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ABSTRACT

Massive dense cores (MDCs) are the high-mass equivalent of the so-called dense cores in nearby star-forming regions. With typical
sizes of 0.1 pc, they could form either a few high-mass stars, or a cluster of low-mass stars. We present high-angular resolution
continuum observations obtained with the IRAM Plateau de Bure interferometer at 1.3 and 3.5 mm towards the six most massive and
youngest (IR-quiet) dense cores in the Cygnus X complex. Located at only 1.7 kpc, the Cygnus X region offers the opportunity of
reaching small enough scales (of the order of 1700 AU at 1.3 mm) to separate individual collapsing objects, and thus to observe and
constrain the result of the fragmentation process. The cores are sub-fragmented with a total of 23 fragments inside 5 cores. Only the
most compact MDC, CygX-N63, may host a single proto-stellar object with an envelope as massive as ∼60 M�. The fragments in
the other cores have sizes and separations similar to low-mass pre-stellar condensations and Class 0 young stellar objects in nearby
protoclusters, and are most probably self-gravitating objects (M > Mvir). In addition to CygX-N63, a total of 8 objects are found to
be probable precursors of OB stars with their envelope masses ranging from 8.4 to 30 M� inside a FWHM of 4000 AU. The level of
fragmentation is globally higher than in the turbulence regulated, monolithic collapse scenario, but it is also not as high as expected
in a pure gravo-turbulent scenario where the distribution of mass is dominated by low-mass protostars/stars. Here, the fractions of the
total MDC masses in the high-mass proto-stellar fragments are found to be as high as 37, 58, and 100% in CygX-N12, CygX-N53,
and CygX-N63, respectively. These high fractions of mass in the proto-stellar fragments are also indicative of a high efficiency of
core formation in the MDCs. The increase in the core formation efficiency as a function of average density in the MDCs is proposed
to be caused by the increasing importance of self-gravity leading to gravitational collapse on the scale of the MDCs. At the same
time, the observed MDCs tend to fragment into a few proto-stellar objects within their central regions. We are therefore probably
witnessing the primordial mass segregation of clusters. The physical origin of the fragmentation into a few high-mass objects is not
yet clear, and will be investigated in the future by studying the kinematics of the MDCs.
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1. Introduction

The detailed physical processes at the origin of high-mass stars
(here defined as ionizing OB stars; i.e., earlier than B3 or M� >
8 M�) are still to be fully recognized and understood. Whether
they form through a scaled-up version of the low-mass star for-
mation process or by means of a specific process is still an open
issue. The formation process might be different for two main
reasons. First, the radiation pressure of the ionizing protostar
may stop accretion when it reaches a mass of ∼10 M�. With
a moderate accretion rate (∼10−5 M�/yr), the star could reach
at most ∼40 M� (see Yorke & Sonnhalter 2002, and references
therein). Second, OB stars are found to form in clusters and may
be formed by collective effects. Competitive accretion is one of
the scenarios that require cluster forming conditions because the
accretion efficiencies and rates depend on the gravitational po-
tential of the protocluster (Bonnell & Bate 2006). The radiation
pressure may not be a problem if the accretion rates are in prac-
tice much higher than usually measured in low-mass protostars
(typically between 10−6 and 10−5 M�/yr). High infall rates could
be expected in the classical theory of star formation applied to
low-mass stars if the initial conditions for collapse depart signif-
icantly from a singular r−2 sphere or if the collapsing conditions

are reached in a dynamical way (see Larson 1969; Whitworth
& Summers 1985; Foster & Chevalier 1993; Henriksen et al.
1997; Chabrier 2003). Alternatively, McKee & Tan (2002) pro-
pose that even in a slow, quasi-static evolution of star-forming
clumps, high accretion rates could be due to the high level of
turbulent support. A continuous injection of turbulence in the
high density regions is then required. Turbulence is also usu-
ally believed to be at the origin of the hierarchical structure
of molecular clouds (e.g., Larson 1981; Falgarone et al. 2004)
and may therefore regulate the fragmentation of clouds from
large scales down to collapsing cores (see Vazquez-Semadeni
1994; Padoan & Nordlund 2002; Chabrier 2003). The turbulent
fragmentation can adequately reproduce the observed core mass
functions, which mimic the initial mass function (IMF) of stars
(Klessen 2001; Hennebelle & Chabrier 2008). In this descrip-
tion, the most massive stars would originate from the rare high-
mass fragments that could decouple from their turbulent envi-
ronment. In a purely gravitational view, the typical stellar masses
are dictated by the Jeans masses that are usually of the order of
a fraction of a solar mass. This can explain the average stellar
masses, but has problems in explaining the formation of stars of
the highest masses. The latter are often two orders of magnitude
higher than the Jeans masses. Some additional effects are needed

Article published by EDP Sciences Page 1 of 13

http://dx.doi.org/10.1051/0004-6361/200913286
http://www.aanda.org
http://www.edpsciences.org


A&A 524, A18 (2010)

to fully understand how fragmentation proceeds to produce mas-
sive cores, or to enable specific conditions to grow massive stars
from low-mass collapsing fragments.

The final fragmentation leading to individual collapsing pro-
tostars inside the dense massive clumps is therefore one of the
central unknowns in our understanding of the origin of mas-
sive stars. In the slow evolution of turbulent clouds promoted
by McKee & Tan (2002), the level of fragmentation is lower and
should lead to stable (relatively long-living) massive cores that
would collapse into a single star or a multiple bound system. In
the dynamical view, the clumps are expected to fragment into a
large number of low-mass fragments (e.g. Bonnell et al. 2007),
which may grow in mass in the center of the forming cluster
when the gravitational well is dominated by the protostellar and
stellar components. The fragmentation inside the most massive
dense cores on the scale of a few 0.1 pc, i.e. the most likely can-
didates to be protoclusters in their earliest phases, can help us to
discriminate between the theoretical schemes in competition.

Since massive stars are rare, and the lifetime of their earliest
phases is short, the protostellar precursors of massive stars re-
main elusive objects. Large-scale systematic surveys are manda-
tory to find them. The early works obtained in the vicinity of
luminous IRAS or maser sources in the whole Galactic plane
(Molinari et al. 1996; Plume et al. 1997; Beuther et al. 2002;
Mueller et al. 2002; Faúndez et al. 2004), and inside the dark
filaments seen in the infrared surveys of the Galactic plane, the
so-called IRDCs (e.g. Hennebelle et al. 2001; Simon et al. 2006;
Peretto & Fuller 2009) found a number of candidates to host
these precursors (e.g. Rathborne et al. 2006; Pillai et al. 2006).
These objects are however spread over the whole Galaxy, at dis-
tances usually larger than 3 kpc, and their detection is not based
on complete imaging of star-forming complexes, which preclude
us obtaining a representative view of these poorly studied cold
phases. In Cygnus X, Motte et al. (2007) did perform a complete
survey of a molecular complex rich enough to provide a sample
of massive dense cores (hereafter MDCs). Cygnus X is a nearby
massive complex at a distance of only 1.7 kpc (Schneider et al.
2006, 2007). A total of 40 MDCs have been discovered. These
cores are dense, and massive on a scale of ∼0.1 pc and can thus
be expected to be representative of the earliest phases of the for-
mation of high-mass stars. Even the MDCs, which are not seen
as dark silhouettes on the IR background (IRDCs), are recog-
nized. Following the nomenclature of Williams et al. (2000), we
note that, in terms of sizes, the ∼0.1 pc MDCs of Cygnus X
should be considered as dense cores but may not collapse into
a single star. We here adopt the classical term of dense cores
for the ∼0.1 pc entities even if they might be sub-fragmented
and may form a small cluster of stars. The terms fragments or
condensations is then used for smaller structures on the scale of
a few 0.01 pc inside these dense cores, which may correspond
to individual pre-stellar or proto-stellar condensations such as
those found in the nearby and low-mass clusters in formation
(e.g. Motte et al. 1998).

