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ABSTRACT

Aims. To constrain the physical processes that lead to the birth of high-mass stars it is mandatory to study the very first stages of their
formation. We search for high-mass analogs of low-mass prestellar cores in W43-MM1.
Methods. We conducted a 1.3 mm ALMA mosaic of the complete W43-MM1 cloud, which has revealed numerous cores with
∼2000 au FWHM sizes. We investigated the nature of cores located at the tip of the main filament, where the clustering is mini-
mum. We used the continuum emission to measure the core masses and the 13CS(5-4) line emission to estimate their turbulence level.
We also investigated the prestellar or protostellar nature of these cores by searching for outflow signatures traced by CO(2-1) and
SiO(5-4) line emission, and for molecular complexity typical of embedded hot cores.
Results. Two high-mass cores of ∼1300 au diameter and ∼60 M� mass are observed to be turbulent but gravitationally bound. One
drives outflows and is associated with a hot core. The other core, W43-MM1#6, does not yet reveal any star formation activity and
thus is an excellent high-mass prestellar core candidate.
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1. Introduction

Despite the large efforts made in the past ten years to im-
prove our understanding of the formation of high-mass stars, two
competing families of models remain. In the “core-fed” or “core-
accretion” models, a high-mass star forms through the mono-
lithic collapse of a massive, turbulent prestellar core that formed
quasi-statically (e.g., McKee & Tan 2003). This preassembled
core is in virial equilibrium, similar to low-mass prestellar
cores, but supported by some magnetic and/or supersonic tur-
bulent pressure that prevents the subfragmentation of this core.
A few high-mass prestellar core candidates have been reported
(Bontemps et al. 2010; Duarte-Cabral et al. 2013; Wang et al.
2014) but more examples are needed to support this scenario.

On the other hand, the “clump-fed” models involve the gas
mass reservoir surrounding individual cores through dynami-
cal processes in their parental cloud. These models propose the
rapid growth of cores via competitive accretion of the common
cloud mass reservoir (e.g., Bonnell & Bate 2006) or via accre-
tion streams associated with the global hierarchical collapse of
clouds (e.g., Smith et al. 2009; Vázquez-Semadeni et al. 2017).
Observationally, there is a growing body of evidences in favor
of dynamical, clump-fed models (e.g., Schneider et al. 2010;
Csengeri et al. 2011; Peretto et al. 2013; Henshaw et al. 2014;

Louvet et al. 2016). In the empirical evolutionary sequence
recently proposed for the formation of high-mass stars, the high-
mass prestellar core phase does not even exist and high-mass
protostellar cores form from low-mass protostellar cores, which
accrete further material from their parental massive dense core
(MDC; Motte et al. 2018a).

Imaging cold, high-mass star-forming clouds is needed to
reach a consensus on the existence of a high-mass prestellar
core phase. W43, located at 5.5 kpc from the Sun (Zhang et al.
2014), contains two of the largest groups of molecular
clouds in the first Galactic quadrant, among them W43-MM1
(Nguyen Luong et al. 2011, 2013). This 6 pc2 ridge has a 2 ×
104 M� mass and qualifies as “mini-starburst” because its star
formation activity is reminiscent of that of starburst galaxies
(SFR∼ 6000 M�Myr−1; Motte et al. 2003; Louvet et al. 2014).
Imaged with ALMA, W43-MM1 revealed one of the youngest
and richest clusters of high-mass cores in the Milky Way
(Motte et al. 2018b).

In the present paper, we characterize two high-mass cores
located in the least clustered part of W43-MM1 and report on
the possible discovery of one high-mass prestellar core. From
the observations presented in Sect. 2, we derive the core char-
acteristics using dust continuum (see Sect. 3.1) and investi-
gate their gravitational boundedness and evolutionary status with
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molecular line observations (see Sects. 3.2 and 3.3). Core prop-
erties are then used in Sect. 4 to discuss their prestellar versus
protostellar nature and the most probable physical process form-
ing high-mass stars in W43-MM1.

