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Abstract. We started (sub-)millimeter continuum and line studies of entire molecular cloud
complexes located at intermediate distances from the Sun (1 -3 kpc). Such an unbiased approach
allows to identify and characterize the earliest phases of high-mass stars overlooked by IRAS
or MSX. Our complete MAMBO-2 surveys of the Cygnus X and NGC 7538 complexes reveal
a large population of ~0.1 pc-size massive young stellar objects (MYSOs) harboring high-mass
infrared-quiet protostars. The determination of the nature of all the new millimeter sources is
still in progress but we have already collected evidence that the infrared-quiet (or class 0-like)
protostellar phase might last as long as the better-known infrared-bright protostellar phase.
Besides, our complete census of MYSOs fails to discover the high-mass analogues of pre-stellar
dense cores. We propose that the observed lower-density pre-stellar clumps (>1 pc) rapidly
concentrate and collapse as also found in the kinematical studies of other prominent clumps.
Indeed, CS and HCO™ mappings in W43 and Cygnus X suggest global supersonic contraction
with inward velocities of several kms™! on parsec scales. Our work and similar studies of entire
star-forming complexes will thus definitively contribute to a better knowledge of the earliest
phases of high-mass star formation.

1. Background: the earliest phases of high-mass star formation

High-mass stars, though few in number, play a major role in the energy budget of
galaxies. However our current understanding of their formation remains very schematic,
especially concerning the earliest phases of the process. High-mass (OB, >8 M) stars
are known to form in dense cores within molecular cloud complexes, by accretion (Yorke
& Sonnhalter 2002; McKee & Tan 2003) and/or coalescence (e.g. Bonnell et al. 2001).
The copious UV flux emitted by a newly-formed central star heats and ionizes its parental
molecular cloud leading to the formation and development of a hot core and afterward
an H1I region.

In the past few years, the progenitors of ultracompact H 11 (UCH 11) regions have been
searched among bright and red TRAS sources. The criteria generally used aim at se-
lecting high-luminosity sources embedded in a massive envelope and associated with hot
gas but no UCHI region (see Kurtz et al. 2000). In this way studies by e.g., Moli-
nari et al. (2000) and Beuther et al. (2002) have identified massive young stellar objects
(MYSOs) harboring high-mass infrared-bright protostars. Such surveys are however bi-
ased against younger and, thus, probably colder MYSOs which are inconspicuous in the
mid-infrared bands of TRAS and M SX. These high-mass analogues of low—mass class 0
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protostars and pre-stellar cores (cf. André et al. 2000) are best detected via far-infrared
to (sub)millimeter dust continuum and high-density molecular line tracers.

Serendipitous discoveries of these infrared-quiet MYSOs have been made in infrared
images (ISO/MSX, revealing a population of so-called IR dark clouds, e.g. Carey et al.
2000; Thompson et al. 2005) and submillimeter continuum maps around well-known
TRAS sources (e.g. Molinari et al. 1998; Fatindez et al. 2004; Reid & Wilson 2005). To
make significant progress, one needs to search in a more systematic way for the earliest
phases of high-mass star formation. We therefore started (sub-)millimeter continuum
and molecular line studies of entire molecular cloud complexes in which high-mass stars
are forming (measuring several square degree size images; see e.g. Fig. 1). While having
its own merits, this work is also meant to help prepare scheduling and analyzing a key
project proposed for the guaranteed time of the SPIRE and PACS instruments aboard
the Herschel satellite (Motte, Zavagno, Bontemps et al.).

2. Unbiased census of MYSOs in high-mass star-forming complexes

To achieve the spatial resolution of dense cores (~0.1 pc) with current bolometer arrays,
it is necessary to select molecular cloud complexes located at distances less than 3 kpc.
We started surveying Cygnus X, NGC 6334, and NGC 7538 but we hereafter focus on the
former high-mass star-forming region which we have studied most extensively. Cygnus X
is one of the richest molecular and Hil complexes which is relatively close to the Sun,
at 1.7 kpc according to our *3CO study (cf. Schneider et al. 2005). The molecular cloud
complex is massive (4 x 105 Mg over 100 pc diameter), contains one of the largest
OB association of our Galaxy (Cyg OB2, cf. Knédlseder 2000) and several well-known
MYSOs (e.g. GL2591, S106-IR, DR21, W75N).