We present the first results of a systematic study at high spa-
tial resolution of the MDCs of Cygnus X. The 1 and 3 mm
continuum maps of 6 IR-quiet MDCs obtained with the Plateau
de Bure interferometer are discussed. The accompanying line
emission obtained at the same time will be included in forth-
coming papers dedicated to outflows for the CO and SiO lines,
and to the dense molecular gas inside the MDCs for the H13CO+

and H13CN lines (Csengeri et al. 2010). The source selection and
the observations are explained in Sect. 2. The continuum maps
as well as pointed observations in N2H+ towards each MDCs
obtained with the IRAM 30 m telescope are shown in Sect. 3.

In Sect. 4, we discuss the inferred fragmentation properties of
these MDCs in the framework of understanding the origin of
high-mass stars.

2. Source selection and observations

2.1. IR-quiet MDCs in Cygnus X

From the complete imaging survey of the high column density
regions of Cygnus X in the 1.3 mm continuum with MAMBO
on the IRAM 30 m telescope, Motte et al. (2007) recognized
129 dense cores with masses ranging from 4 to 950 M�. Among
these, a total of 40 were found to be more massive than 40 M�
and identified as probable precursors of high-mass stars in
Cygnus X. With an average size of 0.13 pc and an average
density of 1.9 × 105 cm−3, these MDCs have sizes similar
to those of low-mass dense cores in nearby molecular clouds
(Ward-Thompson et al. 1994; Bacmann et al. 2000; Evans et al.
2001; Ward-Thompson et al. 2007). However they are on aver-
age almost 10 times denser and 20 times more massive than their
low-mass counterparts (see Table 4 in Motte et al. 2007). Despite
their high densities and masses, which should lead to intense star
formation activity, as many as 17 out of 40 cores do not emit or
emit only weakly in the mid-infrared (IR-quiet). This lack of
strong infrared emission may indicate that these regions are not
yet forming massive stars. On the other hand, strong SiO emis-
sion is systematically detected towards them. The intensities and
profiles of these SiO lines are indicative of powerful outflows
most probably driven by high-mass protostars. These properties
are very similar to the properties of low-mass Class 0 young stel-
lar objects (hereafter YSOs), which are dense, cold objects driv-
ing powerful outflows (e.g. André et al. 1993). A critical com-
parison suggests that the IR-quiet MDCs are either a scaled-up
version (in size and density) of low to intermediate mass Class 0
YSOs or correspond to clusters with a significant number of low-
mass Class 0 YSOs.

2.2. A representative sample of 6 IR-quiet MDCs

We selected the 6 most massive IR-quiet MDCs of Cygnus X.
The names and coordinates from Motte et al. (2007) are listed
in Table 1. An overview of the locations of these MDCs is
given in Fig. 1. Three of the cores (CygX-N40, CygX-N48,
and CygX-N53) are located in the DR21 filament, which is
the most massive and dense part of Cygnus X, and a well-
known region of massive star formation (Schneider et al. 2010).
CygX-N40 and CygX-N48 correspond to the submillimeter
sources DR21(OH)-N2 and DR21(OH)-S, respectively, while
CygX-N53 is situated close to FIR3 (Chandler et al. 1993). The
other 3 selected MDCs were discovered by the MAMBO survey
and are situated in more isolated, but still prominent molecu-
lar clumps bright in CS emission (Fig. 1). In the western part,
CygX-N3 is located close to DR17, which is an HII region ex-
cited by two OB clusters (clusters # 12 and 14 in Le Duigou &
Knödlseder 2002). These clusters shape the cloud and CygX-N3
corresponds to the tip of a pillar-like cloud. CygX-N12 is also
situated in a cometary shape cloud probably influenced by the
same OB clusters but the cloud seems to be less compressed
from outside than CygX-N3. Finally, CygX-N63 appears to be
located in the south of DR21 in the DR22−DR23 filament (see
Schneider et al. 2006). It can be considered as the most isolated
MDC of the sample.
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Table 1. Observing parameters and obtained beam sizes and rms.

Phase center Synthesized beam Obtained rms
Source (J2000) [arcsec × arcsec] [mJy/beam]
name RA Dec 1.3 mm 3.5 mm 1.3 mm 3.5 mm

CygX-N3 20 35 34.1 42 20 05.0 1.09 × 0.92 2.66 × 2.20 1.2 0.21
CygX-N12 20 36 57.4 42 11 27.5 1.14 × 0.83 3.02 × 2.28 1.9 0.22
CygX-N40 20 38 59.8 42 23 42.0 1.08 × 0.92 2.62 × 2.17 1.0 0.17
CygX-N48 20 39 01.5 42 22 04.0 1.12 × 0.91 2.81 × 2.33 2.2 0.34
CygX-N53 20 39 03.1 42 25 50.0 1.05 × 0.87 3.16 × 2.57 1.9 0.25
CygX-N63 20 40 05.2 41 32 12.0 1.15 × 0.83 3.05 × 2.24 4.2 0.33

Fig. 1. Overview of the northern part of Cygnus X indicating the lo-
cation of the 6 MDCs from Motte et al. (2007). The contour map dis-
plays the integrated emission in CS(2−1) as observed with the FCRAO
(Schneider et al. 2010). Note that 3 out of the 6 MDCs (CygX-N40,
CygX-N48, and CygX-N53) are clustered within the most massive re-
gion of Cygnus X, the DR21 filament. The red stars indicate the centers
of the HII regions DR17 to DR23 from Downes & Rinehart (1966).

2.3. Interferometric observations of the 1 and 3 mm
continuum

We used the IRAM1 Plateau de Bure Interferometer (here-
after PdBI) to image the dust continuum at high resolution si-
multaneously at 3.5 and 1.3 mm. The 1 mm and 3 mm receivers
were tuned to 230.54 and 86.61 GHz, respectively, with two
320 MHz units placed at 230.41 and 230.67 GHz and 86.48 and
86.74 GHz, respectively. In addition to the continuum, the emis-
sions in 4 molecular lines were also observed, i.e., 12CO(2−1),
SiO(2−1), H13CO+(1−0), and H13CN(1−0) at 230.54, 86.85,
86.75, and 86.34 GHz, respectively. These line data will be pre-
sented in forthcoming papers.

The observations were performed in track-sharing mode
with two targets per track for the following pairs: CygX-N48/
CygX-N53, CygX-N3/CygX-N40, and CygX-N12/CygX-N63.
The D configuration track observations were performed between

1 IRAM is supported by INSU/CNRS (France), MPG (Germany), and
IGN (Spain).

June and October 2004 with 5 antennas with baselines ranging
from 24 to 82 m. The C configuration tracks were obtained in
November and December 2004 with 6 antennas in 6Cp with
baselines ranging from 48 to 229 m. As a phase calibrator,
we mostly used the bright nearby quasar 2013+370 and as a
flux calibrator the evolved star MWC 349, which is located in
Cygnus X.

To enhance the spatial resolution, the maps were cleaned
using the uniform weighting. The resulting synthesized beam
and rms in the continuum are summarized in Table 1 together
with the field names and centers of phase. The cleaning compo-
nents were searched across the whole area of the primary beams.
No polygon was used to avoid introducing any bias in the result-
ing maps of emission.

2.4. IRAM 30 m observations of N2H+ 1→ 0

The N2H+ 1→0 line at 93.176265 GHz was observed in
September 2003 using the B100 receiver and the VESPA cor-
relator at the IRAM 30 m telescope. The average system tem-
perature was 182 K and the average rms of the spectra is 0.19 K.
The data are corrected for the main beam efficiency of 0.78 and
have a velocity resolution of 0.13 km s−1, and a beamsize of 29′′.

