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ABSTRACT

To understand the physical process of star formation, we address three questions: (1)
what are the critical indicators of evolutionary states of young stellar objects? (2) when
and how are dense cores dissipated? and (3) how are young stars distributed in a single
molecular cloud? We selected 224 IRAS sources from the IRAS coadded images in dark
cloud L1641. The IRAS data analysis suggested that the 122 sources inside L1641 are
probably young stellar objects, while the sources outside L1641 are probably infrared
cirrus. In 13CO and HCO* millimeter observations, we found that most of the IRAS
sources with CO outflows are associated with molecular dense cores, while most
nonoutflow sources are not. This can be explained if dense cores are dissipated by the
outflows before the driving sources become pre-main-sequence stars. Using near-IR
array detectors, we imaged 59 IRAS sources in H and XK', some of them also were imaged
in narrow-band L and M. The most important result from the imaging is the detection of
small groupings of 10-40 near-IR sources near 14 IRAS sources. These groupings,
defined as stellar density enhancements (SDEs), are statistically significant compared to
background stars. Most of the near-IR sources within the SDEs are low-mass pre-main-
sequence stars physically associated with the IRAS sources. The SDEs probably result
from pile-up of young stars due to continuous star formation within the dense cores, 2
phenomenon seen in the early stage of star formation. Our images showed that the young
stars in L1641 can be characterized by a range of stellar densities, from a large cluster
(the Trapezium Cluster) to the SDEs and to individual stars. The previously proposed
cluster and isolated star formation modes are probably the high and low ends of the
continuous distribution. With the near-IR imaging, we were able to identify the probable
near-IR counterparts for 55 of the 59 IRAS sources. Forty-five of them are class I

sources, and the other 10 sources are class II sources.
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CHAPTER 1
INTRODUCTION

1.1. STAR FORMATION: WHAT DO WE KNOW?

In the last 10 years, a wealth of information has been accumulated in the field of star
formation, in a wide range of wavelengths (from X-ray, optical, near-IR, far-IR to
millimeter) and spatial scales (101""18 cm). In this section, we briefly review the major
advances made during the last 10 years. This review also serves as a background

introduction to the work presented in this thesis.

In the study of star formation and early stellar evolution, low-mass stars (<3 Mg)

attracted more attention than high-mass (>3 M) stars for the following reasons (Lada

1991): (1) since majority of the stars in the Galaxy is low-mass stars, the data sample of
low-mass stars is much larger than that of high-mass stars; (2) low-mass stars have a
much slower evolution time-scale and an observable pre-main-sequence stage; and (3)
low-mass stars are considerably less destructive to their natal environment, so the
relationship between the young stars and their environment can be studied. For these
reasons, in this thesis we will concentrate on the formation and early evolution of low-
mass stars. The term "star formation" is denoted to mean "low-mass star formation"

unless specified.

1.1.1. Dense Cores in Molecular Clouds

The Ho emission features of T Tauri stars was among the first evidences that led the
observational study of young stars. Thanks to the optical spectroscopic observations
pioneered by Herbig (1962) and Cohen & Kuhi (1979), it is now well-established that T

1



Tauri stars are low-mass pre-main-sequence stars with an age of 105-6 yr. The close
association of T Tauri stars with the interstellar molecular gas strongly suggests that
young stars are being formed in giant molecular clouds (GMCs). In fact, within 1 kpc
from the sun, all the GMCs show sign of star formation (Blitz 1991).

Only a portion of the GMCs can directly turn into stars, because otherwise the
number of young stars would be much more than that observed (Zuckerman and Plamer
1981). Using the C180 J = 1-0 and NH3 (3,K) = (1,1) lines, Myers and his co-workers
(Myers, Linke & Benson 1983; Myers & Benson 1983; Benson & Myers 1989) observed
~100 visually opaque regions in nearby molecular clouds, and discovered the dense
molecular cores. The typical properties of dense cores are summarized by Fuller (1991),
as shown in Table 1.1. The close association of the cores with known T Tauri stars
indicates that they are the site of recent star formation. Dynamic analyses by Myers &
Benson (1983) show that the dense cores are in the early stage of collapse or in near-
critical equilibrium, and that they may directly give birth to young stars.

Traditionally the dense cores are defined as the concentrations seen in high-
excitation molecular lines, such as CS, NH3, HCO* and HCN, while the concentrations
seen in low-excitation lines, such as CO and 13CO, are defined as clumps. Although the
dense cores are usually more compact and denser than the clumps, it is unclear whether

they are physically different. In this thesis, we define both of them as dense cores.

1.1.2. TRAS Sources

Since young stellar objects (YSOs) are being formed in the dense molecular cores,
most of their emission will be absorbed and reemitted in infrared by the surrounding
dust. The model of accreting protostar, as first suggested by Larson (1969a, 1969b), also

predicted that a protostar will first reveal itself as a high-luminosity infrared source. This
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led to an extensive infrared search for protostars (Wynn-Williams 1982). One important
step in the search for protostars was the launch of the Infrared Astronomical Satellite
(IRAS) which surveyed the 95% of sky in four far-IR bands (centered at 12, 25, 60, and
100 pm). Many sources in the IRAS Point Source Catalog (PSC) are YSOs (Beichman
1987). The search for IRAS sources in dense cores turned out to be fruitful: nearly 50%
of the NH3 dense cores mapped by Myers & Benson (1983) are associated with JRAS
sources (Beichman et al. 1986). One-third of the IRAS sources are associated with
visible T Tauri stars, and the other two-third has no optical counterpart. The dense cores
with invisible sources are colder and more massive. Beichman et al. (1986) suggested
that some of the invisible JRAS sources are probably "protostars". The more recent
studies in p Oph (Wilking, Lada, & Young 1989), L1641 (Strom et al. 1989b) and
Taurus (Kenyon et al. 1990) also showed that IRAS sources are closely associated with
active star-forming regions.

IRAS color-color diagram based on IRAS 12-25 and 25-60 pum flux density ratios has
been widely used to classify the JRAS sources, because various YSOs (sources in dense
cores, pre-main-sequence stars, and main-sequence stars) occupy the specific regions in

the diagram (Beichman 1985, Emerson 1990).

1.1.3. CO Molecular Outflows

The discovery of CO molecular outflow from embedded YSOs set another milestone
(Snell et al. 1980, Bally & Lada 1983). In CO J = 1-0 line observations of some YSOs at
2.3 mm, the emission line showed an asymmetric profile with a high-velocity wing (10-
30 km s1). The blue and red-shifted wings are often spatially separated, resulting in

bipolar-shaped contour maps of the integrated wing emission with the YSO at the center.



It is generally accepted that this is the result of high-velocity material flowing outward
from the polar regions of the embedded YSOs (Lada 1985).

The red and blue lobes of CO molecular outflows have a spatial scale of a few pc.
The dynamic time scale (flow linear extent / flow velocity) is typically a few times 104
yr (Fukui 1989). The mechanical energy of outflowing material is roughly correlated
with the luminosity of the central sources, suggesting that they are physically related.
Nearly 200 CO outflows have been detected as the results of the extensive (biased and
unbiased) CO surveys (Lada 1985, Fukui 1989). Almost all of them are associated with
IRAS sources with luminosities ranging from 1 to 106 L@, indicating that both high- and
low-mass young stars have the outflows. The high detection rate of CO outflows from
YSOs suggests that most, if not all, young stars undergo a stage of outflow. Because CO
molecular outflow is more likely to be associated with embedded sources than with T
Tauri stars, Lada (1985) suggested that CO outflow represents the earliest observable

stage of star formation, prior to the pre-main-sequence stage.
1.1.4. Spectral Energy Distribution

Both millimeter and /RAS observation of YSOs provide information on a relatively
large scale because of the large beam sizes (20"-3') of the telescopes. They trace the
molecular and dust environment of the newly formed young stars. More detail
information of YSOs themselves comes from optical and near-IR observations. Because
most embedded sources are highly obscured, near-IR broad-band photometry can play an
important role. The shape of spectral energy distribution (SED) of a young stellar object

depends both on the nature and distribution of the surfounding dust. A SED is a plot of
Afy, vs. A in log-log space, and the spectral index is defined as a = dlog Afj, / dlog A,

where f) is flux density at wavelength A. Lada (1988) classified the near-IR sources into
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three main classes according to their SEDs: class I: the SED is broader than that of a
single-temperature blackbody and a is positive; class II: the SED is also broader than the
blackbody with -2 < & < 0; and class III: the SED is compatible with the blackbody with
o < -2. A theoretical model (Adams, Lada & Shu 1987) successfully explained the
above classification as a continuous evolution of the circumstellar dust. They suggested
that class I sources are probably the protostars, class I sources are classical T Tauri stars,
and class III sources are weak-line T Tauri stars. The typical SEDs of the three classes,

along with a sub-class IID, are displayed in Figure 1.1.
1.1.5. A Star Formation Scenario

The time scale and spatial scales of the star forming phenomena are illustrated in
Figure 1.2. They provided the comprehensive informétion for theorists to construct the
model of the physical process of star formation. At present the best-known star
formation scenario is the inside-out model by Shu and his co-workers (Shu, Adams &
Lizano 1987). The model proposed that young stars are formed through the following
four stages (Shu 1991, see also Figure 1.1):

(1) dense core: the sphere of the gas and dust slowly contracts under its own gravity
against the frictional support provided by the ions and magnetic fields via the process of
ambipolar diffusion. The evolution of the core is an isothermal, quasi-static and has a
density profile given by

al

p(r) = G2 (1.1

where a is the isothermal sound speed.




(2) gravitational collapse: when the contracting configuration becomes sufficiently
central concentrated, the core gravitationally collapses from inside out. The central
region collapses first, forming a central accreting protostar, an optically thick and
geometrically thin accretion disk. The regions at progressively larger radii collapse as
they lose pressure support from below, forming a spherical infalling envelope of gas and

dust. The accretion rate and the accretion luminosity can be written as

. 097543

M===Z (1.2)
GMxM

Lacc=T (1.3)

where Mx and R« are the mass and the radii of the accreting star, respectively.

(3) bipolar outflow: almost simultaneously, a powerful wind breaks out along the
rotational poles. This wind is responsible for transporting outward the angular
momentum brought in by infalling material. The time scales of (2) and (3) are about 105
o

(4) pre-main-sequence stars: the continuous depletion of the gas and dust shell by
outflowing material will eventually halt the infall, and dissipate the dense cores

surrounding the central source. The star then for the first time becomes optically visible.

1.2. THE SCIENTIFIC GOALS OF THE THESIS

Although the progress discussed in the last section have greatly advanced our
knowledge, there are still many questions to be answered before we can fully understand

the physical process of star formation. In this thesis I like to address three questions.
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For a young stellar object deeply embedded in molecular dense cores, its spectrum is
usually not a single-temperature black-body. It is generally difficult to estimate their
age by placing them in the H-R diagram. On the other hand, a YSO will change its dust
and gas environment through the infall and outflow during the process of star formation.
It may be possible to characterize their evolutionary state by comparing the properties of
the molecular gas (in millimeter), cold dust (in JRAS bands) and the hot dust (in near-IR
band) adjacent to the sources. Qur first goal is to find critical observational indicators of
the evolutionary state of YSOs. Eventually the evolutionary indicators may result in an
evolutionary diagram of YSOs, similar to the H-R diagram for optical stars.

A natural outcome of the inside-out model is that young stellar object will gradually
change its molecular environment at the early stage of its formation. Our second goal is
to study the evolution of the molecular dense cores during early star formation, and to
understand from observations when and how the molecular dense cores are dissipated.

Although the inside-out model has successfully reconciled many observations, it is
mostly based on a single (or binary) star forming in an isolated molecular dense core.
Recent observations show that this is not the only way to form stars. While most stars in
Taurus seem to be formed in isolation, young stars in other molecular clouds, such as p
Oph (Wilking, Lada, & Young 1989) and L1630 (E. Lada 1990), are mostly formed in
clusters. Lada (1991) referred these two cases as the isolated star formation mode and
the clustering mode, respectively. Our third goal is to understand how young stars are
distributed within a single molecular cloud? We also like to know wether different

spatial distributions of young stars indicate different star formation mechanisms.



1.3.L1641: AN ACTIVE STAR FORMING REGION

To accomplish the goals set in the last section, it is best to study all YSOs in a single
molecular cloud. Such studies have at least two advantages: (1) all sources in the sample
have similar global environment and star formation history. The analysis therefore
should be more straight forward; and (2) all sources have the same distance, the selection
effect due to the distance can be minimized.

This thesis reports on a millimeter, far-infrared and near-IR study of IRAS sources in
a nearby dark cloud Lynds 1641. The L1641 was first identified as a dark cloud in the
Orion region, occupying nearly six square degrees of the sky with the Dec. between —6°
and -10° (Lynds 1962). A CO molecular survey by Kutner et al. (1977) found that it is
actually part of the Orion A giant molecular cloud (Figure 1.3). When observed in 13co
J = 1-0, the entire L1641 is very filamentary and clumpy. Bally et al. (1987) detected
more than 100 individual high-density condensations. Takaba et al. (1986) searched the
northern part of L1641 and found at least four clumps in a 20' x 30' region.

There are 123 sources listed in the PSC in the direction of L1641 (the JRAS sources
with only 100 um detections have been excluded to avoid the contamination of the
infrared cirrus). Strom et al. (1989) showed that 93 of them might be point source
physically associated with the L1641. Many of these sources have rising spectral energy
distributions in the far-IR, indicating that they are embedded YSOs. However, as to be
discussed in Chapter 2, the PSC source selection was mostly based on single JRAS scans,
and was therefore limited in sensitivity. By co-adding single JRAS scans at the same
position, we can increase the signal-to-noise ratio by a factor of 2-3. These co-added
IRAS data have the advantages over the PSC data by allowing us (1) to improve the
detection quality of PSC sources; and (2) to find new detections. The /RAS data sample
used in this thesis is based on the co-added /RAS data.
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In an unbiased CO survey with the Nagoya 4 m telescope, Fukui and his co-workers
(Fukui et al. 1986; Fukui 1989) detected eight CO molecular outflows. More recently,
Morgan et al. (1991) detected several additional outflows. All of these CO molecular
outflows in L1641 are associated with JRAS sources. Since the CO molecular outflow
defines a unique stage during the early star formation, the comprehensive surveys for CO
outflows in L1641 allow us to characterize the evolutionary state of YSOs by comparing
the JRAS sources with and without CO outflows.

When observed in optical wavelengths, Most optically bright objects, or massive
stars, are located in the northern part of Ori A (north of Dec = —60). It was suggested
that star formation in Orion had been triggered by a series of supernovas (Cowie,
Songaila & York 1977). One important member in this region is the Trapezium Cluster
(Herbig 1962). It has about 150 stars within a 3' x 3' region in the I band (Herbig &
Terndrup 1986). When observed at 2.2 um, McCauhrean (1988) detected over 500 stars
within a 5' x 5' region centered on Trapezium OB star.

In contrast, the L1641 (south of Dec = -6°) is much darker in the optical. The most
prominent object is NGC 1999, a reflection nebula illuminated by a possible Ae Star,
V380 Ori. There are several Herbig-Haro objects, such as HH 1-2, HH 33/40, Haro 13a
and Haro 14a. Optical CCD images of these sources showed jet-like structures that are
probably driven by newly formed stars (Mundt et al. 1984, Strom et al. 1986). Many
stars are extensively observed in Ho (at 6563 A) to search for pre-main-sequence stars
(Herbig & Bell 1988; Wiramihardja et al. 1989, Wouterloot & Brand 1992). In the
catalog compiled by Herbig & Bell, there are 30 stars showing Ho emission feature in
the L1641.

Nakajima et al. (1986) surveyed a 1.4 square degree region of L1641 in near-IR, and
detected about 100 sources with a limiting magnitude of K = 9.5 mag. Only 15 of them
were identified as pre-main-sequence stars. To identify the near-IR counterparts of the
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PSC sources, Strom et al. (1989) mapped the vicinity of the IRAS sources with a limiting
magnitude of K = 14 mag. These existing near-IR data were obtained using a single
detector with a very limited sensitivity. The advance of two-dimensional near-IR array
detectors provides 2 much more sensitive (down to K = 17 mag) and efficient way of
observing dark cloud like I.1641. The near-IR studies to be presented in Chapters 4 and
5 were carried out using the near-IR cameras.

In summary, the extensive studies at different wavelengths indicate that L1641 is an
active star formation region. The diversity of the YSOs in L1641 make it suitable for a

comparative study.

1.4. THESIS OUTLINE

The flow-chart in Figure 1.4 outlines the structure of the thesis.

In Chapter 2, we present an IRAS source sample selected from /RAS co-added
images in L1641. We discuss the source selection and the flux determination. We also
use the IRAS data to investigate the nature of these sources. Finally 122 JRAS sources are
selected as possible YSOs for the follow-up studies.

To address the problem of dense core dissipation, in Chapter 3, we present two sets
of molecular line observations, (1) a moderate-resolution (3" 13CO J = 1-0 mapping of
40 sources; and (2) the high-resolution (20") 13CO J = 1-0 and HCO+ J = 1-0
observations of 28 sources. From these observations we conclude that the most sources
with CO outflows are associated with dense cores, and most of the sources without
outflows are not associated with dense cores. The most plausible explanation is the
dense core dissipation by either accretion or outflow of the embedded sources at the early
stage of star formation. Part of result presented in this chapter has been published in
Astrophysical Journal (Chen, Fukui, & Yang 1992a)
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In Chapter 4, we present a near-IR (1.6-4.8 um) imaging of 59 IRAS sources. The
images provide the most sensitive and extensive census of the near-IR sources in the
vicinity of IRAS sources in L1641. The most interesting result from our imaging is the
discovery of stellar density enhancements (SDEs) in 14 of the 59 sources. We will show
that most of the near-IR sources in the SDEs are YSOs associated with the JRAS sources.
It is also shown that the spatial distribution of young stars in the L1641 can be
characterized by a range of stellar density, from a large cluster (the Trapezium Cluster) to
the SDEs and to individual stars. The previously proposed isolated and cluster star
formation modes may be the low and high ends of this continuous distribution. These
conclusions are supported by a detailed optical and near-IR imaging of 3 JRAS sources in
Chapter 5. The work presented in Chapter 5 has been accepted for publication in
Astrophysical Journal (Chen et al. 1992b)

In Chapter 6 we discuss in detail the association of the SDEs with molecular dense
cores, and the formation of the SDEs. We also discuss the implications of SDEs to star
formation theory. Finally, in Chapter 7, we conclude this thesis with a summary of
observational results obtained in this project, and what we have learned from these
results. Some open questions and possible follow-up studies are discussed.

Now, sit back, and enjoy your journey.
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TABLE 1.1 OBSERVED AND DERIVED PROPERTIES OF CORES

cl8o NH3
Range Typical Range Typical
Map half-power diameter (pc) 0.2-0.7 0.3 0.05-0.2 0.1
Log number densi[y (cm‘3) 3.5-44 41 4-5 45
FWHM line width (km s-1) 04-0.9 0.5 0.2-04 0.3
Gas Mass within FWHM (M) 3-60 15 03-10 1
Free fall time(lOSyr) 2-6 3 1-4 2
Kinetic Temperature (K) 5-17 10 9-12 10
Velocity Gradient (km s~1 pc-1) 0-3 1 0-3 1
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Figure 1.1  The proposed four stages that young stars should go through during their
formation and early evolution, based on the model of Shu et al. (1987). The spectral
energy distributions of young stars at the corresponding stages are also shown (Lada
1987). The four stages are: (1) an accreting protostar (class I SED), (2) an accreting
protostar with a well-developed outflow (class IID), (3) the T Tauri phase (class II), and
(4) the naked T Tauri or post-T Tauri phase (class III). This figure is adopted from
Wilking (1989).
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Figure 1.3 The CO map of Orion molecular complex. The dark cloud L1641, as a
part of Orion A giant molecular cloud, is located near the bottom of the figure. This
figure is adopted from Kutner (1977).
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Figure 1.4  The outiine of the thesis.
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CHAPTER 2
AN IRAS SAMPLE FROM COADDED IMAGES OF L1641!

2.1. INTRODUCTION

In the early studies of JRAS sources, much attention has been drawn to the sources
that are associated with known star forming activity, such as molecular dense cores, CO
outflows, and T Tauri stars (Emerson et al. 1984, Beichman et al. 1986). These studies
did not systematically study all the JRAS sources in a single molecular cloud and
therefore conclusions on the evolutionary state of the JRAS sources were complicated by
different environment and evolutionary history of the sources. A different approach is to
study all the sources listed in IRAS Point Source Catalog (PSC, Beichman et al. 1988)
within one molecular cloud, such as has been done for L1641 (Strom et al. 1989) and
Taurus (Kenyon et al. 1990). In this case, 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 one molecular cloud at a known distance, the
analysis is relatively simpler. The availability of /RAS coadded images makes it feasible
to select an unbiased /RAS sample with a sensitivity 2-3 times higher than that of PSC.
The enhanced sensitivity will allow us to detect new sources, and to improve the
detections for the sources that have only upper limits in PSC. The recent study of
molecular cloud p Oph is a good example of this approach (Wilking et al. 1989).

In this chapter, we report on a study of IRAS sources in L1641 using the coadded

images. In section 2.2, we explain the IRAS source selection and flux density

! 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 mission program under contract to JPL.

17




[

determination. Three physical parameters (/RAS color, far-infrared luminosity, and 13co
column density) of the sources are obtained in section 2.3. Using these parameters, we
discuss the nature of the JRAS sources in section 2.4. In section 2.5 we examine the
potential evolutionary indicators of YSOs. The major results are summarized in section

2.6.

2.2. SOURCE SAMPLE

L1641 was identified by Lynds (1962) as a dark cloud with an optical obscuration
level of 4 (approximately Ay = 4 mag). Figure 2.1 shows the 13CO molecular gas

distribution of L1641 (Fukui and Mizuno 1991). The lower contour level is 3.0 K km s~
1, an approximate 3 ¢ detection of the 13CO integrated intensity. This contour level

gives a 13CO column density of 3 x 1015 cm-2 under the typical interstellar conditions
(Tex = 15K, and Av = 1.0 km s-1). This corresponds to a visual extinction of Ay = 3

mag using the N(13C0)-AV relationship given by Dickman and Herbst (1990), and it

encompasses the dark cloud boundary defined by Lynds. Following Strom et al. (1989),
we focus on the region with R.A. between 5130™ and 5h45m and declination between -
600’ and -9945', which covers the entire L.1641 dark cloud, as shown in Figure 2.1.

2.2.1. Source Selection

The IRAS time-ordered data set can be re-binned 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 PSC. We obtained the co-
added images from the Infrared Processing and Analysis Center (IPAC) in two main
fields. The two fields (2.25° x 2.25° each) cover the entire L1641 cloud (see Fig. 2.1),
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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 pum and 135 x 135 at 100 um. This yields
a scale of 15" pixel-1 at 12 and 25 pm, 30" pixel‘1 at 60 pm and 60" pixel'1 at 100 pm.
For comparison, coadded images were also obtained in two nearby areas, also indicated
in Figure 2.1. The scale for the control areas is 30" pixel'1 at all four wavelengths.

Three tests were used to select sources from the co-added images:

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

(2) Source significance Aperture photometry was obtained on the pixels that passed
test (1). The aperture on the sources was three 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 a 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 ridge-like emission
features.

We obtained 312 detections by applying the above three tests to the coadded images
(in both main regions and control regions) at 12, 25 and 60 pm. The source positions
were determined by their peak emission at 12 pm (or 25 pum if there is no detection at 12

um). These positions were used to determine the source fluxes.
2.2.2. Flux Density 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
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single scans in the in-scan direction, which is approximately the North-South direction in
L1641, from the IRAS database. They were combined to construct the Addscans in four
different ways: simple co-adding (scan code No. 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 signal-to-noise
ratio. It was therefore used in most cases. The other scans were used only if one of the
following problems was encountered with the noise-weighted scan: i) the baseline was
bad,; ii) spikes appeared in the profile; and iii) adjacent sources affected the scan profile.

The combined scans were then compared to the point source template. For each
addscan, we used the IPAC program SCANPI to calculate 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 point
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 is
used to describe the angular size of the sources. For this study, sources with <W50>
<1'.1 at 12 pm 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 were not detected at
12 pm, the same classification was carried out at 25 um. Note this criteria corresponds
to the correlation coefficiency flags of A, B, C and D in the PSC (Beichman et al. 1988).
We used a more restrictive criteria here to separate the point sources from the slightly
extended sources. As shown below, 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 size. For the point sources, the four estimators described
above are usually consistent to each other, and, in most cases, the amplitude of the fitted
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point source template was assigned to the source flux. For the extended sources,
integrated fluxes were chosen. The flux uncertainty was determined by the rms deviation

of the residuals after the baseline fitting by the SCANPL
2.2.3. Source Sample

The final selection criterion was that the sources have at least one clear detection at
12, 25 or 60 pm (with signal-to-noise ratio >5). We excluded sources that were only
detected in 100 pm band because most of these sources are probably infrared cirrus. Of
312 sources selected from the coadded images, we rejected 73 sources having the signal-
to-noise ratio < 5 in all three bands, 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 were left with
224 sources (98 point sources and 126 extended sources).

The association of the JRAS sources with the molecular cloud L1641 was examined.
The spatial distribution of all the sources is superimposed onto the 13CO contour map of
the L1641 in Figure 2.2. 122 sources (79 point, and 43 extended) are located inside the
13CO contour (3.0 K km s°1), and are therefore considered to be associated with the
L1641. 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 to be discussed in section 2.4, most of the sources located
outside the molecular cloud are probably either infrared cirrus or foreground stars. The
complete data sample of the 224 IRAS sources can be found in Appendix A (Table Al),
and Table 2.1 shows only the 122 sources that are located inside the L1641.
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2.2.4. Comments on the Sample

(1) Of the 123 sources in the IRAS PSC (Strom et al. 1989), 106 were found by the
process described above. For the 17 PSC sources that were not detected, 3 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. (1989). In
our sample, there are 27 newly-detected point sources (15 of them inside molecular
cloud). The average flux density of the newly detected point sources is 0.34 Jy at 12 pm,
about a factor of two lower than the upper limit of 12 pm flux of PSC (0.5 Jy at 3 o).
We attribute these new detections to the enhanced sensitivity of the IRAS coadded
images.

(2) For the 106 PSC sources, we have compared the positions determined from
coadded images with the positions given in PSC. The coadded source positions agree
well with the PSC position in the in-scan direction with 77 % of the sources having a
position difference < 15". The position discrepancy is much larger in the cross-scan
direction with 75% of the sources having position difference < 45". Such a large position
discrepancy was also found by Schwartz, Gyuludaghian & Wilking (1991) in IC 1396.
At least two factors may cause the discrepancy: (i) the PSC positions were based on 2-3
bands, while the coadded positions were mainly determined by the 12 pm peak; and (ii)
the PSC positions were determined by 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 large position
difference were classified as extended sources in this study.

