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ABSTRACT

More than 110 dense condensations of the dark clouds in Lupus, Corona Australis, Norma, Vela, and
Scorpius were observed in the 13CO and C!80 (J = 1-0) transitions. The condensations of dark clouds
with high star formation activity like the Ophiuchus, Taurus, and Cepheus have average C*%0 and H,
column densities of 1.8 x 1015 and 1.1 x 1022 cm 2. If we take the average size of the condensations to
be 0.2 pc, a condensation must have average H, volumetric densities >2 x 10* cm ™3 in order to be a
good candidate to form stars. The four Lupus filaments have similar radial velocities and velocity disper-
sions, suggesting that they originated from the same parental cloud. Among these filaments, Lupus 1 is
unique in having recent star formation activity, despite the high number of T Tauri stars observed
toward the others. Lupus 1 also shows a complex velocity gradient along its main axis. The distribution
of radial velocities of the condensations observed toward Scorpius are in good agreement with the
hypothesis that they are in a region with expansion velocity smaller than or equal to 18 km s~ '. The

Corona Australis cloud has velocity gradients ranging from —0.5 km s~

s~ 1 pc~? at the other.

! pc™! at one extreme to 0.1 km

Subject headings: ISM: clouds — ISM: molecules — stars: pre-main-sequence — submillimeter

1. INTRODUCTION

The millimeter wavelength rotational lines of carbon
monoxide and its isotopic varieties have been widely used
to probe dense condensations of nearby dark clouds. The
observation of these lines has given important information
about the condensations and their relation to star forma-
tion activity (Myers, Linke, & Benson 1983; Turner,
Rickard, & Xu 1989). However, comparisons of the proper-
ties of the condensations in a complex, and from complex to
complex, are still needed to understand the clouds and star
formation.

Extensive surveys of dense condensations of the northern
and southern hemisphere dark clouds Taurus, Ophiuchus,
Cepheus, Vela, Musca, the Coalsack, and Chameleon IT and
IIT (Myers et al. 1983, hereafter MLB; Vilas-Boas, Myers, &
Fuller 1994, hereafter VMF) have been done to compare the
condensation properties observed in these clouds. Analyz-
ing the mean properties of the condensation of these dark
clouds, VMF showed that Chameleon III, which does not
have any pre-main-sequence object associated with it, has
significantly smaller column densities of dust and gas than
Taurus and Ophiuchus. They also proposed that the con-
densations of Chameleon III are not “ready ” to form stars
as they have mean H, column densities much smaller than
7 x 102 cm~2. Another remarkable result was the
observed **CO (J = 1-0) line width, which is 2 times wider
in Ophiuchus, which is an active site of star formation, than
is observed toward other dark clouds, suggesting some rela-
tion between star formation and the mechanism producing
the observed line widths.
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Several other dark clouds were not included in these
surveys, particularly the complexes of Lupus and Corona
Australis, which are very important dark clouds in the
southern hemisphere. The Lupus complex is known to host
a large population of T Tauri stars, separated into four
subgroups, with only one embedded IRAS source (B228).
Corona Australis is a complex in which the main filament is
a region of very recent and active star formation (Graham
1992) with several embedded infrared sources and variable
stars.

In this paper we present an extended survey of the 13CO
and C'®0 (J = 1-0) rotational transitions toward optically
selected condensations in Lupus, Corona Australis, Vela,
Norma, Scorpius, and one position in Carina. The selected
positions are apparent maxima of visual extinction. The
main purpose of this survey is to compare the properties of
the condensations observed in these regions with those
observed by MLB and VMF. The data accumulated from
these surveys cover almost all known nearby dark clouds.

The source selection and the CO observations are
described in §§ 2 and 3, and in §§ 4 and 5 the method of data
reduction and analysis are presented. In §§ 6 and 7 the main
properties of the molecular dark clouds and the individual
regions are discussed, and finally in § 8 the paper is sum-
marized. The data accumulated from this and the other
surveys cover almost all known nearby dark clouds.

Our main results are (1) that the condensations observed
in the Ophiuchus and Corona Australis main filaments,
which are very active sites of star formation, have the
highest average C'®0O and H, column densities among the
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15 dark molecular clouds analyzed in this paper; (2) that the
condensations in Scorpius seem to be distributed in a shell
expanding with velocity smaller or equal to 15 km s~ !, in
good agreement with large scale H 1 observations; (3) that
Corona Australis has velocity gradients ranging from —0.5
km s™! pc”! in one extreme to 0.1 km s~ ! pc~! in the
other; and (4) that the four Lupus filaments share similar
kinematic properties, suggesting that they originated from

the same parental cloud.

2. SOURCE SELECTION

The positions observed in this survey toward Vela,
Norma, Lupus, and Carina are regions of visual extinction
higher than 2 mag located in complexes of obscuration. The
procedure for selecting these positions is described in detail
by VMF, and the position accuracy is roughly 1'. The posi-
tions toward Scorpius and Corona Australis were obtained
from the Catalog of Southern Dark Clouds (CSDC), com-
piled from visual inspection of ESO J plates (Hartley et al.
1986). The positions of the peaks are accurate to about 10”.
Almost all condensations selected are class A, which corre-
sponds approximately to a Lynds lower limit opacity of 6
mag (Lynds 1962). The positions toward Vela observed in
this survey were obtained from Hetem, Sanzovo, & Lepine
(1988).

3. CO OBSERVATIONS

The '3CO and C'80 (J = 1-0) line observations toward
Lupus, Corona Australis, Norma, Vela, Scorpius, and
Carina were made in 1992 October and 1993 May. These
observations were made with the 15 m Swedish-ESO Sub-
millimeter Telescope (SEST) at La Silla, Chile. The receiver
front end was based on a Schottky diode waveguide mixer
followed by an intermediate-frequency amplifier. The SSB
system temperature was typically 390 K.

