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A B S T R A C T 

Young massive clusters (YMCs) are compact ( � 1 pc), high-mass ( > 10 

4 M �) stellar systems of significant scientific interest. Due 
to their rarity and rapid formation, we have very few examples of YMC progenitor gas clouds before star formation has begun. 
As a result, the initial conditions required for YMC formation are uncertain. We present high resolution (0.13 arcsec, ∼1000 au) 
ALMA observations and Mopra single-dish data, showing that Galactic Centre dust ridge ‘Cloud d’ (G0.412 + 0.052, mass = 

7.6 × 10 

4 M �, radius = 3.2 pc) has the potential to become an Arches-like YMC (10 

4 M �, r ∼ 1 pc), but is not yet forming 

stars. This would mean it is the youngest known pre-star-forming massive cluster and therefore could be an ideal laboratory 

for studying the initial conditions of YMC formation. We find 96 sources in the dust continuum, with masses � 3 M � and radii 
of ∼10 

3 au. The source masses and separations are more consistent with thermal rather than turbulent fragmentation. It is not 
possible to unambiguously determine the dynamical state of most of the sources, as the uncertainty on virial parameter estimates 
is large. We find evidence for large-scale ( ∼1 pc) converging gas flows, which could cause the cloud to grow rapidly, gaining 

10 

4 M � within 10 

5 yr. The highest density gas is found at the convergent point of the large-scale flows. We expect this cloud to 

form many high-mass stars, but find no high-mass starless cores. If the sources represent the initial conditions for star formation, 
the resulting initial mass function will be bottom heavy. 

Key words: stars: formation – ISM: clouds – Galaxy: centre. 
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 I N T RO D U C T I O N  

oung massive clusters (YMCs) are gravitationally bound stellar
ystems with masses � 10 4 M �, radii ∼1 pc, and ages � 100 Myr
Portegies Zwart, McMillan & Gieles 2010 ). The large number
f co-e v al stars within YMCs provide an important astrophysical
aboratory to study the stellar initial mass function (IMF), stellar
volution, and stellar dynamics. As local Universe analogues of
oung globular clusters (Elmegreen & Efremov 1997 ; Kruijssen
015 ; Pfeffer et al. 2018 ), studying nearby YMCs, provides an impor-
 E-mail: b.a.williams@2015.ljmu.ac.uk 

b  

c  

e  

Pub
ant way to understand the formation and early evolution of stars and
lusters in extreme environments across cosmological time-scales. 

Despite their importance, we still have limited observational
xamples of YMC progenitor clouds before star formation has
egun (Ginsburg et al. 2012 ; Longmore et al. 2012 ; Urquhart et al.
013 ; Contreras et al. 2017 ; Jackson et al. 2018 ). Two main YMC
ormation mechanisms have been proposed – a monolithic ‘ in situ ’
ode and a hierarchical ‘conv e yor belt’ mode (see e.g. Longmore

t al. 2014 for a re vie w). In the monolithic scenario, all gas is
ontained within the final cluster volume before star formation
egins. After forming its stars, the remaining gas is lost from the
luster, decreasing the global gravitational potential and the cluster
xpands towards its final, unembedded phase. In the hierarchical
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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YMC formation in the Galactic Centre 579 

Table 1. Details of the four observed execution blocks. Listed are the observation dates, nominal array configurations, number of 12 m antennas in the 
array, full range of antenna baseline lengths, total time on source, and the bandpass, flux, and phase calibrators used for each observation. 

Date Array Antennas Baselines Time on source Bandpass Flux Phase 
(d/m/y) configuration # (m) (min) calibrator calibrator calibrator 

14/10/2016 C40-6 41 18–2535 45.37 J1924 −2914 J1924 −2914 J1744 −3116 
25/04/2017 C40-3 41 15–450 27.22 J1924 −2914 J1924 −2914 J1744 −3116 
19/07/2017 C40-6 42 18–3696 45.37 J1924 −2914 J1733 −1304 J1744 −3116 
08/08/2017 C40-6 45 21–3696 45.37 J1924 −2914 J1733 −1304 J1744 −3116 
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cenario, gas is initially more extended than the final cluster volume, 
ith both the extended gas cloud and the embedded protostellar 
opulation undergoing global gravitational collapse simultaneously. 
tudies of young cluster and progenitor cloud populations show that 

he latter ‘conv e yor belt’ formation mode, where gas accretion and
tar formation occur simultaneously, better reproduces their observed 
roperties (Longmore et al. 2014 ; Walker et al. 2015 ; Krumholz &
cKee 2020 ). 
Observ ationally dif ferentiating between these formation mecha- 

isms is, ho we ver, dif ficult. A prediction of the hierarchical conv e yor
elt mode of YMC formation is that there should exist gas clouds with
ass of 10 5 M � and radii of a few pc, which contain a small amount of

tar formation activity. Without this on-going star formation it cannot 
e determined if a quiescent cloud will simply collapse to form a very
igh density proto-cluster in future (i.e. in situ ). Identifying massive 
olecular clouds on the cusp of forming stars then provides the rare

pportunity to observe the very initial stages of these YMC formation 
echanisms, and provides insight to the dynamics of the cloud prior

o the formation of stars. 
Despite e xtensiv e observational searches (e.g. Bressert et al. 2012 ;

insburg et al. 2012 ; Urquhart et al. 2013 ; Longmore et al. 2013a ,
017 ), such clouds have remained elusive in the Milky Way. The
ost promising examples to date have generally been found in the 

Central Molecular Zone’ (CMZ) – the inner few hundred pc of the 
alaxy (Henshaw et al. 2022a ) (the Henshaw + 22 references has
een added in this edit). In particular, a region of the CMZ known as
he ‘dust ridge’ (Lis et al. 1994 ), contains a collection of six massive
10 5 M �), compact (radius ∼1–3 pc), and largely quiescent clouds 
excluding the Sagittarius B2 complex, one of the most active sites
f high-mass star formation in the entire Milky Way, e.g. Ginsburg 
t al. 2018 ; Ginsburg & Kruijssen 2018 ; Schw ̈orer et al. 2019 )
rbiting at ∼100 pc from the Galactic Centre (Kruijssen, Dale & 

ongmore 2015 ; Kruijssen et al. 2019a ; Dale, Kruijssen & Longmore
019a ; Petkova et al. 2021 ) which have been identified as potential
rogenitors to YMCs (e.g. Longmore et al. 2013b ; Rathborne et al.
015 ; Walker et al. 2015 ; Barnes et al. 2019 ). 
A subset of the dust ridge clouds have been studied in detail,

rom pc scales down to the scale of individual cores ( ∼1000 au)
e.g. Lis et al. 1994 ; Immer et al. 2012 ; Longmore et al. 2012 ,
013b ; Rodr ́ıguez & Zapata 2013 ; Rathborne et al. 2014 , 2015 ;
ills et al. 2015 ; Walker et al. 2018 , 2021 ; Barnes et al. 2019 ; Lu

t al. 2019a , b , 2020 , 2021 ; Henshaw et al. 2019 , 2022b ; Battersby
t al. 2020 ; Hatchfield et al. 2020 ). Based on the evolution of
ense gas structure and analysis of the gas kinematics, Walker et al.
 2015 , 2016 ) and Barnes et al. ( 2019 ) conclude that YMCs forming
rom these clouds are more likely to do so in a way that is more
onsistent with the predictions of a hierarchical conv e yor belt mode.
ntriguingly , Henshaw , Longmore & Kruijssen ( 2016c ) observed a
e gular, corrugated v elocity field – which they referred to as ‘wiggles’ 

within the same contiguous gas stream as the dust ridge clouds, 
ocated ∼20 pc upstream from the dust ridge in projection. They 
w
ound that the velocity extremes correlate with regularly spaced 
 ∼8 pc) massive, compact molecular clouds. They interpreted the 
elocity wiggles as kinematic evidence of cloud formation via large- 
cale gravitational collapse. If this interpretation is correct, the dust 
idge clouds are potentially more evolved, collapsing ‘wiggles’, 
roviding a key laboratory for studying YMC formation. 
Perhaps unsurprisingly given their important role for understand- 

ng star formation in extreme environments, the Galactic Centre gas 
louds with signs of ongoing star formation activity have been studied
n the most detail (e.g. Lu et al. 2019a , 2020 ; Walker et al. 2021 ).
nfortunately – at least as far as searching for a pre-star-forming 
MC progenitor cloud is concerned – even the most massive and 
reviously most quiescent of these, G0.253 + 0.016 (the ‘Brick’), 
as now been shown to be unambiguously forming stars (Walker 
t al. 2021 ; Henshaw et al. 2022b ). Walker et al. ( 2021 ) find that this
s only a small grouping of 18 low-to-intermediate mass sources, and
s contained to a small area rather than widespread throughout the
Brick’. Henshaw et al. ( 2022b ) find that the Brick may have already
ormed a small ( ∼10 3 M �) cluster. 

