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ABSTRACT

Context. Core accretion models of massive star formation require the existence of massive, starless cores within molecular clouds.
Yet, only a small number of candidates for such truly massive, monolithic cores are currently known.

Aims. Here we analyse a massive core in the well-studied infrared-dark cloud (IRDC) called the ‘dragon cloud’ (also known as
G028.37+00.07 or ‘Cloud C’). This core (C2c1) sits at the end of a chain of a roughly equally spaced actively star-forming cores near
the center of the IRDC.

Methods. We present new high-angular-resolution 1 mm ALMA dust continuum and molecular line observations of the massive core.
Results. The high-angular-resolution observations show that this region fragments into two cores, C2cla and C2c1b, which retain
significant background-subtracted masses of 23 M, and 2 M, (31 M, and 6 M, without background subtraction), respectively. The
cores do not appear to fragment further on the scales of our highest-angular-resolution images (0.2”, 0.005 pc ~ 1000 AU). We find
that these cores are very dense (ny, > 10° cm™3) and have only trans-sonic non-thermal motions (M ~ 1). Together the mass, density,
and internal motions imply a virial parameter of <1, which suggests the cores are gravitationally unstable, unless supported by strong
magnetic fields with strengths of ~1-10 mG. From CO line observations, we find that there is tentative evidence for a weak molecular
outflow towards the lower-mass core, and yet the more massive core remains devoid of any star formation indicators.

Conclusions. We present evidence for the existence of a massive, pre-stellar core, which has implications for theories of massive star
formation. This source warrants follow-up higher-angular-resolution observations to further assess its monolithic and pre-stellar nature.

Key words. stars: formation — stars: massive — ISM: structure — ISM: clouds

1. Introduction

Massive stars (i.e. with initial masses >8 M) inject vast amounts
of energy and momentum into the interstellar medium during
and at the end of their relatively short lives, thus helping drive
both local and galaxy-scale physical and chemical evolution (e.g.
Krumholz et al. 2014). However, understanding how massive
stars form remains one of the major unanswered questions in
astrophysics (e.g. Tan et al. 2014).

One way to test different formation theories is to study the
initial conditions of massive star formation. In particular, ‘core

* Royal Society Dorothy Hodgkin Fellow.

accretion’ theories (e.g. McLaughlin & Pudritz 1997; McKee &
Tan 2003) invoke the existence of massive, gravitationally bound
pre-stellar cores as the initial condition. On the other hand, ‘com-
petitive accretion’ theories and simulations (e.g. Bonnell et al.
2001; Wang et al. 2010; Padoan et al. 2020) do not involve such
structures, but rather start with low-mass protostellar cores, some
of which competitively accrete to form high-mass stars, being fed
by global infall from the protocluster clump. Other authors have
pointed out that the gas around massive protostars and star clus-
ters often exhibits a hub-filament type morphology (e.g. Myers
2009); this has implications for how material is spatially and
kinematically distributed around protostellar systems but in itself
does not distinguish between the two basic scenarios.
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Fig. 1. Overview of the dragon cloud (also known as G028.37+00.07 or Cloud C), the C2 clump (also known as MM4), and the C2c1 core region.
Left: Three-colour image of the Galactic plane in which the IRDC Cloud C can be seen as a strong dark extinction feature. In this image, red is
8 um, green is 5.8 um, and blue is 4.5 um emission from the Spitzer GLIMPSE survey (Churchwell et al. 2009). Overlaid as coloured contours is
the combined near- and mid-infrared extinction-derived mass surface density map, in levels of 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.375, and 0.45 g cm™>
(Kainulainen & Tan 2013). Center top: ALMA 1 mm dust continuum at 0.8” resolution (Liu et al. 2020), overlaid with contours of 0.084, 0.14, 0.28,
0.56, 1.4, 2.8, and 4.2 mJy beam™!. Centre bottom: ALMA 3 mm dust continuum taken from ALMA-IRDC at 3” resolution (Barnes et al. 2021),
overlaid with contours of 0.49, 0.81, 1.13, 1.46, and 2.43 mJy beam™'. Right top: Zoom in on the high-resolution 1 mm continuum image taken
with only the longest baseline configuration, overlaid with contours of 0.4, 0.6, and 1.2 mJy beam™'. Right center: ALMA 1 mm dust continuum
with a circularised 0.4” beam, which was used for the dendrogram analysis. The dashed black contours indicate the boundaries of the identified
cores, whilst the orange ellipses show the intensity-weighted second moment along the two spatial dimensions within the contour (e.g. Rosolowsky
et al. 2008). Right bottom: Same 1 mm observations imaged with a robust -2 (close to uniform) weighting scheme to maximise the resolution
(0.24” x0.19”, or ~0.05 pc), overlaid with contours of 0.4, 0.6, 1.2, 2.5, 4, and 5 mJy beam™" (solid black line). Shown on the right of the ALMA

observation panels is the beam size, and a scale bar is shown in the lower left of all panels.

Thus, identifying and characterising massive pre-stellar
cores remains a primary way to distinguish between massive
star formation scenarios. However, to date, only a handful of
candidate massive pre-stellar cores have been identified. A non-
exhaustive list of candidates and/or searches includes: Bontemps
et al. (2010), Tan et al. (2013), Duarte-Cabral et al. (2013), Wang
et al. (2014), Cyganowski et al. (2014), Sanhueza et al. (2017),
Nony et al. (2018), Louvet et al. (2019), and Kong et al. (2018).
Yet, despite these efforts, there are relatively few candidates of
massive pre-stellar cores. It thus remains important to try to
identify additional examples of massive pre-stellar cores.

