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ABSTRACT

We present Atacama Large Millimeter /submillimeter Array (ALMA) and Karl G. Jansky Very Large
Array (JVLA) observations of the massive infrared dark cloud NGC 6334S (also known as IRDC
G350.56+0.44), located at the southwestern end of the NGC 6334 molecular cloud complex. The
H3CO™ and the NH3D lines covered by the ALMA observations at a ~3” angular resolution (~0.02 pc)
reveal that the spatially unresolved non-thermal motions are predominantly subsonic and transonic, a
condition analogous to that found in low-mass star-forming molecular clouds. The observed supersonic
non-thermal velocity dispersions in massive star forming regions, often reported in the literature,
might be significantly biased by poor spatial resolutions that broaden the observed line widths due
to unresolved motions within the telescope beam. Our 3 mm continuum image resolves 49 dense
cores, whose masses range from 0.17 to 14 Mg. The majority of them are resolved with multiple
velocity components. Our analyses of these gas velocity components find an anti-correlation between
the gas mass and the virial parameter. This implies that the more massive structures tend to be
more gravitationally unstable. Finally, we find that the external pressure in the NGC 6334S cloud is
important in confining these dense structures, and may play a role in the formation of dense cores,
and subsequently, the embedded young stars.

Keywords: Early-type stars (430), Star formation (1569), Massive stars (732), Protoclusters (1297),
Protostars (1302), Radio spectroscopy (1359), Radio continuum emission (1340), Radio
interferometers (1345), Submillimeter astronomy (1647), Molecular spectroscopy (2095)

1. INTRODUCTION

Molecular clouds in the Milky Way are in general in-
efficient in forming stars (~1%, Myers et al. 1986; Mur-
ray 2011; Vutisalchavakul et al. 2016), an observation
that has motivated the long-standing hypotheses that
they are supported by supersonic turbulence or mag-
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netic fields against their self-gravitational collapse (for
the review see Vazquez-Semadeni et al. 2000; Mac Low
& Klessen 2004; Bergin & Tafalla 2007; McKee & Os-
triker 2007). Larson (1981) reported an empirical, pos-
itive correlation between the physical size scale and the
velocity dispersion of molecular clouds. Although the
study was based on measurements from different clouds,
this correlation has been taken as indications that turbu-
lence dissipates toward smaller spatial scales where gas
is prone to the gravitational collapse and the subsequent
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star-formation (see Bonazzola et al. 1987; Stone et al.
1998; Mac Low et al. 1998; Mac Low & Klessen 2004;
Krumholz & McKee 2005; Elmegreen & Scalo 2004; Hen-
nebelle & Chabrier 2008, and references therein). As
a consequence, on spatial scales of dense star-forming
cores (<0.1 pc), the non-thermal motions may be sonic
(Myers & Goodman 1988; Goodman et al. 1998; Caselli
et al. 2002). This is consistent with the observations
of some filamentary, low-mass star-forming clouds (e.g.,
Hacar & Tafalla 2011; Hacar et al. 2013; Pineda et al.
2015; Hacar et al. 2016b, 2017).

In contrast, previous observations towards high-mass
star-forming regions have reported supersonic non-
thermal velocity dispersion (Caselli & Myers 1995;
Pirogov et al. 2003; Shirley et al. 2003; Wang et al.
2008; Vasyunina et al. 2011; Sanhueza et al. 2012; Li
et al. 2017). The formation of gas cores of high mass
and high density may be supported by supersonic turbu-
lence. Otherwise they may fragment to form lower-mass
stars since their masses are much larger than the Jeans
mass (McKee & Tan 2003). However, recent higher
angular resolution observations started to reveal sub-
sonic non-thermal velocity dispersion in massive star-
forming molecular clouds on small spatial scales (e.g.,
Beuther et al. 2018; Hacar et al. 2018; Monsch et al.
2018; Sokolov et al. 2018). Whether the massive star-
and cluster-forming regions are initially supported by
supersonic turbulence remains a matter of debate, and
needs to be clarified with more observations of target
sources at early evolutionary stages.

Using the Atacama Large Millimeter Array (ALMA)
and the Karl G. Jansky Very Large Array (JVLA),
we have carried out high angular resolution observa-
tions towards the infrared dark, massive cluster-forming
molecular cloud NGC 6334S, which is located at the
southwestern end of the NGC 6334 molecular cloud com-
plex. In contrast to the other luminous OB cluster-
forming clumps in the NGC 6334 molecular cloud com-
plex, namely the I, I(N), IT, III, TV, and V clumps (Persi
& Tapia 2008; Russeil et al. 2013; Willis et al. 2013),
NGC 6334S is dark at IR wavelengths and lacks signs
of massive star formation (see Figure 1). With a mass
of 1.3 x 10® Mg, comparable to the clumps with em-
bedded massive protostars and protocluster in the com-
plex, NGC 6334S has the potential to form massive stars
with a cluster of lower mass objects. The proximity of
NGC 6334S (d ~1.3 kpc; Chibueze et al. 2014) makes it
an ideal laboratory to investigate the key physical pro-
cesses related to massive star and cluster formation.

In this paper, we investigate the dynamical motions of
identified embedded dense cores and their parent cloud,
as well as the dynamical stability of dense cores. First,

we describe our ALMA and JVLA observations in § 2.
Then, we present the results and analysis in § 3. We
discuss in detail the properties of dense cores and their
parent cloud in § 4. Finally, we summarize the conclu-
sion of this work in § 5.

2. OBSERVATIONS
2.1. ALMA Observations

We carried out a 55-pointings mosaic of the massive
infrared dark cloud (IRDC), NGC 6334S, between 2017
March 13 and 2017 March 21 using the 12-m main ar-
ray of ALMA (ID: 2016.1.00951.S, PI: Shaye Strom).
The overall observing time and the on-source integra-
tion time are 7.3 hours and 4.4 hours, respectively. The
projected baseline lengths range from 15 to 155 meters
(~4.9-51 kX at the averaged frequency of 98.5 GHz).

We employed two 234.4 MHz wide spectral windows to
cover the H13CO™ 1-0 (86.754 GHz) and NHD 111-1¢;
(85.926 GHz) lines, respectively, with a spectral resolu-
tion of 61 kHz (~0.21 kms™! at 86 GHz). In addition,
we centered three 1.875 GHz wide spectral windows at
88.5 GHz, 98.5 GHz, and 100.3 GHz to obtain broad
band continuum data. We observed the quasars J1617-
5858, J1713-3418, and J1733-1304, for passband, com-
plex gain, and absolute flux calibrations, respectively.