In the ongoing search for a truly pre-star-forming YMC progenitor 
loud, we therefore turn our attention to the least studied of the dust
idge clouds, G0.412 + 0.052 (hereafter referred to as cloud ‘d’).
espite having a similar mass and radius to other dust ridge clouds,

loud ‘d’ shows no signs of star formation on � 0.01 pc scales (Walker
t al. 2018 ; Barnes et al. 2019 ). In this study, we present high angular
esolution (0.13 arcsec) ( ∼1000 au) ALMA Band 6 observations 
owards the peak of the single-dish continuum emission in cloud ‘d’
clump ‘d6’ in Walker et al. 2018 ), using the same observational
nd spectral set-up as Walker et al. ( 2021 ) who found embedded
tar formation on 1000 au scales in the ‘Brick’. We aim to determine
hether or not star formation is occurring at the scale of individual

ores and understand the fate of this cloud by investigating the gas
ensity distribution in relation to large-scale gas kinematics. 

 OBSERVATI ONS  A N D  DATA  

.1 Obser v ations 

e obtained single-pointing (Table 1 ), high-sensitivity and high- 
ngular-resolution dust continuum and molecular line observations 
owards clump ‘d6’ in cloud ‘d’ with ALMA [RA (J2000) 17:46:23.0,
ec. (J2000) −28:33:23.5; Walker et al. 2018 , see Fig. 1 ]. The
bservations were performed during ALMA’s Cycle 4 (project 
D: 2016.1.00949.S, PI: D. Walker), at a frequency of ∼230 GHz
1.3 mm, frequency band 6). The angular resolution is ∼0.13 arc-
ec, which allows us to resolve scales of 1000 au, the scale of
ndividual cores, at a distance of 8.1 kpc (Abuter et al. 2019 ).
he observations contain 7 spectral windows, 5 of which targeted 
pecific molecular transitions (Table 2 ) in the lower sideband with
 spectral resolution of ∼0.77 km s −1 . The remaining two spectral
indows were dedicated to broad-band continuum detection in the 
MNRAS 514, 578–595 (2022) 
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Figure 1. Left : Three-colour image of the Galactic Centre dust ridge. Red : SMA 1.3 mm dust continuum (Battersby et al. 2020 ), Green : Spitzer /GLIMPSE 

8 μm emission (Churchwell et al. 2009 ), Blue : Bolocam Galactic Plane Surv e y 1 mm dust continuum (BGPS, Ginsburg et al. 2013 ). Right : Zoom-in on dust 
ridge cloud ‘d’ (G0.412 + 0.052) The white circle corresponds to the primary beam field of view of the ALMA observation towards source ‘d6’ (Walker et al. 
2018 ) reported in this paper. 

Table 2. Overview of the spectral setup used for our ALMA observation. 
The specific line(s) targeted per spectral window are given, along with 
the corresponding central frequency ( νcent ), bandwidth (BW), and spectral 
resolution in terms of velocity ( �ν). 

Spectral νcent BW �ν

window (GHz) (GHz) (km s −1 ) 

SiO (5–4) 217.105 0.234 0.78 
H 2 CO (3 0, 3 –2 0, 2 ) 218.222 0.234 0.78 
H 2 CO (3 2, 2 –2 2, 1 ) 218.476 0.234 0.78 
H 2 CO (3 2, 1 –2 2, 0 ) 218.760 0.234 0.78 
13 CO (2–1)/CH 3 CN 

(12–11) 
220.709 0.934 0.77 

Continuum 232.500 1.875 2.50 
Continuum 235.000 1.875 2.47 
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pper sideband, with a spectral resolution of ∼2.5 km s −1 . The total
ggregate bandwidth is approximately 5.6 GHz. The project was
bserved across 4 individual e x ecution blocks between October 2016
nd April 2017. Each e x ecution used 41–45 antennas, with baselines
anging from 15 to 3696 m. Full observation parameters and spectral
et-up details can be found in Tables 1 and 2 , respectively. 

.2 Image cleaning and processing 

he ALMA pipeline calibrated data sets for each e x ecution block
ere combined to obtain final data products, which were then imaged

n CASA version 5.6.0.68 (McMullin et al. 2007 ). 
Prior to generating the dust continuum, any channels with spectral-

ine contamination were flagged. No line emission is detected in the
road spectral windows in the upper sideband, and only a small
raction of the channels in the other spectral windows contain line
mission. We estimate that no more than 10 per cent of the aggregate
andwidth is flagged due to line contamination, and the ef fecti ve
andwidth used for continuum generation is ∼5 GHz. 
We use CASA ’s tclean task to image both the continuum and

ine cubes. Due to the complex structure of cloud ‘d’, we opt
or tclean ’s ‘automasking’ mode o v er 10 5 iterations. A cleaning
hreshold of 15 μJy (the rms sensitivity of the continuum image)
as used, with Briggs weighting and a robust parameter of 0.5.
NRAS 514, 578–595 (2022) 
he resultant image has a synthesised beam size of 0.14 arcsec ×
.11 arcsec ( ∼1100 au × 890 au). 
The data suffer with an inherent limited flux reco v ery due to the

ncomplete uv -co v erage of the interferometer. We account for this by
ombining our interferometric data with the most appropriate large-
cale data. To reco v er the continuum emission, we use ∼1 arcsec
esolution data from Barnes et al. ( 2019 ), which combines obser-
ations from ALMA’s 12m array and 7m array with BOLOCAM
alactic Plane Surv e y (BGPS; Ginsburg et al. 2013 ) data. As their
bservations were made at a different frequency to the BGPS data,
he data had to be scaled in order to be combined. Barnes et al. ( 2019 )
cale the BGPS data to their 12m + 7m data using the relation: 

F ALMA 

F BOLOCAM 

= 

(
νALMA 

νBOLOCAM 

)αν

, (1) 

here F (Jy beam 

−1 ) and ν (GHz) are the continuum intensities and
pproximate central frequencies of the Barnes et al. ( 2019 ) ALMA
bservations and the BOLOCAM observations, and αν is the spectral
ndex, quantifying how the intensity of dust emission varies with
requency. 

Our ALMA data were taken at a frequency of ∼225 GHz, while
he Barnes et al. ( 2019 ) data has a frequency of ∼259 GHz, meaning
hat we have to use the same scaling relationship before combining
he two data sets. Using αν = 3.75, as Barnes et al. ( 2019 ) did, we
et 

F ALMA , 225GHz 

F ALMA , 259GHz 
= 

(
νALMA , 225GHz 

νALMA , 259GHz 

)αν

≈
(

225 

259 

)3 . 75 

≈ 0 . 6 . (2) 

e use the feather task in CASA when combining the Barnes
t al. ( 2019 ) data with the cleaned ALMA data. The total flux of
he image before feathering is 0.0247 Jy, whereas after feathering it
s 1.077 Jy. Any discussion regarding the dust continuum hereafter
efers to results obtained using fully combined maps of our cleaned
LMA data and that within Barnes et al. ( 2019 ). 
We note that some of our initial ALMA data is lost due to the

ifferent footprints of the feathered data sets. We do not, ho we ver,
ose any of the main area of dust emission, and so continue with this
eathered image. 

After feathering, the rms continuum sensitivity is ∼15 μJy, cor-
esponding to a 5 σ mass sensitivity of ∼0.1 M �, assuming a dust
emperature of 20 K (see Section 3.1 ). 

art/stac1378_f1.eps
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Figure 2. Left: Dust continuum map of our ALMA data only. Red contours show structure in the continuum data at levels of 45, 60, and 80 μJy (levels of 3, 4, 
and 5.3 σ , respectively). Black contours show just the SMA + BGPS continuum data from Walker et al. ( 2018 ). The black circle in the bottom left (highlighted by 
a red box) represents the synthesized beam. Filamentary structure is not as clear in the unfeathered data. Additionally, white ‘patches’ can be seen surrounding 
the filament. These ‘ne gativ e bowls’ are a sign of missing zero-spacing data (i.e. the large-scale structure has been spatially filtered out). Right: Our ALMA data 
feathered with ALMA + BGPS data (Barnes et al. 2019 ). Red contours show structure in the continuum data at levels of 45, 60, and 80 μJy. Black contours show 

just the SMA + BGPS continuum data from Walker et al. ( 2018 ). The black circle in the bottom left (highlighted by a red box) represents the synthesized beam. 
Curved filamentary structure (represented by a dashed orange line) can be seen with a roughly central mass concentration. A section of the map is missing due 
to our ALMA data and the Barnes et al. ( 2019 ) ALMA + BGPS data having different footprints. 
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We split out the target spectral windows using CASA ’s split task
nd defining the spectral windows that are our desired targets. We 
ubtract the continuum from the isolated lines using the uvcontsub 
ask. We use the tclean task to image the lines. We use the
nteractive manual clean so we can stop defining masks when all 
he emission had been cleaned and the residuals look like noise 
ith no remaining structure. We again use Briggs weighting and a 
obust parameter of 0.5, although here we use a cleaning threshold 
f 0.06 mJy . Finally , we use the immoments task to produce the
esired moment maps. 
For the spectral lines, we only have 12m data, and so we are
issing the larger scale structure. We use CASA ’s imsmooth task 

o perform a spatial Gaussian smoothing on the molecular line 
ata to impro v e the signal-to-noise ratio. We set the major and
inor axes parameters of the Gaussian smoothing kernel to equal 
0.34 arcsec, double the size of the major axis of the synthesized

eam. This increased the rms of the line images from ∼0.6 to
1 mJy. An y discussion re garding molecular lines hereafter refers

o results obtained from this Gaussian smoothing. The resulting 
oment maps of the lines following this smoothing can be found in

he supplementary online material. We will discuss the morphology 
nd kinematics of this emission later in the paper. 

