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A B S T R A C T 

This paper presents the results of 475h of interferometric observations with the Australia Telescope Compact Array towards the 
Spiderweb protocluster at z = 2.16. We search for large, extended molecular gas reservoirs among 46 previously detected CO(1 −0) 
emitters, employing a customised method we developed. Based on the CO emission images and position–velocity diagrams, as 
well as the ranking of sources using a binary weighting of six different criteria, we have identified 14 robust and 7 tentative 
candidates that exhibit large extended molecular gas reservoirs. These extended reservoirs are defined as having sizes greater than 

40 kpc or supergalactic scale. This result suggests a high frequency of extended gas reservoirs, comprising at least 30 percent of our 
CO-selected sample. An environmental study of the candidates is carried out based on Nth nearest neighbour and we find that the 
large molecular gas reservoirs tend to exist in denser regions. The spatial distribution of our candidates is mainly centred on the core 
region of the Spiderweb protocluster. The performance and adaptability of our method are discussed. We found 13 (potentially) 
extended gas reservoirs located in eight galaxy (proto)clusters from the literature. We noticed that large extended molecular gas 
reservoirs surrounding (normal) star-forming galaxies in protoclusters are rare. This may be attributable to the lack of observations 
low- J CO transitions and the lack of quantitative analyses of molecular gas morphologies. The large gas reservoirs in the 
Spiderweb protocluster are potential sources of the intracluster medium seen in low redshift Virgo- or Coma-like galaxy clusters. 

Key words: ISM: molecules – galaxies: clusters: individual: Spiderweb – galaxies: evolution – galaxies: formation – galaxies: 
high-redshift – galaxies: ISM. 
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 I N T RO D U C T I O N  

ithin the paradigm of hierarchical structure formation models, mass
s assembled inhomogeneously, along walls, filaments, and nodes
ll of which constitute the large-scale structure of the Universe or
cosmic web’. Galaxy protoclusters are the progenitors of the local
alaxy clusters, the most massive virialised systems in the Universe
ith stellar mass M � 10 14 M � (see Overzier 2016, for re vie w).
alaxy protoclusters residing in the dense regions of the Universe,

n which half of the present-day mass is assembled, contribute
ignificantly to the star formation rate density at high redshift (Chiang
t al. 2017 ). Molecular gas is the direct fuel for star formation in
alaxies, thus mapping the molecular gas is essential for studying
ny potential environmental impact on galaxy evolution in both the
eld and protoclusters. 
Among tens of galaxy protoclusters disco v ered (Chiang,

verzier & Gebhardt 2013 ; Overzier 2016 ), the Spiderweb proto-
luster is an excellent laboratory to conduct studies of the molecular
 E-mail: zhengyichen2018@gmail.com 
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ontent of its member galaxies. Multiwavelength photometry and
pectroscopy data have been accumulated over the last two decades,
aking the Spiderweb protocluster one of the best studied among

ll the known protoclusters. Based on the disco v ery of the clumpy
orphology and the surrounding hot, dense magnetised medium

rom X-ray, optical, and radio observations (Carilli et al. 1997 ,
998 ; Pentericci et al. 1998 , 2000 ), indications were found that
he radio galaxy PKS 1138 −262 at z = 2.16 is a proto-brightest
luster galaxy (proto-BCG). Kurk et al. ( 2000 ) carried out narrow-
and imaging of the Ly α line with the Very Large Telescope (VLT)
n order to search for a possible o v erdensity centred around PKS
138 −262 and found 50 Ly α emitters (LAEs) at the same redshift,
f which 15 were spectroscopically confirmed in Pentericci et al.
 2000 ) through VLT follow-up observations. A giant Ly α halo ( ∼
00 kpc) was disco v ered, and a few H α emitters (HAEs) are within
he halo (Kurk et al. 2000 , 2004a , b ). Based on deep Hubble Space
elescope ( HST ) imaging (Miley et al. 2006 ), this radio galaxy
s dubbed the ‘Spiderweb Galaxy’ and the protocluster associated
as later called the ‘Spiderweb protocluster’. A panoramic search

or HAEs was carried out with Multi-Object InfraRed Camera
nd Spectrograph/Subaru (MOIRCS/Subaru) and revealed a similar
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 v erdensity as LAEs, spanning the scale of ∼10 Mpc (Koyama
t al. 2013 ; Shimakawa et al. 2014 , 2018 ). Near-infrared (NIR)
pectroscopy with the K-band Multi-Object Spectrograph (KMOS) 
n VLT was carried out for several dozens HAEs in order to study
he environmental effect on the interstellar medium (ISM) through 
as-phase metallicity (P ́erez-Mart ́ınez et al. 2023 ). Rigby et al.
 2014 ) found a Herschel Spectral and Photometric Imaging Receiver 
SPIRE) o v erdensity around the Spiderweb Galaxy based on simulta-
eously conducted 250, 350, and 500 μm observations. Dannerbauer 
t al. ( 2014 ) complemented this study by revealing an overdensity
f intensely star-forming submillimetre galaxies (SMGs) through 
tacama Pathfinder Experiment telescope (APEX) Large APEX 

Olometer CAmera (LABOCA) 870 μm observations. Through 
bservations with the Australian Telescope Compact Array (ATCA) 
f the ground transition of carbon monoxide (CO(1 −0)) as tracer, 
arge cold molecular reservoirs have been revealed being physically 
elated to the starbursting (proto-)BCG (Spiderweb Galaxy) and the 
tar-forming galaxy HAE229 (Emonts et al. 2016 ; Dannerbauer et al. 
017 ). Jin et al. ( 2021 ) presented a 21 sq. arcmin panoramic CO(1 −0)
urv e y on the Spiderweb protocluster field with the ATCA and
eported 46 robust cold molecular gas detections spanning z = 2.09–
.22, the largest sample of such measurements in a (proto)cluster in 
he distant universe. The CO emitters are o v erdense at z = 2.12–2.21,
uggesting a galaxy super-protocluster or a protocluster connected 
o large-scale filaments with ∼120 cMpc size. 

There is a growing consensus that the formation of massive 
alaxies must be a two-phase process, with an early phase driven 
y gas-accretion, and a late phase dominated by galaxy mergers 
Oser et al. 2010 ). The cold molecular gas content and distribution
f galaxies, is influenced by various processes, for example, jet- 
nduced positive feedback, gas accretion, and galaxy mergers. All 
hese mechanisms may in principle lead to widespread molecular 
as reservoirs. The ATCA has ultracompact array configurations, 
hich makes it very well suited for detecting low-surface-brightness 
round-transition CO emission, and thus has played a crucial, leading 
ole in the disco v ery of extended reservoirs of gas. With the ATCA,
 large reservoir of molecular gas ( ∼70 kpc) was found surrounding
he Spiderweb radio galaxy, suggesting that the galaxy is growing 
rom the recycled gas in the circumgalactic medium (CGM) rather 
han through direct accretion from the cosmic web (Emonts et al. 
016 , 2018 ). Within the same protocluster, the ATCA detection of
n extended ( ∼40 kpc) rotating molecular gas disc from a normal
tar-forming galaxy, HAE229, was reported (Dannerbauer et al. 
017 ). Besides these two cases within the Spiderweb protocluster, 
everal other large gas reservoir cases have been revealed through 
arious CO transitions and atomic carbon (e.g. Ginolfi et al. 2017 ; 
’Amato et al. 2020 ; Cicone et al. 2021 ; Umehata et al. 2021 ;
i et al. 2021b ). Very recently, examining the Atacama Large 
illimeter/submillimeter Array (ALMA) CO(3 −2) observations of 

even AGNs (active galactic nuclei) at z ∼ 2–2.5, Jones et al. ( 2023 )
ound evidence for wide-spread ( ∼13 kpc) gas emission. 

Extended reservoirs of ionised or molecular gas are considered as 
ne of the characteristics of central galaxies (progenitors of BCGs) 
n protoclusters (Overzier 2016 ). Ho we ver, the large reservoirs of
olecular gas found in the normal star-forming galaxy HAE229 

Dannerbauer et al. 2017 ) indicate that it might not be restricted only
o the central galaxy. 

There are multiple processes that likely play a significant role 
n mass and energy exchange between the ISM, the CGM, and 
ntergalactic medium (IGM; Tumlinson, Peeples & Werk 2017 ). 
 or e xample, a galaxy could lose material from the ISM and
GM through AGN or stellar-dri ven outflo ws, and material may be
cquired by a galaxy through gas accretion or recycling the ejected 
as within the CGM. The detailed mechanisms involved in regulating 
alaxy evolution through IGM/CGM/ISM are debated, and the 
ominant role of each may change depending on the physical scale,
ass of the halo, and epoch during which the galaxy is observed.

n this paper, the ‘extended/large molecular gas reservoirs’ refers to 
he gas reservoirs with supergalactic scale of tens of kpc ( � 40 kpc;
0 kpc corresponds to the typical beam size of the ATCA mosaic
ata we used in this paper) just like those in the Spiderweb Galaxy
nd HAE229. We note that these gas reservoirs may not necessarily
xhibit a smooth distribution, and they can exhibit clumpy structures 
ithin this supergalactic scale. Besides the AGNs, which has a violent 
as exchange with the surrounding environments (e.g. the Spiderweb 
alaxy seems to evolve from the recycling of metal-enriched outflow 

as; Nesvadba et al. 2006 ). There are several ways an extended
as reservoirs could originate: (1) retaining of the high angular 
omentum of the accreting gas; (2) puffing up of the gas in the galaxy

y mixing, momentum injection from stars and AGN, and dynamical 
eating; and (3) galaxy mergers. Filamentary gas accretion/inflow 

nto galaxies is expected in a dense environment like protoclusters, 
nd could be reflected by a gas-phase metallicity gradient. Theoret- 
cally, a galaxy accretes gas with a relative small amount of angular

omentum, and the gas would inflow into the galaxy centre during
he dissipation of angular momentum for a specific timescale (which 
ould further regulate the star-formation Lehnert et al. 2015 ); and

he pristine gas accreted along large scale filaments would dilute 
he central metallicity. Li et al. ( 2022 ) studied gas-phase metallicity
radients of star-forming galaxies in the massive protocluster, BOSS 

244, at redshift z ∼ 2 based on spectroscopic data of the HST , and
ound that the majority of galaxies among their sample have either
 ne gativ e or flat gradients. The y conclude that the cause could be
he cold mode accretion (Kere ̌s et al. 2005 ; Dekel et al. 2009 ), which
ould flatten or reverse the gradients (the gas-phase metallicity 
radient is normally ne gativ e, i.e. the metallicity decreases from
he inside to the outskirt). Galaxy interactions or mergers may have a
imilar influence on the gas scales and metallicity gradient of galaxies 
Montuori et al. 2010 ; Rupke, K e wley & Barnes 2010 ). 

