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ABSTRACT

Twenty-eight IRAS sources selected from the Infrared Astronomical Satellite (IRAS) co-added images in
L1641 were observed in the 13CO. (J = 1-0) and HCO™*(J = 1-0) using the 45 m telescope at the Nobeyama
Radio Observatory. The 13CO and HCO™* column densities toward the IRAS sources correlated with each
other, and both column densities also correlated with the IRAS color defined by the 12-25 um flux ratio.
Three outflow sources mapped in this study showed well-defined HCO™* cores with a size of 0.1 pc and a
mass of 3-30 M. The most probable explanation of these results is that the molecular dense cores are dissi-
pated by both accretion and outflow during an early stage of stellar evolution.

Subject headings: infrared: interstellar: lines — ISM: individual (L1641) — ISM: jets and outflows —

ISM: molecules

1. INTRODUCTION

Observational and theoretical studies have shown that
young stellar objects are being formed in dense cores in molec-
ular clouds (Myers & Benson 1983; Beichman et al. 1986; Shu,
Adams, & Lizano 1987). A natural outcome is that the evolu-
tion of a young stellar object (YSO) will disperse the molecular
dense core in which it forms. Protostellar objects should be
deeply embedded in the cores, while more evolved stars should
have dissipated the cores. This makes it of interest to study the
molecular gas near to YSOs.

In molecular dense cores, CO J = 1-0 is optically thick and
is usually not a good tracer of molecular column density. The
optical depth of the 13CO J = 1-0 transition is much smaller
than the CO line, but the gas density required to excite the line
emission is only 10>~3 cm™3. For such densities, the fore-
ground and background emission in the line of sight cannot be
easily eliminated. The HCO™ J = 1-0 transition is a better
probe of dense molecular gas. The molecule has a much larger
dipole moment, so its collisional excitation requires much
higher gas densities (10*~ cm ~3) even if the photon trapping is
taken into account. In addition, the line is strong enough in the
nearby molecular clouds to yield reliable detection.

The study reported here is part of a comprehensive study of
YSOs in the nearby giant molecular cloud L1641. It involves
IRAS data analysis, near-IR imaging and millimeter molecular
line observations, both at a moderate angular resolution of 3’
and at a high angular resolution of 20”. In this paper we report
13CO and HCO™ observations of 28 IRAS sources selected
from the IRAS co-added images in L1641. The sample selec-
tion and observations are explained in § 2. In § 3, we will
present the observational results. We will also analyze the
correlations between the molecular and the IRAS properties of
the sources. In § 4, we will discuss the implications of the
results. Major conclusions are summarized in § 5.
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2. OBSERVATIONS

2.1. Sample Selection

L1641 is located in the southern part of the Orion Nebula at
a distance of 460 pc (Cohen & Kuki 1979). Extensive studies
have shown active low-mass star formation in the region. The
Nagoya unbiased CO survey (Fukui et al. 1986; Fukui 1989)
discovered eight CO outflows in this region, and a 3CO
survey of L1641 (Bally et al. 1987) found it to be very filamen-
tary. A recent survey (Morgan et al. 1991) found several new
candidates for CO outflows. Strom et al. (1989b) studied 123
sources in the IRAS Point Source Catalog (Version 2, 1988,
hereafter PSC) that were in the L1641 region. Many of them
have a flat or rising spectral energy distribution and are prob-
ably YSOs. The variety of YSOs in L1641 makes the cloud
suitable for a comparative study.

To obtain a more complete sample of the YSOs in L1641, a
sample of 230 sources was selected from the IRAS co-added
images in L1641 in an unbiased manner. The source fluxes in
the four IRAS bands were determined using the IRAS addscan
data from the Infrared Processing and Analysis Center (IPAC).
Because both the images and the addscans combine several
single IRAS scans into a co-added scan, the sensitivity was
enhanced by a factor of 2-3 over that of the PSC. To obtain the
source luminosity, we used the method suggested by Emerson
(1988) to integrate all the observed IRAS fluxes. A blackbody
extrapolation was used to account for the luminosity beyond
the IRAS detection. The details of the IRAS source sample will
be presented in a separate paper (Chen, Tokunaga, & Fukui
1992c).