2.1. Wide-field submillimeter continuum imaging

We used the infrared extinction map we created from 2MASS data (cf. Bontemps et al.
in prep.) to select the highest-column density (A, > 15 mag) clouds of Cygnus X. The
resulting ~3°" area was imaged in 1999-2003 with the MPIfR, bolometer arrays (MAMBO
and MAMBO-2) installed at the IRAM 30 m telescope. Our 1.2 mm continuum imaging of
the Cygnus X molecular cloud complex (Motte et al. 2005, see e.g. Fig. 1) gives a complete
view of the cloud structures ranging from 0.09 to 5 pc, i.e. from dense cores to clumps
(cf. the terminology used for nearby molecular clouds). We performed a multi-resolution
analysis to identify a few tens of massive large-scale (>1 pc) clumps and extract 131
compact (~0.1 pc) dense cores. The masses of the latter sources range from 4 to 950 Mg
assuming a dust temperature of 20 K and a dust mass opacity of 0.01 cm?g~!. Their
mean densities vary from ~10° to ~107 cm ™3, which is 1 to 100 times larger than those
of low-mass dense cores averaged over ~0.1 pc (e.g. Ward-Thompson et al. 1999). They
thus represent good candidate sites for forming intermediate- to high-mass stars and will
hereafter be called MYSOs.

2.2. Ewvolutionary state of the Cygnus X MYSOs

We have used existing surveys and started various follow-up studies to determine the
exact nature of each of these new MYSOs: pre-stellar dense core, infrared-quiet protostar,
infrared-bright protostar, or UCH II region. Preliminary results are given below:

e Most (90%) of the millimeter sources are new and do not exhibit centimeter-wave-
length radio emission, which generally is the signature of an already developed H 11 region.
A large fraction of the Cygnus X MYSOs are excellent candidates for being at younger
evolutionary stages.
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Figure 1. 1.2 mm imaging of the main part of the Cygnus X molecular cloud complex (Motte,
Bontemps, Schilke, et al. 2005). Seventy-two MYSOs candidates (compact dense cores with
~0.1 pc diameters) and ~20 more diffuse clumps (>1 pc) were discovered in this 1.5°" mosaic.
The best candidates for young high-mass protostars we currently identified (i.e. IR-quiet MYSOs
that exhibit powerful outflows and in some cases infall signatures) are labelled.
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e Careful inspection of the M SX images shows that one third of the millimeter sources
are associated with mid-IR emission and another one third are seen in absorption against
the infrared background. The first category of MYSOs may thus be infrared-bright proto-
stars while the others may either be infrared-quiet (class 0-like) protostars or pre-stellar
dense cores. Note that the infrared-quiet MYSOs are associated with neither more mas-
sive nor less massive dense cores than infrared-bright MYSOs. We thus confirm that
there probably is an evolutionary trend from infrared-quiet to infrared-bright sources.

e The molecular line survey we recently conducted at the IRAM 30 m telescope for the
most massive (>40 M) millimeter sources of Cygnus X shows that they all drive pow-
erful outflows. Some of them also exhibit hot core, maser, and infall signatures. If these
preliminary findings are confirmed for our complete sample of MYSOs, the vast majority
(80%) of the dense cores discovered with MAMBO-2 may be high-mass protostars while
very few seem to be be pre-stellar dense cores.

e We embarked on various other follow-up observations with the IRAM 30 m, Effels-
berg, CSO, and FCRAO radiotelescopes as well as with the IRAM and VLA interferom-
eters. A particular emphasis is given to studies looking for signatures of outflow, infall,
hot cores, and masers (see e.g. Sect. 3).

