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A B S T R A C T 

We present ALMA Band-3/7 observations towards ‘the Heart’ of a massive hub-filament system (HFS) SDC335, to investigate 
its fragmentation and accretion. At a resolution of ∼0.03 pc, 3 mm continuum emission resolves two massive dense cores MM1 

and MM2, with 383( + 234 
−120 ) M � (10–24 % mass of ‘the Heart’) and 74( + 47 

−24 ) M �, respectively. With a resolution down to 0.01 pc, 
0.87 mm continuum emission shows MM1 further fragments into six condensations and multi-transition lines of H 2 CS provide 
temperature estimation. The relation between separation and mass of condensations at a scale of 0.01 pc fa v ors turb ulent Jeans 
fragmentation where the turbulence seems to be scale-free rather than scale-dependent. We use the H 

13 CO 

+ J = 1 − 0 emission 

line to resolve the complex gas motion inside ‘the Heart’ in position-position-velocity space. We identify four major gas streams 
connected to large-scale filaments, inheriting the anti-clockwise spiral pattern. Along these streams, gas feeds the central massive 
core MM1. Assuming an inclination angle of 45( ± 15) ◦ and a H 

13 CO 

+ abundance of 5( ± 3) × 10 

−11 , the total mass infall rate 
is estimated to be 2.40( ± 0.78) × 10 

−3 M � yr −1 , numerically consistent with the accretion rates derived from the clump-scale 
spherical infall model and the core-scale outflows. The consistency suggests a continuous, near steady-state, and efficient 
accretion from global collapse, therefore ensuring core feeding. Our comprehensive study of SDC335 showcases the detailed 

gas kinematics in a prototypical massive infalling clump, and calls for further systematic and statistical studies in a large sample. 

Key words: stars: formation – stars: protostars – ISM: kinematics and dynamics – ISM: individual object: SDC335. 
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 I N T RO D U C T I O N  

.1 Ov er view: ho w do high-mass stars gain their mass? 

igh-mass stars ( > 8 M �) play a major role in the energy budget
f galaxies via their radiation, wind, and supernov a e vents, but the
icture of their formation remains unclear. Generally speaking, high- 
ass star formation is a complex process but the key question is how
 massive star gains its mass (i.e. mass assembly). For instance, 
ssuming a core-to-star efficiency of 50 per cent, a massive star of
0 M � would require a core of at least 20 M �. Ho we ver, under typical
onditions (e.g. sound speed of c s = 0.2 km s −1 and gas number
ensity n H = 10 5 cm 

−3 ), the Jeans mass is only ∼ 0.2 M � (Kong
t al. 2021 ). Therefore, it is unclear how a core with more than 100
 E-mail: kwang.astro@pku.edu.cn 

c
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eans masses would survive fragmentation rather than giving rise to 
undreds of low-mass cores. More specifically, the mass assembly 
nvolves two critical physical process: accretion and fragmentation, 
hose roles need to be distinguished. 
Two possible models have been proposed to explain the process. 

he first one is the ‘turbulent core’ model (McKee & Tan 2003 ),
redicting that the high-mass pre-stellar cores are supported against 
ollapse and fragmentation by a large degree of turbulence and/or 
trong magnetic fields. In other words, the ‘turbulent core’ model 
uggests a monolithic collapse, as a scaled-up version of low-mass 
tar formation. The second one is the ‘competitive accretion’ model 
Bonnell et al. 2001 ; Bonnell, Vine & Bate 2004 ), where massive
tars start with initial Jeans fragments and then grow their mass via
ondi–Hoyle accretion or regulation of tidal field in a successful 
ompetition with others (Contreras et al. 2018 ). 
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There have been numerous observational studies aimed at testing
he aforementioned two theoretical ideas. In the perspective of
binary opposition’, massive pre-stellar cores should serve as a
ey discriminator between the two proposed theoretical models
entioned abo v e. Man y observations hav e searched for massiv e pre-

tellar cores (e.g. Zhang et al. 2009 ; Longmore et al. 2011 ; Zhang &
 ang 2011 ; W ang et al. 2012 , 2014 ; Cyganowski et al. 2014 ; Kong

t al. 2017 ; Shimajiri et al. 2017 ; Louvet 2018 ; Li et al. 2019 ; Molet
t al. 2019 ; Sanhueza et al. 2019 ; Svoboda et al. 2019 ). Ho we ver,
ew convincing candidates have been found until the present, and
he high-mass pre-stellar core is becoming the Holy Grail of star
ormation studies. 

In another way, many researches have focused on massive clumps
ssociated with infrared dark clouds (IRDCs), whose temperature
an be as low as 15 K (Xie et al. 2021 ). The reason is that the
ragmentation of molecular gas and core properties are both time-
ependent and evolve over time as physical conditions in the cloud
ary during star formation. So, it is challenging to pinpoint the
hysical conditions that give rise to the fragmentation observed.
hese investigations help reveal the initial conditions of massive
tar formation. For example, Zhang et al. ( 2009 ) conducted arcsec
esolution studies of the IRDC G28.34 + 0.06 with the Submillimetre
rray and found that dense cores giving rise to massive stars are
uch more massive than the thermal Jeans mass of the clump. This

isco v ery challenges the notion in the competitive accretion model
here massive stars should arise from cores of thermal Jean mass.
he larger core mass in the fragments demands additional support

rom turbulence and magnetic fields, since the gas temperatures in
RDCs are typically between 10 and 20 K (e.g. Pillai et al. 2006 ;

ang et al. 2008 , 2012 ; Xie et al. 2021 ). On the other hand,
bservations also find that the mass of these cores does not contain
ufficient material to form a massive star, and the cores typically
ontinue to fragment when observed at higher angular resolution
AR; Wang et al. 2011 , 2014 ; Zhang et al. 2015 ). Therefore, the idea
f monolithic collapse for massive star formation does not match the
bservations. More recent observations of IRDCs with the Atacama
arge Millimetre/submillimetre Array (ALMA) routinely reach a
ass sensitivity far below the thermal Jeans mass (Zhang et al. 2015 ;
anhueza et al. 2019 ; Svoboda et al. 2019 ) and detect low-mass cores

n the clumps that are compatible with the thermal Jeans mass. These
ores may form low-mass stars in a cluster. Howev er, massiv e cores
n the protocluster remain to be much larger than the thermal Jeans

ass. 
To summarize, these observations point to a picture of massive

tar formation in which dense cores continue to gain material
rom the molecular clump while the embedded protostar undergoes
ccretion. This scenario is somewhat similar to the competitive
ccretion. Ho we ver, it dif fers in two important aspects. First,
ense cores harbouring massive stars are more massive than the
hermal Jeans mass, and secondly, accretion is likely dominated
y gas accretion in response to gravity rather than Bondi–Hoyle
ccretion. 

.2 Hub-filament systems: laboratories to study mass transfer 

oth observations and simulations have indicated another possible
echanism for massive star formation. Recent observations show

hat the filaments detected in our Galaxy are well established as
ome of the main sites for star formation (Andr ́e et al. 2010 , 2014 ;

olinari et al. 2010 ; Wang et al. 2015 , 2016 ; Stutz & Gould 2016 ;
e & Wang 2022 ). In addition, the filaments are observed to funnel
aterial to cores (Schneider et al. 2010 ; Liu et al. 2012 ; Kirk et al.
NRAS 520, 3259–3285 (2023) 
013 ; Peretto et al. 2014 ; Li, Klein & McKee 2018 ; Yuan et al. 2018 ;
areing, Falle & Pittard 2019 ; Li et al. 2022 ), which can largely

ase the burden of having to accumulate an e xcessiv e amount of
ass during the pre-stellar core phase. As such, additional mass can

e accumulated later for forming a massive star during its accretion
hase along filaments (e.g. Wang 2018 ; Kong et al. 2021 ), which is
lso suggested by numerical studies (G ́omez & V ́azquez-Semadeni
014 ; Padoan et al. 2020 ; Naranjo-Romero, V ́azquez-Semadeni &
oughnane 2022 ). 
Hub-filament system (HFS) is defined as a junction of three or
ore filaments (the junction is called ‘hub’ with a higher density;
yers 2009 ). In recent 10 yr, HFS have been frequently observed

o form high-mass stars (Hennemann et al. 2012 ; Liu et al. 2012 ,
016 ; Peretto et al. 2013 , 2014 ; Yuan et al. 2018 ; Zhou et al. 2022 ).
oreo v er , con verging flows along the filaments channel gas to the

ub where star formation is often most active (Galv ́an-Madrid et al.
010 ). Such a scenario is similar to the traditional ‘clump-fed’ picture
Smith, Longmore & Bonnell 2009 ) in the sense that the gas mass
eservoir is extended over a far larger spatial scale than the core in
hich the star has formed or is forming. 
Theoretically, the nature of the flow feeding the hubs should be

elated to the origin of the HFS. The ‘global hierarchical collapse’
GHC; V ́azquez-Semadeni et al. 2019 ) model attributes the formation
f the HFS to anisotropic gravitational contraction from the cloud to
he filament scale. It is well known that during pressureless evolution,
 triaxial spheroid contracts first along its shortest dimension (Lin,
estel & Shu 1965 ), forming sheets and then filaments. Since molec-

lar clouds are known to contain a large number of Jeans masses,
he GHC model further assumes that the evolution is dominated by
ravity: filaments form (with fluctuations along them) by contraction
rom the cloud scale, and the gravity of the fluctuations redirects
he gas in the filaments towards them, causing the fluctuations
o accrete from mass in the filaments, becoming hubs (G ́omez &
 ́azquez-Semadeni 2014 ). This process may then repeat itself within

he hubs when they acquire several Jeans masses, causing their
ubsequent fragmentation and the formation of streamers that feed
oung stellar objects and their discs, thus constituting a hierarchy of
ollapses connected through filaments. In the GHC model, filaments
ontinuously accrete from their environment and direct gas flows
owards the clumps at the positions where two or more filaments
eet, i.e. the next level in the hierarchy. Simulations show that this
ow redirection happens smoothly, without the presence of a shock,
hich should lead to specific chemical signatures (G ́omez, Walsh &
alau 2022 ). 
Although HFSs have already been observed to efficiently trans-

er mass to the clump centre (Peretto et al. 2013 , 2014 ; Zhang
t al. 2015 ; Liu et al. 2016 ; Lu et al. 2018 ; Yuan et al. 2018 ;
ewangan et al. 2020 ), the detailed process of mass transfer and

ragmentation remain unclear. To be specific, in which way is
he mass transferred inwards and ho w ef ficient is the transfer
rocess? 

.3 SDC335: a prototypical hub-filament system 

o address these questions, we use the data from new ALMA
bservations to investigate the gas motions in a prototypical global-
ollapse HFS, the IRDC SDC335.579-0.292 (hereafter SDC335;
eretto & Fuller 2009 ). Located at 3.25 kpc (based on the method
rom Reid et al. 2016 ) and containing 3.7 × 10 3 M � (Anderson et al.
021 ), SDC335 (also IRAS 16272-4837) is a well-studied massive
tar-forming region (Garay et al. 2002 ; Peretto et al. 2013 ; Avison
t al. 2015 , 2021 ; Olguin et al. 2021 , 2022 ). 
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(a) (b) (c)

Figure 1. Successive zoom-ins from (a) SDC335, to (b) ‘the Heart’, and to (c) the massive dense core SDC335-MM1. (a) The background colour map is 
the composite (Red/Green/Blue: Spitzer 8/4.5/3.6 μm) images of SDC335, with Red/Green/Blue in logarithmic stretch. The ATLASGAL 870 μm continuum 

emission is o v erlaid as a single contour level of 5 σ = 0.75 Jy beam 

−1 with the APEX beam of 21 arcsec. Six converging filaments F1–F6, identified from the 
Spitzer extinction and dense gas N 2 H 

+ (Peretto et al. 2013 ), are marked with yellow dashed lines. Two white circles show the ALMA Band-3 primary beam 

response of 12m + ACA combined data: the dashed one is 32 arcsec for 20 per cent and the solid one is 46.5 arcsec for 50 per cent. (b) The zoom-in version 
of the left-hand panel towards ‘the Heart’, with the same background colour map. Two white circles show the ALMA primary beam responses respectively 
at 50 per cent for Band-3 (outer) and Band-7 (inner). The white contours of 3 mm continuum emission follows the power-law levels of [1.0, 3.3, 7.6, 14.2, 
23.4, 35.1, 49.6, and 67.0] mJy beam 

−1 . (c) The zoom-in version of the middle panel, towards SDC335-MM1. The white contours and the white circle are 
the same as those in the middle panel. The background colour map shows the ALMA 0.87 mm continuum emission, in a square-root stretch to highlight the 
weak emission. The beams for ATLASGAL 870 μm, ALMA Band-3, or ALMA Band-7 are shown on the left bottom and the scale bars are shown on the right 
bottom. 
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Seen in absorption against the mid-infrared background (Fig. 1 , 
eft-hand panel), SDC335 co v ers approximately 2.4 pc at its widest
xtent and displays six filamentary arms (yellow dashed lines), 
hich converge towards the infrared-bright source at its centre (the 
ub). Inside the hub, SDC335 harbours one of the most massive 
illimetre cores (SDC335-MM1 with ∼ 500 M �; Peretto et al. 

013 ) observed in the Milky Way. At a resolution of ∼1000 au by
LMA, SDC335-MM1 further fragments into at least five sources, 
hile molecular line emission is detected in two of the continuum 

ources, ALMA1 and ALMA3 (Olguin et al. 2021 ). With a more
xtended array configuration (a resolution of ∼200 au), Olguin et al. 
 2022 ) found that a binary system was forming inside ALMA1,
ith a nearby bow-like structure ( � 1000 au) which could add an

dditional member to the stellar system. Ho we ver, those studies lack
ppropriate temperature tracers so the analyses of fragmentation is 
imited. 

Using Mopra and ALMA Band-3 data, Peretto et al. ( 2013 ) found
hat the whole SDC335 cloud is in the process of global collapse with
 mass infall rate totalling Ṁ inf � 2 . 5( ±1 . 0) × 10 −3 M � yr −1 . Re-
ently, Avison et al. ( 2021 ) used the properties of molecular outflows
o infer the accretion rates of about 1.4 ( ± 0.1) × 10 −3 M � yr −1 for the
riving protostellar sources, suggesting a nearly-continuous flow of 
aterial from cloud to core scales (Olguin et al. 2021 ). Despite these

ignposts of massive star formation, a weak emission of ∼0.3 mJy
t 6 GHz has been detected towards SDC335 (Avison et al. 2015 ),
uggesting that we are witnessing the early stage of massive cluster 
ormation (Peretto et al. 2013 ). 

