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ABSTRACT

We report observations of **CO(J = 1-0) emission from L1551-IRS5 carried out with the Nobeyama
Millimeter Array. We detected a strong and compact condensation associated with L1551-IRSS, and
weaker extended components with “ U ”-like features with a spatial resolution of 571 x 379 (P.A. = 159°).
The U-like features delineate the edges of the molecular outflow as well as the 2.2 um infrared reflection
nebula. This suggests that the extended component may be a dense shell swept up by the molecular
outflow. The compact component was marginally resolved with the present angular resolution. The esti-
mated deconvolved size is ~ 1200 x 670 AU with a position angle perpendicular to the optical jet. This
elongated structure is very similar to the compact gaseous disk observed in C!30 (J = 1-0). The 3CO
elongated structure may be more extended than the actually measured size, suggesting that the compact
13CO gas is most probably the inner part of the gaseous disk around L1551-IRSS. The !3CO disk has a
velocity gradient along its minor axis, which can be explained in terms of infalling motion in the plane of
the disk with a central mass of 0.5 M. We estimate the mass accretion rate at 600 AU in radius to be
1.3-2.6 x 107° M yr~!'. The derived accretion rate might be larger than the accretion rate onto the
star estimated from the bolometric luminosity of L1551-IRS5 on the assumption of steady accretion,
which suggests that the accretion around L1551-IRSS may also be nonsteady as was the case for HL

Tau.

Subject headings: accretion, accretion disks — circumstellar matter — ISM: molecules —
ISM: structure — stars: formation — stars: individual (L1551-IRS5) —

stars: pre—main sequence

1. INTRODUCTION

Dynamical infall is essential in star formation because
dense molecular cloud cores dynamically collapse to form
stars due to the isothermal nature of interstellar gas. Deeply
embedded sources observed with Infrared Astronomical
Satellite (IRAS) in nearby star forming regions are the best
candidates of low-mass accreting protostars with dynami-
cally infalling envelopes (Beichman et al. 1986). It is impor-
tant to obtain direct evidence of dynamical infall toward
embedded protostar candidates because this is a way to
identify a “real” protostar without any ambiguity. There is
indirect evidence for infall around these embedded sources,
e.g., their spectral energy distributions (Adams, Lada, &
Shu 1987; Kenyon, Calvet, & Hartmann 1993), their asym-
metric line profiles (Zhou 1992; Zhou et al. 1993; Myers et
al. 1995), and their circumstellar mass distribution in com-
parison with revealed T Tauri stars (Ohashi et al. 1991,
1996). Since the infall velocity scales as the inverse square
root of the distance from a central protostar, high spatial
and spectral resolutions are necessary to detect infalling
motion. Recent high-resolution observations have revealed
a dynamically infalling disk toward the young T Tauri star
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HL Tau (Hayashi, Ohashi, & Miyama 1993, hereafter
HOM), suggesting that HL Tau is actually an accreting
protostar with a visible reflection nebula.

In this paper, we report *3CO (J = 1-0) observations of
L1551-IRSS, a prototypical embedded protostar candidate
with a strong molecular outflow (Snell, Loren, & Plambeck
1980; Moriarty-Schieven & Snell 1988), an optical jet
(Mundt & Fried 1983; Stocke et al. 1988), and a circumstel-
lar disk. Pioneering observations of the gaseous disk
around L1551-IRS5 have been made by Kaifu et al. (1984),
who revealed a disklike structure of 0.05 pc in radius.
Sargent et al. (1988, hereafter SBKM), by observing
C'80(J = 1-0) with the Owens Valley Radio Observatory
(OVRO) interferometer, have shown smaller scale struc-
tures of the gaseous disk with a radius of ~700 AU. An
even more compact inner disk was suggested by interfero-
metric measurements of thé dust emission at 3 mm wave-
length with the OVRO (Keene & Masson 1990) and at
submillimeter wavelength with the JCMT-CSO interferom-
eter (Lay et al. 1994). A size scale of ~80 AU for the inner
disk is suggested from visibility plots. This inner disk
appears to be ionized on its inner portion as suggested by
VLA observations at 2 cm with a resolution of ~0715
(Rodriguez et al. 1986).