The data calibrations were performed by the support-
ing staff at the ALMA Regional Center (ARC), using
the CASA software package (McMullin et al. 2007).
The continuum image was obtained using the three
1.875 GHz spectral windows with a Briggs’s robust
weighting of 0.5 to the visibilities. This yields a syn-
thesized beam of 3”.6 x 2”.4 (or 0.023 x 0.015 pc) with
a position angle (P.A.) of 81° and a 1o root mean square
(rms) noise level of 0.03 mJy beam ™. For both H*CO*
and NHsD lines, we used a Briggs’s robust weighting of
0.5 to the visibilities, which achieved a synthesized beam
of about 4”.1 x 2”.8 (PA= 83°, or 0.026 x 0.018 pc)
for these two lines. The 1o rms noise level is about
6 mJybeam™! per 0.21 kms~! channel for both the
HB3CO* and NH,D lines.

2.2. JVLA Observations

We carried out a 4-pointings mosaic of the central re-
gion of NGC 6334S using the JVLA, on 2014 August 28
(project code: 14A-241; PI: Qizhou Zhang). These ob-
servations simultaneously covered the NHj (1,1) through
(5,5) metastable inversion transitions. The overall ob-
serving time was 2 hours, which yielded an on-source in-
tegration of ~20 minutes for each pointing. The Quasars
3C286, J1743-0350 and J1744-3316 were observed for
flux, bandpass and gain calibrations, respectively.



The data calibration and imaging were carried out us-
ing the CASA software package. Our target source is lo-
cated in the south, which leads to shorter projected base-
lines in the north-south direction. To increase the signal-
to-noise (S/N) ratio, we tapered the visibilities with
an elliptical Gaussian with full width at half-maximum
(FWHM) of 6”x 3" (P.A. = 0°). The achieved synthe-
sized beam size is about 10" x 5” (P.A. = 26°, or 0.063 X
0.032 pc) for the NH; (1,1) and (2,2) lines. The contin-
uum image achieved a 1o rms noise of 30 uJybeam™1!,
while spectral line images achieved a 1o rms noise of 9
mJybeam ™' at a spectral resolution of 0.2 kms™?!.

2.3. Fitting molecular line spectra

We fit Gaussian line profiles to the H'3CO™ image
cube pixel by pixel, using the PySpecKit package (Gins-
burg & Mirocha 2011). We excluded regions where the
peak intensity in the spectral domain is below 5 times
the rms noise level. For data above the cutoff, we re-
garded spectral peaks that are separated by more than
2 spectral channels and brighter than 5 times the rms
noise level as independent velocity components. We
then simultaneously fit Gaussian profiles to all of the in-
dependent velocity components. We eliminated poor fits
by only keeping pixels that fulfill the following criteria:
(1) gobs > 3A,,,., which ensures that the derived ob-
served velocity dispersion is reliable. (2) -8 < vjg; < 0km
s~1, which is the H**CO™ line emission velocity range in
the NGC 6334S. (3) I > 3A;. (In these criteria, A, ,
the uncertainty of the observed velocity dispersion ogps,
visr 1s the central velocity, and Aj is the uncertainty of
velocity integrated intensity I.) The observed velocity
dispersion, o,ps, is the combination of both thermal and
non-thermal velocity dispersion values. The NH3D line
cubes were fit following a similar routine but including
its 36 hyperfine components (Daniel et al. 2016).

The NHj (1,1) and (2,2) transitions were jointly fit,
pixel by pixel, using PySpecKit in order to estimate
the gas kinetic temperature and the line width. Details
of the procedure have been provided in Friesen et al.
(2017). Limited by S/N ratios, we cannot robustly fit
multiple velocity components to the NH3 spectra. Nev-
ertheless, for our purpose of deriving the gas tempera-
ture and assessing the uncertainty of converting the NH3
rotational temperature to the gas kinetic temperature,
it is adequate to assume a single velocity component.
We have compared the gas temperatures estimated from
NH; and dust temperatures estimated by SED fitting
the PACS 160 pm, SPIRE 250 pm, PLANCK and ATLAS-
GAL 870 pum data (see Appendix A). In spite of the
different angular resolutions, we found that the derived
gas and dust temperatures are consistent to within < 3
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K at the central part of NGC 6334S, and are consistent
to around 6 K over a more extended area (Figure 2). We
use a uniform temperature of (ITxy,) = 15 K, the aver-
aged temperature from the NH3 data, to calculate the
gas masses, thermal line widths and the sound speeds
for the regions where the NH3 data are not available
(see Section 3.3 and Section 3.4).

3. RESULTS AND ANALYSIS

The present work focuses on the non-thermal veloc-
ity dispersion of the NGC 6334S cloud and the embed-
ded dense cores, as well as the stability of the dense
cores. Both H!3CO* 1-0 (critical density, ne, ~ 2 x10%
em™3) and NHyD 111-1g; (ner ~ a few 10° cm™3) are
good dense gas tracers in star formation regions (e.g.,
Pillai et al. 2007; Busquet et al. 2010; Sanhueza et al.
2012), which allows us to investigate the kinematic prop-
erties on spatial scales of both molecular cloud and dense
cores. The H*¥*CO™ molecule (u = 30, on(1sx) = 0.06
km s~1!) has a higher molecular weight than the NH;D
molecule (p = 18, o¢h(15x) = 0.08 km s71), and there-
fore is a better probe of the non-thermal gas motions.
In spite of the hyperfine line splitting of the H'3CO* 1-
0 transitions with six components, they are closer than
0.14 km s=1 (41 kHz) at the frequency of the H*CO™*
1-0 line (Schmid-Burgk et al. 2004). The averaged line
width reduction is about 0.01 km s~! when the hyper-
fine structure of the H'3CO™ is fully taken into account,
which is much smaller than the derived line widths (Sec-
tion 3.3). Therefore, the hyperfine components of the
H'3CO™ 1-0 can be treated as the same transition for
our analysis. The main hyperfine line components of the
NH;D 1-1 line are resolved by the observations, which
permits robustly deriving the line widths towards the
localized cores with higher gas column densities (e.g.,
Pillai et al. 2011). When there are multiple velocity
components along the line-of-sight, they can be confused
with the hyperfine line structures of the NHyD. Never-
theless, this issue can be mitigated by comparing them
with the spectrum of the H!3COT line. Finally, the
multiple inversion line transitions of NH3 can be simul-
taneously covered by the observations of JVLA thanks
to its broad bandwidth capability.

