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ABSTRACT

A sample of 224 IRAS sources was obtained from the IRAS co-added images in the dark cloud L1641.
Most of these sources were observed in CO and '*CO (J = 1-0). The 122 sources within L1641 are likely to
be embedded young stellar objects (YSOs). The sources outside L1641 are mostly extended far-infrared cirrus
emission. The infrared and millimeter data were used to search for the indicators of the evolutionary state of
YSOs. The IRAS sources associated with CO outflows are significantly different from the nonoutflow sources
because those with CO outflows have higher !3CO column densities, higher far-infrared luminosities, and

cooler IRAS color temperatures.

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

ISM: molecules

1. INTRODUCTION

The Infrared Astronomical Satellite (IRAS) surveyed 95% of
the sky in four infrared bands at 12, 25, 60, and 100 um, and
opened new ground in the study of star formation. Many IRAS
sources are found in active star-forming regions. In a sample of
95 NH; dense cores in Taurus, Ophiuchus, and Cygnus
detected by Myers & Benson (1983), Beichman et al. (1986)
found that nearly 50% of them are associated with IRAS
sources, and some of them could be “ protostellar objects” in
the sense that one-half of their luminosity comes from gravita-
tional collapse. In addition, the detection rate of CO outflows
in dense cores associated with IRAS sources is much higher
than in dense cores undetected by IRAS (Myers et al. 1988).

In the earlier statistical studies, much attention was drawn
to IRAS sources that are associated with known star-forming
activity, such as molecular dense cores, CO outflows, and T
Tauri stars (Beichman et al. 1986). They did not systematically
study all the IRAS sources in a single molecular cloud, and
therefore conclusions on the evolutionary state of the IRAS
sources were complicated by the different environments and
evolutionary histories of the sources. A different approach is to
study all the sources within one molecular cloud that are listed
in IRAS Point Source Catalog (1988; hereafter PSC), such as
has been done for L1641 (Strom et al. 1989b) and Taurus
(Kenyon et al. 1990). In this type of study, sources at different
evolutionary stages will allow us to understand the star-
formation process in a larger context. In addition, because all
sources are located within a single molecular cloud at a known
distance, the analysis is simpler. The availability of IRAS co-
added images makes it feasible to select an unbiased IRAS
sample with a sensitivity 2-3 times higher than that of the PSC.
The enhanced sensitivity will allow us to detect new sources

! The IRAS data were obtained using the facilities of Infrared Processing
and Analysis Center (IPAC). IPAC is funded by NASA as part of the IRAS
extended emission program under contract to JPL.
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and to make improved detections for the sources that have
only upper limits in the PSC. The recent study of molecular
cloud p Oph is a good example of such a study (Wilking, Lada,
& Young 1989).

To characterize the evolutionary state of young stellar
objects (YSOs) in a single molecular cloud, we have under-
taken a comprehensive infrared and millimeter study of an
unbiased IRAS source sample selected from the co-added
images in the nearby dark cloud L1641. Our major goal is to use
the IRAS data set and the millimeter observations to understand
the nature of the IRAS sources and to find the critical physical
parameters that characterize YSOs in L1641.

L1641 is part of the Ori A molecular cloud at a distance of
480 pc. In contrast to the star-forming activity in the north, i.e.,
in Orion KL and the Trapezium cluster, L1641 is believed to
be a low- and intermediate-mass star-formation region (Cohen
& Kuhi 1979). The variety of YSOs and the extensive studies of
L1641 make the region suitable for a comparative study at
different wavelengths. Herbig & Bell (1988) detected 30
emission-line stars in L1641, most of them T Tauri stars. The
most prominent source, NGC 1999, is illuminated by V380
Ori, a possible Ae or Be star (Herbig & Bell 1988). Within the
region studied by Strom et al. (1989b) there are 123 sources in
the PSC. Many of them have a flat or rising spectral energy
distribution, and they are probably embedded YSOs. The
entire molecular cloud has been mapped in CO and '3CO
(Fukui et al. 1986; Bally et al. 1987). In an unbiased CO
J = 1-0 emission-line survey, Fukui (1989) discovered eight
CO outflows in this region. Several additional outflow candi-
dates were detected later in an IRAS flux-limited sample
(Morgan & Bally 1991, hereafter MB; Morgan et al. 1991).
L1641 has also been extensively studied in X-ray (Strom et al.
1990), in radio continuum emission (Morgan, Snell, & Strom
1990), and in the near-infrared (Strom, Margulis, & Strom
1989a; Chen, Tokunaga, & Hodapp 1991). In § 2, we describe
the IRAS source selection and flux determination. Three physi-
cal parameters (IRAS color temperature, far-infrared lumi-
nosity, and '3CO column density) of the sources are derived in
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§ 3. We discuss the nature of the IRAS sources in § 4 by study-
ing the spatial distribution of the sources and their loci in the
IRAS color-color diagram. In § 5 we examine potential evolu-
tionary indicators of YSOs. The major results are summarized
in § 6.