For this study, we selected 28 sources from the sample of 230
IRAS sources in the L1641 region. The selection was not
intended to be statistically complete; the choice of sources was
made to achieve a broad range of the IRAS colors and IRAS
luminosities to search for correlation with dense molecular
gases. In the sample, eight sources are associated with the CO
outflow detected in the Nagoya survey. Sources 18 and 50 are
associated with the candidates for CO outflow detected by
Morgan et al. (1991). For simplicity, these 10 sources will be
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L TABLE 1
:'% IRAS DATA OF THE SOURCES
(2]
0, f12 f25 f60 f100 L
?‘: Number SN «(1950) 4(1950) Jy) Jy) Jy) Jy) (Lo) log (f12/125) 1D Outflow  Reference
) @ 6) @ ®) ©) %) ® ©) (10) (1 (12) (13)
3o, 3 5h39m38  —6°20" 7” 028U 032U 23U 238D 6.0
Teeaenne 4 53431 —6 2322 038U 0.65 E 48 F 292 F 9.4 —0.23
8.t 6 53356 —-624 7 1.08 D 2190 A 2134A 6012 A 2385 —1.31 L1641-N Y 1
18......... 11 533 58 —6 2637 0.70 D 300D 150C 652 U 8.0 —0.63 MB 8 Y 2
25 et 12 533 3 —6 2837 1.15A 8.60 A 360 A 1007 A 443 —0.87 V801 Ori 3
31......... 16 534 37 —-635 17 1.07 B 1.07 B 33F 223U 4.0 0.00 BE Ori 3
33 18 534 52 —6 3637 1.06 C 1.07D 70F 46.6 C 16.4 0.00 BF Ori 3
34......... 19 533 16 -6 3737 035 F 03SF 69 D 142 F 6.7 0.00
37 23 534 4 —6 4037 587 A 8.12A 132 E 1150 U 20.7 —0.14
42......... 26 534 27 —64322 048 U 0.86 F 76 E 542 B 16.8 —0.26
47......... 28 533 58 —6 4437 8.58 B 735C 270C 1000 F 517 0.07 V380 Ori Y 3
49......... 30 53330 —645 7 0.96 B 194 B 297A 1549B 519 —-0.31
50......... 31 533 58 —6 4622 1.80 C 6.00 D 600 B  280.0B 97.4 —0.52 HH 182 Y 2
L) PR 32 533 56 —647 17 0.70 D 500 E 80.7C 2615A 97.5 —0.85 3
56......... 33 535 24 —6 4852 023U 059 C 41U 87U 0.6 —042
62......... 34 53541 —6 5052 282 A 311 A 71B 559 A 22.6 —0.04
68......... 534 38 —6 5545 170 A 237 A 74D 140U 79 -0.14 .
1ol 35 53529 —6 5822 015U 0.51 C 53C 261U 32 —0.54 T546 3
T30t 36 536 16 —6 5952 2.14B 531 A 20.5 A 447 B 24.5 —0.39
75.cecnn... 39 536 21 -7 222 0.57 C 534 A 261 A 1065 A 39.7 —-0.97 L1641-C Y 1
79.cnnnn. 40 53553 -7 352 53.74 A 1246 A 1688 A 1270 A 2410 —0.37 Haro-13a 3
96......... 536 8 ~7 1822 0.89 B 142 A 83B 234 C 109 —0.20
104......... 54 536 56 ~728 17 089 B 462 A 68.1 A 1229B 58.2 —-0.72 H4-255 Y 1
105......... 55 538 2 ~72852 29.59 A 8846 A 1823 A 2192A 2119 —0.48 L1641-S Y 1
108......... 59 537 27 —73137 018 U 899 A 1286 A 2199A 1043 —1.70 L1641-S3 Y 1
119......... 62 538 4 —7 3852 020 U 0.78 B 20D 11.0U 1.5 —0.59
194......... 85 538 27 -8 87 030U 1.62 B 190 A 373 B 16.8 —0.73 L1641-S4 Y 1
216......... 93 540 22 —8 1822 094 B 441 A 151 B 500 F 21.0 —0.67 L1641-S2 Y 1

