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MOLECULAR CLOUD CORES IN THE ORION A CLOUD. 1. NOBEYAMA CS (1-0) SURVEY
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ABSTRACT

A first high-resolution survey of molecular cloud cores in the Orion A giant molecular cloud is reported.
We identified 125 molecular cloud cores from an analysis of the spatial and velocity distribution of the CS
(1-0) emission. The cores are generally elongated along the filamentary molecular cloud, and the axial ratio is
about 0.5. The mass spectrum index of the cores is — 1.6 for M > 50 M. The physical properties of the cores
identified in Orion are compared with those of cores in dark clouds reported in the literature. The average
radius of the cores in the Orion A cloud, 0.16 pc, is comparable to that of the cores in dark clouds. In con-
trast, the Orion A cloud contains molecular cloud cores with large line widths (1-2 km s~! FWHM) and large
masses (M > 100 M), which are rarely observed in dark clouds. We suggest that the line width-radius rela-
tion differs between these two samples. Within the Orion A cloud the CS line width, core mass, average
density, and core-to-core velocity dispersion all decrease toward the south. These trends can be seen, even
when the cores with young stellar objects are excluded from the sample. We discuss the implications of the
line width-radius relation, and suggest that cores in giant molecular clouds are bounded by higher external

pressure, which eventually leads to massive star formation.

Subject headings: ISM: clouds — ISM: individual (Orion Nebula) — ISM: molecules —
radio lines: molecular: interstellar — stars: formation

1. INTRODUCTION

It has been pointed out that only low-mass stars are born in
dark clouds (cloud mass ~10% M), whereas giant molecular
clouds (cloud mass ~10° M) have a potential of forming
massive stars (e.g., Cohen & Kuhi 1979; Larson 1982). It
appears that this difference in stellar mass depends on the
nature of the molecular cloud where stars are born. In the last
decade, observational studies of dark clouds have clearly
shown that ~0.1 pc-sized, high-density (n ~ 10*-10° cm™3)
molecular cloud cores (dense cores) are sites of star formation
(e.g., Myers, Linke, & Benson 1983; Myers & Benson 1983;
Beichman et al. 1986; Myers et al. 1988). It would be fruitful to
compare the physical properties of molecular cloud cores in
giant molecular clouds with those in dark clouds. However, the
observational studies of cores in giant molecular clouds have
been extremely limited. Myers and his collaborators used the
Palomar Sky Survey photographs to select candidates for
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molecular cloud cores in dark clouds (e.g., Myers et al. 1983).
However, such technique cannot be used for giant molecular
clouds because they are much more opaque and more distant.
Extensive, unbiased observations are therefore essential to
search for high-density molecular cloud cores in giant molecu-
lar clouds.

The Orion A cloud, the nearest giant molecular cloud (450
pc; e.g., Genzel & Stutzki 1989), is one of the best targets for a
survey of molecular cloud cores. Even for this famous molecu-
lar cloud, previous high—angular-resolution studies are limited
to the region near Orion KL (e.g., Batrla et al. 1983; Hasegawa
1987). Because the Orion A cloud is 3 times as distant as
nearby dark clouds such as the Taurus-Auriga and Ophiuchus
regions, a large millimeter-wave telescope is highly desirable to
resolve molecular cloud cores. Lada, Bally, & Stark (1991)
surveyed molecular cloud cores in the Orion B cloud (L1630),
adjacent to the Orion A cloud, in CS (2-1), but only half of the
detected cores were resolved with their beam size (~1'8, or
0.21 pc).

Observations of molecular cloud cores biased to young
stellar objects (YSOs) are not suitable for our purpose, because
cores associated with YSOs might have largely lost their orig-
inal properties. The line widths of cores with YSOs are known
to be broader than those of cores without YSOs, probably
owing to interaction with stellar winds/outflows from YSOs
(Beichman et al. 1986; Myers et al. 1988; Zhou et al. 1989).

In this paper we report the first systematic survey of molecu-
lar cloud cores in the Orion A giant molecular cloud with the
45 m telescope of the Nobeyama Radio Observatory. We
observed the CS (1-0) line within 2500 arcmin? regions with
high spatial resolution (36” beam and 40" grid spacing) to
search for molecular cloud cores. The beam size for the CS
(1-0) line corresponds to a linear size of 0.08 pc, which is
smaller than the typical size of dark cloud cores. From the data
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we derive core properties accurately and compare them with
core properties in dark clouds. Observations in '3CO (1-0)
were carried out simultaneously to obtain the distribution of
less dense molecular gas where molecular cloud cores are
embedded. Because the mass of stars being born seems to vary
from place to place within the Orion A cloud, we also compare
the properties of cores for different regions in the cloud. We
derive the mass spectrum of molecular cloud cores in Orion,
and discuss its implications. Finally, we discuss a possible
relationship between the core properties and the resulting
stellar mass. Detailad discussion on the properties of young
stellar objects associated with the molecular cloud cores will be
presented in a separate paper (Umemoto et al. 1993).

2. OBSERVATIONS

Mapping observations were carried out with the 45 m radio
telescope of the Nobeyama Radio Observatory'? between
1990 May and 1991 June. The J = 1-0 transitions of CS (49
GHz) and '3*CO (110 GHz) were simultaneously observed. The
half-power beamwidth (HPBW) of the telescope was 36" at 49
GHz and 15" at 110 GHz. The main-beam efficiencies at 49
and 110 GHz were 0.60 and 0.38, respectively. We used a 7 mm
SIS receiver (Tsuboi 1991) for CS (1-0). For *3CO we mainly
used a 3 mm Schottky receiver, but occasionally employed a 3
mm SIS receiver. The single-sideband system temperature was
typically 500-650 K for CS and 600-1000 K for 3CO. We
used the acousto-optical spectrometers with 37 kHz resolution.
The grid spacing of the map was 40” (0.087 pc at a distance of
450 pc), and a total of 5657 positions were observed. The area
of the observations was selected to cover a large portion of the
ridge of the Orion A cloud on the basis of the 13CO map by
Bally et al. (1987). The rms noise level at 0.3 km s~ ! resolution
was 0.34 +0.05 K for CS and 029 +0.10 K for '3CO
(average + 1 o deviation).

Additional CS (2-1) and C'®0 (1-0) observations were
carried out toward 21 and 14 positions, respectively. The receiv-
ers employed were the 3 mm SIS receiver (1990 December)
and the 3 mm Schottky receiver (1991 April). At 98 GHz (CS
2-1), the half-power beamwidth of the telescope was 18” and
the main-beam efficiency was 0.46. Positions for these observa-
tions were selected from the local CS (1-0) maxima (peaks of
molecular cloud cores) observed in 1990. Because the mapping
observations started from the northern end of the Orion A
cloud, cores observed in CS (2-1) and C'#O are mostly located
in the northern portion of the mapped regions.

All spectra were obtained in the position-switching mode. In
mapping observations we observed an emission-free position 3
times during a set of 11 on-source observations, and shared
emission-free spectra for these 11 on-source spectra. Linear
baselines were subtracted from all the spectra. The telescope
pointing was measured to be accurate to 5” by observations of
Orion KL (SiO maser) in 43 GHz SiO J = 1-0 every 1.5 hr.
The line intensity is expressed in terms of T% (Ulich & Haas
1976), which is the antenna temperature corrected by the stan-
dard chopper-wheel method. We observed a map center, Orion
KL (R.A. [1950] = 5"32™47¢, decl. [1950] = —5°24'23"), at
least once every day to compensate for the daily variation in
the intensity scale. The intensity in Orion KL was 10.0 K T%
for CS (1-0) and 11.8 K T* for '3CO.

12 The Nobeyama Radio Observatory is a branch of the National Astro-
nomical Observatory, an interuniversity research institute operated by the
Ministry of Education, Science, and Culture, Japan.
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3. GAS DISTRIBUTION

Figure 1 shows a CS (1-0) map of the peak antenna tem-
perature. The surveyed areas are bordered by thin straight
lines. As is well known (Maddalena et al. 1986; Bally et al.
1987), the Orion A giant molecular cloud shows a remarkable
filamentary structure elongated in the northwest-southeast
direction, which is roughly parallel to the Galactic plane. The
northern intense part (decl. —4°50’ to —6°20') of the cloud is
known as the “[-shaped filament” (e.g., Bally et al. 1987). The
Orion Nebula overlaps the [-shaped filament from decl.
—5°10" to —5°40'. The brightest line emission for both 13CO
and CS (1-0) is observed in this region.