2. SOURCE SELECTION

L1641 was identified by Lynds (1962) as a dark cloud with
an optical obscuration level of 4 (approximately 4, = 4 mag).
Figure 1 shows the 1*CO molecular gas distribution of L1641
(Fukui & Mizuno 1991). The lower contour level is 3.0 K km
s~1, an approximate 3 o detection of the *CO integrated
intensity. This contour level gives a '3CO column density of
3 x 10'5 cm ™2 under the typical interstellar conditions (T,, =
15K, Av = 1.0 km s~ !). This corresponds to a visual extinction
of A, = 3 mag using the N(!3CO)-A4, relationship given by
Dickman & Herbst (1990), and it encompasses the dark cloud
boundary defined by Lynds. Following Strom et al. (1989b), we
focus on the region with R.A. between 5"30™ and 5"45™ and
declination between —6°00° and —9°45’, which covers the
entire L1641 cloud, as shown in Figure 1.

2.1. Source Selection

The IRAS time-ordered data set can be rebinned into a
position-ordered data set or a two-dimensional image. Several
such images in the same area can be combined into a co-added
image with sensitivity 2-3 times higher than that of the PSC.
We obtained the co-added images from the Infrared Pro-
cessing and Analysis Center (IPAC) in two main fields in the
four IRAS bands. The two images (2925 x 2925 each) cover the
entire L1641 cloud (see Fig. 1), and they are the same regions
studied by Strom et al. (1989b). Each image contains 540 x 540
pixels at 12 and 25 um, 270 x 270 at 60 um, and 135 x 135 at
100 um. This yields a scale of 15 arcsec pixel ~! at 12 and 25
um, 30 arcsec pixel ! at 60 um, and 60 arcsec pixel ~! at 100
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F1G. 1.—The molecular cloud L1641. The contour represents the distribu-
tion of the integrated emission of '3CO (the lower contour level is 3.0 K km
s~ ! [Fukui & Mizuno 1991]). The solid boxes show the areas where the main
regions of the IRAS co-added images are. Two smaller control areas are shown
by the dashed boxes.
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um. For comparison, co-added images are also obtained in two
nearby areas, also indicated in Figure 1. The scale for the
control areas is 30 arcsec pixel ~! at all four wavelengths.

Three tests were used to select sources from the co-added
images (in both main regions and control regions):

1. Pixel signal-to-noise ratio (S/N)—The images were
divided by their corresponding noise frames, and the pixels
with S/N < 3 were rejected.

2. Source significance—Aperture photometry was obtained
on the pixels that passed test (1). The aperture on the sources
was 3 pixels in diameter, and the annular aperture on the sky
was 2 pixels wide around the source aperture. The sources with
total flux less than 3 times that of surrounding annular regions
were rejected.

3. Source Positions—For that has passed tests (1) and (2),
the pixel with the maximum value within 1’ x 1’ box was taken
as the source position. Areas that do not have a well-defined
peak inside the box were rejected. This process rejected the
signal peaks that occurred only in the in-scan direction as a
result of ridgelike emission features.

We obtained 312 sources by applying the above three tests
to the co-added images at 12, 25, and 60 um. For sources that
were detected at more than two wavelengths, a source was
regarded as a single source if its 12 um and 25 um positions
agree within 30", or its 12 ym or 25 um positions at 60 um
positions agree within 1’. The source positions were deter-
mined by their peak emission at 12 um (or 25 um if there was
no detection at 12 um). These positions were used to determine
the source fluxes.

