject headings: ISM: molecules — planetary systems — stars: formation — stars: pre-main-sequence

1. INTRODUCTION

Various recent observations suggest that low-mass T Tauri
stars have compact disks with radii of about 100 AU around
the stars. IRAS observations revealed that T Tauri stars have
far infrared excess (Rucinski 1985; Strom et al. 1988), and sub-
sequent analysis of broad-band spectra from near-infrared to
millimeter wavelengths suggest that the spectra are well consis-
tent with the existence of a compact disk (Weintraub, Sandell,
& Duncan 1989; Adams, Emerson, & Fuller 1990).

The cumulative observational evidence for the existence of
the compact disks around T Tauri stars motivates observa-
tional studies which may shed light on the process of planet
formation in protoplanetary disks (e.g., Beckwith et al. 1990;
Omodaka, Kitamura, & Kawazoe 1992). An essential issue,
not addressed to date, is the evolution of the gas component of
these disks and the process of disk dispersal (e.g., Ohashi et al.
1991). Millimeter interferometric observations of HL Tau,
T Tau, and DG Tau revealed gas disks around the stars (e.g.,
Sargent & Beckwith 1991). However, the size derived as about
4000 AU is much larger than those expected for compact cir-
cumstellar disks and the solar nebula. The observed gas
around the three sources probably includes the gas in the
envelope where stars were formed, as well as the gas in
compact disks.

GG Tau is a T Tauri star in Taurus which radiates strong
millimeter continuum dust emission at 1.3 mm. It is the second
strongest source in the compilation according to Beckwith et
al. (1990; M,,,, = 0.65 M, L = 0.39 L, and age = 3 x 10°
yr). Ohashi et al. (1991) detected strong 3 mm continuum emis-
sion from GG Tau but could not detect significant CS(J = 2-1)
emission. Optical speckle interferometry suggests that GG Tau
is a binary with a separation of 07255 under P.A. = 9° + 2°
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(Leinert et al. 1991; another binary system, GG Tau/c, is
located at about 10” south of GG Tau). Recently, Skrutskie et
al. (1993) discovered 2CO emission toward GG Tau with the
NRO 45 m telescope with a spatial resolution of 17" (2400 AU
assuming a distance to GG Tau of 140 pc). The observations
showed a possible kinematic signature of a disk surrounding
the star. However, the distribution and kinematics of the
molecular gas have not been detected. We performed aperture
synthesis '2CO(J = 1-0) observations of GG Tau which
appears to be isolated from molecular clouds (Skrutskie et al.
1993) using the Nobeyama Millimeter Array (NMA) in order
to investigate the distribution and kinematics of the molecular
gas. Our observations revealed a rotating gas disk which may
be a protoplanetary disk around GG Tau. In this Letter, we
describe the physical nature of the disk and discuss the implica-
tions of our observations for the formation of a planetary
system.

2. OBSERVATIONS

The 2CO J = 1-0 and 115.27 GHz continuum emission
from GG Tau were observed with the Nobeyama Millimeter
Array on April 2 and May 2-4 in 1992. SIS receivers were used,
and their system noise temperatures at the zenith were approx-
imately 600 K in SSB (Kawabe et al. 1990). An FFT spectro-
correlator (FX) with 1024 velocity channels per baseline
(Chikada et al. 1987) was used with a bandwidth of 320 MHz
and a velocity resolution of 0.81 km s~ ! for CO(1-0). Line-free
channels were used for mapping continuum emission at 115
GHz (2.6 mm). The field center for the observations was at the
position of GG Tau: R.A(1950) = 04"29™3752, decl.(1950) =
17°25'22"0 (Rydgren et al. 1984), and the FOV is 65".

Observations were made in two configurations over a span
of 4 days. We obtained 20 baselines, with the minimum and
maximum projected baseline lengths were 10 and 130 m,
respectively. Therefore, our observations were insensitive to
structures more extended than 45”. Bandpass and flux cali-
brations were carried out using the observations of 3C 273 and
planets, respectively. Maps with 10" x 6" (P.A. = 138°)
resolution for both the CO(1-0) and continuum emission were
constructed using the CLEAN algorithm as provided by
NRAO AIPS package. The absolute positional accuracy in the
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maps is estimated to be better than 2”, and the relative posi-
tional accuracy between CO(1-0) and the continuum maps is
better than 0”5. The uncertainty of their flux scale is 15%. The
rms noise level in the continuum map was 11 mJy beam ™! and
that in each CO(1-0) channel map with a 0.81 km s~ ! width
was 300 mJy beam ~! (corresponding to 0.46 K in brightness
temperature, Tg).
3. RESULTS
3.1. CO(J = 1-0) Emission