We report here new observations of L1551-IRSS with the
Nobeyama Millimeter Array in the *3CO(J = 1-0) line in
order to study the detailed velocity field of the gas disk. The
obtained data show a velocity structure consistent with
infalling motion in the plane of the disk. We will discuss the
nature of this contracting disk around L1551-IRS5.

2. OBSERVATIONS

Observations of '3CO(J = 1-0) were made using the
Nobeyama Millimeter Array (NMA) in 1993 December
with the D-configuration and in 1995 February with the
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C-configuration. We used 4 K cooled SIS tunerless receivers
(Sunada, Kawabe, & Inatani 1993), the system noise tem-
peratures of which were typically ~400 K (double-side
band). Spectral information were provided by the FX
digital correlator (Chikada et al. 1987) with 160 MHz fre-
quency coverage and 1024 spectral channels, corresponding
to ~0.425 km s~ ! velocity resolution at the 13CO line. Two
tracks of data were taken with four 10 m dishes in the
D-configuration, and one track of data with six 10 m dishes
in the C-configuration. A total of 21 independent baselines
were obtained. The shortest projected baseline was ~13 m,
which made our observations insensitive to structures
extended more than ~43” (6000 AU). Antenna phase and
gain calibrations were made by observing 0528 + 134 every
30 minutes. The complex pass band of the FX correlator
was determined by observing 3C454.3 for 40 minutes. After
subtracting continuum emission from the calibrated u-v
data and combining them, we CLEANed each !3CO
channel map by using the Astronomical Image Processing
System (AIPS) package. Natural weight was applied to the
u-v data, and the resultant beam size was 571 x 379
(P.A. = 159°; FWHM) with sidelobe levels less than 20% of
the main beam.

We also made a 2.7 mm continuum map by averaging the
line-free channels. Unresolved 2.7 mm continuum emission
with a total flux density of ~ 160 mJy was detected, with the
same angular resolution as the 13CO map. This is consistent
with previous interferometric observations (Keene &
Masson 1990; Ohashi et al. 1991), meaning that the
observed flux density was well calibrated. The peak position
of the 2.7 mm continuum is coincident with the 2 cm radio
continuum position (Rodriguez et al. 1986). We will adopt
our 2.7 mm continuum peak as the position of L1551-IRSS
in this paper.

3. RESULTS

13CO (J = 1-0) emission was detected in the LSR veloc-
ity range of 4.3-8.5 km s~! with a typical sensitivity of
~150 mJy beam ™" (1 o) for each channel map. In Figure 1
(Plate 19), we show the '3CO map integrated over the
detected velocity range superimposed on an image of the 2.2
pm infrared reflection nebula (Hodapp 1994). The inte-
grated intensity map indicates that the detected emission
consists of two parts: a compact component with a peak
coincident with the position of L1551-IRS35, and a diffuse
extended component elongated from north to south across
L1551-IRSS. We discuss these two components in more
detail below.

3.1. Compact Component: Gaseous Disk

The compact component, which has a strong peak
exactly coincident with the stellar position and a weaker
feature extended around it at the 4 ¢ contour level, was
marginally resolved with the present angular resolution.
The deconvolved size is 873 x 478, corresponding to
1200 x 670 AU at the distance of L1551-IRS5 (140 pc; Elias
1978). Its position angle of ~155° is almost perpendicular
to the optical jet observed in [S 1] (Stocke et al. 1988) and
the radio jet observed at 2 cm (Rodriguez et al. 1986). This
elongated structure, perpendicular to the jet, suggests that
the compact '3CO condensation is most probably a
gaseous disk around L1551-IRSS. The detected disklike
structure is basically consistent with that of the C!20
compact disk observed by SBKM. However, the position
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angle of the C'%0 disk is ~135° at 3”5 resolution and
~160° at 6”5 resolution. This difference in position angle
may be a resolution effect where small scale structures may
show different position angles depending on whether they
are resolved. Note also that recent JCMT-CSO observ-
ations of L1551-IRSS have shown that the compact dust
disk, which traces the most inner part of the gaseous disk,
has a position angle of 153°-180° (Lay et al. 1994).

