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ABSTRACT

The second survey of the molecular clouds in the Large Magellanic Cloud in '2CO (J = 1-0) was carried out by
NANTEN. The sensitivity of this survey is twice as high as that of the previous NANTEN survey, leading to a detection
of molecular clouds with Mco 2 2 x 10* M_,. We identified 272 molecular clouds, 230 of which are detected at three or
more observed positions. We derived the physical properties, such as size, line width, and virial mass, of the 164 GMCs
that have an extent more than the beam size of NANTEN in both the major and minor axes. The CO luminosity and
virial mass of the clouds show a good correlation of My;; oc L %!, with a Spearman rank correlation of 0.8, sug-
gesting that the clouds are in nearly virial equilibrium. Assuming the clouds are in virial equilibrium, we derived an
Xco-factor of ~7x10%° ¢cm~2 (K km s~")~!. The mass spectrum of the clouds is fitted well by a power law of
Netoud(>Mco) oc M3 3£%% above the completeness limit of 5 x 10* M. The slope of the mass spectrum becomes

steeper if we fit only the massive clouds, e.g., Ncjoud(> Mco) Maéli‘)'z for Mco >3 x10° M.

Subject headings: galaxies: ISM — ISM: molecules — ISM: structure — Magellanic Clouds —

radio lines: ISM — stars: formation

Online material: color figures, machine-readable tables

1. INTRODUCTION

Star formation requires a cool and high-density interstellar me-
dium (ISM) in which most of the hydrogen is in molecular form;
therefore, studies of distribution and properties of molecular clouds
are very important for understanding the star formation process.
Emission from the tracer CO molecule has been widely used to
estimate the distribution and amount of H; in the Galaxy and other
galaxies. Nevertheless, the CO lines in dwarf irregular galaxies are
relatively weak (e.g., Ohta et al. 1993), making the surveys of
molecular clouds toward dwarf galaxies difficult.

The Large Magellanic Cloud (LMC) is one of the nearest
galaxies to our own. Owing to its unrivaled closeness to the solar
system (D ~ 50 kpc) and its favorable viewing angle, studies of
this galaxy have provided valuable information for our under-
standing of various aspects of the universe and galaxies, includ-
ing the evolution of stars and stellar clusters. The LMC also
provides a unique opportunity for studying molecular clouds and
star formation in galaxies whose environment is different from
that in the Galaxy. In the LMC, the gas-to-dust ratio is ~4 times
higher (Koornneef 1982), and the metal abundance is about ~3 —
4 times lower (Rolleston et al. 2002; Dufour 1984) than that of
the Galaxy.

For these reasons, the LMC has been surveyed at a wide va-
riety of wavelengths. H 1 maps of moderate (~15") to high (~1")
angular resolution have been obtained with the Parkes 64 m tele-
scope (McGee & Milton 1966; Rohlfs et al. 1984; Luks & Rohlfs
1992) and with the Australian Telescope Compact Array (e.g.,
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Kim et al. 1998), respectively. These studies have shown that the
Hidistribution is dominated by many features, such as filaments,
shells, and holes. The ionized-gas content has been investigated
with the aid of Ha photographs (e.g., Henize 1956; Davies et al.
1976; Meaburn 1980; Kennicutt & Hodge 1986) and the radio
continuum (e.g., Haynes et al. 1991; Filipovic et al. 1996; Dickel
et al. 2005). The He and radio continuum images show a variety
of interstellar shells, ranging from small supernova remnants to
large supergiant shells more than a few hundred parsecs across.
The stellar contents of the LMC have been widely studied by pho-
tometry of the stars from the near-infrared to the optical bands
(e.g., Ita et al. 2004; Zaritsky et al. 2004; Blum et al. 2006, Kato
et al. 2007). In particular, the stellar clusters and associations in
the LMC have been surveyed and cataloged by many authors
(e.g., Lucke & Hodge 1970; Hodge 1988). Bica et al. (1996)
estimated the ages of 504 stellar clusters and 120 associations based
on their color indices in the UBV bands. Soft X-ray images of
the LMC have also been obtained by Réntgensatellit (ROSAT)
(Snowden & Petre 1994), revealing a variety of discrete sources,
like supernova remnants, X-ray binaries, supersoft sources, and
also diffuse sources associated with superbubbles and supergiant
shells. Recent Spitzer observations cover ~7° x 7° of the LMC,
revealing the distribution and properties of the dust, young stellar
objects, and evolved stars (Meixner et al. 2006).

Studies of molecular gas in the LMC began with observations
with either low angular resolution or a small spatial coverage.
Cohen et al. (1988) obtained the first complete CO map of the
LMC with the southern Center for Astrophysics 1.2 m telescope
at Cerro Tololo Interamerican Observatory. However, the survey
was limited by the low spatial resolution, 8.8’, corresponding to
130 pc at the distance of the LMC. High-resolution CO obser-
vations of selected regions by the Swedish-ESO Submillimetre
Telescope (SEST) 15 m telescope have been performed in the
LMC (e.g., Israel et al. 1986, 2003; Johansson et al. 1994, 1998;
Caldwell & Kutner 1996; Kutner et al. 1997). They have mapped
some of the well-known H 1 regions, for example, 30 Doradus,
N11, and the molecular cloud complex extending some 2 kpc south
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of 30 Doradus. Although these observations revealed detailed
structure of the individual molecular clouds at a linear resolution of
less than 10 pc, they are limited in spatial coverage, about 1 deg?.

Fukui et al. (1999) carried out and completed a survey of the
LMC in CO J = 1-0 with NANTEN, a 4 m radio telescope in-
stalled at the Las Campanas Observatory, Chile, to reveal a mo-
lecular gas distribution with resolution high enough to identify
individual molecular clouds in the LMC. The 3 o noise level of
the velocity-integrated intensity was ~1.8 K km s~!. This corre-
sponds to N(H,) ~ 1.3 x 102! cm~2, by using a conversion fac-
tor of Xco = 7% 10%° em =2 (K km s—1)~! (see § 4.2). The first
results were presented in Fukui et al. (1999) with particular
emphasis on the formation of populous clusters. The catalog of
107 molecular clouds and a comparison of these molecular clouds
with the H 1 distribution was described by Mizuno et al. (2001b).
A comparison with the young stellar clusters and H 11 regions was
the subject of Yamaguchi et al. (2001c). The comparisons of the
molecular clouds with H 1 gas and infrared emission by the
Infrared Astronomical Satellite (IRAS) were made by Sakon
et al. (2006) and Hibi et al. (2006).

