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Millimeter dust emission from an SMC cold molecular cloud
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Abstract. We presented SIMBA 1.2 mm continuum observations of SMCB1-1 an SMC molecular cloud known to be distant
from massive ionizing stars. The gas mass derived from the SIMBA flux is a factor of ∼10 higher than the virial mass previously
reported from CO observations. We propose an interpretation where the virial mass underestimates the total mass because the
CO emission comes from dense clumps which do not trace the full cloud area and velocity distribution. This work sets an
important question for the understanding of star formation in low metallicity gas. Do CO observations grossly underestimate
the amount of dense self gravitating clouds where stars can form?
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1. Introduction

In low metallicity environments, due to the reduced shield-
ing, CO emission is expected to only trace the densest parts
of molecular clouds but not their diffuse envelopes which
make most of the mass of Galactic Giant Molecular Clouds
(Lequeux et al. 1994). In the nearest low metallicity galaxy,
the Small Magellanic Cloud (SMC), this expectation is em-
pirically supported by the reduced ratio between CO luminos-
ity and virial mass compared to the Milky Way value (Rubio
et al. 1993). A large fraction of the mass of low metallicity star
forming clouds, might thus consist of molecular gas with no
CO emission and atomic gas too cold to be seen in emission.
Observations of dust emission in such galaxies can be a unique
mean in tracing this so-far hidden matter.

We have observed several molecular clouds in the
Magellanic Cloud with the 1.2 mm SIMBA bolometer at SEST.
In this Letter we report the detection of continuum 1.2 mm
emission towards a cold quiescent molecular cloud in the SMC,
known to be distant from massive star forming regions. In this
cloud no free-free emission is expected and the 1.2 mm emis-
sion can be assigned entirely to dust.

2. SIMBA observations

The λ1.2 mm observations were made with SIMBA, a 37 ele-
ment bolometer array attached to the SEST telescope, La Silla,
Chile. The HPBW of a single element is about 24′′, the separa-
tion between elements on the sky are 44′′.

Three observing periods were allocated for this study,
68-019, 69.C-0576, and 70.C-371. SMCB1-1 in the SMC was
observed at three occasions, 29th to 30th of October 2001

the 30th of July 2002, and November 2002. The observations
where done with the on-the-fly mapping mode where the in-
strument scans rapidly over the source (80 arcsec/s). Each map
covered a 900 by 792 arcsec area in Azimuth and Elevation and
the final map is a rms weighted average of 51 individual maps.
These maps were reduced for each observing period and latter
combined. The rms in the final image but excluding the source
is 2 mJy/beam.

The data reduction was done within the MOPSI pack-
age. We have followed the general procedure described in the
SIMBA Handbook (http://puppis.ls.eso.org/staff/
SIMBA/manual/SIMBA/index.html). The first step was to
produce the rms weighted maps without any assumption of the
source structure, the second step used a polygon including
the source (seen in the first step) so that the baseline fitting and
the sky noise reduction excluded the source structure, and the
final step was done by using the source structure obtained from
the first two steps as input on the source model. The final step
was repeated until no significant chnages was found between
consecutive iterations.

The flux calibration was done by observing Uranus each of
the observing nights to obtain the absolute flux calibration, and
we calibrated each of the maps individually. We estimate that
the final calibrated image has an accurancy of ∼15% for the
absolute flux.

3. Results

Continuum 1.2 mm emission observed with SIMBA was found
towards SMCB1-1 cold molecular cloud. Figure 1, left panel,
shows the 1.2 mm SIMBA image of SMCB1-1. In the right
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Fig. 1. Left: SIMBA image of SMCB1-1. Contour levels from 15 to 45 mJy/beam in steps of 5 mJy/beam. Right: CO(2−1) contours overlayed
on SIMBA grey scale image (c.l.: 2.2, 3.2, 4.5, 5.4 K km s−1).

panel, we have superimposed the CO(2−1) emission line con-
tours observed toward this source (Rubio et al. 1996). Clearly,
the CO emission is different from the SIMBA emission. The
1.2 mm SIMBA flux of the CO cloud measured inside
the 25 mJy contour level is 50 ± 5 mJy while the flux inte-
rior to the first contour shown is 249 ± 5 mJy. We determined
the sky noise by taking reference areas of comparable size to
estimate the mean and standard deviation outside the source.
We subtracted the mean value to the integrated SIMBA flux
measurements.