Notes.—Col. (1) gives the IRAS source number. Col. (2) is the source number assigned by Strom et al. 1989b. Cols. (3)—(4) give the coordinates of the sources (in
1950 epoch). Cols. (5)—(8) are the IRAS fluxes as determined by the addscan process at IPAC, and the letters following the fluxes indicate the flux uncertainty in the
same way of the PSC: A, <4%; B, 4-8%; C, 8-12%; D, 12-16%; E, 16-20%; F, >20%; U denotes a 3 ¢ upper limit. Cols. (9)—(10) are the source luminosity and
the 12-25 um flux ratio, respectively. Col. (11) gives the source identifications. Col. (12) indicates whether the source is associated with a CO outflow. Col. (13) gives
the references as follows: (1) Fukui 1989); (2) Morgan et al. 1991; (3) Strom et al. 1989b.

referred to hereafter as “outflow sources,” and sources that
-have no indication of CO outflow as “nonoutflow sources.”
Table 1 lists sources and their IRAS data.

Figure 1 shows the spatial distribution of 28 sources super- 6200 - 11p41
posed on a contour map of 13CO (J = 1-0) integrated intensity -
of L1641 (Fukui & Mizuno 1991). Most of the selected sources r
are associated with the molecular cloud. Using the data in
Table 1, we can examine the far-infrared properties of the

sources to make some preliminary classifications. The IRAS o - i
color-color diagram based on 12, 25, and 60 um fluxes has L 4
often been used to classify different types of the sources, - 1
because various sources occupy different loci of the diagram w0 | ]

(Beichman 1986; Emerson 1988; Fukui 1988; Fukui et al.
1989). In Figure 2 we plotted all the sources having detection in
at least two of the three bands. It is evident in Figure 2 that L
most of the outflow sources are at the lower left and show -
relatively low color temperature. Sixteen of 28 sources are —9°00" —
located inside the two boxes defined by Emerson (1988) as the i
locations of dense cores and T Tauri stars. Another five sources
have optical counterparts or driving CO outflow. Thus, it is L

DEC. (1950)

likely that most of the 28 sources are self-heated, although the ~10°00° |- -
several sources above the dense core box may include hot r N | 7
cirrus components. I - e —
RA. (1950)
2.2. Millimeter Observations Fi6. 1—Soatial distributi ] o
The radio observations were carried out in 1990 March and  uudy, The two contours av the 30 and 70 & ki s inegrated ineneity o

April by using the 45 m telescope of the Nobeyama Radio the 13CO J = 1-0 emission (Fukui & Mizuno 1991).
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F1G. 2—IRAS color-color diagram of 12, 25, and 60 um fluxes. The boxes
outline the specific locations of various IRAS sources (Emerson 1988). The
filled circles are outflow sources, and the open ones are nonoutflow sources.

Observatory.? We observed each source in 3CO (J = 1-0)
and HCO™* (J = 1-0) simultaneously. The observations con-
sisted of two parts. For the first part, we made a five-point map
centered on the IRAS position with an offset of 20” in both
R.A. and declination. For the second part, we made maps
approximately 3’ x 3’ for three outflow sources (sources 8, 75,
and 104) in a 20" grid. The telescope beam sizes of 17" and 20"
were used for 13CO and HCO™ transitions, respectively. A SIS
receiver was used for the 13CO line with a system temperature
of 600 K in a single sideband at 110 GHz, and the HCO™ line
was observed using a cooled Schottky receiver with a system
temperature of 800 K in a single sideband at 89 GHz at zenith.
The 2048 channel acoustic-optical radio spectrometers yielded
a spectral resolution of 250 kHz (or 0.65-0.85 km s *). The
calibration for atmospheric and ohmic losses was made by the
standard chopper wheel technique. We used position switching
with the off positions about 1° from the sources. The intensity
calibration was made by observing the standard source Ori A.
For the pointing calibration, the telescope was pointed to the
Ori A SiO maser source every 2-3 hr. The peak-to-peak point-
ing error was typically 7”.

To estimate the excitation temperature of **CO gas, the CO
J = 1-0 line was also observed at each IRAS position using
the 4 m telescope at Nagoya University. The beam size was 2.7
at 115 GHz. A SIS receiver yielded a system temperature of 400
K in a single side band at zenith with frequency resolution of
50 KHz.