Our derived size indicates that the disk is nearly edge-on
rather than face-on. We estimate that the disk is inclined
~ 55° with respect to the plane of the sky (90° for edge-on).
This inclination angle is a lower limit, because the disk is
not clearly resolved along its minor axis, and is consistent
with the value derived from the JCMT-CSO observations
(Lay et al. 1994). It is important to note that the infrared
reflection nebula and optical jet extend to the southwest of
the disk as was shown in Figure 1, suggesting that the disk
is inclined with its northeast part located on the near side
and its southwest part on the far side.

Figure 2 (Plate 20), showing the mean-velocity map of
13CO, demonstrates that the disk has a velocity gradient
along its minor axis: the mean-velocity of the 3CO emis-
sion increases from 5.0-7.5 km s ! along the minor axis of
the disk from southwest to northeast, parallel to the axis of
the optical jet. Because the systemic velocity of the molecu-
lar cloud associated with L1551-IRS5 is ~6.2 km s~ 1, the
northeastern part (i.., near side) of the disk is redshifted and
the southwestern part (i.e., far side) is blueshifted.

Note that the emissions with highly blueshifted and red-
shifted velocities are not apparent in Figure 2 both because
of their weakness and the process of computing the mean
velocity. To see the structure at higher velocities, we must
examine the individual channels. In Figure 3, we see that at
the most blueshifted velocity 4.5 km s~ !, weak emission is
detected at the position of the central star. At 492 km s~ 1,
the emission is almost unresolved, with the peak located at
~2" south of the central source. The strongest emission is
detected at 5.35 km s~ !, with a core component which is
elongated from northwest to southeast across L1551-IRS5
and centers at ~2” south of the central source. There is a
weaker extension to the southwest of the core with faint
extended structures to the south. At 5.77, 6.2, and 6.62 km
s~ !, which are close to the systemic velocity (~6.2 km s~ %),
the central core component appears much fainter. Weak
emission appears centered at ~2"-5" northwest of the star
at 5.77 and 6.2 km s !, and at ~2” southwest of the star at
6.62 km s~ . For these three velocity channels, our observ-
ations detected at most 10% of the total flux observed with
the Nobeyama 45 m telescope, indicating that most of the
emission was resolved out because of the lack of short
spacing data. Thus, details of the observed structures in
these three velocity channels may not be reliable. The
central component reappears at 7.04 km s~ 1. The emission
is elongated to the northeast from the central position at
higher contour levels, and is slightly extended to the
southeast at lower levels. There are faint emissions both to
the north and south. The emission at 7.47 km s~ ! is cen-
tered at ~2” northeast of the star, and is almost unresolved
with the present resolution. Fainter emissions are again
present to the north and southeast. At 7.89 and 8.32kms ™1,
weak emission is detected at the central source position.
The above inspection of the channel maps shows the trend
where the southwestern part of the disk is blueshifted and
the northeastern part is redshifted, as also shown in Figure
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Fig. 1.—'3CO (J = 1-0) map of L1551-IRSS integrated in the velocity range of 4.3-8.5 km s~ *. Contours are drawn every 2 ¢ from the 2 ¢ level for the
positive contours (green lines), and from the —2 o level for the negative contours (green dashed lines). The 1 o level corresponds to 46.2 mJy beam~*. For
comparison, the 2.2 um infrared reflection nebula observed by Hodapp (1994) were superimposed in pseudocolor. The red cross marks the position of
L1551-IRSS as defined by the 110 GHz continuum position in this work.
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FIG. 2—Mean velocity map of *3CO (J = 1-0) emission toward L1551-IRSS is presented in pseudocolor. Contours are drawn every 0.4 km s~ ! from 5.4
km s~ !. Systemic LSR velocity of the cloud associated with L1551-IRSS is ~6.2 km s™*. For comparison, the optical jet in [S 11] observed by Stocke et al.
(1988) is superimposed in red contours with shade. The red cross marks the position of L1551-IRSS as defined by the 110 GHz continuum position in this
work.
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FiG. 3—Channel velocity maps of 3CO (J = 1-0). Corresponding LSR velocities are denoted in the top right corner in each panel. Contours are drawn
in the same manner as in Fig. 1. The 1 ¢ level corresponds to 147 mJy beam ~ ! with the velocity resolution of 0.425 km s~ . The cross in each panel marks the

position of L1551-IRSS, and the hatched ellipse in the top left panel indicates the beam size in FWHM.