The continuum mm emission can arise from different
mechanisms: thermal free-free from ionized gas, 1.3 mm
CO(2−1) line emission, and cold dust emission. The Parkes
survey at 4.8 and 8.5 GHz (Filipovic et al. 1997) allow to put
an upper limit to the free-free contribution. The radio free-free
flux from H II regions scales with ν−0.1. With this frequency de-
pendence, the 50 mJy SIMBA flux translates into fluxes of 74
and 70 mJy at 4.8 and 8.5 GHz respectively, detectable val-
ues for the sensitivity limits of 5 and 10 mJy (rms noise) of
the Parkes survey. No radio source is detected at the SIMBA
position and thus the free-free emission could account for at
most 20% (3σ upper lilmit) of the SIMBA flux. Additionally,
no Hα (Davies et al. 1976) nor Brγ (Rubio, private commu-
nication) observations show emission at the position of the
SIMBA source. We checked with existing SEST observations
(Rubio et al. 1996) that the contribution due to the 1.2 mm
CO(2−1) emission line is negligible.

SMCB1-1 has been observed with ISO. Reach et al. (2000)
analyzed mid-IR spectroscopic observations showing the PAH
mid-IR features and ISOCAM broad-band filter observations
at 7 µm and 15 µm. The ISO observations show diffuse emis-
sion at 15 µm with a similar extent as that of the 1.2 mm
emission and a point like source on the side of the CO emis-
sion which does not appear in the SIMBA map. Comparing the
IR brightness with that of Solar Neighborhood clouds Reach
et al. (2000) conclude that SMCB1-1 could be similar to the
Ophiucus molecular cloud. The mid-IR emission could come
from warm gas at the surface layers of a colder molecular

cloud. But the column density at which the UV penetration
would warm the gas corresponds to N(H) ∼ 1022 (τ = 1 in the
SMC), and is an order of magnitud larger than that needed to
account for the 1.2 mm flux which comes from galactic dust in
shielded regions. The CO emission was modelled by Lequeux
et al. (1994) and they found from the CO excitation a gas tem-
peratures of ∼10−15 K. This cold molecular cloud is therefore
the one detected at SIMBA wavelenghts.

Thus, SMCB1-1 shows up as a cold molecular cloud and
we believe that the SIMBA observations measure emission
from cold dust.

4. Dust emission

The IR brightness of a cloud is

Iν = κνσdustBν = κνxdµmHN(H)Bν(Td) (1)

where κν is the absorption coefficient per unit dust mass, σdust

the cloud dust mass per unit surface, xd the dust to gas mass
ratio, µm is the gas weight per H, N(H) the hydrogen column
density, and Td the dust temperature.

From Eq. (1) one gets the following relation between the
cloud integrated flux Sν and the cloud gas and dust masses:

Mgas =
S νD2µmH

εdBν(Td)
(2)

where εd is the dust emissivity per H, and D the distance to the
cloud.

The dust emissivity per H atom in the atomic ISM in the
Solar neighborhood, determined from COBE and H I observa-
tions (Boulanger et al. 1996) is 5.0±0.9×10−27 cm2 at 1.2 mm
as scaled from the measured value at 1.1 mm. This is close
to the value of 3.9 × 10−27 cm2 in the Draine & Lee (1984)
graphite + silicates dust model. In the Solar Neighborhood the
dust to hydrogen mass ratio (xd × µ) is 1% based on estimated
abundances of elements in dust (Sofia & Meyer 2001). For
this dust to hydrogen mass ratio, the empirical determination
of εd(1.2 mm) translates into κν(1.2 mm) = 0.30 cm2 g−1.
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Table 1. Cloud masses.