As discussed abo v e, the large molecular gas reservoirs of super-
alactic scale are not confined to their ‘host’ galaxies but are undergo-
ng complicated processes between the galaxies and their surround- 
ng environment. Revealing the underlying physical mechanism of 
arge gas reservoirs and studying the exchange of such baryonic 

aterials between protocluster galaxies and their environment is es- 
ential for understanding galaxy evolution and the origin of gas found
n the intracluster medium (ICM) of local clusters and groups. The
anoramic COALAS (CO ATCA Le gac y Archiv e of Star-forming
alaxies) surv e y offers a significant opportunity for the first system-
tic search for large gas reservoirs in a relatively large sample of pro-
ocluster galaxies with molecular gas line detections (Jin et al. 2021 ).

It is worth emphasising that the ground transition of carbon 
onoxide, CO(1 −0), is a good tracer of the total molecular gas

n star-forming galaxies, including any low-excitation molecular gas 
hat is spread o v er large scales of tens of kpc (e.g. Papadopoulos
t al. 2000 , 2001 ; Champagne et al. 2021 ). This is because CO(1 −0)
as a low excitation temperature ( ∼5 K) and a low critical density
 n crit ) for collisional excitation (410 cm 

−3 ). Atomic carbon, such
s the transitions [CI] 3 P 1 − 3 P 0 and [CI] 3 P 2 − 3 P 1 , are used
s substitute tracer for CO-dark molecular gas. Ho we ver, it is less
bundant than carbon monoxide (CO), and has higher excitation 
emperature than CO (Papadopoulos et al. 2012 ; R ̈ollig et al. 2006 ;

olfire, Hollenbach & McKee 2010 ; Glo v er & Clark 2012 ). 
In this work, we developed a customised method to search for

arge, extended gas reservoirs of galaxies within the ATCA COALAS 

O(1 −0) data set. Our study is based on the mosaic image presented
MNRAS 527, 8950–8972 (2024) 
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n Jin et al. ( 2021 ), which will be referred to as ‘mosaic’ subsequently.
ection 2 describes the observations. Section 3 presents an analysis
f the characteristics of a third confirmed large gas reservoir in the
piderweb protocluster, COALAS-SW.03, utilising higher resolution
TCA observations with an angular resolution of approximately 2–3
rcsec, equi v alent to a physical scale of approximately 17–25 kpc.
e compare the morphology and kinematics of COALAS-SW.03 in

oth the high-resolution and mosaic data sets, where the latter has
n angular resolution of approximately 4–5 arcsec at the location of
OALAS-SW.03, equi v alent to a physical scale of 34–42 kpc. Our
bjective is to present a no v el methodology for detecting extended
olecular gas reservoirs in protoclusters using solely low-resolution

ata. Section 4 presents the customised method developed to search
or extended CO reservoirs (Section 4.1 ) and the results of our search
Section 4.2 ). A catalogue of 14 robust and se ven tentati ve candidates
s provided, and an environmental study is presented. In Section 5 , we
hen discuss the performance of our method, present a collection of
he (possible) large molecular gas reservoirs from the literature, and
iscuss the underlying environmental physical processes that may
reate or impact the existence of large molecular gas reservoirs. We
ssume a flat lambda-cold dark matter cosmology with �m 

= 0.3,
� 

= 0.7, and H 0 = 70km 

−1 s −1 Mpc −1 in this paper (Hinshaw et al.
013 ). At redshift z = 2.16, one arcsecond corresponds to 8.4 kpc. 

 OBSERVATION S  

.1 COALAS CO(1 −0) sur v ey 

e veral CO observ ational projects have been conducted with the
TCA on galaxies within the Spiderweb protocluster. Observa-

ions include several pointings centred on LABOCA selected
ources from Dannerbauer et al. ( 2014 ) (IDs: 2014OCTS/C3003
nd 2016APRS/C3003, PI: H. Dannerbauer), and follow-up high-
esolution observations centred on the SMG DKB01-03 (ID:
017APRS/C3003, PI: B. Emonts), the Spiderweb Galaxy, and
AE229 (Emonts et al. 2016 ; Dannerbauer et al. 2017 ). 
The COALAS project 1 is an ATCA large program (C3181, PI: H.

annerbauer) aiming at studying the environmental impact on the
olecular gas based on the CO(1 −0) transition. The observations
ere performed from 2017 April to 2020 March, for a total 820 h
f observing time. The surv e y co v ers both ‘cluster’ and ‘field’
nvironments in order to study the environmental effects of galaxy
volution. The two fields are the Spiderweb protocluster ( z = 2.16)
nd SMGs selected from the Extended Chandra Deep Field-South,
espectively. This work focuses on the Spiderweb protocluster and the
nalysis is based on work presented in Jin et al. ( 2021 ). Combining
ll these observations, we have 13 pointings (with 475 h of observing
ime) on the Spiderweb protocluster field. Data reduction was carried
ut using the software package MIRIAD (Sault, Teuben & Wright
995 ). More details of the observations and data reduction can be
ound in Jin et al. ( 2021 ). 

The 13 pointings were placed in order to maximise the number
f known sources with spectroscopic redshifts per pointing. Various
onfigurations were used (H75, H168, H214, 750A/C/D, 1.5A; see
able 1 of Jin et al. 2021 for configurations of each pointing, and the
TCA website 2 for detailed information). A mosaic datacube was
enerated by combining 13-pointing observations into a single image
fig. 1 of Jin et al. 2021 ). The mosaic datacube spans an area of 21 sq.
NRAS 527, 8950–8972 (2024) 

 http:// research.iac.es/ proyecto/ COALAS/ pages/ en/ home.php 
 https:// www.narrabri.atnf.csiro.au/ operations/ array configurations/ 
onfigurations.html 

u  

o  

f  

H  

4

rcmin and co v ers a v elocity range of ±6500 km s −1 . The resulting
mage has varying levels of noise, ranging from 0.13 to 0.29 mJy
oot mean square (RMS) in different regions of the image. 

This paper introduces a methodology to ef fecti vely identify
xtended gas reservoirs from the 46 CO detections reported in Jin
t al. ( 2021 ), utilising the 13-pointing mosaic datacube (subsequently
eferred to as the mosaic/coarse datacube/data). We refer to this
atacube as the ‘mosaic/coarse datacube/data’, with the term ‘coarse’
eing interchangeable with ‘mosaic’. This distinction is made in
omparison to the higher resolution data utilised in the COALAS-
W.03 study. We note that the continuum was separated from the line
y fitting a straight line to the line-free channels in the uv domain
Jin et al. 2021 ). 

.2 COALAS-SW.03 obser v ations 

OALAS-SW.03 (dubbed DKB03 in Dannerbauer et al. 2014 ) is
ne of the CO detections found in Jin et al. ( 2021 ). Following
wo extended molecular gas reservoirs reported in the literature, the
piderweb Galaxy (COALAS-SW.02 in Jin et al. 2021 ) in Emonts
t al. ( 2013 , 2016 , 2018 ) and HAE229 (COALAS-SW.01 in Jin et al.
021 ) in Dannerbauer et al. ( 2017 ), COALAS-SW.03/DKB03 is the
hird large molecular gas reservoir confirmed with high-resolution
bservations within the Spiderweb protocluster (see Section 3 ). 
Our high-resolution CO(1 −0) observations of COALAS-SW.03

ID: 2017APRS/C3003, PI: B. Emonts) were performed with the
TCA during -2017 June 2–6 in the 750m configuration (57.5 h

n total). The pointing centre of the observations is on DKB03
RA: 11:40:57.8; Dec.: −26:30:48). Observations were centred
round 36.4 GHz, using a channel width of 1 MHz and an ef fecti ve
andwidth of 2 GHz. Compared to the ATCA 2014OCTS/C3003
nd 2016APRS/C3003 observations in H214 configuration, this
017APRS/C3003 high-resolution observations employed the more
xtended interferometric array configuration 750 m, which provides
n angular resolution of ∼2–3 arcsec (i.e. ∼16.8–25.2 kpc) still guar-
nteeing suf ficient sensiti vity in order to detect extended molecular
as emission (i.e. low-surface-brightness emission). 

Phase and bandpass calibration were performed by observing
he strong calibrator PKS 1124 −186, and flux calibration on PKS
934 −638. These data were reduced in MIRIAD (Sault, Teuben &
right 1995 ). Continuum was separated from line-free channels,

ontinuum-subtracted line data generated, binned into 34 km s −1 

hannels and subsequently Hanning smoothed to an ef fecti v e v elocity
esolution of 68 km s −1 . At the half-power point, the synthesised
eam is 4.20 arcsec × 1.85 arcsec (PA = 5.53 ◦). 

 COALAS-SW. 0 3 :  A N  E X T E N D E D  G A S  

ESERVOI R  C O N F I R M E D  WI TH  

I G H - R E S O L U T I O N  OBSERVATI ONS  

n this section, we will characterise COALAS-SW.03 based on the
igh-resolution ATCA observations in configuration 750 m. Then,
e compare the morphological and kinematic features of COALAS-
W.03 in both the high-resolution and mosaic/coarse data in order

o show the feasibility of searching for large gas reservoirs solely
sing mosaic data. COALAS-SW.03 was observed at high resolution
sing the ATCA 750m configuration, yielding a synthesised beam
f 4.20 arcsec × 1.85 arcsec. On the other hand, the mosaic data
or COALAS-SW.03 is a combination of observations from the
214 and 750m configurations, resulting in a synthesised beam of
.7 arcsec × 4.3 arcsec. 

http://research.iac.es/proyecto/COALAS/pages/en/home.php
https://www.narrabri.atnf.csiro.au/operations/array_configurations/configurations.html
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(a)

(e) (f) (g)

(c)(b) (d)

(h)

Figure 1. Spectra, collapsed images and PVDs of COALAS-SW.03 (DKB03). The first row shows the characteristics of the high-resolution data, while the 
second row shows the results from the mosaic datacube previously published in Jin et al. 2021 . Panels (a) and (e) are spectra extracted from the emission peak 
with aperture sizes of 1.5 arcsec, and the spectral ranges are [ −2500, 2500] km s −1 . A double-Gaussian fitting was initially applied to the spectra to highlight the 
tentativ e double-horn features. P anels (b) and (f) are collapsed images (with cutout sizes of 25.0 arcsec × 25.0 arcsec generated from CO emission line spectral 
regions shaded in blue in panels (a) and (e), white contours are [2, 3, 4] × σ ( σ = 0.032 Jy beam 

−1 km s −1 ), and the synthesised beams are shown at the bottom 

left of each panel. The white bar at the bottom right of panel (b) indicates a physical scale of 40 kpc. The RA axis in this and the following figures increases 
from left to right, which is a departure from the common practice of showing East to the left. Ho we ver, this orientation choice is not intended to imply that East 
is to the left. The PVDs shown in panels (c), (d), (g), and (h) are extracted from the red and cyan pseudo-slits shown in panels (b) and (f) for both the mosaic 
and high-resolution data. With which pseudo-slit the data have been extracted is indicated in the bottom left corner of each PVD. Contours on PVDs are [1.0, 
2.0, 2.5, 3.0] times of STD values of each panel. 
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.1 Characteristics of COALAS-SW.03 

he molecular gas reservoir of COALAS-SW.03 (dubbed DKB03 in 
annerbauer et al. 2014 ) was first disco v ered during a sample study
f SMGs in the Spiderweb protocluster field. Based on the ATCA 

bservations in the H214 configuration (IDs: 2014OCTS/C3003 
nd 2016APRS/C3003, PI: H. Dannerbauer), tentati ve e vidence of 
he spatial widespread cold molecular gas reservoir ( ∼ 70 kpc) 
as found in COALAS-SW.03, and the subsequent high-resolution 
TCA imaging in 750 m (ID: 2017APR/C3003, PI: B. Emonts) 
onfirmed it. 