3. Results

3.1. The 3 mm continuum maps

The left panels in Figs. 2 and 3 display the dust continuum emis-
sion towards the six cores at 3.5 mm. Strong 3 mm emission is
detected for all fields except CygX-N40. Despite a total mass
of 106 M� in Motte et al. (2007), CygX-N40 seems to be dom-
inated by extended emission, which is fully filtered out by the
interferometer. We note that it has the largest size and conse-
quently the lowest average density in our sample, which implies
that this core is not yet concentrated if it is much younger than
the other cores. Alternatively, since CygX-N40 is located in the
large-scale DR21 filament, the observed emission may be more
elongated along the line-of-sight, leading to an overestimation
of the local density and to a misinterpretation of CygX-N40 as a
single MDC. In any case, it seems that this core is of dissimilar
nature to the rest of the sample, and it will therefore not be fur-
ther considered for discussion. For the other fields, the emission
contains bright compact emission peaks. They are structured into
a few individual bright compact sources – except CygX-N63,
which seems to be dominated by a single object. We also note
that CygX-N48 appears to be less centrally concentrated than
the other cores, and may be dominated by a large population of
unresolved compact fragments.
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Fig. 2. Maps of the continuum at 3.5 mm (left) and 1.3 mm (right) obtained with the PdBI for the three more isolated MDCs (see text). The color
images have linear scales from −2σ to +20σ for the 4 top panels, and from −3σ to +30σ for the 2 lower ones where σ is the resulting rms in
each field (see Table 1) (the unit on the right of the plots is Jy/beam). The (logarithmic) contour levels are 3σ, 4.8σ, 7.5σ, 12σ, 19σ, 30σ, 75σ,
and 120σ. The crosses and numbers indicate the locations and the names of the fragments at 1 mm (see Table 2). The synthetised beams are
displayed in the bottom right corners. The dashed circles indicate the primary beams. In the 3.5 mm maps (left), the name of the MDC is given,
and the dashed squares indicate the areas covered at 1.3 mm (right). Note the similar behavior of the 3 MDCs. A compact core is observed at
3.5 mm that separates into smaller fragments at 1.3 mm. CygX-N63 seems to actually correspond to a single object down to the 1′′ (1700 AU)
spatial resolution.

3.2. The 1 mm continuum maps

The right panels in Figs. 2 and 3 display the dust continuum
maps at 1 mm. For three of the cores (CygX-N3, CygX-N12,
CygX-N53), the difference between low (3.5 mm) and high
(1.3 mm) resolution maps is striking. While on a scale of 2′′
to 3′′ resolution, the emission consists mainly of extended, elon-
gated structures, at the ∼1′′ resolution of the 1.3 mm map the

emission clearly separates into a number of individual usually
spherical fragments. In contrast, CygX-N48 has a similar as-
pect at 1.3 mm as at 3.5 mm with emission being spread over
the whole region and compact sources not being very spherical
implying that it consists of partly non-resolved individual ob-
jects. CygX-N63 seems to also differ from the others since the
emission is dominated on all observed scales by a single cen-
tral object. In the other MDCs, some distributions of aligned
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Fig. 3. Same as Fig. 2 for the three MDCs located in the filament of DR21 (see text). Note that in contrast to the isolated MDCs (Fig. 2), the cores
show here diverse structures. CygX-N40 appears devoid of compact emission at both 3.5 and 1.3 mm. CygX-N48 has a complex and extended
structure at 3.5 mm with two main cores in the central regions. The 1.3 mm emission resolves a few, probable compact, fragments in the two main
cores. CygX-N53 has a bright central core at 3.5 mm that divides into 4 smaller fragments at 1.3 mm in a way similar to the isolated MDCs. The
bright peak at 3.5 mm in the south-east corresponds to the weak 1.3 mm source outside in the primary beam (dashed circle) in the right panel. It is
located at the edge of the nearby cluster associated with MSX6G81.7133+0.5589.

compact sources inside filamentary structures appear to be seen
at 3.5 mm. CygX-N3 and CygX-N12 are composed of three
to four aligned compact sources. CygX-N48 has an “S” shape
emission, which may also be a filamentary structure. CygX-N53
displays an almost north-south ridge of emission that is aligned
with the large-scale orientation of the DR21 filament in which it
is embedded. The direction of the axis between the two brightest
sources is however oriented east-west, almost perpendicular to
the main direction of the large-scale emission.

3.3. Source extraction at 1 mm

Our ultimate goal is to study the population of individual pro-
tostellar objects inside the MDCs of Cygnus X. We therefore
extract fragments from the highest spatial resolution data maps
(1 mm maps). To be systematic, we used the Gaussclump algo-
rithm (Stutzki & Guesten 1990) adapted to continuum maps as
described in Motte et al. (2007) to extract the compact sources.
Above a safe 7σ level, 24 sources have been detected in the
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Table 2. List of fragments and physical properties at 1.3 mm.

Fragment Coordinates Peak FWHMa Int. MPdBI
b Deconv.c 〈nH2 〉d Menv

e

name RA Dec flux flux size
(J2000) (J2000) [mJy/beam] [′′ × ′′] [mJy] [M�] [AU] [cm−3] [M�]

CygX–N3 MM1 20 35 34.63 42 20 08.8 37.3 1.27 × 1.05 49.6 2.63 979 1.48 × 108 8.1−13.4
CygX–N3 MM2 20 35 34.41 42 20 07.0 30.2 1.34 × 1.04 41.6 2.21 1050 1.01 × 108 6.3−10.5
CygX–N3 MM3 20 35 34.23 42 20 04.7 14.4 1.01 × 1.00 14.5 0.77 <851 >6.56 × 107 2.7−4.5
CygX–N3 MM4 20 35 34.55 42 20 00.3 8.7 2.01 × 1.01 17.7 0.94 1720 9.65 × 106 1.6−2.7

CygX-N12 MM1 20 36 57.65 42 11 30.2 64.1 1.22 × 1.12 92.6 4.91 1100 1.93 × 108 13.4−22.3
CygX-N12 MM2 20 36 57.51 42 11 31.2 54.7 1.46 × 1.13 95.2 5.05 1420 9.23 × 107 10.7−17.8
CygX-N12 MM3 20 36 57.81 42 11 29.7 12.4 1.77 × 1.19 27.4 1.45 1820 1.26 × 107 2.4−4.0
CygX-N12 MM4 20 36 57.45 42 11 32.4 11.7 3.11 × 0.98 37.6 1.99 2460 7.00 × 106 2.4−4.0

CygX-N40 MM1 20 38 59.54 42 23 43.6 5.7 1.04 × 1.00 5.9 0.31 <847 >2.72 × 107 1.1−1.9

CygX-N48 MM1 20 39 01.34 42 22 04.9 53.2 1.58 × 1.07 88.5 4.69 1400 9.05 × 107 10.1−16.8
CygX-N48 MM2 20 39 01.10 42 22 08.3 37.5 1.84 × 1.28 86.6 4.59 1960 3.19 × 107 7.0−11.7
CygX-N48 MM3 20 39 01.31 42 22 02.8 25.6 1.65 × 1.01 41.7 2.21 1360 4.63 × 107 4.9−8.1
CygX-N48 MM4 20 39 01.25 42 22 08.3 20.0 1.64 × 1.14 36.8 1.95 1570 2.65 × 107 3.7−6.2
CygX-N48 MM5 20 39 01.92 42 22 02.9 12.8 2.34 × 1.24 36.3 1.93 2330 8.04 × 106 2.5−4.1

CygX-N53 MM1 20 39 02.96 42 25 51.0 106.3 1.19 × 1.09 151.0 8.00 1050 3.61 × 108 22.8−38.0
CygX-N53 MM2 20 39 03.22 42 25 51.2 71.1 1.39 × 1.03 112.1 5.94 1230 1.66 × 108 14.4−24.1
CygX-N53 MM3 20 39 03.05 42 25 49.9 17.3 1.46 × 1.45 40.2 2.13 1870 1.72 × 107 3.4−5.7
CygX-N53 MM4 20 39 03.02 42 25 52.7 16.2 1.44 × 1.44 37.0 1.96 1840 1.66 × 107 3.2−5.3
CygX-N53 MM5 20 39 02.76 42 25 43.3 13.2 1.72 × 1.60 39.8 2.11 2300 9.08 × 106 2.7−4.6
CygX-N53 MM6 20 39 02.93 42 25 45.3 11.8 2.21 × 1.02 29.4 1.56 1980 1.06 × 107 2.4−3.9
CygX-N53 MM7 20 39 02.87 42 25 46.9 9.5 2.27 × 1.07 25.3 1.34 2100 7.60 × 106 1.9−3.2

CygX-N63 MM1 20 40 05.39 41 32 13.1 274.3 1.39 × 1.05 419.2 22.22 1210 6.64 × 108 55.2−92.0
CygX-N63 MM2 20 40 05.51 41 32 12.7 44.1 2.09 × 1.44 139.4 7.39 2440 2.68 × 107 9.1−15.2
CygX-N63 MM3 20 40 04.97 41 32 22.5 37.8 1.63 × 1.49 96.1 5.09 2060 3.05 × 107 7.4−12.4

Notes. (a) Not deconvolved FWHM of the 2D Gaussian. (b) Mass derived from the PdBI integrated flux. (c) Deconvolved FWHM in 1D (quadratic
average of the 2 axis sizes) expressed in AU for d = 1.7 kpc. (d) The average density is calculated inside the projected region containing 90% of the
mass in a 2D Gaussian assuming a spherical distribution. (e) Range of Menv extrapolated from MPdBI to FWHM sizes of 3000 to 5000 AU assuming
a density profile in r−2 (see Sect. 3.3 for details).

