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ABSTRACT

Context. The formation of high-mass stars remains unknown in many aspects. There are two competing families of models to explain
the formation of high-mass stars. On the one hand, quasi-static models predict the existence of high-mass pre-stellar cores sustained
by a high degree of turbulence. On the other hand, competitive accretion models predict that high-mass proto-stellar cores evolve from
low or intermediate mass proto-stellar cores in dynamic environments.

Aims. The aim of the present work is to bring observational constraints at the scale of high-mass cores (~0.03 pc).

Methods. We targeted with ALMA and MOPRA a sample of nine starless massive dense cores (MDCs) discovered in a recent
Herschel/HOBYS study. Their mass and size (~110 Mg and r = 0.1 pc, respectively) are similar to the initial conditions used in the
quasi-static family of models explaining for the formation of high-mass stars. We present ALMA 1.4 mm continuum observations that
resolve the Jeans length (Ajeans ~ 0.03 pc) and that are sensitive to the Jeans mass (M)es ~ 0.65 M) in the nine starless MDCs, together
with ALMA-'2CO(2-1) emission line observations. We also present HCO*(1-0), H'*CO*(1-0) and N,H*(1-0) molecular lines from
the MOPRA telescope for eight of the nine MDCs.

Results. The nine starless MDCs have the mass reservoir to form high-mass stars according to the criteria by Baldeschi et al. (2017).
Three of the starless MDCs are subvirialized with ay; ~0.35, and four MDCs show sign of collapse from their molecular emission
lines. ALMA observations show very little fragmentation within the MDCs. Only two of the starless MDCs host compact continuum
sources, whose fluxes correspond to <3 M, fragments. Therefore, the mass reservoir of the MDCs has not yet been accreted onto
compact objects, and most of the emission is filtered out by the interferometer.

Conclusions. These observations do not support the quasi-static models for high-mass star formation since no high-mass pre-stellar
core is found in NGC 6334. The competitive accretion models, on the other hand, predict a level of fragmentation much higher than
what we observe.

Key words. stars: formation — stars: massive — ISM: clouds — ISM: structure — methods: observational — techniques: interferometric

1. Introduction

Two main theoretical scenarios have been proposed to explain
the formation of high-mass stars: (1) monolithic collapse of a
massive dense core (MDC, ~100 M,, for a radius of ~0.1 pc)
supported by supersonic turbulent pressure (e.g. McKee & Tan
2002; Krumbholz et al. 2007) or (2) competitive accretion in
a proto-cluster environment through Bondi-Hoyle accretion
(e.g. Bonnell et al. 2004; Bonnell & Bate 2006). These two
scenarios lead to distinct characteristics for the initial stages of
high-mass star formation. The first family of models suppose the
existence of starless MDCs that are supported by high-degrees
of micro-turbulence (o ~ 1.7-2 km s~!; Krumholz et al. 2007).
The MDCs contract quasi-statically to become high-mass
pre-stellar cores (~30 My for a radius of ~0.03 pc) before
becoming proto-stellar cores. Here, “core” refers to a gaseous
structure of ~0.03 pc (Bontemps et al. 2010; Zhang et al. 2014a;
Palau et al. 2015) that will collapse to form a single star or a

*MOPRA data presented in the article and a copy of Tables 1,
2, Al and A2 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/622/A99

Article published by EDP Sciences

small N-tuple binary system. Hence, quasi-static models predict
the existence of one, or a few, high-mass pre-stellar cores in the
starless MDCs.

In the second family of models, high-mass pre-stellar cores
never develop. The starless MDCs fragment into a cluster of
low-mass cores with initial masses of the order of the Jeans
mass. The protostars inside these cores start accreting gas from
their envelope, unimpeded by the presence of other protostars. In
a second step, the gas is accreted from regions outside of their
envelopes and therefore from region that can contribute mass to
more than one protostar. This accretion accounts for the bulk of
the mass of the more massive stars. The latter are formed more
favourably at the centre of the MDCs, where the gas density is
the highest.

A few high-resolution studies have been performed with
(sub)millimeter interferometers with the aim of identifying pre-
stellar cores and protostars within massive dense cores (MDCs;
see Rathborne et al. 2007; Swift 2009; Zhang et al. 2009;
Busquet et al. 2010; Bontemps et al. 2010; Pillai et al. 2011;
Wang et al. 2011, 2014; Zhang & Wang 2011; Beuther et al.
2013; Lee et al. 2013; Tan et al. 2013; Louvet et al. 2014;
Cyganowski et al. 2014; Duarte-Cabral et al. 2014; Fontani et al.
2016; Kong et al. 2017; Palau et al. 2018; Nony et al. 2018).
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Table 1. Physical parameters of the MDCs.

