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A B S T R A C T 

We present new continuum and molecular line data from the ALMA Three-millimeter Observations of Massive Star-forming 

re gions (ATOMS) surv e y for the two protoclusters, G12.42 + 0.50 and G19.88 −0.53. The 3 mm continuum maps rev eal sev en 

cores in each of the two globally contracting protoclusters. These cores satisfy the radius–mass relation and the surface mass 
density criteria for high-mass star formation. Similar to their natal clumps, the virial analysis of the cores suggests that they are 
undergoing gravitational collapse ( αvir << 2). The clump to core scale fragmentation is investigated and the derived core masses 
and separations are found to be consistent with thermal Jeans fragmentation. We detect large-scale filamentary structures with 

velocity gradients and multiple outflows in both re gions. Dendrogr am analysis of the H 

13 CO 

+ map identifies several branch 

and leaf structures with sizes ∼ 0.1 and 0.03 pc, respectively. The supersonic gas motion displayed by the branch structures 
is in agreement with the Larson power law indicating that the gas kinematics at this spatial scale is driven by turbulence. The 
transition to transonic/subsonic gas motion is seen to occur at spatial scales of ∼0.1 pc indicating the dissipation of turbulence. 
In agreement with this, the leaf structures reveal gas motions that deviate from the slope of Larson’s law. From the large- 
scale converging filaments to the collapsing cores, the gas dynamics in G12.42 + 0.50 and G19.88 −0.53 show scale-dependent 
dominance of turbulence and gravity and the combination of these two driving mechanisms needs to be invoked to explain 

massive star formation in the protoclusters. 

Key words: stars: formation – stars: kinematics and dynamics – ISM: clouds – ISM: individual objects: G12.42 + 0.50 and 

G19.88 −0.53. 

1

M  

e
g
H
o  

e  

m
i  

l
e
t
i
c
o

�

h

s  

W  

e  

A  

2  

e  

e
e  

C  

e  

f
s

 

p
G

©
P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/1983/6678432 by H
elsinki U

niversity Library user on 04 January 2023
 I N T RO D U C T I O N  

assive stars ( M � � 8 M �) dictate the dynamical and chemical
volution of the surrounding interstellar medium (ISM) and the 
alaxy through their mechanical, radiative, and chemical feedback. 
o we ver, despite the tremendous theoretical, computational, and 
bserv ational adv ances in the last decade (Krumholz 2012 ; Tan
t al. 2014 ; Motte et al. 2018 , and references therein), the formation
echanism of high-mass stars, in particular the processes involved 

n the initial stages, are still not clearly understood. The major issue
ies in building a comprehensive multiwavelength data base of this 
lusive early phase of high-mass stars. Rarity, short evolutionary 
ime-scales, formation in clusters, large distances, and high extinction 
n embedded environment are the factors that pose observational 
hallenges. In recent years, high-sensitivity and high-resolution 

bservations have rendered several statistical and individual case 
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tudies possible with facilities like SMA (e.g. Zhang et al. 2009 ;
ang et al. 2011 ; Zhang & Wang 2011 ; Zhang et al. 2014 ; Lu

t al. 2015 ; Sanhueza et al. 2017 ; Pillai et al. 2019 ; Li et al. 2019b ),
LMA (e.g. Sanhueza et al. 2019 ; Svoboda et al. 2019 ; Liu et al.
020a ; Barnes et al. 2021 ; Beltr ́an et al. 2021 ; Olguin et al. 2021 ; Liu
t al. 2021 , 2022a , b ), and CARMA (e.g. Pillai et al. 2011 ; Sanhueza
t al. 2013 ). Additionally, several surveys like SEDIGISM (Schuller 
t al. 2017 ; Yu et al. 2019 ; Schuller et al. 2021 ; Yang et al. 2022 ;
olombo et al. 2022 ), GLOSTAR (Brunthaler et al. 2021 ; Nguyen
t al. 2021 ) are also aimed towards addressing various aspects of the
ormation mechanism and early evolutionary phases of high-mass 
tars. 

In this paper, we present new ALMA data on the massive
rotoclusters, G12.42 + 0.50 and G19.88 −0.53 (hereafter G12.42 and 
19.88, respectively), observed as a part of the ATOMS survey 

ALMA Three-millimeter Observations of Massive Star-forming 
e gions surv e y) (Liu et al. 2020a ). This surv e y pro vides ALMA
and 3 observations for both continuum and molecular line emission 

or 146 active star-forming regions (Fa ́undez et al. 2004 ) with
ajority being potential high-mass star-forming regions. The survey 
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Table 1. Basic information of the protoclusters. 

Source Coordinates a Distance V LSR 

RA(J2000) DEC(J2000) (kpc) (km s −1 ) 

G12.42 + 0.50 18:10:50.6 −17.55.47.2 2.4 b 18.3 c 

G19.88 −0.53 18:29:14.3 −11.50.27.0 3.3 d 44.0 e 

Note: a Coordinates of the associated IRAS point source taken from Liu et al. 
( 2020a ); b Chen et al. ( 2010 ), He et al. ( 2012 ); c Yu & Wang ( 2015 ); d Roman- 
Duval et al. ( 2009 ), Ge et al. ( 2014 ); e Qiu et al. ( 2007 ), Beuther et al. ( 2002b ). 
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Table 2. Details of ALMA data. 

Continuum data (12-m array) : 
Source G12.42 + 0.50 G19.88 −0.53 
Angular resolution 1.75 arcsec × 1.3 

arcsec 
0.46 arcsec × 0.28 

arcsec 
Linear resolution (pc × pc) 0.020 × 0.015 0.007 × 0.004 
rms noise (mJy beam 

−1 ) 0.2 0.12 
Maximum reco v erable scale (MRS) 18.3 arcsec 5.2 arcsec 

Line Data (12-m + 7-m arrays) : 
Transition H 

13 CO 

+ (1–0)/ HCO 

+ (1–0) 
SiO (2–1) 

Angular resolution 2.5 arcsec × 2.0 
arcsec 

2.4 arcsec × 1.9 
arcsec 

Linear resolution (pc × pc) 0.029 × 0.023 a 0.028 × 0.022 a 

0.040 × 0.032 b 0.038 × 0.030 b 

Velocity resolution (km s −1 ) 0.2 0.1 
rms noise (mJy beam 

−1 ) 8 12 
Maximum reco v erable scale (MRS) 76.2 arcsec 76.2 arcsec 

Note: a and b are the linear resolutions corresponding to G12.42 + 0.50 and 
G19.88 −0.53, respectively. 
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s primarily aimed at revealing the spatial distribution of the probed
ense gas tracers and deciphering the role of stellar feedback and
laments in the formation of high-mass stars. In the first paper
f the ATOMS series, Liu et al. ( 2020a ) present the surv e y giving
etails of the configuration used for the continuum and spectral line
bservations. The authors have also highlighted the major goals of
he surv e y. 

G12.42 and G19.88 have been studied by Issac et al. ( 2019 , here-
fter Issac19 ) and Issac et al. ( 2020 , hereafter Issac20 ), respectively.
oth these sources are classified as ‘extended green objects’ (EGOs)
y Cyganowski et al. ( 2008 ). These are a class of objects believed
o be associated with outflows from massive young stellar objects
MYSOs). Issac19 and Issac20 have also provided a brief overview
f recent literature on EGOs. G12.42, located at a distance of 2.4 kpc,
s catalogued as a ‘possible’ outflow candidate (Cyganowski et al.
008 ). Using the Giant Metrewave Radio Telescope (GMRT) radio
ontinuum observations at 610 and 1390 MHz, Issac19 suggest
he co-existence of an UC H II region and an ionized jet that are
ikely powered by the MYSO, IRAS 18079-1756. The ionized jet
nference is strongly supported by near-infrared (NIR) spectroscopic
bservations presented by these authors where the detection of the
hock-excited lines of H 2 and [Fe II ] are reported. Additionally,
hese authors show that the observed radio emission is located
t the centroid position of the detected wide-angle bipolar CO
utflow which also supports the radio thermal jet scenario (Anglada
996 ; Rodriguez 1997 ). The other protocluster, G19.88, located at
 distance of 3.31 kpc, is catalogued as a ‘likely’ outflow candidate
nd associated with IRAS 18264-1152 (Cyganowski et al. 2008 ).
ssac20 present GMRT observations at the frequencies mentioned
bo v e. Their study rev eals the presence of an ionized jet which is
eciphered to be associated with a massive, dense, and hot ALMA
.7 mm core powering a bipolar CO outflow. In combination with the
LMA Band 3 and 7 continuum and line emission data, G19.88 is
nderstood to be an active protocluster with high-mass star-forming
ores in various evolutionary phases. Liu et al. ( 2021 ) (the third paper
n the ATOMS series) catalogued the high mass star-forming cores
ssociated with G12.42 as ‘unknown cores,’ as they do not enshroud
yper/ultra compact H II regions and the spectra lack evidence of
omplex organic molecules (COM) (e.g. CH 3 OCHO, CH 3 CHO,
H 3 OH, C 2 H 5 CN). Whereas, G19.88 is listed as ‘pure w-cHMC,’
hich contains high-mass cores with relati vely lo w le vels of COM

ichness and not associated with hyper/ultra compact H II regions.
he details of the two protoclusters are compiled in Table 1 . In this
aper, we use the data from the ATOMS surv e y to conduct a detailed
tudy of the detected 3 mm cores and focus on a multispectral
ine study to understand the kinematics and gas dynamics of the
egions associated with G12.42 and G19.88 from clump to core
cale. The paper is organized as follows. Section 2 discusses the
LMA observations carried out as a part of the ATOMS surv e y and

he complementary archi v al data used in this study. Results obtained
rom the continuum and molecular line analysis are presented in
NRAS 516, 1983–2005 (2022) 
ection 3 . Sections 4 and 5 address the gravitational stability and
ragmentation scenario of the clumps. Section 6 delves into detailed
nalysis and discussion of multiscale gas kinematics that includes the
arge-scale filamentary structures, small-scale density structures, and
he cores. The interplay between gravity and turbulence in driving star
ormation in the two protoclusters is explored in Section 7 . Section 8
ummarizes the results and subsequent interpretation of this study. 

 OBSERVATI ONS  A N D  A R C H I VA L  DATA  

.1 ALMA obser v ations 

LMA data from the ATOMS surv e y (Project ID: 2019.1.00685;
I:Tie Liu) are used for studying the G12.42 and G19.88 comple x es.
he 12-m array observations of both comple x es were conducted
n -2019 No v ember 1. The ACA observations of the same were
onducted on the 2019 No v ember 2 and 3, with two e x ecutions. On-
ource integration times on each source for 12-m array and ACA array
re ∼3 and 8 min, respectively. Calibration of the 12-m array data
nd ACA data were done separately using the Common Astronomy
oftware Applications ( CASA ) package version 5.6 (McMullin et al.
007 ). Subsequent to this, the visibility data were also combined and
maged in CASA to reco v er the v ery e xtended emission that is missed
n the 12-m array observations. All images used in our analysis are
rimary beam corrected. The high-resolution 3 mm ( ∼99.93 GHz)
ontinuum map, with beam size of 1.75 arcsec × 1.3 arcsec and
ms noise of 0.2 mJy beam 

−1 , is constructed using data from line-
ree spectral channels. In addition to the continuum data, in the
TOMS surv e y eight spectral windows (SPWs) were configured to
ample eleven major molecular lines that include dense gas tracers
e.g. J = 1 −0 of HCO 

+ , HCN, and their isotopes), hot core tracers
e.g. CH 3 OH, HC 3 N), shock tracers (e.g. SiO, SO), and ionized gas
racers (H 40 α). The species name, transitions, rest frequencies, and
asic parameters (e.g. critical density and upper level energy) of
hese molecular lines are summarized in table 2 of Liu et al. ( 2020a ).
etails (angular resolution, linear resolution, maximum reco v erable

cale (MRS), and the rms level) of the ATOMS data used in this
tudy are compiled in Table 2 . More details can be found in table 1
f Liu et al. ( 2020a ). Continuum maps and the velocity integrated
ntensity maps of all the molecules observed in ATOMS surv e y are
hown in Figs 1 and 2 . 
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Figure 1. Continuum (3 mm) and moment zero maps of all the molecular transitions observed towards G12.42 + 0.50 in the ATOMS surv e y are shown. The 
continuum map is generated from the high-resolution 12-m data only while the line maps are from the 7-m + 12-m combined data. The maps are integrated 
o v er the velocity range [ −32, 58] km s −1 which is approximately V LSR ± 50 km s −1 and incorporates all emission features. This enables easy comparison 
between various molecular lines with the same integrated velocity range. The colour bar indicates the flux scale in Jy beam 

−1 km s −1 for moment zero maps and 
Jy beam 

−1 for the continuum map. The beam size is indicated at the bottom left in each panel. The red ellipses represent the identified cores (see Section 3.1 ). 
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.2 Archi v al ALMA continuum data 

ontinuum emission towards G19.88 complex at 2.7 mm ( ∼
11.0 GHz) was retrieved from the ALMA archives (Project ID: 
017.1.00377.S; PI:S. Leurini). Observations were conducted in 
he session 2017–2018. These high-resolution ALMA observa- 
ions were obtained with the 12-m array in the FDM Spectral 

ode. The minimum baselines, maximum baselines, and MRS 

n this observation are 15.07 m, 2386.1 m, and 5.2 arcsec, 
espectively. The 2.7 mm continuum map, with beam size of 
.46 arcsec × 0.28 arcsec and rms noise of 0.12 mJy beam 

−1 ,
s used to identify and study the cores associated with G19.88. 
etails of the ALMA archi v al data used in this study are listed in
able 2 . 

.3 Spitzer archi v al data 

o investigate the morphology of the mid-infrared (MIR) emission 
n regions associated with G12.42 + 0.50 and G19.888 −0.53, we 
btained MIR images from the archives of the Galactic Legacy 
nfrared Midplane Surv e y Extraordinaire (GLIMPSE) surv e y of
he Spitzer Space Telescope. The Infrared Array Camera (IRAC) 
ounted on the Spitzer Space Telescope is capable of simultaneous 

road-band imaging at 3.6, 4.5, 5.8, and 8.0 μm (Fazio et al. 2004 ).
e retrieved images having an angular resolution of � 2 arcsec with
 pixel size of ∼0.6 arcsec in three IRAC bands (3.6, 4.5, and 8.0
m) (Benjamin et al. 2003 ). 