3.1. Distribution of Lower Density Gas

Figure 2 compares a peak !3CO map with the peak CS (1-0)
map for the [-shaped filament. Because the '*CO emission
largely fills the observed areas, lower level contours are
omitted from the '*CO map. Although the !3CO emission is
rather smoothly distributed, we still observe clumpy structures
with a size of ~8' (1 pc) along the molecular ridge. Dutrey et al.
(1991) previously reported a periodic density structure along
the [-shaped filament on the basis of their integrated C'2O
(1-0) map, and the structure we observed in **CO is basically
the same as that found by them. The !3CO clumps listed by
Bally et al. (1987) are likely to belong to the same class. Here
we call such ~1 pc-sized structures clumps. On Figure 2 four
clumps are recognized, whose centers are roughly placed with
the same interval at (R.A., decl) = (5"32™405, —5°38),
(5"32m30%, —5°47"), (5732455, —6°0), and (5"33™10%, —6°7").
The first and second are not very striking solely on the present
peak !3CO map, but previous *CO column density maps
(Schloerb & Loren 1982, 2'3 resolution; Castets et al. 1990, 1.7
resolution), the C'®0 map of Dutrey et al. (1991, 17
resolution), and our peak CS map consistently show that these
are separate features. Using the integrated '3CO intensity of
our data, we measured the typical size of the clumps across the
filament to be about 0.7 pc (5') FWHM. The average interval of
the clump centers is about 1.4 pc (11’). The size of the clumps
along the filament is not easy to derive, because the peak 13CO
intensity decreases only by 20%-50% around valleys between
clumps. Here we take the clump interval, 1.4 pc, as the extent of
the clumps along the filament. The '3CO integrated intensity
toward the clump centers is 22 + 4 K km s~ ! (average + 1 ¢
deviation). Following the method of Bally et al. (1987) and
assuming an excitation temperature of 30 K, we obtain N(H,)
~(5+ 1) x 102 cm~2 and the mass of each clump to be
1000 + 200 M.

Dutrey et al. (1991) estimated the typical size of structure to
be 7' x 4 (0.9 pc x 0.5 pc) and the spacing to be 79’ (0.9-1.2
pc). Our estimates of the extent and interval (1.4 pc x 0.7 pc
extent and 1.4 pc interval) are somewhat larger than thoss of
Dutrey et al. (1991). The former is possibly due to larger optical
depth of 13CO.

One may think that this chain of clumps has been formed by
gravitational instability of a filamentary cloud. The observed
13CO line width (FWHM), 2.6 + 0.2 km s~ !, and the line
density of order 700 M pc~?! indicate that the filamentary
cloud is close to equilibrium. It is known that an equilibrium
filamentary cloud is gravitationally unstable for wavelengths
larger than the critical value of about twice its diameter (e.g.,
Larson 1985). The fragmentation is marked when the wave-
length is about 5 times the diameter (Bastien 1983). The
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F1G. 1.—A CS (1-0) map of the peak intensity (T%) in V sz = 2.5-13.5 km s~ in the Orion A cloud. Contour levels are 0.34 K (1 o) x (3,4, 5,6, 7, 8,9, 12, 15,
18, ..., 33). Thin straight lines delineate the boundary of the surveyed areas. The spectra were convolved to 0.3 km s~ ! resolution before measuring the peak

intensity.

observed '3CO line width and an estimated average surface
density of order 10> M, pc~?2 give a critical mass for gravita-
tional instability of ~800 My according to the formula com-
piled by Larson (1985). The typical mass of the four clumps
above is estimated to be 10> M, which is nearly equal to the
critical mass. The observed interval of the clumps is about
twice as small as the wavelength of the most unstable model for
gravitational instability. This factor of 2 difference in wave-
length might be explained when we take into account the angle
between the line of sight and the filament (e.g., Genzel &

Stutzki 1989), the effects of rotation and magnetic fields on the
stability of the filament (e.g., Larson 1985; a comparison of
numerical results and the [-shaped filament is given in Hanawa
et al. 1993), and the uncertainty in the estimates of physical
parameters.

The Orion A cloud has systematic velocity structures. A
velocity gradient (0.135 km s™! pc™?') is observed along the
filament (e.g., Kutner et al. 1977). Furthermore, a velocity gra-
dient also can be seen across the filament. In order to eliminate
the systematic velocity gradient along the filament, we calcu-
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F1G. 2—Maps of the peak '*CO (1-0) and CS (1-0) intensities (T%) in ¥,z = 2.5-13.5 km s~ ! for the [-shaped filament in the Orion A cloud. For '*CO the
lowest level is 4.0 K (14 o), and the level interval is 0.8 K (3 o). For CS (1-0) the lowest level is 1.02 K (3 ¢), and the level interval is 0.34 K (1 o). The spectra were

convolved to 0.3 km s ™! resolution before measuring the peak intensity.

late the mean velocity for each declination by averaging
spectra at the same declination. Figure 3 shows a velocity-
offset map of '3CO. The thin and thick contours, respectively,
illustrate 1-2 km s~! blueshifted and redshifted gas with
respect to the mean radial velocity at the same declination. We
find patterns which suggest the existence of a systematic veloc-
ity gradient across the filament. At —6°05’ < decl. < —5°45/,
the thick contours (redshifted) are clearly located on the
western side of the thin contours (blueshifted). The velocity
gradient has the same sense as that in the southernmost part of
the Orion A cloud (decl. < —7°) pointed out by Uchida et al.
(1991). On the other hand, at decl. > — 5°20’ the thick contours
(redshifted) seem to be located on the eastern side of the thin
contours (blueshifted), in contrast with the above. One may
interpret the change in the sense of the velocity gradient in
terms of the twisting motion of the filaments. The velocity

gradient is estimated to be ~2-4 km s~ ! pc™! from '3CO
position-velocity diagrams (not shown). The relative velocity at
the filament periphery (~0.5 pc from the axis) is of order 1-2
km s~!: this is close to the value of 2.3 km s~! which is
necessary to support the cloud against gravity if it means rota-
tion. It is possible that this rotation as well as turbulent gas
motion plays an important role in supporting the filamentary
cloud against the self-gravity.

3.2. Distribution of High-Density Gas

We selected the 49 GHz CS (1-0) line to obtain the distribu-
tion of high-density (10*-105 cm ~3) gas. It is known that CS is
a rather robust molecule for interstellar chemical processes
(Herbst & Leung 1989) and is widely detected toward high-
density gas condensations. Furthermore, the line intensity
from CS is moderately intense. Compared with lines of higher
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F1G. 3.—Velocity-offset *>*CO map of the (-shaped filament. The thin con-
tours represent a map of AV, iz = —2to —1 km s !, and the thick contours
represent a map of AV, g = 1-2 km s~ *. The contour levels are 2, 3, 4, 6, and
8K kms™*.

rotational levels, CS (1-0) has an advantage of detecting cores
without YSOs because such cores are not highly excited. The
line also has a lower optical depth (Linke & Goldsmith 1980;
Snell, Langer, & Frerking 1982), which is helpful in estimating
physical parameters. These advantages make CS (1-0) one of
the best molecular lines for surveys of molecular cloud cores.
Figure 1 shows that there are many local condensations in
the Orion A cloud. The typical size (FWHM diameter) of these
condensations is roughly 1'-4’ (0.1-0.5 pc). We catalog well-
defined molecular cloud cores from these condensations (§ 4.1).
To know how the intensity distribution depends on the
employed molecular line, we compare the CS distribution with
that of NH;, which is also used to investigate the distribution
of high-density gas (e.g., Benson & Myers 1989). Figure 4 com-
pares a part of our CS (1-0) map for the region near Orion KL
with the NH; (1, 1) map of Batrla et al. (1983). The telescope
beam employed by them (43”) is comparable to ours (36"), but
the area of the NH; observation is limited to the vicinity of the
Orion Nebula. Both maps show local condensations with a
size (diameter) of 1'-2’, or 0.1-0.3 pc. Positions of local inten-
sity peaks in these two lines generally coincide with each other,
but the intensity ratio of CS (1-0) to NH; (1, 1) varies drasti-
cally from core to core. Roughly speaking, NH ; is more intense
to the north of Orion KL, while CS is stronger to the south of
KL. In particular, an intense CS core (R.A. 5"32™47%, decl.
—5°28'20") located ~2’ south of S6 is not seen in NH; (1, 1)

MOLECULAR CLOUD CORES IN ORION A CLOUD. L 647

although this core is located within the area observed by Batrla
et al. Core S6 is much weaker in intensity than Orion KL in
NHj; (1, 1), but is as intense as KL in NH; (2, 2) (Batrla et al.
1983); this is probably due to excitation by the newly born star,
Orion-S (Ziurys, Wilson, & Mauersberger 1990; Schmidt-
Burgk et al. 1990).

