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ABSTRACT

Context. Traditionally, supersonic turbulence is considered to be one of the most likely mechanisms slowing the gravitational collapse
in dense clumps, thereby enabling the formation of massive stars. However, several recent studies have raised differing points of view
based on observations carried out with sufficiently high spatial and spectral resolution. These studies call for a re-evaluation of the role
turbulence plays in massive star-forming regions.

Aims. Our aim is to study the gas properties, especially the turbulence, in a sample of massive star-forming regions with sufficient
spatial and spectral resolution, which can both resolve the core fragmentation and the thermal line width.

Methods. We observed NH3 metastable lines with the Very Large Array (VLA) to assess the intrinsic turbulence.

Results. Analysis of the turbulence distribution histogram for 32 identified NH; cores reveals the presence of three distinct compo-
nents. Furthermore, our results suggest that (1) sub- and transonic turbulence is a prevalent (21 of 32) feature of massive star-forming
regions and those cold regions are at early evolutionary stage. This investigation indicates that turbulence alone is insufficient to pro-
vide the necessary internal pressure required for massive star formation, necessitating further exploration of alternative candidates;
and (2) studies of seven multi-core systems indicate that the cores within each system mainly share similar gas properties and masses.
However, two of the systems are characterized by the presence of exceptionally cold and dense cores that are situated at the spatial
center of each system. Our findings support the hub-filament model as an explanation for this observed distribution.

Key words. stars: formation — radio lines: ISM — turbulence — ISM: kinematics and dynamics — submillimeter: ISM
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1. Introduction

Massive stars (M.> 8 M) play a major role in the energy bud-
get of galaxies via their radiation, winds, and supernova events,
yet the picture of their formation remains unclear. Specifically,
assuming a conversion efficiency from the core to the star is
at 50%, a massive star of 10 M, would require a core of at
least 20 M (Kong et al. 2021). However, under typical con-
ditions (e.g., sound speed of ¢; = 0.2km s~! and gas number
density ny = 103 cm™3), the Jeans mass is less than 1 M, (e.g.
Kong et al. 2021; Xu et al. 2023). Therefore, it is unclear how a
core with more than 100 Jeans masses would survive fragmen-
tation, rather than giving rise to hundreds of low-mass cores.
To address this, McKee & Tan (2003) proposed the turbulent
core accretion model (hereafter, TCA), where highly turbulent
gas provides additional support against gravitational collapse. As
a consequence, the equivalent “turbulent Jeans mass” enables
the formation of massive stars (e.g., Wang et al. 2011, 2014).
This theoretical model has been supported by following obser-
vations (e.g., Liu et al. 2012, 2013; Sanchez-Monge et al. 2013;
Tan et al. 2013; Kong et al. 2018). However, several studies
have revealed thermal fragmented cores, which are consistent
with the Jeans length in high-mass star-forming regions (e.g.
Bally & Zinnecker 2005; Beuther et al. 2018). Similarly, Palau
et al. (2015) and Liu et al. (2019) found that fragmentation in
massive protostellar cores is dominated by thermal Jeans frag-
mentation rather than turbulence levels, which is further proven
in Sanhueza et al. (2019); Morii et al. (2023). This fact aligns
with the competitive accretion model (Bonnell et al. 2001, 2004).
This model posits that molecular clouds thermally collapse into
Jeans cores. Then, cores that are located at the center of the grav-
itational potential can grow into high-mass stars through the gas
inflow. In this model, supersonic turbulence is not needed.

Since dense cores with such high mass are typically located
at a few kiloparsecs, interferometers are necessary to reveal their
gas properties in detail. Recent studies have used NHj to study
samples of the massive star-forming regions and discovered that
supersonic turbulence is universal in regions of massive star
formation (Sanchez-Monge et al. 2013; Lu et al. 2014, 2018).
However, it is important to note that Henshaw et al. (2014);
Sanhueza et al. (2017); Lu et al. (2018); Sokolov et al. (2018);
Redaelli et al. (2022) have found that the turbulence became
transonic on the scale of cores (at 0.1 pc) with NHj as well NoH*.

The change of the supersonic to transonic turbulence from
those observations suggests that the former consequence may
have resulted from limited resolution. With sufficient resolving
power, the intrinsic turbulence may be revealed as transonic or
even subsonic. To achieve this sufficient resolution, we require:
(1) high spectral resolution capable of resolving thermal line
widths (typically 0.2km s~! at 15 K); (2) high spatial resolution
that can resolve dense cores (0.1 pc or 4” at 5 kpc); and (3) high
mass sensitivity that can resolve thermal Jeans mass (typically
1 Mp).

Previous VLA observations in NH3 (e.g., Lu et al. 2014)
used a correlator setup with a channel width of 0.6-0.7km s~!,
which was much larger than the thermal width, making it impos-
sible to detect the potential subsonic turbulence. In contrast,
Wang et al. (2012) combined VLA-C configuration NH3 image
cubes at 0.2km s~! resolution with VLA-D configuration data
at 0.6km s~! resolution to study clump P1 in the infrared dark
cloud (IRDC) G28.34+0.06. They found that all dense cores
coincided with a reduced line width compared to the general
clump, indicating dissipation of turbulence from the clump to
the core scales (cf. Wang et al. 2008).
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In addition, Monsch et al. (2018) have found the existence
of the subsonic turbulence with the VLA observation under
about 0.3km s~! in the Orion molecular cloud. Later, Yue et al.
(2021) have found a trend of turbulence dissipation, where the
turbulence changed from transonic to subsonic as the spatial res-
olution increased from 10*au to 10° au. In the study of IRDC
G035.39-00.33, Sokolov et al. (2018, 2017) found that more than
a third of all the pixels, which coincide with star-forming dense
cores, show subsonic non-thermal motions. Similarly, Li et al.
(2020, 2022) have found the turbulence of the filaments and
cores in NGC 6334S are sub- or transonic. They credited this
result to the high spatial and spectral resolutions (0.02 pc and
0.2km s™!) of the observations by VLA and ALMA.

These studies all suggest that the turbulence is resolution-
dependent, highlighting the possibility of finding an intrinsic
subsonic turbulence. To reveal the turbulence properties in mas-
sive star-forming regions, observations with sufficient spatial
and spectral resolution are needed. In addition, the targets should
be at the early evolutionary stage (e.g., IRDCs) so that the
intrinsic turbulence can avoid being affected by star-formation
activities. As for evolved sources at the same resolution, our pilot
work in the case of G35.20 (Wang & Wang 2023) has shown
that Mach number decreases from ~6 on the scale of 0.1 pc to
~2 towards the scale of 0.01 pc. If the intrinsic turbulence is
commonly found to be subsonic in massive star-forming regions,
the role of the turbulence should be re-evaluated. In TCA, other
internal pressure candidates such as magnetic fields could play
a more important role in high-mass stars, which depends both
on the scale and the evolutionary stage under the overestimated
velocity dispersion (e.g., Tan et al. 2013; Fontani et al. 2018;
Sanhueza et al. 2021). Otherwise, other theories may explain the
formation of high-mass stars better. For example, the competitive
accretion model or the global hierarchical collapse model (GHC
hereafter; Vazquez-Semadeni et al. 2019). GHC has similar per-
formance in smaller cores with a few solar masses which can
replace the role of the magnetic field. Besides, Pelkonen et al.
(2021) and Padoan et al. (2020) also proposed different models
that better explain the observed phenomena.

To investigate the turbulence properties, we selected 13 mas-
sive star-forming regions based on the following criteria: (1)
the distance of the selected regions should be less than about
5 kpc, which allows the core identification at about 0.05 pc;
(2) the hydrogen column density of the selected regions should
be higher than 10*2cm™2 and the mass should be larger than
5% 10° M, allowing the formation of the massive stars (similar
as the criteria in Sanhueza et al. 2019); and (3) the evolution-
ary stage of the regions should be earlier than the evolved IRDC
(e.g., G35.20), which avoids the influence of the feedback from
stellar activities. We selected 13 regions mainly from the APEX
telescope large area survey of the galaxy (ATLASGAL; Schuller
et al. 2009). We also add some typical IRDCs out of the range of
ATLASGAL as supplementary. Besides, we chose several well-
studied filaments from the Galactic Cold Filaments (Wang et al.
2015) to study the potential effect of the spatial distribution to
the star-forming regions. The basic parameters of the selected
sources are presented in Table 1 of the corresponding cited
papers. Figure 1 shows the infrared environment of the sam-
ple with the Spitzer (Spitzer Science Center (SSC) & Infrared
Science Archive (IRSA) 2021) infrared three-color images (blue:
3.6 um; green: 4.5 um; red: 8 um) as the background and the
white contours from ATLASGAL (Schuller et al. 2009) 870 um
continuum emission.

In this work, we present the results of VLA observations
towards 13 massive star-forming regions and extract 32 NHj3
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Table 1. Massive star-forming regions observed in NH3 with the VLA.