In order to have a more comprehensive understanding of the
distribution and properties of the molecular clouds in the LMC, a
survey in CO J = 1-0 with a sensitivity higher than that of the
first survey has been carried out since 1999. Preliminary results
focussing on the mass spectrum of this survey are presented by
Fukui et al. (2001) and on the comparison of the molecular
clouds with supergiant shells by Yamaguchi et al. (2001a, 2001b).
Hughes et al. (2006) made a comparison of radio, far-infrared
(FIR), H1, and CO in the LMC and revealed the correlation of the
radio and FIR distributions.

In this paper, we present a catalog and properties of the mo-
lecular clouds from the complete data set of the second survey.
Comparisons of the molecular clouds with the indication of the
formation of clusters and massive stars detected in optical or
radio are found elsewhere (Fukui 2005; Kawamura et al. 2007,
2008, hereafter Paper IT). Fukui (2007) introduces a comparison
of the molecular clouds with the H 1 gas distribution. Detailed
studies of the H 1 and molecular gas distribution seeking mo-
lecular cloud formation will be presented in Y. Fukui et al. (2008,
in preparation, hereafter Paper III). In this paper, the survey by
NANTEN is described in § 2, and the spatial distribution and a
catalog of molecular clouds are presented in § 3. We also discuss
the correlations among cloud properties, such as L¢q, the virial
mass of the molecular clouds, and the mass spectrum in § 3. A
comparison of the cloud properties from the first survey and the
discussion of the CO to N(H,) conversion factor are presented in
§ 4. Section 5 summarizes the paper.

2. OBSERVATIONS

We carried out sensitive CO (J = 1-0) observations toward
the LMC with NANTEN, a 4 m radio telescope of Nagoya Uni-
versity at Las Campanas Observatory, Chile. The half-power
beamwidth was 2.6" at 115 GHz. The telescope had a4 K, cooled
Nb superconductor-insulator-superconductor mixer receiver, which
provided a system noise temperature of ~170-270 K, including
the atmosphere toward the zenith.

The spectrometers were two acousto-optical spectrometers
(AOSs) with 2048 channels; one had a velocity coverage and a
resolution of 100 and 0.1 km s !, respectively. The other had a
velocity coverage and a resolution of 650 and 0.65 km s, re-
spectively. The pointing accuracy was better than 20", as checked
by optical observations of stars with a CCD camera attached to the
telescope, as well as by radio observations of Jupiter, Venus, and
the edge of the Sun. Further details about the telescope and related
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Fi. 1.—Area of survey. The boundary of the observed region in this work is
indicated by the thick solid lines; the areas shaded in gray indicate the regions
observed by the narrowband spectrometer (see § 2). Overlaid is the velocity-
integrated intensity distribution of CO of the first survey, whose boundary is shown
by the dashed line (Fukui et al. 1999; Mizuno et al. 2001b). The contours are at the
5 o noise level (3 K km s~!) of the velocity-integrated intensity of the first survey,
showing that the present survey covers the entire region where CO emission was
detected. The ellipse illustrates the position of the bar.

instruments are given by Ogawa et al. (1990) and by Fukui
& Sakakibara (1992). The spectral intensities were calibrated by
employing the standard room-temperature chopper-wheel tech-
nique (Kutner & Ulich 1981). An absolute intensity calibration was
made by observing Orion-KL [R.A.(B1950.0) = 5"32™47.0°,
decl.(B1950.0) = —5°24/21""] by assuming its absolute tempera-
ture 7' to be 65 K. We also observed the strongest peak position of
the LMC, N159 [R.A.(B1950.0) = 5"40™1.5%, decl.(B1950.0) =
—69°47'2""] every 2 hr to confirm the stability of the system.

The observed region covers ~30 deg? where the molecular
clouds were detected by the first survey. Figure 1 shows the ob-
served region from 1998 April to 2003 August, superposed on
the integrated-intensity map of the CO from the first survey
(Fukui et al. 1999; Mizuno et al. 2001b). In total, about 26,900
positions were observed in equatorial coordinates (B1950.0) in po-
sition switching. The observed grid spacing was 2’ (correspond-
ing to ~30 pc at a distance of the LMC, 50 kpc) with a 2.6’ beam
(~40 pc). Out of the ~26,900 positions, 6229 were observed with
the narrowband spectrometer for ~100 days from 1998 April to
November, while the rest were observed with the wideband spec-
trometer for ~300 days after 1999 March. In this paper, all the
spectra observed by the narrowband spectrometer are smoothed to
0.65 km s~ ! resolution for the reduction to have a uniform ve-
locity resolution throughout the map. The rms noise fluctuations
were ~0.07 K ata velocity resolution of 0.65 km s ~! with ~3 min-
utes integration for an on position. The typical 3 ¢ noise level of
the velocity-integrated intensity was ~1.2 K km s~!. This corre-
sponds to N(H,) ~ 8 x 10%° cm~2, by using a conversion factor
of Xco = 7x 102 ecm ™2 (K km s~ 1) 7! (see § 4.2).

3. RESULTS
3.1. Overall Distribution

Out of the ~26,900 observed positions, significant '>CO
(J = 1-0) emission, with an integrated intensity greater than
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FiG. 2.—(a) Velocity-integrated map of the 12CO emission integrated over 150 < Vpsr < 350km s~!. The contours are at 1.2 (3 onoise level), 3.6, 6.0, 8.4, 12.0, and
15.6 K km s~!. The thin lines show the observed region, and the cross indicates the center determined from the kinematics of the H 1 observations by Kim et al. (1998).
(b) Velocity-integrated map of the '>CO emission superposed on an optical image. The three lowest contours from 1.2 K km s~! with 2.4 K km s~ intervals are shown so
as not to mask the optical features. [See the electronic edition of the Supplement for a color version of this figure.]