The characteristics of the high-resolution observations in the 
TCA 750m configurations of COALAS-SW.03 are presented in 

he first row of Fig. 1 . Panel (a) shows the spectrum which shows a
entative ‘double-horned’ feature. Single-Gaussian fitting results in 
ux I CO = 0.16 ± 0.02 Jy km s −1 , and FWHM (full width at half-
aximum) = 395 ± 54 km s −1 . The collapsed image (moment 0) in

anel (b) is generated with the blue shaded spectral range in panel (a),
omposed of multiple components. Along the red and cyan pseudo- 
lits, we extract the position–velocity diagrams (PVDs) of COALAS- 
W.03 and display them in panels (c) and (d). Specifically, we used
 slit width corresponding to approximately 5 arcsec, equi v alent to a
hysical scale of approximately 40 kpc. Notably, careful examination 
onfirmed that slight variations in the slit width had minimal impact 
n the features presented in Fig. 1 . Both PVDs show multiple velocity
omponents, and a slight velocity gradient is seen along the red 
seudo-slit (panel c). 
Channel maps derived from high-resolution observations in Fig. 

 offer a complementary slice-by-slice view besides the aforemen- 
ioned moment 0 and PVDs. In Fig. 2 , we show channel maps for a
g

otal velocity range of 374 km s −1 , with a step in velocity between
ach map of 34 km s −1 (i.e. the velocity range is roughly equal to
he FWHM, and the velocity step follows the binning of channels we
pplied during the data reduction). Multiple components are clearly 
bserved in channel maps, for example, the panel for a velocity of
5 km s −1 shows three separate components. 
Either from the projected dimension (collapsed images) or along 

he line-of-sight (spectrum, PVDs and channel maps), COALAS- 
W.03 is an extended clumpy CO emitter composed of multiple 
omponents, and the projected size is ∼70 kpc. 

.2 Similarities and differences of COALAS-SW.03 in the 
igh-resolution and Mosaic data 

omparison between high-resolution data and the mosaic data of 
OALAS-SW.03 results in some similarities and differences in spec- 

ra, collapsed images, and PVDs. Although some detailed features are 
ot resolved in the mosaic data, extended morphologies, and multiple 
omponents are seen, which is one of the technical foundations of our
ork on searching for extended large molecular gas reservoirs in the
piderweb protocluster based on the mosaic datacube (Section 4 ). 
o be more specific, the high-resolution observations of COALAS- 
W.03 confirm the extended emission, that was already tentatively 
een in the former, coarser data, which means coarse data can be
sed to find extended sources. Furthermore, the high-resolution 
ata revealed more morphological and kinematics (PVDs) features. 
o we ver, despite the lo w resolution, there are multiple components

n PVDs from coarse data and those can be indicators of extended
as reservoirs as well. 
MNRAS 527, 8950–8972 (2024) 
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M

Figure 2. Distribution and kinematics of the CO-emitting gas. High-resolution CO(1 −0) maps obtained with the ATCA at different v elocities, o v erlaid on a 
ne gativ e gre y-scale HST /Advanced Camera for Surv e ys (ACS) F814W image. The velocity centre of each map is indicated in the upper right corner of each 
panel, and the velocity steps are 34 km s −1 between each map. The contours are [2.8, 3.5, 4.2, 4.8, 5.5] σ . The bottom left ellipse in the first panel shows the 
synthesised beam (size 4.20 arcsec × 1.85 arcsec; position angle: 5.5 ◦). The physical scale of 20 kpc (valid for all shown channel maps) is indicated in the upper 
left corner of the first panel. 
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Spectra, collapsed images and PVDs derived from the mosaic data
re presented in the same format as the high-resolution data in Fig.
 for comparison. The detailed comparisons are as follows. 
First, the spectrum presented in panel (e) of Fig. 1 has a similar

ux and FWHM as the spectrum extracted from the high-resolution
ata (with the same aperture). The single-Gaussian fitting results in
 CO = 0.16 ± 0.02 Jy km s −1 , and FWHM = 354 ± 44 km s −1 . As we
im to search for large gas reservoirs, we emphasise that the FWHM
f CO emission lines also reflect the size of gas detections along
he line-of-sight, and the underlying assumption is that a large gas
eservoir is supposed to be extended in view of both the projection
nd along the line-of-sight. 

Second, the collapsed image in panel (f) is marginally resolved
ue to the large beam size, which results in different morphology
ompared to panel (b). Contours in panels (b) and (f) are plotted
ased on standard deviation (STD, σ ) values of each 25 arcsec ×
5 arcsec cutout collapsed image shown in panels (b) and (f) without
asking the sources, and the contour levels are [2, 3, 4] × σ . The

reas encompassed by the outermost contours are similar between the
ifferent configurations/resolutions (synthesised beams displayed on
he bottom left of panels b and f). 

Finally, the PVDs in panels (g) and (h) were extracted along the
ame pseudo-slits as for the high-resolution data. Black contours are
ased on the STDs with levels of [1.0, 2.0, 2.5, 3.0] × σ . PVDs
f mosaic data show fewer peaks (spatial local maximum) and
ubcomponents than high-resolution data. For PVDs extracted along
ed pseudo-slits, there are four clear components centred around
elocity [ −200, −50, 50, 200] km s −1 in panel (c), while only two
omponents are centred around velocity [200, −50] km s −1 in panel
g). The component at velocity 200 km s −1 is recovered by mosaic
ata, the two components of velocity [ −50, 50] km s −1 are merged
nto one, and the component at −200 km s −1 is not particularly
vident at mosaic while being rather an extension of the [ −50, 50]
m s −1 bin. The PVDs extracted along cyan pseudo-slits, due to
he much smaller beam size along the west–east direction, panel (d)
eveals more subcomponents than panel (h). 

To summarise the similarities and differences of coarse and
igh-resolution data of COALAS-SW.03 as follows: (1) the high-
esolution data reco v ers well the CO flux and FWHM observed in
he mosaic data; (2) the collapsed images, though unresolved in the
NRAS 527, 8950–8972 (2024) 
osaic data, are of similar isophotal size (comparing the contour
ncompassed area based on standard value to the synthesised beam
rea) in both data sets; and (3) the PVD components have all a roughly
imilar morphology, velocity components, and velocity gradient in
ither data set. In Section 4 , we present the search for large gas
eservoirs mainly based on the spectral FWHM, sizes of collapsed
mages, and features of PVDs. 

.3 Feasibility of the mosaic data 

ur comparison between high-resolution and mosaic data demon-
trates that the mosaic/coarse data has the potential to unco v er large
as reservoirs in terms of both kinematics and morphology. To
nsure a robust method of gas reservoir search, we also consider
bservational conditions for each CO emitter. 
The CO mosaic imaging of the Spiderweb protocluster field has

nhomogeneities in observational depth and resolution. To accurately
ssess whether a detection represents a large gas reservoir, we must
onsider not only its spectral FWHM, collapsed image size, and
VD features (referred to as ‘source characteristics’), but also the
observational conditions’ specific to each detection. This includes
he number of pointings co v ering the source, the configuration and
esolution of those pointings, and the positions of the source within
ach pointing. For a comprehensive explanation of this methodology,
ee Section 4.1 and refer to Fig. A1 for a clear illustration of the crite-
ia related to ‘source characteristics’ and ‘observational conditions’.

 S E A R C H I N G  F O R  L A R G E  M O L E C U L A R  G A S  

ESERVOI RS  

.1 Method 

ased on the generated mosaic image (fig. 1 in Jin et al. 2021 ),
e checked for all these 46 detections their collapsed images with

pecified locations and velocity channel ranges. Our aim is to develop
 generally applicable method for identifying large gas reservoir
andidates. The presented method, customised for the COALAS
O(1 −0) surv e y conducted on the Spiderweb protocluster, exhibits
niversal applicability to other interferometric-based investigations
argeting extended gas reservoirs. 
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Figure 3. Flowchart of the large molecular gas reservoir search procedure. 
The procedure is composed by five stages, based mainly on the mosaic data 
and complemented with the verification of single pointing datacubes for 
possible candidates selected through the first two stages. 

n
i
p
d
t
c  

i  

d  

s
t
o  

T

4

T
i

 

v

4  

a  

i
 

c  

t
s
e  

v
o
w
g

 

t
P
c  

 

s  

c  

f
t  

(  

p  

b  

a  

i
a  

a  

d
r

 

c
t
a
c

4

W
t  

r
a  

s  

b  

r
t
t  

t
a  

(
n  

o  

c
 

o  

c
b  

b  

r
b  

e  

p
t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/8950/7310858 by guest on 21 N
ovem

ber 2024
The search process has five stages: (I) primary check; (II) exami- 
ation of the collapsed images and PVDs obtained from the mosaic 
maging data; (III) check for consistencies between the single- 
ointing and mosaic data-sets for all candidates found in the mosaic 
ata set; (IV) priority ranking based on assigning binary numbers 
o each characteristic; and (V) manual classification of the selected 
andidates into two classes, that is, robust and tentati ve. A flo wchart
s shown in Fig. 3 . We will describe the procedure of the flowchart in
etail in Section 4.1.1 . In stage IV ‘Binary Criteria’ ranking, we de-
igned a set of quantified parameters, reflecting the characteristics of 
he source and representing the observational conditions. The details 
f the parameter set-up of stage IV are described in Section 4.1.2 .
he parameter set-up is calibrated and explained in Section 4.1.3 . 

.1.1 Sear ch procedur e 

he procedure of searching for large molecular reservoirs is shown 
n the flowchart in Fig. 3 . The detailed explanation is as follows. 

Sta g e I. Primary check: visual check of collapsed images and
elocity colour-coded maps. We generated cutouts (sub-datacube) of 
6 sources with various sets of projected spatial (such as 25.0, 35.0,
nd 45.0 arcsec) and channel sizes based on CO(1 −0) FWHM given
n Jin et al. ( 2021 ). 

Sta g e II. Fine-tuned: the ‘fine-tuned’ generation and inspection of
ollapsed images and PVDs. Based on the first stage, we generated
he collapsed images and PVDs for sources more precisely. The 
patial and channel sizes were tuned iteratively for each source, 
nsuring the cutouts fit the full 3D sizes of sources and minimize the
isual influence from the background noise. We constructed a list 
f potential candidates by comparing the size of collapsed images 
ith observational synthesised beam sizes and visual checking of 
radients and multiple components on PVDs. 
Sta g e III. Single-pointing check: check the single-pointing data of

he candidates we have obtained. Besides the collapsed images and 
VDs, we also extracted the spectra from various apertures (single 
entral pixel, 3.0 arcsec circular aperture, and full spatial cutout size).