.4 JCMT archi v al data 

he molecular line data for 13 CO (3–2) transition were obtained 
rom the archives of James Clerk Maxwell Telescope (JCMT) to 
nvestigate the filamentary morphology of the star-forming region 
ssociated with G12.42. The velocity structure of filaments using 
CMT 

12 CO (3–2) transition presented in Issac19 was utilized to 
nvestig ate the g as kinematics. Heterodyne Array Receiver Program 

HARP) mounted on the 15 m JCMT telescope comprises of 16
etectors laid out on a 4 × 4 grid, with an on-sky beam separation of
0 arcsec. The molecular line observation for 13 CO (3–2) was carried
ut using HARP at a rest frequency of ∼330.6 GHz. The beam size
f JCMT at 345 GHz is 14 arcsec (Buckle et al. 2009 ). 13 CO (3–2)
nd 12 CO (3–2) data have a channel width of 0.055 and 0.42 km s −1 ,
ith an rms level per channel of 1.9 and 1.0 K, respectively. 

 RESULTS  

.1 Continuum emission 

e use the observed 3 mm continuum emission maps to identify and
tudy compact cores in the regions associated with the protoclusters 
MNRAS 516, 1983–2005 (2022) 

art/stac2353_f1.eps
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Figure 2. Same as Fig. 1 , but for the protocluster G19.88 −0.53. The maps are integrated over the velocity range [ −21, 109] km s −1 which is approximately 
V LSR ± 65 km s −1 . 
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nder study. The derived properties of these cores enable us to
nderstand their nature and formation. The lower left-hand panel
f Figs 1 and 2 present the 3 mm continuum map for the entire field
f view of the ATOMS surv e y. An enlarged view of the extended
ontinuum emission morphology and the identified cores in G12.42
nd G19.88 are shown in Fig. 3 . 

.1.1 Core identification 

ores in both comple x es hav e been identified in ATOMS III paper
Liu et al. 2021 ). These authors have also derived the physical
arameters. In addition to this, compact cores in G12.42 (SMA;
.1 mm) and G19.88 (ALMA; 2.7 mm) have been analysed in
ssac19 and Issac20 , respectively. Liu et al. ( 2021 ) have detected the
ost prominent cores (four in G12.42 and two in G19.88) in these

rotoclusters. Issac19 have identified three SMA cores in G12.42 and
ssac20 have detected six ALMA cores in G19.88. Based on these
esults and a careful visual inspection of the ATOMS continuum
ap, we are prompted to revisit the core identification before

roceeding for further analysis. The 3 mm continuum emission
owards G12.42 and G19.88 observed with the 12-m array are shown
n Figs 3 (a) and (b). For core detection in G19.88, we use available
igher resolution data at 2.7 mm from the ALMA archives. This
s the same data set used in Issac20 and the map is shown in
ig. 3 (c). 
Following the approach introduced in Li et al. ( 2020a ) and outlined

n Liu et al. ( 2020a , 2021 , 2022a ), cores are extracted by utilizing the
NRAS 516, 1983–2005 (2022) 
STR ODENDR O 

1 package and the CASA IMFIT task. The DENDROGRAM

echnique (Rosolowsky et al. 2008 ) decomposes the emission into
 hierarchy of substructures, providing a good representation of the
opography of the star-forming region. Dense structures ( leaves in
he terminology of the algorithm) which are not further divisible into
maller structures are considered as potential candidates to become
tar-forming cores. To identify the leaves, the following parameters
re used: (i) min value = 3 σ , which is the minimum threshold to be
onsidered in the data set and σ is the rms noise; (ii) min delta = σ ,
he default value in the algorithm which determines how significant
 leaf has to be in order to be considered an independent entity;
iii) mi n npi x = N pix els, which is the minimum number of pix els
eeded for a leaf. To ensure cores are resolvable, N is chosen to
e equi v alent to the synthesized beam area in units of pixel. The
lgorithm returns several parameters (i.e. position of the centre, major
nd minor axis sizes, position angle) of the identified cores. 

Next, the CASA IMFIT task is used with the DENDROGRAM

arameter outputs as the corresponding initial estimates of the fit
arameters. During the fitting process none of the parameters are
xed. A bounding box is used, the size of which is defined based on

he retrieved aperture of the leaves in the DENDROGRAM analysis. We
ave not considered background subtraction as large-scale extended
mission, which can be regarded as the background component, is

art/stac2353_f2.eps
http://www.dendrograms.org/
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(a)

(b)

(c)

Figure 3. (a) 3 mm continuum map of the region associated with 
G12.42 + 0.50 obtained using 12-m array data from ATOMS is shown in 
colour scale. Core apertures acquired using CASA - IMFIT are shown in black 
ellipses. The o v erlaid contours showing the radio emission at 1390 MHz 
(beam size is 3.0 arcsec × 2.4 arcsec) with contour levels at 3, 6, 9, 18, 63, 
150, and 172 times σ ( σ ∼ 29.7 μJy beam 

−1 ) are from Issac19 . (b) Same 
as figure (a) but for G19.88 −0.53. The o v erlaid contours showing the radio 
emission at 1390 MHz (beam size is 4.3 arcsec × 2.7 arcsec) with contour 
levels at 3, 4, 5, and 6 times σ ( σ ∼ 45 μJy beam 

−1 ) are from Issac20 . (c) The 
colour scale shows the 2.7 mm continuum emission of the region associated 
with G19.88 −0.53 obtained using 12-m array data from the ALMA archive. 
The black ellipses represent the core apertures acquired using CASA - IMFIT . 
The beam of the continuum maps are indicated at the bottom left in each 
figure. 
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lready filtered-out in the interferometric data. The derived physical 
arameters, which includes the peak position, deconvolved major 
nd minor sizes (FWHM maj , FWHM min ), position angle (PA), peak 
ntensity ( F peak ), and integrated flux density ( F int ) are listed in
ables 3 and 4 for G12.42 and G19.88, respectively. In order to
 v oid inclusion of spurious cores in our analysis, we retain only those
atisfying, F peak > 5 σ . Further, we also reject cores with poorly fitted
hapes by visual inspection of the continuum map o v erlaid with the
dentified leaf structures. These usually appear either as filamentary 
tructures or diffuse emission features with an aspect ratio of more 
han three, between the length of the major and minor axis. The
dentified cores are o v erlaid in Figs 3 (a) and (c). 

For G12.42, we identify seven cores, MM1–MM7. It is to be
oted that in case of this source, cores MM1 and MM2 which are
amed SMA1 and SMA2 in Issac19 , are manually fitted using CASA

MFIT since the DENDROGRAM algorithm resolved it into a single 
eaf though two distinct cores are seen visually. For G19.88, we
lso identify seven cores, MM1–MM7. In their analysis, Issac20 , 
ad visually identified six cores and used the CASA IMFIT task to
etermine the parameters. For the common cores, the o v erall core
xtraction carried out in this work agrees well with Issac19 , Issac20 ,
nd Liu et al. ( 2021 ). 

To address the concern of ‘missing flux’ in high-resolution 
nterferometric observations, we compare the retrieved deconvolved 
izes of the compact cores with that of the MRS of the two data
ets used. Considering the 12-m data used for core identification 
n G12.42, the deconvolved sizes of the cores lie in the range,
.6–3.7 arcsec, which is much smaller ( � 20 per cent) than the
RS of ∼18 arcsec. Further, comparing the retrieved fluxes from 

he 12-m and the combined data, Liu et al. ( 2021 , 2022a ) discuss
hat the uncertainties on the estimated flux due to ‘missing flux’
s not significant. In case of G19.88, we have used the higher
esolution archi v al ALMA data to detect the cores where the MRS
uoted is ∼5 arcsec and the retrieved sizes lie in the range, 0.6–
.5 arcsec which are again smaller than the MRS. Nevertheless, for
he largest core (MM2), we compare the flux retrieved with that
rom the 12-m ATOMS data and found them to be equal. This
ndicates that the estimated parameters of the compact cores in 
12.42 and G19.88 are not significantly affected and only the diffuse, 

arger scale emission between clumps could have been filtered 
ut. 
The 3 mm continuum emission can have contributions from both 

hermal dust emission and free–free emission from ionized gas. 
ased on the lack of H 40 α radio recombination line emission observed 

n the ATOMS surv e y, Liu et al. ( 2021 ) classified these prominent
ores in G12.42 and G19.88 as ones without association with HC
r UC H II regions. Ho we ver, weak centimetre radio emission,
nterpreted as possible thermal jets, has been detected in cores MM3
nd MM5 in G12.42 ( Issac19 ) and core MM2 in G19.88 ( Issac20 ).
he radio emission is shown as contours in Figs 3 (a) and (b). Free–

ree emission from radio jets become optically thin for frequencies 
reater than the turno v er frequenc y and the spectral inde x becomes
0.1 (Anglada, Rodr ́ıguez & Carrasco-Gonz ́alez 2018 ). Without the

nformation of the turno v er frequenc y either from observ ed radio
pectral energy distribution or from theoretical modelling of the jet 
mission for the three cores discussed abo v e, it is difficult to estimate
he contribution of free–free emission at 3 mm. For a crude estimate,
e assume the highest frequency data available (5 GHz for G12.42

nd 23 GHz for G19.88) as the turno v er frequenc y and e xtrapolate
he measured fluxes to 3 mm (100 GHz) assuming an optically thin
pectral index of −0.1. This is reasonably consistent with Anglada 
t al. ( 2018 ) who have adopted a lower limit of 10 GHz for the
urno v er frequenc y to estimate the physical parameters of the radio
mission from ionized jets. 

For G12.42, 5 GHz continuum flux density is taken from Issac19
nd for G19.88, 23 GHz flux density is taken from Zapata et al.
 2006 ). Extrapolating gives 20 per cent and 5 per cent contribution
rom ionized gas emission to the 3 mm flux estimate of cores MM3
nd MM5, respectively, of G12.42 and 2 per cent contribution to the
.7 mm flux estimate for core MM2 of G19.88. For core MM3 of
12.42, the contribution from free–free emission may result in the 
ass (see the next section) being overestimated by a factor of 1.3. 
MNRAS 516, 1983–2005 (2022) 
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Table 3. Parameters of detected cores in protocluster G12.42 + 0.50, using data from 12-m array at 3 mm. 

Core Peak position Deconvolved size PA F int F peak R eff R core M 

a 
core � 

RA(J2000) DEC(J2000) 
Major 

(arcsec) 
Minor 

(arcsec) deg mJy mJy beam 

−1 (arcsec) 10 −2 pc (M �) g cm 

−2 

MM1 18:10:51.39 −17.55.48.04 1.84 1.31 156 10.9 5.2 0.8 0.9 24.0 19.5 
MM2 18:10:51.31 −17.55.46.37 2.13 1.50 116 14.9 6.3 0.9 1.0 32.9 20.2 
MM3 18:10:51.10 −17.55.49.60 4.31 3.21 72 22.2 3.2 1.9 2.2 48.9 6.9 
MM4 18:10:50.75 −17.55.49.40 3.4 2.17 61 6.8 1.6 1.4 1.6 15.0 4.0 
MM5 18:10:50.75 −17.55.52.89 1.79 1.48 69 14.9 7.0 0.8 1.0 32.8 23.9 
MM6 18:10:50.58 −17.55.54.50 2.96 2.39 30 4.6 1.1 1.3 1.6 10.1 2.8 
MM7 18:10:50.36 −17.55.43.37 2.97 2.22 86 3.7 0.9 1.3 1.5 8.1 2.4 

Note: a Temperature of 25 K is considered to calculate the mass of all the cores. 

Table 4. Parameters of detected cores in the protocluster G19.88 −0.53, using 2.7 mm data. 

Core Peak position Deconvolved size PA F int F peak R eff R core M core T a � 

RA(J2000) DEC(J2000) 
Major 

(arcsec) 
Minor 

(arcsec) deg mJy mJy beam 

−1 (arcsec) 10 −2 pc M � K g cm 

−2 

MM1 18:29:14.41 −11.50.24.52 0.70 0.45 8 11.3 3.0 0.3 0.5 9.3 82.7 35.7 
MM2 18:29:14.35 −11.50.22.58 1.81 1.16 140 39.0 2.2 0.7 1.1 22.7 115.9 13.1 
MM3 c 18:29:14.43 −11.50.24.10 0.91 0.44 155 10.5 2.3 0.3 0.5 8.7 82.7 26.1 
MM4 c 18:29:14.43 −11.50.23.93 0.91 0.44 155 10.5 2.3 0.3 0.5 8.7 82.7 26.1 
MM5 18:29:14.80 −11.50.25.37 0.84 0.41 18 6.3 1.5 0.3 0.5 9.4 47.2 32.8 
MM6 18:29:14.78 −11.50.24.26 1.09 0.65 167 6.80 1.0 0.4 0.7 10.1 47.2 17.0 
MM7 18:29:14.46 −11.50.25.78 0.96 0.59 167 4.0 0.7 0.4 0.6 3.3 82.7 5.8 

Note: a Temperature corresponding to each core is taken from Issac20 , c MM3 and MM4 are unresolved in the map, hence the quoted parameters refer to the 
combined region enclosing both the cores. 
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In summary, free–free emission does not significantly affect the
ontinuum flux-derived parameter estimates (e.g. mass, and density)
f the cores studied here. 

.1.2 Physical properties of detected cores 

ssuming the dust emission to be optically thin, the core masses can
e estimated using the following expression 

 core = 

F ν D 

2 R gd 

B ν( T d ) κν

, (1) 

here κν = κν0 

(
ν

ν0 

)β

is the dust opacity, β is the dust emissivity

ndex taken as 1.75 in our calculations, M core is the mass of the
ores, F ν is the integrated flux density, D is the distance to the
ource, R gd is the gas-to-dust ratio and B ν is the Planck function
t dust temperature T d . Considering R gd = 100 and using κν0 to be
.1 cm 

2 g −1 at 1 THz (Beckwith et al. 1990 ), κν is estimated to be
.18 and 0.21 cm 

2 g −1 for G12.42 (at ∼99.93 GHz) and G19.88 (at
111.0 GHz), respectiv ely. F or G12.42, T dust is taken to be 25 K,

ollowing the assumption made in Liu et al. ( 2021 ) and consistent
ith the cold component modelled for the EGO in Issac19 . It should
e noted that a higher temperature would yield lower mass values.
or instance if one considers a temperature of the order of 100 K,

hen the core masses would be a factor of four lower. In comparison,
 relatively better estimate of the core mass is possible for the G19.88
rotocluster. F or this, Issac20 hav e detected multiple transitions of
H 3 OH molecule towards the cores associated with G19.88. Using it,

hey generated the rotational temperature diagram (RTD) to estimate
H 3 OH rotational temperature for each core in the range ∼47–116 K
nd these are used to calculate core masses. The core MM7, which
as not detected in Issac20 , ho we ver, falls within the aperture used

o extract the CH 3 OH spectrum to construct the RTD for MM1,
NRAS 516, 1983–2005 (2022) 
M3, and MM4 where the rotational temperature was estimated to
e 82.7 K. We adopt the same temperature for MM7. Taking into
ccount the different β value used and the slight difference in core
perture retrieved, the estimated mass of the cores are in agreement
ith Issac20 . We have also derived the mass surface density using

he expression 

 core = 

M core 

πR 

2 
core 

, (2) 

here R core is the core radius which is taken to be half of the geometric
ean of FWHM maj and FWHM min at the core distance. Masses and
ass surface densities of the cores are tabulated in Tables 3 and
 . The 3 σ mass sensitivities for G12.42 and G19.88 are ∼1.2 and
0.4 M �, respectively, considering the temperatures used for core
ass calculations. At the abo v e sensitivity, the ALMA continuum
aps reveal the most complete population of cores in these two

rotocluster EGOs. 