Difference in spatial distribution between CS and NH; has
also been reported for dark cloud cores (Zhou et al. 1989). As a
possible origin of such difference, we first consider different
excitation conditions for these two molecules. The critical
density for the NH; (1, 1) line is 10* cm ~3, which is an order of
magnitude lower than that for the CS (1-0) line (10° cm™3).
Therefore, the NH; line should be observed in less dense
regions than the CS line. However, NH; distribution is not

B [
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o
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FiG. 4—NHj, (1, 1) map (T,,,, gray scale with thick lines) of Batrla et al.
(1983) superposed on our CS (1-0) map (T%, thin lines). The NH, map was
obtained with a 43” beam and at half-beamwidth spacing. The velocity
resolution for the NH, observations is 0.8 km s~ !, and the CS spectra were
convolved to the same resolution. The lowest level is 2 K for NH; and 1 K for
CS. The level interval is 1 K for both the maps. S1, S2, S3, and S6 were
designated by Batrla et al.
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FIG. 5—The 0.5 km s~ ! interval velocity-channel maps of CS (1-0) shown for three divided regions, regions I, II, and III. The numeral n (ranging from 1 to 22) in
the lower left-hand corner of each map represents the ¥, ¢ range of integration, 0.5n + 2.0 to 0.5n + 2.5 km s~ *. The contour interval is 0.39 K km s (3 0). (a)
Region I, Vg = 2.5-8.5km s~ . (b) Region I, ¥,z = 8.5-13.5km s~ . (c) Region II, ¥ g = 5.0-11.0 km s~ *. (d) Region IIL, ¥ g = 2.5-8.5kms~".

always more extended than CS, as shown in Figure 4. Since the
CS (1-0) line is not heavily saturated (z < 3; e.g., Linke &
Goldsmith 1980), it seems difficult to explain the compact dis-
tribution of NH; only in terms of scattered line photons due to
a large optical depth of CS (cf. Zhou et al. 1989). Another
possibility is chemical abundance variation from core to core
(Ungerechts et al. 1992). Such abundance variation among
cores has often been pointed out in other regions, such as

TMC-1 (Little et al. 1979; Hirahara et al. 1992) and L134N
(Swade 1989). On the basis of an extensive survey toward dark
cloud cores, Suzuki et al. (1992) pointed out that NH; tends to
be abundant in star-forming cores. This indicates that the
abundance of NH; is sensitive to the cloud conditions, and,
hence, a survey of cloud cores in NH; would naturally be
biased to the cores in which stars have already formed. In the
present study, we therefore employed the CS line to pick up the

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...404..643T

No. 2, 1993

MOLECULAR CLOUD CORES IN ORION A CLOUD. 1L 649

=500’

30’

Dec. (1950)

5h33m L 32ma0s
R. A. (1950)

FiG. 5b

density maxima in the giant molecular cloud. In order to
discuss the origin of the difference in molecular distribution
further, it is highly desirable to observe other molecular lines
toward the cores identified in the present study.

4. PROPERTIES OF MOLECULAR CLOUD CORES
4.1. Identification of Cores and Determination of
Core Properties

We identified molecular cloud cores by using the CS (1-0)
data with the following procedure.

1. As core candidates we selected local intensity maxima on
0.5 km s~! interval velocity-channel maps. Figure 5 shows
channel maps for three divided regions which have similar
lengths along the ridge: region I (—4°55 > decl. > —5°50"),
region II (—5°50" > decl. > —6°55’), and region III
(—6°55 > decl. > —7°40") (these three regions will be used
also to investigate spatial difference in the core properties in
the Orion A cloud in § 5.2). We adopted a 5 o level as the
threshold for core candidates. We regarded two maxima as
different candidates if the “valley” between them is deeper
than 2 0. Local intensity maxima on map boundary were
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excluded because we cannot deduce core properties such as the
size.

2. For each candidate, we made four position-velocity (P-V)
diagrams passing through the CS (1-0) peak position. For
making P-V diagrams, we convolved spectra to 0.3 km s™!
resolution to improve the signal-to-noise ratio. Figure 6 shows
examples of the P-V diagram.

3. We checked whether a core candidate is separated from
others at a 5 ¢ noise level on each of the four P-V diagrams.

4. In the case in which there are two or more candidates in
the 5 o level contours, we identified them as separate cores if

they appear isolated at any of the 10 g, 15 0, 20 o, ... levels on
P-V diagrams.

Our procedure aims to search for local high-density conden-
sations, which may lead to star formation in the future or may
already have led to star formation. We do not intend to sub-
divide irregularly shaped cores using a kind of template for the
shape of a core (cf. a study of the M17 SW region by Stutzki &
Giisten 1990).

A total of 125 molecular cloud cores have been identified.
Most of them are newly identified in the present work. Table 1
is the catalog of the molecular cloud cores in the Orion A
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F16. 6.—Two examples of the P-V diagram for core candidates. The spectra were convolved to 0.3 km s™! resolution. The lowest contour level and contour
y. Each of the strips for the diagrams passes through the peaks of Nos. 30, 33, 101, and 104, but does not pass

interval are 0.68 K (2 ¢) and 0.34 K (1 o), respectivel

exactly through the peaks for Nos. 28 and 37.
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TABLE 1
CATALOG OF MOLECULAR CLOUD CORES IN ORION A CLOUD

Visw R T¥CS)  AuCS) M M,
R.A.(1950) Decl.(1950) (km s~ 1) (po) (K) (kms™!) (Mg) (M) Outflow/IRAS
5832m5254 —4°59'03" 11.8 0.15 1.8 1.17 93E+1 44E+1 05327—-0457
533 03.1 —50103 11.7 0.14 4.2 1.01 14E+2 29E+1
532 49.7 —-50223 10.6 0.23 5.0 1.75 9.1E+2 1.5E+2
533 004 —50303 11.2 0.22 4.0 0.88 29E+2 35E+1
533 004 —50503 10.8 0.14 42 0.82 12E+2 20E+1
532 49.7 —50623 10.6 0.20 34 227 58E+2 22E+2
533 11.1 —50743 11.2 0.20 29 1.04 1.7E+2 44E+1
532 550 —50943 11.3 0.20 23 1.93 31E+2 1.5E+2
532 444 —51143 10.8 0.17 1.9 1.13 1.1IE+2 46E+1
533 111 —51143 10.7 0.11 23 0.74 18E+1 1.2E+1
532 577 —51223 11.2 0.18 38 1.33 24E+2 6.6E+1 OMC-2
532 363 —51303 10.3 0.13 22 0.64 23E+1 1.L1IE+1
533 03.1 —51343 10.3 0.16 2.5 0.76 84E+1 20E+1
532 336 —51423 10.7 0.14 20 1.71 69E+1 85E+1
532 49.7 —51423 10.6 0.15 20 1.36 87E+1 6.0E+1
532 49.7 —-51623 10.0 0.11 23 1.68 7T9E+1 6.7E+1
532 39.0 —-51703 9.7 0.26 34 1.28 47E+2 9.1E+1
532 49.7 —51743 10.7 0.16 22 1.26 9.0E+1 52E+1
532 416 —51943 9.2 0.14 44 0.84 92E+1 21E+1
532 363 —52103 10.0 0.11 23 1.08 27E+1 26E+1
532 49.7 —52103 9.4 0.11 12.2 1.60 53E+2 6.0E+1
532 33.6 —52143 79 0.12 2.5 1.14 49E+1 33E+1
533 138 —52143 9.0 0.12 2.1 1.22 4.5E+1 39E+1
533 272 —52143 9.8 0.10 1.9 0.86 19E+1 1.5E+1
532 577 —-52223 6.9 0.09 22 1.82 22E+1 6.1E+1
532 49.7 —52303 9.8 0.11 11.1 1.29 3.6E+2 39E+1
533 19.1 —52303 8.5 0.08 2.1 0.94 19E+1 14E+1
532 309 —52343 8.8 0.14 5.0 1.65 26E+2 78E+1
532 470 —52423 8.5 0.15 10.0 3.71 1.8E+3 44E+2 Orion KL
532 336 —52543 11.2 0.17 52 1.19 1.8E+2 SO0E+1
532 470 —52543 6.2 0.10 8.4 244 32E+2 1.2E+2 QOrion-S
533 03.1 —52543 11.2 0.08 19 0.89 1.L1IE+1 1.3E+1
532 36.3 —52623 8.7 0.08 4.3 145 51E+1 34E+1
532 577 —52623 10.2 0.06 29 1.71 38E+1 38E+1
532 390 —52743 11.5 0.12 34 1.23 6.1E+1 39E+1
532 49.7 —52743 10.1 0.07 7.1 1.07 77E+1 1.6E+1
532 470 —52823 8.7 0.10 10.5 2.12 6.0E +2 9.7E+1
533 336 —52943 12.2 0.13 1.7 1.57 44E+1 70E+1
532 443 —-52943 9.8 0.11 7.5 0.99 12E+2 22E+1 05327 -0529
532 443 —-53103 11.2 0.10 6.9 1.01 1.1E+2 21E+1
532 39.0 —53143 9.2 0.10 2.6 1.28 27E+1 34E+1
532 49.7 —53223 6.3 0.09 33 0.66 3.7E+1 8.5E+0
532 36.3 —53343 10.8 0.16 20 1.67 75E+1 9.1E+1
532 36.3 —53623 7.0 0.13 3.2 1.18 1.L1IE+2 38E+1
532 49.7 —-53703 8.4 0.13 1.9 1.04 41E+1 29E+1
532 309 —53743 7.0 0.23 2.5 1.64 35E+2 13E+2
532 39.0 —53823 8.3 0.29 32 0.88 39E+2 47E+1
532 416 —53943 715 0.18 24 234 22E+2 20E+2
532229 —54103 7.5 0.14 22 1.64 75E+1 79E+1
532 09.5 —54343 9.2 0.14 2.7 098 41E+1 28E+1
532 282 —54503 7.6 0.27 19 1.19 24E+2 8.1E+1
532 256 —54743 9.0 0.22 35 0.76 1.5SE+2 27E+1
532 336 —-55023 7.4 0.21 23 0.57 69E+1 14E+1
532 41.6 —55503 7.7 0.15 20 0.62 19E+1 1.2E+1
532 309 —55543 79 0.19 2.0 1.29 1.0E+2 6.7E+1
532 443 —55743 7.5 0.15 2.0 1.24 55E+1 48E+1
532 363 —55943 8.4 0.27 2.1 1.41 25E+2 1.1IE+2
532 443 —6 0143 8.2 0.24 21 1.14 1.6E+2 6.5SE+1
533 13.8 —6 0943 8.4 0.33 1.8 161 - 38E+2 1.8E+2 053340611
533 138 —6 1103 9.0 0.24 1.7 1.34 1.5E+2 9.0E+1
533 40.6 —6 1223 8.7 0.20 24 1.21 1.5E+2 6.0E+1
533 379 —6 1423 9.1 0.30 19 1.34 3.1E+2 1.1IE+2
534 10.2 -6 1503 8.2 0.27 29 1.32 36E+2 98E+1
534 020 —6 1703 8.2 0.21 29 1.04 1.7E+2 48E+1
534 102 —6 1703 7.6 0.10 3.1 0.85 34E+1 1.6E+1
534 155 —6 1903 89 0.30 22 1.34 28E+2 1.1IE+2
533 54.1 —6 2343 6.9 0.22 3.0 1.75 33E+2 14E+2 L1641-North
533299 —52423 9.3 0.13 22 0.71 33E+1 14E+1
533 595 —6 2503 6.6 0.15 3.6 1.65 19E+2 85E+1 Morgan 8
534 18.2 —52623 8.2 0.17 2.8 091 6.4E+1 30E+1
533 03.1 —6 2823 8.6 0.15 34 1.01 1.2E+2 33E+1 05330—-0628 (V801 Ori)
533 273 —6 2823 8.8 0.27 3.7 0.96 3.1E+2 S2E+1
534 07.5 —6 2823 73 0.17 22 1.75 12E+2 1.1IE+2
534 156 —6 2823 6.2 0.19 2.5 1.35 14E+2 T4E+1
534 156 —6 2943 7.8 0.14 1.8 1.24 4.1E+1 46E+1
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TABLE 1—Continued