 RESULTS  

.1 Spatial distribution, mass, radius, and density of compact 
ontinuum sources 

he left-hand panel of Fig. 2 displays the ALMA-only 1.3 mm 

ust continuum map for cloud ‘d’, focused on ‘d6’ (Walker et al.
018 ), along with o v erlaid contours of both the feathered continuum
ata (red) and the combined SMA and Bolocam Galactic Plane 
urv e y (BGPS) data (black; Walker et al. 2018 ). The right-hand
anel displays the continuum map for our data feathered with 
LMA + BGPS data (Barnes et al. 2019 ), with the same contours

s the left-hand panel. Note that a section of the feathered continuum
ap is missing on the upper right side due to the ALMA data and

he ALMA + BGPS data having dif ferent footprints. Ho we ver, no
bvious structure has been lost in this process (see the left-hand panel
f Fig. 2 for the unfeathered ALMA data with a complete footprint).
e detect dense substructure within cloud ‘d’ with a filamentary 
orphology. The mass concentration peaks in the middle of the 

mage, which corresponds to the peak of the continuum emission in
he lower resolution images. 

The 0.13 arcsec angular resolution of these observations allow 

s to resolve scales of ∼1000 au, the expected scale of individual
tar-forming cores (Krumholz, Klein & McKee’ 2007 ). We produce 
 dendrogram (e.g. Rosolowsky et al. 2008 ) in order to describe the
ubstructure in a systematic way. We use the ASTR ODENDR O software
ackage to produce these dendrograms, setting a threshold of 3 σ and
n increment of at least σ between structures, where σ is the rms
ensitivity of 15 μJy. The third parameter, minimum number of pixels
equired, is defined by 

 pix ( min ) = 

2 πθmaj θmin 

8ln(2)A pix 
, (3) 

here θmaj and θmin are the major and minor axes of the synthesized
eam and A pix is the pixel area. For this dendrogram, we used an
 pix value of 77, which corresponds to the size of approximately one

ynthesized beam. 
Dendrograms pick out substructures as independent entities in 

 hierarchical manner, with the smallest possible structures being 
eferred to as ‘leaves’. The dendrogram leaves are shown in Fig. 3 ,
ith each red contour indicating substructure detected using the 
MNRAS 514, 578–595 (2022) 
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Figure 3. Locations of dendrogram leaves extracted with the ASTRODENDRO code. The dendrogram was computed using a threshold of 3 σ ( σ = 16 μJy), an 
increment of σ and an N pix value of 77. Red contours show the individual compact continuum sources (‘leaves’) isolated by the dendrogram, of which 96 are 
found. Yellow contours show the nine continuum sources detected abo v e 5 σ . Note that some of the leaves extend beyond the boundary of the observed region, 
and so these are later excluded from analysis. 
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bo v e parameters. In the context of this research, each leaf is a
otential star-forming core of the scale ∼10 3 au (Table A1 ). Using
hese dendrogram parameters, we isolate 96 compact continuum
ources. We have varied the parameters of the dendrogram to see
ow this affects our results, namely by increasing the threshold to
 σ . In this case, we detect nine sources as opposed to 96. We repeat
ur analysis on just these nine sources detected o v er 5 σ and report our
esults for comparison, but for completeness we show the properties
f all 96 3 σ sources. 
Given the large mass of gas it is perhaps surprising that most of the

tructure has a column density only 3–5 σ abo v e noise. This makes
t difficult to determine whether an individual dendrogram leaf is
 physically distinct object or not – the nature of these sources is
ncertain. Ho we ver, it leads to one of the main conclusions of this
aper, that the column density contrast in the cloud is very small. The
ack of density contrast on 1000 au scales in this cloud is reminiscent
f the lack of density contrast found at 0.1 pc scales throughout the
MZ in Battersby et al. ( 2020 ). 
By extracting the fluxes of each leaf we calculate the mass of each

ource using the relation: 

 = 0 . 12M �
(

e 1 . 439( λ/ mm ) −1 ( T / 10 K) −1 − 1 
)

×
(

κν

0 . 01 cm 

2 g −1 

)−1 (
F ν

Jy 

)(
d 

100 pc 

)2 (
λ

mm 

)3 

, (4) 

rom Kauffmann et al. ( 2008 ). Here, M is the mass, λ is the
avelength, T is the dust temperature, κν is the dust opacity, F ν

s the integrated flux, and d is the distance. The dust opacity towards
hese sources has not yet been observationally constrained, and so
NRAS 514, 578–595 (2022) 
e estimate κν using the relation: 

ν = 0 . 04 cm 

2 g −1 
( ν

505 GHz 

)β

= 0 . 04 cm 

2 g −1 

(
225 GHz 

505 GHz 

)1 . 75 

, (5

here ν is the frequency and the gas-to-dust ratio is assumed to be
00, which may not be the case in the CMZ (Longmore et al. 2013a ;
iannetti et al. 2017 ). The numbers used in this relation come from
ssenkopf & Henning ( 1994 ). 
We also need to assume the dust temperature in order to estimate
asses. We use a dust temperature of ∼20 K, based on estimates

y T ang, W ang & Wilson ( 2021 ). The uncertainties in the dust
emperature and opacity mean that systematic uncertainties in the

ass estimates are a factor of ∼2 (Kauffmann et al. 2008 ). 
Additionally, we have assumed a spectral index, β, of 1.75

Battersby et al. 2011 ). It should be noted that recent estimates by
ang et al. ( 2021 ) determine β in the CMZ to be in the range of 2.0–
.4 on scales of 10.5 arcsec. Using the upper value of this range of
= 2.4 instead of our assumed value of 1.75 increases our reported
asses by a factor of ∼1.69. Additionally, Marsh et al. ( 2017 ) use
erschel data to create higher resolution maps (12 arcsec) using the
PMAP procedure, reducing the average dust temperature to ∼17 K.
f we assume this dust temperature and combine it with β = 2.4, then
ur reported masses would increase by a factor of ∼2.10. Therefore,
ur mass and density estimates, using a β value of 1.75 and dust
emperature of 20 K, may be underestimates. These measures of
emperature and β are on significantly larger scales than we are
robing, so any variations on smaller scales are not well constrained.
We also note that, as discussed in Rosolowsky & Leroy ( 2006 ),

ources extracted via a contour-based extraction technique often
ave intrinsic sensitivity and resolution biases. Interferometers sys-
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ematically underestimate cloud properties, particularly the flux and 
y extension the mass. For example, Rosolowsky & Leroy ( 2006 )
nd that the flux of Orion is underestimated by 5 per cent even
t high sensitivity. Therefore, our mass estimates could also be 
nderestimates by a factor of 0.05 due to this. 
We calculate ef fecti ve radii for each structure by calculating the

adius of a circular source with an area equal to that of the structure
 R eff = 

√ 

A/ π, where A is the area enclosed within the dendrogram
oundary). Using the calculated masses and ef fecti ve radii, we then
ompute the volume densities of the sources, assuming a spherical 
eometry. 
We have assumed that all flux within each dendrogram leaf belongs 

o the cloud ‘d’ continuum sources. Ho we ver, the case may be that
ome flux in each leaf is background emission. To account for this, we
ave calculated background-subtracted fluxes, masses, and densities 
or each leaf. To do this, we use the minimum pixel value in each leaf
s a proxy for the background emission (Pineda et al. 2015 ; Henshaw
t al. 2016b ). We then subtract this value from each pixel in the leaf
nd then find the total flux after this subtraction. We then use these
ux values to calculate background-subtracted masses and densities. 
On average, the continuum sources with background-subtraction 

re ∼9 times less massive and dense than the non-background- 
ubtracted continuum sources. This is likely due to the contrast within 
ach leaf being small, and so even subtracting the minimum value 
nte grated o v er the leaf is quite significant. In the rest of our analysis,
e use the non-background-subtracted masses and densities, but we 

cknowledge that these could be o v erestimates if any flux in the
ontinuum sources does not belong to the source itself. 

The mean mass, radius, and number density of the 96 compact 
ontinuum sources are 0.67 M �, ∼1.6 × 10 3 au and 7.1 × 10 6 cm 

−3 ,
espectively, all computed from within the footprint of the den- 
rogram leaf. The total combined mass of the sources is 65 M �.
epeating this analysis for the nine sources detected abo v e 5 σ giv es
 mean mass, radius, and number density of 0.94 M �, ∼1.6 × 10 3 au
nd 9.7 × 10 6 cm 

−3 , respectively, with a total combined mass of
.4 M �. A table of these values (and background-subtracted values) 
or each source can be found in the Appendix (Table A1 ). We discuss
he implications of these masses in Section 4 . 