2. In addition, the channel maps tell us another crucial
trend that higher blueshifted (4.50 and 4.92 km s~ ') and
redshifted (7.89 and 8.32 km s~ ') velocity components are

confined to the stellar position.
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Such trends of the velocity structure of the disk are more
clearly demonstrated in the position-velocity diagram along
the minor axis of the disk as shown in Figure 4. At higher
blueshifted (<5 km s ') and redshifted (2 8 km s~ ') veloci-
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Fi1G. 4—Position velocity diagram of *3CO (J = 1-0) cutting along the
minor axis of the disk (P.A. = 65°) through the position of L1551-IRSS.
Contours are drawn in the same manner as in Fig. 1. The velocity
resolution is 0.425 km s~ !, and the angular resolution is 476 or 0331 in the
projected Right Ascension. Vertical and horizontal dashed lines indicate
the position of L1551-IRSS and the systemic LSR velocity of the disk,
respectively. Two thick curves demonstrate radial velocity distributions of
a dynamical infalling disk along its minor axis with a central star of 1 M,
(outer curve) and 0.5 M, (inner curve), respectively, on the assumption of a
disk inclination angle of 55°.

ties, the emission is confined to the vicinity of the central
star, while the emission with lower redshifted and blue-
shifted velocities are extended to the northeast (i.c., near
side) and the southwest (i.e., far side) parts of the disk,
respectively. If the velocity field shown in Figure 4 traces
radial motion in the plane of the disk, then the far side of the
disk with blueshifted radial velocities is moving toward us,
while the near side with redshifted velocities is moving away
from us. This can be understood as contraction of the disk
as was observed for the *3CO disk around HL Tau (HOM).
The trend that higher blueshifted and redshifted emissions
are confined to the position of the central star is consistent
with the infalling interpretation, because infalling matter is
accelerated as it approaches the central star. In fact, the
entire velocity structure shown in Figure 4 is consistent with
a radial velocity field of infalling matter, which is inversely
proportional to the square root of the radius (see § 4.1.). We
will discuss the infalling motion of the disk in detail in § 4.
We must note, however, that the strong molecular
outflow associated with L1551-IRSS has the same velocity
gradient as shown in Figure 4 in the sense that the blue-
shifted lobe is located to the southwest of the central object
and the redshifted lobe is located to the northeast of it. This
might mean that the velocity gradient shown in Figure 4
could be due to the outflow rather than the radial motion of
the disk (Cabrit et al. 1996). However, the central core com-
ponent shows the elongated structure which is very similar
to the C'80 disk (SKBM) as was shown in Figure 1, sug-
gesting that the '3CO emission detected in the central com-
ponent is almost certainly arising from the disk rather than
from the outflow. Moreover, we note that the molecular
outflow associated with L1551-IRSS shows a quasi-linear
increase in its velocity with distance from the driving source
even on a small scale (~1') (Moriarty-Schieven & Snell

Vol. 466

1988; see also Bachiller, Tafalla, & Cernicharo 1994; Cabrit
& Bertout 1990; Masson & Chernin 1992). This suggests
that the 1*CO gas should look apparently accelerated as it
moves further from the central star, if the '3CO emission
and the detected velocity gradient actually trace the out-
flowing motion. However, the velocity field in Figure 4
shows the opposite trend, favoring the infall scenario.

The disk does not show a clear velocity gradient along
the major axis, as would be expected for rotation. The peak
positions of the emission at 4.9 km s~ is slightly shifted to
~ 2" southeast of the star, while that at 7.9 km s~ ! is slightly
shifted to the north of it. If this shift in position is due to
rotation, the rotational velocity could be ~1.3-1.7km s ™!
at 280 AU in radius, which is roughly consistent with rota-
tion of a Keplerian disk with a 0.5 M, central star.
However, this is highly uncertain because the emission close
to the systemic velocity is drastically resolved out in the
present observations.