Our new ALMA observations, both at Band-3 and Band-7, were 
ointed towards the innermost 1 pc of SDC335, i.e. ‘the SDC335 
eart’ (the filament hub of the cloud, hereafter ‘the Heart’). The 
and-7 data, with both 0.8 arcsec resolution and well-designed multi- 

ransition H 2 CS lines, help study the fragmentation of the most
assive dense core MM1. Since no previous studies of SDC335 

av e resolv ed the dense gas kinematics at the intermediate scale
 A  
 ∼ 0.1–1 pc), our Band-3 data with a high AR of 2 arcsec and
ell-chosen spectral line H 

13 CO 

+ J = 1 − 0, focus on dense gas
inematics, attempting to build a bridge connecting the clump-scale 
1 pc) global collapse and the core-scale (0.1 pc) gas feeding. The
aper is organized as follows. First, we introduce the observations in
ection 2 . Secondly, we present the result of the ALMA continuum
mission and discussion of fragmentation in Section 3 .Then, we 
resent the study of gas kinematics of ‘the Heart’ in Section 4 .
inally, we present our conclusions in Section 5 . 

 OBSERVATI ONS  

The Heart’ was observed as part of ‘ALMA Three-millimetre 
bserv ations of Massi v e Star-forming re gions’ (ATOMS, Project

D: 2019.1.00685.S; PI: Tie Liu). The 12m + ACA combined data
ave a synthesized beam size of 1. 

′′ 
94 × 2. 

′′ 
17 ( ∼ 0.03 pc). The

aximum reco v erable scale (MRS) reaches ∼ 87 arcsec ( ∼ 1.37 pc).
he primary beam of the combined data at responses of 50 per cent
nd 20 per cent are 32 and 46.5 arcsec, respectively. The continuum
ensitivity is 0.2 mJy beam 

−1 corresponding to ∼ 1.6 M � at the
istance of SDC335 and a temperature of 23 K. More details about
he ALMA Band-3 observations and data reduction are referred to 
n Appendix A1 . In addition, ‘the Heart’ of SDC335 was targeted in
he ALMA 0.87 mm (Band-7) surv e y (Project ID: 2017.1.00545.S;
I: Tie Liu) using the 12-m array alone. The reduced continuum
ata have a beam of 0. 

′′ 
82 × 0. 

′′ 
67 ( ∼ 0.01 pc), an MRS of 8.45

rcsec ( ∼ 0.13 pc), and a primary beam of 9 arcsec at 50 per cent.
he continuum sensitivity is ∼1.5 mJy beam 

−1 (i.e. ∼ 0.07 M � at
he source distance and a temperature of 23 K). More details of
he ALMA Band-7 observations and data reduction are referred to 
n Appendix A2 . Besides, the Australia Telescope Compact Array 
ATCA) 6, 8, 23, and 25 GHz continuum emission was obtained from
vison et al. ( 2015 ). The 3.6, 4.5, and 8.0 μm images were retrieved
MNRAS 520, 3259–3285 (2023) 
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Table 1. Physical parameters of dense cores. 

Dense Core R source T core 
a M core 

b n b 

(pc) (K) ( M �) (cm 

−3 ) 

SDC335-MM1 0.039 65.3(2.2) 383( + 234 
−120 ) 2 . 7( + 1 . 6 −0 . 9 ) × 10 7 

SDC335-MM2 0.047 58.6(2.0) 74( + 47 
−24 ) 3 . 0( + 1 . 8 −1 . 0 ) × 10 6 

a The uncertainty is given by error propagation of the 70 μm flux. 
b The confidence interval μ( + σ−σ ) is given. 
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rom the Spitzer Archive. We also used the Planck + ATLASGAL
70 μm data 1 at a resolution of ∼ 21 arcsec. 
Fig. 1 (b) shows the ALMA 3 mm continuum emission towards

the Heart’ with power-law contour levels 2 of [1.0, 3.3, 7.6, 14.2,
3.4, 35.1, 49.6, and 67.0] mJy beam 

−1 . The SDC335 clump is
ell resolved into two cores coincide with Spitzer mid-infrared
ebulosity. They correspond to MM1 and MM2 identified at 3.2 mm
y (Peretto et al. 2013 ). Using semi-automatic source extraction
ethod Common Astronomy Software Applications ( CASA ) imfit ,
e identify two bright sources and calculate their fluxes presented

n Table B1 . Although the location, morphology, and size of the
wo dense cores in our data are consistent with those in Peretto et al.
 2013 ), the integrated fluxes of MM1 and MM2 measured in the same
requency are ∼50 per cent and ∼100 per cent higher, respectively.
he reason could be that the previous ALMA 12m-alone data at
n MRS of ∼ 36 arcsec filtred out larger-scale emission than our
ew 12m + ACA combined data at an MRS of ∼ 60 arcsec. Such
ifference highlights the necessity of including short baseline data
or accurate measurement of the flux from extended emission. The
rgument is strengthened based on 12m-alone continuum data at an
RS of ∼ 20 arcsec: we derive the fluxes of MM1 and MM2 of

13.7( ± 4.1) mJy and 16.5( ± 1.4) mJy which are 10 per cent and
0 per cent larger than those reported in Peretto et al. ( 2013 ). We
ote that because our new ALMA data have higher sensitivity, the
wo dense cores (but especially MM2) are observed to have extended
oundaries and so greater total fluxes. Thus, sizes and fluxes obtained
rom data with limited sensitivity should be treated with caution. 

 DU ST  C O N T I N U U M  C O R E S  

.1 Constraining MM1 and MM2 parameters from multi-band 

bser v ations 

ssuming that the dense cores are in local thermodynamic equi-
ibrium (LTE) and that the dust emission is optically thin, the core

asses are then calculated using, 

 core = R gd 
F 

int 
ν D 

2 

κνB ν( T dust ) 
, (1) 

here F 

int 
ν is the measured integrated dust emission flux of the core,

 gd is the gas-to-dust mass ratio (assumed to be 100), D is the distance
3.25 kpc), B ν( T dust ) is the Planck function at a given dust temperature
 dust (Kauffmann et al. 2008 ), and κν is the opacity assumed to be
.1 cm 

2 g −1 at λ ∼3 mm (Anderson et al. 2021 ). 
Avison et al. ( 2015 ) used four radio bands (6, 8, 23, and 25 GHz)

bserved with the ATCA to build the centimetre-wavelength SEDs
f MM1 and MM2. To estimate the contribution of the free–
ree emission at 3 mm (100 GHz), we extrapolate the integrated
ux and derive the free–free contamination, F 

MM1 
ff = 2 . 4 mJy and

 

MM2 
ff = 0 . 66 mJy for MM1 and MM2, respectively. We note that the
etected radio sources are unresolved or marginally resolved, i.e.
he source size is much smaller than that of MRS, so the missing
ux should be negligible. In other words, the extrapolated free–free
ontribution at 3 mm should not be influenced by the missing flux.
NRAS 520, 3259–3285 (2023) 

 ATLASGAL Surv e y Website: Reduced and Calibrated Maps. 
 Hereafter, the po wer-law le vels refer to the levels that start at 5 σ and end at 
 peak , increasing in steps following the power-law f ( n ) = 3 × n p + 2 where 
 = 1, 2, 3,... N , and p is determined from D = 3 × N 

p + 2 ( D = I peak / σ : the 
ynamical range; N : the number of contour levels). 
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f so, the free–free emission is negligible ( < 0 . 5 per cent ) for both
ense cores and is not considered further. 
Dense cores are fitted by 2D Gaussian profiles and the results

re summarized in Table B1 . The fundamental measurements give
he full width at half-maximum (FWHM) of the major and minor
xis, θmaj and θmin from 2D Gaussian fitting ellipses in angular unit.
ollo wing Rosolo wsky et al. ( 2010 ) and Contreras et al. ( 2013 ),

he angular radius can be calculated as the geometric mean of the
econvolved major and minor axes: 

source = η
[ (

σ 2 
maj − σ 2 

bm 

) (
σ 2 

min − σ 2 
bm 

)] 1 / 4 
, (2) 

here σ maj and σ min are calculated from θmaj / 
√ 

8 ln 2 and

min / 
√ 

8 ln 2 , respectively. The σ bm 

is the averaged dispersion size
f the beam (i.e. 

√ 

θbmaj θbmin / (8 ln 2) where θbmj and θbmin are the
WHM of the major and minor axis of the beam). η is a factor

hat relates the dispersion size of the emission distribution to the
ngular radius of the object determined. We have elected to use a
alue of η = 2.4, which is the median value derived for a range of
odels consisting of a spherical, emissivity distribution (Rosolowsky

t al. 2010 ). The results are similar to the deconvolved sizes from
ASA imfit , but we choose to the former one to analytically present
ow deconvolution works here. Therefore, the source physical size
s derived from R source = θ source × D and the results are shown in the
econd column of Table 1 . 

Following the method given by Anderson et al. ( 2021 ), the
emperatures of protostellar cores MM1 and MM2 are estimated to
e 65.3( ± 2.2) K and 58.6( ± 2.0) K, from Herschel 70 μm emission.
he details can be found in Appendix C . We note that the derived

emperature is an average value although the central gas temperature
an be � 100 K from Qin et al. ( 2022 ). A more accurate mass
stimation can be made if a temperature profile is given. 

Substituting all of these values into equation ( 1 ), we obtain the
as masses of 383( + 234 

−120 ) M � and 74( + 47 
−24 ) M � for MM1 and MM2,

espectively. The mean particle number density of each core is
alculated using, 

 = 

M gas 

(4 / 3) πμm H R 

3 
source 

, (3) 

here μ = 2.37 is the mean molecular weight per free particle
Kauffmann et al. 2008 ) and m H is the mass of a hydrogen atom.
ollowing the footnote at Page 12 in Wang et al. ( 2014 ), we simply
all free particle volume density as volume density throughout this
aper. The major sources of uncertainty in the mass calculation come
rom the gas-to-dust mass ratio and the dust opacity. We adopt the
ncertainties derived by Sanhueza et al. ( 2017 ) of 23 per cent for
he gas-to-dust mass ratio and of 28 per cent for the dust opacity,
ontributing to ∼ 36 per cent uncertainty of specific dust opacity.
he uncertainties of flux, temperature, and distance (10 per cent)
ere included. Monte Carlo methods were adopted for uncertainty

stimation and the 1 σ confidence intervals are given to the mass
stimation. The results are summarized in Table 1 . 
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.2 Mass concentration of SDC335 

M1 and MM2, the two most prominent dense cores, are located 
t ‘the Heart’ of SDC335 where the filaments intersect. MM1 is one
f the most massive, compact protostellar cores ever observed in the 
alaxy (Peretto et al. 2013 ). The new ALMA observations, together 
ith those from the literature, show that MM1 has mass ∼400 M �

this work) to ∼900 M �(Anderson et al. 2021 ). The factor of two
ifference in mass mainly arises from temperature uncertainty. Based 
n the method in Appendix C1 , with the same Herschel 70 μm flux,
arger radius leads to lower temperature. Anderson et al. ( 2021 ) uses
STR ODENDR O and derive a radius of 0.156 pc, which is about four

imes larger than ours. Normalized to their radius, our temperature 
nd then mass of MM1 is the same as Anderson et al. ( 2021 ). 

Following the definition in Anderson et al. ( 2021 ), the fraction of
he clump mass contained within its most massive core is, 

 MMC = 

M MMC 

M clump 
, (4) 

hich reveals that SDC335 contains 10–24 per cent of the dense 
as in MM1. Among a sample of 35 clumps, SDC335 shows the
ighest f MMC , indicating the highest efficiency of forming massive 
ense cores (Anderson et al. 2021 ). The high concentration could be
esulted from the continuity of mass accretion reported by (Avison 
t al. 2021 ) and in this work. In Section 4.3 , we will address the
onnection in detail. 

.3 Fragmentation of MM1 

n Fig. 2 , ALMA 0.87-mm continuum emission of SDC335-MM1 
hows further fragmentation. Between two frequently used automatic 
ource extraction algorithm GETSF 3 (Men’shchikov 2021 ) and den- 
rogram algorithm ASTR ODENDR O 

4 (Rosolowsky et al. 2008 ), we 
hoose GETSF because: (1) it can deal with uneven background and 
ms noise; (2) it can disjoin the blended sources/filaments; and (3) it
an extract extended emission features which ASTR ODENDR O fails to 
nd in our test. 
We set the smallest scale to be the size of the circularized beam

0. 
′′ 
82) and the largest scale to be the MRS (8. 

′′ 
45). After running

ETSF , we extract six sources, named S1–S6, and one filament 
amed mini F1. The mini F1 has the similar extension direction 
s two large-scale filaments F3 and F4, shown with yellow arrows
n Fig. 1 . Between both, F3 is more spatially correlated with mini
1. Besides, Avison et al. ( 2021 ) detected Class-I methanol maser

ndicated by the green box on the left-hand panel of Fig. E1 . Given
he collisionally excited pumping mechanism responsible for Class-I 

asers, Avison et al. ( 2021 ) argued that the maser is produced by the
nteraction between outflow and infalling material along the large- 
cale filaments. Therefore, the potential explanation of the origin 
f mini F1 could be shock-heated gas flow at the end of the large-
cale filament F3. In Section 4.2.2 , we further pro v e F3 is connected
ith MM1 by a clear gas stream C2 along which gas is transferred

nwards. Meanwhile, the detection of the mini F1 further strengthens 
he argument of Avison et al. ( 2021 ). 

In the rest of the paper, we focus on S1–S6. The fundamental
easurements/parameters are included in T able B2 . W e also extract

veraged spectral window (SPW) 31 for the six condensations, which 
re shown on the right of Fig. 2 . We classify S1 and S2 as protostellar
ores since they are spatially coincident with masers, UCH II regions 
 GETSF is publicly available: https:// irfu.cea.fr/ Pisp/alexander.menshchikov/ 
 ASTR ODENDR O is publicly available: http://www.dendrogr ams.or g/

1  

a
(  

o

M1a and MM1b, and molecular outflows (Avison et al. 2015 ,
021 ). The central heating sources also excite the abundant line
orests as seen from red lines on the right of Fig. 2 . The rest have no
ssociation with any star-forming activities and are then classified 
s potential pre-stellar cores, shown with yellow or blue colours. 
e note that the CS lines seem broad in S5, which could be from

ontamination of outflows by the protostar in S2. The difference is
hat yellow spectra have enough solid detection of H 2 CS transition
ines while blue ones have only one transition line. We have different
trategies to estimate their temperature described in Appendix C . 

By substituting the FWHM from Table B2 , as well as the ALMA
and-7 beam sizes ( θmaj = 0 . ′′ 82 and θmin = 0 . ′′ 67) into equations ( 2 ),
e can calculate the physical radii of the six condensations and the

esults are listed in the second column of Table 2 . Hereafter, we
se the term ‘condensation’ ( ∼0.01 pc) following the convention of
ang et al. ( 2014 ) since these sources have radii of ∼0.008–0.013 pc

at half maximum). 

