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Abstract. Dense molecular cloud cores are studied statistically in nearby (d < 200 pc) star-forming regions
(SFRs) that show various modes of star formation. As a result of the C'®O survey of NANTEN and the 4m
radio telescopes of Nagoya University, 179 cores have been collected in the SFRs of Taurus, the p Oph cloud,
the Ophiuchus north region, the Lupus clouds, 1.1333, the Corona Australis cloud, Southern Coalsack, and the
Pipe nebula, and their physical properties investigated. According to their star-formation activities, the cores are
divided into 3 categories as 136 starless, 36 star-forming, and 7 cluster-forming cores. It is found that cores with
active star formation tend to have larger N(Hz), n(Hz2), and M. The mass function of the cores does not appear
to follow a single power-law function, but the power-law index is subject to change with the mass range. The
average star-formation efficiency (SFE) of the cores is roughly ~10%, and the expected stellar mass function from
the SFE approximates the stellar initial-mass function (IMF). Virial analysis shows that the star-forming cores
are gravitationally more bound, with smaller virial ratios than the starless cores, while cluster-forming cores are
marginally bound with moderate virial ratios. We found that turbulent decay is indicated by diminishing AV
from the starless to the star-forming cores. It is suggested that the turbulent decay is necessary for star formation,
while formed star clusters provide the turbulence and make the cores unbound. Molecular clouds associated with
the clusters tend to have head-tail structures and the cluster formation takes place at the head. This implies
that the clouds are affected by external shocks, which have triggered cluster formation. We suggest that star and
cluster formation are strongly controlled by the initial amount of internal turbulence and the interaction with the
external shocks.
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1. Introduction

Young stars are formed as a result of the gravitational
collapse of dense molecular cloud cores. The dense cores
typically have spherical shapes while lower density clouds
are more elongated or filamentary. This implies that self
gravity dominates the dense cores. They are frequently
associated with embedded young stellar objects (YSOs)
near the densest parts. Thus, dense cores are regarded as
the birthplaces of stars and their properties are supposed
to determine the characteristics of the young stars directly
and/or indirectly.

Studies of many star-forming regions (SFRs) have re-
vealed that the star-formation activity is not uniform, and
we see various modes of it even in the vicinity of the
sun in our galaxy. For example, star formation is very
active and many massive stars are being formed in the
Orion and Carina clouds, while in Taurus, star formation
is moderate and isolated far from any massive stars (e.g.,
Kenyon & Hartman 1995). Active cluster formation is tak-
ing place in the p Oph (e.g., Wilking et al. 1989), Corona
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Australis (Harju et al. 1993; Neuhduser et al. 2000), and
the Cha I clouds (Cambrésy et al. 1998; Mizuno et al.
1999), but star formation is inactive in the Cha III cloud
(Mizuno et al. 1999), the Oph North region (Nozawa et al.
1991; Tachihara et al. 2000), Lupus 5 (Tachihara et al.
1996), the Southern Coalsack cloud (Kato et al. 1999), and
L1333 (Obayashi et al. 1998). With respect to the galaxy
evolution, it is very important to know which mode of star
formation is dominant, and what causes these variations.
Even for molecular clouds in the same SFR such as Lupus
and Chamaeleon, large difference in the star-forming ac-
tivities can be seen. These variations of the mode of star
formation may come from the difference in the circum-
stances in the regions, and the effects must appear in the
physical properties of the molecular cloud cores. The best
observational approach to this problem is statistical study
of the dense cores collected from various SFRs.

Many attempts to investigate dense cores have been
reported. A series of studies have been made of the
dense cores in NHj toward optically opaque portions
on the POSS plates and succeeded in detecting dense
cores whose typical density and radius are ~104~% cm ™3
and 0.06 pc, respectively (e.g., Myers & Benson 1983;
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Myers et al. 1991). A large number of NHjs cores have
been observed and many of them have associated YSOs.
The work showed a direct link between the cores and the
YSOs observationally. Myers & Fuller (1992) also reported
that the non-thermal gas motion in the cores is important
for the core dynamics. It is, however, somewhat biased
towards the regions with higher background stellar den-
sities due to the finding method, which prevents us from
investigating the core properties statistically.

The NANTEN and the 4m radio telescopes of Nagoya
university have surveyed our galaxy for molecular clouds
and cloud cores in J = 1-0 emission lines of CO isotopes of
12C0, ¥CO, and C'¥0 that trace different density regimes
in the clouds of n(Hz) ~ 102,103, and 10* cm~3, respec-
tively. The C*®0 dense cores have been surveyed without
bias by picking up the denser parts of the molecular clouds
from the preceding '*CO mappings of all the clouds. This
unbiased survey for the dense cores in C'¥0 is an ideal
method for finding embedded cores in a short observing
time, because the extents of the dense cores are gener-
ally small on the sky and the C'80 emission lines are
weak. The unbiased core surveys have been done with the
NANTEN telescope in 9 nearby SFRs of Taurus (Onishi
et al. 1996), the p Oph cloud, the Oph North region
(Tachihara et al. 2000), the Chamaeleon clouds (Mizuno
et al. 1999), the Lupus clouds (Hara et al. 1999), 11333
(Obayashi et al. 1998), the Corona Australis cloud (the
CrA cloud; Yonekura et al. 1999), the Pipe nebula (Onishi
et al. 1999), and the Southern Coalsack cloud (Kato et al.
1999). Onishi et al. (1996, 1998) detected 40 cores from the
Taurus cloud complex, and about half of them are asso-
ciated with YSOs. They found that cores with larger col-
umn density, N(Hsz), tend to have YSOs. Obayashi et al.
(1998) showed inactive star formation in L1333 and only
one star-forming core with a relatively small virial mass
(Myiy) compared to the core mass (M). Tachihara et al.
(2000) investigated the Ophiuchus region and found that
the cores with smaller virial ratios (Mvyi;/M) are more
evolved towards star formation. We also suggested that
the turbulent decay is necessary for star-formation and
some quantified estimate of the energy release through the
core contraction was calculated. Hara et al. (1999) com-
pared the physical parameters of the cores in Lupus with
those in other SFRs that show different star-formation
activities. They found a common trend among the SFRs
that the star-formation activity relates to N(Hz) and the
virial ratio. Mizuno et al. (1999) pointed out the signif-
icant difference in star forming efficiency (SFE) among
the 3 Chamaeleon clouds, and suggested that the relative
mass of the dense cores to the entire cloud mass relates to
the star-formation activities.