1.2 K kms ™! (the ~3 o noise level ), was detected at about 1300 po-
sitions, which corresponds to ~5% of the total observed positions.
The total velocity-integrated intensity distribution of the molecular
gas is shown in Figure 2a.

The mass of the molecular gas in total is ~5 x 107 M, if we
use a CO luminosity to hydrogen column density conversion fac-
tor, the Xco-factor, of ~7 x 102° em =2 (K km s ~")~! (see § 4).
The CO distribution of the LMC is found to be clumpy with sev-
eral large molecular cloud complexes, unlike the H 1 gas distri-
bution, which is composed of many filamentary and shelllike
structures (e.g., Kim et al. 1999). These clumps of the molecular
gas tend to be detected toward the intensity peak of the H1 gas as
shown in Blitz et al. (2007), Fukui (2007), and Paper III. The
cloud complex south of 30 Doradus at a(J2000) ~ 5"40™ and
5(J2000) ~ —71° to —69°30/ is remarkable, stretching in a nearly
straight line from north to south, as already noted by the previous
CO observations (Cohen et al. 1988; Fukui et al. 1999; Mizuno
etal. 2001b). The current survey shows that the clouds in this mo-
lecular cloud complex, “the molecular ridge™” are actually connected
to one another by a low-density molecular gas, while the first sur-
vey traced only the densest regions and identified the molecular
ridge as consisting of two or three discrete entities. The arclike
distribution of molecular clouds along the southeastern optical
edge of the galaxy (the “CO Arc” in Fukui et al. 1999 and Fukui
2002) is also clearly seen. The current sensitive survey confirms
that this CO Arc indeed clearly represents an arclike edge of the
molecular gas distribution in this eastern boundary of the LMC.

Other CO clouds are distributed over the observed area with
moderate concentration toward several prominent H 1 regions

[e.g.,N 44 at a(J2000.0) ~ 5"22™ and §(J2000.0) ~ —68°, N11
at a(J2000.0) ~ 4155™ and §(J2000.0) ~ —66°30'] and the “bar”
(e.g., clouds around @ ~ 5"20™ and § ~ —70°). The small molec-
ular clouds are more clearly observable in the current survey,
especially, toward a supergiant shell, LMC 4, at «(J2000.0) ~
5M20m-5"40™ and §(J2000.0) ~ —68° to —66° (see also
Yamaguchi et al. 2001a). A detailed comparison of the molecu-
lar gas with the indicators of star formation, such as He or radio
continuum, will be discussed elsewhere (Paper II).

Figure 3 is a histogram of the integrated intensity, I .1., of each
observed position with LI. > 0.4 K km s~! (~1 o noise level).
About 980 observed positions have N(H;) > 102! ecm~2, while
only four positions have N(H;) > 1022 cm 2,

Figure 4a shows the radial distribution of CO emission; the
surface density, 3, is derived by integrating the CO luminosity
within annuli spaced by 4’ and then dividing by the area of the
annuli. The center used is a(J2000.0) = 5"17.6™, §(J2000.0) =
—69°2’, which was determined from the kinematics of the H 1
observations by Kim et al. (1998). To see the angular distribution
of the CO emission, the distribution of the surface density, X,
derived by integrating the CO luminosity over a sector with a 10°
width and then dividing by an observed area of the sector is
shown in Figure 4. The CO luminosity to mass conversion is
carried out by assuming a conversion factor, X¢o, of 7 x 102 cm =2
(K km s~ 7! (see § 4.2) for both.

Figure 4 indicates that the radial profile of the molecular gas
decreases moderately along the galactocentric distance, as is also
seen in nearby spiral galaxies (e.g., Wong & Blitz 2002), although
the profile does not really fit to a power law as they do for the spiral
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galaxies (Wong & Blitz 2000). It is interesting to note the sharp en-
hancement of the surface density around 2 kpc. This enhancement
is due to the molecular cloud complexes, the molecular ridge, N11,
and N44. This enhancement is also seen in the angular distribution,
especially at about 120° due to the molecular ridge. Compared with
the nearby galaxies of Wong & Blitz (2002), the local enhancement
of the molecular gas is more conspicuous in the LMC.

Figures 5a—5/ are a series of channel maps that show the ve-
locity distribution; they present channel maps with velocities at
(a)200-210, (b) 210-220, (c) 220-230, (d) 230-240, (¢) 240 —
250, () 250-260, (g) 260-270, (h) 270-280, (i) 280-290, ( j)
290-300, (k) 300—310, and (/) 310—320 km s—1.

In the velocity range 200240 km s~!, the CO Arc in the
southeastern boundary of the LMC and the molecular ridge from
the south of 30 Doradus are prominent. The two molecular cloud
complexes associated with active star-forming regions N11 and
N44 are also prominent in the velocity range between 270 —
290 km s~!. A systematic velocity gradient from the southeast
to the northwest has been known from the first survey (Mizuno
et al. 2001b). Our sensitive survey shows a clear feature in the
northeast at high velocities, corresponding to LMC 4, in addi-
tion to the overall velocity gradient already observed in the first
survey. Detailed comparisons of the velocity and spatial distribu-
tions of the H 1 and CO emission will be presented in Paper III.

3.2. ldentification of CO Molecular Clouds

To study the properties of the molecular gas in the LMC, in-
dividual cloud was identified by the cloud-finding algorithm,

FiG. 2b

FITSTOPROPS (Rosolowsky & Leroy 2006). First, the intensity
data cube is converted to a signal-to-noise—ratio (S/N) data cube
by dividing through by the noise at each position to search for
significant emission by clipping the maps at a constant S/N; a
constant S/N is used instead of a constant flux-density thresh-
old, although the sensitivity variation across the map is not large
(Fig. 6). Then, pairs of adjacent velocity channels with normal-
ized flux greater than 3 were searched for. For each pair, these
velocity channels and all contiguous data pixels with normalized
flux greater than 2 were assigned to a candidate molecular cloud.
This process was continued until all the pairs of adjacent chan-
nels with normalized flux greater than 3 have been identified as
candidate clouds.

We identified 272 clouds, of which 230 were detected at more
than two observed positions. In this paper, we shall call these
230 clouds with more than two observed positions “the giant
molecular clouds [GMCs].” The position and intensity-weighted
mean velocity of the 230 GMCs and the rest (“the small clouds,”
in the following) are listed in Tables 1 and 2, respectively.