The back end used an acousto-optical spectrometer with
resolution 43 kHz (0.11 km s~ !) and total bandwidth of 100
MHz. The spectra were taken by using overlap frequency
switching mode (with 7 MHz frequency shift) and inte-
grating, on average, for periods of 2 minutes. The obser-
vations were chopped against a cold load to obtain the
correction for atmospheric attenuation. Two independent
receivers were used to obtain independent spectra, which
were recorded after every minute of integration time. As
shown in Tables 1A, 1B and 2 in the next section, the signal-
to-noise ratio for the sources with positive 13CO and C'30
(J = 1-0) detection is on average higher than 10. The half-
power beam width was 48” and we adopted a beam effi-
ciency of 0.9, as determined by Gredel, van Dishoeck, &
Black (1994) observing the Moon. This beam efficiency was
adopted because the average optical sizes of the conden-
sations are larger than 3 times the beam size. The rms point-
ing accuracy is better than 10" and was checked
systematically by observing SiO masers from VY CMa, IK
Tau, and R Cra. The '*CO and C'®O results presented in
this paper were obtained only from one receiver (“A”)
since the other receiver (“B”) showed a systematic differ-
ence of 0.2 km s™! in radial velocity when the spectra
obtained with both receivers are compared (see VMF).

4. DATA REDUCTION

The spectra were reduced using the Continuum and Line
Analysis Single-Dish Software (Forveille, Gilloteau, &
Lucas 1989). Each spectral line was fitted with a Gaussian

function. Some spectra had double-peaked line profiles. In
order to distinguish splitting due to saturation effects from
splitting due to different sources along the line of the sight,
13CO lines split by less than 0.7 km s~! were considered
double only if the C180 line is also double peaked. In order
to estimate the peak intensity, line width, and radial velocity
of the spectral lines, the fitted baseline was subtracted from
the observed spectra. The line parameters were then used to
derive the optical depth at the peak of the line, the excita-
tion temperature, and the column density of C*30 in the
clouds. The method and assumptions used to derive these
parameters are discussed in VMF and MLB. These pro-
cedures were used to obtain the most homogeneous data
possible, in order to allow the results to be directly com-
pared with those of MLB and VMF-.

5. OBSERVATIONAL RESULTS

The observational results obtained toward 107 conden-
sations in Lupus, Corona Australis, Norma, Scorpius, Vela,
and Carina are shown in Tables 1A and 1B. T is the peak
antenna temperature corrected for atmospheric attenu-
ation. The uncertainty in antenna temperature corresponds
to the rms of the data with respect to the fitted base line. In
the last column, “CG” means cometary globules, “RN”
means reflection nebulae, “S” with a number attached
refers to the catalogs of Sandqvist & Lindros (1976) and
Sandqvist (1977), “DC” followed by Galactic coordinates
means dark clouds in the Hartley et al. (1986) catalog, and
“HH ” means Herbig-Haro objects. The T Tauri stars iden-
tified by Schwartz (1977) are represented by “Sz” followed
by a number. The asterisks attached to the condensation
names means that these sources have associated pre-main-
sequence objects selected according to the criteria discussed
in§7.1.

Among the clouds observed in this survey, Norma is the
only one without any C'80 observation, and Carina has
only one position observed.

6. DERIVED PARAMETERS OF THE SOURCES

The derived parameters of the condensations observed in
this survey are presented in Table 2, where t is the optical
depth and L and M are the equivalent optical diameter and
mass, respectively, of the condensation.

To estimate the molecular hydrogen column density, we
used the gas-to-dust relation of Bohlin, Savage, & Drake
(1978) and the relation between N(C'®0) and A, obtained
by Frerking, Langer, & Wilson (1982). For the Lupus
complex this relation was explored in detail using the
derived C'® O column density and the visual extinction
obtained from star counts by Andreazza & Vilas-Boas
(1996, hereafter AV).

Figure 1 shows the C'80 column density versus visual
extinction for 22 condensations observed in Lupus. The
dotted and solid lines are relations obtained for Musca and
Taurus by VMF and Frerking et al. (1982), respectively. The
visual extinctions obtained by AV were modified in two
ways for the analysis presented here. First they were
increased by 1 mag to account for the extinction of the AV
reference field. Second, the more accurate estimates from
the Hartley et al. were substituted in the five cases for which
the two studies overlapped. For these adopted values of 4,
and the observed values of N(C'20), the Frerking et al.
(1982) relation better fits the N(C*20) versus A, data and