Recently, a study of high-sensitivity 3 mm dust continuum
and molecular line ALMA observations at ~ 2" resolution iden-
tified a population of compact, massive cores that presented the
potential birth sites of high-mass star formation (Barnes et al.
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2021; Fontani et al. 2021). Out of this sample of 19 cores, one
stood out as being a particularly strong monolithic core can-
didate. This core, known as C2cl (called core5 in Liu et al.
2020), is located within the ‘dragon cloud’ (also known as
G028.37+00.07 and referred to as Cloud C by Butler & Tan
2009; see Wang 2015) at a distance of 5 kpc (Simon et al. 2006).
Barnes et al. (2021) highlighted that this core does not fragment
down to ~0.01 pc, and at this scale it still has more than enough
mass to form a high-mass star (total mass of 40 Mg; also see
Wang et al. 2011; Zhang et al. 2015). Moreover, this source shows
no signs of infrared point source emission (see our Fig. 1 and
Sect. 6; Kong et al. 2019; Barnes et al. 2021). Broadband spec-
tral line imaging shows that C2c1 is associated with very little
molecular line emission (Zhang et al. 2015). It has only low lev-
els of CO emission, indicating a CO depletion factor (fraction of
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Table 1. Summary of the C2cla and C2c1b core properties.

Property C2cla C2clb
Longitude (deg) 28.3408 28.3410
Latitude (deg) 0.0614 0.0611
ref (arcsec) 0.57 0.43
Ter (PC) 0.014 0.010
e (AU) 2827 2127
S, (no background sub.) (mJy)  12.89+1.29 2.43+0.24
S, (background sub.) (mJy) 9.65+0.97 0.64+0.06
Taust (K) 10.4+3.0 10.4+3.0
M (no background sub.) (M) 30.9+12.4 5.842.3
M (background sub.) (M) 23.1+£9.2 1.5+0.6
ny, (10%cm™3) 31.21+12.48 4.86+1.94
tg (yr) 5525+2762 14 000+7000
visr (kms™h) 79.36+0.03  79.08+0.04
Oops (kms™h) 0.35+0.04 0.25+0.05
¢s (kms™) 0.19+0.06 0.19+0.06
Tobscorr (kms™) 0.34+0.04 0.25+0.05
onr (kms™) 0.34+0.10 0.24+0.07
O (kms™) 0.39+0.12 0.31+0.09
M = ont/cs 1.8+£0.7 1.2+0.5
My (M) 0.05+0.03 0.13+0.06
Ay (AU) 733+366 1858+929
Qyir 0.10+0.05 0.74+0.37
My o1 (M) 0.42+0.21 0.52+0.26
B (mG) 10.0+5.0 1.0£0.5
Biea (mG) 14.4+7.2 43422
T (gem™2) 0.62+0.25 0.62+0.25
Ocvir (kms™) 0.70+0.35 0.35+0.18
Ocvir(Bmed) (kms™h) 0.26+0.13 0.14+0.07
Ry = 0ot/ T ¢ vir 0.56+0.28 0.87+0.43
Ry®med) = ot/ ¢ vir(Bmed) 1.50+0.75 2.26+1.13

Notes. We outline how each of these properties is measured in Sects.
3,4, and 5. The quoted Ty, values are taken from Wang et al. (2012).
Note that all the properties listed here that are calculated with the mass
use the values that include background subtraction.

CO molecules frozen out of the gas phase onto dust grains) of up
to 10° at a scale of over 0.07 pc. In addition, the region also shows
moderate N,D* emission, highlighting an enhanced abundance
of deuterated molecules, which is typically only seen towards the
coldest and densest environments (with elevated CO freeze-out;
see e.g. Kong et al. 2016; Barnes et al. 2016). Altogether, this is
indicative of a pre-stellar nature for core C2c1 (Wang et al. 2011;
Zhang et al. 2015; Kong et al. 2016, 2017; Liu et al. 2020) and
makes it one of only a handful of potential monolithic massive
core candidates.

Due to its location at the end of a string of cores near the
centre of Cloud C, and its positioning at the edge of the primary
beam response for most of the initial interferometric observa-
tions (e.g. Wang et al. 2011; Zhang et al. 2015; Kong et al. 2016,
2017), C2c1 has mostly eluded detailed study (e.g. Liu et al.
2020; Barnes et al. 2021). In this work, we make use of new
high-resolution continuum and N,D* observations (the latter a
sensitive molecular line tracer of dense and cold gas) to study
C2cl in detail, in an effort to unveil its geometrical, chemical,
and dynamical structure. The properties of C2c1 determined in
this work are summarised in Table 1.

2. Observations

To investigate the dense gas properties within Cloud C, we
collected several high-angular-resolution dust continuum and
molecular line observations with ALMA. The data were taken
as part of the project 2017.1.00793.S (see Liu et al. 2020 for
the complete data reduction details and Liu et al., in prep.). In
our analysis, we made use of the 1 mm continuum images with
the observed longest baseline configuration, which provides a
beam of 0.396"” x0.314” with a position angle of 55°, and a
noise of 0.1 mJy beam™!. The CO(2-1) cube (230.538 GHz rest
frequency) also imaged with this configuration has a beam of
0.40” x 0.32” with a position angle of 60.8°, a spectral resolu-
tion of 0.16 km s~!, and noise of ~4 mJy beam™! per channel. For
the N,D* (3-2) cube (231.322 GHz rest frequency), we made use
of the images that include both array configurations observed as
part of project 2017.1.00793.S, as the smaller baselines were then
needed to recover the lower brightness emission. They have a
beam of 0.93” x 0.74”" with a position angle of —3.4°, a spectral
resolution of 0.16 km s™!, and noise of 0.3 K per channel.