2.2. Flux Determination

The IRAS fluxes of the sources were determined using the
addscan data obtained from IPAC. At each source position, an
IPAC program ADDSCAN extracted 10—12 single scans in the
in-scan direction, which is approximately the north—south
direction in L1641, from the IRAS data base. They were com-
bined to construct the addscans in four different ways: simple
co-adding (scan code 999), mean of the scans (code 1001),
median of the scans (code 1002), and noise-weighted co-adding
(code 1003). Of the four addscans, the noise-weighted scan
(code 1003) usually has the highest S/N. It is therefore used in
most of the cases. The other scans were used only if one of the
following problems was encountered with the code 1003: (1)
the baseline was bad; (2) spikes appeared in the profile; or (3)
adjacent sources affected the scan profile.

The combined scans were then compared to the point source
template. For each addscan, an IPAC program SCANPI cal-
culated four flux estimators in each band: the peak value
within a given aperture, the integrated flux between the zero
points, the integrated flux within the given aperture, and the
amplitude of the fitted point source template. To select the
appropriate flux estimator, we divided all the sources into
pointlike sources and extended sources. The spatial-intensity
profiles of the sources were fitted by the point source template
to obtain the FWHM of the fitted template, (W50), which was
used to describe the angular size of the sources. For this study,
sources with (W50 at 12 um < 1’1 were classified as the point
sources, and those with (W50 > 1'1 as the extended sources.
For sources that seemed to be multiple sources or those not
detected at 12 um, the same classification was carried out at 25
um. Note this criterion corresponds to a correlation coefficient
flag of A, B, C, and D in the PSC. This more restricted criterion
allowed us to separate the true point sources from the slightly
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1 extended sources. As will be shown, there are indeed many
differences between the point and the extended sources.

Once a source was classified as a point or an extended
source, the flux estimator was chosen according to its angular
extent. For the point sources, the four estimators described
above were usually very consistent with each other, and in
most cases, the amplitude of the fitted point source template
was assigned to the source flux. For the extended sources,
integrated fluxes were chosen. The flux uncertainty was deter-
mined by the rms deviation of the residuals after the baseline
fitting by SCANPL

2.3. Source Sample

The final selection criterion was that the sources have at
least one clear detection at 12, 25, or 60 um (with an S/N > 5).
We excluded sources that can be detected only in the 100 um
band because most of these sources are probably infrared
cirrus. Of 312 sources selected from the co-added images, we
rejected 73 sources with an S/N < 5 in all three bands to
improve the reliability of the detections, one source that is
coincident with a galaxy (Strom et al. 1989b), and 14 other
sources that are probably foreground or background stars as
determined by Strom et al. (1989b). After excluding these
sources, we selected 224 sources (98 point sources and 126
extended sources).

The association of the IRAS sources with the molecular
cloud L1641 was examined. The spatial distribution of all the
sources is superposed onto the '*CO contour map of the
L1641 in Figure 2. A source is considered to be associated with
the molecular cloud if it is located inside the 13CO contour (3.0
K km s~ !). Note that most point sources (filled circles in the
left panel) are located within the contour, while the extended
sources (open circles in the right panel) are almost randomly
distributed. As will be discussed in § 4, most of the sources
located outside the molecular cloud are probably either infra-
red cirrus or foreground stars. While the complete sample of
the 224 IRAS sources can be found in Chen (1992), Table 1
presents only the 122 sources that are located inside L1641.

2.4. Comments on the Sample

1. Of the 123 sources in the IRAS PSC (Strom et al. 1989b),
106 are selected following the tests in § 2.1. For the 17 PSC
sources that were not detected, three are probably caused by
source confusion. The other 14 sources are not associated with
a peak of emission; instead they are often located in a ridge
that is extended in the cross-scan direction, and five of them
are classified as spurious sources by Strom et al. (1989b). In our
sample, there are 27 newly detected point sources (15 of them
inside the molecular cloud). The average flux density of the
newly detected point sources is 0.34 Jy at 12 um, about a factor
of 2 lower than the upper limit of 12 ym flux PSC (0.5 Jy at
3 o). We attribute these new detections to the enhanced sensi-
tivity of the IRAS co-added images. '

2. For the 106 PSC sources, we have compared the posi-
tions determined from co-added images with the positions
given in PSC. The co-added source positions agree with the
PSC position well in the in-scan direction, with 77% of the
sources having a position difference less than 15”. The position
discrepancy is much larger in the cross-scan direction with
75% of the sources having position difference less than 45”.
Such a large position discrepancy was also found by Schwartz,
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F1G. 2—IRAS sources selected from the co-added images are superposed

on the '3CO integrated intensity map. The point sources (filled circles) and
the extended sources (open circles) are shown in the left and right panels,
respectively.

