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ABSTRACT 
We have performed aperture synthesis CS(J = 2-1) observations of the disk structure of the dense molecular 

gas around a young stellar object GL 490 with 4" resolution using the Nobeyama Millimeter Array (NMA). 
We have found the gas to have a noncircular velocity of ~ (1-1.5) km s-1/sin i (i = inclination angle of the 
disk) and a mass of ~ 10 M0 inside an 8500 AU region of the disk. According to the disk orientation indi- 
cated from one-sided cone-shaped optical and IR nebulocities, and the bipolar CO outflow, the noncircular 
motion is interpreted as inflow. The accretion time scale of the gas racc is estimated to be ~ 3 x 104 yr and the 
mass accretion rate M to be ~3 x 10-4 M0 yr-1. This would be the first time that a large-scale gas infall in 
a disk structure around a young stellar object was detected. 
Subject headings : interstellar : molecules — infrared : sources — stars : formation — stars : individual (GL 490) 

1. INTRODUCTION 

Information about the process of star formation increased 
very rapidly during the past two decades with millimeter-wave 
and infrared observations. However, gas accretion phenomena 
associated with protostars have been poorly known. For low- 
mass protostars, the gas accretion rate and velocity of accre- 
tion flow is too small to be detected with millimeter-wave 
observations. Moderate- and high-mass protostars evolve 
more quickly, so that their lifetime is short compared to low- 
mass protostars. Large-scale accretion flow of molecular gas 
onto cloud cores and newly formed stars (possibly stars at a 
post-ZAMS stage) was found in G10.6 —0.4 by the observa- 
tions of NH3 absorption lines (Ho & Haschick 1986). Spectro- 
scopic evidence for infall in young stellar objects was obtained 
by Walker et al. (1986). However, accretion flow onto proto- 
stars has not yet been directly detected. 

A luminous infrared source GL 490 is one of many young 
stellar objects embedded in dense molecular cloud cores 
(Harvey et al. 1979; Lada & Harvey 1981). The dense cloud 
associated with GL 490 was found to be compact and elon- 
gated in the direction orthogonal to the CO flow axis (Kawabe 
et al. 1984, 1987; Mundy & Adelman 1988; Chini, Henning, & 
Pfau 1991), and it was suggested that the cloud has a disk 
structure of dense molecular gas continued to an inner ~ 1000 
AU dust disk inferred from optical and near-infrared observa- 
tions (Campbell, Persson, & McGregor 1986; Persson, 
McGregor, & Campbell 1988; Yamashita et al. 1989). 
Although clear rotational motion was not found, a part of the 
disklike dense molecular gas shows expansion. We have per- 
formed aperture synthesis CS(2-1) observations of GL 490 
with the Nobeyama Millimeter Array in order to investigate 
the velocity structure of the inner part of the disk structure. In 
this Letter, we present the first evidence for accretion flow in 
the disk and discuss its physical properties. 
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2. OBSERVATIONS 

The CS J = 2-1 and 98 GHz continuum emissions from the 
GL 490 region were observed with the Nobeyama Millimeter 
Array in 1990 January and March. SIS receivers were used, 
and their system noise temperatures at the zenith were around 
300 K (SSB). An FFT spectrocorrelator (FX) with 1024 veloc- 
ity channels per baseline (Chikada et al. 1987) was used. The 
bandwidth was 320 MHz for CS(2-1), giving the velocity 
resolution of ~1 km s-1. Line-free channels were used for 
mapping of continuum emission. The field center for the obser- 
vations was at the position of the infrared source: 
R.A.(1950) = 03h23m38!8, decl.(1950) = 58°36'39'.'0 (Joyce et al. 
1977). Observations were made by three configurations (total 
30 baselines), where the minimum and maximum projected 
baseline lengths were 15 and 300 m, respectively. Our observa- 
tions were insensitive to the structures extended more than 
~40". Maps of both the CS(2-1) and the continuum emissions 
were constructed with a resolution of 3'.'3 x 5"5 (P.A. = 98°). 
Both bandpass calibration and flux calibration were carried 
out in the usual manner (e.g., Ishizuki et al. 1990). The absolute 
positional accuracy in the maps is estimated to be better than 
1", and the uncertainty of their flux scale is ~ 15%. Maps were 
made using the CLEAN algorithm in NRAO AIPS. The rms 
noise level in the continuum was 5.5 mJy beam -1 (0.08 K), and 
that in each CS(2-1) channel map with a 1 km s-1 wide was 
1.7 K. 