.2 Search for star formation tracers within cloud ‘d’ 
ontinuum sources 

e searched for 13 CO, CH 3 CN, and SiO emission towards the 
loud ‘d’ continuum sources. 13 CO is a commonly used tracer for
utflows due to its high abundance and relatively low energies of
he lower rotational states (Bally 2016 ). CH 3 CN is used to trace
mall-scale gas kinematics towards hot protostellar cores, and the 
elative intensities of the k-components can be used to estimate 
as temperatures and column densities (e.g. Beuther et al. 2017 ; 
lee et al. 2018 ; Maud et al. 2018 ). SiO is a well-known tracer
f proto-stellar outflows. Walker et al. ( 2021 ) detected both strong
H 3 CN emission and SiO outflows towards the young, low-mass 

tar-forming cores in the ‘Brick’. Ho we ver, we do not detect any
H 3 CN emission towards the continuum sources, nor do we detect 
ny SiO outflows. We searched for SiO outflows by manually 
nspecting every channel in the SiO cube and although we detect 
iO emission, no distinct outflow morphology can be seen. 13 CO is
etected, but the emission is widespread (see the integrated intensity 
aps in the supplementary online material) with no distinct outflow 

tructure. Cloud ‘d’ also shows a lack of Class II methanol and
ater maser emission (Cotton & Y usef-Zadeh 2016 ; Rickert, Y usef-
adeh & Ott 2019 ; Lu et al. 2019a ) and 70 μm emission ( Herschel ,
iGAL; Molinari et al. 2010 ), both tracers of star formation. Cloud
d’ does not show any detections of radio continuum emission from
ossible H II regions (Immer et al. 2012 ; Lu et al. 2019a ), nor does
t show any 24 or 8 μm emission (Churchwell et al. 2009 ). 

In summary, even with the order of magnitude improvement in 
ngular resolution and sensitivity provided by ALMA, cloud ‘d’ 
emains unique among the dust ridge clouds in still having no signs
f star formation. 

.3 Nearest neighbour analysis of compact continuum source 
eparations 

n order to calculate the separations of the compact continuum 

ources within cloud ‘d’ and compare them to theoretically predicted 
alues, we carry out nearest neighbour analysis using the scikit-
earn module neighbors . We use a n neighbors parameter 
f 2 and set the algorithm parameter to auto . From this
nalysis, we find that the nearest neighbour separation between 
ontinuum sources in cloud ‘d’ is typically of the order 10 3 au. Most
ontinuum sources have a nearest neighbour separation of less than 
7.5 × 10 3 au, with a mean of ∼2.6 × 10 3 au. 
Ho we ver, this number is not the mean separation between sources.

ruijssen et al. ( 2019c ) show that the expectation value of the nearest
eighbour distance is 〈 r n 〉 = 

√ 

πλ/ 4 ≈ 0 . 443 λ, where λ is the mean
eparation length. This expression is the integrated form of the 
robability distribution function of the nearest neighbour distance. 
earranging this expression for λ means that we must multiply the 
ean nearest neighbour separation by a factor of ∼2.3 to get the
ean separation length. 
This separation is also the 2D projection of the nearest neighbours,

nd we do not know the complete 3D separation. The implicit
ssumption is then that the sources all lie in the same 2D plane
f the sky. In reality, the sources will also lie at different distances
long the line of sight, so the separations between them may appear
maller than they are in reality due to projection effects. To correct
or this, we also multiply the mean nearest neighbour separation by
 

3 / 2 . This is based on the reduction of three dimensions to two, that
s ( x 2 + y 2 + z 2 ) to ( x 2 + y 2 ). 

Combined with the earlier factor of 2.3, this means we must
ultiply our mean nearest neighbour separation by a factor of ∼2.8.
onverting each nearest neighbour separation to a separation length 
ives a mean separation length of ∼1.5 × 10 4 au. Separation lengths
re shown in Fig. 4 . Below we compare this to the expected gas
ragmentation scale. 

Compared to the disc of the Galaxy, the CMZ has an ele v ated
as temperature (60 K versus 10 K; Ginsburg et al. 2016 ; Immer
t al. 2016 ; Krieger et al. 2017 ) and velocity dispersion (5 km s −1 

ersus 1 km s −1 at a fixed size-scale, Shetty et al. 2012 ). Therefore,
e expect that the thermal and turbulent fragmentation scales in the
MZ will be different to those in the disc. 
Using the ef fecti ve radius (0.16 pc) and upper and lower mass

stimates (239 and 69 M �, respectively) of clump ‘d6’ from Walker
t al. ( 2018 ), we estimate upper and lower thermal Jeans length limits
sing the equation: 

J ≈ 0 . 4 pc × c s 

0 . 2 km s −1 ×
( n 

10 3 cm 

−3 

)−1 / 2 
, (6) 

here c s = ( k b T / μm H ) 1/2 is the sound speed and n is the density of
he gas. We also estimate the turbulent Jeans fragmentation length 
y again using equation ( 6 ) but this time replacing the sound speed
ith the velocity dispersion of clump ‘d6’ from Walker et al. ( 2018 ).
MNRAS 514, 578–595 (2022) 
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Figure 4. The separations of the 96 individual continuum sources, calculated 
using nearest neighbour analysis and corrected for geometric and projection 
effects. The black hatched histogram shows the same quantity for the nine 
5 σ sources. The black dashed line shows the mean separation. The green 
shaded region represents the range of predicted thermal Jeans lengths and the 
blue shaded region represents the range of predicted turbulent Jeans lengths. 
The separation between compact continuum sources in cloud ‘d’ is typically 
of order 10 4 au, with a mean of ∼1.5 × 10 4 au and a standard deviation of 
∼8.0 × 10 3 au. The separations of the continuum sources lie between thermal 
and turbulent fragmentation predictions. 
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hey report a line width of ∼5 kms −1 , which translates to a velocity
ispersion of ∼2.1 kms −1 . 
If the gas and dust are thermally coupled, then we expect the gas

emperature to be ∼20 K, matching the dust temperatures reported
y Immer et al. ( 2012 ) and Walker et al. ( 2015 ) of 17 −23 K (Clark
t al. 2013 ). Ho we ver, on larger scales, the gas and dust are often
hermally decoupled (e.g. Ginsburg et al. 2016 ; Immer et al. 2016 ).
he only gas temperature constraint on similar spatial scales in this
loud is from Walker et al. ( 2018 ) and is an upper limit of ∼60 K,
ased on the non-detection of higher excitation H 2 CO transitions
owards clump ‘d6’. Based on this, we use upper and lower limits
f 20 K and 40 K. We choose 40 K as a reasonable upper limit as
e do not have a firm constraint on the actual temperature, and this

emperature is lower than the estimated upper limit. 
Using both of these gas temperature estimates, as well as both

stimates of mass, we derive thermal Jeans length estimates of
J, therm 

= 8.0 + 4 . 2 
−3 . 4 × 10 3 au. The expected value of the turbulent

eans fragmentation length is λJ, turb = 5.3 + 1 . 6 
−1 . 6 × 10 4 au. Fig. 4

hows the distribution of the separations, along with the mean value
black dashed line) and the ranges of the thermal and turbulent
ragmentation lengths (shaded regions). The mean separation of
.5 × 10 4 au lies between these ranges, meaning it is potentially
onsistent with both, although marginally more consistent with ther-
al Jeans fragmentation. When making this comparison for the nine

ources found abo v e 5 σ , we again find that the separations are still
arginally more consistent with thermal Jeans fragmentation, with

o separations being consistent with turbulent Jeans fragmentation.
he mean separation, ho we ver, still lies between the two predictions,
ith a mean value of 1.3 × 10 4 au. 
Repeating this analysis but using a value of half the thermal Jeans

nd turbulent Jeans fragmentation wavelengths (to represent the
act that fragments may form at half-wavelength-spaced nodes), the
istribution marginally favours the turbulent fragmentation length.
o we ver, gi ven the large uncertainty in these measurements, we

onclude the data are consistent with both predictions. Therefore, it
s not possible to unambiguously distinguish whether the separation
NRAS 514, 578–595 (2022) 
istribution is more likely to be drawn from a thermal Jeans or
urbulent Jeans fragmentation mechanism. 

We also calculated the corresponding lower and upper limits of
he thermal Jeans mass and turbulent Jeans mass using the equation 

 J ≈ 2 M � ×
(

c s 

0 . 2 km s −1 

)3 

×
( n 

10 3 cm 

−3 

)−1 / 2 
. (7) 

The estimated thermal Jeans mass is M J, therm 

= 0.54 + 0 . 70 
−0 . 35 M �. The

stimated turbulent Jeans mass is M J, turb = 144 + 43 
−43 M �. Therefore,

he masses of the sources (see Table A1 ) are roughly consistent with
he predicted thermal Jeans mass limits of the clump and not with
he turbulent Jeans mass predictions. When making this comparison
or the nine sources found abo v e 5 σ , we find the same trend – the
ajority of sources are consistent with thermal Jeans mass estimates,
ith a few lying at masses greater than this. 
In summary, the consistency of the source masses with thermal

eans mass estimates, along with the slight tendency of the sep-
rations towards thermal Jeans fragmentation, it seems as though
hermal Jeans fragmentation is a better descriptor of the source
tructure in this cloud. This is consistent with recent results from
u et al. ( 2020 ) and Walker et al. ( 2021 ). 