Gyuludaghian, & Wilking (1991) in IC 1396. At least two
factors may cause the discrepancy: (1) the PSC positions were
based on two to three bands, while the co-added position is
mainly determined by the 12 um peak, and (2) the PSC posi-
tions were determined by the point source template. If a source
is not a well-defined point source, the position will be different
from the peak position. The second possibility is supported by
the fact that most of the sources that have a large position
difference are extended sources.

3. We have also compared our sample with the sample by
MB. The MB sample was selected in a smaller region that
corresponds to one of our main fields (the upper right one in
Fig. 1). Of 67 sources they listed 51 (76%) were detected in our
sample. The other 16 sources are very faint and may contain
spurious sources. When comparing the flux densities, the two
samples agree well for the point sources. For some extended
sources, our flux densities are larger than those in MB, this is
probably because we used the integrated flux densities for the
extended sources.

4. It is very difficult to draw a uniform detection limit
because the noise level varies from source to source and
because some sources might be confused by the nearby
sources. For the isolated sources, we estimate a 5 o upper limit
0f 0.2,0.2, 0.7, and 7 Jy at 12, 25, 60, and 100 um, respectively.
The flux errors can be as high as 50% in the confused regions,
especially in the 60 and 100 ym bands.

5. Although we classified the sources into point and
extended types, this classification is subject to source confusion
within the IRAS beam. We cannot be absolutely certain that
all sources classified as point or extended are due to emission
from a single source. However, as shown in the next section,
many differences between the point sources and the extended
sources do indicate that they are different in nature.

6. Our source selection is biased against evolved stars that
have relatively little far-infrared emission. Since our major
interest is to study the stars in an early evolutionary stage, the
above bias is not critical. Of the 30 emission-line stars in the
region (Herbig & Bell 1988), 12 of them (40%) have been
detected in this study. The sample is also biased against the
sources that can be detected only at 100 um. Most of these
sources are likely to be infrared cirrus, although there is a
possibility that we might miss extremely young YSOs. We will
not discuss these sources in this paper.
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3. THE PHYSICAL PROPERTIES

3.1. Color Temperature

If cold dust is in thermal equilibrium and its emissivity is
proportional to V", a color temperature between two wave-
lengths 4, and 4, can be calculated as

he( 1 1 F(4,) A
T =—(——=)/In =% In=tK, (1
[ 221 =7 (12 xl>/1 Fy T Y K, )
where F(4,) and F(4,) are the source flux densities at wave-
lengths A, and A,, and h, ¢, and k are the Planck constant, the
speed of light, and Boltzmann constant, respectively (Emerson
1988a). For the dust emissivity dependence on frequency, we
adopt the result of Draine & Lee (1984) that gives n = 2 for
both graphite and silicate. As will be discussed in the next
section, the far-infrared emission of the IRAS sources located
inside L1641 is mostly thermal emission, and equation (1) can
be applied. For each of these sources, a color temperature,
T[12, 25], is obtained using the 12 and 25 um flux ratio and is
listed in Table 1. Equation (1) may not be valid for the sources
located outside of 1.1641, because their emission at 12 and 25
um is probably dominated by the nonthermal emission from
very small grains (VSGs) heated by the interstellar UV
photons.

3.2. Far-Infrared Luminosity

Given the IRAS flux densities in the four IRAS bands, and
assuming that the dust emission spectrum F is proportional to
A, the source infrared luminosity between 7 and 135 um can be
calculated as

L =32 x 107°D?(20.65f,, + 7.54f,5 + 4.68 50 + 1.76f100)(Lo) »
)

where D is the distance to the source in parsecs, and F, is the
flux density in Jy at A (Emerson 1988b). To account for the
luminosity beyond the observable bands, we use a method
suggested by Myers et al. (1987). Assuming that blackbody
radiation peaked at the longest observable wavelength 1
with flux density F,,,, the luminosity longward of 1
written as

max

can be

max? max

AL =533 x 1075D*(F,,, )/Apa (Lo) - 3)

The total far-infrared luminosity of the IRAS sources, Lgg = L
+ AL, is given in Table 1.