.3.1 Jeans fragmentation 

f clump fragmentation is go v erned by thermal Jeans instabilities,
he initially homogeneous gas fragments into smaller objects defined 
y the Jeans length ( λJ ) and the Jeans mass ( M J ), 

J = σth 

(
π

Gρ

)1 / 2 

= 0 . 016 pc 

(
T 

60 K 

)1 / 2 (
n 

1 . 0 × 10 7 cm 

−3 

)−1 / 2 

nd 

 J = 

4 πρ

3 

(
λJ 

2 

)3 

= 

π5 / 2 

6 

σ 3 
th √ 

G 

3 ρ

= 1 . 3 M �

(
T 

60 K 

)3 / 2 (
n 

1 . 0 × 10 7 cm 

−3 

)−1 / 2 

, (6) 

here ρ is the mass density and σ th is the thermal velocity dispersion
iven by 

th = 

(
k B T 

μm H 

)1 / 2 

= 0 . 42 km s −1 
( μ

2 . 37 

)−1 / 2 
(

T 

60 K 

)1 / 2 

. (7) 

quation ( 7 ) is normalized to μ = 2.37 and T = 60 K. Equations ( 5 )
nd ( 6 ) are both normalized to T = 60 K and n = 1.0 × 10 7 cm 

−3 .
ubstituting the temperature and density of MM1 from Table 1 , the

hermal Jeans length and thermal Jeans mass are estimated to be
 J , th = 0.01 pc and M J , th = 0.89 M �, respectively. 

Ho we ver, a number of studies have included the contributions of
urbulence. F or e xample, Zhang et al. ( 2009 ), Wang et al. ( 2011 ,
014 ) found that the observed masses of fragments within massive
RDC clumps are often more than 10 M �, an order-of-magnitude
arger than the thermal Jeans mass of the clump. This much larger

ass was explained by the ‘turbulent Jeans fragmentation’ theory in 
hich microscopic turbulence contributes to the velocity dispersion. 
imilar results were also found in other young pre/protocluster 
egions (e.g. Pillai et al. 2011 ; Li et al. 2019 ; Liu et al. 2022 ; Saha
t al. 2022 ). 

To e v aluate the turbulence inside massive dense core MM1, we
 xtract sev en dense-gas-tracer lines (Liu et al. 2020b ) from MM1. We
pply different models to fit the spectra. We assume: (1) H 

13 CN J =
 − 0 has a narrow hyperfine structure (HFS) component, as well as
 Gaussian outflow component, to explain the extended line wing; 
2) CS J = 2 − 1, SO J = 3 2 − 2 1 , and HC 3 N J = 11 − 10 have
ne narrow and one wide Gaussian velocity component to explain 
MNRAS 520, 3259–3285 (2023) 
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Figure 2. Left: ALMA Band-7 aggregated 0.87-mm continuum emission map of SDC335-MM1. The white power-law contour levels are [7.5, 28.1, 71.5, 
142.7, 245.9, 384.6, 562.2, 781.6, 1045.5, and 1356.5] mJy beam 

−1 . We highlight the 3 σ = 4.5 mJy beam 

−1 level with white dashed lines. Six condensations 
S1–S6 are marked with their fitted FWHM ellipses. S1 and S2 are spatially associated with two UCH II regions MM1a and MM1b shown with blue diamonds, 
respectively. One filament, called mini F1, found by GETSF is shown by the yellow elongated shape. The beam size of ALMA Band-7 observations is indicated 
by the purple ellipse at the lower left and the scale bar is shown at the lower right. Right: core-averaged spectra (offset for clarity) of SPW 31 from the six 
condensations marked as S1–S6. The colours of the spectra represent their evolutionary phases: those in red are protostellar while those yellow and blue are 
prestellar. The blue spectra do not have a sufficient number of detected H 2 CS transitions, so RADEX simulation is used to estimate the temperature. 

Table 2. Physical parameters of extracted sources from SDC335-MM1. 

Source ID R 

a T d M d n d Notes 
( × 10 −2 pc) (K) ( M �) (cm 

−3 ) 

SDC335MM1-S1 1.6 112( ±6) b 23 . 2( + 14 . 6 
−7 . 3 ) 2 . 5( + 1 . 6 −0 . 8 ) × 10 7 Protostellar: associated with UCH II region MM1a 

SDC335MM1-S2 1.7 90( ±9) b 4 . 3( + 2 . 8 −1 . 4 ) 3 . 7( + 2 . 4 −1 . 2 ) × 10 6 Protostellar: associated with UCH II region MM1b 

SDC335MM1-S3 2.0 75( ±17) b 5 . 9( + 4 . 7 −2 . 0 ) 3 . 1( + 2 . 5 −1 . 0 ) × 10 6 Protostellar? Warm but no star-forming activities 

SDC335MM1-S4 2.8 45( ±10) b 9 . 3( + 7 . 9 −3 . 2 ) 1 . 8( + 1 . 6 −0 . 6 ) × 10 6 Protostellar? Warm but no star-forming activities 

SDC335MM1-S5 1.9 9.5( ±0.9) c 13 . 4( + 10 . 0 
−4 . 4 ) 7 . 6( + 5 . 8 −2 . 6 ) × 10 6 Pre-stellar 

SDC335MM1-S6 2.7 11.2( ±1.1) c 36 . 8( + 27 . 5 
−12 . 1 ) 7 . 7( + 5 . 5 −2 . 6 ) × 10 6 Pre-stellar 

a The beam-deconvolved radius. 
b The dust temperature is assumed to be equal to the molecular rotational temperature of H 2 CS. 
c . The dust temperature is estimated from kinetic temperature estimated with RADEX modelling (see Section C3 ). 
d . The average density in spherical assumption. 
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he extended line wing; (3) H 

13 CO 

+ J = 1 − 0 and CCH N J , F =
 3/2, 2 − 0 1/2, 1 have two narrow Gaussian components to explain
he double-peak profile; (4) CH 3 OH J = 2 1, 1 − 1 1, 0 has a single
aussian component. See Appendix E for additional information on
 

13 CN J = 1 − 0 HFS fitting details. The fitting results are shown
n Fig. E1 . 

Among the seven lines, CH 3 OH, CS, SO, and HC 3 N are
ontaminated by emission from the outflow and show wide line
ings and hav e low-v elocity resolution ( ≥1 km s −1 ). Therefore,

he fitted linewidths are systematically o v erestimated. The CCH,
 

13 CO 

+ , and H 

13 CN lines sho w consistent line widths. We note
hat although H 

13 CN is potentially contaminated by the outflow, the
igh velocity resolution of ∼0.2 km s −1 helps disentangle outflow
omponent from the dense and narrow component. Fig. E2 shows
he integrated maps of three dense-gas tracers CCH, H 

13 CO 

+ , and
NRAS 520, 3259–3285 (2023) 

T

 

13 CN. All three species have good spatial correlation with dense
ores. Therefore, we take the arithmetic mean value of � V among
hree species as the linewidth of the dense cores. Therefore, MM1
as the line width FWHM � V mol = 2.40 km s −1 , i.e. total velocity
ispersion σ tot, mol = 1.02 km s −1 . 
Substituting μ = 30 (the molecular mass for H 

13 CO 

+ ; CCH and
 

13 CN have the similar values) in equation ( 7 ) gives the thermal
elocity dispersion σ th, mol = 0.134 km s −1 , which contributes little
o the total linewidth σ tot, mol . The non-thermal velocity dispersion

nt, mol = 

√ 

σ 2 
tot, mol − σ 2 

th , mol � 1 . 01 km s −1 . To take the contribution

f turbulence into account, the temperature T in equations ( 5 ) and
 6 ) should be replaced by the ef fecti ve temperature, 

 eff = 

μm H 

k 

(
c 2 s + σ 2 

nt 

)
. (8) 
B 

art/stad012_f2.eps
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or MM1, the ef fecti ve temperature is � 360 K, resulting in a
urbulent Jeans length l J , turb = 0.024 pc and mass M J , turb = 11.5 M �.

.3.2 Temperature and mass estimation of condensations 

e choose the thioformaldehyde (H 2 CS) lines to compute rotational 
emperature. The SPW 31 of ALMA Band-7 observations (cf. 
able C1 ) co v ers multiple components of the H 2 CS J = 10 − 9

ransition with velocity resolution of 0.986 km s −1 . Besides, the 
pper energy levels E u of H 2 CS multitransition lines ranges from
0 to 420 K in our frequenc y co v erage, making H 2 CS a well-suited
hermometer for SDC335. We extract the spectral cubes and average 
pectra for the six sources, as shown in Fig. 2 . For S1, S2, S3, and
4, at least four emission lines of H 2 CS J = 10 − 9 are detected,
hich can be used for estimating the rotational temperature. We list

he transitions [(quantum numbers (QNs)], frequencies, upper energy 
evel as well as line strengths in columns 1–5 of Table C1 . 

We then use the eXtended CASA Line Analysis Software Suite 
 XCLASS 

5 ; M ̈oller, Endres & Schilke 2017 ) for line temperature
alculation (more details in Appendix C2 ). The fitted temperature for
ach source is taken as ‘average temperature’ for further analysis. 
oth S3 and S4 show a significantly higher temperature than 

hat of traditional pre-stellar cores. They are within the massive 
ense core SDC335-MM1 and spatially adjacent to the embedded 
rotostellar cores S1 and S2, probably heated by the radiation from
rotostars (Xu et al. in preparation). Such heating mechanism could 
e responsible for the formation of massive pre-stellar cores in 
rotoclusters (Krumholz, Klein & McKee 2011 ; Myers et al. 2013 ). 
For both S5 and S6, only the lowest excitation line is detected.

nder the assumption of T dust = T kin , we can estimate the kinematic
emperature by Non-L TE (NL TE) mock grids (more details in 
ppendix C3 ). Finally, the temperature of the six condensations S1–
6 are listed in Table 2 . 
The mass of condensations can be estimated using equation ( 1 ),

ubstituting the Band-7 frequency ν = 350 GHz and dust opacity 
0.87mm 

. Based on the coagulation model, Ossenkopf & Henning 
 1994 ) systematically computed and tabulated the opacity of dust
n dense protostellar cores between 1 μm and 1.3 mm, at different
as densities and molecular depletion ratios. A value of 1.89 cm 

2 g −1 

s adopted for κ0.87 mm 

, which is interpolated from the given table in
ssenkopf & Henning ( 1994 ), assuming the MRN (Mathis, Rumpl &
ordsieck 1977 ) dust grain model with thin ice mantles and a gas
ensity of 10 6 cm 

−3 . The mass and number density, as well as their
 σ uncertainty, are listed in the third and forth column of Table 2 . 

.3.3 Thermal versus turbulent Jeans fragmentation 

n order to quantify core separations to compare with the Jeans
engths, we used the minimum spanning tree (MST) method cus- 
omized by Wang et al. ( 2016 ) 6 to generate a set of straight lines
onnecting a set of points (the centre of condensations in this
ase). We set the edge weight to be proportional to the physical
eparation between two points, which minimizes the sum of the 
engths. Fig. D1 displays the connections from MST algorithm for 
he ALMA Band-7 observation of SDC335-MM1. The separation 
 sep between condensations is � 0.03 pc on average, ranging from
.022 to 0.048 pc. 
 ht tps://xclass.ast ro.uni-koeln.de/
 https:// github.com/pkugyf/ MST/ 

t  

i  

a
i

For the thermal support to be ef fecti ve, the separation of conden-
ation is connected to the column density by (Li et al. 2021 ), 

 gas = 

c 2 s 

Gl sep 
. (9) 

e measure the � gas , i.e. the column density averaged along every
dge between two condensations, which are shown in blue points 
n the left-hand panel of Fig. 3 . These blue points cannot be fitted
y the red dotted lines, so their fragmentation cannot be explained
y thermal Jeans fragmentation unless the temperature is as large as
60 K. The black data points in the left-hand panel of Fig. 3 are from
 dense core sample of a high-mass star formation region Cygnus-X
Cao et al. 2021 ), based on the column density map constructed by
ao et al. ( 2019 ) using the GETSOURCES software (Men’shchikov
t al. 2012 ). The typical scale is between 0.1 and 10 pc. The fitted
range dotted line gives a scaling relation of � gas ∝ l −0 . 28 

sep , indicating
 scale-dependent turbulence σ v = 0.87( l sep /1.0pc) 0.36 (Li et al. 
021 ). Ho we ver, the fitted slope of blue points ( � −1) as shown
y the red solid line, is much steeper than that of the scale-dependent
urbulence ( � −0.28). Instead, if the turbulence plays a similar role
s thermal motions, then the ef fecti ve temperature inside the MM1
s as high as 360 K or c s � 1.12 km s −1 (see Section 3.3.2 ). In this
ase, turbulence is independent of scale, so we call it scale-free
urbulent fragmentation, to distinguish the scale-dependent turbulent 
ragmentation observed at a larger scale. 

Another straightforw ard w ay to analyse fragmentation is in a
ass-separation diagram suggested by Wang et al. ( 2014 ). Here,

he condensations (S1–S6, blue crosses) are shown in the right- 
and panel of Fig. 3 , where fragment mass is plotted against the
eparation to the nearest fragment (nearest separation, hereafter). 
o compare with, the grey triangles (G28 condensations; Wang 
t al. 2011 ) and grey circles (G11 condensations; Wang et al.
014 ) are plotted. The shaded blue region represents the thermal
eans fragmentation domain (‘thermJ-domain’ hereafter) where the 
dopted temperature and density (equations 5 and 6 ) are in ranges
 = [10, 30] K and n = [10 2 , 10 8 ] cm 

−3 . The shaded green region
epresents the turbulent Jeans fragmentation domain (‘turbJ-domain’ 
ereafter) with the same density range and ef fecti ve temperature
ange T eff = [72, 646] K (i.e. total velocity dispersion σ = [0.5,
.5] km s −1 ). We find that most condensations are located in ‘turbJ-
omain’ while quite a few are located in ‘thermJ-domain’. In the
ase of SDC335-MM1, the condensations have M̄ conden (15.4 M �) � 

 J , turb (11.5 M �) > M J , therm 

(0.9 M �) and l J , th (0.01 pc) < l J , turb 

0.024 pc) � l̄ sep . The black solid line of panel (b) highlights the
= 1.1 km s −1 , which is the total line width of SDC335-MM1. The

ood correspondence between the line and the data points further 
trengthens the ‘turbJ-domain’ argument. Moreo v er, panels (a) and 
b) in Fig. 1 together show a clear hierarchical fragmentation where
DC335 first fragments into two dense cores MM1 and MM2, while
M1 further fragments into six condensations. As shown in the 

ight-hand panel of Fig. 3 , the dense cores (MM1 and MM2, orange
rosses) of SDC335 fa v ours ‘turbJ-domain’ rather than ‘thermJ- 
omain’. In other words, the hierarchical fragmentation in SDC335 
hould be regulated by turbulent Jeans fragmentation. 