3. RESULTS 

3.1. CS(J = 2-1) Emission 
CS(2-1) line emission was detected at velocities from VLSR = 

—10.0 to —17.7 km s 1. The peak line flux density in our 1 km 
s-1 resolution maps was 1.14 Jy beam-1 at FLSR = —13.4 km 
s-1 (AF = 1 km s-1), which corresponds to 17 K brightness 
temperature in the 3"3 x 5'.'5 synthesized beam. The total flux 
density integrated over the above velocity range was 57(± 8) Jy 
km s- \ which corresponds to the ~ 30% of that detected by a 
single-dish (Kawabe et al. 1987). 

Figure 1 is an integrated intensity map for the velocity range 
°f Vlsr= —12.0 to —15.8 km s-1. The CS(2-1) emission 
feature shows an elongated disklike structure with a size of 
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Fig. 1.—Map of the distribution of integrated intensities of the CS(2-1) 

emission over the velocity range of KLSR = —12.0 to — 15.8 km s -1 around GL 
490. The lowest contour is 3 a level, and the contours are spaced by 2 a. The 
beam size is indicated by a hatched ellipse. The filled triangle marks the posi- 
tion of the 98 GHz continuum emission. A linear scale of 5000 AU is shown 
assuming a distance of 900 pc. 

velocity CO(J = 1-0) blue wing (P.A. = 215°) and red wing 
(P.A. = 35°) (Snell et al. 1984). 

Figure 2 shows position-velocity maps along two cuts, A-A' 
and B-B' (shown in Fig. 1) symmetrically separated from the 
center by 2'.'4. The cuts are parallel to the elongation of the 
disk. A main feature in the maps is complementary arcs. The 
cut in the northeast (NE; A-A') shows redshifted velocity, 
while the other in the southwest (SW ; B-B') shows blueshifted 
velocity. The two arcs are traced by dashed curves of a model 
calculation (see § 4.1). The arclike feature inclines overall, and 
the central parts of the arcs form an oval pattern with an extent 
of ~19" x (2-3) km s-1 which is almost symmetric with 
respect to the center. The linear size corresponding to the 
angular size is 17,000 AU assuming a distance of 900 pc 
(Harvey et al. 1979). 

A position-velocity map along a cut (C-C as shown in Fig. 
1) perpendicular to the elongation is shown in Figure 3. A 
prominent feature is a symmetrical velocity structure centered 
almost on the (0 km s-1, 0") position in Figure 3, which is 
composed of two central peaks and redshifted NE and blue- 
shifted SW extensions. The redshifted peak is shifted by 2" NE 
and 2 km s_ 1 in velocity relative to the blueshifted peak. The 
NE and the SW extensions have a size of 10"-15". It is noted 
that the SW part of the CS disk structure is blueshifted overall 
relative to the NE part. 