Vi R TXCS)  AuCS) M M,,
Number R.A.(1950) Decl(1950)  (kms™?) (pc) (K) (km s™Y) M) (My) Outflow/IRAS
533 353 —6 3023 8.4 0.12 2.7 0.75 30E+1 14E+1
534 209 —63023 6.2 0.18 2.5 1.49 14E+2 8.6E+1
534 23.6 —6 3103 75 0.12 2.1 1.06 34E+1 29E+1
5 33 38.0 —6 3143 8.4 0.14 2.8 0.63 28E+1 1.1IE+1
533 004 —63223 9.0 0.11 23 1.16 37E+1 31E+1
533 593 —6 3223 7.2 0.15 2.3 1.09 S6E+1 37E+1
533 514 —6 3303 7.5 0.14 3.0 1.35 84E+1 S2E+1
534 209 —6 3343 72 0.20 2.5 0.70 S9E+1 2.1E+1
533 326 —6 3423 8.4 0.12 34 0.96 5.5E+1 23E+1
533 54.1 —6 3503 6.8 0.28 37 1.14 39E+2 77E+1
534 31.7 —6 3543 7.4 0.18 21 0.75 34E+1 22E+1
534 183 —6 3623 74 0.18 29 0.62 54E+1 1.5E+1
534 344 —6 3743 6.5 0.19 29 1.37 1.7E+2 7.6E+1
534 075 —64023 6.9 0.16 28 0.83 6.2E+1 23E+1 Morgan 18
533 513 —6 4143 7.0 0.17 1.7 1.65 6.1E+1 95E+1
533 595 —6 4703 9.0 0.20 4.1 1.43 31E+2 84E+1 HH 1-2
533 593 —6 4743 10.0 0.15 35 1.17 12E+2 43E+1
533 488 —6 5023 8.4 0.23 32 1.75 31E+2 15E+2
534 02.0 —6 5303 7.6 0.14 1.9 0.86 30E+1 22E+1
536 213 —-70223 35 0.16 2.7 1.49 8.5E+1 75E+1 L1641-Center
535 39.0 -7 0743 6.0 0.10 2.6 0.89 19E+1 1.7E+1
535 33.6 -7 0903 5.7 0.19 33 1.44 1.5E+2 8.1E+1
535 41.7 —-71023 59 0.15 2.2 1.46 6.0E+1 6.7E+1 05357—0710 (Haro 14a)
536 03.2 —7 1143 5.3 0.20 22 1.33 89E+1 74E+1
535 471 —-71223 6.4 0.10 2.5 1.27 23E+1 32E+1
536 38.2 -7 1303 5.0 0.15 1.8 0.99 27E+1 30E+1
536 07.9 —-71343 5.7 0.10 2.0 0.72 82E+0 1.1IE+1
536 26.6 —7 1343 49 0.20 1.7 2.05 1.0E+2 1.8E+2 05363 —0714 (Haro 4-249)
536 409 —7 1343 34 0.19 2.0 0.67 28E+1 18E+1
535 41.7 -7 1503 6.0 0.18 23 0.93 STE+1 32E+1
535552 -7 1503 6.4 0.15 28 0.58 29E+1 1.0E+1
535 444 —71703 6.5 0.18 32 0.78 T1E+1 23E+1
535 498 -7 1823 59 0.15 23 0.87 37E+1 23E+1
536 03.3 —7 1823 6.1 0.19 2.1 0.75 52E+1 23E+1
536 57.0 —-72023 35 0.14 2.7 0.42 1.2E+1 52E+0
536 35.6 —7 2143 43 0.15 2.1 1.06 39E+1 3.6E+1
536 10.6 —72223 6.2 0.19 2.8 1.11 1.0E+2 SO0E+1
537 04.1 —72543 33 0.12 2.2 0.79 1.6E+1 1.6E+1
536 24.0 —72623 54 0.26 2.6 1.03 1.6E+2 S8E+1
536 29.3 —72743 44 0.10 22 0.82 14E+1 14E+1
536 10.6 —7 2823 5.6 0.22 2.1 1.78 1.6E+2 1.5E+2
536 534 —7 2823 43 0.27 32 1.38 32E+2 1L1IE+2 Haro 4-255
538 03.1 -7 2903 39 0.12 1.7 1.47 25E+1 SSE+1 Re 50
538 03.1 —73023 35 0.14 1.8 1.19 3.0E+1 42E+1
536 00.7 -7 3103 6.2 0.15 24 0.99 34E+1 3.UE+1
536 06.0 —7 3143 4.8 0.13 19 0.84 17E+1 19E+1
537 175 —7 3143 39 0.18 2.6 0.83 49E+1 26E+1
537 336 —173223 4.6 0.23 1.8 1.16 78E+1 6.5E+1 L1641-South 3
538 03.1 -7 3223 38 0.14 1.9 0.77 22E+1 1.7E+1
537 49.7 —7 3423 33 0.18 19 091 35E+1 32E+1

cloud. The radius R is measured as half of the arithmetic
average of linear extents (FWHM in the peak intensity) on the
four P-V diagrams, and then is corrected for broadening due to
the telescope beam (R = [R2,, — (HPBW/2)2]'/?). The peak
intensity T% and line width (FWHM) Av in Table 1 are
obtained by fitting a Gaussian (or Gaussians if necessary) to
the line profile, which is not smoothed. To estimate the core
mass M, we calculate the column density by adopting a
formula,

N(CS) = (2.61 x 10'2) J T(CS 1-0)dv/f, cm~2 .

The fractional population of the J =1 level, f;, is given by
fi = 3.53/T,,. We use approximations which are good for
T., 2 10 K. The radiation temperature Ty is obtained by divid-
ing T% by the beam efficiency. Since CS (1-0) is considered to

be partially thermalized, an estimate of the excitation tem-
perature T,, is not straightforward. Here we adopt an approx-
imation that T, of CS is equal to that of *3CO (1-0) in view of
the modest optical depth and thermalization of the *3CO line.
The minimum value of T, is 8.5 K, and we may safely use the
formula of column density estimation above. The CS abun-
dance relative to H, is assumed to be 10~°, although it shows
deviation among regions (e.g., Graedel, Langer, & Frerking
1982; Blake et al. 1987). We obtain the mass M from the
column density: M = 2.76my(2nR?/3)N(H,). The mass of a
core derived from the integrated CS (1-0) intensity ranges from
8 to 1800 M. The mass M obtained in this way is comparable
to the virial mass M, : the average of log (M,;,/M) calculated
for each core is —0.29 + 0.29 (1 ¢ deviation). Here we adopt a
formula, M,;(M o) = 210R(pc) Av(km s~ !)%. Because various
kinds of molecular clouds, including molecular cloud cores, are
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TABLE 2
CS (2-1) AND C'80 DaTA

CS (2-1) C180 (1-0)
T* Av T% Av
Number (K) (km s™1) (K) (kms™1)
19 1.51 LB
3.0 1.09
26 144 2.2 1.15
27 225 1.8 2.84
0.8 2.58
1.4 1.36 12 1.31
1.7 1.63 14 1.68
1.7 1.75 1.0 1.82
3.6 1.58 ..
123 2.16 2.8 194
124 1.14 1.5 1.19
22 221 09 2.07
123 3.53 13 3.01
71 3.76
2.6 1.73
12.5 191 2.5 1.61
24 1.01 1.0 1.03
19 1.72 0.8 1.19
13 1.85 21 1.33
1.0 2.41 22 1.40
0.8 1.26

2 In this table three dots mean “not observed.”

generally found to be close to virial equilibrium (e.g., Larson
1981; Myers 1983), this agreement supports the assumptions
made in the above derivation of the mass. The correlation
between M ;. and M will be investigated in § 4.3.

