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ABSTRACT
A dense gas survey was carried out toward 10 low-mass embedded young sources in Taurus with the

Nobeyama Millimeter Array (NMA) to investigate protostellar evolution. All the sources were observed
in the H13CO`(J \ 1È0) line, a high-density tracer. SigniÐcant H13CO` emission (º4.5 p) was detected
toward six of them. The H13CO` emission is distributed roughly perpendicular to the molecular outÑow
axes, indicating that the H13CO` line traces the dense envelopes associated with the central stars. The
sizes and masses of the dense envelopes are estimated to be (1È7)] 103 AU and 0.01È0.2 respec-M

_
,

tively. The 10 sources are divided into the following three classes based on their H13CO` intensities of
the NMA maps, and their properties are studied using our own and other available data. Class A
sources have H13CO` emission centered on the star with its elongation perpendicular to the molecular
outÑow axes. These sources also have dense outÑowing gas and centrally condensed parent cores. Class
B sources have H13CO` emission near the source positions and dense outÑowing gas. The parent cores
around class B sources, however, have a shallower density proÐle. Class C sources have neither H13CO`
emission nor wing emission in dense gas tracers. From these properties, we conclude that low-mass
protostars evolve from class A, B to C sources by dissipating their parent cloud cores, which is consis-
tent with the widely accepted ideas of star formation. In addition, these observational data suggest that
signiÐcant dispersion of a parent core by a molecular outÑow and main accretion phase ends at the early
protostellar phase. Six of the 10 sources are detected in continuum emission at 87 GHz. The intensities
of the H13CO` emission do not correlate with the Ñux densities at 87 GHz. This is because our contin-
uum maps trace compact disks on a 102 AU scale and not dense gas on a 103h4 AU scale.
Subject headings : circumstellar matter È ISM: clouds È ISM: molecules È stars : formation È

stars : preÈmain-sequence

1. INTRODUCTION

Low-mass stars at an early stage are often associated with
dense envelopes and circumstellar disks and are expected to
change their spectral energy distribution (SED) by dissi-
pating these circumstellar material. The classiÐcation of
young stars into classes I, II, and III using their SED
enables us to understand the evolution of young stars (Lada
1991). In addition, a new classÈclass 0Èwas proposed by

Ward-Thompson, & Barsony (1993) on the basis ofAndre� ,
the submillimeter continuum observations of the molecular
outÑow source VLA 1623. This source is so deeply embed-
ded in a dense core that it is undetected at j ¹ 10 km.

et al. (1993) suggested that class 0 sources havingAndre�
cold SEDs are at the main accretion phase prior to class I
stage because the envelope mass of class 0 sources is larger
than their stellar mass. Most class I sources, in contrast,
have smaller envelope mass than stellar mass Ward-(Andre� ,

1 Nobeyama Radio Observatory (NRO) is a branch of the National
Astronomical Observatory, an interuniversity research institute operated
by the Ministry of Education, Science, Sports, and Culture of Japan.

Thompson, & Barsony 2000). Tamura et al. (1996) claimed,
however, that some class 0 sources are edge-on class I
sources because SEDs of young stars are a†ected by the
viewing angles. A bolometric temperature was pro-Tbolposed by Myers & Ladd (1993) to describe the evolutionary
status of young stars. Chen et al. (1995) compiled the data of
low-mass young stars in several star-forming regions and
showed that is a useful parameter to describe the evolu-Tboltion over the range from class 0 to class III sources.
However, is signiÐcantly dependent on the viewingTbolangle as well as the shape of the SED.

The dissipation of the parent core at the protostellar
stage plays an essential role in determining stellar mass.
Nakano, Hasegawa, & Norman (1995) suggest that the
stellar mass is Ðxed when the supply of matter from a parent
core through an accretion disk is stopped. In their scenario,
after the protostellar birth in the core, a jet/outÑow perpen-
dicular to the accretion disk blows o† considerable mass of
the core without interacting with infalling matter near the
disk plane, and eventually the core/star system itself
becomes gravitationally unbound. Since a parent core is
much more massive than a newborn star, the unbound core
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disperses soon and the accretion process is halted. Such a
core cannot supply material onto the star anymore. Thus,
the relation between protostars and surrounding parent
cores is one of the keys to understand protostellar evolu-
tion.

Several surveys in molecular lines have been carried out
toward embedded sources in Taurus to study dense gas
around young stellar objects (Hayashi et al. 1994 ;
Moriarty-Schieven et al. 1995, hereafter MS95 ; Ohashi et
al. 1996b, hereafter OHKI; Hogerheijde et al. 1997, 1998 ;
Ladd, Fuller, & Deane 1998, hereafter LFD). OHKI con-
ducted a CS(J \ 2È1) survey of class I and class II sources
with the Nobeyama Millimeter Array (NMA) and they sug-
gested that the amount of the dense envelope gas on a 103
AU scale reduces between class I and class II phases. This
picture is supported by other observations [C18O(J \ 1È0)
by Hayashi et al. 1994 ; CS(J \ 3È2, 5È4, and 7È6) by MS95 ;
HCO`(J \ 3È2) by Hogerheijde et al. 1997]. LFD observed
class I sources in C18O and C17O (J \ 1È0 and 2È1) and
pointed out that the observed reduction in mass is domi-
nated by highly efficient outÑows or a high accretion rate
during the Ðrst 3 ] 104 yr. Their survey, however, consisted
of single-point observations and not maps. Therefore, we
still lack the knowledge of how the structures of envelopes
and of parent cores change during class I phase.

For better understanding of the evolution in terms of
physical relation between a central star and its envelope/
core, it is necessary to make mapping observations in opti-
cally thin lines with high critical densities. So far, however,
there are very few surveys toward low-mass embedded
stars. Therefore, we conducted a dense gas survey toward
embedded sources in Taurus with the Nobeyama Milli-
meter Array (NMA). Direct imaging is also important to
search for disk infalling motions as pointed out by Saito et
al. (1996) based on the L1551 IRS 5 observations. Here we
report the results to investigate the protostellar evolution
and to search for infalling motion around embedded
sources. Some parts of the present work have been reported
already (Saito et al. 1996, 2000 ; Kitamura et al. 1997).

The outline of the paper is as follows. Section 2 presents
our observations, including choice of the sample. We show
the observational results in ° 3. In ° 4.1, we classify our

observed sources into three classes based on our H13CO`
data and discuss physical natures of each class. Then, we
relate our data with the widely accepted star formation
scenario. We stress a process of dissipation of parent cores
around low-mass protostars in ° 4.2. Our conclusions are
summarized in ° 5.

2. OBSERVATIONS

2.1. T he Sample
We selected the nine brightest sources in IRAS lumi-

nosity from the complete sample of 17 cold, IRAS-selected
embedded objects in Taurus (DD 140 pc) of Moriarty-
Schieven et al. (1994, hereafter MS94). The IRAS lumi-
nosities of these sources range from 0.9 to 19 All theL

_
.

selected protostars have CO outÑows and all the sources
except IRAS 04113]2758 (hereafter IRAS 04113) have
infrared reÑection nebulae (Moriarty-Schieven et al. 1992 ;
Tamura et al. 1991). These sources were also observed in
continuum at 800 and 1100 km and in CS(J \ 3È2, 5È4, and
7È6) (MS94 ; MS95). We also observed HL Tau, where an
infalling motion was detected by Hayashi, Ohashi, &
Miyama (1993), to compare with the other sources. Several
objects among our sources were also observed by OHKI in
CS(J \ 2È1), by Hogerheijde et al. (1997) in HCO`(J \ 3È2
and 1È0), by Hogerheijde et al. (1998) in various molecular
lines, and by LFD in C18O and C17O(J \ 2È1&1È0).
We summarize the parameters of the observed sources in
Table 1.

2.2. T he NMA Observations
Our survey was conducted in the H13CO`(J \ 1È0 ;

86.754330 GHz) line with the six-element Nobeyama Milli-
meter Array (NMA) from 1994 November to 1996 March.
The primary beam size (Ðeld of view) was 85A(FWHM) at 87
GHz. The projected baselines ranged from 2.9 to 90 kj, and
the synthesized beam size was typically 10@@] 8@@. Since the
minimum baseline length was 2.9 kj, our observations were
insensitive to structures extended more than 34A(D5 ] 103
AU) in each velocity channel map (see details in Wilner &
Welch 1994). We used SIS receivers, which had system noise
temperatures in double-sideband of 200È300 K toward the
zenith at 87 GHz. The backend was the digital spectro-

TABLE 1

SOURCE LIST

L IRAS
IRAS ID a(1950) d(1950) (L

_
) P.A. of OutÑow/Jet Reference

04016]2610 . . . . . . L1489 IRS 04 01 40.6 ]26 10 49 2.9 165/90 1, 2, 3
04113]2758 . . . . . . IRAS 04113 04 11 20.8 ]27 58 33 1.0 . . . 1
04169]2702 . . . . . . IRAS 04169 04 16 53.8 ]27 02 52 0.9 60 1, 4
04239]2436 . . . . . . IRAS 04239 04 23 54.5 ]24 36 54 1.1 60 1, 5
04287]1801 . . . . . . L1551 IRS 5 04 28 40.2 ]18 01 42.0 19 225/255 1, 6, 7
04287]1807 . . . . . . HL Tau 04 28 44.38 ]18 07 35.0 5.9 45 8, 9

L1551 NE 04 28 50.54 ]18 02 09.7 3.8 62 10, 11
04361]2547 . . . . . . TMR1 04 36 09.8 ]25 47 30 2.7 165 1, 6
04365]2535 . . . . . . TMC1A 04 36 31.2 ]25 35 50 1.7 155 1, 6
04368]2557 . . . . . . L1527 FIR 04 36 49.6 ]25 57 21 1.0 90 1, 6, 12

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds.

REFERENCES.È(1) Moriarty-Schieven et al. 1995 ; (2) Hogerheijde et al. 1998 ; (3) Myers et al. 1988 ; (4) Bontemps et al.
1996 ; (5) et al. 1997 ; (6) et al. 1986 ; (7) Uchida et al. 1987 ; (8) Close et al. 1997 ; (9) Mundt et al. 1990 ;Go� mez Rodr•� guez
(10) et al. 1995 ; (11) Hodapp & Ladd 1995 ; (12) Terebey et al. 1993.Rodr•� guez
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correlator, FX (Chikada et al. 1987) with 1024 channels per
baseline and a bandwidth of 80 MHzÈgiving a velocity
resolution of 0.27 km s~1 in our maps. We used 3C 454.3 as
bandpass calibrator and PKS 0528]134 as phase and gain
calibrator for our observations. From the observations of
planets, the Ñux density of PKS 0528]134 at 3 mm was
determined to be 5.1È9.0 Jy during our observation period.
The overall Ñux uncertainty is about 20%. We used the
NRAO software package Astronomical Image Processing
System (AIPS) to make clean maps of the H13CO` line and
of the continuum emission. The absolute positional accu-
racy in the maps is estimated to be better than by taking1A.5
into account baseline error and atmospheric phase Ñuctua-
tion. The typical rms noise levels were D0.1 Jy beam~1 in
the H13CO` channel maps with 0.27 km s~1 velocity
resolution and 7 mJy beam~1 in the 87 GHz continuum
maps.