~(15"-20") x 30" centered at the position of a continuum 
emission (hereafter referred as “center”) discussed later. Note 
that two peaks separated by 13" are located symmetrically 
about the center in the disklike feature. The overall structure is 
similar to both the CS(J = 1-0) emission feature of ^lsr — 
— 12.5 to —14.5 km s 1 extended 30" x 60" (Kawabe et al. 
1984), and the 13CO(J = 1-0) emission feature of FLSR = 
— 11.1 to —16.6 km s-1 extended 15" x 50" (Mundy & 
Adelman 1988). The position angle of the major axis of the disk 
is 137° (±5°), almost perpendicular to the orientation of high- 

3.2. Continuum Emission 
The total source flux density at 98 GHz of 280( ± 50) mJy is 

obtained, which is consistent with the total flux density of 280 
mJy obtained at 110 GHz on account of these flux uncer- 
tainties and a spectral index (va) of a = 3-4 (Mundy & 
Adelman 1988; Woody et al. 1989). The emission feature is 
centered southeast to the infrared source. A source position 
of R.A.(1950) = 03h23m39!33(±0!05), decl.(1950) = 58°36'35'.'2 
(±0'.T) was obtained. The position is precisely coincident with 
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Fig. 2.—Position-velocity maps of CS(2-1) emission toward GL 490 along two parallel cuts shown in Fig. 1, which are separated from the continuum position 

(center) by 2".4. The ambient velocity is —13.4 km s - L Dashed curves are calculated by a simple model where we assumed an infall of a constant velocity with a rigid 
rotation in an inclined thin disk. Projected velocity V km s_ 1 versus position y (in unit of arcseconds) along A-A' or B-B' becomes 

V = (x/cos 0^nfall 

.yy2 -1- (x/cos 02 - 7Wrot sin i , 

where we assumed the inclination angle i = 60°, the infall velocity kjnfall = 1.5 km s V, the angular velocity curot = 1 kms 79"5, projected separation of A-A' or B-B' 
from the center x = ± 2"4. Contour interval is 1.5 a. 
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Fig. 3.—Position-velocity map of CS(2-1) emission toward GL 490 along a 

cut perpendicular to the elongation of the disk. The cut C-C passes through 
the center as shown in Fig. 1. Dashed line indicates the position-velocity curve 
along the C-C' cut based on the model velocity structure described in Fig. 2. 
We adopt a constant infall velocity for simplicity; however, the velocity of the 
gas tends to decrease as leaving the center. Contour interval is 1.5 o. 

a high-resolution (2'.'2 x 2'T) observational result by Mundy & 
Adelman (1988) at 110 GHz. 

4. DISCUSSION 

4.1. Orientation and Velocity Structure of the Disk 
We first present the probable configuration of the gas disk 

based on the other observations, and then discuss velocity 
structures in accord with the configuration and the position- 
velocity maps. 

Although we detected a flattened disk, the disk cannot be 
perfectly edge-on, because the high-velocity molecular outflow 
consists of both red and blue lobes at scale of ~0.3 pc. An 
optical and near-infrared reflection nebula has been observed 
only at the side of the blue lobe at scale of ~0.1 pc (Campbell 
et al. 1986; Yamashita et al. 1989), which indicates the presence 
of an obscuring disk. Since the blue lobe of the molecular 
outflow and the reflection nebula is located at the SW of the 
center, the near side of the disk is inclined to the NE and the far 
side to the SW. 

Suppose the orientation of the disk to be as described above, 
the inclination angle of the disk from face-on configuration is 
roughly estimated from the ratio of the minor and the major 
axes of the projected disk. From Figure 1, 

velocity pattern seen in Figures 2 and 3 suggests an inflow 
along the disk. 

The above interpretation of the observed velocity structure 
was obtained by assuming the disk configuration, the gas 
motion along the disk plane, and the rotational axis parallel to 
the C-C' cut. Nevertheless, if the rotational axis has a tilt from 
the cut direction, the pair of red and blue components in 
Figure 3 might be due to rotational motion (e.g., Keto 1990). 
To see whether this is the case, we made another two cuts 
through the center inclined from the C-C' cut by ±12° (the 
axis of the bipolar outflow is inclined from the C-C cut by 
—12°) and found that the feature did not change as a whole. 
Therefore, if there is any tilt of the projected rotational axis 
from the C-C' cut or not, the infall is necessary to form the 
pattern in Figure 3. 