(3) It is very difficuli to draw a uniform detection limit because (i) the noise level
varies from source to source; and (ii) some sources might be confused by the nearby
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sources. For the isolated sources, we estimate a 5 ¢ upper limit of 0.2, 0.2, 0.7 and 7 Jy
at 12, 25, 60 and 100 pum respectively. The flux errors can be as high as 50-100% in the
confused regions, especially in the 60 and 100 pm bands.

(4) Although we classified the sources into point and extended sources, it is subject
to source confusion within the /JRAS beam. We cannot be absolutely certain that all
sources classified as point or extended are in fact single-sources. However, as shown in
section 2.4, many differences between the point sources and the extended sources do
indicate that they are different in nature.

(5) Our source selection is biased against evolved stars that have relatively little far-
infrared emission. Since our major interest is to study the stars at early evolutionary
stage, the above bias is not critical. Of the 30 emission-line stars in the region (Herbig
and Bell 1988), twelve of them (40%) are detected in this study. The sample is also
biased against the sources that can only be detected at 100 pm. Most of these sources are
likely to be infrared cirrus, although there is a possibility that we might miss YSOs at an

extremely young age. It is beyond the scope of this thesis to discuss these sources.

2.3. THE PHYSICAL PROPERTIES

2.3.1. Color Temperature

If cold dusts are in thermal equilibrium and the dust emissivity is proportional to v,

a color temperature between wavelengths A1 and Ay can be calculated as:

he 1 1
k (Kl ) 12)
TA1.A0] = D M K @.n
In ) +(n+3) lnT2
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where f(A) is source flux density, and A, ¢ and k are the Planck constant, the speed of
light, and the Boltzman constant, respectively (Emerson 1988a). For the dust emissivity
dependence on frequency, we adopted the result of Draine and Lee (1984) which gave n
= 2 for both graphite and silicate. As to be discussed in section 2.4, the IRAS emission
the IRAS sources located inside the L1641 is mostly thermal emission, so equation (2.1)
can be applied. For each of these sources, a color temperature, 7712,25], is obtained
using the ratio of 12 and 25 pum flux densities, and is listed in Table 2.1. Equation (2.1)
may not be valid for the sources located outside of 1.1641, because their emission at 12
and 25 pm is probably dominated by the non-thermal emission from very small grains
(VSGs) heated by the interstellar UV photons.

2.3.2. Far-Infrared Luminosity

Given the IRAS flux densities in the four IRAS bands, and assuming that the dust
emission spectrum fj, is proportional to A, the source infrared luminosity between 7 and

135 pm can be calculated as (Emerson 1988b):

L=3.2x10"3D2 (20.65 f13 + 7.54 f25 + 4.58 fg0 + 1.76 f100) Lo (2.2)

where D is the distance to the source in parsecs, fj, is the flux density in Jy at A. To

account for the luminosity beyond the observable bands, we use a method suggested by

Myers et al. (1988). Assuming that blackbody radiation peaked at the longest observable
wavelength Apay with flux density finax, the luminosity longward of Apax can be

written as:
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AL =39 x 105 D2 fa / Amax LO) 2.3)

The total far-infrared luminosities of the IRAS sources, LR = L+ AL, are given in Table
2.1.

2.3.3. 13CO Column Density

We made CO and 13CO millimeter observations to obtain the gas column density
toward the IRAS sources. The CO (J = 1-0) and 13CO (J = 1-0) line emission at 115 and
110 GHz were observed using the 4 m millimeter telescope in Nagoya University during
March 26 - 27, 1990. The telescope has a beamsize of 2'.7. A SIS receiver was used and
the system temperature was about 400 K (double-side 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 calibration.
The rms noise is 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 directly measure of the gas excitation
temperature. With the assumptions that both CO and 13CO are in thermal equilibrium
with the same excitation temperature, the 13CO line is optically thin, and the line profile

is gaussian, we calculate the 13CO column density from:

Tex T9 Av
1-exp(-5.31/Tex) (cm-2) 2.4)

N(3C0) = 2.49 x 1014
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where Tey is the excitation temperature of CO and 13CO gas in K, and Av is the 13CO
line width (FWHM) in km s-1 (see Appendix B for the derivation of equation (2.4)).
The optical depth of 13CO at line center, 70, can be obtained by using the peak
temperatures of CO and 13CO and assuming X(CO) / X(13CO) = 89. Note that for Tex
= 20 K, the 13CO line will become optically thick (tg > 1) when the column density

reaches 2 x 1016 cm-2, and the 13CO line will not be a good measure of the gas density
such as at the center of the densest cores in our sample. The 13CO column densities

N(13CO) of the IRAS sources are presented in Table 2.1.
2.4. THE NATURE OF THE SOURCES
2.4.1. Point Sources vs. Extended Sources

Figure 2.2 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 80% 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 11641
boundary. Table 2.2 shows the association of the sources with the L1641. Using the
contingency table statistical test (see Appendix C), we find that the distributions of the
point sources and the extended sources are different at a >> 99.9% level of confidence.

The color-color diagram using IRAS flux densities at 12, 25 and 60 pm is often used
for the first-order classification of the IRAS sources (Beichman 1985, Emerson 1988b).
We plotied the point sources and the extended sources in Figures 2.3a and 2.3b,
respectively. It is clear that the point sources ahd the extended sources are distributed
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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 appropriate for hot cirrus defined by Beichman (1985). This result,
together with the concentration of the point sources within the molecular cloud, suggests
that most of the point sources are probably YSOs, and most of the extended sources are

not.

2.4.2. Emission Mechanism of the Dust

The location of the IRAS sources in the color-color diagram yield some clues into the
dust emission mechanism. The point sources are spread widely in the diagram,
indicating a large range of the dust temperature. This can be understood if the heating
sources are embedded sources whose temperature varies from source to source,
depending on the luminosity of the sources, dust properties (particle size and
composition) and the spatial distributions of the surrounding dust.

On the other hand, the extended sources are located in a small region of the color-
color diagram characteristic of hot cirrus emission. The cirrus emission is believed to
arise from the non-thermal emission from very small grains (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 1984). The high temperature of the
VSGs cause them to dominate the emission at both 12 and 25 um. The ratio of the two
flux densities therefore is insensitive to the thermal equilibrium temperature. The hot
VSGs have little emission at longer wavelengths at which the thermal emission from the
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colder and larger grains dominates. Figures 2.4a and 2.4b show the 12-25 um vs. 60-100
pm color-color diagrams of the sources inside and outside the L1641 respectively. In
Figure 2.4b, the sources located outside the L1641 (most of them are extended) vary by a
factor of >10 in the 60-100 pm flux density ratio, while their 12-25 pm flux density ratio
only changes 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 pm)
heated by the interstellar radiation field, they calculated the JRAS colors as a function of
equilibrium temperature of the large grains (Teq)- As shown in Figure 2.4b, the
theoretical calculation (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 2.4a, most of these sources have a 12-25 pm flux
ratio lower than what the model predicted (solid line). This indicates that the thermal
emission from the large grains overpowers the non-thermal emission from the VSGs.
The probable heating sources are the embedded YSOs.

In summary, the spatial distribution of the sources and the JRAS color-color diagram
show that the sources inside and outside L1641 are significantly different. The color-
color diagram shows the sources within L1641 are self-heated probably YSOs, while the
sources outside have a spatial distribution and IRAS color typical of infrared cirrus.
Since our main objective is to study the YSOs in L1641, the following discussion will
concentrate on the sources that are located inside L1641, i.e. the 122 sources presented in

Table 2.1.
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2.5. DISCUSSION

How might one characterize the evolutionary state of a YSO from physical
observations? The infrared emission from a YSO may arise from the central object, a
disk system and a dust shell. Its spectral energy distribution may not resemble a single-
temperature blackbody, and it is therefore difficult to place a YSO in the luminosity-
temperature diagram. Using his protostar model, Adams (1990) attempted to use the
relation between the luminosity and visual extinction to determine the evolutionary state
of a YSO by placing it in a Lgjr-Ay diagram. However, because of light scattering and
possible IR excess of YSOs, it is very difficult to determine the extinction in the near-IR
(1-5 um) and to compare the observations with the model. This motivates us to look for
other observational parameters to characterize the YSOs. In the following, we use the
sample in Table 2.1 to discuss possible evolutionary indicators. For simplicity we divide
the sources in Table 2.1 into three groups: (1) outflow sources (the 11 /RAS sources
known to be associated with CO outflow); (2) T Tauri stars (the 9 sources associated
with known T Tauri stars); and (3) other sources (those not associated with known CO

outflows or known T Tauri stars).

2.5.1. N(13CO) as an Evolutionary Indicator

The 13CO column density measures the number of 13CO molecules in the line of
sight if the emission line J=1-0 is optically thin. Figure 2.5a shows the histograms of
N( 1?’CO) for the three groups. The outflow sources have N(13CO) significantly higher
than the non-outflow sources. To see if the high column density toward the outflow
sources is due to a local enhancementi associaied with the IRAS source or just a chance
overlap, we have made the following observations: (1) By mapping a group of the IRAS
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sources in 13CO, we find that 7 of 9 outflow sources are located inside dense cores,
compared with only 4 of 31 nonoutflow sources (Chapter 3); and (2) High-angular
resolution HCO* and 13CO observations with about 20" beamsize show that the column
densities of these two molecules are correlated with each other, and both column
densities are well correlated with the IRAS colors (Chapter 3). This indicates that the
molecular gas is physically associated with the JRAS sources. It is possible that N(13co)
may underestimate the gas column density if 13CO J=1-0 line becomes saturated.
However because Figure 2.5a shows that outflow sources are usually associated with
higher N(13CO) than the non-outflow sources, and therefore more likely to be saturated,
the line saturation should not change the general trend in Figure 2.5a.

The association of the outflow sources with dense gas indicates that the outflow
sources are YSOs still embedded in their parental dense cores. The significant difference
shown in Figure 2.5a between the outflow sources and non-outflow sources suggest that
the embedded YSOs have disrupted the core when the energetic outflow is terminated.
The outflow from the YSO and the accretion to the YSO therefore are the prime

candidates for dissipating of the dense cores.

2.5.2. IRAS Color Temperature as an Evolutionary Indicator

As discussed in the previous section, the 12 and 25 yum emission from the sources
located inside L1641 (most of them are point sources) are probably the thermal emission
from dust heated by the embedded sources. Since the color temperatures 7712, 25] is
usually much higher than the color temperature obtained at longer wavelengths, 7712,25]
measures the dust closer to the central embedded sources. 7712,25] is capable of
sampling the dust with a scale of 1014 ¢m (equilibrium radius) for an JRAS source with 2
luminosity of 10 Lg).
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Figure 2.5b displays the histograms of 7712,25] for the outflow sources, the T Tauri
stars and all other sources. As a group, the outflow sources are the coldest. The average
T112,25] of outflow sources is 137 K, compared with 180 K for all of the non-outflow
sources. The outflow sources appear to be much more deeply embedded in the dust shell

than the pre-main sequence stars, and their emission is degraded to longer wavelengths.

2.5.3. Far-IR Luminosity as an Evolutionary Indicator

Because the emission of the central sources is absorbed by the surrounding dust and
reemitted at longer wavelengths, the far-infrared luminosity obtained in section 2.3.2
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 no more than two (Beichman et al. 1986). If disk reprocessing
exists, the source luminosity may be overestimated by a factor of two (Wilking, Lada, &
Young 1989). Since the two corrections can compensate each other, and we have no
reliable information on either of them, it is assumed here that the luminosity derived in
section 2.3.2 represents the total luminosity of the YSO within a factor of two.

Figure 2.5¢ shows the luminosity histograms for detected outflows, 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 non-outflows is only 7 L. There is no significant difference in the luminosity

distribution of T Tauri stars and the other nonoutflow sources.

The fact that the outflow sources are more luminous has also been observed in other
low-mass star formation regions, such as Taurus (Myers et al. 1988) and p Oph (Wilking,
Lada, & Young 1989). There are three possible explanations: (1) this might be a
selection effect in the sense that the CO outflow is easier to detect around a more
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luminous source; (2) the outflow sources are more massive stars than the non-outflow
sources, and (3) the outflow sources are at a younger evolutionary stage and have
significant luminosity from accretion or deuterium burning. With the present data, we
cannot conclusively discriminate among the possibilities. However we show in the
following that (1) and (2) are less likely, and we therefore favor (3).

(i) The unbiased Nagoya survey for CO outflow has a lower limit of 10-3 Le in
mechanical luminosity. Using the correlation between the outflow mechanical
luminosity and the star luminosity (Lada 1985), the survey should be capable of detecting
any CO outflow from our JRAS source with luminosity greater than 1 L. 85% of our
sources are brighter than that luminosity. Unless an outflow is smaller than the beamsize
of Nagoya telescope (2'.7, or 0.4 pc), the outflow survey should be complete for 85% of
our sources.

(ii) 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
outflows.

(iii) L1641 is a low-mass star formation region. The major young stellar population
is believed to be T Tauri type low-mass stars (Cohen & Kuhi 1979, Fukui et al. 1989, see
also Chapters 4 and 5).

(iv) The average luminosity of the outflow sources is about 80 L. It can be easily
accounted for if most of the YSO luminosity is obtained from the accretion. Since Lyec
=GMMR'1 a1 Mg star can have Ly = 70 L for an accretion rate of 10-5 Mg yr-!
and protostar radius of 4 R@. The most luminous 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 (Chapter 5).
We have also compared the Iuminosity distribution of the /RAS sources in L1641

with those in Ophiuchus and in Taurus-Auriga (Figure 2.6). The data in Ophiuchus were
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taken from Wilking, Lada & Young (1989) and data in Taurus were taken from Kenyon
et al. (1990). Because L1641 is 3 times further away from the sun than both Ophiuchus

and Taurus-Auriga, our detection limit is about 10 times higher. This may explain the
lack of low-luminosity sources (L/L@ < 1) in L1641. It is significant however that there

are more brighter sources (L/L > 10) in L1641 than in the other two molecular clouds.

It is possible that the YSOs in 1.1641 are more massive than those in Oph and Taurus-
Auriga. It is also possible that the source confusion in L1641 may be more significant
due to its distance, and the JRAS luminosities might be the result of more than one

sources.

2.5.4. Comparison of the Three Indicators

The average physical parameters of outflow sources, T Tauri stars, and the other
sources are summarized in Table 2.3. The similar beamsizes of the IRAS telescope and
the Nagoya telescope allow us to compare the three parameters discussed in the previous
section, as shown in Figures 2.7a-c. In all three figures, outflow sources are again
significantly different from the rest of the JRAS sources, and they can be identified as an
carlier stage of stellar evolution. This stage can be characterized by high luminosity,
low color temperature, and association with dense gas and with a CO outflow. The
difference of the three parameters for the outflow and non-outflow sources can be
understood as the removal of a parental dense core surrounding the outflow source.

Note that the 9 T Tauri stars in the three figures are virtually indistinguishable from
the majority of the sources inside 1L1641. They share almost the same color, have similar
luminosity, and are associated with similar amount of molecular gas. It is possible that

most of these non-outflow sources are also the pre-main-sequence stars like T Tauri stars.
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Although the outflow sources are significantly different, we have noticed that there
is no obvious correlation among the three physical parameters for the non-outflow
sources. The large scatter may be attributed to (1) the IRAS sources may be multiple
sources and cannot be resolved by the JRAS beam; (2) the 13CO column density may be
contaminated by the gas emission in the line of sight due to its relatively low excitation
density. The high-spatial resolution millimeter observations (Chapter 3) and imaging
with near-IR cameras (Chapter 4 and 5) should help us to overcome the above

limitations.

2.6. SUMMARY

1. From the IRAS coadded images, we have selected 224 (98 point and 126
extended) sources in star forming region L1641 in an unbiased manner. There are 122
sources inside 1.1641 (presented in Table 2.1).

2. There are significant differences between the point sources and the extended
sources. The two groups occupy different locations in the JRAS color-color diagram.
The point sources are associated with 13CO molecular gas of L1641, while the extended
sources are randomly distributed. The point sources are heated by the embedded objects,
while the extended sources are probably heated by the interstellar radiation field. The
emission from the extended sources is likely to be dominated by the VSGs. We conclude
that most of the extended sources could be infrared cirrus, and most point sources are
probably embedded YSOs.

3. For the sources associated with the L1641, we find the outflow sources are
significantly different from the non-outflow sources. They are colder, more luminous
and are associated higher column density. Such differences can be explained if the
outflow sources are embedded proto-stellar objects still in the accretion phase.
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4. The three parameters (7]12,251, Lgir» and N(13C0)) allow us to separate outflow

sources from non-outflow sources. Further high resolution observations are needed to
define a more detailed evolutionary sequence.

5. This study provides an unbiased /RAS source sample within a single molecular
cloud for further study. In the following chapters we will present the follow-up
millimeter observations (Chapter 3) and near-IR imaging (Chapters 4, and 5) of these

sources.
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TABLE 2.1. 122 IRAS SOURCES INSIDE L1641

No SN  «(1950) 8 (1950) iz fas feo froo Lgr pe N(3CO) ID  YSO Ref
sh dy) dy) Jdy) Jy) o) (10'6cm2) type
m_ [ 31 [4] [5] [6) (n £} [91 (101 113 (12] (131 _[14]
4 3sm o8 6° 21" 7" 037 D 057 C 39 C 161 U 30 ¢ 0.11
7 4 34 31 6 23 22 06 U 065 E 37 E 39 F 115 e 115
8 6 33 56 6 24 7 108 D 219 A 213 A 601 A 238 p 522 LI&4IN O 1
12 8 35 15 6 25 37 037 D 036 D 194 E 35 U 18 e 013
17 9 33 4 6 26 2 307 C 50 U 2 U 16 U 78 e 120
18 11 33 58 -6 2 37 070 D 300 D 150 C 200 F 585 e 377 MSSB-8 o 2
22 34 36 -6 27 15 02 F 033 E 30 E 10 F 40 ¢ 027
25 12 33 3 6 28 37 115 A 860 A 360 A 101 A 43 p 252 Vv8010ri T 3
26 3 17 -6 30 22 131 C 216 A 108 B 18 E 114 e 019
27 13 35 3 6 31 52 073 E 09 D 62 E 43 U 50 e 0.20
29 33 39 6 33 37 392 A 488 A 265 B 5714 C 322 e 261
30 35 52 6 33 52 128 C 126 D 63 C 12 H 78 e 000
K} | 16 34 37 6 35 7 107 B 1.07 B 49 U 37 U 28 p 160 BEOr T 3
32 17 34 15 6 35 37 033 A 07 B 48 U 110 U 13 p 104 V8460ri 4
33 18 34 52 6 36 37 106 C 107 D 40 F 20 F 86 p 063 BFOr T 3
34 19 33 16 -6 37 37 022 F 036 D 68 D 18 U 42 ¢ 130
36 22 34 11 6 39 52 558 A 605 B 180 C 120 D 484 e 053 MSSB-18 O 2
37 23 34 4 6 40 37 587 A 812 A 132 E 192 U 207 e 09
39 25 32 42 6 42 15 030 D 032 E 30 C 37 U 23 e 064
41 32 32 6 42 37 024 D 03 C 247 B 11 H 42 p 065
42 26 34 27 6 43 22 040 F 09 F 76 G 320 D 18 p 101
4 32 54 6 43 52 114 B 156 B 57 B 118 F 75 ¢ 043
46 27 35 20 6 4 7 210 A 292 A 50 D 202 D 1.7 p 027 HD37357 4
47 28 33 S8 6 44 37 858 B 1735 C 270 C 150 U 319 p 392 V3800 OA 13
49 30 33 30 -6 45 7 09 B 194 B 2.7 A 155 B 519 p 293
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TABLE 2.1. - Continued

No SN «(1950) 5 (1950) fiz hs f60 f100 Ly pe nNi3coy 1D YSO Ref
m 2] [31 (4] [5] [6] N (8] 91 (101 [11] [12] 13)__ N4
SO 31 33 S8 6 4 22 180 C 100 H 600 B 280 B 996 p 490
51 32 33 5 6 4 7 070 D 500 E 8.7 C 262 A 975 p 466 MSSB21 O 2
53 34 44 6 48 45 240 B 398 A 92 D 378 U 109 e 063
6 33 35 24 6 48 52 038 U 059 C 313 C 146 U 20 p 083
62 34 35 41 -6 S0 52 282 A 311 A 71 B 559 A 226 p 09
65 35 14 6 53 15 085 U 08 U 53 C 100 D 43 ¢ 01
68 34 38 6 55 45 170 A 237 A 74 D 233 U 79 e 046
70 33 15 6 S8 22 034 E 1.1 F 83 A S60 B 181 e 021
71 35 35 29 6 58 22 024 U 051 C 53 C 12 H 51 p L75  T45 4
72 31 4 59 6 59 52 074 C 134 B 24 D MU U 32 p 164
73 3 36 16 6 59 52 214 B 531 A 205 A 47 B 245 p 046
5 39 36 21 7 2 22 057 C 53 A 21 A 107 E 398 p 19 LI&4IC O 1
78 34 43 -7 3 52 038 E 036 H 43 U 73 U 10 p 147
79 40 35 53 7 3 52 537 A 14 A 169 A 127 A 241 p 102 Vv8830i E 3
81 3% S4 -7 7 15 051 U 039 U 45 B 26 C 90 ¢ 059
83 42 35 44 7 10 7 039 E 098 B 40 C 20 U 33 p 225 Harola 4
8 44 3 42 7 12 7 05 D 31 A 96 C 20 H 108 p 087
87 * 3 4 7 12 37 049 C 293 A 96 C 18 H 102 p 080
8 47 36 18 -7 14 7 22 B 318 B 31 C 41 U 69 p 066 Haro2249 T 1
91 34 19 -7 16 22 021 U 043 D 13 E 118 E 37 ¢ 085
95 49 36 30 -7 18 7 105 B 357 B 98 B 460 U 89 p 033 V5990 4
9% 3% 8 -7 18 22 089 B 142 A 83 B 234 C 109 ¢ 136
97 37 12 -7 20 22 029 D 031 D 20 E 152 E 51 e 075
9 S1 36 26 -7 22 37 079 D 143 C 53 C 18 H 84 p 175
101 S2 37 25 -7 24 52 05 U 050 E 39U 151 U 05 p 120
102 35 53 7 25 37 088 B 128 A 43 B 61 U 47 ¢ 073
104 S4 36 56 -7 28 7 08 B 462 A 681 A 122 B 582 p 183 H4-255 OT 13
105 S5 38 2 -7 28 52 296 A 885 A 182 A 219 A 212 p 140 L1641-S OE 13
106 ST 36 29 -7 29 7 045 U 045 D .5 U 394 U 05 p 126



TABLE 2.1. - Continued
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No SN  «(1950) 5 (1950) 2 f2s feo f100 Lyg pe Ni3co) ID  YSO Ref
(2] B3] [4] 31 [6] 71 (8] 91 (10} 1} [12] (131 4]
108 59 37 27 -7 31 37 030 U 899 A 129 A 220 A 14 p 160 Li641-S3 O 1
113 61 36 4 7 34 52 154 A 217 A 62 B 141 E 92 e 050
116 36 S5 -7 3 2 01 B 176 A 58 B 115 D 71 e 059
119 6 38 4 .7 38 52 011 U 078 B 20 D 184 U 15 p 138
120 63 37 34 7 39 7 045 D 081 C 14 U 247 U 15 p 076
123 35 20 7 39 45 074 B 084 B 47 B 216 C 87 ¢ 020
124 34 46 -7 39 52 034 D 022 U 12 U 69 U 09 p 054
133 35 52 7 4 7 02U 057 C 30 C 11 D 41 ¢ 053
13 67 38 1 -7 4 37 02 U 043 D 21 D 10 U 14 p 130
138 35 15 7 46 52 07 D 133 B 19 C 156 U 29 e 041
142 3 28 -7 48 7 048 B 050 C 47 A 311 C 120 ¢ 049
146 68 37 S5 -7 49 52 098 B 387 A 97 B 95 U 89 p 122
49 6 36 11 7 51 52 013 C 031 C 15 D 96 U 12 p 020 Hao7-1 T 3
15 70 38 58 .7 51 52 018 C 060 C 10 E 387 U 12 p 107
154 35 10 -7 54 37 059 C 067 D 165 E 150 F 56 ¢ 056
158 33 24 7 56 15 02 U 02 U 11 D 70 U 06 p 118
160 72 39 1 7 5 22 037 B 34 B 131 A 309 E 148 p 123
161 34 46 7 57 22 018 U 032 E 22 C 37 C 103 e 039
162 3 9 -7 57 52 09 B 042 D 06 H 19 U 19 ¢ 016
163 73 37 57 7 ST 52 09 B 248 A 56 A 162 E 89 p 090
168 74 38 59 .7 5 22 036 C 095 A 35 U 325 U 15 p 142
171 7 40 2 8 0 7 04 C 098 B 208 D 2 U 24 p 010
172 4 17 8 0 22 020 D 021 C 07 D 100 U 08 p 017
173 35 20 -8 0 37 021 D 02 E 21 D 81 F 32 ¢ 040
177 78 38 16 8 1 52 02U 032 C 19 D 100 U 12 p 143
17 77 39 26 -8 1 52 080 B 169 B 49 A 100 U 48 p 093 Hao72 T 3
180 3% 32 8 215 04U 03 U 78 B 520 B 158 e 035
181 79 39 3 8 22 02U 04 C 28 U 287 U 04 p LIS
18 8 39 7 -8 S 7 08 B 318 B 82 D 87 U 76 p 135
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TABLE 2.1. - Continued

No SN (1950  5(1950) f2 f2s fe0 f100 Lyg pe N(O3co) 1D YSO Ref
(1] [2] 3] 4] [S] (6] ] (8] 9_Nnoj [12] [13] N4)
187 8 38 1S 8 5 22 209 A 472 A 30 H 132 U 75 p 107
199 8 39 2 8 7 7 187 A 362 A 60 C 70 U 81 p 159 DLOr 3
193 38 27 -8 7 37 057 D 219 D 15 H 25 H 135 p 152
194 8 38 27 8 8 7 060 D 18 D 12 H 20 H 111 p 137 L1641-s4 O 1
19 8 38 1 8 8 5 04 B 06B 018 C 28 U 14 p 070 Hao74 T 3
198 8 39 12 8 9 37 027 C 134 C 22 C 12 E 47 p 156
211 91 37 S8 -8 15 37 046 B L4 A 21 C 84 E 44 p 068
216 93 40 22 -8 18 22 09 B 441 A 151 B 500 F 217 p 042 L1641S2 O 1
217 38 42 8 18 45 021 U 040 B 16 B 34 D 16 ¢ 091
224 94 39 21 -8 22 52 037 C 062 B 10 D 105 U 1.5 p 091
228 45 19 8 28 52 013 E 010 U 028 D 91 U 04 p 000
29 95 40 4 8 30 37 013 F 052 B 11 E 54 U L1 p 029
232 98 40 33 8 33 52 024 U 048 D 16 D 24 H 14 p 030
233 40 4 8 33 52 017 U 019 E 08 U 50 U 02 p 020
234 97 40 10 8 34 7 016 U 023 D 10 C 13 E 33 p 054
235 2 58 -8 35 7 021 D 021 U .1 U 238 U 05 p 029
237 99 39 1 -8 36 37 040 C 197 A 53 B 15 H 73 p 062
240 100 39 19 -8 38 22 035 B 050 E 05 U 73 U 11 p 063
242 2 11 8 39 7 009 U 035 E 02 U 80 U 04 ¢ 032
243 101 40 24 8 39 52 080 A 120 E 14 E 10 H 49 p 095
245 103 40 24 -8 41 22 070 A 133 A 19 B 10 H 50 p 09
246 104 39 7 -8 41 37 02 D 073 B 35§ B 168 B 62 p 070
250 41 31 8 43 22 012 U 012 U 048 E 17 F 45 ¢ 048
251 105 39 8 8 4 2 02 U 09 B 41 C 196 U 28 p 048
252 39 39 8 44 37 028 C 017 U 08 U 103 U 07 p 043
256 106 40 45 -8 45 37 017 U 077 B 40 B 155 A 51 p 097
257 43 15 8 4 52 012 U 014 U 07 C 46 H 14 ¢ 019
258 107 40 46 -8 47 22 014 U 040 B 32D 158 D 53 p 016
261 0 S 8 51 45 016 U 012 U 04 D 69 E 19 ¢ 064



TABLE 2.1. - Continued

No SN o (1950) 8 (1950) iV bs Joo fi00 Lgr pe nN(3cO) ID YSO Ref
{1] [2] 31 (41 (51 [6] n (81 91 [101 [1j 12] [13] _[14]

264 108 38 15 -8 54 45 016 E 022 E 1.5 C 68 A 26 p 000
266 10 37 32 -8 58 7 041 C 02 H 07 U 77 U 08 p 010
267 1 38 49 8 58 45 010 U 036 B 62 A 78 D 43 p 034
270 113 38 33 9 7 22 095 B 214 A 19 D 83 E 54 p 064
276 114/ 38 23 9 20 52 615 F 100 U 300 E 185 F 720 e 0.42
115
277 116 39 5 9 21 45 099 B L71 A 59 C 869 A 205 e 0.44
280 118 38 4 9 24 37 079 B 304 A 191 B 40 E 195 p 009
281 119 38 13 9 29 37 171 B 147 B 75 U 105 U 42 e 0.34
288 123 37 52 9 43 37 088 A 1.70 A 12 D 90 U 29 p 019 V3500ri T 3
289 40 27 9 46 22 02 D 05 D 0.5 U 67 U 08 p 048

Note: column [1] gives the source number; [2] is the corresponding number in Strom's catalog (Strom et al. 1989b); [3] and [4] are
the coordinates of the sources at 1950 epoch; [S]-[8] are the source flux densities at 12, 25, 60 and 100 um respectively. If there is no
detection, a 5 & upper limit is given with a flag U; The uncertainty of the fluxes are flagged in the following convension: A, 4%; B,
4-8%, C, 8-12%; D, 12-16%; F, 20-50%, G, 50%; and H, 100%; [9] is the far-infrared luminosity integrated from 7 pm to infinity in
solar units; [10] indicates source type: p for point source and e for extended source; [11] gives the 13CO column density toward the
source; [12] gives source identification(1989); [13] shows if the source is associated with a known YSO: O for outflow, A for Ae or
Be star, T for T Tauri star, and E for emission-line star; [14] gives references as follows: (1) Fukui (1989), (2) Morgan et al. (1991),
(3) Herbig & Bell (1988) and (4) Strom et al. 1989b.