3.1. Dense core identification

We employed the astrodendro' algorithm to pre-

select dense cores (i.e., the leaves in the terminology of
astrodendro) from the 3 mm continuum image (Fig-
ure 1). The specific properties of the dense cores
(size, flux density, peak intensity and position) iden-
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tified from the astrodendro analysis are obtained us-
ing the CASA-imfit task. There are some compact
sources that are detected at > 5o significance but missed
by astrodendro; we use CASA-imfit to recover them
from the image. We avoid identifying sources from the
elongated filament southeast of NGC 6334S (Figure 1).
This elongated filament is not detected with spectral
line emission counterpart, and is likely dominated by
free-free or synchrotron emission and likely associated
with the HiI region east of this filament. When comput-
ing the dendrogram the following parameters are used:
the minimum pixel value min_value = 30, where o is
the rms noise of continuum image; the minimum differ-
ence in the peak intensity between neighboring compact
structures min_delta = 1¢; the minimum number of
pixels required for a structure to be considered an inde-
pendent entity min_npix = 40, which is approximately
the synthesized beam area.

We identified 49 dense cores (Table 1), which are la-
belled in Figure 1 and presented as pink stars in Fig-
ure 3. They are closely associated with gas filamentary
structures, and the majority (39) of these cores are con-
centrated in the central 1 pc area of the image.

3.2. Intensity distributions of molecular gas tracers

Figure 3 shows the velocity integrated intensity maps
of the H'3CO*, NH,D and NHj; emission, overlaid with
the Spitzer 8 pm emission. We detected significant
H'¥COT line emission coinciding with the 8 um dark
filamentary structures, as well as with the majority of
embedded dense cores. On the other hand, the NHyD
and NHj line emissions are preferentially detected at the
location of dense cores.

3.3. Line width and Mach number
3.3.1. H3CO*

Single, double and triple velocity components were re-
solved in 84.8%, 15.1% and 1.1% of the areas where
significant H'3CO™T emission was detected (Table 2).
We refer to spectra with single, double and triple ve-
locity components as vl, v2 and v3, respectively. We
found a (o) = 0.31 kms~! mean observed velocity
dispersion? from the dense cores, and a (oops) = 0.23
kms~! mean observed velocity dispersion exterior to
the dense cores. The area of each dense core is marked
with an open ellipse in Figure 1, while the remaining
regions in the NGC 6334S are defined as areas exte-
rior to the dense cores. The non-thermal velocity dis-
persion (oy;) of the H'3CO™T line was estimated by

2 The one-dimensional observed velocity dispersion oopg is re-
lated to FWHM, define as o,ps = FWHM/(2v21n 2).

Out = \/<0ng — A% /(2v21n 2)2) — 02, where Ay,

and oy, are velocity channel width and thermal velocity
dispersion, respectively. The molecular thermal velocity
dispersion was estimated by oy, = /(kgT)/(umu) =
9.08 x 1072 km s~} (%)0'5 =05, where p = m/my is
the molecular weight, m is the molecular mass, my is
the proton mass, kg is the Boltzmann constant, and T'
is the gas temperature. The thermal velocity dispersion
(sound speed ¢) of the particle of mean mass was esti-
mated assuming a mean mass of gas of 2.37my (Kauff-
mann et al. 2008). The gas temperatures, Ty, , derived
from the NHj3 line ratios were used to calculate the ther-
mal velocity dispersion (Figure 2, see Section 2.3). We
assumed a gas kinetic temperature of (Tnm,) = 15 K
for regions where the NHjs detection is insufficient for
our temperature fittings or without NHj3 observations.
For each of the velocity components observed from the
entire NGC 6334S region we also derived the Mach num-
ber, M = V30t /¢s. The derived Mach numbers range
from 0.02 to 6.3, with a mean value of 1.5.

Figure 4 shows the Mach number map of NGC 6334S.
From this map, it appears that non-thermal motions
in the majority of the observed regions are subsonic or
transonic (0 < M < 2). The upper left panel of Figure 5
shows a normalized histogram of Mach numbers, which
is derived from the regions in which is detected one single
velocity component. We found that the oy, values of
29.6%, 46.4%, and 24% of these regions are subsonic
(M < 1), transonic (1 < M < 2), and supersonic (M >
2), respectively (for a complete summary see Table 2).

The upper right panel of Figure 5 shows the his-
tograms of Mach numbers derived from all observed ve-
locity components. The contribution from the areas of
dense cores and from the areas exterior to the dense
cores are distinguished with colors. From areas exte-
rior to the dense cores, we observed a histogram similar
to the one presented in the left panel of Figure 5. We
found systematically higher yet mostly still subsonic-
to-transonic Mach numbers in the areas of dense cores.
As can be seen from Figure 4, supersonic motions are
mostly found in the central part of NGC 6334S, where
there are multiple velocity components around dense
cores. In summary, the non-thermal motions in the
NGC 6334S cloud and the embedded dense cores are
predominantly subsonic and transonic.

3.3.2. NHy;D

In 89.3% and 10.7% of the regions with NHyD emis-
sion, we resolved single and double velocity components,
respectively. The mean o,pg of the NHyD line is 0.21 km
s~ and 0.16 km s~ ! for the dense cores and the remain-
ing region in NGC 63345, respectively, which are smaller



than those of the H'3CO™ line. Explanations for this
discrepancy are discussed further in Section 4.2.2. The
Mach numbers estimated from the NH5D line range from
0.01 to 3.7, with a mean value of 1 (Table 2). The major-
ity of cores (89%) have a mean Mach number of less than
2, and 43% of cores have a mean March number smaller
than 1. Figure 5 shows the normalized histogram of
Mach numbers estimated from the the NHyD line, which
indicates that Mach numbers are smaller than 2 at the
majority of regions, and are between 2 and 3 in 4.9% of
the observed regions.