3. Fragmentation and mass distribution of C2c1

Figure 1 shows how the dust extinction and continuum emis-
sion (i.e. mass) distribution of the region changes from scales
of several parsecs (cloud) down to 0.01 parsec (core). We see
that the initially filamentary cloud (left panels) breaks down into
regularly spaced cores within the MM4 ‘clump’ region (centre
panels). The brightest cores within this region have been stud-
ied in detail (e.g. Zhang et al. 2009, 2015; Wang et al. 2008,
2011, 2012); they are found to be relatively massive but to already
show signs of near-infrared emission and SiO and CO outflows
— indicative of active star formation. The core C2cl is seen
at the end of this string of cores and appears to be somewhat
disconnected in the extended envelope of millimetre-continuum
emission that surrounds the main cores. A more detailed look at
C2cl1 (right panels) shows that it in fact breaks into two cores
surrounded by a common envelope — denoted here as C2cla and
C2cl1b (see also Zhang et al. 2015).

We characterised the mass fragmentation of this region using
a dendrogram analysis (Rosolowsky et al. 2008), which was cho-
sen to allow a direct comparison to other works that study our
cloud sample (Henshaw et al. 2016, 2017; Liu et al. 2018; Barnes
et al. 2021). We ran the dendrogram analysis using the contin-
uum maps with a circularised ~0.4”” beam, which was corrected
for the primary beam response. We note, however, that the pri-
mary beam correction has little effect on the total flux or flux
distribution towards and around the core, as the full mosaic cov-
ers a much larger region (i.e. the right panels of Fig.1 only
show a zoomed-in view towards the core). The set of param-
eters that are used for the determination of the dendrogram
structure is: MIN_VALUE = 30 = 0.22mly beam™! (the mini-
mum intensity considered in the analysis); MIN_DELTA = 30
(the minimum spacing between isocontours); and MIN_PIX =
1beam area ~12 pixels (the minimum number of pixels con-
tained within a structure). We found that the identified structure
was robust against changes (+20) in the dendrogram parameters;
core C2cla has a peak of ~600-.

We find that the dendrogram analysis cleanly identifies both
cores within the C2cl region as ‘leaves’ — the highest level
(smallest) structures in the dendrogram hierarchy. These cores
are overlaid as dashed black contours on the continuum map
shown in Fig.1 (right centre panel). We find the effective
radii (reg = VA/m, where A is the area enclosed within the
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dendrogram boundary) of C2cla and C2clb to be 0.57”and
0.43”, which, at the cloud kinematic distance (d) of 5 kpc (Simon
et al. 2006), corresponds to 0.014 pc (2800 AU) and 0.010 pc
(2100 AU), respectively.

The flux densities (S,) integrated within C2cla and C2clb
are 12.9 and 2.4 mJy. After subtracting the background level, fol-
lowing the method outlined in Barnes et al. (2021), they are 9.7
and 0.6 mJy (75 and 25% of the flux before background subtrac-
tion). We made use of these flux values in the following mass
estimation,

d*S Ry

M=————m, 9]
Ky By (T aust)

where Ryq = 141 is the ratio of the total dust mass (i.e.
the gas plus the dust) over the refractory-component dust
mass (assuming a typical interstellar composition of H, He,
and metals; Draine 2011), B,(T) is the Planck function for
a given temperature (Tq,5) at a representative frequency of
v=21644GHz, and «, = o (v/vo)’ =~ 0.175 cng‘l, when
assuming the vo=230GHz, § = 1.75, and ky=0.899 cm? g"!
obtained from Ossenkopf & Henning 1994 for a Mathis et al.
(1977, i.e. MNR) size distribution with thin ice mantles after
10° yr of coagulation at a density of 10% cm™. Wang et al. (2012)
used 2.8”” NHj3 (1,1) and (2,2) observations from the Very Large
Array (VLA) to obtain rotational temperatures of 9.2K and
11.6 K towards C2cla and C2c1b (also see Table 1 of Zhang et al.
2015). As the cores are not fully resolved in these VLA observa-
tions, we took the mean temperature of 10.4 K for T4y in this
analysis. When doing so, we calculated background-subtracted
masses for C2cla and C2c1b of 23.1 My and 1.5 My (31 My and
6 M, without the background subtraction).