Name Equatorial (J2000) Galactic D Mass Size IR Alter-name

RA Dec [ b (kpc) (10* My) (pc)
Gl14.2 18h18m10.0s —-16d53m24.5s 14.17° -0.53° 1.7 4.7 29.5 Dark G14.225-0.506
118223 18h25m10.1s —-12d43m48.6s 18.63° -0.07° 3.5 2.2 13.2 Dark IRAS18223-1243
G14.99 18h18m17.9s —-15d58m12.5s 14.99° -0.12° 2.6 0.7 10.9 Dark G14.999-0.121
G48.65 19h21m46.1s +13d49m12.6s 48.65° -0.29° 2.6 0.6 18.3 Dark MSXDCG048.65-00.29
G111-P8 23h16m12.4s +61d22ml12.2s 111.78° 0.58° 44 - - Dark  G111.78+00.58
Gl11.11 18h10m34.0s —19d24m00.1s 11.11° -0.10° 3.5 1.1 37x0.6 Dark G11.11-0.12, Snake
CFG64 19h55m05.5s +27d21m00.1s 64.26° -0.41° 3.6 0.5 51x2.7 Dark CFG064.27-0.42
IRDC28.23 18h43m12.7s —04d13ml12.4s 28.23° -0.17° 49 5.5 60x1.6 Dark -
G79.3 20h32m14.6s +40d18m00.3s 79.30° 0.34° 14 1.7 22.5 Dark G79.3+0.3
IRASI18114 18h14m22.3s —18d24m36.7s 12.40° -0.46° 24 0.5 9.1 Bright IRAS18114-1825
G15.07 18h18m29.4s —15d54m00.0s 15.07° -0.12° 5.1 0.6 8.7 Bright G15.074-0.124
G15.19 18h18m48.2s —15d48m36.0s 15.18° -0.16° 11.6 0.7 16.6 Bright G15.185-0.158
CFG47 19h16m43.7s +12d39m36.3s 47.06° 0.25° 44 2.0 78%x3.0 Bright CFG047.06+0.26
CFG49 19h22m?29.2s +14d06m36.8s 49.00° -0.31° 54 8.3 85x1.6 Bright CFG049.21-0.34

Notes. VLA Observation of sources in Fig. 1 with their basic parameters from other studies. From the left to the right are RA (J2000), Dec (J2000),
1, b, distance (kpc), mass (10* M), size (pc), IR dark/bright, alter-name. For 5 filamentray IRDCs, we adopt their sizes from Wang et al. (2015),

others’ sizes are measured from the dust maps of the ATLASGAL.

References. IRAS18114 (Yuan et al. 2012), G14.2 (Xu et al. 2011), 118223 (Tackenberg et al. 2014), G14.99, G15.07 and G15.19 (Contreras et al.
2013), G79.3 (Rizzo et al. 2014), G48.65 (Simon et al. 2006), G111-P8 (Ellsworth-Bowers et al. 2015b,a), IRDC28.23 (Sanhueza et al. 2012, 2013),
other sources such G11.11, CFG47, CFG49, and CFG64 are from Wang et al. (2015). Note that G15.19 has a much larger distance than other sources,
so it is excluded from analysis in the main text. We present its fitting results in the appendix.

cores in total. Based on gas properties of those cores, we study
their evolution and dynamics. The paper is structured as follows.
In Sect. 2, we present our observations and the data reduc-
tion. Section 3 introduces the identification, the fitting and the
method. Section 4 studies the parameters of the cores fitted from
the NHj lines and the implications of the turbulence of star
formation based on the Mach number. Section 5 discusses the
separation and the selection effect. In Sect. 6, we summarize the
main conclusions.

2. Observations
2.1. Sample description

As shown in Table 1, all clumps which are selected from
Galactic Cold Filaments, ATLASGAL (Schuller et al. 2009)
and other typical IRDCs are massive enough with the order of
magnitude at 10* My. As seen from the three-color images of
the regions presented in Fig. 1, based on previous observations
by Spitzer (Spitzer Science Center (SSC) & Infrared Science
Archive (IRSA) 2021)', most clumps are IR-dark with a few
IR-bright regions. Within the sample, G11.11, CFG47, CFG49,
CFG64, and IRDC28.23 (Sanhueza et al. 2012, 2013) are rep-
resentative filaments (Wang et al. 2015). G11.11 (also named
“Snake”) is a well-studied S-shaped IRDC (Wang et al. 2014)
with several ongoing star-forming regions (e.g., masers, out-
flows) and CFG49 is near an HII region (Westerhout 1958).
G14.99, G15.07 and G15.19 are compact sources from ATLAS-
GAL (Contreras et al. 2013). But G15.19 is presented as a
supplementary in appendix due to its much larger distance com-
pared to other sources. The last two have weak IR emission but
G14.99 has a maser and a possible young stellar object (YSO;
Wienen et al. 2012). G14.2 is another cloud with filamentary

I https://irsa.ipac.caltech.edu/irsaviewer/

structure. Its cold dense cores (Busquet et al. 2016; Ohashi
et al. 2016) and the strong magnetic field (Busquet et al. 2013;
Afez-Loépez et al. 2020) may indicate the existence of a pos-
sible subsonic turbulence. Other sources in the sample have at
least one identified YSO. G48.65 is a cold IRDC with several
YSOs in very early stages (Simon et al. 2006). G79.3 is an IRDC
in Cygnus-X with at least five YSOs and still forms protostars
(Rizzo et al. 2014). G111-P8 is an active star-forming clump with
the maser (Eden et al. 2019). IRAS 18114 has strong outflows and
a Class I YSO (Yuan et al. 2012). YSOs in 118223 may be the
result of the cloud-cloud collision (Tackenberg et al. 2014).

As presented in Table 1, the distance range of the clumps
in the selected sample is from 0.9 to 5.4 kpc, which allows us
to investigate the role of turbulence on various spatial scales.
Also, the different locations in the Milky Way help to confirm
the generality of the conclusion. According to the TCA model
proposed by McKee & Tan (2003), the strength of turbulence
may be affected by the evolutionary stage of the source. There-
fore, the selected sample includes both infrared (IR) dark and
bright clumps to ensure that those clumps are at different evolu-
tionary stages. For the filamentary clumps, we adopt the value of
the size of the main-axis measured in Wang et al. (2015). Other
clumps sizes are roughly measured from the dust maps of the
ATLASGAL.

2.2. VLA observations

All the observations were executed with the VLA in its D/DnC
configuration at K band from 2013 to 2014 (project ID: 13A-
373, PI: Ke Wang; 14A-272, PI: Patricio Sanhueza). The settings
of the observations are listed in Table 2. We specially config-
ured the correlator to cover the frequency range of 18-26.5 GHz,
containing several typical lines which trace the dense gas (e.g.,
NH3 inverse transition lines from (1,1) to (7,7), details can be
found in Table 3). The spectral resolution of those observations
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Fig. 1. Infrared environment of the sample. The background shows the Spitzer (Spitzer Science Center (SSC) & Infrared Science Archive (IRSA)
2021) infrared three-color images (blue: 3.6 um; green: 4.5 um; red: 8 wm). White contours are ATLASGAL (Schuller et al. 2009) 870 um contin-
uum emission, with levels starting from 5o increasing in steps of f(n) = 3 xn” +2, where n = 1,2,3, ..., N. If no ATLASGAL data, then Herschel
250 pm continuum emission is used. The green circles with labels mark the VLA field of view (FoV) of ~eq2 arcmin.
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Table 2. Observation setting of sources.

Name N, Date Gain Bandpass Flux Beam size  rms (mJybeam™)
IRAS18114 1 2013 May J1733-1304 3C454.3 3C48 2.6”"x4.0" 3.6
Gl4.2 4 2013 May J1832-1035 3C454.3 3C48 297 x4.1” 3.8
118223 4 2013 May J1832-1035 3C454.3 3C48 297 x43" 41
G14.99 1 2013 May J1832-1035 3C454.3 3C48 3.0"x44” 6.2
G15.07 1 2013 May J1832-1035 3C454.3 3C48 287" x4.1" 6.3
G15.19 1 2013 May J1832-1035 3C454.3 3C48 297" x42" 4.0
G79.3 3 2013 May J2015+3710 3C454.3 3C48  2.5”x39” 20
G48.65 1 2013 Apr  J1924+1540 J1925+2106 3C48 2.6” x4.1” 1.9
GI111-P8 1 2013 Apr  J0014+6117  3C454.3 3C147 28" x4.1" 22
Gl11.11 7 2014 Sep  nrao530 3C454.3 3C48 29" x44” 53
CFG47 1 2014 Sep  J1925+2106 3C454.3 3C48  3.0” x4.5" 9.7
CFG49 1 2014 Sep  J1925+2106 3C454.3 3C48 297 x43" 5.6
CFG64 5 2014 Sep  J2023+3153 3C454.3 3C48 29" x44” 8.7
IRDC28.23 2 2014 Sep JI851+0035 3C454.3 3C48 25”7 x39” 12

Notes. VLA Observation settings of sources in Fig. 1. They are listed as the number of the pointing observation (,), the observation date, the
standard calibrators of the gain, bandpass and flux, the beam size in NH; (1,1), and the background noise in mJy beam™'.

Table 3. Observation results.

Name RA Dec NH;(1,1) NH;(2,2) NH3(3,3) NH;4,4) NH;(5,5) NH;(6,6) NHs(7,7) NH,D
G48.65 290.446°  13.822° O O O 13 11 1.6 X 15
G79.3-C12 307.993°  40.311° O O 1.9 1.9 2.1 1.7 x 1.8
G79.3-C19 308.087°  40.330° O O 2.0 2.1 22 1.9 X 1.8
G79.3-C25 308.122°  40.269° O O 0O 2.8 3.1 3.4 X 2.5
118223-P1 276.296°  —12.702° O O O 3.8 3.7 3.7 34 3.9
118223-P2 276.292°  —12.719° O O O 3.6 3.8 3.9 3.6 3.3
118223-P3 276.292°  —12.735° O O 3.9 3.8 3.7 4.1 4.0 3.6
118223-P4 276.287°  -12.751° O O 0 3.2 3.6 3.7 3.2 35
IRAS18114 273.600°  —18.410° O O 3.2 35 4.6 3.1 2.8 2.7
CFG47-P2 289.179°  12.656° 9.3 8.3 6.4 6.7 5.6 5.1 5.9 5.1
CFG49-S1 290.616°  14.109° O O O 4.9 6.3 5.8 5.2 O
G111-P8 349.052°  61.373° O O 2.1 1.6 25 x X x
G14.2-P1 274.552°  -16.825° O O 3.9 3.7 3.2 3.4 34 3.7
Gl4.2-P2 274.546°  -16.877° O O 3.6 35 3.2 35 3.7 3.6
G14.2-P3 274.516°  —16.903° O O 35 3.6 34 3.6 3.5 34
G14.2-P4 274.557°  -16.954° O O 0O 35 35 3.1 35 34
G14.99 274.571°  —15.970° O O 74 43 5.6 x x x
G15.07 274.615° —15.896° O 6.3 5.7 5.9 44 x X x
CFG64-A 298.743°  27.203° 6.8 6.4 4.5 4.6 4.8 3.7 3.7 45
CFG64-B 298.745°  27.221° O O 5.5 5.5 6.1 3.1 3.5 4.9
CFG64-C 298.786°  27.353° O O 5.2 5.2 4.9 3.1 3.2 4.6
CFG64-D 298.796°  27.480° 11.3 11.6 73 5.5 43 42 4.1 5.2
CFG64-E 208.800°  27.574° 12.4 15.2 8.3 5.3 4.9 43 4.7 54
IRDC28.23-P1  280.882°  —4.224° O O 6.6 6.6 7.2 x x x
IRDC28.23-P2  280.873°  —4.213° O O 79 73 8.1 x X x
GI1L.11_s5 272.577°  -19.410° O O O 3.9 45 x X x
G11.11_s6 272.559° —19.411° O O 49 4.7 54 x x x
Gl1L.11_s7 272.619°  -19.381° O O 9) 46 49 x X x
Gl11.11_s8 272.637° -19.375° O O O 4.8 4.7 x X x
G11.11_s10 272.607°  -19.392° O O 5.9 4.8 5.3 X X x
Gl1.11_sl1 272.594°  —19.402° O O 5.7 42 438 x x x
G11.11_s12 272.541°  —19.414° O O 5.6 4.8 4.9 x X x