3.4. Dense Core Properties

With the observed 3 mm continuum fluxes, we esti-
mated the gas mass (Mgas) of identified cores assum-
ing optically thin modified black body emission in the
Rayleigh-Jeans limit, following

2

Mgas = n%7 (1)
where n = 100 is the assumed gas-to-dust mass ratio,
d is the source distance, F, is the continuum flux at
frequency v, B,(T) is the Planck function at temper-
ature T, and k, is the dust opacity at frequency wv.
We adopt kos.s grz = 0.235 cm?g™!, assuming k, =
10(v/1.2 THz)? cm?g=! and 8 = 1.5 for all of dense
cores (Hildebrand 1983).

The derived gas masses are between 0.17 and 14 Mg:
two cores have masses of 13 My and 14 Mg; the masses
of 12 cores are between 2 and 7 Mg; the masses of the
rest of the cores range from 0.17 to 1.97 Mg (Table
1). Our lo mass sensitivity corresponds to ~0.03 M.
The uncertainty in the continuum flux is adopted to be a
typical value of 10% in interferometer observations. The
uncertainty in distance from the trigonometric parallax
measurement is about 20% (Chibueze et al. 2014). The
typical uncertainty in temperatures estimated from the
NHj3 lines is about 15%, which is mainly due to the low
S/N in the NH; data. 7 is adopted to be 100 in this
study, while its standard deviation is 23 (corresponding
to 1o uncertainty of 23%) assuming it is uniformly dis-
tributed between 70 and 150 (Devereux & Young 1990;
Vuong et al. 2003; Sanhueza et al. 2017). We adopted
a conservative uncertainty of 28% in x, (e.g., Sanhueza
et al. 2017). Taking into account these uncertainties, we
estimate an uncertainty of 57% for the gas mass.

Assuming spherical symmetry for identified dense
cores, we evaluated their volume densities (ny, =
Mygas/(umudn R3/3)) using the gas mass and effective
radius. The derived volume densities vary between
4.3x10° and 2.2x108 cm ™3, with the mean and median
value of 1.1x107 and 2.5 x10% cm™3, respectively. The
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typical uncertainty is about 58% for volume density,
with the exception of eight marginally resolved cores
that have an uncertainty of > 100% due to a large
uncertainty in the beam-deconvolved effective radius.
For cores which were resolved with multiple velocity
components (Appendix B), we further estimated the gas
mass (M;) of each individual component 7 assuming that
its continuum flux is FY = F2o x I /I where

cont con : line>
Fot is the overall continuum flux, I; . is the velocity
integrated intensity of the ith velocity component, and
Ifot = S~ Ii s the overall velocity integrated inten-
sity. This provides a reasonable estimate of gas mass for
decomposed structures since the dense cores are dense
enough (> 4 x 10° cm™3) for the gas and the dust to
be well coupled (Goldsmith 2001). Using H**CO™ emis-
sion, we have decomposed 67 structures (hereafter de-
composed structures).

The virial ratio is evaluated for each decomposed

structure using (Bertoldi & McKee 1992):

Mvir
Qyir = 2
My (2)
5 02, R
Mvir = 7&7 3
G 3)

where My, is the virial mass, oy = /02 + ¢2 is the
total velocity dispersion, R is the effective radius, G is
the gravitational constant, parameter a equals to (1 —
b/3)/(1 — 2b/5) for a power-law density profile p oc r—°
(Bertoldi & McKee 1992), and S = (arcsine)/e is
the geometry factor. Here, we assume a typical density
profile of b = 1.6 for all decomposed structures (Beuther
et al. 2002; Butler & Tan 2012; Palau et al. 2014; Li et al.
2019a). The eccentricity e is determined by the axis
ratio of the dense structure, e = — f2,. The axis
ratio of the decomposed structure is assumed to be the
value of its corresponding dense core. Considering the
projection effect and the dense cores are likely prolate
ellipsoids (Myers et al. 1991), the observed axis ratio,
fobs, is larger than the intrinsic axis ratio, fin. The fing
can be estimated from f,ps with

Jint = ; fobs F1 (0.5,0.5,—0.5,1.5,1,1 — f3)  (4)
(Fall & Frenk 1983; Li et al. 2013), where F; is the
Appell hypergeometric function of the first kind.

The corresponding virial mass of each velocity com-
ponent is derived based on the corresponding effective
radius, R; = Rx +/A;/Acore- Here, R; is the effective ra-
dius for the ith velocity component, R is the dense core
beam-deconvolved effective radius (Table 1), A; is the
number of pixels for the ith velocity component within
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the dense core measured in the moment-zeroth map, and
the Acore is the number of pixels for the dense core (Fig-
ure 8).

Taking into account the uncertainties of o, and R,
leads to an uncertainty of about 24% for virial mass.
With the uncertainties of virial mass and dense core
mass, the typical uncertainty is about 46% for the virial
ratios, except for three marginal resolved dense cores
that have an uncertainty of > 100% due to the large
uncertainty in the beam-deconvolved effective radius.

Based on the 67 H'*CO™" decomposed structures, we
found that the virial ratios range from 0.1 to 9.7, with
the mean and median value of 1.8 and 1.4, respectively.
Forty-three out of 67 H'3CO™ decomposed structures
have virial ratios smaller than 2, while 27 of them have
ratios below 1. Non-magnetized cores with ayy < 2,
Qyir ~ 1 and oy, < 1 are considered to be gravita-
tionally bound, in hydrostatic equilibrium and gravita-
tionally unstable, respectively (Bertoldi & McKee 1992;
Kauffmann et al. 2013). Those with ayi > 2 could
be gravitationally unbound. Figure 6 shows the virial
ratio versus the gas mass of the H¥CO™T decomposed
structures. From this plot, it is apparent that there is
an inverse relationship between the mass and the virial
ratio. This indicates that the most massive structures
tend to be more gravitationally unstable, while the less
massive structures are gravitationally unbound and may
eventually be disperse, unless there are other mecha-
nism(s) that help to confine them such as external pres-
sure and/or embedded protostar(s) with a significant
mass.

We have decomposed 45 structures with the NHyD
emission. For these NHyD decomposed structures, the
derived virial ratios are between 0.1 and 12, with the
mean and median values of 1.3 and 0.6, respectively.
All of the NH>D decomposed structures have virial ra-
tios lower than 2, and 36 of them have ratios smaller
than 1. This suggests that these decomposed structures
are gravitationally bound. The analysis of both NH;D
and H'3CO™ give a similar result: the virial ratios of
the decomposed structures decrease with increasing gas
masses.