These samples consist of star-forming cores with var-
ious activities. They contain no massive star-forming re-
gion like the Orion and Carina clouds, which are relatively
distant. In this paper, we again investigate the comprehen-
sive properties of the dense cores and the star-formation
activities combining all the samples taken in many differ-
ent SFRs in order to have a better understanding, using
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Table 1. Star forming regions where the C**O cores are sam-
pled.

star forming distance number of reference
regions (pe) the cores
Taurus 140 40 1,2
L1333 180 13 3
Oph North 160 25 4
p Oph 160 15 4
Chamaeleon 140, 180 23 5
Lupus 150 36 6
CrA 130 8 7
Pipe nebula 160 14 8
Southern Coalsack 180 5 9

1. Onishi et al. (1996); 2. Onishi et al. (1998); 3. Obayashi et al.
(1998); 4. Tachihara et al. (2000); 5. Mizuno et al. (1999); 6.
Hara et al. (1999); 7. Yonekura et al. (1999); 8. Onishi et al.
(1999); 9. Kato et al. (1999).

the most complete C'®O core samples, of what the general
property of the cores is that controls star formation.

2. Samples of the cores

We have collected 174 C*80 dense cores observed with the
NANTEN and the 4m radio telescopes of Nagoya univer-
sity in nearby SFRs (d < 200 pc) from the studies done so
far in the 9 regions (Table 1). This is the most extensive
and largest dense-core survey ever done in C*¥0. Most of
the formed objects are low-mass stars, and only several
Herbig Ae/Be stars exist in the p Oph, Lupus 3, the CrA,
and the Cha I clouds. Thus, this work is limited to mainly
low-mass star formation.

The NANTEN and the 4m telescopes have a beam size
(FWHM) of 2/7 at the frequency of C'80 (J = 1-0) line
(109.782182 GHz). All the surveys have been done with a
grid spacing of 2, which corresponds to an actual resolu-
tion of 0.12 pc at a distance of 200 pc. It is small enough
to resolve the dense cores of n(Hy) ~ 10* cm ™3 embedded
in the molecular clouds. The boundaries of the cores are
uniformly defined as the half level of the peak intensity.
The typical rms noise temperature for the survey in each
region ranges from 0.15 K (Lupus and Southern Coalsack)
to 0.25 K (Ophiuchus). The peaks of the cores are searched
for down to 60 detection which corresponds to the peak
column density of (4.5-7.5)x10%! cm~2 in each region.
The mass detection limits of the cores range from 0.7 Mg,
to 1.3 M. Above this latter limit, the cores are uniformly
surveyed and can be investigated statistically. The physi-
cal parameters of the cores are derived in the same man-
ner for all the samples. The physical parameters of mass
[M/Mg), average column density of Hy [N(Hz)/cm™2],
radius [R/pc], line width [AV/km s~!], number density
of Hy [n(Hy)/ecm™?], and virial mass [Mvy;, /M) are esti-
mated for each core. We assume the cores have uniform
density, spherical shape, no contribution of external pres-
sure, no support of magnetic fields, and no rotation for
the calculation of My;,.
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3. Results
3.1. Classification of the cores

In order to understand the relations between the core
properties and the star-formation activity, we investigate
the association of the YSOs with the cores. The YSOs are
picked up by referring to the catalogues of IRAS point
sources and T Tauri stars published elsewhere. From the
distribution of the YSOs, significant concentrations can
be seen as “clusters” with some specific cores such as the
p Oph cloud. In such regions, stellar density of the YSOs is
greater than 150 pc=3 (>10 stars within a typical radius of
0.25 pc), which corresponds to that of typical young star
clusters (e.g., Lada & Lada 1991). In the whole Taurus
cloud complex, about ~100 YSOs are distributed in a vol-
ume of ~500 pc3, which yields the stellar density of only
~0.2 pc—3, much lower than above. On the other hand,
many cores have no associated YSO, and are regarded as
“starless” cores. The most interesting issue in this paper
is where these varieties in the core activity come from.