6 fields and 23 in 5 fields (excluding CygX-N40), i.e. an average
of almost 5 sources per field. All sources were able to be clearly
identified by eye-inspection in the maps.

The obtained list of fragments, ordered by increasing peak
flux, is given in Table 2. The table gives the coordinates, peak
fluxes, 2D Gaussian sizes (FWHM), and integrated fluxes di-
rectly obtained from the Gausclump analysis. The fraction of
total (single-dish) flux recovered by the PdBI can be evaluated
by comparing the integrated fluxes by Motte et al. (2007) with
the integrated emission above 3σ associated with all sources de-
tected at a 5σ level. The obtained values are 9 and 13% for
CygX-N3 and CygX-N48, respectively, which are rather typi-
cal of these interferometric observations. However, it reaches
higher, and more exceptional values of 20, 34, and 61% for
the three most compact cores, CygX-N12, CygX-N53, and
CygX-N63, respectively. The integrated fluxes are converted
into masses MPdBI by assuming that the dust emission is optically
thin and adopting a dust emissivity at 1.3 mm of 1.0 cm2 g−1

(Ossenkopf & Henning 1994), a gas-to-dust mass ratio of 100,
and a dust temperature of 20 K (formula (1) in Motte et al.
2007). The deconvolved sizes (Col. 8 in Table 2) correspond
to the quadratic average of the deconvolved 2D sizes (FWHM)
and are converted into AU for d = 1.7 kpc. Average densities
are calculated inside the projected region of radius R90 contain-
ing 90% of the mass (MPdBI) for a 2D Gaussian distribution
(R90 = 1.95 × FWHM/

√
8 ln2). The masses MPdBI obtained

from the Gaussian decomposition of the PdBI maps are good
estimates of the masses inside the inner regions of the com-
pact fragments. Their true sizes and total masses cannot however
be easily derived from the present interferometric data, which
tend to filter out the extended envelopes (see Sect. 4.3). An esti-
mate of the total envelope masses Menv is given in Table 2. This
is an extrapolation of MPdBI inside a size (FWHM) of 4000 ±
1000 AU. According to the detailed discussion given in Sect. 4.3,
these masses should be seen as conservative estimates of the to-
tal masses of the protostellar envelopes in contrast to the values
of MPdBI, which are only lower limits.

We assume a temperature of 20 K in all mass deriva-
tions following Motte et al. (2007). This typical temperature
was measured by NH3 measurements by Wienen (2008) us-
ing the Effelsberg telescope. The emissivity adopted (Ossenkopf
& Henning 1994) is used in most studies of low-mass star-
formation but also for high-mass protostellar objects (e.g. Motte
et al. 2003; Hunter et al. 2006; Rathborne et al. 2007; Schuller
et al. 2009) and should be adequate for dense and cold gas.
Alternatively, some authors use the values by Hildebrand (1983)
usually in the case of warmer and more evolved objects for
which the emissivities might be different. These emissivities are
3 times smaller than those of Ossenkopf & Henning (1994) in
the millimeter range, leading to masses ∼3 times higher. We thus
estimate that the absolute value taken for the dust opacity is un-
certain by a factor 2.
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Fig. 4. N2H+(1−0) spectra towards the center of each MDCs observed with the IRAM 30 m. Note that the velocity scale is given for the weakest
line (left component), which is the only isolated component of the hyperfine structure. The other 5 components of the hyperfine structure are
blended and form the 2 apparently brighter groups of lines.

3.4. N2H+ 1→ 0 emission towards the MDCs

The single spectra obtained towards each MDC are shown in
Fig. 4. We use these spectra to estimate the average turbulent ve-
locity dispersion in the cores. N2H+ 1→ 0 is well suited line to
study because it is usually optically thin and its abundance drops
drastically in the lower density, warmer outer layers that tend to
dominate the line widths of most other molecular tracers. Since
the profiles are not always perfectly Gaussian, we did not use
Gaussian fits, but directly measured the widths at half maximum
of the lines. For these measurements, we only use the isolated
component of the hyperfine structure (HFS), which appears as
the weakest line in Fig. 4. The other 6 components are blended
and form the 2 brighter groups of lines. The resulting values con-
verted into the Gaussian 1D velocity dispersion σturb are given
in Table 3.

The fits to the 7 components of the N2H+ 1→ 0 multiplet can
provide some indications of the opacity and of the “average” ex-
citation temperature. The 7 relative distances and intensities of
the HFS components of the 1 → 0 line (Caselli et al. 1995) are
given as input to a simultaneous Gaussian fit to all components,
assuming equal excitation temperature, using the “Method HFS”
feature of GILDAS2. These fits confirm that the lines are actu-
ally optically thin with values of τ between 0.03 and 0.2. The
obtained excitation temperatures are also typically around 20 K,
which conform with NH3 observations.

2 Grenoble Imaging and Line Data Analysis software.

4. Discussion

4.1. Properties of fragmentation in low-mass,
nearby protoclusters

We review the properties of proto-stellar objects and dense cores
observed in nearby low-mass star-forming regions, which are to
be used as a reference to compare with the MDCs in Cygnus X to
justify the definitions and assumptions applied in the remainder
of the discussion.

The earliest phases of low-mass star formation correspond
to the so-called pre-stellar cores and Class 0/Class I YSOs (see
reviews by André et al. 2000; Ward-Thompson et al. 2007;
di Francesco et al. 2007). In clustered star-forming regions such
as ρOphiuchus, Perseus, Serpens, or Orion, pre-stellar cores and
envelopes of Class 0 YSOs are ∼0.02 pc cloud fragments or con-
densations with a separation between objects of a few 1000 AU.
They are usually gravitationally bound and collapsing (André
et al. 2007) and have been recognized as the direct progenitors
of low-mass stars in protoclusters (Motte et al. 1998). The mass
distribution of these cloud fragments, which is indeed usually
referred to as the core mass function (CMF), was found to have
the shape of the stellar IMF but also to have the correct typical
masses of the low-mass stars formed in these regions, suggest-
ing a one-to-one correspondence between the fragments and the
final stars (Motte et al. 1998; Testi & Sargent 1998; Johnstone
et al. 2000). In this view, the mass of a star would already be de-
termined at the pre-stellar stage as a result of the fragmentation
of dense cores.
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Table 3. Global properties of the MDCs derived from single dish continuum and N2H+ line observations, and predictions for the star formation
activity of a protocluster with a normal IMF and SFE = 30%.