MDC Radius Mass UNZH* O-NZH" UHCO* UHI3co+ % Mvir Qyir Mthr Mjeans /ljeans Bﬁe]d
(pc)  (Mg) (kms™) (kms™) (kms™) (kms) - (M) - (Mg) (Mg) (mpe) (mG)
(1) 2 3 4 (5) (6) ) @ O doy danp dzy  ads d4
NGC 6334-MDC#11  0.140 170 - - -1.8 - - - - 63.7  0.85 46 0.7
NGC 6334-MDC#16  0.075 150 -4.0 1.00 -5.6 -3.7 -1.6 60 040 278 0.21 15 2.2
NGC 6334-MDC#17  0.050 150 =73 1.72 -7.8 - -03 120 0.80 16.2 0.25 11 -
NGC6334-MDC#21  0.135 130 -4.9 0.99 -4.6 -4.7 +0.3 107 0.80 85.7 1.31 55 -
NGC 6334-MDC#27  0.070 105 =54 0.77 =55 -5.4 -0.1 34 030 253 042 21 1.9
NGC 6334-MDC#26  0.040 100 =53 1.60 -6.3 -4.8 -0.6 83 0.80 12.0 0.28 10 -
NGC6334-MDC#35  0.105 90 -19 0.65 -2.0 - -0.2 36 035 434 093 42 0.7
NGC 6334-MDC#44  0.150 77 - - - - - - - 69.8 1.15 68 -
NGC 6334-MDC#45  0.055 76 -89 1.12 -9.2 -89 -0.3 56 0.75 164 0.34 17 0.4
Mean 0.090 116 1.12 71 0.60 40.0 0.64 32 1.2

These attempts revealed either that they were proto-stellar in
nature when observed at high resolution (e.g. Duarte-Cabral
et al. 2013), or filled with low-mass pre-stellar cores (e.g. Tan
et al. 2013; Kong et al. 2017). In total, only five high-mass
pre-stellar core candidates have been reported:

— The pre-stellar candidate CygX-N53-MM2 (~25 M, within
0.025 pc) of Duarte-Cabral et al. (2014); however, owing to
the confusion with the neighbour CygX-N53-MM , it is hard
to exclude that CygX-N53-MM2 is driving outflows.

— The pre-stellar candidate G11.92-0.61-MM2 (>30M,, within
0.01 pc) of Cyganowski et al. (2014) but the lack of
(sub)millimeter molecular line emissions casts doubt about
its belonging to the Milky Way.

— The pre-stellar candidate G11.11-P6-SMA1 (~30 M, within
0.02 pc) of Wang et al. (2014). This source seems deprived
of outflows but a spectral survey of this target is necessary to
determine if it hosts a hot core.

— The source GO28CA9 (~70 M, within 0.04 pc) of Kong
et al. (2017) but this source still lacks of shock tracer analy-
sis to address if it is driving outflows. Also, according to the
authors, it shows complex kinematics potentially indicative
of two merging structures.

— The source W43-MM1-#6 (~55 M, within 1300 au) of Nony
et al. (2018). The target seems deprived of outflows and
its spectral survey did not reveal strong complex organic
molecule emissions. Nevertheless, the study could not rule
out the existence of an unresolved outflow and/or a small
and embedded hot core.

Therefore, although many regions have been studied, very few
high-mass pre-stellar core candidates have been reported which
proves that, if they exist, they are very elusive. Here, we present
a study of nine starless MDCs located in NGC 6334.

The source NGC 6334 is a giant molecular cloud complex
(~7x10° My; see e.g. Russeil et al. 2012) of the Milky Way.
It belongs to the Sagittarius—Carina arm, lying at 1.75 kpc
from the sun (Matthews et al. 2008). It is a very active high-
mass star-forming region hosting more than 2000 young stellar
objects identified with Spitzer (Willis et al. 2013), numer-
ous HII regions, maser sources, and molecular outflows (see
Loughran et al. 1986; Persi & Tapia 2008; Carral et al. 2002).
As part of the Herschel/HOBYS project, Tigé et al. (2017)
analysed the properties of the MDCs forming in NCG6334,
based on Herschel-PACS&SPIRE, JCMT-SCUBA2, APEX-
LABOCA, SEST-SIMBA, Spitzer-IRAC&MIPS, WISE, and
MSX data. Among other results, they found and characterized
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16 candidate starless massive dense cores that remained
undetected at 70 um, have a mass >70 Mg, and a decon-
volved radius of ~0.1 pc. Thirteen of these MDCs were observed
with ALMA (2015.1.00850.S, PI: Louvet, F.). In this article we
present nine of these MDCs (see Table 1), as the other four con-
tain protostars and will be presented separately (Louvet et al.,
in prep.). We complement our dataset with MOPRA observa-
tions to analyse the large-scale (~0.1 pc) features of the MDCs.
The article is organized so that in Sect. 2 we describes the obser-
vational data used in the present work, Sects. 3.1-3.2 present
the large-scale feature of the MDCs at ~0.1 pc scales, Sect. 3.3
presents the structure of the MDCs down to ~0.006 pc scales
with ALMA. In Sect. 4 we discuss our results with respect to the
numerical models of high-mass star formation (Sect. 4.1) and
with respect to recent interferometric studies (Sect. 4.2). Finally,
in Sect. 5 we describe our conclusions.