TABLE 2.2. SPATIAL DISTRIBUTIONS OF THE SOURCES

Point Source Extended Source Total
Inside the L1641 79 43 122
Outside the L1641 20 82 102
Total 99 125 224

TABLE 2.3. PHYSICAL PARAMETERS OF SOURCES INSIDE L1641

Groups No. of Sources LERr N(3co) Mi2,25]
190)) (1016 cm2) X)

Outflow Sources 11 81.0 2.5 138

T Tauri Stars 9 9.7 1.0 174

Other Sources 102 6.4 0.7 181
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Figure 2.1  The molecular cloud L1641. The contours represent the distribution of
the integrated intensity of 13CO molecular gas, based on data from Nagoya survey

(Fukui and Mizuno 1991). The contour levels are 3.0 and 7.0 K km s-1. Note the
contours were artificially cut off at the northern end for simplicity. The solid boxes show
the two main regions of the JRAS coadded images. Two smaller control areas are shown
by the dotted boxes.
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Figure 2.2  IRAS sources selected from the coadd images are superimposed on the

13CO integrated intensity map. The point sources (filled circles) and the extended
sources (open circles) are shown in the left and right panels, respectively.
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Figure 2.3  The IRAS color-color diagram based on 12-25-60 pm flux densities. All
the sources plotted here have at least two detections (SNR > 5.0) at 12, 25, and 60 um.
The top panel is for the point sources, and bottom one is for the extended sources. The
arrows show 5 G upper limits at 12 pm (vertical arrows) or at 25 um (horizontal arrows).
Following Beichman (1985), the areas that are occupied by various types of sources are
indicated.
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Figure 2.6  The luminosity distributions of IRAS sources in L1641 (all the sources
inside molecular cloud), in Oph (Wilking, Lada & Young 1989), and in Taurus-Auriga
(Kenyon et al. 1990).
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CHAPTER 3
DENSE CORE DISSIPATION!

3.1. INTRODUCTION

As reviewed in Chapter 1, it is now well-known that low-mass young stellar objects
(YSOs) are being formed inside dense molecular cores, and many of them are associated
IRAS sources (Myers & Benson 1983, Beichman et al. 1986). A natural outcome of the
best-known star formation theory (Shu, Adams & Lizano 1987) is that a YSO will
gradually change its molecular environment at the early stage of its formation. This
makes it of interest to study the evolution of the molecular dense cores. We want to
understand when and how the dense molecular cores are dissipated.

The YSO-dense core association can be studied by (1) searching for IRAS sources in
a sample of dense molecular cores, or (2) searching for dense cores in a sample of IRAS
sources. Using the first approach, Beichman et al. (1986) found that nearly 50% of the
NHj dense cores were associated with JRAS sources. A statistical study of infrared
properties of these sources suggested that some of them are probable protostars in nature.
The same conclusion was reached by Fukui et al. (1989) in a study of JRAS sources in
L1641 (Fukui et al. 1989). The second approach, which we use throughout this chapter,
allows us to compare the molecular gas distribution adjacent to various types of IRAS
sources, and therefore yields some insight into the evolution of the cores during star

formation.

1 Part of this work was carried out under common use observation program at the Nobeyama Radio
Observatory (NRO). NRO, a branch of the Tokyo Astronomical Observatory, University of Tokyo, is a
cosmic radio observing facility for outside users.
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CO is the most abundant molecule that has emission line at millimeter wavelengths.
Unfortunately, CO J = 1-0 is always optically thick in typical dense molecular cores.
The optical depth of the 13CO J = 1-0 transition is much smaller than that of the CO line,
allowing us to probe the gas distribution. Although 13CO J = 1-0 may also be saturated
at the center of the dense cores, we can use it to study the more extended (~ pc) outer
region of the core. The HCO* J = 1-0 transition is a much better probe of dense
molecular gas. Because the molecule has a much larger dipole moment (4.48 debye,
compared to 0.11 debye for 13C0), its collisional excitation requires a much higher gas
density (1045 cm3) even if the photon trapping is taken into account. The high
excitation density of HCO™ ensures that the line emission comes only from the dense
region near the peak of the core, so that the foreground and background contamination
can be minimized.

In this chapter, we present two sets of millimeter observations to study the
association of molecular gas with JRAS sources: (1) a moderate spatial-resolution (2'.7)
13co mapping of 40 IRAS sources with Nagoya 4 m telescope (Nagoya observations,
hereafter) and (2) a high-resolution (~20") 13CO and HCO* mapping and five-point
observations of 28 IRAS sources with Nobeyama 45 m telescope (Nobeyama
observations). We explain in section 3.2 the details of the observations and data
reductions. In section 3.3, we present the results of mapping the JRAS sources. We also
study the correlation of the molecular column densities with the JRAS color. The
implications of these results are discussed in section 3.4 with an emphasize on molecular

core dissipation. Major conclusions are summarized in section 3.5.
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3.2. OBSERVATIONS
3.2.1. Source Selection

For Nagoya observations, we selected a sample of 40 JRAS sources from Table Al.
It includes 9 IRAS sources with CO outflows and the other 31 sources randomly selected
from Table Al. The sample was selected so that we could study the molecular gas
distribution around different types of the JRAS sources. The sources are listed in Table
3.1.

For Nobeyama observations, we selected 28 sources from Table Al. 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 JRAS luminosities to search for correlation with dense
molecular gases. The sources are listed in Table 3.2.

Figure 3.1 shows the spatial distribution of the sources of both samples, superposed
on a 13Co integrated intensity map obtained from the Nagoya 13co survey (Fukui &
Mizuno 1991). The strong concentration of the /RAS sources within the 13co integrated
intensity contour of ~3 K km s-1 suggests that most of these sources are physically
associated with the L1641. In the following discussion, for simplicity, the JRAS sources
that are associated with CO molecular outflows will be referred to as "outflow sources,"

and sources that have no indication of CO outflow as "nonoutflow sources."
3.2.2. Observations

The Nagoya observations were carried out using the 4 m telescope at Nagoya
University in March-Aprii, 1989. We employed a SIS receiver with a system
temperature of about 400 K at 110 GHz toward the zenith. The half-power beam width
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of the telescope is about 2'.7 at this frequency. The acoustic-optical spectrometer has a
velocity coverage of 110 km s-1 velocity with a 0.1 km s-1 resolution. Each IRAS source
was mapped in the 13c0J=10Lneinas5x5 grid with 2' spacing in R.A. and
Declination, centered on its JRAS position. A 40 s integration yields a rms noise
fluctuation of 0.3 K in antenna temperature. Single-point CO J = 1-0 observations were
also made at the IRAS position to obtain the excitation temperature of CO molecular gas.
During the observations, the telescope was periodically switched to the Orion KL source
to check system stability.

The Nobeyama observations were carried out in March-April, 1990 using the 45 m
telescope of the Nobeyama Radio Observatory. We observed each source in Beco@g =
1-0) and HCO* (J = 1-0) simultaneously. The observations consisted of two parts. For
the first part, a five-point map was made centered on each IRAS position with an offset of
20" in both R.A. and Declination. For the second part, we made maps of approximately
3' x 3' for three outflow sources (sources 8, 75, and 104) in a 20" grid. The telescope
beamsize was 17" and 20" for the 13CO and HCO™ transitions, respectively. A SIS
receiver was used for the 13CO line with a system temperature of 600 K in a single side
band at 110 GHz, and the HCO' line was observed using a cooled Schottky receiver with
a system temperature of 800 K in a single side band at 89 GHz at zenith. The 2048
channel acoustic-optical radio spectrometers had a spectral resolution of 250 kHz (or
0.65-0.85 km s°1). 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 degree 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 hours. The peak-to-peak pointing error was about 7".
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3.2.3. Data Reduction

The data obtained from Nagoya and Nobeyama observations were both reduced
using the Nagoya data reduction system. In Nagoya observations 36 of the 40 sources
have positive detections in 13CO. In Nobeyama observations, we detected 13co
emission in all 28 sources. The HCO™ line was detected in 23 sources. Figure 3.2
displays the typical line profiles obtained in both observations. To associate the
molecular emission peak with the IRAS sources, we used the spectrum with the strongest

line to calculate the line parameters. By fitting a gaussian profile to each selected
spectrum, we obtained three parameters: the peak temperature T, P the line width

(FWHM) Av, and the line center Vj ggr. The line parameters of their associated /RAS

sources are presented in Table 3.1 and Table 3.2.

Appendix A2 shows how we calculated the column densities of 13CO and HCO+
using these parameters. Assuming (1) CO is optically thick and 13c0 is optically thin,
and (2) the two transitions have the same excitation temperature (Tex(CO) =

Tex(13C0)), from equation (A2.9) the column density of 13CO can be calculated as:

Tex "013 Avy3
1- exp(‘5.3lﬂex)

N(13c0) =2.49 x 1014 (cm2) 3.1)

where Tey is the excitation temperature of 13CO molecular gas that can be obtained
using the above assumptions, and Av13 is the linewidth (FWHM) of 13CO. The optical
depth at the 13O 1ine peak, 1013, can be obtained by using the observed peak

temperatures of CO and 13CO. Although the CO data were obtained using the 4 m
telescope, they can still be incorporated with both moderate- and high-resolution 13co
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observations because CO distribution is much more extended and uniform than the 13CO
gas distribution.

If the HCO* J = 1-0 line is optically thin, equation (A2.10) gives HCO* column
density:

Tex Tp Av
1 - exp(-4.3/Tey)

NHCO) = 1.87 x 1011 (cm?2) (3.2)

where Tp, and Av are the peak temperature and FWHM of the HCOY line, respectively.
The HCO excitation temperature Tex is more difficult to determine, and it is likely

different from the CO excitation temperature. Fortunately, the HCO* column density is

not very sensitive to the excitation temperature. Using the LVG model (Goldreich &
Kwan 1974), we found that for the Tex = 10-20 K, the calculated column density changes

only by a factor of 2. We therefore assume a constant Tex = 15 K. The column densities

of 13CO and HCO* calculated from equations (3.1) and (3.2) are listed in Table 3.1 and
3.2 as N(13C0O) and NHCO*), respectively.

3.3. RESULTS

3.3.1. 13CO Maps of 40 IRAS Sources

As shown in equations (3.1) and (3.2) the column density of molecules is
proportional to the integrated intensity (~Tp Av). We can use the map of the integrated
intensity to illustrate the spatial distribution of the molecular gas. In this section, we first
discuss the moderate-resolution 13CO maps of 40 IRAS sources, and then, in the next

section, the high-resolution HCO* maps of 3 sources.
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For each of the 40 sources mapped in 13CO with Nagoya telescope, we constructed
an integrated intensity contour map. The map is centered on the JRAS position, and
covers a field of ~10' x 10". The geometry of the maps shows great diversity, from well-
defined cores to no systematic structure. To illustrate these results, we classified these
contour maps into three categories according to the distance between the /RAS sources
and the corresponding 13CO emission peaks: (1) inside core (IC): mapfield has a well-
defined core and the distance between the peak of the core and the IRAS source is smaller
than the beamsize of the telescope (2'.7); (2) outside core (OC): a map indicates a well-
defined core and the IRAS source-core distance >2'.7; (3) no core (NC): no obvious
structure in the field, or no detectable 13CO line emission. Figure 3.3 shows the typical
map from each of the three groups. In all the contour maps, the lowest contour
represents 50% of maximum, and contour step is about 2 ©. The geometric
classifications are presented in Table 3.1.

Of the 40 sources we have mapped, there are 11 IC sources, 22 OC sources, and 7
NC sources (4 of them have no 13CO detection). Figure 3.4 show the contour maps of
the IC sources. 7 of the 9 outflow sources are associated with a well-defined core. In
contrast only 4 of 31 nonoutflow sources are associated with a dense core. Two optically
visible stars (sources 287 and 288) have very weak 13CO emission and, show no sign of
a core.

Because the relatively low excitation density of the 13CO J = 1-0 line, it is important
to understand if the emission we detected is from the gas physically associated with the
IRAS sources or it is just foreground or background emission. Figure 3.5 displays a
histogram of N(13CO) for the three groups. It is clear that the three groups have very
different N(13CO) distributions. A Kolmogorov-Smirnov test shows that they belong to
the different distributions at a >99% confidence level. The IC sources have higher
N(13CO0), while the NC sources have little 13CO emission. This suggests that most of
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the 13CO emission comes from the cores associated with the IRAS sources, rather than
from the foreground or background gas.

As shown in Figure 3.4, most of the dense cores have a half-maximum size larger
than our mapped area (>10', or 1.5 pc at distance of 480 pc). Using the 13CO column
density obtained above, we can estimate a lower limit of the core mass on the order of
100 Mg (since the masses outside our map are not known). These cores are 3-5 times
larger and 5-10 times more massive than the 13CO cores in Taurus observed with the
same telescope (Ohashi, 1991). This is consistent with the suggestion that the gravity is
more important in constraining the molecular gas in L1641, while the magnetic field

plays an important role in Taurus (Strom et al. 1989).
3.3.2. HCO™ Mapping of 3 IRAS Sources

The high-resolution HCO* maps of three sources obtained in Nobeyama
observations are displayed in Figure 3.6a-c. In all three maps, the lowest contour
represents the 40% of the maximum integrated intensity for each source and the contour
interval is about 3 ©. In each field, there is a well-defined core located close to the IRAS
sources position, as indicated by the cross.

The high-resolution maps allow 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" beamsize 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 JRAS position)
was calculated. The number density of molecular gas can then be estimated by assuming
a uniform core density and HCO* abundance.‘ The latter may vary from source to
source, depending on kinetic temperature and density of the gases. For the first-order
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analysis in this study, we adopted X(HCO*) = 109 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 3.3. We now
discuss each source in turn.

Source 8 (L1641-North) is one of the brightest and coldest JRAS 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, Margulis, & Strom 1989a; Chen, Tokunaga, &
Hodapp 1991). The contour map (Figure 3.6a) shows a structure similar to that seen by
Fukui et al. (1988) in their HCO' observations. The core is elongated at 45 degrees
northeast, along the same direction as the CO outflow. It is interesting that our high-
resolution 13CO contour map shows no well-defined core within the 2'-3' field.
Considering that the moderate-resolution map does show a well-peaked 13CO core (Fig.
3.3), we argue that the 13CO line is saturated in the central part of the core, and that the
13CO core has a size >3', which is almost 10 times larger than the HCO* core. Such a
large structure of 7'-8' was in fact mapped in the 13CO 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 embedded 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 3.6b, within the field of
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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 (see Chapter 5) shows sign of young stellar density enhancement 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 pm) 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, Leverault, & Harvey 1986; Leverault 1988). Both sources are marked on the
HCO* map in Figure 3.6c. Although the two sources seem to have different color
temperatures at 50-100 pm, it is not clear whether they are the same source or two
different sources, because the far-infrared emission may be contaminated by the other
- source. Our integrated intensity map shows a well-defined core; however, the position-
velocity map (Figure 3.7) clearly shows two velocity components separated by 2 km s-1.
The major component is close to the IRAS position, 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 3.7, 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. The core in which Haro 4-255
is embedded has more extended velocity structure and is probably the driving source of
the CO outflow.
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3.3.3. Correlation Study

The 13CO column density measures the amount of 13CO molecules in the direction
of the IRAS sources along the line of sight, and the IRAS flux ratio measures the color
temperature of the dust adjacent to the IRAS sources (section 2.3.1). Assuming normal
dust-to-gas ratio, one may expect a correlation between the two parameters. In Figure
3.8, we plot the 13CO column density obtained from Nagoya observations against the
IRAS 12-25 pm flux ratio. Although the outflow sources appear to have higher N(13C0)
and redder IRAS color, the scatters are too large to reveal a clear correlation between the
two parameters. The complication can be caused by two factors: (1) the beamsize used
in Nagoya observations is too large so that the column density we obtained is only an
average over the beam. (2) the density required to collisionally excite the BBcor=1-0
line emission is only 102-3 cm3, so the column density we measured is contaminated by
the emission of the 13CO molecules in the foreground or background.

Figure 3.9a overcomes the first drawback by comparing the JRAS color with 13co
column density obtained within a 17" beam in Nobeyama observations. Figure 3.9b
overcomes both drawbacks by comparing the IRAS colors with the high-resolution
HCO* column densities. Both figures clearly show the much improved correlations
between the gas column densities and the JRAS color. The cold IRAS sources (smaller
S12/25) tend to be associated with higher gas column densities. This trend is much
clearer for HCO™ than for 13CO, as suggested by the correlation coefficients of the two
diagrams, 0.79 and 0.68, for Figures 3.9a and 3.9b, respectively. While the physical
implications of these correlations will be discussed in the next section, the correlations
suggest that the line emissions we detected, especially in the HCO* observations, mostly
come from the gases associated with the ZRAS sources, and that they are not foreground
or background emission.
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It is also interesting that the 13CO and HCO™* column densities obtained in
Nobeyama observations are also correlated (Figure 3.10). Sources that have large

NHCO*) also have large N(13CO).
3.4. DISCUSSION
3.4.1. Core Dissipation During Star Formation

As shown in the previous section, the correlation of molecular column densities with
the IRAS color suggests that the molecular gases, especially HCO*, detected by our
observations are associated with the IRAS sources. Figures 3.7a-b show that the outflow
sources tend to have higher column density than the non-outflow sources. As shown in
Table 3.2, 9 of 10 outflow sources have NEHCO*) higher than 1.2 x 1013 cm-2, while 14
of 18 non-outflow sources have NECO?) lower than that value. Our 13CO mapping
also gives a consistent result, showing 7 of 9 outflow sources are associated with large
scale 13CO cores, as compared to only 4 of 31 non-outflow sources. All three outflow
sources that we mapped in HCO* have the dense cores near the IRAS source positions.
We conclude that most outflow sources are associated with dense molecular cores, and
most non-outflow sources are probably not associated with the dense core.

By now we know young stars are born in molecular dense core, and by the time they
passed CO outflow stage, they are no longer associated with dense cores. How do they
change their molecular environment during this period? There are at least two
explanations: (1) proper motion of the YSOs with respect to the dense cores in 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:

AV=10 == °°re) (T'rrs) kms-1 (3.3)

where Rgqre is the radius of the core (0.1 pc for HCO* cores and 1-2 pc for 13CO

cores). Taking the average age of T Tauri stars to be 106 yr (Cohen & Kuhi 1979), a
velocity dispersion of 0.1 km s1 or 1.0-2.0 km s1is required for a YSO to move away
from its HCO* core or 13CO 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 dispersion <1.5 km s-1. Such a dispersion is
probably not enough for YSOs to escape the 13CO 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 dissipation: (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 protostars become the T Tauri-type stars. For
a dense core of 3 M@, and assuming the age of T Tauri stars to be 106 yr, a dissipation

rate of 3 x 10-6 Mo yr-1 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 (10-3 Mo
yr‘l) and the mass-loss rate of the CO outflow (2 x 106 Mo yr’l) within the

uncertainties, we suggest that the both accretion and outflow can dissipate the molecular

cores. It is important to note that for a more massive core (10-100 M) that is capable of
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producing more than one star, the core dissipation may require the collective efforts of

the young stars within the core. This is probably the case for source 8 (1.1641-N).

3.4.2. Outflow as an Early Stage of Star Formation

As discussed above, the IRAS sources associated with CO outflow are significantly
different from non-outflow sources. They tend to be colder and more luminous, and are
associated with higher 13CO column density. They are also located inside the dense
molecular cores. Table 3.4 summarizes the difference of physical parameters for outflow
and non-outflow sources.

These differences can be understood if the sources associated with CO outflow are
indeed at the earliest stage of star formation as suggested by Lada (1985) and as shown
by a statistical study of molecular outflows in L1641 by Fukui et al. (1989). Theoretical
studies suggest that mass outflow is an unavoidable process during the star formation,
and it might occurs at the time the mass accretion is taken place (e.g., Shu et al. 1987).
The high luminosity of the outflow sources might be a result of such accretion. At this
stage, the central source is deeply embedded in a molecular dense core. The heavy
extinction of the dust in the cores should (1) shield against the interstellar radiation field,
so that the embedded source becomes the main heating source, and (2) degrade the
photons from the YSO to far-infrared photons. The heavier the extinction, the colder the

sources should appear, as shown in Figure 5.9a.
3.5. SUMMARY
The goal of this chapter is to study the association of the molecular dense cores with

various types of IRAS sources, in particular, the sources with and without CO molecular
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outflow. We present two sets of observations: (1) a moderate resolution 13CO mapping
of 40 IRAS sources; and (2) the high-resolution 13CO and HCO* observations. Our
major conclusions are summarized as follows:

(1) In Nagoya observations, we find that 11 sources are associated with molecular
cores, including 7 of 9 IRAS sources with CO outflow. The outflow sources tend to be
located inside the core, while the more-evolved sources have little surrounding 13co
molecular gas.

(2) All three outflow sources mapped in the Nobeyama observations are associated
with the well-defined HCO* cores near the IRAS source position. The the cores have an
average size of 0.1 pc, and a mass of 3-30 M.

(3) There is a correlation between molecular column densities and the JRAS color
defined by the 12-25 um flux density ratio. The correlation can be best seen when using
high-spatial resolution data of HCOt J = 1-0.

(4) Based on the above results, we conclude that the outflow sources are associated
with molecular dense cores and that most of the non-outflow 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. The dissipation of a more massive core, however, requires the
collective effort of the young stars that were born within the core.