Figure 1 shows velocity channel maps for velocities from
Visg = 4.9 to 8.1 km s~ ! over 3.2 km s~ ! together with a map
of dust continuum emission at 2.6 mm. Significant CO line
emission was detected at the three velocity channels from
Visg = 5.7 to 7.3 km s~ !; the emission at V;gg = 4.9 km s~ !
may also be real. There is no significant CO emission outside
this velocity range. The peak line flux density in our 0.81 km
s~ ! resolution maps was 234 Jy beam~! (3.6 K in Tp) at
Visg = 5.7 km s~ . The total flux density integrated over the
above velocity range was 7.0 Jy km s~ '. The mean of Vg
weighted by the CO emission is found to be 6.25 + 0.1 km s ™},
and hereafter we assume that the systemic velocity of the CO
emission associated with GG Tau is 6.3 km s~ ! (this value is
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F1G. 1.—(a)—(e) Velocity channel maps for velocities from V| iz = 4.9 to 8.1
km s™! over 3.2 km s~ 1. The center velocity of each channel with a 0.81 km
s~ ! width is shown in each panel. A cross indicates the peak position of 2.6 mm
continuum emission (the position of GG Tau), and a dot indicates the position
of GG Tau/c. The contour interval is 480 mJy beam ™! (1.5 o). A contour with
negative level is indicated with a broken line, and a zero-level contour is not
shown. (f) Map of 2.6 mm continuum emission. The contour interval is 16.8
mJy beam ™! (1.5 o).
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consistent with the systemic velocity determined from the
NRO CO spectrum discussed in Skrutskie et al. 1993). Figure 1
shows that there exists a clear systematic velocity shift from 5.7
to 7.3 km s~! along nearly the E-W direction (P.A. = 115°).
The distribution of the CO emission at 6.5 km s~ ! almost
coincides with the dust continuum peak and is slightly elon-
gated along the N-S direction. We could not detect significant
CO emission toward the other member of the GG Tau system,
GG Tau/c, although dust continuum emission has been
detected (Sxmon & Guilloteau 1992) and N-S elongation of
13CO(2-1) emission (including both GG Tau and GG Tau/c)
has been suggested (Sargent et al. 1992).

Figure 2 shows maps of total CO intensity (Fig. 2a) inte-
grated over three velocity channels (Figs. 1b-1d) and the
overlay of the red- and blueshifted emission contours (Fig. 2b).
The beam-deconvolved size of the molecular gas distribution
in the total CO map is obtained to be 1076 + 170 x 577 + 0”8
(P.A. = 125° 4+ 5°). The CO emission at 5.7 and 7.3 km s~ ! is
symmetrically located at each side of the centroid of dust con-
tinuum emission at 2.6 mm (star position) as shown in Figure
2b. The peaks of the red- and blueshifted emission shift by 3”5
with respect to the centroid of the dust continuum emission.
The two CO peaks define a position angle of about 115° + 5°.

These observational results indicate that the molecular gas is
arranged in a rotating gas disk centered at GG Tau. The disk is
not perfectly edge-on because the CO emission at 6.5 km s~!
(nearly equal to the systemic velocity) extends roughly perpen-
dicular to the direction of the E-W overall elongation. The shift
of the blue- and redshifted components, 3”5, from the contin-
uum centroid corresponds to a projected radius of about 500
AU for the gas disk. Because of its compact scale, the disk may
be considered as a protoplanetary disk (system). The NS elon-
gation at 6.5 km s~ ! is due to the CO emission originated from
the near and far sides of the inclined disk which have nearly
zero line-of-sight velocities. From the deconvolved size in the
total CO intensity map, the inclination angle, i (i = 0° for face-
on), of the disk is estimated to be cos ™! (577/1076) = 57°.

The blue CO emission at 5.7 km s~ ! is spatially resolved by
the synthesized beam, though the red CO emission at 7.3 km
s~ 1 is almost pointlike. This may be due to asymmetry of the
velocity channels with respect to the actual systemic velocity,
6.3 km s~ !; the two blue and red channels are shifted by 0.6
and 1.0 km s~ ! from the systemic velocity, respectively. The
beam deconvolved size of the blue component is as large as
1176 x 5" and has a P.A. of 108°. The position angle is just
coincident with that between the two peaks of red and blue
components, 115°. This indicates that the protoplanetary disk
extends over r > 500 AU at the east side.