Ho we ver, it is important to note that fragmentation is a time-
arying process: the condition for Jeans fragmentation changes 
ith time. This is because both temperature and density increase 

s massive clumps evolve toward star formation. For example, the 
hermal Jeans length can be as large as 0.66 pc for a cloud with an
nitial density of 10 3 cm 

−3 at T = 10 K. On the other hand, the mass
nd separation of condensations can be time-dependent. SDC335 
s undergoing global collapse at the present time. Following the 
MNRAS 520, 3259–3285 (2023) 

https://xclass.astro.uni-koeln.de/
https://github.com/pkugyf/MST/


3266 F.-W. Xu et al. 

M

Figure 3. Left: the relation between the fragment separation l sep and column density N H 2 , where l sep is measured from the length of the edges and N H 2 is the 
mean column density along the edges. The black data points are from Li, Cao & Qiu ( 2021 ) and Cao et al. ( 2021 ). The orange dashed line fits the black points with 
a scaling relation � gas ∝ l −0 . 28 

sep , indicating the scale-free turbulent fragmentation is dominant. The red dotted line is indicated by thermal Jeans fragmentation, 
with ef fecti ve temperature of 65 K. Blue crosses are from this work, which is fitted by the bro wn solid line. The fitting result sho ws a quasi-thermal turbulent 
fragmentation with an ef fecti ve temperature of 360 K (see Section 3.3.1 ). Right: the relation between fragment mass and nearest separation. The grey downwards 
triangles are the data points of G28-P1 (Wang et al. 2011 ). The grey upwards triangles are the data points of G30-C2 (Zhang & Wang 2011 ). The grey circles are 
the data points of G11-P1 and G11-P6 (Wang et al. 2014 ). The blue crosses and orange crosses are the data points of condensations and cores in this work. The 
orange shaded regions show the sensitivity and resolution limit of the SDC335 Band-7 observations. The dotted line shows thermal Jeans fragmentation with 
T = 15 K and n = [10 2 , 10 8 ] cm 

−3 , and the blue shaded region corresponds to the same density range but with T = [10, 30] K. The solid line shows a scale-free 
turbulent Jeans fragmentation with ef fecti ve temperature T eff of 140 K (total velocity dispersion σ = 0.7 km s −1 ) and the same density range. The green shaded 
region corresponds to the same density range but with T eff = [46, 413] K (i.e. σ = [0.4, 1.2] km s −1 ). The sizes indicate the physical scales of grey data points: 
the smallest are condensations ( ∼0.01 pc), the middle are cores ( ∼0.1 pc), and the largest are clumps ( ∼1 pc). This figure shows clearly that the hierarchical 
fragmentation in SDC335 are dominated by turbulence o v er thermal pressure. 
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 v erall gravitational contraction of the massive dense core MM1, the
ragments may mo v e closer to each other, contributing to smaller
eparations compared to the initial one. Besides, the condensations
an accrete mass from the massive dense core, whose mass comes
rom the natal clump by so-called intermittent gas inflows (Motte,
ontemps & Louvet 2018 ). In the case of SDC335, the derived
ccretion rate � 2.4 × 10 −3 M � yr −1 contributes to 700 M � per free-
all time-scale (3 × 10 5 yr; Peretto et al. 2013 ), enough to double the
ass of MM1. Abo v e all, the time-varying process (Beuther et al.

018 ) make it more difficult to tell which controls the fragmentation.

 C O N T I N U O U S  G A S  INFLOW  FEEDS  

ASSIVE  DEN SE  C O R E S  

.1 Dissecting velocity structure inside ‘the Heart’ 

eretto et al. ( 2013 ) used ALMA 3-mm mosaic observations to
tudy the kinematics inside SDC335, where the spatial distribution of
 2 H 

+ J = 1 − 0 emission is similar to the dust extinction mapped in
he Spitzer images. The six filaments F1–F6 identified in extinction
ap all have dense gas counterparts with similar morphology (Peretto

t al. 2013 ). Such similarity demonstrates how efficient N 2 H 

+ J =
 − 0 is in tracing the network of parsec-long filaments seen in dust
xtinction (also see example in Yue et al. 2021 ). 

Although the velocity is coherent within each filament, the kine-
atics inside ‘the Heart’ are much more complicated. Specifically,

rom the ALMA N 2 H 

+ J = 1 − 0 observations, Peretto et al. ( 2013 )
NRAS 520, 3259–3285 (2023) 
rgue that two separate velocity components are present close to
M2, while the broad asymmetric line profiles around MM1 suggest

heir blending, as observed in other massive cores (Csengeri et al.
011 ). Kinematically, the gas traced by N 2 H 

+ J = 1 − 0 at the centre
f the cloud appears to be composed of a mix of gas originated from
wo main filaments, F1 and F2 (Peretto et al. 2013 ). 

Ho we ver, limited by the difficulty of HFS fitting when multiple ve-
ocity components are blended, as well as the limited AR ( ∼5 arcsec),
he kinematics are not fully determined in Peretto et al. ( 2013 ). With
he new ALMA Band-3 observations, we use H 

13 CO 

+ J = 1 − 0
o dissect the structure of ‘the Heart’ in position-position-velocity
p-p-v) space. 

.1.1 Justification of the choice of molecular line 

 

13 CO 

+ J = 1 − 0 has a high critical density n crit of 6.2 × 10 4 cm 

−3 

nd ef fecti v e e xcitation density of n eff of 3.9 × 10 4 cm 

−3 at 10 K
Shirley 2015 ). With the volume density of 5.0( ± 0.6) × 10 4 cm 

−3 

Peretto et al. 2013 ), ‘the Heart’ can excite H 

13 CO 

+ J = 1 − 0
trongly enough to be detected (maximum SNR of ∼50 and mean
NR of ∼5 in our case), without being e xcessiv ely optically thick.
he detailed calculation of optical depth τ (H 

13 CO 

+ ) can be found in
ppendix F . As seen from Fig. F1 , the optical depth τ (H 

13 CO 

+ )
s universally thin, even for the densest part nearby the MM1.
ereafter, we approximate H 

13 CO 

+ J = 1 − 0 emission with
aussian fits. 
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Figure 4. The background greyscale maps show the Spitzer 8 μm emission 
of ‘the Heart’. The ALMA Band-3 continuum emission is shown with 
the white/black contours following the power-law levels of [1.0, 3.3, 7.6, 
14.2, 23.4, 35.1, 49.6, and 67.0] mJy beam 

−1 . The continuum image without 
primary beam correction is used, for a uniform noise o v er the field of 
view. Overlaid colour maps are different from top to bottom and marked 
at the upper left in each panel. Top: the moment 0 map (integrated interval 
[ −55, −35] km s −1 ) of H 

13 CO 

+ J = 1 − 0. Middle: the moment 1 map of 
H 

13 CO 

+ J = 1 − 0. Bottom: the velocity at peak of H 

13 CO 

+ J = 1 − 0. The 
pixels with SNR < 5 are mask ed. Tw o colourbars are shown for each panels: 
the first one (greyscale) is for background Spitzer 8 μm in a log stretch; the 
second one (colour-scheme) on a linear scale is for the o v erlaid moment 0 
map or velocity maps. 
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Shimajiri et al. ( 2017 ) found that the spatial distribution of the
 

13 CO 

+ J = 1 − 0 emission is tightly correlated with the column
ensity of the dense gas revealed by the Herschel data. Very recently,
i et al. ( 2022 ) used ALMA H 

13 CO 

+ J = 1 − 0 to identify 13 narrow
as filaments in a massive IRDC, NGC 6334S. Zhou et al. ( 2022 ) also
sed ALMA H 

13 CO 

+ J = 1 − 0 to identify HFSs in protoclusters.
hese results justify our choice of using H 

13 CO 

+ J = 1 − 0 to trace
he kinematics within ‘the Heart’. 

.1.2 Multicomponent spectral line decomposition 

n the complex environment of ‘the Heart’, multiple velocity com- 
onents cause multi-Gaussian profiles of H 

13 CO 

+ J = 1 − 0. As
een from Fig. 4 , the top panel shows a good spatial agreement
etween the Spitzer 8- μm extinction and the integrated H 

13 CO 

+ J =
 − 0 emission. More importantly, the moment-1 map ( V mom1 map) 
n the middle panel shows a marginal velocity difference across ‘the 
eart’. Such a difference of velocity is much clearer in the bottom
anel when the velocity at peak intensity ( V peak map) is shown. The
dvantage of the V peak map is to highlight the major component in
ach pixel which would be averaged out in the V mom1 map. The V peak 

ap shows the velocity complexity of ‘the Heart’, demanding more 
omprehensive methods to decompose inherent structures. 

To address this challenge, we use Semi-automated multi- 
Omponent Universal Spectral-line fitting Engine Python Imple- 
entation ( SCOUSEPY ; Henshaw et al. 2019 ). Compared to canonical
oment analysis, the multicomponent decomposition provides an 

mpro v ed description of complex kinematics (Henshaw et al. 2016 ),
articularly important for a clustered environment such as SDC335. 
e compile a brief introduction of SCOUSEPY and the process of data

eduction in Appendix G . 
After running SCOUSEPY , we obtain a reduced spectral cube where 

he spectrum in each pixel is decomposed into N Gaussian function 
omponents (i.e. 3 × N free parameters including peak intensity, 
entroid velocity, and velocity dispersion). In total, 8873 pixels have 
olutions and 17 098 components are extracted, so there are about two
omponents in each pixel on average. The universal multicomponents 
how the kinematic complexity of ‘the Heart’. 

.1.3 Clustering of the components in p-p-v space 

o study the kinematics from the decomposed H 

13 CO 

+ J = 1 − 0
ata, we use Python-based algorithm Agglomerative Clustering for 
Rganising Nested Structures ( ACORNS ; Henshaw et al. 2019 ) to ‘re-

ssemble’ the decomposed Gaussian data set. To analyse clustering 
n p-p-v space, for two data points to be classified as ‘linked’, we
equire that: (1) the Euclidean distance should be no greater than the
eam size (2.4 arcsec or ∼6 pixel size); and (2) the absolute difference
n both measured centroid velocity and velocity dispersion should be 
o greater than the velocity resolution of 0.21 km s −1 . These criteria
eflect the observational limits in three dimensions and the clustering 
esults should show coherent structures in p-p-v space beyond such 
imit. 

Henshaw et al. ( 2019 ) expands the nomenclature used in dendro-
rams: a cluster is called a ‘tree’ and the whole tree system is called
 ‘forest’, itself containing numerous trees. Each tree may or may 
ot then be further subdivided into branches or leaves. Trees with no
ubstructure are also classified as leaves. After running ACORNS , 12 
rees are found and four dominant trees #0, #1, #3, and #7 contain

75.7 per cent of voxels (see the left-hand panel in Fig. H1 ). 
.2 Major and minor gas streams 

.2.1 Identification and nomenclature 

e denote the four dominant trees #0, #1, #3, and #7 as the major
streams’ A, B, C, and D due to their large proportion in voxels
75.7 per cent). Fig. H2 shows the integrated flux of the four streams
hich occupy most of H 

13 CO 

+ J = 1 − 0 emission regions outlined
y the black solid contour level (5 σ , the same as Fig. 4 ). Fig. 5 shows
he velocity at each pixel for the four streams. The velocity at each
ixel is given by the centroid velocity of the decomposed Gaussian
MNRAS 520, 3259–3285 (2023) 
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Figure 5. The velocity maps of the four major streams are normalized to linear span from −50 to −42 km s −1 in colourscale. The velocity at each pixel is given 
by the centroid velocity of decomposed Gaussian component (refer to Fig. H2 for integrated flux map). The black solid lines depict 5 σ level of H 

13 CO 

+ J = 

1 − 0. The six groups of dashed grey lines are the filaments identified from the Spitzer 8 μm extinction map (the same as in the middle panel of Fig. 1 ). The 
black bold dashed lines mark the filaments, which are assumed to be responsible for the streams in each panel. Streams including two major ones (A and B) 
and four minor ones (C1, C2, D1, and D2) are marked as red bold dashed vectors. The massive dense cores MM1 and MM2, together with their boundaries 
( F cont, 3mm 

= 1.0 mJy beam 

−1 ), are indicated in purple. The central circle shows how we visualize the 3D cube: blue axis is the collapsing axis, where velocities 
of pixels are projected on the plane spanned by two black axes. 
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omponent. Furthermore, we project these points both on the ‘ �
ec. versus Velocity’ and ‘ � RA versus Velocity’ planes, as shown

n Figs 6 and 7 . 
Identified from ACORNS , the four major streams should be both

patially and velocity coherent, which are shown in Figs 5 and H2 ,
espectively. One can also refer to Figs 6 and 7 for the projected p-p-v
catter-plots of the streams viewed from both RA and Dec. Stream
 has hierarchical structures in which a minor component consist
 v er 70 per cent of the voxels. Because only this minor component
hows a good velocity coherent structure, we simply call it stream
 hereafter. The stream C has two separate stream components: the
astern one (C1) and the western one (C2), both of which are two
eaves in one tree (major stream C). So we call them minor stream
1 and C2 hereafter. Similarly, two leaves in the major stream D are
amed minor stream D1 and D2. The mentioned stream A, B, C1,
NRAS 520, 3259–3285 (2023) 

t  
2, D1, and D2 are marked as red dashed arrows in Figs 5 and H2 ,
hich are of our interest in the rest of the paper. In the Fig. 7 ,

treams B, C1, and D1 are marked as orange contours while the
inor streams C2 and D2 are marked as pink contours. The different

olours in one panel are only used to distinguish two minor streams
asily. 