In the infall model, we assumed that the radial motion is 
along the disk plane. We now discuss another possibility: the 
observed velocity pattern is due to the motion perpendicular to 
the disk plane. In this case, the motion is interpreted to be 
outward contrary to the infall model, if we again assume the 
disk configuration. If the gas is dense part of the outflow [e.g., 
AFoutnow(CO) ~ 63 km s-1; Snell et al. 1984], the projected 
velocity of the CS emission would be high and the gas would 
be accelerated as leaving the center for the outer region. 
However, the projected velocity of the radial motion is very 
small, ~(1-1.15) km s'1; the small velocity width rather indi- 
cates a quiescent component, and the velocity tends to 
decrease as leaving the center in Figure 3. These features seem 
to be inconsistent with those expected of outflow (Snell et al. 
1984). Kawabe et al. (1987) reported that CS(J = 2-1) spec- 
trum averaged over a circular region with a 60" diameter had a 
weak line wing emission with a ~20 km s'1. It is this wing 
component that could be a part of the bipolar outflow. 

Although the possibility of the contamination by the high 
velocity outflow cannot be totally ruled out, it is suggested that 
the radial motion of the gas is a flow going inward along the 
disk from the above discussions. To see how well the infall 
model fits the observed velocity patterns in Figures 2 and 3, we 
calculated position-velocity curves along the cuts based on a 
simple model: an infall of a constant velocity 1.5 km s'1 with a 
rigid rotation of r/8500 AU km s'1 in the inclined thin disk 
(assuming i = 60°). This simple infall model can reproduce the 
observed pattern in Figures 2 and 3. The slight difference 
between the observed velocity pattern and the model curve in 
Figure 3 would be caused by a decrease of infall velocity 
according to the distance from the center. 

4.2. Mass Estimation 
, 15"-20" 

* ~ cos —^— = 60o-48° . (1) 

The inclined arcs and the central oval pattern in Figure 2 
indicate the existence of a radial motion in addition to a rota- 
tional motion. If the rotational axis of the disk roughly coin- 
cides with the position-velocity cut shown in Figure 3, which is 
perpendicular to the disk plane, the velocity structure is reflec- 
ted only by the radial motion, not by the rotational motion. 
The radial motion detected in the flattened disk structure sug- 
gests the motion is inward or outward along the disk plane. 
Figures 2 and 3 indicate that the NE part of the disk has a 
redshifted velocity and the SW part has a blueshifted velocity. 
Assuming the above disk configuration, the red NE part of the 
disk is near side and the blue SW is far side; therefore, the 

The lower limit of H2 gas mass of the detected CS disk was 
estimated with the assumptions of LTE and an optically thin 
condition as 

M(H2) = 4.1 x 10'17 1 exp (2.4/T) 
Y(CS) Y^oxpl^ÂTÏ/T) 

X 
FvAV 

Jy km s'1 

= 14M0 , (2) 

where X (CS) is the abundance ratio of CS to H2, T is the 
kinetic temperature in K, D is the distance to the CS source 
and assumed to be 900 pc (Harvey et al. 1979), and Fv AF is the 
total flux density integrated over the CS maps: 57 Jy km s'1. 
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We adopt 10“ 9 for ^(CS) according to the estimation by LVG 
model (Kawabe et al. 1987) and 29 K for T which was obtained 
by NH3 (J, K) = (1, 1) and (2, 2) line observations (Takano 
1986). 

Free-free emission at 98 GHz is negligible: essentially all of 
the 98 GHz flux arises from dust, and the detected continuum 
flux density can be converted into H2 mass of the dust disk. 
Since the present flux density at 98 GHz is highly similar to the 
result obtained at 110 GHz, we adopt the mass of 6-50 M0 for 
the materials in the dust disk as estimated by Mundy & 
Adelman(1988). 

Another approach is available for mass estimation. The 
lower limit of the mass existing in the region of r < 8500 AU 
including the stellar mass is evaluated to be 13 M0, with the 
assumption of a rotational equilibrium at r = 8500 AU with 
the rotational velocity of 1 km s-1 (see Fig. 2 and its legend). 
This lower limit is compatible with the mass derived by the 
CS(2-1) and continuum flux density. 