.2 Molecular line emission from combined ALMA 12-m array 
nd ACA data 

etailed kinematic information is key to understanding the gas
ynamics in the star-forming clouds which enables us to probe
he star-formation scenario therein. The velocity integrated intensity
moment zero) maps of the molecular transitions observed for these
ources in the ATOMS surv e y, are shown in Figs 1 and 2 illustrating
he spatial distribution of these species in the two star-forming
egions. Multipeak features are seen in most molecular transitions.
here is no H α emission detected. For G12.42, H 

13 CO 

+ map reveals
nteresting filamentary morphology. This transition is a good tracer
f filamentary clouds which is illustrated in the detection of a
omplex network of narrow filamentary structures toward a massive
nfrared dark cloud, NGC 6334S (Li et al. 2022 ). In both star-
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(a)

(b)

Figure 4. Clump-averaged spectra of the molecular lines (H 

13 CO 

+ , HCO 

+ ) 
detected towards G12.42 + 0.50 and G19.88-0.53 using combined 12-m + 7- 
m data are shown in panel (a) and (b), respectively. The spectra are averaged 
o v er a re gion enclosed by the 3 σ contour continuum emission for G12.42 and 
G19.88, respecti vely. HCO 

+ spectra sho wn in blue (solid) are vertically of fset 
by 0.3 Jy beam 

−1 and H 

13 CO 

+ spectra shown in red (dashed) are scaled-up 
by a factor of 3 in both the panels. The vertical dashed line in each panel 
marks the LSR velocity of 18.3 and 44.0 km s −1 for G12.42 and G19.88, 
respectively. 
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Figure 5. Clump-averaged spectra of SiO (2–1) detected towards 
G12.42 + 0.50 and G19.88-0.53 using combined 12-m + 7-m data are shown 
in panels (a) and (b), respectively. The spectra are av eraged o v er a re gion 
enclosed by the 3 σ contour continuum emission for G12.42 and G19.88, 
respectively. The spectra are boxcar smoothed by four channels resulting 
in a velocity resolution of 0.84 km s −1 . The orange and green dashed lines 
indicate the decomposed components of SiO (2–1) line. The vertical dashed 
line in each panel marks the LSR velocity of 18.3 and 44.0 km s −1 for G12.42 
and G19.88, respectively. 

a  

(  

t
a
M  

r
M
b  

H
i  

c
v
p  

o  

o
s  

(  

s  

H  

o  

w  

c  

a
p  

o  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/1983/6678432 by H
elsinki U

niversity Library user on 04 January 2023
orming comple x es (G12.42 and G19.88), maps of the outflow/shock 
racers (SiO, SO, and CS) reveal elongated and collimated structures. 
o investigate the global and the core kinematics of G12.42 and 
19.88, we have used the spectral line data of H 

13 CO 

+ , HCO 

+ ,
nd SiO transitions. In Figs 4 and 5 , we present the clump-averaged
pectra, e xtracted o v er the region enclosed within the 3 σ level of the
ontinuum emission for G12.42 and G19.88. The systemic velocity 
f 18.3 km s −1 (Yu & Wang 2015 ) and 44.0 km s −1 (Beuther et al.
002b ; Qiu et al. 2007 ) for G12.42 and G19.88, respectively, are
hown as green dashed vertical lines in the plots. As seen in Fig. 4 (a),
he line profiles of HCO 

+ (1–0) and H 

13 CO 

+ (1–0) display double
eak ed, blue-sk ewed profiles being more prominent in the optically 
hick transition of HCO 

+ (1–0). The dip in the line profile for H 

13 CO 

+ 

1–0) is at the systemic velocity (Fig. 4 a), while that for HCO 

+ (1–
) is redward of it. Extended line wings, seen prominently here in
CO 

+ , are the signature of outflows. The SiO spectra are shown in
ig. 5 (a) where the spectrum fits to a combination of a broad and
 narrow Gaussian components. The nature of this profile will be 
urther discussed in Section 6.3 . 

F or G19.88, the relativ ely optically thin H 

13 CO 

+ (1–0) spectrum
hows a single peak profile with the peak consistent with the LSR
elocity, whereas the HCO 

+ spectrum of G19.88 is double-peaked 
nd marginally blue-skewed with the dip at the systemic velocity 
here the single component H 

13 CO 

+ line peaks (refer Fig. 4 b).
utflow wings are seen in both HCO 

+ and H 

13 CO 

+ transitions. The
iO spectrum (Fig. 5 b) also displays the double-Gaussian profile as
iscussed abo v e. 
To probe the gas kinematics at the core level, we extract the HCO 

+ 

nd H 

13 CO 

+ spectra o v er circular areas of diameter ∼2.5 arcsec
typical beam size of the molecular line data) that adequately co v ers
he detected core apertures in both comple x es. F or G12.42, H 

13 CO 

+ 

nd HCO 

+ spectra extracted over an area enclosing MM1, MM2, 
M3, MM4, MM5, MM6, and MM7 are shown in Figs 6 (a)–(g),

espectively. The H 

13 CO 

+ spectra covering cores MM1, MM2, and 
M3 display single peaked profiles, whereas the HCO 

+ profiles are 
lue-sk ewed, double-peak ed with the dip consistent with the peak of
 

13 CO 

+ (1-0) emission. Prominent blue line wings are discernible 
n the HCO 

+ line profiles of MM1 and MM2. For MM3, the blue
omponent is relatively broader, and the outflow wing is marginally 
isible. Spectra for the other cores show complex, double-peaked 
rofiles. For the cores MM6 and MM7, the two observed components
f HCO 

+ and H 

13 CO 

+ do not peak at the same velocity. The peak
f H 

13 CO 

+ lies in between and close to the dip seen in the HCO 

+ 

pectra. This could be a possible infall signature. Given the beam size
 ∼2.5 arcsec) of the molecular line data, it is difficult to extract the
pectra o v er individual cores in G19.88 as the re gions would o v erlap.
ence, for this protocluster, we extract H 

13 CO 

+ and HCO 

+ spectra
 v er apertures co v ering MM5-MM6, MM1-MM3-MM4, and MM2
hich are shown in Figs 7 (a), (b), and (c), respectively. In the spectra

o v ering cores MM5 and MM6, the HCO 

+ line profile seem to be
 blue-skewed, double-profile though the red component is not very 
rominent. The H 

13 CO 

+ spectrum shows single profile with a bump
n the red side. The possibility of this being another component
annot be ruled out. The spectrum for the region covering MM1-
MNRAS 516, 1983–2005 (2022) 
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Figure 6. HCO 

+ and H 

13 CO 

+ spectra tak en tow ards the cores associated 
with G12.42 + 0.50 are shown in blue (solid) and red (dashed) in each panel, 
respectively using combined 12-m + 7-m data. HCO 

+ spectra are vertically 
offset by 0.5 Jy beam 

−1 and H 

13 CO 

+ spectra are scaled-up by a factor of 
3 in all the panels. The vertical dashed lines mark the LSR velocity V LSR 

= 18.3 km s −1 . Plots (a)–(g) present the core-averaged spectra co v ering (a) 
MM1, (b) MM2, (c) MM3, (d) MM4, (e) MM5, (f) MM6, and (g) MM7, 
respectively. 
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Figure 7. HCO 

+ and H 

13 CO 

+ spectra tak en tow ards the cores associated 
with G19.88–0.53 are shown in blue (solid) and red (dashed) in each panel, 
respectively using combined 12-m + 7-m data. HCO 

+ spectra are vertically 
offset by 0.5 Jy beam 

−1 and H 

13 CO 

+ spectra are scaled-up by a factor 
of 3 in all the panels. The vertical dashed lines mark the LSR velocity 
V LSR = 44.0 km s −1 . Plots (a)–(c) present the spectra averaged over cores (a) 
MM5 and MM6, (b) MM1, MM3/MM4, and MM7 (c) MM2, respectively. 

a  

l  

i  

2  

t  

i  

t  

d
a  

i  

a  

1
 

e  

t  

a  

j  

i  

o  

a  

i  

w  

H  

1
l  

p  

a  

t  

e  

v  

l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/1983/6678432 by H
elsinki U

niversity Library user on 04 January 2023
M3-MM4-MM7 shows a blue-sk ewed, double-peak ed HCO 

+ line
ith a single peaked H 

13 CO 

+ profile, the peak of which coincides
ith the dip seen in the other and matches with the systemic velocity.
he line profiles for MM2 are single peaked. All regions show strong
ignatures of outflow wings, being most pronounced for MM2.
igher resolution molecular line data are essential to probe the
inematics of the individual cores in G19.88. 

 G R AV I T  AT I O NA L  ST  ABILITY  A N D  G L O BA L  

OLLA P SE  SC ENARIO  

n this section, we investigate the gravitational stability of the two
assive, protostellar clumps under study and search for kinematic

ignatures, if any, of global infall. First, we determine whether the
lumps are gravitationally bound. For this, we calculate the virial
arameter, αvir which is the ratio of the virial mass, M vir , to the mass
f the clump considered. M vir of a clump is defined as the amount of
ass that can be supported against self-gravity by both thermal and

urbulent pressure. This is given by (Contreras et al. 2016 ) 

 vir = 

5 r 
V 

2 

8 ln (2) a 1 a 2 G 

∼ 209 
1 

a 1 a 2 

(

V 

km s −1 

)2 (
r 

pc 

)
M � (3) 

ere, 
 V is the line width of an optically thin line, r is the ef fecti ve
adius of the clump, the constant a 1 accounts for the correction
or power-law density distribution, and is given by a 1 = (1 −
 /3)/(1 − 2 p /5), for p < 2.5 (Bertoldi & McKee 1992 ) where we
dopt p = 1.8 (Contreras et al. 2016 ). The constant a 2 takes into
ccount the shape of the clump which we assume here to be spherical
NRAS 516, 1983–2005 (2022) 
nd consider a 2 = 1. For 
 V , we use the line width of H 

13 CO 

+ (1 − 0)
ine. The H 

13 CO 

+ (1 − 0) line is generally found to be optically thin
n Infrared dark clouds (IRDCs) and clumps (e.g. Sanhueza et al.
012 ). Ho we ver, in the densest part of clumps (i.e. in the cores),
his may not al w ays be the case. Following the approach outlined
n Liu et al. ( 2020b , 2022a ) and under the assumptions of local
hermodynamic equilibrium, we calculate the optical depth of the
etected cores from the ratio of the peak intensities of H 

13 CO 

+ 

nd HCO 

+ emission (see equation 3 of Liu et al. 2020b ). The
sotopic abundance ratio, [HCO 

+ /H 

13 CO 

+ ], is calculated to be 52
nd 50 for G12.42 and G19.88, respectively, using the relation of
2 CO / 13 CO as a function of the Galactocentric distance (Pineda
t al. 2013 ). Considering the peak intensities and the abo v e ratios,
he optical depth values are estimated to lie in the range of 0.1–0.7
nd 0.1–0.2, for G12.42 + 0.50 and G19.88 −0.53, respectively. This
ustifies the optically thin assumption for the H 

13 CO 

+ line emission
n both regions. Considering the ATOMS clump, the ef fecti ve radii
f the clumps, harbouring the identified cores in these two regions,
re estimated from the area co v ering emission abo v e the 3 σ lev el
n low-resolution 7-m array maps. Further, integrating the fluxes
ithin this area, the masses are determined from equation ( 1 ).
ere, we have considered mean temperatures of 25 K ( Issac19 ) and
8.6 K ( Issac20 ) for G12.42 and G19.88, respectively. The H 

13 CO 

+ 

ine widths are estimated by Gaussian profile fitting to the spectra
resented in Figs 4 (a) and (b). For G12.42, where two components
re seen, the average of the FWHM obtained by fitting individually
o the components is considered. The estimated H 

13 CO 

+ line widths,
f fecti ve radii, and mass of the clumps using 3 mm data, M cl-3mm 

,
irial mass, M vir , and the virial parameter, αvir = M vir / M cl-3mm 

are
isted in Table 5 . Similar values are obtained if one considers the mass
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Table 5. 3 mm clump parameters. 

Clump Line width ( 
 V ) Radius ( r ) M cl-3mm 

M vir αvir 

km s −1 (pc) (M �) (M �) 

G12.42 1.8 0.3 478 126 0.3 
G19.88 3.0 0.4 1078 475 0.4 
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nd radius of the associated larger ATLASGAL clumps ( Issac19 ;
ssac20 ). 

The virial parameter enables us to understand the stability of the 
rotostellar clumps. Clumps are gravitationally bound and unstable 
o collapse if they are supercritical with αvir << αcr , αcr being a 
ritical virial parameter. If we consider non-magnetized clumps then 
cr ∼ 2 whereas, αcr << 2 is possible in the presence of strong
agnetic support. For both the protostellar clumps we estimate αvir 

0.3–0.4. The actual values could be still lower since the presence 
f infall/outflow in these regions would result in broadened line 
rofiles thus leading to o v erestimation of the parameter. Such low
alues of the virial parameter are generally observed towards high- 
ass star-forming clumps (e.g. Pillai et al. 2011 ; Kauffmann et al.