Region S 1.2 mm Mgas Mvir M(H2)

mJy M� M� M�
SMCB1-1 50.0 ± 5 2.7 × 105 1.2 × 104 2.7 × 104

To calculate the gas mass we also need to estimate the
dust to gas mass ratio. The SMC metallicity derived from
HII region observations is ∼0.1 solar (Dufour 1984). Assuming
that a fixed fraction of the heavy elements is in dust we use
xd(SMC) = 0.1 × xd(�) = 7 × 10−4. The relation between the
dust to gas mass ratio and the metallicty has been discussed on
large scale in galaxies. Studies of spirals (James et al. 2002) and
the modeling of dust formation history across the Milky Way
(Dwek 1998) support a linear relation but other studies suggest
that the dust abundance is more reduced than the metallicity in
some blue compact and dwarf irregular galaxies (Lisenfeld &
Ferrara 1998; Galliano et al. 2003; Bot et al. 2003). This last
result might apply to the diffuse medium but not necessarily to
molecular clouds where one expects all heavy elements to be
accreted on dust independently of the galaxy type.

To apply formula (2) and (3), we also have to assume a
dust temperature. Based on a comparison of 100 µm IRAS
and 170 µm ISOPHOT maps of the SMC, Bot et al. (2003)
found a dust temperature Td = 22 K outside massive star
forming regions. Within molecular clouds dust extinction at-
tenuates the stellar radiation and the dust is expected to be
colder. Temperatures of 12 K have been reported for molec-
ular clouds in the Solar Neigborhood and proto-stellar con-
densations (Bernard et al. 1999; Stepnik et al. 2003; Bianchi
et al. 2003). The temperature in SMC molecular cloud might be
higher because there is less dust to attenuate it. We thus assume
a slightly higher dust temperature of 15 K. For an SMC dis-
tance, D, of 63 kpc Eq. (2) becomes:

Mgas = 5.4 × 103 S ν(1.2 mm)
mJy

εd

4.3 × 10−27 cm2

× 0.1xd(�)
xd(SMC)

Bν(15 K)
Bν(Td)

M� (3)

and for the gas column density:

N(H) = 1.0 × 1022 Iν(1.2 mm)
1.06 mJy/beam

εd

4.3 × 10−27 cm2

× 0.1xd(�)
xd(SMC)

Bν(15 K)
Bν(Td)

H cm−2. (4)

5. Gas mass

Derivation of the gas mass from CO emission in low metal-
licity systems is dependent on the determination of the appro-
priate X = M(H2)co/LCO conversion factor. The assumption
of virial equilibirum between gravitational and turbulent en-
ergy have so far been the only mean to determine the X factor
in the SMC. Under this assumption, based on early CO(1−0)
observations with the CTIO/Columbia mm telescope and the
SEST, Rubio et al. (1993) found XSMC to be size dependent

and equal to 3.9 × (R/10 pc)−0.7XGal where R is the cloud ra-
dius, defined as

√
(A/π). The SMC NANTEN survey (Mizuno

et al. 2001), with a linear resolution of 40 pc, found con-
sistently an average conversion factor XSMC ∼ 9XGal. The
CO(1−0) luminosity of SMCB1-1 is 1.2×103 K km s−1 (Rubio
et al. 1996) which multiplied by the appropriate X factor gives
M(H2)co = 2.7 × 104 M� in Table 1. The cloud radius de-
termined from the higher angular resolution 2−1 observations
which better resolve it is 12 pc. We also list in the table the
virial mass computed from the CO(2−1) velocity dispersion
and the cloud radius.

The unexpected result from the SIMBA observations is that
they lead to a gas mass a factor of 10 to 20 times larger than the
mass derived from CO observations. Before discussing a possi-
ble interpretation of this difference, we review uncertainties on
the different factors involved in the mass calculation.

The dust emissitivity could be higher – in molecular clouds,
grains are thought to grow through coagulation into frac-
tal aggregates with a higher far-IR/mm emissivity per mass
(Ossenkopf & Henning 1994). Several observations do suggest
an enhancement by a factor ∼3 in Solar Neighborhood molec-
ular clouds with respect to the diffuse ISM value (Stepnik et al.
2001; Cambresy et al. 2001; del Burgo et al. 2003). There is
some evidence that this result also applies on large scale in
the Galaxy (Boulanger et al. 2002) and NGC 891 (Alton et al.
2000). This enhancement is disputed for NGC 891 by other
observations and analysis (Guelin et al. 1993) and results on
nearby spiral galaxies (James et al. 2003).