In order to characterize the cores in terms of the star-
formation activity, we classify the 179 cores into 3 cate-
gories according to the number of associated YSOs. We re-
gard the YSOs which are located inside or within 2’ from
the boundary of the cores as “associated” objects. The
cores are then classified into starless, star-forming, and
cluster-forming cores whose number of associated YSOs
are 0, less than 10, and 10 or more, respectively. With
these criteria, the number of cores is divided into 136, 36,
and 7 for the categories respectively. Among the 7 cluster-
forming cores, one is located in the CrA cloud, one in
Lupus 3, two in the p Oph cloud, and three in the Cha I
cloud.

Note that due to our definition of the cores, many of
the apparent cluster members are not counted as asso-
ciated objects, because the half-maximum intensity con-
tours clip only the most intense parts of the C'30 emitting
area for very dense cores. There are many YSOs located
outside of the outer bounds of such cluster-forming cores.
In addition, the YSO surveys have been made deeply
enough only in limited SFRs and it is difficult to know
the total number of the YSOs in the entire system includ-
ing fainter objects. Nonetheless, the high stellar density of
relatively bright YSOs and the existence of a few massive
stars such as the Herbig Ae/Be stars support that the
total number of YSOs in the clusters is more than 100.
In fact the p Oph cloud is reported to have more than
200 YSOs (Bontemps et al. 2001), and the Cha I cloud
has >170 YSOs (Cambrésy 1998). Adams & Myers (2001)
suggest that the stellar clusters with at least 100 members
can survive to be observed as open clusters. The clusters
in our definition coincide with their bona fide clusters and
are supposed to become the open clusters.

In the following, we discuss the physical properties of
the cores in terms of the star-formation activity as classi-
fied here.

C'80 dense cores 911

Table 2. Average values of the physical parameters of the
cores.

starless star-forming cluster-forming
number of the cores 136 36 7
N(H2)(x10*' em™2) 5.2 < 8.3 < 28.6
n(H2)(x10* em™3) 6.8 < 8.6 < 25.0
M(Mg) 15 < 32 < 155
R (pc) 019 < 0.23 S 0.25
AV (kms™h) 076 2 072 < 1.31

3.2. Statistics of the physical parameters

The fundamental physical parameters of the cores,
N(Hs),n(Hs), M, R, and AV, are derived and shown as
histograms (Figs. 1). Starless, star-forming, and cluster-
forming cores are designated by open, hatched, and shaded
regions, respectively. Average values of the parameters for
the 3 categories are also shown in Table 2.

For the parameters of N(Hs), n(Hsz), and M, a sig-
nificant trend can be seen in that star formation becomes
more active as they increase, i.e., the cluster-forming cores
have the largest values, the star-forming cores the mid-
dle, and the starless cores the smallest. This implies that
when the cores get denser and more massive, star forma-
tion generally turns out to be active. This trend is most
apparent for N(Hs). There seems to be a threshold value
for star formation, namely, more than 50% of the cores
with N(Hz) > 9 x 10%! cm~2 show star or cluster forma-
tion. On the other hand, no clear trend can be seen for R
and AV. Although the cluster-forming cores have again
the largest values for them, the difference in R between
the star-forming and the cluster-forming cores is small.
The starless cores have even slightly smaller AV than the
star-forming cores. This difference in AV will be discussed
more in detail later in Sect. 4.4.

Our previous studies investigated these relations be-
tween the physical parameters and the star-formation ac-
tivities in each region. This summarized work confirms
that they are general trends commonly seen in the larger
samples. Physical conditions that relate to star formation
are probably uniform at least in the nearby regions.

3.3. Correlation analysis

In this section, we investigate some correlations among
the physical parameters of the cores. There is a well-
known empirical relation between R and AV (e.g., Larson
1981) and that is also reported for dense cores (Fuller &
Myers 1992). The relation of the present sample is shown
in Fig. 2. We see, however, no correlation among them.
As will be mentioned in the later section, some of the
cores are supposed to be disturbed by YSOs, nonetheless,
even the starless C'8O cores do not show any clear cor-
relation. With this uniformly sampled core observed in
a single tracer, the R and AV are scattered too much
or both of their dynamic ranges are too small to firmly
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Fig. 1. Histograms of the physical parameters of the cores. Open, hatched, and shaded regions represent starless, star-forming,

and cluster-forming cores, respectively.

establish dependence. As investigated in Ophiuchus
(Tachihara et al. 2000), it is difficult to conclude the exis-
tence of the relation with the C*®0O cores, while the com-
bined samples with '3CO data taken in the same region
show weak correlation with the help of relatively larger
dynamic ranges. We see, however, no clear correlation
with the larger number of the cores sampled uniformly.
As summarized by Yonekura et al. (1997), unbiased sur-
veys in optically thin single lines for smaller clouds than
2 pc tend to result in no or weak correlations between
R and AV. In addition to this, studies for GMCs done
in '2CO seem to suffer from saturation of the optically
thick line which makes the accurate estimations of AV
difficult. As discussed by Lada et al. (1991), this relation

strongly depends on the core definition. If multi-line sur-
veys or different spatial resolution samples are included,
they contaminate the correlation with different definitions.
As will be mentioned in Sect. 4.2, AV of the C*¥0O cores
is dominated by the non-thermal turbulent gas motion. If
the turbulence decays as the cores condense, and it has no
internal and external input, it decreases monotonically.
As low-density gas tracers tend to have larger AV, the
R-AV relation may represent the density—turbulence re-
lation (see also Sect. 4.1). However, the C'®O molecular
line traces the region with small density range and the
large dispersion of AV is likely to come from the variety
of the initial condition of the turbulence in the SFR. This
probably makes the R—AV relation unclear in our sample.
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Fig. 2. Log-log plot of AV versus R. Open circles, diamonds,
and squares denote the starless, star-forming, and cluster-
forming cores, respectively.
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Fig. 3. Log-log plot of M versus R. Marks are the same as
in Fig. 2. The dotted line shows M = 10 Mg. The solid line
denotes the relation of M o« RZ.