Name MSD
a Sizea 〈nH2 〉a σturb ΣMDC Mvir λJ τff N�b Mmax

�
c λsep

[M�] [AU] [cm−3] [km s−1] [g cm−2] [M�] [AU] [yr] [M�] [AU]

CygX-N3 84.0 20 300 5.29 × 105 0.98 1.45 54.6 8490 4.6 × 104 66 2.9 6150
CygX-N12 86.0 20 400 5.33 × 105 0.89 1.47 45.3 8460 4.6 × 104 68 3.0 3420
CygX-N40 106.0 33 200 1.52 × 105 0.82 – – – – – – –
CygX-N48 197.0 27 300 5.10 × 105 1.28 1.88 125 8640 4.7 × 104 156 5.6 3830
CygX-N53 85.0 24 000 3.24 × 105 0.76 1.05 38.9 10 850 5.9 × 104 67 2.9 4180
CygX-N63 58.0 12 300 1.64 × 106 0.72 2.73 17.9 4820 2.6 × 104 46 2.2 –

Notes. The de-projected average distances λsep between the PdBI fragments is also provided. (a) Mass, size, and average densities derived from
single-dish observations by Motte et al. (2007). The average densities are however derived here in slightly different volumes than in Motte et al.
(2007), inside R90 as for the fragments (see Sect. 3.3). (b) It includes all stars and brown dwarfs from 0.01 to 120 M�, among which 63% are stars
(above 0.08 M�). (c) Maximum stellar mass expected for a normal IMF for a global SFE of 30% on the scale of the MDC (see Sect. 4.5).

The above results may appear quantitatively different
from those obtained by e.g. Alves et al. (2007), Nutter &
Ward-Thompson (2007), or Enoch et al. (2008), but these au-
thors identified significantly larger (>∼0.1 pc) structures than the
earlier works (Motte et al. 1998; Testi & Sargent 1998). These
larger structures are more likely to be dense cores in terms of size
than single collapsing objects. Many of them are of low density,
and all of them may not even be gravitationally bound. Their
mass distribution when compared to the IMF has consistently
been found to correspond to an efficiency of mass transfer into
stars of ∼30%. This star formation efficiency (hereafter SFE)
may thus account mostly for the efficiency of fragmentation of a
dense core into individual pre-stellar and proto-stellar conden-
sations. In the following, we define the condensation or core
formation efficiency (hereafter CFE) as the fraction of mass
of a dense core found in pre- and proto-stellar envelopes (see
Sect. 4.7). Interestingly, in the ρ Ophiuchi protocluster, the
presently observed CFE of dense cores and the total SFE mea-
sured, including the masses of the already formed stars, was also
found to be of the order of ∼30% (Motte et al. 1998; Bontemps
et al. 2001) and is identical to the value obtained from the com-
plete investigation of nearby protoclusters with Spitzer by Evans
et al. (2009).

More generally, the link between the observed CMFs and
the IMF is still a highly debated issue. As already pointed out
by Motte & André (2001) and also recognized by Smith et al.
(2009), the definition of true single collapsing cores is indeed
partly a problem of boundaries/size of the cloud structure to be
considered. The origin of the IMF probed by observed CMFs
may even not allow us to differentiate between theories, espe-
cially for the high-mass part, if the shape of the observed CMFs
are just a natural consequence of any formation scenario (Swift
& Williams 2008).

In analogy with the low-mass dense cores, the SFE and the
CFE in the Cygnus X MDCs could therefore be of the order
of 30% on the scale of 0.1 pc. In contrast, the SFE is expected
to be higher and possibly close to 100% in the small-scale frag-
ments of 0.02 pc (4000 AU). We note that in the competitive
accretion scenario for the formation of high-mass stars, the true
single collapsing objects would not be completely decoupled
from their environment because they would collect mass dur-
ing their main infall/accretion phase (e.g. Smith et al. 2009, and
references therein). In this case, this could even lead to an equiv-
alent SFE higher than 100% since they would collect mass from
the surrounding gas that may later be incorporated into the fi-
nal star.

4.2. Global properties of the MDCs

The targeted MDCs are very dense cores with densities 10 times
higher than in low-mass star-forming regions (see Table 4 in
Motte et al. 2007). They also have total masses high enough
to form a single high-mass protostar (McKee & Tan 2003) or
a whole cluster of lower mass stars (Bonnell et al. 2007).

In the first columns of Table 3, we give the properties of
the MDCs directly derived from the MAMBO survey of Motte
et al. (2007): the names, total masses, 1D deconvolved sizes, and
average densities, along with the 1D turbulent dispersion derived
from the N2H+ line widths, and the mean surface densities ΣMDC.
The values of ΣMDC = M/(πR2) are calculated for the half-mass
radius for comparison with values promoted in McKee & Tan
(2003).

In the second part of Table 3, we give the quantities un-
derstood to ultimately dictate the properties of the proto-stellar
fragmentation and of the subsequent star formation: the virial
masses Mvir, Jeans masses MJ, free fall time τff , the number of
stars N�, and the maximum stellar mass Mmax

� expected to be
formed in the protocluster assuming a SFE of 30% and a normal
IMF (see Sect. 4.5 for details). The virial and Jeans masses, and
free fall times are calculated for the average conditions in the
MDCs using the classical formulation

λJ =

√
π

Gρ
kT
μ
= 1.38 × 104 AU

( T
10 K

)0.5 ( nH2

105 cm−3

)−0.5
, (1)

Mvir =
3σ2

turbR

G
= 69.4 M�

(
R

0.1 pc

) (
σturb

1 km s−1

)2

, (2)

τff =

√
3π

32Gρ
= 1.07 × 105 yr

( nH2

105 cm−3

)−0.5
· (3)

The listed λJ have been calculated for a temperature of 20 K
(see Sect. 3.3). The above virial mass is for a density profile
in r−2 (the value would be 5/3 larger for a flat profile), and is
calculated for R = R90 and σturb, the 1D (averaged along the
line-of-sight) velocity dispersion.

The average densities in the MDCs are so high that the free-
fall times are significantly shorter than 105 yr. This is actually
shorter than the statistical timescales for low-mass protostars de-
rived in nearby star-forming regions (see also Motte et al. 2007).
The duration of the proto-stellar evolution, which corresponds to
the sum of the lifetimes of Class 0 and Class I YSOs, is found
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in the range 2−7 × 105 yr (e.g. Greene et al. 1994; Kenyon &
Hartmann 1995; Evans et al. 2009). The free-fall times are also
roughly equal to the crossing times of the cores, estimated by
dividing the sizes by the 3D velocity dispersions (

√
3 × σturb),

which are typically equal to 6 × 104 yr. The MDCs are clearly
self-gravitating since the ratios M/Mvir are all close to or even
larger than 1 and up to 2 for CygX-N63. The turbulent sup-
port can therefore not prevent the cores from collapsing. The
unknown magnetic field could delay the collapse but cannot pre-
vent it. If they actually collapse in a free-fall time, the global in-
fall rates will be of the order of a few 10−3 M�/yr which is high
enough to overcome the radiation pressure barrier in the case of
a monolithic collapse of the whole MDC. Their global proper-
ties (total masses, sizes, turbulent velocity dispersion, and mean
surface densities) are actually consistent with the initial condi-
tions for the turbulence-regulated monolithic collapse proposed
by McKee & Tan (2002), except perhaps for the measured veloc-
ity dispersions which, interpreted as pure micro-turbulence, tend
to be in the low range of values required to support the MDCs.

4.3. A population of dense self-gravitating fragments

The MDCs in Cygnus X are clearly massive and self-gravitating.
They are therefore expected to contain single high-mass proto-
stellar objects, if they exist. The PdBI maps at high resolution
down to physical scales of only 1700 AU (0.008 pc) should iden-
tify these proto-stellar objects.

