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ABSTRACT

We present Antarctic Submillimeter Telescope and Remote Observatory observations of '>’CO J =4 —3 and
12[C 1] emission in the 30 Doradus complex in the Large Magellanic Cloud. We detected strong '>CO J =4 —3
emission toward R140, a multiple system of Wolf-Rayet stars located on the rim of the expanding H 1 shell sur-
rounding the R136 cluster. We also detected a high-velocity gas component as a separate feature in the 12COJ =4 —3
spectrum. This component probably originates from molecular material accelerated as a result of the combined
motion induced by the stellar winds and explosions of supernovae, including several fast-expanding H 1 shells in the
complex. The lower limit on the total kinetic energy of the atomic and molecular gas component is ~2 x 10°! ergs,
suggesting that this comprises only 20% of the total kinetic energy contained in the H n complex structure.
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1. INTRODUCTION

The most luminous example of a starburst region in the Local
Group is 30 Doradus in the Large Magellanic Cloud (LMC);
its core R136 is one of the “super star clusters” (SSCs). The
giant H i region complex extends for more than 100 pc (Chu &
Kennicutt 1994). The massive stars in the core of R136 were
formed about 1-2 Myr ago (Massey & Hunter 1998). This star-
burst region has multiple stellar generations (Rubio et al. 1998;
Walborn et al. 2002), and Hubble Space Telescope (HST ) NICMOS
observations have identified at least 20 pre-main-sequence stars
embedded in the nebular filaments (Brandner et al. 2001). The
interaction of massive stars and their interstellar environment
in this region has been perfectly illustrated by the Spitzer Space
Telescope early release observations of 30 Doradus in the LMC.
This complex has received a great deal of attention and has been
investigated at various wavelengths. For instance, X-ray emission
was mapped by Wang & Helfand (1991) and Wang (1999), mo-
lecular emission was observed by Johansson et al. (1998), and in-
frared embedded sources were studied as an example of a current
star formation episode by Rubio et al. (1998). Lazendic et al. (2003)
identified supernovae candidates in the 30 Doradus complex.

Atadistance of 55 kpc (Feast 1991), the LMC can be mapped
with a high spatial resolution in mid-J excitation of '2CO lines
even by a small telescope. Recent [C 1] and '>)CO J =4 —3
studies of the N159 and N160 complexes in the LMC by Bolatto
et al. (1999, 2000) have elucidated the condition of the atomic
and molecular medium in the early stages of star formation. In
this paper, we report the detection of high-velocity '>CO J =
4 — 3 emission toward the 30 Doradus complex in the LMC.
Observations of such a mid-J excitation of 12CO lines in the
30 Doradus region provide a better understanding of the relative
distribution of molecular, atomic, and ionized gas in metal-poor
galaxies.

2. OBSERVATIONS

The observations were carried out during the austral winter
season of 2002 at the Antarctic Submillimeter Telescope and Re-
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mote Observatory (AST/RO), located at 2847 m altitude at the
Amundsen-Scott South Pole Station. AST/RO is a 1.7 m diam-
eter, offset Gregorian telescope that is capable of observing at
wavelengths between 200 pm and 1.3 mm (Stark et al. 2001).
This site is very dry and is therefore well suited for submillimeter
observations (Chamberlin et al. 1997). We used a dual-channel
superconductor-insulator-superconductor (SIS) waveguide re-
ceiver (Walker etal. 1992; Honingh et al. 1997) for simultaneous
observations at 461-492 and 807 GHz. Two acousto-optical
spectrometers (AOSs; Schieder et al. 1989) were used as back
ends. The AOSs had a 1.07 MHz resolution and a 0.75 GHz ef-
fective bandwidth, resulting in velocity resolutions of 0.65 km s~
at461 GHz and 0.37 km s—! at 807 GHz. The data were smoothed
to a uniform velocity resolution of 1 km s~!. The high-frequency
observations were made with the '>CO J =7 — 6 line in the
lower sideband (LSB). Since the intermediate frequency of the
AST/RO system is 1.5 GHz, the 3p, — 3P line of [C 1] line
appears in the upper sideband (USB) and is superposed on the
observed LSB spectrum. The local oscillator frequency was chosen
so that the nominal line centers appear separated by 100 km s~
in the double-sideband spectra. A third AOS, used for only a few
spectra, had a 0.031 MHz resolution and a 0.25 GHz bandwidth.
Atmosphere-corrected system temperatures ranged from 320 to
390 K at 461-492 GHz and 1050 to 1190 K at 807 GHz.