2.3. T he Nobeyama 45 m Telescope Observations
We observed the J \ 1È0 transition of H13CO` toward

the 10 sources listed in Table 1 with the Nobeyama 45 m
telescope during 1996 December 21È25. Two SIS receivers
were used. At 87 GHz, the half-power beamwidth and main-
beam efficiency of the 45 m antenna were 18A and 0.47,
respectively. The temperature scale was determined by the
chopper-wheel method, which gives us the antenna tem-
perature corrected for the atmospheric attenuation. At the
backend, we used the eight sets of 2048 channel acousto-
optical spectrometers, which gives us a frequency resolution
of 37 kHz, corresponding to 0.13 km s~1. The typical
system noise temperatures (in single sideband) were 300È
400 K at the elevation of 70¡. The typical noise levels were
0.06 K in for the H13CO` spectra. The telescope point-T A*ing was checked every 80 minutes by Ðve-point mapping of
the SiO(J \ 1È0) maser emission from NML Tau

using an[a(1950)\ 3h50m43s.759, d(1950)\ 11¡15@31A.66]
HEMT receiver. The relative pointing o†set between the
SIS and HEMT receivers was less than 2A and the pointing
error was within 3A during the observations. We observed
L1527 FIR in the H13CO` line every day and the daily
variation of the gain of the SIS receiver was less than 10%.

We also observed the HC18O`(J \ 1È0 ; 85.162256 GHz)
line toward the 10 sources with the SIS receiver in 2000
February. The main-beam efficiency was 0.46 and the point-
ing error was better than 3A during the observations. The
typical noise levels were 0.1 K in with a velocityT A*resolution of 0.13 km s~1.

Mapping observations were carried out in 1995 March
and April in C18O(J \ 1È0 ; 109.782182 GHz) toward
L1551 region with the 2 ] 2 SIS focal plane array receiver.
At 110 GHz, the half-power beamwidth and main-beam
efficiency were 16A and 0.5, respectively. The mapping center
was taken at L1551 IRS 5. We observed the central 8@] 8@
area (corresponding to 0.34 ] 0.34 pc) with a grid spacing
of 24A and the rest in Figure 10 with 34A grid spacing. We
smoothed our map by convolution with 51A Gaussian beam
to improve the signal-to-noise ratio to investigate structures
on a 1@ scale. The velocity resolution was 0.10 km s~1 at 110
GHz. The pointing error was 3È9A during the observing run.
Our discussion here focuses on structures on a 1@scale in the
C18O map (Fig. 10) and therefore the pointing error and
undersampling do not a†ect our conclusion. We observed
L1551 IRS 5 every day with each receiver channel to cali-
brate the gains of the four beams.

3. RESULTS2
3.1. H13CO` Emission

Figure 1 shows the H13CO` spectra of our targets with
the 45 m telescope with 18A beam (D2500 AU at Taurus).
The detection of the H13CO` line is signiÐcant toward
eight of the ten sources with relatively narrow widths, less
than 1 km s~1, and therefore the H13CO` emission is
dominated by dense gas components in the cores. On the
other hand, the HCO`(J \ 3È2) spectra show relatively
large velocity widths (*V D 2È3 km s~1 by Hogerheijde et
al. 1997), suggesting that the HCO` spectra are blended
with outÑow components because of high optical depth. It
is noted that L1527 FIR has a double-peak proÐle in the
H13CO` spectrum with its blue peak stronger than the red
one. This feature indicates the line is optically thick in this
source and probably self-absorbed, which is often inter-
preted as evidence for infall motion of this core (e.g., Zhou
et al. 1994 ; Myers et al. 1995). The H13CO` emission was
marginally detected toward IRAS 04113 and is seen more
clearly at km s~1 when the spectrum is smoothedVLSR \ 6.5
by combining adjacent channels (denoted by an upper line
in Fig. 1). For HL Tau, however, no emission was detected
at the systemic velocity of km s~1 (Hayashi et al.VLSR \ 6.7
1993) even in the smoothed spectrum. We applied a Gauss-
ian Ðtting to the H13CO` proÐles to obtain the systemic
velocity of each source. The systemic velocities and inte-
grated intensities are listed in Table 2.

In HC18O`, only L1527 FIR in our sample is clearly
detected as shown in Figure 1. The peaks of the H13CO`
and HC18O` emission toward L1527 FIR are 1.94 K in T A*at km s~1 and 0.65 K in at kmVLSR \ 5.9 T A* VLSR \ 6.0
s~1, respectively. The ratio of the peak temperatures,

is about 3.0^ 0.6, giving theT A*(H13CO`)/T A*(HC18O`),
optical depth of 1.8 in the H13CO` line when we assume
the same excitation temperature for both the species and the
abundance ratio X(H13CO`)/X(HC18O`) of 5.5. A single
Gaussian Ðt to the HC18O` proÐle provides us the peak
velocity of 6.0 km s~1 in which is adopted as theVLSR,systemic velocity of L1527 FIR in the paper. For the rest of
the sources, it is reasonable to consider the H13CO` emis-
sion optically thin because we did not detect strong
HC18O` emission and because the peak of the H13CO`
line is weaker than that of L1527 FIR.

The NMA observations were carried out to reveal the
distribution of the dense gas. We detected H13CO` emis-
sion stronger than 4.5 p toward six sources (L1489 IRS;
IRAS 04169]2702, hereafter IRAS 04169 ; L1551 IRS 5 ;
L1551 NE; TMR1; and L1527 FIR) in total integrated
intensity maps (Fig. 2). We did not detect any signal down
to the 3 p level toward the stellar positions for the four
remaining sources (IRAS 04113 ; IRAS 04239]2436, here-
after IRAS 04239 ; HL Tau, and TMC1A) at the systemic
velocities determined from the single-dish spectra. In con-
trast to the single-dish spectra, the NMA images show
various intensities. For the detected sources with the NMA,
the emission is distributed roughly perpendicular to the

2 The LSR velocity measured with the NMA and 45 m telescope at
NRO was shifted by about 0.25 km s~1 for the Taurus region from those
measured at other radio observatories during 1990 DecemberÈ1997 May
because of the use of the di†erent deÐnition. We applied this correction and
the velocities presented in this paper are di†erent from those in Saito et al.
(1996).
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FIG. 1.ÈH13CO`(1È0) spectra toward 10 embedded sources with the 45 m telescope with 18A beam in FWHM. Smoothed spectra are also shown in
L1489 IRS, IRAS 04113, and HL Tau with a velocity resolution lower than the normal one by a factor of 2 for L1489 and a factor of 5 for the rest of the
sources. HC18O`(1È0) spectrum toward L1527 FIR is also shown as a dashed line.

outÑow axes, indicating that the H13CO` line traces disk-
like dense envelopes physically associated with the central
young stars. Besides, the emission shows clumpy structures
rather than smooth structures (e.g., L1551 IRS 5 and L1551
NE). On the other hand, for the sources detected with the
single dish and not with the NMA, the dense gas is con-
sidered to be extended and to have relatively uniform
column density structure because in such a case a signiÐcant
part of the H13CO` emission is expected to be resolved out
in interferometric observations (Wilner & Welch 1994).
Overall, the H13CO` line traces a dense envelope and not

outÑowing gas. On the other hand, the distribution of CS
emission sometimes shows elongated features along the
outÑow direction, even in low-mass stars, indicating that
the CS emission is contaminated by molecular outÑows
(e.g., L1489 IRS, IRAS 04169, and L1551 IRS 5 by OHKI).

From the H13CO` total Ñux density we can esti-Fl(Jy),
mate the mass of the dense envelope. In estimating theH2envelope mass, we integrated H13CO` Ñux density over the
area above 1.5 p level for the detected sources and used
the following equation under the assumption of Local
Thermodynamic Equilibrium (LTE) :

TABLE 2

H13CO`(1È0) RESULTS

Integrated Intensity Vsys Fldv Size MH2
Source (K km s~1)a (km s~1)a (Jy km s~1)b (AU)b,c (M

_
)b,c

L1489 IRS . . . . . . . . 0.39^ 0.029 7.2 1.5 2800] 1400d 0.031
IRAS 04113 . . . . . . 0.10^ 0.026 6.5 \0.14 . . . \2.8] 10~3
IRAS 04169 . . . . . . 0.64^ 0.033 6.8 2.7 4900 ] 1400 0.056
IRAS 04239 . . . . . . 0.21^ 0.024 6.8 \0.14 . . . \2.8] 10~3
L1551 IRS 5 . . . . . . 1.41^ 0.040 6.5 7.3 5600 ] 2800 0.15
HL Tau . . . . . . . . . . . \0.04 6.7e \0.18 . . . \3.7] 10~3
L1551 NE . . . . . . . . 0.33^ 0.018 6.7 5.7 7400 ] 2800 0.12
TMR1 . . . . . . . . . . . . . 0.75^ 0.027 6.9 0.52 3200] 1200d 0.011
TMC1A . . . . . . . . . . . 0.42^ 0.021 6.9 \0.16 . . . \3.3] 10~3
L1527 FIR . . . . . . . . 1.45^ 0.028 6.0f 3.3 4500 ] 2200 0.15

a With the 45 m telescope.
b With the NMA.
c Using the data larger than 1.5 p.
d Gaussian deconvolved size.
e Hayashi et al. (1993) after correction for the previous NRO deÐnition.
f From the HC18O` spectrum.
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FIG. 2.ÈMaps of the integrated intensities in the H13CO` line taken by NMA. Crosses indicate the stellar positions listed in Table 1 and the synthesized
beam size is denoted by an open ellipse at the bottom left-hand corner in each panel. The contour intervals are every 1.5 p and dashed contours are negative
values. The outÑow/jet directions in Table 1 are denoted by arrows. (a) L1489 IRS km s~1, 1.5 p \ 75 mJy beam~1). (b) IRAS 04113(VLSR\ 6.13È8.55

km s~1, 1.5 p \ 180 mJy beam~1). The companion is at with respect to the main star. (c) IRAS 04169 km(VLSR \ 6.13È6.40 (]1A.5,[ 3A.2) (VLSR\ 6.42È7.22
s~1, 1.5 p \ 180 mJy beam~1). (d) IRAS 04239 km s~1, 1.5 p \ 180 mJy beam~1). (e) L1551 IRS 5 km s~1, 1.5 p \ 60(VLSR \ 6.40È6.67 (VLSR\ 5.57È7.18
mJy beam~1). ( f ) HL Tau km s~1, 1.5 p \ 240 mJy beam~1). (g) L1551 NE km s~1, 1.5 p \ 50 mJy beam~1). (h) TMR1(VLSR \ 6.64È6.91 (VLSR\ 5.84È7.99

km s~1, 1.5 p \ 75 mJy beam~1). (i) TMC1A km s~1, 1.5 p \ 210 mJy beam~1). ( j) L1527 FIR km s~1,(VLSR \ 5.87È6.94 (VLSR\ 6.13È6.40 (VLSR\ 5.33È6.67
1.5 p \ 75 mJy beam~1).