.2.2 Bridge the large-scale filaments and the massive core MM1 

he streams are spatially correlated or connected with large-scale
laments F1–F6 seen in mid-infrared extinction and N 2 H 

+ identified
y Peretto et al. ( 2013 ). F1–F6 themselves already show a spiral
attern, consistent with a rotation anticlockwise. More interestingly,
his global rotation appears to be connected (further to smaller scales)
o the streams revealed by red dashed lines in Figs 5 and H2 . To
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Figure 6. The ‘ � Dec versus Velocity’ plot of four major streams are shown with scattering points. Each point represents one Gaussian component of the 
decomposed H 

13 CO 

+ J = 1 − 0 emission, with its colour normalized by the � RA. The location of massive dense core MM1 is marked by the cyan colour. Two 
major streams A and B are marked by orange contours. The three contour levels represent the 1 σ (solid line), 2 σ (dashed line), and 3 σ (dotted line) probability 
distrib ution of scatter -points. Similarly, minor streams C1 and D1 are marked by the orange contours and minor streams C2 and D2 are marked by the pink 
colours. In each panel, ‘F1–F6’ marks the end of the large-scale filaments, which are assumed to be responsible for the streams. The RA, Dec. location, as well 
as velocity of filament ends, are measured from N 2 H 

+ data from Peretto et al. ( 2013 ). In the upper two panels, the stream A and B are respectively fitted by 
free-fall models (a central mass of 383 M �) with inclination angles of θ = 30 ◦ (solid black line; best fitting), θ = 40 ◦ (dash–dotted black line), and θ = 20 ◦
(dash–dotted grey line). The central circle marks how we visualize the 3D data cube: blue axis is the collapsing axis, where the data points are projected on the 
plane spanned by two black axes. 
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etter visualize the connection in a p-p-v space, we measure the 
ocation of RA, Dec., and velocity of the six large-scale filaments 
rom N 2 H 

+ data in Peretto et al. ( 2013 ) and then mark them in
igs 6 and 7 . The colour of markers indicates the value in the
ollapsed axis (RA or Dec.). Specifically, part of stream A is spatially
orrelated with the eastern filament F6; the systematic velocity of the 
tream A at the outermost end is consistent with that of F6 V F6 �
44.6 km s −1 (see in the upper left panel of Fig. 7 ). The stream B is

patially connected to two southern filaments F4 and F5. Ho we ver,
f free-fall model assumed (see the black curves in the upper right
anel of Fig. 6 ), then the velocity gradient prefers the connection with
4 rather than F5. The streams C1 and C2 are spatially connected
o the F1 and F3, respectively, which are clearly seen in the lower
eft panel of both Figs 5 and 7 . The stream D1 can have the same
rigin as B from F4 and F5, but they actually have a distinct velocity
ifference. As seen from the orange contours in the upper and lower
ight panel of Figs 6 and 7 , the stream D1 has a coherent velocity
f V̄ D = −46 . 7 km s −1 but the stream B has a wide velocity range
 −49, −47] km s −1 . The minor stream D2 may come from the western
lament F2 but the F2 meets the other massive dense core MM2 first.
All the streams are spatially connected to the central massive 

ense core MM1. Interestingly, the morphology of major stream A 
MNRAS 520, 3259–3285 (2023) 
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Figure 7. The ‘ � RA versus Velocity’ plot of four major streams are shown with scattering points. Each point represents one Gaussian component of the 
decomposed H 

13 CO 

+ J = 1 − 0 emission, with its colour normalized by the centroid velocity on a linear span from –50 to –42 km s −1 . The location of massive 
dense core MM1 is marked by the purple colour. Two major streams A and B are marked by orange contours. The three contour levels represent the 1 σ (solid 
line), 2 σ (dashed line), and 3 σ (dotted line) probability distribution of scatter-points. Similarly, minor streams C1 and D1 are marked by the orange contours and 
minor streams C2 and D2 are marked by the pink colour. In each panel, ‘F1–F6’ marks the end of the large-scale filaments, which are assumed to be responsible 
for the streams. The RA, Dec. location, as well as velocity of filament ends, are measured from N 2 H 

+ data from Peretto et al. ( 2013 ). The central circle marks 
how we visualize the 3D data cube: blue axis is the collapsing axis, where the data points are projected on the plane spanned by two black axes. 
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nd two minor streams C1 and C2 show spiral-like features, which
ere observed in other high-mass star-forming regions (e.g. Liu et al.
015 ; Maud et al. 2017 ; Izquierdo et al. 2018 ; Schw ̈orer et al. 2019 ;
revi ̃ no-Morales et al. 2019 ; Goddi et al. 2020 ; Sanhueza et al. 2021 ).
hese authors believe that the intrinsic velocity gradients are due to

he gas flows along the structures. In the case of ‘the Heart’, the large-
cale filaments are thought to transfer material inwards (Peretto et al.
013 ) and the identified molecular outflows are evident for ongoing
ccretion towards MM1 (Avison et al. 2021 ; Olguin et al. 2021 ,
022 ). If the gas streams are physically connected to the central mas-
ive dense core MM1, then these streams are likely to bridge the large-
cale gas inflow along the filaments and play a role in small-scale gas
eeding towards the massive dense core MM1 (Avison et al. 2021 ). 
NRAS 520, 3259–3285 (2023) 
In Fig. 6 , streams A and B show a clear acceleration towards the
entral regions. We assume: (1) the most massive core MM1 drives
he free-fall acceleration; (2) gas is accelerated along the elongated
irection of the stream. Therefore, the gas should follow a free-fall
odel (cf. Pineda et al. 2020 ; Chen et al. 2021 ), 

v( r) − v 0 

sin θpos 
= 

√ 

2 GM 

cos θpos ( r − r 0 ) 
, (10) 

here θpos is the inclination angle of the gas stream with respect
o the plane-of-sky, v 0 is the velocity at the starting position of the
tream, and r 0 is the landing point of the stream (i.e. the position of

M1). We fix the mass of MM1 of 383 M � and adjust the parameters

art/stad012_f7.eps


Steady accretion in SDC335 3271 

θ  

t  

s  

w  

‘  

f
 

H
(  

a  

f

N

w
i  

ν

d  

o  

B
i  

b

J

T

M

w  

t  

m
h  

s  

(
a  

A
H  

n
l  

a  

(  

N
e  

e
 

a  

w  

T  

a

4

4

W  

t  

p  

m  

∇

Table 3. The physical parameters of streams. 

Stream M stream 

� V � 
a Length ∇V � 

b Ṁ stream 

d 

( M �) (km s −1 ) (pc) (km s −1 pc −1 ) ( M � kyr −1 ) 

A 140 2.0 0.58 5 . 94( + 3 . 48 
−1 . 85 ) 0 . 85( + 0 . 42 

−0 . 42 )( 
+ 0 . 50 
−0 . 26 ) 

B 40 2.0 0.24 14 . 66( + 8 . 6 −4 . 6 ) 0 . 6( + 0 . 3 −0 . 3 )( 
+ 0 . 35 
−0 . 19 ) 

C 55 - - - - 

C1 32 1.8 0.24 7 . 62( + 5 . 58 
−3 . 22 ) 0 . 25( + 0 . 12 

−0 . 12 )( 
+ 0 . 18 
−0 . 1 ) 

C2 23 2.0 0.22 9 . 07( + 6 . 64 
−3 . 83 ) 0 . 21( + 0 . 10 

−0 . 10 )( 
+ 0 . 16 
−0 . 09 ) 

D 285 - - - 
D1 34 0.5 0.28 1 . 76( + 1 . 29 

−0 . 74 ) 0 . 06( + 0 . 03 
−0 . 03 )( 

+ 0 . 04 
−0 . 02 ) 

D2 100 1.0 0.24 4 . 23( + 3 . 10 
−1 . 79 ) 0 . 43( + 0 . 21 

−0 . 21 )( 
+ 0 . 32 
−0 . 18 ) 

Total c 369 - - - 2.40( ± 0.78) 

a Velocity difference along the stream. 
b Velocity gradient along the stream. 
c Total streams thought to connect to MM1. 
d The uncertainty of individual gas stream consists of two: the former from 

mass and the latter from inclination angle. The 1 σ uncertainty of total mass 
infall rate is calculated from Monte Carlo runs. 
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pos , v 0 , and r 0 to fit the P-V distributions of the infalling stream and
he fitting results are shown in Fig. 6 . As a result, θpos = −30 ◦ for
tream A and θpos = + 30 ◦ for stream B, both of which are carried
ith uncertainties of 10 ◦. The ‘ + / −’ sign means the angle is pointed

out of/into’ the plane of sky. The angles are particularly useful for
urther calculations like mass accretion rate in Section 4.3 . 

We estimate the total gas mass in the four major streams from
 

13 CO 

+ J = 1 − 0 emission following a standard procedure 
Sanhueza et al. 2012 ). First, the column density at Pixel ( i , j ) for
 linear, rigid rotor in the optically thin regime, assuming a filling
actor of unity, can be calculated from (Sanhueza et al. 2021 ), 

 ij = 

3 k B 
8 π3 B rot μ

2 
dm 

T ex ,ij + hB rot / 3 k B 
( J + 1) 

exp ( E J /k B ) 

[1 − exp ( −hν/k B T ex ,ij )] 

× 1 

[ J ( T ex ,ij ) − J ( T bg )] 

∫ 
T b,ij dv, (11) 

here k B is the Boltzmann constant, h is the Planck constant, T ex, ij 

s the excitation temperature at Pixel ( i , j ) calculated from Section F ,
is the transition frequency (86.754288 GHz), μdm 

is the permanent 
ipole moment of the molecule (3.89 Debye), J is the rotational QN
f the lower state, E J = hB rot J ( J + 1) is the energy in the level J ,
 rot is the rotational constant of the molecule (43.377302 GHz), T b , ij 

s the brightness temperature at Pixel ( i , j ), and T bg = 2.73 K is the
ackground temperature. J ( T ) is defined as 

 ( T ) = 

hν

k B 

1 

e hν/k B T − 1 
. (12) 

he column density is then converted into mass using 

 stream 

= ( X H 13 CO + ) 
−1 m H 2 AD 

2 
stream ∑ 

i,j 

N ij 

(
H 

13 CO 

+ 

)
, (13) 

here A is the angular area of a pixel (0. 
′′ 
4 × 0. 

′′ 
4) and D is

he distance (3.25 kpc). X H 13 CO + = [H 

13 CO 

+ /H 2 ] is the H 

13 CO 

+ to
olecular hydrogen abundance ratio and m H 2 is the mass of a 

ydrogen molecule. The sum is o v er the all the pixels within the
tream. The most uncertain value is the abundance X H 13 CO + . Hoq et al.
 2013 ) used MALT90 data of 333 high-mass star-forming regions 
nd derived the abundance of 1.28 × 10 −10 . Liu et al. ( 2020c ) used
PEX observation of G34.43 + 00.24 to estimate clump-averaged 
 

13 CO 

+ abundance to be 9 × 10 −12 . Peretto et al. ( 2013 ) used 1D
on-LTE RATRAN radiation transfer code to model the spectral 
ine H 

13 CO 

+ J = 1 − 0 from Mopra observations towards SDC335
nd derived the abundance of 5 × 10 −11 . Very recently, Li et al.
 2022 ) found a very similar value of 5.4 × 10 −11 in a massive IRDC
GC6334S. Because our case study target is the same as Peretto 

t al. ( 2013 ), we use the abundance and uncertainty 5 + 3 −3 × 10 −11 . The
stimated masses are shown in the second column of Table 3 . 

We note that part of streams A and D contain emission from MM1
fter running ACORNS . To a v oid contamination from the dense core,
e crudely mask the data within MM1 when discussing the streams.
he masked data accounts for 12 per cent of the voxels by number
nd 47 per cent by mass. 

.3 Continuous gas flow towards MM1 

.3.1 Measurements of the streams show ‘continuity’ 

e measure the velocity difference � V and gradient ∇V from Figs 5
o 7 . We measure streams A and B directly since they show coherent
-p-v structure. For streams C and D, we split the major streams into
inor ones (C into C1/C2 and D into D1/D2) to measure � V and
V . 
If the velocity gradients are mainly caused by inflows, we can
stimate the accretion rate ( Ṁ ‖ ) along the gas streams following
irk et al. ( 2013 ), 

˙
 ‖ = 

∇V ‖ M stream 

tan θ
, (14) 

here ∇V � is the velocity gradient, M stream 

is the mass of the stream,
nd θ is the plane-of-sky inclination angle of gas streams. We adopt
= 30( ± 10) ◦ for streams A and B, and θ = 45( ± 15) ◦ for others.
onsidering the dominant uncertainty from the abundance X H 13 CO + , 
e include 50 per cent uncertainty in M stream 

. The mass inflow rate,
s well as its uncertainty for each stream, is shown in the last column
f Table 3 . In the last row of Table 3 , we aggregate all the streams
hat are thought to transfer mass into MM1 and estimate the mean
alue as well as 1 σ uncertainty determined by Monte Carlo runs.
s a result, the mass inflow rate along the streams is Ṁ stream 

=
 . 40( ±0 . 78) × 10 −3 M � yr −1 . 
With this value, an intriguing comparison can be made with 

he derived mass infall rate, Ṁ infall , for the whole SDC335 cloud.
eretto et al. ( 2013 ) assumed that SDC335 was undergoing a global
ollapse and that the central region (i.e. ‘the Heart’) contributed 
o the majority of the infalling mass. They estimated Ṁ infall � 

 . 5( ±1 . 0) × 10 −3 M � yr −1 . The striking consistency of this value
ith what we derive in this work tightens the determination of the
ass infall rate within ‘the Heart’, since these are two independent 
ethods. The consistency also suggests that H 

13 CO 

+ J = 1 − 0 is
ood at tracing infalling gas in high-mass star formation regions. 
vison et al. ( 2021 ) considered the total mass accretion rate towards
rotostars in MM1, Ṁ tot, acc to be 1.4( ± 0.1) × 10 −3 M � yr −1 from
utflow analyses. These authors argue that SDC335 has a continuous 
nfall of material from cloud/clump scale (a few pc), funnelled onto
he accretion disc scale ( < 0.01 pc), and driving energetic outflows.
he mass inflow rate derived from our new ALMA observation, in
n intermediate scale, further pro v es the continuity. 

.3.2 Some implications of ‘continuity’ 

irst, continuity means that the mass inflow rate at different radii
s constant. This serves as a basic assumption for the turbulence-
egulated gravitational collapse model in Li ( 2018 ) where the
MNRAS 520, 3259–3285 (2023) 
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continuity’ provided an extra equation to finally derive the density
rofile in the form of ρ ∝ r −2 . From the perspective of a single
bserved case, we justify one of the assumptions of the theoretical
odel. 
Secondly, continuity along with the high-mass fraction of the most
assive core f MMC in SDC335 shows us an early picture of high-mass

tar formation. As suggested in Anderson et al. ( 2021 ), a massive HFS
i.e. SDC335) accretes mass from its surroundings, and meanwhile
eeds its most massive core (i.e. MM1) more efficiently at an early
tage. The continuum emission shows that the most massive core

M1 contains 10–24 per cent of the total mass of the clump, giving
 high-mass concentration in the dense structures (see Section 3.2 ).
ith the present detailed kinematic studies, we suggest that the

igh-mass concentration can be due to the continuous gas inflow
rom clump scale to core scale. Interestingly, the ‘bathtub’ model
see simplified version in Bouch ́e et al. 2010 ; Burkert 2017 for the
alactic bathtub) provides a possible physical explanation for the
ausality. For a star-forming region that is powered by a constant
nflow of gas Ṁ acc , we assume a critical gas density threshold n dense =
0 4 cm 

−3 (Lada, Lombardi & Alv es 2010 ), abo v e which stars form
n a local free fall time-scale τ ff � 4 × 10 5 yrs (Krumholz, Dekel &
cKee 2012 ). We then have 

d M dense 

d t 
= Ṁ acc − M dense 

τff 
, (15) 

here M dense is the mass contained in the dense cores and M dense / τ ff 

ho ws ho w fast is the dense gas depleted if no more gas were accreted.
ncluding a non-zero accretion term, the solution becomes 

 dense = Ṁ acc τff 

[
1 − exp 

(
− t 

τff 

)]
. (16) 

e can identify two phases: (1) for t � τ ff , the dense gas increases
inearly with time as M dense ∼ Ṁ acc × t ; 2) for t � τ ff , the dense
as mass approaches a constant value as M dense → Ṁ acc × τff . 7 For
ontinuous accretion in SDC335, a large amount of material is
irectly fed into the massive dense core MM1, leading to a high-
ass concentration. Ho we ver, once the continuity is broken (by

tellar feedback, for example), then the accretion rate drops, leading
o a lower-mass concentration in dense structures. This is consis-
ent with Anderson et al. ( 2021 ), where it is found that infrared
ark clumps usually have a higher-mass concentration while the
pposite is true for infrared bright clumps. Ho we ver, to specify the
onnection between both types of clumps, similar detailed studies of
continuous accretion’ should be carried out encompassing a larger
ample. 