3. RESULTS

3.1. Column Densities of the Molecular Gases

The data obtained from both the Nobeyama and Nagoya
observations were reduced using the Nagoya data reduction
system. We made reliable detections of 3CO emission in all 28
sources. The HCO™ line was detected in 23 sources. In both
the five-point maps and the 3’ x 3’ maps, we used the spectrum
with the strongest emission line to calculate the line param-
eters. This gives us the line parameters corresponding to the
emission peaks. Some sources have double peaks in both the
13CO and HCO* profiles, showing multiple components in

2 The Nobeyama Radio Observatory is a branch of the National Astrono-
mical Observatory, an inter-university research institute operated by the Min-
istry of Education, Science, and Culture, Japan.

Vol. 398

the line of sight. In such cases, the HCO™* line was examined to
select the strongest component. If two peaks were comparable
in intensity, both of them were selected as sources a and b,
respectively. Figure 3 displays the 3CO and HCO™ line pro-
files of source 216. A Gaussian fitting was carried out on each
selected line to deduce the peak temperature T,,, the line width
(FWHM) Av, and the line center V¢. These parameters are
presented in Table 2. Using these data, we can derive the
column densities of *3CO and HCO™* molecular gases.

Assuming (1) CO is optically thick and !3CO is optically
thin, and (2) the two transitions have the same excitation tem-
perature, the column density of *3CO can be calculated as
follows:

T;x T(l)a Av13
1 —exp (—=531/T,)’

where T,, is the excitation temperature of **CO molecular gas
that can be obtained using the above assumptions and Av,; is
the linewidth (FWHM) of !3CO (Scoville et al. 1986). The
optical depth at the *3CO line peak, 753, can be obtained by
using the observed peak temperatures of CO and !3CO.
Although the CO data were obtained using the 4 m telescope
with a much larger beam, they can still be incorporated with
the high-resolution *3CO observations because the CO dis-
tribution is much more extended and uniform than the !3CO
gas distribution.

If the HCO™ J = 1-0 line is optically thin, the HCO*
column density can be written as

N(*3CO) = 2.49 x 1014

(1)

T, T, Av
1 —exp(—43/T,)’

where T, and Av are the peak temperature and FWHM of the
HCO™ line, respectively (Yang et al. 1991). The HCO™* excita-
tion temperature T, is more difficult to determine, and it is
likely different from the CO excitation temperature. Fortu-
natey, the HCO™ column density is not very sensitive to the
excitation temperature. Using the LVG model (Goldreich &
Kwan 1974), we found that for the T,, = 10-20 K, the calcu-
lated column density changes only by a factor of 2. We there-
fore assume a constant T,, = 15 K. The column densities of

N(HCO*) = 1.87 x 10!