TABLE 2

DERIVED PARAMETERS OF THE CONDENSATIONS

Condensation Tex N(C'30) N(H,) L M
Name 7(C*20) (K) (10*em™2)  (10**em™%)  (pe) (Myp)
Vela (450 pc)
V28 ........... <0.1 10 0.8 6 0.3 10.8
Carina (150 pc)
Carl.......... 0.37 9 1.4 10 0.2 12.2
Lupus 1 (140 pc)
Lul........... 0.57 9 2.1 14 0.2 17.5
Lu2........... 0.48 9 1.8 12 0.1 3.8
Lud........... <0.1 10 0.7 6 0.2 33
Lud........... 0.39 8 1.0 7 0.1 23
LuS........... <0.1 12 0.5 4 0.1 0.6
Lu6........... 0.2 7 0.5 4 0.1 0.6
Lu7 ..oounns 0.28 9 11 8 0.3 11.7
Lu8........... 0.14 12 1.0 7 0.1 3.0
Lu9........... <0.1 16 0.3 3 0.1 0.7
Lul0.......... 0.12 11 0.7 5 0.2 31
Lull.......... <0.1 10 0.5 4 0.2 3.7
Lul3.......... <0.1 10 0.2 2 0.2 13
Luld.......... <0.1 10 0.2 2 0.1 1.0
B228.......... <0.1 10 0.7 6
Lupus 2 (140 pc)
Lul6.......... <0.1 10 0.5 7 0.1 1.8
Lul7.......... 0.48 6 0.7 8 0.1 1.4
Lul8.......... 0.11 13 0.8 8 0.1 3.5
Lul9.......... <0.1 10 0.3 3 0.1 0.7
Lu20.......... 0.16 11 0.8 8 0.1 3.5
Lu2l.......... 0.21 9 0.9 9 0.1 1.6
Lupus 4 (140 pc)
Lu22.......... <0.1 10 0.1 2 0.2 1.8
Lu23.......... 0.15 10 11 9 0.2 8.6
Lu24.......... <0.1 10 0.3 6 0.5 355
Lu25.......... <0.1 10 0.2 3 0.2 20
Lu26.......... <0.1 19 0.6 7 0.1 0.6
Lu27.......... <0.1 27 0.5 7 0.2 43
Lu28.......... <0.1 10 0.3 3 0.1 0.7
Lupus 3 (140 pc)
Lu29.......... <0.1 10 0.6 5 0.1 0.7
Lu30.......... <0.1 10 0.2 2 0.1 0.3
Lu3l.......... 0.25 6 0.3 6 0.2 32
Lu32.......... <0.1 10 0.2 3 0.2 1.4
Lu33.......... 0.11 15 1.3 10 0.2 13.6
Lu34.......... 0.62 5 0.5 6 0.1 0.5
Lu35.......... <0.1 10 0.4 4 0.1 0.5
Lu36.......... 0.17 12 0.6 7 0.1 1.6
Scorpius (145 pc)
Sc2..iiiinnnn. <0.1 10 0.5 4 0.1 0.8
Sc3.iiiiinnnn. <0.1 10 0.3 3 0.1 1.6
Scd..oinann. <0.1 10 0.5 4 0.1 0.5
Sch..eunnnnnn.. <0.1 10 04 3 0.1 0.3
Scll .......... 0.42 10 20 13 0.2 8.0
Sci2 .......... <0.1 10 0.6 5 0.2 49
Scl3 .......... 0.37 8 12 10 0.2 7.7
Scl4 .......... <0.1 10 0.5 4 0.1 0.3
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TABLE 2—Continued

Condensation Tex N(C*80) N(H,) L M
Name 7(C180) (K) (10 cm™%)  (10**ecm™%)  (pc) (Myp)
Scl8 .......... <0.1 10 0.6 5 0.1 1.6
Sc19 .......... <0.1 10 0.4 3 0.1 0.5
Sc20 .......... <0.1 10 0.3 3 0.2 34
Sc22 .......... <0.1 10 1.9 12 0.2 7.2
Corona Australis (130 pc)
CoAl......... 0.21 14 1.8 13 0.8 167.2
CoA2......... 0.13 19 22 14 0.2 73
CoA3......... <0.1 10 1.2 8 0.3 142

Note—The molecular hydrogen column density was calculated using the Frerking et
al. 1982 relation. After the name of each cloud is given its distance, from Sahu 1992 (Vela),
Hetem et al. 1988 (Carina), Hughes & Hartigan 1993 (Lupus), De Geus 1988 (Scorpius),
or Andreazza & Vilas-Boas 1996 (Cor. Australis).

was used to obtain a relation between the H, and the C'30
column densities.

To estimate the molecular hydrogen volume density, we
used the N(H,) and the equivalent optical size of the con-
densation given by (I x b)°-5, where [ and b are the semi-
major and semiminor optical sizes, respectively. The
corresponding maximum mass of the condensations was
estimated using equation (10) from VMF, which assumes
the condensations as uniform spheres. The mass uncertainty
is higher than a factor of 2, primarily because of uncer-
tainties in the factor used to convert from C!2O to molecu-
lar hydrogen column density and to uncertainties in the
source distances.

There are 30 positions in Table 2, where the C!80 optical
depths are given as smaller than 0.1. For these positions,
either the optical depths are comparable to their own uncer-
tainty or the *3*CO to C'30 line intensity ratios are larger

18 ————— 71—
6k LUPUS y )
14 / -

12 |-

10 |-

C**0 Column Density x 10 (cm™)
[e2]
T

Visual Extinction (mag)

F16. 1.—C'®0 column density vs. visual extinction for the positions
observed toward the Lupus complex. The solid and dashed lines are
column density vs. extinction obtained by Frerking et al. (1982, “FLW ”)
and VMF in Musca, respectively.

than 5.5. Values of intensity ratios greater than 5.5 can not
be consistent with the single excitation temperature model
used to analyze the data (MLB).

These high ratios could be related to different **CO and
C!80 excitation temperatures or fractionation or due to
some selective mechanism destroying more '3CO than
C180. B228 in Lupus 1, where the 13CO to C'80 ratio is
roughly 7, is a good example: It has the highest '*CO
antenna temperature among the 15 positions observed in
Lupus 1. However, its C'30 temperature is smaller than
observed toward 7 other positions in this cloud. For these
positions the C*80 column density was estimated using the
equation N(C'®0) = [(8nv?k)/(hc*A,_o)]U(T,)f T¥wv) dv,
which is valid for optically thin lines, where T¥(v) is the
antenna temperature along the line profile, and U(T,,) is the
classical partition function estimate assuming the excitation
temperature 10 K. We also estimate that the column den-
sities derived in this manner are uncertain by no more than
afactor of 2.

7. MAIN OBSERVATIONAL PROPERTIES OF THE DARK
CLOUDS

In this section we compare the average properties of the
condensations of the dark clouds observed in MLB, VMF,
and this survey. The data accumulated from these surveys
cover almost all known nearby dark clouds within a few
hundred parsecs, and they form a homogeneous sample. In
order to compare the properties of these clouds we will
consider the line widths, excitation temperature, and the
C'80 and H, column densities. Among these parameters
the H, column density is the most uncertain because of
uncertainties in converting from CO to H,, in the shape of
the condensations, and in the distance of the sources.