013 ; Contreras et al. 2016 ; Tang et al. 2019 ). For G12.42 and
19.88, these estimated low values indicate that these clumps are 

upercritical and are undergoing strong gravitational collapse if no 
ther supporting mechanism (e.g. magnetic field) exists. Magnetic 
eld effects, if present, have not been considered in the estimation of
vir as no magnetic field study is available for these protoclusters in 

iterature. Magnetic field plays an important role and if there exists
dditional magnetic support then including the Alfv ́en velocity term 

ould give a larger value for αvir (see equation 9 of Tang et al. 2019 ).
Sev eral studies hav e used optically thick molecular line transi-

ions to decipher global gas dynamics in star-forming clumps (e.g. 
laassen et al. 2012 ; He et al. 2015 ). HCO 

+ is an excellent dense
as tracer that is commonly used to reveal global infall signatures.
igure 8. (a) The colour scale shows the moment 0 map of H 

13 CO 

+ for G12.42
n black. The HCO 

+ spectrum shown in red and the H 

13 CO 

+ spectrum shown in
he distance to the source). The velocity range in each grid is (10 km s −1 , 25 km s −
38 km s −1 , 50 km s −1 ). The grid size is 8arcsec × 8arcsec (0 . 13 pc × 0 . 13 pc at th
he LSR velocity, H 

13 CO 

+ spectra are scaled-up by a factor of 3 in all the grids, and
eam sizes are indicated at the top right in each figure. 
his constitutes a double-peaked, blue asymmetrical line profile 
ith a self-absorption dip at the systemic velocity. To rule out
ultiple components along the line of sight, for a bona fide infall

andidate, the relatively less optically thick isotopologue, H 

13 CO 

+ , 
s also required to be single peaked coinciding with the abo v e self-
bsorption dip. G12.42 has been identified as an infall candidate 
y He et al. ( 2015 ) based on the line profiles as discussed abo v e.
his inference was also confirmed by Issac19 . Both these studies
re based on single dish MALT90 molecular line data. Issac19 used
he optically thin H 

13 CO 

+ (1–0) and the optically thick HCO 

+ (1–0)
ines to trace infall. Using similar approach and another transition 
 J = 4 − 3) of the same pair of lines, no infall is inferred for the
19.88 clump (Klaassen, Testi & Beuther 2012 ). This is consistent
ith the conclusion arrived at by another study conducted by Jin

t al. ( 2016 ) using the HCN and HNC molecular line transitions.
oth these results are again based on single dish observations. 
We revisit the infall analysis with high-resolution ATOMS-ALMA 

bservation using HCO 

+ (1–0) and H 

13 CO 

+ (1–0) lines. Figs 4 (a) and
b) show these line transitions for G12.42 and G19.88, respectively. 
onsidering G12.42, the HCO 

+ (1–0) spectrum shows a double- 
eak ed, blue-sk ewed profile consistent with the MALT90 spectrum. 
o we ver, the optically thin emission of H 

13 CO 

+ (1–0) also displays
 double peak implying two line-of-sight velocity components. To 
n vestigate further , we construct a grid map that is shown in Fig. 8 .
ach grid has an area of 8 arcsec × 8 arcsec and HCO 

+ (red) and
 

13 CO 

+ (blue) spectra averaged over each grid area are shown. The
oment 0 map of H 

13 CO 

+ is shown in colour scale. Both the lines
how double peaked profiles in most of the grids though as previously
een, se veral indi vidual cores display infall signature. Although the
irial analysis suggests global collapse, it seems highly unlikely that 
he blue-skewed clump-averaged profile of HCO 

+ from single-dish 
ata indicates infall. It is possible that the poor signal-to-noise ratio
 ∼2) of the MALT90 H 

13 CO 

+ spectrum hindered the identification
f two peaks. Similar results using the ATOMS surv e y data hav e
MNRAS 516, 1983–2005 (2022) 

 + 0.50. The 3 σ contours of the 3 mm emission (combined data) is shown 
 blue are o v erlaid. The grid size is 8arcsec × 8arcsec (0 . 09 pc × 0 . 09 pc at 

1 ). (b) Same as (a) but for G19.88–0.53. The velocity range in each grid is 
e distance to the source). In both the panels the dashed vertical lines indicate 
 filled ellipses represent the identified cores towards the star-forming regions. 
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een discussed in Zhou et al. ( 2021 ) for the filamentary complex
n G286.21 + 0.17, previously known to be an infall candidate from
ingle dish data. These authors have invoked the presence of two
ubclumps (in relative motion) to explain the observed line profiles.
otation of the clump, if present, would manifest as blue asymmetric

ine profiles on one side of the rotation axis and red asymmetry on
he other side. In our case, the grid map shows no such signature and
ence rotation could be ruled out. 

Ho we ver, in case of G19.88, the ATOMS-ALMA clump-averaged
CO 

+ (1–0) spectrum displays a distinct, albeit weak, blue-skewed,
ouble-peaked profile while the optically thin H 

13 CO 

+ line is single
eaked at the systemic velocity (see Fig. 4 b). The grid map (see
ig. 8 b) also shows single line profiles with typical infall signatures

owards the centre where the cores are located. To quantify the
lue-asymmetry of the HCO 

+ (1–0) line profile, we calculate the
symmetry parameter, A , which is given by (Mardones et al. 1997 ). 

 = 

( V thick − V thin ) 


V thin 
, (4) 

here V thick denotes the peak velocity of the optically thick line;
 thin and 
 V thin are the peak velocity and FWHM of the optically

hin line. To calculate A , we used the value of V thick = 43.09
m s −1 , the velocity corresponding to the peak of blue component
f HCO 

+ (1–0) line profile, V thin = 44.0 km s −1 , and 
 V thin = 3.0
m s −1 , which are the peak velocity and FWHM of H 

13 CO 

+ (1–0)
pectrum, respectively. We estimate A to be −0.3 for the clump,
hich satisfies the adopted threshold value of A < −0.25 for a
enuine blue-skewed profile (Mardones et al. 1997 ). The value that
e obtained may be an o v erestimate giv en the co-e xistence of infall

nd outflow activity. These would considerably increase the velocity
ispersion, and thereby decrease the value of A . 
Summarizing the abo v e analysis, we conclude that both clumps

ssociated with G12.42 and G19.88 are gravitationally bound and
ikely to be undergoing an o v erall collapse. The clump-averaged,
ouble-peak ed, blue-sk ewed HCO 

+ (1–0) line profile for G12.42 is
hown to be not an infall signature but arising due to two velocity
omponents. Se veral indi vidual cores in the protocluster, ho we ver,
how distinct infall profiles. The velocity components seen could be
 complex combination of large-scale inflow and outflow present in
his star-forming complex which will be discussed in a later section.
n comparison, for the protocluster, G19.88, clear infall signature
an be inferred from the clump-averaged spectra and towards the
entral cores in the grid map. Furthermore, in the framework of the
lobal hierarchical collapse (GHC) theory of massive star formation,
he absence of the typical infall signature in the line profiles does
ot preclude collapse (V ́azquez-Semadeni et al. 2019 ). The accepted
nfall signature of blue-skewed, double peaked line profiles assume
oughly spherical collapse, whereas under the GHC scenario collapse
ows are not isotropic and mostly sets in as longitudinal flows along

he filaments. The presence of filaments at various spatial scales
n both protoclusters (refer Section 6 ) suggest the likelihood of
ongitudinal flows and collapse along the filaments and hence could
ossibly explain the absence of the characteristic infall line profile
n G12.42. 

 FR AG MEN TATION  

nderstanding cloud and clump scale fragmentation is important for
eciphering the initial conditions of star formation. The evidence of
ragmentation in both protoclusters under study is revealed from the
LMA continuum maps. Thus it is pertinent to investigate the driving
echanism of fragmentation in these regions and to understand
NRAS 516, 1983–2005 (2022) 
hether core formation is go v erned by the Jeans-type fragmentation
rocess described in Kippenhahn & Weigert ( 1990 ). 
If the fragmentation is driven by Jeans instability, then the self-

ravitating clump is expected to fragment into cores characterized
y Jeans mass ( M Jeans ) and Jeans length ( λJeans ) which are defined as
Palau et al. 2014 ; Wang et al. 2014 ), 

 Jeans = 

π5 / 2 c 3 eff 

6 
√ 

G 

3 ρeff 

(5) 

nd 

Jeans = c eff 

(
π

Gρeff 

)1 / 2 

, (6) 

here ρeff is the volume density and c eff is the ef fecti ve speed of
ound. When only thermal support is considered, c eff will be the
hermal velocity dispersion ( σ th ), given by 

th = 

√ 

k B T kin 

μ m H 
, (7) 

here k B , T kin , m H , and μ are the Boltzmann constant, the kinetic
emperature, the mass of hydrogen atom, and the mean molecular
eight per free particle, respectively. We have considered μ = 2.37

Kauffmann et al. 2008 ; Wang et al. 2014 ; Sanhueza et al. 2019 ;
otdar et al. 2022 ). 
Massive clumps are mostly associated with non-thermal motions

ominated by turbulence. In such cases where both thermal and
on-thermal (turbulent) support are involved, c eff is replaced by
he total velocity dispersion ( σ tot ) that includes the non-thermal
elocity dispersion of the observed lines ( σnt ) and the thermal velocity
ispersion ( σ th ) and is expressed as (Liu et al. 2017 ; Liu, Stutz &
uan 2019 ) 

tot = 

(
σ 2 

nt + σ 2 
th 

)1 / 2 
(8) 

nd 

nt = 

√ 

( σline ) 2 − k B T kin 

m species 
, (9) 

where m species is the mass of the molecule and σ line is the velocity
ispersion measured from the spectra of the molecule used. For
nterpreting the clump to core fragmentation, we consider the larger
TLASGAL clump since filtering out of emission in the ATOMS
 mm clump would render the estimate of mass density inaccurate.
sing NH 3 (1,1) to (3,3) in version transitions, W ienen et al. ( 2012 )
eriv ed the av erage kinetic temperature of 24.7 K and 25.8 K for
he clumps associated with G12.42 and G19.88, respectively. We
dopted these as the kinetic temperatures of the clumps (Wienen
t al. 2012 , Table 3 ) for calculating σ th . In our calculations, we
se the value of mass, and radius of the clumps from Issac19 and
ssac20 for G12.42 and G19.88, respectively. These authors have
sed β = 2 for calculation of masses. To be consistent with the
alues used in this work, we have recalculated the clump masses
ith β = 1.75. Using T kin = 24.7 K, M clump = 764 M � and R clump 

 0.8 pc, we estimate c eff and ρeff to be 0.29 km s −1 and 2.4 × 10 −20 g
m 

−3 , respectively for G12.42. Similarly, for G19.88, using T kin 

 25.8 K, M clump = 1098 M � and R clump = 0.7 pc, we obtain c eff 

nd ρeff as 0.3 km s −1 and 5.2 × 10 −20 g cm 

−3 , respectively. The
on-thermal component, σ nt , is determined using velocity dispersion
 σ line ) measured from the H 

13 CO + spectra. To a v oid the influence
f current star formation feedback, the velocity dispersions for the
ragmentation analysis are estimated from spectra extracted offset
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Table 6. Comparison between observed parameters and estimated Jeans parameters for G12.42 and G19.88. The 
values in parenthesis denote the median values. 

Clump name T kin ρeff M 

Th 
Jeans λTh 

Jeans M 

turb 
Jeans λturb 

Jeans M 

core 
obs λcore 

obs 
(K) (g cm 

−3 ) (M �) (pc) (M �) (pc) (M �) (pc) 

G12.42 24.7 2.4 × 10 −20 14.1 0.4 162 1.0 8 −49 (24) 0.04 −0.3 (0.2) 
G19.88 25.8 5.2 × 10 −20 10.1 0.3 191 0.8 3 −23 (9) 0.02 −0.06 (0.03) 
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rom the core cluster and outflow re gions. F or G12.42 and G19.88,
line is estimated to be 0.6 and 0.8 km s −1 , respectively. 
To understand the driving mechanism of clump to core fragmenta- 

ion in these two protoclusters, we need to compare the observed 
asses of the cores and the separation between them with the 

redicted Jeans parameters. To compute the core separation, we use 
he minimum spanning tree (MST) method (e.g. Barrow, Bhavsar & 

onoda 1985 ). The MST algorithm connects a set of nodes with
traight lines and calculates the minimum sum of line lengths that 
onnect nodes without any loop in a graph. In our case, the cores are
onsidered as nodes, and the line lengths are the projected spatial 
eparations between the cores. Table 6 summarizes the derived 
hermal and turbulent Jeans parameters and also lists the range and 
edian values of the observed core masses and separation. It is to be

ept in mind that the projected separation is on average smaller than
he actual separation by a factor of 2/ π (Sanhueza et al. 2019 ) due to
rojection effect. 
The abo v e analysis enables us to interpret the fragmentation 

cenario. Similar trend is seen for both protoclusters where the ranges 
f observed parameters are fairly close to the predicted thermal Jeans
arameters. For G12.42, the medians of the observed mass and core 
eparation are within a factor of � 2 of the predicted values. In case
f G19.88, the median of the observed mass is similar whereas the
bserved core separation is a factor of 10 smaller. In comparison, 
he predicted parameters after including turbulent pressure are much 
arger than the observed values. For G12.42, the predicted turbulent 
eans length (1.0 pc) and mass (162 M �) are larger by a factor of ∼5
nd ∼7, respectively, than the median of the observed values. In case
f G19.88, the predicted turbulent Jeans length (0.8 pc) and mass
191 M �) are larger than the observed values by a factor of ∼27 and
21, respectiv ely. The abo v e analysis suggests that thermal Jeans

nstability can adequately explain the fragmentation of the massive 
lumps to cores in both the protoclusters. These results are in good
greement with the results of several statistical and dedicated studies 
e.g. Palau et al. 2013 ; Liu et al. 2017 ; Beuther et al. 2018 ; Sanhueza
t al. 2019 ; Potdar et al. 2022 ) towards protoclusters where thermal
ressure is inferred to be dominant in the hierarchical fragmentation 
rocess. Fragmentation where turbulence dominates o v er thermal 
ressure has also been inferred in several complexes. In a recent paper
ased on ATOMS data, Liu et al. ( 2022a ) discuss the fragmentation
rocess in the filamentary IRDC G034.43 + 00.24. Consistent with 
he results presented in several studies (e.g Zhang et al. 2009 , 2015 ;

ang et al. 2011 , 2014 ; Liu et al. 2017 ), the observed hierarchical
ragmentation in G034.43 + 00.24 is seen to be driven by turbulence
ith the magnetic field also playing a crucial role. 
Of the detected cores, approximately 65 per cent have masses 

round or below the thermal Jeans mass. The remaining are ‘super-
eans’ cores likely in different evolutionary phases ( Issac19 ; Issac20
nd this work) ranging from high-mass protostellar objects driving 
utflows/jets to HMCs to possible UCH II regions. Hence, the 
ore evolved ones could have amassed additional material in their 

ccretion phase. It is worthwhile to scrutinize these ‘super-Jeans’ 
ores at higher resolution (e.g. a few hundred AUs) to investigate 
s  
f they remain as single cores. If any, the role of turbulence and/or
agnetic fields becomes important to explain their stability against 

ragmentation. 
To further understand the nature of the detected cores, we present in 

ig. 9 (a) the core mass as a function of the radius. Several commonly
dopted thresholds for massive star formation are o v erlaid in this
lot. The identified cores in these protoclusters satisfy the mass–
adius requirement ( m ( r ) > 870 M �(r/ pc) 1 . 33 ) defined by Kauffmann
t al. ( 2010 ) for high-mass star formation. The plot also displays the
hresholds based on the surface mass density for formation of high-

ass stars (Krumholz & McKee 2008 ; Urquhart et al. 2014 ) and for
fficient star formation (Heiderman et al. 2010 ; Lada et al. 2010 ).
n Fig. 9 (b), the core mass as a function of the surface mass density
s plotted. Cores MM3 in G12.42 and MM2 in G19.88 are the most

assive cores detected in these two protoclusters. Similarly, cores 
M5 in G12.42 and MM1 in G19.88 are the densest compact cores.
We rule out the effect of mass sensitivity (refer Section 3 ) on the

bserved lack of low-mass cores. Dearth of low-mass cores in star-
orming clumps has also been reported by several authors (e.g. Zhang
t al. 2015 ; Liu et al. 2017 ). Later formation epoch of low-mass
tars and feedback from newly formed massive stars suppressing 
urther fragmentation are some of the likely reasons discussed in 
hese papers. In this study, collimated and large-scale outflows are 
dentified towards G12.42 and G19.88 (Section 6.3 ). Further, Issac19 
uggest a co-existence of the UC H II region with an ionized jet in the
12.42 complex. Hence, the presence of multiple outflows and an 
C H II region would have possibly inhibited further fragmentation 

esulting in the observed lack of low-mass protostellar cores. 