3.3. 13CO Column Density

We made CO and !'*CO millimeter observations to deter-
mine the gas column density toward the IRAS sources. The
CO (J = 1-0) and '3CO (J = 1-0) line emission at 115 and 110
GHz were observed using the Nagoya University 4 m milli-
meter telescope on 1990 March 26-27. The telescope has a
beam size of 2!7. A 4 K SIS receiver was used, and the system
temperature was about 400 K (double-sided band). For each of
the IRAS sources selected in the two main fields, a single-point
observation was made at the IRAS position. Ori A was
observed during the observations for the temperature cali-
bration. The rms noise was typically 1.0 K and 0.35 K for CO
and 13CO, respectively.

The data reduction was carried out using the Nagoya data
reduction system. After the baseline removal, a Gaussian fit to
the line profile gave three parameters: the peak temperature,

the line width, and the line center. Using these parameters we
estimated the 13CO column density toward each IRAS source.
The CO line is usually optically thick so that the CO antenna
temperature gives a direct measurement of the gas excitation
temperature. With the assumptions that both CO and !3CO
are in thermal equilibrium with the same excitation tem-
perature, 13CO line is optically thin, and the line profile is
Gaussian, we calculate the *3CO column density from (Scoville
et al. 1986)

(T + 9.2)t9 Av _,
4
—exp (—s3yTy ™ @

where Av is the 13CO line width (FWHM), and the excitation
temperature of CO and !3CO gas, T,,, can be determined by
T(*2CO). The optical depth at line center, 7,, can be obtained
by using the peak temperatures of CO and '3*CO and assuming
X(CO)/X(*3CO) = 89. Note that for T,, = 20 K, the 13CO line
will become optically thick (z, > 1) when the column density
reaches 2 x 10'® cm ™2, and the '3CO line will not be a good
measure of the gas density at the center of some molecular
dense cores. The '3CO column density N(*3CO) of the IRAS
sources is presented in Table 1.

N(*3CO) = 2.49 x 10!

4. THE NATURE OF THE SOURCES

4.1. Point Sources versus Extended Sources

Figure 2 shows the spatial distribution of the point sources
and the extended sources in L1641. The point sources are
clearly associated with the molecular cloud (as defined by the
13CO integrated intensity contour map), and 81% of them are
located inside the molecular cloud. On the other hand, the
distribution of the extended sources appears to be random, and
only 37% of the extended sources are located inside the L1461
boundary. Table 2 shows the association of the sources with
the L1641. Using the contingency table statistical test, we find
that the distributions of the point sources and the extended
sources are different at a much greater than 99.9% level of
confidence.

The color-color diagram using IRAS fluxes at 12, 25, and 60
um is often used for the first-order classification of the IRAS
sources (Beichman 1985; Emerson 1988b). We plotted the
point sources and the extended sources in Figures 3a and 3b,
respectively. It is clear that the point sources and the extended
sources are distributed differently in the color-color diagrams.
Most of the point sources are spread widely across the
diagram, and 50% of them are located inside the boxes defined
by known T Tauri stars and molecular dense cores. In contrast,
almost all the extended sources are located in a region appro-
priate for hot cirrus as defined by Beichman (1985). These
results, together with the concentration of the point sources
within the molecular cloud, suggest that most of the point
sources are probably YSOs and most of the extended sources
are not.

TABLE 2

SPATIAL DISTRIBUTIONS OF THE SOURCES

Parameter Point Source Extended Source Total
Inside L1641 ........ 79 43 122
Outside L1641 ...... 19 83 102
Total ................ 98 126 224
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4.2. Emission Mechanism of the Dust

The location of the IRAS sources in the color-color diagram
provides some insights into dust emission mechanisms. The
point sources are spread widely in the diagram, indicating a
large range of dust temperature. This can be understood if the
heating sources are embedded central sources whose tem-
perature varies from source to source, depending on the lumi-
nosity of the sources, the dust properties (particle size and
composition), and the spatial distributions of the surrounding
material.

