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ABSTRACT

We report the identification, from a 1.2 mm dust continuum emission survey toward massive star–forming
regions, of four strong 1.2 mm sources without counterparts at mid-infrared (Midcourse Space Experiment
[MSX ]) and far-infrared (IRAS ) wavelengths. They have radii in the range 0.2–0.3 pc, dust temperatures �17 K,
masses in the range 4 ;102 2 ; 103 M�, and densities of �2 ; 105 cm�3. We suggest that these objects are
massive and dense cold cores that will eventually collapse to form high-mass stars.

Subject headinggs: dust, extinction — ISM: clouds — ISM: molecules — stars: formation

1. INTRODUCTION

Surveys of molecular line emission in high-density tracers
(Plume et al. 1992, 1997; Juvela 1996) and of dust continuum
emission (Beuther et al. 2002; Mueller et al. 2002) made with
single-dish telescopes have shown that massive stars form in
regions of molecular gas with distinctive physical parameters,
which we refer to as massive dense cores.1 For example, from
observations of the CS (5 ! 4) line emission toward massive
star–forming regions associated with H2O masers, Plume et al.
(1997) derived typical radii of 0.5 pc, densities of 8 ; 105 cm�3,
and virial masses of 3:8 ; 103 M� for massive dense cores.
Whether or not these parameters are representative of the initial
conditions for the formation of massive stars at the scale of
parsecs is not clear. All of the above surveys have been carried
out toward luminous sources, either ultracompact (UC) H ii

regions and/or luminous IRAS sources, implying that massive
stars have already been formed within the core. For instance,
the average luminosity of the sources in the samples of
Plume et al. (1997) and Mueller et al. (2002) are 9 ; 105 and
2 ; 105 L�, respectively. Thus, the massive luminous embed-
ded objects may have already appreciably affected their natal
environment through stellar winds and radiation.

The observational evidence for massive dense cold cores,
which are capable of forming massive stars but are in a stage
before star formation actually begins, has been hard to find (see
Evans et al. 2002). These cores should have similar densities
and sizes to massive dense cores with embedded high-mass
stars, but lower luminosities and cooler temperatures. The bulk
of their luminosity is expected to be emitted at millimeter and
submillimeter wavelengths. The recent availability of large
bolometer arrays facilitating the observations of large-scale
maps of dust continuum emission at millimeter wavelengths is
allowing the search for promising candidates, namely milli-
meter sources without mid-IR and far-IR counterparts.

Faúndez et al. (2004) recently carried out a survey of 1.2 mm
continuum emission toward a sample of 146 luminous objects
with strong CS (2 ! 1) emission, chosen from the CS (2 ! 1)
survey of Bronfman et al. (1996) of IRAS sources with IR
colors typical of compact H ii regions. The 1.2 mm emission
was mapped within regions of �150 ; 100 centered on the IRAS
sources. A primary goal of this study was to determine the
physical conditions of the dust and gas clouds harboring re-
cently formed massive stars. In addition, since the sites of
massive star formation are known to be gregarious, a further
goal of this survey was to find massive cores in early stages
of evolution, previous to the formation of a central massive
object. In about half of the mapped regions, Faúndez et al.
(2004) detected two or more distinct 1.2 mm sources, one of
which is associated with the IRAS source. Using this database,
we searched for candidates for massive dense cold cores by
examining maps of the mid-IR emission from these regions
taken from the Midcourse Space Experiment (MSX ) and IRAS
databases. In this paper we report the discovery of four 1.2 mm
massive (M > 400 M�) dust cores not seen in emission at any
of the MSX and IRAS wavelengths. We also report observa-
tions of molecular line emission toward three of these objects,
which confirms that they are associated with massive and
dense cold molecular cores.

2. OBSERVATIONS

The observations were made using the 15 m Swedish-ESO
Submillimeter Telescope (SEST) at La Silla, Chile. The 1.2 mm
continuum observations were made using the 37 channel SEST
Imaging Bolometer Array (SIMBA) between 2001 June and
2002 July. The passband of the bolometers has an equivalent
width of 90 GHz and is centered at 250 GHz. The half-power
beamwidth (HPBW) of a single element is 2400, and the sepa-
ration between elements on the sky is 4400. We observed in the
fast mapping mode, using a scan speed of 8000 s�1. Each ob-
serving block consisted of 50 scan lines in azimuth of length
80000 and separated in elevation by 800, giving a map size
of 40000 in elevation. This block required �15 minutes of

1 We here adopt the nomenclature of Evans (1999) for the use of the terms
cores and clumps.
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Fig. 1.—Top: Map of the 1.2 mm emission from a 120 ; 120 region centered
on IRAS 13080�6229. The arrow indicates the G305.136+0.068 massive and
dense cold core. Contour levels are 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, and 24 ;
0:15 mJy beam�1. Middle: Image of the MSX emission in the A broad band
(6.8–10.8 �m). Bottom: Image of the MSX emission in the E broad band
(18.2–25.1 �m).