The molecular hydrogen number density of each core was
determined assuming a uniform density sphere,

M
g, = ———— )
3T e MH, 1H

where puy, = 2.8 is the mean molecular weight per hydrogen
molecule, and my is the mass of a hydrogen atom. We find ny,
31.2x10°cm™ and 4.9x10°cm™ for C2cla and C2clb. The
corresponding local free-fall time is calculated as

0.5 05
= 7'[2 resff _ 3 (3)
8GM 32G/JH2 mHnH2 ’

where G is the gravitational constant. We find local free-fall
times of 5500 and 14 000 yr for C2cla and C2c1b, respectively.
Overall, these properties indicate that both cores, C2cla and
C2clb, are dense, have very short free-fall times, and remain
un-fragmented on scales of a few thousand AU. In particular,
they highlight C2cla as a strong candidate to form a massive
star (>8 My). That said, there are several uncertainties in our
calculations that are worth outlining. We assumed a typically
~10% uncertainty in the absolute flux scale of the ALMA obser-
vations, and, following Sanhueza et al. (2017), we assumed an
uncertainty of ~30% dust opacity. These uncertainties in the
dust opacity, dust emission fluxes, and a ~30% uncertainty on
the distance propagate to give an uncertainty of 40-50% for the
masses. Moreover, we note that choosing the average Herschel-
derived dust temperature across the region of ~15 K (determined
at much lower angular resolution; Barnes et al. 2021), and a lower
Rgq = 100, gives background-subtracted masses of 9.5 M, and
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Fig. 2. Spectrum of N,D* (3-2) towards C2cla (upper panel) and C2c1b
(bottom panel). Shown as coloured lines is the spectrum averaged within
the boundary of the cores (see Fig. 1), and the coloured shaded regions
indicate the uncertainty (rms). Shown in grey is the N,D* (3-2) hyper-
fine fit to the spectrum assuming optically thin (7 = 0.1) conditions
(faded grey curves show the individual hyperfine components of the
fit), with the fit parameters shown in the upper right of each panel. The
faded spectrum below each profile is the residual of the fit (offset by
—0.6 K). Figures A.1 and A.2 show moment and channel maps of the
N,D* (3-2) emission across the region, respectively.

0.6 M, for C2cla and C2c1b. While only representing lower lim-
its for each core, these masses further highlight that even in this
lower limit case the core C2cla contains enough mass to form a
high-mass star (>8 M).

4. Gas dynamics of C2c1

We determined the dynamical properties of both cores using
this N,D* (3-2) emission (see Appendix A). Figure 2 shows the
mean spectra for both cores, which have been extracted within
the boundary defined by the dendrogram leaf contours. We fit
the spectra with the full hyperfine structure of the N,D* (3-2)
line assuming optically thin (r = 0.1) conditions using the
PYSPECKIT package (Ginsburg & Mirocha 2011; Ginsburg et al.
2022). We corrected the measured velocity dispersion (o) for
the contribution of the velocity resolution (07s),

Av?
2 _ .2 2 .2 res
o-obs,corr = O b Ores = Oobs 8 ]nz, (4)

where Aves ~ 0.16kms™! is the velocity resolution of the
observations assuming a Gaussian response for the individual
channels in the ALMA receiver (see Koch et al. 2018 for effects
of differing spectral response functions on the measured velocity
dispersion). Given that the line is resolved by a large num-
ber of channels (0'2bs Jok, ~ 25), this correction has a minor

Ol
effect. Using oopscorr» We determined the contribution of the
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non-thermal motions to the velocity dispersion as

2 _ 2 2 _ 2 kB Tkin
ONT = O-obs,corr — 07 = O-obs,corr - > (5)
Mobs

where onr is the non-thermal velocity dispersion, ot is the
thermal velocity dispersion of the observed molecule, and 14
is the observed molecular mass (for NoD*, mgys = 30 my). The
Tyin is the kinetic temperature of the gas, which we assume
takes the same value as T4,y (10.4 K; see Sect. 3), and kg is the
Boltzmann constant.

We examined this non-thermal contribution with respect to
the sound speed, ¢ = +/kgTxin/mupp, where y, is the mean
molecular mass (2.37 for molecular gas at the typical interstel-
lar abundance of H, He, and metals). This is referred to as the
one-dimensional sonic Mach number,! or M, = onr/cs. We
find Ms of 1.8 and 1.2 for C2cla and C2c1b, highlighting that
both cores appear to have either transonic turbulence or ordered
global collapse motions.

We also calculated the total velocity dispersion, o, Which
includes both thermal and non-thermal motions, following Fuller
& Myers (1992),

1 1
) 2 2 _ 2 N
Tiot = Topscorr + €5 = 0T = Tgpg cor + kBT kin ( = . (©)
M Mops

where m = mpu,. We find oo of 0.39kms™" and 0.31 kms™!
for C2cla and C2c1b, which are used in the following stability
analysis (Sects. 5.2 and 5.3).

5. Stability of C2c1
5.1. Thermal support

We determined the so-called Jeans mass, Mj, which gives the
maximum mass that can be supported by thermal pressure,
and the Jeans length, A;, which gives the minimum scale for
fragmentation. The Jeans mass can be given as (Jeans 1902)

72c3

M; = 6G3/2p172°

)

where p is the volume density of the core, and G is the gravita-
tional constant. We find Mj values of 0.05 and 0.13 M, corre-
sponding to M/Mj of ~460 and 12 for C2cla and C2clb. These
ratios of M/Mj > 1 show that the cores are unstable to gravita-
tional collapse if not additionally supported. We estimated the
corresponding Jeans length using

- 1/2
/1] = Cs (G_p) . (8)

We find 4; values of 0.0035 and 0.0090 pc for C2cla and C2clb
(or 733 and 1900 AU). Comparing these values to the projected
radius of the cores, we find (2r.¢)/A; of around 8 and 3, high-
lighting that these Jeans-unstable cores could then fragment on
size scales similar to the current observed core size scales.