2. Observations and data reduction

Observations were carried out in Cycle 2 between July 2014
and June 2015 (project #2013.1.01365.S), with ALMA 12 m and
7 m (ACA) arrays and baselines ranging from 7.6 m to 1045 m.
W43-MM1 was imaged with a 78′′× 53′′ (2.1 pc× 1.4 pc) mo-
saic composed of 33 fields with the 12 m array and 11 fields
with ACA. In the 12 m configuration, the primary beam is of
26.7′′ (45.8′′ with ACA) and the maximum detectable scale is of
12′′ (21′′ with ACA). Parameters of the four spectral windows
used in this study are presented in Table 1. Data were reduced in
CASA 4.3.1, applying manual and self-calibration scripts.

We then used the CLEAN algorithm with a robust weight
of 0.5 and the multiscale option to minimize interferometric ar-
tifacts due to missing short spacings. Core extraction was car-
ried out on the 12 m continuum data providing the best resolu-
tion (synthesized beam of 0.37′′ × 0.53′′, ∼2400 au at 5.5 kpc)
and the best sensitivity (0.13 mJy beam−1 on the 1.9 GHz aver-
aged map). For the molecular line studies we used the merged
(12 m + 7 m) data with characteristics given in Table 1.

3. Result and analysis

3.1. Core extraction and mass estimation

Compact sources were extracted using getsources (v1.140127),
a multiscale, multiwavelength source-extraction algorithm
(Men’shchikov et al. 2012). The final getsources catalogs of the
W43-MM1 cloud contains 131 reliable sources presented in
Motte et al. (2018b). Among these sources, 13 high-mass cores
with masses from 16 to 100 M� are expected to form high-
mass stars, assuming a 50% core-to-star efficiency for these very
high-density cores. They have diameters ranging from 1200 to
2600 au once deconvolved from the 0.44′′ beam. These cores are
outlined with ellipses on the 1.3 mm continuum map of Fig. 1.
We chose to focus on cores #3 and #6, two high-mass cores lo-
cated at the western tip of the main filament (see Fig. 1), where
the blending associated with clustering is minimum. Table 2
lists their coordinates, Gaussian full width at half maximum
(FWHM) sizes, peak, and integrated fluxes.

The (gas + dust) mass of a core, having uniform opacity
throughout its solid angle, is given by

Mcore = −
Ωb d2

κ1.3 mm
ln

1 − S peak
1.3 mm

Ωb B1.3 mm(Tdust)

 × S int
1.3 mm

S peak
1.3 mm

, (1)

where Ωb is the solid angle of the beam, d = 5.5 kpc is the
distance to the core, κ1.3 mm is the dust opacity per unit of
(gas + dust) mass at 1.3 mm, S int

1.3 mm and S peak
1.3 mm are the peak and

integrated fluxes of the core and B1.3 mm(Tdust) is the Planck func-
tion at dust temperature Tdust.

The 1.3 mm continuum flux of a core arises mainly from
thermal dust emission, which is generally optically thin. This
is no longer the case for the densest, most massive cores.
Equation (1) thus includes a correction for dust opacity, which
increases the mass of cores #3 and #6 by 20%. Fluxes given in
Table 2 are also corrected for contamination by free-free and
line emission (see details in Motte et al. 2018b). The mean dust

Table 1. Parameters of the merged data spectral windows.

Spectral νobs Bandwidth Resolution rms
window (GHz) (MHz) (′′) (km s−1) a

SiO(5-4) 217.033 234 0.48 0.3 2.5
CO(2-1) 230.462 469 0.46 1.3 3.1

13CS(5-4) 231.144 469 0.46 0.3 3.1
Continuum 233.4 1875 0.43 1.3 1.9

Notes. (a)1σ rms in (mJy beam−1). 1 mJy beam−1 corresponds to 0.12 K
at 233.4 GHz.

Fig. 1. Thirteen high-mass cores (Mcore > 16 M�, black ellipses) discov-
ered in the W43-MM1 protocluster (see Motte et al. 2018b). The white
box outlines the zoom of Figs. 2a,b toward two very massive cores in
the least clustered part of the main filament (#3 and #6, black crosses).

temperature of cores was estimated by applying the Bayesian
PPMAP procedure (Marsh et al. 2015) to all existing contin-
uum data of W43-MM1 (see Fig. 3 of Motte et al. 2018b). We
adopted κ1.3 mm = 0.01 cm2 g−1 as being the most appropriate for
the high-density, nH2 ∼ 109 cm−3, cool to warm, 20−40 K, cores.
The absolute uncertainties on core masses is estimated to be
about a factor of two. Table 2 lists the assumed temperatures and
derived masses, Mcore = 59 M� and 56 M� for cores #3 and #6,
respectively.