MH2
\ 7.13] 10~4

CX(H13CO`)
10~10

D~1

]
Tex

e~4.16@Tex
q

1 [ e~q
P

Fl dv M
_

. (1)

Here we take k \ 4.07 D for the dipole moment of
H13CO` (Haese & Woods 1979), K, and theTex\ 25
optical depth qD 0, except L1527 FIR (q\ 1.8). For unde-
tected sources, we used a velocity width of 0.54 km s~1
(corresponding to two velocity channels) and a Ñux density
of 3 p (Jy beam~1) in estimating the upper limit of dense gas
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mass. Table 2 presents the summary of our mass estimation.
In estimating mass from the H13CO` line intensity, there

are uncertainties in the optical depth, temperature, and frac-
tional abundance of H13CO`. As estimated above, the
assumption of H13CO` being optically thin is valid toward
all the embedded sources except L1527 FIR (e.g., Butner,
Lada, & Loren 1995). The temperature of the envelope gas
is estimated to be around 10 K (Benson & Myers 1989 ;
LFD), around 20È40 K (MS95), and 40 K (Hogerheijde et
al. 1998) toward these sources. We adopt 25 K as a repre-
sentative temperature in estimating the mass (uncertainty in
mass estimates is within a factor of 2 in the range of Tex\10È40 K). The fractional abundance of H13CO` is not well
known for low-mass star-forming dense cores. Butner et al.
(1995) obtained X(H13CO`) toward dense cores with
embedded sources in Taurus ; 19.7] 10~11 for L1489 IRS,
5.4] 10~11 for L1495, and 5.5] 10~11 for L1551 IRS 5.
The mean of X(H13CO`) toward these three sources is
10.2^ 8.2] 10~11. Hogerheijde et al. (1998) estimated
X(HCO`) of (5.0 ^ 1.7)] 10~9 in the 20A beam toward Ðve
sources among their samples using the data by Mizuno et
al. (1994) and Hayashi et al. (1994). They also estimated
X(HCO`) to be 4.0] 10~8 in the 5A beam from their
HCO` and 13CO interferometric data. If we assume
[H12CO`] :[H13CO`]\ 65, X(H13CO`) is calculated to
be 7.7^ 2.6] 10~11 and 6.2 ] 10~10 in the central 20A and
5A regions, respectively. The mean of X(H13CO`) from
Butner et al. (1995) is in agreement with X(H13CO`) in the
central 20A region and lower than X(H13CO`) in the
central 5A region. However, the latter abundance is based
on the interferometric observations of HCO` and 13CO
where signiÐcant resolving out likely occurs in their maps
because of the high optical depth. Thus, we adopt
X(H13CO`)\ 10.2] 10~11. From the comparison of H2column densities calculated from C18O data (LFD), as we
will see later (Fig. 13), we consider that the uncertainty in
the column density estimate coming from X(H13CO`) is
less than a factor of 3 except in the case of HL Tau.

3.2. 87 GHz Continuum Emission
We detected 87 GHz continuum emission higher than 4.5

p toward the stellar positions of four sources (IRAS 04113,
L1551 IRS 5, HL Tau, and L1551 NE), at 3È4 p level
toward two sources (3.7 p for TMR1 and 3.0 p for L1527
FIR), and no signal down to 3 p level toward four sources
(L1489 IRS, IRAS 04169, IRAS 04239, TMC1A) (Fig. 3). All

of the continuum maps show point sources and no sources
are clearly resolved with our beam (typically D8A). Our
observed Ñux densities are in agreement with those at 89
GHz by Hogerheijde et al. (1997) within uncertainty except
TMR1. If we assume a relation of the derived spec-Fl P la,
tral indices of the detected sources range from 1.8 to 3.3,
combining our Ñux densities with the Ñux densities at
j \ 1100 km by MS94. These indices are consistent with the
indices expected from optically thin thermal dust emission
(MS94). We compare b(4a [ 2) indices estimated in the
present work with those estimated by MS94 in Table 3. This
table indicates that b from the two works agrees within
uncertainty, except for TMR1; therefore, the millimeter
continuum emission traces dominantly dust grains around
the embedded sources. We obtained larger Ñux density on
TMR1 than those in the previous works and calculated the
b index as negative ([0.29). We will discuss the possibilities
of this discrepancy in ° 3.3.8.

From the Ñux density at 87 GHz, we can estimate theFlmass, if we assume that the continuum emission isH2thermal radiation from dust grains, as follows :

MH2
\ Fl D2

ilBl(Td
)
. (2)

Here is the mass opacity coefficient of the dust, is theil T
ddust temperature, and is the Plank function. isBl i87 GHzcalculated from 0.1(250 cm2 g~1 by Hilde-km/j87 GHz)bbrand (1983). b index for each source is calculated by com-

bining our results with those at j \ 1100 km (l\ 264 GHz)
by MS94 and by Adams, Emerson, & Fuller (1990). We also
estimate the mass for all the sources, assuming thatH2b \ 1, which is often adopted. Moreover, we use the dust
temperature estimated by MS94 and by Adams et al.T

d(1990). We summarize the results of the continuum obser-
vations in Table 3.

There is no clear correlation between the intensities of the
H13CO` line and the Ñux densities of 87 GHz continuum
emission. Since the distributions of the continuum emission
are much more compact than those of the line, we consider
that these two observations trace di†erent parts of circum-
stellar matter around young stars. The continuum emission
arises mainly from compact dust disks while the H13CO`
emission arises from more extended envelopes. This natu-
rally explains why the masses from the continuum obser-
vations are di†erent from those from the line observations.

TABLE 3

NMA 87 GHZ CONTINUUM RESULTS

Fl
Source (mJy) b Indexa MH2

(M
_

) MH2
(M

_
) for b \ 1 b Indexb

L1489 IRS . . . . . . . . \18 [0.07 . . . \0.025 1.65^ 0.56
IRAS 04113 . . . . . . 52^ 6.3 [0.04 ~0.18`0.13 0.0036 0.055 0.34^ 0.52
IRAS 04169 . . . . . . \26 [0.14 . . . \0.038 1.04^ 0.96
IRAS 04239 . . . . . . \24 [[0.6 . . . \0.027 1.33^ 0.70
L1551 IRS 5 . . . . . . 74 ^ 5 1.26 ~0.13`0.1 0.18 0.092 1.31^ 0.57
HL Tau . . . . . . . . . . . 44^ 7.3 0.90 ~0.16`0.14 0.059 0.077 . . .
L1551 NE . . . . . . . . 63 ^ 5 0.32 ~0.11`0.11 0.15 0.088 0.76^ 0.39
TMR1 . . . . . . . . . . . . . (28^ 5) ([0.29 ~0.23`0.18) (0.001) 0.031 1.78^ 0.55
TMC1A . . . . . . . . . . . \23 [0.65 . . . \0.031 0.60^ 0.41
L1527 FIR . . . . . . . . 22 ^ 5 0.77 ~0.22`0.23 0.023 0.042 1.57^ 0.49

a b index is calculated from two Ñux densities at 87 and 264 GHz, assuming a relation of FlP l(b`2).
b Moriarty-Schieven et al. 1994.
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FIG. 3.ÈMaps of the continuum emission at 87 GHz. Crosses indicate the stellar positions listed in Table 1 and the synthesized beam size is denoted by an
open ellipse at the bottom left-hand corner in each panel. The contour intervals are every 1.5 p and dashed contours are negative values. (a) L1489 IRS (1.5
p \ 9.0 mJy beam~1). (b) IRAS 04113 (1.5 p \ 9.45 mJy beam~1). (c) IRAS 04169 (1.5 p \ 13.0 mJy beam~1). (d) IRAS 04239 (1.5 p \ 12.0 mJy beam~1). (e)
L1551 IRS 5 (1.5 p \ 7.5 mJy beam~1). ( f ) HL Tau (1.5 p \ 11.0 mJy beam~1). (g) L1551 NE (1.5 p \ 7.5 mJy beam~1). (h) TMR1 (1.5 p \ 7.5 mJy beam~1).
(i) TMC1A (1.5 p \ 11.4 mJy beam~1). ( j) L1527 FIR (1.5 p \ 7.5 mJy beam~1).

3.3. Individual Sources
From now on, we use the terms ““ parent core ÏÏ as a dense

cloud core surrounding a protostar with D0.1 pc size and a
few solar masses (e.g., H13CO` dense cores found by
Mizuno et al. 1994) and ““ envelope ÏÏ as a disklike envelope
around an embedded star with size and mass of D0.01 pc
and D0.01È0.1 respectively.M

_
,

3.3.1. L 1489 IRS

Figure 2a shows an integrated intensity map of the
H13CO` line from L1489 IRS over the velocity range

km s~1. The Gaussian deconvolved size isVLSR\ 6.13È8.55
obtained to be 2800 ] 1400 AU at P.A. 62¡. The molecular
outÑows are at P.A. 90¡ in the CO(J \ 1È0) line (Myers et
al. 1988) and at P.A. 165¡ in the CO(J \ 3È2) line
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(Hogerheijde et al. 1998). In either case, the H13CO` emis-
sion is not along the outÑows, and we consider that the line
traces at least some part of a dense envelope around the
central star. A similar elongation was found in the interfero-
metric HCO` map (Hogerheijde et al. 1998). We did not
detect continuum emission down to the 3 p of 18 mJy
beam~1, as shown in Figure 3a.