Emission from the '>)CO J =7 —6 lines at 806.6517 GHz
was mapped overa 7’ x 11’ region centered on R.A. = 5M38™455,
decl. = —69°04'45"" (J2000.0) with 1’ spacing and a beam size of
58”. Observation time at each position was typically 13 minutes.
Either the [C 1] line at 492.262 GHz or the 12CO J =4 — 3 line
at 461.041 GHz was observed simultaneously with beam sizes
of 103”-109". We used the standard chopper wheel calibration
technique, implemented at AST/RO by way of regular obser-
vations (every few minutes) of the sky and two blackbody loads
of known temperature (Stark et al. 2001). Atmospheric trans-
mission was monitored by regular sky dips, and known, bright
sources were observed every few hours. The intensity calibration
errors were estimated to be +£40%.

3. RESULTS

Figure 1 presents the '2CO J =4 —3 line emission taken
with the AST/RO with the spatial coverage of the individual
pointings. We detected strong 12CO J = 4 — 3 emission at R. A. =
5M38M4957, decl. = —69°04’4”7 (J2000.0) and to the north of
the R136 cluster in the 30 Doradus region. From the comparisons
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Fic. 1.—Integrated intensity contour map of 2CO J = 4 — 3 emission observed with the AST/RO telescope. The coverage is plotted for the individual pointings.
The gray scale is the Digitized Sky Survey image of the 30 Doradus complex. The range of velocity integration covers the velocity range of Visg = 240—260 km s~ .

The lowest contour is 0.8 K km s~!, and the contours increase by 0.4 K km s~.

of 2CO J =1— 0 (Johansson et al. 1998; Fukui et al. 1999) and
12C0O J = 4 — 3 maps, we have found that the peak of 2CO J =
4 — 3 emission is located at 2’ northwest of the peak of '>’CO J =
1— 0 emission.

The spectrum of the peak '2CO J =4 — 3 emission is dis-
played in Figure 2. The 12CO J =4 — 3 emission lines appear
at Visr =249.6 £ 0.3 km s ! and Vsg =302.0 = 0.2 km s~
Fitting a Gaussian curve to the main velocity component of
12COJ = 4 — 3 emission gives a velocity of V1 sg = 249.6 km sl
This systemic velocity is similar to that of 2CO J = 1— 0 emis-
sion, Visr =249.5 km s~! (Mizuno et al. 2001) and Vigg =
249.7 km s~! (Johansson et al. 1998). However, both observa-
tions of '2CO J =1—0 emission by Johansson et al. (1998)
and Mizuno et al. (2001) show only a single component of
the emission at ¥ sg ~250 km s~!. The peak brightness tem-
perature of the '2CO J = 4 — 3 main-beam emission is Ty =
0.542 £+ 0.1 K. The integrated intensity of the emission is 3.5 £
0.2 K km s~!. Since the forward efficiency for AST/RO is
~0.97-1.0 (Stark et al. 2001), we assume this to be identical
to the main-beam efficiency. These parameters are summarized
in Table 1. The luminosity Lco of 12CO J = 4 — 3 emission is
about 3.82 x 103 L, by adopting the size of 75 pcx135 pc and
is similar to that of the Sgr A complex in the Galactic center
(Kim et al. 2002).