3.2. Extended Component: Swept-up Shell

The faint extended component shown in Figure 1 is elon-
gated from north to south across the central object for
~ 50", corresponding to 6300 AU, which is comparable to
the field of view of the NMA. This suggests that the flux
density of the extended component has been attenuated
both due to the primary beam response, and the lack of
short spacings. Thus we must investigate the extended com-
ponent while noting the limitation of our data.

Comparing the 13CO integrated intensity map with the
2.2 um infrared reflection nebula (Hodapp 1994), we find
that the southern part of the extended component corre-
sponds very well with the eastern side of the reflection
nebula. Thus, the southern part of the extended component
seems to reflect the light from the central object. Although
the integrated intensity map shows only simple structures of
the extended component, the velocity channel maps pre-
sented in Figure 3 demonstrate more complicated features
in addition to the north-south structure in Figure 1. The
extended component was prominently detected at blue-
shifted velocities of 5.35 and 5.77 km s~ ! and redshifted
ones of 7.04 and 7.47 km s~! with additional detection at
492, 6.62, and 7.89 km s !. At the blueshifted velocities,
particularly at 5.35 km s~ !, the extended component is
elongated to the south of the central object with an addi-
tional feature extending to the northwest: the overall mor-
phology is U-shaped. The redshifted extended emission at
7.04 km s, on the other hand, is elongated to the north
with an additional feature extending to the southeast, which
also seems to form a more widely opened U-shape. Such a
U-shape could be an artifact of resolving out extended
structures. However, single-dish data of !3CO (J = 1-0)
from L1551-IRSS5 (Moriarty-Schieven & Snell 1988; see
also Uchida et al. 1987 for *2CO observations) also show a
similar U-shape, suggesting that the U-shaped feature is
real. Both blueshifted and redshifted U structures roughly
delineate the blue and red lobes of the outflow, respectively.
Moreover, when we compare the blueshifted U feature with
the 2.2 um reflection nebula shown in Figure 1, it is found
that the reflection nebula is just located in the hollow of the
U feature. These properties suggest that the extended com-
ponent may be part of a dense shell swept up by the
outflow, as has been observed toward several young stellar
objects (YSOs) (e.g., Kitamura et al. 1992; Yang, Ohashi, &
Fukui 1995; Ohashi et al. 1996). To study the shell structure
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around L1551-IRSS5 in more detail, we will need to carry
out interferometric observations over adjacent fields in
order to make a proper mosaic.

4. DISCUSSION

4.1. Infalling Motion in the Disk around L1551-IRS5

As was shown in § 3, it is found that the disk around
L1551-IRS5 has a velocity gradient along its minor axis,
which is naturally explained in terms of an infalling motion
of the disk. In this section, we will discuss this infalling
motion in the disk in more detail.

If the velocity gradient shown in Figure 4 is consistent
with the contraction of the disk, the velocity field should
show accelerating motions inversely proportional to the
square root of the radius, ie., ¥, oc %>, We compared the
position-velocity diagram with radial velocity distribution
of a dynamically infalling disk (V, = \/2GM ,/r, where M,
is the mass of the central star) on the assumption that the
disk is inclined by 55°. The velocity gradient can be
explained in terms of the dynamically infalling motion
gravitationally bound by a central star of ~0.5 M. This is
consistent with the stellar mass estimated from the bolo-
metric luminosity of L1551-IRSS (33 L ; Keene & Masson
1990) assuming that the age of L1551-IRSS is ~10° yr.
Strictly speaking, the detected '*CO emission is located
much closer to the central star than the positions expected
from the velocity distribution around a 0.5 M star.
However, we must note that we assumed that the inclina-
tion angle of the disk is 55°, which may be a lower limit to
the actual inclination angle. When we use an inclination
angle of 75° estimated from studies of the outflow (Snell &
Schloerb 1985; Liseau & Sandell 1986), the expected radial
velocity distribution of infalling matter with a central star of
0.5 M more resembles the observed velocity structure.