Last, as suggested by Avison et al. ( 2021 ), a near continuous
ow of material from clump-to-core scale would have implications
or high-mass star-forming models. Under the competitive accretion
Bonnell et al. 2001 ) and GHC (V ́azquez-Semadeni et al. 2019 )
odels, massive cores are fed by the parental clump, so collapse

f the clump should regulate core growth. In the case of SDC335,
he natal mass reservoir grows itself and at the same time feeds
he cores by multiple streams as seen in H 

13 CO 

+ J = 1 − 0.
ocated at the at the centre of SDC335, MM1 enjoys more infalling
aterial than MM2 and then becomes more massive, consistent
ith a competitive accretion. If so, the growth of massive dense

ore in SDC335 prefers ‘competitive accretion’ and GHC models
ather than ‘turbulent core’ model since the latter predicts an isolated
NRAS 520, 3259–3285 (2023) 

 The bathtub has a maximum volume and so does the dense core. This is why 
e call it the ‘bathtub’ model. 

p  

e  

r  

d

assiv e core. Ev en though it is only a single case, this comprehensive
tudy details how mass is transferred inwards and highlights the
dvantage of the interferometers such as ALMA. Moreo v er, the study
f such a prototype of global collapse as SDC335 should encourage
 systematic study of kinematics of massive clumps, especially at
arly evolutionary stages. 

.4 What does a global ‘blue profile’ mean? 

 general prediction of collapsing models is ‘blue profile’, a line
symmetry with the peak skewed to the blue side for an optically
hick line, while an optically thin line must peak at the velocity
f the absorption (usually a dip) of the optically thick line to rule
ut the possibility of two velocity components (Wu & Evans 2003 ).
urthermore, one can simulate such blue profile in a simple model
here the optically thick lines show red-shifted self-absorption and

herefore blue-shifted double-peaked line profile (e.g. Zhou et al.
993 ; Myers et al. 1996 ). Detailed tests of consistency between
bservations of infall asymmetry and models of collapse require
aps in both optically thick and thin spectral lines. The maps can

eveal the centre, shape, and extent of the zone of infall asymmetry
nd allow comparison to models (Myers, Evans & Ohashi 2000 ).
apping observations are also needed to discriminate infall motion

rom rotation and bipolar outflows (Lee, Myers & Tafalla 1999 ; Wu
t al. 2007 ). 

Mapping observations of optically thick lines sometimes reveal a
niversal or global ‘blue profile’ (e.g. Wu et al. 2007 ; Schneider et al.
010 ; Peretto et al. 2013 ; He et al. 2015 ; Qin et al. 2016 ), which
s interpreted as global gravitational collapse by simple radiation
ransfer model. In the case of SDC335, the Mopra observation of
CO 

+ J = 1 − 0 emission line shows a global ‘blue profile’, while
he H 

13 CO 

+ J = 1 − 0 emission line shows marginally a single
aussian profile. Peretto et al. ( 2013 ) took it as an evidence to

xclude the double velocity component and demonstrated that the
blue profile’ was due to the self-absorption when the gas fall inwards.
o we ver, in our ne w ALMA observ ations with high AR, the dense
as tracer H 

13 CO 

+ J = 1 − 0 shows unquestionably multiple velocity
omponents throughout the entire map of ‘the Heart’ of SDC335,
hich is identified to be a highly complex region with several ppv-

oherent streams rather than a quasi-spherical morphology seen in the
arge scale (see Section 4.1 ). Although these streams are transferring
as inwards which corresponds to what large-scale ‘blue profile’
aid, yet they detail how and especially in what morphology the gas
 alls inw ards. 

Although SDC335 show a good correspondence between large
nd small scale, we can still not tell whether a clump is collapsing
imply by low-resolution single-dish data. F or e xample, recent
LMA observ ations to wards G286 sho w the double-peaked profiles
bserved from the single dish can be caused by the relative motions
f two sub-clumps and outflows (Zhou et al. 2021 ). And in another
xample of G12.42, the ‘blue profile’ is not due to an infall
otion but two velocity components (Saha et al. 2022 ). Numerical

imulations also show the blue asymmetry of optically thick lines is
ot significantly correlated with actual line-of-sight motions in the
loud. The spectra can be more complex, which makes it difficult to
nambiguously interpret any observed spectral asymmetries in terms
f a collapsing motion (Juvela et al. 2022 ). Therefore, we suggest
reat caution when interpreting global collapse from global ‘blue
rofiles’ towards distant massive clumps in single dish observations,
ven with mapping observations. This is simply because the coarse
esolution cannot resolve the complex gas motions within those
istant massive clumps. 



Steady accretion in SDC335 3273 

5

W
b  

f  

o  

p  

M
a  

t  

r  

s
c  

f

s
M  

c  

h

i
p
A
m
t
i

 

l
e  

e  

m
t
i  

o
s
C  

i  

m
s
m

 

m  

i
0  

f
e  

1  

c
t  

m  

i

g
t
c
a
‘

k
f

A

W  

c  

a
s
1
C
(
f  

t
p
g
2  

P
o
S
N
g
b
a
s
f  

1
G
9
I
P
f
2
S  

(
f
a
D  

P
r
r
u
(  

a
S  

f
A
t
C
N
T

A
a
a
(
R
E

D

T  

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/3259/7040271 by U
N

IVER
SID

AD
 N

AC
IO

N
AL AU

TO
N

O
M

A D
E M

EXIC
O

 user on 02 M
arch 2023
 C O N C L U S I O N  

e have presented ne w ALMA observ ations of IRDC SDC335 
oth in Band-3 and Band-7 from the ATOMS surv e y. We hav e
ocused on the densest part of SDC335, ‘the Heart’. At a resolution
f ∼0.03 pc, we use 3-mm dust continuum emission to study the
hysical properties of massive dense cores ( � 0.1 pc) MM1 and
M2. Furthermore, we use 0.87 mm continuum emission as well 

s multitransition of H 2 CS to study the fragmentation of MM1 down
o a scale of 0.01 pc. We use H 

13 CO 

+ J = 1 − 0 at a velocity
esolution of 0.2 km s −1 to study the gas kinematics inside ‘the Heart’,
erving as the bridge between the clump-scale global collapse and the 
ore-scale gas feeding the protostellar core. Our main results are as
ollows: 

(i) Two dense cores are detected in 3-mm dust continuum emis- 
ion, with physical size smaller than 0.1 pc. Both are massive: 

M1 with 383( + 234 
−120 ) M � and MM2 with 74( + 47 

−24 ) M �. The mass
oncentration of SDC335 within its most massive core MM1 is as
igh as 10–24 per cent. 
(ii) From the 0.87 mm continuum data, the massive core MM1 

s further fragmented into six condensations S1–S6. S1 and S2 are 
rotostellar and spatially coincident with UCH II regions identified in 
TCA centimetre continuum. The relation between separation and 
ass of condensations fa v ours turb ulent Jeans fragmentation where 

he turbulence seems to be scale-free rather than scale-dependent as 
t is on large scales. 

(iii) For the first time, we use the ALMA H 

13 CO 

+ J = 1 − 0
ine to map the complex gas motions inside ‘the Heart’. The 
mission of H 

13 CO 

+ J = 1 − 0 is almost al w ays optically thin,
ven in the densest portions of MM1. In this case, the observed
ultipeaked profiles are due to multiple velocity components. With 

he decomposition of spectral lines and clustering algorithm, we 
dentify the four major gas streams A, B, C, and D. Due to the nature
f adopted clustering algorithm, each stream is coherent in p-p-v 
pace. Streams A and C both show spiral-like morphology. Stream 

 is composed of two minor streams C1 and C2, while the stream D
s also composed of two minor ones: D1 and D2. Those major and
inor streams are spatially correlated or connected with the large- 

cale filaments, which is identified from the Spitzer mid-infrared 
ap. 
(iv) Streams A, B, C1, C2, D1, and D2 are connected to the
ost massive core MM1. If the velocity gradients trace the mass

nflow along the streams, then the total mass inflow rate is 2.40( ±
.78) × 10 −3 M � yr −1 , which is consistent with the value derived
rom an independent method of spherical global collapse by Peretto 
t al. ( 2013 ). The consistency not only suggests that H 

13 CO 

+ J =
 − 0 line is a good tracer of inflowing gas, but also implies a nearly
ontinuous flow from large-scale cloud collapse (SDC335, ∼1 pc) 
o smaller-scale core feeding (MM1, � 0.1 pc). We suggest the high-

ass concentration in MM1 is due to the high efficiency of mass
nflow. 

(v) In the perspective of high AR, ALMA sees multiple curving 
as streams moving inwards and feeding the core, corresponding 
o what large-scale blue profiles told. Although SDC335 keeps the 
oherence from large-to-small scale, we still suggest great caution 
nd high-resolution observations when interpreting so-called global 
blue profiles’. 

Our comprehensive study of SDC335 showcases the detailed gas 
inematics in a prototypical massive infalling clump and calls for a 
urther systematic and statistical studies. 
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PPEN D IX  A :  OBSERVATIONS  A N D  DATA  

E D U C T I O N  

1 ALMA Band-3 

he 3-mm observations of SDC335 (ALMA source name: I16272- 
837) is included in the ALMA Band-3 surv e y entitled ATOMS
Project ID: 2019.1.00685.S; PI: Tie Liu). The Atacama Compact 
-m Array (ACA; Morita Array) observation of SDC335 was 
onducted on the 2019 No v ember 12 and the 12-m array (in C43-3
onfigurations) observation was conducted on the 2019 No v ember 3. 
he on-source time is ∼5 min for ACA and ∼3 min for 12-m array,

espectively. The AR and MRS for ACA are ∼ 12. 
′′ 
6 and ∼ 87. 

′′ 
4,

espectively. The AR and MRS for the 12-m array are ∼ 1. 
′′ 
7 and
20. 
′′ 
1, respectively. The UV data calibration and imaging were 

rocessed using the CASA (McMullin et al. 2007 ). The ACA 7-m
ata and ALMA 12-m array data were calibrated separately. We then
maged and cleaned jointly the ACA and 12-m array data using
he natural weighting (to optimize the signal-to-noise ratio) and 
aking pblimit = 0.2, in the CASA TCLEAN task, for both continuum
mages and line cubes. Continuum images were created from line- 
ree frequency ranges of SPWs 7–8 centred at ∼99.4 GHz, while the
pectral line cube of each SPW was produced with its native spectral
esolution. The 12m + ACA combined continuum image of this 
ource has a beam size of 1. 

′′ 
94 × 2. 

′′ 
17 (position angle = 87 ◦) and

 sensitivity of 0.2 mJy, which corresponds to a mass sensitivity of
1.6 M � at the source distance and a dust temperature of ∼23 K. 
SPWs 1–6 in the lower sideband have a bandwidth of 57.92 MHz,

hich is slightly narrower than that of 12m-only observations. 
t’s due to the narrower bandwidth of ACA observations. The six
PWs co v er dense gas tracers, such as the J = 1–0 transition of
CO 

+ , H 

13 CO 

+ , HCN, and H 

13 CN, shock tracer SiO J = 2–1,
nd photo-dissociation region tracer CCH J = 1–0. The other two
ide SPWs 7–8 in the upper sideband co v er a frequenc y range of
7.530–101.341 GHz, each with a bandwidth of 1867.70 MHz, and 
re used for continuum emission and line surv e ys. We summarize
he necessary information of the ALMA Band-3 observations in 
able A1 . Column 1 lists the SPW. Columns 2–4 list the total
andwidth, spectral resolution, and beam sizes of each SPW. The 
fth column lists the averaged RMS noise of the SPW. The species
ames, transitions, rest frequencies, and upper energies are listed in 
olumns 6–9. The critical density ( n crit ), as the density where the rate
n spontaneous transitions from the upper level to the lower level is
qual to the collisional depopulation rate in a multilevel system, of
hese transitions at 100 K are shown in Column 10. In Column 11, we
lso listed the ef fecti v e e xcitation density ( n eff ) at 100 K, the density
hich results in a molecular line with an integrated intensity of
 K km s −1 (Shirley 2015 ). The notes of species and their transitions
re retrieved from table 2 of Liu et al. ( 2020a ). 

2 ALMA Band-7 

he 0.87-mm observation of SDC335 (ALMA source name: I16272) 
s included in the ALMA Band-7 surv e y named ‘How to form high-

ass stars in proto-clusters?’ (Project ID: 2017.1.00545.S; PI: Tie 
iu). The observations were carried out on 2018 May 20 in ALMA
ycle 5, using 43 12-m antennas in C43-1 configuration. For all
bservations, baselines range from 15 to 313.7 metres with 1128 
aselines in total. The on-source time is ∼3.7 min. J1650-5044 and
1924-2914 were used as atmosphere calibrators. J1924-2914 was 
sed as a bandpass calibrator. J1924-2914 and J1650-5044 were used 
s flux and phase calibrators, respectively. The pipeline provided 
y the ALMA team was used to do data calibration in CASA on
ersion 5.1.15. The imaging was conducted by TCLEAN task in 
ASA 5.3. We ran three rounds of phase self-calibration and one
ound of amplitude self-calibration to impro v e the images of I16272.
n the imaging processes, the deconvolution was set as ‘hogbom’, 
nd the weighting parameter is set as ‘briggs’ with a robust of 0.5 to
alance the sensitivity and AR. In the last round of self-calibration,
he primary beam calibration was also conducted with pblimit = 0.2.

The four SPWs, SPW 31, SPW 29, SPW 25, and SPW 27, are
espectively centred at 343.2, 345.1, 354.4, and 356.7 GHz. The total
f 104 line-free channels are extracted for the aggregated continuum 

mage to achieve a sensitivity of ∼1.5 mJy beam 

−1 . The main strong
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ines include HCN J = 4–3, HCO 

+ J = 4–3, CO J = 3–2, and
S J = 7–6. HCN J = 4–3 and HCO 

+ J = 4–3 are used as reliable
nfall tracers (Chira et al. 2014 ) and CO J = 3–2 can be used for
utflows (Baug et al. 2020 ). Shock tracers include SO 

3 � J = 8 8 
7 7 and CH 3 OH J = 13 1, 12 − 13 0, 13 . High-density tracers like

 

13 CN J = 4–3 and CS J = 7–6 can determine core velocity and
race high-density outflows as well. Some sulfur-bearing molecules 
ike H 2 CS and SO 2 can serve as tracers of rotational envelopes.
hemically, SPWs 29 and 31 both co v er wide bands for hot-/warm-
ore molecular lines, including CH 3 OH, CH 3 OCH 3 , and H 2 CS,
nd have a sufficient number of transitions, which can be used 
or rotation-temperature estimation. Besides, the nitrogen-/oxygen- 
earing molecules detected in hot cores are particularly useful to 
tudy chemical reaction and evolution in high-mass star formation 
Qin et al. 2022 ; Liu et al. in preparation). The necessary information
f the ALMA Band-7 observations are also summarized in Table A1 
s mentioned in Band-3 observations. 