(5) Outflow sources are significantly different from the non-outflow sources. They
tend to be colder, more luminous, have higher 13¢CO column density, and are located
inside or near molecular dense cores. We believe these can be explained if the outflow

sources are YSOs still in the stage of accretion.
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TABLE 3.1. DATA FROM NAGOYA OBSERVATIONS

CO 13Co
No. Tp ms Vigg Av Tp ms Vigs Av 113 N(3Cco) Map
K & @Emsh @ms!) K &K) kms!) (&ms?) (10'5cm-2)

2 73  0.63 64 12 1.2 028 64 1.2 0.18 08 +02 NC

3 190 063 77 14 43 0.32 7.9 1.1 026 5.5 04 IC
7 162 062 84 4.1 6.0 0.29 8.8 22 046 147 0.7 oC

8 260 0.69 78 438 8.3 0.29 73 32 038 431 15 IC
9 52 062 6.7 28 <04 NC
17 176 054 80 34 53 0.32 84 16 0.36 9.6 06 oC
28 72 058 74 33 <04 NC
47 255 069 82 38 7.3 0.31 8.3 29 034 330 14 IC
51 244 054 83 44 75 041 85 34 037 388 2.1 IC
56 138 0.8 68 36 29 044 6.9 32 04 8.1 1.2 oC
62 126 0.60 66 34 4.1 0.28 6.8 1.8 039 65 04 oC
71 169 0.73 57 35 44 040 59 24 030 113 10 IC
73 163  0.60 50 44 3.7 027 4.5 4 026 150 1.1 ocC
74 49 0.65 60 18 <04 NC
75 141 0.68 50 54 39 028 43 36 032 130 09 IC
79 16 064 55 37 43 025 55 22 031 9.7 06 oC
85 14 0.63 51 42 31 0.28 4.7 39 025 108 1.0 ocC
95 115 062 53 35 27 032 53 35 027 7.3 09 oC
99 142 0.60 55 42 50 03t 53 28 043 138 038 IC
101 129  0.66 50 38 43 0.31 4.5 25 041 96 0.7 oC
104 142 064 49 53 47 030 51 3.1 040 141 09 IC
105 11.8 0.63 47 54 4.1 0.33 49 44 043 152 1.2 IC
106 136 062 55 35 38 042 54 28 033 96 1.1 oC
108 139 0.61 50 37 43 034 49 26 037 10.5 0.8 ocC
160 123  0.63 49 37 44 045 5 25 04 9.7 1.0 oC
163 125 0.60 52 131 28 046 49 25 025 57 09 oC
168 124  0.67 51 37 42 061 49 29 041 106 1.5 oC
171 89 062 33 15 2.0 0.28 34 1.1 025 14 0.2 ocC
177 14.7 0.73 53 26 42 038 55 26 034 106 09 oC
178 13.7  0.65 47 31 38 032 49 22 032 76 06 oC
181 134 064 51 32 3.1 0.29 5.1 28 032 92 0.7 oC
194 129  0.65 49 32 59 0.31 5.1 1.9 061 11.1 06 ocC
216 16.0 0.72 28 24 66 033 3.1 149 053 112 06 IC
256 9.0 062 32 50 29 0.30 25 28 039 55 06 oC
258 84 0.65 34 49 3.0 0.28 3 41 044 8.1 0.7 IC
267 67 064 33 42 25 0.27 3.1 27 047 38 04 oC
277 78 067 28 36 2.1 0.29 3.6 25 031 3.1 04 ocC
280 85 0.73 27 40 1.6 028 2.1 1.1 021 1.0 02 NC
287 24 064 53 038 <04 NC
288 64 067 3.7 29 14 032 4.4 1.3  0.25 0.9 02 NC
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TABLE 3.2 DATA FROM NOBEYAMA OBSERVATIONS

1300 co HCO*
No. T, ms av Vg T, T, mms Av Visg  N@3CO) N(HCOY
® K @ms!) @msh) K K K @ msl) Gms!) (10¥%cm2) (1012cm2)

3 36 044 07 74 168 08 024 03 77 2.5 2.5
7 45 055 16 88 132 .. 033 .. . 6.6 <6.7
8 74 057 29 67 257 31 031 19 69 33.5 61.7
18 70 037 22 61 208 11 023 20 72 20.6 24.1
25 71 057 20 82 246 40 048 10 88 21.7 43.7
31 35 050 19 69 176 07 016 09 7.0 72 7.0
33a 25 072 15 9.1 13.6 0.25 3.1 <3.9
33 19 072 22 63 136 .. 025 .. .. 3.5 <3.9
34a 45 047 08 81 219 10 028 10 88 4.5 11.0
34b 32 047 13 71 219 08 028 05 74 52 49
37a. 55 041 08 83 165 09 030 15 9.0 47 15.6
3 47 041 10 63 165 12 030 07 69 5.1 10.0
42 36 028 13 65 204 07 022 05 69 5.8 4.0
47 171 055 14 82 251 09 032 12 9.1 16.7 12.6
49 47 035 14 63 271 17 029 05 63 10.0 9.8
S0 81 039 20 81 262 18 017 15 87 26.4 31.0
S1 87 056 34 80 255 20 034 21 9.1 479 46.8
56 35 044 20 57 137 13 019 10 57 6.2 14.8
62 28 068 3.1 64 138 .. 025 .. .. 7.6 <4.6
68 33 079 10 85 166 08 023 06 8S 3.2 4.6
71 53 039 16 48 177 09 016 09 58 9.9 9.2
73 47 080 25 33 143 .. 041 .. .. 113 <6.7
75 51 050 3.1 23 133 22 029 10 3.1 15.1 23.8
79 47 035 15 48 144 09 027 15 54 7.0 15.0
9% 39 059 17 62 142 07 02 07 66 6.2 5.1
104 50 050 20 39 116 18 036 22 36 9.0 448
105 45 044 39 41 101 11 031 12 55 14.0 14.2
108 39 050 27 48 135 045 9.6 <73
119 49 062 20 45 113 .. 030 .. .. 8.4 <5.0
194 34 082 15 51 135 17 061 14 52 45 26.4
216 48 051 16 30 130 27 033 12 3.1 7.3 35.6
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TABLE 3.3. PHYSICAL PARAMETERS OF 3 HCO* CORES

No. 1)) N(HCOY) Av R n(Hy) M
a0 Bem2) @®mslh) @ oSem3) MQE)

8 L1641-N 6.8 1.94 0.16 14 27

75 L1641-C 24 0.96 0.09 0.9 3

104 H4-255 4.5 221 0.11 14 8

TABLE. 3.4 OUTFLOW SOURCES VS. NONOUTFLOW SOURCES

Avg. Log(f12/£25) N(i3co) Ler IC sources / Total
(1015 cm'2) (7o)

Qutflow sources -0.81 18.9 92 79
Non-outflow sources -0.44 7.9 22 4/31
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Figure 3.1 The spatial distribution of the two IRAS source samples observed in this

chapter. The two contours are 3.0 and 7.0 K km s-1 integrated intensity of 13cor=1-0
line emission (Fukui & Mizuno 1991).
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Figure 3.2a  Typical line profiles. The 13CO line profile map of source 3 obtained in
Nagoya Observations.
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Figure 3.2b  Typical line profiles. The line spectra taken at the position of source 216

(L1641-82) in Nobeyama observations. Note that only the component at 3.0 km s-! was
used.
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Figure 3.3 The typical integrated intensity maps for three types of sources (see text for
classification) obtained in Nagoya observations. (a) IC: source 8; (b) OC: source 73; and
(c) NC: source 287. For all the 3 maps, the lowest contour level represents a 50% of the
maximum, and contour interval is about 2 ©.
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Figure 3.4 The contour maps of the 11 IC sources. The lowest contour represents the
50% of the maximum and the contour level is about 2 6. The IRAS positions are at the
centers of maps, and are marked by the cross.
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Figure 3.6 Contour maps of HCO™* integrated intensity of three outflow sources. The
lowest contour represents 40% of the maximum, and the intervals are about 3 ©. (a)
source 8 (L1641-North); (b) source 75 (L.1641-Center); and (c) source 104 (H4-255).

DEC. (1950)

DEC. (1950)

DEC (1950)

3 -
-6°22'00° = 0 No.8 HCO® J=1-0
(a)

-8°24'00° |— N
82800 = ., oo L

“00° )

34 RA (1960)
T e AL
No. 78 HCO' Js1-0

-702'00" —

-7°04°00° ——

-7°27°00"°

-7°28°00"

~7°29'00"

T T T 1 !

RA (1950)

No. 104 HCO® J=1-0 4

() 4
- FIR 3
- RAS 7
- ory
A B S R
s*ar"co’ s"38°s8’
RA (1950)

The IRAS source positions are marked by the crosses.

78



1.0N —

0.66N —

0.33N |-

Offset

Source 104
HCO* (J =1-0)
0.66S — by oy 4 g
0.0 5.0 10.0
Velocity (km s-1)

0.33S [~
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for (a) 13CO column density and (b) HCO™ from Nobeyama observations. Downward

arrows indicate a 3 ¢ HCO* upper limits. The leftward arrows indicate a 5 ¢ upper
limits of 12 pm flux. Sources with no detections at both 12 and 25 pm are not plotted.
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CHAPTER 4
NEAR-IR IMAGING OF 59 IRAS SOURCES IN L164112

4.1. INTRODUCTION

The studies presented in Chapters 2 and 3 were based on the observations at the far-
IR and at the millimeter wavelengths. While they provided useful information about the
dust and molecular environment of the young stellar objects, the spatial resolutions of
these observations (20"-3") were too low for us to study the young stars themselves
directly. In this chapter, we report on a high-spatial resolution (0.35"-0.75" pixel-1) deep
imaging with the near-IR cameras at 1-5 pm.

There are two motivations for carrying out such imaging. The first motivation is to
understand the spatial distribution of young stars within a single molecular cloud.
Although it is well known that young stars are being formed in dense molecular cores
(Myers and Benson 1983, Beichman et al. 1986, Shu, Adams, & Lizano 1987), the
question of how they are formed remains unanswered. Observationally, young stars
appear to have two different spatial distributions: (1) young stars in the Taurus dark
cloud seem to be formed individually or in small groups of 2-3 stars, and (2) in other
molecular clouds, such as p Oph and L1630, most young stars are aggregated into large
clusters. These two distributions are referred by Lada (1991) as the isolated mode and

the clustered mode, respectively. Could young stars have different distributions within in

1 Part of this work is based on the observations carried out at Infrared Telescope Facility, which is
operated by the University of Hawaii under contract from the National Aeronautics and Space
Administration,

2 Part of this work is based on the observations carried out at United Kingdom Infrared Telescope, which
is operated by the Royal Observatory Edinburgh on behalf of the U.K. Science and Engineering Research
Council.
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a single molecular cloud? If so, do different distributions indicate different star
formation mechanisms? The answers to these questions are of fundamental importance,
since the current star formation theories, such as those proposed by Shu et al. (1987)
focus mostly on individual star formation in the isolated dense cores.

The second motivation concerns the spectral energy distribution (SED) of YSOs.
The SED has been widely used as an indicator of the evolutionary state of young stars
(Lada & Wilking 1984, Lada 1991). To obtain a SED between 1-100 pm, one has to
combine the near-IR photometry with the JRAS fluxes. In crowded regions, it is possible
that there are several near-IR sources within the JRAS position uncertainty. In such
cases, it is important to identify the near-IR counterparts of the JRAS sources to construct
a meaningful SED.

The advance of near-IR array technology can help us to address the above questions
by providing both high-spatial resolution and coverage. It allows us to study details that
are unresolved in the IRAS observations. In this chapter, we report on an imaging of 59
IRAS sources at 1.6-4.8 pm with the near-IR cameras. Of 59 IRAS sources we imaged in
H, K’, narrow-band L (nbL) and M, we found 14 IRAS sources are associated with small
(but statistically significant) groupings of young stellar objects. These small groupings
are defined to be stellar density enhancements (SDEs). In section 4.2, we discuss the
details of our near-IR imaging and data reduction procedures. We then discuss in section
4.3 (1) the nebulosity presented in the images, and (2) the SDEs. In section 4.4., we use
the near-IR infrared images and the photometric data to identify the near-IR counterparts
of the IRAS sources. The spectral energy distributions (SEDs) are used to determine the
evolutionary state of the sources. In section 4.5, we conclude that spatial distribution of
young stars in L1641 can be characterized by a range of stellar densities, from a large
cluster to SDEs and to individual stars. We aiso compare the /RAS sources in L1641
with those in Perseus and Taurus. Major results are summarized in section 4.6.
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4.2. OBSERVATIONS AND DATA REDUCTION

All 59 IRAS sources were selected from Table 2.1. They are therefore located inside
the dark cloud L1641. Since we are interesied in the young stellar objects that are still
associated with the dense molecular gas from which they were born, we used the 13co
column density as a selection criterion. We selected 46 sources with N(13co) > 1016
cm-2 in Table 2.1. For comparison, 13 other sources with moderate N(13C0) were also

selected. All 11 outflow sources were selected. The sources are listed in Table 4.1.

4.2.1. Observations

The near-IR imagings were carried out at various telescopes at Mauna Kea, as shown
by the observation log in Table 4.2. The images were taken at four wavelengths: H
(center wavelength at 1.65 um), K’ (2.1 um), narrow-band L. (nbL; 3.6 um) and M (4.8
pm). The H and M bands are defined by the standard photometric filters. The K’ filter
was chosen to be at a slightly shorter wavelength than the standard K filter to minimize
the thermal background (Wainscoat & Cowie 1992). The nbL filter has a 6% bandpass.

The 59 IRAS sources were first imaged at H and K’ with the NICMOS 3 camera
(Hodapp, Rayner, & Irwin 1992) on the University of Hawaii 2.2 m telescope. The
camera has a 256 x 256 HgCdTe detector, and was operated with a scale of 0.75" pixel-1,
giving a field of view of 197" x 197" per frame. Because all the sources are located in a
dark region with few SAQ stars, we had to first point the telescope to a nearby optical
star (within 30' from each IRAS position) selected from the Guide Star Catalog (1989),
and then slewed to the IRAS position. The position uncertainty of the offsetting was

typically <2". For each IRAS source, 3-5 images were taken with a 20" offset uniformly
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displayed from the center frame. The flat fields were obtained by imaging the dome
illuminated by an incandescent light.

Sources that appear to be crowded in H and K’ images were subsequently imaged in
the nbL at United Kingdom Infrared Telescope (UKIRT) and in M at NASA Infrared
Telescope Facility (IRTF). The nbL and M images were taken at selected regions near
the IRAS positions. Beam switching was used to obtain sky images. The nodding throws
were selected to place the sources in both on and off positions. The nbL and M were
acquired without flats. The standard stars were observed near the source locations on the
arrays.

The total integration time were 150 s per image at H and K’, 180 s at nbL, and 75 s at
M. If there were bright sources in a field, a shorter exposure was taken to avoid
saturation. The standard stars HD 40335 (for the H, K', nbL) and =4 Ori (for M) were
measured several times each night for the instrumental magnitude and atmospheric

extinction correction.

4.2.2. Data Reduction

All the images were reduced using IRAF data reduction package. The H and X’
images were first divided by the dome flats. A flat-fielded median sky was then
subtracted from them. The resulting images were registered to form an approximately 4'
x 4' mosaic image. The nbL and M images were processed by subtracting the respective
sky frames.

Because many sources in our images are very red and our detection is most sensitive
in K’, the near-IR sources were extracted from the K’ images using DAOFIND with a
detection threshold about 5 times ihe sky fluctuation. The output source list from each K’
image was manually checked to eliminate false detections. The counterparts of the K’
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sources at the other wavelengths were then identified and registered. The positions of the
near-IR sources were calcuiated from the reference pixel in each frame. The positional
uncertainty is dominated by the telescope offsetting uncertainty which was < 2". For
some sources, we have checked our source positions with the published ones, and found
they agree with each other within 1"-2".

To obtain the photometric data, we used APPHOT with a 5"-6" aperture for the
isolated point sources. The inner and outer radii of sky annulus were typically 7.5" and
12", respectively. For images that are crowded or that show extended nebulosity, we
fitted a point spread function to the sources using DAOPHOT. The 56 limiting
magnitudes for the isolated point sources are approximately H = 17.5, K’ = 17.5, nbL =
13.0,and M = 11.0.

4.3. RESULTS

The H and K’ images of all 59 sources can be found in Appendix D, along with the
discussions of the individual sources. For three sources (sources 8, 18, and 75) that have
optical images available, a detailed analysis is presented in Chapter 5. For the
discussion in this chapter, we show the H and K’ images of two sources (29 and 71) in
Figure 4.1. In the following we examine (1) the nebulosity presented in the images, and

(2) stellar density enhancements.

4.3.1. Nebulosity

As shown in Figure Al in Appendix D, 26 of the 59 images (44%) of the images
have nebulosity, including all the outflow sources. The association of the sources with
nebulosity is indicated in Table 4.1. Twelve of them show diffuse nebulosity without a
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particular pattern in a scale of 1'-2'. The diffuse nebulosities are probably the light
scattered from the embedded sources. This argument is supported by the study to be
discussed in the section 5.4 in which we found that several source positions in the
vicinity of source 8 have wavelength-dependent shifts. Such shifts were believed to be
the result of scattered light from embedded sources (Campbell et al. 1988).

In contrast to the diffuse nebulosity, the nebulosities in the other 14 sources show the
elongated structures originating from the embedded sources. The structures can also be
explained by the scattered light. The elongated (bipolar or unipolar ) structure can be
seen if the embedded source is surrounded by an optically thick disk or torus, and the
light is mostly scattered through the polar regions into our line of sight. However due to
the nature of scattering, the scattered structures tend not to be highly collimated, and
scattering cannot explain the highly collimated structures found in some sources. As an
example, we show source 36 in Figure 4.2. Near the IRAS position, we detected a very
elongated bipolar structure originating from a deeply embedded source. The southern
lobe ends at several knots. Morphologically, the structure is very similar to the
nebulosity near source 51 which is associated with the previously known Herbig-Haro
object (HH 1-2). The elongated near-IR structures near source 36 are roughly parallel to
the axis of the associated CO molecular bipolar outflow MSSB 18 (Fig. 4.2). The
embedded near-IR source is near the center of both the near-IR structures and the CO
outflow. We therefore suggest that at least for source 36, the elongated structure and the
associated knots are probably the infrared counterpart of the optical jets and HH objects.
If this is true, the emission we detected in K’ could be mostly due to the Hy molecular
emission excited by the high-velocity outflow from the embedded young star. This can
be tested by comparing the images through the narrow-band filter of the S(1) line at 2.12

um and those in the nearby continuum,
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In short, nearly half the sources we imaged show nebulosity, indicating that they are
embedded sources. Some of these sources have an elongated nebulosity, and they might

be the near-IR counterpart of the optical jets and HH objects.
4.3.2. Stellar Density Enhancement

Having studied the nebulosity in the images, we now discuss the stellar distribution
in the H and K’ images presented in Figure Al. It is obvious that some of the /RAS
sources have many more bright near-IR sources than the others. Figure 4.1 shows the
examples of source distribution in the isolated region (source 29) and in the crowded
region (source 72). The most interesting result from our imaging is that we found srellar
density enhancements (SDEs) in the vicinity of 14 IRAS sources. In the following we
will first explain how we define the SDE. We then show in turn that (1) the SDEs are
statistically significant; (2) the SDEs are physically associated with the JRAS sources;
and (3) most of the near-IR sources in the SDEs are young stellar objects.

To define an SDE, we need to calculate K'g, the apparent magnitude of a near-IR

source corrected for extinction. Using the standard interstellar extinction law (Reike &
Lebofsky 1985), K'g can be written as:

Ko=K'-Ag'=K'- 178 x[ (H-K)ohs- (H-K)g1 4.1)

where K’ is the observed magnitude, Ak is the interstellar extinction at K’, (H - K')g is

the intrinsic color of the star, ranging 0-0.3 for A0-MS type main-sequence dwarfs, (H -

K')obs is the observed H - K’ index. Assuming (a) the near-IR sources are main-

sequence dwarfs, and (b) the reddening is solely due to the interstellar extinction, we
calculated K'g for all the near-IR sources detected in the 59 fields. An image is defined
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to have a stellar density enhancement (SDE) if there are more than 5 sources with K'(

< 11 within a 4’ x 4’ area. By this definition, 14 of the 59 IRAS sources are associated
with SDEs, including 7 of 11 sources that are associated with CO molecular outflows.
The association of the JRAS sources with the SDEs is indicated in Table 4.1.

To see whether the SDEs are statistically significant, we compared our definition
with an infrared galactic model by Wainscoat et al. (1992). The model takes into account
the contribution of the galactic disk, the bulge, the stellar halo and spiral arms, the
molecular ring, and the extragalactic sky. It predicts that we should find 0.51+0.7 star
brighter than K'g = 11 within a 4' x 4' area in the direction of the L1641. The surface
density of stars with K’ < 11 within the SDEs is therefore significantly higher than that of
background stars at a > 5 ¢ level. Since the IRAS sources have higher extinction than
the background stars, the correction for extinction will make the SDEs even more
significant.

In a separate project, Hodapp & Deane (1992) imaged several much larger regions in
L1641 with a sensitivity compatible with our imaging in X’. In two 12' x 12' areas that
do not contain any /RAS source, no SDE can be seen using the same SDE criterion. In a
JHK survey of a 0.75 square degree region in L1641 with the SQIID camera, Strom
(1992, private communication) also concluded that the aggregation of near-IR sources
could only be found near the JRAS sources. Therefore the SDEs we observed in the
vicinity of the 14 IRAS sources are physically associated with the JRAS sources, and they
are not in the foreground or the background.

There are a total of 70 stars with K'g < 11 in the 14 SDEs. What is the nature of
these sources? Many of them are detected for the first time, and there is little
spectroscopic information available. A detailed optical and infrared analysis of 3 sources
(8, 18, 75) with SDEs shows that at least 60% of the near-IR sources in the vicinity of
the IRAS sources are YSOs (Chapter 5). The near-IR spectroscopic observations of
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sources near source 8 (L1641-N) by Hodapp & Deane (1992) also reached the same
conclusion. We now use the broad-band photometry to show that most of 70 near-IR
sources in the SDEs may also be YSOs.

A GO main-sequence star should have an apparent magnitude of K'=11.5 at the
distance of L1641 (480 pc). Since our SDE selection requires all the sources in the SDEs
brighter than K'g = 11, one might conclude that all these 70 sources are early-type stars
with a spectral type earlier than GO. The aggregation of so many early type stars is
highly unlikely. Besides, from the optical information of 17 stars near sources 8, 18, and
75, we found that 15 of them have spectral type later than GO (section 5.3.2).

This dilemma can be solved if these sources are surrounded by circumstellar dust.
The circumstellar dust may change the K’ magnitude in two ways. First, because the dust
is usually colder than the stellar photosphere, its thermal emission peaks at the near-IR
wavelengths. This will add additional flux to enhance the K’ magnitude. Secondly, the
colder dust lowers the effective temperature of the star, and makes the star redder (with
higher H - K") than what the interstellar extinction can account for. Equation 4.1
therefore overestimates the interstellar extinction. In either case, the presence of the
circumstellar dust strongly suggests that most of the sources in the SDE are the pre-main-
sequence (PMS) stars, since the PMS stars like T Tauri stars are known for their infrared
excess. This is also consistent with our observations that 10 of 14 SDEs are associated
with the infrared nebulosity, indicating that they are embedded sources.

In summary, 14 of 59 IRAS sources we imaged are associated with SDEs whose
surface density of bright stars is significantly higher than that of the background. The
near-IR sources in the SDEs are physically associated with the corresponding IRAS
sources. Most of these sources are probably PMS stars. It is important to note that we
adopted a rather conservative criterion in defiring the SDE. It is possible that many
other PMS stars are only slightly more luminous than their main-sequence counterparts,
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and could not be selected by our criterion. The number of SDEs and the number of stars
within each SDE may be much higher. In Chapter 6, we will further discuss the
association of the SDEs with molecular dense cores, the formation of the SDEs, and its

implication to star formation theory.

4.4. THE EVOLUTIONARY STATE OF THE IRAS SOURCES

By plotting the 59 sources in the JRAS 12-25-60 pum color-color diagram (Figure
4.3), we found that most of them are located in the regions occupied by the T Tauri stars
or dense molecular cores (Beichman 1986). This suggests that they might be YSOs. To
determine the evolutionary state of the sources more accurately, we need to compare the
IRAS data with near-IR data.

Most of the near-IR emission we detected in the imaging comes from the dust heated
by the embedded sources. The dust properties and spatial distribution can gradually
change at the early stages of star formation. The spectral energy distribution (SED)
based on broadband photometry between 1-100 pm measures these changes, and can
therefore be an indicator of the evolutionary state of YSOs (Lada 1987; Adams, Lada &
Shu 1987). The detection of the SDEs in the previous section complicates the
comparison of the IRAS data with the near-IR data. Since many of our near-IR images
show multiple sources within the JRAS position uncertainty, it is important to identify the
near-IR counterparts of the IRAS sources, the near-IR sources that contribute most of the
IRAS fluxes. Once the identifications are made, we can combine the near-IR and the
IRAS data to construct the meaningful SEDs.

Most existing near-IR photometric data in L1641, as compiled by Strom et al.
(1989b), were obtained with single deiector phoiomeiers. The low sensitivity (K < 14)
and small spatial coverage prevents a reliabie identification of the JRAS counterparts.
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Our near-IR imaging provides a comprehensive census of near-IR sources near the IRAS
sources with a much higher sensitivity (more than 3 mag deeper in K), a much higher
resolution (0.75" pixels-1), and a much larger spatial coverage (a 4' x 4' area centered on
each IRAS position). In the following we first identify the near-IR counterpart of the

IRAS sources. Using these identifications, we will examine their evolutionary states.
4.4.1. Identifying the Near-IR Counterparts of the IRAS Sources

We used the following criteria in the identification: (1) the JRAS counterpart should
be located within 1' from either the JRAS position or the PSC position to account for the
position discrepancy (see the discussion in section 2.2.4); (2) the source should be very
red; (3) the near-IR flux at the longest detectable wavelength should smoothly match the
flux at 12 um; and (4) where available, optical and millimeter data were taken into
account. A detailed description of the identification for the individual sources can be
found in Appendix D. The identifications of the 59 IRAS sources can be divided into
three categories:

(1) positive identification For 46 sources, there is a near-IR source that most
probably contributes most of the JRAS emission. Some sources (i.e. sources 18, 75, and
163) show several near-IR sources with compatible brightness in K’ within the IRAS
position uncertainty. However, when imaged.at the longer wavelengths (nbL and M), we
detected one source that becomes the brightest source in the field. These red sources
were selected as the most probable candidates. A detail analysis for sources 18 and 75
are presented in Chapter 5. The imaging at 3-S5 pum is proved to be a very powerful tool
in the identification.

(2) Multiple sources At least 9 sources show signs of multiple heating scurces
within the JRAS beam. An exireme case can be found near source 8 where several near-
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IR sources are very bright even in M (see Chapter 5). Although we find the source
detectable only at M band as the most possible candidate of the IRAS source, the other
sources may also contribute significant flux in the JRAS bands. For these sources,
imaging at 10 ium is critical for the identification.

(3) No identification For 4 sources (sources 41, 78, 93, 133), we cannot identify
any near-IR counterpart of the IRAS sources either because the sources in the fields are
not red, or because they are too bright to match the IRAS flux at 12 pm. The embedded
sources may be too faint to be detected by our observations.

The following analysis will be carried out for the 55 sources that have probable near-
IR counterparts, although 9 of them may be multiple sources. The 55 near-IR
counterparts are indicated in the K’ images in Figure A4.1. The properties of the
identified near-IR counterparts of the JRAS sources are compiled in Table 4.3. Column
[1] is the JRAS source number; columns [2] and [3] give the coordinates of the near-IR
sources identified as the counterparts; columns [4] and [5] are the position offsets of the
near-IR sources from the /RAS coadded positions and the PSC positions, respectively;
columns [6]-[9] give the H, K', nbL and M band photometry of the near-IR sources;
column [10] indicates whether there is any indication of multiple heating sources;

column [11] lists their SED indexes (see below for discussion).
4.4.2. The Spectral Energy Distributions
Once the identifications were made, we used the 1.6-100 um photometric data to

plot the spectral energy distributions of the sources in Figure A4.2. Following Lada

(1991), we can define a spectral index o as follow:
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dlog(A f)) log(25 f25) - log(2.1 3 1)
“Tdlog () ~  log(25)-log(2.1) (4.2)

o

where f25 and f5 1 are the flux densities at 25 um and 2.1 um. The spectral indexes of

the 55 sources are listed in Table 4.3. If we define sources with ¢ > 0 as class I sources,
and those with -2 < a < 0 as class II sources, we have 45 class I sources and 10 class IT
sources. There are no class III sources (whose spectral index o < -2.0) in our sample.
Ten of the 11 outflow sources are the class I sources.

The high percentage of class I sources in our sample is probably due to the selection
effects. As mentioned in Chapter 2, the IRAS selected sample is biased against the class
I and II sources because their relatively higher color temperatures. The selection of
sources with high 13CO column density for this work imposed another bias against the
class II and IIT sources. The other complication comes from the possible multiple

heating sources within the JRAS beam. The confusion of IRAS flux densities caused by

the multiple sources would result in an overestimation of f35 and c.