Fig. 2.—Top: Map of the 1.2 mm emission from a 140 ; 14 0 region centered
on IRAS 16172�5028. The arrow indicates the G333.125�0.562 massive and
dense cold core. Contour levels are 1, 2, 3, 5, 7, 10, 15, 20, 30, and 50 ;
0:18 mJy beam�1. Middle: Image of the MSX emission in the A broad band
(6.8–10.8 �m). Bottom: Image of the MSX emission in the E broad band
(18.2–25.1 �m).
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Fig. 3.—Top: Map of the 1.2 mm emission from a 120 ; 150 region centered
on IRAS 18223�1243. The arrow indicates the G18.606�0.076 massive
and dense cold core. Contour levels are 0.1, 0.2, 0.3, 0.45, 0.60, 0.75, and
0.95 mJy beam�1. Middle: Image of the MSX emission in the A broad band
(6.8–10.8 �m). Bottom: Image of the MSX emission in the E broad band
(18.2–25.1 �m).

Fig. 4.—Top: Map of the 1.2 mm emission from a 100 ; 150 region centered
on IRAS 18507+0121. The arrow indicates the G34.458+0.121 massive and
dense cold core. Contour levels are 1, 2, 3, 5, 7, 10, 15, 20, and 30 ; 0:12 mJy
beam�1.Middle: Image of theMSX emission in theA broad band (6.8–10.8�m).
Bottom: Image of the MSX emission in the E broad band (18.2–25.1 �m).
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observing time. We observed four blocks per source, achieving
an rms noise level of typically 35 mJy beam�1. The data were
reduced according to a standard procedure using the software
package MOPSI, which included baseline subtraction and re-
jection of correlated sky noise. Flux calibration was performed
using a sky-opacity correction and a counts-to-flux conversion
factor derived from maps of Uranus. Uncertainties in the ab-
solute calibration and pointing accuracy are estimated at 20%
and 300, respectively.

The molecular line observations were carried out at the
SEST in 2003 March. We used the high-resolution acousto-
optical spectrometers, which provided a channel separation
of 43 kHz and a total bandwidth of 43 MHz. We mapped the
CS (2 ! 1) emission across regions of 20 in diameter, with
angular spacings of 3000, centered at the peak of the dust cores.
On-source integration time per map position was 3 minutes.
We also observed at the peak position of the starless massive
dense cores the emission in the CS (3 ! 2) and CS (5 ! 4)
lines. System temperatures were typically �200 K at 3 mm,
�290 K at 2 mm and �430 K at 1 mm.

3. RESULTS

Using as a primary reference the 1.2 mm continuum emis-
sion maps from the survey of Faúndez et al. (2004), we made
maps of the emission at mid-IR and far-IR wavelengths from
the same regions using as databases the MSX (Price 1995)
survey of the Galactic plane (Egan et al. 1998) at 8, 12, 15, and
22 �m, and the IRAS all-sky survey at 12, 25, 60, and 100 �m.
A comparison between these maps yielded five massive (M >
400 M�) 1.2 mm dust cores, without emission (above the local
background) in any of the MSX and IRAS bands. One of these
objects corresponds to the NGC 6334 I(N) core (Gezari 1982),
which has been extensively studied at millimeter and submil-

limeter wavelengths by Sandell (2000). Hereafter, we only
concentrate on the four newly discovered massive cold cores.
Figures 1–4 (top panel ) present maps of the 1.2 mm emis-