PPEN D IX  B:  S O U R C E  E X T R AC T I O N  

L G O R I T H M  

1 CASA imfit 

LMA 3-mm continuum emission of SDC335 shows two prominent 
ense cores, MM1 and MM2. In semi-automatic algorithm CASA im- 
t , we draw circles to cover most emission of dense cores and then
un the 2D Gaussian fitting. By doing so, we make fundamental 
easurements of both cores and the results are summarized in 
able B1 . 

2 GETSF 

ETSF is a multi-scale multi-wavelength extraction of sources and 
laments algorithm, using separation of the structural components 
Men’shchikov 2021 ). It is able to separate three types of structures:
ources, filaments, and backgrounds. Refer to Men’shchikov ( 2021 ) 
or more details. 
Table B1. Fundamental 2D fitting parameters of dense cores from ALMA 3-

Dense core RA Dec. Peak intensity Flux den
(J2000) (J2000) (mJy beam 

−1 ) (mJy

MM1 16:30:58.76 −48:43:53.5 59.8(1.5) 146.4(5
MM2 16:30:57.29 −48:43:39.8 8.2(6) 25.4(2

a Apparent major and minor axis FWHM from 2D Gaussian fitting, convolved
b FWHM deconvolved with beam. 

Table B2. Sources extracted by GETSF from ALMA 0.87 mm continuum emissi

Source ID RA Dec. Goodness a Peak intensity
(J2000) (J2000) Jy beam 

−1 

S1 16:30:58.765 −48:43:53.95 1.610E + 04 1.360(2) 
S2 16:30:58.639 −48:43:51.25 8.188E + 02 0.271(3) 
S3 16:30:58.706 −48:43:52.52 6.934E + 02 0.280(3) 
S4 16:30:58.923 −48:43:55.29 1.111E + 02 0.122(4) 
S5 16:30:58.434 −48:43:50.81 8.739E + 00 0.029(4) 
S6 16:30:58.999 −48:43:51.47 3.468E + 01 0.048(2) 

a The reliability of a source (see equation 42 of Men’shchikov 2021 ). 
b FWHM of Gaussian fitting, convolved with beam. 
c FWHM, deconvolved with beam. 
d Position angle fitted from the intensity moments, excluding noise and backgro
In the case of SDC335-MM1, we first circularize the beam into the
riginal major beam size θmaj = 0. 

′′ 
82. We adopt the smallest scale

o be the size of the circularized beam and the largest scale to be the
RS (8. 

′′ 
45). GETSF extracts six sources and one filament with high

eliability. We name the six sources as condensations S1–S6 and the
lament as mini F1. In Section 3.3 , we care more about the spherical
orphology. Therefore, we only list the fundamental measurements 

n Table B2 . 

PPENDI X  C :  TEMPERATURE  ESTIMATION  

1 The temperature of protostellar cores MM1 and MM2 

We cross-match the Hi-GAL 70- μm Compact Source Catalogue 
Molinari et al. 2016 ) and then convert the flux densities to bolometric
internal) luminosity using the following relation (Elia et al. 2017 ), 

 int = 25 . 6 

(
S 70 μm 

10 Jy 

)(
D 

1 kpc 

)2 

L �, (C1) 

here S 70 μm 

is the integrated 70- μm flux density of the source and
 is the distance to the clump. Assuming that the dust emission
rom a protostellar core is optically thin and is predominantly in the
ar-infrared, we calculate the mean mass-weighted temperature T d 
ithin core equi v alent radius r = R source (Terebey, Chandler & Andre
993 ), 

 d = 

3 

2 
T 0 

(
L int 

L 0 

)1 / 6 (
r 

r 0 

)−1 / 3 

, (C2) 

here L int is the source’s internal luminosity, r is the core’s ef fecti ve
adius, and the reference values are T 0 = 25 K, L 0 = 520 L �, and
 0 = 0.032 pc. The scaling relation abo v e assumes dust opacity index
= 2 and density profile follows ρ( r ) ∝ r −2 . Assuming dust and

as are well mixed and in thermal equilibrium, we then assign the
ore temperature T core = T d . The temperatures of MM1 and MM2
re listed in the third column of Table 1 . 
MNRAS 520, 3259–3285 (2023) 

mm continuum emission. 

sity θmaj × θmin 
a . θdeconv 

b . Position angle 
) ( 

′′ ×′′ 
) ( 

′′ 
) ( ◦) 

.4) 3.63(10) × 2.84(7) 2.47 146.4(4.2) 
.3) 4.13(31) × 3.15(21) 2.98 89.1(9.7) 

 with beam. 

on. 

 Total flux θmaj × θmin 
b θdeconv 

c Position angle d 

(Jy) ( 
′′ ×′′ 

) (arcsec) ( ◦) 

3.384(10) 1.081 × 0.087 0.989 67.9 
0.494(3) 1.159 × 0.951 1.070 73.5 
0.555(3) 1.333 × 1.162 1.268 118.2 
0.484(4) 1.798 × 1.638 1.749 165.0 
0.065(3) 1.319 × 1.104 1.230 168.8 
0.025(3) 1.832 × 1.554 1.720 50.7 

und fluctuations. 
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M

Figure C1. The integrated flux of H 2 CS main line ( J = 10 0, 10 − 9 0, 9 ) at rest 
frequency of ν = 342.94646 GHz, overlaid with contours of ALMA Band- 
7 continuum emission. The white power-law contour levels are [7.5, 28.1, 
71.5, 142.7, 245.9, 384.6, 562.2, 781.6, 1045.5, and 1356.5] mJy beam 

−1 . 
We highlight the 3 σ = 4.5 mJy beam 

−1 level with white dashed line. 
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2 The temperature estimation of S1–S4 by XCLASS 

e first check the correlation between ALMA Band-7 continuum
mission and H 2 CS emission. In Fig. C1 , the background colour
ap shows the integrated flux of the J = 10 0, 10 − 9 0, 9 transition of
 2 CS line (the main line) at rest frequency of ν = 342.94646 GHz,
 v erlaid with contours of ALMA Band-7 continuum emission. The
ntegrated flux of the H 2 CS main line is well correlated in the dust
mission region, ensuring the safety of dust temperature estimation
rom H 2 CS rotational temperature. 

One frequently adopted technique to derive temperature from
olecular line emission is XCLASS 

8 (M ̈oller et al. 2017 ). Assuming
hat the molecular gas in LTE condition, XCLASS solves a radiative
ransfer equation and produces synthetic spectra for specific molec-
lar transitions by taking the source size, beam filling factor, line
rofile, line blending, excitation, and opacity into account. In the
CLASS modelling, the input parameters are the source size, beam
NRAS 520, 3259–3285 (2023) 
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ize, line velocity width, velocity offset, rotation temperature, and
olumn density (M ̈oller et al. 2017 ). The source size is the angular
adius deconvolved from the beam. We then set rotation temperatures,
olumn densities, systematic velocity, and velocity widths as free
arameters to simulate the observed spectra. To obtain optimized
otation temperature and column density parameters, we employ

odeling and Analysis Generic Interface for eXternal numerical
odes (M ̈oller et al. 2013 ) for further calculation. The uncertainties
f temperature and column density are calculated from Markov Chain
onte Carlo method. 

3 RADEX mock grid of S5 and S6 

oth condensations, S5 and S6, only have the 10 0, 10 − 9 0, 9 transition
f H 2 CS (the main line) but no detection of higher transition from
he 10 2, 9 − 9 2, 8 (the associate line) abo v e the rms level. Therefore, a
pper limit of temperature should be given. Therefore, we perform a
ulti-parameter NLTE mock observations of the main and associate
 2 CS line. The strategy here is to predict the brightness temperature
f the main and associate line under the assumption of H 2 volume
ensity, kinetic temperature, H 2 CS column density, and the line
idth. For S5 and S6, the input linewidths of both main and associate

ines are assumed to be the same as that of the observed main line.
o constrain other parameters, we span the parameter space and
ock a parameter grid with RADEX, a 1D NLTE radiation transfer

ode (van der Tak et al. 2007 ). As shown in Fig. C2 and C3 , the
ackground colour map predicts brightness temperature of the main
ine, while the white lines shows the observed value. The blue line
ives the critical condition where the associate line is just hidden
elow the RMS noise. Therefore, only the left region of the blue line
hould satisfy the observation. We also extract the dust continuum
ux and calculate the total gas column density based on the dust
rey body emission as well as the assumption of T dust = T kin . We
se the molecular abundance 2 − 5 × 10 −9 from a typical high-
ass star-forming region Orion-KL (Minh et al. 1991 ) and give

nother independent constraint on the T kin − N H2CS plane by black
ines. In each panel, the grey shaded region indicates the available
alues of parameters. The difference among three panels are the
olume density of collisional partner, i.e. molecular hydrogen. We
ssume that S5 and S6 have the similar volume density with S1–4
f 10 6 − 7 cm 

−3 , so we take the grey shaded area in the left-hand and
iddle panel as available parameter space. We note that the method is

ot sensitive to the volume density, so it’s safe to assume the volume
ensity in a wide range. One can also find the intersection between
he blue and white lines should be the upper limit of temperature. 

art/stad012_fc1.eps
https://xclass.astro.uni-koeln.de/
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Figure C2. The mock grid of H 2 CS observations of S5. The three panels differ in input volume density of collisional partner, i.e. molecular hydrogen. The 
background colour map shows the predicted brightness temperature of the main line, T ml . The white solid line indicates the same value as observed while the 
dashed lines indicate the ±3 σ uncertainty range. The blue line indicates where the predicted brightness temperature of the associate line T al is the same as RMS 
noise (0.038 K). The double black lines indicates the prediction of dust continuum emission under the assumption of H 2 CS abundance 2–5 × 10 −9 . The grey 
shaded area shows the parameter range of T kin and N H2CS . The predicted kinematic temperature is 9.5( ± 0.9) K; the predicted column density is 3.8( ± 1.5) ×
10 15 cm 

−2 . 

Figure C3. The same but for S6. The predicted kinematic temperature is 11.2( ± 1.1) K; the predicted column density is 4.6( ± 1.8) × 10 15 cm 

−2 . 

Table C1. The parameters of H 2 CS multiple transition at ALMA Band-7. 

Resolved QNs a . Unresolved QNs a . Frequency E u / k S ij μ2 Notes 
(GHz) (K) (Debye 2 ) 

J = 10 0, 10 − 9 0, 9 342.94646 90.59 27.19 
J = 10 2, 9 − 9 2, 8 343.32189 143.30 26.10 Blended with H 

13 
2 CO 

J = 10 2, 8 − 9 2, 7 343.81294 143.37 26.11 
J = 10 3, 8 − 9 3, 7 343.40946 209.06 74.24 Blended with 10 3, 7 − 9 3, 6 

J = 10 3, 7 − 9 3, 6 343.41365 209.06 74.24 Blended with 10 3, 8 − 9 3, 7 

J = 10 4, 7 − 9 4, 6 J = 10 4, 7 − 9 4, 6 343.30891 300.95 22.84 Unresolved with J = 10 4, 6 − 9 4, 5 

J = 10 4, 6 − 9 4, 5 343.30892 300.95 22.84 Unresolved with J = 10 4, 7 − 9 4, 6 

J = 10 5, 6 − 9 5, 5 J = 10 5, 6 − 9 5, 5 343.20188 418.85 61.19 Unresolved with 10 5, 5 − 9 5, 4 

J = 10 5, 5 − 9 5, 4 343.20188 418.85 61.19 Unresolved with 10 5, 6 − 9 5, 5 

a Two energy transitions are (un)resolved with laboratory precision. If unresolved, two transitions share the same ‘Resolved QN’. 
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PPEN D IX  D :  SEPARATION  F RO M  MST  

ST, first developed for astrophysical applications by Barrow, 
havsar & Sonoda ( 1985 ), has been applied to simulations (e.g.
 t  
u et al. 2017 ) and to observations (e.g. Wang et al. 2016 ; Sanhueza
t al. 2019 ; Ge & Wang 2022 ). In this paper, we use Prim’s algorithm
o find out the edges to form the tree including every node with
he minimum sum of weights to form the MST. Prim’s algorithm
MNRAS 520, 3259–3285 (2023) 
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M

Figure D1. The background colour map shows the ALMA 0.87-mm contin- 
uum emission SDC335-MM1 while the white contours of 3-mm continuum 

emission follows the power-law levels of [1.0, 3.3, 7.6, 14.2, 23.4, 35.1, 49.6, 
and 67.0] mJy beam 

−1 . Six condensations S1–S6 are marked with their fitted 
FWHM ellipses. The beam size of ALMA Band-7 observation is shown with 
the purple ellipse on the left bottom and the scale bar is shown on the right 
bottom. The connections from MST method are marked with white solid 
lines. 
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Figure E1. The averaged spectra extracted from SDC335-MM1. The black 
solid lines are the original data and the red solid lines are fitting models. The 
models are marked on the top right. ‘N + W Gaussian’ means one narrow and 
one wide Gaussian component, where the wide one aims to fit the outflow 

wings. ‘N + N Gaussian’ means two narrow Gaussian components. ‘One 
Gaussian’ means a single Gaussian component. ‘HFS + Gaussian’ means 
a narrow HFS component and a wide Gaussian component. The fitted line 
centroid velocity V lsr and FWHM line width � V of the narrow component are 
shown on the right. If there are two narrow components, then the dominant 
one is shown. The black dashed line marks the velocity of −47.3 km s −1 , the 
dominant component for all the lines. 
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tarts with the single-source node and later explores all the nodes
djacent to the source node with all the connecting edges. During the
xploration, we choose the edges with the minimum weight and those
hich cannot cause a cycle. The edge weight is set to be the length
etween two vertices (Prim 1957 ). Therefore, MST determines a
et of straight lines connecting a set of nodes (condensations) that
inimizes the sum of the lengths. Fig. D1 display the MST for the

ragments inside SDC335-MM1 from ALMA Band-7 observation. 