Figure 4 shows velocity channel maps of the H13CO`
line toward L1489 IRS. Overall, the redshifted emission
with respect to the systemic velocity of 7.2 km s~1 is promi-
nent and there is little blueshifted emission near the stellar
position. The most blueshifted emission at kmVLSR \ 6.26
s~1 is coincident with the stellar position. No emission
stronger than 3 p is associated with the star at VLSR \
6.53È7.07 km s~1 while we can see the emission features to
both the east and west of the star at and 6.80VLSR \ 6.53
km s~1. The emission at 7.34 and 7.61 km s~1 are located to
the east of the star and the stellar position, respectively. The
emission is seen to the southwest of the star in the channel
maps at 8.15, and 8.42 km s~1.VLSR \ 7.88,

Figure 5a shows a position-velocity diagram cut at P.A.
0¡ perpendicular to the CO(1È0) outÑow and no velocity
gradient is discerned. Figure 5b shows one cut at 90¡, which

is roughly perpendicular to the CO(3È2) outÑow. A velocity
gradient is seen in Figure 5b, although only the redshifted
emission is prominent with respect to the systemic velocity
of 7.2 km s~1 in However, if we take the systemicVLSR.velocity of km s~1, the velocity structureVLSR \ 7.7
becomes symmetric with respect to the systemic velocity ;
the blueshifted emission to the east of the star and the
redshifted emission to the west of the star. This trend
is consistent with those seen in CS(J \ 2È1) and
HCO`(J \ 1È0) (OHKI; Hogerheijde et al. 1998). The sys-
temic velocity taken here is di†erent from that determined
from the single-dish spectrum km s~1) (Fig. 1).(VLSR \ 7.2
We interpret the discrepancy in the following way. A dense
core L1489 is located at 1@ east of L1489 FIR observed in

CS, and DCO` (Benson & Myers 1989 ; Zhou et al.NH3,1989 ; Butner et al. 1995). The spectrum in Figure 1 is the
superposition of dense gas around both L1489 FIR and
L1489. L1489 has a systemic velocity of 7.2 km s~1 and
L1489 FIR of 7.7 km s~1 in respectively. This interpre-VLSR,tation is supported by the fact that the redshifted emission is
more prominent than the blueshifted one in the smoothed
H13CO` spectrum in Figure 1. Ohashi (2000) also suggests
that the systemic velocity of L1489 IRS is 7.7 km s~1 based

FIG. 4.ÈVelocity channel maps of the H13CO` emission of L1489 IRS over km s~1. The center velocity of each channel with 0.27 kmVLSR \ 6.13È8.55
s~1 width is shown in each panel. A cross indicates the stellar position. The contour interval is 195 mJy beam~1 corresponding to 1.5 p level. The synthesized
beam is denoted by an ellipse.
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FIG. 5.ÈH13CO` position-velocity maps of L1489 IRS cut at P.A. 0¡
and P.A. 90¡. The contour interval is 195 mJy beam~1. Horizontal and
vertical gray broken lines present the stellar position and the systemic
velocity determined from the single-dish H13CO` spectrum, respectively.
We also show a vertical gray broken line at km s~1 that is aVLSR \ 7.7
possible systemic velocity of L1489 IRS. A velocity gradient in respect to

km s~1 is shown as a black broken line.VLSR\ 7.7

on the facts that the C18O(J \ 1È0) spectrum of L1489 IRS
taken with the 45 m telescope has a red shoulder emission
and that taking 7.7 km s~1 as the systemic velocity of L1489
IRS can naturally explain the velocity structure in the inter-
ferometric C18O(J \ 1È0) data. Therefore, we adopt 7.7 km
s~1 as the systemic velocity of L1489 IRS in this subsection.

The outÑow direction of L1489 IRS has not been well
determined. Myers et al. (1988) Ðrst discovered a CO
outÑow in this region with a P.A. of 90¡ (blue to the east and
red to the west of L1489 FIR). Later the CO(J \ 3È2) map
shows that the outÑow is along at P.A. 165¡ (blue to the
south and red to the north, Hogerheijde et al. 1998).
Further, Whiteney, & Kenyon (1997) found manyGo� mez,
[S II] knots of jet origin around L1489 IRS and the struc-
ture is too complicated to determine an accurate jet direc-
tion. We adopt the outÑow direction of P.A. 165¡, which is
roughly perpendicular to the elongation of the H13CO`
emission. This is because the optically thin H13CO` line
traces a dense envelope perpendicular to the outÑow rather
than outÑow gas itself as seen in Figure 2 for the sources
detected in H13CO`. Thus, the velocity structure seen
in Figure 5b is interpreted as a rotation of the envelope.
Hogerheijde et al. (1998) interpreted their interferometric
HCO` data in this way.

3.3.2. IRAS 04113

We present an H13CO` channel map of IRAS 04113 at
km s~1 with a velocity resolution of 0.27 kmVLSR\ 6.27

s~1 in Figure 2b. The 3 p emission appears only in this
velocity channel, which is away by one channel from the
systemic velocity of km s~1. The detection isVLSR\ 6.5
marginal and we estimate the upper limit of the mass toH2be 2.8 ] 10~3 Among our samples, this source is theM

_
.

only one that is not associated with either CS(J \ 3È2)
emission (MS95) or IR reÑection nebula, suggesting that
this source has already dissipated a dense core away and is
at a later stage compared to the other embedded sources.
We detected continuum emission shown in Figure 3b.
The peak position at d(1950)\a(1950)\ 04h11m20s.8,
27¡58@32A is near the center of the binary system with a
separation of 490 AU (Tamura et al. 1991). Our resolution
is not enough to determine which star in the binary system
is associated with the continuum emission.

3.3.3. IRAS 04169

Figure 2c shows an integrated intensity map of the
H13CO` line from IRAS 04169 over the velocity range

km s~1. The disklike structure perpen-VLSR\ 6.42È7.22
dicular to the outÑow axis (P.A.D 60¡ by Bontemps et al.
1996) has a size of 4900 ] 1400 AU at P.A. 135¡. We con-
sider the H13CO` emission comes from the disklike
envelope around the star. The interferometric C18O(J \ 1È
0) map by Ohashi et al. (1997b) shows a similar feature with
a radius of 1100 AU at P.A. 154¡. We consider that both
H13CO` and C18O trace the same envelope. Figure 3c
shows the 87 GHz continuum map toward IRAS 04169. We
did not detect continuum emission down to the 3 p level of
26 mJy beam~1.

3.3.4. IRAS 04239

We did not detect H13CO` emission down to the 3 p
level at the stellar position in the velocity channel VLSR \
6.81 km s~1 very close to the systemic velocity. Figure 2d
shows a velocity channel map at km s~1, whichVLSR \ 6.54
is the only one associated with the 3 p emission near the
stellar position. CS(J \ 2È1) emission is elongated roughly
perpendicular to the outÑow axis, which is suggestive of
dense envelope origin (OHKI). We did not detect any con-
tinuum emission down to the 3 p level of 24 mJy beam~1, as
is shown in Figure 3d.

3.3.5. L 1551 IRS 5

Figure 2e shows an integrated intensity map of the
H13CO` line from L1551 IRS 5 over the velocity range

km s~1. It is found that the emission hasVLSR\ 5.57È7.18
an elongated disklike structure with a size of 5600 ] 2800
AU at P.A. 160¡ perpendicular to the radio jet (P.A. 255¡ by

et al. 1986) and the large-scale molecular outÑowRodr•� guez
(P.A. 225¡ by Uchida et al. 1987). Hence, the H13CO` line
probes the dense envelope around L1551 IRS 5 (Saito et al.
1996). The detailed kinematics were interpreted as a disk
infalling motion, which was discussed already by Ohashi et
al. (1996a), Saito et al. (1996), and Momose et al. (1998).
Figure 3e shows the 87 GHz continuum map with its peak
position at d(1950)\ 18¡01@42A justa(1950)\ 04h28m40s.2,
coincident with the peak of centimeter emission (Rodr•� guez
et al. 1986).

3.3.6. HL Tau

We did not detect H13CO` emission down to the 3 p
level toward the stellar position as is shown in Figure 2f,
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which is a velocity channel map at the systemic velocity of
km s~1. The 3 p emission to the north of HLVLSR\ 6.78

Tau does not have any corresponding emission in the inter-
ferometric 13CO and CS(J \ 2È1) maps (Hayashi et al. 1993 ;
OHKI). In addition, the single dish H13CO` spectrum in
18A beam does not show any emission toward HL Tau (Fig.
1). We estimate the upper limit of the mass of dense gasH2component to be 3.7 ] 10~3 which is smaller than thatM

_
,

(D0.03 by Hayashi et al. (1993) from the 13CO obser-M
_

)
vations. We consider that the density of the surrounding
envelope around HL Tau is less than the critical density of
the H13CO`(J \ 1È0) line (see ° 4.1.4). Figure 3f shows the
87 GHz continuum map toward HL Tau. The peak of the
emission is at d(1950)\ 18¡07@36Aa(1950)\ 04h28m44s.4,
and just coincides with the stellar position determined by
the high-resolution K-band observations (Close et al. 1997).

3.3.7. L 1551 NE

Figure 2g shows an integrated intensity map of the
H13CO` line from L1551 NE over the velocity range

km s~1. We adopt the peak of centimeterVLSR\ 5.84È7.99
continuum emission Anglada, & Raga 1995) as(Rodr•� guez,
the stellar position of L1551 NE. We found that the emis-
sion has an elongated disklike structure with a size of
7400 ] 2800 AU at P.A. 160¡. Since the elongation of the

emission is roughly perpendicular to the jet axis at P.A.H262¡ (Hodapp & Ladd 1995), the emission traces a dense
envelope around L1551 NE. The 87 GHz continuum emis-
sion was detected (Fig. 3g) with the peak position at

d(1950)\ 18¡02@10A, coincident witha(1950)\ 04h28m50s.6,
the peak of the centimeter emission.

Figure 6 shows velocity channel maps of the H13CO`
line toward L1551 NE in the range of kmVLSR \ 5.57È7.99
s~1. We detected signiÐcant H13CO` emission at the LSR
velocities ranging from 5.84 to 7.72 km s~1. Since the sys-
temic velocity is 6.7 km s~1 in the components atVLSR,km s~1 and km s~1 areVLSR\ 5.97È6.51 VLSR \ 7.05È7.59
blue- and redshifted emission, respectively. The velocity
structure in the H13CO` maps is complicated and the inter-
pretation is not straightforward. The most blueshifted emis-
sion at km s~1 is located to the north of theVLSR \ 5.97
stellar position. At 6.24 km s~1, the 3 p emission is located
both to the north and south of the star. We can see the ridge
emission near the star at 6.78, and 7.05 km s~1.VLSR \ 6.51,
The emission at these three velocities are shifted to the east
of the star. Compact emission is associated with the star at

and 7.59 km s~1. Overall, the blueshifted emis-VLSR\ 7.32
sion is located to the north and the redshifted emission to
the south. In contrast to L1551 IRS 5 (Saito et al. 1996 ;
Momose et al. 1998), the emission in the position-velocity

FIG. 6.ÈVelocity channel maps of the H13CO` emission of L1551 NE over km s~1. The center velocity of each channel with 0.27 kmVLSR\ 5.57È7.99
s~1 width is shown in each panel. A cross indicates the stellar position. The contour interval is 135 mJy beam~1 corresponding to 1.5 p level. The synthesized
beam is denoted by an ellipse.