Table 2 lists the results of additional CS (2-1) and C!80
observations toward 21 cores. The average physical param-
eters of the 125 molecular cloud cores are summarized in
Table 3.

One might suspect that physical parameters based on the
CS (1-0) data might be affected by the optical thickness of the
CS (1-0) line. The optical depth of the CS (1-0) line in various
kinds of objects is thought not to be heavily saturated (t < 3;
e.g., Linke & Goldsmith 1980). We have C3*S (1-0) and C34S
(2-1) data obtained toward the CS (1-0) intensity maxima of
some of the identified cores (Tatematsu et al. 1993). These data
show that for ~75% of the observed cores 7(C34S 1-0) is less
than 0.05, which corresponds to 7(CS 1-0) < 1 if we assume
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the terrestrial isotopic ratio. The results are not affected by
this moderate optical depth of the CS (1-0) line. Indeed, the
CS (1-0) line width is quite close to the line width of the opti-
cally thin C!%0 line (from Table 2) as Ap(CS 1-0) =
(1.06 + 0.17)Av(C18Q)0-93+0-21,

In a crowded region like the one discussed here, the error
pattern of the telescope beam might affect the observed inten-
sity distribution. This is not the case for our CS (1-0) results.
The beam efficiency at the CS (1-0) frequency is as high as 0.6,
and the clumpy CS emission will not have a very large filling
factor in the error pattern. Furthermore, we identify CS cores
by using both spatial and velocity information on the CS emis-
sion. In general, cores have different velocities. We think that
contamination by other cores in the error beam is negligible for
CS (1-0). For 13CO, the beam efficiency of the telescope is
lower (0.38), and the 3CO line width is in general broader. It is
possible that contamination due to the error pattern of the
telescope affects the 13CO intensity of weak cores located in or
near the intense !3CO ridge. However, the number of cores
which can be affected by the error pattern contamination is not
large (about 10). Among the physical parameters of the cores,
only the core mass was derived by the aid of the '*CO data.
Only the results shown in § 3.1 and discussion based on the
core mass might be partly affected by the error beam in a way
that masses of ~10 cores toward the low end of the mass
spectrum are slightly (<$30%) overestimated.

In § 3.1 we noted that the Orion A cloud shows 1 pc-sized
clumps based on the 13CO map. The cores identified from the
CS (1-0) map and listed in Table 1 are much smaller (size ~0.3
pc) and could belong to a subclass of clumps in the hierarchical
nature of interstellar medium (see Scalo 1985). The number of
cores contained within each of the four clumps ranges from 2
to 7, and the total mass of 18 molecular cores included in these
four clumps is 2300 M: the CS (1-0) observation detects
about 60% of the gas observed in 13CO. The total mass of the
125 cores cataloged in the present study is 1.8 x 10* M.
Maddalena et al. (1986) estimated the total mass of the Orion
A giant molecular cloud to be of order 1 x 10° My on the
basis of their 12CO observation. Because we did not fully cover
the Orion A cloud, we can set a lower limit on the percentage
of the mass involved in molecular cloud cores to about 20%.
The lifetime of giant molecular clouds is of order 3 x 107 yr
(e.g., Bash, Green, & Peters 1977; Turner 1988). If the lifetime
of cores is several times the free-fall time (i.e., 10°-10° yr) and

TABLE 3

PARAMETERS OF MOLECULAR CLOUD CORES

Av (km s~ 1)
R
SAMPLE LINE (po) All No YSO¢ log (M/M ) log (M,,,/M )
Orion A doud®........... CS (1-0) 016+ 0.06 (125) 121+ 046 (125  1.15+038 (108) 19405 (125° 16+ 04 (125)
CS (2-1) 190 £0.72(21) 172+ 0.45 (19)
C1*0 (1-0) 168 + 0.61 (14  1.58 + 0.50 (13)
Dark clouds ............. CS (2-1)° } 068 +025(12) 052+ 0.19 (4) }
CS (3-2)° 0.14+008(10) (623 029(22)  0.54 £ 0.14 (12) 1005 (10)
C1*0 (1-0)° 0.63 % 031 (70)

Note—The 1 ¢ deviation is listed. The number of cores is shown in parentheses.

2 Present work.

® Taken from Zhou et al. 1989. The bright-rimmed globule B35 is excluded.

¢ Myers, Linke, & Benson 1983.

4 For Orion, cores without molecular outflows/cold IRAS sources. For dark clouds, cores associated with neither an IRAS point source nor a 2 um
source; no molecular outflow source is included in this category (Myers et al. 1988).

¢ From the integrated CS (1-0) intensity.
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the percentage of the mass of cores does not vary very much
during the lifetime of a giant molecular cloud, the remnant of
cores will be repeatedly used to form next-generation cores.

4.2. The Shape of the Cores

The identified molecular cloud cores are mostly elongated.
Four linear extents (FWHM in T%) on the P-V diagrams for
each core are used to derive the axial ratio and the position
angle of the elongation. We calculated the axial ratio and posi-
tion angle by fitting the four linear extents to a cosine curve
using a nonlinear least-squares program. The beam-corrected
axial ratio is 0.5 + 0.2 (average + 1 ¢ deviation), which is com-
parable to the value of 0.4-0.5 for cores in dark clouds studied
by Myers et al. (1991). To measure the position angle, we elimi-
nated the cores whose axial ratios are greater than 0.65 because
the position angle is often difficult to estimate precisely. Figure
7 shows the position-angle distribution for the three divided
regions. It is found that the core elongation tends to be parallel
to global elongation of the filamentary molecular cloud. In
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FiG. 7—Distribution of the orientation of the core elongation for regions I,
II, and III. Only the cores having axial ratios of <0.65 are plotted.
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region I the cloud is elongated in the north-south direction,
and the position-angle distribution of the core elongation has a
dip at ~90°. In region II the cloud is elongated in the
northeast-southwest direction, and the position-angle distribu-
tion peaks at ~ 120°. Although region III is somewhat compli-
cated, one may see that the cloud has filaments elongated in
the northwest-southeast direction as well as those elongated in
northeast-southwest direction. We see two peaks in the
position-angle histogram corresponding to these directions. As
discussed by Myers et al. (1991), such elongation may represent
prolate cloudlets rather than oblate ones. The alignment with
respect to the global filamentary cloud structure might suggest
that the elongation has been caused through gravitational
instability for an equilibrium filamentary cloud (see § 3.1)
and/or controlled by globally aligned magnetic fields.

4.3. Line Width, Core-to-Core Velocity Dispersion, and
Mass of the Cores

CS (2-1) spectra were obtained toward 21 out of the 125
Orion cores (Table 2). Figure 8 compares the CS (1-0) line
width with the CS (2-1) line width for these 21 cores. No
attempt was made to compensate for the difference in the beam
size because the CS (2-1) observations were carried out solely
toward the peak of the cores. The line width is roughly the
same between these two transitions in Figure 8 except for a few
sources (see also Linke & Goldsmith 1980 for a comparison of
these two line widths for various sources).

Figure 9 compares the mass M (M) estimated from the
integrated CS intensity with the CS (1-0) line width Av (km
s™1). Using a nonlinear least-squares program, we obtained
Av(km s™1!) = (0.43 + 0.05)M(M )°-23%%92 (with 1 ¢ uncer-
tainties). The correlation coefficient is 0.63. The present
fit is consistent with the relation o(km s ™) = 0.42M(M ;)°-?°
found by Larson (1981) for a large variety of regions (his ¢ is
the three-dimensional velocity dispersion, and Av = 1.36 ¢ for
an optically thin Gaussian-shaped profile). Bally et al. (1987)
obtained a similar relationship, Av(km s 1) = 0.54M(M )°-25,
for 14 13CO clumps, which are larger in size and less dense

5 1 ] ) 1
b4t . :
e (@)
= 5| :
"I' O
QS %a@
31k o) -

O | 1 1 1

0 1 2 3 4 5
Av (CS 1-0) (km s-1)

FiG. 8.—Relation between CS (1-0) and CS (2-1) line widths for 21 molecu-
lar cloud cores.
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F1G. 9—Relation between the core mass estimated from the integrated
CS (1-0) intensity, and the CS (1-0) line width. The straight line represents the
best fit, Akm s ') = 0.43M(M ;).

than molecular cloud cores, found in the Orion A cloud. The
correlation between the radius R and the line width Av is not
clear in our Orion sample, probably because the range of R
obtained in the present identification is narrow.

We investigate the core-to-core velocity dispersion a__. It is
known that the Orion A cloud has a global velocity gradient
along the filament, whose direction (northwest-southeast) is
nearly parallel to the Galactic longitude (Kutner et al. 1977).
By using a linear least-squares program for the radial velocity
of the cataloged cores versus the Galactic longitude, we
obtained the relationship V g(km s 1) =7.70 — 1.994(] — 210°).
The velocity gradient along the filament is of order 0.26 km s ~!
pc™! (cf. 0.135 km s™* pc~! by Kutner et al. 1977 for a larger
area of the Orion A cloud). The velocity gradient across the
filament (§ 3.1) was not corrected to derive g, because the
amount of this velocity gradient is not easy to derive precisely.
The line-of-sight dispersion of the radial velocity of the cores
0. is estimated to be 1.15 km s~ . This value is comparable
to the !3CO line width (6=114+01 km s71,
FWHM = 2.6 + 02kms™}).