 G A S  KI NEMATI CS  IN  T H E  MULTI SCALE  

TRUCTURES  ASSOCI ATED  WI TH  T H E  

ROTOCLUSTERS  

.1 Large-scale filamentary structures 

12.42 has been proposed as a hub-filament system by Issac19 
ased on the morphology seen in mid-infrared Spitzer and far- 
nfrared Herschel images. Using the 8 μm Spitzer image, where the
lamentary structures appear as dark (high extinction) lanes, these 
uthors have visually identified six large-scale filamentary structures 
F1 – F6) in the south-west merging towards the central clump. When
 v erlaid on the 350 μm Herschel image, these identified filaments
atch with the bright, filamentary far-infrared emission (refer fig. 
 of Issac19 ). Further, using 12 CO(3 − 2) molecular line data from
CMT, they also reveal bulk motion along the identified filaments 
nd conjecture this as gas inflo w. Follo wing similar approach, we
evisited the filament identification in G12.42 and detected three 
dditional filaments (F7–F9). In Fig. 10 , we present the morphology
nd gas kinematics in this hub-filament system. From Fig. 10 (a),
wo hubs with intertwining filaments can be discerned where the 
rotocluster, G12.42, is associated with the north-east hub. The large- 
cale network of filaments is also seen in the JCMT 

13 CO(3–2)
MNRAS 516, 1983–2005 (2022) 
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M

(b)(a)

Figure 9. (a) The mass of the compact cores, identified using the 3 mm and 2.7 mm maps of G12.42 + 0.50, and G19.88 −0.53, respectively, is plotted as a 
function of the radius of the cores, and depicted by circles. The cyan and black lines indicate the surface density thresholds of 116 M �pc −2 ( ∼ 0.024 g cm 

−2 ) 
and 129 M �pc −2 ( ∼ 0.027 g cm 

−2 ) for active star formation from Lada, Lombardi & Alves ( 2010 ) and Heiderman et al. ( 2010 ), respectively. The shaded 
region delineates the low-mass star-forming region that does not satisfy the criterion m ( r ) > 870 M �(r/pc) 1.33 (Kauffmann et al. 2010 ).The green dashed lines 
represent the surface density threshold of 0.05 and 1 g cm 

−2 defined by Krumholz & McKee ( 2008 ) and Urquhart et al. ( 2014 ), respectively. (b) Core mass as 
a function of core mass surface density is shown. The green vertical line indicates a theoretical threshold of 1 g cm 

−2 , abo v e which the cores most likely form 

high-mass stars. The horizontal magenta line in both plots indicates a core mass of 8 M �. 
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 elocity inte grated map (Fig. 10 b). F or better signal-to-noise ratio,
he map is convolved to a resolution of 35 arcsec. 

The velocity structure (illustrated as colour coded circles) along the
dentified MIR filaments by Issac19 are o v erplotted on the 13 CO(3–
) v elocity inte grated map. The circles depict the 12 CO(3–2) peak
elocities obtained within circular regions of radius 3.75 arcsec.
ilamentary structures seen in the molecular line map display more
 xtended and comple x morphologies. To a v oid optical depth effects
nd influence of outflows, it would have been ideal to obtain the ve-
ocity structure using the optically thin 13 CO(3–2) transition but such
n analysis was not possible due to poor signal-to-noise ratio where
he peak fluxes within the apertures along the filaments are less than
hree times the rms noise. As illustrated by the colour coded circles,
lear velocity gradients ∼ 1 km s −1 pc −1 are seen along the identified
laments with decreasing velocities as one moves towards the hubs.
The ATOMS surv e y has probed the inner region of the central

ub in G12.42. We investigate the gas kinematics in this region by
onstructing the peak velocity map using the high resolution ( ∼2.5
rcsec) H 

13 CO 

+ (1-0) ALMA data. In doing so we have considered
nly the pixels where the peak intensity along the spectral axis is
reater than five times rms . The map is shown in Fig. 10 (c) where
he identified filaments are drawn. To further elaborate on the velocity
tructure, we estimate the median values of the peak velocities within
ircles of radius 1.25 arcsec along the filaments. These are shown
n Fig. 10 (d) as colour-coded circles o v erlaid on the moment zero
ap of H 

13 CO 

+ . The velocity structure for F7 is not plotted since
he peak velocities are masked out (pixel values below five times
ms ) along most part of the filament. Along the filaments F2, F8,
nd F9, the o v erall v elocity gradient is ∼ 2 km s −1 pc −1 . Considering
he filament F6, the velocity field is comparatively complex and
ho ws v ariation. In the inner region, ho we ver, the gradient along the
laments F2, F6, and F9 become steeper. The velocity structure also
e veals re versals, jump discontinuities which are difficult to interpret
NRAS 516, 1983–2005 (2022) 
iv en the comple x kinematics associated with the activ e star-forming
ores. 

Study of other star-forming regions, like the SDC335 cluster
Peretto et al. 2013 ), Serpens South cluster (Kirk et al. 2013 ),
nd AFL5142 (Liu et al. 2016 ) has re vealed e vidence of velocity
radients along filaments. Peretto et al. ( 2013 ) and Kirk et al. ( 2013 )
nterpreted velocity gradients of the order of ∼ 1 km s −1 pc −1 as gas
nfiow along filaments. Further, the median values of the velocities
long filaments F2 and F9 are ∼ 19 km s −1 and that along F6 and F8
re ∼ 17 . 5 km s −1 , spanning two different ranges. This is consistent
ith double-peaked profiles seen in the grid presented in Section 4 . 
The presence of such large-scale filaments is also seen in G19.88

s illustrated in Fig. 11 (a), where, following the same approach
s in G12.42, we have visually identified seven filaments (F1–
7) that are seen intersecting at the central hub harbouring the
rotocluster. Proceeding along the lines discussed for G12.42, the
 v erlay of these filaments on the ATOMS H 

13 CO 

+ (1–0) peak
elocity map is shown in Fig. 11 (b) and the colour-coded velocity
tructure is shown on the H 

13 CO 

+ (1–0) moment zero map. The
 v erall v elocity gradients along the identified filaments are much
ower ( < 0 . 5 km s −1 pc −1 ) compared to the filaments in G12.42.
o we v er, steep v elocity fluctuations are seen in F3 and F5. Gas
inematics of the large-scale filaments in this protocluster could
ot be explored due to unavailability of good quality archi v al CO
olecular line data. It is worth mentioning here that using data

rom ATOMS surv e y, Zhou et al. ( 2022 ) has identified well-defined
etwork of filaments in both these protoclusters by applying the
ILFINDER algorithm on the moment zero maps of H 

13 CO 

+ (1–0).
hese identified filaments appear to match well with the visually

dentified MIR filaments presented in this work. Further, the mul-
iple outflows detected in both protoclusters (discussed in a later
ection) influence the kinematics of the inflowing gas along the
laments. 

art/stac2353_f9.eps
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(a)
(b)

(d)(c)

Figure 10. (a) Skeletons of the identified filaments are o v erlaid on the colour composite image of the region around G12.42 using Spitzer 3.6 μm (blue), 4.5 
μm (green), and 8.0 μm (red) bands. The yellow dashed curves are adopted from Issac19 and the cyan dashed curves are new filaments identified in this paper. 
(b) Moment zero map of 13 CO (3–2) molecular line data from JCMT is shown in colour scale. The velocity peaks of 12 CO (3–2) adopted from Issac19 are 
o v erlaid on it. The dashed square box represents the region of the ATOMS maps shown in panels (c) and (d). (c) Peak velocity map of H 

13 CO 

+ (1–0) (obtained 
using combined 12-m + 7-m data) o v erlaid with filaments F2, F6, F7, F8, and F9. (d) The velocity peaks of H 

13 CO 

+ (1–0) extracted along the filaments (F2, 
F6, F8, and F9) are o v erlaid on the moment zero map of H 

13 CO 

+ (1–0) for the region associated with G12.42 + 0.50 shown in colour scale. The identified 3 mm 

cores are shown as black ellipses. The beam sizes are shown at the bottom right of each figure. 
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.2 Small-scale density structures 

o delve deeper and understand the dynamics that drives the star
ormation process in the two protoclusters, we perform a DENDRO- 
RAM analysis along the lines discussed in Liu et al. ( 2022b ) for

he filamentary cloud G034.43 + 00.24. Density structures at two 
ifferent scales (branches and leaves) are identified using the H 

13 CO 

+ 

ata cube in position–position–velocity (PPV) space. As mentioned 
n Section 3.1 the DENDROGRAM technique decomposes the emission 
nto a hierarchy of substructures where leaves are the smallest, bright 
tructures at the top of the tree hierarchy and branches are the faint,
xtended structures lower down in the tree. The local maxima in the
ata set determine the DENDROGRAM structures defined by distinct 
sosurfaces around and containing these local maxima. Presence of 
oisy pixels introduces spurious local maxima. To minimize this, we 
s

rst generate a noise map where each pixel represents the standard
eviation of intensity of that pixel in the line-free channels of the
ata cube spanning 30 km s −1 . Using this noise map, a modified data
ube of H 

13 CO 

+ is made, where pixels having peak intensity (along
he spectral axis) less than five times the noise are masked out. 

To generate the DENDROGRAM tree, the following parameters 
re used: (i) mi n value = 5 σ , (ii) mi n delta = 2 σ , and (iii)
i n npi x = N pixels. N is taken to be five times the synthesized

eam area to increase the possibility that the detected structures are
esolved both spatially (at least 3 beams) and in velocity (at least 2
hannels). Further details regarding the selection of DENDROGRAM 

arameters can be found in Duarte-Cabral et al. ( 2021 ). The values
f σ and N for G12.42 and G19.88 are 0.007, 0.008 Jy beam 

−1 ,
nd 175, 177, respectively. Figs 12 (a) and (b) display the 2D
patial distribution of the detected leaves overlaid on the moment 
MNRAS 516, 1983–2005 (2022) 
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(a)

(b)

Figure 11. (a) Skeletons of the identified filaments are o v erlaid on the colour 
composite image of the region around G19.88 using Spitzer 3.6 μm (blue), 
4.5 μm (green), and 8.0 μm (red) bands. The dashed square box represents 
the region of the ATOMS maps shown in panels (b) and (c). (b) Peak velocity 
map of H 

13 CO 

+ (1–0) (obtained using combined 12-m + 7-m data) o v erlaid 
with filaments F1, F3, F4, F5, and F6 is shown in colour scale. (c) The velocity 
peaks of H 

13 CO 

+ (1–0) extracted along the filaments (F1, F3, F4, F5, and F6) 
are o v erlaid on the moment zero map of H 

13 CO 

+ (1–0) for the region associ- 
ated with G19.88 −0.53 shown in colour scale. Ellipses represent the identified 
2.7 mm cores. The beam sizes are shown at the bottom left of each figure. 
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Figure 12. (a) Moment zero map of the modified H 

13 CO 

+ cube where only 
the pixels having peak intensity (along the spectral axis) greater than five 
times the noise are shown. The o v erlaid apertures are 2D representations of 
the 3D (PPV) leaf structures identified in G12.42. Each leaf is labelled with 
its structure ID (refer Table 7 ). (b) Same as (a) but for G19.88. The beam 

sizes are shown at the bottom left of each figure. 
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ero map of the modified data cube of H 

13 CO 

+ for G12.42 and
19.88, respectively. Based on a careful visual scrutiny, we discarded

tructures 15, 36, and 41 associated with G12.42 for further analysis.
hese structures are located at the edge and appear truncated.
ollowing the above procedure, we obtain 23 leaves and 15 branches
or G12.42 and for G19.88, 11 leaves and 5 branches are identified. 

The basic parameters of the identified density structures are
abulated in Tables 7 and 8 . These include the coordinates, corrected
NRAS 516, 1983–2005 (2022) 
ajor and minor axes, the aspect ratio, size, the peak intensity,
he velocity range in which the structures span, the mean velocity,
 V lsr > , of the structures, the velocity variation, δV , and the mean

elocity dispersion, <σ> of each identified structures. As discussed
nd implemented in Liu et al. ( 2022b ), a correction factor is
ultiplied to the major and minor axes. This factor equals the square

oot of the ratio of the actual area of the density structure in the plane
f the sky to the area of the DENDROGRAM extracted ellipse. The
ntensity-weighted first moment map is used to estimate the mean
elocity ( < V lsr > ) over the associated velocity range of the structure.
he velocity variation δV is the standard deviation of V lsr in the
tructures and the mean velocity dispersion ( <σ> ) is determined
rom the intensity-weighted second moment map. Using equation ( 9 ),
he non-thermal velocity dispersion ( σnt ) is calculated, where σ line 

s replaced by the mean velocity dispersion ( <σ> ) values given in
ables 7 and 8 . The clump averaged T kin from Wienen et al. ( 2012 )
refer Section 5 ) is considered in the calculation of σ nt . 