sion from regions of �100–150 in size centered on the IRAS
sources. Also shown in these figures are gray scale images of
mid-IR emission in the A band (8 �m; middle panel ) and
E band (22 �m; bottom panel ) of the MSX survey. The ex-
tended emission seen in the A band, which is sensitive to
emission from polycyclic aromatic hydrocarbon (PAH) mol-
ecules (at 7.7 and 8.3 �m), is likely to arise from photodis-
sociated regions. An inspection of Figures 1–4 reveals the
presence of 1.2 mm sources without counterparts in the MSX
database. These 1.2 mm sources (marked by arrows in the top
panels) are also undetected at far-IR wavelengths by the IRAS.
Their positions, flux densities, and sizes are listed in Table 1.
The parameters derived from the 1.2 mm observations are

summarized in Table 2. The cores are assumed to be at the same
distance as the nearby IRAS sources (given in col. [2]). These
correspond to kinematical distances derived by Faúndez et al.
(2004), assuming a flat rotation curve and the standard IAU
constants for the solar velocity and solar radius. They resolved
the twofold ambiguity in kinematic distance for all four IRAS
sources and concluded that they are located at the near distance.
Errors in the distance to the cold cores, arising from either the
small differences in velocities with respect to the IRAS cores or
from the use of different rotation curves, are estimated to be of
the order of �20%. Not enough data are available to make a
precise determination of the dust temperature of the cores, al-
though the lack of 100 �m emission indicates that their tem-
peratures are low (�15 K; Clark et al. 1991). Using the upper
limits of the flux densities at IRAS wavelengths, constraining
the sizes to those measured at 1.2 mm, and adopting a power-
law index of 2 for the dust-opacity dependence with frequency,

TABLE 2

Derived Parameters

1.2 mm CS (2 ! 1)

SIMBA Source

(1)

D

(kpc)

(2)

R

(pc)

(3)

Td
(K)

(4)

M a

(M�)

(5)

na

(cm�3)

(6)

R

(pc)

(7)

Mvir

(M�)

(8)

n

(cm�3)

(9)

G305.136+0.068 ......... 3.4 0.27 <16 1.1 ; 103 2 ; 105 0.30 1.1 ; 103 2 ; 105

G333.125�0.562......... 3.5 0.34 <17 2.3 ; 103 2 ; 105 0.68 2.2 ; 103 3 ; 104

G18.606�0.076........... 3.7 0.20 <15 4.0 ; 102 2 ; 105 . . . . . . . . .
G34.458+0.121 ........... 3.8 0.24 <17 7.8 ; 102 2 ; 105 0.64 1.5 ; 103 2 ; 104

a Lower limit.

TABLE 1

Observed Parameters of 1.2 mm Sources

Peak Position

1.2 mm CS (2 ! 1)

SIMBA Source

(1)

� (J2000.0)

(2)

� (J2000.0)

(3)

Flux

(Jy)

(4)

�s
a

(arcsec)

(5)

V

(km s�1)

(6)

�v

(km s�1)

(7)

R
Tmb dv

(K km s�1)

(8)

G305.136+0.068 ......... 13 10 41.7 �62 43 15.5 4.24 33 �36.4 � 0.02 4.15 � 0.04 4.62 � 0.04

G333.125�0.562......... 16 21 34.9 �50 41 10.2 8.88 40 �58.5 � 0.01 3.90 � 0.03 3.32 � 0.03

G18.606�0.076........... 18 25 08.7 �12 45 26.9 1.17 23 . . . . . . . . .

G34.458+0.121 ........... 18 53 19.8 +01 28 21.8 2.55 26 58.6 � 0.01 3.38 � 0.03 3.30 � 0.03

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds.

a FWHM angular size.
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a fit to the spectral energy distribution gives an upper limit on
the dust temperature of typically 17 K. The masses of the
cores, given in Table 2, column (5), were computed following
Chini et al. (1987), adopting a dust opacity at 1.2 mm of
1 cm2 g�1 (Ossenkopf & Henning 1994), a dust-to-gas mass
ratio of 0.01, and assuming that the cores have dust temper-
atures equal to the upper limit derived for the fit. The derived
masses are in the range 4 ; 102 2 ; 103 M�. The densities
derived from these masses and the radius given in Table 2,
column (3), assuming that the cores have uniform densities,
are typically �2 ; 105 cm�3.