The average values of the observed parameters are shown
in Table 3. Errors shown are rms. F in the final column is
the fraction of condensations with pre-main-sequence
objects associated. The average excitation temperature for
Lup 2, 3, 4, and Corona Australis are not given in this table
because of the small number of positions in these clouds for
which the excitation temperature could be determined.

Among the clouds in Table 3, the average C'20 column
density is greater than 2 x 10'° cm ™2 in Ophiuchus, equal
to 1.6 x 10'> cm™2 in Taurus and smaller or equal to
1 x 10'% cm ™2 for the other clouds.

The three positions observed in Corona Australis with
positive C*#0O detection are located in an extended filament
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TABLE 3
AVERAGE VALUES OF CONDENSATION LINE DATA FROM MLB, VMF, AND THIS SURVEY
Number of
Condensations in AV(*3CO) AV(C*30) N(C20) Tex N(H,)

Cloud 13Cco/Ct®0o (km s~ 1) (km s~ 1) (10*5 cm™?) (K) (102! cm~?) F
Taurus .......... 26/26 1.0+03 0.6 + 0.2 1.6 10+2 100 + 6 0.63
Ophiuchus...... 14/14 19+10 0.8 +04 2.6 14+3 140 + 10 0.47
Cepheus ........ 06/06 1.3+04 0.6 +0.2 1.1 9+2 70+2 0.80
Vela® ............ 26/19 0.7+0.2 0.6 +02 0.5 1242 50+2 0.13
Musca .......... 16/13 0.8 +0.2 0.5+0.1 0.8 10+ 4 30+1 0.06
Coalsack®....... 8/6 08 +0.2 0.6 +0.1 0.5 10+ 4 40+2 L
Cham IT ........ 28/10 1.2+ 04 0.7+ 0.3 0.7 T7+2 50+2 0.07
Cham III ....... 16/08 1.1+03 09+05 0.6 7+1 30+2 0.00
Lupus 1......... 15/14 1.1+03 0.7+0.3 0.8 10+ 3 60+ 3 0.21
Lupus 2......... 07/06 08 +03 05+0.1 0.6 70+2 0.14
Lupus 3......... 08/08 0.8 +0.2 0.6 +0.1 0.5 50+2 0.13
Lupus 4......... 07/07 0.7+0.1 0.6 +0.2 0.5 50+3 0.14
Norma®......... 12/00 14+ 0.7 L
Scorpius® ....... 30/12 12+06 09 +03 0.8 6.0+ 4 0.19
Cor. Aust. ...... 12/03 09+0.2 0.9 1.7 14 12.0 0.23

Note—Carina is not included because we observed only one position toward this cloud.

# For this, the velocity dispersion of the radial velocities is larger than 6 times the velocity dispersiion obtained from the
average of the observed line widths. Cloud is formed by fragments with different radial velocities.

® The 13CO data presented in this table for the Coalsack were obtained from VMF, and C*80 data are from this survey.

¢ There are several IRAS point sources with color indexes indicative of pre-main-sequence objects identified toward this

cloud.

that is 55’ x 14’ in size. This filament, known as CrA cloud
or condensation A according to AV, is an active site of
recent star formation (Graham 1992) and contains the well-
known emission-line irregular variable star R CrA. This
filament together with p Ophiuchus are the clouds with the
highest C'80 column density among the dark clouds
observed in these surveys. Taking into account the uncer-
tainties, the clouds have almost the same average excitation
temperatures (~10 K) and C*30 line widths (0.7 km s~ 1).
However, the average '3CO line width (1.9 km s %)
observed in Ophiuchus is twice as broad as is observed
toward the other dark molecular clouds in these surveys.
Since high star formation activity is also observed toward
Cepheus and Taurus, the high **CO line width observed
toward Ophiuchus does not seem to be uniquely correlated
with high star formation activity.

Another observational result that deserves attention is
the dispersion of the 1*CO line width. In Ophiuchus it is 1.0
km s~ !, 3 times the average dispersion of all clouds
(0.32 £ 0.16) in Table 3. If the condensations observed
toward Ophiuchus are located in the same cloud, some
external mechanism must be acting on Ophiuchus to
explain the observed mean !*CO line width and its line
width dispersion. This result seems to be compatible with
the hypothesis that the overall Ophiuchus morphology is
suggestive of the passage of a shock (Vrba 1977; Loren &
Wootten 1986; de Geus 1988). The '3CO line widths
observed toward dense condensations are always larger
than those of C'80 and, certainly, measure the turbulence
of the condensations and intercondensation gas. Thus,
increased turbulence in the intercondensation gas can
produce 13CO line widths that are broader than the C!20
line widths without producing any measurable effect on the
C*80 line width or excitation temperature. Small-velocity
shocks (V, < 15 km s~ ') are a good mechanism for acceler-
ating gas and producing turbulence. According to de Geus
(1992) and Motte, Andre, & Neri (1998), part of Ophiuchus

is under the action of a small velocity shock wave produced
by the upper Scorpius OB2 association. This scenario could
explain the high 1*CO line width dispersion observed.

Although large dispersions in line width of about 0.7 and
0.6 km s~ ! are seen in Norma and Scorpius, respectively,
the Norma data seem to be contaminated by carbon mon-
oxide emission from clouds far behind, and Scorpius is not a
dark cloud but a set of isolated condensations apparently
located in an expanding ring (§ 8.3).

The narrowest C'80 average line widths and line width
dispersions were observed in Lupus 2 and Musca, which
have similar C*80 column densities. The highest C*8O line
widths (~0.9 km s~ !) were observed in Corona Australis,
Chameleon III, and Scorpius.