Sta g e IV. Binary criteria ranking: we employ a binary ranking
ystem which assigns a score to each candidate based on multiple
riteria. These criteria include: (1) size of collapsed image; (2) PVD
eatures; (3) signal-to-noise ratio (SNR) of the CO emission detec- 
ion; (4) number of pointings with small beam sizes ( < 7.0 arcsec);
5) fraction of pointings with small beam sizes; and (6) fraction of
ointings in which the source is located near the edge of the primary
eam. The first three criteria reflect the characteristics of the source,
nd the last three account for the observational conditions and the
nhomogeneous nature of the data set (i.e. configurations/resolutions 
nd background noise levels). Details can be found in Section 4.1.2
nd Appendix A1 . With this scheme, we are able to rank the 46 CO
etections, and separate sources which show evidence for large gas 
eservoirs from those without (clear) evidence (Section 4.2.1 ). 

Sta g e V. Final visual inspection: we perform a final manual
lassification of large gas reservoir candidates by visually inspecting 
he kinematic and morphological features of their collapsed images 
nd PVDs in order to differentiate between robust and tentative 
andidates. 

.1.2 Ranking criteria 

e propose a ‘Binary Criteria Ranking’ to weight the possibility 
hat a source has an extended/large molecular reservoir. In such a
anking, we selected a set of criteria characterising each source, 
nd place these criteria in order of rele v ance, prioritising source
izes. The determination of whether a source is extended or not is
ased on multiple factors, including but not limited to the quality and
esolution of the observational data. Consequently, our analysis takes 
hese factors into account, and the established criteria encompasses 
wo distinct aspects: (1) intrinsic features of the source such as
he source size and morphology of collapsed images, kinematics 
s gauged from the PVDs, the spectral SNR of the detection; and
2) observational conditions reflecting the data quality such as the 
umber of pointings co v ering the source, the array configurations
f the pointings and the position of the source relative to the beam
entre in each pointing. 

Each e v aluation criterion is assigned a binary number consisting
f one to two bits. To be more precise, if we use a single bit for a
riterion, a source can be divided into two categories, represented 
y Boolean numbers ‘1’ and ‘0’. On the other hand, if we use two
its for a criterion, a source can be divided into four categories,
epresented by binary numbers ‘11’, ‘10’, ‘01’, and ‘00’. These 
inary numbers are used to represent data in a digital system, where
ach bit represents a binary digit (0 or 1) that is used to store and
rocess information. After this classification process, we concatenate 
he binary representation of all criteria to form a new binary number.
MNRAS 527, 8950–8972 (2024) 
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his newly formed binary number is then converted as a whole into
ts corresponding decimal equi v alent, which will be explained in
urther detail with a specific criteria set and demonstrated through
quation ( 2 ). Those binary numbers from the criteria placed as a
riority (located among the first criteria considered) would contribute
ore than those of lower priority (which are among the last of the

riteria to be considered). Ideally, a well-designed set of criteria (both
n the sense of the number of possible classifications, 2 or 4, and in
he order in which they are considered) would allow us to rank the
ources properly from the most robust candidates to those with no
vidence for extended molecular gas. 

We designed the ranking system and adjusted the definition and
rder with seven ‘calibrators’ of extended molecular gas reservoir
andidates. Those seven calibrators are either confirmed to be
xtended with high-resolution observations or with evidence for
aving extended gas reservoirs in our visual inspection process. Five
ther criteria sets designed previously are explained in Appendix A1 .
he criteria order and the corresponding decimal contribution of the
nal criteria set is shown in Fig. 4 (and a complementary Fig. A1

llustrates the detailed criteria used in assigning decimal values and
n classifying galaxies as being a large gas reservoirs candidate). The
inary to decimal conversion equation is, 

core = 

N−1 ∑ 

i= 0 

x i · 2 i ( x i = 0 or 1 ) , (1) 

 i are the binary values at i th places, and N is the total binary bits
laces for all the criteria. We will refer to the decimal values of the
inary ranking as the ‘score’, representing the possibility of being
ategorised as an extended molecular gas reservoir. 

The six criteria, in order of priority, include the (1) collapsed image
ize (collapsed size); (2) features observed in the PVD; (3) SNR; (4)
he number of ATCA observational pointing co v ering the source
ith a small-beam size ( < 7.0 arcsec) (number of small-beam-size
ointings – Number SBSP); (5) the fraction of small-beam pointings
 < 7.0arcsec) relative to the total number of pointings that co v er the
ource (fraction of small-beam-size pointings – Fraction SBSP); and
6) the fraction of pointings within which the source is located at the
dge (Fraction E). The first three reflect the characteristics of each
ource, and the latter three the observational conditions. The detailed
xplanations of each criterion are given in Appendix A1 . Combine
he binary numbers of each criteria and convert to decimal value, 

[Collapsed size] ( x 8 ) ⊕[PVD] ( x 7 ) ⊕[SNR] ( x 6 ) 

⊕[Number SBSP] ( x 5 x 4 ) ⊕[Fraction SBSP] ( x 3 x 2 ) 

⊕[Fraction E] ( x 1 x 0 ) 

= x 8 x 7 x 6 x 5 x 4 x 3 x 2 x 1 x 0 (combine) 

⇒ 

∑ N−1 
i= 0 x i · 2 i ( N = 9) (convert to decimal) (2) 

operator ⊕ means concatenate (combine) the binary numbers. 
As shown in Fig. 5 , we separate the candidates from the rest via

etting the cutline (lower limit) on the corresponding decimal values
00. A detailed description about this chosen threshold is presented
n Appendix A2 . 

.1.3 Calibration 

e use calibrators to impro v e the accurac y of our criteria by adjusting
he number of bits and their order. Specifically, the adjustments we
ade are: (1) the order of the criteria representing the weights of

ach; (2) by adjusting the number of bits of one criterion, we can have
ifferent numbers of classification classes according to the specific
NRAS 527, 8950–8972 (2024) 
riteria. One bit for two classes, two bits for four classes, three bits
or up to eight classes, and so forth; and (3) adjusting the boundaries
etween sources with and without extended reservoirs. 

The seven calibrators used to calibrate our classification method
re as follows: four of them are large gas reservoirs confirmed
hrough the high-resolution data, the COALAS-SW.01 (HAE229:
annerbauer et al. 2017 ), the COALAS-SW.02 (Spiderweb Galaxy:
monts et al. 2013 , 2018 ), the COALAS-SW.03 (DKB03: reported

n this paper), and COALAS-SW.06 in Fig. B1 . The remaining three
ave only the mosaic observations but they show clear indications
f extended gas reservoirs: the COALAS-SW.29 which has an
bvious merger/rotating-like kinematic, and the COALAS-SW.23
nd COALAS-SW.46 are a close pair sharing a giant molecular reser-
oir. We give detailed information on CO ALAS-SW.06, CO ALAS-
W .29, COALAS-SW .23, and COALAS-SW .46 in Appendix B . 
In total, we experimented with six different ranking sets with

imilar criteria that considered both source characteristics and obser-
 ational conditions aspects. Gi ven the importance of the collapsed
ize in searching for extended gas reservoirs, we assigned the
ighest priority to this criterion in five out of the six sets. During
he implementation and adjustment of the criteria ranking sets, we
ealised the need to lower the weights of collapsed size criterion,
o potentially allow other criteria to provide greater contribution to
he final ranking. Specifically, according to the behaviours of the
alibrators, the candidates could have sizes comparable to the beam
ize, and clear indications from the PVD analysis for an extended
eservoir of gas. To lower the weight of collapsed size criterion,
e reduced the bits numbers of collapsed size criterion from two

o one. Furthermore, we lowered the standard to let in those not
b viously observ ed as e xtended (option V). In option VII, the PVD
riterion was simplified to one bit, which gives more weight to the
riteria besides collapsed size and PVD ones, and thus calibrators
OALAS-SW.06 and COALAS-SW.46 become higher ranked. 
Option VII in Table A1 is the final criteria set for ranking the

ources (Fig. 4 ) which works well in separating the promising
andidates from the rest. The obvious break of decimal values around
00 seems to be the adequate criteria set (Fig. 5 ). Impro v ements lead
o a break in the ranking from the robust to the tentative one. A clear
reak implies that this final option is likely the best for producing
 set of robust candidates of sources with extended gas reservoirs.
dditionally, we include a final manual classification for separating

he robust candidates and those which are rather tentative. 

.2 Results 

.2.1 Candidate list 

s demonstrated abo v e, the final set of criteria consists of six items,
mploying nine binary bits, and thus resulting in the corresponding
ecimal values ranging from 0 to 511 

Score = 

N−1 ∑ 

i= 0 

x i · 2 i 
N= 9 === 

{
0 ( minimum, all x i = 0 ) 
511 ( maximum, all x i = 1 ) 

(3) 

he binary ranking ‘score’ distribution of COALAS CO emitter
ample is shown in Fig. 5 . The ‘score’ value 400 is where the source
umber drops, and was used as a separation line (the red line in Fig.
 ) between candidates and non-candidates. The 21 sources whose
cores are abo v e 400 are our final candidates. 

In accordance with our classification system outlined in Stage
 of Section 4.1.1 , all identified extended molecular gas reservoir

andidates were further categorised into two distinct groups: robust
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Figure 4. Display of the criteria order, and corresponding decimal values. The first row lists the criteria in order of their weighting, highest to lowest from left 
to right. The second row shows the corresponding decimal values each criteria could contribute. The third row is the o v erall corresponding decimal range of all 
possible combinations. A detailed presentation of quantifying these criteria into decimal values and classification of candidates is shown in Fig. A1 . 

Figure 5. Binary ranking ‘score’ distribution of COALAS sample. The 
vertical thick line (red) is the separation line for the large molecular gas 
reservoir candidates (robust and tentative) and the remaining ones. 
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nd tentative candidates. Collapsed images and PVDs for the 14 
obust and seven tentative candidates are presented in Appendices C 

nd D , respectively. The frequency of extended gas reservoirs in 
he Spiderweb protocluster is ∼30 per cent (14 out of 46 galaxies),
ounting the robust candidates only. 

.2.2 Environmental study 

ue to the handful of disco v eries and studies on extended molecular
as reservoirs, their nature is still unclear. For massive BCGs, the 
arge gas reservoirs were suggested to be either molecular gas in 
ccretion streams or recycled gas from the star formation within the 
alaxy (Emonts et al. 2016 ; Ginolfi et al. 2017 ; Emonts et al. 2018 ).
o we v er, our e xtended gas reservoir candidates were disco v ered to
e spatially distributed o v er the Spiderweb protocluster field, not 
imited to the central galaxies like BCGs. Thus, we cannot directly 
pply the aforementioned scenarios to these candidates and require 
ew explanations for their nature. Nevertheless, if these scenarios are 
eneralised, the denser local potential well in the nodes of the cosmic
eb may have a similar impact on gas accretion and interactions 
etween close-by galaxies as the (proto)cluster centre. 