3.2. Virial mass and gravitational boundedness

To qualify as stellar progenitors, cores must be gravitationally
bound. We characterize the isotropic turbulence of cores listed
in Table 2 using the J = 5-4 transition of 13CS, a good tracer of
high-density gas (critical density ∼106 cm−3). The 13CS emis-
sion peaks toward high-mass cores but is also detected along
their parental filament and their outflow. We thus subtracted,
from each core spectrum, the contribution of the core parental
filament and outflow before fitting a Gaussian (see Fig. A.1).
The line FWHM given in Table 2 corresponds to the average
of the fits before and after this subtraction. The line widths are
large, ∆V13CS ∼ 4.0 km s−1 and ∼3.3 km s−1, for cores #3 and #6,
respectively.

The virial mass, Mvir, is measured as

Mvir = 3
(

5 − 2n
3 − n

)
σ2

NT FWHM
G

, (2)
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Table 2. Cores’ main characteristics derived from ALMA observations.

Cores RA Dec FWHM S peak
1.3 mm S int

1.3 mm Tdust Mcore ∆V13CS αvir
a Outflow lobes

(J2000) (J2000) (au) (mJy beam−1) (mJy) (K) (M�) (km s−1) (pc)

#3 18:47:46.37 −1:54:33.41 1200 109 ± 2 222 ± 2 45 ± 2 59 ± 4 4.0 ± 0.3 0.2 0.12
#6 18:47:46.16 −1:54:33.30 1300 46.8 ± 0.8 94 ± 1 23 ± 2 56 ± 9 3.3 ± 0.2 0.2–0.3 <0.01

Notes. (a)Virial parameter, αvir = Mvir/Mcore, calculated with density indexes of n = 2 for both cores and n = 0 for core #6.

where n is the index of the density profile (ρ ∝ r−n), σNT is the
1D nonthermal velocity dispersion, FWHM is the deconvolved
size of cores, and G is the gravitational constant. We assume a
density index of n = 2 (case of a centrally concentrated proto-
star) for both cores and n = 0 (case of a flat starless core) for core
#6, whose nature could be prestellar (see Sect. 4). The parameter
σNT is derived by subtracting the thermal component from the

total velocity dispersion, σ2
NT = σ2 − σ2

th =
∆V13CS
8ln(2)

2
−

kB Tdust
µ13CS mH

,

where µ13CS = 45 is the 13CS molecular weight, kB is the
Boltzmann constant, and mH is the hydrogen mass. Given that
their virial parameters are well below unity, αvir = Mvir/Mcore =
0.2−0.3, even with a factor of two uncertainty on masses, cores
#3 and #6 are gravitationally bound and could be collapsing if
no extra support, such as from magnetic fields, prevents it.

3.3. Search for signposts of protostellar activity

Gas outflows associated with accretion are certainly the best,
systematic signpost of protostellar activity. We integrated the
high-velocity line wings of CO(2-1) and SiO(5-4) around the
systemic velocities VLSR ' 96 km s−1 for core #6 and 98 km s−1

for core #3. The resulting lobes of bipolar outflows shown in
Figs. 2a,b present an excellent agreement between the CO(2-1)
and SiO(5-4) line tracers. While core #3 unambiguously drives a
well-developed outflow (see Figs. 2a,b and Table 2), the weak
blue-shifted emission detected both in CO(2-1) and SiO(5-4)
toward core #6 is probably not associated with this core. As
shown in Fig. A.2, the SiO(5-4) emission consists of two compo-
nents. One decreasing from core #18 to location A (see Fig. 2b)
is associated with the outflow of core #18. Another compo-
nent peaking at location B could be associated with low-velocity
shocks such as those observed by Louvet et al. (2016). Core #6
thus seems to lack protostellar outflow but more sensitive and
higher resolution observations (see Table 1) will be needed to
confirm this finding.