2. Observations
2.1. ALMA observations

ALMA observations were carried out in Cycle 3 in Band 6 using
39 antennas with baselines ranging from 15 m to 459 m, that
gives access to an angular resolution of ~0.74” and a filtering
scale of 11.6” at 1.4 mm. In this article, we only present contin-
uum emission observations and '>?CO(2-1) emission line obser-
vations. The continuum is obtained from a bandwidth spectral
window of 1.875 GHz centred at 214.5 GHz (or 1.40 mm) divided
in 128 channels of 31.25 MHz each. The '2CO(2-1) molecular
line emission is obtained from a spectral windows centred on the
12C0O(2-1) transition at 230.53 GHz with a high spectral resolu-
tion of 0.485 MHz (or 0.63 km s~!). Each of our nine sources
was observed for ~1.4 min in total. The system temperature has
a mean value of 91 K. The data was pipeline-calibrated using
standard procedures of CASA 4.5.2. The continuum was imaged
concatenating together the 128 channels of the spectral window
dedicated to the continuum emission, which is a valid approach
for pre-stellar structures for which no complex organic molecule
emission lines are expected (Motte et al. 2018a). The 2Cco(2-1)
emission line was slightly smoothed to a spectral resolution of
0.7 km s~!. Both the continuum and '>CO line emissions were
imaged with the Clark method using the weighting Briggs with
a robust parameter of 0.5'. The mean achieved root mean square

' Details on the method can be found in the CASA Task reference
manual at the following location: https://casa.nrao.edu/docs/
taskref/tclean-task.html.
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Fig. 1. Herschel-SPIRE-250 yum emission of the NGC 6334 region. The
9 MDC:s of the present work are located by the blue stars together with
their number, following the nomenclature by Tigé et al. (2017). Red
arrows and Roman numerals (I, V) denote bright far-infrared sources
from Kraemer & Jackson (1999). Credits: ESA, Herschel Science
Archive.

(rms) noise level is of ~0.34 mJy/beam in continuum and of
16.6 mJybeam™! per channel in '2CO(2-1), at a resolution of
0.7 km s~!. Table A.1 details the rms for each source.

2.2. MOPRA observations

These observations were performed in September 2008 with the
ATNF MOPRA 22-m telescope with the 3 mm receiver and
the MOPRA spectrometer (MOPS) in the “zoom mode” that
allows to observe simultaneously up to 16 different frequencies,
among them the HCO*(1-0) at 89.18 GHz, the H'3*CO*(1-0)
at 86.75 GHz, and the NoH*(1-0) at 93.17 GHz emission lines.
Small maps (between 3’ X 3’ and 5 X 5’) were observed in
the direction of the 40 dense cores of Russeil et al. (2010).
These maps cover seven of our nine MDCs. These maps were
done in the OTF mode and the data reduction was performed
with Livedata and Gridzilla tools? producing data-cubes with a
spectral and spatial resolution of 0.11 km s~ and 30", respec-
tively. The MOPRA dataset is complemented with observations
from the MALT90 survey (Jackson et al. 2013) to cover one addi-
tional MDC. To sum up, we gather a coherent sample of spectral
lines from the MOPRA telescope for all our nine MDCs but the
MDC #44.

3. Analysis
3.1. Large-scale view of the MDCs

Figure 1 shows the Herschel 250 um emission of NGC 6334,
overshowing the column density map plotted with the positions
of the nine MDCs studied here. Figures 2—4 show the column
density map over each MDC (left columns) and the molecular
line emissions in the MDC (right columns). All observed MDCs
are detected in HCO™. Five MDCs are detected in H'3CO*, and
seven in NoH* (see Table 1). Only the MDC #11 was undetected
in both NoH* and H'3CO*. We fitted the lines in CLASS? using
the Afs procedure to fit the multiplet No,H™ molecular emission

2 Seehttp://www.atnf.csiro.au/computing/software/index.

html.
3 Seehttps://www.iram.fr/IRAMFR/GILDAS/doc/html/class-
html/class.html.

line and Gaussian functions to fit the HCO™ and H*CO* molec-
ular line emissions (see Table 1). We used the fit to the N,H*

optically thin molecular line to determine the velocity dispersion
FWHMy,n+

V81In2

dispersion estimates 0'N2H+4 to derive the virial mass for each
MDC as

in the MDCs as on,u+ = . We used these velocity

RO’N2H+
G bl

ey

-2
Mvir=3(5 ”) x
3—-n

where R is the radius of the MDC, G is the gravitational constant,
and n is the index of the density profile p(R) o R™". Garay et al.
(2007) and Mueller et al. (2002) find, on average, a radial profile
index of 1.8 for massive dense cores. We use this value of n = 1.8
to derive the virial mass of our MDCs.

We compute the virial parameter @i = Myir/Mmpc, wWhere
Myipc is the mass of the MDC, as reported by Tigé et al. (2017).
The MDCs appear either close to virial equilibrium (ay; ~ 0.8
for #17, #21, #26, and #45) or sub-virialized (ay;; ~ 0.35 for #16,
#27, and #35). This indicates that they are not transient objects
and will most likely collapse and form stars.