4.5. DISCUSSION

4.5.1. Young Star Distribution in L1641

Although L1641 was originally defined as a dark cloud of about 6 square degree
(Lynds 1961), the CO survey (Kutner et al. 1977) showed it is part of the Ori A giant
molecular cloud that extends from -20 to -10° (see Fig 1.3). In the region north of -6°,
the star formation is dominated by the Trapezium Cluster (Herbig 1962). With I-band
imaging, Herbig & Terndrup (1986) detected 150 stars in a region of 3' x 3. When

imaged at K using a near-IR camera, McCaughrean (1988) detected over 500 stars at K <
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15 within a §' X §' region centered on Trapezium OB star in Trapezium Cluster. The star
formation in Trapezium Cluster is probably coeval (Zinnecker, McCaughrean & Wilking
1992).

The star formation in the region south of Dec = -60, however, appears significantly
different. The IRAS sources in L1641 are almost uniformly distributed throughout the
region from -6° to -10° (Strom et al. 1989a, see also Chapter 2). The 11 CO outflow
sources are also spread along the ridge of the molecular gas density enhancement,
indicating that recent star formation occurs throughout the molecular cloud. Although
L1641 is not fully mapped in the near-IR, our imaging of the 59 JRAS sources provides
thus far the most comprehensive census of star forming activity in the L1641 dark cloud,
because the 59 IRAS sources represent a large fraction of the YSOs detected by /RAS in
the L1641.

The young stars we imaged are distributed very differently from the Trapezium
Cluster. Forty-five of the 59 sources are individual sources or have only 2-3 near-IR
sources in the vicinity. The 14 IRAS sources that are associated with SDEs present an
intermediate case that is significantly different from either the Trapezium Cluster or the
isolated star formation. The SDEs have 10-40 sources in each field down to K’ = 17.
Although extinction toward the /RAS sources we imaged might be higher, it does not
seem able to account for the difference between the SDEs and the Trapezium Cluster. In
summary, the young stars in L1641 are not only in large-scale cluster (the Trapezium
Cluster), but also in isolation and in SDEs. This indicates that, at least in case of L1641,
young stars can be formed with a range of stellar densities within a single molecular
cloud. The previously proposed cluster and isolation modes could be the high and low
ends of this continuous surface demsity distribution, while the SDEs represent an

intermediate case.
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Although it is unclear what causes the difference between the Trapezium Cluster and
the rest of the L1641, the external triggering may play an important role. Star formation
in Orion was probably triggered by a series of several tens of supernovas (Cowie,
Songaila, & York 1977). As the result, four OB clusters (Ia, Ib, Ic, and Id) were formed
sequentially at Dec= 20 and -5.50 (Blaauw 1991). Star formation in the Trapezium
Cluster might be consequently triggered by the nearest OB cluster, Ic, with an age of 6 x
106 yrs, and coevally formed stars into a large cluster. On the other hand, the molecular
gas south of Dec = -6 remains undisturbed by the external forces. The low-mass star
formation can rise and continue spontaneously under self-gravity whenever and wherever
the physical conditions are favorable. External triggering is probably playing a less
important role in the formation of SDEs and isolated stars. This is consistent with the
fact that the SDEs and isolated stars are evenly distributed throughout the L1641.

4.5.2. Comparison with IRAS Sources in Perseus and Taurus

How does the star formation in L1641 compare with the star formation in other
molecular clouds? In the following, we compare the spectral energy distribution of the
55 IRAS sources in L1641 with a group of IRAS sources in Perseus and Taurus selected
by Ladd, Lada & Myers (1992). The 23 IRAS sources in Perseus are mostly deeply
embedded sources with the JRAS flux density at 60 um greater than that at 25 um. This
selection criterion is similar to ours, because we have shown in Chapter 3 that the cold
IRAS sources are usually associated with high 13CO column density. The 29 IRAS
sources in Taurus were selected by the same criterion, except that their flux densities are
a factor of 2.5 higher than those in Perseus to compensate the selection effect due to the

different distances.
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Following Ladd (1991), we use the mean-frequency to characterize the SED. The
mean-frequency is defined as the first moment of frequency weighted by the flux density:

v2 v2
Mean frequency = f viydv/ f fydv (4.3)
V1 Vi

where fy, is flux at frequency v, and the integrations should be performed over entire
observable frequency range (from vi to v3). In this study, we calculate the mean
frequency over the wavelength range of 2-135 pm.

Figure 4.4 compares the histograms of the mean-frequency of the S5 sources in our
sample with those of Perseus and Taurus. Evidently the distribution of mean-frequency
of IRAS sources in L1641 is very similar to that in Perseus, and both of them are very
different from that in Taurus. The Kolmogorov-Smirnov test shows no significant
difference between the histograms for L1641 and Perseus, but the L1641 sample is
different from the Taurus sample at 95% level of signiticance. Since the lower mean-
frequency means the SED increasing toward the longer wavelengths, Figure 4.4 indicates
that the JRAS sources in L1641 and Perseus are more deeply embedded than those in
Taurus.

The above difference can be understood if the dense (dust and molecular) cores in
L1641 and Perseus are statistically larger and more massive than those in Taurus. It is
consistent with the millimeter observations: the 11 13CO molecular cores we detected in
L1641, as discussed in Chapter 3, are a factor of 5-10 more massive than those detected

with the same telescope in Taurus (Ohashi 1992). Harju, Walmsley & Wouterloot
(1992) reached the same conclusion in their NH3 survey. Ladd (1991) also showed that

the NH3 cores in Perseus are a factor of six more massive than those in Taurus.
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Since the IRAS sources in Perseus and Taurus have not been imaged in the same
depth and coverage, we do not know if they also are associated with the SDEs. There are
however some similarities between the 1.1641 and Perseus. The spatial distributions of
both molecular clouds are highly elongated. Each molecular cloud contains a large
cluster (Trapezium cluster in L1641 and NGC 1333 in Perseus). The K imaging of 23
IRAS sources in Perseus (Ladd et al. 1992) also showed many young stars not in the
cluster. The mixture of the young stars inside and outside the clusters seems to be the
characteristics of both clouds. The near-IR imaging of JRAS sources in Perseus similar to
what we presented here can be very useful for us to understand the role of SDEs in star

formation in a broader content,

4.6. SUMMARY

We obtained 1.5 - 4.8 pm images of 59 J/RAS sources in L1641. Most of them are
associated with dense molecular gas. The main results are summarized as follows:

(1) Twenty-six of the 59 sources show nebulosity. Although the diffuse nebulosities
are probably the scattered light from the embedded YSOs, some nebulosities show very
elongated structures. In particular, the highly elongated bipolar structures originated
from source 36 resemble the optical jets with HH objects.

(2) We find that 14 IRAS sources are associated with stellar density enhancement,
including 7 of 11 outflow sources. Most of the near-IR sources in the SDEs are probably
PMS stars physically associated with the JRAS sources.

(3) Using 1.6-4.8 pm images and photometric data, we were able to identify the
near-IR counterparts for 55 IRAS sources, although 9 of them show signs of multiple
heating sources within the JRAS beamsize. The identifications improved the comparison
of near-IR data with IRAS data, especially in very crowded regions.
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(4) The spatial distribution of young stellar objects in L1641 can be characterized by
a range of stellar densities, from a large cluster (the Trapezium Cluster) to the SDEs and
to individual stars. The cluster may be a result of external triggering, while the SDEs
and individual young stars may be formed in self-gravity in the relatively isolated
regions.

(5) The mean-frequency distribution of the JRAS sources in L1641 is similar to that
in Perseus, and very different from that in Taurus. This may be resulted from the fact
that the molecular dense cores in L1641 and Perseus are statistically more massive than

those in Taurus.
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TABLE 4.1 59 IRAS SOURCES IMAGED IN NEAR-IR

No. D Bands SDE Nebulosity | No. ID Bands SDE Nebulosity
imaged imaged
8 L164I-N HKnbIM Y  diffuse 108 L1641-S3 HK'nbLM spiral
18 MSSB8 HKnbIM Y  spiral 119 HK'
25 HH 33 HK'nbL diffuse 120 HK'
29 HK’'nbL 133 HK'
32 V846 Ori HK' 134 HK'
34 HK’ 146 HK’
36 MSSB18 HK'nbIM bipolar 150 HK'
41 HK’ 160 HKM Y  elongated
42 HK’ 163 HK'nbLM spiral
46 HD 37357 HK' 168 HK'
47 V3800ri HKnbl, Y  diffuse 171 HK'
49 HK’'nbL 177 HK'
50 HK' Y  diffuse 181 HK'M clongated
51 HH1-2 HK'nbL Y  elongated | 186 HK'nbL
62 HK' 187 HK'
71 T456 HK' Y 191 HK’
72 HK' 193 HK'nbL Y  diffuse
75 L1641-C HKmbIM Y  bipolar 194 L1641-S4 HKnbLM Y  diffuse
78 HK' 198 HK'M bipolar
79 Harol3a HK' diffuse 211 HKM Y  elongated
83  Haro 14a HK' elongated | 216 L1641-S2 HK'nbLM elongated
85 HK'M cone 224 HK'
87 HK' spiral 237 HK' diffuse
93 HK' 243 HK' Y
.95 V599 HK’ 245 HK' Y
99 HK'nbL diffuse 246 HK'M
101 HK' 256 HK' elongated
104 H4-255 HKnbIM Y  diffuse 270 HK'
105 Re50 HK' diffuse 280 HK'
106 HK’
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TABLE 4.2 OBSERVATION LOG

Date  Telescope Camera Format Scale Bands A AA
(pixels) _(arcsec pixel'!) (um) (um)
12/90 UH22m NICMOS3 256 x 256 0.75 Hx 165,21 04,05
191  UKIRT IRCAM 58 x 64 0.61 nbL 3.6 6% x 3.6
191 UH22m NICMOS3 256 x 256 0.75 H kK 16521 04,05
191 IRTF ProtoCam 58 x 64 0.35 M 48 0.3
2/92 IRTF ProtoCam 58 x 64 0.35 M 43 0.3
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TABLE 4.3 NEAR-IR COUNTERPARTS OF THE JRAS SOURCES

IRAS NIR position NIR-/JRAS NIR-PSC H K nbL M Muliiple SED
No o (1950) sh 5(1950) Aa AS Ao A5 mag mag mag mag source o
[1] (2] [3] (4] (5] (61 [71 (8 [91 [101 [11]
8 33M 5245 60 23 59" .53 8" 4" 3" 175 >175 >130 86 Y 42
18 33 572 6 26 38 -12 -2 41 11 163 130 98 78 1.7
25 33 59 6 28 48 43 -11 97 1 137 126 107 2.0
29 33 405 6 34 47 22 28 .. .. 105 98 84 0.7
32 34 151 -6 35 46 1 9 4 1 100 94 0.2
34 33 155 6 37 48 -8 -11 21 -35 >175 161 2.0
36 34 92 6 40 18 -27 26 -81 -28 >17.5 153 >13.0 >11.0 2.8
42 34 248 6 43 20 34 2 95 2 125 109 04
46 35 212 6 4 11 17 4 4 -1 80 74 04
47 33 595 6 4 43 23 -6 2 2 73 64 49 04
49a 33 308 6 45 12 13 5 4 19 163 152 23
49 33 298 6 45 25 -2 -18 -19 6 168 157
50 33 59.1 6 46 29 16 -8 16 4 93 82 0.4
51 33 529 6 47 12 46 -5 § -13 >17.5 163 w Y 31
62 35 433 6 S0 57 34 5 7 -1 86 1.7 -0.3
71 35 288 6 58 27 -3 -5 28 3 102 99 0.2
72 34 588 7 0 15 2 23 26 -4 118 107 0.5
75 36 205 -7 2 26 -7 -5 -5 17 >175 182 108 82 3.8
79 35 527 7 4 62 5 -14 9 1 68 52 0.3
83 35 421 7 10 10 -29 -3 1 2 137 119 0.8
8 36 463 7 12 11 65 4 52 71 >175 147 w 87 23
87 36 4.1 7 12 41 -14 4 .. .. 114 107 . 80 0.8
95 36 334 7 18 24 52 -17 -8 -2 83 74 0.3
99 36 271 -7 22 4 17 8 16 0 136 122 101 1.1
101 37 249 -7 25 18 -1 26 47 -12 >175 156 w Y 19
104 36 544 -7 27 56 24 11 -30 18 123 108 90 7.7 1.0
105 38 24 7 29 03 s -8 -5 -1 113 96 1.8
106 36 294 7 29 31 7 24 -8 -1 110 102 0.1
108 37 298 -7 31 51 42 -14 -19 8 >175 162 >13.0 94 3.3
1192 38 40 -7 38 41 0 11 -27 18 145 133 w Y 06

1196 38 6.1 -7 38 30 31 22 4 29 127 115

120 37 34.1 -7 39 48 2 2 4 0 101 98 0.0
134 38 00 7 4 37 -15 0 9 3 154 133 1.0
146 37 530 -7 49 58 -30 -6 14 6 125 107 0.9
150 38 55.0 752 7 4 -15 -10 0 17.5 140 14
160 39 0.2 -7 56 33 -12 -11 14 7 >175 150 . 81 24
163 37 564 <157 54 -10 -2 4 9 165 148 114 82 23
168 38 57.5 75 30 22 8 -14 0 127 108 04
171a 40 2.1 4 0 12 1 -5 20 1 11.0 104 w Y 0.3
1716 40 20 9 0 18 -1 -ii i9 -5 ii5 109

177 38 13.9 4 2 55 -32 -14 5 -2 172 149 1.5
181 39 35 84 2 35 8 -13 17 -7 >175 160 . >11.0 2.0
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TABLE 4.3 - Continued

IRAS NIR position NIR-/RAS  NIR-PSC H K nL M Muliple SED
No q(19s0)sh 8(1950) Aa AS Ao A5 mag mag mag mag source O
(11 (21 B3] [4] (5] 6] (71 (8] 91 ({101 [11]
186 39 59 -8 5 55 -17 2 4 -1 133 108 82 09
187 38 130 8 5 17 -29 5§ 1 16 88 81 0.0
91 39 10 -8 7 18 -14 -1 5 2 113 105 08
193 38 256 -8 7 27 22 10 -109 -6 >175 146 125 96 Y 22
194 38 248 -8 8 25 -33 -18 3 5 >175 164 146 123 2.7
198 39 112 -8 9 47 -12 -10 -5 -3 157 146 . >11.0 19
211 37 569 -8 15 26 20 11 11 11 141 121 . 82 0.9
26 40 229 8 18 26 14 -5 6 0 132 114 87 173 1.2
24 39 211 8 22 56 2 4 17 1 13 105 0.1
237 39 103 -8 3 52 -10 -15 -13 -1 1.7 95 0.2
243 40 242 8 39 S5 3 3 . . 106 93 Y -01
2452 40 244 8 41 29 6 -7 -52 -8 128 114 Y 08
245b 40 246 -8 41 27 9 5 49 6 132 116

246a 39 63 -8 41 36 -11 2 4 6 157 127 .. 88 Y 07
26b 39 66 -8 41 4 6 -7 0 2 145 120 . 88

256 40 435 -8 45 49 23 -12 3 1 >175 167 25
270 38 307 9 7 32 34 -10 10 1 113 98 0.4
280 38 413 -9 24 47 41 -10 -14 -1 127 123 14
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Source 29

Figure 4.1.  The examples of sources that are in isolation (source 29) and sources that
are in the stellar density enhancement (source 71). The H and K' images (each covers a
4' x 4' area) are centered on the IRAS position (marked by the cross). The spatial

resolution is 0.75" pixel-l. The identified the candidates for the IRAS counterparts are
marked on the K’ images. North is up, and the east is to the left.
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Figure 4.2.
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The elongated bipolar structure of source 36 overlaid on the CO molecular
bipolar outflow MSSB 18 detected by Morgan et al. (1991). The solid contours are the
blue-shifted lobes and the dash ones are the red-shifted. The elongated structures seen in
K’ image are showed by the shaded regions. (0,0) is the /RAS position.
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Figure 4.3.  The color-color diagram based on the IRAS flux densities at 12, 25 and 60
um. The boxes representing the loci of various sources are from Beichman (1986). For
sources not detectable at 12 um, the downward arrows indicate the 5 ¢ upper limit.
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CHAPTER 5
IR AND OPTICAL IMAGING OF IRAS SOURCES WITH CO
OUTFLOW: A SNAPSHOT OF EARLY STAR FORMATION! 23

5.1. INTRODUCTION

The driving sources of high-velocity CO outflows are young stellar objects (YSOs)
with a dynamic age <105 yr (Lada 1985; Fukui 1989). Observing these sources allows
us to study the environment in which protostars are forming and from which the pre-
main-sequence (PMS) stars have not yet dispersed. While the analysis of JRAS data has
provided a great deal of insight into the physical process of star formation, the large IRAS
beamsize (1'-3') and the extended emission of some sources at mid-IR wavelengths often
cause source confusion in crowded regions. Imaging with near-IR provides both high
spatial resolution and high sensitivity, and allows us to observe details that are
unresolved in the IRAS observations.

In this chapter we report on optical (BVRI) and infrared (HK'nbLM) imaging of three
IRAS sources with CO outflows. The infrared and optical observations and data analysis
are discussed in section 5.2. Using the optical and infrared photometric data, we show in
section 5.3 that there are many bright near-IR sources in the vicinity of the /RAS sources,

and most of them are YSOs. In section 5.4 we discuss the identification of near-IR

I Part of this work is based on the observations carried out at Infrared Telescope Facility, which is
operated by the University of Hawaii under contract from the National Aeronautics and Space
Administration.

2 Part of this work is based on the observations carried out at United Kingdom Infrared Telescope, which
is operated by the Royal Observatory Edinburgh on behalf of the UK. Science and Engineering Research
Council.

3 Part of this work is based on the observations carried out at Kitt Peak National Observatory, National
Optical Astronomy Observatories, which is operated by the Association of Universities for Research in

Astronomy Inc. (AURA), under cooperative agreement with the National Science Foundation.
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counterparts of the JRAS sources using 1-5 pm images; in section 5.5, we suggest that the
stellar density enhancements found near the 3 IRAS sources result from a continuous star

formation with an age span of 1-3 Myr. Major conclusions are summarized in section

3.6.

5.2. OBSERVATIONS AND DATA REDUCTION

5.2.1. Three IRAS Sources

The three sources reported on here are associated with CO outflows. Source 8
(05338-0624) is associated with the CO outflow L1641-North, first detected by Fukui et
al. (1986). Although optically invisible, it is one of the most luminous JRAS sources
(~220 L@) in the region. Wilking, Blackwell & Mundy (1989) detected a 2.7 mm
continuum source at the JRAS position, and near-IR imaging showed that a dense stellar
concentration is centered on that position (Strom et al. 1989a, Chen, Tokunaga &
Hodapp 1991). Source 18 (05339-0626) was listed in the catalog of Strom et al. (1989b)
as source 11 (hereafter Strom 11). Morgan et al. (1991) detected a CO molecular
outflow originating from this source. In this chapter, we study Strom 11 and L1641-N
separately because they are two discrete IRAS sources associated with CO outflow,
however, it is not entirely clear whether the outflow from Strom 11 is part of the L.1641-
N outflow. Source 75 (05363-0702) is associated with a CO outflow L1641-C (Fukui et
al. 1986). Although Morgan et al. (1991) argued that the high-velocity wing may be a
result of multiple-velocity-components, recent CO J=2-1 and CO J=3-2 observations

(Sugitani et al. 1992) have confirmed that there is indeed a high-velocity outflow from
the IRAS source.
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5.2.2. Observations and Data Reduction

The infrared data used in this chapter is part of our near-IR imaging of 59 IRAS
sources reported in Chapter 4. The detail description of the observations and data
reduction can be found in sections 4.2.2 and 4.2.3. The optical data used in this chapter
was obtained by Dr. Karen Strom using #1 0.9 m telescope at Kitt Peak National
Observatory. The optical observations were taken with the 2048 x 2048 Tektronix CCD
camera with a plate scale of 0.77" pixel'l. The "Mould" standard filter set was used with
the B and V filters on the Johnson system and the R and I filters on the Kron-Cousins
system. Standards chosen from the Landolt set of equatorial standards (Landolt 1983)
were observed throughout the night to measure the extinction and to establish the zero
point and color terms of the magnitude system. The images were reduced using
CCDRED package. The photometry on the reduced images was obtained using the
APPHOT package. The 5 ¢ limiting magnitude is R = 20.0 and 7 = 19.0.

The positions and the optical and near-IR photometric data for the sources in L1641-
N, Strom 11, and L1641-C are presented in Tables 5.1, 5.2, and 5.3, respectively. In the
three tables, column 1 gives the near-IR source numbers: the first letter denotes the
associated IRAS sources (N for L.1641-N, S for Strom 11, and C for L1641-C); columns

2 and 3 are the source positions; columns 4-11 give the photometric data.
5.3. RESULTS
5.3.1. Stellar Density Enhancements
Figures 5.1, 5.2, and 5.3 display the near-IR images of L1641-N, Strom 11, and

L1641-C, respectively. There are many near-IR sources found around each IRAS source.
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Besides the previously discovered young stellar cluster near L1641-N (Strom et al.
1989a; Chen et al. 1991), we also see stellar density enhancements near Strom 11 and
L1641-C. We believe that most of the sources we detected are associated with the JRAS
sources for the following reasons:

(1) Most near-IR sources in Figures 1-3 are associated with complex nebulosity,
which indicates the presence of dust in the immediate vicinity.

(2) Most of the near-IR sources near L1641-N and L1641-C are in or near the
molecular dense cores detected in the HCOY J=1-0 line (see Chapter 3). Strom 11 was
not mapped, but was found to have strong HCO* emission at the IRAS position.

(3) In an unbiased K’ survey of L1641, Hodapp et al. (1992) mapped a much larger
area (35' x 12') that was centered on L1641-N and Strom 11. Stellar density
enhancements and nebulosity are found only near these IRAS sources.

In Figure 5.4, we compare the K’ magnitude distribution of 89 sources detected in
Figures 5.1-5.3 with 127 stars that were taken from a 10' X 6' nearby sky area mapped in
the unbiased K’ survey (Hodapp et al. 1992) with a similar detection limit. The
Kolmogorov-Smirnov test shows that two samples are different at a 99.9% confidence
level. The stars near the IRAS sources show a higher frequency of brighter sources than
the field star distribution. This difference would be even more significant if the data
were corrected for extinction because the sources in the vicinity of the IRAS position
have higher extinction than the field stars, as indicated by the molecular gas distribution.
This provides strong support for our argument that most of the near-IR sources in Figures

5.1-5.3 are physically associated with the JRAS sources.
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5.3.2. The Nature of the Sources

What is the evolutionary state of the near-IR sources associated with the IRAS
sources? To answer this question, we use the optical and near-IR broadband photometric
data to study the extinction and infrared excess of the sources since spectroscopic
information is available only for a few optically visible objects due to the high local
extinction. The color of an object can be reddened by dust extinction or modified by
near-IR emission of circumstellar dust. Where available we use optical photometry for
determining the extinction, since photospheric emission dominates the flux at these
optical wavelengths, and we use near-IR data as a measure of the circumstellar dust

emission.

5.3.2.1. Optical Sources

In Figure 5.5 we plot the unreddened apparent V magnitudes (Allen 1973) at the
distance of L1641 (480 pc) and the intrinsic V - I colors (Bessell 1989) of B5-MS main-
sequence dwarfs. With extinction, stars would appear to be redder and fainter so as to
move downward along the extinction tracks (the dotted lines). The slope of the
extinction tracks is determined by the standard extinction law from Rieke & Lebofsky
(1985), and each tick mark indicates Ay = 1 mag. Also plotted in Figure 5 are the 17
sources detected at V in the vicinity of the IRAS sources.

If the sources are main-sequence stars, their extinction and spectral type can be
determined by their loci in Figure 5.5. In this case, 15 of the 17 sources would be late-
type dwarfs (later than GO) with visual extinction of 2-7 mag. The inferred spectral type
and extinction are listed in Table 5.4. For 3 sources (N2, N12, S15) that have been
previously classified, the spectral types are much later than those inferred by this method,
indicating that the stars are brighter than a main-sequence star of the same spectral type.

A similar excessive luminosity was also found in T Tauri stars (Hartigan et al. 1989), and
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for classical T Tauri stars it is due both to boundary layer emission and to their higher
than main-sequence luminosity. Figure 5.5 suggests that most stars in the figure are late-
type dwarfs even if their V magnitudes are enhanced by possible boundary layer
emission.

Since the boundary layer emission is much smaller in R and I (Hartigan et al. 1989),
the R - I color more nearly measures stellar photospheric emission. The H - K color, on
the other hand, measures the relatively colder circumstellar dust emission. In Figure 5.6,
we plot 22 sources detected in the R, I, H, and K’ bands in the R - I vs. H - K’ color-color
diagram. Also plotted in the figure are the intrinsic colors of the main-sequence dwarfs
(solid line) and the extinction vector. As shown in the figure 13 out of 22 sources (60%)
are above the main-sequence track and cannot be explained by reddening of main-
sequence stars. They are probably PMS stars with infrared excess. Of 8 stars that have
been observed spectroscopically, six sources (N2, N12, N28, N29, S13, and S15) show

Ho emission, suggesting again that they are PMS stars.

5.3.2.2. Infrared Sources

Since most of the sources that we detected in K’ do not have an optical counterpart,
we now use Figure 5.7 (H - K’ vs. K') to show that many of these objects are also YSOs.
We plotted the intrinsic H - K colors (Koornneef 1983) and the apparent K magnitude of
main-sequence dwarfs (Allen 1973) with spectral type of B5-MS at the distance of
L1641. The 74 stars that are detectable at H and K’ in the three fields are plotted. If the
stars are main-sequence stars and the reddening is due solely to extinction, the extinction
correction will move the sources to the upper-left along the extinction tracks (dotted

lines) to join the main-sequence track. Consequently 42 of the 74 sources (60%) should
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have spectral type earlier than GO. This is in disagreement with our optical data (Fig.
5.5), which shows only 2 of 17 have an inferred spectral type earlier than GO.