Notes. Observation results of each line in 32 VLA pointings. O means that the flux peak of the emission line is larger than 30~ (detected); X means
that the range of the correlator setting not contain this line. For the undetected line, we mark its the upper limit at the 1o~ in mJy beam™!. The
correlator is configured to cover the frequency range of 18-26.5 GHz, and the spectral resolution is 15.625 kHz (about 0.2 km s~! in this band).
The rest frequencies of those lines are (in GHz): NH;(1, 1) in 23.694, NH3(2,2) in 23.723, NH;(3, 3) in 23.870, NH;3(4,4) in 24.139, NH;(5, 5)
in 24.533, NH;(6, 6) in 25.056, NH3(7,7) in 25.715, NH,D(4, 4) in 25.024, NHD,(6, 7) in 23.023, CCS(24, 1,) in 22.344, CCS(5¢, 55) in 24.506,
HC°N-1(40, 39) in 23.241, HC°N-2(41,40) in 23.822, H64a in 24.509, CH3;0H(6,, 6,) in 25.018, H,O(6,6, 5,3) in 22.235, NH3-sp(2, 2) in 23.099,
CC348(2,1) in 25.344, D,0(3,4) in 20.460, C'3CS(2,1) in 25.783.
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Table 3. continued.

NHD, CCS(2;, 1,) CCS(5¢,55) HC°N-1 HC°N-2 H64a CH3;0H H,O NHj3-sp CC**S(2,1) D,O C*CS(2,1)

1.2 X 1.3 X X
1.8 X 1.9 X X
1.7 X 1.9 X X
2.7 X 2.8 X X
3.5 X 4.2 3.6 3.5
4.0 X 3.6 3.7 3.2
4.2 X 34 4.0 3.8
3.9 X 3.5 3.5 3.1
3.1 X 3.4 3.6 29
5.2 X 4.5 4.1 3.9
5.1 X 4.5 4.2 3.6
X 2.6 2.0 X X
4.1 X 4.3 3.6 3.6
3.2 X 3.6 3.2 3.6
3.5 X 3.7 33 3.7
3.6 X 3.2 34 3.5
X 7.8 X X X
X 5.4 X X X
X 7.9 X X X
4.3 5.4 3.5 2.8 2.3
4.6 6.7 4.2 3.4 29
4.8 6.4 4.4 2.9 2.5
53 6.4 3.3 3.1 3.2
5.7 6.4 4.1 3.4 3.1
X 9.2 6.8 X X
X 9.9 5.6 X X
X 6.1 4.1 X X
X 7.2 4.8 X X
X 7.0 4.6 X X
X 71 52 X X
X 6.5 4.8 X X
X 7.5 4.6 X X
X 7.2 4.9 X X

1.4 X X 1.1 X X X
1.6 X X 1.7 X X X
1.9 X X 1.6 X X X
3.6 X X 2.7 X X X
4.4 3.9 X X X X X
3.7 3.2 X X X X X
4.6 3.7 X X X X X
3.9 4.1 X X X X X
3.6 2.3 X X X X X
4.7 5.1 X X X X X
4.3 5.7 X X X X X
2.1 x O X X X X
3.2 O X X X X X
3.1 3.1 X X X X X
3.5 3.9 X X X X X
3.6 3.6 X X X X X

X x O X X X X

X X 9.7 X X X X

X X 4.6 X X X X
3.1 45 8.1 X X 6.1 X
3.8 54 8.8 X x 71 X
3.4 44 9.2 X X 64 X
3.4 53 8.5 X X 6.6 X
3.7 62 89 X x 71 X
5.8 X 9.5 X 97 95 9.6
6.8 X 94 X 93 89 94
4.8 x 8.7 X 73 6.5 7.1
4.8 X 94 X 65 71 6.7
5.1 X 9.3 X 6.8 6.7 7.1
4.6 x 10.5 X 7.8 8.1 8.2
5.0 X 9.6 X 77 6.1 6.7
4.9 X 9.8 X 69 6.7 6.4
4.8 x 9.7 X 72 64 6.7

is 15.625kHz (about 0.2km s~!), which is similar to Sokolov
et al. (2018); Li et al. (2020); Wang & Wang (2023). The largest
recoverable angular scale in D configuration at this frequency is
approximately 60” in ~2’ primary beam. Due to a incomplete
u-v coverage in a snapshot observation, the largest recoverable
angular scale can be even smaller’. Thus the line width may
be underestimation because of the missing flux and leads to
a higher fraction of the weak turbulence (Li et al. 2013; Yue
et al. 2021). Even though, since the resolved NH3 core size in
this work are much smaller than the largest recoverable angu-
lar scale, the measured NHj; line width should not be severely
affected by the more diffuse velocity components from larger
scale (typically 1 pc). Besides, similar studies lacking single-dish
data also estimated line width biases through simulations, find-
ing that the effect is not significant enough to alter conclusions,
for instance, (Yue et al. 2021 about 20%) and (Li et al. 2023,
3-10%). The maximum reduction of line width found in those
studies is about 20%, leading to a change in the Mach number
by 13% in our results, which is not enough to significantly alter
conclusions.

2 https://science.nrao.edu/facilities/vla/docs/
manuals/oss/performance/resolution
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2.3. Data reduction

The VLA antenna baseline and the atmospheric opacity have
first been corrected using Common Astronomy Software Appli-
cations (CASA) 4.7.2 (McMullin et al. 2007). Then the standard
calibration solutions of the bandpass, flux, and gain are applied
onto the corrected raw data. Those calibrators can be found in
Table 2. The systematic uncertainty from the flux calibration is
around 10%, consistent with similar observations (e.g., Sokolov
et al. 2017).

As most of the clumps in the selected sample are at the early
evolutionary stage, the signal of the emission lines can be weak.
Considering the reliability of the data, we applied two different
settings of parameters in TCLEAN, a CASA task which uses the
multi-scale CLEAN algorithm (Cornwell 2008) in the u-v space.
The specific parameter settings used in multi-scale CLEAN are
1, 3,9, and 27 pixels size to simultaneously recover both point
sources and extended structures. In the primary setting, we use
the natural weighting to optimize for searching the low signal-to-
noise ratio (S/N) lines. Observed results are listed in Table 3. The
aim of this setting is to detect the weakest signal and generate a
complete detection result. Then we applied the second setting
onto the clumps that contain the detected signal (S/N > 3) from
the primary setting, with a robust parameter of 0.5 under the
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Table 4. Fitted parameters.