.4 Virial analysis of cloud ‘d’ continuum sources 

e produce spectra towards each of the continuum sources (see
upplementary materials) in SiO and three different H 2 CO transi-
ions. To produce these spectra, we extract an averaged spectrum for
ach leaf in the dendrogram. We then use the pyspeckit PYTHON

ackage to fit each these spectra with a Gaussian profile in order to
btain velocity dispersions. We set the guesses parameter as the
mplitude is equal to the maximum amplitude within the spectrum,
he velocity is equal to the velocity at the point of highest amplitude,
nd the width is equal to full width at half-maximum of the line. We
ote that only H 2 CO ef fecti vely traces the mass (see supplementary
nline material), and so we only use the lowest energy formaldehyde
ransition in later analysis. 

We find that only 13 of the continuum sources have clearly detected
pectra, and we calculate the virial parameters of them using the
quation 

= 

5 Rσ 2 

GM 

, (8) 

rom Bertoldi & McKee ( 1992 ), where R is the ef fecti ve radius of
ach continuum source, σ is the velocity dispersion, and M is the
alculated upper mass limit. A value of α � 2 indicates that a body
s gravitationally bound. 

For the majority of continuum sources, we could not measure an
ppropriate velocity dispersion, and the ones that we could measure
ave large measurement uncertainties. For continuum sources where
e could measure reliable velocity dispersions, we calculate α values

n the range of 5 + 13 
−4 . 94 –45 + 55 

−33 (see Table A2 in the Appendix for a full
ist of these calculated values). All of the calculated values are greater
han 2. Ho we ver, their uncertainties mean that some may have a virial
arameter of less than 2. Therefore, assuming that these values are
epresentative of the whole sample of continuum sources, it may
e the case that some of the continuum sources in cloud ‘d’ are
ra vitationally bound, b ut uncertainties on the velocity dispersions
f the continuum sources mean that in practice the virial state of the
ources is essentially unconstrained. 

If we use only the nine 5 σ sources detected, then only one of the
ources has reliable H 2 CO emission. Therefore, we continue virial
nalysis with the full 96 source sample, as this still leaves the virial
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Figure 5. Comparison of the virial parameters of the continuum sources 
for which we could measure reliable velocity dispersion and their aspect 
ratios. One might expect continuum sources with a lower virial parameter 
(i.e. more likely to be gravitationally bound) to be more circular, but there is 
no correlation between these parameters. 
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Figure 6. Mass distribution of the 96 individual sources detected by our 
dendrogram analysis. The black hatched histogram shows the same quantity 
for the nine 5 σ sources. The Salpeter ( 1955 ) IMF is o v erplotted (blue line). 
The pink shaded region shows the range of predicted thermal Jeans masses 
for the clump, for which most masses are consistent. 
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tate of the sources unconstrained and ultimately does not change 
ur conclusions. 
This analysis of the virial parameter faces a potential issue, in 

hat H 2 CO emission is extended. When we extract the spectrum 

owards continuum sources, it is important to distinguish the relative 
ontribution from the compact continuum source and larger scales. 
ncluding emission from gas not associated with the source will affect 
he inferred gravitational boundedness. Ho we ver, we do know that the 
ormaldehyde and dust emission have good spatial correspondence, 
o we assume that this effect is minimal. Additionally, while H 2 CO
s extended, it is used as a reliable tracer of dense gas kinematics in
he CMZ (e.g. Walker et al. 2018 ; Lu et al. 2021 ), and so we consider
t a reliable tracer of velocities. 

To investigate the virial state further, we find the elongation of each
ontinuum source by calculating the ratio of the major axis to the mi-
or axis. We expect that unbound structures will have a higher degree
f elongation than bound structures. This is because gravitationally 
ound structures would appear roughly circular due to being roughly 
pherical, whereas unbound structures are less likely to appear circu- 
ar. We find ratios in the range of 1–4.5, with a mean value of ∼1.92.

e also plot the virial parameter against the aspect ratio (Fig. 5 ) to
ee if continuum sources with a lower virial parameter correspond 
o a smaller aspect ratio. Ho we ver, there is no clear correlation. 

In Section 4.3 , we discuss the possibility of these continuum 

ources also being in pressure-bounded equilibrium. 

 DISCUSSION  

ust ridge cloud ‘d’ is one of the most massive (10 4 −5 M �) and
ompact ( R ∼ 3 pc) molecular clouds known to exist in the Galaxy in
hich there are no known signs of local or widespread star formation.
ur ALMA observations towards the highest density region of the 

loud confirm that there is no evidence of active star formation in the
orm of outflows or gas tracers down to protostellar scales (1000 au).

Our analysis of the continuum emission reveals an o v erall lack
f compact substructure in the cloud. We identify a population 
f 96 low-mass continuum sources, for which the gas structure is
ore likely to be set by thermal fragmentation rather than turbulent 

ragmentation (Fig. 4 ). In Section 3.4 , we found that the majority
f these continuum sources are unlikely to be gravitationally bound 
cores’. Moving forwards in the paper, we will therefore continue to
efer to them as ‘sources’. 

Nearest-neighbour analysis has shown that the sources have 
eparations consistent with both thermal Jeans and turbulent Jeans 
ragmentation, with a tendency towards thermal. Additionally, the 
asses of the sources are consistent with the predicted thermal Jeans
ass of the cloud. Several recent studies (Lu et al. 2019a , 2020 ;
alker et al. 2021 ) have found that separations are consistent with

hermal Jeans fragmentation in other CMZ clouds, including the 
Brick’. 

This suggests that, while turbulence drives gas properties on large- 
cales in the CMZ, smaller scales may be less sensitive to this. On
rotostellar scales, star formation in the CMZ may proceed in a
imilar way to star formation regions in the local neighbourhood, 
lbeit with a higher critical density threshold to o v ercome before star
ormation can begin (Walker et al. 2018 ; Barnes et al. 2019 ). 

Fig. 6 shows a mass distribution of the sources. Compared to a
tandard core mass function, the distribution is bottom-heavy and 
as no high-mass progenitors – the most massive source is ∼3 M �,
he mean mass of ∼0.7 M �, and most sources being < 1 M �. If these
ources are the precursors to stars, in order for the resulting stellar
istribution to conform to a normal IMF, the compact continuum 

ources must gain many times their current gas mass from the sur-
ounding environment. Calculating the mass distribution for the nine 
ources detected abo v e 5 σ , the majority of sources are still < 1 M �,
eaning they would still have to accrete a large amount of material

rom the surrounding environment. Ho we ver, in both cases, not much
an be said about the slope of this mass distribution as there are not
nough sources to build a statistically meaningful mass function. 

Coupled with the lack of molecular line emission tracing hot 
ores or outflows, our results paint a coherent picture of a massive
olecular cloud with no signs of star formation. In the following,
e compare our results with complementary data to investigate the 
ltimate fate of this extreme molecular cloud. 

.1 Do the properties of sources vary with environment? 

n global (1 −100 + pc) scales in the CMZ, gas conditions are
nown to be extreme compared to the Solar neighbourhood. Densities 
 ∼10 3 −4 cm 

−3 , Guesten & Henkel 1983 ; Mills et al. 2018 ), gas
emperatures (typical gas temperatures are 50 −100 K, but can reach
MNRAS 514, 578–595 (2022) 
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Figure 7. Mass–radius plot for all of the compact continuum sources reported in our ALMA sample. The solid cyan diamonds correspond to masses of the 96 
sources detected abo v e 3 σ , estimated assuming a dust temperature of 20K. Solid pink diamonds show the same quantity for the nine sources detected abo v e 
5 σ . Solid red squares correspond to SMA clump upper mass limits reported in Walker et al. ( 2018 ). The red point with a black star marker indicates the clump 
from Walker et al. ( 2018 )’s sample that we have observed in this work. Black points correspond to high-mass protostellar cores in the Galactic disc taken from 

Peretto et al. ( 2013 ) and blue triangles to those from Louvet et al. ( 2014 ). The open red square corresponds to the star-forming core in cloud ‘a’ (aka the ‘Brick’) 
as seen with ALMA observations (Rathborne et al. 2014 ). Green crosses represent cores within four CMZ clouds as seen with ALMA observations (Lu et al. 
2020 ) and yellow points correspond to cores found within cloud ‘a’ by Walker et al. ( 2021 ). Dash/dot lines show constant column density. Dashed lines show 

the predicted critical volume density thresholds for both the CMZ and the Galactic disc, assuming pressures of P / k = 10 9 and 10 5 K cm 

−3 , respectively, with 
an intermediate threshold for a pressure of P / k = 10 7 K cm 