This contradiction can be explained if most of these sources are YSOs. It is well-
known that T Tauri-type PMS stars are associated with circumstellar dust colder than the
stellar photosphere (Bertout 1990). The thermal emission of the circumstellar dust
makes PMS stars much more luminous in the near-IR than their main-sequence
counterparts. The near-IR excess will also make a star redder than what the extinction
law could account for. We therefore argue that at least 60% of the near-IR sources in the
vicinity of the three /IRAS positions are YSOs. The infrared excess can also be used to
explain the difference between the K’-magnitude distribution of these stars and that of the

field stars (Fig 5.2).
5.4. IDENTIFYING THE NEAR-IR COUNTERPARTS

The spectral energy distribution (SED) is widely used to identify deeply embedded
sources, or class I sources (Lada 1987). Adams, Lada, & Shu (1987) subsequently
modeled these sources as proto-stellar objects surrounded by an accretion disk and a cold
dust shell. Multiplicity presents a major difficulty when applying this method to the
sources we imaged here. Since there are many YSOs nearby, it is important to know
whether the SED is dominated by a single source or whether many sources contribute to
the SED. Applying the following selection criteria, we have used our infrared images at
H, K’, nbL, and M to identify the near-IR counterparts of the JRAS sources: (1) the near-
IR counterparts have to be within 1' of the IRAS position. and (2) they should have
steeply rising SEDs up to nbL or M. We now discuss the three /RAS sources in turn:

L1641-North This is the most complex region. Figure 5.8 shows the sources in the
central 75" x 75" region near the IRAS positioh (the cross). The 2.7 mm continuum
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source is also marked (the filled circle). The near-IR source positions at H, K’, nbL, and
M are shown in different symbols. The positions are determined relative to N12 which is
an optical star with low extinction (A4, ~ 1.5; see section 3.2.1). N1 is only detectable at
M and is located within 3" of the IRAS PSC position. The K’ positions of N14 and N15
have a displacement of 2" and 4" to their nbL and M positions. Such a large wavelength-
dependent shift has also been seen in other star-formation regions (Campbell et al. 1988;
Heyer et al. 1990; Ressler & Shure 1991) and probably indicates that the shorter
wavelength images are scattered light from the embedded YSOs. The extended
appearance of N14 and N15 at K” and the large-scale nebulosity indicates the presence of
a large amount of scattered light. It is interesting to note that the position shifts of N14
and N15 are directed toward the region that corresponds to a dark area in the K’ image
(Fig. 5.1). This may indicate that multiple sources are embedded in this heavily obscured
dense core. Although the K’ position of N18 has a 6" displacement from the nearest nbL
and M sources, it may not be the same source since N15 appears pointlike at X"

We now use Figure 5.8 and the source SEDs (Fig. 5.9a) to identify the near-IR
counterpart of the JRAS source. N10 is too far from the PSC position (Ao = 35" , Ad =
20") and cannot be the counterpart. The fluxes of N11 and N12 decline at wavelength
longer than 2.1 pm, and are likely to have little emission in the JRAS bands. N13 and
N14 are not detected at M. N15 is the brightest object at M, and the slope between nbL
and M is much steeper than the slope between M and 12 pm. This may be an indication
that the fluxes at the shorter wavelengths are due to scattered light. Although N15is a
very red source, N1 has a much steeper SED because it can only be detected in M. N1 is
also located within 2" of the position of the 2.7 mm continuum source detected by
Wilking et al. (1989). We identify N1 as the most plausible candidate for the counterpart
of the JRAS source, although N'15 and the source near N18 may also emit significant far-
IR flux.
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Strom 11 There are 8 sources at the K’ band that are within 30" from the IRAS
position. Four of them have optical counterparts and are probably late-type PMS stars
(see discussion in section 5.3.2). Of the other 4 sources associated with nebulosity, two
sources (S5 and S8) are the reddest. Figure 5.9b shows the SED of the two sources. S5
is not detected in H (except for some diffuse scattered light), but it is much brighter at K’
and nbL, and becomes the brightest source at M. On the other hand, the SED for S8 rises
much more slowly. The redness of S5, and its association with strong nebulosity, makes
it the prime candidate for the JRAS counterpart. Although S5 is located somewhat far
from the IRAS PSC position (Aa = 36", A8 = 10"), it is very close (Aa = 12", A =2") to
the IRAS position determined from JRAS coadded image.

LI641-C As shown in our previous discussion, there are many stars in this field
with large infrared excesses. Near the JRAS position, there are two very red sources of
special interest. C21 shows strong bipolar nebulosity. C17 is invisible at H and barely
visible in K", It quickly becomes the brightest source in nbL and M bands. The SEDs of
both sources are shown in Figure 5.9c. Considering also that C17 lies much closer to the
IRAS position (Aa. = 7.5" , A3 = 4.5") and is a much redder object, it is most likely the
counterpart of the IRAS source.

If the above identifications are correct, and if the 25 pm IRAS flux comes from the
single source as we have identified, the spectral index, d(log Afy)/d(log A), over the
range 2.1-25 um is > 4.0, 1.7, and > 3.6 for L1641-N, Strom 11, and L1641-C,
respectively. For comparison, the highest spectral index found in Taurus is 3.2 (Myers et
al. 1987). However, caution must be exercised because of possible source confusion and
scattered light contributions, especially for L1641-N. The definitive identification of the
IRAS sources will require high spatial resolution imaging at 10 um and longer

wavelengths.
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5.5. DISCUSSION

5.5.1. Spectral Energy Distribution

The spectral index of YSOs (i.e., the ratio of source flux density at 2.2 pm to that at
12 or 25 pm) has been widely used as an indicator of the evolutionary status of the
sources. It is however subject to source confusion and scattered light problems. The
group associated with L.1641-N shows serious complications due to source confusion.
Although we have identified N1 as the most likely counterpart of the IRAS source, N15
and the 4.8 um source near N18 could also contribute to the 12 um flux as well as that at
longer wavelengths. It is therefore uncertain whether the SED between 12 pum and 100
pm is that of a single source or not. Scattered light presents another problem. In Figure
5.8, N14, N15 and N18 show large wavelength-dependent position shifts (4-6 arcsec),
suggesting that the K’ band positions show only the last scattering front of these
embedded sources, as is the case for L1551/IRSS (Campbell et al. 1988). In such cases,
the flux we received at K’ is dominated by the scattered light. Because the scattered light
will cause overestimation of the source emission in K” band, and the source confusion
will cause overestimation of the source emission at 12 pm, the spectral index cannot
reliably characterize the YSO. High spatial resolution photometry at longer wavelengths
(nbL, M, and 10 pm) is therefore essential to reduce or eliminate the effect of scattered
light and to remove source confusion. Of the three sources we imaged, L1641-N is most

affected by source confusion and scattered light.
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5.5.2. Age Span within the Stellar Density Enhancement

In this study, we detected stellar density enhancement in the vicinity of all three
IRAS sources associated with CO outflows. We found in section 5.3.2 that at least 60%
of the near-IR sources found around the IRAS sources are the PMS stars. As mentioned
above, two sources (N2 and N12) near L1641-N have been previously classified as K7
and M1-2 stars. S15 near Strom 11 is a MO star. For these three stars, we use the R - /
color and the spectral type to deduce the reddening. We then use the unreddened / ‘ and
distance modules to obtain the stellar luminosity, allowing us to place them in the H-R
diagram. We estimate the ages of the 3 stars to be 1 Myr (N2), 3 Myr (N12), and 0.5
Myr (S15). As a comparison, the dynamical age of both CO outflows, L1641-N and
Strom 11,is 4 x 104 yr (Fukui et al. 1986; Morgan et al. 1991). Since these PMS stars
are physically associated with the driving sources of CO outflow (section 5.3.1), we
conclude that star formation near the three IRAS sources is a continuous process with an
age span of 1-3 Myr.

In L1641-C we detected many more IR-excess stars than in the other two regions. If
more than one source has a CO outflow, and the outflows are not aligned with each
other, it would be difficult to detect well-collimated red and blue lobes. This may
provide an explanation as to whether the CO high-velocity wing is indeed a molecular

outflow (Morgan et al. 1991; Sugitani et al. 1992).

5.5.3. The Fate of Stellar Density Enhancement

The optical stars N2, N12, and S15 have relatively low extinction (A, = 1-3 mag), so

they are located toward the surface of the dense molecular gas in which the stellar
aggregations are embedded. If N2 was formed at the center of the dense core (near the
IRAS position), a proper motion of only 0.1 km s-1 with respect to the dense core is

required to move it to its present location (about 2' from the /RAS position) within its
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lifetime. The same analysis yields a proper motion of 0.6 km s-1 for S15. From the
proper motion measurement of 75 T Tauri stars, Jones & Herbig (1979) found velocity
dispersions within a subgrouping are on the order of 1-2 km s-1. The radial velocity
measurements (Hartmann et al. 1987) of T Tauri stars yield an upper limit of 1.5 km s-1.
Within the uncertainty, these observations are consistent with the possibility. It is
therefore possible that the optical stérs in the observed stellar density enhancements were
formed near the IRAS positions in the dense cores and have since moved outward to the
surface of the cores. If this is true, the stellar density enhancement we observed will
become unrecognizable as such unless new stars are being formed continuously.
However, this process can continue only if enough material is available or if no high-
mass star forms. The stellar density enhancements are a phenomenon found at a very
early stage of star formation in L1641. It is indeed found that 60% of IRAS sources with
CO outflows are associated with stellar density enhancement, compared with only 10%

of IRAS sources without CO outflow (Chapter 4).
5.6. SUMMARY

We obtained optical and near-IR images of three IRAS sources associated with CO
outflows in L1641. The main conclusions are summarized as follows:

(1) In the K’ images we find stellar density enhancements around all three IRAS
sources. The association of these sources with dense molecular cores and reflection
nebulosity suggests that they are physically associated with the IRAS sources.

(2) Optical and infrared photometry suggests that at least 60% of the near-IR sources

are pre-main-sequence stars.
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(3) With the near-IR imaging at K*, nbL, and M, we were able to identify the likely
counterpart of each IRAS source. This yields a meaningful comparison of the near-IR
data and IRAS data.

(4) Star formation near the three IRAS sources is a continuous process with an age
span of 0.5-3 Myr.

(5) Stellar density enhancement may be a phenomenon found at the earliest stage of

star formation.
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TABLE 5.1 NEAR-IR SOURCES AT L1641-N

No. o (1950) 3 (1950) B |4 R I H K nbL M
N1 5 33 525 6 23 59 8.6
N2 5 33 519 6 22 29 158 150 142 133 113 109

N3 5 33 553 6 22 48 17.5 157

N4 5 34 04 6 22 53 18.1 169 151 15.0

N5 5 33 561 6 23 16 159 137

N6 S 33 539 6 23 18 16.5

N7 5 33 540 -6 23 36 17.0 155

N8 5 33 582 6 23 41 160 15.2

N9 5 34 12 6 23 42 160 15.2
NI0 5 33 546 6 23 42 182 112 103 98 8.7
N11 5 33 528 6 23 54 15.1 147

N2 5 33 525 6 23 54 19.2 175 164 150 132 129 135

N13 5 33 528 6 23 58 15.2

N4 5 33 520 6 24 1 154

N15 5 33 533 6 24 2 170 152 124 7.7
N6 5 33 542 6 24 4 156 14.6

N17 5 33 580 6 24 10 19.7 177 155 116 11.1
N18 5 33 534 6 24 12 156 131 9.7
Ni9 5 33 3521 6 24 14 15.6

N20 5 33 516 6 24 19 164 15.8

N21 5 33 515 6 24 22 148 126

N22 5 33 546 6 24 27 166 155

N23 5 33 599 6 24 27 16.1

N24 5 33 514 6 24 40 163 148 126

N25 5 33 528 6 24 40 192 170 144 143

N26 5 33 553 6 24 40 185 124 111

N27 5 33 589 6 24 53 200 186 167 143 140

N28 5 34 14 6 24 57 190 174 158 140 113 111

N29 5 33 575 6 24 S8 179 166 155 119 10.5

N30 5 33 543 6 25 10 13.0 11.8

N31 5 33 556 6 25 17 21,5 194 167 107 9.7

N32 5 33 550 6 25 19 164 15.7

N33 5 33 563 6 25 32 21.1 194 167 124 116

N34 5 33 49.1 6 25 47 100 9.6
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TABLE 5.2 NEAR-IR SOURCES AT STROM 11

No. o (1950) d (1950) B vV R I H K nbL M
S1 5 33 556 6 26 11 133 123

S2 5 33 589 6 26 17 19.7 180 160 134 132

S3 5 33 531 6 26 28 150 13.7

S4 5 33 597 6 26 37 188 176 162 142 140
S5 5 33 572 6 26 39 163 130 98 79
S6 5 33 577 6 26 42 15.1 13.5

S7 5 3 04 6 26 43 190 168 150 126 124
S8 5 33 594 6 26 4 130 112 94 83
S9 5 33 585 6 26 53 181 134 129 122

510 5 33 577 6 27 14 11.5

s11 5 4 15 6 27 20 186 172 160 145 123 122

S12 5 33 532 6 27 41 189 171 152 122 118

S13 5 33 556 6 27 50 184 168 157 144 112 105

S14 5 33 599 6 28 1 190 171 135 132

S15 5 34 05 -6 28 13 163 147 136 126 10.7 10.2
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TABLE 5.3 NEAR-IR SOURCES AT L1641-C

No.  @(1950) 5 (1950) % R I H K nbL M
Cl 513 142 -7 0S5 178 164 151 114 106

C2 53 27 71 0 126 116

c3 5136 172 7 1 17 170 163

C4 5136 220 -7 1 11 136 128

cs 536 137 -7 1 12 152 133

C6 536 210 -7 1 33 167 153

C7 5136 27 -7 138 145 132

C8 536 26 -7 1 43 137 125

CO 5136 272 -1 1 44 168  15.7

Cl0 536 242 -7 156 162

Cll 53 2710 -7 1 58 187 169 120 115

C12 5136 247 -7 2 18 191 169 112 105
C13 536 185 -7 2 19 160 140 121
Cl4 536 231 -7 2 19 180 124 117

Cl15 536 144 7 2 23 186 144 139
Cl6 536 223 -7 2 26 142 131 126
Cl7 536 205 -7 2 2 174 108 82
C18 536 20 -7 2 32 147 1.5 117
Cl9 536 194 -7 2 36 171 126
C20 536 216 -1 2 37 149 129 111
C21 536 183 -7 2 52 143 123 108 110
C2 5136 240 -1 2 52 14.7

C23 536 268 -7 3 5 15.5

C24 5136 132 7 3 7 191 142 137

C25 536 178 -7 3 14 119 109

C26 536 248 -7 3 A4 167 148

C27 536 219 7 3 27 15.4

C28 536 2.7 -7 3 30 154 131

C29 536 207 -7 3 31 167 139

C30 536 160 7 3 33 210 184 163 122 117

C31 536 202 -7 3 36 132 117

C32 536 198 -7 3 40 158 148

C33 536 266 -1 3 47 15.7

C34 536 269 -7 3 48 140 123

C35 536 253 -7 3 49 160 140

C36 536 166 -7 3 56 163 154

C37 536 25 -7 4 8 191 180 154

C38 536 244 -7 4 11 144 139

C39 536 267 -1 4 13 164 142

C4 536 264 -7 4 13 15.8
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TABLE 5.4 OPTICAL SOURCES

No. Identification Known Emission Line Reference Inferred Av
Spectral type ? Spectral type  (mag)
N2 PC 388 K7V Y 1 GO 2.0
N12 Mil-2e Y 2 KO0-2 3.0
N17 K2 2.0
N27 K2-M5 <4.0
N28 PC 398 Y 1 FS 55
N29 PC 389 Y 1 K2-M0 2.0
N31 KO 7.0
N33 K0-2 33
S2 K0-2 4.5
S4 K2 3.0
S7 F5-GO 6.0
Si1 GS 35
S12 GO 55
S13 PC 390 Y 1 KO 25
S15 V990 Ori MO0e Y GO0-5 20
C1 KO0-2 3.0
C30 GS-KO 7.0

Reference: (1) Parsamian & Charvira 1982, (2) Strom et al. 1989, (3) Strom et al. 1990
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Figure 5.1  H,K’, nbL, and M images of L1641-North. The H and K* images cover a
4' x 4’ arcmin region at the same scale. The nbL and M images cover much smaller areas
and are shown at an enlarged scale. The figure on top shows the source numbers used in
Table 5.1. The IRAS PSC position is marked by the cross.
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Figure 5.2  H, K’, nbL, and M images of Strom 11. The H and K’ images cover a 4' X
4’ arcmin region at the same scale. The nbL and M images cover much smaller areas and
are shown at an enlarged scale. The figure on top shows the source numbers used in
Table 5.2. The IRAS PSC position is marked by the cross.
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Figure 5.3  H,K’, nbL, and M images of L1641-Center. The H and K’ images cover a
4' X 4' arcmin region at the same scale. The nbL and M images cover much smaller areas
and are shown at an enlarged scale. The figure on top shows the source numbers used in
Table 5.3. The IRAS PSC position is marked by the cross.
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Figure 5.4  Histograms of the observed K’ magnitude of 127 field stars and 89 sources
detected in the vicinity of the three IRAS sources.
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V vs. V - I diagram of the 17 optical sources that are detectable in V. The

open squares and the thick line indicate the loci of B5-M5 main-sequence dwarfs at the
distance of 480 pc. The dotted lines are extinction track. The extinction increases
toward the lower-right corner with each tick mark indicating A, = 1.0 mag. The sources

detected in this study are shown as filled circles. ' The three larger filled circles indicate

the sources whose spectral type was known previously.
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Figure 5.6. R -1Ivs H - K’ diagram of 22 sources. The solid line represents the loci of
main-sequence dwarfs. The dashed line indicates the extinction vector.
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Figure 5.7.  K'vs. H - K’ diagram of 74 sources detected in H and K” around the three
IRAS sources. The symbols for the main-sequence dwarfs are the same as Fig 5.5, except
each tick mark is Ay = 5.0 mag. The open circles are the optical sources, and the filled

ones are only detectable in H and K’. The maximum uncertainty in the X’ mag is 0.1 mag
and in the H - K"itis 0.14 mag.
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Figure 5.8. Map of the near-IR sources near L1641-N. The IRAS position is indicated
by the cross. The filled circle denotes the position of the 2.7 mm continuum source.
Source positions determined from H, K, nbL and M are plotted. All positions are offset
from N12, an optical star with low extinction.
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Figure 5.9a The spectral energy distributions of the selected near-IR sources near
L1641-N.
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Figure 5.9b The spectral energy distributions of the selected near-IR sources near
Strom 11.
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CHAPTER 6
STELLAR DENSITY ENHANCEMENT: A REVISIT

6.1. INTRODUCTION

As discussed in Chapters 4 and 5, the spatial distribution of young stars in L1641 can
be characterized by a range of surface density, from large cluster to stellar density
enhancement and to individual stars. The formation of the Trapezium Cluster might be
triggered by the external force, while the SDEs and individual star formation occur
spontaneously throughout the L1641.

Figure 6.1 shows the spatial distribution of the 59 IRAS sources we imaged in this
study (the filled circles). The 14 IRAS sources that are associated with the SDEs are
shown by the larger open circles. Evidently the 14 sources with SDEs and the 45 sources
without SDEs are almost evenly distributed in the L1641. Our near-IR imaging shows,
however, that IRAS sources with and without SDEs have a very different near-IR source
distribution in their vicinity. The 14 sources in the SDEs are associated with 5-17 bright
(K' < 11) sources while the 45 sources not in SDEs have only 2-3 such sources. The
difference is unlikely caused by extinction, because the sources in SDEs are generally
redder than those in isolation. If corrected for extinction, there would be many more
bright near-IR sources in the SDEs than those not in the SDEs. In this chapter, we want
to understand why these otherwise very similar IRAS sources have such different near-IR
source distributions in their vicinity. In section 6.2 we study the association of SDEs
with dense molecular cores. We will then examine the necessary conditions for SDE
formation in section 6.3. We discuss two mechanisms of forming individual stars in

section 6.4. In section 6.5, we will discuss the possible impact of the SDEs on the star
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formation theory, mainly on the initial mass function and the interaction among the

young stars within a dense core.

6.2. SDES AND DENSE CORES

In the last two chapters, we suggest that the SDEs indicate a continuous star
formation within the molecular dense cores. It is therefore interesting to see whether we
can find the association of the SDEs with observed molecular dense cores. Table 6.1
summarizes the information obtained in various millimeter survey for dense cores in
L1641. The HCO* and 13CO mapping data were obtained in this study, as presented in
Chapter 3. The NH3 data were obtained by Wouterloot, Henkel & Walmsley (1989) and
by Harju, Walmsley, & Wouterloot (1992), using the 100 m telescope in Effelsberg. The
most comprehensive data came from a CS (J = 1-0) survey for dense cores in Orion A
molecular cloud by Tatematsu, Umemoto and their co-workers (Tatematsu et al. 1992,
Umemoto et al. 1992). The survey used the Nobeyama 45 m millimeter telescope that
has a beamsize of 36" at 49 GHz. Table 6.1 lists the dense cores that are associated with
the IRAS sources that we imaged in the near-IR, and all of these dense cores were
detected > 5 o at 49 GHz.

Table 6.2 illustrates the association of the CS cores with the SDEs. Of 59 IRAS
sources we imaged in H and K', 47 were mapped in CS, and 27 of them are associated
with a CS core. A contingency table statistical test (see Appendix C) shows that the
IRAS sources that are in SDEs also are most likely to be in a CS core. A similar
conclusion can be drawn from our 13CO data. Twenty-five IRAS sources were both
imaged in near-IR and mapped in 13CO. Of 8 sources that are located inside 13CO
molecular cores, 6 of them are associated with SDEs. We therefore suggest that the
SDE:s are closely associated with molecular dense cores.
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The physical parameters of the dense cores with and without the SDEs are also very
different. In Figure 6.2 we plot the CS J = 1-0 linewidth and mass of the 27 CS cores
listed in Table 6.1. These data were kindly provided to us by Dr. T. Umemoto. The
cores that contain SDEs are obviously more massive and have a higher velocity
dispersion (or larger line width) than those without SDEs. The CS cores with SDEs have
an average mass of 220 M@, nearly four times higher than that of those without SDEs.
They are also more turbulent with an average velocity dispersion of 1.47 km sl
compared to 1.01 km s-1 for the cores without SDEs.

The above results can be understood if the star formation is a continuous process
within the SDE. The more massive cores have a reservoir that is large enough to form
new stars continuously, while the less massive ones are capable of forming only a few
stars before being dissipated by the outflows from the young stars. This explains why the
SDEs are predominantly seen in the more massive cores. For a more massive core, a
higher velocity dispersion is needed to maintain the virial equilibrium. As to be
discussed in section 6.5.2., the collective effect of the outflows from newly formed
young stars within the dense core may provide enough turbulence to enhance the velocity
dispersion.

It is important to note that the continuous star formation within the dense cores does
not conflict with our discussion of dense core dissipation by molecular outflows. The
star formation within the dense cores may have begun a few million years ago. The CO
outflow we observe today represents the latest event of star formation. Once the dense
core is gradually consumed by (individual or continuous ) star formation, the star
forming activity will cease and we can then no longer detect any CO molecular outflows.
There is therefore a close association between the dense cores and the CO outflows. If
the core mass is only a few M), it can probably form 1-2 stars before being dissipated
by the outflows from the stars. If the core is more massive, and is capable of producing
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continuous star formation, it takes several outflows to dissipate. In either case, the dense
cores are closely associated with CO outflows, and the CO outflow is a main agent in

dissipating the dense cores.

6.3. FORMATION OF SDES

Besides the more massive dense cores, what are the other conditions that are
necessary to form a SDE? Our multi-wavelength observations provided some clues:

(1) For young stars continuing to form within a dense core, it is essential that all the
previously formed stars in the SDE are low-mass stars. Otherwise the "first generation"”
young stars would be too destructive to the dense core, prohibiting the new stars from
forming later. This is consistent with our optical and near-IR analysis of the sources in
three SDEs, which shows that most of them are probably late-type low-mass PMS stars
(Chapter 5). It is also consistent with the results of a near-IR spectroscopic observations
of the sources near L1641-N (Hodapp & Deane 1992).

(2) 7 of the 11 sources with CO molecular outflows are associated with SDEs,
compared with only 7 of 45 non-outflow sources. This suggests that the SDEs are
associated with the most recent on-going star formation. At this stage, the previously
formed stars have not yet moved away from their birthplace, resulting in the pile-up of
PMS stars in cores. It is easier to detect an SDE when its age span is a few Myr.

(3) When a massive core encounters an external event (such as cloud-cloud collision,
or nearby supernova explosion), it is likely that the molecular gas of the whole core will
be disturbed, and a cluster can be expected to form coevally. This may explain the large-
scale cluster in the Trapezium Cluster. External triggering may not play an important
role in forming SDEs, because the IRAS sources in SDEs and not in SDEs are evenly
distributed throughout the L1641. It is highly unlikely that all of them are triggered by
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an external force, although it is possible that they may be related to local triggering, such
as clump-clump collision or the twisting of the molecular filaments.
In summary, it is easier to detect an SDE in a relatively isolated region where

massive dense cores can continuously form low-mass stars.

6.4. FORMATION OF INDIVIDUAL STARS

If the SDE is the result of a continuous star formation with the dense cores, how
were the isolated individual stars formed? Were they formed in a different mechanism
from the SDEs, or they were also formed in the SDE, and later were dispersed? In the
following we discuss these two possibilities:

(1) Stars were formed by different mechanisms. Shu (1991) suggests that the
different YSO distributions can be understood in the context of the balance between the
magnetic field and self-gravity of the molecular dense cores. If gravity is dominant, the
dense core will quickly collapse to form a group of stars within a short period. On the
other hand, if the magnetic field can support the dense core against the collapse, the core
can maintain in equilibrium until ambipolar diffusion gradually weakens the magnetic
field. This could result in an individual star formation. As shown in Figure 6.1, the SDE
sources and non-SDE sources are distributed evenly throughout molecular cloud, and
they should have very similar global environments. The molecular dense cores at scales
of << 1 pc are therefore important in determining whether stars are formed in SDE or
not.

(2) Stars are formed in form of SDEs which disperses quickly. In this scenario, most
stars were formed in dense cores in the form of SDEs. When the age span is small, the
"first generation” young stars do not have enough time to move away from their

birthplace. This will result in a temporary grouping near the dense cores, seen as the
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SDE. The SDE then represents a phenomenon that can only be found in the early stage
of star formation. This is supported by the fact that 7 of 11 CO outflow sources are
associated with SDEs. The detailed study of three sources (8, 18, and 75) show that the
age span with SDEs might be 1-3 Myr (Chapter 5). As time goes by, the star formation
activity ceases due to the depletion of dense cores. Because the SDE has many fewer
stars than the large scale cluster, it can never be gravitationally bound, the "first
generation” stars may move away from their birthplace. The SDE is then dispersed into
individual stars.

To discriminate between these two possibilities, we need to (1) study the physical
parameters of molecular dense cores, and (2) study the nature of the sources within the

SDEs. We will discuss several possible follow-up observations in Chapter 7. .

6.5. IMPLICATIONS TO STAR FORMATION THEORY

In our near-IR images, the number of young stars in the SDEs is at least compatible
to those not in SDEs, suggesting that SDE is an important form of star formation in
L1641. We found that the young stars in L1641 are formed in a range of stellar
densities, rather than in two discrete modes: cluster and isolation. If this is proved to be
common, the SDEs we detected in this study can have some impact on our understanding
of the star formation process. We discuss in the following sections the initial mass

function and the interaction among the young stars.
6.5.1. The Initial Mass Function
Since stars are formed within the dense cores, one might expect to see some

relationship between the core mass distribution and initial mass function of the stars.
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However only very recently has the high-resolution survey for dense cores in an entire
molecular cloud become feasible thanks to the advance of the millimeter technology.
13co mapping in Rossett Molecular Cloud (Blitz et al. 1991), in M17 SW (Stutzki &
Gusten 1990) and in Ophiuchus (Nozawa et al. 1991) all showed that the mass
distribution of the molecular clumps can be fit by a power-law: dN(m) ~ M'P dM, where
dN(m) / dM is the number of clumps per solar mass interval, and the index p = 1.5-1.7.
A recent high-resolution CS survey for dense cores in L1641 gave p = 1.8 (Tetematsu &
Umemoto 1991). On the other hand the initial mass function determined by Salpeter
(1955) has an index of p = 2.35.