3.2. Infall motion in MDCs

The majority of the MDCs show a blueshifted central velocity
of the optically thick HCO™ emission line with respect to the
optically thin H'3CO* and/or N,H* emission lines (see Table 1).
Following Mardones et al. (1997), we quantify the asymmetry
parameter 6V = (Vihick—Vinin)/0 Vinin to measure line asymme-
try, where Vick is the peak velocity of the optically thick line,
Vnin 1S the peak velocity of the optically thin line and oV, is
the line width of the optically thin line. A negative 6V value is
indicative of infall, and a positive value of dV is indicative of
expansion motions. The typical error in line asymmetry param-
eter is of 0.25, which is dominated by the error in determination
of velocity of optically thick line. We report one positive value
of 6V (#MDC 21) and 6 negative values of 6V. The sources #16,
#17, #26 and #45 further have |0V| values above the typical error,
which strongly indicate infall motions in these MDCs.

Myers et al. (1996) presented a simple model of contracting
cloud, and showed that low-velocity contracting cloud display
optically thick emission lines with double-peak spectra where
the blueshifted peaks appear stronger than the redshifted peaks.
At higher infall velocities the redshifted peak of the optically
thick emission lines disappear, displaying instead a shoulder-like
profile. The four MDCs that have a significant negative 6V value
display such profiles. Figure 5 presents the optically thick HCO*
emission line superposed with the optically thin H'3CO* emis-
sion line (N,H* for #17) toward these four MDCs. In addition to
the blue-shift of the optically thick line with respect to the opti-
cally thin line, the optically thick HCO* emission lines display a
shoulder-like profile toward the MDCs #17 and #26, and a higher
blue-peak with self absorption dips in the MDCs #16, and #45.
Therefore, from the values of the 6V parameters together with
the profile of their optically thick lines, we conclude that these
four MDCs are undergoing infalling motions.

4 Rigorously, the virial mass should be computed from an average

molecule of weight um, where p = 2.8 (Kauffmann et al. 2008) and m,,

is the mass of a proton. Considering the N,H* as the molecule used to
) kT (1 1

measure the dispersion, it gives o = 4|05 .. + — | == — == |, which
P & Nowr ¥ (2.8 29)

differs by less than 5% with the value of o, u+.
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3.3. ALMA view of the massive dense cores

Figures 68 present ALMA continuum 1.4 mm emission maps
toward the nine starless MDCs. The emission is completely
resolved out in the MDCs #11, #17, #21, #27, #35, and #44,
indicating that they are emitting at a scale near or larger than
our filtering scale of 11.6” (or ~0.1 pc at the adopted distance
of NGC 6334). On the contrary, the maps toward the MDCs
#16, #26, and #45 display some structure. To extract the com-
pact sources within the fields we used the source extraction tool
Getsources (Men’shchikov et al. 2012). Developed for multi-
wavelength Herschel images, it calculates the local noise and
local background to properly extract compact sources from a
complex cloud environment (see e.g. Louvet et al. 2014). In
total we find eight cores located in the vicinity of the MDCs
#16, #26, and #45. In these three fields, we superposed contours
showing the column density emission derived from the Herschel
observations (respectively the JCMT/SCUBA-2/450 um emis-
sion for the MDC#26). In the pointing toward the MDC #16, two
fragments are within the area corresponding to 90% of the col-
umn density peak emission of the MDC. Therefore, these two
fragments are likely to have formed from the mass reservoir
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after subtraction of the Gaussian feature

o]
Velocity (km/s) shown on the top frame.

of the MDC#16. In a similar way, one fragment observed with
ALMA seems associated with the MDC#26. On the other hand,
the five remaining fragments are offset from the MDC locations,
and generally associated with proto-stellar objects previously
identified by Tigé et al. (2017). The integrated flux of these cores
varies between 1 and 15 mJy. To derive the corresponding mass,
we used the expression:

Sint

1.4mm

x d?

M = 2)

Kidmm X Blamm’
with d = 1.75 kpc, and Bj 4 mm the Planck function at the tem-
perature Tgys given in Table A.l. The dust mass opacity was
taken to be equal to k| 4mm = 9.9 X 1073 cm? g’l, following the
k, = 0.1cm? g~! x (v/1000GHz)? equation including a gas to
dust ratio of 100 and an opacity index 8 = 1.5, which is typical of
dense and cool media (Ossenkopf & Henning 1994). The mass
of the cores ranges between 0.2 and 2.6 M, for a mean size of
~0.008 pc. Compared with the mass of the MDCs (~115 M),
it is clear that most of the emission is resolved out even in
these MDCs where substructure is found. The parameters of each
low-mass core are reported in Table 2.
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The blue and red contours in Figs. 6—8 show the blueshifted
and redshifted integrated emissions of the '>CO(2-1), high-
lighting the presence of outflows. The three compact sources
#16-almal, #16-alma2, #26-alma38 are deprived of outflows and
are therefore pre-stellar core candidates. We report the detec-
tion of a bipolar outflow associated with the proto-stellar object
#45-almal. We also report two '2CO blueshifted blobs, plus one
12CO redshifted blob in the MDC #11; and one elongated '>CO
redshifted emission in the MDC #35. These '>CO emissions are
not associated with any compact continuum sources, down to our
detection limit of 0.11 M, corresponding to a 5o~ level. The inter-
pretation of these features goes beyond the scope of the present
paper and will require the addition of complementary data, for
example, from ACA, to recover the intermediate scale emission.