Consistent with the DENDROGRAM tree hierarchy, on average the
eaves display larger aspect ratios compared to the branches and have
izes that are smaller by a factor of ∼4. The av erage v elocities of
he structures reflect the dominant velocity components associated
ith the protoclusters. It should, ho we ver, be noted here that the
ouble velocity component observed in G12.42 will be ingrained in
he kinematics of the structures. Compared to the structures identified
n G034.43 + 00.2 (Liu et al. 2022b ) where the leaves and branches
ere typically 0.09 and 0.6 pc, respectively, we are probing smaller

cale density structures in G12.42 and G19.88 where the median
alues of leaves and branches are 0.03 and 0.1 pc, respectively. To
ecipher the gas dynamics of these two protoclusters, we investigate
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Table 7. Physical parameters of leaves for G12.42 and G19.88. 

ID RA DEC major minor Aspect Length F P Vel. range < V lsr > δV <σ> <σ nt > 

(J2000) (J2000) (arcsec) (arcsec) ratio pc Jy beam 

−1 km s −1 km s −1 km s −1 km s −1 km s −1 

G12.42 
0 18:10:49.67 −17:55:51.84 2.1 1.4 0.69 0.02 0.05 [13.51, 14.77] 14.08 ± 0.06 0.20 ± 0.04 0.40 ± 0.03 0.40 ± 0.03 
9 18:10:49.64 −17:55:39.44 3.3 2.1 0.65 0.03 0.07 [15.61, 17.51] 16.44 ± 0.05 0.45 ± 0.04 0.48 ± 0.02 0.47 ± 0.02 
11 18:10:51.15 −17:55:48.07 8.3 3.8 0.46 0.07 0.30 [15.83, 18.15] 16.98 ± 0.01 0.26 ± 0.01 0.60 ± 0.01 0.59 ± 0.01 
12 18:10:50.33 −17:55:57.25 3.8 2.3 0.62 0.03 0.18 [16.04, 17.72] 16.88 ± 0.04 0.34 ± 0.03 0.50 ± 0.01 0.50 ± 0.01 
13 18:10:49.34 −17:55:59.87 2.5 1.6 0.63 0.02 0.15 [16.25, 16.88] 16.58 ± 0.05 0.07 ± 0.04 0.21 ± 0.04 0.20 ± 0.04 
16 18:10:48.54 −17:56:02.02 3.8 1.9 0.5 0.03 0.10 [16.46, 17.72] 17.10 ± 0.04 0.25 ± 0.03 0.27 ± 0.02 0.26 ± 0.02 
17 18:10:52.37 −17:56:07.36 7.0 2.0 0.28 0.04 0.16 [16.46, 18.15] 17.20 ± 0.02 0.17 ± 0.02 0.43 ± 0.01 0.43 ± 0.01 
23 18:10:50.46 −17:55:37.98 4.4 2.6 0.6 0.04 0.20 [16.67, 19.20] 17.94 ± 0.04 0.59 ± 0.03 0.74 ± 0.01 0.74 ± 0.01 
24 18:10:52.59 −17:56:01.70 6.5 1.9 0.29 0.04 0.15 [16.88, 18.36] 17.64 ± 0.02 0.20 ± 0.02 0.43 ± 0.01 0.43 ± 0.01 
25 18:10:49.51 −17:55:50.32 5.8 2.1 0.36 0.04 0.17 [16.88, 18.57] 17.74 ± 0.03 0.29 ± 0.02 0.50 ± 0.01 0.50 ± 0.01 
26 18:10:51.31 −17:56:17.06 3.6 2.2 0.59 0.03 0.13 [17.30, 18.57] 17.99 ± 0.04 0.13 ± 0.03 0.14 ± 0.02 0.12 ± 0.02 
28 18:10:50.87 −17:55:33.44 3.6 1.5 0.41 0.03 0.20 [17.51, 18.15] 17.86 ± 0.05 0.09 ± 0.04 0.22 ± 0.03 0.21 ± 0.03 
29 18:10:48.92 −17:55:22.94 1.5 1.3 0.86 0.02 0.10 [17.51, 18.99] 18.23 ± 0.07 0.11 ± 0.05 0.37 ± 0.05 0.37 ± 0.05 
31 18:10:52.24 −17:55:46.81 4.4 1.3 0.29 0.03 0.16 [18.15, 18.99] 18.54 ± 0.05 0.18 ± 0.03 0.28 ± 0.02 0.27 ± 0.02 
32 18:10:51.89 −17:55:20.80 1.6 1.5 0.94 0.02 0.11 [18.15, 18.99] 18.61 ± 0.08 0.11 ± 0.06 0.23 ± 0.05 0.22 ± 0.05 
33 18:10:49.03 −17:55:59.99 5.7 1.5 0.26 0.03 0.22 [18.36, 19.20] 18.85 ± 0.03 0.20 ± 0.02 0.27 ± 0.02 0.26 ± 0.02 
34 18:10:48.18 −17:56:01.22 2.4 2.1 0.85 0.03 0.19 [18.36, 18.78] 18.58 ± 0.05 0.06 ± 0.04 0.16 ± 0.04 0.14 ± 0.04 
35 18:10:50.21 −17:55:43.11 2.2 1.2 0.54 0.02 0.15 [18.36, 19.20] 18.76 ± 0.07 0.15 ± 0.05 0.29 ± 0.04 0.29 ± 0.04 
37 18:10:52.60 −17:55:24.46 3.2 1.8 0.54 0.03 0.21 [18.57, 19.41] 18.98 ± 0.04 0.24 ± 0.03 0.28 ± 0.02 0.27 ± 0.02 
39 18:10:49.90 −17:55:52.62 5.1 1.7 0.33 0.03 0.19 [18.78, 19.62] 19.18 ± 0.03 0.13 ± 0.02 0.27 ± 0.02 0.27 ± 0.02 
40 18:10:49.07 −17:55:46.02 4.2 1.0 0.25 0.02 0.11 [18.78, 19.62] 19.18 ± 0.04 0.14 ± 0.03 0.28 ± 0.03 0.27 ± 0.03 
42 18:10:50.69 −17:55:50.18 5.4 2.3 0.42 0.04 0.26 [18.99, 20.68] 19.84 ± 0.03 0.33 ± 0.02 0.46 ± 0.01 0.46 ± 0.01 
43 18:10:49.96 −17:55:33.27 4.8 1.7 0.35 0.03 0.17 [18.99, 19.83] 19.37 ± 0.03 0.12 ± 0.02 0.27 ± 0.02 0.26 ± 0.02 

G19.88 

4 18:29:15.15 −11:50:20.56 2.2 1.4 0.65 0.03 0.20 [40.70, 41.75] 41.22 ± 0.05 0.08 ± 0.04 0.34 ± 0.04 0.33 ± 0.04 
7 18:29:14.47 −11:50:21.46 6.7 2.5 0.37 0.07 0.33 [42.17, 44.71] 43.47 ± 0.03 0.53 ± 0.02 0.70 ± 0.01 0.70 ± 0.01 
8 18:29:15.45 −11:50:25.58 3.4 2.6 0.74 0.05 0.16 [42.60, 44.07] 43.32 ± 0.03 0.23 ± 0.02 0.45 ± 0.01 0.44 ± 0.01 
9 18:29:15.95 −11:50:35.79 4.8 3.2 0.67 0.06 0.14 [43.23, 44.28] 43.78 ± 0.02 0.13 ± 0.02 0.32 ± 0.01 0.31 ± 0.01 
10 18:29:12.54 −11:50:09.69 2.9 2.0 0.69 0.04 0.12 [43.23, 44.49] 43.68 ± 0.06 0.28 ± 0.05 0.31 ± 0.03 0.31 ± 0.03 
11 18:29:13.07 −11:50:01.76 2.0 1.0 0.52 0.02 0.08 [43.23, 44.28] 43.78 ± 0.08 0.14 ± 0.06 0.31 ± 0.05 0.30 ± 0.05 
12 18:29:13.73 −11:50:16.25 3.6 2.0 0.55 0.04 0.26 [43.44, 44.49] 44.00 ± 0.04 0.16 ± 0.03 0.33 ± 0.02 0.32 ± 0.02 
13 18:29:13.17 −11:49:51.05 3.2 1.9 0.58 0.04 0.13 [43.65, 44.71] 44.06 ± 0.05 0.11 ± 0.03 0.25 ± 0.03 0.24 ± 0.03 
14 18:29:14.48 −11:50:28.82 4.3 2.5 0.57 0.05 0.20 [43.86, 45.76] 44.76 ± 0.03 0.32 ± 0.02 0.54 ± 0.01 0.54 ± 0.01 
15 18:29:15.31 −11:50:31.83 3.2 1.7 0.52 0.04 0.11 [44.28, 44.92] 44.59 ± 0.05 0.16 ± 0.03 0.23 ± 0.03 0.22 ± 0.03 
16 18:29:13.46 −11:50:01.83 2.1 1.5 0.71 0.03 0.10 [44.28, 45.13] 44.73 ± 0.06 0.06 ± 0.05 0.27 ± 0.04 0.26 ± 0.04 

Table 8. Physical parameters of branches for G12.42 and G19.88. 

ID RA DEC major minor Aspect Length F P Vel. range < V lsr > δV <σ> <σ nt > 

(J2000) (J2000) (arcsec) (arcsec) ratio pc Jy beam 

−1 km s −1 km s −1 km s −1 km s −1 km s −1 

G12.42 
2 18:10:50.66 −17:55:45.87 27.92 13.64 0.49 0.23 0.30 [14.77, 21.10] 18.02 ± 0.01 1.14 ± 0.01 1.16 ± 0.006 1.15 ± 0.006 
3 18:10:50.67 −17:55:45.87 27.88 13.40 0.48 0.22 0.30 [14.98, 21.10] 18.02 ± 0.01 1.02 ± 0.01 1.16 ± 0.005 1.15 ± 0.005 
4 18:10:50.45 −17:55:48.43 21.58 13.68 0.63 0.20 0.30 [14.98, 21.10] 17.94 ± 0.01 0.91 ± 0.01 1.16 ± 0.005 1.15 ± 0.005 
5 18:10:50.44 −17:55:48.37 19.42 11.66 0.60 0.18 0.30 [15.19, 20.89] 17.95 ± 0.01 1.10 ± 0.01 1.16 ± 0.002 1.16 ± 0.002 
6 18:10:50.45 −17:55:48.28 19.24 11.66 0.61 0.17 0.30 [15.19, 20.89] 17.95 ± 0.01 1.06 ± 0.01 1.16 ± 0.006 1.16 ± 0.006 
7 18:10:51.01 −17:55:50.71 15.11 6.20 0.41 0.11 0.30 [15.19, 19.20] 17.43 ± 0.01 0.70 ± 0.01 0.95 ± 0.003 0.95 ± 0.003 
8 18:10:50.95 −17:55:50.47 13.91 4.58 0.33 0.09 0.30 [15.40, 18.36] 17.09 ± 0.01 0.48 ± 0.01 0.71 ± 0.004 0.70 ± 0.004 
14 18:10:52.56 −17:55:23.53 9.55 5.81 0.61 0.09 0.21 [16.25, 20.04] 19.07 ± 0.02 0.73 ± 0.02 0.48 ± 0.005 0.47 ± 0.005 
18 18:10:50.08 −17:55:46.79 17.42 7.76 0.45 0.14 0.26 [16.46, 20.89] 18.28 ± 0.01 0.86 ± 0.01 1.07 ± 0.004 1.07 ± 0.004 
19 18:10:50.14 −17:55:47.30 16.63 6.63 0.4 0.12 0.26 [16.46, 20.89] 18.28 ± 0.01 0.85 ± 0.01 1.08 ± 0.003 1.07 ± 0.003 
20 18:10:50.09 −17:55:47.49 17.21 6.93 0.4 0.13 0.26 [16.46, 20.89] 18.28 ± 0.01 0.91 ± 0.01 1.08 ± 0.004 1.07 ± 0.004 
21 18:10:50.18 −17:55:47.66 14.16 5.87 0.41 0.11 0.26 [16.67, 20.68] 18.35 ± 0.02 0.88 ± 0.01 1.05 ± 0.003 1.05 ± 0.003 
22 18:10:50.52 −17:55:37.62 7.96 2.81 0.35 0.06 0.20 [16.67, 19.20] 17.98 ± 0.03 0.66 ± 0.02 0.72 ± 0.007 0.72 ± 0.007 
30 18:10:50.03 −17:55:52.74 14.12 3.62 0.26 0.08 0.26 [18.15, 20.68] 19.18 ± 0.01 0.49 ± 0.01 0.63 ± 0.005 0.62 ± 0.005 
38 18:10:50.40 −17:55:50.64 7.20 3.39 0.47 0.06 0.26 [18.78, 20.68] 19.54 ± 0.02 0.40 ± 0.02 0.51 ± 0.005 0.51 ± 0.005 

G19.88 

1 18:29:14.57 −11:50:20.96 13.87 8.13 0.59 0.17 0.33 [40.70, 45.76] 43.51 ± 0.01 0.82 ± 0.01 1.09 ± 0.004 1.08 ± 0.004 
2 18:29:14.61 −11:50:21.16 14.89 8.97 0.6 0.19 0.33 [40.70, 45.76] 43.56 ± 0.01 0.92 ± 0.01 1.08 ± 0.004 1.08 ± 0.004 
3 18:29:14.42 −11:50:20.77 11.04 6.44 0.58 0.14 0.33 [40.70, 45.76] 43.54 ± 0.02 0.95 ± 0.01 1.14 ± 0.004 1.13 ± 0.004 
5 18:29:14.37 −11:50:19.65 11.94 4.22 0.35 0.11 0.33 [40.70, 45.13] 43.28 ± 0.02 0.90 ± 0.02 1.06 ± 0.005 1.05 ± 0.005 
6 18:29:14.34 −11:50:19.64 11.44 4.19 0.37 0.11 0.33 [41.96, 45.13] 43.55 ± 0.02 0.57 ± 0.01 0.81 ± 0.006 0.81 ± 0.006 
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(a) (b)

Figure 13. Velocity size relation for density structures in G12.42 and G19.88. (a) Variation of velocity plotted as a function of size. (b) Non-thermal velocity 
dispersion as a function of size. In both the panels, circles indicate the leaf structures and triangles show DENDROGRAM branches. The filled and empty markers 
represent values for G12.42 and G19.88, respectively. In both the panels, the green dashed line shows the Larson relation with C = 2.0 and � = 0.5. 
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he derived values of δV and σnt of small and larger-scale density
tructures detected. The parameter δV represents the gas kinematics
ithin the density structure in the plane of the sky and σ nt gives the
ean gas motion along the line of sight (Lee et al. 2014 ; Storm et al.