PPENDIX  E:  SP ECTRAL  LINE  FITTING  

ig. E1 shows the averaged spectra extracted from SDC335-MM1
s well as their fitting results. Fig. E2 shows the integrated maps of
hree dense gas tracers CCH, H 

13 CO 

+ , and H 

13 CN, whose emission
egions are in good spatial correlation with that of continuum
mission. 

To fit the spectral line of H 

13 CN J = 1 − 0, three HFS lines are
ncluded into the fitting models. The parameters for the three HFS
ines are listed in T able E1 . W e note that further splitting (universally
0.1 km s −1 ) of the three lines can be ignored due to the limited

elocity resolution and wide line width. So, we only consider the
plitting levels at QN J , F . 
NRAS 520, 3259–3285 (2023) 

able E1. The HFS of H 

13 CN J = 1 − 0. 

esolved QNs a Frequency Velocity b log I c 

(GHz) (km s −1 ) 

 = 1 − 0, F = 1 − 1 86.3387352 5.00 −3.02600 
 = 1 − 0, F = 2 − 1 86.3401666 0.00 −2.54890 
 = 1 − 0. F = 0 − 1 86.3422543 −7.22 −3.50310 

 The split levels with the QNs. 
 Relative to J = 1 − 0, F = 2 − 1. 
 The intensity in log scale (from CDMS). 
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Towards MM1, the averaged H 

13 CN J = 1 − 0 line is suspected
o contain two narrow velocity components, a strong and a weak
ne. Besides, H 

13 CN seems to be contaminated by strong and dense
utflow from MM1. Therefore, we simply consider a fitting model
ith one component for narrow and strong HFS, and one Gaussian

omponent for extended wings from outflow. 
To fit the HFS of H 

13 CN J = 1 − 0, we make the following assump-
ions: (1) all the HFS lines share the same excitation temperature;
2) the opacity as a function of frequenc y (v elocity) has a Gaussian
rofile; (3) all the lines share the same linewidth. Since we have three
ndividual HFS lines (Table E1 ), the opacity of the i th component is
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Figure E2. Integrated maps of three dense gas tracers CCH (top), 
H 

13 CO 

+ (middle), and H 

13 CN (bottom). The integration ranges for three 
lines are specified by V lsr − � V ∼ V lsr + � V from the fitting results. The 
white solid lines mark the two dense cores MM1 and MM2 from ALMA 

Band-3 continuum ( F cont, 3mm 

= 1.0 mJy beam 

−1 ). The plots are shown with 
two colourbars, the first one (greyscale) showing −15 to + 15 times the 
noise on a linear scale, then a second one (colour-scheme) showing the range 
+ 15 times the noise to the peak value of the image in an arcsin stretch. The 
line species are labelled in the upper left corner. 
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Figure E3. Result of fitting H 

13 CN J = 1 − 0. The fitting model contains 
one HFS component and one Gaussian component. The former has narrow 

linewidth and strong emission. The latter has extended wings. The fitted 
parameters are listed on the left. Since the optical depth of H 

13 CN J = 1 − 0 
is small, the amplitude (the function of excitation temperature T ex ) and optical 
depth are coupled. We use the parameter T ex τ to represent their product. 
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ritten as, 

i ( v) = τi · exp 

[ 

−4 ln 2 

(
v − v 0 ,i 

�v 

)2 
] 

, (E1) 

here �v is the uniform FWHM of all components. The central 
elocity of component i is v 0, i = v i + v LSR , where v LSR is the
elocity of the reference component (i.e. the one with v i = 0) at the
ocal Standard of Rest (LSR). 
The opacity of the multiplet writes: 

( v) = τtot 

N ∑ 

i= 1 

r i × exp 

[ 

−4 ln 2 

(
v − v LSR − v i 

�v 

)2 
] 

(E2) 
here τ tot is the sum of the optical depths of all hyperfine lines and
 i is the normalized relative intensity of the individual hyperfine line
n the optically thin case under the condition of thermodynamical 
quilibrium. 

Given the opacity τ ( v) and the amplitude A , the brightness
emperature is obtained from: 

 b ( v) = A 

(
1 − e −τ ( v) 

)
(E3) 

In the optical thin regime, the brightness temperature T b ( v)
ransforms into: 

 b ( v) = A τ ( v) = A τtot 

N ∑ 

i= 1 

r i × exp 

[ 

−4 ln 2 

(
v − v LSR − v i 

�v 

)2 
] 

(E4

Each hyperfine component is considered as a single Gaussian 
rofile at its centroid and neighbourhood ( ∼3 σ ). In other words, at the
3 σ range of the hyperfine component i , the brightness temperature

an be written as: 

 b ( v) | −3 σ ≤ v 0 i ≤ 3 σ = A τtot r i × exp 

[ 

−4 ln 2 

(
v − v LSR − v i 

�v 

)2 
] 

(E5) 

nd it is not possible to determine A and τ tot degenerately. To stabilize
he numerical calculation of HFS fitting, we therefore define the 
roduct of the amplitude A and the total optical depth τ tot as a
 ariable T ex τ = A τtot (Le vshakov et al. 2013 ; Liu et al. 2021 ). The
ther three variables are, respectively, V LSR , � V , and τ tot . The HFS
tting is performed by Python package LMFIT with ‘leastsq’ method 

o minimize the χ2 . The result is shown in Fig. E3 . 

PPENDI X  F:  O P T I C A L  DEPTH  O F  H  

13 C O  

+ J = 

 − 0  LI NE  

o estimate the optical depth of H 

13 CO 

+ J = 1 − 0, we assume LTE,
nd therefore the brightness temperature T b can be derived from 

 b = f 
[
J ν( T ex ) − J ν( T bg ) 

]
(1 − e −τ ) , (F1) 

here J ν( T ) = 

hν
k B 

1 
exp ( hν/kT ) −1 . The beam filling factor f is taken to be

 since ALMA can well resolve the structure. The cosmic background 
adiation T bg is 2.73 K. 
MNRAS 520, 3259–3285 (2023) 
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M

Figure F1. Demonstration of the optical thinness of H 

13 CO 

+ J = 1 − 0. Top: 
spatial distribution of optical depth τ (H 

13 CO 

+ ) o v erlaid with ALMA Band- 
3 continuum contours. The white contours of 3-mm continuum emission 
follo ws the po wer-law le vels of [1.0, 3.3, 7.6, 14.2, 23.4, 35.1, 49.6, and 
67.0] mJy beam 

−1 . Two massive dense cores MM1 and MM2 are shown. The 
pixels with SNR < 5 are masked. The ALMA beam is shown at the lower left. 
Bottom: distribution of τ (H 

13 CO 

+ ) on the T b –T ex plane. τ = 0.3, 0.5, 1, 2, 
and 4 are shown with black dashed lines. The pixels within the MM1 mask 
( F cont, 3mm 

≥ 1.0 mJy) are shown with grey hollow circles. 
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9 SCOUSEPY is publicly available: https://github.com/jdhenshaw/scousepy . 
Alternatively, the original IDL implementation can be downloaded here: https: 
//github.com/jdhenshaw/scouse . 
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HCO 

+ J = 1 − 0 is taken to be optically thick with τ � 1. We
implify it as T b = J ν( T ex ) − J ν( T bg ), with which we estimate the
xcitation temperature T ex for HCO 

+ J = 1 − 0. We simply assume
hat the two molecules share the same T ex and return to equation ( F1 ).
or τ � 1, the original equation becomes T b = τ [ J ν( T ex ) − J ν( T bg )].
ubstituting the parameters of H 

13 CO 

+ J = 1 − 0, τ (H 

13 CO 

+ ) can
NRAS 520, 3259–3285 (2023) 
e derived. As seen from Fig. F1 , the optical depth τ (H 

13 CO 

+ ) is
niversally thin, even for the densest part near the MM1. 
We also test the optically thick assumption for HCO 

+ J = 1 − 0.
ased on the radiation transfer equation ( F1 ), we have, 

T b, HCO + ( v) 

T b, H 13 CO + ( v) 
= 

1 − exp ( −τv, 12 ) 

1 − exp ( −τv, 13 ) 

> 

1 − exp ( −τv, 12 ) 

τv, 13 
= 

1 − exp ( −τv, 12 ) 

τv, 12 

X 12 

X 13 
(F2) 

here τ v, 12 and τ v, 13 are the optical depth at v of the HCO 

+ J =
 − 0 and H 

13 CO 

+ J = 1 − 0, and X 12 / X 13 = [HCO 

+ ]/[H 

13 CO 

+ ]
s the abundance ratio of HCO 

+ to H 

13 CO 

+ , which is estimated
o be 15–20 from Mopra observations and 1D non-LTE RATRAN
adiative transfer modelling (Peretto et al. 2013 ). 

Since the linewidth of HCO 

+ J = 1 − 0 is al w ays larger than
hat of H 

13 CO 

+ J = 1 − 0, we only consider the peak brightness
emperature at v = v peak . Among the whole map with solid data (both
wo lines should have SNR > 5), T b, HCO + ( v = v peak ) /T b, H 13 CO + ( v =
 peak ) is 2.7 on average and 9 at maximum. By substituting these into
quation ( F2 ), we estimate the lower limit of τ 12 at v = v peak to be
.4 on average, and only is as low as ∼2 in extreme cases. In other
ords, the optically thick assumption, τ 12 > 1, is always satisfied. 

PPENDI X  G :  SCOUSEPY  D E C O M P O S I T I O N  

F  T H E  ALMA  H  

13 C O  

+ J = 1  − 0  M A P  

he first release version of SCOUSEPY is SCOUSE (Henshaw et al.
016 ). SCOUSE is an IDL package that fits complex spectral line data
n a robust, systematic, and efficient way, by manually fitting the
patially averaged spectra into Gaussian components and then using
hem as input to the subsequent fitting on each individual spectrum.
enshaw et al. ( 2019 ) developed Python implementation SCOUSEPY 

9 

nd its latest version SCOUSEPY v2.0.0 improves the workflow and
peration interface. The procedure of SCOUSEPY is discussed in detail
y Henshaw et al. ( 2016 ), but we highlight the key points here. 
First, we identify both the spatial and spectral co v erage o v er which

t will perform the fitting. We calculate the pixelwise noise from the
aseline without H 

13 CO 

+ emission and mask the spectra whose peak
ux is below 5 σ . The reason to do this is that the primary-beam
orrected ALMA data has radial variation of noise. By doing so, the
nmasked data have a uniform SNR > 5 for further spectral line
tting. We also cut the velocity range from −55 to −34 km s −1 , both
o v ering all the emission from H 

13 CO 

+ J = 1 − 0 and releasing
he burden of loading data. Secondly, we set the Spectral Averaging
reas (SAAs) to be 8 × 8 pixel 2 and SCOUSEPY then breaks up the
ap (with 8873 pixels) into 555 small areas as shown in Fig. G1 .
he spatially averaged spectra extracted from each SAA are then
anually fitted. The spectra is assumed to be composed of a series of
aussian profiles, as justified in Section 4.1.1 . Best-fitting solutions

o the SAAs are then supplied to the fully automated fitting procedure
hat targets all of the individual spectra contained within each region.
his process is controlled by a number of tolerance levels. Last, we
heck the fitting result and the quality due to the reduced χ2 . Some
inor manual adjustment can be done here. 
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Figure G1. The breaking-up stage of SCOUSEPY where the HCO 

+ J = 1 − 0 
map is broken into 555 SAAs. 
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The forest of “the Heart”

Figure H1. The visualization of ACORNS outputs of ‘the Heart’. Top: 
ACORNS forest, the hierarchical structure of the data points from ACORNS . 
In total, 12 trees are found and each is plotted in different colour. Four are 
hierarchical (#0, #1, #3, and #7) and eight are non-hierarchical. The four 
hierarchical trees are named major streams A, B, C, and D, respectively. 
Bottom: p-p-v 3D plot of the forest. The colours are the same as the top 
panel. 
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PPEN D IX  H :  CLUSTERING  O F  DECOMPOSED  

AUSSIA N  C O M P O N E N T S  BY  AC O R N S  

enshaw et al. ( 2019 ) developed a Python written algorithm, 
 CORNS . 10 A CORNS is based on a technique known as hierarchical
gglomerative clustering whose primary function is to generate a 
ierarchical system of clusters within discrete data. Refer to Henshaw 

t al. ( 2019 ) for the principle and details of the algorithm. In the
ollowing sections, we briefly describe how ACORNS characterizes 
he velocity structure of ‘the Heart’. 

We perform the ACORNS decomposition only on the most robust 
pectral velocity components extracted by SCOUSEPY . We define 
robust’ as all velocity components whose peak flux density is greater 
han 5< σ rms > where < σ rms > is the averaged rms noise among the
ll pixels, which is ∼9.5 mJy beam 

−1 . The selected data (15879
omponents out of 17143) constitute 92.6 per cent of the total data
et extracted by SCOUSEPY . 

For the clustering, we set the minimum radius of a cluster to be
.4 arcsec, which is equal to the ALMA synthesized beam. This
s to ensure that all identified clusters are spatially resolved. The 
onsequence is that 545 data points are not assigned to clusters
nd isolated. Considering clustering in p-p-v space, for two data 
oints to be classified as ‘linked’, we specify that the Euclidean 
istance between the points and the absolute difference in both their 
easured centroid velocity and velocity dispersion can be no greater 

han 2.4 arcsec and 0.21 km s −1 , respectively. 11 
0 ACORNS is publicly available at: https://github.com/jdhenshaw/acorns . 
1 The velocity difference 0.21 km/s is equal to the velocity resolution of the 
 

13 CO 

+ J = 1 − 0 observations. 

1

T
E
T

In the case of ‘the Heart’, ACORNS builds a forest with a total
f 12 trees, using 98 per cent of the selected ‘robust’ data. As seen
rom Fig. H1 . the forest consist of four hierarchical and eight non-
ierarchical trees. 12 The forest is dominated by four hierarchical 
rees: #0, #1, #3, and #7, which in total contain 75.7 per cent of all
obust data. Given the enormity of the data set, we call them as the
ajor streams A, B, C, and D, respectively. ‘Stream’ refers to the gas
owing (see Section 4.2 for its physical nature). The remaining data
re classified as isolated points and are not included in the further
nalyses. 

Fig. H2 shows the integrated flux maps of the four major streams.
MNRAS 520, 3259–3285 (2023) 

2 Henshaw et al. ( 2019 ) expands on the nomenclature used in dendrograms. 
he whole tree system is called ‘forest’, itself containing numerous trees. 
ach tree may or may not then be further subdivided into branches or leaves. 
rees with no substructure are also classified as leaves. 
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Dec RA

Fint

Figure H2. The integrated flux maps of the four major streams are normalized to linear span from 0.0 to 0.4 Jy beam 

−1 km s −1 (0.0–0.8 Jy beam 

−1 km s −1 for 
the stream D) in colourscale. The integrated flux at each pixel is given by the integration of decomposed Gaussian component(s). The black solid contours depict 
the 5 σ level of H 

13 CO 

+ J = 1 − 0. The six groups of dashed grey lines are the filaments identified from the Spitzer 8 μm extinction map (the same as in the 
middle panel of Fig. 1 ). The black bold dashed lines mark the filaments which are assumed to be responsible for the streams in each panel. Streams including 
two major ones (A and B) and four minor ones (C1, C2, D1, and D2) are marked as red bold dashed vectors. The massive dense cores MM1 and MM2 together 
with their boundaries ( F cont, 3mm 

= 1.0 mJy beam 

−1 ) are shown in purple. The central circle marks how we visualize the 3D data cube: blue axis is the collapsing 
axis, where integrated fluxes of pixels are projected on the plane spanned by two black axes. 
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