On the other hand, the extended sources are located in a
small region of the color-color diagram that is characteristic of
hot cirrus emission. The cirrus emission is thought to arise
from the nonthermal emission from VSGs that are heated by
UV photons in the interstellar radiation field (Boulanger et al.
1988). Since the VSGs have very small size (~ 10 A) and heat
capacity, they can attain a temperature up to 1000 K when
heated by a single UV photon. With this stochastic heating and
cooling, the VSGs cannot be in thermal equilibrium (Sellgren
1985). The high temperature of the VSGs causes them to domi-
nate the emission at both 12 and 25 um. The ratio of the two
fluxes is therefore insensitive to the thermal equilibrium tem-
perature. The hot VSGs have little emission at longer wave-
lengths at which the thermal emission from the colder larger
grains dominates. Figures 4a and 4b show the 12-25 um versus
60-100 um color-color diagrams of the sources inside and
outside the L1641, respectively. In Figure 4b, the sources
located outside L1641 (most of them are extended) vary by a
factor of greater than 10 in the 60-100 um flux ratio, while
their 12-25 um flux ratio changes only by a factor of 2.

For the large-scale IRAS emission in the California nebula,
Boulanger et al. (1988) developed an analytical model for VSG
emission. Assuming that the far-infrared emission comes from
a mixture of the VSGs (~ 10 A) and the larger grains (~0.5 um)
heated by the interstellar radiation field, they calculated the

F  (b) sources outside L1641 B

Log({60/{100)
I
o0
]
o
o
1Y

-1 0
Log(f12/125)

F1G. 4—The IRAS color-color diagram based on 12-25-60-100 um fluxes. The sources located inside and outside L1641 are plotted in the left and right panels,
respectively. The point sources are filled circles, and the extended sources are open circles. The solid curve gives expected IRAS colors by the Boulanger et al. (1988)

analytical model for the small grain emission.
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IRAS colors as a function of equilibrium temperature of the
large grains (T,,). As shown in Figure 4b, the theoretical calcu-
lation (solid line) matches our observations very well.

The same analysis was carried out for the sources inside
L1641 (most of them are point sources). As shown in Figure 4a,
most of these sources have the 12-25 um flux ratio lower than
what the model predicted (solid line). This indicates that the
thermal emission from the large grains dominates over the
nonthermal emission from the VSGs. The probable heating
sources are the embedded YSOs.

In summary, the source spatial distribution and the IRAS
color-color diagram show that the sources inside and outside
L1641 are significantly different. The sources inside are within
the molecular cloud and are probably YSOs, while the sources
outside have a spatial distribution and IRAS color typical of
infrared cirrus. The following discussion will concentrate on
the sources located inside L1641, i.e., the 122 sources presented
in Table 1.

5. DISCUSSION

The far-infrared emission from a YSO may arise from the
central object, a disk system, and a dust shell with a range of
temperature. The spectral energy distribution of the YSO may
not be fitted by a single-temperature blackbody, and it is there-
fore difficult to place it in the luminosity-temperature diagram.
Using his protostar model, Adams (1990) attempted to use a
L — A, diagram to determine the evolutionary state of a YSO
by placing it in a luminosity-visual extinction diagram.
Because of light scattering and possible IR excess of YSOs, it is
very difficult to determine the extinction in the near-infrared
(1-5 pm) and to compare the observations with the model. This
motivates us to look for other accessible observational param-
eters to characterize YSOs. In the following, we use the sample
in Table 1 to discuss possible evolutionary indicators. For sim-
plicity we divide the sources in Table 1 into three groups: (1)
outflow sources, the 11 IRAS sources known to be associated
with CO outflow; (2) T Tauri stars, the nine sources associated
with known T Tauri stars; and (3) other sources, those not
associated with known CO outflow or T Tauri stars.