3.5. Pressure

Previous studies of star-forming regions have sug-
gested that the external pressure provided by the am-
bient molecular cloud materials might help to confine
dense structures in molecular clouds (Kirk et al. 2006;
Liu et al. 2013a; Kirk et al. 2017; Seo et al. 2015; Pattle
et al. 2015). In order to examine whether the external
pressure can play a significant role in confining the dense
structures, we estimate the external pressure from the

ambient cloud for each decomposed structure (McKee
1989; Kirk et al. 2017) using:

Py = WGSErﬂch (5)

where P,; is the gas pressure, ¥ is the mean column den-
sity of the cloud, ¥, is the column density integrated
from the cloud surface to depth r, and f. is the geom-
etry factor for the cloud. We assumed that 3, is equal
to half of the observed column density at the footprint
of dense structures, X, = X,us/2, which is reasonable
for most of star-forming regions (e.g., Kirk et al. 2006,
2017). To estimate the mean column density of a cloud,
we consider only the central region where the mean col-
umn density of the cloud is about ¥ = 0.15 g cm™2
estimated from the SED fitting (see Appendix A).

The derived external pressure of the H!3COT de-
composed structures is between 9.1x10% and 1.9
x10® K em™3, with a mean value of (P./kg) = 3.8 x
10"Kem™3.  For the NHy;D decomposed structures,
the derived external pressures range from 9.1x10% to
1.9x108 Kem ™2, with a mean value of (P./kp) =
3.9 x 107" Kcm 3.

To determine the energy balance, we evaluated the
external pressure energy, gravitational potential energy
and internal kinetic energy in the virial equation (McKee
1989; Bertoldi & McKee 1992):

Qp = —4nP,R? (6)
3 GM?
Qg =—= 7
G 5@5 I (7)
3 2
QK = gMo.tOt (8)

where Qp, Qg and Qx are the external pressure, gravi-
tational and kinetic terms, respectively.

For the HB¥CO™ decomposed structure, the derived
Qp ranges from 4.8x10% to 4.1x10* erg, the Qg is
between 3.7x10%° and 7.0x10%** erg, and the Q is be-
tween 3.7x10%° and 1.3x10* erg. The NHyD decom-
posed structures have similar values compared to that
of the H'*CO™T with the Qp ranging from 1.5x10%! to
4.1x10* erg, the Qg between 5.9x10*! and 7.9x10*
erg, and the Qg between 5.2x10* and 5.6x10%3 erg.

4. DISCUSSION
4.1. sonic-to-transonic motion

The mean observed values for o, are about 0.23 km
s7! (or 0.54 km s~1 in FWHM) and 0.17 km s~ ! (or 0.40
km s~! in FWHM) for H'3CO* and NH,D, respectively,
which indicates that the observed spectra are resolved in
these ALMA observations with a spectral velocity chan-
nel width of 0.21 km s=! (see also the Appendix C).



These line widths may be regarded as conservative upper
limits, given the limited spectral resolution, the hyper-
fine line splittings, the blending of velocity components
along the line-of-sight, and the outflows and shocks all
of which can lead to overestimates of the line widths (Li
et al. 2019b).

In spite of the aforementioned biases, from Figure 5 we
can see that the spatially unresolved non-thermal mo-
tions are predominantly subsonic and transonic (~77%
regions). The normalized distribution function of M de-
rived from the H!3CO™ observations peaks at 1.2. We
have run a test with temperatures ranging from 8 to
25 K, corresponding to the range of the dust tempera-
tures in the region, and found that 56% to up to 99% of
Mach numbers are smaller than 2. This confirms that
the Mach numbers are still dominated by subsonic and
transonic motions within this temperature range.

More interestingly, such features persist down to the
dense core scales (~0.015 pc) but with a higher fraction
of larger Mach numbers as shown in Figure 5. There are
several reasons that may cause the relatively broad line
widths toward the dense cores. First, the line widths
may be broadened by protostellar activities (e.g., out-
flow, infall, and/or rotation). Second, given that the
majority of dense cores are associated with multiple ve-
locity components, the line widths could be enhanced
by the intersection of gas components at different veloc-
ities. Third, high optical depths could broaden the de-
tected line widths (Hacar et al. 2016a). Unfortunately,
we can not discriminate between these possibilities with
the data at hand.

The subsonic-to-transonic dominated nature in both
dense cores and NGC 6334S cloud suggests that these
cores are still at very early evolutionary stages such that
the protostellar feedback-induced turbulence is small as
compared to the initial turbulence. Such low turbulence
is similar to what is seen in low-mass star formation re-
gions, e.g., Musca, L1517, NGC1333 and Taurus (Hacar
& Tafalla 2011; Hacar et al. 2013, 2016b, 2017)

Figure 4 shows the spectral lines of the H**CO™ at dif-
ferent spatial resolutions. It is clear that the line widths
increase with increasing beam sizes. Therefore, the ob-
served supersonic non-thermal velocity dispersions in
massive star forming regions often reported in the lit-
erature might be significantly biased by the poor spa-
tial resolution, since the spatially unresolved motions
within the telescope beam can broaden the observed line
widths.

4.2. Dynamical State of Dense Cores

The relationship of decreasing ayiy with Mgas shown
in Figures 6 and 7 has also been reported in previous
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studies of parsec scale massive clumps (Urquhart et al.
2015; Kauffmann et al. 2013), subparsec scale (< 0.1 pc)
massive dense cores (Li et al. 2019a), and low-mass star
formation regions (Lada et al. 2008; Foster et al. 2009).
Traficante et al. (2018) pointed out that such a decreas-
ing trend of ay i, may be attributed to systematic mea-
surement errors when a particular molecular line pref-
erentially traces molecular gas with densities above the
critical density of the line transition. This effect could
lead to a lower estimate of the virial parameter due to
an underestimation of the observed line width. How-
ever, this effect may not be significant since the critical
density of a given gas tracer is typically higher than the
effective excitation density because of the effect of radia-
tive trapping (Shirley 2015; Hull & Zhang 2019). The
assumption of a certain density profile (equation 3, with
b = 1.6) could introduce some uncertainties to the virial
mass, while it does not appear to be the dominant fac-
tor in the inverse owir — Mgas relation since the density
structures do not show significant differences between
the massive cores and the low-mass cores (see for ex-
ample, van der Tak et al. 2000; Motte & André 2001;
Mueller et al. 2002; Shirley et al. 2002; Beuther et al.
2002; Butler & Tan 2012; Palau et al. 2014; Tobin et al.
2015; Li et al. 2019a).