' Note that here we have determined the sonic Mach number (M, =
ot/ cs) using the one-dimensional velocity dispersion (o-nt). However,
this value can be converted to the three-dimensional sonic Mach num-
ber by accounting for a factor of 3%3: M 3p = 3% M; (e.g. Palau et al.
2015).

5.2. Thermal and turbulent support

We then assessed the balance of the total kinetic energy, Eyip,
including both the thermal and turbulent pressure support,
against the gravitational potential energy, E,y. These energy
terms can be equated to produce the commonly used virial
parameter a.; (e.g. Bertoldi & McKee 1992). In the idealised
case of a spherical core of uniform density supported by only
kinetic energy (i.e. no magnetic fields), the virial parameter takes
the form
50 tzotr eff
GM °
where r.s is the effective radius of the core, M is the
(background-subtracted) mass of the core, and oy is the line-
of-sight velocity dispersion, that is, assuming the dispersion
is a result of the thermal and turbulent broadening (ayi does
not account for any systematic infall or outflow motions; see
e.g. Kauffmann et al. 2013). The factor a, which accounts both
for systems with non-homogeneous and non-spherical density
distributions and for a wide range of core shapes and density gra-
dients, takes a value of a = 2 + 1 (see Bertoldi & McKee 1992).
We find virial parameters of 0.1 and 0.7 for C2cla and C2clb,
respectively, which would be indicative of them being bound and
unstable to collapse (i.e. ayir < 2).

We also assessed the fragmentation of the cores using the
total Jeans mass, Mj o, which accounts for the contribution of
both the thermal and non-thermal velocity dispersion (no infall
or outflow motions). This can be calculated by substituting o
for ¢ in Eq.(7) (e.g. Palau et al. 2015). We find My of 0.4
and 0.5 My, or M/Mj, of 55 and 3, for C2cla and C2clb.
These total Jeans masses are typically factors of a few higher
than when only the thermal support (Mjy) is accounted for (see
Sect. 5.1). However, as shown by the virial parameter, values of
M/Mj o > 1 highlight that the cores are still likely to collapse
and/or fragment unless even further supported.

C))

Ayir = a

5.3. Thermal, turbulent, and magnetic support

We assessed the relative importance of the magnetic field in pre-
venting gravitational collapse. To do so, we calculated the virial
parameter that includes the magnetic field contribution (Pillai
et al. 2011),

2
Srﬁ»‘ v
o (2 A

A | T (10)

aB,vir =

where the Alfvén velocity is vy = B(ugp)~'/?, in which B is the
magnetic field strength and y is the permeability of free space
(again, no infall or outflow motions are considered in the velocity
dispersion)?. Here then we ask how much magnetic field pres-
sure is required in addition to turbulence and thermal pressure
to support the cores against gravity. To answer this question, we
set a = 2 and solved Eq. (10) for B for ap yir < 2 (Sect. 5.2). We
find that the magnetic field strengths required for stability are
10.0 mG and 1.0 mG for C2cla and C2clb.

We compared these estimates to the Crutcher et al. (2010)
relation linking the magnetic field strength (determined from
Zeeman splitting) and volume density (also see Liu et al. 2022),

1 (n@\"? 1 (20,
Bied ® =Bo ~ =By ,
2 no 2 no

(11)

2 This expression is valid for SI units; in cgs, the permeability of free
space is unity and, hence, removed from the expression.
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where Bped = Bmax/2, and for n(H) > ng, where ny = 300cm™3,
n(H) = 2ny,, and By = 10 uG. We find Bpeq values of 14.4mG
and 4.3 mG, or B/Bp,.q 0of 0.7 and 0.2, for C2c1a and C2c1b. This
shows that the magnetic field required for the additional support
against gravitational collapse could then be more than achieved
if these cores follow the Crutcher et al. (2010) relation, which
is broadly consistent with the typical magnetic field strengths
observed within molecular clouds (Pillai et al. 2015, 2016; Soam
et al. 2019; Tang et al. 2019).

Lastly, we compared the measured core properties to predic-
tions of the turbulent core model (McKee & Tan 2003). The
mass-weighted average velocity dispersion of a virialised core,
including pressure equilibrium with its surroundings, is given in
the fiducial case by (McKee & Tan 2003; Tan et al. 2013)°

o] 09(¢_B)_3/8 M 1/4 ZC]
evir T 2.8 60 M, lgem™2

1/4
) kms™!,  (12)

where ¢ = 1.3 + 1.5/\/(;‘2 = 2.8 is a dimensionless param-
eter that accounts for the effects of magnetic fields (My =
39500 /va = 1 is the fiducial Alfvén Mach number), and 2 =
0.6 gcm™ is the mass surface density of the large-scale C2cl
core taken from the ALMA Infrared-Dark Cloud (IRDC) sur-
vey (see Barnes et al. 2021). We find o i; of 0.70km s~! and
0.35kms™! for C2cla and C2clb, or R, = ot/ Ocvir Of 0.56
and 0.87. These values of Ry = 0ot/ cvir < 1 obtained with the
above fiducial values would suggest that the core is in a sub-
virial state, and on the verge of undergoing collapse because of
the lack of sufficient internal pressure support. However, if mag-
netic fields play a more important role, then this is represented by
a smaller Alfvén Mach number (i.e. sub-Alfvén turbulence) and
a larger value of ¢p. For example, using the previously estimated
values of Bieq gives o yir(Bmed) of 0.26 km sl and 0.14kms™!,
and oot/ 0¢ vir(Bmed) Of 1.5 and 2.3, which would imply that the
cores are close to virial equilibrium and are contracting relatively
slowly compared to free-fall collapse.