7.1. IRAS Sources and Young Stellar Objects

A search for infrared sources and young stellar objects
was conducted using the IRAS Point Source Catalog and
surveys of T Tauri and pre-main-sequence (PMS) emission-
line stars (Beichman et al. 1984; Schwartz 1977; Whittet,
Prust, & Wesselius 1991; Weintraub 1990; Herbig & Bell
1988; Gauvin & Strom 1992; Persi et al. 1990; Chen et al.
1995). The procedure for selecting an IRAS point source as
a “PMS object ” is described in VMF. Condensations with
associated IRAS sources are listed in Table 4, where d is the
distance of the IRAS source to the observed position and
F.,, F,s, Fgo, and F,,, are the uncorrected flux densities in
the four IRAS bands. In order to establish the association
of the IRAS sources with the condensations, we selected
only the IRAS sources located at a distance from the con-
densation position less than the smaller optical size of the
condensation.

As given in the last column of Table 3, 21% and 13% of
the condensations observed toward Lupus 1 and 3, respec-
tively, have associated PMS objects, while 14% of the con-
densations in Lupus 2 and 4 have associated sources. In
Corona Australis 23% of the condensations contain a PMS
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TABLE 4
IRAS SOURCES WITH COLOR INDEXES OF PMS OBIJECTS

Condensation IRAS (1950) d F,, F,s Fgo Fio0
Name Identification RA(1950) (arcmin) Jy) Jy) Jy) Jy)

V28 ...o.en.n. 08242 — 5050 08 24 16.5 —50 50 44 13 0.8 6.3 26.1 58.3
V30........... 08261 — 5100 08 26 11.5 —51 00 39 33 0.9 2.5 43 109
N3 ooonnns 16000 — 5317 16 00 05.6 —-531717 34 14 25 33 310.0
N5 16094 — 5249 16 09 24.9 —5249 17 5.5 6.4 8.0 39.8 321.0
N7 e 16111 — 5051 16 11 06.1 —50 51 08 5.1 22 29 150.0 229.0
Nil........... 16295 — 4452 16 29 33.1 —44 52 05 0.9 12 54 27.1 52.8
Sc2.iiiiiinine. 16510 — 4026 16 51 05.7 —40 26 47 0.6 1.0 1.7 159 56.8
Scll .......... 17072 — 4029 17 07 14.3 —40 29 25 1.5 2.7 2.7 16.9 318.0
Scl8 .......... 17159 — 3324 17 15 55.0 —3324 16 0.5 0.6 3.8 16.1 278.0
Sc20 .......... 17172 — 4316 17 17 159 —43 16 54 14 0.4 0.8 4.2 29.0
Sc25 ......ene. 17227 — 3619 17 22 445 —3619 35 3.6 1.7 12.7 74.8 488.0
Sc28 ...l 17317 — 3331 17 31 44.4 —333134 20 1040 2920 2340 736.0
CoAl......... 18577 — 3701 18 57 42.9 —3701 40 8.6 49 92 18.1 279
CoA2......... 18585 — 3701 18 58 32.9 —3701 32 1.8 1110 2220 608.0 1210.0
CoAT7......... 19063 — 3709 19 06 22.7 —3709 21 69 0.6 14 22 5.1
Lul........... 15362 — 3436 1536 15.2 —3436 32 04 0.6 0.8 0.4 133
LulO.......... 15420 — 3408 1542013 —34 08 09 2.1 2.6 4.0 7.9 244
Lul7.......... 15534 — 3740 1553245 —37 40 34 23 25 4.6 5.0 10.5
Lu24.......... 15573 — 4147 1557 18.8 —41 47 05 9.6 0.3 0.8 12 4.6

Note—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds. The fifth column gives the distance d between the observed position of the condensation, given in Tables

1A and 1B, and the selected IRAS sources.

object, while in the other clouds it is less than 20%. As in
VMEF, here this fraction is used as an indication of the star
formation activity. According to this fraction, RCrA and
Lupus 1 are the filaments with the highest star formation
activity among the clouds observed in this survey. From
Table 3 we see that still higher star formation activity is
found in Ophiuchus, Taurus, and Cepheus: more than 38%
of the positions observed by MLB have associated infrared
point sources.

The average values of the C'®O and H, column densities
in Table 3 show that these parameters assume high values
when there is high star formation activity, independently of
the 1*CO and C'®0 line widths. Selecting the clouds with
high star formation activity (Taurus, Ophiuchus, Cepheus,
and Corona Australis), we find that the condensations of an
active star-forming dark cloud must have average C'® O
and H, column densities higher than 1.8 x 10!° and
1.1 x 10?? cm ™2, respectively. For the other clouds, where
the star formation activity is low (Vela, Musca, the Coal-
sack, Cham II and III, Lupus, and Scorpius), these param-
eters are 0.6+ 0.1 x 10! and 50+ 1 x 10> cm~2,
respectively. Assuming the typical diameter of the conden-
sation 0.2 + 0.1 pc, which is the average diameter of all
condensations observed, and the average H, column
density obtained above, we find that the condensations of a
cloud must have molecular hydrogen densities larger than
2 x 10* cm ™3 in order for it to be an active star-forming
cloud.

8. INDIVIDUAL REGIONS

In this section we will discuss some relevant aspects of the
clouds observed in this survey. Vela and Scorpius are not
dark molecular clouds but a set of condensations spread
over extended areas. More than 27 condensations were
observed over a large area toward Vela by VMF. In the
present survey only a further nine condensations were
observed toward this region, corresponding to 25% of all
condensations observed in this region by VMF and this

survey. For this reason, this region will not be discussed
below. Detailed discussion about the structure of Vela are
given by, for example, Zealey et al. (1983), Reipurth (1983),
Sahu (1992), and VMF.