5.1. N(*3CO) as an Evolutionary Indicator

The '3CO column density measures the number of **CO
molecules in the line of sight if the emission line J = 1-0 is
optically thin. Figure 5a shows the histograms of N(*3CO) for
the three groups. Seven of 11 (73%) outflow sources have
N(*3CO) > 1.1 x 10'%cm 2, while only 27 of 111 (24%) non-
outflow sources have N(**CO) higher than that value. To see if
the high column density toward the outflow sources is due to a
local enhancement associated with the IRAS source or just a
chance overlap, we made two observations: First, by mapping
a group of the IRAS sources in *3CO, Chen, Fukui, & Iwata
(1993) found that six of eight outflow sources are located inside
dense cores, compared with only five of 32 nonoutflow sources.
Second, high-angular resolution HCO™* and !3CO observa-
tions with about a 20” beam size show that the column den-
sities of these two molecules are correlated with each other,
and both column densities are well correlated with the IRAS
colors (Chen, Fukui, & Yang 1992). This indicates that the
molecular gas is physically associated with the IRAS sources.
It is possible that N(*3CO) may underestimate the gas column
density if the 13CO J = 1-0 line becomes saturated. However,
because Figure 5a shows that outflow sources are usually
associated with higher N(*3CO) than the nonoutflow sources
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and are therefore more likely to be saturated, the line satura-
tion should not change the general trend in Figure 5a.

The close association of CO outflows with molecular dense
gas was previously noticed by Myers et al. (1988) and Morgan
& Bally (1991). It indicates that the outflow sources are YSOs
still embedded in their parental dense cores. This is expected if
stars are indeed formed in dense cores and the outflow charac-
terizes the early stage of star formation. Consequently, the
IRAS sources associated with less dense gas are statistically
more evolved and may have changed their parental environ-
ment. The outflow from the YSO and the accretion to the YSO
therefore are the prime candidates for dissipating the dense
cores.

5.2. IRAS Color Temperature as an Evolutionary Indicator

As discussed in the previous section, the 12 and 25 um emis-
sion from the sources located inside L1641 (most of them are
point sources) are probably the thermal emission from dust
heated by the central sources. Since the color temperature
T[12, 25] is usually much higher than the color temperature
obtained from longer wavelengths, T[12, 25] measures the
dust closer to the central embedded sources. Due to the large
beam size of the IRAS telescope, T[12, 25] is capable of sam-
pling the dust with a scale of 10!'* cm (equilibrium radius) for
an IRAS source with a luminosity of 10 L.

Figure 5b displays the histograms of T[12, 25] for the
outflow sources, the T Tauri stars, and all other sources. As
a group, the outflow sources are the coldest. The average
T[12, 257 of outflow sources is 137 K, compared with 180 K
for all of the nonoutflow sources. The outflow sources appear
to be much more deeply embedded in the dust shell than the
pre—main-sequence stars, and their emergent flux is shifted to
longer wavelengths.

5.3. IRAS Luminosity as an Evolutionary Indicator

Because the emission of the embedded sources is absorbed
by the surrounding dust and reemitted at longer wavelengths,
the far-infrared luminosity obtained in § 3.2 should account for
most of the source luminosity. If we include the luminosity
contribution at the shorter wavelengths (shorter than 5 um),
the luminosity would likely increase by a factor of no more
than 2 Beichman et al. 1986). If disk reprocessing exists, the
source luminosity may be overestimated by a factor of 2
(Wilking et al. 1989). Since the two corrections can compensate
for each other, and we have no reliable information on either of
them, it is assumed here that the luminosity derived in § 3.2
represents the source total luminosity within a factor of 2.

Figure 5c¢ shows the luminosity histograms for detected out-
flows, T Tauri stars, and the other sources. It is clear that
outflow sources tend to be more luminous than the nonoutflow
sources. The average luminosity of outflow sources is 81 L,
while that of the nonoutflows is only 7 L. There is no signifi-
cant difference in the luminosity distribution of T Tauri stars
and the other nonoutflow sources.

The greater luminosity of outflow sources has also been
observed in other low-mass star-formation regions, such as
Taurus (Myers et al. 1988) and p Oph (Wilking et al. 1989).
There are three possible explanations: (1) this might be a selec-
tion effect in the sense that the CO outflow is easier to detect
around the most luminous sources; (2) the outflow sources are
more massive stars than the nonoutflow sources, and (3) the
outflow sources are at a younger evolutionary stage and
acquire significant luminosity from accretion or deuterium
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burning. With the present data, we cannot conclusively dis-
criminate among the possibilities; however, we favor (3) for the
following reasons.