Figure 5 presents the integrated spectra of the CS (2 ! 1)
line emission from the three observed cold 1.2 mm dust cores.
The spectra exhibit nearly Gaussian line profiles. The line
center velocity, line width, and velocity-integrated brightness

temperature, determined from Gaussian fits to the spectra, are
given in columns (6)–(8) of Table 1, respectively. The line
widths are broad, typically �4 km s�1, much larger than the
thermal widths, indicating that these cores are highly turbulent
and implying that their mean pressures are very high, typically
�3 ; 108 K cm�3. The large amount of support provided by
the turbulent pressure allows the existence of cores in hydro-
static equilibrium with much larger densities than in low-
mass cores. We note that the spectra of G305.136+0.068 show
clear wing emission, which may indicate the presence of out-
flowing gas.

The molecular line observations confirm that the 1.2 mm
objects are associated with massive and dense molecular
cores. The derived parameters from these observations are
summarized in columns (7)–(9) of Table 2. The radius of the
molecular cores, determined from maps of the CS (2 ! 1) line
emission, range from 0.3 to 0.6 pc. Assuming that the mo-
lecular cores are in virial equilibrium (MacLaren et al. 1988),
we derive from the observed size and average line width in the
CS (2 ! 1) transition virial masses in the range 1:1 ; 103 to
2:2 ; 103 M�. The densities given in Table 2, column (9), were
derived from the virial masses and the CS radius, assuming
that the cores have uniform densities. Since the density in the
cores is unlikely to be uniform, these values should be taken
as rough estimates only. In fact, preliminary modeling of the
CS emission using Monte Carlo analysis suggest that the
massive and dense cold cores have density profiles with
power-law indices of about �1. The physical parameters of
the massive cores independently derived from the dust con-
tinuum and molecular line observations are in good agree-
ment, indicating that freeze-out of molecules into grains is not
important on these large scales.

4. DISCUSSION

Our 1.2 mm survey toward massive star–forming regions
have revealed the presence of massive (M > 400 M�) dust
cores that are not seen in emission at either mid-IR or far-IR
wavelengths. These dust cores have radii of 0.2–0.3 pc,
masses in the range 4 ; 102 2 ; 103 M�, and densities of
�2 ; 105 cm�3. These physical properties are similar to those
of the massive dense cores associated with IRAS sources
reported by Faúndez et al. (2004). The temperatures of the
1.2 mm dust cores without emission at far-IR wavelengths are,
however, significantly lower than that of the cores with em-
bedded massive stars, which have temperatures of typically
32 K (Faúndez et al. 2004). It appears that a significant frac-
tion of the total mass of the massive dense cold cores is in the
form of molecular gas, as suggested by the similar values of
the mass derived from the dust continuum emission (gas mass)
and the virial mass (total mass) determined from the molec-
ular line observations, indicating that the gas dominates the
gravitational potential. Although we cannot conclude that the
massive dense cold cores are starless, the lack of mid- to far-IR
emission implies that they do not contain high-mass stars.
Upper limits to the luminosity of these cores are typically 2 ;
103 L�. We hypothesize that the massive and dense cold cores
reported here are likely to be in a stage before an internal lu-
minosity source develops and will eventually collapse to form
high-mass stars. To date there are only a few massive and
dense starless cores already identified (Wyrowski et al. 1999;
Sandell 2000).

Two of the 1.2 mm cold dust cores (G18.606�0.076 and
G34.458+0.121) are part of long narrow filamentary struc-
tures. The filament associated with G18.606�0.076 has a

Fig. 5.—Spectra of the spatially integrated CS (2 ! 1) line emission from
the three observed cold massive dense cores.
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length of �50, a FWZP of �4500, and breaks up into three,
possibly four, condensations, one of which is associated with
IRAS 18223�1243. The filament is clearly seen in the MSX
A band image as a sink in the Galactic background emission,
implying that it has an opacity at 8 �m greater than 1. Assuming
a dust temperature of 15 K, we find that the filament extending
south of IRAS 18223�1243 has a mass of 1:4 ; 103 M� and an
average density of 3 ; 104 cm�3.

The G34.458+0.121 dust core is located at the northern
end of a filamentary structure that extends by �90 in the north-
south direction. The central region of this filament is associ-
ated with the massive star–forming region IRAS 18507+0121
(also known as G34.4+0.23). Maps of ammonia emission
toward this region, made from observations with low angular
resolution (9000), show the presence of an ammonia cloud of
�20 ; 10, elongated in the north-south direction (Miralles et al.
1994). The total molecular mass, determined assuming a dis-
tance of 3.9 kpc and an [NH3/H2] abundance ratio of 10�6, is
�103 M�. Our observations at 1.2 mm show a double-peaked
structure, with peaks separated by�4500. The north component,
located at � ¼ 18h53m17:s71, � ¼ þ01