The sensitivity of a data set influences the cloud properties de-
rived from that data as emphasized by Rosolowsky & Leroy
(2006). In order to reduce the observational bias and to be able to
compare data sets with different S/N levels, the boundary of a
cloud is extrapolated to a boundary isosurface of Tgee = 0 K
(see also Blitz & Thaddeus 1980; Scoville et al. 1987). The major
and minor axes, size R, position angle (P.A.), and virial mass M,
are derived for 164 GMCs (hereafter Group A GMCs) out 0f230;
the rest (hereafter Group B) have a minor axis less than the
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Fic. 3.—Distribution of the integrated intensities greater than 0.4 K km s~!
(~1 onoise level). The equivalent values of the column density derived from the
integrated intensity by using Xco = 7 x 10 em~2 (K km s~")~! are also shown.

NANTEN beam, so that the size is not derivable by using the
deconvolved moment. The line width, AV, and the CO luminos-
ity, Lco, are less sensitive to the beam dilution than the cloud
size, so that we can determine AV and Lcg of both the Group A
and B GMCs. Then, Mg, the molecular cloud mass, is derived
from Lo by using Xco = 7 x 102 em =2 (K km s 1) ~1, as derived
in § 4.2 by assuming virial equilibrium and the mass fraction of
helium to be 36%. The procedure to derive these properties is
described by Rosolowsky & Leroy (2006) in detail. The derived
properties are presented in Table 3.

3.3. Properties of the Molecular Clouds

In this section, we consider the Group A GMCs, which are
resolved by NANTEN. The Group A GMCs have radii ranging
from 10 to 220 pc, line widths between 1.6 and 20.2 km s !, CO
luminosities between 1.4 x 103 and 7.1 x 10° K km s ! pc?, and
virial masses ranging from 9 x 10° to 9 x 10° M,

Figure 7 shows the frequency distribution of the Vigr of
the clouds. The distribution is rather nonuniform having peaks
at ~220-250 and ~280—290 km s~'. The one at Vi ~ 220 —
250 km s~! represents the clouds in the southern part of the
LMC, including the molecular ridge and the CO Arc as seen in
Figures Sc—5e. The other at Vi gg ~ 280—-290 km s~ is domi-
nated by the emission from the LMC 4, N44, and N11 regions
(Figs. 5i-5j).

Figures 8 and 9 are the histograms of the ratio of the major
and minor axes and the P.A. of the GMCs, respectively. The
frequency distribution of P.A. is rather uniform. The distribution
of the ratio of the major and minor axes has a peak at ~1.7, with
an average of 2.5, indicating that clouds are generally elongated.

In order to see if the cloud has an alignment with the large-
scale structure of the galaxy, such as a spiral pattern, here we
introduce a parameter, 6, the angle between the major axis and
the tangent at the molecular cloud of a circle with a radius, d e,
(Fig. 10a). Figure 105 shows the frequency distribution of 6.
Since the uncertainties of the P.A., as well as of 8, depend on the
ratio of the major and minor axes, the histogram of 6 is divided
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Fic. 4.—(a) Distribution of the surface density along the distance from the
center o(J2000.0) = 5"17.6™, §(J2000.0) = —69°2’ determined from the kinema-
tics of the H 1 (Kim et al. 1998). The region within 1.7 kpc from the center (dashed
line) is completely covered by the current survey. The surface density is derived
by dividing the mass of the clouds by the area covered by the survey. (b) Distri-
bution of the surface density along the P.A. starting from north to east in a coun-
terclockwise direction with respect to the kinematic center in (a).

into three groups according to the axial ratio. The histogram of 6
shows the number distribution is nearly uniform and does not
have any particularly favorable angles. To see if the distribution
of 6 has any characteristics with the galactocentric distance,
Figure 10c shows a plot of d.., versus 6. Again, the plots are
distributed quite uniformly, showing no strong dependence of
0 on dep.

3.3.1. Line Width—Size relation

In this section, we present the correlation between the line
width and the radius of the GMCs. The size, R, of the cloud is
computed as a geometric mean of the “deconvolved” second
spatial moments along the major and minor axes, which were
derived by using principal component analysis: we “deconvolve”
the beam by subtracting its size from the measured cloud size in
quadrature. A FWHM line width, AV; is derived by multiplying
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Fic. 5.—Velocity-integrated maps of the 12CO emission integrated over (a) 200 < Visg < 210, (b) 210 < Visr < 220, (¢) 220 < Vigr < 230, (d) 230 <
Visk < 240, (e)240 < Visp < 250, (f)250 < Visp < 260, (g)260 < Vigr < 270, (h)270 < Visr < 280, (i)280 < Visg < 290, ()290 < Visg < 300, (k)300 <
Visr < 310, and (/) 310 < Vigr < 320 km s~!. The contours are from 1 K km s~ with 1 K km s~! intervals. The thin lines indicate the observed region.

the moment of the velocity within a GMC by [8 In(2)] "% (see also
Rosolowsky & Leroy 2006). Figure 11 shows a plot of log(AV")
versus log(R) of the Group A GMCs. It has been known that the
line width and the size of molecular clouds have a good correla-
tion of o, oc R~ in the solar vicinity (Larson 1981) and in the
inner Galaxy (e.g., Dame et al. 1986; Solomon et al. 1987), while
the correlation in the GMCs in this work is rather weak, and the
best-fitting power law is AV = 1.3R*2, with a Spearman rank
coefficient of 0.3. It is likely that the lack of the dynamic range in
size may make the correlation lower in the present study than for
the Galactic clouds, although we see a weak positive correlation in
the LMC GMCs.