We found positive correlations among R, M, and
N(H:) as shown in Figs. 3 and 4. The core mass M
increases basically as a function of R, there seem to
be, however, two different trends. If M is smaller than
~10 Mg, it follows nearly R? as shown by the solid line
in Fig. 3, which means that M changes proportional to
the projected area of the core extent keeping N(Hz) as
constant. When R and M becomes larger than 0.25 pc
and 10 Mg, respectively, M and N(Hs) increase signif-
icantly, keeping R constant. The same trend appears in
Fig. 4. Low-mass cores have nearly constant N(Hs) of
~4x10%' cm~2, and massive cores roughly follow the best-
fit function of N(Hz) oc M%7, The lower bound of N (Hs)
obviously comes from the detection limit due to the sensi-
tivity. There is, however, no core with large R and small M
(i.e. diffusely spread cores with low N(Hz)). These trends
are reported by Onishi et al. (1996) and Tachihara et al.
(2000), and confirmed with this larger number of cores.
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Fig. 4. Same as Fig. 3, but for Ny, versus M. The solid line
denotes the best-fit function of N(Hsa) oc M™% for the cores
of M > 10 Mo,

3.4. Mass spectrum and the star-formation efficiency
of the cores

As shown in Fig. 1, the distribution of the core mass
roughly follows the lognormal distribution. We obtain
the best-fit parameters of the mean value of logM =
1.09 + 0.02 and ¢ = 0.48 4+ 0.02. This mean mass con-
sistent with the Jeans mass with n(Hz) = 10% ecm™3 and
T = 20 K, which are the typical density and temperature
of the molecular clouds forming the dense cores.

It is worthwhile to compare the core mass spectrum
to that of stellar initial mass function (IMF). In order to
do that, the mass spectrum of the C'¥O cores are drawn
in the conventional way, namely, the number of the cores
per logarithmic mass bin is expressed as a power-law func-
tion of the core mass as dN/dlog M x M~T (Fig. 5). It
shows that the mass spectrum is hardly fitted to a sin-
gle power-law function. This trend was not clear for the
previous studies in Taurus and Lupus, but slightly seen
in Ophiuchus, maybe due to the limited number of sam-
ples and the smaller mass ranges in each region. Although
it is not clear that the mass spectrum can be expressed
as multiple power-law functions, we see slight turnovers
around M ~ 10 Mg and ~50 Mg. Thus we attempt to
divide them into 3 mass ranges as 0.25 <logM < 1, 1 <
log M < 1.75, and 1.75 < log M, and fit to 3 power-law
functions. The calculated indices, I', for the 3 mass ranges
are 0.25, 1.5, and 2.6, respectively. This result indicates
that I' is subject to change according to M. This may
suggest that the fragmentation is not uniform throughout
the cores with any mass and density. It is an interesting
coincidence that we also see the turnover in Figs. 3 and 4
around M ~ 10 Mg.

Note that most of the cores are supposed to fragment
into smaller condensations through the contractions, thus
the core mass function does not directory relate to the
stellar IMF, unlike the smaller scale clumps detected in
1.3 mm dust continuum (Motte et al. 1998). Nonetheless,
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the similar trend can be seen for the stellar IMF. As is
studied by many authors, the slope of the IMF is not
uniform throughout the stellar mass range (e.g., Scalo
1986). It is nearly flat with I' ~ 0.2 for the very low-
mass part (M < 1 Mg), and steep with I' ~ 1.7 for
1 Mo <M <10 M.

A theoretical model is suggested by Nakano et al.
(1995) that the cores have nearly constant star-formation
efficiency (SFE; the ratio of the total mass of the formed
stars to the core mass) almost independent of their mass
and density, and is ~4% for a uniform density gas sphere
and ~10% for critical iso-thermal sphere. Onishi et al.
(1998) found that the SFE of the C¥O cores in Taurus is
a nearly uniform ~10%. In order to confirm this general
trend, we investigated the total mas ratio of the formed
YSOs to the C'80 cores, XM, /S M, in each SFR (Fig. 6).
Except for the Cha I cloud, this ratio ranges from 0% (the
Cha IIT and the Southern Coalsack clouds) to 14% (the
Cr A cloud) with the average value of 11% independently
of ¥ M. Note that the situations for some SFRs with the
cluster-forming cores are different from that of Taurus, i.e.,
the SFEs of the cores are not uniform but different signifi-
cantly from 20% (the p Oph cloud) or 40% (the CrA cloud)
to 0% of many starless cores located in the same SFRs.
Nevertheless, if we take the total mass of the cores and
the YSOs throughout the SFR, they show about the same
SFE of ~10%. This trend is identical to the correlation
between SFE derived from the *CO cloud mass (Mcioud)
and the core-to-cloud mass ratio (XM /Mcoud) reported
by Mizuno et al. (1999) and Tachihara et al. (2000).