8.1. Lupus

An extensive survey of 12CO (J = 1-0) in Lupus with 30’
angular resolution was reported by Murphy, Cohen, &
May (1986). Gahm, Johansson, & Liseau (1993) presented
CO (J = 1-0) images of Lupus 2 as well as complementary
observations in !2CO (J =2-1) and '3CO (J = 1-0).
Recently this cloud complex was studied using star counts
by Andreazza & Vilas-Boas (1996) and Cumbrésy (1999)
and '3CO (J = 1-0) emission with 3’ spatial resolution
(Tachihara et al. 1996). A review of the properties of the
Lupus clouds and their associated young objects was pre-
sented by Krautter (1991).

Among the 36 condensations observed in the Lupus
complex, four in Lupus 1 (Lul, Lu2, Lu7, and Lu8) have
C'80 column densities > 10> cm~2. Lul, the densest con-
densation, has the shape of cometary globules and has two
associated T Tauri stars. This condensation and Lu2 are
coincident in position with condensation C reported by AV,
which is located in an extended structure to the southwest
of the main filament. Lu7 and Lu8 are in condensation D
and are less than 79 from the IRAS point source
15398 — 3559, which is the only deeply embedded pre-main-
sequence object (B228 in Table 1B) in the Lupus complex. A
shock-excited nebulosity has been identified near this IRAS
source (Heyer & Graham 1989), and a molecular outflow
with dynamic timescale of 2 x 10° yr is associated with this
object (Tachihara et al. 1996). Our observations toward this
object (Table 1B) show the highest 1*CO line temperature
among all condensations observed in Lupus. However its
C180 line temperature is very small compared to that in
13CO, yielding high *CO to C!80 antenna temperature
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ratios, which is inconsistent with our single excitation tem-
perature model for the emission.

The Lul0 condensation has associated with it two blue-
shifted jets and the T Tauri stars Sz68 and Sz69 (Heyer &
Graham 1989), which have an associated candidate HH
object. This condensation does not show any remarkable
characteristic (Table 2). The condensations Lul6 and Lul7,
in Lupus 2, are located in condensation A (see AV), which is
associated with the object HH 55. Lu 17 is 2’ from the
extremely active T Tauri star RU Lup and presents a 1*CO
line width 2 times broader than the other condensations
observed in this filament.

In Lupus 4 the condensation Lu24 is coincident with
condensation B (see AV), and Lu23, Lu25, and Lu26 are
coincident with smaller structures with peak visual extinc-
tions smaller than 3 mag.

In Lupus 3, condensations Lu31 to Lu33 are located in
structure A of the extinction map (AV), and Lu34 to Lu36
are in B. The structure A has associated one of the densest T
associations known and the two Herbig Ae/Be stars HR
5999 and HR 60000. The observational results do not show
any remarkable difference among the observational param-
eters of the condensations in this region and other parts of
the Lupus 3.

Among the filaments observed in the Lupus complex,
Lupus 1 has the highest average C'®0O column densities
(0.8 x 10* cm™?2). Lupus 1 has a star formation rate larger
than 20% (Table 3), while this rate is smaller than 15% for
the condensations observed in Lupus 2, 3, and 4. According
to Tachihara et al. (1996) the star formation efficiency
toward Lupus 1 and 3 are 0.4% and 3.8%, respectively.

8.1.1. Velocity Structure

Plots of the **CO radial velocity versus position for all
filaments observed in Lupus are shown in Figure 2. The
average radial velocity and velocity dispersion for Lupus 1,
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FiG. 2—Radial velocity vs. right ascension and declination for the con-
densations observed toward the four Lupus filaments.
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2,3,and4are 48 +04kms 1,46+ 03kms 1, 474+03
km s™!, and 4.8 + 0.4 km s~ !, respectively. This result
shows that they have almost the same average radial veloc-
ity and velocity dispersion. A similar result is obtained if the
velocity dispersion is estimated from the observed line
width, suggesting that the complex of filaments share
similar kinematic properties and could have originated
from the same parental cloud. Although these conden-
sations share similar overall kinematic properties, the radial
velocity versus position shows different behavior along the
filaments. Lupus 2 and 4 show —0.2 and 0.13 km s~ ! pc~?!
velocity gradients, respectively, while there is no significant
velocity gradient in Lupus 3. Lupus 1 shows a complex
velocity structure (Fig. 3). Three condensations observed in
this filament are located in an extended structure to the west
of the main filament. These condensations are represented
in Figure 3 by empty circles. Linear fits of the velocity posi-
tion data show that from reference position 0.0 to 0.4 the
velocity gradient is —0.7 km s~ * pc™ !, from 0.4 to 0.8 it is
+0.7km s~ ! pc™?, and from 0.8 to 2.2 itis —0.3 km s~ !
pc~!. Detailed maps of the whole filaments with high
angular resolution are still necessary to understand their
internal velocity structure.

8.2. Norma

The condensations of this cloud have Galactic latitudes
between 0° and 2° and are seen against the Galactic plane.
No C*30 line observation was done toward this cloud. Of
the 12 condensations observed in '3CO, seven have radial
velocities between —15 and —38 km s~ 1, which are smaller
than the typical radial velocity of the condensations of the
nearby dark clouds observed in this and previous CO
surveys. Since this cloud is seen against the Galactic plane,
it seems that these lines are produced in clouds behind the
nearby Norma cloud.