We have applied the cloud-identifying algorithm of Rosolowsky
& Leroy (2006) with the parameters used in the current study to
identify the GMCs in the LMC to the molecular clouds in the
Small Magellanic Cloud (SMC; Mizuno et al. 2001a) as well as
those in the outer Galaxy, the Warp region (Nakagawa et al. 2005),
and derived the physical properties. When we add the clouds in the
SMC and the Warp region to the plot of Figure 11a, the dynamic
range in R becomes larger, and a positive correlation is seen. A
line width—size relation o, oc R%-5 seen in the inner Galaxy by
Solomon et al. (1987) is also shown as an example in Figure 11
(thin dotted line). The correlation between the line width and size
of the clouds in the LMC, the SMC, and the Warp region does
seem to be consistent with a power-law relation o, oc R but

with a clear offset from the relation determined for the inner Gal-
axy (Solomon et al. 1987). Note that at least a part of this offset
can be attributed to differences in the methods used to measure
cloud properties. The sense of the offset is that for a given radius,
the clouds in the inner Galaxy have larger line widths. This may be
partially due to the relatively high value of 7, used by Solomon
et al. (1987) to define the cloud radius, implying that the clouds
might be smaller for a given value of AV,

3.3.2. Virial Mass—CO Luminosity Relation

The determination of the mass of molecular hydrogen gas is
fundamental for understanding the physics of the ISM and star
formation in galaxies. In this subsection, we compare the virial
mass and the CO luminosity and discuss the conversion factor
from the CO line intensity to the H, column density in the LMC.

Figure 12 shows the virial mass, M,;, as a function of lumi-
nosity, Lco, of the clouds in the LMC ( filled circles). The plot
shows a tight power law for the mass-luminosity relation with
some dispersion. A least-squares fit to the data gives a power law,
[Myi/M ] = 26[Lco/(K km s~! pcz)]l'lim, with a Spearman
rank correlation of 0.8. This relation suggests that clouds are
virialized and the CO luminosity can be a good tracer of mass in
the LMC with a quite-constant conversion factor from Lcg to
mass throughout the mass range 104 < M,;;//M- < 107. We have
added the reidentified clouds in the SMC (Mizuno et al. 2001a)
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and the Warp region (Nakagawa et al. 2005) to Figure 12 as in
§3.3.1. The clouds in the SMC and the Warp region lie along the
best-fitting power law of GMCs in the LMC.

3.3.3. Mass Spectrum

The frequency distribution of the cloud masses has an impor-
tant impact not only on the star formation but also on cloud for-
mation and destruction. The mass spectrum of the clouds is well
fitted by a power law and often presented as dN /dM oc M—(@+D),
or Nejoud(>M) ox M~¢. The preliminary results of the mass
spectrum by the second NANTEN survey in the LMC have been
already presented and discussed in Fukui et al. (2001). They
found the mass spectrum derived from the CO luminosity has
a slope with a = 0.9 £ 0.1 above the completeness limit of
8 x 10* M.

In this section, we present the spectra of the masses, Mcq,
derived from the CO luminosity, Lco, and a conversion factor,
Xco =7%x102 cm™2 K km s—! (§ 3.2 and § 4.2). Here, the CO
luminosity, Lco, is less sensitive to the beam dilution than the
cloud size, so that we can consider that not only the Group A
GMCs but also the Lo of the Group B GMCs, for which we
could not derive a size and M,;,, are determined well enough
to obtain Mg (§ 3.2 and Table 3). The mass spectrum of Mcq
including both the Group A and B GMCs is shown in Figure 13.
The maximum likelihood method (Crawford et al. 1970) was

applied to obtain the best-fitting power law above the complete-
ness limit, 5 x 10* M_.,. The best-fitting power law above the com-
pleteness limit is Nejoud(>Mco) = 6.6 x 1074 ~075£0:06 _ 3 4.

The results indicate that the mass of the molecular gas in the
LMC is concentrated in the massive clouds, since o < 2. The
slope of the mass spectrum, and thus the fact that the massive
clouds contribute to the galactic total mass, is consistent within
the current results, as well as with those presented by Fukui et al.
(2001), although the current results show a shallower slope than
the other. This difference in the index values of the best-fitting
power law may be explained by the difference in the complete-
ness limit. Table 4 shows the index value, «, of the power-law fit
to the different mass ranges of the GMCs. The best-fitting power
law obtained for the clouds with Mco > 3 x 10° M, is shown in
Figure 13 as an example. Table 4 indicates that the slope of the
mass spectrum becomes steeper if we fit only the massive clouds,
e.g., Neoud(> Mco) x Mc’é'zj:o'z for Mco > 3 x10° M, and
the logarithmic slope of the mass spectrum becomes steeper at
~3x10° M.

4. DISCUSSION

4.1. Comparison with the First Survey

The current survey was carried out to cover the regions where
the molecular clouds are detected in the first survey. The S/N
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TABLE 1
Cataroc ofF 230 GMCs

PosiTion’
Visr®
NUMBER Nawme? «(2000.0) 6(2000.0) «(1950.0) 6(1950.0) (km s~ 1)

LMC N J0447—6910 04 47 30.4 —69 10 8.9 04 47 44.0 —69 15 20.2 239.4
LMC N J0447—6713 04 47 35.9 —67 13 44.0 04 47 33.8 —67 18 55.4 256.8
LMC N J0448—6920 04 48 40.8 —692041.3 04 48 56.2 —69 25 47.6 238.9
LMC N J0449—-6910 04 49 124 —69 10 21.0 04 49 26.4 —69 1525.2 240.3
LMC N J0449—6826 04 49 24.2 —68 26 49.8 04 49 32.0 —68 31 53.4 249.4

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
Table 1 is also available in machine-readable form in the electronic edition of the Astrophysical Journal Supplement.

& Name of the clouds; “N” stands for “NANTEN.”

° Position of the clouds derived from an intensity-weighted mean over all the pixels of a cloud.
¢ LSR velocity derived from an intensity-weighted mean of the velocity distribution within a cloud.

of'the present observations was higher by a factor of 2 than those
in the first NANTEN survey (Fukui et al. 1999; Mizuno et al.
2001b; Yamaguchi et al. 2001c). This increase in sensitivity
made it possible to increase the number of significant detections
and identified clouds. Different cloud-identification criteria are
used in the current study and in Fukui et al. (1999) and Mizuno
et al. (2001b). Nevertheless, the number of the clouds with more
than two observing positions (“the large clouds” in Mizuno
etal. 2001b) is a factor of 3 larger in the present survey even if we
use the same algorithm and criteria.

Here we compare the line width—size relation and the virial
mass— CO luminosity relation of the molecular clouds from the
first and the current surveys. To compare the results, we recal-
culated the size and the virial mass of the large clouds of the first
survey by subtracting the NANTEN beam from the size in Table 1
of Mizuno et al. (2001b).