850 SAITO ET AL. Vol. 547

diagrams shown in Figure 7 demonstrates a complicated
and asymmetric pattern. There seems to exist a velocity
gradient along the major axis, which is denoted by a broken
black line with a gradient of 0.33 km s~1 over 8400 AU. We
interpret the gradient as a rotation of the ridge and the
estimated rotational velocity is 0.17 km s~1 at r \ 4200 AU
without correcting for the inclination. If we assume a stellar
mass of 0.5 and adopt an inclination of 60¡, the line-of-M

_sight component of the Keplerian velocity is calculated to
be 0.28 km s~1 (4200 AU/r)~1@2, which is larger than the
observed rotational velocity of the ridge component of 0.17
km s~1 at 4200 AU. Thus, the ridge is probably not rota-
tionally supported. A compact emission near the stellar
position does not agree with this trend (i.e., a component at

km s~1). This component, the counterpart ofVLSR\ 7.59
which is the redshifted emission seen in the CS(J \ 2È1)
map (Plambeck & Snell 1995), may be a part of the outÑow
from either L1551 NE or L1551 IRS 5. On the other hand,
only the redshifted emission is distinct in the position veloc-
ity map cut along the minor axis and a clear velocity shift is
not discerned (Fig. 7b). This, however, cannot rule out the
existence of a disk infalling motion because the abundance
of H13CO` in the dense envelope, particularly blueshifted
emission expected to be in the west of the star, may be

FIG. 7.ÈH13CO` position-velocity maps of L1551 NE cut along the
major (P.A. 160¡) and minor (P.A. 70¡) axes of the envelope. The contour
interval is 135 mJy beam~1. Horizontal and vertical gray broken lines
present the stellar position and the systemic velocity determined from the
single-dish H13CO` spectrum, respectively. A velocity gradient is shown
as a black broken line.

decreased by the molecular outÑow from L1551 IRS 5
(Bergin, Melnick, & Neufeld 1998). In fact, MS95 obtained
an asymmetric proÐle toward the star in the CS(J \ 5È4)
observations suggestive of an infalling motion.

3.3.8. T MR1

Figure 2h shows an integrated intensity map of the
H13CO` line from TMR1 over the velocity range VLSR\
5.87È6.94 km s~1. The peak of the H13CO` emission is
located at 5A north of the star and some part of the emission
would trace the K absorption bar at 8A northwest of the star
(Terebey et al. 1990). The H13CO` distribution is elongated
at P.A. 69¡ perpendicular to the outÑow axis at P.A.
165¡ (Hogerheijde et al. 1998), although the signal-to-noise
ratio of the map is not very high. We suppose that the
elongation is real and it is likely that the emission arises
from the envelope gas and not the outÑowing gas. Figure 3h
shows a continuum map toward TMR1 at 87 GHz and
continuum emission at 3 p is seen. The peak position at

d(1950)\ 25¡47@29A coincides witha(1950)\ 04h36m09s.8,
the K-band source. The peak and total Ñux densities in the
map are 21 mJy beam~1 and 28 mJy, respectively. Combin-
ing the Ñux density with that at j \ 1100 km of 0.188 Jy
(MS94), b index is estimated to be [0.29, inconsistent with
thermal emission from dust. This is because the 87 GHz Ñux
density toward TMR1 in the present work is signiÐcantly
larger than those found by Terebey et al. (1993) at 110 GHz
and Hogerheijde et al. (1997) at 89 GHz. Our large Ñux
density may suggest a nonthermal burst at millimeter band
as was observed toward a weak-line T Tauri star V773
(Dutrey et al. 1996). Another possibility is the sudden
increase in Ñux density caused by the sudden increase of
mass accretion rate and of disk temperature, which was
observed at submillimeter for GG Tau (Moriarty-Schieven
& Butner 1997).

3.3.9. T MC1A

We detected H13CO` emission at 3 p toward TMC1A in
only one velocity channel. Figure 2i shows a velocity
channel map at km s~1. This velocity is signiÐ-VLSR \ 6.27
cantly o† from the systemic velocity of 6.9 km s~1 in VLSRwhere there was no H13CO` emission in our NMA map.
Although weak emission is seen at km s~1 inVLSR \ 6.27
the single-dish spectrum, we consider that this is not related
to the dense envelope around the star. Hence, we estimate
the mass or the upper limit mass to be 3.3 ] 10~3H2 M

_
.

Figure 3i shows the 87 GHz continuum map toward
TMC1A. We did not detect any continuum emission down
to the 3 p level of 23 mJy beam~1.

3.3.10. L 1527 FIR

Figure 2j shows an integrated intensity map of the
H13CO` line from L1527 FIR over the velocity range

km s~1. It is found that the emission hasVLSR\ 5.33È6.67
an elongated disklike structure with a size of 4500 ] 2200
AU at P.A. 0¡. Since the elongation of the disklike structure
is perpendicular to the east-west molecular outÑow
(Bontemps et al. 1996 ; Hogerheijde et al. 1998), the
H13CO` line probes the disklike envelope physically
associated with the millimeter source. Our integrated inten-
sity map is very similar to that of C17O(J \ 2È1), which is
optically thin (Fuller et al. 1996 ; LFD) and to the
C18O(J \ 1È0) map by Ohashi et al. (1997a, hereafter
OHHM) although this elongated structure is not clearly
seen in single-dish maps of C18O(J \ 1È0), C18O(J \ 2È1),
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C18O(J \ 3È2) (Sunada & Kitamura 1999 ; Fuller, Ladd, &
Hodapp 1996). We did not detect any signiÐcant emission
to the west of the star where the CS(J \ 2È1) emission was
clearly detected by OHKI. They interpreted the CS emis-
sion as a dense outÑowing shell from comparison with the
12CO wing map by Tamura et al. (1996). The H13CO` total
Ñux density integrated over the area of the north-south
structure is 3.3 Jy km s~1, and we estimate an mass to beH20.15 using an optical depth of 1.8 from the 45 m tele-M

_scope results (° 3.1). The mass estimated above is the lower
limit because a signiÐcant fraction of the H13CO` emission
near the systemic velocity is resolved out in our obser-
vations (Fig. 8). In addition to the dense envelope com-
ponent, we can discern the strong H13CO` emission
located to the southeast of the millimeter source in Figure
2j. From its morphology, the emission appears to be part of
the shell structure seen in the interferometric 13CO and
HCO` maps (OHHM; Hogerheijde et al. 1998). Figure 3j
shows the 87 GHz continuum map toward L1527 FIR. We
detected the 3 p level continuum emission. The peak posi-
tion coincides with the millimeter source at a(1950)\

d(1950)\ 25¡57@21A.04h36m49s.6,
Figure 8 shows velocity channel maps of the H13CO`

line toward L1527 FIR. We detected H13CO` emission

toward the stellar position at 5.47, 5.74, and 6.28 km s~1.
Since the systemic velocity is 6.0 km s~1 in the com-VLSR,ponents at km s~1 and km s~1VLSR \ 5.47È5.74 VLSR \ 6.28
are blue- and redshifted emission, respectively. Since the
structures at 5.47 and 5.74 km s~1 are perpendicular to the
outÑow axis, these components trace the disklike envelope
around the star. Overall structure at 5.74 km s~1 is shifted
to the east of the star. In the map at 6.01 km s~1, the
systemic velocity, no signiÐcant emission is seenÈprobably
because the H13CO` emission is optically thick (Fig. 1) and
extended to large scales which our observations resolved
out. The emission at 6.28 km s~1 showing an elongation at
P.A.D 0¡ also comes from the disklike envelope.

Figure 9 shows position velocity diagrams cut along at
P.A. 0¡ (major axis) and 90¡ (minor axis). The velocity
pattern along the major axis is similar to the C18O results of
OHHM (Fig. 9a in their paper). The discerned pattern is
very di†erent from that of a Kepler disk (OHHM; Brown &
Chandler 1999). Our observations also suggest that the
rotating motion is not dominant in the dense envelope.

A velocity gradient along the minor axis is marginally
seen in Figures 8 and 9b, although it is asymmetric in both
space and velocity domains with respect to the protostar
L1527 FIR. The emission peak shifts from east (blueshifted)

FIG. 8.ÈVelocity channel maps of H13CO` emission of L1527 FIR over km s~1. The center velocity of each channel with 0.27 km s~1VLSR \ 5.07È6.94
width is shown in each panel. A cross indicates the stellar position. The contour interval is 150 mJy beam~1 corresponding to 1.5 p level. The synthesized
beam is denoted by an ellipse.
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FIG. 9.ÈH13CO` position-velocity maps of L1527 FIR cut along the
major (P.A. 0¡) and minor (P.A. 90¡) axes of the envelope. The contour
interval is 150 mJy beam~1. Horizontal and vertical gray broken lines
present the stellar position and the systemic velocity determined from the
single-dish HC18O` spectrum, respectively. A velocity gradients is shown
as a black broken line.

to west (redshifted) with velocity. We interpret the velocity
gradient along the minor axis as the disk infalling motion
(e.g., Saito et al. 1996). The H13CO` emission originates
predominantly from the dense disklike envelope around
L1527 FIR. From Figure 8, the blueshifted component of
the H13CO` emission km s~1) is located to the(VLSR \ 5.74
east of the disklike envelope (far side) and the redshifted
component of the emission km s~1) is associ-(VLSR \ 6.28
ated with the star and extended to the west side (near side)
taking into account the outÑow direction. This trend is also
discerned in the position velocity diagram in Figure 9b.
Consequently, this velocity structure is suggestive of disk
infalling motion. OHHM obtained the same conclusion of a
disk infall from the C18O map with the NMA.