Core name Temperature Column density Velocity oy OPR M, size Megi My
(XK) (logipem™)  (kms™") (kms™)  (107%) (po) (Mo) (Mo)
CFG49-S1-c1 35.9+8.2/33.2 12.5+€0.1/12.5 67.7+0.7/68.0 1.6+0.6/1.5 X 2.6+x0.1/2.6 0.4 0.1 1274
CFG64-cl 10.0+4.0/10.8 14.2+0.3/14.3  22.0+0.1/22.0 0.2+0.1/0.2 X 0.4+0.1/0.5 0.2 86 24
Gl14.2-P1-c1  16.5+0.8/16.7 14.7+0.1/14.7  18.8+0.1/18.8 0.7+0.1/0.7 X 24+0.2/24 01 1.7 8.1
G14.2-P1-c2 14.7+1.0/14.6 14.8+0.1/14.8  19.7+0.4/19.7 0.8+0.1/0.9 X 2.3£0.2/23 0.2 40 143
G14.2-P2-c1  13.0«£1.0/12.9 14.6+0.1/14.6  21.6+0.2/21.6 0.5+0.1/0.5 X 1.3+0.1/1.3 0.2 74 9.7
G14.2-P3-c1  12.0+£1.7/11.9 14.7+£0.3/14.7  21.3+0.1/21.3 0.3+£0.1/0.3 X 0.8+0.2/09 0.1 21 14
G14.2-P3-¢c2  12.1+2.1/12.3 14.7+£0.5/14.6  21.2+0.2/21.2 0.3+0.1/0.3 X 1.0£0.1/1.0 0.1 3.3 2.0
G14.2-P4-c1  16.7+1.9/16.5 14.7£0.2/14.7  19.9+0.5/19.9 0.7+0.3/0.8 2. 0.9+0.1/0.9 0.3 9.1 19.0
G14.99-c1 127.7£128.5/47.2 15.0£1.2/15.0 48.8+1.3/48.5 0.9+1.0/0.7 x 0.3£0.1/0.3 0.2 196.7 94.3
G48.65-c1 12.3+0.8/12.4 14.4+0.1/14.4  33.9+0.2/33.9 0.4+0.1/0.4 1.4+1.2/1.3 1.3x0.2/14 14 42 54
G48.65-c2 12.7+0.4/12.7 14.4+0.1/14.4  33.9+0.2/33.9 0.3+0.0/0.3 2.0+1.9/19 1.0+0.1/1.0 0.8 0.5 1.1
G48.65-c3 12.4+1.0/12.4 14.4+0.2/14.4  33.4+0.2/33.4 0.4+0.1/0.4 1.1+£0.9/1.0 1.2+0.1/1.2 0.8 1.6 3.6
G79.3-C12-c1 11.0«1.1/11.2 14.6+0.3/14.6  1.6x£0.6/1.7  0.3£0.1/0.3 X 0.4+0.0/04 0.2 1.8 14
G79.3-C19-c1 17.3+179/159 14.4+0.4/144 0.4+0.1/04 0.4+0.3/0.4 x 0.4+0.2/04 09 03 1.8
G79.3-C19-c2 18.9+5.9/18.5 14.3£0.2/14.2 0.4+0.1/04  0.2+0.1/0.2 X 0.3+0.1/0.3 09 02 0.5
G79.3-C19-¢c3 10.1+3.4/10.6 15.8£0.7/15.9 0.4+0.1/0.4  0.8+0.2/0.7 X 32+0.2/33 09 81 72
118223-P1-c1 16.0+2.2/15.5 14.8+0.1/14.8  45.0+0.3/44.9 0.5+0.2/0.4 2.1+1.0/2.0 1.1+0.1/1.1 0.2 20.1 12.6
118223-P2-c1 22.5+20.2/19.7 14.8+0.3/14.8 45.0+0.3/44.9 0.5+0.2/0.5 3.2+2.1/3.2 0.9+0.1/1.0 0.2 16.2 11.2
118223-P3-c1 14.8+0.9/14.9 14.8+£0.2/14.8  45.7+0.6/45.8 0.7+£0.2/0.7 X 1.9+0.2/19 0.3 32.2 30.2
118223-P4-c1 14.3+1.4/14.2 14.8+0.1/14.8  45.9+0.3/45.8 0.7+0.1/0.7 4.0+2.4/3.4 2.1+0.1/2.1 0.3 344 30.2
IRAS18114-c1 42.4+6.2/43.9 14.7+0.0/14.7  46.1+0.0/46.1 1.1+0.0/1.1 X 2.6+x0.1/2.6 0.1 21 202
IRAS18114-c2 46.0+5.5/46.5 14.7+0.0/14.7  46.0+0.0/46.1 1.0+0.0/1.1 X 24+0.1/24 0.1 39 224
IRAS18114-c3 46.2+6.8/46.1 14.7+£0.1/14.7  46.0+0.0/46.0 1.1+0.0/1.1 x 2.3+0.1/23 01 13.0 542
IRAS18114-c4 47.0+6.1/47.1 14.7+0.1/14.7  46.0+0.0/46.0 1.0+0.0/1.0 x 2.3x0.0/23 0.1 7.8 35.6
GIL.11_S5-c1 14.2+4.4/13.4 14.7+0.3/14.7  29.5+0.3/29.6 0.3+0.2/0.3 8.2+1.4/3.3 0.4+0.1/0.4 0.1 152 4.0
G11.11_S5-c2 6.4+0.8/6.4 16.1+0.3/16.2  30.1+0.1/30.1 0.4+0.1/0.4 x 2.3+0.4/2.4 0.2 120.1 3.6
GI11.11_S6-c1 12.4+3.1/11.8 14.8+0.6/14.7  30.1+0.3/30.0 0.3+0.2/0.2 X 0.3x0.1/0.4 0.3 159 4.0
GIL.11_S7-cl 16.3+6.7/15.2 14.8+0.2/14.9  29.5+0.4/29.5 0.5+0.2/0.5 3.2+3.0/2.4 0.7+0.0/0.7 0.2 30.3 14.0
G11.11_S8-cl 12.6+2.2/12.9 14.7£0.2/14.8  30.6+0.6/30.9 0.4+0.3/0.3 3.0+3.0/1.4 0.6+0.1/0.6 0.2 17.9 8.1
GI11.11_S10-c1 11.8+2.2/11.6 14.6+0.3/14.7  28.8+0.2/28.8 0.3+0.1/0.3 X 0.5+0.1/0.5 0.3 104 3.5
GIL11_S11-c1 13.0+3.6/12.1 14.5+0.5/14.6  28.9+0.3/28.8 0.3+0.2/0.3 X 0.2+0.1/0.2 0.6 156 4.5
G11.11_S11-c2 13.1+£3.7/12.8 14.8+0.5/14.7  29.7+0.4/29.7 0.4+0.3/0.3 x 0.3+0.1/0.3 0.4 20.1 8.9

Notes. Fitted parameters of the 32 cores identified in NH3(1,1) integrated emission. We adopt the fashion of “mean value+error/median value”. For
three parameters (size, Mey; and M,;), only mean value is shown. The statistical parameters of M, are calculated from the red circles in Figs. 3, C.1
and refrestresult2. The cross means that the core has not been detected in NHj3 (3,3) so we did not fit its OPR as an independent parameter. M.y; is
estimated from the Ny, /Nu, value (4.6 X 10~%) from Battersby et al. (2014).

Briggs weighting. Some of the clumps (e.g., G15.07, CFG64-B)
that are detected in the first setting with the peak-S/N less than 5
are not detected in the second setting.

We adopt the result which is based on the second setting
as the final input data for the analysis. For example, after sec-
ond TCLEAN task, the mean synthesized beam of most detected
data cubes is 2.8” x 4.2"" with the mean position angle at 65°.
Different observation configurations resulted in a slightly dif-
ferent angular resolution and the position angle, but the range
of this difference is less than 20% of the corresponding mean
value. The physical resolution is determined both by the dis-
tance and the angular resolution. As presented in Table 1, the
range of the distance is from less than 1 kpc to more than 5 kpc,
the physical resolution also covers large range which may lead
to a biased conclusion because of the selection effect. However,
this effect is not seen in this study, as we discuss in Sects. 4
and 5. Due to the different integration times and the weather,
the resultant rms noise range is from about 4 mJy beam™ to
10mJy beam™! with the mean noise value at 4.2 mJy beam™'.
The following fitting is done on second TCLEAN results, and

each data cube has been smoothed to the same synthesized beam
shape to NH3 (1,1).

In Table 3, we present the detection result of each lines in this
observation. Most clumps are detected in NH3 (1,1) and (2,2)
lines, and 10 of 32 are detected in NH3 (3,3), which is helpful
to revealing the ortho to para ratio (OPR). The high-excitation
transitions of NHj of (4,4) or higher are also undetected.

Among those clumps, CGF49_sl has been detected in
NH,D, with a few pixels. CGF49_sl1 is optically dark but IR-
bright at 4.5 um. As the fitted gas properties in Table 4,
CGF49_s1 is over 30 K with the lowest column density of this
sample. This special gas properties may be resulted by the nearby
HII region (Westerhout 1958).

G111_P8 and G14.99 have been detected in H,O masers, a
well known signpost of star formation (e.g. Urquhart et al. 2011).
Those two clumps harbor IR bright sources. But during the fit-
ting process, we found that the noise of G111_P8 is relatively
high because of the bad weather conditions during observations.
Only few pixels (less than 5) can be fitted to derive the gas prop-
erties, so we refrain from analyzing this source. The SNR of the
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H,0 maser (locates at RA = 274.571°, Dec = —15.969° with a
peak flux 28.1 mJy beam™' in Table 3) in G14.99 is much higher
than G111_P8 and the fitted result shows that G14.99 has a typi-
cal hot and dense core with supersonic turbulence. This detection
result of G14.99 is consistent with the maser line and in an earlier
study (Wienen et al. 2012). The lack of other H,O maser sources
(Wienen et al. 2012) in G14.99 may due to the S/N or the vari-
ability of the H,O maser (Lekht et al. 2009; Ashimbaeva et al.
2019).

In this observation, G14.2_P1 has a methanol maser (located
at RA = 274.552°, Dec = —16.825°, with a peak flux 105.3 mJy
beam™' in Table 3), another tracer of the massive star formation.
Although G14.2_P1 is IR-dark at 8§ pm, the methanol maser indi-
cates that the protostar is formed in the center of the G14.2_P1I.
This observation have detected 2 H,O maser lines, 1 CH;0H
maser line, and 1 NH,D line among 32 selected clumps. Consid-
ering the detection result, the following work is mainly based on
NHj lines from (1,1) to (3,3).

3. Identification and fitting
3.1. Identification of cores

As we introduced before, a core with more than 100 Jeans masses
may fragment into lots of smaller cores. This fragmentation
occurs in part of this sample. For example, Fig. 2 shows that
there are two dense cores in G14.2-P3. Thus, we integrated the
intensity maps of the NHj3 (1,1) line for each detected clump.
With the maps in Fig. 2, we find that there are multiple cores in
some observed clumps.

NH; has a good association with cores in dust continue map
(e.g., Sokolov et al. 2018; Lu et al. 2014) which can be used to
trace the dense gas in massive star-forming regions (Lu et al.
2018; Li et al. 2022). Although NHj3 (1,1) may be optically thick
in the most dense part, its hyperfine structures still can relatively
well trace the gas temperature and the column density (Ho &
Townes 1983) in this sample. Thus, the identification of the core
and the analysis of its gas properties are mainly based on the fit-
ted results from the NH3; emission lines. In the rest of this work,
we use “cores” to refer to the NH;3 cores.

As 21 VLA pointings detected in NH3 (1,1) lines with more
than five pixels per pointing, the criteria for the definition of a
core for the following study are: (1) contains at least 10 pixels
(larger than the beam size which means the core is resolved);
(2) the fitting result must be continuous and the uncertainty
of parameters should be less than 10%; and (3) contains only
one column density peak in the center of the core. The last
requirement is based on the error study of Lu et al. (2018): the
blending effect which may affects the following a study of the
gas evolution (Wang 2018). We fitted radial profiles of the rec-
ognized cores of the temperature and the column density with
one Gaussian component. We checked their residuals and ensure
that there is little possibility for the existence of the second
component with the current data.