3.2. Continuum Emission

Figure 1f shows a map of the continuum emission at 115.27
GHz, although its distribution was not resolved in our obser-
vations. The total flux density at 115.27 GHz is found to be
96 + 15 mJy, which is consistent with that at 110 GHz, 80 + 5
mly (Beckwith et al. 1990) and that at 98 GHz, 41 + 4 mJy
(Ohashi et al. 1991) assuming a 15% flux uncertainty and
a spectral index of nearly 3-4. The continuum emission,
as evaluated from a two-dimensional Gaussian fit to the
map, is centered at R.A.(1950) = 0472937534, decl.(1950) =
17°25'19"5. The position is shifted from the stellar position
listed by Rydgren et al. (1984) by about 2"-3", which we believe
to be consistent with the uncertainties of absolute positions
included in both the data. We identify the 2.6 mm continuum
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FiG. 2.—(a) Map of total CO intensity integrated over three velocity channels (Figs. 16-1d). The contour interval of the total CO map is 270 mJy beam ™ L(1.50).

(b) Red (solid) and blueshifted (broken) CO components in Figs. 1 and 1d.

position with a position of the star because the relative posi-
tional accuracy between the CO and continuum maps (<0%5)
is much better than the absolute positional accuracy (<2").

4. DISCUSSION

First, we summarize the physical parameters of the proto-
planetary gaseous disk around GG Tau based on our observa-
tional results and estimate the disk mass. The radius of the disk
is roughly estimated to be 500 AU from the separation of the
two peaks of the blue- and redshifted CO emissions. In addi-
tion, the rotation velocity at r = 500 AU is estimated to be
(0.6-1.0)/sin i km s~ ! from the observed velocities of the two
peaks (0.6 and 1.0 km s~ ! for the blue and red components,
respectively) relative to the assumed systemic velocity, 6.3 km
s~
The inclination angle of the disk is about 57° as noted in the
previous section. The position angle of the major axis of the
disk is estimated to be around 120° from the orientation of two
peaks and the elongation of the beam deconvolved size in the
total CO map. The gas kinetic (excitation) temperature at
r = 500 AU was estimated to be about 8 K for the east side of
the disk using the beam deconvolved brightness temperature of
the CO emission. The derived temperature is roughly consis-
tent with that expected from a radial temperature gradient of
r~ 12, with a temperature of 180 K at 1 AU (Beckwith et al.
1990).

The mass of protoplanetary nebulae is a very critical param-
eter in order to understand the formation scenario of planetary
systems. In proposed theoretical models of the solar nebula
(e.g., Hayashi, Nakazawa, & Nakagawa 1985), there are two
types of nebula assumed; one is a low-mass (0.01 M) nebula
and another is a high-mass (1 M) nebula. A lower limit of
H, mass is estimated to be 0.0001 M, from the observed CO
total flux, assuming the galactic CO abundance (CO/H, =
9 x 107%), Ty of 10 K, and an optically thin case. However,
gaseous CO molecules will be converted to solid CO for tem-
peracures lower than 13-16 K, ignoring evaporation from dust
surface [for a wide H, density range of n(H,) = 10*-10'°
cm~3; Umebayashi 1992]. In the “outer” and cold region of
the disk (r = 500 AU), almost all of the CO might be in solid
form. Observations of solid CO absorption at near-infrared
wavelengths may provide independent evidence regarding the
presence or absence of solid CO.

We can estimate the mass of the protoplanetary gas disk
from the following kinematical consideration using the esti-
mated radius and rotation velocity. We can plot the line-of-

sight velocity at r = 500 AU in the mass-inclination space as
shown in Figure 3. The mass in Figure 3 is a total (star + gas)
mass inside a radius of 500 AU and should be higher than the
mass of the central star, 0.65 M, (estimated for “single ” star;
Strom et al. 1989; Beckwith et al. 1990). The line-of-sight veloc-
ity at r = 500 AU is found to be in the range from 0.6 to 1.0 km
s~ ! based on our results, and is indicated by the hatched
region. The range of the inclination angle is 57° + 10°. These
restrictions specify an allowed region as shown in Figure 3,
which roughly gives us kinematical upper limits of the total
system mass and gas mass, 1.05 and 0.4 M, respectively. It
should be noted that we neglected to subtract the mass of the
secondary because there is no reliable estimate of the mass, and
that the gas mass would, however, be a safe upper boundary of
the disk mass. The upper limit of the gas mass is consistent
with the H, mass, 0.14 M (Ohashi et al. 1991) and 0.29 M
(Beckwith et al. 1990) estimated from the recent observations
of dust continuum emission from GG Tau.
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FiG. 3.—Plot of the line-of-sight rotation velocity at r = 500 AU in the
mass-inclination space. The mass is a total (star + gas) mass inside a radius of
500 AU and should be higher than the mass of the central star, 0.65 M,
(Beckwith et al. 1990). The observed line-of-sight velocity ranges from 0.6 to 1.0
km s~ ! and is indicated by the hatched region. The range of the estimated
inclination angle is also shown. The allowed region in the space is indicated by
a shaded region.
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The physical parameters of the disk are summarized in
Table 1 with the parameters of GG Tau. Our results are consis-
tent with the elongated structure of dust emission in GG Tau
(P.A. ~150°) found by the IRAM interferometer (Simon &
Guilloteau 1992). The elongated structure would be corre-
sponding to the central part of the protoplanetary gas disk.
Our derived disk parameters also agree with the results from
the extensive modeling which is based on data with the 45 m
telescope (Skrutskie et al. 1993).