4. Discussion

4.1. Comparison with models

Baldeschi et al. (2017) find an empirical high-mass star forma-
tion threshold, based on studies of environment with and without
high-mass star formation. They suggest that cloud structures

-10
Velocity (km/s)

Fig. 3. Same as Fig. 2, for the MDCs
#16, #17, and #26.

with masses larger than the mass Mgresnola = 1280 Mo, (r/pc)'42,
where r is the source radius, form high-mass stars or will form
high-mass stars in the near future. Applying this relationship to
our ~0.1 pc MDCs, we find that all have masses above the mass
threshold for high-mass star formation (see Table 1, column 11).

Our nine MDCs have a mean mass of ~115 M and a mean
radius of 0.1 pc. These conditions are very similar with the
initial conditions of the quasi-static models for high-mass star
formation (100-200 M, and radius of 0.1 pc; see e.g. McKee &
Tan 2002; Krumholz et al. 2007). Three of the starless MDCs
are clearly subvirialized with ;. ~0.35, and three additional
MDC:s display evidence of infall from their large-scale molecular
line emissions, in contrast with the virial equilibrium assump-
tion used in these models. In the framework of quasi-static
models, where the MDCs (r ~0.1 pc) slowly contract down to
the physical scale at which individual (or low N-tuple system)
star formation takes place (~0.03 pc; see e.g. Bontemps et al.
2010; Zhang et al. 2014b; Palau et al. 2015), one expects to
observe high-mass pre-stellar cores. Nevertheless, the ALMA
observations toward NGC 6334 show that the few cores that were
detected are low-mass cores (maximum mass of 2.6 M), and
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Fig. 4. Same as Fig. 2, for the MDCs
#35, #44, and #45.
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Fig. 5. Line profiles of the optically thick HCO*(1-0) emission lines and of the optically thin H'3CO* — respectively N,H*(1-0) — emission lines
toward the MDCs #16, #17, #26 and #45. The red dotted vertical line shows the velocity of the source determined from the optically thin line.
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Fig. 6. ALMA 1.4 mm continuum emission toward the nine MDCs. The blue ellipses show the MDCs as defined by Tigé et al. (2017). The compact
sources extracted by Getsources in the MDCs #16, #26, and #45 (see text and Table 2 for details) are indicated with small black ellipses and red
labels. The blue and red contours highlight the ALMA '2CO(2-1) integrated emission in the blueshifted and redshifted channels, respectively. The
contours start at 30~ with a 30 step in each panel. The values for the integration in velocities and the resulting rms is given in Table A.2. Bottom
right panel: black contours (MDC #16) show the column density emission derived from Herschel observations (Tigé et al. 2017). The contours
range from 50 to 90% by step of 10% of the peak flux in the MDC #16 (blue ellipse). They show that the continuum sources ALMA#1 and #2 are

associated with the MDC #16.

hence they do not have the mass reservoir to form a high-mass
star.

On the other hand the competitive accretion models (e.g.
Bonnell et al. 2004) posits that an MDC of mass Mypc will
fragment into n cores where each core will have a mass close to

Myipc
25x M Jeans ’
local cloud density and kinetic temperature computed for each
MDCs (see Table 1 and Tigé et al. 2017), we can calculate the
Jeans mass and Jeans scale (Ajeans) as

b8

32 Th 1 4
-~ s = 0 ~
6 \/G_%p Jeans th Gp

where G is the gravitational constant and p is the gas density
(given in Table A.1, Col. 6). oy, is the thermal broadening of

the thermal Jeans mass (Mjeans), and n =~ From the

Mieans =

3)

the emission line given by ow = kg X T/(1 X mp), where

kg is the Boltzmann constant, u = 2.8 is the mean molecu-
lar weight (Kauffmann et al. 2008), m, the mass of a proton,
and T is the temperature of the MDC. We obtain a mean
Jeans mass (Mjeans) = 0.65 My and a mean Jeans length of
(Ajeans) = 0.03 pc. Our ALMA data probe angular scales down
to 0.74” (~0.006 pc at the distance of NGC 6334), and have a
mass equivalent 5o~ detection threshold of 0.11 M, hence we
are fully sensitive to the Jeans mass and Jeans scale. Therefore,
if a cluster of low-mass cores were forming in our MDCs we
should have detected it. In the case of the MDC #16 where we
found cores associated with the mass reservoir of the MDC,
a fragmentation such as predicted by the competitive accre-
tion models would have resulted in ~280 cores of ~0.2 M,
in mass. In contrast, we only found two cores of masses of
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Fig. 7. Following Fig. 6. Bottom left panel: black contours show the JCMT/SCUBA-2/450 um emission presented in Tigé et al. (2017). The contours
range from 20 to 90% of the peak flux inside the MDC #26 (defined by the blue ellipse) by step of 10%. They show that the continuum source
ALMA#38 is associated with the MDC #26, while the continuum sources ALMA#3, #4, and #35 belong to another structure.