We used the IMFIT task of the CASA to recognize the
basic parameter of the possible core in the integrated inten-
sity map of the NHj3 (1,1) line and found 32 cores in 21 VLA
pointings. We labeled these cores “parent molecular cloud+core
number” in Table 4. Most pointings (14 out of 21) have 1 core
but there are 7 pointings which are multi-cores systems: four
clumps (G14.2-P1, G14.2-P3, G11.11_s5 and G11.11_s11) have
two cores; two clumps (G79-C19 and G48.64) have three cores
and IRAS 18114 has four cores. More of the analysis are discussed
in Sect. 4.
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3.2. Ammonia spectral line fitting

We used the Python package PySpecKit (Ginsburg et al. 2022)
to fit the NH;3 (1,1) to (3.3) lines. The S/N threshold is 30~ and
the model (Ho & Townes 1983; Rosolowsky et al. 2008) allows
us to fit six parameters (excitation temperature (7.), kinetic
temperature (), column density (N(NH3)), ortho-to-para ratio
(OPR), centroid velocity (Vi sr), and velocity dispersion (o))
together. For the cores detected in NHs (3,3) line, we try to fit
their OPR. This parameter may trace the evolution of the massive
star-forming regions (Wang et al. 2014) but rarely be detected in
previous NHj studies (e.g., Sokolov et al. 2018). Since NH3 (3,3)
line is rarely detected in massive star formation regions and can
be observed with a non-local thermodynamic equilibrium (LTE)
Walmsley & Ungerechts (1983), the fitted OPR may have a large
uncertainties and only give the lower limit value. This work
obtains the OPR values that should be taken as the lower limits
for reference only, instead of strong constraints.

In the fitting process, several cores do not converge so we
have therefore excluded them from further statistical analysis.
Figure 2 shows the integrated intensity map of the NH3 (1,1) of
all the successful fitted cores and the Table 4 presents the fitted
parameters of each core.

We use parallel computing to speed up the fitting process
of more than 10° data points. Each fitted line is checked both
by its residuals and manual inspection. The relative uncertain-
ties for all fitted parameters in each line are required to be less
than 10%. To avoid local minima in the fit, we tried multiple
sets of initial guesses evenly distributed throughout the parame-
ter space, and compared their residuals to obtain the best fitting.
The uncertainty of the fitting is mainly from the low S/N pix-
els. We tested the setting of the threshold higher to 5 and find
that fitted data points are not enough to obtain statistics. The
current threshold optimizes the weak signal and the uncertainty.
We have also tested one- and multi-velocity components models
in the fitting process to avoid the missing velocity components.
By visually checking, we found that all the cores are dominated
by one velocity component. In addition, we have also provided
Fig. A.1 as an example of spectral line fitting in the appendix for
reference.

Figure 3 presents the map of fitted parameters of G48.65_cl.
The maps of the rest cores can be found in Figs. C.1 and C.2.

3.3. Mach number calculation

The Mach number is defined as oy, , /cs and the sound speed

is calculated from ¢, = ]%}‘;‘, which is same to our previ-
P

ous work in G35.20-0.74 N (Wang & Wang 2023). We used
the velocity dispersion along the line of sight, which is simi-
lar to Sokolov et al. (2018) and Lu et al. (2014) to derive the
non-thermal velocity dispersion:

: + O—ngd2 + O-Vnon—(hz’ (1)

2 2
gy, =0y, *TOy,

obs hannel

where oy, is the thermal velocity dispersion, defined as
kg Txin/mnu, (Myers 1983); oy, and Ty, are fitted parameters;
and myy, is the ammonia mass. The oy, , measurement is
due to the effect from the channel width (0.23 km s~! in this
work): 0.23 kms~'/2 V2 1In 2. In most previous works, the much
larger channel width (0.6 kms™!) of the VLA observation (e.g.,
Sénchez-Monge et al. 2013; Lu et al. 2014) may be the reason of
the supersonic turbulence detection.

The oy,,, is the unresolved velocity gradient within the syn-
thesized beam. We fitted a uniform velocity gradient at the large
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Fig. 2. Flux-integrated maps of VLA NH; inversion emission line (1,1) from cores with a successful detection (detected in NH; (1,1) line with
more than five pixels per pointing) and line fitting. Contours in each panel starts from 20 to the peak value in a linear scale. The green ellipse
indicate the outlines of defined cores. Black crosses indicates the detected masers in this observation. White ellipse in bottom-left corner shows
synthesized beam, with a corresponding physical scale. The color bar is shown at the top of each panel.

scale of each core and estimated the difference of the veloc-
ity at two opposite edges of the synthesized beam, which may
enlarge the measured velocity dispersion. For most filaments,
their flat gradients are about 0.5 km s™! pc™! (Wang et al. 2016;
Wang 2018; Ge & Wang 2022; Ge et al. 2023), which contributes
less than 2% at the scale of the synthesized beam (the typical

dispersion is larger than 0.1 km s7!) to the observed velocity
dispersion, which can be ignored in most cases.

Since the conversion of the fitted NH3 column density to Hy
column density may have large uncertainty, as noted in Battersby
et al. (2014), and several cores have quite flat H, column density
distributions, so the potential caveats exist that the region defined
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Fig. 3. Fitting results of G48.65_c1, as an example. First row: temperature (K), column density (in log scale), centroid velocity (km s~!), OPR, and
derived Mach number. The red circle is the sub-region we selected to study the core-averaged Mach number. Second row: corresponding histograms

of the parameter distribution among the emission regions.

from the NHj column density peak may not trace dense and cold
gas.

In the following analyses, we chose the sub-region (the red
circles in Fig. 3, Figs. C.1 and C.2) with the lowest Mach num-
ber which covers more than three-beam size (more than 20 data
points) for each core to study the core-averaged Mach number,
which is listed as “M,” in Table 4. The reasons of this data
selection are: (1) avoiding the influence from the external envi-
ronment on the intrinsic turbulence and (2) these regions with
the lowest Mach number are usually associated with the highest
column density and can reveal the properties of the gas where
the massive star may form.

4. Results

Figure 3 and Table 4 present the distribution map and the sta-
tistical results of the main parameters of G48.65_cl. We add
the median value as an auxiliary parameter because of the
asymmetrical profile in part of the parameters’ histograms. We
calculated the mean value, the median value and the dispersion
of each core’s map and plotted the histograms of those statistical
parameters in Fig. 4.

4.1. Cores’ parameters and their Pearson correlation
coefficient

4.1.1. Temperature

As the temperature histograms presented as the first row in
Fig. 4, 32 cores are mainly located in two ranges: 10-20 K
and 40-50 K. Those two ranges in temperature histograms are
consistent with two typical star-forming evolutionary stages: the
prestellar (10-20 K) and the protostellar (40-50 K). Both the
distributions of the histogram of the mean value and that of the
median value are similar. G11.11_S5-c2 is the coldest core (about
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6 K) of the sample. CFG49_S1-c1 (about 35 K) may have a pro-
tostar (Wang et al. 2015). Based on their temperatures, we divide
cores into the prestellar group and the protostellar group, and
represent them with different colors (blue and red) in the fol-
lowing statistical figures. We also check their IR images and
previous studies, ensuring that the classification is consistent
with previous studies.

The cores in the protostellar group are IRAS 18114 (4 cores:
cl to c4), CFG49_S1-cl (HII region) and G14.99-c1 (maser)
which contribute about about 18% of the sample. The temper-
ature of CFG49_S1-cl1 is relatively low in the protostellar group.
On the contrary, the outer region of G14.99-c1 has the highest
temperature in the protostellar group, but the temperature in the
center of G14.99-c1 is much lower. The trend of the tempera-
ture of G14.99-c1 toward the center is decreasing. The four cores
in IRAS 18114 are typical protostellar with the warm and dense
gas and form a multi-core system in Fig. 2. In the protostellar
group, the gas motion may be highly affected by the environ-
ment, the fragmentation or the embedded protostellar outflows,
which enhance the turbulence of the gas.

The histogram of the temperature in prestellar group has a
Gaussian profile. The peak is located at 14 K with the dispersion
at 3 K. Those values are similar to previous studies of prestellar
cores (Lu et al. 2014, e.g.) which can reveal the initial condition
of the turbulence.

4.1.2. Column density

The range of the NH3 column density is mainly from 10'*? cm=2
to 101 ¢cm™2 with the peak at 10'*7 cm™2. This peak value is
lower than the mean column density of the massive cores in
Lu et al. (2018), but higher than that of Jijina et al. (1999). Three
data points that are out of this range are belong to CFG49_S1-cl
(103 cm™2), G79.3_C19-C3 (10"*8 cm™2), and G11.11_S5-c2
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Fig. 4. Histograms of fitted parameters of the 32 cores. From the top to the bottom: the parameters are temperature, column density, derived Mach
number, velocity dispersion, and the OPR (for 10 detected cores). From the left to the right: the mean value, the median value and the dispersion
of each core. G14.99 is not included in the histogram of the temperature because of its extremely high value which is biased by the bright point

source in the center of the core.

(10'®!¢cm=2). The column density values of CFG49_Sl-cl,
G79.3_C19-C3, and G11.11_S5-c2 are different to other cores.
Similar situations also occurred in their temperatures. This may
indicate their different evolutionary stages or environments.
Although other cores belong to different temperature groups,
they have similar column density values which means that the

column density does not change a lot during the evolutionary
stage: the evolution from the prestellar to the protostellar core
may not enhance the cores’ column density.