Next, we discuss the gravitational stability of the proto-
planetary disk we discovered. From the age of the GG Tau
(Beckwith et al. 1990), the age of the disk must be less than
3 x 10° yr. If this disk were gravitationally unstable, its gas
would be dispersed in several dynamical times by gravitational
torque arising from nonaxisymmetric modes. The dynamical
time is estimated to be of the order of the Kepler time at the
outer disk edge (500 AU) and it is about 10* yr, much shorter
than the disk age. In order that the disk exists for such a time
as long as 10° yr, it must be stable against gravitational insta-
bility. We can now estimate the upper limit of the disk mass for
a stable disk. We assume that the rotation law is Keplerian, the
surface density of the disk is T = Z(r/r,)"? and the tem-
perature is T = Ty(r/r,) %, where X, Ty, 1o, p, and q are con-
stants. The disk mass (M,) is calculated as M, ~ [2nZ,r2/(2
— P)I(rou/T0)* 7P) if 7oy > iy and p < 2, where r,,, and r,, are
the disk radii at the outer and inner edges, respectively. For
disk stability we assume that the value of Toomre’s Q (Q =
¢,QY/nGX) must be greater than a critical value, Qi) ~ 3
(Binney & Tremaine 1987; Adams, Ruden, & Shu 1989). Under
these assumptions, the upper limit of the disk mass is 0.175 Mg,
(3/QcriticaXTo/300 K)3(M,/0.65 M)'/?, where we assume
p=3/2,q=1/2, and r,, = 500 AU. This upper limit is quite
consistent with the upper limit obtained by our observation.

As noted, recent IR-speckle observations (Leinert et al. 1991)
revealed that GG Tau has a companion at an angular distance
of 07255 + 0701 at P.A. = 9° + 2°. The projected separation is
about 38 AU. If the disk and this companion have the same
origin, the companion should lie along the disk plane. From
the position angle of the disk and the companion along with
the inclination angle obtained in the previous subsection, the
true separation of the GG Tau binary components would be

TABLE 1
PARAMETERS OF GG TAURI AND THE Gas Disk IN GG TAURI

Parameter Value
Mg o 0.65 M
L ciiiiin.. 039 L,
) U 0.03 L?
Age* ...l 3 x 10° yr
P o 500 AU
Dyog vevenenennennnnns (0.6-1.0)/sin i km s~ ! at r = 500 AU
b oo, 57° + 10° (i = 0° for face-on)
PA. ............... 120° + 10° (disk major axis)
Toviiiiiiiian, 8 K at r = 500 AU
MH,) ............ >0.0001 M, (from total CO Flux)
MH,) ............ <0.4 M, (from kinematical consideration)
MH,) ............ <0.18 M, (from disk instability)
MMH)............ 0.29 M, (from 1.3 mm dust emission)
MMH,)® ........... 0.14 M, (from 3 mm dust emission)

* From Beckwith et al. 1990.
® From Ohashi et al. 1991.

about 70 AU. Since the disk size is estimated to be 500 AU, it
must be an external accretion (excretion) disk, i.e., binary plus a
surrounding common disk (Pringle 1991; Artymowicz et al.
1991). In this case, the radius of the outer disk edge continues
to grow as a result of perturbations induced by binary rotation.
This may be one factor contributing to the disk size. As for the
inner edge, the gas would be cleaned out by the binary motion
until the radius of their outer Lagrange point at least. They
would be of the order of 100 AU. On the other hand, since
there is a substantial near IR excess with some amount
(Rucinski 1985), each companion probably has a small size
disk with a radius of about 10 AU. Consequently, this system
may have a double structure, i.e., two accretion disks and an
external excretion disk.
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