−3 . The red dashed line corresponds to our resolution of ∼1000 au. The area abo v e the gre y-shaded 
region corresponds to the portion of the mass–radius plane above the empirical high-mass star formation threshold proposed by Kauffmann & Pillai ( 2010 ). 
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s high as 400 −600 K, Mills & Morris 2013 ; Ginsburg et al. 2016 ),
ressures ( P / k B ∼ 10 7 −9 K cm 

−3 , Longmore et al. 2014 ; Rathborne
t al. 2014 ) and line widths ( ∼10 −20 km s −1 , Henshaw et al. 2016a )
re between several factors to several orders of magnitude greater
han those found in the disc. It is therefore plausible that the star
ormation process may occur differently in such an environment.
o investigate this on protostellar (1000 au) scales, we compare the
roperties of the sources detected in cloud ‘d’ and compare them
ith cores both in the CMZ and the Galactic disc. 
We take fig. 3 from Walker et al. ( 2018 ), which shows the mass–

adius plot for a sample of CMZ and disc cores from the literature, and
dd our 96 sources. Also plotted are Walker et al. ( 2018 )’s 15 SMA
lumps and the cloud ‘a’ core (aka the ‘maser core’ in the ‘Brick’)
ass and radius from Rathborne et al. ( 2014 ). The plot also includes
 sample of high-mass protostellar cores found in the Galactic disc,
aken from Peretto et al. ( 2013 ), as well as high-mass protostellar
ores in the W43-MM1 ridge, a likely precursor to a ‘starburst
luster’, taken from Louvet et al. ( 2014 ). The masses of these cores
ave been scaled to make them consistent with the spectral index of
= 1.75 that we have used for mass estimates in our analysis. We
NRAS 514, 578–595 (2022) 
ave also plotted masses and radii for multiple CMZ cores from Lu
t al. ( 2020 ) and the masses and radii of eighteen cores in cloud ‘a’
aka the ‘maser core’ in the ‘Brick’/G0.253 + 0.016, Walker et al.
021 ). The masses and radii of the cores in these samples were both
alculated in the same way as the ALMA sources, assuming the same
ust temperature of 20 K, and so direct comparison is possible. The
esulting plot is shown in Fig. 7 . 

We find that the sources detected in cloud ‘d’ are consistent with
he mass–radius relationship of cores detected in star-forming clouds
n both the CMZ and the disc, though the cloud ‘d’ sources are on
he lower end of the mass distribution at a given size scale. The area
bo v e the gre y-shaded re gion of Fig. 7 corresponds to cores which
ie abo v e the empirical massive star formation threshold proposed
y Kauffmann & Pillai ( 2010 ), which they determine to be M ( R )
 870 M � × ( R /pc) 1.33 . We find that all of the cloud ‘d’ sources

re below this limit, and therefore should not be forming high-mass
tars. Assuming that the sources are not transient and continue to
ccrete mass, they may eventually exceed this threshold and begin
orming stars. Ho we ver, as Kauf fmann & Pillai ( 2010 )’s threshold
as derived for clouds in the Solar neighbourhood, it is unclear
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Figure 8. Comparison of the dust ridge sources with dust ridge clouds and GRS clouds. Black crosses show disc clouds as reported in Field et al. ( 2011 ) 
(original data from Heyer et al. 2009 ). Diamond-shaped markers indicate the cloud ‘d’ sources. The data point circled in black is the only source that was 
detected abo v e 5 σ that also had reliable H 2 CO emission. All other solid markers indicate dust ridge clouds, as reported in Walker et al. ( 2018 ). Curved black 
lines are those of constant external pressure, while the dashed line is for P e = 0. 

w  

fi  

t  

i  

d  

t

4

A
s
s
e  

W  

W  

e  

(
c  

o  

(  

e
1  

p
 

c
w  

a
i  

o

d  

C  

2

d  

r  

2  

w  

h  

a  

l  

A  

T
p  

b
T  

b

V

w
d  

(  

a  

t  

c  

d  

2

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/1/578/6588049 by Liverpool John M
oores U

niversity user on 07 June 2022
hether this should hold in the CMZ. Indeed, Walker et al. ( 2018 )
nd that all of their CMZ clumps are on or abo v e this limit, but only

wo show signs of star formation. At the scale of our ALMA data,
t is difficult to conclude whether or not there is an environmental
ependence on star formation, as none of our sources are abo v e the
hreshold. 

.2 Are the sources in hydrostatic equilibrium? 

lthough the virial ratios calculated in Section 3.4 suggest the 
ources may not be self-gravitating, previous observations have 
uggested dense gas sources in the CMZ may be in hydrostatic 
quilibrium but confined by the high ambient pressure in the CMZ.
e follow the analysis of both Field, Blackman & Keto ( 2011 ) and
alker et al. ( 2018 ) to investigate this possibility in cloud ‘d’. Field

t al. ( 2011 ) study Galactic disc clouds from the Galactic Ring Surv e y
GRS; Jackson et al. 2006 ) as self-gravitating isothermal spherical 
louds, subject to a uniform external pressure P e , in the context
f the virial theorem. Based on the GRS analysis of Heyer et al.
 2009 ), the disc clouds are not bound when considering simple virial
quilibrium. Field et al. ( 2011 ) find that external pressures of P e / k ∼
0 4 −6 K cm 

−3 acting upon the clouds are needed for them to be in
ressure-bounded equilibrium. 
Walker et al. ( 2018 ) expanded on the Field et al. ( 2011 ) analysis by

omparing their SMA observations of dust ridge clouds and clumps 
ith the disc clouds. They conclude that, if these dust ridge clouds

nd clumps are in pressure equilibrium, then the external pressures 
n the CMZ would have to be of order P e / k ∼ 10 8 K cm 

−3 , 2–3 orders
f magnitude greater than necessary for the clouds in the Galactic 
isc. This is consistent with the measured ambient pressure in the
MZ of P e / k ∼ 10 7 −9 K cm 

−3 (Kruijssen et al. 2014 ; Longmore et al.
014 ; Rathborne et al. 2014 ). 
We further expand on this by comparing our ALMA compact 

ust continuum sources to both the GRS data and the SMA dust
idge clouds in the context of pressure equilibrium (Walker et al.
018 ). Fig. 8 shows a replica of fig. 3 in Field et al. ( 2011 ), along
ith the SMA dust ridge cloud data in Walker et al. ( 2018 ). We
av e additionally o v erplotted our cloud ‘d’ sources. Note that only
 subset of the 96 sources detected are displayed, as a measure of
ine-width is required, which was not possible towards all of our
LMA sources due to a lack of significant molecular line emission.
he dashed black line represents virial equilibrium, where no external 
ressure is present. Each of the curved black lines represent pressure-
ounded virial equilibrium for several different external pressures. 
hese lines are described by a reformulated version of the pressure-
ounded virial equation: 

 

2 
0 = 

σ 2 

R 

= 

(
π�G� + 

4 P e 

� 

)
, (9) 

here V 0 is the size-line-width scaling coefficient, σ is the velocity 
ispersion, R is the radius, � is related to the density structure
Elmegreen 1989 ; Field et al. 2011 ), � is the mass surface density,
nd P e is the external pressure. We assume � = 0.73, corresponding
o a centrally concentrated density structure. This is likely valid for
ores of this scale, but not for the clouds on larger scales, as they
isplay relatively flat surface density profiles (Walker et al. 2015 ,
016 ). 
MNRAS 514, 578–595 (2022) 
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From Fig. 8 , we can see that the pressures required to confine
ources on the scale of these sources are ∼10 9 K cm 

−3 . This is an
rder of magnitude larger than the external pressures determined for
he large-scale clouds by Walker et al. ( 2018 ). This suggests that there
s either an additional confining pressure on source scales that is un-
etected in cloud scale observations, or that the sources are o v erpres-
ured with respect to the surrounding gas and are therefore transient.

The densities of these sources are of the range 10 6 −7 cm 

−3 , 2–
 orders of magnitude greater than the volume density threshold
roposed by Lada, Lombardi & Alves ( 2010 ). Despite this, and the
igh external pressures the sources are subject to in the CMZ, the
ources show no signs of star formation. We conclude that this is
urther evidence for star formation being inhibited in the CMZ due
o the critical volume density threshold for star formation being
riven up by the high turbulent energy density in this environment
Kruijssen et al. 2014 ; Rathborne et al. 2014 ). 

.3 Evidence for conv er gent gas flow 

he lack of star formation in cloud ‘d’ indicates one of two scenarios
either cloud ‘d’ is in the very early stages of cluster formation, or

t will never form a cluster at all. Given the high gas density ( n H 2 
 0.7 × 10 5 cm 

−3 , t ff = 11.4 × 10 4 yr; Barnes et al. 2019 ), the fact
he cloud and the dense clumps (at the scale R eff ∼0.1 pc) within
t are gravitationally bound (Longmore et al. 2013b ; Barnes et al.
019 ), and the short free-fall times at all scales (Barnes et al. 2019 ),
he latter of these scenarios would pose a serious challenge to star
ormation theories. 

To distinguish between these scenarios, we now try to better
nderstand the likely fate of cloud ‘d’. 