Five of the condensations in Norma have radial velocities
of —3to —5 km s}, and the strongest 13CO emission was
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F1G. 3.—Radial velocity vs. position for the condensations observed
toward Lupus 1, located along the main filament (filled circles) in an
extended structure southwest of this filament (open circles).
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observed toward N11. This condensation together with
N10 and N12 are located in an isolated cloud cataloged as
187 in the Sandqvist (1977) survey. N11 is 7' from HH 56
and HH 57. A peak of 2CO with similar radial velocity was
also observed toward N11 by Alvarez et al. (1986). In this
position the *CO line is 2 times wider than observed in
N10, which is 27 away, but still in the same filament (S187).
N12 is also 26’ to the south of N11 but has —23.3 km s~!
radial velocity, suggesting that this emission comes from a
different region. According to Alvarez et al. (1986) no veloc-
ity gradient was observed in '2CO (J = 1-0) toward this
cloud. The '3CO radial velocity between N10 and N11
shows —0.25 km s~ ! pc™!, assuming that the cloud is
located at a distance of 700 pc (Graham & Frogel 1985).
Distances for this cloud of around 200 pc have been pro-
posed by Cohen & Schwartz (1984) and Hetem et al. (1988).
Detailed maps of 13CO and C'80 are necessary to under-
stand the motions of these condensations.

8.3. Scorpius

The condensations selected toward this region are not
part of a dark cloud or filament. Rather, they are small
condensations spread over a extended area and forming a
set of 32 isolated condensations with visual extinctions
bigger than 6 mag and optical sizes smaller than 6. They
were selected from the CSDC catalog and are in the
I =344°-347° and b = 6°-8° Galactic coordinate interval.
The space distribution of part of these condensations is
coincident with large-scale H 1 structures that dominate the
appearance of the fourth Galactic quadrant outside the
Galactic plane (Blaauw 1964; de Geus 1988). These H 1
structures or loops are substructures associated with three
subgroups of the Scorpio-Centaurus OB association
(Blaauw 1964; Weaver 1978; de Geus 1988).

This set of condensations has the largest 13CO/C*80
ratio among all regions observed in MLB, VMF, and this
survey. Among the 12 condensations observed in C'20,
three (Sc11, Sc13, and Sc22) have C!80 column densities
larger than 1 x 10'°> cm ™2, and only two (Scl1, Sc13) have
7(C'80) > 0.1. As in Norma, the velocities are diverse and
only 10 condensations have radial velocities in a range
small enough (5-8 km s~ 1) to suggest that they are at about
the same distance.

Considering all condensations observed in C'20, we find
that Scorpius has a larger average column density than is
observed toward Vela, which is a set of more than 25 iso-
lated cometary globules located in a expanding shell (Zealey
et al. 1983; Reipurth 1983; Hartley et al. 1986).

According to the CSDC (Hartley et al. 1986), there is only
one cometary globule (Sc2) among the condensations
observed toward Scorpius.

8.3.1. Velocity Structure

The velocity distribution of the condensations observed
in this region is shown in Figure 4, where there are two
peaks with radial velocities between —6.0 to —9.0 km s~ *
and +6.0 to +9.0 km s~ 1. This figure also shows that there
are 2 times more condensations (20) with positive radial
velocities than negative (10), and the upper and lower radial
velocity limits are + 15 and — 18 km s~ %, respectively. With
the assumption that these condensations are in a uniformly
expanding shell, the velocity distribution in Figure 4 sug-
gests a maximum expansion velocity 18 km s 1. An average
expansion velocity of about 7.5 km s~ ! was also estimated

Scorpius

Occurence Number
N
T
1

D

-18 -15 -12 9 -6 -3 0 3 6 9 12 15 18
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F1G. 4—Histogram of the radial velocity distribution observed toward
Scorpius. Two peaks with radial velocities around —7.5 and 7.5 km s !
are seen. The dotted lines show a model of an expanding ring with an
expansion velocity of 10 km s ~* (de Geus 1988).

by fitting two Gaussians to the peaks of the velocity dis-
tribution given in Figure 4. In this figure the dashed lines
are the radial velocities expected if the condensations were
located in a shell with 10 km s ™! constant expansion veloc-
ity. This is the velocity obtained by de Geus (1988) in fitting
models of expanding shells to the observed H 1 maps sur-
rounding the Upper Scorpius and Upper Centaurus—Lupus
OB associations. Although these H 1 structures dominate
the appearance of the fourth Galactic quadrant, Cappa de
Nicolau & Poppel (1986) showed that there is evidence that
these H 1 shells extend from b = 50° to —40°. According to
de Geus (1988) the region containing the Upper Scorpius
region and Ophiuchus was originally filled with a bigger
cloud at velocities comparable to the velocity observed in
Ophiuchus (4 km s~ 1) today. Because of the massive star
formation activity and supernovae in these associations, an
expanding bubble with expansion velocity of 10-15 km s ~?
was formed. This bubble accelerated the neighboring gas
such that the negative velocities mark the approaching side
of the expanding H 1 shell, which has passed through gas of
relatively low density.

The densest condensations in Scorpius observed in this
work (Sc11 and Sc13) have radial velocities close to +6 km
s~ !, while the other condensations, with smaller column
densities, are spread in the radial velocity interval between
—18 and 15 km s~ . If these condensations were acceler-
ated from their original speed by a shock wave, the velocity
peaks at —7.5 and +7.5 km s~ ! suggest that the preshock
gas had a radial velocity around 0 km s~ ! and then expand-
ed into a medium with uniform density.

8.4. Corona Australis

The Corona Australis dark cloud is a complex of nine
regions identified in extinction-distribution maps (Rossano
1978; AV; Cumbreésy 1999). One of these regions
(condensation A according to AV, also known as CrA
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cloud) is a dense and highly elongated filament that is a
region of very recent star formation (Graham 1992) and
hosts the well-known emission-line irregular variable star R
CrA. Associated with this condensation are several Herbig-
Haro objects and a number of faint and bright infrared
sources (Reipurth & Graham 1988; Strom, Grasdalen, &
Strom 1974; Cohen & Schwartz 1984; Taylor & Storey
1984; Wilking et al. 1992). This is the most active star-
forming filament in this cloud, and several molecular line
observations have been done toward this filament (Loren
1979; Goss et al. 1980; Harju et al. 1993). According to
Harju et al. (1993) the star formation efficiency in this fila-
ment is around 0.40.