Table 2. Physical parameters of the fragments.

Notes. “@The label of the source is defined as the name of the nearest MDC, plus the Getsources extraction number. Y The method to derive the

mass follows Eq. (2).
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Source* RA Dec Integrated Size Mass?
(J2000) (J2000) flux (mJy) (%) M,

MDC#16-almal  17:19:05.25 -36:07:50.48 142 +0.1 0.8x0.8 2.63+0.02
MDC#l16-alma2  17:19:06.11 -36:08:02.44 1.0+0.1 0.8x0.8 0.17 +0.02
MDC#26-alma3  17:20:54.66 —35:45:51:144 71 +06 08x0.8 0.45+0.04
MDC#26-alma4  17:20:55.68 —-35:45:50.72 8.8+0.5 09x0.8 0.56+0.03
MDC#26-alma35 17:20:54.93 -35:45:46.8 70+09 12x0.8 0.44 +0.05
MDC#26-alma38 17:20:55.21 —-35:46:16:07 144 +0.7 16x 1.1 0091 +0.04
MDC#45-almal  17:17:48.59  -36:09:11.45 15.0+04 0.8x0.8 1.53+0.04
MDC#45-alma2  17:17:48.66  —36:09:34.63 49 +0.2 0.8x0.8 0.50+0.02

Mean 90+04 1.0x0.8 0.90=+0.03
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Fig. 8. Following Fig. 7. The black contours show the column den-
sity emission derived from Herschel observations (Tigé et al. 2017).
The contours range from 30 to 90% of the peak flux in the MDC #45
(blue ellipse) by step of 10%. They show that the continuum sources
ALMA#1 and #2 are not associated with the MDC #45.

0.2 and 2.6 My, respectively. In the MDC #26 a fragmentation
such as in the competitive accretion models would have resulted
in ~120 cores of ~0.3 M, in mass, whilst we found only a sin-
gle core of ~0.9 Mg in mass. In the remaining seven MDCs
no core is found associated with the starless MDCs. There-
fore, the observations of starless MDCs in NGC 6334 do not
match the predictions of competitive accretion models, unless
the MDCs are in such early stage of evolution that the initial
fragmentation has not yet taken place. Most of the mass in the
starless MDC:s is likely organized in extended and homogeneous
cloud structures (0.1 pc) that were filtered by the interferome-
ter. A similar result was reported by Dunham et al. (2016) who
reported that low-mass pre-stellar cores resembling Bonnort—
Ebert spheres would be filtered out by the interferometers.
Combination with short-spacing observations is therefore
mandatory to investigate the exact cloud structure of starless
MDCs.

It is not clear what prevents the MDCs from fragmenting
into low-mass cores. According to Krumholz & McKee (2008),
the heat produced by accreting low-mass stars in regions with
surface density of at least 1 g cm™2 can halt fragmentation of
the MDCs. It could be the case in MDCs #11 and #35 if the
12CO(2-1) blobs (see Sect. 3.3) were interpreted as monopolar
outflows. The combination of the heat due to the accretion on
the low-mass protostars with the injection of turbulence by the
outflows could prevent the fragmentation in the MDCs. But the
lack of fragmentation is also observed in the MDCs where no
sign of proto-stellar activity is present (MDCs #16-17-21-26-27-
44-45, see Figs. 6-8). Consequently, further processes must be
considered.

Numerical models of a protocluster where a significant mag-
netic field is considered show a smaller fragmentation level than
models with weak magnetic support (e.g. Commercon et al.
2011, see also the theoretical approach by Shu et al. 1987). There-
fore, the magnetic field could play the dual role of (i) limiting the
fragmentation of MDCs and (ii) sustaining the MDCs against

collapse together with the turbulence. Following this hypothesis,
we derive the magnetic field strength necessary to prevent the
MDC:s from collapsing given their measured turbulence support.
The magnetic field strength is computed as B = 04 X +/uo p,
where p is the mean density in the MDCs (see Table A.1), yg is
the vacuum permeability and o, is the Alfvén velocity such as

M3 = Mypc = 3% (E_Tzn") (0'2 + éo-i), where the parameters
are the same as for Eq. (1). The value of the magnetic field nec-
essary to sustain the MDCs against collapse is given in Table 1.
The mean value of ~1.2 mG that we obtain is of the order
of the magnetic field strength measured in high-mass star for-
mation (~0.1-10 mG; see Motte et al. 2018b). It is very likely
that the magnetic field plays a central role in our MDCs. This is
particularly true toward the MDC #27, and #35 where the virial
parameter ay;; < 0.4 whereas no infall motion are traced by the
molecular line emissions. This discrepancy is better explained if
magnetic fields are taken into account.