.3.1 Gas flows at the cloud scale 

e use MALT90 data (Foster et al. 2011 , 2013 ; Jackson et al. 2013 ),
pecifically the HNCO (4 0, 4 –3 0, 3 ) and SiO (2–1) lines, to investigate
he gas kinematics in cloud ‘d’ at a larger scale. HNCO is commonly
sed as a reliable dense gas tracer in the CMZ (Henshaw et al. 2016a ,
019 ) and SiO is a well-known tracer of shocked gas. The larger-
cale MALT90 data has an angular resolution of 40 arcsec – two
rders of magnitude larger than that of our ALMA data – providing
he pc-scale gas motion in and around cloud ‘d’. 

Figs 9 and 10 show the gas motions of HNCO and SiO in cloud
d’, respectively. To make these plots, we map integrated intensity
n spacing of 5 km s −1 in the range of 0 −30 km s −1 . Another dust
idge cloud (cloud ‘c’) can also be seen at the far right of each map.
ed contours show the 0.13 arcsec ALMA 1.3 mm dust continuum
ata for scale. Black contours show the BOLOCAM Galactic Plane
urv e y data for clouds ‘d’ and ‘c’. 
The following interpretation of the three-dimensional motion

ssumes that the velocity along the line of sight is comparable to
he velocity in the plane of the sky. At low velocities of 0 −10 km 

−1 ,
he HNCO and SiO emission is found to the right and bottom left
f the continuum emission peak (outlined by the ALMA continuum
ontours). As the velocity increases, the emission from the right
nd bottom left both steadily mo v e towards the continuum peak,
onverging at this location at a velocity of ∼20 −25 km s −1 . 

In addition to these large-scale Mopra channel maps, we produce
hannel maps of the ALMA data. Figs 11 and 12 show the H 2 CO
3 0, 3 –2 0, 2 ) and SiO (5–4) emission, respectively, at velocities in the
ange of 5 −30 km s −1 . The spatial morphology of the H 2 CO emission
s dominated by two partially filled circular structures which intersect
t the location of the dust continuum emission at a velocity of
5 −20 km s −1 . The SiO emission also shows a similar morphology,
NRAS 514, 578–595 (2022) 
lthough less of both circles are filled, possibly due to the lower
ignal-to-noise ratio of the detection. A key difference between the
iO and H 2 CO morphologies is that the emission from the two o v er-

apping H 2 CO circles coincides exactly with the dust emission, while
he location of the o v erlapping circles in the SiO emission is offset to
he right of the dust emission. Indeed, the SiO emission appears to be
wrapping around’ the right-hand edge of the dust continuum emis-
ion. This spatial offset is consistently equivalent to ∼7 beam widths,
o must be real and not an observational artefact. No signs of SiO
ipolar outflows indicative of ongoing star formation are detected. 
We now try to interpret this information in a self-consistent way.

he convergence of the large-scale HNCO and SiO velocity gradients
t the location of the continuum peak is similar to the kinematic
ignature found in similar Mopra data by Henshaw et al. ( 2016c ) in
he gas upstream from the dust ridge. They showed that this velocity
tructure can arise from the convergence of large-scale gas flows
ue to global gravitational collapse. A natural interpretation of the
NCO and SiO kinematic structure in the Mopra data towards cloud

d’ is therefore that it is showing convergence of pc-scale gas flows
t the continuum peak. 

In this scenario, the curved ALMA dust continuum structure (at
lump ‘d6’) is the most likely convergent point of the flows, with
ass converging from across the entirety of cloud ‘d’. Given that

he relative motion of the gas flows is highly supersonic, they should
roduce strong shocks at the intersection point. The fact that the SiO
mission curves around the right-hand edge of the dust continuum
mission provides strong evidence that there is a shock front at this
ocation at V LSR = 15 −20 km s −1 . 

As the ambient gas in the flows is already at high density, it
hould cool quickly after the shock front has passed, making this an
sothermal shock. The post-shock density will therefore be enhanced
y a factor M 

∈ , where M is the Mach number of the shock
Padoan & Nordlund 2011 ). Ho we ver, it is possible that C-shocks are
resent, and so the compression is not necessarily given by M 

∈ . The
xact density enhancement will depend on the details of the shock.
t is plausible that the gas traced by the ALMA dust continuum
mission reached its high density through this process. 

Here, the two unfilled circles in the ALMA H 2 CO channel
aps represent the excitation- and density-enhanced gas along the

ntersection point of the two flows that converge at 15 −20 km s −1 at
he location of the dust continuum emission. The offset of the SiO
mission to the right-hand side of the dust continuum emission shows
he current location of the shock front. The curvature and central peak
f the dust emission and the gas is strikingly similar to the bow shock
orphology seen ubiquitously towards shocked regions. 
To further illustrate the velocity flows we compute position–

elocity ( pv ) diagrams of the two main flows in the HNCO Mopra
ata (Fig. 13 ). The diagrams were computed using the impv task
ithin CASA . The left-hand diagram was computed with a width of
 pixels and the right-hand diagram was computed with a width of
 pixel. While the velocity offset is more subtle in the right-hand
ow, there is still a definite offset, converging with that of the much
ore obvious left-hand flow. 
In summary, all of the data to hand can be described as the result

f a shock at the convergence point of two large-scale gas flows. 
If this interpretation is correct, we estimate the time, t , it will take

or all of the mass to end up at the convergence point through t =
 / v, where v is the velocity of the gas and d is the distance the gas
ill travel. We use the earlier velocity dispersion of clump ‘d6’ of
2.1 kms −1 from Walker et al. ( 2018 ). We also use the ef fecti ve

adius of clump ‘d6’ of 0.16 pc from Walker et al. ( 2018 ) and double
t to account for the gas moving across the entire clump. In this way,
e estimate that it will take ∼10 5 yr for all the mass to reach the
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Figure 9. Mopra 22-m telescope data of HNCO emission towards cloud ‘d’ as part of the MALT90 Surv e y. The angular resolution of this data is 40 arcsec. 
Red contours show the 0.13 arcsec ALMA data presented in this paper. Black contours show BGPS data. The black circle in the bottom right plot represents 
the primary beam of the Mopra data. The data show channel maps of HNCO in the velocity range of 0 −30 km s −1 . Part of cloud ‘c’ is visible to the right of 
each map. At low velocities, the HNCO emission is found to the right and bottom left of the continuum emission peak (outlined by the ALMA contours). As 
the velocity increases, the emission from the right and bottom left both steadily mo v e towards the continuum peak. The conv ergence of this v elocity gradient at 
the location of the continuum peak is the same kinematic signature found by Henshaw et al. ( 2016a ) in the gas upstream from the dust ridge. We interpret this 
kinematic structure as the convergence of pc-scale gas flows at the continuum peak of cloud ‘d’. 
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onvergent point across clump ‘d6’. Ho we ver, clump ‘d6’ is only a
mall part of cloud ‘d’, and so we must consider the whole cloud.
rom Walker et al. ( 2015 ), cloud ‘d’ has a radius of 3.2 pc and line
idths of ∼ 16 km s −1 , and so we estimate that all mass will converge

cross the entirety of cloud ‘d’ in around 3 × 10 5 yr. 
We estimate the corresponding mass inflow rate, ṁ , through, ṁ = 

/t , where m is the gas mass. Using the upper mass limit of clump
d6’ of 239 M � from Walker et al. ( 2018 ), we estimate a mass inflow
ate towards the convergent point of the clump of 10 −3 M � yr −1 . Once
gain considering the whole cloud, using the mass of 7.6 × 10 4 M �
rom Walker et al. ( 2015 ), we estimate a mass inflow rate across the
ntire cloud of around 0.25 M � yr −1 . 

These estimates are all under the assumption that the material is all
itting in the same plane of the sky. Ho we ver, there could be an offset
long the line of sight, which would imply rotation, such as those in
he simulations of Kruijssen et al. ( 2019b ). This is because we are
ssuming that all of the gas is converging on one point. Ho we ver, we
o not know the 3D motions of the cloud. If they do not converge on
his point, there could be net rotations in the gas. This may still lead
 d  
o a collapse, but the process would be delayed when compared to
ollapse purely via convergence. 