@

F1G. 3.—Line spectra taken at the position of source 216 (L1641-S2). The
top line is 13CO (J = 1-0), and the bottom one is HCO™* (J = 1-0). Note that
only the component at 3.0 km s~ ! was used.
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TABLE 2
MILLIMETER LINE PARAMETERS AND COLUMN DENSITIES
13Cco HCO*
Cco
T, Tims Av Visk T, T, Tins Av LSR N('*CO) N(HCO™)
(K) (K) (kms™?) kms™?) (X) (K) (K) (kms™?) (kms™*) 33 (10*° cm™2) (102 cm™?)
3.6 044 0.7 74 16.8 0.8 0.24 0.3 7.7 0.24 2.5 2.5
45 0.55 1.6 8.8 132 0.33 042 6.6 <6.7
7.4 0.57 29 6.7 25.7 3.1 0.31 1.9 6.9 0.34 335 67.7
7.0 0.37 22 6.1 20.8 1.1 0.23 20 72 041 20.6 24.1
7.1 0.57 20 8.2 24.6 4.0 0.48 1.0 8.8 0.34 21.7 43.7
35 0.50 1.9 6.9 17.6 0.7 0.16 09 7.0 0.22 72 7.0
2.5 0.72 1.5 9.1 13.6 0.25 0.20 3.1 <39
19 0.72 2.2 6.3 13.6 0.25 0.15 35 <39
45 0.47 0.8 8.1 219 1.0 0.28 1.0 8.8 023 4.5 11.0
32 0.47 13 7.1 219 0.8 0.28 0.5 7.4 0.16 52 49
5.5 041 0.8 83 16.5 0.9 0.30 1.5 9.0 041 4.7 15.6
4.7 0.41 1.0 6.3 16.5 12 0.30 0.7 6.9 0.34 5.1 10.0
3.6 0.28 1.3 6.5 204 0.7 0.22 0.5 6.9 0.19 58 40
7.7 0.55 14 8.2 25.1 09 0.32 1.2 9.1 0.37 16.7 12.6
4.7 0.35 14 6.3 27.1 1.7 0.29 0.5 6.3 0.19 10.0 9.8
8.1 0.39 2.0 8.1 26.2 1.8 0.17 1.5 8.7 0.37 26.4 31.0
8.7 0.56 34 8.0 25.5 2.0 0.34 2.1 9.1 042 479 46.8
35 0.44 2.0 5.7 13.7 1.3 0.19 1.0 5.7 0.30 6.2 14.8
2.8 0.68 3.1 6.4 13.8 ... 0.25 ... ... 023 7.6 <4.6
33 0.79 1.0 8.5 16.6 0.8 0.23 0.6 8.5 0.22 32 4.6
53 0.39 1.6 48 17.7 0.9 0.16 09 5.8 0.36 9.9 9.2
4.7 0.80 2.5 33 14.3 041 0.40 11.3 <6.7
5.1 0.50 3.1 23 133 22 0.29 1.0 31 0.48 15.1 23.8
4.7 0.35 1.5 48 144 09 0.27 1.5 54 0.40 7.0 15.0
39 0.59 1.7 6.2 14.2 0.7 0.20 0.7 6.6 0.32 6.2 5.1
50 0.50 2.0 39 11.6 1.8 0.36 2.2 3.6 0.56 9.0 448
4.5 0.44 39 4.1 10.1 1.1 0.31 1.2 5.5 0.59 14.0 142
39 0.50 2.7 48 13.5 045 . 0.34 9.6 <13
49 0.62 2.0 45 113 ... 0.30 .- ... 0.57 84 <50
34 0.82 1.5 5.1 13.5 1.7 0.61 14 5.2 0.29 45 26.4
4.8 0.51 1.6 3.0 130 2.7 0.33 1.2 31 0.46 73 35.6

13CO and HCO™ calculated from equations (1) and (2) are
listed in Table 2 as N(**CO) and N(HCO *), respectively.

3.2. Correlation Studies

Figure 4 is a diagram of the 13CO and HCO™* column den-
sities. There is a clear correlation between the two column
densities. Sources that have large N(HCO™) also have large
N(3CO). In Figures 5a and 5b, we plotted the IRAS colors
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FiG. 4—Comparison of the 3CO and HCO™* column densities. The filled
circles are the outflow sources, and the open ones are nonoutflow sources.
Arrows indicate 3 ¢ upper limits.

defined by the ratio of the IRAS fluxes at 12-25 ym against the
N(*3CO) and N(HCO™), respectively. Figure 5 clearly shows
the correlations between the gas column densities and the
IRAS color. The cold IRAS sources (smaller f12/f25) tend to
be associated with higher gas column densities. This trend is
clearer for HCO™* than for '3CO, as suggested by the corre-
lation coefficients of the two diagrams, 0.79 and 0.68, for
Figures 5a and 5b, respectively. While the physical implica-
tions of these correlations will be discussed in § 4, the corre-
lations suggest that the line emissions we detected come from
the gases associated with the IRAS sources, and that they are
not foreground or background emission.

3.3. Maps of Three Outflow Sources

Figure 6 presents the contour maps of the HCO" integrated
intensity for three outflow sources. In all three maps, the lowest
contour represents the 40% level of the maximum integrated
intensity for each source and the contour interval is about 3 o.
In each field, there is a well-defined core located close to the
IRAS sources position, as indicated by the crosses.