Figure 14 is a plot of the line width and the size of the clouds
derived from both the first survey ( gray filled circles) and the
current survey ( filled circles). The clouds from both the current
and the first survey show a large scatter with little positive cor-
relation of the line width and the size. An offset from the cor-
relation of the inner Galaxy is also seen. The scatter is larger in
the current survey. This may be explained by the difference in the
sensitivity; the high sensitivity of the current survey made it pos-
sible to decompose a cloud into several individual clouds with
different velocities along the same line of sight, although these
clouds may have been identified as a single entity by the first
survey.

Figure 15 is a plot of the virial mass, M,;; as a function of lu-
minosity, Lco, of the Group A GMCs from the current survey

(filled circles) and the 55 clouds from the first survey (open
circles). The correlations between the M. and Lcg in both sur-
veys are consistent within the error. Again, the scatter in the cur-
rent survey is larger, but because the higher sensitivity limit of
the current survey enlarges the dynamic range in M,;, and L,
the correlation coefficient remains as high as 0.85. The ratio of
M,;; and L is related to the conversion factor, Xco-factor, from
the CO luminosity to the hydrogen column density, N(H,). The
consistency of the M,;. and Lq relation in both surveys suggests
that the Xco-factors derived from both surveys are also consistent.

4.2. CO to N(H,) Conversion Factor

In the following, we derive the Xco-factor from the current
survey. The determination of the mass of H, in galaxies is fun-
damental for an understanding of interstellar physics and star
formation. The principal method for obtaining H, masses con-
verts the intensity of the CO molecular line emission, /g, into
the column density of H, molecules. The conversion factor, or
X-factor [X = N(H;)/Ico = Mn,/Lco), has been derived for
molecular clouds in the solar vicinity based on the assumption of
virial equilibrium of individual clouds (e.g., Young & Scoville
1991). This method has been also used to derive the conversion
factors in nearby galaxies where individual clouds are resolved,
such as the LMC, SMC, M31, M33, etc., (e.g., Mizuno et al.
2001a, 2001b; Wilson & Scoville 1990).

The plot of the M,;; against L¢g in § 3.3.2 (Fig. 12) from the
current survey suggests that for massive clouds, Mco > 103 M,
it is reasonable to assume virial equilibrium. Here, we use the
conventional method of applying the virial theorem to the clouds
to estimate the Xco-factor in the LMC. The average value of

TABLE 2
CaTALOG OF 42 SMALL CLOUDS

PosiTioN”
NuMBER? NAME «(2000.0) 6(2000.0) «(1950.0) 6(1950.0) VisrS(km s1)
LMC N J0447—-6728 04 47 18.3 —67 28 47.5 04 47 18.0 —67 34 0.1 250.0
LMC N J0448—6721 04 48 1.7 —67 21 53.9 04 48 0.7 —67 27 3.6 254.1
LMC N J0449—-6810 04 49 40.6 —68 10 12.9 04 49 46.2 —68 15 15.5 255.2
LMC N J0451-6927 04 51 21.8 —69 27 4.8 04 51 38.8 —69 31 59.9 237.7
LMC N J0453—-6846 04 53 55.9 —68 46 38.1 04 54 7.5 —68 51 22.7 242.7

Note.— Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal Supplement.

# Name of the clouds; “N” stands for “NANTEN.”

® Position of the clouds derived from an intensity-weighted mean over all the pixels of a cloud.
¢ LSR velocity derived from an intensity-weighted mean of the velocity distribution within a cloud.
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TABLE 3
ProperTIES OF 230 GMCs
CLOUD PROPERTIES”
AVLSR Rb P.A. Maj nodeconv X Min nodecunvc LCO ‘}\/[virb MCO
NUMBER NaME (kms™")  (pc)  (deg) (pc x pc) (10*K kms~'pc?)  (10°My)  (10° Mp)
LMC N J0447—-6910 4.2 46 32 x 15 1 2
LMC N J0447—6713 11.2 97 54 69 x 42 7 20 10
LMC N J0448—6920 4.1 169 39 x 14 0.5 0.7
G LMC N J0449—6910 53 60 23 51 x 26 3 3 4
S LMC N J0449—-6826 5.7 87 87 79 x 31 8 5 10

Note.—Table 3 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its

form and content.

 Observed properties of the GMCs: The FWHM of the line width, AV gy, is derived from multiplying [8 In(2)]"2 to a second moment of the spectra within a cloud,
and the size, R, is a geometric mean of the beam-deconvolved second spatial moment along the major and minor axis, respectively. The P.A., major and minor axes without
beam deconvolution, CO luminosity L¢q, virial mass My, and mass M are also listed. The mass M is derived from Lo with Xeg = 7 x 102 em =2 (K kms~!)~!. See also

§ 3.2 for the derivation of the cloud properties.

® The radius and the virial mass are indicated by quotes when the minor axis of the cloud is less than the NANTEN beam and the beam-deconvolved minor axis

is not derivable.

¢ A minor axis without beam deconvolution is indicated by quotes when the cloud is detected only at one observed point along the minor axis and the minor axis

without deconvolution is not derivable.

log(Myi;/Lco) is 1.2 £ 0.3, corresponding to Xco = (7 £ 2) x
1020 cm~—2 (K km s~!)~!, for the Group A GMCs with Lcg
higher than the completeness limit, 9 x 103 K km s ! pc?, which
is equivalent to M; > 1.4 x10° M,,.. Figure 16 is a frequency
distribution of log(Myi;/Lco) of the Group A GMCs, i.e., in-
cluding all the clouds for which we derived virial masses. The
geometric mean of M.;./Lco, and thus the X-o-factor, does not dif-
fer from the values obtained by using the clouds with L¢o >
9 x 103 K km s~! pc? only. This value is slightly less than what
we obtained from the first survey, Xco ~ (8 & 2) x 102 cm 2
(K km s~1)~!, after taking into account the beam deconvolution
but is consistent within the error.