Chemical segregation may introduce biases in the
measurements of My;,. For example, the study of the B-
type star-forming region G192.16-3.84 (Liu et al. 2013b)
found that the H'*CO™ emission did not trace the grav-
itationally accelerated, high-velocity gas that is probed
by the H!>CN emission and other hot core tracers. The
decreasing trend of o, with Mg,s therefore may be al-
ternatively interpreted as indicating that higher mass
cores evolve faster, and have lower H'3CO* and NH,D
abundances at their centers. This hypothesis can be
tested by spatially resolving gas temperature profiles
for individual cores or by spatially resolving the abun-
dance distribution of H*CO™* and NH,D at higher an-
gular resolutions. Additionally, Vazquez-Semadeni et al.
(2019) suggest that the core sample satisfies the relation
Mgas o< RP, with 0 < p < 3, would naturally yield an
inverse avi, — Mgas relation.

On the other hand, investigations of a protocluster-
forming molecular clump IRDC G28.3440.06 have re-
vealed that the line width decreases toward smaller spa-
tial scales of denser regions (Wang et al. 2008). The
change of line width could be due to dissipation of tur-
bulence from the clump scale to core scale (Wang et al.
2008; Zhang et al. 2015). The spatially resolved studies
of the OB cluster-forming molecular clump G33.924-0.11
(Liu et al. 2012, 2015, 2019) have demonstrated that in
its inner ~0.5 pc region, the turbulent energy is indeed
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much less important as compared to the gravitational
potential energy. Molecular gas in this region is highly
gravitationally unstable, is collapsing towards the cen-
tral ultra compact HiI region, and is fragmenting to form
a cluster of young stellar objects (YSOs). The 0.5 pc
scale molecular clump and all embedded objects are de-
tected with small M,;, and have ayi, < 1, which is likely
due to the fact that the dominant rotational and infall
motions are perpendicular to the line-of-sight. Com-
pared with our present observations on NGC 6334S, we
hypothesize that turbulence in this case can dissipate
more rapidly in cores with higher masses and higher den-
sities. The diagnostics of the dynamical state of dense
cores may require taking the projection effect into con-
sideration; this can be tested by spatially resolving the
gas motions within the identified cores.

4.2.1. HBCO" decomposed structures

Two observational biases can lead to an overestimate
of the virial ratio: (1) overestimating the line width due
to poor fitting; (2) incorrectly accounting for potential
multiple velocity components not resolved in the cur-
rent observations, which would broaden the observed
line width. The observed velocity dispersions are sim-
ilar among the identified cores with a mean value of
0.31 km s~ !, with the exception of one massive and one
intermediate-mass cores having slightly larger observed
velocity dispersion of around 0.5 km s~!. To address the
first issue, we inspected the line fitting of the H!3CO*
line for each core and removed or refitted the pixels with
poor fitting in an effort to insure that the high virial ra-
tio we measure in the less massive regimes is real. The
second bias does not appear to be a significant factor in
our dataset since the spectral resolution is high enough
to resolve the observed lines (see the Appendix C). We
conclude that the dense structures with high virial ratios
are indeed unbound gravitationally.

The structures with high virial ratios may disperse
and may not form stars in the future without additional
mechanism(s) to counteract the internal pressures. In
Section 3.4, our simplified virial analysis considered only
balance between self-gravity and the internal support,
and did not include the external pressure. In order to
check whether the external pressure term plays an im-
portant role in confining the identified dense structures,
we have computed the energy due to the external pres-
sure (Qp), gravitational potential energy (Qg) and in-
ternal kinetic energy (Qx) (see Section 3.5).

When Qp > Q¢ the external pressure plays a domi-
nant role in binding the dense structure, while Qp < Qg
means that the gravity is the dominant element. In the
panel ¢ of Figure 6, we show the ratio of Q¢ /Qp ver-

sus the ratio of -(Qg +02p)/2Qk. The mean ratio of
Qc/Qp is 8.9, with a median value of 1.4. From Figure
6, it is clear that the gravity dominates over the exter-
nal pressure (¢/2p > 1) for more than half (60%) of
the structures, while 20 structures are dominated by the
external pressure (Qc/Qp < 1).

In the energy density form, the virial ratio is -
20k /(Qa +Q2p), when the external pressure is con-
sidered. In Figure 6, the vertical dashed line marks the
locus of virial equilibrium. The structures that lie to the
right of this line are confined by gravity and external
pressure, while structures on the left of this line are
unbound. The mean energy ratio of -(Qg +Qp)/20k is
about 3.6, with a median value of 1.8. As described in
the previous paragraph (Section 3.4), a fraction (36%)
of decomposed structures are gravitationally unbound
in the simplified virial analysis, while most of them
(79%) can be confined by gravity and external pressure,
-(Qe +9p)/2Qk > 1. This suggests that the external
pressure plays a role in confining the dense structures
in this early evolutionary stage of star formation region.
There are 14 structures which are not bound, even when
accounting for the effect of external pressure.

In the above analysis, the external pressure only in-
cludes the pressure from the clump-scale cloud, but all of
our dense cores are embedded within filamentary struc-
tures in the NGC 6334S cloud. These filaments could
provide an additional external pressure on these dense
cores. We are not able to accurately compute the fila-
ment pressure because it is difficult to extract the col-
umn density belonging to the filaments from this com-
plex system. Kirk et al. (2017) suggests that the filament
pressure is about a factor of 10 smaller than the pres-
sure from the larger-scale cloud; however, this is a lower
limit for their objects because they used parameters for
low-mass star formation regions to estimate the filament
pressure. The filament pressure in our sources could be
higher than 10% of the pressure from the larger-scale
cloud. In addition, the infall ram pressure is expected
to provide an additional support to confine the dense
cores (Heitsch et al. 2009; Kirk et al. 2017).