014 ; Liu et al. 2022b ). In Fig. 13 , we plot both these parameters as
 function of the size-scale, L . The branches have larger δV and
nt than the leaves, which is consistent with the fact that these
o v er larger spatial scales and hence likely to reflect large-scale gas
otion. Similar velocity trends are seen in the analysis of the density

tructures in G034.43 + 00.24 (Liu et al. 2022b ). The velocity regimes
re indicated in the figure. The shaded horizontal band delimitates the
onic ( ≤c eff ) and the transonic ( ≤2 c eff ) levels at 0.3 and 0.6 km s −1 ,
espectiv ely. The clump-av eraged T kin is used in equation ( 7 ) to
alculate the abo v e lev els. The v elocity variation, δV , of majority of
he leaves is below the sonic level while most of the branches are
bo v e the transonic regime. The distribution in the mean non-thermal
elocity dispersion also shows similar behaviour. This shows that gas
otions in the larger scale density structures, the branches, are mostly

upersonic while in the smaller scale structures, the leaves, subsonic,
r transonic gas motion is observed. 
Internal kinematics of molecular clouds are known to be dominated

y supersonic gas motion that is generally attributed to turbulent gas
o w, chaotic gravity-dri ven motions, or orderly large-scale gas inflow
Hacar et al. 2016 ; Liu et al. 2022b , and references therein). For
urbulent clouds, there exists a correlation between the velocity field
nd the size which takes a power-law form over a large range of spatial
cales probed. This is referred to as Larson’s law (velocity dispersion,
(km s −1 ) � C L (pc) � , with coefficients C = 1.1 and � = 0.38)
fter the pioneering work by Larson ( 1981 ). Following this, several
bservational and simulation studies (e.g. Larson 1981 ; Solomon
t al. 1987 ; Heyer & Brunt 2004 ; Rosolowsky et al. 2008 ) have
ho wn this po wer-law scaling in molecular clouds to be consistent
ith the presence of turbulence, supersonic motions, and shocks
ue to colliding gas flows. These studies have revealed that the
caling exponent and coef ficient sho w near invariance suggesting the
niversality of turbulence. Based on several later studies on larger
nd more homogeneous data sets, the widely accepted values are C
 1.0 and � = 0.5 (Solomon et al. 1987 ). 
To probe this scaling at the scales of the structures in G12.42

nd G19.88, the Larson relation with a power-law exponent of
.5 is shown in Fig. 13 . The Larson coefficient (1.0; Solomon
t al. 1987 ) has been offset to the level of the observed velocity
arameters. The branches show trends in both plots that are consistent
NRAS 516, 1983–2005 (2022) 
ith the canonical Larson’s relation slope. The scatter seen in
he leaves is larger but there is a definite hint of deviation (i.e.
teepening) which is visually more prominent in the L − δV plot.
imilar studies have been carried out by several authors and in

he discussion that follows we give a brief o v erview of the same.
he velocity–size scaling in G034.43 + 00.24 (Liu et al. 2022b )
lso shows similar steepening for the leaf structures. Other recent
tudies based on high-resolution data (e.g. Ballesteros-Paredes et al.
011 ; Friesen et al. 2016 ; Hacar et al. 2016 ) have also shown
eviation from the Larson law both in the scaling exponent and
oefficient. DENDROGRAM analysis of the linewidth–size relation
n Serpens South, using NH 3 molecular line data, shows a flat L

σ nt distribution (Friesen et al. 2016 ). For Serpens Mains, Lee
t al. ( 2014 ) implemented similar analysis with N 2 H 

+ (1–0) data
nd present consistent results where σ nt remains invariant with size
hough the L − δV slope agrees well with the Larson relation. In their
nalysis of the sonic filament in the Musca cloud, Hacar et al. ( 2016 )
eport a broken power-law fit where a flattening is seen shortward
f ∼1 pc. 
Summarizing the results of these abo v e-mentioned studies and

omparing the same with our work, it is possible that local gas
inematics in regions within molecular clouds is different while still
reserving the global properties described by the Larson relation.
dditionally, the observed deviations reflect the spatial scales at
hich turbulence ceases to dominate the kinematics of the cloud.
he velocity structure seen in the Musca filament (Hacar et al.
016 ) is the first observational evidence of a parsec-scale structure
hat is fully decoupled from the supersonic turbulent regime of the
SM. Another crucial piece of information that is gathered from
he L − δV and the L − σ nt plots for G12.42 and G19.88 is
he transition from supersonic gas motion to transonic velocities
t ∼0.1 pc. This is in excellent agreement with the observational
esults presented in Goodman et al. ( 1998 ) and Pineda et al. ( 2010 )
nd defines the transitional scale at which turbulent gas motion
issipates. From the observed NH 3 line width variation, Wang
t al. ( 2008 ) have also inferred dissipation of turbulence occurring
n the dense regions of the infrared dark cloud G28.34 −0.06. At
his juncture, the turbulence induced non-linear density fluctuations
roceed towards formation of sonic substructures which eventually
orm the star-forming cores. Hence, for the identified structures
ithin our protoclusters, the deviation from Larson’s scaling and

he transition scale from supersonic motion corroborate well with

art/stac2353_f13.eps
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Table 9. Virial parameters of cores associated with G12.42 + 0.50 and 
G19.88 −0.53. 

Cores Line width ( 
 V ) M vir αvir 

km s −1 (M �) 

G12.42 
MM1 1.2 2.0 0.1 
MM2 1.2 2.1 0.1 
MM3 1.4 6.3 0.1 
MM4 1.7 6.3 0.4 
MM5 1.6 3.5 0.1 
MM6 1.0 2.2 0.2 
MM7 0.9 1.9 0.2 

G19.88 
MM1 2.1 2.9 0.3 
MM2 1.6 4.1 0.2 
MM3 2.1 3.1 0.4 
MM4 2.1 3.1 0.4 
MM5 2.0 2.9 0.3 
MM6 2.0 4.2 0.4 
MM7 2.1 3.7 1.1 
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.3 Core kinematics 

.3.1 Infall activity 

ollowing the analysis presented in Section 4 , the virial mass and
irial parameter are calculated for all the detected cores and tabulated 
n Table 9 . αvir values are estimated to be less than 2 for all cores. As
onjectured for the clumps, the detected cores can also be considered 
o be supercritical and under collapse. And if that is not the case, then
here should exist significant support (e.g. magnetic field) to resist 
ollapse (see Section 4 ). 

In addition to the abo v e, from the spectra presented in Figs 6
nd 7 , several cores are seen to display the typical infall signature.
or G12.42, the cores, MM1, MM2, and MM3 clearly show self-
bsorbed profiles of HCO 

+ . In case of G19.88, the spectrum extracted
 v er the area co v ering the cores MM1, MM3, MM4, and MM7
hows this signature. It is difficult in this case to attribute this to any
articular core. Using equation ( 4 ), we also estimate the asymmetry
arameter ( A ) for these core profiles which lie in the range −0.6
o −0.7. These estimated values in combination with the displayed 
rofiles of the HCO 

+ and the H 

13 CO 

+ lines strongly indicate infall
ctivity in these cores. Furthermore, assuming a spherically sym- 
etric core of radius, R core , and volume density, ρ, we estimate the
ass infall rate, M inf = 4 πR 

2 
core ρV inf (L ́opez-Sepulcre, Cesaroni &

almsley 2010 ), where V inf = | V thick − V thin | = | V H 13 CO + − V HCO + |
s the infall velocity and ρ = M core 

/
4 
3 πR 

3 
core . For the individual cores

robed in G12.42, M inf is estimated to be ∼ 6 . 5 × 10 −3 M �yr −1 . For
19.88, the spectra showing infall yield similar values ranging from 

1.4 × 10 −3 to ∼ 6 . 3 × 10 −3 M �yr −1 . These are in good agreement
ith infall rates derived for other high-mass star-forming regions. To 

ite a few results from literature, Liu et al. ( 2013 ) estimate the mass
nfall rates to be ∼ 1.5 ×10 −2 M �yr −1 , while L ́opez-Sepulcre et al.
 2010 ) and Chen et al. ( 2010 ) report larger ranges of ∼1.8 × 10 −3 –
.3 ×10 −1 M �yr −1 and ∼4 × 10 −2 – 1 ×10 −4 M �yr −1 , respectively. 

.3.2 Outflow activity 

ets and outflows are signposts of star formation and pre v alent in
ll mass re gimes. The high-v elocity and collimated jets, which are
ndirect tracers of accretion discs, not only carry a way e xcess angular

omentum from the rotating discs but also entrain gas and dust
rom the ambient medium forming large-scale molecular outflows 
Beuther et al. 2002a ; Purser et al. 2016 ). These outflows manifest as
road wings in the line profiles of molecular transitions like HCO 

+ ,
S, SO, and SiO (e.g. Qiu et al. 2007 ; S ́anchez-Monge et al. 2013 ;
odio et al. 2015 ; Liu et al. 2017 ; Li et al. 2019a , 2020b ; Liu et al.
021 ). Both protoclusters investigated in this study are classified as
GOs and hence are expected to be associated with outflows/jets (e.g. 
yganowski et al. 2008 ; De Buizer & Vacca 2010 ; Lee et al. 2012 ;
akami et al. 2012 ; Chen et al. 2013 ). As discussed earlier, low
requency radio observations with GMRT by Issac19 and Issac20 
ave shown the presence of ionized jets. These authors have also
resented outflows using CO data from JCMT and high-resolution 
rchi v al ALMA C 

18 O data. Here, we discuss the outflow features
bserved with the ATOMS survey. 
Line profiles of the molecular line spectra presented and discussed 

n Section 3.2 indicate the presence of outflows driven by one or
ore of the detected star-forming cores in the two protoclusters. 
o visualize the orientation and the spatial morphology of these 
utflows, we present moment 0 maps of SiO with the contours of
CO 

+ and SiO integrated over the high-velocity wings. Figs 14 
nd 15 illustrate the abo v e for G12.42 and G19.88, respectiv ely. F or
19.88, we also present the H 

13 CO 

+ contours. The velocity ranges
 v er which the blue and red-wings of the gas emission is integrated
re mentioned in the figure captions. 

SiO is considered to be an excellent tracer of shocks (Schilke et al.
997 ) and collimated jets in star-forming regions. It is formed when
owerful shocks passing through dense molecular gas disrupt dust 
rains via sputtering or direct photodesorption and vaporization or 
hattering from the grain–grain collision in shocked environments. 
his results in enhancement of the gas-phase abundance of SiO by
any orders of magnitudes in star-forming regions with molecular 

utflows as compared to those in quiescent regions (Irvine et al. 1987 ;
iurys et al. 1989 ; Martin-Pintado et al. 1992 ; Codella et al. 1999 ).

n the presence of high-velocity gas ( > 25 km s −1 ) from shocks,
iO abundance is found to increase up to an abundance of 10 −7 

e.g. Garay et al. 1998 ; Nisini et al. 2007 ), whereas in dense clouds,
bundance is low ( < 10 −12 ) (e.g. Ziurys, Friberg & Irvine 1989 ).
he SiO maps reveal the presence of prominent, bright emission 
ith enhanced knots in the region associated with the protoclusters. 
Pronounced SiO emission is seen along the north-east south-west 

irection on opposite side of the cluster of cores (MM1, MM2, MM3,
M4, and MM5) in G12.42 possibly tracing an outflow (labelled as
F1 indicated with dashed line in Fig. 14 ). 
Similarly, the presence and orientation of SiO knots indicate a 

econd outflow direction along OF2, likely associated with cores, 
M6 and MM7. 
In case of G19.88, bright, elongated SiO emission is seen south-

ast of the core cluster (MM1, MM2, MM3, and MM4), which could
e part of an outflow (labelled OF1). A single, bright SiO knot is
lso seen towards the north-west. 

To confirm the presence of outflows, we inspect the spatial 
orrelation of the observed enhanced SiO emission (as seen in the
olour scale in Figs 14 and 15 ) with that of the high-velocity wings
een in the HCO 

+ and SiO spectra. These are found to be in good
greement. 

The contours tracing the high-velocity SiO wings clearly show the 
lue lobes of OF1 and OF2 in G12.42 (see Fig. 14 a). The pronounced
lue-outflow wing of HCO 

+ appears wide and could possibly be 
 v erlapping blue lobes of outflows, OF1 and OF2 (Fig. 14 b). The red
obe along OF2 is wide and clearly seen compared to that of OF1.
rom the orientation of the outflows and location of the detected

obes, it is likely that OF1 is driven by MM3 and OF2 by MM6
MNRAS 516, 1983–2005 (2022) 
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(a)

(b)

Figure 14. Outflow emission traced by different tracers o v erlaid on the 
moment zero map of SiO (2–1) for the region associated with G12.42 + 0.50. 
Moment zero map for SiO transition obtained by integrating over the full 
velocity range is shown as colour scale. (a) SiO contours integrated in 
velocity ranges [0–16.0] km s −1 and [19.8–26.9] km s −1 for blue and red 
lobes, respectively, are overlaid on the moment zero map of SiO (2–1). The 
contour levels are 3, 5, 7, 11, 16, 22 times σ ( σ = 0.03 Jy beam 

−1 km s −1 ), 
and 3, 4, 5, 9, 13, 18 times σ ( σ = 0.02 Jy beam 

−1 km s −1 ) for blue and red, 
respectively. SiO emission only concentrates on several positions labelled as 
1–6. The black circles represent the area o v er which the spectra is extracted. 
(b) Outflow emission traced by HCO 

+ are shown as contours. The contours 
are integrated in velocity ranges [12–15.0] km s −1 and [21.0–29] km s −1 for 
blue and red lobes, respectively. The contour levels are 3, 4, 5, 7, 11, 14, 17, 
20 times σ ( σ = 0.05 Jy beam 

−1 km s −1 ), and 3, 4, 5, 6, 7, 8 times σ ( σ
= 0.04 Jy beam 

−1 km s −1 ) for blue and red, respectively. In both the panels, 
the dashed lines indicate the possible outflow directions. The identified cores 
are shown as filled ellipses. The beam sizes are shown at the lower left in 
each figure. 

o  

r  

I  

l  

C  

a  

A  

O  

G  

o  

o  

(a)

(b)

(c)

Figure 15. Same as Fig. 14 , but for G19.88 −0.53. Moment 0 map for SiO 

transition obtained by integrating over the full velocity range is shown as 
colour scale in all panels. (a) SiO contours integrated in velocity ranges 
[30.1 −41.0] km s −1 and [46.5 −105.0] km s −1 for blue and red lobes, respec- 
tively are overlaid. The contour levels are 3, 4, 5, 9, 13, 17, 21 times σ ( σ
= 0.033 Jy beam 