If we apply SFE = 10% to the core mass spectrum,
the expected stellar mass function agrees well with the
stellar IMF, i.e., I' >~ 0.25 for M, <1 Mg and I" ~ 1.5 for
1 Mg < M, <6 Mg. For the larger mass range of M, >
6 Mg, the I is steeper than that of the IMF although we
have few samples in this range.
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3.5. Dynamics of the cores

We investigate the dynamical stabilities for the cores em-
ploying virial analysis. The virial mass (My;,) of the cores
is estimated, excluding those with apparent multiple ve-
locity components, from the radius and the line width
as Myi, = 210RAV? by assuming that the cores have
spherical shapes, uniform density, no external pressure,
no magnetic support, and no rotation. If My > M,
the core cannot be gravitationally bound without external
support, and do not collapse by overcoming the internal
pressure spontaneously. We plot the My, against the core
mass (M) in Fig. 7, and the histogram of the virial ratio
defined as Mvi,/M is shown in Fig. 8.

Many of the cores are distributed along the line
which denotes the dynamical equilibrium (Mvy;, = M)
and those cores that are nearly gravitationally bound,
and 78% of them have a virial ratio of nearly unity
(|log(Myir/M)| < 0.5). Smaller cores tend, however, to
have larger My, than M. Note that the AV is signif-
icantly larger than the typical thermal sound speed of
T ~ 10 K. This means that the kinematics of the cores is
dominated by the turbulent gas motion. Thus, the smaller
cores generally have larger kinetic energy relative to the
gravitational one.

There is also a significant difference in the virial ra-
tio between the starless and the star-forming cores. More
than 70% of the starless cores have My; > M, and
seem to be gravitationally unbound. On the other hand,
only 35% of the star-forming cores have My, > M indi-
cating that the star-forming cores are dynamically more
relaxed. Their average virial ratios are 3.2 and 1.4, re-
spectively. These clearly show that the gravitational en-
ergy dominates the star-forming cores even though some
of the star-forming cores may be disturbed and their ki-
netic energies are enhanced by the formed YSOs. The
star-forming cores do not necessarily have larger mass in
the SFR such as L1333 and Oph North regions, while the
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trend between the virial ratio and star-formation activ-
ity is common for every SFR (Hara et al. 1999). This
implies that the kinetic-energy loss by turbulent dissipa-
tion makes the virial ratio smaller, and this leads to star
formation in the cores. This has been well discussed by
Tachihara et al. (2000) and we confirm the trend with the
present larger samples (more detailed discussion is given
in Sect. 4.2). The virial ratio is, however, moderate for
the cluster-forming cores. While the average virial ratio is
1.0, 50% of them have My;, > M. This can be explained
in that molecular outflow, stellar wind, and/or UV radia-
tion of the formed YSOs may input kinetic energy into the
cores, and make the virial ratios larger after the cluster-
formation than those of star-forming cores. Some of them
are expected to become dissipated in the near future.

4. Discussion
4.1. Comparison with the ammonia cores

There is a series of studies of NH3 dense cores (e.g., Myers
& Benson 1983), summarized by Jijina et al. (1999). The
survey consists of 264 NHg cores in many SFRs, and some
of the cores in the Taurus and Ophiuchus regions over-
lap with those in our C'®O samples. It is quite interesting
to make a comparison between these data. Among them,
there are 35 nearby NHs cores catalogued in and around
the Taurus and Ophiuchus regions. The NHjs cores have
a mean radius and density of 0.06 pc and 5 x 10* cm™3,
respectively, typically smaller and denser than the C'®O
cores by factors of ~1/4 and ~6, respectively (Myers et al.
1991). It seems that the emission lines of ammonia trace
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inner and denser parts of the cores. Actually in some of
the C'0 cores, multiple sub-clumps can be seen and NHj
cores are detected at each peak. Denser gas condensa-
tions have been surveyed in the Taurus C'*O cores with
H!3CO* (J = 1-0) lines, which have a critical density
of n(Hz) ~ 105 em™3 (Mizuno et al. 1994; Onishi et al.
2001). The H*¥*CO™ cores are detected near the peaks of
the C'0O cores or their sub-clumps as well. The difference
between the NHy cores and the HI*CO™ cores is still not
clear; however, the NHj3 cores can be regarded as inter-
mediate between the C*¥0 and H'3CO™ cores from their
mean density and size although the spatial resolution of
NHjs is not sufficient. Apparently larger AV is detected for
NHj cores with IRAS sources than those without (Fuller &
Myers 1992; Myers & Fuller 1992; Jijina et al. 1999). This
trend can also be seen for the H'3*CO™ cores (Mizuno et al.
1994) but not for the C'80 cores. This is presumably be-
cause the YSOs formed with jets or outflows disturb the
inner parts of the cores effectively (for more detail, see
Sect. 4.4).