A velocity shift of 0.58 km s~1 over 420 AU is obtained
from the peak shift in Figure 9b. If we assume that the

inclination angle of the disklike envelope is 6¡È8¡ (e.g.,
Zhou, Evans, & Wang 1996), the infall velocity is estimated
to be 0.29 km s~1 (0.29 km s~1/cos 6¡È8¡) over 750È1000
AU (210 AU/sin 6¡È8¡) after correction for the inclination.
The infall velocity estimated above is roughly consistent
with the free-fall velocity of 0.30È0.34 km s~1 if we adopt

(OHHM). We estimate a mass infall rate ofM
*

\ 0.1 M
_3.4È4.1] 10~6 yr~1 in the same way as calculated forM

_L1551 IRS 5 (Saito et al. 1996). This value is the lower limit
of the mass infall rate because a signiÐcant fraction of the
envelope gas near the systemic velocity is resolved out and
the envelope mass is underestimated. OHHM obtained a
smaller mass infall rate of 1 ] 10~6 yr~1 from theM

_C18O observations because they assume a lower of 10 KTexin the estimation of the envelope mass. If they adopt the
same of 25 K as ours, the infall rate becomes 3.3 ] 10~6Texyr~1 in agreement with our estimate.M

_The observed mass infall rate is larger than the mass infall
rate of 1.3È1.8] 10~6 yr~1 calculated from the bolo-M

_metric luminosity by a factor of 2È3.( \ L bolR*
/GM

*
)

Here, we use the bolometric luminosity of 1.4È2 (FullerL
_et al. 1996), a stellar mass of 0.1 and a stellar radius of 3M

_
,

The discrepancy may come from the fact that the massR
_

.
accretion in the dense envelope is larger than that onto the
star or that the true luminosity is underestimated. The latter
one is caused by the fact that it is not correct to assume an
isotropic radiation Ðeld in estimating the true luminosity of
a system with a nonspherical envelope. Since the envelope
of L1527 FIR has a Ñattened shape and is nearly edge-on,
photons from the star tend to escape along the outÑow axis
(perpendicular to the line of sight) rather than the line of
sight (Nakamoto 2000). This suggests that the true lumi-
nosity of L1527 FIR is larger than 2 and the massL

_accretion rate calculated from would be larger thanL bol(1.3È1.8)] 10~6 yr~1.M
_

3.4. C18O Map of L 1551 Region
Figure 10 shows a C18O(J \ 1È0) integrated intensity

map of L1551 cloud made with the 45 m telescope. The
integration range is from 5.9È7.6 km s~1 in whichVLSR,covers the systemic velocities of L1551 IRS 5, HL Tau, and
L1551 NE. The C18O line is probably optically thin except
toward the center positions of cores (e.g., LFD) and thus
Figure 10 depicts an overall distribution of cold gas with
moderate density (D104 cm~3). L1551 cloud is extended
with a size of 0.5] 0.5 pc and there exist several peaks in
the cloud, three of which harbor the young stars of L1551
IRS 5, L1551 NE, and HH 30.

L1551 IRS 5 is near the center of L1551 cloud and
located at the edge of a ridge that extends from north to
south. This elongation of the ridge is consistent with that
seen in the H13CO` envelope imaged with the NMA (Saito
et al. 1996 ; Fig. 2e). The shape of the core surrounding
L1551 IRS 5 in our map is not as well traced as those in the
maps of high-density tracers of C18O(J \ 2È1) (Zhou et al.
1994) or H13CO` (Mizuno et al. 1994). This is attributed to
the fact that the C18O(J \ 1È0) line traces shell structures
swept up by outÑows as well as gas in the dense core as
mentioned in the following. An interesting feature in our
map is a pair of cavities located on either side of L1551
IRS 5. The line connecting the two cavities is along the radio
jet of L1551 IRS 5 and perpendicular to the elongation of
the H13CO` envelope. This feature is strong evidence that
the parent core is being dispersed by the energetic outÑow
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FIG. 10.ÈTotal integrated intensity map in the C18O(1È0) line of L1551 cloud with the 45 m telescope. The range of the integration is from 5.9 to 7.6 km
s~1 in The map is convolved with a Gaussian beam with FWHM of 51A. Young stars are denoted by crosses together with their names. The contourVLSR.levels start at 0.6 K km s~1 by 0.2 K km s~1 intervals.

from L1551 IRS 5, although it may be more or less attri-
buted to the outÑow of L1551 NE. The cavity and cavity
wall features imply that the cloud is being blown o† by an
outÑow with a relatively wide opening angle. The west part
of this feature is also seen in the 13CO(J \ 1È0) map
(Moriarty-Schieven & Snell 1988 ; Saito et al. 2000). Our
C18O map, however, more clearly demonstrates how the
core is dispersed away by the molecular outÑow than the
13CO map because cores are not clearly identiÐed in the
13CO map owing to the relatively large optical depth, which
makes the e†ective critical density (D103 cm~3) lower than
that of C18O. This fact indicates that mapping observa-
tions of optically thin tracers with moderate critical density
on a large scale enable us not only to understand core
properties but also the relation between parent cores and
outÑows.

L1551 NE is located at the center of a C18O core with a
size of about 0.1 pc, which is newly found in the present
work. The elongation of the core is from southeast to north-
west, which is similar to the H13CO` map in Figure 2g.
Therefore, the H13CO` emission probes the dense part of

the C18O core. The shape of the core appears arclike, which
is also discerned in the NMA map at km s~1VLSR \ 6.51
(Fig. 6). The presence of the arc feature suggests that the
core associated with L1551 NE is a†ected by the molecular
outÑow from L1551 IRS 5. Although a cavity feature is seen
at the northeast side of L1551 NE in the 13CO(J \ 1È0)
maps (Moriarty-Schieven & Snell 1988 ; Saito et al. 2000),
the core surrounding L1551 NE appears not to be signiÐ-
cantly dissipated.

In contrast to L1551 IRS 5 and L1551 NE, there is no
clear peak toward the HL/XZ Tau region near the edge of
L1551 cloud ; rather, HL Tau is located on the edge of the
C18O core associated with HH 30. These suggest that most
of the parent core around HL Tau has already been blown
o† by the jets/outÑows from HL/XZ Tau. This interpreta-
tion is in agreement with the fact that we did not detect any
H13CO` emission toward HL Tau in Figure 1. A cavity
structure can be seen at the northeast of HL Tau, indicating
that this part of the cloud was evacuated by the blueshifted
jet/outÑow from HL Tau (Monin, Pudritz, & Lazare† 1996 ;
Saito et al. 2000).
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4. DISCUSSION

4.1. Evolution of Protostars
The widely accepted scenario of star formation indicates

that the mass of a natal dense core and a dense envelope are
gradually reduced by outÑow/accretion with evolution
(Shu, Adams, & Lizano 1987). Thus, it is reasonable to
hypothesize that the various dense envelope masses traced
by the H13CO`(J \ 1È0) line around the stars are attribut-
able to di†erent evolutionary stages. Here we will show that
this is correct from our results combined with other physi-
cal properties.

4.1.1. ClassiÐcation

For the discussion, we classify our observed sources into
three groupsÈclasses A, B, and CÈbased on the H13CO`
intensities and morphology taken with the NMA. L1551
IRS 5, L1551 NE, and L1527 FIR are class A sources,
deÐned as sources with distinct disklike H13CO` emission
perpendicular to the outÑow. L1489 IRS, IRAS 04169, and
TMR1 are class B sources where the NMA detected
H13CO` emission, although the emission distribution does
not show a clear disklike feature. IRAS 04113, IRAS 04239,
HL Tau, and TMC1A are class C sources with no H13CO`
emission in the NMA maps at the systemic velocities. Table
4 summarizes our classiÐcation along with the properties of
the observed sources previously obtained : presence of
CS(J \ 5È4) wing emission, ratios of column densitiesH2taken with 33A and 48A beams, positional coincidence of
parent cores and protostars, and the bolometric tem-
perature We calculated the column density ratioTbol.from the table in LFD. They observed our sources
in C18O(J \ 2È1) and C17O(J \ 2È1) with 33A beam and
estimated the column density [i.e., the mean columnH2density within 33A beam: hereafter TheyNH2

(r ¹ 16A.5)].
also estimated the column density with 48A beamH2from C18O(J \ 1È0) and C17O(J \ 1È0) data [hereafter
NH2

(r ¹ 24@@)].
All class A sources have CS(J \ 5È4) wing emission

(MS95) and is larger thanNH2
(r ¹ 16A.5) NH2

(r ¹ 24@@)
(LFD). Further, single-dish observations show that the

peaks of H13CO` integrated intensity maps are coincident
with the source positions (L1527 FIR in Fig. 11 ; L1527 FIR
and L1551 IRS 5 in Mizuno et al. 1994). Figure 10 also
indicates that L1551 NE is centered on the 0.1 pc scale
parent core, although there is no single-dish H13CO` map
available. Class A sources have lower than 100 K.TbolThe CS(J \ 5È4) wing emission was detected toward all
class B sources (MS95) as is the case of class A sources.
However, the is smaller than forNH2

(r ¹ 16A.5) NH2
(r ¹ 24@@)

class B sources. Besides, the H13CO` single-dish map
shows that the peak of the dense core is displaced from
TMR1 (Fig. 11 ; Takakuwa et al. 2000). L1489 IRS is also
located on the western edge of the dense core L1489
observed in DCO` (Butner et al. 1995). Since the distribu-
tion of the DCO` emission is very similar to that of
H13CO` Langer, & Wilson 1982), L1489 IRS is(Gue� lin,
likely on the edge of the H13CO` core. Perhaps the dense

FIG. 11.ÈTotal integrated intensity map in the H13CO`(1È0) line of
Heiles Cloud 2 with the 45 m telescope by Takakuwa et al. 2000.

TABLE 4

PROPERTIES OF THE SOURCES

Source Classa CS Wingb NH2
(r \ 16A.5)/NH2

(r \ 24@@)c H13CO`(peak)/IR Coincidenced Tbol(K)e

L1489 IRS . . . . . . . . B Yes 0.75 Nof 238
IRAS 04113 . . . . . . C No 0.42 . . .g 606
IRAS 04169 . . . . . . B Yes 0.87 Yesh 170
IRAS 04239 . . . . . . C No 0.84 . . . 236
L1551 IRS 5 . . . . . . A Yes 1.79 Yesh 97
HL Tau . . . . . . . . . . . C . . . 1.0 No 576
L1551 NE . . . . . . . . A Yes 1.5 . . .i 75
TMR1 . . . . . . . . . . . . . B Yes 0.53 No 144
TMC1A . . . . . . . . . . . C No 0.71 Yes 172
L1527 FIR . . . . . . . . A Yes 2.47 Yesh 59

a (A) : disklike H13CO` emission detected with the NMA; (B) : H13CO` detected with the NMA; (C) : No H13CO` emission
detected with the NMA.

b Moriarty-Schieven et al. 1995.
column density ratio of two di†erent beam sizes from Ladd et al. 1998.c H2d Is the stellar position coincident with the peak of a H13CO` parent core?

e Chen et al. 1995.
f Butner et al. 1995.
g Only weak H13CO` emission was detected toward IRAS 04113.
h Mizuno et al. 1994.
i A C18O core is coincident with the stellar position in Fig. 10.
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core L1489 is not related with L1489 IRS as discussed in
° 3.3.1 and the parent core of L1489 IRS may have been
mostly dispersed. An H13CO` core, however, is coincident
with IRAS 04169 (Mizuno et al. 1994). The of class BTbolsources are around 200 K.