Based on those fitted column density values and the sizes,
we estimated cores’ mass based on the [Nnp, /Nu,] value (4.6 X
107%) from Battersby et al. (2014). The mean and median mass
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Fig. 5. Relations among the main parameters. The different colors represent different temperature groups. First row: temperature versus the velocity
dispersion, the column density versus the velocity dispersion, and the temperature versus the OPR (from left to right). The red points and black
error bars are values of the fitted parameter and dispersion in Table 4. G14.99 is not included in the figure because of its extremely high value
which is biased by the bright point source in the center of the core. Second row: relations between the Mach number and other parameters. Since
the Mach number is calculated from both kinetic temperature and velocity dispersion, relations between these parameters are expected.

of all cores is 17.0/8.2M, with uncertainties at about 10%.
This mean and median mass of cores is much larger than
that of the low mass cores in Jijina et al. (1999). Otherwise,
this mean/median mass is consistent with the results in Lu
et al. (2014) after the same mass conversion. Since the mean
column density of our sample is slightly lower than that of
Lu et al. (2014) and cores in Lu et al. (2014) are typical candi-
dates of massive stars (Lu et al. 2014 have used smaller convert
factor as 3 x 107%), we deduce that cores in our sample may be at
the earlier evolutionary stage, which would accrete the gas until
growing into larger cores similar to the cores in Lu et al. (2014).
As the following work of Lu et al. (2014, 2018) found transonic
turbulence in similar cores. We expect to revealing the properties
of the turbulence in our earlier cores.

4.1.3. Velocity dispersion

The histogram of the fitted (or observed) velocity dispersion
in Fig. 4 has a long tail up to about 1.6kms~! with the peak
at 0.35km s~!. Considering with the spectral resolution in this
work (0.23 km s7!), the velocity dispersion in most cores is
resolved. Even without the correction of the thermal motion
and other effects, nearly one-third of the sources are sub- or
transonic.
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4.1.4. Parameter correlations

Figure 5 shows the relations of main parameters: temperature,
column density, velocity dispersion, and the OPR. The tempera-
ture and the velocity dispersion have a positive correlation with
the correlation parameter at 0.73. This correlation parameter is
reasonable because the higher temperature means the stronger
thermal motion of the gas, which results in the larger velocity
dispersion. From the colder group to the warmer group, the mean
velocity dispersion becomes larger as the mean temperature
raises. On the other hand, the core with the higher temperature
indicates the possible complex gas motion there which leads to
the larger velocity dispersion. This enhancement may be more
important in the protostellar group which could explain the weak
correlation in the warmer group between the temperature and the
velocity dispersion. Since the NH3 column density locates within
a narrow range, the correlation between the column density and
other parameters is rather weak.

4.2. Turbulence

In a typical scenario of the massive star-forming, the turbu-
lence of the gas gradually decays toward the center of the clump
(Larson 1981; McKee & Tan 2003). In the innermost region (the
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core scale which is about 0.1 pc), the turbulence could become
sub- or transonic before the protostellar forming and giving its
feedback (e.g., Wang et al. 2012; Lu et al. 2015; Feng et al. 2016;
Liu et al. 2016). In order to avoid the interference of the sur-
rounding gas in the turbulence study, we selected data points
around the local minima in the Mach number map of each core,
which is usually the center of each core. The selected sub-regions
were resolved by three synthesized beams (covering more than
20 points).

4.2.1. The distribution of the Mach number

The histogram in the middle row of Fig. 4 shows the statisti-
cal result of the Mach number. Its distribution is very different
from that of the velocity dispersion in the fourth row of Fig. 4.
The mean value of the Mach number histogram is 1.3, which
means the turbulence of those region is mainly transonic, instead
of the supersonic turbulence that has been predicted to be nec-
essary in TCA. However, the multi-peak distribution indicates
that this mean value is not suitable enough to describe the whole
properties of the turbulence in massive star-forming regions.

First, a multi-Gaussian model should be used to fit the Mach
number distribution in order to more reliably determine the exis-
tence of different components. We used the Gaussian mixture
model (GMM) instead of the simple Gaussian fitting. Based on
the scikit-learn GaussianMixture, we estimated the number of
the component with a GMM model onto the Mach number distri-
bution of the 32 cores and we both used the Bayesian information
criterion (BIC) and Akaike information criterion (AIC) to select
the optimal model under different number of components. AIC
suggests three to five Gaussian components as the most proba-
ble model and BIC suggests three components. As fitting with
the multi-Gaussian model with three conponents, we have found
three main components, which are relatively independent to each
other. Their peaks and dispersions are 0.4+0.1, 1.2+0.2, and
2.4+0.3. However, the sample size of each component is small
(about 10) which is insufficient to definitively demonstrate the
necessity of three components. Since the Mach number dis-
tribution in this work exhibits continuity and this continuous
trend is consistent with the evolutionary stages of massive stars
which are not clearly delimited. Thus, we did not use the “com-
ponent” to describe the Mach number distribution and used
velocity regimes such as “subsonic, transonic, and supersonic”
to characterize different parts of the Mach number distribution.

The subsonic regime has 16 cores (50%). Except for
G14.99-c1, most cores in this part are the typical prestellar with
cold (11-17 K) and dense (10'#~'5 cm™2) gas. The distribution
maps of their column density and temperature are relatively flat.

The transonic regime has seven cores (about 22%). Cores
in this regime is warmer (11-22 K) than those in the subsonic
regime with the similar column density. The distribution maps
of those cores’ column density and temperature are not as flat
as that of the cores in the subsonic regime. Those warmer cores
may be at a later evolutionary stage.

The supersonic regime has nine cores (about 28%). The gas
properties of cores in this regime are very different to each other.
CFG49_S1-c1 has the warm (about 35 K) and thin (10'%3 cm™2)
gas. Its high Mach number is more likely from the shock wave of
the HII region rather than the feedback of the protostellar. Oth-
erwise, G11.11_S5-c2 is very cold (6 K) and dense (10'02 cm™2),
which is similar to G79.3_C19-C3 (10 K and 10">® cm™2). Those
two cores are not the typical prestellar or protostellar. The high
Mach number may be due to the gas infall from the interac-
tion of other cores in the same multi-core system. We discuss

this further in Sect. 5. The rest cores have large temperature
dispersions.

The histogram of the Mach number reveals a result: based on
this sample, the sub- and transonic turbulence is prevalent (21
of 32, about 72%) in massive star-forming regions and closely
associated with the early evolutionary stage. Since the mean
core-mass is relatively not significantly up to the high-mass stel-
lar cores, we selected cores with more than 16 M and find that
about 78% of them exhibit subsonic or transonic turbulence. This
means that it is not the ubiquitously weak turbulence present in
low-mass cores, as commonly assumed, that affected the conclu-
sion. In the histograms of the Mach number, we found multiple
regimes, suggesting that the intensity of turbulence varies in dif-
ferent evolutionary stages and tends to increase with evolution
until becoming supersonic. This poses a challenge to the TCA
(McKee & Tan 2003): this model requires supersonic turbulence
in the early evolutionary stage to slowdown the gravitational
collapse so that massive stars can form. However, this is incon-
sistent with our results. Our study of the turbulence in massive
star-forming regions indicates that sub- and transonic turbu-
lence cannot provide enough pressure. Therefore, other pressure
sources, such as the strong magnetic fields, may replace the role
of the supersonic turbulence. The TAC model of the massive star
formation need to be revised accordingly or be replaced by other
models, for instance, GHC. We discuss this further in Sect. 5.

4.2.2. Correlation with other parameters

The second row of Fig. 5 presents the relations between the Mach
number and other parameters. The Mach number has a weak
relation with the temperature (correlation parameter at 0.36).
Since the Mach number is calculated from both kinetic tem-
perature and velocity dispersion, while the velocity dispersion
displays a tight relation with the temperature, the weak positive
correlation is expected.

This is different from that of the velocity dispersion. As we
discussed in Sect. 4, both the larger thermal motion and the pos-
sible more complex gas motion in warmer cores could enlarge
the velocity dispersion. However, the thermal motion part has
been subtracted from the Mach number we used in the second
row of Fig. 5. Thus, the relation between the Mach number and
the temperature could reveals the change of the turbulence with
the raising temperature. In all of the cores, the turbulence raises
with the temperature. However, this trend no longer exists in
the protostellar group: the turbulence keeps supersonic, while
the temperature changes from 40 K to 50 K. As we mentioned
in Fig. 5, G14.99 is not included in the figure because of its
extremely high value which is biased by the bright point source
in the center of the core. The gas around the point source is still
cold with the small velocity dispersion.

The column density has a very weak-link with the Mach
number. As what we discussed from Fig. 4, the column density
keeps at 10'*~15 cm~2 and does not change a lot at different evo-
lutionary stages. Thus, the change in the Mach number has little
influence on the column density.

The correlation parameter of the Mach number and the
velocity dispersion is 0.78 from the second row of Fig. 5.
But their profiles of the histograms are different. Beside the
turbulence which is traced by the Mach number, the velocity
dispersion contains the channel width, thermal motions, and
other effects. In several early studies, the velocity dispersion are
roughly used as the replacement of the Mach number to study
the turbulence. The tightly linking between those two in this
study supports this replacement. But our research reveals that the
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Fig. 6. Fitted parameters of the temperature radial profile versus Mach
numbers. Label colors represent different parental clumps. The black
point and line indicate the mean and error of the data points in each
beam of the Mach number, respectively.
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Fig. 7. Fitted parameters of the column density radial profile versus
Mach numbers. Label colors represent different parental clumps. The
black point and line indicate the mean and error of the data points in
each beam of the Mach number, respectively.

velocity dispersion (one-third are sub- and transonic) only inher-
its some properties of the Mach number (about 72% are sub- and
transonic) and their profiles could be different from each other.