1. The unbiased Nagoya survey for CO outflow has a lower
limit of 1073 Ly in mechanical luminosity. Using the corre-
lation between the outflow mechanical luminosity and the star
luminosity (Lada 1985), the survey should be capable of detect-
ing any CO outflow from our IRAS source with luminosity
greater than 1 Lg. Eight-five percent of our sources are
brighter than that luminosity. Unless the outflow is smaller
than the beam size of the Nagoya telescope (2.7), the outflow
survey should be complete for 85% of the sources.

2. CO outflows have been detected around both high-mass
and low-mass YSOs (Fukui 1989). It is unlikely that in L1641
only high-mass stars are associated with CO outflow.

3. L1641 is a low- and intermediate-mass star-formation
region. The major young stellar population is believed to be T
Tauri-type stars (Cohen & Kuhi 1979; Fukui 1989).

4. The average luminosity of the outflow sources is about
80 L. It can be easily accounted for if most of the YSO lumi-
nosity is obtained from the accretion. Since L,,, = GMMR ™!,
a 1 Mg star can have L,., = 70 L, for an accretion rate of
1073 My yr~! and protostar radius of 4 Rg. The most lumi-
nous outflow source L1641 N has a luminosity of 220 L, and
this could be the result of multiple heating sources of IRAS
luminosity, as suggested by the near-IR images (Strom et al.
1989b; Chen et al. 1991, 1993).

We have also compared the luminosity distribution of the
IRAS sources in L1641 with those in Ophiuchus and in
Taurus-Auriga (Fig. 6). The data in Ophiuchus were taken
from Wilking et al. (1989) and the data in Taurus were taken
from Kenyon et al. (1990). Because L1641 is 3 times farther
away from the Sun than both Ophiuchus and Taurus-Auriga,
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F1G. 6.—The luminosity distributions of IRAS sources in L1641 (all the
sources inside molecular cloud), in p Oph (Wilking et al. 1989), and in Taurus-
Auriga (Kenyon et al. 1990).

our detection limit is about 10 times higher. This explains the
lack of low-luminosity objects (L/L < 1) in L1641. However,
it is significant that there are more bright sources (L/Lg > 10)
in L1641 than in the other two molecular clouds. One might
attribute this difference to source confusion because the L1641
is 3 times farther away than the other two molecular clouds. A
near-IR imaging of IRAS sources in L1641, however, suggests
that source confusion may not be severe enough to drastically
change the luminosity distribution in L1641 (Chen 1992; Chen
& Tokunaga 1993). Of 59 IRAS sources imaged at 1-5 um, 46
of them were identified as single sources. The different lumi-
nosity distributions can also be explained if the YSOs in L1641
are statistically more massive, or if the YSOs in L1641 are
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TABLE 3
AVERAGE PHYSICAL PARAMETERS OF YSOs

Number Leg N('3CO) T[12, 25]
Type of Sources (Ly) (10" cm™?) (K)
Outflow sources ....... 11 81.0 25 138
T Tauri stars ........... 9 9.7 1.0 174
All other sources ...... 107 6.4 0.7 181

statistically younger. At present time, we cannot discriminate
between these two possibilities.

6. SUMMARY

1. From IRAS co-added images, we have selected a flux-
limited sample of 224 (98 point and 126 extended) sources in
the star-forming region L1641.

2. The point sources and extended sources are significantly
different. The point sources are associated with !*CO molecu-
lar gas of L1641, while the extended sources are randomly
distributed. They occupy different locations in the IRAS color-
color diagram. We concluded that the sources inside L1641
(mostly point sources) are embedded YSOs, while the sources
outside L1641 (mostly extended sources) are probably infrared
cirrus heated by the interstellar radiation field.

3. By examining three physical parameters (T[12, 25], Lgj,
and N['3CO]), we found that the outflow sources are signifi-
cantly different from the nonoutflow sources (see Table 3).
They are colder, more luminous, and are associated with
higher column density. These differences can be explained if the
outflow sources are embedded protostellar objects still in the
accretion phase.

Further high-resolution observations are needed to define a
more detailed evolutionary scheme similar to the H-R diagram
for YSOs. This study provides an unbiased source sample in a
single molecular cloud for future studies.
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