�
25025B1 (J2000.0), has

a flux density of 3.4 Jy, is unresolved by our observations, and
is coincident with the 3mm source G34.4+0.23MMdiscovered
by Shepherd et al. (2004). The south component is elongated
in the north-south direction (FWHM sizes of 8700 ; 3100,
P.A. 171�) and has a flux density of 16.9 Jy. Its peak position
(� ¼ 18h53m18:s31, � ¼ þ01�24041B4 [J2000.0]) is coincident
with the position of the UC H ii region associated with IRAS
18507+0121 (Miralles et al. 1994). The interferometric obser-
vations of Shepherd et al. (2004) fully resolve out the dust
emission from this extended component.

The masses of the G34.4+0.23 north and south cores, de-
termined from the 1.2 mm observations and assuming a dust
temperature of 28 K (Faúndez et al. 2004), are �5:5 ; 102 and
�2:7 ; 103 M�, respectively. The MSX images (see Fig. 4)
show the presence of energy sources within each of these two
cores. Near-IR observations show that the G34.4+0.23 south
core contains a cluster of young stars, whereas the G34.4+0.23
north core does not (Shepherd et al. 2004). These authors
propose that the G34.4+0.23 north core harbors a deeply em-
bedded massive protostar and suggest that the process of star
formation in this core has taken place more recently than
within the G34.4+0.23 south core. The newly discovered
massive dense cold core reported here, located �3A3 north of
G34.4+0.23, seems to be in a quiescent state, since it is not
associated with any sign of star formation, and thus appears to
be the youngest of the three cores within the filament. The
G34.458+0.121 massive core may thus represent the analog to
low-mass ‘‘class �1’’ cores.

What is the origin of massive dense cold cores? Are they
formed by a gradual condensation process or produced by
fast processes, e.g., by shocks within a turbulent medium?
Important observational facts that have to be considered in
addressing this question are the morphologies of the cores and

of their surroundings, both of which are likely to be useful
indicators of the formation mechanism. Our observations, as
well as those of Fáundez et al. (2004), suggest that filamen-
tary structures play an important role in the process of for-
mation of massive stars. The mechanisms by which filaments
form are, however, not well understood. Numerical simu-
lations (e.g., Klessen & Burkert 2000; Ostriker at al. 2001)
show that filamentary structures occur as the result of frag-
mentation of a molecular cloud through turbulent motions.
Filamentary structures can also be formed by fragmentation of
magnetized sheetlike structures (Nakajima & Hanawa 1996).
Whatever the mechanism of formation might be, once formed
the filamentary structures are expected to fragment along
their axis by gravitational instability, producing clumps and
cores (Larson 1985; Fiege & Pudritz 2000; Tilley & Pudritz
2003). According to Fiege & Pudritz (2000), the critical wave-
length for the separation of fragments is

kfrag ¼ 2:8
�c

0:5 km s�1

� � nc

104 cm�3

� ��1=2 kmax

0:2

� ��1

pc;

where nc and �c are, respectively, the number density and the
velocity dispersion at the center of the filament, and kmax is a
dimensionless wavenumber (�0.462). We find that the aver-
age separation of the condensations within the filaments as-
sociated with G18.606�0.076 and G34.458+0.121 is 1.8 pc,
in good agreement with the theoretical predictions for a fila-
ment density of 3 ; 104 cm�3.
Two of the four 1.2 mm cold dust cores reported here

(G305.136+0.068 and G333.125�0.562) appear as distinct
isolated objects. The G305.136+0.068 core appears to be sur-
rounded by an envelope of emission at 8 �m, indicating heating
of its outer regions. The emission in theMSXA band is likely to
arise from small grains and/or PAHs, both of which are excited
by the Galactic UV radiation field. One possible explanation
for the presence of isolated massive dust cores (see also Garay
et al. 2003) is that dense cores are formed by a gradual dissi-
pation of turbulent motions in larger clouds (Larson 1982).
This process will cause the gravitational contraction of the large
cloud while it still nearly remains near virial equilibrium, re-
ducing its size and increasing its internal velocity dispersion.
The gas is funneled down to the center of the core, where it is
accreted by the central object at high rates. This hypothesis
finds observational support in the fact that most UC H ii

regions—signposts of recently formed massive stars—are
found at the center of massive dense cores (Garay et al. 2004).
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