Generally speaking, the emission lines of 2CO, 3CO,
C'80, NHj3, and H'3CO™ trace the different gas den-
sity regimes of n(Hz) ~ 10?2 cm™3, 10% em ™3, 10* cm =3,
5x 10* em ™3, and >10° cm ™3, respectively. Their typical
line width changes as ~2 kms™!, ~1 kms~!, 0.76 kms™!,
0.48 kms~! (Jijina et al. 1999), and 0.48 kms~! (Mizuno
et al. 1994), respectively if the cores have no YSO. If
one observes the denser parts, one generally obtains nar-
rower lines. This presumably shows that the turbulence
decays gradually leading to the gas condensation. Note
that the turbulent motion still dominates the gas kine-
matics even with n(Hz) ~ 10° cm™3 overriding the ther-
mal velocity dispersion. On the other hand, the cloud
morphology is diffuse and/or filamentary if the density
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Fig. 9. Log-linear plot of AV versus M. Symbols are the same as in Fig. 2. Gray shaded area shows the region where the cores are
in the virial equilibrium with n(Hz) of between 10% cm ™2 and 10° cm™ when P.y; = 0. The two thin lines also denote the loci of

the virial equilibrium with n(Hz) = 10* cm™? for the cases of Pext
(lower). Broken, dotted, dot-dashed, and two-dots-dashed lines

respectively (see text).

is 10273 cm™3. When the molecular gas gets denser than
n(Hy) 2 10* em ™3, its distribution becomes more spher-
ical and can be called “cores”. The average aspect ra-
tios of C'™O cores are 2.1 for Ophiuchus and 1.8 for
Taurus, while that of NHs is 1.5. In addition to this, gas
equilibrium changes from gravitationally unbound with
n(Hy) < 10% em ™2 (Yonekura et al. 1997; Kawamura et al.
1998) to bound with n(Hz) 2 10* em~2. These facts imply
that the self gravity dominates the gas dynamics against
the turbulence when it gets denser, and the C'¥O cores
with n(Hz) ~ 10* cm™2 are on the transient phase of the
gas contraction between the turbulent dominant clouds
and self-gravity dominant cores.

4.2. Star formation and turbulent gas motion
in the cores

In order to investigate how the turbulent gas motion be-
haves as the cores evolve toward star formation, we com-
pare AV between the starless and the star-forming cores
as a function of M. Figure 9 is a log-linear plot of AV
against M. If the cores are on the virial equilibrium with
negligible external pressure, M = My = 210RAV?Z is
achieved. If a uniform density is assumed as

3M

- - 1
ArR3umy’ (1)

n(Hz)

= 1.7x107'° erg cm ™ (upper) and Pex; = 1.7x 107 erg cm™

3

show the loci of U = 10*3,3 x 10*3,10**, and 3 x 10** ergs,

where p and my are the mean molecular weight and
the atomic hydrogen mass, respectively; the virial equi-
librium with constant n(Hs) can be drawn by eliminat-
ing R from these formulae. Because the C'®*0 emission
line empirically traces the gas with smallest density range
as 103 em ™2 < n(Hy) < 10° em ™3, the cores in the virial
equilibrium should be located within the gray region. In
fact, the cores are surrounded by a considerable amount
of molecular gas that produces the external pressure on
the cores. By taking into account the external pressure,
Pe.xt, the virial equilibrium can be written as

3MAV?  3GM?
S iR — AT R3 Py = 0. (2)

With the help of this effect, the gray region moves up
following

AV? P G <4pr2>1/3

82 p 5 3

(3)

where and p = pmpn(Hz) as shown by the thin lines in
Fig. 9 for the cases of n(Hy) = 10* cm™2 with Poy =
1.7 x 107! erg em™3 (typical case; Tachihara et al. 2000)
and 1.7 x 10710 erg em™3 (10x typical case), and thus
the cores above can be in virial equilibrium if the force
balance is achieved.

In this figure, we see different trends between low-
mass (M < 25 Mg) and high-mass regions. This bor-
der of 25 Mg roughly corresponds to the lower bound of
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the cluster-forming cores. It can clearly be seen that AV
is smaller for the star-forming cores than for the starless
cores particularly in the low-mass region. For the low-mass
cores, average AV of starless and star-forming cores are
0.77 kms~! and 0.61 kms~!, respectively. It is also no-
ticeable that these star-forming cores are nearly in the
virial equilibrium or somewhat over-equilibrium as shown
in Fig. 9 with the shaded area.

In order to evaluate this more quantitatively, the ki-
netic energies of the cores are investigated. The total ki-
netic energy, U, can be expressed as

3MAV?
T2 8In2 (4)

and the 4 lines in Fig. 9 show the loci of constant U. The
kinetic energy density per unit mass, U/M, which is just
proportional to AV?2, is also shown as scales on the right
side of Fig. 9.

For the low-mass cores, most of the star-forming cores
have nearly constant U of ~10%3 ergs and only one of
them has U > 3 x 10*3 ergs, and only 3 star-forming
cores have larger AV than 0.7 kms™!, which correspond
to U/M of 1.3 x 10° erg g~!. On the other hand, U and
AV of the starless cores range much wider. Seven low-
mass starless cores have even larger U than 10** ergs,
and 5 have larger AV than 1.5 kms™! corresponding to
U/M = 6 x 10° erg g~1. If the cores evolve from the
starless to the star-forming cores keeping their masses as
constant from up to down on the figure, the turbulent dis-
sipation directly relates to the star-formation. It is sug-
gested that such starless cores need to lose the kinetic
energy of at least 1043~%4 ergs to forming stars if M is con-
stant through the contraction. When cores contract and
get smaller, work done by the external pressure should be
taken into account for the energy release additionally (see
detail Tachihara et al. 2000). Because the differences in
n(Hz) and Peyx between the starless and the star-forming
cores are expected to be small (see Fig. 1 and Table 2),
this change of AV represents the turbulence dissipation
and the dynamical relaxation, which lead to dynamical
collapse and star formation.