The measurement of the galaxy environment is carried out in three 
ays: N th nearest neighbour, fixed aperture, and annulus (refer to 

able 1 in Muldrew et al. 2012 for a re vie w). We use the N th nearest
eighbour method to determine galaxy density by counting the num- 
er and proximity of neighbouring galaxies. Based on such a simple 
oncept, one can either define a projected surface density or a spheri-
al enclosed density. The projected surface density, σ n , is defined as 

n = 

n + 1 

πr 2 n 

, (4) 

here n is the N th closest galaxy for each reference galaxy, and
 n is the projected distance between the reference galaxy and the
 th closest galaxy. This is commonly used for data sets lacking the

hird space dimension, that is, precise redshift (e.g. Dressler 1980 ,
aldry et al. 2006 , Koyama et al. 2013 ). A severe shortcoming of

he 2D surface density is that two galaxies appearing close to each
ther could be due to pure alignment along the line-of-sight and
eing separated at large distances in the third dimension. Among the
6 CO emitters in the COALAS surv e y, sev eral projected close-by
ources have large distances between each other in the 3D aspect.
herefore, we adopt the 3D-type N th nearest neighbour method. 
Utilising the precise 3D location information available for all 46 

ources, we conducted a calculation of the 3D spherical N th nearest
eighbour for each individual source. The corresponding volume 
ensity of galaxies is defined in the following way: 

n = 

n + 1 

(4 / 3) πr 3 n 

, (5) 

here n is the N th closest galaxy of each reference galaxy and r n is
he distance between the reference galaxy and the N th nearest galaxy
n the 3D space. Our environmental analysis focuses on the 46 CO
etections ( ≥ 3.8) reported in Jin et al. ( 2021 ), utilising the corre-
ponding coordinates and CO spectroscopic redshift data (precise to 
our decimal places) from the same study. In our sample, each galaxy
as 45 neighbours. Regarding each of them as the centre reference
alaxy, we calculated the volume density from 1st to 45th nearest
eighbour. We plot the volume density to N th nearest neighbour in
ig. 6 . We separated the robust candidates, tentative candidates and

he rest with blue, cyan, and red colours, fitted with binomial lines.
e found that our candidates tend to be located in denser regions.
e note that the contrast on density between candidates and non-

andidates remains even when fitting the non-candidates without the 
our sources located at the sparsest environment. 

The interactive Fig. 7 displays the 3D distribution of CO emitters.
he robust, tentative and non-candidates are marked with blue 
quares, cyan dots, and red crosses, respectively. The Spiderweb 
alaxy is marked with a blue star. Alternatively, Fig. 8 offers a two-
anel view of the spatial and redshift distributions of 46 CO emitters.
he upper panel displays their spatial distribution, categorised into 
on-candidates (red crosses), robust candidates (blue circles), and 
entative candidates (cyan circles), with grey crosses indicating 
he distribution of all CO emitters. The lower panel illustrates 
heir redshift distribution, with Gaussian functions used to fit the 
MNRAS 527, 8950–8972 (2024) 
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Figure 6. Volume density to Nth nearest neighbour of CO emitters. Solid 
lines indicate best-fitting polynomials for robust, tentative and non-candidates 
sources. Error bars for the fitting are shown at intervals of every 5th nearest 
neighbour, with specific horizontal adjustments applied to the error bars 
of the robust, tentative, and non-candidates classes to enhance the visual 
presentation. 

Figure 7. Spatial distribution (3D) of all 46 CO emitters. The Spiderweb 
Galaxy is denoted as a star (blue), squares (blue) indicate robust candidates, 
filled circles (cyan) represent tentative candidates, and crosses (red) mark the 
others. The animation link is present in the html version. 
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Figure 8. The upper panel displays the spatial distribution of 46 CO emitters, 
including non-candidates (red crosses), robust candidates (blue circles), 
and tentative candidates (cyan circles), with grey crosses indicating the 
distribution of all CO emitters. The Spiderweb Galaxy is denoted by a blue 
star. The lower panel illustrates the distribution of redshifts among the CO 

emitters, divided into non-candidates (in red) and candidates (in dark blue), 
with the o v erall CO emitter distribution depicted in grey. The distribution for 
candidates is further broken down into two cate gories: tentativ e candidates 
(represented by the cyan shaded region) and robust candidates (represented 
by the blue shaded region). Gaussian functions have been employed to fit 
the distributions, with corresponding fitting lines in the same colours as the 
respectiv e cate gories. 
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istributions for each category, with the fitting lines denoted in the
ame colours as their respective categories. 

We find that the large gas reservoir candidates are concentrated in
he core of the Spiderweb protocluster, which is consistent with the
esults of the N th nearest neighbour analysis. Spatially, as shown in
ig. 7 or the upper panel of Fig. 8 , the central region is dominated
y candidates, while the outskirts are conversely occupied more
y non-candidates. In terms of redshift, in contrast to the almost
niform distribution of non-candidates, the candidates are highly
oncentrated at a redshift of approximately z = 2.16, which is the
entre of the Spiderweb protocluster. 
NRAS 527, 8950–8972 (2024) 
The inhomogeneous mosaic data have different local RMS levels
arying by up to a factor 2 (0.13–0.29 mJy) among the 13 pointings,
or example, pointing ‘MRC1138’ and ‘HAE229’ are the two deepest
elds with rms of value 0.13 mJy, and ‘SWpoint7’ has the largest rms
f value 0.29 mJy (refer to the table 1 in Jin et al. 2021 ). This raises
he question if the aforementioned result, extended gas reservoirs
end to be located at the denser region, is caused by an observational
ias. We thus checked if there is a correlation between the location of
arge gas reservoir candidates and local RMS, and found no evidence
f such a correlation. 

 DI SCUSSI ON  

.1 Performance of our method 

e obtained 14 robust candidates of large molecular gas reservoirs
i.e. ∼30 per cent of the total number of candidates). The following
spects support the credibility of our method and final robust
andidate list: (1) the binary criteria ranking system was calibrated
ith seven CO detections (four of the seven calibrators are cases

onfirmed through high-resolution observations). A clear border
etween the candidates and non-candidates resulted in the number
istribution of decimal ranking values (Fig. 5 ). We note that follow-
p high-resolution observations of our candidates are needed for
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3 Galaxy–galaxy encounter or gravitational interactions between galaxies and 
the (proto)cluster environment can result in the distortion, stripping, and 
truncation of galaxy haloes (Moore et al. 1996 ; Fujita 1998 ; Moore, Lake & 

Katz 1998 ). 
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 verification. (2) Our environmental study of the candidates is in 
ine with the physical expectations that the gas is accumulating 
nd collapsing in the denser regions (especially in the cores of
rotoclusters) where the potential well is deeper. 

.2 Large molecular gas reservoirs from the literature 

e conducted a comprehensive search of molecular gas observations 
f (proto)clusters and o v erdensities aiming to identify potential 
xtended gas reservoirs with a scale of � 40 kpc (corresponding 
o the scale of large gas reservoirs we aimed to identify in the
piderweb protocluster in the current study). The compilation is 

isted in Table 1 and focuses on (multiple) transition(s) of CO. One
ource, LAB1 in the SSA22 protocluster field, was revealed through 
C II ] observations. In total, we have identified 13 large molecular
as reservoirs. Four sources have been already reported before as 
uch objects: the Spiderweb Galaxy (Emonts et al. 2013 , 2014 ,
016 , 2018 ), HAE229 (Dannerbauer et al. 2017 ) in the Spiderweb
rotocluster, the QSO Q12287 + 3128 in the ELANe protocluster 
urv e y (Li et al. 2021b , 2023 ), and MAMMOTH-I in the BOSS1441
rotocluster (Emonts et al. 2018 ). The size scales of the remaining
ources were determined through visual measurements on moment 
 maps based on their contours at approximately 3 σ . Ho we ver, our
 x ercise could be only done in cases where these maps have been
rovided. Thus, our literature search might be not complete. 
We note that some protoclusters lack molecular gas observations 

hile others only had rele v ant observ ations for the central regions
r focused solely on the central BCGs. The absence of COALAS-
ike wide-field systematic gas surv e ys in these protoclusters may 
a ve contrib uted to the rarity of extended gas reserv oir disco v eries
eported up to now in the literature. For six cases, we have several CO
ransitions. Only in the case of the Spiderweb Galaxy all reported 
ransitions show extended emissions. In the remaining cases, the 
henomena is only seen in the lowest CO transition CO(1 −0). Sta-
istically, about half of our (potential) large gas reservoirs are selected 
ased on CO(1 −0) observations, as shown in the upper panel of Fig.
 . Increasing the number CO(1 −0) observations of (proto)cluster 
embers would certainly lead to more detections of extended gas 

eservoirs. Recent studies show that the extended molecular gas 
eservoirs are not only limited to AGNs located in protoclusters, for
xample, star-forming galaxy HAE229 in Spiderweb protocluster 
Dannerbauer et al. 2017 ), and the COALAS-SW.03 reported in this
aper (starburst galaxy dubbed DKB03 in Dannerbauer et al. 2014 ). 

Existing observations in the literature may have downplayed 
otential large gas reservoirs, and some sources of large gas reservoirs 
ay have been missed due to inadequate observations. Specifically, 

he low-surface-brightness ground transition of CO has not been 
roperly observed, and the lack of systematic observations has 
esulted in some sources being completely o v erlooked as based on
ur visual inspection we reported 13 new extended molecular gas 
eservoirs. With our work at least we doubled the number of known
xtended molecular gas reservoirs. 

.3 Environmental-dri v en physical process: 30 per cent of 
alaxy members are evolving in extended gas 

ith our method, we find 14 robust candidates of extended molecular 
eservoirs selected from 46 CO emitters physically related to the 
piderweb protocluster. Thirty per cent is a previously unknown 

arge fraction, which means extended gas might be pre v alent in
rotoclusters and, due to the difficulty in detecting extended low- 
urf ace-brightness gas, w as generally not properly characterised in 
he past. More observations and theoretical studies are needed to 
nderstand this result. 
Converting the CO line luminosity to the molecular gas mass, we

an compare the ICM in the Spiderweb protocluster with local galaxy
lusters (e.g. Coma and Virgo clusters) and conjecture the future of
he Spiderweb protocluster. A bimodal CO–H 2 conversion factor is 
idely adopted in the e xtragalactic literature. F or star-forming galax-

es, commonly the conversion factor α = 4.6 M �(K km s −1 pc 2 ) −1 is
hought to be most appropriate. Ho we ver, for galaxies with intense
tar formation or mergers, which bear resemblance to local ultralu- 
inous infrared galaxies, α = 0.8 M �(K km s −1 pc 2 ) −1 is adopted

y many researchers who investigate high-redshift CO emitters 
Solomon & Vanden Bout 2005 ; Casey, Narayanan & Cooray 2014 ).
ssuming a single galaxy population, we obtained the molecular 
as mass for each of the 46 CO emitters, and the total molecular
ass is 1.5 × 10 13 (starburst galaxies)–8.7 × 10 13 M � (star-forming 

alaxies). For the molecular gas in extended morphologies (14 out 
f 46 robust candidates; 30 per cent of the full sample), the total
olecular gas mass is 3.5 × 10 12 (starburst galaxies)–2.0 × 10 12 M �

star-forming galaxies), and this accounts for 23 per cent of the total
olecular gas mass. Taking all the extended molecular gas and 

ssuming the low molecular-to-atomic ratio appropriate for local 
alaxies ( ∼0.1, Saintonge et al. 2017 ; Catinella et al. 2018 ), we got
 total ∼ 10 13 –10 14 M � of gas for just the galaxies with extended
eservoirs of gas. The mass of Virgo cluster derived from hot gas is
3 × 10 14 within the central 1.7 Mpc (Sparke & Gallagher 2007 ).
he Spiderweb protocluster has sufficient amount of gas to evolve 

nto a Virgo-like cluster, and through the ‘truncation’ process. 3 

ith these assumptions, it is plausible that if stripped of their
as, these large gas reservoirs may contribute the cold neutral and
olecular phases of a proto-ICM. We note the diverse dependencies 

f CO–H 2 conversion factors, including metallicity, gas density, 
emperature, and radiation field (P av esi et al. 2018 ; Madden et al.
020 ). Estimations using bimodal conversion factors are simplified. 
herefore, follo w-up observ ations and detailed studies are crucial for
etter constraining the gas content, considering these various factors. 
Based on the environmental study carried out in Section 4.2.2 ,

t is found that the large molecular gas reservoirs candidates are
ocated in a locally denser environment, predominantly concentrated 
n the central region of the Spiderweb protocluster. According to 
in et al. ( 2021 ), the Spiderweb protocluster is likely a super-
rotocluster that is embedded within a larger scale filamentary 
tructure, and perhaps half of the CO emitters are still not bounded to
he core region. Hence, it is possible that the Spiderweb protocluster
omprises numerous substructures, and that the constituent galaxies 
 volved collecti vely within separate relatively massive subhaloes. 
ur findings suggest that the concentration of galaxies with extended 

eservoirs of molecular gas in denser regions of protoclusters may be
ndicati ve of ef ficient accretion of cold gas flo wing along filaments,
hich could potentially fuel the growth of the stellar population 
ithin these galaxies. This could explain the observed concentration 
f massive early-type galaxies in local clusters. 
Ho we ver, the origin of these extended reservoirs is unclear from

vailable data. If the concentration of galaxies indeed reflects the 
 v erall and/or local gravitational potential, then it follows that these
alaxies are positioned near the (local) centre(s) of the potential 
MNRAS 527, 8950–8972 (2024) 
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Table 1. Collection from the literature of potential extended molecular gas reservoirs with scale � 40 kpc. In addition to emission lines indicative of a 
scale abo v e 40 kpc, other rele v ant emission lines of the same sources are also listed e xhibiting compact or less e xtended behaviour. 

Protocluster Redshift Source ID Emission lines Size Size given Reference 

Jackpot nebular 2.04 Galaxy1 CO(3 −2) ∼40 kpc − Decarli et al. 2021 
PKS1138 −262 protocluster 2.16 Spiderweb Galaxy CO(1 −0) ∼70 kpc Yes Emonts et al. ( 2013 , 2014 , 2016 , 2018 ) 
(Spiderweb) CO(4 −3) ∼50 kpc Yes Emonts et al. ( 2018 ) 

[CI] ∼50 kpc Yes Emonts et al. ( 2018 ) 
HAE229 CO(1 −0) ∼40 kpc Yes Dannerbauer et al. ( 2017 ) 

Protocluster ELANe 2.22 QSO Q12287 + 3128 CO(4 −3) ∼100 kpc Yes Li et al. ( 2021b , 2023 ) 
Slug nebular 2.28 QSO CO(3 −2) ∼50 kpc − Decarli et al. ( 2021 ) 
BOSS1441 protocluster 2.3 Region A (Q0052) CO(1 −0) ∼40 kpc − Emonts et al. ( 2019 ) 
(MAMMOTH-I) CO(3 −2) � 15 kpc − Li et al. ( 2021a ) 

CO(4 −3) � 15 kpc − Li et al. ( 2023 ) 
CLJ1001 protocluster 2.5 131 077 CO(1 −0) � 40 kpc Yes Champagne et al. ( 2021 ) 

CO(3 −2) � 10 kpc − Champagne et al. ( 2021 ) 
CO(1 −0) ∼30 kpc − Wang et al. ( 2016 ) 
CO(5 −4) ∼30 kpc − Wang et al. ( 2016 ) 

130 933 CO(1 −0) ∼60 kpc − Wang et al. ( 2018 ) 
130 842 CO(1 −0) ∼60 kpc − Wang et al. ( 2018 ) 

HXMM20 protocluster 2.6 S0 CO(1 −0) ∼45 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

S2 CO(1 −0) ∼40 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

S3 CO(1 −0) ∼40 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

SSA22 protocluster 3.1 LAB1 [C II ] ∼50 kpc − Umehata et al. ( 2017 , 2021 ) 
CO(4 −3) ∼30 kpc − Umehata et al. ( 2021 ) 
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ell. Consequently, one can expect the accretion rate of gas to be
ocused in these regions. Of course, whether or not gas accretion
ontinues in massive haloes and redshifts like those of the Spiderweb
rotocluster is not clear (Dekel & Birnboim 2006 ; Cornuault et al.
018 ). Moreo v er, cold streams could potentially penetrate the early,
assive, and hot haloes and serve as the primary mode of galaxy

ormation (Dekel et al. 2009 ). Nevertheless, theoretically it is clear
hat gas accretion should create large extended reservoirs of gas (e.g.
anovich et al. 2015 ). We can demonstrate what we mean by this

hrough a few simple timescale estimates. For example, let us assume
hat these extended reservoirs of gas have order motions. We can
alculate a dynamical time, based on the assumption that the angular
omentum resembles that of a rotating-like system, yields an

pproximate value of t orbital ∼ 1.2 Gyr ( r /40 kpc)/( v orb /200 km s −1 ).
he gas cannot inspiral into the galaxy potential, say through tidal
ffects due to bars or spiral arms or other disc substructure in less than
 dynamical time. Such a long timescale, although crudely estimated,
uggest that these extended reservoirs of molecular gas could be
ong-lived if not disrupted by external forces (e.g. ram pressure
tripping, tidal stripping by passing/merging gas, etc). Furthermore,
f the extended gas is stable, it can fuel the future growth of these
rotocluster galaxies for a long time, at least 1 Gyr. So even if gas
ccretion has ceased, as galaxies fall into the protocluster potential,
here is still enough remaining extended gas to support their growth
nd star formation rates for approximately the same timescale. 

Even more curiously, we can again estimate a crude crossing
imescale if indeed the Spiderweb protocluster is forming and the
alaxies are falling into the potential. Again, just making simple
ssumptions to provide a sense of the timescales we are discussing,
e can estimate the crossing time or infall time, albeit crudely,

s t crossing ∼ 1 Gyr ( r /Mpc)/( v infall /1000 km s −1 ) (Kuiper et al. 2011 ).
his is the timescale o v er which processes like tidal and ram pressure
tripping may play a role in truncating the gas distribution in these
alaxies. Comparing the two crude estimates of the dynamical time
NRAS 527, 8950–8972 (2024) 
f the extended reservoirs of gas and the crossing or infall time of
 galaxy, they are approximately equal (order-of-magnitude only).
ven with this crude comparison, it begs the question, why do we
bserve these at all (Dannerbauer et al. 2017 )? Observing such
eservoirs is even more puzzling given the recent detection of the
 - Z effect in the Spiderweb protocluster (Di Mascolo et al. 2023 ). 
Unfortunately, our results raise more questions than they answer.
hat we have shown is that extended gas reservoirs may be common

nd their mere existence pose many interesting problems and ques-
ions. Perhaps these reservoirs are one of the smoking guns of gas
ccretion. Smoking gun may be particular appropriate as a metaphor
s these extended reservoirs may be the residual after accretion has
eased. We simply do not know. If the extended molecular gas is
ong-lived, then why was the gas remo v ed by tidal stripping and
am pressure stripping despite this being a protocluster and there is
vidence for a (proto-)ICM. Perhaps the galaxies without extended
eservoirs are the galaxies that were stripped of their material, they
ay ha ve contrib uted to the gas in the ICM. Ho we ver, it may be that

he extended gas is relatively metal poor, but the ICM of local clusters
s metal-rich, generally containing more metals than the galaxies
n the clusters. Therefore, there must be an ongoing exchange of
aterial between the galaxies and their surrounding large molecular

as reservoirs, which is due to outflow generated by young massive
tars, type Ia SNe and AGN through their radiation pressure and radio
ets (Tumlinson, Peeples & Werk 2017 ). This is evidenced by the
le v ated le vels of gas metallicity observed in the Spiderweb Galaxy
nd its halo gas and HAE229 (Emonts et al. 2016 ; Dannerbauer
t al. 2017 ). In other words, what ever processes are dominating the
ature of the gas in the centre of the protocluster, it is more complex
han the simple picture of gas accretion of relatively pristine gas and
utflows of metal-rich gas via starburst- and AGN-driven outflows.
f the most simple picture (caricature) of inflows and outflow were
orrect, the extended gas reservoirs would become diluted due to
he continuous accretion of relatively pristine gas via filaments. This
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Figure 9. The upper panel displays the distribution of emission line numbers 
for (potential) extended gas reservoirs, while the bottom panel illustrates the 
situation of each individual (proto)cluster/object. 
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cenario would lead to a result that is opposite to that observed in
he Spiderweb Galaxy and HAE229. Other processes such a mixing 
nd gas instabilities must allow inflows and outflows to enrich or
ilute each other. If not, these extended reservoirs become virtually 
mpossible to explain with any reasonable mass. 

Furthermore, it was first disco v ered in Hatch et al. ( 2008 ) that
he Spiderweb Galaxy had an extended stellar halo, which was 
ostulated to originate from intense star formation fuelled by a 
arge (in size) gas reservoir. It was later, in 2016, that Emonts et al.
 2016 ) disco v ered this gas reservoir, which nicely closed the loop
n this picture. The gas reservoir appears to be forming stars at
 rate consistent with the Kennicutt–Schmidt law. These stars are 
ikely to be an early source of intracluster light, further adding to
he complexity of the processes at play. 

 SU M M A RY  

e present a method for searching for large molecular gas reservoirs
n 46 CO emitters from Jin et al. ( 2021 ) physically related to the
 = 2.16 Spiderweb protocluster. To show the feasibility of our 
ethod on extended source searching based on mosaic data, we took 
OALAS-SW.03 as an example, and compared the kinematic and 
orphological features obtained from the high-resolution and mosaic 

ata. We classify CO emitters through visual inspections of collapsed 
mages, PVDs, channel maps, and integrated spectra. We propose a 
inary criteria ranking approach to quantify whether a source is 
xtended or not. The criteria for ranking reflects both the source
haracteristics and the observational conditions of each source. The 
ethod is calibrated by seven sources, including four large gas 

eservoirs confirmed with high-resolution observations, and three 
aving strong evidences of extended gas reservoirs solely based on 
osaic observations. The major results we obtained in this work are:

(i) We find 14 robust and seven tentativ e e xtended gas reservoir
andidates and present their collapsed images and PVDs in Appen- 
ices C and D . The rate of cluster members containing large gas
eservoirs is ∼ 30 per cent , and up to ∼ 50 per cent if including the
entative detections. 