We note that our observations do not show that the disk
is spatially thin, even though we have assumed that in the
above discussion for the sake of simplicity. Our observ-
ations cannot tightly constrain the details of the disk struc-
ture because of insufficient spatial resolution and missing
extended components. Nevertheless, the size of the infalling
gas is ~ 1200 AU, which is more than 10 times larger than
the inner compact disk observed in continuum emission
with interferometers (Keene & Masson 1990; Lay et al.
1994). Such an extended structure may be part of the
envelope surrounding the L1551-IRSS inner compact disk.
In this sense, we should regard the infalling disk as an infal-
ling flattened envelope, as was predicted by a fitting to the
spectral energy distribution of L1551-IRS5 (Kenyon et al.
1993).

If the infalling disk is a flattened envelope with relatively
edge-on configuration as was discussed above, other evi-
dence for infall around L1551-IRSS may be given by the
observed line profiles of 13CO. According to Zhou (1992),
asymmetric line profiles with stronger blueshifted emission
are expected when we observe infalling envelopes in rela-
tively optically thick line emission in the presence of a tem-
perature gradient in the infalling matter: for redshifted
emission arising from the front side of the infalling envelope
with respect to the central star, its optical depth approaches
unity relatively far away from the star where the tem-
perature of the envelope is relatively low, while for blue-
shifted emission coming from the back side of the envelope,
the foreground side is transparent so that the optical depth
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becomes unity at a position relatively close to the star where
the temperature is relatively high. In principle, a similar
phenomenon may be expected to occur in a flattened
envelope with relatively edge-on configuration even though
its exact details are different from the spherical case dis-
cussed by Zhou (1992). The !3CO emission averaged in the
5" x 5" area around L1551-IRSS actually shows an asym-
metric profile with stronger blueshifted emission as present-
ed in Figure 5, strengthening the case for infall. Note that
the central dip of the profile is not due to self-absorption as
seen in the asymmetric profiles taken by single-dish observ-
ations (Zhou 1992; Zhou et al. 1993; Myers et al. 1995), but
due to resolving out the extended structures at low infalling
velocities. Nevertheless, the asymmetric features of the
13CO profile suggest that the blueshifted emission is closer
to the center of the infalling disk as compared with the
redshifted emission. A positional difference between the
blueshifted and redshifted emission can be actually found in
Figure 4: blueshifted emission with ~5.5 km s~! LSR
velocity is much closer to the central star than the redshifted
emission with ~7kms™1,

4.2. Physical Properties of the Infalling Disk

We estimate the size of the disk to be 1200 AU from the
integrated intensity map. We note that !3CO emission in
the range of ~5.6-6.8 km s~ ! in the LSR velocity, corre-
sponding to the infall velocity of <0.6 km s~! without
inclination correction, was severely resolved out in our
observations. Matter with infalling velocity of <0.6 kms™!
may have structures extending more than 6000 AU, which
is the upper limit to the structure detectable in the present
observations (see § 2). This is consistent with calculations
which show that matter with infall velocity of $0.6 kms™!
will be 22500 AU away from a central object of 0.5 M.
Thus, the actual size of the infalling disk around L1551-
IRS5 may be larger than the derived size from the inte-
grated intensity map. Note that our observations do not tell
us whether such an extended infalling envelope still keep a
disklike structure or has a more spherical structure as sug-
gested by Butner, Natta, & Evans (1994). In contrast to
L1551-IRSS, the infalling disk around HL Tau was not

2lIIIIIIIIlIIlllII]IIIIIl

13CO (J = 1-0) profile

Intensity (Jy beam —1)
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FiG. 5—'3CO (J = 1-0) line profile averaged in the 5" x 5" area
around the position of L1551-IRSS5.
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remarkably resolved out with the NMA, using the same
array configurations, even at velocities close to the systemic
velocity (HOM). This suggests that either the infalling disk
around L1551-IRS5 is more extended than that around HL
Tau, or the disk is more embedded within an extended
envelope than the HL Tau disk.