It seems to be a more plausible view that cores get
more massive by aggregating the envelope mass through
evolution. If the cores get more massive keeping a uniform
density and virial equilibrium, AV increases following the
solid lines in Fig. 9. There are, however, a small num-
ber of starless and star-forming cores that have larger M
and AV. This may mean that it is difficult to get more
weight spontaneously without dissipating the turbulence
through the evolution. The turbulent dissipation must be
necessary also in this growing case. We naturally suggest
that the spontaneous core evolution goes from left-top to
right-bottom on the figure approaching the virial equilib-
rium by dissipating the kinetic energy.

Five of the 6 cluster-forming cores (excluding the
apparently multi-peaked Lupus 3) have significantly
greater U than 3 x 10* ergs. This suggests that self-
injection of the turbulence by the clusters is very effective.

[erg]
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In the following subsections, non-spontaneous (namely
triggered) cluster formation is discussed.

4.3. What makes cluster formations?

As shown in the previous sections, turbulent decay is a
key issue for star formation. We could then ask, what
makes cluster formation? The cluster-forming cores are
only located in the p Oph, the CrA, Lupus 3, and the
Cha I clouds. In order to understand the environments
where the cluster-forming cores exist, we investigate the
morphological structures of their parental 3CO clouds
shown in Fig. 10. It is noticeable that all of them show
characteristic cloud structures, i.e., a massive head and
long-spread tail, and the cluster formations are taking
place at the heads of the clouds. The CrA cloud is one
of the most prominent cases. The cloud has a cometary
shape pointing toward the Sco OB 2 association and the
Cornet cluster is located in the massive core at the top of
the cloud (Wilking et al. 1997). The p Oph cloud also has
a massive head where active cluster formation occurs, and
a few long filamentary tails (Loren 1989). Although there
are 3 cluster-forming cores in the Cha I cloud, the most
active cluster formation can be seen at the northern top
of the ridge (Mizuno et al. 1999). These facts suggest that
the clouds have been affected by external shocks, and the
shocks have triggered active cluster formation. Actually, a
shock triggering scenario is suggested for p Oph cloud by
many authors (Vrba 1977; Loren & Wootten 1986; de Geus
1992; Preibisch & Zinnecker 1999). An expanding HI shell
centered Upper-Scorpius subgroup of the Sco OB 2 shows
the shock hitting the cloud, and this may be also the case
for Lupus 3 (Tachihara et al. 1996, 2001). It is not so
clear for the Cha I cloud; however, Mizuno et al. (2001)
recently suggest from the existence of an HI expanding
shell that such a shock may affect the Chamaeleon clouds
as well. Thus, external shock effects such as supernova
explosion and stellar wind from OB stars are likely to
form the head-tail structure of the clouds and trigger the
cluster-formation in the head.

4.4. Initial conditions and enhancement
of the turbulence

As mentioned in Sects. 3.5 and 4.2, the kinetic support
of the cores by turbulence plays an important role for the
core evolution and star formation. Then we expect that
the time scale of the star formation may be determined
by the initial amount of the turbulent energy and its dis-
sipation and input rates. It is, therefore, interesting to
investigate the difference in initial conditions of the tur-
bulence among the SFRs. If one accepts the hypothesis
that the turbulence is provided only by the formed stars
and dissipates monotony without YSOs, one can estimate
the initial amount of the turbulence from the ensembles
of only the starless cores. We compare the average AV for
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Fig. 10. Gallery of the **CO clouds that contain cluster-forming cores inside. The integrated intensity maps of a) the p Oph,
b) the CrA, c) the Cha I, and d) the Lupus 3 clouds are drawn in contours and gray scale. Crosses and circles are associated
pre-main sequence stars and protostellar IRAS point sources, respectively.

the starless cores which have not been disturbed by YSOs
and may still reflect the initial conditions.

Figure 11 shows SFEs estimated from the total mass
of 13CO clouds (M./[M, + Meouna]) plotted against AV
averaged over only the starless cores in each SFR. Note
that the SFE changes so much depending on its definition.
Very high SFEs have been estimated for the most active
“head” parts to be ~40% for the CrA cloud (Harju et al.
1993) and ~22% for the p Oph cloud (Wilking et al. 1989)
based on C'80 mass. In order to investigate the general
star-forming activity of the whole SFR, the SFEs should
be revised based on the *CO mass. Recent mid-IR survey
with ISO satellite revealed a large number of newly iden-
tified YSOs in the p Oph cloud (Bontemps et al. 2001).
The total mass of the young star cluster is estimated to
be 102 Mg. There are about 50 more YSO candidates
of Ha emission-line stars (Wilking et al. 1987) and IRAS
point sources in the peripheral and the filamentary-cloud
regions, even though the YSO survey is insufficient there.
If we take into account the mass of these stars (assuming a
typical mass of 0.5 Mg), the entire SFE of the p Oph cloud
derived from the '*CO mass of 3050 M, (Loren 1989) is

calculated to be ~4%. For the CrA cloud, the total 13CO
cloud mass has not been given yet. If we apply the ratio
of the total C'®0 core mass to the '3CO cloud mass to
be 30% (same as the p Oph cloud; Mizuno et al. 1999),
the SFE is diluted to ~4%. Many of these values are lower
limits because of the incomplete YSO survey.