−1 km s −1 ) and 3, 4, 5, 8, 11, 14, 17, 20, 23 times σ ( σ
= 0.15 Jy beam 

−1 km s −1 ) for blue and red, respectively. (b) HCO 

+ contours 
integrated in velocity ranges [25.0 −40.1] km s −1 and [47.4 −60.0] km s −1 

for blue and red lobes, respectively are shown. The contour levels are 3, 
4, 5, 6, 7, 8 times σ , where σ = 0.15 and 0.13 Jy beam 

−1 km s −1 for blue 
and red, respectively. (c) Outflow contours of H 

13 CO 

+ (1 −0) integrated in 
velocity ranges [29.9 −41.8] km s −1 and [45.8 −55.0] km s −1 for blue and 
red lobes, respectively, are presented. The contour levels are 3, 4, 5, 7, 
9 times σ ( σ = 0.022 Jy beam 

−1 km s −1 ) and 3, 4, 5 times σ ( σ = 0.02 
Jy beam 

−1 km s −1 ) for blue and red, respectively. In all the panels, the black 
dashed lines indicate the possible outflow directions. The identified cores 
are shown as filled ellipses (cyan). The beam sizes are shown at the lower 
left-hand side in each figure. 
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r MM7. Both outflows detected here lie towards the innermost
egion of the large scale, wide-angle CO outflow presented by
ssac19 . In the G19.88 complex, OF1 shows the prominent outflow
obes. This outflow is consistent with the ALMA high-resolution
O outflow discussed in Issac20 which probed the inner region. It
lso matches with the SiO outflow studied by Qiu et al. ( 2007 ).
lmost perpendicular to OF1, we detect another possible outflow,
F2, which is also reported by Qiu et al. ( 2007 ). In addition to this, in
19.88, the H 

13 CO 

+ spectrum also showed outflow wings, the spatial
rientation of this shown in Fig. 15 (c). Labelled as OF3, the direction
f this outflow matches very well with the CO outflow mapped by
NRAS 516, 1983–2005 (2022) 
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Figure 16. Averaged spectra of six positions marked by black circles in 
Fig. 14 (a) presenting the outflow emission traced by different tracers towards 
G12.42. The SiO (2 −1) spectra obtained using combined 12-m + 7-m data 
are drawn in blue lines. The spectra are boxcar smoothed by four channels 
resulting in a velocity resolution of 0.84 km s −1 . The orange and green dashed 
lines indicate the decomposed components of SiO (2 −1) line and red spectral 
line is the resultant double Gaussian fitting. The vertical green dashed line 
marks the systemic velocity (18.3 km s −1 ). 
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Figure 17. Averaged spectra of eight positions marked by black circles in 
Fig. 15 (a) showing the outflow emission traced by different tracers towards 
G19.88. The SiO (2 −1) spectra obtained using combined 12-m + 7-m data 
are drawn in blue lines. The spectra are boxcar smoothed by four channels 
resulting in a velocity resolution of 0.84 km s −1 . The orange, purple, and 
green dashed lines indicate the decomposed components of SiO (2 −1) line 
and red spectral line is the resultant multi-Gaussian fitting. The vertical green 
dashed line marks the systemic velocity (44.0 km s −1 ). 
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ssac20 using low-resolution ALMA data (refer to Fig. 15 (a) of
ssac20 ). There is a cluster of cores (MM1, MM2, MM3, and MM4)
t the close vicinity of the centroid of the outflows and are likely to
e triggered by one or more of them. Based on GMRT radio data,
ssac20 identify the presence of an ionized jet coincident with MM2,
aking it the most promising candidate for driving the SiO outflows 

iven that SiO emission originates from the high-velocity C-type or 
J-type shocks that are associated with protostellar jets (Widmann 
t al. 2016 ). 

Several studies of star-forming regions have shown that the SiO 

pectra can be better fitted with two Gaussian components, a broad 
nd a narrow one. The broader ones are commonly attributed to high-
elocity shocks from protostellar outflows (Liu et al. 2017 ; Zhou 
t al. 2021 ). The narrow components are argued to be related to low-
elocity shocks possibly arising due to lo w-velocity outflo ws (Louvet 
t al. 2016 ), colliding flows (Liu et al. 2020a ), or could be thermal SiO
mission (Zhou et al. 2021 ). Additionally, it may be the imprints of
 cloud–cloud collision that has triggered star formation in the cloud 
Jim ́enez-Serra et al. 2010 ; Csengeri et al. 2016 ; Cosentino et al.
020 ). To understand the nature of the detected SiO knots along the
roposed outflow axes, we present in Figs 16 and 17 , spectra extracted 
rom identified knots in G12.42 and G19.88. All the knots in G12.42
isplay the aforementioned typical profile with the narrow and the 
road components. Interestingly, though knots #1 and #2 correspond 
o red outflow lobes (Fig. 14 ), the narrow SiO (2 −1) components
eak at the systemic velocity and are blueshifted by ∼ 0.9 km s −1 ,
espectively. Hence it is possible that the narrow components of SiO 

2 −1) spectra at these knots are not produced by outflow. Knots
ith similar profiles are also observed in the G286.21 + 0.17 cloud
Zhou et al. 2021 ). Such profiles suggest that the narrow components
ould either be originating from filamentary collisions or decelerated 
hocked material in interaction regions of outflows and dense regions 
n the clump. For G12.42, the filamentary collision picture finds 
upport in the presence of a network of converging filaments detected
n the protocluster. In the case of G19.88, all except knot #4 display
ouble component profiles. Knot #4, that is located along OF2, shows
nly a single narrow component. The absence of high-velocity wings 
nd the broad component in the spectrum contradicts the association 
f this SiO knot with an outflow. In this case, one needs to further
nvestigate the veracity of the outflow OF2 since the red SiO lobe of
t could be a part of the OF1 outflow. Another noticeable feature in
19.88 is that the red-wing in the spectra of knots #1, #3, #5, and #8

xtends up to very high velocities ( ∼ 60 km s −1 with respect to the
ystemic velocity). Similar feature is also seen in Fig. 5 (b). 

 G R AV I T Y  O R  T U R BU L E N C E :  D E C I P H E R I N G  

H E  D R I V I N G  MECHANI SM  F O R  MASSIVE  

TAR  F O R M AT I O N  IN  T H E  PROTOCLUSTERS  

nderstanding the formation mechanism of massive stars has been 
ne of the major focus areas of stellar astrophysics in the last decades
r so. Together with the man yfold impro v ement in the observational
ata base, theoretical models including the cor e-accr etion (McKee &
an 2003 ; Krumholz et al. 2005 , 2006 ) and the competitive-accretion
Bonnell et al. 2001 , 2004 ) hypotheses have played a key role in
nrav elling the comple x formation processes involv ed. The core-
ccretion theory presents a scaled-up version of the well-established 
heory of low-mass star formation. Here, massive stars form from 

re-stellar cores, that are supported by turbulence or the magnetic 
MNRAS 516, 1983–2005 (2022) 
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eld, via enhanced disc accretion. While successfully addressing
he ‘radiation pressure’ problem, it leaves much to debate about the
ollapse time-scales and fragmentation of the massive pre-stellar
ores. The competitive-accretion model, on the other hand, proposes
ragmentation of clumps to low-mass cores and that the central cores
haotically gather mass by competing for it from intraclump gas
eservoir. In addition to these pioneering theories, there are the
urrent set of hierarchical fragmentation-based models for massive
tar formation. The two widely studied ones are the inertial-inflow
IF; Padoan et al. 2020 ) and the GHC (V ́azquez-Semadeni et al.
019 ) models. The IF model advocates for large-scale converging
nertial inflo w, dri ven by supersonic turbulence, to channel mass on
o the accreting massive star. As proposed by these authors, the mass
eservoirs are not controlled by gravity and global collapse is not
ecessary given the occurrence of turbulence driven compression
t all scales. The GHC model proposes a very different uniform
ramework in which chaotic gravity-driven motions dominate at all
cales. This is similar to the hierarchical Ho yle-lik e gravitational
ragmentation taking place in the cloud where non-linear density
uctuations are formed by the initial turbulence. The conflicts and
imilarities of these hierarchical fragmentation models with the core-
ccretion and competitive-accretion models have been extensively
iscussed in Padoan et al. ( 2020 ) and V ́azquez-Semadeni et al.
 2019 ). 

The detailed analysis of the ATOMS data gives a better insight
egarding the interplay between gravity and turbulence in driving
tar formation in the two protoclusters studied here. Large-scale
lamentary gas inflow is seen converging towards the central hub

n protocluster G12.42 and evidence of a filamentary structure
s also observed in G19.88. These filaments could be a natural
anifestation of supersonic turbulence which finds support in the

as motion of the next spatial scale structure, the branches. These
upersonic density structures are consistent with Larson’s velocity–
ize scaling presenting similar power-law exponent ( ∼0.5). While
his supports the IF model, one cannot rule out the possibility of a
ravity-driven mode in the filamentary flows which could be coupled
o the turbulence cascade. Dissipation of turbulence at ∼0.1 pc
s observed where the smaller scale structures show transonic or
ubsonic gas motions. Beyond this, the leaf structures deviate from
arson’s relation, showing a steeper slope. In conjunction with the
irial analysis of the detected cores, where gravitational contraction
s inferred from the low virial parameters derived, one can conjecture
he onset of turbulence decoupling and dominance of gravitational
cceleration towards the collapsing cores. The fragmentation analysis
ends support to turbulence not being the key player driving clump to
ore fragmentation. Furthermore, Krumholz, McKee & Klein ( 2005 )
ave shown that competitive-accretion could be a viable mechanism
o form massive stars if the clumps that feed the accreting star
re characterized by low virial parameters ( αvir < 1). Similar low
alues of αvir are estimated for the dust clumps associated with the
rotoclusters. The predictions of the competitive accretion model are
lso argued to be consistent with that of the GHC model (V ́azquez-
emadeni et al. 2019 ). Furthermore, a large population (more than
0 per cent) of the detected cores have masses � M Jeans , lending
urther support to the competitive accretion and the GHC scenario
Sanhueza et al. 2019 ). From the analysis presented, it is difficult
o fa v our one model o v er the other. Based on the GHC and IF

odels, the o v erall observ ed picture of massiv e star formation could
e a result of the scale-dependent combined effect of turbulence
nd gravity, which dominate on large and small scales, respectively.
rom the results presented here and in Liu et al. ( 2022a , b ), the
eed for similar case studies is evident. Probing a large number
NRAS 516, 1983–2005 (2022) 
f star-forming regions would enable us to obtain a better insight
n the scale-dependent contribution of gravity and turbulence to
he processes involved in high-mass star formation. Another key
ngredient is the magnetic field. A complete understanding of these
hree crucial components is required to decipher the intricacies of

assive star formation. 

 C O N C L U S I O N S  

e have carried out a detailed continuum and multispectral line
tudy of the region associated with the protoclusters G12.42 + 0.50
nd G19.88 −0.53 using data from the ATOMS surv e y. The main
esults are summarized below: 

(i) The continuum maps reveal the presence of seven cores in
ach of the two protoclusters. Every core qualifies as a massive star
orming core satisfying the mass–radius relation and the surface mass
ensity threshold. The observed dearth of low-mass cores implies the
nfluence of stellar feedback on the process of fragmentation. 

(ii) The global collapse scenario of the associated clumps has been
ddressed. Though previously identified as an infall candidate based
n the nature of single dish line profiles, the ATOMS data of G12.42
how the presence of two distinct velocity components. Ho we ver,
everal cores display characteristic infall signatures in the HCO 

+ 

ine profiles supported by single peak H 

13 CO 

+ spectra. For G19.88,
n infall signature is observed from the HCO 

+ and H 

13 CO 

+ line
rofiles. The virial analysis yields lo w v alues of the virial parameter
 αvir << 2) indicating gravitational collapse in both protoclusters. 

(iii) From the estimates of Jeans parameters (mass and length)
nd the observed range of mass and separation of the cores, we infer
hat turbulence does not drive the fragmentation of the clumps and
hermal Jeans fragmentation adequately explains the process. 

(iv) Gas kinematics at different spatial scales has been inves-
igated. JCMT 

13 CO (3 −2) data show large scale, converging
lamentary gas inflow in the G12.42 comple x. F or G19.88, such
igh quality CO molecular line data are required in the future to
robe the gas motion in the associated filaments. 
(v) From the DENDROGRAM analysis of the optically thin H 

13 CO 

+ 

ransition, several multiscale density structures (branches and leaves)
re detected. The characteristic sizes (median values) are 0.1 and
.03 pc for the branches and leav es, respectiv ely. Combining the
wo protoclusters, 20 larger scale branch structures and 34 smaller
cale leaf structures are identified. Analysis of the velocity variation,
V and the non-thermal velocity dispersion, σ nt shows that the gas
otion in the branch structures is supersonic and the leaves are
ostly subsonic. The transition from the supersonic to the transonic

egime occurs at spatial scales of ∼0.1 pc consistent with the scale
t which dissipation of turbulence sets in. 

(vi) Consistent with the abo v e result, in the δV – L and σ nt – L
lots, the branches follow the canonical Larson’s relation and the
eaves display a deviation (steepening) from it. 

(vii) The smallest scale structure, the cores are likely to be in
trong gravitational collapse as inferred from the lo w v alues of their
irial parameters. In addition, several cores display the characteristic
nfall profiles with mass infall rates ( ∼1–7 ×10 −3 M �yr −1 ) being
onsistent with those found in other high-mass star-forming cores.
sing SiO and HCO 

+ molecular lines, multiple outflows are identi-
ed, which are likely to be driven by MM3 (49 M �) in G12.42 and
M2 (23 M �) in G19.88. In G19.88, an additional outflow is also

dentified using the H 

13 CO 

+ line. 
(viii) Based on the fragmentation analysis, the gas kinematics at

arious spatial scales, and the predictions of the IF and GHC models,
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he results obtained from this study indicate that the scale-dependent 
ombined effect of turbulence and gravity is driving the formation 
f massive stars in the protoclusters. 

The results of this study impel us to strongly advocate for more
etailed case studies to address the exact behaviour of fragmentation 
nd gas kinematics in protoclusters. EGOs associated with filamen- 
ary IRDCs present a sample of promising candidates as they are 
ikely to be protoclusters harbouring stars with different masses and at 
ifferent stages of evolution ( Issac20 and references therein). These 
ould provide a strong data base for considering scale-dependent 

ontribution of turbulence and gravity in theories of massive star 
ormation. 
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