When we compare the present data of 1>*CO observations
of L1551-IRS5 with that of the Nobeyama 45 m telescope, it
is found that we detected most of the emission at higher
blueshifted (~4.5-5.8 km s~ ') and redshifted (~7.0-8.2 km
s~ 1) velocities, suggesting that we detected most of the infal-
ling matter with infall velocity 20.8 km s™! (no inclination
correction). This is very reasonable because such infalling
matter with higher infalling velocity is located in the vicinity
of the central star in the dynamically infalling disk (see
§ 4.1.). Hence we mainly observed the inner part of the infal-
ling disk around L1551-IRS5 at higher infalling velocity
208kms™ L

The total mass for the inner part of the disk within ~ 600
AU in radius can be estimated from the total integrated
intensity of the disk using the following formula (Scoville et
al. 1986):

Mgas =537 x IO'STex exp (272) - ex‘;ﬁ(cot )
ex - 13C0

><< d \{ 10°° S do M
140 pc) | X(°cO) | | ¥ Ve

where T, is the excitation temperature, 7.3¢ is the optical
depth of 3CO, X(*3CO) is the fractional abundance of
13CO relative to H,, and d is the distance to the source. On
the assumption of optically thin !3CO, i.e., Ti3co < 1, the
integrated intensity of 9.12 Jy km s~ ! for the disk com-
ponent gives us a disk mass of 1.3 x 1072 to 2.7 x 1072
M, with an excitation temperature in the range of 20-50 K
and a fractional abundance of 10~ 6. This mass, however,
must be a lower limit to the mass for the inner portion of the
disk, because the !3CO emission in the disk may be opti-
cally thick. SBKM estimated the optical depth of the C*®0
emission arising from the disk to be ~0.6 from their inter-
ferometric observations, meaning that the optical depth of
13CO is ~3 assuming that the fractional abundance of
13CO to C'80 is 5.5. When we use this value for the optical
depth of the detected '>*CO, the mass is estimated to be
39 x 1072 to 8.1 x 1072 M, using the same range of the
excitation temperature, which is roughly consistent with the
mass of the compact C'80 disk with a radius of 700 AU
observed with OVRO (SBKM).

It should be noted that we may still underestimate the
total mass of the disk within 600 AU in radius, because the
fractional abundance of '3CO relative to H, in the disk
might be much smaller than what we assumed. Recent
observations with high angular resolution suggested that
the abundance of CO molecules, including isotopes, relative
to H, is 10-100 times smaller in circumstellar disks around
T Tauri stars than that in the interstellar medium (Skrutskie
et al. 1993; Dutrey, Guilloteau, & Simon 1994; Handa et al.
1995; Saito et al. 1995). Moreover, a theoretical calculation
of the molecular abundance in circumstellar disks suggested
that CO molecules are depleted at least by one order of
magnitude even in 10° yr, during which the central source is
still embedded like L1551-IRSS5 (Aikawa et al. 1996). Hence
it may be necessary to treat the estimated gas mass as a
lower limit to the actual mass in the following discussion.
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Using the estimated mass of the inner portion of the disk,
we can estimate the mass infall rate (M ) at the inner portion
of the disk by the following formula: M = M, V,/R,, where
R, is the disk radius, V, is the radial infall velocity at the
radius of R,;, and M, is the disk mass within the radius of
R,. When we use the minimum detected infall velocity, 0.8/
(sin i) km s~ ! (i; inclination angle of the disk) as the infall
velocity at the radius of 600 AU, the mass accretion rate is
estimated to be 13 x 1075 to 26 x 107> Mg yr!
assuming the inclination angle of 55°. When we assume an
inclination angle of 75°, the estimated accretion rate
becomes smaller by a factor of 1.2. We note that the derived
mass accretion rate may be underestimated because of the
underestimation of the disk mass as was discussed above.