At the moderate spatial resolution of ∼3′′ (5100 AU) at
3.5 mm (left panels in Figs. 2 and 3), 4 out of the 5 MDCs con-
sist of strong, centrally concentrated emission emanating from
single bright, sometimes elongated (CygX-N3 and CygX-N12),
cores in the inner regions of the MDCs. But, at the highest spa-
tial resolution of ∼1′′ (1700 AU) at 1.3 mm (right panels in
Figs. 2 and 3), the picture drastically changes. The inner cores
of CygX-N3, CygX-N12, and CygX-N53 separate into a num-
ber of roughly spherical fragments. A total of 11 of these frag-
ments (3 to 4 per MDC) are found to have similar sizes and sep-
arations. Only CygX-N63 remains single3 in the 1.3 mm map.
CygX-N48 is less centrally condensed. Its central emission di-
vides into at least two main cores at 3.5 mm, and possibly into
4 individual fragments at 1.3 mm inside these two main cores.
These fragments are less spherical and seem to have smaller sep-
arations than in the other MDCs. This difference could be due to
an unresolved population of weak, low-mass fragments that are
confused because of crowding. Alternatively, the MDC could be
younger and may not yet have built up as a highly concentrated
core. Finally, CygX-N63 is single and thus represents one addi-
tional fragment. Altogether, we therefore consider that a popula-
tion of 16 individual fragments has been recognized in the cen-
tral regions of 5 MDCs. The remaining sources listed in Table 2
are weaker sources usually in the outskirts of the MDCs, which
can be considered as more uncertain detections (a few are not
confirmed at 3.5 mm).

Among these 16 main individual fragments, we see that 2
have MPdBI higher than 8 M� (CygX-N53 MM1 and CygX-N63
MM1), and 5 additional ones higher than 4 M� (CygX-N12

3 The secondary source CygX-N63 MM2 does not seem to be con-
vincingly separated from MM1. The comparison of the 3.5 and 1.3 mm
maps shows that the global shape of the emission is unchanged with
clear extensions of MM1 towards the south-west, east and north-west
directions at both resolutions and wavelengths. The extraction of MM2
as an individual fragment seems to be caused more by this east exten-
sion than to the existence of a secondary object.

MM1 and MM2, CygX-N48 MM1 and MM2, and CygX-N53
MM2). Owing to the filtering of the interferometer, values
of MPdBI measure the masses of more the inner regions of the
fragments than their total masses (see discussion in Sect. 4.4
below). These masses inside physical sizes of only ∼1000 AU
correspond to exceptionally high densities, up to a few 108 cm−3

(measured in R90) for the most massive ones. The resulting free-
fall times are small, of the order of 4000 yr. The velocity disper-
sion in these fragments is not known. It is however reasonable
to consider that it is not larger than the average dispersions σturb
measured at the scale of the MDCs. In fact, the velocity dis-
persion is expected to decrease from large to small scales.
According to Csengeri et al. (2010), the velocity dispersion at
a smaller scale of 0.03 pc (6000 AU) is reduced and is of the or-
der of 0.7 km s−1. In the extreme case there would be no further
decrease of the velocity dispersion at smaller scales, with a ve-
locity dispersion of 0.7 km s−1, the virial mass for R90 = 830 AU
(which corresponds to a FWHM size of 1000 AU in Table 2) is
2.3 M� which is smaller than MPdBI for the most massive frag-
ments. We can therefore safely conclude that these fragments
are self-gravitating, and are most probably collapsing. Another
indication of the probable self-gravitating nature of these frag-
ments is the general trend of the fragments to be spherical in the
continuum maps such as if gravitation is shaping them. It is more
difficult to discuss the nature of the lower mass fragments but we
note that some of them (see for instance CygX-N3 MM1, MM2,
and MM3 in Fig. 2) are so dense, spherical and compact that
they are very good candidates to be self-gravitating objects too.

The typical separations between the fragments can be evalu-
ated from the projected distances between the fragments. The de-
projected4 average separations λsep between the closest neigh-
bors of the 16 main fragments are given as the last column
of Table 3. We note that the separations are of the order of
5000 AU, typical for values derived in nearby, low-mass pro-
toclusters (see Sect. 4.1).

We have thus detected a population of self-gravitating frag-
ments whose sizes and separations are similar to low-mass pre-
stellar cores and YSOs in nearby protoclusters (see Sect. 4.1).
These fragments are most probably individual proto-stellar or
pre-stellar objects more massive than those found in nearby re-
gions. Since the selected MDCs stayed undetected in the in-
frared, most of these objects should still be cold and young
and should thus be more pre-stellar cores or Class 0 YSOs than
Class I YSOs. Also the selected MDCs are not associated with
any strong radio centimeter sources from the literature. Three
of them, CygX-N3, CygX-N12, and CygX-N63, were even con-
firmed to be devoid of 3.6 cm continuum sources at low lev-
els, down to 0.1 mJy thanks to dedicated VLA observations
(Bontemps et al., in prep). No UCHII region has therefore yet
developed inside these cores. Also, several collimated CO out-
flows have been found to be driven by most of the massive frag-
ments in our accompanying CO(2−1) PdBI data. These data will
be presented in a forthcoming paper entirely dedicated to the na-
ture and evolutionary status of the individual YSOs.

4.4. Envelope masses of the proto-stellar objects

The sizes and masses of the fragments derived from the inter-
ferometer maps are affected by the spatial filtering due to the
lack of information on large scales (typically larger than 1/3 of
the primary beam) but also the limitation of the deconvolution

4 We use a deprojection factor equal to 1/sin(57.3◦) = 1.19, which cor-
rects for the unknown random orientation of the separation axis.
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algorithm for limited UV coverages and noisy phases at high
frequencies (1.3 mm), which also affects the intermediate spatial
scales (sidelobes that cannot be cleaned). On top of the higher
angular resolution, the stronger spatial filtering at 1.3 mm partly
explains why the individual small scale fragments show up so
clearly at 1.3 mm compared to 3.5 mm. It is particularly visi-
ble for CygX-N3 and CygX-N53 where the 3.5 mm maps show
strong, central, slightly extended emissions which do not seem
to be entirely recovered at 1.3 mm where only the compact frag-
ments are well detected. We therefore expect that the masses
obtained at 1.3 mm are only valid for the smallest scales. We
should thus regard the masses MPdBI and sizes of the fragments
as lower limits of proto-stellar envelopes and pre-stellar cores.

In order to estimate what could be the true total masses of
the fragments, we have extrapolated MPdBI up to realistic sizes
for such proto-stellar objects, and assuming a classical density
profile in r−2 for the envelope. The most reliable sizes are pro-
vided by what has been observed in nearby protoclusters. In the
ρ Ophiuchi protocluster, Motte et al. (1998) derived an aver-
age size for 58 starless millimeter condensations of the order
of 3000 AU (deconvolved FWHM) for masses in the range 0.1
to 1 M�. In Orion B, the more massive condensations (masses
up to ∼3 M�) were found to be slightly larger with an average
size closer to 5000 AU (see Fig. 4 in Motte et al. 2001). By com-
paring ρ Ophiuchi and Orion, it seems that the cores tend to be
larger in size when they are more massive. In Cygnus X, and for
higher mass pre-stellar and proto-stellar cores, we could there-
fore expect even larger sizes for the collapsing cores. This is also
similar to the predictions of McKee & Tan (2003). We however
adopt here conservative sizes ranging from 3000 to 5000 AU
as in nearby protoclusters to provide a range of expected to-
tal masses Menv given in Table 2. We see that 9 objects have
Menv higher than 8 M� (using the average mass corresponding
to a size of 4000 AU) and are therefore likely to form ionising
OB stars (earlier than B3, M� > 8 M�).

A number of high-mass star-forming regions has already
been investigated at high spatial resolution with (sub)millimeter
interferometers, mostly with the IRAM PdBI and the SMA.
But only a few studies have been dedicated to the earliest
phases of star formation and to regions of 0.1 pc or smaller. In
IRAS 05358+3543, Beuther et al. (2007) reported the detection
of two cores potentially more massive than 8 M� with masses of
5−10.5 and 2.7−18.5 M�, respectively, inside sizes of the same
order as in the present work. One of them can be further subdi-
vided into two objects separated by only 1700 AU, and may con-
tain an B1 star that excites a hyper-compact HII region. In the
cores embedded within IRDCs observed by Rathborne et al.
(2007), three cold condensations are found with masses from 9
to 21 M� and sizes ranging from 5200 to 8200 AU (0.026 and
0.041 pc). Rathborne et al. (2008) discovered four additional
condensations in two other IRDCs with masses ranging from 9
to 29 M� but in a larger average size of 12 000 AU (0.06 pc).
Zhang et al. (2009) investigated G28.34+0.06 where 7 mas-
sive condensations were reported with masses ranging from 22
to 97 M� inside physical sizes not provided in their article
but which are probably significantly larger than the observation
beam of 1.2′′, which corresponds to 5800 AU. Finally, we note
that in the more nearby region NGC 2264, Peretto et al. (2007)
could detect two condensations of ∼15 M� inside sizes of
only 1600 and 3000 AU. The massive condensations in the
MDCs of Cygnus X have therefore similar masses and sizes than
in the few other regions studied so far and are definitely more
massive and denser than their low-mass counterparts in nearby
protoclusters (see Sect. 4.1 and references therein).