Most of the gas in the CS disk detected by our observation 
shows infall motion. The disk mass is ~ 14 M0 with about 
50% or more uncertainty owing to the uncertain physical 
quantities assumed in our estimation, e.g., D and X(CS). 
Accordingly, we assume that the gas mass in the central region 
going inward on spiral loci would be about 10 M0 in the 
following discussion. 

4.3. Disk Accretion 
We discuss the physical nature of the disk accretion of dense 

molecular gas which is suggested from our observational 
results. The estimated infall velocity at several thousand AU 
scale is ~ 1.5 km s_ 1 as noted before. This is roughly consistent 
with a free-fall velocity in the gravitational potential of a 
central mass of ~20 M0 including both the stellar mass (~6 
M0, as noted in the following) and the gas mass (~ 14 M0). 
The dynamical time scale is estimated to be 8500 AU/1.5 km 
s_1 ~ 3 x 104 yr, which is similar to the dynamical age of the 
CO bipolar outflow, 2 x 104 yr (Snell et al. 1984). Although 
these two time scales are different in kind, the coincidence 
might infer that disk accretion drives bipolar outflow. Mass 
infall rate in the disk is calculated to be ~3 x 10_4Mo yr-1, 
using the estimated mass of accreting gas 10 M0 and the 
dynamical time scale. The rate is much higher than that theo- 
retically obtained for low-mass protostars, c^/G ~ 10~6 M0 

yr - ^ and such a high infall rate would make it possible to form 
a system of heavier protostar and associated disk. 

The gas in the disk around the central star is spiraling 
inward due to a loss of angular momentum. An order-of-mag- 
nitude estimation of the loss rate of the angular momentum is 
possible by using dL/dt ~ mrVTOt/ôt. Assuming m = 10 M0, 
r = 8500 AU, Vrot = 1 km s_1, and a time scale of the angular 
momentum loss öt = 8500 AU/1.5 km s-1 ~ 3 x 104 yr, the 
required torque is calculated to be about 3 x 1044 ergs. Mag- 
netic torque would be a possible candidate for removal of the 
angular momentum of the gas. Average field strength required 
to equal this torque is ~ 1 mG within a spherical volume of 
r = 8500 AU (Keto 1989). The local magnetic field in the vicin- 
ity of the GL 490 region was determined by near-infrared pol- 
arimetry (Hodapp 1990) to be almost perpendicular to the CO 
outflow axis ; however, the field strength is yet unknown. 

The infall rate obtained at the 8500 AU scale is so large that 
a rough estimation of accretion luminosity, GMps M/rps, results 
in ~ 104 Lq which is comparable to or rather larger than the 
bolometric luminosity of GL 490, (1.4-2.7) x 103 L0 (Harvey 
et al. 1979; Gear et al. 1985; Chini et al. 1991), where we 
assumed rps = 6 RQ (Stabler et al. 1980; Palla & Stabler 1990) 
Mps = M x Tps ~ M x Toutflow (Walker et al. 1986; Fukui et al. 
1989), where Tps and Toutfiow is the age of the protostar and the 
bipolar outflow, 2 x 104 yr (Snell et al. 1984), respectively, and 
M = 3 x 10“4 M0 yr-1, the “large-scale” infall rate. It could 
be suggested from the above estimation that GL 490 is a pro- 
tostar which is luminous owing to the release of the gravita- 
tional energy of the gas accreting onto the star. However, the 
actual accretion rate at the stellar surface would be quite 
smaller, because not all mass is expected to reach the stellar 
surface (Cassen & Moosman 1981; Terebey et al. 1984), and 
also because the flow field could not be constant over five 
orders of magnitude in spatial scale. In this case, the central 
star should be at or near the ZAMS (Chini et al. 1991) and be 
luminous by itself, not by mass accretion. 
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