We conclude that a be funnelled towards the convergent point in
 very short period of time (although this process may be delayed if
here is an offset along the line of sight). This would quickly push
he gas abo v e the critical density threshold for star formation in the
MZ (Walker et al. 2018 ) and star formation will begin. This scenario
ould be in agreement with the results of Barnes et al. ( 2019 ), such

hat the gas would become bound and undergo collapse following 
he collision of both flows. In summary, it appears that star formation
s imminent in cloud ‘d’ and that we have therefore identified a truly
re-star-forming YMC precursor gas cloud. 

ource of converging flows 

e now seek to understand the origin of these converging gas flows.
s previously discussed, SiO emission is seen to be ‘wrapping 

round’ the right-hand edge of the dust continuum emission. The 
ensity required to excite the SiO (5–4) line across such a broad
MNRAS 514, 578–595 (2022) 
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M

Figure 10. Mopra 22-m telescope SiO(2–1) data of cloud ‘d’ as part of the MALT90 Surv e y. The angular resolution of this data is 40 arcsec. Red contours 
show our 0.13 arcsec ALMA data and black contours show BGPS data. The black circle in the bottom right plot represents the synthesized beam. The data show 

channel maps of SiO in the velocity range 0 - 30 kms −1 . Part of cloud ‘c’ is visible to the right of each map. A clear velocity gradient can be seen, with a point 
of convergence between clouds ‘d’ and ‘c’ at the point of our ALMA data. 
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lament, coupled with the lack of SiO emission in the densest region,
mplies that a large-scale shock feature is present. Three plausible

echanisms that could drive large-scale gas flows and generate such
 shock are gravitational collapse, a cloud–cloud collision, or a shock
riggered by pericenter passage with the bottom of the gravitational
otential. 
Cloud–cloud collisions (CCCs) – collisions of molecular gas

louds (Hase ga wa et al. 1994 ) – hav e been postulated as an
xplanation for various observed properties in multiple Galactic
entre clouds. These clouds include the ‘Brick’ (Higuchi et al. 2014 ;

ohnston et al. 2014 ) and the 50 kms −1 cloud (Tsuboi, Miyazaki &
ehara 2015 ). There are many features that are attributed to CCCs.
hese features include shells or cavities (Higuchi et al. 2014 ; Tsuboi
t al. 2015 ), multiple velocity components connected by ‘bridge
eatures’ (Johnston et al. 2014 ; Tsuboi et al. 2021 ), and emission
rom shocked gas (Armijos-Abenda ̃ no et al. 2020 ; Zeng et al. 2020 ).
eatures that are unambiguously a signature of a CCC, ho we ver, are
are, particularly in an environment so complex as the CMZ. They
ay also occur at a much lower rate compared to other mechanisms

hat dominate the cloud lifetime (Jeffreson et al. 2018 ). Some shocks
ithin the CMZ are caused by bar-driven streams colliding with
NRAS 514, 578–595 (2022) 
louds (Sormani, Binney & Magorrian 2015 ; Sormani & Barnes
019 ; Hatchfield et al. 2021 ). Hatchfield et al. ( 2021 ) find that
imulated CMZ clouds have peaks in their average density at the
oint where they collide violently with inflowing material. However,
t is unlikely that the collision observed in cloud ‘d’ is driven by bar
nflow, as cloud ‘d’ is not located near any proposed entry point to
he CMZ (Henshaw et al. 2022a ). It is also extremely unlikely that
loud ‘d’ is a collision occurring downstream from an entry point, as
he collision is currently ongoing. Ho we ver, the shocks at cloud ‘d’
ould be the result of a collision between clouds independent of bar
nflow. 

Another possibility is that the shock has been caused by tidal
orces in the clouds during their pericentre passage of the Galactic
entre. Hydrodynamic simulations performed by Dale, Kruijssen &
ongmore ( 2019b ) show that inclusion of tidal forces is required

n modelling star formation in the centre of galaxies, and that
he tidal forces experienced during pericentre passage temporarily
ncrease the star formation rate by a factor of up to 2.7. It is
ossible that the shock in cloud ‘d’ is observ ational e vidence of the
idal deformation found in the numerical simulations by Dale et al.
 2019b ). 
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Figure 11. A channel map of H 2 CO (3 0, 3 –2 0, 2 ) from our ALMA data in the range of 5–30 kms −1 . Black contours show the dust continuum emission of our 
ALMA data and green contours show SMA 1.3mm continuum data. The black circle in each plot represents the synthesised beam. Magenta dashed lines show 

the ‘hollow circle’ features described in Section 4.3 . The velocity gradient in cloud ‘d’ observed on larger scales can also be seen on this smaller scale. 
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While these scenarios, along with pure gravitational collapse, are 
ll possibilities for the shock we see in cloud ‘d’, further work is
equired to unambiguously distinguish between them. 

 C O N C L U S I O N S  

e report high-resolution (0.13 arcsec, 1000 au) ALMA Band 6 
1.3 mm, 230 GHz) observations towards the single-dish continuum 

eak of the Galactic Centre dust ridge cloud G0.412 + 0.052, also
nown as cloud ‘d’. We summarize the main results as follows: 

(i) This region of cloud ‘d’ contains substructures separated on 
0 4 au scales. Using dendrograms to characterize the continuum 

tructure, we identify 96 individual leav es abo v e the 3 σ level. The
ange in mass from 0.21 to 3.1 M � has radii of ∼10 3 au and densities
f 10 6 −7 cm 

−3 . Abo v e the 5 σ lev el, we identify nine leav es, with
asses of 0.49 −1.8 M � and similar radius and density ranges. 
(ii) The projected spatial separations of the continuum sources lie 

etween the upper thermal Jeans length prediction and the lower 
urbulent Jeans length prediction. It is not clear which of these scales
s fa v oured by the separation of the continuum sources, although
here is a slight tendency towards thermal. However, the masses of
he sources are consistent with thermal Jeans mass predictions but 
ot turbulent Jeans mass predictions. 
(iii) The mass distribution of compact continuum sources is 

ottom-heavy (mean mass ∼0.7 M �), and does not resemble a typical 
tellar initial mass function or pre-stellar core mass function. Stars 
orming from these initial sources would produce an extremely 
ottom-heavy IMF. Conversely, in order to populate a normal IMF, 
he initial sources will have to accrete many times their current mass
rom the surrounding environment to form the expected large number 
f intermediate and high-mass stars. We expect this cloud to form
any high-mass stars, but find no high-mass starless cores. 
(iv) None of the identified continuum sources coincide with 

nown star formation tracers. In particular, we do not detect any
olecular outflows via SiO (5–4) or 13 CO (2–1) emission, nor do
e detect any typical hot core tracers such as CH 3 CN. As star

ormation has been detected in similar CMZ cloud using an identical
bservational set-up, we conclude that cloud ‘d’ is not forming stars
urrently. 

(v) Virial analysis suggests that the continuum sources are most 
ikely not gravitationally bound. Ho we v er, the y are subject to external
ressures two to three orders of magnitude greater than those found
n the Galactic disc. There is either an additional confining pressure
n ∼1000 au scales that is undetected on the scale of clouds, or the
ources are o v erpressured with respect to the surrounding gas and
re therefore transient. 

(vi) We find evidence from single-dish molecular line observations 
hat suggest that cloud ‘d’ is a point of convergence of larger scale
as flows. It is estimated that all mass will have converged on this
oint in ∼10 5 yr at a mass inflow rate of ∼10 −3 M � yr −1 . If the cloud
ontinues to collapse and the sources continue to grow via accretion
f this material, then the cloud has the potential to begin forming
tars in this time frame, although we cannot confirm the mechanism
y which they will form. 

We conclude that cloud ‘d’ is the earliest known pre-star forming
assive cluster and therefore is an ideal laboratory in which to

tudy the initial conditions of star and cluster formation in extreme
nvironments. These initial conditions shape the IMF and set global 
MNRAS 514, 578–595 (2022) 
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M

Figure 12. A channel map of SiO from our ALMA data in the range of 10 −30 km s −1 . Black contours show the dust continuum of our ALMA data and green 
contours show SMA 1.3 mm continuum data. The black circle in each plot represents the synthesized beam. Magenta dashed lines show the ‘hollow circle’ 
features described in Section 4.3 . The velocity gradient seen on larger scales in cloud ‘d’ can be seen on this smaller scale. 

Figure 13. Left: Integrated intensity map of the Mopra HNCO line. Black arrows show the slices that the pv diagrams were computed across. Middle and right: 
Position–velocity ( pv ) diagrams of the two flows within the Mopra HNCO line. 
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tar-forming relations in extreme (but cosmologically typical) con- 
itions and therefore further study of cloud ‘d’ and its counterparts 
s important to further our understanding. 
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Table A2. Virial parameter, α, and velocity dispersion, σ , (and associated upper and lower limits) 
of sources for which velocity dispersion could be measured in H 2 CO (3 0, 3 –2 0, 2 ). Asterisks denote 
the sources found using a 5 σ threshold. 

Source α αlower αupper σ �σ

Number H 2 CO (3 0, 3 –2 0, 2 ) (km s −1 ) (km s −1 ) 

19 8.353476 2.099979 18.760553 0.752865 0.375388 
22 27.004411 2.600424 77.09842 1.023652 0.705996 
29 10.909824 0.106466 39.434801 1.030012 0.928261 
30 10.468572 3.335144 21.574139 1.055967 0.459943 
50 44.978999 11.594935 100.162932 1.289734 0.634902 
55 12.351154 0.910142 36.903537 0.761981 0.555136 
56 5.417488 0.81414 14.083529 0.586945 0.35941 
58 25.066655 7.456437 53.037347 1.419999 0.645527 
79 29.780918 5.930561 71.895217 1.199221 0.664068 
80 ∗ 6.147653 1.128015 15.185141 0.846895 0.484124 
81 22.668 5.600116 51.204446 0.923663 0.464565 
82 5.119289 0.055064 18.408492 0.732269 0.656324 
85 12.289794 4.493792 23.926809 0.914435 0.361484 
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