4.2.2. NH3D decomposed structures

We also analyzed the energy density ratio for the
NHsD decomposed structures as shown in the panel d
of Figure 7. These ratios behave in a similar way as in
the H'3CO* decomposed structures. The gravity plays
a bigger role than the external pressure in confining 31
out of 45 structures with the other 14 structures being
bound mostly due to the external pressure. In general,
the virial ratio (ayi; and -2Qk /(g +2p)) of the NH;D
decomposed structures tends to be lower than those of



the H'3CO™, due to the fact that the widths of the
NH;D line are narrower than those of the H'3CO™ line.
The NHyD emission traces colder gas and is less affected
by the protostellar feedback (e.g., molecular outflows)
as compared with the H'3CO™ emission. The derived
line widths are also affected by the hyperfine splitting
due to the limited spectral resolution. Overall, the re-
sults from both NH;D and H¥CO™ lines are consistent,
which supports our conclusion that the dense cores and
their parent cloud are dominated by subsonic and tran-
sonic motions with external pressure helping to confine
the younger and less massive dense structures.

5. CONCLUSION

We conducted ALMA and VLA observations toward
the massive IRDC NGC 6334S. We used the cold and
dense gas tracers, H'3COT, NHyD and NHs, to study
the gas properties from the clump scale down to the
dense core scale. The main findings are

1. Forty-nine embedded dense cores are identified in
the ALMA 3 mm dust continuum image. The ma-
jority of the cores are located in the central region
of NGC 6334S and are embedded in filamentary
structures. The masses of the dense cores range
from 0.17 to 14 Mg, with the effective radius be-
tween 0.005 and 0.041 pc.

2. The non-thermal velocity dispersion reveals that
this massive cloud, as well as the embedded dense
cores, are dominated by subsonic and transonic
motions. The narrow non-thermal line widths re-
semble those seen in the low-mass star formation
regions. Supersonic non-thermal velocity disper-
sions have been reported often in massive star
forming regions. However, we caution that these
studies might be significantly biased by poor spa-
tial resolutions that broaden the observed line
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widths due to unresolved motions within the tele-
scope beam.

3. The majority of identified dense cores have multi-
velocity components. We find that the virial ratios
decrease with increasing mass despite the fact that
they are dominated by subsonic and transonic mo-
tions. This implies that most massive structures
tend to be gravitationally unstable. Most of dense
structures can be confined by the gravity and ex-
ternal pressure, although a fraction of them are
unbound. This result indicates that the external
pressure plays a role in confining the dense struc-
tures during the early stages of star formation.
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Table 2. Mach number

Line Velocity component Area M Mmean  Mmedian M <1 1<ML2 M>2

vl 0.72  0.02-6.3 1.5 1.4 29.6% 46.4% 24%

HB3CO* v2 0.13 0.04-5.4 1.5 1.2 32.9% 47.5% 19.6%
v3 0.01 0.1-5.1 1.4 1.2 32.5% 48.6% 18.9%

All 0.86 0.02-6.3 1.5 1.3 30.1% 46.6% 23.3%

vl 0.25 0.01-3.7 1.0 0.9 57.8% 37.5% 4.6%

NH.D v2 0.03 0.05-3.0 1.0 0.8 61.2% 31.6% 7.2%
All 0.28 0.01-3.7 1.0 0.9 58.2% 36.9% 4.9%

NOTE— Area: the projection area in pc2. vi: single velocity component. vy: double velocity components. wvs: triple velocity
components. All: all emission components.
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Figure 1. Panel a: three-color Spitzer composite image of the NGC 6334 molecular cloud complex with blue, green, and red
representing data at A = 3.6, 4.5, and 8.0 um, respectively. The image is centered at 17h20m02s, -35d54m03s. The scale bar
is approximately 2 pc at the distance of 1.3 kpc. The white box presents the NGC 6334S region. Panel b: the ALMA 3 mm
continuum image. The beam size is shown in the bottom left of the panel. Panel c: zoom in of the central region. The black

ellipses present the identified dense cores.
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Figure 2. Left: temperatures derived from the NHs data. The cyan line is the JVLA mosaic pattern. Right: the dust
temperatures derived from SED fitting. The blue box marks the zooming in region in the left panel. The beam size is shown in
the bottom left of the panel.
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Figure 3. Figure shows the velocity integrated intensity map (green contours) of the H**CO™ (1-0), NH2D (1-1), and NH3
(1,1) overlaid on the Spitzer 8 ym emission. The green contours are £(3, 6, 9 ....) X o, where o is the rms level for each line.
The pink stars mark the dense cores revealed in the 3 mm continuum data. The white and cyan solid lines show the ALMA
and VLA primary-beam responses at 20%, respectively. The beam size is shown in the bottom right of the panel.
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Figure 4. Left: Mach number map estimated from the H'3CO™ line for NGC 6334S. The black stars represent the identified
dense cores. The beam size is shown in the bottom left of the panel. Right: averaged spectrum of the H**CO™ line within the
black circle showed on the left panel with different beam sizes. The two dashed vertical lines show the central velocities of the
two velocity components measured at the native spatial resolution. The beam sizes (), velocity dispersion (cobs) and Mach
number are presented inside the panel.
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number for all velocity components for the entire NGC 6334S excluding the dense cores (black histogram), and for all velocity
components from the dense cores only (red histogram). Bottom: same as the upper panels but using the NH2D line. The grey
vertical dash-dotted line represents the position of Mach number equal to 2.



(a) H13co+
— ——
—t
M=2 — g
2 100 M=1 x;; :
— ¢
4*7
BN
<+ vl
<+ V2
v3
1072 1071t 10° 10!
Mgas (MO)
(c) + v
101 + V2
v3
77&‘
e
ayir=2 —% ‘. {;L =)
[ L
ayir=1 ! liina =
5 10° [‘ -
i ﬁ
107!
1072 107! 10° 10!
Mgas (MO)

Mvir (Mo)

Qc/Qp

21

10t

10°

10°
10?
10!
10°
107!
1072

1073

<+ vl
<+ V2
v3

Press. Bound

— Te T

9 Grav.+Press. Bound

10!
-(Q6+Qp)/2Qk

10°

102

Figure 6. Panel a: Mach number versus gas mass for the H'3CO™ decomposed structures. Panel b: virial mass versus gas
mass. The black and red dash-dotted lines show the ayir = 1 and avir = 2 lines, respectively. Panel c: virial parameter versus
gas mass. Panel d: the ratio of Q¢ /Qp versus ratio of -(Q¢ +Qp)/2Qk. v1l, v2 and v3 represent the single, double and triple
velocity components, respectively.