6. Pre-stellar versus protostellar

The next step is then to determine whether the cores are truly
quiescent or show signs of active star formation, which is a
key factor in distinguishing between the theories of massive star
formation (Sect. 1).

Infrared emission could highlight any embedded protostars
within IRDCs, due to the heated dust emission, polycyclic aro-
matic hydrocarbon emission, or molecular line emission (e.g.
Chambers et al. 2009). We checked Spitzer (e.g. 3.6-8um, and
24um; Churchwell et al. 2009; Carey et al. 2009) and Herschel
(70um, Molinari et al. 2010) data, and confirmed that there are
no infrared point sources within any of the bands towards the
position of the C2c1 core. The completeness of these surveys at
the cloud distance is approximately a few solar masses, depend-
ing on the evolutionary stage of the young stellar object (see
efforts to classify young stellar objects in similar IRDCs, e.g.
Nguyen Luong et al. 2011). The lack of infrared emission is
consistent with them being cold, dense, and quiescent.

In addition, we checked centimetre-radio observations from
the THOR project (Beuther et al. 2016; Wang et al. 2020) and
find no significant continuum or radio recombination line emis-
sion in the C2 clump region, which would be indicative of a

3 The fiducial case presented here is outlined in Eq. (18) of McKee &
Tan (2003), where the fiducial values are taken from their Eq. (12) (also
see Kong et al. 2018; their Eq. (2)).
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Fig. 3. Evidence for a molecular outflow towards the core. We show in
contours the CO (2—1) emission integrated in the ranges 40-70km s
(blue contours) and 85-115km s~! (red contours). The background grey-
scale image shown in both panels is the 1 mm continuum emission
(see Fig. 1). Highlighted is the associated blueshifted outflow lobe (no
redshifted lobe is obvious due to line-of-sight contamination at higher
velocities). Shown in the bottom right is the beam size of the obser-
vations. Figure B.1 shows channel maps of the CO emission across
the region.

lack of embedded H 11 regions (i.e. from free-free emission). The
integrated continuum flux density within a beam-sized aperture
(25”") towards the core C2cl at 1.42 GHz is ~ 10 mJy (calculated
using the THOR-VLA data combined with the Green Bank Tele-
scope (GBT). More recently, Wang et al. (in prep.) observed this
region with higher-resolution and higher-sensitivity MeerKAT
L-band observations. The 1.4 GHz continuum image has a reso-
lution of about 6.5 arcsec and rms 65 uJy/beam, and no compact
radio sources are seen in the clump. For a box encompass-
ing the starless core, the maximum detected flux is 6 mJy, in
broad agreement with the VLA observations. Using the con-
version from Mezger & Henderson (1967), these values give
a Lyman-continuum photon rate of ~10* s~ which, based on
the stellar models from Smith et al. (2002), gives a zero-age
main sequence spectral type of at most B1.5. Hence, we can
rule out the presence of any O-type or early B-type stars towards
this region.

Moreover, assuming thermal equilibrium between gas and
dust, Wang et al. (2012) used the measured temperature of the
C2cl core (~10K) to estimate that an at most ~1 L, protostar
could be present within the core. In addition, Wang et al. (2012)
observed H,O and CH3OH masers with VLA and found a few
in the clump, but not near the C2c1 core. All this together again
rules out the presence of any significant evolved star formation.

Several works have, however, noted the presence of a weak
molecular outflow towards the region (e.g. Wang et al. 2011;
Kong et al. 2019). We investigated this using new higher-
sensitivity CO (2—1) observations at an angular resolution of
~0.3”(see Fig.3) — almost an order of magnitude higher reso-
lution than previous studies. We find a weak outflow signature
between 40kms~! and 70kms~', which appears to be remi-
niscent of a single outflow lobe associated with the core that
is blueshifted with respect to the systemic velocity (as seen in
N,D*; ~80kms™!). Wang et al. (2011) also determined that
C2cl is driving a weak outflow with a redshifted lobe between 86
and 91 kms~!, as seen in CO (3-2) emission. The identification
of such a component is complicated in the higher-resolution CO
(2-1) data presented in this work due to the presence of unasso-
ciated emission along the line of sight at these higher velocities
and imaging artefacts (between 85 and 95kms~!; see Fig. B.1).
Wang et al. (2011) estimate that this core has the smallest mass
outflow rate in the region (0.73x 10 > M, yr‘l). It is also worth
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Table 2. Summary of lines detected towards the cores (see Fig. 4).

Line Transition v(MHz) Ty, (K)
H,CS 3(0,3)-2(0,2) 103 040 9.9
H,CS 3(1,2)-2(1,1) 104 617 23.2
DCO* J=32v=0 216112 20.7
¢c-HCCCH 3(3,0)-2(2,1) v=0 216278 19.5
CH;CHO  11(1,10)-10(1,9) E v,=0 216 581 64.9
CH;CHO  11(1,10)-10(1,9) A —v,=0 216630 64.8
H,S 2(2,0)-2(1,1) 216710 84.0
CH;OH 5(1,4)-4(2,2) 216945 55.9
SiO 5-4 v,=0 217 104 31.3
DCN J=320v=0 217238 20.9
¢c-HCCCH 6(1,6)-5(0,5) v=0 217 822 38.6
¢c-HCCCH 5(1,4)-4(2,3) v=0 217 940 354
H,CO 3(2,1)-2(0,2) 218222 21.0
HCsN J =24-23 v=0 218 324 131.0
CH;OH 4(2,2)-3(1,2) v,=0 218 440 45.5
H,CO 3(2,2)-2(2,1) 218 475 68.1
H,CO 3(2,1)-2(2,0) 218 760 68.1
OCS 18-17v=0 218903 99.8