(ii) We collected 13 potential extended gas reservoirs in dense 
nvironments from literature, and highlighted the inadequacy of 
round-transition CO observations, which has resulted in limited 
isco v eries of large gas reservoirs. 
(iii) Through the analysis of the 3D distribution we show that 

he candidates are concentrated on the core of the Spiderweb 
rotocluster. Through our environmental study employing the N th 
earest neighbour method, we find that the candidates tend to be
ocated in the local denser environments. This is in line with the
cenario that gas was accreted efficiently by gravity in the denser
egion where the potential well is deeper. 

(iv) We discuss the underlying environmental-driven physical 
rocesses of the large molecular gas phenomenon. The large gas 
eserv oirs might inv olve mechanisms like g as truncation, g alaxy
erger or interaction in a dense protocluster, and may feed the ICM

n future local galaxy clusters like Virgo or Coma. 
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PPENDI X  A :  CRI TERI A  R A N K I N G  D E S I G N  

N D  D E C I M A L  S E PA R AT I O N  LI NE  

1 Criteria Ranking Design 

o establish a robust set of criteria for accurately assessing the like-
ihood of source extension, we thoroughly identified rele v ant factors
nd defined their parameters. These parameters were then encoded
nto binary values consisting of one or two bits. By concatenating
hese binary values and converting them into decimal representation,
e ranked the sources accordingly. Throughout the process, we

xperimented with various sets of criteria and ultimately selected
ption VII as the final decision. In the subsequent paragraphs, we
resent the details of option VII and elucidate the adjustments made
o arrive at the final version. 

In accordance with the details provided in Section 4.1 , a set of
e ven calibrators, kno wn either for their confirmed extension or for
xhibiting evidence of extended gas reservoirs during our visual
nspection process, w as emplo yed to assess and refine the accuracy
f our method, specifically the criteria sets. 
In the initial set of criteria, denoted as Option I, we included five

 ey f actors for assessment: (1) collapsed image size (Collapsed Size
), (2) features observed in the PVD I, (3) the number of ATCA
bservational pointings co v ering the source with a small beam size
<7 arcsec) (number of small beam size pointings – SBSP), (4) the
raction of small-beam-size pointings (<7 arcsec) relative to the total
umber of pointings that co v er the source (fraction of small beam size
ointings – Fraction SBSP), and (5) the fraction of pointings within
hich the source located at the edge (Fraction E). We allocated two
its to each criterion, enabling the classification of a source into one
f four distinct classes for each criterion. 
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Table A1. The evolution of criteria options and the final classification scheme for ranking and selecting extended molecular gas reservoirs. 

Option Criteria 

1st 2nd 3rd 4th 5th 6th 
Option I Collapsed Size I PVD I Number SBSP Fraction SBSP Fraction E −
(10 bits) (2 bits) (2 bits) (2 bits) (2 bits) (2 bits) 
Option II Collapsed Size I PVD I SNR Fraction SBSP Fraction E −
(9 bits) (2 bits) (2 bit) (1 bits) (2 bits) (2 bits) 
Option III PVD I Collapsed Size I Number SBSP Fraction SBSP Fraction E −
(10 bits) (2 bits) (2 bits) (2 bits) (2 bits) (2 bits) 
Option IV Collapsed Size I PVD I SNR Number SBSP Fraction SBSP Fraction E 

(11 bits) (2 bits) (2 bits) (1 bit) (2 bits) (2 bits) (2 bits) 
Option V Collapsed Size II PVD I SNR Number SBSP Fraction SBSP Fraction E 

(10 bits) (1 bit) (2 bits) (1 bit) (2 bits) (2 bits) (2 bits) 
Option VI Collapsed Size III PVD II SNR Number SBSP Fraction SBSP Fraction E 

(9 bits) (1 bit) (1 bits) (1 bit) (2 bits) (2 bits) (2 bits) 
Option VII Collapsed Size III PVD III SNR Number SBSP Fraction SBSP Fraction E 

(9 bits) (1 bit) (1 bits) (1 bit) (2 bits) (2 bits) (2 bits) 

Figure A1. Visualisation of the Criteria Ranking Bit Assignments, Calculation of the Ranking ‘Score’, and Selection of Large Gas Reservoir Candidates. The 
rounded rectangle boxes (dark blue) represent abbreviations of the six criteria, with higher priority shown on the left and lower priority shown on the right. The 
first three criteria (collapsed sizes, PVDs, and SNRs), enclosed within the leftmost large box (blue), depict the source characteristics, while the later three criteria 
(Number SBSP, Fraction SBSP, and Fraction E), enclosed within the middle large box (magenta), are related to the observational conditions. The rightmost 
large box (red) highlights the results of candidate selection. 
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Building upon the initial set of criteria, our aim was to enhance its
f fecti veness and accuracy by e v aluating the ranking and inclusion of
ur seven calibrators in the final candidate list of extended molecular 
as reservoirs. In Option II, our objective was to integrate the SNR
f CO detections from Jin et al. ( 2021 ) into the existing criteria
ramework (Option I). In accordance with the SNR = 5 threshold 
pecified in table 3 of Jin et al. ( 2021 ), we assigned a single bit
umber to this criterion. Sources with an SNR greater than 5 were
ssigned a value of 1, while the remaining sources received a value
f 0. Subsequently, in Option III, we explored a rearrangement of the
V  
rst and second criteria compared to the initial set (Option I). Option
V involved combining Options I and II, maintaining the original 
rder of the first two criteria, with emphasis on the ‘Size’ criterion
s our primary concern in selecting large molecular gas reservoirs. 
dditionally, we introduced the SNR criterion after Collapsed Size 

nd PVD I criteria to further refine our selection process. Upon
xamining the outcome of Option IV, which considered the ranking 
nd inclusion of our seven calibrators, and a thorough analysis of
ource properties, we identified that the collapse size criterion was 
 v erweighted. To address this, adjustments were made in Option
, involving a reduction in the bit number from two to one and a
MNRAS 527, 8950–8972 (2024) 
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e-definition of the collapsed size, leading to a refined classification
f each source’s collapse size properties into two distinct classes.
Collapsed Size II). 4 Subsequently, in Option V, we simplified the
VD criterion by reducing the bit numbers from two bits (PVD I)

o one bit (PVD I). 5 This adjustment aimed to reduce the relative
mportance of PVD and allocate more weight to the remaining
riteria, thus enhancing the o v erall ef fecti v eness and accurac y of the
election process. In the final Option VII, we introduce an additional
onstraint to the PVD II classification. Specifically, sources classified
s ‘1’ in Option VI, but with spectral FWHM below 300 km s −1 ,
re re-classified into ‘0’ (PVD III) in the Option VII scheme. This
onstraint is grounded in the rationale that projected extended sources
hould also exhibit extension along the line-of-sight dimension. 

After e v aluating v arious sets of criteria options (Table A1 ), we
nd that Option VII closely aligns with our requirements, meeting
ur selection criteria most ef fecti vely. As a result, we present Option
II as our final choice for the classification scheme. The detailed
escription of each criterion is as following: 
Collapsed ima g e size (Collapsed Size I): assess whether sources

re resolved or not via comparing the size of collapsed images with
he size of the synthesised beam of the corresponding pointing. The
rea encompassed by the STD value contour is calculated. Finally,
atios of the collapsed component and synthesised beam areas are
alculated. Sources whose ratio is greater than one (i.e. the source
ize is larger than the synthesised beam) would be classified as
esolved. We visually re-checked the collapsed images afterwards,
nd excluded sources which have multiple contour-encompassed
egions separately distributed. 

Features observed in the PVD I: e v aluate whether sources have
ultiple components or are velocity gradient on PVDs. An extended

ource is more likely to be 3D extended rather than only in the
rojected view. Thus, we applied an extra FWHM cut at 280 km s −1 .
he binary values of PVDs are determined based on these two factors

n a logical conjunction way. 
SNR: SNR values are from Jin et al. ( 2021 ). We assign the bit

alue to sources whose SNR values are greater than 5.0 and assign
eros to the others. 

The following three criteria are about the observational conditions,
nd they are rele v ant to observ ational pointings of each source. The
TCA surv e y of the Spiderweb protocluster in total has 13 pointings,
nd each of the 46 CO emitters are co v ered by one up to five ATCA
bservational pointings. 
The number of ATCA observational pointings covering the source

ith a small beam size (<7.0 arcsec) (number of small-beam-size
NRAS 527, 8950–8972 (2024) 

 In the Collapsed Size I classification, we assign ‘11’ to sources with 
ollapsing contours that are notably large compared to the pointing beam 

ize and exhibit interesting shapes (e.g. boomerang shape as observed in 
ource COALAS-SW.09), ‘10’ for sources whose collapsing contour sizes 
re obviously large, ‘01’ for collapsing contours comparable to the beam size 
i.e. marginally resolved), and ‘00’ to those sources that remain unresolved. In 
he Collapsed Size II classification, we assign ‘1’ to sources whose outermost 
ontour of the collapsed image is larger than the synthesised beam size, and 
0’ to the rest of the unresolved sources. 
 In the PVD I classification, we assign ‘11’ to sources whose PVD exhibits 
 clear ‘S’ shape, indicating a re gular v elocity gradient, ‘10’ to sources 
ith a slight velocity gradient, ‘01’ to sources showing multiple components 
ccupying a wide channel/velocity range (evident from the spectrum aspect 
ith multiple-peak broad spectrum), and ‘00’ for sources with compact 

omponents (i.e. no gradient, narrow velocity/channel range) or exhibiting 
essy PVD behaviours. In the PVD II , we combine the first three cases, 

reviously classified as ‘11’, ‘10’, and ‘01’ into a single ‘1’, while the rest 
emain as ’0. 
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ointings – SBSP): the sources are more likely to be resolved with
bservational pointings of smaller beam size. Two bits are employed
nd classify the cases into four classes: ‘11’ for sources co v ered by
hree or four small beam size pointings, ‘10’ for two, ‘01’ for one,
nd ‘00’ for none. 

The fraction of small-beam-size pointings (<7.0 arcsec) relative
o the total number of pointings that cover the source (fraction of
mall beam size pointings – Fraction SBSP): two bits are employed
nd the cases are divided into four classes: 

(i) ‘11’: fraction value equal to 1.0 (1/1, 2/2, 3/3, 4/4, 5/5; all the
ointings co v ering this source hav e small beams); 
(ii) ‘10’: fraction values equal to 0.6 (3/5), 0.67 (2/3), 0.75 (3/4),

nd 0.8 (4/5) (more than half pointings have small beams); 
(iii) ‘01’: fraction values equal to 0.2 (1/5), 0.25 (1/4), 0.33 (1/3),

.4 (2/5), and 0.5 (1/2, 2/4) (fewer than half pointings have small
eams); 
(iv) ‘00’: fraction values equal to 0.0 (0/1, 0/2, 0/3, 0/4, 0/5; none

f the pointings co v er this source have a small beam). 