4.2.3. Turbulence and the temperature and column density
distribution

Besides the effect from the turbulence on the whole core, the
gas motion could also reshape the profile in the core. We fit the
temperature and column density radial profile of each core with
the power law model as T ~ r~?»" and N ~ r~7¢, and we plotted
those two parameters with the Mach number in Figs. 6 and 7. We
divide the total Mach number data into several bins with a step
of 0.5. For each bin, we calculate the mean/dispersion value and
plot them in Figs. 6 and 7. Cores in the same clump are labeled
with the same color. We present the sampling method and fitting
model in Fig. B.1, with details introduced in the corresponding
paragraphs of the appendix.
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The whole trends in those two figures are similar: as the
Mach number increases, both the temperature and column den-
sity radial profile become flatter. In the high-value end of the
Mach number, this trend becomes ambiguous. The reason of this
trend may be the extra pressure of the turbulence. The stronger
turbulence could disturb the original gas structure of the core and
support more material which results in a larger core with a flatter
profile. On the contrary, the sub- and transonic turbulence cannot
support the growing gravity potential so the gas and dust will fall
into the central region more easily, which makes a steeper profile.

But this trend may not exist for a particular multi-core sys-
tem. We first calculate the mean temperature and column density
of seven multi-core systems. Besides IRAS 18114 (about 45 K),
all the other systems are cold (about 12 K) and dense. As
IRAS 18114 has several YSOs, its warm gas may be heated by
those YSOs. Assuming that all the cores in seven multi-core
systems are formed together from their parent molecular cloud,
their initial conditions and environment should be similar. How-
ever, from Figs. 6 and 7, their profiles indicate their complex
evolutionary stages. For example, the range of the column den-
sity profile parameters of cores in the large filament: “Snake”
(Wang et al. 2014; Wang 2015; Pillai et al. 2019), which contains
clumps from G11.11_S5 to G11.11_S11 are from 0.06 to 1.04.
Other multi-core systems have similar situations both in the col-
umn density and the temperature profiles. This large separation
means that cores with similar conditions in the same clump could
still have different evolutionary stages.

5. Discussion
5.1. Spatial distributions and core evolution

We estimated the masses of each cores and found that most
multi-core systems have equally shared the total mass of the
clump with similar gas properties and profile slopes. How-
ever, the cores in G11.11_S5 (dual system with 135.3 M) and
G79.3_C19 (triple system with 8.6 M) are very different. The
masses of G11.11_S5-c2 (120.1 M., 88.8%) and G79.3_C19-c3
(8.1 Mg, 94.2%; Laws et al. 2019) dominate their whole system.
Those two cores are very cold and dense: comparing with other
cores in their systems, G11.11_S5-c2 and G79.3_C19-c3 are 6—
10 K, with the column density being higher than an order of the
magnitude. Besides, they are filled with the highly turbulent gas
which has the Mach number at 2-3 (supersonic).

As studies of hub-filament systems suggest, the mass dis-
tribution of the multi-cores systems could be similar (e.g.,
Myers 2009; Peretto et al. 2013). G11.11_S5-c2 and G79.3_C19-
c3 are very different from those studies. Their existence indicates
that the fragmentation in star-forming regions may be affected by
some other factors that result in different masses and gas proper-
ties. For example, Xu et al. (2023) suggest the initial gas streams
efficiently feed the central massive core in the SDC335 hub-
filament system. The high efficiency can lead to an over-dense
region in the center, supporting the different mass ratio among
cores in such a system.

Similar to the SDC335 hub-filament system, G11.11_S5-c2
and G79.3_C19-c3 locate in the center of their multi-core sys-
tems, which can be well explained by the hub-filament system
model: the gas falls into the central core along the filament struc-
ture and prompts this core into the evolutionary stage later than
other outer cores; while the interaction of the gas enhances the
line width and raises the Mach number. This scene is consis-
tent with the simulation result of Fontani et al. (2018): under the
low Mach number (e.g., Mach number at 3 which is similar to
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ours), the fragmentation is inhibited independent of the magnetic
support and the filament structure appears.

Fontani et al. (2018) has studied the relationship between
the turbulence, core number and geometrical morphology of the
fragments. Their result supports that the subsonic turbulence
helps form dense cores in the slender cloud under weak mag-
netic field. In Fig. 2, G14-P1 and P3 are dual systems which only
have the simple distribution. G11.11_s5 and s11 are also dual sys-
tems but they are part of the larger filament G11.11 ( “Snake”).
This is a long S-shape filament with several dense cores (Wang
et al. 2014; Wang 2015). In Table 4 and Fig. 2, cores in G11.11 are
all subsonic with the mean Mach number at 0.4, except for G11-
s5-c2, which is totally supersonic. The triple system G79-C19 is
similar to G11.11. The NHj3 cores in G79-C9 have a C-shape dis-
tribution, and the Mach number of other cores is at 0.4 except
for G79-C19-c3: a supersonic dense core in the center of the
threadlike filament. Another triple system G48.65 is a straight
filament with three critical transonic cores. All those multi-core
systems are slender and most cores are sub- or transonic. How-
ever, IRAS 18114 is different from them: four supersonic cores
form a clump with the irregular spatial distribution. Our work
shows that the sub- and transonic turbulence core prefers to be
formed in the slender filament but the supersonic core prefers the
irregular clump. This trend is same as the result in Fontani et al.
(2018): the spatial distributions could affect the gas properties
and cores’ evolution.

Based on those multi-core systems, we deduce that most
multi-core systems may have similar cores with the same evolu-
tionary stage at first. However, the evolution could be affected by
the spatial distributions (both the shape and the relative location)
and leads to the different evolutionary stages of cores. The dense
and cold turbulent gases in G79.3_C19-c3 and G11.11_S5-c2 are
probably due to the spatial distribution.

5.2. Turbulence and the core’s evolution

As we mention in the introduction, in several recent studies of
massive star-forming regions, turbulence has been resolved as
transonic or even subsonic under sufficient high spectral and spa-
tial resolutions. However, most of these studies are case studies
and it is difficult to demonstrate whether sub- and transonic tur-
bulence is common in massive star-forming regions. Yet, there
are a few statistical studies with large samples, among which
the more representative ones are Jijina et al. (1999) for low-mass
stars and Lu et al. (2014, 2015, 2018) for high-mass stars.

Jijina et al. (1999) studied the gas properties and dynamics of
264 cores using NH3 (1,1) and (2,2) lines. Similarly to us, they
found that the non-thermal line width decreases with decreas-
ing temperature. They also deduced that the core’s environment
plays an important role in turbulence and core’s evolution, which
is similar to our previous subsection. Limited by the spectral res-
olution, their average line width (0.74 kms~"') is larger than ours
(0.54 km s~!). However, their study still implied the possibility of
subsonic turbulence. As we presented in Sect. 3, the core mass
and the density of Jijina et al. (1999) indicate that their study
focuses on low-mass stars. The general properties of turbulence
in massive star-forming regions may be different.

Lu et al. (2014) have studied the properties and dynam-
ics of the gas in 62 high-mass star-forming regions with NHj3
(1,1) and (2,2) lines. They identified 174 cores and derived their
line width (1.1 kms™"), temperature (18 K), NH; column density
(10" cm™2), and mass (67 Mj). Their following work (Lu et al.
2018) further found that transonic turbulence exists in massive

star-forming regions and the fragmentation of cores cannot be
explained solely by the support of thermal or turbulent pressure.

With sufficiently high spectral and spatial resolutions, we
have found sub- and transonic turbulence in massive star-forming
regions, further confirming that such weak turbulence is com-
mon (about 72%). Since the cores in our sample are slightly less
massive, colder, and more tenuous than that of Lu et al. (2018),
our cores are more likely to at the earlier stages. This explains
the narrower line width and weaker turbulence we measured.

Besides, Jijina et al. (1999) have pointed the influence
from the associated YSOs or clumps onto the turbulence and
Lu et al. (2018) also deduced that the non-thermal motion could
be enhanced in the filaments by the feedback or accretion. They
also fitted the radial temperature distribution of the cores by
power-law and found the range of the slope is from —0.18 to
—0.35 which is similar to ours. Combined with our results, their
inferences lead us to prefer that the role of turbulence in massive
star formation as follows: the turbulence is weak (sub- and tran-
sonic) at the early stage. Then it intensifies with the feedback and
accretion/cores’ interaction until becoming supersonic which in
turn affects the evolution of the host core (e.g., supporting more
accreted material and form a high-mass star).

Under this situation, other mechanisms, such as magnetic
fields, are needed to provide enough support in the early stages
when subsonic or transonic turbulence dominates the gas and the
TAC (McKee & Tan 2003) needs revision by including these fac-
tors to account for the formation of massive stars: a combination
of turbulence and other mechanisms drives the evolution from
cores to massive stars.

5.3. Effects of the distance

As the broad distance range (0.9-5.4 pc) of the sample we used,
we discuss the potential selection effect in this study. Thus we
plot the distances versus other parameters of each core in Fig. 8.
If the selection effect really exists, the core further on would have
higher temperature and column density, which would be more
easily detected. In this case, those warmer cores are more likely
at the later evolutionary stage, with higher Mach numbers.

In Fig. 8, both the temperature and the column density of
cores show the weak relation of the distance. Although some of
the further cores have relatively higher temperature and column
density, their Mach numbers are rarely affected by the distance.
This indicates that the selection effect is not important.

Another effect is the corresponding pixel scale under the
similar resolution (3””) at different distances. As we calculated in
Sect. 3, the pixel size will contribute the extra velocity dispersion
into the line width within the velocity gradient at a large scale.
As a typical large velocity gradient in dense cores (for example,
about 1 kms™! pc‘1 in Orion, Yue et al. 2021) which locate at
5 kpc with the resolution as 1”, it will contribute less than 2%
of the line width. Although this effect is subtracted before the
calculation of the Mach number, it still enlarges the uncertainty
and makes the Mach number slightly larger in a more complex
environment. In this study, we carefully check the velocity gradi-
ent fitting in all the cores especially for the further cores. All of
them have smooth velocity distribution maps, which means this
influence of the far distance is not important.

5.4. Peaks’ separation

During the identification of the NHj cores, we have found that
the peak of the temperature map is slightly different from that of
the column density map. First, this difference may be the result
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Fig. 9. Separation of the temperature and the column density.

of the optically thick NHj lines. Thus, we checked the fitted
lines especially for the lines with high column density values
(10" cm~?) and most of them are optically thin ( ~ 0.1).