The main uncertainty on the gas mass appear to come
from the dust emissivity. Assuming for SMCB1-1, a molecu-
lar clouds Solar Neighborhood dust emissivity rather than the
diffuse ISM value, the difference between gas and virial mass
is reduced from 20 to 7 but remains high. We do not see any ad-
ditional reason to decrease further the gas mass estimated from
the dust emission.

The remaining factors entering the mass calculation are less
uncertain. We assumed a dust to gas ratio ten times smaller
than in the Solar Neighborhood for the SMC based on metal-
licity measurements and the assumption that the same fraction
of the heavy elements are in dust. To reduce the gas mass one
will need a larger dust to gas ratio. In the SMC, metallicity
could be higher than 1/10 as derived from HII regions. Hill
1997 and Hill et al. (1997) find an iron defficiency in a sam-
ple of supergiants stars ranging from −0.59 to −0.89 dex and a
mean [C/Fe] = −0.3, [O/Fe] = −0.18. The metals as indicated
by iron seem to be slightly more abundant than 1/10 Solar but
not very much. An alternative possibility is that a higher frac-
tion of Carbon and Oxygen could be on dust in the SMC than
in the Solar Neighborhood. We do not see any physical reason
to believe this, and if was the case it would only marginally in-
crease the dust to gas mass ratio. Would all Carbon and Oxygen
be on dust, the dust to mass ratio would be increased by a factor
of less than 2.

Dust temperature – The dust could be warmer than the as-
sumed temperature of 15 K. The dust temperature is observed
to be 22 K in the diffuse ISM (Bot et al. 2003). The depen-
dence of the mm emission for temperatures higher than 15 K
is only slighlty larger than linear with dust temperature. Within
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the plausible range 15 to 22 K, a higher dust temperature will
thus barely reduce the gas mass. We exclude a significant con-
tribution to the SIMBA flux from a layer of warmer dust heated
by non-ionizing B stars associated with the cloud. The column
density of such a heated cloud layer would correspond to the
UV penetration depth and thus τUV ∼ 1 which translates into
N(H) ∼ 1022 H cm−2 for the SMC dust abundance. Using for-
mula (4) we computed that for a dust temperature of 50 K such
a layer would account only for 10% of the peak 1.2 mm bright-
ness of 45 mJy/beam. Higher dust temperatures on the scales
resolved by these observations (the 24′′ beam corresponds to
7 pc) are precluded by the absence of very luminous stars. Dust
is expected to be warmer than 50 K only within ∼0.1 pc of a
few 103 L� star.

In the SMC due to the low metallicity and dust content,
the CO emission is thought to arise only from dense high
column density clumps (Lequeux et al. 1994). For a density
of 104 H cm−3 CO becomes dominant for column densities
>2×1022 H cm−2. Thus, CO does may not trace all of the cloud
volume and gas velocity distribution and thereby the virial mass
deduced from the CO line width and emitting area is only a
lower limit for the mass of SMC molecular clouds.

Thus, our interpretation of the mass difference is that the
SIMBA observations are detecting emission from an extended
envelope of HI/H2 gas with a density lower than that of the
CO emitting gas.

6. Conclusion

We presented SIMBA 1.2 mm continuum observations of
SMCB1-1 an SMC molecular cloud known to be away from
massive ionizing stars. The conclusions from this Letter are:

– The 1.2 mm flux is measuring emission from cold dust.
– Within the uncertainities in the dust emissitivity, the gas

mass derived from the SIMBA flux is a factor of 7 to
20 times higher than the mass reported from CO observa-
tions.

– We propose an interpretation of this difference where the
gas mass derived assuming virialization underestimates the
total mass because the CO emission comes from dense
clumps which do not trace the full cloud area and veloc-
ity distribution.

This work sets an important question for the understanding
of star formation in low metallicity gas. Do CO observations

grossly underestimate the amount of dense self gravitating
clouds where stars can form? Observations of a larger num-
ber of clouds is required to answer this question on a statistical
basis.
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