None of class C sources have CS(J \ 5È4) wing emission
(MS95). Both the parent cores around IRAS 04239 (0.4 M

_by Zhou et al. 1994) and TMC1A (Fig. 11) are less massive
compared to those of class A and B sources. Indeed, a core
feature is not prominent toward class C source TMC1A in
the large-scale C18O integrated intensity map (Sunada &
Kitamura 1999). Further, high angular resolution maps in
CO isotopes have revealed that the velocity Ðeld in the
envelopes around TMC1A is well described by Keplerian
rotation with no signature of infall (Ohashi et al. 1997b ;
Brown & Chandler 1999). For HL Tau, the parent core has
been rareÐed (Fig. 10) and only the remnant disklike
envelope is associated with HL Tau (e.g., Hayashi et al.
1993). HL Tau and IRAS 04113 have higher (D600 K).TbolWe consider that our classiÐcation is not so sensitive to
the bolometric luminosity of the sample but, rather, is
related to the dense envelope mass. First, the luminosity
range is from 0.9 to 5.9 only a factor of 6 except forL

_
,

L1551 IRS 5 (19 Second, the dust equilibrium tem-L
_
).

perature is proportional to so the temperature is notL
*
1@4,

so dependent on the stellar luminosity. In fact, LFD
obtained similar excitation temperatures for all the sources
observed in the present work. Therefore, H13CO` line
intensity does not strongly depend on the stellar luminosity.

4.1.2. Core Properties of Each Class

MS95 observed the CS(J \ 5È4) line toward young stars
in Taurus and identiÐed sources with CS(J \ 5È4) wing
emission. Since the CS(J \ 5È4) transition has a high criti-
cal density ([105 cm~3) and the wing velocity is probably
larger than escape velocity, the high-velocity CS emission is
from dense outÑowing gas. All class A and B sources have
CS wing emission, which indicates that molecular outÑows
from those sources are currently dissipating the dense part
of the parent cores. We note here that a molecular outÑow
blows o† dense gas near the polar region without inter-
acting with accreting dense matter, which is near the equa-
torial plane (see Fig. 12). On the other hand, dense parts of
the parent cores forming class C sources have been blown
o† already because none of class C sources are associated
with CS wing emission.

It is likely that the density proÐle of a parent core
becomes shallower during the evolution. In this subsection,
we introduce the ratio of to as aNH2

(r ¹ 16A.5) NH2
(r ¹ 24@@)

parameter to describe the density proÐle of a parent core.
This ratio is an indicator of the degree of concentration of
the cores as already discussed by LFD qualitatively. We,
however, treat this more quantitatively here. We take two
examples to see how the ratio is related to the density struc-
ture of a core. If n(r)\ const, NH2

(r ¹ 16A.5)/NH2
(r ¹

24@@)^ 1.0. Here n(r) is the density at radius r and the outer
radius of a parent core is taken to be 104 AU (D0.05 pc)
larger than the observed beam sizes. If n(r)P r~2, NH2

(r ¹
(see Appendix).16A.5)/NH2

(r ¹ 24@@) ^ 1.5
As shown in Table 4, all class A sources have ratios larger

than 1.5, thus indicating that the parent core has a density
slope steeper than the uniform core and likely as steep as
r~2. However, class B and C sources have ratios smaller
than 1.0, which is suggestive of a core with a density increas-

ing with radius. Therefore a signiÐcant fraction of the inner
parent cores have been blown o† in class B and C sources ;
there probably exists an inner cavity in the core. HL Tau
has a relatively high ratio of 1.0 even though it is classiÐed
into class C sources. We consider that the high ratio of HL
Tau is explained by the fact that no natal core is associated
with HL Tau. In such a case, the ratio NH2

(r ¹ 16A.5)/
can be high and is not a good indicator of theNH2

(r ¹ 24@@)
protostellar evolution. In other words, the ratio should
be applied only to sources having natal cores. LFD also
pointed out that the ratio is a useful parameter of the
protostellar evolution ; however, they did not obtain a good
correlation between the ratio and the source age estimated
from Tbol.We also indicate in Table 4 whether or not a parent core
observed in H13CO` is associated with a protostar if single-
dish data are available. It is very important to know if a star
is still associated with a gravitationally bound core because
the stellar mass is determined by how much mass a parent
core can supply to a central star through an envelope
(Nakano et al. 1995). Once the parent core becomes gravita-
tionally unbound after a signiÐcant part has been blown o†,
the star can grow by accretion only from the envelope.
Then, the stellar mass cannot increase much because a 103
AU scale envelope has only a small mass compared with a
parent core or a central star. From this point of view, cores
around class A sources are probably gravitationally bound
because they have steep density structures as mentioned
above. On the other hand, we speculate that cores sur-
rounding class B or C sources are not gravitationally bound
anymore because the column density ratios suggest that
parent cores are mostly blown o† by the outÑows. In such a
case, the remaining core will disperse soon because the core
matter would no longer be gravitationally bound, and acc-
retion onto the star would stop (Nakano et al. 1995).

4.1.3. Dense Gas Evolution at Protostellar Phase

We have just discussed that the dense outÑowing gas
disappears and the density structure of a parent core
becomes shallower with decreasing envelope mass traced
with the H13CO` line. In addition, a parent core seems less
prominent around a central star at the phase where no
dense envelope is detected. These results are consistent with
the standard scenario of low-mass star formation (Shu et al.
1987) wherein a dense core is dispersed during embedded
phase by outÑow/infall processes.

Here we describe a scenario by stressing new insights
revealed in the present study (Fig. 12). A star is born in a
dense parent core with a size of about 0.1 pc and a mass of a
few solar mass. In this phase, a star and a parent core are
gravitationally bound and therefore the density proÐle of
the core should have a centrally condensed feature. In addi-
tion, the peak of the parent core should be coincident with
the stellar position. The gas of the parent core accretes onto
the central star/disk system through a disklike envelope. As
soon as a star is born, a bipolar molecular outÑow occurs
and begins to dissipate the parent core away, particularly
near the polar axis. The accretion process in the envelope is
prominent at this phase (class A). As the star evolves, the
molecular outÑow sweeps some part of the dense parent
core and the parent-core mass decreases, which changes its
morphology. When the parent core is dissipated away to
some degree, the star/core system becomes gravitationally
unbound. Thus, the column-density proÐle of the core
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FIG. 12.ÈSchematic picture of low-mass stellar evolution with our classiÐcation

becomes Ñat and the separation between the stellar position
and the center position of the parent core becomes larger. In
addition, the dense envelope mass also decreases because of
the accretion process (class B). After dissipating most of the
parent core, the central star is supplied with the gas only

from the remaining tenuous envelope with a size of about
103 AU and a mass of 0.01 (class C).M

_The main accretion phase is likely over during the
embedded phase and may be shorter than previously
thought because only L1551 IRS 5 and L1527 FIR among
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the 10 embedded sources are found to have infalling dense
gas. The small number of the infalling objects suggests that
the timescale of the phase during which the dense gas infall
is well observed is as short as (2È4)] 104 yr if we assume
the lifetime of class 0]I to be (1È2)] 105 yr et al.(Andre�
2000). Using the observed mass accretion rate of 3 ] 10~6

yr~1, the mass in a dense envelope reduces by 0.1M
_

M
_during the main accretion phase, which is comparable to

the di†erence in dense envelope masses between class A and
B sources. Thus, the mass accretion is the main reason for
the reduction of mass in a dense envelope in contrast to the
dispersal of the parent core by an outÑow. LFD also sug-
gested a rapid mass loss in a dense core from single-dish
observations. They made a survey of CO isotopes toward
embedded stars in Taurus and found that the decrease in
column density occurs Ðrst and most signiÐcantly near the
forming star. According to their interpretation, a highly
efficient outÑow dissipates most of a core during the Ðrst
3 ] 104 yr and eventually the standard infall dominates the
mass loss on a 0.01 pc scale.

As seen in ° 3, the intensity of the H13CO` emission does
not correlate with the continuum Ñux density at 87 GHz.
Despite the small number of our current sample, we con-
sider that the Ñux density of (sub)millimeter continuum
emission with single dishes alone cannot characterize the
evolution of young stars because the continuum emission
arises from both the envelope and compact disk. Similar
results were obtained by other authors from the comparison
between continuum emission in the submillimeter wave-
length and the molecular lines such as CS and HCO`
(MS95 ; Hogerheijde et al. 1997). It is necessary to dis-
tinguish the contribution of disks or envelopes by mapping
the dense envelopes around protostars in order to study the
evolution of dense envelopes around protostars.

4.1.4. Depletion of H13CO`?

The scenario of reduction of dense gas mass traced by the
H13CO` line may change, if a signiÐcant fraction of
H13CO` molecules freeze onto dust grains. In this sub-
section, we will investigate X(H13CO`) of some sources in
detail. Figure 13 shows molecular hydrogen column
densities (LFD) versus our H13CO` column densities
toward our sources. This graph shows that our adopted
X(H13CO`), except HL Tau, is consistent with the
observed results within a factor of 3 considering error bars.

FIG. 13.ÈColumn density of H13CO` in the present work vs. H2column density from LFD. The error bars of the H13CO` column den-
sities are the maximum systematic error, 10% of the integrated intensities
coming from the calibration error. Broken lines represent
X(H13CO`)\ 3.3, 10, and 30] 10~11, respectively.

Since LFD suggest that signiÐcant depletion of CO in gas
phase is unlikely, X(H13CO`) is roughly constant during
the protostellar phase.

The argument above does not change if we consider the
e†ect of the di†erent beam sizes between 18A (ours) and 33A
(LFD). The reason is that the hydrogen column densities in
18A becomes larger only a factor of at most 2 when we
change the density structure in the range from n(r)P r0 to
P r~2, as calculated in the Appendix. Even if the molecular
hydrogen column density is twice as large, all the sources
except HL Tau and L1551 NE are consistent with
X(H13CO`) \ 10.2] 10~11 within a factor of 3.

We note that L1551 NE in Figure 13 shows lower abun-
dance compared with that of other sources. This is probably
because the powerful molecular outÑow from L1551 IRS 5
likely a†ects the chemical condition of the dense core
around L1551 NE. In fact, L1551 NE is located in the red
lobe of the CO outÑow from L1551 IRS 5, and there exists
an arclike structure in Figure 6 km s~1) and(VLSR \ 6.51
Figure 10. The chemical models by Bergin et al. (1998)
suggest that X(HCO`) decreases in the outÑow gas. Such
decrease of X(H13CO`) may occur because our NMA map
(Fig. 2g) shows less emission on the west side (nearer to
L1551 IRS 5) than on the east side.