The fraction of pointings within which the source is located at
he edge (Fraction E): sources located at the edge of a single
ointing may be subject to significantly higher noise levels, which
an markedly impact the accuracy of the ranking results. We calculate
he distances between sources and the pointing centre and classify
he source as located at the edge of observational pointings if the
istance is greater than 94 per cent of the primary beam size radius.
e use two bits for this criterion: 

(i) ‘11’: fraction values equal to 0.0 (0/1, 0/2, 0/3, 0/4, 0/5; within
one of the pointings co v ering this source, it is located at the edge
f the pointing); 
(ii) ‘10’: fraction values equal to 0.2 (1/5), 0.25 (1/4), 0.33 (1/3),

.4 (2/5), and 0.5 (1/2, 2/4) (within fewer than half of the pointings
o v ering this source, it is located at the edge of the pointing); 

(iii) ‘01’: fraction values equal to 0.6 (3/5), 0.67 (2/3), 0.75 (3/4),
nd 0.8 (4/5) within more than half of the pointings co v ering this
ource, it is located at the edge of the pointing; 

(iv) ‘00’: fraction values equal to 1.0 (1/1, 2/2, 3/3, 4/4, 5/5; within
ll of the pointings co v ering this source, it is located at the edge of
he pointing). 

2 Design of the binary criteria ranking: the boundary ‘score’ 
etween candidates and the others 

or better understanding, please refer to Fig. A1 while reading the
ollowing explanations of the decimal separation line of ‘400’: 

(i) If a source is assigned with highest marks for each criterion (the
aximum case in equation ( 3 ): all the x i = 1, and the corresponding

ecimal value maximised to 511), this source would certainly be
lassified as an extended gas candidate. 

(ii) The case which fails either the ‘Size of collapsed images’ (the
rst criteria; fail: bit value ‘0’) or ‘PVD’ (the second criteria; fail: bit
alue ‘0’) would not reach the boundary score ‘400’ as the following
quation shows: 

Score = 

N−1 ∑ 

i= 0 
x i · 2 i 

N= 9 === 

{ ≤ 255 ( if x 8 = 0; Collapsed Size ) 
≤ 383 ( if x 7 = 0; PVD ) . 

(A1) 

(iii) Assuming that a source meets the condition of fulfilling the
rst two criteria (i.e. both criteria ‘Size of collapsed images’ and
PVD’ are assigned bit number ‘1’), the third criteria, SNR, could be
ither ‘1’ or ‘0’ to be abo v e the boundary score: 
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(a) SNR = ‘1’, together with two ‘1’ from the first two 
criteria, will result in a ‘score’ greater or equal to 448: 

Score = 

N−1 ∑ 

i= 0 

x i · 2 i 
N= 9 ≥ 448 ( if x 8 , x 7 , x 6 = 1) (A2) 

(b) SNR = ‘0’ requires the binary numbers of the fourth 
criteria, Number SBSP, to be greater than ‘00’, i.e. the source is
at least co v ered by one pointing with a small beam (i.e. relatively
high resolution). 

(1) Number SBSP = ‘11’ would result in a decimal value 
greater or equal to 432. 

(2) Number SBSP = ‘10’ would result in a decimal value 
greater or equal to 416. 

(3) Number SBSP = ‘01’ would result in a decimal value 
greater or equal to 400. 
Table B1. Seven calibrators of the presented method. The first four are confirm
and the final three have strong indicators to be large gas reservoirs with solely

Calibrators Alias Reference(extende

COALAS-SW.01 HAE229 Dannerbauer et al. ( 2017 ) 
COALAS-SW.02 Spiderweb Galaxy Emonts et al. ( 2016 , 2018 ) 
COALAS-SW.03 DKB03 This work: extended 
COALAS-SW.06 − This work: extended 
COALAS-SW.29 − This work: merger/rotating-l
COALAS-SW.23 − This work: sharing giant mo

COALAS-SW.46 
COALAS-SW.46 − This work: sharing giant mo

COALAS-SW.23 

igure B1. High-resolution plots of COALAS-SW.06. Panel (a) is the spectrum e
s the moment 0 map of COALAS-SW.06, panels (c) and (d) are PVDs extracted 
hannel maps. The contour levels in the collapsed images are presented at [1, 2, 3
ndicated by dashed lines. 
In the cases explained above, the first four criteria would be
nough to determine whether a source could be a large gas reservoir
andidate or not. The lower limit for the selection of candidates is
he combination [Collapsed Size ‘1’] + [PVD ‘1’] + [SNR ‘0’] +
Number SBSP ‘01’] + [Fraction SBSP ‘–’] + [Fraction E ‘–’] (Fig.
1 ). 

PPENDI X  B:  CRI TERI A  C A L I B R ATO R S  

he information of seven calibrators are summarised in Table B1 ,
ncluding the source ID, alias, reference paper, data available, and 
orresponding figures of collapsed images and channel maps. 
MNRAS 527, 8950–8972 (2024) 

ed large gas reservoirs confirmed through high-resolution observations, 
 mosaic data. 

d)/Notes Data Figure 

High-resolution; mosaic −
High-resolution; mosaic −
High-resolution; mosaic Figs 1 and 2 
High-resolution; mosaic Fig. B1 

ike Mosaic Fig. B2 
lecular gas with Mosaic Fig. B3 

lecular gas with Mosaic Fig. B3 

xtracted from the emission peak with aperture size of 1.5 arcsec. Panel (b) 
along two lines (red and blue) shown in panel (b), and panel (e) presented 
] times the STD values, with the source delineated by solid lines, and noise 

ic.oup.com
/m

nras/article/527/3/8950/7310858 by guest on 21 N
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ber 2024
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Figure B2. Characterise COALAS-SW.29 based on mosaic data. The upper left panel is the spectrum of COALAS-SW.29. The following four panels are 
collapsed image with contours representing significance levels of [2.0, 2.5, 3.0, 3.5] times the STD ( σ = 0.033 Jy beam 

−1 km s −1 ), PVDs extracted along 
two lines (cyan and red), and contours of collapsed images from bluer and redder channels (corresponding to the ne gativ e and positiv e v elocity components on 
PVDs). The second row shows channel maps of extended CO(1 −0). 

Figure B3. Characterise COALAS-SW.23 and COALAS-SW.46 based on mosaic data. The upper left panel is the spectrum of COALAS-SW.23. The following 
four panels are collapsed image with black contours representing significance levels of [1.5, 2.5, 3.5, 4.5] times the STD ( σ = 0.028 Jy beam 

−1 km s −1 ), PVDs 
extracted along two lines (cyan and red), and contours of collapsed images from bluer and redder channels (corresponding to the ne gativ e and positiv e v elocity 
components on PVDs). The second row shows channel maps of extended CO(1 −0). 
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PPENDIX  C :  RO BU ST  C A N D I DAT E S  

he collapsed images and PVDs of the 14 robust candidates are
resented in Fig. C1 . 
NRAS 527, 8950–8972 (2024) 
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Figure C1. The figure displays robust candidates in individual rows. The leftmost panels show the collapsed images, while the middle and right panels present 
PVDs extracted from two perpendicular pseudo-slits. The source ID for each robust candidate is indicated in the upper right corner of the corresponding collapsed 
image. The contour levels in the collapsed images are presented at [1, 2, 3, 4] times the STD values. The emission contours are depicted in black solid lines, 
while the noise are represented by white dashed lines. 
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Figure C1. Continued. 
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Figure C1. Continued. 
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PPENDIX  D :  TENTATIVE  C A N D I DAT E S  

he collapsed images and PVDs of the se ven tentati ve candidates are
resented in Fig. D1 . 
NRAS 527, 8950–8972 (2024) 

Figure D1. Tentative candidates
. Same scheme as Fig. C1 . 
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Figure D1. Continued. 

A

F  

t

R

w

S

w  

v  

i  

t  

f

S
t  

[  

l  

o  

r
t  

r  

n
t  

T  

r
a  

b  

2
t  

4  

w
t  

s
S  

b
l  

F  

v  

o  

s
e  

F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/8950/7310858 by guest on 21 N
ovem

ber 2024
PPEN D IX  E:  STATISTICAL  EXPLANATION  

or the contours of collapsed images in Figs C1 and D1 , we employed
he STD values rather than the commonly used RMS values. 

The equations of RMS is 

MS = 

√ 

1 

n 

∑ 

i 

x 2 i , (E1) 

here n is number of values, and x i is each values. 
The equation of STD is 

TD = 

√ 

1 

n 

∑ 

( x i − μ) 2 , (E2) 

here n is the number of values, x i is each values, and μ is the mean
alue. In physics, the term RMS is used as a synonym for STD when
t can be assumed that the input number population has a zero mean,
hat is, referring to the square root of the mean deviation of a signal
rom a given baseline or fit. 

The reason and feasibility are explained here, taking COALAS- 
W.03 as an example. First, we manually selected four regions with 

he radius of 3.0 arcsec, obtained the RMS values, and o v erlaid the
2, 3, 4] × RMS contours on the collapsed images as shown in the
eft column panels in Fig. E1 . If we apply this method to all the
ther sources, we need to be careful when we manually select the
egions for such background RMS calculations. If the regions are 
oo large, they might be contaminated by the source emission and
esult in a larger RMS value; if the regions are too small, this might
ot be representative; if the positions of regions are inappropriate, 
he results might be biassed by some regions of extreme values.
he spatial scales of emission vary among our sample, and thus

equires plenty of manual work on RMS calculation as explained 
bo v e. Second, to simplify the work, we tried the contour levels
ased on STD values. We calculated the STD values based on these
5.0 arcsec × 25.0 arcsec cutout without masking the emission from 

he central source. Keeping the level times the numbers of [2, 3,
], we obtained the contour plots in the middle column in Fig. E1 ,
hose outermost contour is more conserv ati ve/smaller compared to 

he panels of the left column. It is reasonable as we included the
ource emission when calculating the STD values and these derived 
TD values are greater than the RMS values obtained from the
ackground regions. To get similar contours, we tried the smaller 
evel times [1.5, 2.0, 2.5], and displayed them in the right panels of
ig. E1 . To conclude, with a lower multiple times, we can use the STD
 alues deri ved without masking the source to replace the calculations
f RMS values requiring lots of manual work. To conclude, for
implifying the work on presenting the large gas reservoirs, we 
mployed the [1, 2, 3, 4] × STD values for collapsed images in
igs C1 and D1 . 
MNRAS 527, 8950–8972 (2024) 
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Figure E1. Comparison between the usage of RMS values by STD values. Upper panels are collapsed images based on the high-resolution data of COALAS- 
SW.03, and bottom panels are based on the mosaic/coarse data. In the left columns, the o v erlaid contours are [2, 3, 4] × RMS (RMS values are calculated based 
on four regions with radius of 3.0 arcsec marked with dashed white circles). In the middle columns, the contours are [2, 3, 4] × STD, in the right columns [1.5, 
2.0, 2.5] × STD. 
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