3. Large-scale dynamical inflow toward infrared-quiet MYSOs

In an effort to constrain the kinematics of the earliest phases of high-mass star for-
mation, we have selected the most promising infrared-quiet MYSOs identified by our
(sub)millimeter surveys (see e.g. Fig. 1). We started with sources in the Cygnus X and
W43 molecular cloud complexes, W43 being a more extreme case of a high-mass star-
forming region and located further than Cygnus X (5.5 kpc, see Motte et al. 2003). We
used the IRAM 30 m and CSO 10 m telescopes to make maps in the (2-1), (3-2), and
(5-4) transitions of CS and C31S; and in the (3-2) transition of HCOT and H'3CO™.
Strikingly, most of the CS and/or HCO™ lines, which look optically thick, show a deep
broad self-absorption which is redshifted relative to the systemic velocity marked by op-
tically thin lines (see e.g. Fig. 2). Such line profiles (stronger blueshifted emission and/or
redshifted self-absorption) are classical signatures of the gravitational collapse observed
toward low-mass class 0 protostars (e.g. Gregersen et al. 1997).

However, our maps suggest that these inward motions are not associated with local
infall toward individual high-mass protostars but resemble a more global contraction
acting on parsec scales (cf. Fig. 3). Using a radiative transfer code (cf. Belloche et al.
2002) and a source model constrained by our mm continuum and molecular lines maps,
we are inferring constant inward velocities of 1-2 kms~! for ten MYSOs in Cygnus X
and W43. These dynamical inflows are one order of magnitude faster and one order of
magnitude larger-scale than the quasi-static global contraction often observed for low-
mass pre-stellar cores (e.g. Lee et al. 2001).

Interestingly enough, these supersonic inward motions are only observed in the dens-
est parts of the complexes: the DR21 filament and the most prominent infrared-quiet
MYSOs of W43 and Cygnus X. These may be privileged sites and the only MYSOs
of these complexes that are undergoing a global supersonic contraction. But since the
HCO™ and CS lines are generally not self-absorbed toward the other MYSOs, it is also
possible that these tracers are not optically thick enough to show inflow signatures. Other
authors mentioned similar overall collapses for parsec sections of the W51 and NGC 2264
molecular cloud complexes (Rudolph et al. 1990; Williams & Garland 2002; Peretto et al.
submitted, see also Wu et al. this volume).
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Figure 2. CS and C**S (2-1) spectra toward W43-MM1 suggesting a ~2 km/s inflow.
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Figure 3. Grid of CS(3-2) spectra (thick histograms) observed around the infrared-quiet MYSO
W43-MM2 and plotted against its MAMBO map (gray scale and thin contours). Data for both
tracers were obtained with the IRAM 30 m telescope with 17" and 11" resolution, respectively.
Since independent spectra separated by up to ~40” show similar redshifted self-absorption, this
mapping suggests global contraction on at least 1 pc scales.
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4. Summary and preliminary conclusions

We have begun long-term studies of entire molecular cloud complexes, for which a
summary and preliminary conclusions are given below:

e Our (sub-)millimeter continuum and line surveys provide unbiased and comprehen-
sive samples of ~0.1 pc MYSOs at evolutionary stages from infrared-quiet sources to
UCH 11s. In particular, the complete sample of Cygnus X MYSOs confirms the existence
of a large population of massive (class 0-like) protostars overlooked by TRAS and M SX.

e Given the relative number of infrared-quiet to infrared-bright protostars found in
Cygnus X, the infrared-quiet protostellar phase (high-mass analogue of the low-mass
class 0 phase) may last as long as that of infrared-bright MYSOs.

e Our kinematics surveys show that the most prominent parts of the W43 and Cygnus X
cloud complexes are undergoing global supersonic contraction: 1-2 km s~ inflow veloci-
ties over >1 pc. If these inward motions continue at smaller scales high-mass protostars
could accrete at a rate as high as 1073 Mg yr—1.

e The fact that we did not find any clear case of a pre-stellar core in Cygnus X
suggests that these are short-lived cloud structures. They may simply not exist if high-
mass protostars are all formed via coalescence of intermediate-mass protostars. However,
our kinematical study favors a scenario where more diffuse pre-stellar clumps (like the
starless cloud structures identified in Fig. 1 with ~1 pc and 10* ecm™3) are compressed
and thus rapidly collapse to high-mass protostars.
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