The detection of line forests in spectral bands indicates
molecular complexity (e.g., Herbst & van Dishoeck 2009) and
is often used to pinpoint hot cores. Figure 3 shows the 1.9 GHz
spectral band at 233.5 GHz for cores #3 and #6. Very few lines
are detected toward core #6: few transition lines associated
with methanol and methyl formate are detected at a ∼3σ level
in the continuum spectral window of core #6. A careful analysis
and modeling of the peculiar chemical complexity toward this
core (Molet et al., in prep.) aims to interpret it in terms of pro-
tostellar heating, small-scale, or even large-scale shocks. These
features are in strong contrast with the line forest observed for
core #3 (see Fig. 3). We also performed a quantitative measure-
ment of the richness of the line forest by comparing the flux
integrated over a line-free composite band of 65 MHz with the
flux integrated over the 1.9 GHz full band, consisting of the sum
of the line-free plus line-contamination fluxes. Line contamina-
tion, estimated by its the ratio to the line-free continuum flux, is
>13% for core #3 and ∼0% toward core #6 (Motte et al. 2018b).

Fig. 2. Outflows driven by cores #3, #9, and #18. Blue and red con-
tours from the CO(2-1) (panel a) and SiO(5-4) (panel b) line wings
are overplotted on the 1.3 mm continuum emission in grayscale. Lines
are integrated over 38−88 km s−1 (60−90 km s−1) for the CO (resp.
SiO) blue contours, and over 108−158 km s−1 (104−134 km s−1) for
the CO (resp. SiO) red contours. CO contour levels are, in units of
σCO = 86 mJy beam−1 km s−1, 6 and 15–115 by 20 steps. They are for
SiO, in unit of σSiO = 18.5 mJy beam−1 km s−1, 5 and from 15 to 90 by
15 steps. Ellipses represent the FWHM diameter of cores extracted by
getsources, crosses indicate locations A and B, and arrows indicate the
outflow directions.

These results suggest that core #3 hosts a hot core while core #6
may not yet.

4. Discussion and conclusions

The two cores discussed in this work have remarkably large
masses, ∼60 M�, given their small diameters, ∼1300 au (see
Table 2), leading to extreme densities, nH2 ∼ 109 cm−3. In Fig. 4,
cores #3 and #6 are compared to cores of a few 1000 au
sizes found within cold MDCs (0.1 pc). These two cores are
among the most massive detected so far at 1000−2000 au scales.
They have high turbulent levels, σ ∼ 1.5 km s−1 corresponding
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Fig. 3. Continuum-subtracted spectra of the 1.9 GHz band used to esti-
mate the 1.3 mm continuum emission of cores. Core #3 stands out with
a rich line forest, whereas very few lines are observed toward core #6.

Fig. 4. Extremely massive ∼1000 au-scale cores #3 and #6 and their
parental MDCs in W43-MM1 (circles; Louvet et al. 2014; Motte et al.
2018b), compared to cores and MDCs of references studies (triangles;
Bontemps et al. 2010; Tan et al. 2013; Wang et al. 2014; Tigé et al.
2017; Louvet et al. 2017). In these studies, masses are calculated from
millimeter continuum with the same assumptions: dust temperature
evaluated from large-scale spectral energy distribution fit (except for
Wang et al. 2014 which use NH3), gas-to-dust ratio of 100 (except for
Tan et al. 2013 which use 141), and an opacity index of 1.5. Cores #3
and #6 lie well above the empirical massive star formation threshold
proposed by Kauffmann & Pillai (2010; black line).

to Mach number ∼4.5, which resemble those observed
for ten-times larger young MDCs (e.g., Ragan et al. 2012;
Kauffmann et al. 2013) and probably testifies to the high
dynamics observed in W43-MM1 (e.g., Nguyen Luong et al.
2013; Louvet et al. 2016). Despite that, these cores have low
virial parameters, αvir = 0.2−0.3, which proves they are gravita-
tionally bound and could be collapsing if no extra support such
as magnetic field prevents it. Core #3 drives a bipolar outflow
(see Figs. 2a,b) and displays molecular complexity possibly as-
sociated with hot core emission (see Fig. 3). In contrast, core #6
shows no signs of protostellar activity. We currently cannot rule
out the existence of an unresolved outflow and/or a small and
embedded hot core, but core #6 is, for now, an excellent high-
mass prestellar core candidate.