Several factors may result in the different slopes of the core mass distribution and
the initial stellar mass function: (1) the star formation efficiency may be different for the
massive cores and the low-mass cores; and (2) the more massive cores may further
fragment into many less massive cores. Our detection of the SDEs at least qualitatively
supports the latter. If the SDE is a common phenomenon, a massive core is capable of
making many low-mass stars, giving a steeper rise to the low-mass stars than the high-
mass stars in the initial mass distribution. A quantitive explanation requires a careful

comparison of SDEs with their associated dense cores.
6.5.2. Interaction Among Young Stars

If all young stars have to go through the outflow stage, what is the effect of the
previously formed stars on the most recent star formation within the same dense core?

The CO molecular outflow has a spatial scale of a few parsecs. It is usually larger than
the scale of the observed NH3, HCO* and CS cores, and is probably comparable to the

13CO cores. This suggests that the outflow may have substantial influence on the dense
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cores. Our discussion in Chapter 3 showed that a single outflow is capable of dissipating
a core of a few solar masses.

We now use the three HCO* dense cores we mapped in chapter 3 to see if the
outflows are capable to supply the turbulence within the dense core. The observed
HCO line width consists of both thermal and non-thermal components. We can obtain

an upper limit of the turbulent velocity dispersion, Avggre, by assuming the whole line

width is nonthermal. The turbulence momentum of the core can then be calculated as
Pcore = Mcore X AVegre, Where Mcgre is the total mass of the core. The momenta for
the 3 dense cores are listed in Table 6.3. When compared with the momentum of the CO
molecular outflow, clearly 3 - 12 outflows should be enough to account for the
turbulence in the dense cores. We therefore suggest that the continuous star formation
within a dense core will considerably increase the turbulence of the core. This is also
consistent with Figure 6.2 in which the CS cores with SDEs have large velocity
dispersion than those without SDEs.

If the turbulence in the dense core increases with the star formation activity, the stars
that are formed later will have a more turbulent environment than the previously formed
stars. Myers and Fuller (1992) suggested that the increased non-thermal motion can be

translated into a higher mass accretion rate, using the formula given by Shu et al. (1987):

.. 0975a3
M ===~

and

a2 = a2th + aznt

where the sound speed a is the sum of thermal (a,) and non-thermal (a;,) motion. The

stars that are formed later will experience higher mass accretion rate than the "first

generation" stars. Whether this enhanced accretion rate will result a higher mass star or
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form a low-mass star more quickly is a subject of future study; the star formation within
the SDE is probably more complicated than the standard isothermal model can account

for.
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TABLE 6.1 ASSOCIATION OF SDES WITH DENSE CORES

No. ID SDE _Hcot €S NH; 13cO| No. D SDE Hco* €S NH; 13co
8 LI4IN Y Y Y Y IC | 108 L1641-S3 N Y Y oOC
18 MSSB8 Y Y 119 N N

25 V8010n N Y 120 N N

29 N Y 133 N

32 V8460r N Y 134 N N

34 N N 146 N Y Y

36 MSSB18 N Y 150 N N

41 N 160 Y N Y oOC
42 N N 163 N N N oOC
46 HD37357 N N N 168 N N ocC
47 V38001 Y Y IC | 171 N N ocC
49 N Y 177 N Y oC
50 Y Y Ic | 181 N N ocC
51 HHI2 Y Y IC | 186 N N

62 N N N 187 Y N

71 T456 Y Y Ic | 191 N Y oC
72 N N 193 Y Y

75 LI641I-C Y Y Y Y IC | 194 L1641-S4 Y Y Y IC
78 N Y 198 N Y

79 Harol3a N N N oc/|2n N

83 Harolda N Y 216 L1641-S2 N Y Y IC
85 N Y oC | 224 N

87 N Y 237 N

93 N N 243 Y

95 V599 N N oc | 245 Y

99 N N IC | 246 N

101 N N 256 N ocC
14 H4255 Y Y Y Y IC |20 N

105  ReS0 N Y N IC |28 N N N
106 N Y ocC

Note: the blank entries indicate that there is no data available.
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TABLE 6.2 SDE AND CS CORES

CS cores?
Yes No Total
SDE? Yes 10 2 12
No 17 18 35
Total 27 20 47
TABLE 6.3 CORE TURBULENCE AND CO OUTFLOW
No. Mcore Aveore Peore Poutflow
Mo (kms'1) M@kmsl) MEkm 1)
8 30 1.9 51 4
75 3 1.0 3 1
104 8 2.2 18 6

* Calculated from the data presented in Fukui (1989)
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Figure 6.1  The spatial distribution of the 59 IRAS sources in L1641 that we imaged
in the near-IR. The 14 sources with the SDEs are indicated by the large open circles.
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Figure 6.2  The log-log plot of CS line width vs. the mass of the CS cores. The data
were obtained in a CS survey for dense cores with Nobeyama 45 m telescope by
Tatematsu et al. (1992) and Umemoto et al. (1992). All 27 sources are imaged in the
near-IR in this study. The filled circles denote the IRAS sources with SDEs, and the open
ones are the IRAS sources without SDEs.
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CHAPTER 7
SUMMARY

7.1. WHAT HAVE WE OBSERVED?

For the last three years, we have carried out a comprehensive millimeter, far-IR and
near-IR study of young stellar objects in the dark cloud L1641. The details of the results
from this study have been presented in Chapters 2-6. The major observational results can
be summarized as the follows:

(1) We selected a sample of 224 IRAS sources from the IRAS co-added images in the
L1641. The enhanced sensitivity of the coadded images over that of the PSC allows us
to expand the source sample and to improve the detection quality. By analyzing the
spatial distribution, the JRAS color-color diagram, and the dust emission mechanism, we
conclude that most of the JRAS sources located inside the L1641 are self-heated
embedded young stellar objects, while most of the sources outside of the contour are
probably infrared cirrus heated by the interstellar radiation field. The following studies
are therefore concentrated on the 122 sources that are located inside the L1641.

(2) From 13CO mapping of 40 IRAS sources, we found 7 of 9 IRAS sources with CO
molecular outflows are associated molecular cores, compared to only 4 of 31 non-
outflow sources. We have also mapped 3 outflow sources in HCO*, and all of them
show well-defined dense cores with size of 0.1 pc and mass of 3-30 M.

(3) We found a correlation between the molecular column density and the JRAS 12-
25 pum flux ratio. The correlation is much better for high-resolution HCO* data than the
moderate-resolution 13CO data.

(4) We imaged 59 IRAS sources in H and K', some of them were also imaged in nbL
and M. For 55 of 59 IRAS, we were able to identify the near-IR counterpart of the JRAS
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sources, although 9 of them may be multiple sources. With these identifications, we
discussed the spectral energy distribution of the sources. Forty-five sources are classified
as class I sources, including 10 of 11 outflow sources. The 10 sources are class I
sources. |

(5) The distribution of the mean-frequency of the IRAS sources in L1641 is very
similar to those in Perseus, but it is different from those in Taurus. This indicates that
the IRAS sources in L1641 and Perseus are embedded in dense cores larger and more
massive than the cores in Taurus.

(6) 14 sources imaged in H and K' are associated with small (but statistically
significant) groupings of near-IR sources, which we defined as stellar density
enhancements (SDEs). Most of the near-IR sources within SDEs are probably young
stellar objects physically associated with the ZJRAS sources.

(7) A detailed optical and near-IR study of three IRAS sources with SDEs show that
at least 60% of the near-IR sources in the vicinity of the IRAS positions are pre-main-
sequence stars. Star formation within SDEs is a continuous process with an age span of

1-3 Myr.
7.2. WHAT HAVE WE LEARNED?

We started this thesis by asking three questions: (1) what are the key indicators of
the evolutionary states of young stellar objects? (2) when and how are the molecular
dense cores dissipated? and (3) how are young stars distributed in a single molecular
cloud? Although the answers seem much more complicated than we first thought, the
following summarizes what we have learned from the results listed in the preceding

section:
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(1) Outflow as an early stage of star formation The IRAS sources associated with
CO molecular outflows are significantly different from those without the outflow. They
tend to be colder and more luminous. Most of them are associated with dense molecular
cores. All of them show nebulosity in the near-IR images. Ten of 11 outflow sources
are class I sources. It is also found 7 of 11 IRAS sources are associated with the SDEs.
These observations add additional support to the suggestion that the outflow sources are
at a earlier evolutionary stage prior to the pre-main-sequence stars.

(2) The dissipation of molecular dense cores by outflow or accretion We found that
most of outflow sources are associated with molecular dense cores, and most of non-
outflow sources are not. It was also found that the outflow sources tend to have colder
color temperature, and are associated with higher column density of the molecular gas.
This indicates that the molecular dense cores may have dissipated by the time the
molecular outflow has terminated. The mass-loss rate of the outflow is compatible to the
dissipation rate required to dissipate a core with a few solar masses within 106 yI.

(3) Young Stellar Population in L1641 The full coverage of our IRAS source
selection and the extensive near-IR imaging provides thus far the most comprehensive
census of young stellar population in L1641. Using the IRAS data, we found that most of
the IRAS sources are almost indistinguishable from the IRAS counterpart of the known T
Tauri stars. The near-IR imaging of the 59 IRAS sources and the optical and near-IR
photometric data of the 89 near-IR sources near three /RAS sources suggest that most of
the near-IR sources are late-type pre-main-sequence stars. We therefore suggest that the
major young stellar population in L1641 is low-mass PMS stars.

(4) Distribution of young stars in L1641 The spatial distribution of young stellar
objects in L1641 can be characterized by a range of surface density, from a large cluster

(the Trapezium Cluster) to SDEs and to individual stars. The cluster and isolated star
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formation modes may be the high and low ends of a continuous stellar density
distribution.

(5) The cause of star formation The formation of the Trapezium Cluster may be
triggered by the external force, while the formation of SDEs and individual stars may be

caused by their self-gravity, and occur spontaneously.

7.3. FUTURE STUDIES

I consider the discovery of SDEs as the most important result in this thesis. The
SDEs are potentially important for us to understand the physical process of star
formation. The followings are the questions we would like to pursue in the future study:

(1) Is the SDE a common phenomenon, or it is unique to the L1641? How does it
compared to the distribution of young stars in the typical isolated star formation region,
like the Taurus dark cloud?

(2) What determines the degree of young star aggregation? Do different stellar
densities indicate different star formation mechanisms?

(3) What is the relationship between the mass spectrum of the dense cores and the
initial mass function of the stars?

(4) If young stars are continuously formed with an SDE, is there any difference
between the "first generation” stars and the stars that are formed later?

To address these questions in future study, we suggest three follow-up observations:

(1) High -resolution survey for molecular dense cores An unbiased census of
molecular dense cores will allow us to compare the star formation activity as a function
of core masses. In addition, we can compare the velocity distribution within the dense

cores with and without SDE to understand the effect of SDE on the non-thermal velocity
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of the dense cores. Similar core comparison should also be made for different molecular
clouds that have different characteristics of star formation.

(2) Near-IR survey for SDEs At present L1641 is the only molecular cloud in which
the IRAS sources have been extensively imaged with high sensitivity (K' = 17.5) and
large spatial coverage (4' X 4'). The similarity between Perseus and 1.1641 (section
4.5.2) suggests that the Perseus molecular cloud is a logical choice for such survey with
near-IR cameras. The survey should be carried out in at least three wavelengths (i.e. H,
K and L) so that the near-IR color information can be used to determine the nature of the
sources.

(3) Infrared spectroscopic observations The spectroscopic information of the
sources within the SDEs will provide more definitive identification of their nature than
the broadband imaging can. It will also provide the dynamical properties of the
individual stars. With the information, we can more precisely constrain the age span of
the stars within the SDEs. The newly commissioned infrared spectrographs, such as
KSPEC on the UH 2.2 m telescope and CSHELL on the IRTF, are the ideal instruments

for such studies.
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APPENDIX A
TABLE OF 224 IRAS SOURCES IN L1641

In this section, we present the complete source sample of the 224 JRAS sources
selected from the coadded IRAS images in L1641. The source selection and flux
determination are explained in Chapter 2. In Table Al, column [1] gives the source
number; [2] is the source number used in Strom's catalog (Strom et al. 1989b); [3] and
[4] are the coordinates of the sources at 1950 epoch, determined from the JRAS coadded
images (see section 2.2 for discussion); [5]-[8] are the source flux densities at 12, 25, 60
and 100 um respectively. If there is no detection, a 5 ¢ upper limit is given with a flag
U; The uncertainties of the flux densities are flagged in the following convention: A,
4%; B, 4-8%; C, 8-12%; D, 12-16%; E, 16-20%; F, 20-50%; G, 50%; and H, 100%; [9]
is the far-infrared luminosity integrated from 7 um to infinity (section 2.3.2); [10]
indicates source's angular size: "p" for point source (FWHM > 1'.1, see section 2.2.2),
and "e" for extended source; [11] shows whether a source is outside (0) or inside (i) the
L1641, which is defined by the lower 13CO integrated intensity contour in Figure 2.1;
[12] gives the 13O column density toward the source. The data were obtained using the
4 m telescope in Nagoya University (section 2.3.3); [12] gives source identification; [13]
shows if the source is associated with a known young stellar object: "O" is for outflow,
"E" for emission line stars, "T" for T Tauri star; [14] gives references as follows: (1)
Fukui (1989), (2) Morgan et al. (1991), (3) Herbig & Bell (1988) and (4) Strom et al.
1989b.
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TABLE Al. 224 IRAS SOURCES FROM COADDED IMAGES

oSt

SN« (1950) 3 (1950) 2 725 50 00 Lgg  pe o N(13co) ID YSO Ref
sh ay dy) ay) Iy [170)) 1016 cm-2
[2] [31 4 [5] [6] [71 [8] [91 10} [11] [12] [13] [14] [15]
2 2 37M 435 60 200 7" 032D 091C 39U 156U 14 e o 0.09
3 3 39 38 6 20 7 046U 0.52U 38U 238D 60 e o 0.38
4 35 0 6 21 17 037D 057C 39 C 16.1U 30 e i 0.11
6 36 29 6 22 37 281B 3.59B 238B 1346A 485 e o 0.00
7 4 34 31 -6 23 22 063U 065E 3.7E 390F 11.5 e i 1.15
8 6 33 56 6 24 7 108D 219A 2134A 6012A 2385 p i 5.22 L1I4l-N O 1
9 5 37 2 6 24 17 2.14B 30D 183A 1059A 380 e o 0.09
11 32 22 6 25 22 097C 09B 137C 1200A 370 e 0 0.35
12 8 35 15 6 25 37 037D 036D 19E 355U 1.8 e i 0.13
13 35 46 6 25 45 088C 1.0B 83C 12F 78 e o 0.12
14 37 10 6 25 45 338A S554A 26.7A 786C 37.2 e 0o 0.08
15 10 36 10 6 26 17 303A 3.29B 234A 1194A 447 e 0 0.00
17 9 33 4 6 26 22 3.07C 50U 225U 155U 78 ¢ i 1.20
18 11 33 58 6 26 37 0.70D 30D 150C 200.F 585 e i 3.77 MSSB8 O 2
20 37 59 6 26 37 1.58A 2.02A 80A 170A 106 e o 0.09
21 38 29 6 26 52 094B 0.86B 3.6C 146C 68 e o 0.00
22 34 36 6 27 15 0.20F 0.33F 30E 100F 40 e i 0.27
23 32 8 6 27 22 0.87B 1.0C 56C 3648A 9.2 e o 0.40
25 12 33 3 6 28 37 LISA 860A 360A 1007A 443 p i 2.52 vV8010ri T 3
26 35 17 6 30 22 1.31C 216A 108B 180E 114 e i 0.19
27 13 35 3 6 31 52 0.73E 090D 62E 428U 50 e i 0.20
28 15 39 18 6 32 52 1.51A 225B 72C 329D 143 e 0 0.08
29 33 39 6 33 37 392A 488A 2658 574C 322 e i 2.61
30 35 52 6 33 52 1.28A 126D 63C 120H 78 e n 0.00
31 16 34 37 6 35 7 1.07B 1.07B 49U 37.1U 28 p i 1.60 BE Ori T 3
32 17 34 15 6 35 37 033A 0.76B 48U 110.1U 13 p i 1.04 V846 Ori 4
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TABLE Al. - Continued

No. SN a (1950) 5 (1950) 2 25 Sfo0 J100 Lplr  pe o N(13CO) ID YSO Ref
sh W @ g 1016 cm2

{1 2] {31 4 [5] [6] [7] (8] [91 [10] [11] (12] [13] [14] [15]
33 i8 34 52 -6 36 37 1.06C 107D 40F 200F 86 p i 0.63 BF Ori T 3
4 19 33 16 6 37 37 0.22F 036D 68D 187U 42 e i 1.30

35 20 3t 52 6 37 52 035C 092E 35D 414U 30 p 0 0.38

36 22 34 11 6 39 52 558A 6.05B 180C 1200D 484 e i 0.53 MSSB-18 O 2
37 23 4 4 6 40 37 587A 8.12A 132E 1916U 207 e i 0.99

38 24 39 7 6 41 22 028E 024E 19E 413U 16 p 0 0.00

39 25 32 42 6 42 15 030D 032E 30C 375U 23 e i 0.64

40 39 57 6 42 22 072D 104D 39D 10.2E 56 p 0 0.00

41 32 32 6 42 37 024D 030C 25E 11.0H 42 p n 0.65

42 26 34 27 6 43 22 040F 090F 16 G 320D 118 p i 101

4 32 M4 6 43 52 1.14B  156B 578 118F 75 e i 0.43

46 27 35 20 6 4 7 210A 292A 50D 202D 17 p i 0.27 HD37357 4
47 28 33 58 6 4 137 858B 735C 270C 1500U 319 i 3.92

49 30 33 30 6 45 7 0.96B 194B 297A 1549B 519 p i 293

50 31 33 58 6 46 22 1.80C 1000H 60.0B 280.0B 996 p y 490

51 32 33 56 6 47 17 070D S500E 80.7C 2615A 975 p i 4.66 MSSB-21 o 2
52 32 14 -6 47 52 036E 055U 53A 420A 133 e o 0.08

53 34 4 6 48 45 240B 398A 92D 378U 109 e i 0.63

54 31 20 6 48 52 077A 115B 6.1 A 244B 101 e 0 0.00

56 33 35 24 6 48 52 038U 059C 31cC 146U 20 p i 0.83

57 39 5 6 50 7 033E 043E 27E 11.2C 45 p o 0.00

58 31 51 6 50 37 096A 1.22B 6.2A 31.1B 121 ¢ o 0.00

59 36 32 6 50 37 064B 0.60B 14D 126 E 50 e o 0.07

62 34 35 41 6 50 52 282A 311A 7.1B 559A 26 p i 0.99

64 37 0 6 51 32 071B 0.69C 31C 296C 100 e 0 0.15

65 35 14 6 53 15 085U 085U 53C 100D 43 e i 0.14

68 34 38 6 55 45 LT0A 237A 74D 233U 79 e i 0.46
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TABLE Al. - Continued

No. SN @ (1950) 5 (1950) 2 125 f50 A0 Lpr pe oi  N(3co) ID  YSO Ref
sh ay) dy) ay) @ @) 1016 ¢cm-2
(112 [3] [4] [5] [6] 7 [8] [91  [10] i1} [12] [13] [14] [15]
70 33 15 -6 58 22 034E 110F 83A 560B 181 e i 0.21
71 35 35 29 -6 58 22 024U 051C 53C 12.0H 5.1 P i 1.75 T456 4
72 37 34 59 6 59 52 074C 1.34B 24D 336U 32 p i 1.64
73 36 36 16 6 59 52 214B 531A 205A 44.7B 45 p i 0.46
74 38 39 42 702 1 047C 060C 22D 17.3B 62 e 0 0.4
75 39 36 21 702 22 057C 534A 261 A 1065A 39.7 p i 1.96 L1641-C 0 1
76 33 34 1 02 5 1.00B 106 A 52B 269D 10.7 e V] 0.59
77 31 33 -7 3 22 1LI8A 025C 06U 41U 21 p 0 0.00
78 34 43 -7 3 52 038E 036H 43U 13U 10 p n 1.47
79 40 35 53 -7 3 52 S37A 1246A 1688A 1270A 2410 p i 1.02 v8g3ori E 3
80 4 39 3 7 6 52 016C 024C  10C 704 25 p n 0.00
81 36 54 -7 7 15 051U 039U 45B  296C 90 ¢ i 0.59
83 42 35 4 .7 10 7 039E 098B  40C 210U 33 p i 2.25 Haro 14a 4
84 43 32 10 -7 10 22 023E 043C 35A  134B 52 e 0 0.00
8 4 36 42 7 12 7 050D 3JiA 96C 200H 108 p n 0.87
87 36 41 -7 12 37 049C 293A 96C 180H 102 p n 0.80
8 47 3 18 7 14 7 222B 3i8B  31C 441U 69 p i 0.66 H2-249 T 4
90 33 33 -7 15 52 076C 106B 78A 451B 158 e o 0.06
91 34 19 7 16 22 021U 043D 13E  11.8E 37 e i 0.85
92 33 0 7 16 37 059D 100E S50H 100H 57 o n 0.00
95 49 36 30 -7 18 7 1.05B 3.57B 98B 46.0U 89 p i 0.33 V3599 Ori 4
96 36 8 7 18 22 0.89B 142 A 83B 234C 109 e i 1.36
97 37 12 7 20 22 029D 031D 20E 15.2EB 5.1 e i 0.75
99 51 36 26 g 22 37 0.79D 143C 53C 18.0H 84 p y 1.75
100 31 21 -7 24 22 491U 036C  09C 59E 20 e 0 0.00
101 52 37 25 -7 24 52 054U 0S0E 39U 151U 0.5 p i 1.20
102 35 53 7 25 37 088B 128A  48B 61U 47 e i 0.73
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TABLE Al. - Continued

No. SN (1950 5 (1950) 2 75 150 A0 Lpgr pe oi N3co) ID  YSO Ref
sh W w0 g 1016 cm-2
[ [2] [3] [4] {51 [6] [71 [8] 9] (100 fi1) 12) [13] [14] [15]
103 32 23 -7 271 52 058D 116D  36C 9.1D 51 e 0 0.00
104 54 3 5 -7 28 7 08B 462A 68.1A 1229B 582 p i 1.83 H4-255 OT 1,3
105 55 38 2 7 28 52 2959A 8846A 1822A 2192A 2119 p i 1.40 L1641-S OE 1,3
106 57 36 29 -7 29 7 045U 045D 15U 394U 05 p i 1.26
107 33 14 -7 30 37 0.19E 069B 12U 770 10 e 0 0.00
108 59 37 27 7 31 37 030U 899A 1286A 2199A 143 p i 1.60 L1641-S3 O 1
113 61 36 44 71 34 52 1.54A 217A 62B 14.1E 92 e i 0.50
114 39 24 -7 35 37 050U 032B 07U 06U 03 p ) 0.00
116 36 S5 -7 36 22 078B 176A 58B 115D 70 e i 0.59
117 4 19 -7 38 15 014U 012U 07C 19D 07 e ) 0.00
118 32 S6 -7 38 22 023D 041B 08D 70U 10 »p ) 0.00
119 62 38 4 -7 38 52 0MNU 078B 20D 184U 1.5 p i 1.38
120 63 37 34 -7 39 7 045D 081C 14U 247U 1.5 p i 0.76
122 41 21 -7 39 37 016U 012D 10B 3.0H 12 e 0 0.00
123 35 20 -7 39 45 074B 084B 47B  216C 87 e i 0.20
124 34 46 -7 39 52 034D 022U 12U 69U 09 p i 0.54
126 40 24 7 41 7 014U 023U 10C 138D 38 e 0 0.09
127 40 37 7 42 7 013U OIE 13F 10.1B 3.1 e 0 0.00
128 41 43 7 42 15 013U 010U  05C 64U 03 e 0 0.06
131 66 34 10 -7 42 52 085A 162A 52U 230D 98 e 0 0.00
133 35 52 -7 4 7 020U 057C 30C 110D 41 e i 0.53
134 67 38 1 -7 4 37 0200 043D 21D 100U 14 p i 1.30
136 33 3 -7 45 22 020U OISE 09C 114U 06 e 0 0.00
138 35 15 -7 46 52 070D 133B  20C 156U 29 e i 0.41
141 32 53 -7 48 7 014U O0ISE  04F 52D 15 e 0 0.00
142 3 28 -7 48 7  048B 050C 47A 371C 120 e i 0.49
143 33 2 -7 48 15 033B 019U 04G 72C 26 p y 0.00
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TABLE Al. - Continued

No. SN  «(1950) 3 (1950) a2 25 f50 00 Lgr  pe o N(13CO) ID YSO Ref
sh @y) 0y ay) ay) 1170)) 1016 ¢m-2
(i1 (2] 3] [4]1 [5] 161 71 i8] (91 _ (10] (11] (12) [13] {14] [15)
146 68 37 55 -7 49 52 098B 387A 9.7B 950U 89 p i 1.22
149 69 36 11 -7 51 52 013C 031C 15D 9.6U 1.2 p i 0.20 Haro 7-1 T 3
150 70 38 58 -7 51 52 018C 0.60C 1.0E 38.7U 1.2 p i 1.07
151 41 43 -7 52 22 014U 0.17E 04D 88U 03 e o 0.02
154 35 10 -7 54 37 059C 067D 1L.7E 150F 56 e i 0.56
155 34 59 -7 54 52 021U 025E 1LL1F 150H 43 e n 0.65
156 42 25 -7 54 52 012U 0.14U 05D 45B 13 e o 0.00
158 38 24 -7 56 15 020U 026U 1.1D 70U 06 p i 1.18
160 72 39 1 -7 56 22 037B 344B 13.1A 309E 148 p i 1.23
161 34 46 7 57T 22 018U 032E 22C 370C 103 e i 0.39
162 36 9 -7 57 52 090B 042D 0.6H 19U 19 e n 0.16
163 73 37 57 7 57 52 096B 248A 56A 16.2E 89 p i 0.90
164 43 50 -7 57 52 016U 0.16U 1.1B 36H 13 e n 0.04
167 43 41 7 59 15 025U 029U 09C 42D 14 e 0 0.00
168 74 38 59 -7 59 22 036C 095A 350 325U 15 p i 142
169 43 53 7 59 37 0.1I0U 017U 15B 43D 16 e o 0.00
171 76 0 2 8 0 7 048C 098B 21D 200U 24 p i 0.10
172 4 17 -8 0 22 020D 021C 07D 100U 08 p i 0.17
173 5 20 8 0 37 021D 020E 21D 8.1F 32 e i 0.40
174 4 4 8 0 45 045B 0.76B 18B 69U 21 e o 0.19
176 31 25 -8 1 52 0.I2E 017U 03U 52U 03 p o 0.00
177 78 38 16 8 1 52 020U 032C 19D 100U 12 p i 1.43
178 77 39 26 8 1 52 080B 1.69B 49A 100U 48 p i 0.93 Haro7-2 T 3
180 36 32 8 2 15 041U 0320 78B 520B 158 e i 0.35
181 79 39 3 84 2 22 020U 041C 28U 287U 04 p i 1.15
183 36 11 8 4 7 034U 026D 1.1E 14.1U 07 p o 0.08
185 35 32 8 5 7 037C 039B 1.0B 50U 13 e 0 0.17
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TABLE Al. - Continued