The high-resolution mapping enables us to characterize the
HCO™ dense cores. We used the minimum and maximum sizes
of the half-maximum contour and took a geometrical average
of them to derive radius R. Two of the three cores (sources 8
and 104) are larger than the 20” beam size and do not show
structure within the cores. Since the core near source 75 shows
2-3 components, only the main component (SW of the IRAS
position) was calculated. The number density of molecular gas
can then be estimated by assuming a uniform core density and
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Fi1G. 5—Column density vs. IRAS color defined by 12 to 25 um flux ratio
for (@) HCO* column density and (b) *3CO. Downward arrows indicate 3 o
HCO™ upper limits. The leftward arrows indicate 5 ¢ 12 um upper limits.
Sources with no detections at 12 and 25 um are not plotted.

HCO™* abundance. The latter may vary from source to source,
depending on kinetic temperature and density of the gases. For
the first-order analysis in this study, we adopted
X(HCO™) = 107? derived by Wotten, Snell, & Evans (1980)
for three dark clouds with T, < 20 K, although it might be too
high for L1641-North. The physical parameters of the three
cores are summarized in Table 3. We now discuss each source
in turn.

Source 8 (L1641-North) is one of the brightest and coldest
IRAS sources in L1641. It is associated with L1641-North, the
most powerful outflow in L1641 (Fukui et al. 1986; Wilking,
Blackwell, & Mundy 1990). The near-IR imaging shows a
young cluster associated with the IRAS source (Strom, Mar-
gulis, & Strom 1989a; Chen, Tokunaga, & Hodapp 1992d).
The contour map (Fig. 6a) shows a structure similar to that
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seen by Fukui et al. (1988) in their HCO™ observations. The
core is elongated at 45° northeast, along the same direction as
the CO outflow. It is interesting that our high-resolution *3CO
contour map shows no well-defined core within the 2'-3’ field.
Considering that the low-resolution mapping does show a
well-peaked 3CO core (Chen, Fukui, & Itawa 1992b), we
argue that the *3CO core has a size greater than 3’, which is at
least 6 times larger than the HCO™ core. Such a large structure
of 7-8 was in fact mapped in the *3CO emission by Takaba et
al. (1986).

The CO outflow (L1641-Center) associated with source 75
was first identified and mapped with the Nagoya 4 m telescope
by Takaba (1986). The blue high-velocity wing is dominant,
while the red wing is weaker. This outflow is extended over 6’
as mapped with the Nagoya 4 m telescope (Fukui et al. 1992).
The recent CO J = 2-1 and 3-2 observations also confirmed
the existence of the outflow (Sugitani et al. 1992). Morgan et al.
(1991), however, argue that the high-velocity wing is due to the
multiple velocity components, not the outflow from the embed-
ded source. We suggest that the area mapped by Morgan et al.
(1991), 6’ x 6, was not large enough to localize the high-
velocity emission. The high-resolution map of this study allows
us to explore the central region of the dense gas in much more
detail. As shown in Figure 6b, within the field of 2’ x 2, we
detected two molecular condensations. The main clump is
located 60” W and 40" S of the IRAS position. There is also a
weaker clump to the east. The near-IR imaging (Chen et al.
1992a) shows signs of young stellar clustering near the IRAS
position. One source showing bipolar nebulosity is located
very close to the main clump, while another very red source
(detectable only at 3.6 um) is near the IRAS position. The
high-resolution map and the IR images suggest multiple YSOs
near source 75. Further high spatial and spectral resolution
interferometer observations are clearly needed.

Source 104 has been identified as emission-line star Haro
4-255. There is another far-infrared source (Haro 4-255 FIR)
located about 1’ to the northwest of Haro 4-255 (Evans, Lever-
ault, & Harvey 1986; Leverault 1988). Both sources are
marked on the HCO* map in Figure 6¢c. Although the two
sources seem to have different color temperatures at 50-100
um, it is not clear whether they are the same source or two
different sources, because the far-infrared emission may well be
contaminated by the other source. Our integrated intensity
map shows a well-defined core; however, the position-velocity
map (Fig. 7) clearly shows two velocity components separated
by 2 km s~ !, The major component is close to the IRAS posi-
tion, and the secondary component is close to Haro 4-255-FIR.
A recent CS emission line survey of L1641 also indicated two
components in this region (Tatematsu & Umemoto 1991). In
Figure 7, the velocity structure of the main component is much
more extended than that of the secondary, showing signs of a
high-velocity wing. We therefore suggest that both Haro 4-255
and Haro 4-255 FIR are associated with molecular dense gas.