4.2. Comparison with previous observational studies

Recently, a handset of large-sample observational studies have
targeted high-mass star-forming regions with interferometers
(Sanhueza et al. 2017; Kong et al. 2017; Csengeri et al. 2017).
First, we note that none of these observations found a ther-
mal Jeans fragmentation and none could claim the discovery of
a high-mass pre-stellar core — in a similar way as the present
study. Interestingly, these studies found different values in term
of fragmentation level and/or on the masses of the cores. Here,
it is primordial to remember that these studies probe differ-
ent physical scales, with different filtering scales. For instance,
Csengeri et al. (2017) report ALMA 7m array observations
that probe scales from ~0.3 pc down to ~0.06 pc in 35 IR
Quiet clumps selected from the ATLASGAL survey Schuller
et al. (2009). At these scales they find that the clumps frag-
ment on average in 3 MDCs of typically 60 M, similar to
the sample we scrutinized here with ALMA, down to scales of
~0.006 pc. Csengeri et al. (2017) report that they were able to
recover between 16% and 47% of the large scale fluxes of the
clumps measured by the ATLASGAL survey at a similar wave-
length of 870 um. It is consistent with our observations that
report higher filtering when probing the MDCs at higher angular
resolution.

Also we stress that all these studies were conducted in differ-
ent regions, hence scrutinizing different stages of the high-mass
starless phase. Looking in details at these studies, they actu-
ally seem to fall well onto the empirical sequence proposed by
Motte et al. (2018b). Following this sequence, (i) a starless MDC
(~100 M within 0.1 pc) would fragment into a few pre-stellar
objects of low and/or intermediate masses, as we observed here
in the MDCs #16 and #26. This type of fragmentation was also
observed by Kong et al. (2017): they surveyed 32 high-mass sur-
face density regions in which they detected in total 141 cores,
stating that many of the weakest sources are likely to be noise
fluctuation. They give the characteristics of the 50 more reliable
extractions and present in details the six most massive. The six
most massive have a mean mass of 3.8 M, if we do not consider
the most massive (C9A, see below). Therefore, all the 141 cores
of Kong et al. (2017) but C9A are low or intermediate mass
cores. The most massive C9A core has a mass of ~70 M, under
their assumptions, and of ~20 M, using our mean temperature
of 15.5 K and our dust emissivity assumption. Also, it could be
constituted of two lower mass cores, and, its evolutionary status
is unknown. (ii) Then, in the sequence of Motte et al. (2018b)
the global collapse of the MDC will generate gas flows streams
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that will increase the mass of the pre-stellar objects - a process
even more efficient as the pre-stellar objects are located near the
gravitational potential of the MDC. This step is well supported
by the observations by Sanhueza et al. (2017). They observe a
candidate starless clump (1500 M, within 0.6 pc) that fragments
into five candidate pre-stellar cores with masses ranging from
8.4 to 15 M, within ~0.05 pc. It is also supported by the present
study since the two MDCs #16 and #26, that harbour substruc-
ture, are collapsing (see Sect. 3.2). (iii) During the accretion
process, the low and/or intermediate mass pre-stellar cores even-
tually start proto-stellar activities, which would explain why
some IR Quiet MDCs host low and/or intermediate protostars
(Louvet et al., in prep.). (iv) Finally, the low and/or interme-
diate protostars eventually become massive (~25 My within
0.03 pc) and form high-mass stars. To strengthen this view of
high-mass star formation, future studies should target early-type
proto-stellar MDCs (~100 M, within ~0.1 pc) to determine the
mean mass at which 0.03 pc cores turn proto-stellar.

5. Conclusions

We presented 1.4 mm continuum and '>CO(2-1) ALMA obser-
vations of nine starless massive dense cores (MDCs) located in
NGC 6334 (d ~ 1.75 kpc) that have a mean mass of 115 M, and
a mean radius of ~0.1 pc. Our ALMA observations probe
spatial scales from ~0.1 pc down to 0.006 pc, resolving the ther-
mal Jeans length in these nine MDCs ({Ajeans) = 0.03 pc). Our
ALMA observations are also sensitive to the thermal Jeans mass
in the MDCs ({(Mjeans) = 0.65 M), with a mass equivalent 5o
level of ~0.1 M. We complemented the ALMA dataset with
archive HCO*(1-0), H'3CO*(1-0), and N,H*(1-0) MOPRA
observations toward eight of the nine MDCs to examine the gas
dynamic at the MDCs’ scale. Our main results are summarized
as follows:

— The nine starless MDCs of our sample have the potential
to form a high mass star according to the mass threshold
criteria presented by Baldeschi et al. (2017).

— Three MDCs are subvirialized with ay; ~0.35 and four
MDCs are roughly virialized with @ ~0.8. One among
the former and three among the later MDCs further show
an asymmetry of their optically thick HCO™ molecular line
emissions and blueshifted emission lines with respect to the
optically thin H'*CO* emission lines, indicative of collapse.

— ALMA observations show that very few 0.005 pc cores
are forming in starless MDCs. In total, three cores are
detected: two in the MDC #16 with masses of ~0.2 M and
2.6 M, respectively, and one in the MDC #26 with a mass
of 0.9 M,,. These three cores are deprived of outflows mak-
ing them candidate pre-stellar cores. These low-mass dense
cores do not have the gas reservoir to form a high-mass star.
Therefore most of the gas must be organized into extended
and homogeneous structures near or above our filtering scale
(0.1 po).