22

107!

10t

10°

1072

(@)  NH,D
M=2 R R ——
#ﬁ
______ M=1 . = : :
T v
=t
—
—
vl
v2
107t 10° 10!
Mgas (MO)
(C) vl
v2
Qyir=2 )
ayir=1
o4 E]
- |
107t 10° 10!
Mgas (MG)

A4vh‘(h4o)

Qc/Qp

10!

10°

104
103
102
10!
10°
107!
1072
1073

s e
P P
/’/ /”
// /’,
. = ,
ayir =1 - /”—__f_—
pd ’
,L_;ﬁFq$:‘
- ,
Qyir = 2 y rd —+—
5
>

. i
s 1
e
= 5= o8 d
Iz T 1
107 +
L e + W2
107t 10° 10t
Mgas (Mo)
(d) . u
+ V2

e
pE .-

T Preis. Bound

— (11]&1 .#Eress. Bound

10° 107
-(QG+Qp)/20k

Figure 7. Same as Figure 6 but for the NHaoD decomposed structures.




23

APPENDIX

A. COLUMN DENSITY AND DUST TEMPERATURE

We adopted the image combination and SED fitting procedure presented in Lin et al. (2016, 2017). The procedure
is briefly summarized here. Planck 353 GHz emission data are deconvolved using Lucy-Richardson algorithm with a
model map from Herschel PACS 160 um (level2.5), SPIRE 250/350/500 pm (level3) derived 870 pum data. Then the
deconvolved data were linearly combined with the ATLASGAL 870 pum data in the Fourier domain. PACS 160 pm,
SPIRE 250 pum and the combined 870 pum data are used to fit the column density N(Hsz) and dust temperature Ty,
achieving a resolution of 18",

We performed an SED fit of each pixel, using a modified-black-body model:

I = B,(T)(1— ™) (A1)

where 7, = umyg N (Ha)k,, my is the mean molecular weight and we adopt a value of 2.8. We adopted a dust opacity
law of x,, = 10(/1.2 THz)? cm?g~!, where x353am, = 1.6 is the dust opacity per unit mass (gas and dust) at reference
frequency 353 GHz and S is fixed to 1.5 (Hildebrand 1983).

B. DECOMPOSED STRUCTURES

As mentioned in Section 3.4, a dense core identified in dust continuum emission can be decomposed into sub-
structures using the H>CO™ and NH,D lines. Figure 8 shows the spatial distributions of the decomposed structures
and their spectral line profile. The estimations of gas mass and effective radius of the decomposed structures are
described in Section 3.4.

The majority of decomposed structures identified using the H**CO* and NH;D lines have similar gas masses and
have significant overlap in projection (Figures 8 and 9), which indicates that they are consistent with each other.
Some of the H'3CO™T and NH,D decomposed structures partly overlap in projection; this is due to the discrepancy in
the emission regions of the H'3CO™* and NH;D lines, especially where the lines present multiple velocity components.
This discrepancy is probably due to the presence of faint velocity components that are limited by the sensitivity of our
observations. On the other hand, the H*CO* and NH,D may trace slightly different gas components toward some
dense cores, since they have different excitation conditions and chemical properties.

The detected multiple velocity components in a line profile could be attributed to optical depth effects, outflows, or
a number of dense cores along the line of sight (Smith et al. 2013). Optical depth effects should not be the dominant
mechanism causing the multiple velocity components in the line profile, since both H'3CO+ and NH,;D emission are
generally optically thin, although these lines might become optically thick in the densest regions of the dense core.
The narrow line widths seen in both H'*CO™T and NH,D lines suggest that they are tracing quiescent rather than the
shocked material. Therefore, the detected multiple velocity components in both H¥CO* and NH;D lines are most
likely due to a number of dense cores along the line of sight (e.g., Smith et al. 2013).

C. SIMULATION

To examine whether the observed line widths are biased by the spectral resolution or not, we constructed a simplified
model. Assuming that the dense cores are in virial equilibrium (o = 1), the virial velocity dispersion (oyi;) can be
described by
Qlyir Mgas G

5R

where Mgy,s and R are the gas mass and effective radius. We used the observed line intensity and ovi as input
parameters to synthesize a spectrum with a spectral resolution of 0.013 km s~! for dense cores (black lines in Figure
10). We fit Gaussian line profiles to the synthetic spectra, that have been smoothed to a spectral resolution of 0.21 km
s~! and with injected a random noise in 1000 iterations; we only show the dense cores that exhibit a single velocity
component in the H'3CO™T emission. Figure 10 shows the fitting results. The fitted line width agrees with the input
line width, indicating that the measured line widths are not significantly affected by the current spectral resolution in
this study. We ran the same test for the NHyD line, and reached the same conclusion.

(C2)

Ovir =
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Figure 8. Left: schematic view of decomposed structures identified using the H**CO™ (upper left) and NH,D (bottom left)
lines for dense core 13. The greyscale is the dense core revealed by the continuum emission. The black and blue contours
represent the spatial distributions of the H!*CO™ decomposed structures, while the yellow and red contours represent the
spatial distributions of the NH2D decomposed structures. The contours are derived by the emission regions of corresponding
velocity components, while #1 and #2 represent the first and second velocity components, respectively. Right: spectra of the
H™CO™ (upper) and NH2D (lower) lines within the cyan rectangle shown on the left panel. For the H*CO™ spectrum, the
solid red curve represents the fitted result. For the NH2D spectrum, the solid blue curve represents the components that are
fitted, while solid red curve is the sum of them. The complete figure set (15 images) is available in the online journal.
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Figure 10. The black line is the original synthesized spectrum in the spectral resolution of 0.013 km s~!, while the green line
is the original synthesized spectrum smoothed to a spectral resolution of 0.21 km s~*. The yellow lines are fitted results for
each iteration. The dense core ID is presented on the upper left panel. The synthesized spectral line width and fitted line width

are presented on the upper right panel.



Presented here are individual plots for Figure 8 which are available as the online material. The black cross

position of the spectra.
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Presented here are individual plots for Figure 8 which are available as the online material.
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Presented here are individual plots for Figure 8 which are available as the online material.
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Presented here are individual plots for Figure 8 which are available as the online material.
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