Last, we compare the mass obtained from the integrated
CS (1-0) intensity M with the virial mass M ;,. Figure 10 illus-
trates M;,/M as a function of M. It is remarkable that M ; /M
is not constant but is correlated with M. Using a nonlinear
least-squares program, we can obtain M, /M = (2.8
+ 0.6)M(M ) ~°-35£0:05 with a correlation coefficient of 0.55.
A similar result was previously obtained by Loren (1989) for
13CO clumps in the p Oph molecular cloud: M,;,/M oc
M~%6! Tt should be noted that the power for his 3CO
clumps (—0.61) is much steeper than that for our Orion data
(—0.35). He concluded that low-mass clumps deviate from
virial equilibrium (M, > M). Because our estimates of M
depend on the CS abundance, which can differ by a factor of 5
from the adopted value, we cannot determined which of the
massive cores and low-mass cores are close to virial equi-
librium in our sample. At least the variation of log (M, /M) of
the cores in Orion (1 ¢ deviation is 0.29) is much less than that
of Loren’s '3CO clumps in p Oph, and we guess that all cores
in our sample are not far from virial equilibrium.
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4.4. Association of Cores with Y oung Stellar Objects

Next, we investigate the percentage of the cores accompany-
ing young stellar objects. Molecular outflows indicate the pres-
ence of YSOs. There exist 12 molecular outflows within the
mapped regions (Lada 1985 and references therein; Fukui 1989
and references therein; Ziurys et al. 1990; Morgan et al. 1991).
Eleven of the 12 outflows (92%) are located within the half-
intensity contour of the identified molecular cloud cores. In
other words, 9% of the 125 cores are found to be associated
with molecular outflows. YSOs are generally observed as cold-
color IRAS point sources [log (F12#m/F25#m) < (] (see Fukui
et al. 1989; Morgan & Bally 1991). When we include cold
IR AS point sources located within cores (half-intensity level) as
YSO candidates, the number of the cores accompanying YSOs
or YSO candidates is 17. We list molecular outflows and cold
IRAS point sources apparently associated with the identified
cores in Table 1. The identification of IRAS point sources in
L1641 (the southern portion of the Orion A cloud) is sum-
marized in Strom et al. (1989). Cores associated with YSOs
(including candidates) tend to have slightly larger CS (1-0) line
width (1.58 + 0.67 km s™!; average + 1 o deviation) than
those without YSOs (1.15 + 0.38 km s~ !). This result is consis-
tent with those derived by Beichman et al. (1986), Myers et al.
(1988), and Zhou et al. (1989). Because the Orion Nebula
region is heavily confused by diffuse infrared emission, elimi-
nation of cores at decl. > —6° might provide better statistics
for YSO-core association. In this case, 12% (8/68) of the cores
accompany outflows, and 18% (12/68) of the cores accompany
outflows and/or cold IRAS sources.

In our sample, 10%—-20% of the cataloged cores are found to
accompany YSOs or YSO candidates. This value is much
lower than the value of 50%-70% for NH; cores in dark
clouds studied by Benson & Myers (1989). We discuss a few
points which may affect statistics. First, this difference in per-
centage would be likely due to a higher detection limit for
YSOs in Orion because the Orion A cloud is more distant and
more confused by diffuse infrared emission than nearby dark
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FiG. 10.—Ratio of the virial mass M,;, to the mass M obtained from the
integrated CS (1-0) intensity is shown as a function of M. The straight line
represents the best fit, M, /M = 2.8M(M )~ %35,
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clouds. For example, we look into the detection limit of the
IRAS Point Source Catalog. Wilking, Lada, & Young (1989)
and Kenyon et al. (1990) obtained luminosity functions for the
Ophiuchus and Taurus-Auriga regions, respectively. The
detection limit of the IRAS Point Source Catalog is about 0.5
L, at the distance to these regions (150 pc). Because the Orion
A cloud is 3 times as distant, the detection limit is about 5 L.
Although the luminosity function of IRAS point sources in
Orion might differ from those in these two regions, we simply
count the number of both class I and II sources and derive the
percentage of sources whose luminosity is greater than 5 L.
This percentage is 26% for Ophiuchus and 22% for Taurus-
Auriga. Second, it is also possible that the detection limit of our
survey might be higher than that in studies of dark cloud cores.
It is more difficult to assess the difference in detection limit
because different telescopes and different lines are used. When
we compare the linear size of the telescope beam, our beam
size, 0.08 pc, is comparable to those used by Benson & Myers
(1989), 0.05 pc (National Radio Astronomy Observatory 43 m
telescope) and 0.06 pc (Haystack 37 m telescope). Therefore, we
think the difference in the detection limit for the cores is
smaller than that for YSOs. Last, it is possible that our survey
has detected cores prior to star formation more efficiently than
their NH; observations, as we discussed in § 3.2. In reality the
abundance of NHj; is often enhanced toward star-forming
regions (e.g., Suzuki et al. 1992).

The statistics of the fraction of star-forming cores will be
interesting in the context of the core evolution leading to star
formation, although the present study is still not enough for
this purpose. Because the molecular cloud core is close to virial
equilibrium, the time scale of the core evolution might be
several times the free-fall time scale (i.e., 105-10° yr). On the
other hand, the time scales for molecular outflows and embed-
ded YSOs might be 10*-~10° and 10° yr, respectively (e.g., Lada
1985; Kenyon et al. 1990). The ratio of these time scales is
roughly consistent with the fraction of cores (10%—-20%) which
have already formed stars. We also wonder whether all cores
eventually lead to star formation. Further studies, especially
sensitive surveys of YSOs in Orion, are highly desirable.

4.5. Alternative Core Identification Levels

The physical parameters of molecular cloud cores may vary
when the procedure of core identification is changed. When we
only use 65 cores whose peak CS intensities are larger than
2.38 K (7 o) out of the 125 cores (with the original threshold of
5 o), the mean properties of the cores in CS (1-0) become
R =0.17 £ 0.06 pc, Av = 1.24 + 0.53 km s~ %, log (M/M ) =
2.1 + 0.4, and log (M,;,/M ) = 1.6 + 0.4. The parameters from
the 7 o criterion are very similar to those listed in Table 3,
except log (M/M ), which slightly increases.

One could identify cores by using separation at the half-
intensity level instead of a fixed threshold. We test this identifi-
cation by using the 125 cores listed in Table 1 as candidates.
We identify 52 cores from the test identification. For example,
core 31 (Orion-S) is involved in core 29 (Orion KL). The mean
properties of the cores become R =0.2040.07 pc, Av=1.20
+0.51km s~ !, log (M/Mg) = 2.1 £+ 0.6, and log (M,;,/M ) =
1.7 + 0.4. We obtained somewhat larger average radius, core
mass, and virial mass. Results from this test identification are
not very different from those from the original identification.
For example, we obtain a similar Av-M relation: Av(kms 1) =
(0.35 £ 0.06)M(M ,)°-25%0-03,
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We think that the results in the present study do not strong-
ly depend on how we identify molecular cloud cores (see also

§ 6).

5. COMPARISON OF THE CORES

5.1. Comparison with Cores in Dark Clouds

It has been suggested that the mass of stars being formed in
the Orion molecular cloud is systematically larger than that of
stars being formed in dark clouds such as the Taurus dark
clouds (e.g., Cohen & Kuhi 1970; Larson 1982). The difference
in the stellar mass must reflect the difference in the physical
parameters of molecular cloud cores from which stars form. To
investigate this issue, it would be important to compare the
characteristic parameters of the cores estimated above with
those of cores in dark clouds.

Table 3 summarizes a comparison of the physical proper-
ties for the cores in the Orion A cloud with those estimated
for cores in dark clouds by Zhou et al. (1989). Zhou et al.
studied 27 molecular cloud cores in nearby dark clouds by
observing CS (2-1) with the 12 m radio telescope of the
National Radio Astronomy Observatory (NRAO) at Kitt Peak
and/or CS (3-2) with the 4.9 m radio telescope of the Milli-
meter Wave Observatory (MWO) in Texas. The beam sizes
they employed (1’ for CS 2-1 and 1.6 for CS 3-2) correspond to
0.04 and 0.07 pc at the typical distance, ~ 150 pc, to the objects
they observed. These values are smaller than, by a factor of 2,
and similar to our beam size (0.08 pc at a distance of 450 pc).
The cores observed are partly associated with YSOs and partly
without YSOs.

First, we compare the radii of the cores. The size R defined
by Zhou et al. (and by Myers et al. 1983) is twice the radius R
in our definition, and we have translated their size R to match
our definition. The radius of the cores in Orion, 0.16 + 0.06 pc,
is comparable to that in dark clouds, 0.14 + 0.08 pc.