Notes. We tabulate the line species, transition, rest frequency, and upper
energy level, which are taken from the Splatalogue database (Remijan
et al. 2007).

highlighting that no associated SiO outflow has been identified
towards this region (Liu et al. 2021). Therefore, the outflow is
then comparatively weak, which could be indicative of its rela-
tive youth. Interestingly, our higher-resolution images show that
the outflow begins at the position of the C2clb core, and that
the orientation does not clearly connect to the C2cla core (see
Appendix B for more detail channel maps of the CO emission).
These new data could suggest that this outflow is not related to
the C2cla core (as previously suggested), but rather to the C2c1b
core. This is an important distinction because in this case, despite
its significant mass, C2cla would remain completely devoid of
any active star formation.

7. Chemistry

Chemistry can also be used as an informative proxy for the
evolutionary state of a star-forming region. For example, the
number of detected lines and their relative strengths can be used
to differentiate the pre-stellar or protostellar nature of dense
cores (e.g. Nony et al. 2018). To investigate this we show the
average broadband spectrum across the C2cl region in Fig.4
(blue). In Fig.4, the 3mm (102.55-104.35 GHz and 104.55—
104.35GHz ) data are taken from the ALMA-IRDC survey
(Barnes et al. 2021), and the 1 mm data (215.45-217.35 GHz,
217.55-219.35 GHz, and 232.55-234.35GHz) are those pre-
sented in this work (see Sect. 2). We see that the C2cl region
contains only a limited number of weak lines, which we identi-
fied using the CASAVIEWER tool (making use of the Splatalogue
database; Remijan et al. 2007). The detected molecules in emis-
sion include DCO* and DNC, which are indicative of the core’s
early evolutionary stage, as well as H,CS, H,CO, and CH;0H
with Ty, = 20-50K, which indicates relatively cold tempera-
tures (see Table 2). In Fig. 4, we compare these results to a more
actively star-forming core within the region (C2C5; see Barnes
et al. 2021). We see that lines within C2cl are both systemati-
cally weaker and fewer in number compared to C2C5 (also see

Zhang et al. 2015). Indeed, C2C5 has a spectrum more compa-
rable to that of hot core candidates (see Herbst & van Dishoeck
2009). Of particular note is the strong absorption feature seen in
SiO (5-4) towards C2cl that is clearly seen in emission towards
C2C5. This is a strong differentiator for the star formation activ-
ity of the two cores and further indicates that C2cl is young, a
conclusion that is also in agreement with the lack of SiO outflows
previously found in the region.

8. Discussion and summary

Our analysis shows that the C2 core is a very interesting region in
the context of massive star formation. We find that at the end of
the chain of roughly equally spaced actively star-forming cores
(~0.15 pc; Zhang et al. 2009; Wang et al. 2011) sits another
massive, yet relatively quiescent, core — C2cl. This indicates a
potential role for filamentary clouds (see e.g. Jiménez-Serra et al.
2014; Henshaw et al. 2013, 2014; Barnes et al. 2018) in regulating
the birth of massive pre-stellar cores.

High-angular-resolution (0.2” or 0.05pc) dust continuum
observations show that this region fragments into two cores,
C2cla and C2clb, which have considerable masses of 23 M,
and 2 My, respectively. Our stability analysis shows that both
cores are highly unstable to gravitational collapse (ayi, of 0.1
and 0.7) unless supported by magnetic fields of around 1 to
10 mG in strength. These values are high but broadly consistent
with the typical magnetic field strengths observed within dense
molecular clouds (Pillai et al. 2015, 2016; Soam et al. 2019; Tang
et al. 2019). Lastly, we find that there is a weak CO outflow that
appears to be associated with C2clb only. The more massive
core, C2cla, remains completely devoid of any star formation
signatures and does not appear to be coincident with the chem-
istry observed towards more evolved hot cores. Overall, we find
that both cores are good targets for studying the early stages of
massive star formation. They also offer an interesting compari-
son to other massive core candidates (e.g. Bontemps et al. 2010;
Duarte-Cabral et al. 2013; Wang et al. 2014; Cyganowski et al.
2014; Sanhueza et al. 2017; Nony et al. 2018; Louvet et al. 2019),
particularly when focusing on core candidates identified within
Cloud C that have been analysed with methods similar to those
used in this work (Tan et al. 2013, 2016; Kong et al. 2018).

Tan et al. (2013) used early (cycle 0) ALMA observations of
N,D*(3-2) towards IRDCs to identify the C1-S and C1-N cores
as candidate massive pre-stellar cores, with masses of 16f34 M

and 637)3° Mo, respectively, based on their 1.3 mm dust contin-
uum emission. Following up from this, Tan et al. (2016) and
Kong et al. (2018) presented higher-resolution observations of
the C1-S region, identifying two early stage protostellar cores in
the vicinity; however, the main C1-S starless core was resolved
as a distinct spatial and kinematic feature in its N,D* emis-
sion and with a millimetre-continuum derived mass of 59*)23 M,
within a radius of 0.045pc. Their dynamical analysis of the
cores based on the velocity dispersion measured via Ny;D*(3-2)

found moderately sub-virial conditions, and R, = 0.6170%} for

C1-N and 0.34f8:‘2‘$ for C1-S; the corresponding virial parame-
ters are ay;; = 0.98%24, and 0.068*)13, respectively. These values

are similar to those calculated for C2cla and C2c1b (0.56 and
0.87, respectively), also suggesting that they are on the verge of
collapse (Sect. 5.3).