Then we compare the separation and the beam size. As the
mean value of the beam size is about 3", most separations of
the cores are larger than the corresponding spatial resolution.
Thus, this separation is true and generally exists in star-forming
regions.

Another guess is the NH3 depletion. Similarly to the deple-
tion of the CO in massive star-forming regions (Pillai et al. 2007,
Morii et al. 2021; Sabatini et al. 2022), the NHj3 could deplete
at the highest column density region which leads to the peak
shifting.

In Fig. 9, we plot the peak separation with other parame-
ters (temperature and column density) for further studying. If the
separation is related to the NHj depletion, cold and dense cores
will have larger shift values. However, in Fig. 9, the separation do
not have obvious relation with either the temperature or the col-
umn density. Besides, we check the spatial distribution maps of
all the cores and have not found any ring-like or ark-like structure
within them. Thus, we deduce that the separation is not mainly
because of the NHj3 depletion.

6. Summary

We use the Very Large Array (VLA) to observe 20 emission
lines with the high spectral and spatial resolution (0.23 km s™!
and 3”) in a sample of 13 massive star-forming regions. With
such a high spectral resolution, we resolve the intrinsic turbu-
lence excluding the thermal motion and other effects. We find
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that the sub- and transonic turbulence is prevalent found in
dense cores. The finding challenges the important role of tur-
bulence to support the gravitational collapse in massive star
formation and suggests that other internal pressure candidates or
massive-star formation theories are needed. Here, we summarise
our work:

1. In 32 selected clumps, 21 have been detected in NH; emis-
sion lines, and 2 of them exhibit a H,O maser, 1 exhibits a
CH3OH maser, and 1 exhibits a NH,D line. The NH5 are
usually detected in only (1,1) and (2,2) lines. The lack of
higher excitation lines confirms that the selected sample is
mainly at the early evolutionary stage.

Based on NHj lines, we fit gas properties (excitation tem-
perature (Te), kinetic temperature (7%), column density,
centroid velocity (Vi sg) and velocity dispersion (o)) of
32 recognized cores in 21 VLA pointings. Besides, we fit
the ortho-to-para ratio (OPR) for cores with the NH3 (3,3)
detection.

The histograms of the Mach number of 32 cores are dis-
tributed in three regimes. The sub- and transonic turbulence
is ubiquitously found (72%) in the early evolutionary stages
and this fraction is higher (78%) among cores more massive
than 16 M. This fraction may challenge the important role
of turbulence to support the gravitational collapse in massive
star formation and suggests that other internal pressure can-
didates (e.g., magnetic field) or theories (e.g., GHC) may be
needed.

The 32 cores are classified into two groups based on their
temperature histogram, which are thought to trace two
evolutionary stages. Combined with the column density
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histogram, the temperature raises during the evolution but
change of the column density is not obvious.

5. The turbulence may affect the radial profile of cores. Cores
with higher Mach number have flatter distribution profile
both of temperature and column density.

6. There are seven multi-core systems in this sample, and
within each system, most cores equally share the clump mass
with similar gas properties. We have found two cases that the
system is dominated by a highly turbulent core which locates
at the center of the system. Those systems support the pre-
diction from the hub-filament model: the spatial distribution
can affect the evolution of cores.
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Appendix A: Fitting of ammonia spectral lines

We use the PySpecKit (Ginsburg et al. 2022) to fit the NH3 (1,1)
to (3.3) lines and here we present part of the result as the exam-
ple. Figure. A.1 is the NH3 (1,1) and (2,2) lines from the center
of G48.64_c1. The model well meets the raw data. From the inte-
grated flux maps, we found that there exists elongated structures
and negative absorption, but after the SNR checking, the data in
those regions were not fitted due to insufficient S/N (less than 3),
and did not impact the results further.

g - Tex=12K —— NHs3 (1,1) data
Tot=16 K NH3 (1,1) model
Ntot = 1015A1 cm—2
6 fortho=0.012
Visr=34.37 km/s
- dV =0.434 km/s
547
1=
24
04
54 —— NH3 (2,2) data
NHs3 (2,2) model
4 4
34
L
14
04
-1 A
0 10 20 30 40 50 60 70

Velocity (km/s)

Fig. A.1. Raw data (black) and fitted model (red) of NH; (1,1) at the top and (2,2) at the bottom lines from the center of G48.64_c1. Fitting results
are noted in the upper left corner.

AS1, page 18 of 33



Wang, C., et al.: A&A, 681, A51 (2024)

Appendix B: Fitting of the power law model

We present the sampling method and one of the fitted result in
Fig. B.1. First we obtain the peak position of temperature and
column density of the core by fitting a Gaussian model. Then
with this position as the center, and a step of half the beam size,
we average the data at equal distances as the mean value at that
radius. We then fit a power-law model (N.o o« r~7) to obtain the
power-law index p which is the parameter of the temperature and
column density.

|09Ncol(cm_2)
13.0 135 14.0 145
Power law model

13°49'50" F = 33.7
®  Raw data
—— Fitted p=0.26
33.6
45" | .
33.5 A
8 40" |- 4 33.4 A
2 =3
g = 33.34
35" - E
8 33.2 1
A
30" i 33.1 A
33.0
25" , , i 32.9 1 °
19h21m51s 50° 0.0 160 506 1600 5060 16000

R (au)
Fig. B.1. Sampling method of the fitted power-law model and fitting results (G48.65_c1 as an example). Left: Column density distribution of

G48_cl, with the red dashed lines representing concentric circles centered on the peak value. Right: Raw data (blue dots) and fitted result (red
line) when fitting the power-law model: Ny oc 7.
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Appendix C: Maps of all fitted parameters

Here, we present the maps and their histograms of fitted param-
eters of the rest of the cores. The setting of the Figure C.1 is the
same sa it is to the Figure 3 which shows the results of cores with
the detection of the NHj (3,3). Otherwise, the Figure C.2 shows
the results of cores without the detection of the NHj3 (3,3).
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Fig. C.1. Maps and histograms of the fitted cores. First row: Temperature (K), column density (in log scale), centroid velocity (km s™'), OPR, and
Mach number (from left to right). The red circle is the sub-region we selected to study the core-averaged Mach number. Second row: Corresponding
histograms of the parameter distribution among the emission regions.
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Fig. C.1. Maps and histograms of the fitted cores (continued).
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Fig. C.1. Maps and histograms of the fitted cores (continued).
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Fig. C.1. Maps and histograms of the fitted cores (continued).
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Fig. C.1. Maps and histograms of the fitted cores (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj3 (3,3) (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj (3,3) (continued).

AS5I, page 27 of 33



DEC (J2000)

DEC (J2000)

DEC (J2000)

Wang, C., et al.: A&A, 681, A51 (2024)

Tiin (K) log Neoi(cm=2) V (km/s)
12 14 13.0 13.5 14.0 14.5 20 21
) ) )
- - -
-16°52'15" T .. T .o E
e "1 4 "1
ta +u
30" —+ —+ " E
45" L + + -
-,
[ ' [
L E L L I L L I L
18"18M13% 12° 11° 10°18"18M13° 12° 11° 10°18"18™13° 12° 11° 10°18"18™13° 12° 11° 10°
RA (J2000)
40
G14.2-P2_cl
30 4
2
g 20 4
19
10 A
D-10 12 14 16 14.2 144 146 14.8 15.0 21.00 21.25 21.50 21.75 22.001.0 15 2.0 2.5 3.0
Tiin (K) l0g Neoi(cm™=2) V (km/s) M,
Tiin (K) 109 Neo/(cm™2) V (km/s) My
10 12 14 13 14 15 20 21 1.0 1.5 2.0
) ) - )
-16°53'30" |- -+ -+ -+ 4
35" L + + I -+ -
|
40" + + -+ 4
n n |
45" -+ -+ - B
| u n |
| | | | | | | |
18"18M02° 01° 18M18™m02° 01° 18"18m023 01° 1818023 01°
RA (J2000)
20
G14.2-P3_cl
2
g 109
[}
0- 10 12 14 16 145 15.0 155 21.0 2 21.4 0.5 1.0 15 2.0 2.5
Tiin (K) log Ncoi(cm™=2) V (km/s) M,
Tiin (K) log Neol(cm=2) V (km/s) M,
10 12 14 13 14 15 19 20 21 1.0 1.5
) ) ) ]
5 O Y B
-16°54'45" |- 1 < b | =+ 1 =+ ; p
50" F + + + 4
b
55"k < =+ =+ p
55'00" -+ -+ -+ 4
05" - -+ 1 —+ —+ -
H L L L}
10" -+ —+ —+ -
18"18m04° 03° 18"18M04° 03° 18"18M04° 03° 18"18M04° 03°
RA (J2000)
40
G14.2-P3_c2
30 4
o
2
3
(s}
1)
7.5 100 125 15.0 15 16 17 20125 2050 20.75 21.00 21.25 21.50 1.0 1.5 2.0
Tiin (K) log Neo(cm™2) V (km/s) M,

Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj (3,3) (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj3 (3,3) (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj (3,3) (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj3 (3,3) (continued).
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Fig. C.2. Maps and histograms of the fitted cores without the detection of the NHj (3,3) (continued).
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Appendix D: G15.19

Beside the 13 sources reported in the main text, we
have also observed G15.185-0.158 (G15.19 in short). G15.19
(18h18m48.2s, -15d48m36.0s) is located at 11.6 kpc and has
7000 M, within a radius of 16.6 pc (Contreras et al. 2013). Due
to its much larger distance than other sources, we have excluded
analysis of G15.19, but kept its basic parameters and observ-
ing setup in Table 1 and 2, and present the fitting results here
(Fig. D.1, D.2). As an IR-bright source, G15.19 is slightly warm
(20.7 K) and relatively thin (10'*3 cm~2). The Mach number of
G15.19 is 1.1 which means the turbulence is transonic.

18h19™00° 18m54° 48° 42s 36°

Fig. D.1. Infrared environment G15.19. Details are the same as in Fig. 1.
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Fig. D.2. Maps and histograms of G15.19.
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