Second, we compare the line widths. It is remarkable that
the line width of the molecular cloud cores in the Orion A
cloud is broader by a factor of 2 than that of the cores in dark
clouds (Table 3). Although the data on dark cloud cores by
Zhou et al. (1989) do not include CS (1-0), which we observed,
the data assembled in Table 3 clearly show this tendency. Note
that in the sample of Zhou et al. the CS (2-1) line width is
nearly equal to the CS (3-2) line width (see their Fig. 2), and in
our sample the CS (1-0) line width is nearly equal to the CS
(2-1) line width (Fig. 8). Figure 11 shows the line-width dis-
tribution in Orion and in dark clouds. The line width for the
Orion molecular cloud cores is 1-3 km s~ ! for CS (1-0) and
CS (2-1), and is broader than the CS (2-1) line width (<1 km
s~ 1) for the cores in dark clouds. The difference in line-width
distribution between CS (1-0) and CS (2-1) in Orion (Fig. 11) is
mainly due to a fact that the 21 cores observed in CS (2-1) are
not randomly selected but are chosen from the northern
portion of the surveyed region (see § 5.2 and Fig. 8).

As a natural consequence of similar core size and larger line
width, the virial mass of the Orion molecular cloud cores is, as
an ensemble, larger than that of the cores in dark clouds as
shown in Table 3.

On the basis of NH; observations toward IRAS point
sources, Wouterloot, Walmsley, & Henkel (1988) found that
the NH; (1, 1) line width in Orion is larger than that in nearby
dark clouds (see also Harju, Walmsley, & Wouterloot 1991). A
molecular cloud core with an embedded young stellar object
(YSO) shows a broader line width than that without a YSO
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FiG. 11.—Histograms of line widths for the molecular cloud cores in Orion (present work) and for those in dark clouds (Zhou et al. 1989)

(Beichman et al. 1986; Myers et al. 1988; Zhou et al. 1989;
present work). Because our sample contains cores both with
and without YSOs, it may give us a better sample to estimate
the intrinsic properties of the molecular cloud cores, which can
be directly compared with the sample in dark clouds contain-
ing cores with and without YSOs. Our conclusion that the line
width is larger for the Orion molecular cloud cores is found to
hold whether we include or exclude the cores with the YSOs
(Table 3).

We have seen that the Orion cores have larger line widths
than the dark cloud cores, although the core radii are similar.
We may overlook cores having narrow line width, because we
used 0.5 km s~ ! interval channel maps in the identification
procedure. The deficiency of cores having narrow line width
Av < 1 km s™! might be due to the detection limit (see § 6 for
further discussion). To know the meaning of larger line width
observed in Orion, we consider the Av-R correlation, which is
one of the important characteristics of molecular cloud cores
(e.g., Chiéze 1987; Myers & Goodman 1988; Fuller & Myers
1992; Myers & Fuller 1992). Compared with other physical
parameters such as the core mass, these two parameters are
much more reliable because they are directly derived from the
observations. The radius range of our Orion sample is too
narrow to derive the relation independently. The Av-R relation
for the dark cloud cores is given by Fuller & Myers (1992)
on the basis of the NH;, CS (2-1), and C!'80 (1-0) data:
log Av = (0.44 + 0.08) log R + (0.01 £ 0.08) (for cores without
YSOs). Here R is in parsecs and Av is in kilometers per second.
This linear relation can be translated into Av(km s !) =
1.02R(pc)®4*. The CS (2-1) data they used are basically iden-
tical to those of Zhou et al. (1989). On the other hand, the
Orion cores rather obey the relation Av (km s™!) =
1.95R(pc)®-38, obtained by Larson (1981). C'80 cores in the
M17 SW region studied by Stutzki & Giisten (1990) also seem

to follow Larson’s relation rather than that of Fuller & Myers
(1992). Because our sample is too narrow in radius range to
derive the power, we estimate only the coefficient A by
assuming the relation Av(km s~ ') = AR(pc)®*. The power 0.4
is assumed on the basis of the estimates by Larson (1981) and
by Fuller & Myers (1992). The least-squares fitting to the
Orion cores gives A = 2.5 + 0.1, whereas that to the dark
cloud cores of Zhou et al. (1989) provides A = 1.5 + 0.1. Here
we include cores both with and without YSOs. The errors
reflect only 1 ¢ uncertainties in fitting. It seems that the Av-R
relation differs between the cores in giant molecular clouds
(Orion and M17 SW) and those in dark clouds (see § 7). Larson
(1981) pointed out that the Av-R relation seems to differ among
different clouds (see his Fig. 2).

Figure 12 shows a Av-R plot for the cores without YSOs in
Orion and those in dark clouds. According to Fuller & Myers,
there is significantly less scatter in the Av-R correlation for
cores without YSOs than that for cores with YSOs. Harju et al.
(1991) mapped NH; toward IRAS point sources in Orion.
Eight of the 26 NH; cores they detected are thought not to be
associated with the IRAS point sources, and we include them
in Figure 12. The NHj line is optically thin. Harju et al. (1991)
did not list the line width for each NH; core. If we plot each of
the 108 CS cores without YSOs, the plot becomes too crowded.
Therefore, the average and 1 ¢ deviation are shown for the
cores in Orion, whereas the cores in dark clouds taken from
Fuller & Myers (1992) are plotted for each core. It is clearly
shown that the cores in Orion are located above the best fit for
dark cloud cores on the Av-R plot.

5.2. Spatial Difference of Core Properties within the
Orion A Cloud

We compare core properties in different regions in the Orion
A giant molecular cloud. We divide the survey areas into three
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1-0, present study; open circle: NH,, Harju, Walmsley, & Wouterloot 1991)
and those in dark clouds (filled triangles: CS 2-1, filled circles: NH,, filled
squares: C'80, Fuller & Myers 1992). The straight line represents the best fit
for the cores in dark clouds.

regions such that each region has similar length along the ridge
of the Orion A cloud: region I (—4°55" > decl. > —5°50’) con-
taining the Orion Nebula, region II (—5°50" > decl. >
—6°55’), and region III (—6°55 > decl. > —7°40’). The areas
of regions I, I, and III are 613, 980, and 921 arcmin?, and the
numbers of cores in the three regions are 52, 42, and 31, respec-
tively. In the Orion A cloud, massive stars tend to be located in
the northern part. It would be interesting to know whether the
core properties vary with the position along the filament or
not.

Figure 13 shows the distributions of the line width and mass
of the molecular cloud core for the three regions. As seen from
this figure, the width and mass of the cores tend to be larger
toward the north. Even in region III, the line width is some-
what larger than that in dark clouds. Table 4 summarizes
several parameters for the three regions. The average density
and core-to-core velocity dispersion o, show a tendency
similar to the CS line width of the cores. From the present
results, we conclude that the core properties vary from the
north to the south in the Orion A cloud.

The average core radius R differs slightly among the three
regions. In region II, R shows the largest average value. For the
three regions, we estimate the coefficient of the Av-R relation
by assuming the form Av(km s~ ') = AR(pc)®*. The value of 4
is estimated to be 2.9 + 0.2,2.3 + 0.1, and 2.2 + 0.1, for regions
I, I, and III, respectively (with 1 ¢ uncertainties in fitting). The
coefficient is larger toward the north. The coefficient for
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regions I, I, and I1I of the Orion A cloud.

regions II and III is 1.6 times larger than the value of 1.5 + 0.1
obtained for the dark cloud cores of Zhou et al. (1989). The
cores in region I have smaller R and larger A possibly because
of larger external pressure by ionized gas of the Orion Nebula
(see § 7).

6. MASS SPECTRUM OF THE CORES AND THE DETECTION
LIMIT IN OUR SURVEY

We deduced the mass spectrum of the molecular cloud cores
found in the Orion A cloud (Fig. 14). By using a linear least-
squares program, the mass spectrum can be fitted by log (dN/

TABLE 4
CoMPARISON OF REGIONS I, II, AND III

R (pc) Av (km s™1) o, (kms™?) log [n(cm™3)]* log (M/M )
REGION All No YSO All No YSO All No YSO All No YSO All No YSO
| ST 0.14 + 0.05 0.15 + 0.05 1.34 + 0.55 1.28 + 043 1.35 1.29 52404 52+04 20+ 0.5 20+ 05
) | SO 0.19 + 0.06 0.19 + 0.06 1.15+ 034 1.11 £ 0.32 1.00 0.99 49 +02 48 +02 20+ 04 19+ 04
Ir............ 0.16 + 0.04 0.16 + 0.04 1.06 + 0.36 0.95 + 0.29 091 091 47+02 4.6+ 0.2 1.6 + 04 1.6 + 04

NoTe.—The 1 ¢ deviation is listed.
*n=12nH,) =06 NH,)/R.
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F1G. 14—Mass spectra of the Orion molecular cloud cores. Large filled
circles represent the spectrum obtained with the 5 ¢ criterion for core identifi-
cation, whereas small open circles represent that obtained with the 7 o cri-
terion. The error bars reflect only N/2 counting uncertainties. The straight line
dN oc M~ ":5dM represents the best fit for the core mass range log M(M ) >
1.67 (or M 2 50 M ).

dM) oc y log M withy = — 1.6 + 0.3 for log M(M) > 1.67 (or
M = 50 M). The index y is —1.2 4+ 0.1 for the different core
mass range log M(My) = 1.67-2.67, and y = —2.0 £+ 0.3 for
log M(My) = 2. It seems that the mass spectrum becomes
steep with increasing core mass. When we used the 52 cores
from the test identification at the half-intensity level (§ 4.5), we
obtain y = —1.5 £+ 0.2 for the mass range log M(M ) > 1.67.
Scalo (1985) reviews previous estimates of the mass spectrum
index. From the NH; data of Benson & Myers (1989), Scalo
(1985) obtained the mass spectrum index for dark cloud cores
tobe y=—15to —10 for M >4 M. The index obtained
here is close to y = —1.7 for M > 10 M obtained by Stutzki
& Giisten (1990) for the M17 SW region.