In addition, Kong et al. (2017) surveyed 32 IRDC regions
and identified N,D*(3-2) cores with the same method. The
most massive core in this sample, C9A, has a mass of M, nm =

69.73‘1‘_67 My and R, = 0.71”_’8:23, while the next most massive
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Fig. 4. Spectrum taken across the 3 mm (Barnes et al. 2021) and 1 mm spectral windows towards the C2c1 (blue) and C2c5 (orange) cores. Shown
as coloured lines is the spectrum averaged within the boundary of the cores, and the coloured shaded regions indicate the uncertainty (rms).
The spectrum of the C2c5 core has been offset by +0.1K to allow comparison. Several prominent lines within the spectral windows, which are

summarised in Table 2, are labelled.

is BI1A, with Mcmm = 4.9%)%% My and R, = 0.85, again similar
to C2cla and C2c1b. Despite these being particularly promising
candidates for massive pre-stellar cores, their analysis is com-
plicated by their proximity, at least in projection, to protostellar
sources (Kong et al. 2018).

In combination with the above studies, our results indicate
that Cloud C is a particularly rich candidate for studying the
early stages of massive star formation. In particular, we find that
one core, C2cla, remains massive enough to form a high-mass
star at a radius of around 0.01 pc (or ~2000 AU) and yet still
appears to be in a pre-stellar evolutionary phase. Such an object
could be reminiscent of a massive starless (monolithic) core. The
definitive identification of such cores has proven elusive, making
C2cla an exciting prospect for further studies.
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Appendix A: Integrated intensity maps of N,D*

In Fig. A.1, we show moment maps (integrated intensity, max
intensity, intensity-weighted centroid velocity, and intensity-
weighted velocity dispersion) of the N,D* (3-2) emission. We
see that the N,D* emission is widespread across both cores as
seen in the dust continuum, even bridging the region between
the cores. This indicates that the gas surrounding the cores is also
cold and could contribute to accretion. We also see that there is
a velocity gradient across the core region, from low velocities
at C2c1b to high velocities at C2cla, which could indicate that

Integrated intensity (K km/s)
0.1 0.2 0.4 0.60.8

Max intensity (K)
0.1

(N> G2)].

0.0615°

Galactic Latitude
0.0610°

0.3 0.5 0.7 78

the system is rotating. This velocity gradient can also be seen in
the channel maps presented in Fig. A.2, which shows the N,D*
emission integrated in velocity bins of 0.5kms~!. Interestingly,
we see that there is an emission feature that extends to the north
of the system in the velocity bins of 80.5 —81.5km s~!, which can
also be seen as a sharp cut in the velocity field map (Fig. A.1).
If this emission is connected to the core, this could suggest that
dense molecular gas is still being accreted onto the core enve-
lope. An in-depth analysis of inflow and the accretion signature
will be performed in a future work.

Centroid velocity (km/s)
79 80 81

Velocity dispersion (km/s)
0.1 0.3 0.5 0.7

28.3415°28.3410° 28.3405°
Galactic Longitude

Fig. A.1. Distribution of N,D* (3-2) emission across the core C2c1 region. (panels from left to right) Integrated intensity, peak intensity, intensity-
weighted centroid velocity, and intensity-weighted velocity dispersion. Overlaid as solid black contours is the ALMA 1 mm dust continuum at 0.3”
resolution (see Fig. 1). The dashed contours in the first, third, and fourth panels are the integrated intensity, and in the second panel they are the
maximum intensity. Shown on the right of the panels is the beam size, and a scale bar is shown in the lower left of all panels.

77.0 - 77.5 km/s
N,D*(3-2)]

Intensity (K km/s)

Fig. A.2. Channel maps of the N,D* (3-2) emission across the core region. Overlaid as contours is the ALMA 1 mm dust continuum at 0.3”

resolution (see Fig. 1). A scale bar is shown in the lower left of all panels.

A53, page 10 of 11



Barnes, A. T., et al.: A&A proofs, manuscript no. aa45668-22

Appendix B: Outflows

In Fig. B.1 we show the CO (2-1) emission integrated in velocity
bins of 2.5kms™! from 40kms~! to 112.5kms~!. The outflow
feature can be seen towards core C2clb between velocities of
55kms~! and 77.5kms™'. We do not find a similar feature
at higher velocities that extends across such a large velocity
range (~20kms™"). Indeed, the identification of a redshifted

counterpart to this outflow (e.g. from around 70kms~! to
90kms™') is complicated by the presence of imaging arte-
facts. That said, there is some emission in the direction where
the redshifted lobe would be expected within the 75kms™' to
77.5km ™! channel. Yet, it is not clear if it is associated with the
extended emission along the line of sight that can also be seen at
higher velocities (85 km s~ to 92.5kms™).
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Fig. B.1. Channel maps of the CO (2-1) emission across the core region. Overlaid as contours are the ALMA 1 mm dust continuum at 0.3”

resolution (see Fig. 1). A scale bar is shown in the lower left of all panels.
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