In this survey, five positions were observed in the CrA
cloud (CoAl to CoAS5), and the other positions are coin-
cident with structures B through F in the extinction map
presented by AV. CoA2 has three embedded stars and two
T Tauri stars associated with it and the highest C'%0
column density among all condensations observed in this
survey. Detailed C'80 maps and discussion of the central
part of CrA, which is coincident with CoA2, were presented
by Harju et al. (1993). These show that this condensation is
complex, with at least two subcondensations and several
PMS objects associated with it. The condensation CoA4
has associated with it two infrared sources and one T Tauri
star, and in C'80 it contains two subcondensations (Harju
et al. 1993). All the other condensations observed in this
survey are located outside the region mapped by Harju et
al. and Loren (1979).

CoA7, which is C in AV and B in Rossano (1978), has a
PMS object associated (Persi et al. 1990). The other posi-
tions have 13CO antenna temperature smaller than 3.5 K,
which together with low visual extinction suggest they are
not dense objects. Also, there is not any PMS object associ-
ated with these condensations.

8.4.1. Velocity Structure

Figure 5 shows '3CO velocity versus position for the
condensations observed in Corona Australis (open circles).
CoA1l was used as reference to calculate the positions of the
condensations. The solid lines are linear regression fits to
the 13CO data. Between the positions 0 and 80 the velocity
gradient is —0.5 km s ! pc™ !, while between 75 and 200 it
is +0.1 km s~ ! pc ~!. Similar velocity gradients are also
identified in the high velocity resolution profile of the 1667
MHz OH line observed toward 12 positions by Cappa de
Nicolau & Poppel (1991), represented in Figure 5 by
crosses. Toward CoA6 and CoA8 the 3CO lines are split
into two components separated by roughly 1.7 km s~ 1. The
average radial velocity of the condensations in this cloud
(5.5 + 0.5 km s~ ') is the same as the average radial velocity
of an intense ridge of H 1 emission (Schober 1976; Burton &
Lizt 1983) extending from b = —40° to —10°, having
roughly constant radial velocity (6 km s~ 1) from —10° to
—40° and decreasing toward higher Galactic latitudes. This
H 1 ridge is a local object of very large angular extension
having a peculiar velocity distribution that is quite different
from the one expected for gas moving in circular Galacto-
centric orbits (Cappa de Nicolau & Poppel 1991).

The gas distribution around the subgroups of Scorpius-
Centaurus (de Geus 1988) suggests that this H 1 ridge is the
southern part of a large H 1 loop centered on (I, b) = (320°,
10°) and associated with the Upper Centaurus—Lupus
association. This result seem to agree with the Sandquist &
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F16. 5—Radial velocity vs. position for the condensations observed
toward Corona Australis, showing *3CO radial velocities observed in this
survey (open circles), OH radial velocities observed by Cappa de Nicolau &
Poppel (1991; crosses), and the positions of the structures A to F defined by
AV as regions with visual extinction higher than 3 mag (vertical dashed
lines).

Lindros (1976) picture, in which the Corona Australis
molecular cloud could be the result of a density inhomoge-
neity accreted in an expanding gas shell.

8.5. Carina

This condensation seems to be remnant of a large cloud
that may have disrupted after the formation of the open
cluster IC 2606. The Carina cloud is located at about the
same distance as the Coalsack cloud, and on large-scale
view of the Galaxy it appears to be connected with this
cloud (Hetem et al. 1988). This cloud shows very narrow
13CO and C'30 line widths when compared to the other
condensations observed in this survey and has a radial
velocity that is the same as is observed toward the Coal-
sack.

9. SUMMARY AND CONCLUSIONS

This paper presents 1*CO and C*30 (J = 1-0) line obser-
vations toward more than 100 condensations in Scorpius,
Vela, Norma, Carina, and the dark molecular clouds Lupus
and Corona Australis. The findings of MLB, VMF, and this
survey are compared, and the mean observational results
are discussed individually for each cloud in order to
describe the dynamic properties of each dark cloud. The
main results of this survey are as follows.

1. The most opaque condensations in dark clouds with
high star formation activity (Ophiuchus, Taurus, Cepheus,
and Corona Australis) have average C'80 and H, column
densities of 1.8 x 10'° and 1.1 x 10?2 cm ™2, respectively. If
the average size of such a condensations is <0.2 pc, it must
have average H, number density >10* cm ™3 to form stars.

2. The condensations of the main filament of Ophiuchus
have an average '*CO line width of 1.9 km s™! , roughly
twice as large as the average for all the other 14 dark clouds
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listed in Table 3. Also, the line width dispersion (1.0 km s~ %)
of these condensations in Ophiuchus is 3 times larger than
the average value (0.3 +0.2 km s~ 1) in the other dark
clouds.

3. Among the 36 condensation observed in Lupus, only
Lupus 1 shows recent star formation activity.

4. The four Lupus filaments have almost the same radial
velocity and velocity dispersion, indicating that they share
similar kinematic properties and could have originated
from the same parental cloud.

5. The least dense condensations were observed toward
Scorpius. The distribution of radial velocities of the 32 con-
densations observed toward this region is in good agree-
ment with the hypothesis that the region is expanding with
an expansion velocity smaller than 18 km s~ 1.

6. In Corona Australis the velocity gradient changes
from —0.5 km s~ ! pc~! at one extreme to +0.1 km s~ !
pc~ ! at the other. Among the nine filaments that comprise
this cloud complex, there is star formation activity only

toward the CrA cloud, where five condensations were selec-
ted, and the filament C.

7. The clouds in Corona Australis, and Lupus and the
condensations in the Scorpius region seem to be associated
with expanding shells of gas and dust produced by the
Upper Centaurus—Lupus and Upper Scorpius associations.
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