An Xco-factor in the inner Galaxy has been derived by using
a correlation between the y-ray and the CO intensity along the
Galactic plane (Bloemen et al. 1986). Bloemen et al. (1986)
summarized the value of the X-factors, and the value for the inner
Galaxy was derived to be ~(1-3) x 102°cm =2 (K km s~")~! on
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Fic. 7.—Frequency distribution of the V' gg of the clouds.

300

average. The X-factor obtained above is about twice that of the
clouds in the inner Galaxy.

Bertoldi & McKee (1992) argue that the gravitational en-
ergy, W, of an ellipsoidal cloud is given by W = —(3/5)(GM?2/
R)[arcsin(e)/e], (eq. [A9] of Bertoldi & McKee 1992) where G,
M, and R are the gravitational constant, mass, and the size of the
clouds, respectively. Here, e is an eccentricity of the cloud, e =
(1—y2)"2 where y is an axial ratio of the cloud. The current
sample of the GMCs are not really spherical, with the mode of
the ratio of the major and minor axes being ~1.7 and the aver-
age being 2.5, as shown in § 3.3 (see also Fig. 8). The shape-
dependent factor, a, = (R,,/R)[arcsin(e)/e] (eq. [A8] of Bertoldi
& McKee 1992), ranges from 1 to 0.88 for the current sample of the
GMCs in the LMC, with a, = 0.99 for the axis ratio of 2.5. This
means that the virial mass of the current sample of the GMCs
differs from the derived virial mass with about 15% at most due
to the elliptical shape of the clouds. The deviations of the esti-
mated M,;, from the true M,;, affect the derived Xco-factor linearly.
Thus, the current estimate of the X-o-factor can be overestimated
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Fic. 8. —Distribution of the ratio of the major and minor axes of the clouds.

Both axes are derived by using the FITSTOPROPS program (Rosolowsky &
Leroy 2006) and then by deconvolving the NANTEN beam (see § 3).
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Fic. 9.—P.A. of the clouds. P.A. is taken as 0° toward the north and then
increases to the east in the counterclockwise direction.

by at most ~15% due to the deviation of the cloud shape from
spherical symmetry.

Rubio et al. (1993) suggested a possible dependence of the
Xco-factor on cloud size from their observations toward the
clouds in the SMC with SEST. Figure 17 is a plot of the M,;,/Lco
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against the cloud size. There is no significant correlation in the
LMC clouds; the scatter is as large as an order of magnitude in
M.;i;/Lco, although the range of the cloud sizes is the same as that
of the SMC (Rubio et al. 1993)

It has been claimed that the metallicity is quite uniform in the
LMC (e.g., Dufour 1984), while the metallicity of the outer part
of'a galaxy is suggested to be lower than that of its inner region
for our Galaxy and some of the nearby galaxies (e.g., Naka-
gawa et al. 2005). Figure 18 shows a plot of M,;,/Lco against
the distance from the center of the LMC derived from the H 1
distribution (Kim et al. 1998). The current result shows no clear
correlation of M,;,/Lco with the distance from the center, sug-
gesting that the X-o-factor does not depend on the distance from
the center of the LMC. This is consistent with the idea that the
metallicity is quite uniform in the LMC.

4.3. Mass Spectrum

The mass spectrum of the Galactic clouds ('2CO or 3CO) is
well fitted by a power law with index values of a ~ 0.5-1.0
(e.g., Solomon et al. 1987; Solomon & Rivolo 1989; Casoli et al.
1984; Digel et al. 1996; Dobashi et al. 1996), of which the higher
values are derived from the lower mass clouds in the outer Galaxy
(e.g., Heyeretal. 2001) or from '3CO observations (e.g., Yonekura
et al. 1997; Kawamura et al. 1998). The mass distribution of the
Galactic clouds and that of the clouds in nearby galaxies have been
studied (Blitz et al. 2007 and references therein). Most of the
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Fic. 10.—(a) Angle, 6, between the major axis of the GMC and the tangent of the circle with a radius of the distance, d_.,, from the kinematic center derived from the
H 1 by Kim et al. (1998). () Distribution of 6. (¢) The angle, , with respect to the distance of the GMCs from the center derived from the H 1 kinematics by Kim et al.
(1998). The most elongated ellipses, ellipses, and circles show the GMCs with the ratio of the major and minor axes to be >2.0, 1.5-2.0, and <1.5, respectively. [See the

electronic edition of the Supplement for a color version of this figure.)
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FiG. 11.—Line width—size relation for the GMCs in the LMC ( filled circles).
Triangles show the clouds in the SMC (Mizuno et al. 2001a) and crosses those in
the Warp region (Nakagawa et al. 2005); the clouds in these regions are re-
identified by using the algorithm described in Rosolowsky & Leroy (2006) and
the same parameters used to identify the clouds in the LMC. The thick dashed
line is the best-fitting power law to the GMCs in the LMC, AV = 1.3R*?, with
Spearman rank coefficient of 0.3. The relation found for the GMCs in the inner
Galaxy from Solomon et al. (1987, thin dotted line) is shown as an example.
[See the electronic edition of the Supplement for a color version of this figure.)

galaxies have similar mass distributions, a ~ 0.7; an exception
is M33, which is steeper than the rest, but the data set has a higher
completeness limit (Rosolowsky et al. 2003; Rosolowsky 2005).

A number of numerical simulations have been conducted to ob-
tain a mass spectrum of GMCs in galaxies (e.g., Vazquez-Semadeni
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Fig. 12.—Virial mass, M,;. of the GMCs as a function of luminosity, Lco
( filled circles). The line present a best fit to the data with a slope of 1.1 £ 0.1.
Triangles show the clouds in the SMC (Mizuno et al. 2001a) and crosses those
in the Warp region (Nakagawa et al. 2005); the clouds in these regions are re-
identified as for the LMC clouds by using the algorithm described by Rosolowsky
& Leroy (2006). [See the electronic edition of the Supplement for a color version

of this figure.)
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Fic. 13.—Cumulative mass spectra of the Mg of the 230 GMCs. The best-
fitting power law to Mo above the completeness limit 5 x 10* M, (thick vertical
line) is Neoud (> Mco) = 6.6 x 10°M~073%09 _ 3 4 and is indicated by a dashed
line. The dotted line indicates the best-fitting power law, Ncjoua( > Mco) =
1.3 x108M~12%02 _ 0,72, obtained by fitting Mo of the 47 clouds with Mco >
3 x 10° M, (thin vertical line). [See the electronic edition of the Supplement for a
color version of this figure.]