We find that all the active SFRs whose *CO-based
SFE is greater than 2% (the CrA, p Oph, Cha I, and
Taurus clouds) have AV < 0.7 kms~!. On the other hand,
all the other less active SFRs have AV > 0.7 kms~! ex-
cept for the Pipe nebula. The SFRs which contain the
cluster-forming cores (filled squares) have smaller AV ex-
cept for Lupus, while the SFR without them (open circles)
have larger AV except for Taurus. We expect that the ini-
tial amount of turbulence in a SFR determines the SFE
as a whole.

As mentioned in the last section, cluster-forming cores
are located in the head parts of the elongated clouds, and
the starless cores are in generally the long-spread fila-
ments. The cluster-forming cores are significantly more
massive than the others, and the external shocks seem
to aggregate the mass on the head parts of the clouds
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Fig. 11. Correlation diagram of SFE against AV averaged over only the starless cores for each SFR. Squares and circles denote

the region with and without cluster-forming cores, respectively.

effectively. On the other hand, although these filaments
are also supposed to be formed under the influence of the
shock wave, the cores in them do not show any enhance-
ment of AV. Note that we regard Lupus clouds as one
SEFR here although it contains several individual molec-
ular clouds (Hara et al. 1999), and Lupus 3 is the only
active and cluster-forming cloud among them.

From these facts, we suggest the following idea. If a
SFR has initially more turbulent energy in the molecu-
lar gas, it takes longer to dissipate the energy so that it
is small enough to form stars, resulting in low SFE. If
the initial turbulent energy is small, a molecular cloud
forms stars spontaneously and shows moderately large
SFE, like Taurus. When a shock wave affects a molecular
cloud which has smaller turbulence, it makes a head-tail
structure in the cloud and triggers cluster formation in
the head. The shock wave, however, does not enhance the
turbulence effectively.

Next we investigate the turbulent input from the YSOs
to the cores. It seems to be very difficult to estimate how
much kinetic energy can be fed back by the young stars
because of the uncertainty in the physical parameters. Let
us, however, roughly estimate how much energy a molec-
ular outflow from a young star can produce. By assuming
the mass-outflow rate as M = 1076 Mg yr—!, outflow ve-
locity as v = 10 kms™!, the time scale of the outflow as
7 = 10° yr (Fukui 1989, 1993), and energy conversion coef-
ficient as € = 1%, then the energy input of %GTM’UQ ~ 10%2
ergs can be achieved by a single star. If the quantities of

some of the parameters are smaller than assumed above,
the star-forming cores still have relatively lower kinetic en-
ergy. With a hundred of YSOs, it is plausible to enhance
the turbulence by more than 104 ergs. For the smaller and
denser cores detected in NH; and H'3COT, it is easier to
disturb the cores entirely by the outflow from only a single
star, because the kinetic energy of these smaller cores are
estimated to be one order of magnitude smaller than that
of the C'80 cores. Other physical processes of turbulent
enhancement such as stellar wind and UV radiation from
the YSOs should also be taken into account. Thus, sig-
nificantly greater turbulence in the cluster-forming cores
can be explained by the disturbance of the young stellar
clusters.

5. Summary

From the large systematic survey of the dense molecular
cloud cores taken with the NANTEN and the 4m radio
telescopes, we made a statistical study of the core proper-
ties from the view of the star and cluster formation. The
main results are follows.

1. Nine nearby star-forming regions are surveyed for
dense cores in C'®0 and 179 cores are collected.

2. The cores are classified into 3 categories in terms of
their star-formation activities as starless, star-forming,
and cluster-forming cores. The numbers of cores in
each category are 136, 36, 7, respectively.
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3. Physical parameters of the cores are estimated.
Cores with active star formation tend to have larger
M, N(Hs), and n(Hs). Particularly, there seems to be
a threshold value of N(Hs) at ~9 x 10*! cm™2.

4. Virial analysis of the cores shows that most of the cores
are gravitationally bound and that the virial ratios are
close to the unity. The star-forming cores have signif-
icantly smaller virial ratios than others. This means
that they are gravitationally more relaxed and turbu-
lent dissipation is needed to form stars. Some of the
cluster-forming cores are unbound and should be dis-
sipated near future.

5. The SFE derived from the total mass of the C*®0 cores
in the whole SFR is a nearly constant ~10%, indepen-
dent of the total core mass.

6. The mass spectrum of the cores is poorly fitted by a
single power-law function. The power-law index is sub-
ject to change from 0.25 in the low-mass range to 2.6
in the high-mass range. If the 10% efficiency is applied
to the mass spectrum of the cores, the expected stellar
mass function approximates the stellar IMF.

7. Particularly for the low-mass cores, we found that star-
forming cores have a smaller AV than the starless cores
of the same mass range. This indicates the turbulent
decay leads to star formation in the cores.

8. The molecular clouds with cluster formation all have
head-tail structures, and the cluster-forming cores are
located in the heads. The external shock interaction
is suggested to form the cloud structures and trigger
cluster formation.

9. In order to investigate the initial conditions of the tur-
bulence, the average AV of the starless cores in the
SFRs are investigated. The results suggest that the
active SFRs have smaller AV and may have initially
smaller turbulent energies. The shock wave that trig-
gers cluster formation does not seem to enhance the
AV effectively, while the formed clusters can do so by
injection of kinetic energy of ~10%** ergs.
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