No 2CO J = 7— 6 emission line was detected in the position
of the peak '2CO J = 4 — 3 emission as seen in Figure 2. [C 1]

492 GHz emission and [C 1] 809 GHz emission lines were also
not detected. We derived the upper limit for the [C 1] 492 GHz
emission integrated intensity as ~0.5 & 0.1 K km s~! within this
region where the '2CO J = 4 — 3 emission was detected. Here
the upper limit was defined by 3 ¢ rms noise, and the rms noise in
the integrated intensity of a nondetected region was calculated
by (ehan ) AvehanTims » Where ignan is twice the full width at half-
maximum (FWHM) of the line in numbers of channels, and Av
is the channel separation in km s~!. The uncertainty in this upper
limit may be increased by noise fluctuation.

The integrated H 1 map of the 30 Doradus complex shows a
clear depression that corresponds to the '>CO J = 4 — 3 emit-
ting gas. Interestingly, as shown in Figures 3 and 4, the H 1 shell
encompasses the 12CO J =4 —3 emitting gas as well as the
whole giant H 1 complex. The expansion of this H 1 shell is
uniform and visualized in the position-velocity plot in Figure 5.
Its systemic velocity, determined from the H 1 velocities at the
rim of the shell, is Vjsg = 254264 km s~ !. Referenced to this
systemic velocity, the expanding hemisphere of the neutral gas
shell has an expansion velocity of 18 & 2.0 km s~!. The H 1
emission cube for the 30 Doradus complex has been extracted
from the LMC H 1 combined Australia Telescope Compact
Array (ATCA; Kim et al. 1998) and Parkes surveys (Kim et al.
2003).

It is not yet possible to determine the '>’CO J = 4 — 3 emis-
sion concentrations within the entire 30 Doradus complex in
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Fic. 2.—The 2CO J = 4 — 3, 12[C 1] 492 GHz, and '2CO J = 7— 6 spectra observed toward the peak of the '>CO J = 4 — 3 emission in the 30 Doradus complex.
Note the second, high-velocity peak at 302 km s~! in the '>CO J = 4 — 3 spectrum. The present spectra were Hanning-smoothed.

the LMC with our limited spatial coverage. However, our results
show that a dense and warm molecular cloud in fact resides in-
side the H 1 shell, not on the H 1 shell itself. This picture is sub-
stantially different from that seen in the N44 complex of the LMC
(Kim et al. 2004), where the warm and dense molecular cloud is
located on the rim of the H 1 shell. The observed '>’COJ =4 —3
emission indicates that the neutral interstellar medium toward
the rim of the giant H 11 shell surrounding LH47 in the N44 com-
plex is very dense and warm, since the '>’CO J = 4 — 3 transi-
tion requires 7 > 50 K and n~10° cm~ (Bolatto et al. 2000;
Cecchi-Pestellini et al. 2001; Zhang et al. 2001; Kim et al. 2002).

However, the mid-J excitation 2CO lines can also be an indi-
cator of temperature rather than of the total amount of molecular
gas (Willacy et al. 2002).

It is found that the '2CO J = 4 — 3 emitting cloud is located
on the northern H 1 filaments surrounding the R136 cluster. Pre-
vious studies by Rubio et al. (1998) and Johansson et al. (1998)
indicated that the massive molecular clouds are present to the
north of R136 cluster. This region is evidently forming stars
triggered by the energetic stellar winds from the R136 cluster
(Walborn et al. 2002). Notably, the peak of '2CO J=4—3
emission corresponds to the R140 multiple system in the 30

TABLE 1

OBSERVED LINE PARAMETERS

Tvp Visr AV [ Tus dV
Line (K) (km s~ (km s~ (K km s~
461 GHz >COJ =4 -3 ... 0.542 + 0.1 249.61 + 0.1 6.195 £ 1.3 3.57£02
461 GHz 2COJ =4 —3"........ 0.16 302.0 5.1 1.6
115 GHz 2CO J =1 —0........... 1.5 249.7 8.3 13

* High-velocity component.
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Fig. 3.—ATCA+Parkes H 1 image of the 30 Doradus complex in the LMC
from Kim et al. (2003). It is clearly seen that the '2CO J = 4 — 3 emitting cloud
is located in the shell.