This accretion rate at the radius of 600 AU may be larger
than the accretion rate onto the star estimated from the
bolometric luminosity of L1551-IRS5 on the assumption of
steady accretion (M = /L R,/Gt,,, Where Ly, is the bol-
ometric luminosity, and R, and 7, are the radius and the
age of the central star; see Kenyon et al. 1990, Ohashi et al.
1991): when we assume that the age of L1551-IRS5 is 10° yr,
which is a typical age of embedded sources in Taurus
(Beichman et al. 1986; Kenyon et al. 1990), the mass accre-
tion rate is estimated to be 6.4 x 107% M yr~! using the
bolometric luminosity of 33 L, (Keene & Masson 1990).
Although the difference in the estimated accretion rate is
only a factor of 24, the difference becomes much larger if
the accretion rate in the infalling envelope is underesti-
mated from the observation. Thus, the difference in the esti-
mated accretion rate may be significant. If the difference is
true, such difference means that mass accretion around
L1551-IRSS5 is not steady as for the case of HL Tau (HOM;
Lin et al. 1994), i.e., the accretion rate is higher at the outer
part of the disk than that at the inner part. Actually, L1551-
IRSS5 is considered to be an FU Orionis object (Stocke et al.
1988 ; Hartmann, Kenyon, & Hartigan 1993), in which mass
accretion is nonsteady (Hartmann & Kenyon 1985). More-
over, recently observed successive ejection events of the
molecular outflow of L1551-IRS5 may also suggest out-
burst phenomenon resulting from nonsteady accretion.
Another possibility explaining the discrepancy in the esti-
mated accretion rate is that L1551-IRSS is younger than
other embedded sources in Taurus. If the age of L1551-
IRSS is 10* yr, the accretion rate would be estimated to be
2 x 1073 Mg yr~! on the assumption of steady accretion,
which is comparable to the accretion rate estimated from
the present results. However, the age of the oldest part of
the molecular outflow associated with L1551-IRS5 was esti-
mated to be ~10° yr (Bachiller et al. 1994), meaning that
the age of L1551-IRS5 may be at least ~10° yr. Hence we
may conclude that the accretion around L1551-IRSS5 is
nonsteady. This result suggests that L1551-IRSS may be an
FU Orionis object in quiescence rather than in an outburst
phase. L1551-IRSS is associated with a more massive
compact disk as compared with other embedded sources in
Taurus (Ohashi et al. 1991, 1996). The nonsteady accretion
around L1551-IRS5 may explain the larger mass of the
compact disk (Lin et al. 1994).

5. SUMMARY

We have carried out !'*CO(J = 1-0) interferometric
observations of L1551-IRSS using the NMA. A strong and
compact condensation coincident with L1551-IRSS, and
much weaker extended component elongated from L1551-
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IRS5 were detected. Our main results are summarized as
follows:

1. The extended component shows U-like features, which
roughly delineate the outflow lobes of L1551-IRSS, with
blueshifted and redshifted velocities with respect to the sys-
temic velocity. The reflection nebula associated with L1551-
IRSS is surrounded by the blueshifted U-like feature. These
properties suggest that the extended component with the
U-like features may be part of a dense shell swept up by the
outflow, such as the cases observed toward several YSOs.

2. The compact component, marginally resolved with the
present angular resolution, shows an elongated structure
perpendicular to the optical and radio jets ejected from
L1551-IRSS, with size of 1200 x 670 AU. Such an elon-
gated structure is naturally understood as a gaseous disk
around L1551-IRS5. The 13CO disk shows a clear velocity
gradient along its minor axis. This velocity gradient can be
explained in terms of infalling motion in the disk. The
position-velocity diagram along the disk minor axis
through the central star suggests that the detected motion is
consistent with infall in the plane of a disk around a 0.5 Mg
star.

INFALL IN GAS DISK AROUND L1551-IRSS 963

3. The total mass contained in the !3CO disk was esti-
mated to be 3.9 x 107 % to 8.1 x 10”2 M, which is under-
estimated if the CO molecules are depleted in circumstellar
disks as suggested by a theoretical calculation as well as
actual observations around T Tauri stars. From this mass
estimation of the disk, the accretion rate of the disk at 600
AU in radius was estimated to be 1.3 x 107°t0 2.6 x 1073
M yr~'. This mass accretion rate may be larger than that
onto the central star estimated from the bolometric lumi-
nosity of L1551-IRSS5 on the assumption of the steady acc-
retion. This discrepancy suggests that the accretion around
L1551-IRS5 may be nonsteady, as was observed around
HL Tau.
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