Fig. 5. Mass function of the 23 fragments in the 5 MDCs (blue his-
togram) using Menv for 4000 AU in Table 2. The error bars are for
a 1σ Poisson uncertainty. For comparison, the stellar IMF expected for
a SFE of 30% on the scale of the MDCs is displayed for the Kroupa
(2001) IMF for M� between 0.01 and 120 M� (grey histogram). The
10σ completeness level is displayed as a vertical dashed line (see text
for details).

4.5. IMF and the CMF of the fragments

In the simplified view that the MDCs are protoclusters, they
should fragment into a population of proto-stellar objects with a
mass function that mimics the IMF of stars. With a SFE of 30%
typical of low-mass dense cores and a normal IMF (Kroupa
2001), a 100 M� MDC would form of the order of 80 stars,
with a maximum stellar mass of ∼3.3 M�. The total number of
stars N� and the mass of the most massive star Mmax

� expected
to form in each MDC are calculated and provided in Table 3.
The masses Menv of the most massive fragments in each MDC
are all systematically higher than these predictions. To aid our
comparison with the expected global IMF, the mass spectrum of
the 23 detected fragments in the 5 MDCs of Table 2 is plotted
in Fig. 5. Our PdBI data cannot detect any low-mass fragments,
and the typical 10σ completeness5 level is equal to 5 M� for 4
of the 5 MDCs and could reach up to ∼10 M� for CygX-N63.

Since the masses are derived consistently (at 1.3 mm, with
the same temperature and dust emissivity) for both the MDCs
and the small-scale fragments, the shift of roughly a factor of
three in mass between the IMF for 30% SFE (grey histogram)
and the CMF (blue histogram in Fig. 5) is significant. Thus,
either the SFE is actually 30% on the scale of the fragments
too or there is a significant excess of high-mass star precursors.
It would be surprising if the SFE did not increase from the MDC
scale down to the scale of the much denser fragments. The lo-
cal SFE is expected to increase on smaller scales as a function
of the average density. Moreover, the high-mass fragments dom-
inate the local gravity and may even collect more mass during
their proto-stellar phase. The effect of competitive accretion will
be investigated in greater depth in a forthcoming paper on the
dynamics in these MDCs (Csengeri et al. 2010).

5 The completeness level is derived at 10σ for the typical rms of
2 mJy/beam (see Table 2), and for a size of 4000 AU. The rms is
higher in CygX-N63 but it concerns only one object in the mass func-
tion of Fig. 5.
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4.6. Monolithic collapse or gravo-turbulent fragmentation
plus competitive accretion?

The present observations clearly demonstrate that most of the
MDCs contain fragments and should therefore be classified as
protoclusters, and that they have exactly the required masses,
surface densities, and line widths to be cores in monolithic col-
lapse in the turbulence-regulated view of McKee & Tan (2002)
(see Sect. 4.2).

Only the most massive fragment, CygX-N63 MM1, seems
to be a good candidate to be a turbulence regulated massive core
(σturb = 0.72 km s−1; see Table 3). Interestingly enough, it is
also the most massive single object of the sample. With a size of
0.06 pc (FWHM) and therefore a half-mass radius of ∼0.03 pc,
it has a size very close to the core radius predicted in McKee &
Tan (2003). Some additional investigation is required to estab-
lish the kinematic state of this core. The line width in CygX-N63
is indeed rather small for such a massive core in the quasi-static
evolution view of McKee & Tan (2002). It leads to an exception-
ally large M/Mvir ratio of 2.7. The line width is only 2.7 times
larger than the thermal width at 20 K.

Alternatively, in the gravo-turbulent fragmentation scenario,
the MDCs are expected to fragment into low-mass (Jeans mass)
cores and form clusters of protostars (Dobbs et al. 2005), which
may later on accumulate more mass in the central regions by
competitive accretion (Bonnell & Bate 2006). In the case of
strong radiative warming from already formed massive stars,
the local Jeans mass could be higher (e.g. Krumholz & Bonnell
2009). The local temperatures are however not high enough
(yet?) to have Jeans masses of the order of 10 M� (see Table 3;
Wienen 2008). We note also that turbulent fragmentation may
have difficulties in forming high-mass fragments leading to
CMFs with a deficit of high-mass cores (see discussions in
Bonnell et al. 2007, and references therein), this issue remaining
strongly debated (e.g. Padoan et al. 2007; Ballesteros-Paredes
et al. 2006; Hennebelle & Chabrier 2008). An additional pro-
cess, such as micro-turbulent support or competitive accretion,
might well be required to explain the formation of high-mass
stars.

The observed fragmentation of the MDCs may be consistent
with the gravo-turbulent fragmentation scenario. The fraction of
mass in the high-mass fragments, and the level of fragmenta-
tion (number of fragments) in the MDCs are however incom-
patible with the pure gravo-turbulent fragmentation that would
lead to a whole cluster of mostly low-mass objects. The most
striking examples are CygX-N12, CygX-N53, and CygX-N63,
which have 28, 44, and 100% of their total mass, respectively,
in their two most massive fragments while only a few percent
would be expected. According to the view of Bonnell and collab-
orators, a large fraction of the Cygnus X MDCs would already
be in a stage after intense competitive accretion occurred to ex-
plain such high-mass objects. This might be surprising since the
cores are still cold and therefore young. On the other hand, the
high fraction of mass in dense fragments indicates that the self-
gravity of these protoclusters is dominated by these few proto-
stellar objects as required for an effective competitive accretion.
Only a careful analysis of the dynamical state of these MDCs
can help us to understand the importance of competitive accre-
tion (see Csengeri et al. 2010).

Finally, we note that the bias of the fragmentation towards
high-mass fragments could be primordial if another support such
as the magnetic field were found to prevent a high degree of
fragmentation as already demonstrated using MHD numerical

codes for the collapse of low-mass pre-stellar cores (Hennebelle
& Teyssier 2008).

4.7. Core formation efficiency and self-gravity

As discussed in the previous sections, some of the MDCs tend
to be sub-fragmented in only a very few massive fragments or
condensations. The fractions of the single-dish emission recov-
ered by the interferometer are exceptionally high for CygX-N12,
CygX-N53, and CygX-N63 (see Sect. 3.3). This indicates that
a large fraction of their mass is in small-scale structures con-
sisting of proto-stellar cores. It also infers a high CFE for these
MDCs. To quantify this effect, we evaluated the CFE as the ra-
tio of the mass in compact, presumably self-gravitating frag-
ments, to the total mass of the MDC. By summing the masses
of all the fragments listed in Table 2, and using MPdBI values,
we derive a CFE ranging from 8 (CygX-N3 and CygX-N48)
to 60% (CygX-N63). Alternatively, the CFE can be evaluated
using the extrapolated masses Menv (for the average 4000 AU
size). It then ranges from 19 to more than 100% for CygX-N63.
This second estimate is more indirect (extrapolated masses) but
it may be closer to the true CFE as it is corrected for the spa-
tial filtering of the interferometer. We see that, for CygX-N3
and CygX-N48, the efficiency is below 25% and is therefore not
exceptionally high. CygX-N12 has an intermediate efficiency,
which might be close to 30%. In contrast, CygX-N53 and CygX-
N63 clearly have efficiencies above 30%, indicating that the
mass of these 2 MDCs is dominated by proto-stellar cores. The
case of CygX-N63 can be seen, in this context, as the extreme
case for which all the mass is in a single centrally concentrated
object.