TABLE 3
PHYSICAL PARAMETERS OF THREE HCO™* CORES

N(HCO™) Av R n(H,) M
Number ID (10'3cm~?)  (kms™}) (pc) (10°5em™3)  (My)
L1641-North 6.8 1.94 0.16 14 27
L1641-Center 24 0.96 0.09 0.9 3
H4-255 4.5 221 0.11 14 8
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4.1. The Association of the Dense Cores with Outflow Sources
The correlation of molecular column densities with the
— — T IRAS color suggests the gases probed by our observations are
associated with the IRAS sources, and they are not foreground
L No. 104 HCO' J=1-0 . or background gases. For the three outflow sources mapped,
we found well-defined dense cores near the IRAS source posi-
tions. The outflow sources also tend to have higher column
—7°27°00" — —1 density than the nonoutflow sources. In Table 2, 9 of 10
outflow sources have N(HCO*) higher than 1.2 x 10'3 cm ™2,
while 14 of 18 nonoutflow sources have N(HCO™*) lower than
- IR J that value. We conclude that most outflow sources are associ-
ated with molecular dense cores, and most nonoutflow sources
702800 |— ] are probably not associated with a dynamically stable dense
core.
r IRAS “ 4.2. Core Dissipation During Star Formation
There are two explanations why outflow sources tend to be
—7929'00" |— ] associated with dense cores and nonoutflow sources do not: (1)
HPFW proper motion of the YSOs with respect to the dense cores in
- () O
o b e e e TON———¢ g7 T T 71
5"37™00° 5"36™55°
RA. (1950)
F16. 6—Contour maps of HCO™" integrated intensity of three outflow 0.66N [— 1 —
sources. The lowest contour represents 40% of maximum, and the interval is
about 3 ¢. (a) Source 8 (L1641-North); (b) source 75 (L1641-Center); (c) source
104 (H4-255). The IR AS source positions are marked by the crosses. o
0.33N — —
The core in which Haro 4-255 is embedded has more extended ﬁ
velocity structure and is probably the driving source of the CO O ook _
outflow. ’
4. DISCUSSION
. . 0.33S — —
In § 3, the following three results were obtained from the s 104
present observational data: (1) there is a correlation between H%‘g‘fe( J=1-0)
the *3CO column density and HCO™* column density; (2) the 0.66S -
molecular column densities are well correlated with the infra- 00 5|0 L1 1 0.0

red color of the IRAS sources defined as log (f12/£25) (outflow
sources tend to have higher column densities and smaller flux
ratio, or lower color temperature); and (3) all three outflow
sources we mapped are associated with well-defined HCO™*

Velocity (km s~)

F16. 7—Velocity-position diagram of source 104. The north-south cut was
made at the IRAS position.
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which they were born, and (2) core dissipation by accretion and
outflow of the central embedded sources.

If a young star is first formed at the center of a molecular
dense core and moves away from the core when it becomes a T
Tauri-type star, we can calculate the star’s velocity dispersion
with respect to its associated molecular gas:

R 108 yr
AV =10 (—%X——) kms™?!, 6
pc Trrs ©

where R,,,. is the radius of the core (0.1 pc for HCO™ cores
and 1-2 pc for **CO cores). Taking the average age of T Tauri
stars to be 10° yr (Cohen & Kuhi 1979), a velocity dispersion of
0.1 km s~ ! or 1.0-2.0 km s~ ! is required for a YSO to move
away from its HCO™* core or 3CO core, respectively. The
observations of the proper motion of the T Tauri stars with
respect to their associated molecular gas yielded only upper
limits. The most recent observations in Taurus-Auriga and the
Orion Complex (Hartmann et al. 1986) found the velocity dis-
persion less than 1.5 km s~ . Such a dispersion is probably not
enough for YSOs to escape the !3CO cores, although it
remains uncertain whether the proper motion is large enough
for YSOs to escape their HCO* cores.