Doradus nebula. The R140 multiple system in the nebula has
been reported to have at least three Wolf-Rayet stars by Moffat
et al. (1987). A high-velocity '>)CO J =4 —3 gas (Visr ~
302 km s~!) is clearly visible in the region where the peak of
12C0 J =4 —3 emission is detected. The brightness temper-
ature of this high-velocity '>’CO J =4 —3 gas, Tyg ~ 0.21 +
0.09 K, is fainter than that of the systemic one. The FWHM of
this fainter '2CO.J = 4 — 3 emission is approximately 7 km s~
and similar to that of the systemic component, 6.1 4= 1.0 kms~!.
Note that a mosaic of Ha echellogram observations taken by
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FiG. 4—The '2CO J = 4 — 3 emission overlaid on the Ho image (reprinted

with permission from C. Smith) of the 30 Doradus complex in the LMC. The
whole complex is encompassed by the H 1 shell seen in Fig. 3.
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Fic. 5.—Position-velocity diagram of the H 1 shell (Kim et al. 2003) along
strips crossing the peak '2COJ = 4 — 3 emission. The unit of the H 1 velocity is
in heliocentric velocity, Viei= Visr + 16 km sL

Chu & Kennicutt (1994) shows several discrete high-velocity
features in which the high-velocity component of '2CO J =
4 — 3 emission is detected.

4. DISCUSSION

The mass of the '>’CO J = 4 — 3 emitting cloud can be de-
rived using the equation Mjouq = pm( H,)XD?*QN(H,) and as-
suming the LTE. D is the distance of the LMC, €2 is the solid
angle subtended, m(H,) is the H, molecular mass, and y is the
mean molecular weight assumed to be 1.36 by taking into ac-
count the relative helium abundance in mass. The H, column den-
sity, N(H,), can be derived from the integrated '>)CO J =1—0
intensity ~5.1 (in K km s~! ) and the CO-H, conversion factor
X =[N(Hy)/Ico] ~ (9 + 4) x102° cm~2 (K km s~ 1)~ (Mizuno
et al. 2001). Then, the mass of molecular gas traced in the
12C0J = 4 — 3 emission is about (6.6 4 2.9) x 10* M. We es-
timate the mass of the high-velocity molecular cloud to be (2.6 +
1.6) x 10* M, by using the Ty line ratio of the '>’CO J =4 —
3 emission at Viggr ~249.6 km s and Visg ~302 km s~ L.
The mass fraction of this high-velocity gas in the parent giant
molecular cloud is about 30%. Thus, the kinetic energy of the
high-velocity molecular cloud is approximately (7.5 £ 0.6) x
10°° ergs. This indicates a lower limit on the kinetic energy due
to the solid angle subtended by '?CO J = 4 — 3 emission.

The expanding H 1 shell encompassing the giant H 1 regions
and shells extends 20’ on the sky, which is about 300 pc across at
the distance of the LMC. H 1 material associated with the shell
shows a typical expansion structure in the position-velocity di-
agram (Fig. 5) along strips crossing the peak '>’CO J =4 —3
emission. The H 1 mass associated with accelerated gas from the
shell can be derived using the average column density of the in-
ner sphere of the H 1 shell, to be 4 x 10° M_,. The kinetic energy
of the H 1 shell is therefore about 1.3 x 10°! ergs. Compared to
the total kinetic energy of ~1x10%2 ergs contained in the gas of
the 30 Doradus core (Chu & Kennicutt 1994), the lower limit of
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the total kinetic energy of the atomic and molecular gas compo-
nent is ~2 x10°! ergs. This amounts to 20% of the total kinetic
energy produced by the stellar winds and/or supernovae explo-
sions in the 30 Doradus complex in the LMC. The lower limit
of the kinetic energy of the molecular gas component is slightly
smaller than the kinetic energy of the H 1 shell. While more data
are needed to confirm the extension of this source, this measure-
ment suggests that the results of the study of the N44 complex in
the LMC, where the lower limit of the kinetic energy of the high-
velocity gas observed in the '2CO J =4 — 3 emission was at
least fourfold higher than that of the H 1 shell (Kim et al. 2004),
do not rule out alternative scenarios. To pursue this further, we
need more observational data on the molecular outflow within
the shell.
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