Core #6 could therefore be among the very few examples
representing the initial conditions of the McKee & Tan (2003)
model of high-mass star formation. In detail, this turbulent-core
accretion model assumes that a ∼12 000 au core with ∼60 M�
and σ ∼ 1 km s−1 is quasi-statically assembled. Observation-
ally, however, most of the 10 000 au cloud structures subfrag-
ment in protostars (Bontemps et al. 2010; Tan et al. 2016) or

dissolve into low-mass cores (Kong et al. 2017; Louvet et al.
2017). In contrast core #6, with its 56 M� mass within 1300 au,
keeps a large fraction, ∼12%, of its parental MDC mass (W43-
N2, Louvet et al. 2014). This gas concentration tends to fol-
low the M(r) ∝ r relation predicted for gravitationally bound
cores such as Bonnor Ebert spheres (see Fig. 4). Core #6 is
also twice more massive than the few other high-mass prestel-
lar core candidates, including CygXN53-MM2 (Bontemps et al.
2010; Duarte-Cabral et al. 2013) and G11P6-SMA1 (Wang et al.
2014).

Given that cores #3 and #6 have the same masses but dif-
ferent evolutionary stages, we use these cores to illustrate the
evolutionary sequence proposed by Motte et al. (2018a). Core
#3 is a high-mass core, hosting a stellar embryo massive enough
to power a hot core. This would then correspond to the IR-quiet
or IR-bright protostellar core phases, which are steps 4 and 5 of
this scenario. Core #6 itself could either be a high-mass prestel-
lar core or a very young high-mass protostellar core, hosting a
very low-mass stellar embryo. While the existence of a high-
mass prestellar phase is refuted in Motte et al. (2018a), the sec-
ond interpretation would put core #6 in the IR-quiet protostellar
core phase (step 4).

The mass-to-luminosity ratio, often used as an indicator of
the evolutionary stage of cores, complies with core #6 being
younger than core #3. Motte et al. (2018b) roughly evaluated
the bolometric luminosity of cores from the total luminosity of
W43-MM1, ∼2×104 L� (Motte et al. 2003), divided between the
cores in proportion to their line contamination. These luminosi-
ties, L ∼ 10 L� for cores #6 and ∼1000 L� for cores #3, lead to
ratios of Mcore/Lbol ∼ 6 M� L−1

� and ∼0.06 M� L−1
� for cores #6

and #3, respectively. These decreasing ratios, for cores of similar
sizes and masses, indicates an increasing proportion of gas in the
stellar embryo relative to the cold core and thus an evolution in
time through the high-mass star-formation process.

We have proposed that core #6 could represent the initial
conditions of the turbulent-core monolithic-collapse model
(McKee & Tan 2003). However, since W43-MM1 is a very
dynamical cloud (Louvet et al. 2016), its cores are expected to
simultaneously collapse and grow in mass from their surround-
ing cloud gas. Therefore, core #6 may be more consistent with
the earliest stage of the accretion-stream model of Smith et al.
(2009) and Vázquez-Semadeni et al. (2017) than with the quasi-
static preassembled core taken for initial conditions in the model
of McKee & Tan (2003).
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Appendix A

Fig. A.1. Spectra of the 13CS line detected toward the continuum peak of core #3 (in blue with a 0.02 Jy beam−1 offset) and core #6 (in red),
before (panel a) and after (panel c) subtraction of their parental filament and outflow emission (panel b). Black curves are the Gaussian fits used
to measure the line widths of the cores: ∆V13CS = 4.3 km s−1 and 3.7 km s−1 for core #3, ∆V13CS = 3.5 km s−1 and 3.1 km s−1 for core #6 before and
after background subtraction, respectively.

Fig. A.2. Spectra of the SiO(5-4) line toward the continuum peak of cores #6 and #18 and toward locations A and B (see Fig. 2b and Sect. 3.3).
The vertical dashed lines indicate the velocity of the SiO line at location B (96 km s−1).
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