et al. 1997; Wada et al. 2000, and references therein). Wada et al.
(2000) carried out a simulation of the H 1 and CO distributions of
an LMC-type galaxy, specifically at the highest spatial resolution
(~7.8 pc), which incorporated fairly realistic star formation pro-
cesses and supernova rates. They show that the GMC mass spec-
trum in an LMC-like galaxy is expected to have a power law with
an index value of ~0.7 if no star formation is taken into account
and that the index becomes steeper, around 1.0, if the dissipation
of clouds due to star formation is incorporated. The present mass
spectrum appears to be consistent with these values, while those
of the non-star-forming models may fit the present result slightly
better. According to Wada & Norman (2001), the absence of a
massive GMC of ~3 x 10° M, is due to a well-mixed, turbulent

TABLE 4
SLOPE OF MASs SPECTRUM

Mass Range®

(10* M) a® Number of Clouds®
0.75 + 0.06 191
0.88 + 0.08 146
0.93 + 0.10 123
0.98 £+ 0.11 100
1.0 £ 0.1 67
1.2 +0.2 47
1.6 £ 0.3 28

# Clouds from the 230 GMCs with mass indicated in this col-
umn are used to derive a mass spectrum.

® Index value of the best-fitting power law, Nejoua(> M) o
M~ to the mass spectrum of the clouds with mass indicated in
the first column.

¢ Number of the clouds used to fit the power law.
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Fic. 14.—Line width—size relation of the Group A GMCs from the current
survey ( filled circles) and 55 “‘large clouds™ from the first survey (gray filled
circles). The size of a cloud from the first survey was recalculated from the
catalog (Mizuno et al. 2001b) by subtracting the NANTEN beam size. The thick
dashed line indicates the best-fitting power law of the GMCs from the second
LMC survey. The relation found for the GMCs in the inner Galaxy from Sol-
omon et al. (1987, thin dashed line) is shown as an example. [See the electronic
edition of the Supplement for a color version of this figure.)
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(Fukui et al. 1999; Mizuno et al. 2001b). The virial masses of clouds from the first
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edition of the Supplement for a color version of this figure.]

Vol. 178
B T L L B B T

30

25

20

15

Number of clouds

10

05 07 09 11 13 15 17 19 21

10g (MVIR /LCO)

Fic. 16.—Histogram of log(M,i;/Lco). The mean of log(Myi;/Lco) is 1.2 +
0.3, corresponding to Xco = (7 £ 2) x 102 ecm™2 (K km s~1)~!

ISM that tends to form smaller GMCs. The consistency of the
mass spectrum among galaxies may suggest that the mechanism
of cloud formation and disruption show similar characteristics
among galaxies. Nevertheless, the truncation of very massive
GMCs may suggest that the disruption of molecular clouds is faster
in massive clouds. It may also suggest that cloud formation takes
place inhomogeneously; the mass spectra in different regions of
the galaxy may have different slopes, and the truncation of the
slope might appear when we sum up all the mass spectra within
the galaxy. The reason of the truncation is not yet known, but
the current results present new information, leading to a better
knowledge of cloud formation and disruption.
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Fic. 17.—Dependence of M,;./Lco on the size of the Group A GMCs. The
solid line shows the weighted mean of the M,;./Lcq in each bin of log(R); the
last bin shown by the dashed line includes only one point of M,;./Lco. [See the
electronic edition of the Supplement for a color version of this figure.]
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Fic. 18.—Dependence of M,;./Lco on the distance of the GMCs from the
center of the LMC, a(J2000.0) = 5"17.6™, §(J2000.0) = —69°2/, derived from
the H 1 kinematics (Kim et al. 1998). The solid line shows the weighted mean of
M,i/Lco in each bin of log(deen ). [See the electronic edition of the Supplement
for a color version of this figure.]

5. SUMMARY

A large-scale 1>CO (J = 1-0) survey for molecular clouds was
made toward the Large Magellanic Cloud (LMC) by NANTEN.
An area of ~30 deg? was covered, and significant '2CO emission
(>0.07 K) was detected at ~1300 out of the 26,900 observed
positions. We identified 272 molecular clouds, 230 of which were
detected at more than three observing positions. The positions,
mean velocities, and velocity dispersions of the 272 clouds, and
the extents, position angles, and CO luminosities of the 230 giant
molecular clouds (GMCs) are derived. Reliable sizes and virial
masses are determined for the well-resolved 164 GMCs (Group A).
The main results are summarized as follows.

1. The Group A GMCs have radii ranging from 10 to 220 pc,
line widths between 1.6 and 20.2 km s—!, CO luminosities be-
tween 1.4 x103 and 7.1 x10° K km s—! pc?, masses derived
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from CO luminosities from 2 x 104 to 7 x 10 M, and virial
masses from 9 x 10% to 9 x 10° M. The maximum temperature
(T) of the CO line is as high as ~2 K, which was detected
toward the N113 and N159 regions.

2. The line width, AV, and the radius, R, of the Group A
GMCs appear to satisfy the slope of the power law in the line
width —size relation of the clouds in the Galaxy but with an offset
in the constant of proportionality.

3. A least-squares fit to the virial mass versus. CO lumi-
nosity relation shows a power law, (Myi/Mg)= 26[Lco/
(Kkms~!pc?)] L1203 wyith Spearman rank correlation of 0.8.
This good correlation shows that the CO luminosity is a good
tracer of the mass of molecular clouds in the LMC.

4. The I-o-N(H,) conversion factor is found to be Xco ~
7% 102 cm 2 (K km s~!)~! by assuming virial equilibrium for
the Group A GMCs.

5. The mass spectrum of the GMCs with 5 x 10* < Mo/
M < 107 is well fitted by a power law, Nco(> Mco) < (Mco/
M) ~073%09 This slope is consistent with the previous results
obtained from the Galaxy and nearby galaxies. The slope of the
mass spectrum becomes steeper if we fit only the massive clouds,
e.g., Netoud(> Mco) ox M 12%92 for Mco > 3 x 10° M, which
suggests mass truncation.
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