The other possibility is core dissipation during the early
evolution of the star. Two mechanisms can cause such dissi-
pation: (1) accretion by which a protostar builds up its mass,
and (2) enormous mass loss by the YSO as detected by CO line
emission. The dissipation may be accomplished when the pro-
tostars become the T Tauri-type stars. For a dense core of 3
M, and assuming the age of T Tauri stars to be 108 yr, a
dissipation rate of 3 x 107¢ M yr~! is necessary if the core
can be dissipated when the central star becomes T Tauri-type
star. Because it is comparable with the accretion rate (10~°
M yr~ 1) and the mass-loss rate of the CO outflow (2 x 107¢
Mg yr~!) within the uncertainties, we suggest that the both
accretion and outflow can dissipate the molecular cores. If star
formation takes place in a cluster, such as in L1641-North, the
dissipation of a more massive core (10-100 M) by accretion
and outflow will be feasible.

4.3. Indicators of Evolutionary State of the IRAS Sources

We studied the IRAS source emission in three different
spatial scales: (1) far-infrared emission at a scale of 10*3~16 ¢cm
(the radiative equilibrium radius); (2) high-excitation HCO*
line emission at 10'6~!7 c¢m, and (3) the low-excitation !3CO
line emission at 101718 cm. The IRAS color log ((f12/£25), the
HCO* column density, and the '*CO column density each
probes different regions near the YSO. The correlations dis-
cussed in § 3 show that they could be governed by the same
physical process. Although the *3CO line emission suffers con-
tamination from foreground and background gas, it can still be
used to indicate the evolutionary state of the YSOs. The much
improved correlation between HCO* column density and
IRAS 12-25 pm flux ratio in Figure 5a shows that N(HCO*) is
a better indicator of the evolutionary state of the YSOs. This is
no surprise because the HCO™* emission comes from a very
compact region near the sources and the 12-25 um ratio mea-
sures the color temperature of the dust closest to the sources.
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While further detailed studies are needed, we propose the
following scenario to reconcile the results obtained in this
study. If the IRAS emission comes from the dust heated by the
central embedded sources, the IRAS flux ratio is a measure of
the color temperature of the dust. In the early stage of protos-
tar formation, the dust shell is so thick that high-frequency
photons are degraded into the low-frequency photons. These
sources should appear to be cold as observed by IRAS obser-
vations. Meanwhile, since the sources are still deeply embed-
ded, the 3CO and HCO™ column densities toward the IRAS
sources should measure the dense gas of the dense core in
which the protostars are embedded. When the protostar starts
to build up its mass by accretion, an outflow develops at the
center that dissipates the dust structure, both the inner dense
core as measured by HCO™, and the outer structure as mea-
sured by 13CO. Because of the observed correlations (see Figs.
4 and 5), such dissipation occurs concentrically around the
YSO at comparable rates.

5. SUMMARY

To understand the relationship between YSOs and their
environment, we have undertaken high-resolution 13CO
(J = 1-0) and HCO* (J = 1-0) observations of 28 IRAS
sources selected from the IRAS co-added images. All sources
have !3CO emission, and 23 sources have HCO™* emission.
Three outflow sources are fully mapped. The main results are
summarized as follows:

1. All three mapped outflow sources are associated with the
well-defined HCO™* cores near the IRAS source position. The
average size of the cores is about 0.1 pc with a mass of 3-30
M.

2. There is a strong correlation between the *CO and
HCO™ column densities. Both column densities are also corre-
lated with the IRAS color defined by the flux ratio at 12 and
25 pym.

3. Based on the above results, we conclude that the outflow
sources are associated with molecular dense cores and that of
the nonoutflow sources are not associated with a dense core.
Such a difference is probably caused by dissipation of the dense
cores during the star-formation process. Both accretion and
the CO outflow are capable of dissipating the cores.

4. The above correlations show that the column densities of
13CO and HCO™* and the IRAS 12-25 pm flux ratio could be
indicators of the evolutionary states of the YSOs, although the
HCO™ column density and the IRAS color give more accurate
results.
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