— These ALMA observations do not support the turbulent-core
models of high-mass star formation since we do not observe
high-mass pre-stellar cores (expected to have ~25 M within
~0.03 pc).

— These ALMA observations do not reproduce the predictions
of the competitive accretion models in term of initial frag-
mentation of the MDCs. We detect only a few fragments in
our sample, two orders of magnitude below the predicted
fragmentation level. Our observations are therefore incom-
patible with these models unless the initial fragmentation has
not yet taken place.
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— Present ALMA observations of the starless MDCs of
NGC 6334 are consistent with the empirical model by Motte
et al. (2018b) in which the first stage of the high-mass star
formation scenario is the formation of a few low and/or inter-
mediate mass pre-stellar cores within the MDCs, that will
grow in mass by accreting gas from the diffuse gas reservoir
of the MDC.

This study shows that at the very early stages of high-mass star
formation, the so-called pre-stellar MDCs have a very low frag-
mentation level. The fragments in these MDCs do not have the
mass reservoir to form a high-mass star. Instead, the bulk of
the mass of the pre-stellar MDC is composed of diffuse gas.
It suggests that massive stars likely start their formation in low
and/or intermediate mass pre-stellar fragments. These low and/or
intermediate pre-stellar fragments would turn proto-stellar and
continue accreting gas from the MDC, but also from larger-
scale until eventually becoming massive. Nevertheless, more
follow-ups with interferometers are needed toward pre-stellar
MDCs in various high-mass star forming regions to support this
view.
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Appendix A: Additional tables

Table A.1. Additional parameters of the MDCs.

Data set from Tigé et al. (2017) ALMA-cycle 3 observations
Source® RA Dec Ly M/L (nm, ! T 0—?2 o T cont Mass sensitivity
J2000) (J2000) (Le) (MyLy™)  (ecm™) (K) (mJybeam™') (uJybeam™') at 50°¢
NGC 6334-MDC#11  17:20:02.16 -36:12:14.5 110 1.55 24x10° 141 15.8 273 0.11 M,
NGC 6334-MDC#16  17:19:05.24  -36:07:57.8 11 13.64 1.6 x10° 99 15.8 263 0.19 M,
NGC 6334-MDC#17  17:19:51.86  —-35:57:.07.7 230 0.65 48 x10° 165 16.8 310 0.10 M,
NGC 6334-MDC#21  17:20:30.91 -36:00:54.8 390 0.33 22x10° 183 16.9 283 0.06 M,
NGC 6334-MDC#27  17:19:39.66  —35:56:52.0 120 0.88 1.3x10° 15.6 16.4 292 0.07 Mg
NGC 6334-MDC#26  17:20:55.36  —35:46:05.7 740 0.14 7.5 % 10° 211 17.6 656 0.16 M,
NGC 6334-MDC#35  17:19:58.00 —-36:13:13.5 140 0.64 34x10° 164 17.2 318 0.11 M,
NGC 6334-MDC#44  17:22:25.58 —35:16:59.9 27 2.85 1L.0x10° 128 16.5 281 0.08 M,
NGC 6334-MDC#45  17:17:4795 -36:09:28.5 60 1.27 20x10° 147 16.5 352 0.14 M,
Mean - - 203 2.44 20x10° 155 16.6 336 0.11 M,

Notes. “The source’s name, radius, bolometric luminosity, and density follow the work by Tigé et al. (2017). ¥ The 10~ rms noise level is given
per channel, where the channel width is 0.7 km s~!. Y“The method to estimate the mass from the 50 value follows Eq. (2).

Table A.2. Integration parameters of the CO line in the MDCs.

MDC Blueshifted '2CO(2-1) emission Redshifted '2CO(2-1) emission
Velocity range 1o value Velocity range 1o value
(kms™h) (rnbeeam‘1 kms™h) (kms™h) (mbeeam‘1 kms™)
NGC 6334-MDC#11  [-19.4;,-79] 11.1 [0.0;3.1] 6.2
NGC 6334-MDC#16 [-8.5;-5.5] 11.9 [1.0;6.1] 7.3
NGC 6334-MDC#17  [-13.3; -8.9] 20.1 [-0.1;5.7] 5.7
NGC 6334-MDC#21  [-12.6; —9.7 ] 4.5 [10.9; 14.2 ] 7.9
NGC 6334-MDC#27  [-18.6; —9.3 ] 8.2 [-2.2;6.4] 9.3
NGC 6334-MDC#26  [-30.1; —20.5 ] 7.8 [-7.9; -5.3] 15.9
NGC 6334-MDC#35  [-9.8; -4.5] 74 [1.8;54] 4.8
NGC 6334-MDC#44  [-16.5;-7.5] 6.3 [1.5;10.7 ] 6.6
NGC 6334-MDC#45 [-23.3;-17.0] 9.6 [0.5; 13.3] 9.9
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