No. SN  «(1950) 8 (1950) a2 25 f60 A0 Lgr  pe oi  nci3co) ID  YSO Ref
sh oy) ay) oy) @™ e 1016 cm-2
(1l 2 (3] [4] (51 [6] 71 (8] (91 ___(10] [11] [12] (13} (14]__[15]
18 8 39 7 8 5 7 08B 318B 82D 8.7U 76 p i 1.35
187 8 38 15 -8 5 2 209A 472A 30H 132U 75 p n 1.07
188 45 7 8 S5 22 011U 012U 04D 84 A 23 e 0 0.12
199 8 39 2 8 7 7 187A 362A 60C 70U 81 p i 159 DLOri T 3
192 35 58 8 7 37 031D 050B 06U 104U 10 e o 0.37
193 84 38 27 8 7 37 057D 219D 150H 250H 135 »p i 1.52
194 85 8 27 8 8 7 060D 180D 120H 200H 1l p i 1.37 L1641-S4 O 1
196 86 38 1 8 8 52 043B 0.55B 08C 280U 14 p i 0.70 Haro74 T 3
197 89 40 12 -8 9 22 1801A 1524A 1236A 3789A 1739 e o 0.30
198 87 39 12 8§ 9 37 027C 134C 22C 11.2E 47 p i 1.56
200 31 40 8 10 7 013U 013U 03E 44B 1.2 e 0 0.00
203 42 22 8 11 7 049B 071B  37A  258A 89 e 0 0.04
204 35 16 -8 11 45 013U 0.13E 1.2B 101U 07 e o 0.00
205 492 8 .8 12 22 082A 08A 37A 269A 98 e 0 0.14
206 4 39 8 13 22 016U 024U 47B  146E 53 e o 0.14
207 43 16 -8 13 22 019D 023C 12U 150U 05 e 0 0.17
209 42 9 8 13 45 085B 082A 56A 213A 106 e o 0.23
211 91 37 58 -8 15 37 046B 114A 27C 84E 44 p i 0.68
214 4 31 8 17 4 021U 015U 04D 12F 04 e 0 0.16
215 33 4 8 18 7 036D 057C 37A 8.1A 42 e 0 0.00
216 93 40 22 -§ 18 22 094B 441A 1518 S00F 2.7 p i 0.42 L1641-S2 O 1
217 38 42 -8 18 45 021U 040B 16B 34D 16 e i 091
218 36 33 -8 18 52 019U 024E 18U 119U 03 e o 0.00
219 37 25 8 21 7 024D 014U 05U 102U 06 p o 0.08
220 36 57 -8 21 22 014U 0.69B 03F 163U 05 e 0 0.05
222 42 58 8 22 22 022U 040C 15E 201D 58 e o 0.19
224 94 39 21 8§ 22 52 037C 062B 1.0D 105U 15 p i 091
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TABLE Al. - Continued

No. SN a (1950) 6 (1950) n2 25 10 100 Lgr pe o N(13CO) ID YSO Ref
sh dy) AJy) Jy) dy) L) 1016 ¢-2
[ 12 [3] [4] 51 [6] 7] [8] (o1 [10] [11]) [12] [13] [14] [15]
228 45 19 -8 28 52 013E 0.10U 03D 9.1U 04 p i 0.00
229 95 40 46 8 30 37 0.13F 052B 11E 54U 1.1 p i 0.29
230 96 4 11 -8 33 7 017U 024U 26A 52D 22 p 0 0.24
232 98 40 33 -§ 33 52 024U 048D 16D 24H 14 p y 0.30
233 40 44 -8 33 52 017U 0.19E 08U 50U 02 p i 0.20
234 97 40 10 8 34 7 016U 023D 10C 11.3E 33 p i 0.54
235 42 58 8 35 7 021D 0210 1.1U 238U 05 »p i 0.29
237 99 39 1 -8 36 37 040C 197A 53B 150H 73 p n 0.62
238 37 57 -8 37 52 019D 0.18U 07U 64U 05 »p o 0.00
240 100 39 19 8 38 22 035B OS0E 05U 73U 1.1 p i 0.63
242 42 11 8 39 7 0.10U 035E 02U 80U 04 e i 0.32
243 101 40 24 8§ 39 52 080 A 1.20E 14E 100H 49 p n 0.95
244 102 4 16 -8 40 22 028C 057D 13D 70F 30 e o 0.13
245 103 40 24 -8 41 22 0.70A 133A 19B 100H 50 p y 0.99
246 104 39 7 -8 41 37 026D 0.73B 35B 168B 62 p i 0.70
247 36 59 -8 41 45 015U 016U 12C 30E 1.2 e 0 0.09
249 37 29 -8 42 15 019D 022U 08U 64U 05 e 0 0.15
250 41 31 -8 43 22 012U 012U 05E 170F 45 e i 0.48
251 105 39 8 8 4 22 022U 099B 41C 196U 28 p i 048
252 39 39 8 4 137 028C 017U 08U 103U 07 p i 0.43
256 106 40 45 8 45 137 017U 077B 40B 155A 57 p i 0.97
257 43 15 -8 46 52 012U 014U 0.7C 46H 14 e n 0.19
258 107 40 46 8 47 22 014U 040B 32D 158D 53 p i 0.16
261 40 5 8 51 45 016U 0.12U 04D 69E 19 e i 0.64
263 42 13 84 54 7 013E 013U 06U 101U 03 e 0 0.26
264 108 38 15 -8 54 45 016E 022E 15C 68A 26 p i 0.00
266 110 37 32 8 58 7 041C 0.19U 070 77U 1.0 »p i 0.10
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TABLE Al. - Continued

No. SN « (1950) 6 (1950) nz2 25 Jo0 00 Lplg pe oA N(13C0) ID YSO Ref
sh gy) ay) ay) ay) ) 1016 ¢m-2
2 131 4] [3] [6] 7 [8] [90 (0] [y [12] [13] [14] [15]

267 111 38 49 -8 58 45 0.10U 0.36B 62A 78U 36 p i 0.34

269 42 47 9 0 15 021U 0.10U 14B 62D 20 e 0 0.00

270 113 38 33 9 7 22 095B 214A 19D 83E 54 ¢ i 0.64

272 43 34 9 7 5 061B 0.15U 04C 49A 24 e o 0.00

273 43 7 9 8 15 011U 0170 12C 72C 2.2 e o 0.10

276 114/ 38 23 9 20 52 6.15A 10000 300E 185.3F 721 e i 0.42

115

277 116 39 5 9 21 45 099B 1.71A 59C 869 A 265 e i 0.44

280 118 38 44 9 24 37 079B 3.04A 19.1B 400E 195 »p i 0.09

281 119 38 13 9 29 37 1.71B 1.47B 75U 1050U 42 e i 0.34

282 4 43 9 31 7 020E 0.12U0 05U 19U 05 p 0 0.00

283 45 19 9 32 7 033B 0.15D 01D 33U 06 p 0 0.00

286 40 42 9 37 52 023C 021U 3.1U 102U 06 p o 0.19

287 121 45 20 9 41 7 391A 122A 05U 09U 73 p 0 0.00

288 123 37 52 9 43 37 088A 1.70A 12D 90U 29 p I 0.19 V3500ri T 3
289 40 27 9 46 22 020D 050D 0s5U 67U 08 p i 048

292 41 35 6 30 29 035C 036D 18E 134U 1.7 e 0

295 41 59 6 51 59 019U 020U 29B 110D 38 e o

297 43 23 -6 35 59 051C L17A 83A 23.0B 10.1 e 0

298 42 21 6 37 59 028D 040C 3.5B 39.3B 118 e 0

300 42 57 6 46 O 0.77B 1.03B 5.1B 366 A 128 e o

301 44 7 6 48 59 058B 0.73B 3.7A 360A 11.7 e o

302 43 17 -6 48 59 023U 047B 3.7B 222C 7.1 e o

303 44 53 6 51 29 0.52B 0.56B 46 A 150A 65 e o

305 45 17 <7 3 30 030U 041C 21C 105U 14 ¢ o

306 54 39 7 5 59 045C 083B 30A 77C 41 e 0

307 45 19 -7 9 59 1.07B 0410 1.8U 100U 2.7 P o



TABLE Al. - Continued

No. SN o (1950) 3 (1950) 2 25 750 A0 Lgr pe oi N(3co) ID YSO Ref
sh dy) ay) dy) dy) 7o) 1016 ¢cm2

[1] _ [2] [3] [4] [5] [6] i1 [8] [9] [10] {14 [12] [13]  [14] ([15])
308 4 43 7 9 59 016U 0.19U 36B 66E 29 e o
310 44 47 7 19 29 017U 020U 1.5C 79U 08 e o
311 45 51 7 20 30 039B 038C 13D 9.6C 37 e o
312 36 5 8 32 58 037B 045B 16C 227C 71 e 0
313 36 43 -8 40 58 028D 0.18U 1.1C 93A 33 e 0
315 36 35 9 2 28 0.36C 0.89B 40A 225A 8.1 e 0o
316 35 57 9 7 28 1.63A 185A S8 A 125D 8.7 e 0
317 35 0 9 27 28 059C 194 A 89A 413 A 15.5 e 0
— 318 35 25 9 40 28 1.24B 1.60B 38E 865 A 260 e 0




APPENDIX B
COLUMN DENSITIES OF MOLECULAR GAS

The observed line profile is usually expressed as the corrected antenna temperature

as a function of frequency (or velocity), T A(). If the profile is gaussian, it can be
characterized by three parameters: peak temperature Tp, line width (or velocity

dispersion Av), and line center (or velocity of local standard of rest) VI gR. In the

following, we show that these observed parameters can be used to calculate the column
density of the observed molecules, the total number of molecules between the emitter and
observer per unit area. A more detailed discussion can be found in Yang (1991)

The formal solution of radiative transfer equation can be written as:
Iy = [By(Tex) - By(Tpg)] (1-exp(-Ty)) (A1)

where Iy, is the radiation intensity; By,(T) is the Planck function at a temperature T; Tex
and Tpyg are the gas excitation temperature and background temperature (Tpg = 2.7 K),
respectively. T, is the optical depth of the molecular line at v. In millimeter

wavelength, it is convenient to write Iy, in term of radiative temperature TR by

hv ¢2
TR = K 25 03 Iy (A2)

where h is Planck constant, k is Boltzman constant, and c is the speed of light. TR in

turn can be related to the observed antenna temperature T* A, which has been corrected
for atmospheric attenuation and ohmic loss (Ulich & Haas 1976),
T T*A
R ™ nfss e

(A3)
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where Nfgg gives correction for the forward spillover, and N for coupling efficiency

between the antenna beam patten and source brightness distribution (Kutner & Ulich
1981). Both nfss and nc are very difficult to determine, and they are close to unity for

most of the sources we observed in this study, we assume TR = T*A.

Combining equation (A1)-(A3), we have
TR = [Jy(Tex) - Ju(Tog)] [1-exp(-Ty)] (A4)

where Jyy(T) = (hug/k) / [exp(ho/kT)-11, and vy is the rest frequency of the line. For an
optically thick line, 7,y >>1, the above equation gives TR = Teyx. This is the reason
12c0 5 = 1-0, an optically thick line in most dense cores, can be used as a temperature
tracer. For optically thin line, © is proportional to the number of molecules in the line of
sight, the line therefore can be used to obtain the column density.

For a transition J = 1-0, the optical depth can be calculated by
Ty = (hvg/c) [Bo1 No - B1g N1l e(v-v0) (AS)

where N and Ny are the column densities of the molecules at J = 0 and J = 1,
respectively; Bjj is the Einstein coefficients, ¢(v) is the line profile. In A5 we assumed
that the excitation temperature Teyx does not change in the line of sight. Using the
relations between the Einstein coefficients to eliminate N1, A5 can be rewritten as

81!:31.)0 5
T =T3¢ Il [1-exp(-hvg/kTex)] No @¢(v—v0) (A6)

The total column density N of the molecules can then be calculated using N = Ng

(2kTex/hvg). The term in the parenthesis is the partition function given by Dickman

(1978). Using equation A6 we have
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N1

N=
(4n3ug) 12! "vp P(v~v0)’ l-eXP(-hvo/kTex))

(A7)

If the velocity of molecular gas has a Maxwellian distribution, its line profile should be

gaussian, term in the square parenthesis in (A7) approximately equals to tg Av, where ()
is optical depth at the line center (v gR), and Av is the full-width-half-maximum
(FWHM) of the observed line profile.

For J = 1-0 transition of the CO, 13CO and HCO* molecules used in this study, the

rest frequency of the transition, the dipole moment p of the molecules are given in Table

A2. Using these data, the column density of the molecular gases can be written as

Tex - 7013 - Av13

13c0) = 14. -2
N(*°C0)=2.49x 10 1- exp(—5.3lf1'ex) (cm™<) (A9)
Toy Tn Av
+) = 11. €X_ P -2
NHCO*) =1.87x 101 - 77 oxp(4.3Ty) (cm™4) (A10)

where Tp and Tey are in K, and Av in km s'1. These two equations are used in section

3.3 to calculate the column densities of the two molecules at the IRAS sources.

TABLE A2 MOLECULAR CONSTANTS

Transition Frequency i} Reference

(GHz) debye
12c0 j=1-0 115271204 0.1098 Chackerian & Tipping 1983
13c0 j=10 110.201307 0.1101 Chackerian & Tipping 1983
HCO*J=1-0 98.188523 448 Haese & Woods 1975
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APPENDIX C
CONTINGENCY TABLE

In this thesis we used a statistical test called contingency table to test (1) the
association of the point-like JRAS sources with the L1641 in Chapter 2 and (2) the
association of the stellar density enhancements with CS molecular dense cores in Chapter
6. The principle of this test is can be found in Hoel (1947). In this section, we use the
data in Chapter 2 as an example to explain how the test was carried out.

A contingency table is usually constructed for studying the relationship between
two variables. We want to test whether the point-like /RAS sources are exclusively
associated with L1641. We started the test by setting up the hypothesis that there is no
such association.

Using the data in Table 2.2, we can summarize the spatial distribution of the 224
IRAS sources into the contingency table (Table A3). The sources are divided into
different categories depending whether they are inside or outside the L1641, and whether

they are point sources or the extended sources.

TABLE A3 CONTINGENCY TABLE

Point source?
Yes No Total
Inside Yes 79 (53) 43 (68) 122 (54%)
L16417 No 20 (46) 82 (58) 102 (46%)
Total 99 125 224

We now calculate the expected frequencies based on the no-association
hypothesis. Since 122 of 224 IRAS sources (54%) are inside the L1641, the same
percentage of the point sources should be expected inside L1641, if there is no particular
relationship between the point sources and the L1641. The resulting expecting
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frequency, 53 and 46, corrected to the nearest integer, for the point sources inside and
outside L1641 can be obtained. They are inserted in parentheses in Table A3 next to
their corresponding observed frequency (79 and 20, respectively). The expecting
frequency of the extended sources can obtained similarly.

xz, a measure of the compatibility of the observed and expected frequency can be

calculated as;

k
x2=Z

i=1

(o - €))%
€

where k is the number of pairs of frequencies to be compared, o; and e; denote these
frequencies, and X o; = T ej = n. Using the data in Table A3 (k = 4, and n = 224), we
obtained ¥2 = 46.6. The number of degrees of freedom in this case is (2-1) x 2-1) = 1.
From the %2 distribution table, we found, for degree of freedom of 1, xg2 = 6.6 at a
probability < 0.01. This means that the chance for the no-association hypothesis to be
true is much less than 1%. We therefore conclude that the point-like JRAS sources are

spatially associated with the L1641.
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APPENDIX D
NEAR-IR IMAGING OF INDIVIDUAL SOURCES

In this section, we discuss the near-IR images of the individual sources. The H and
K’ images of the 59 IRAS sources are presented in Figure Al. In the images, the coadded
IRAS positions are marked by the crosses. If more than one IRAS source presents in one
image, the JRAS source numbers are given. The near-IR sources identified as the
probable counterpart of the IRAS sources are indicated by the arrows. The near-IR
sources mentioned in the following discussion are marked by the "#" sign followed by
the source number used in the discussion. The spectral energy distributions of 55 IRAS

sources are presented in Figure A2. We now discuss each individual source in turn.

008 (L1641-N) This is the most complicate source associated with a SDE and the
diffuse nebulosity. There are 5 sources within 30" from the PSC position. All of them
are very red (H - K’ > 3) and are associated with nebulosities. #1 can only be detected in
M and are located with 3" from the JRAS PSC position and the 2.6 mm continuum
source. #1 is therefore identified as the counterpart, although other sources also may
have significant emission in the JRAS bands. This is consistent with the fact that the 12

um IRAS image shows the multiple sources. See Chapter 5 for a detailed discussion.

018 (MSSB 8) Although both #5 and #8 have a very red H - K’ color, #5 becomes
much brighter in nbL. It is the brightest source in M, making it the most probable
candidate for the JRAS counterpart. The nebulosity originated from #5 shows a spiral
structure. It is also interesting that the other sources within the central 40" x 40" region

have an average H-X’ < 1.0, compared with H-K = 3.3 for #5. This suggesis that the
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reddening of #5 is mostly due to the circumstellar material. See Chapter 5 for a detailed

discussion.

025 (near HH34)  Several sources are associated with nebulosity. #8 is the reddest,
and the brightest in nbL. Examlmng the R band CCD imaging (Strom et al. 1986), we
found that #8 corresponds to an optical source from which an optical jet is ejected. This

source is probably the driving source of HH 34.

029  Although not listed in the PSC, #10 is red and bright.

032, (V846 Ori)  Although not the reddest, #5 lies within 10" from the /RAS position.

It is the brightest in K’. The other two redder sources are too faraway.

034  #6 appears to be red (H - K’ > 1.5), and none of the other sources in the field is
embedded.

036 (MSSB11) Although all other sources in the field are not very red, #1 has H -
K > 3, making it the prime candidate. As shown in the K’ image, it is located at the
center of a bipolar infrared nebulosity. This highly elongated structure is parallel to a
highly collimated CO molecular outflow detected by Morgan et al. (1991). It is too faint
to be detected in nbL and M.

041  All stars have little extinction. Considering its IRAS fluxes are very low (f1p =

0.24 Jy), the near-IR counterpart may be difficult to detect. We have no identification

for this source.
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042  #11 is the reddest and brightest, and it is close to the JRAS position.
046  This is only one bright source (#1) near the JRAS position. It is HD 37357.

047 (V380 Ori), 050, 51, (HH 1-2) Source 47 is V380 Ori (#1) which
illuminates NGC 1999. The triangle obscuration is visible, although it is much less
obscured than in the optical (Herbig 1974), due to the relatively low extinction in
infrared. There are also 5 faint sources to the southwest, aligning in the direction of the 3
HH objects found by Strom et al. (1986). #2 is a bright source which lies within 20"
from the source 50, and is likely its near-IR counterpart. The bright source (#3)
associated with the elongated nebulosity is the C-S star with HH 1 and HH 2 (at the
bottom of the image). Although the C-S star is the brightest in the HH 1-2 region, it is
probably not the counterpart of the IRAS source, because its fluxes at H and K are too
high to match the JRAS fluxes at 12 ym. The other two candidates are the VLA source
and the HyO maser (#3), both are detected in our K’ image. The mapping with Kuiper
Airborne Observatory showed the latter has stronger far-IR emission at 50 and 100 um
(Harvey et al. 1986). The maser source is also much closer to the JRAS PSC position
(Aa = 5", Ad = -13"). #3 is therefore identified as the IRAS counterpart, although the

IRAS source may be multiple heating sources.

049  The two sources (#1 and #2) are close to the JRAS position and are equally red.
Both of them are selected as the IRAS counterpart.

062, #10 is the only bright source close to the /RAS position.

172




071 (T456) A good example of stellar density enhancement. The IRAS source is
associated with a group of bright sources all of which have low extinction. #5 is chosen
because it lies within 4" from IRAS position, and because it is the brightest. It

corresponds to an optical star T456.

072 There is only one source (#3) within 30" from /RAS position. It is bright and

reasonably red.

075 (L1641-C) There are many deeply embedded sources with high extinction in this
region, as many sources have H-K > 2.0. Although #20 is the brightest source in K’ with
a bipolar shape nebulosity, #17 is much redder and becomes the dominate source in M.
It also lies within 10" from the JRAS position. The extinction the this region is relatively
higher than the other fields. As the result, there are more red sources in the image. See

Chapter 5 for a detailed discussion.

078  The bright source in the field is too bright to match the IRAS flux at 12 um. We

have no identification for this IRAS source.

079 (Haro 13a) #1 is the brightest source near the /RAS position with a large-scale

nebulosity.

083 (Haro 14a) #9 is very red (H - K’ = 2.0). The highly elongated nebulosity can

be seen in the southeast.

085, 087 The two IRAS sources are very close. It is marked as non-point source in
Strom et al. (1989b). Source 85 is listed in PSC while source 87 is not. #1 is a very red
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source, and associated with cone-shape nebulosity. For source 87, #4 can be easily

identified. Also noticeable is the faint spiral-shaped nebulosity near #4.

093  All sources in the field have a low extinction. We have no identification.

095 (V599) There is only one bright source, and it is V599.

099 (H4-254) The star in the east of the JRAS position is too bright at H and K’ to
match the IRAS fluxes. The source in the west (#1) is very red (H - K’ = 1.4), and it
corresponds to T489. This source is identified as the IRAS counterpart.

101  Most of the sources in the field are red. #12 is chosen because it has H - K’ > 2,

and is close to the JRAS position. Other sources also may have emission in IRAS bands

104 (H 4-255) There are 2 red and bright sources in the field (#2 and #3). #2 is
the reddest, and is also associated with an extended nebulosity. It is therefore likely the
IRAS counterpart. #3 is the brightest in K’, but not as red. #3 and #2 correspond to
positions of H4-255 and H 4-255 FIR, given by Leverault (1988).

105 (ReS50) #1 (H - K’=1.7) is embedded inside a huge nebulosity.

106  #11 is chosen because it is red and close to the IRAS position. None of the other
sources in the field is as red (H - K’ < 0.2).

108 (L1641-S3) Of the several red sources near the IRAS position, #7 is the reddest,
and is therefore chosen to be the IRAS counterpart.
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119  Two sources (#4 and #5) are close to the IRAS position and both of them are red.

120  Although not very red, the bright source #16 lies within 5" from the IRAS

position, and is therefore chosen.

133  No identification.

134  #9is the only red (H - K’ > 2) source in the field, and it is near the /RAS position.

146  #7hasH - K’> 1.8, and it is close to the JRAS position.

150 Both #11 is extremely red (H - K’ = 3.5), and is close to the PSC position (<10").

160  #15 is extremely red (H - K’ = 3.0), and lies within 10" from the JRAS position.

Although associated with a very elongated nebulosity in the north, #5 is not as red.

163  Three sources (#7, #8 and #11) are red and close to the JRAS position, but #7 is

the brightest source in M, and is therefore chosen. Note the spiral-shaped nebulosity.

168  Three sources (#4, #5, #7) are very red and lie within 60" from the JRAS position,
but #4 is the brightest and the closest to the JRAS position.

171  The double stars (#12, #14) are almost identical. Both could be the counterparts.

177  There is only one source that is close to the PSC position.
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181 #8is very red (H - K’ > 1.5) and is associated with jet-like nebulosity. However

it is too faint to be detected in M.

186 #4, #5, and #6 are all very red (H-K > 2.5), but #6 is the brightest in X” and is also

much closer to the JRAS position.

187  #8is very red and bright.

191 #4 is the reddest with H - K" = 0.8, but it lies too far from either the IRAS
position or the PSC position. Although not the reddest, #5 is the brightest and is very

close to the IRAS position. #5 is therefore chosen to the counterpart.

193 and 194 (1L1641-S4) Two IRAS sources are located very closely. #8 is the
reddest (nbL - M = 2.9), and is chosen as counterpart of source 193. However the nearby
sources are also very red with H - K’ > 2, they also may contribute to the JRAS fluxes.
#135, although weak in X’, has a unipolar nebulosity and is very red, and is probably the

near-IR counterpart of source 194.

198  #5is a red source with nebulosity at two opposite directions, and it is very close

to the IRAS position.

211  #15is the only red source (H - K’ = 2.0) in the field. All three nearby sources are

associated with nebulosity.
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216 (L1641-S2) #17 is clearly the counterpart: it is the only red source in the field,
and it is associated with a jet-like nebulosity which ended with several knots in the east
of the IRAS position. The extended structure coincides the blue lobe of the CO
molecular outflow mapped by Wouterloot et al. (1989).

224  There is only one source (#6) near the JRAS position.

237  There are only two sources near the JRAS position, the fainter source is not as red,

- and the brighter one (#2) has H - K= 2.2) and is associated with nebulosity. #2 is

therefore chosen.

243 and 245 The two IRAS sources are close to each other, and are associated with a
large group of bright sources. #3 is much redder than the others, and it is also very close
to source 243's PSC position. There are three sources near source 245's JRAS position.

The binary (#22 and #23) are the reddest, and chosen to be the counterpart of source 245.

246  #2 and #3 are both extremely red. Both could be the counterparts of the /RAS

source. This may be a multiple source.

256  None of the bright sources in the field is red. The very faint source (#16) with

extended structure is probably the counterpart.

270 All sources within 40" are red, but #8 is several magnitude brighter than the others,

and it is also very close to the PSC position.

280  #18 is closed to the PSC position, but has a low extinction.
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Figure Al  The H and K’ images of 59 IRAS sources. Each image covers a 4' x 4'
region unless a scale is given. The north is up, and the east is to the left. The limiting
magnitudes are approximately H = 17.5 and K’ = 17.5. The IRAS positions are marked
by the cross. If more than one IRAS source presents in an image, the JRAS source
numbers are given. The near-IR sources identified as the most probable counterparts of
the IRAS sources are indicated by the arrows. The near-IR sources mentioned in the
discussions are marked by the "#" sign followed by the source number used in the
discussion.
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Figure A2  The spectral energy distributions of 55 /RAS sources that we have found
the most probable near-IR counterparts. The downward arrows indicate the 5 6 upper
limits at respective wavelengths.
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