Below 30 M, the mass spectrum becomes flat, probably
because of the incompleteness of our survey. We may overlook
smaller (R < 0.1 pc) cores because of the limited spatial
resolution (0.08 pc HPBW), cores with lower intensities
because of the limited sensitivity (5 ¢ = 1.7 K) and confusion,
and cores having narrow line width in the identification pro-
cedure. If we use the relation Av(km s~ ') = 2.5R(pc)®*, the
detection limit R = 0.1 pc corresponds to Av = 1 km s~ !. On
the other hand, for core identification, we used 0.5 km s~ !
interval channel maps and 0.3 km s~! resolution P-V dia-
grams, and cores with a line width of <0.5 km s™! can be
overlooked in our procedure. Here we use 1 km s~ ! for the
detection limit in the line width. From the best-fit relation
between the CS line width and the core mass, ie., Av(km
s71) = 043M(M )23, the limit Av = 1 km s~ ! corresponds to
40 M. This probably explains the turnover. Figure 14 also
shows how the spectrum would look when the criterion for the
identification of cores was increased to the 7 o level (§ 4.5). The
expected detection limit for the 7 ¢ mass spectrum is ~50 M,
whereas the turnover is seen at ~100 M. When we take into
account the error in mass estimation (a factor of ~4 judging
from the correlation for M, versus M), the turnover is likely
to mean the survey detection limit. The statistics of the high-
mass cores (M 2 50 M) are not affected heavily by this detec-
tion limit, and we can definitely state that in the Orion A cloud
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there are molecular cloud cores having large line width and
mass, which are rarely seen in dark clouds.

7. DISCUSSION

7.1. Mass Spectrum of the Cores and the Initial Mass Function

The mass spectrum of molecular cloud cores, which are in
the intermediary stage in the cloud evolution toward star for-
mation, is important because it can be related to the stellar
initial mass function (IMF). Salpeter’s (1955) power-law IMF
with an index —2.35 is much steeper than the mass spectrum of
molecular cloud cores with an index —1.6 which we have
obtained for the Orion A cloud. Zinnecker (1990; see also
Stutzki & Giisten 1990) discussed the relationship among the
mass spectrum of clumps, the stellar IMF, and subfrag-
mentation in clumps. In the context of the present paper, his
“clumps ” may read “molecular cloud cores.” He pointed out a
possibility that the IMF might be related to the mass spectrum
of cores through star formation efficiency, or the relation
between the core mass M and the mass M, of a star born in the
core. Larson (1982) obtained an empirical relation between the
cloud mass and the maximum stellar mass, whereas Nakano
(1984) numerically investigated a relation between the mass of
a magnetic cloud and that of gas which finally contracts
dynamically. From these results we assume M, oc M%*. The
spectrum dN/dM oc M? for cores is translated into the IMF
dN,/dM, oc M 10+ DI04 Fory = —1.6 we obtain —2.5 for
the index of the IMF, which is close to Salpeter’s IMF index
—2.35. In this discussion we have ignored multiple star forma-
tion from one core (Tatematsu & Umemoto 1991).

7.2. Difference in the Core Properties and Its Implications
for Star Formation

Why can giant molecular clouds form massive stars? It is
known that the total masses of giant molecular clouds are two
orders of magnitude larger than those of dark clouds. We
found many molecular cloud cores in the Orion A giant molec-
ular cloud, and it seems that giant molecular clouds contain
more numerous cores than dark clouds. The mass spectrum
index for the Orion cores is not greatly different from that for
dark cloud cores, although the line observed is different in the
two samples. Because the giant molecular cloud is more
massive, the number of massive cores would be much larger in
the Orion A cloud even though the mass spectrum index is
similar. It seems that the giant molecular cloud contains (more)
massive cores mainly because the total number of cores within
it is large. One may think that massive cores have the potential
of producing massive stars because cores have a larger amount
of material which can fall onto protostars.

We wonder whether the difference in the mass of stars being
formed between giant molecular clouds and dark clouds can be
explained only in terms of the difference in the number of cores.
We suggested in § 5.1 that the Av-R relation differs between

“cores in the Orion A giant molecular cloud and those in dark

clouds. The Av-R relation will vary when external pressure
(Chiéze 1987; Maloney 1988) or the strength of magnetic fields
(Myers & Goodman 1988) changes.

It is important that giant molecular clouds have the advan-
tage of keeping turbulent less dense gas within their deep gravi-
tational potential because they are more massive than dark
clouds. Furthermore, giant molecular clouds have a larger
possibility of experiencing events which will fill up this deeper
gravitational potential with high-pressure (turbulent) gas:
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winds from numerous young stellar objects within them
(Norman & Silk 1980), associated H 1 regions, and external
compression by superbubbles, which might be originated from
old OB associations. By following the argument of Chiéze
(1987), the difference in the coefficient for the Av-R relation
shown in § 5.1 might suggest that the external gas pressure for
the cores in the Orion A cloud is roughly one order of magni-
tude larger than that for the dark cloud cores. Bally et al. (1987)
suggested from their data that the Orion A cloud has been
compressed by a superbubble (see also an illustration shown
by Jenniskens & Wouterloot 1990). The northern part has been
compressed earlier and more strongly because it is closer to the
center of expansion. This is one of the possible explanations for
the change we have found in the core properties within the
Orion A cloud. In the northern part the cores have larger line
width, larger average density, and a larger coefficient for the
Av-R relation. In addition, in a part of region I, the core
properties might be influenced by the presence of the Orion
Nebula, which probably have caused additional high external
pressure for cores.

In general, the line width of less dense (n ~ 10-10% cm ~3)
molecular gas traced by CO and 3CO toward giant molecular
clouds is broader (3—15 km s~ !) than that toward dark clouds
(0.5-3 km s~ !) (e.g., Turner 1988). If, in giant molecular clouds,
cores are generally embedded in high-pressure (turbulent) gas,
we may observe the Av-R relation with a larger coefficient.
Another explanation is that cores in giant molecular clouds are
supported by stronger magnetic fields. We suggest that cores in
giant molecular clouds are bounded by high-pressure gas or
are supported by stronger magnetic fields than cores in dark
clouds.

We discuss the implications of different Av-R relations for
star formation. It is suggested that the mass infall rate is pro-
portional to a3, where a is the local effective sound speed which
includes all mechanical supports such as turbulent motion and
magnetic pressure (Shu 1977; Stahler, Shu, & Taam 1980).
Here we attribute the observed line width to the local effective
sound speed. On the basis of the same assumption, Heyer et al.
(1986) investigated the relationship between the velocity dis-
persion of the cloud (core) with a YSO and the stellar lumi-
nosity. The present study clearly shows that the Orion A cloud
contains many cores with internal velocity dispersion signifi-
cantly larger than that in dark cloud cores, although the radius
is similar. When we take Av (FWHM) = 1.2 km s~ ! for the
cores found in Orion and 0.7 km s~ ! for those in dark clouds,
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the mass-infall rate is of order 3 x 1075 and 6 x 107 M,
yr~— 1, respectively. Molecular cloud cores with the large line
widths commonly found in the Orion A giant molecular cloud
would have high mass-infall rates onto protostars, which may
lead to larger final stellar masses (Nakano 1989).

Although it may be premature to answer definitely the ques-
tion “What governs the stellar mass?” we believe that the
difference in core properties found in the present study gives an
important clue to solving this long-standing problem.

8. SUMMARY

We have studied the Orion A giant molecular cloud through
the CS (1-0) and !3CO (1-0) observations by using the 45 m
telescope of the Nobeyama Radio Observatory. The main
results are summarized as follows:

1. We have identified 125 molecular cloud cores. The mean
properties of the cores are HWHM radius 0.16 pc, line width
1.2 km s~ !, and mass 80 M. The average axial ratio of the
cores is about 0.5, and their elongation tends to be parallel to
the filamentary molecular cloud where they are embedded.

2. The CS line width of the molecular cloud cores in Orion
is about twice as broad as that of dense cores in dark clouds,
although there is no significant difference in size for these two
samples. It is suggested that the Av-R relation differs between
these two samples.

3. Within the Orion A cloud, the CS line width, core mass,
average density, and core-to-core velocity dispersion all tend
to decrease toward the south.

4. The mass spectrum of the molecular cloud cores can be
approximated by a power law dN/dM oc M -6 for the core
mass range M 2 50 M.

5. It is suggested that cores in giant molecular clouds are
bounded by higher external pressure than those in dark clouds.
Consequently, cores in giant molecular clouds have the poten-
tial of forming massive stars because of large internal velocity
dispersion (FWHM line width =1 km s~'), which is rare in
dark cloud cores.
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