Interestingly enough, the MDCs with the highest CFEs are
those for which most of the mass is in a few massive frag-
ments with virtually 100% of the mass in a single object for
CygX-N63, 58% of the total mass of CygX-N53 is in only two
fragments (36% in MM1 and 22% in MM2 using Menv for a
size of 4000 AU in Table 2), and 37% for CygX-N12 in the two
most massive fragments. The gravity of these MDCs is there-
fore dominated by only a few gravitation wells. Moreover, we
note that the most extreme MDC, CygX-N63, has the highest
average density (see Table 3), tracing a particularly deep gravita-
tion well. Motte et al. (1998) obtained, in ρ Ophiuchus, a similar
trend of an increase in CFE as a function of density (see their
Fig. 7). We therefore display, in Fig. 6, the calculated CFEs as a
function of the average densities on the scale of the MDCs de-
rived in R90 from Table 3. For comparison, the values obtained
for similar size dense cores by Motte et al. (1998) are plotted as
open triangles. It is striking that the properties of Cygnus MDCs
clearly confirm the trend suggested by the efficiencies in Oph A
and B2 that the highest density cores have a higher fraction of
their masses inside pre-stellar and proto-stellar objects. The ori-
gin of these high efficiencies should be investigated in greater
detail. We can however note that the higher the average den-
sity, the shorter the free-fall time is with the possible conse-
quence that a global collapse on the scale of the core is expected
for the highest density cores. In this simplified view, the clear
trend in Fig. 6 could correspond to the transition from low den-
sity cores in the standard, large-scale equilibrium between tur-
bulent magnetic pressures and gravity, and dense cores domi-
nated by their self-gravity leading to a virtually 100% efficiency
in mass transfer to single or to a very few collapsing proto-stellar
cores.
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Fig. 6. Core/condensation formation efficiency (CFE) as a function
of the average densities of dense cores of similar sizes (FWHM ∼
0.1 pc) but of different masses in Cygnus MDCs (filled symbols) and
in ρ Ophiuchus (open triangles; Motte et al. 1998). The ρ Ophiuchus
densities have been re-evaluated in the way we derived them in the
present paper for a proper comparison. A transition from low efficiency
cores to possible, single collapsing cores is observed from a few 104 to
a few 106 cm−3. The displayed ranges (uncertainty bars) for the Cygnus
cores correspond to the range between the sums of MPdBI and of Menv

from Table 2. To help the clarity of the plot, the displayed location of
CygX-N3 corresponds to its average density shifted by a factor of 1.1.

4.8. Primordial mass segregation in protoclusters?

In the young stellar clusters, such as the Orion Nebula Cluster,
the highest mass members tend to be found only in their cen-
tral, densest regions (Hillenbrand & Hartmann 1998). For the
youngest and not too rich clusters, the observed mass segrega-
tion cannot be explained entirely by early dynamical relaxation
and is interpreted as evidence of a primordial mass segregation
produced by the star/cluster formation process itself (see also
Bonnell et al. 2007, and references therein). For the three most
extreme MDCs discussed in this work (CygX-N12, CygX-N53,
and CygX-N63), it is clear that the mass function of the proto-
stellar objects is biased towards high masses. For these 3 cores,
there is even not enough mass left to form a large population of
low-mass stars to compensate for the expected excess of high-
mass stars (see Sect. 4.5).

If the three most extreme MDCs of our sample correspond
to the mass-segregated, inner regions of clusters in the act of
formation, where and when do the low-mass stars form? Since
the most extreme MDCs do not have enough mass left, some
surrounding gas will have to be collected in the near future from
lower density gas around the MDCs to form the lower mass stars.
We note however that this star-forming gas cannot be located
too far from the center of the MDCs in order to ensure that the
formed stars can incorporate the final cluster before it becomes
visible in the infrared and establishes a normal IMF, i.e. typically
before 0.5 Myr (the age of the youngest, discovered embedded
clusters, e.g. Lada & Lada 2003). With a typical velocity disper-
sion of 0.9 km s−1 (see Table 3), a crossing time of 0.5 Myr infers
a distance of 0.45 pc. The observed MDCs of Cygnus X are all
embedded in larger scale clumps that have total masses rang-
ing from 260 to 7300 M�, sizes ranging from 0.25 to 0.74 pc
(FWHM), and average densities ranging from 2.5 × 104 to 1.3 ×
105 cm−3 (see Table 2 in Motte et al. 2007). Therefore, about sev-
eral hundreds of solar masses of gas of relatively high density are
available within a radius of 0.45 pc around each MDC, which is

a priori a large enough mass reservoir to form the missing popu-
lation of low-mass stars and recover a normal IMF. Alternatively,
a large, already formed population of low-mass stars and pro-
tostars might be present in the immediate surroundings of the
MDCs. The spatial distribution of IR excess sources in the vicin-
ity of the DR21 region by Kumar et al. (2007) indicates that
these populations of young low-mass stars do exist in the re-
gions surrounding CygX-N53 and CygX-N48. A more detailed
and dedicated study, including the other MDCs, is however re-
quired to fully investigate this scenario, which will be possible
using Spitzer data from the legacy program towards Cygnus X
(Hora et al. 2009).

5. Conclusions

We have been imaging at high spatial resolution with the IRAM
PdBI interferometer, the most massive IR-quiet dense cores dis-
covered by Motte et al. (2007) in Cygnus X. These MDCs are
among the best targets to investigate the origin, and the earliest
phases of the formation of both high-mass stars and OB clus-
ters. From this dataset, we have been able to reach the following
conclusions and results:

1. All except one of the MDCs (CygX-N40) have been found
to be bright and easily detected with the PdBI in a beam of
∼3.0′′ × 2.3′′ at 3.5 mm, and ∼1.1′′ × 0.9′′ at 1.3 mm.

2. There is a striking morphological difference between the
lower spatial resolution maps at 3.5 mm and the high res-
olution maps at 1.3 mm for 3 of the 5 MDCs. While at
3.5 mm, the MDCs are dominated by bright central emis-
sion, at 1.3 mm, this emission is clearly separated into a
population of compact fragments with typical separations of
5000 AU and sizes larger than 1000 AU.

3. All except one of the MDCs (CygX-N63) are sub-
fragmented. CygX-N63 consists of a single, centrally con-
centrated object down to the smallest scales. It may actually
be a single proto-stellar object with an envelope mass as high
as ∼60 M� and may therefore form an O star.

4. A population of 23 compact dense fragments are recognized
as probably self-gravitating, proto-stellar objects. Among
them, 9 objects are good candidates to be true, individual
high-mass protostars in the sense that they are precursors of
OB stars.

5. The targeted MDCs of Cygnus X have globally the prop-
erties proposed as initial conditions by McKee & Tan
(2003) for the turbulence-regulated, monolithic collapse. But
these MDCs are actually almost all sub-fragmented. Only
CygX-N63 was found to be single.

6. On the other hand, the properties of the fragmentation of the
MDCs are inconsistent with a pure gravo-turbulent fragmen-
tation. A large fraction of the mass of 3 out of 5 MDCs is lo-
cated in a few, high-mass objects that would not be expected
in a Jeans mass fragmentation. The local Jeans masses are
too low, of the order of 1 M�. In a similar way, the core
mass function of the fragments is globally (for the 5 MDCs)
biased towards high-masses relative to a normal IMF-like
CMF with a global SFE of 30%.

7. We found a clear trend in which the CFE increases with the
average density of the MDCs. Since the density is directly
related to self-gravity, we interpreted this result as being due
to the larger effect of self-gravity in the densest cores leading
to their global collapse.

8. At the same time, as the density increases, the fragmentation
tends to lead to a fewer number of predominantly high-mass

Page 12 of 13

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913286&pdf_id=6


S. Bontemps et al.: Fragmentation in the massive dense cores of Cygnus X

fragments in the central part of the cores. The central regions
of 3 of the 5 MDCs are dominated by a few (one or two)
massive objects that may lead to regions with a clear mass
segregation. This mass segregation is proposed to correspond
to the primordial mass segregation of young stellar clusters.
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