For class C sources, the masses of circumstellar matter
around HL Tau and TMC1A in the present work are
smaller than those from the 13CO observations. We con-
sider that this is because of the low density of the envelopes.
To calculate the density of the envelope of HL Tau, we
reestimate the size of the disklike envelope of 36@@] 17@@
(5000] 2400 AU) at 1.5 p level from Hayashi et al. (1993)
because they obtained the mass of the entire envelope and
not the FWHM-sized envelope. When we assume the size of
the envelope of 5000] 2400 ] 2400 AU and the mass of
0.03 the average density of the envelope is aboutM

_
,

9 ] 104 cm~3, which is smaller than the critical density of
the H13CO`(J \ 1È0) transition. Even if we take the
smaller size at 3 p level, the average density of the envelope
is about 2.5] 105 cm~3, which is comparable to the critical
density of the H13CO`(J \ 1È0) transition. Therefore, we
did not detect any H13CO` emission toward HL Tau, not
because of depletion but perhaps because of low density of
the envelope. In the case of TMC1A, the mass of the C18O
envelope is recalculated to be 1.8] 10~2 usingM

_
Tex \

25 K (Brown & Chandler 1999). The size of the envelope is
2800 ] 1400 AU if we take the region above the 3 p level of
the C18O map. If we assume the height of the envelope is
1400 AU, the average density of the envelope is about
2.7] 105 cm~3, which is slightly larger than the critical
density of the H13CO`(J \ 1È0) transition. Brown &
Chandler (1999) did not give the size of the envelope that is
used for the mass estimation, and there is uncertainty in the
size used here. Therefore, the density of the CO envelope
around TMC1A may also be lower than the critical density
of the H13CO`(J \ 1È0) transition, although the depletion
of the H13CO` molecule cannot be ruled out. Conclusively,
depletion of the H13CO` molecule would not be signiÐcant
toward our samples, and our classiÐcation can be inter-
preted as an indicator of protostellar evolution.

4.2. Parent-Core Dissipation by OutÑows
As discussed in ° 4.1, the process of parent-core dissi-

pation by an outÑow is important to understand the evolu-
tion of low-mass young stars. All the observed sources in
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the present work have high-velocity wing emission in
CO(J \ 3È2) (Moriarty-Schieven et al. 1992) and both class
A and B sources also have wing emission in CS(J \ 5È4). It
is expected that class A and B sources are sweeping up
dense parts of parent cores. In our sample, L1527 FIR is a
particularly interesting source that has outÑowing H13CO`
gas detected with the NMA because the H13CO` line in
most cases traces only dense envelope features. Indeed, even
in L1527 FIR, the prominent feature is a disklike envelope
(Fig. 2j). In addition, compact H13CO` emission is seen to
the southeast of L1527 FIR at and 6.54 km s~1VLSR \ 6.28
(Fig. 8). Since the velocities with respect to the star are
larger than the corresponding Keplerian velocities with a
stellar mass of 0.1 (OHHM), these components are notM

_gravitationally bound to the star and are likely parts of the
outÑowing shell swept up by the molecular outÑow. The
unbound H13CO` components are located outside the
southeast part of the V-shaped shell seen in the 13CO map
(OHHM), which indicates that the H13CO` gas is pushed
away by the outÑowing gas from L1527 FIR. The interfero-
metric integrated intensity map in HCO` (Hogerheijde et
al. 1998) also shows an X-shaped feature similar to the
13CO map. Few previous observations have shown such
low-velocity outÑow components. We estimate the total
momentum of the unbound dense gas traced by the
H13CO` emission to be 2.2 ] 10~3 km s~1. TheM

_momentum of the redshifted gas traced by 13CO line on the
east side of L1527 FIR was estimated to be 2.6 ] 10~3 M

_km s~1 by OHHM, which is comparable to the above esti-
mate from the H13CO` data. Since L1527 FIR is one of the
youngest embedded stars (class A) in our sample, we suggest
that dense-core dissipation by the outÑow with a large
opening angle begins at a very early stage of star formation.

Large opening angles for dense outÑowing shells have
been reported toward some very young objects in addition
to L1527 FIR, although it is not well established what
mechanism makes such large opening angles. Large angles
of 90¡ in B335 (Saito et al. 1999) and 120¡È170¡ in L723
(Hirano et al. 1998) are known from millimeter interfero-
metric observations. The cavity wall features near L1551
IRS 5 seen in Figure 10 also agree with the presence of an
outÑow with a large opening angle. One possible explana-
tion is that the angle of an optical jet axis is not constant as
proposed by Close et al. (1997) to interpret their infrared
results of HL Tau. et al. (1997) also suggest the timeGo� mez
variability of the jet axis angle to explain the distribution of
the jets around HH 31. Another possibility is that an
expanding bubble may make such a large opening angle as
is the case of XZ Tau (Krist et al. 1999).

The disklike envelopes around these stars are probably
formed by evacuation of the cores caused by the molecular
outÑows with large opening angles. The outÑows mainly
destroy the polar regions of the cores and the envelopes
survive near the equatorial plane. Rotating motions cannot
make the disklike structures because no signiÐcant rotation
was detected in the envelopes. The rotational energy of the
envelopes is too small to support themselves against gravity
at scales of 103h4 AU (cf. Ohashi et al. 1997b). One of the
most important roles of the envelopes in star formation is to
provide the infalling matter to the central star/disk systems.
The coexistence of outÑowing and infalling gas is demon-
strated by Figures 2j and 8. During the protostellar evolu-
tion, the core dispersion and accretion processes occur at
the same time without interacting with each other.

5. SUMMARY

We have conducted an interferometric survey of both
H13CO` and 87 GHz continuum emission toward 10
protostar candidates in Taurus to(0.9\ L IRAS\ 19 L

_
)

investigate the low-mass protostellar evolution. We de-
tected signiÐcant H13CO` emission for six embedded
sources. The distributions of the emission are roughly per-
pendicular to the known molecular outÑow axes, which
indicates that the H13CO` line traces the dense disklike
envelopes physically associated with the central stars. In
addition, the structures of the dense envelopes around
young stars are clumpy rather than smooth. The sizes and
masses of the disklike envelopes are estimated to be (1È
7)] 103 AU and 0.01È0.2 respectively. We alsoM

_
,

detected compact 87 GHz continuum emission toward six
embedded sources. Our main results are as follows.

1. We divide the observed sources into three classes
based on the H13CO` intensities of the NMA maps. Class
A sources (L1551 IRS 5, L1551 NE, and L1527 FIR) have
strong H13CO` emission centered on the star with elon-
gation perpendicular to the molecular outÑow axes. These
sources have gravitationally bound parent cores and the
embedded stars have not reached their Ðnal masses. Class B
sources (L1489 IRS, IRAS 04169, and TMR1) have
H13CO` emission near the source position with gravita-
tionally unbound parent cores. Class B sources are low-
mass protostars where the bulk of the Ðnal stellar mass has
been assembled and would be supplied with gas from the
disklike envelopes with a small mass. Class C sources
(TMC1A, IRAS 04239, IRAS 04113, and HL Tau) have no
dense envelopes traced by H13CO`. Our results, coupled
with earlier investigations, imply that dense envelope mass
reduces with evolution as suggested in a standard star for-
mation scenario. Imaging observations are important for
knowing whether or not a protostar has a gravitationally
bound parent core because the Ðnal stellar mass is deter-
mined by the mass fraction of the parent cloud that can be
supplied to the central star through an envelope.

2. The dispersion of parent cores is a key process in
determining the stellar mass at an early stage of star forma-
tion. We found the cavities on a similar scale to those of the
parent cores of class A sources in the C18O map of L1551
region. Since class C source HL Tau is not associated with a
dense core, we suggest that the outÑows dissipate parent
cores away at the early protostar phase. It is also found that
L1527 FIR has dense outÑowing gas traced by H13CO`
with a large opening angle that is suggested to blow the core
away efficiently.

3. The NMA observations in the H13CO` (J \ 1È0) line
show that there exist velocity gradients along the minor
axes of the disklike envelopes around L1551 IRS 5 and
L1527 FIR. It is natural to interpret these velocity struc-
tures as the infalling motions in the disklike envelopes, con-
sidering the inclination of the envelopes determined from
the velocity structures of the molecular outÑows. In addi-
tion, the small number of the infalling objects among class 0
and I sources suggests that the timescale of the dense gas
infalling phase may be much shorter than 105 yr. We did
not discern a signiÐcant rotating motion that can support
the dense envelopes against the gravitational force from the
central stars.

4. The intensity of the H13CO` emission does not correl-
ate with the continuum Ñux density at 87 GHz. This fact
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suggests that the intensity of the continuum emission at
millimeter wavelength does not always reÑect the evolution-
ary stage of low-mass young stars. This is because the con-
tinuum emission does not trace well extended envelopes or
parent cores, which are indicators of protostellar evolution,
in contrast to the H13CO` (J \ 1È0) line.
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APPENDIX

ESTIMATION OF THE DENSITY PROFILE OF A CORE FROM COLUMN DENSITIES OBSERVED WITH
DIFFERENT BEAM SIZES

This Appendix investigates the relation between observed column densities with di†erent beam sizes and the density
structure of a molecular cloud core.

We consider a spherical core with a radius of R for the sake of simplicity as shown in Figure 14. When the density proÐle of
the core has a power-law form of the column density at a projected distance p is written in the following formn(r)\ n0(r/r0)~c,
(e.g., Arquilla & Goldsmith 1985).

N(p)\ 2n0 r0c
P
0

ZR
(z2] p2)~c@2 dz , (A1)

where ZR\ (R2[ p2)1@2.

FIG. 14.ÈSchematic picture of a spherical core observed by a single-dish telescope
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Here we consider three representative cases.

1. c\ 0 [n(r)\ constant] : a uniform core
Equation (A1) can be written in the following simple form.

N(p) \ 2n0R
A
1 [ p2

R2
B1@2

. (A2)

Then, the mean column density within a telescope beam with HPBW of toward the core center is2*p0

N1 (p0)\
1

np02
P
0

p0
N(p)2np dp

\ [ 4n0R3
3p02

CA
1 [ p02

R2
B3@2[ 1

D
. (A3)

The ratio of two column densities obtained with di†erent beam sizes of and isp1 p2
N1 (p1)
N1 (p2)

\ 1/p12[(1 [ p12/R2)3@2[ 1]
1/p22[(1 [ p22/R2)3@2[ 1]

.

In this study, and are 2310 AU and 3360 AU (24A), respectively. If we adopt R\ 104 AU (e.g., Fig. 10),p1 p2 (16A.5)

N1 (p1)
N1 (p2)

B 1.02 . (A4)

2. c\ 2[n(r)P r~2] : an isothermal core in hydrostatic equilibrium
The column density (Arquilla & Goldsmith 1985) and the mean column density are given by

N(p)\ 2n0
r02
p

arctan
CAR2

p2 [ 1
B1@2D

, (A5)

N1 (p0)\
4n0 r02

p02
C
p0 cos~1

Ap0
R
B

] R[ (R2[ p02)1@2
D

. (A6)

When we adopt the same beam parameters as in the case of c\ 0, the ratio yields,

N1 (p1)
N1 (p2)

\ 1/p12[p1 cos~1 (p1/R) ] R[ (R2[ p12)1@2]
1/p22[p2 cos~1 (p2/R) ] R[ (R2[ p22)1@2]

B 1.51 . (A7)

3. c\ 1.5[n(r)P r~1.5] : an isothermally collapsing core after a central star is formed. The ratio is numerically obtained to
be B1.31.
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