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A B S T R A C T 

We report on deep SCUBA-2 observations at 850 μm and NOrthern Extended Millimetre Array (NOEMA) spectroscopic 
measurements at 2 mm of the environment surrounding the luminous, massive ( M ∗ ≈ 2 × 10 

11 M �) Herschel -selected source 
HerBS-70. This source was revealed by previous NOEMA observations to be a binary system of dusty star-forming galaxies 
at z = 2.3, with the east component (HerBS-70E) hosting an active galactic nucleus. The SCUBA-2 observations detected, in 

addition to the binary system, 21 sources at > 3.5 σ o v er an area of ∼25 square comoving Mpc with a sensitivity of 1 σ 850 = 

0.75 mJy. The surface density of continuum sources around HerBS-70 is three times higher than for field galaxies. The NOEMA 

spectroscopic measurements confirm the protocluster membership of three of the nine brightest sources through their CO(4–3) 
line emission, yielding a volume density 36 times higher than for field galaxies. All five confirmed sub-mm galaxies in the 
HerBS-70 system have relatively short gas depletion times (80 −500 Myr), indicating the onset of quenching for this protocluster 
core due to the depletion of gas. The dark matter halo mass of the HerBS-70 system is estimated around 5 × 10 

13 M �, with a 
projected current-day mass of 10 

15 M �, similar to the local Virgo and Coma clusters. These observations support the claim that 
DSFGs, in particular the ones with observed multiplicity, can trace cosmic overdensities. 

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: high-redshift – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

he evolution of the cosmic star formation rate (SFR) density
Madau & Dickinson 2014 ) paints a dynamic picture of galaxy
volution, with rapid stellar build-up at redshifts abo v e 2, followed by
 stark drop in SFRs of galaxies towards the present day. The origins
f this down-turn are likely due to a mixture of feedback processes,
roadly categorized as caused by environmental (strangulation,
arassment, and ram-pressure stripping) and internal [star formation
nd active galactic nuclei (AGNs)] quenching effects (e.g. Peng,
aiolino & Cochrane 2015 ; Man & Belli 2018 ; Walter et al. 2020 ). 
Cosmic o v erdensities form pockets where the Univ erse is matter-

ominated, and can trace galaxy evolution in more extreme envi-
onments, where the processes that characterize star formation (i.e.
ueling and feedback) happen on faster time-scales and at earlier
pochs (Chiang, Overzier & Gebhardt 2013 ; Muldrew, Hatch &
ooke 2015 ; Contini et al. 2016 ; Overzier 2016 ). Notably, models
redict that the majority of high-redshift star formation occurs in
 E-mail: tom.bakx@chalmers.se 
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 v erdense environments, where the compact regions drive gas away
y environmental quenching through processes of gas stripping and
he cessation of infalling gas that feeds star formation. Meanwhile,
he rapid evolution of galaxies can trigger AGNs that disrupt gas flow
nd star formation from within (Vayner et al. 2021 ). 

Hydrodynamical and parametric models of galaxy clusters predict
hat the intracluster medium (ICM) becomes too warm to readily
ollapse on to galaxies at redshifts 3–5, needing to form cold streams
hat fuel star formation until z ∼ 2 −3 (e.g. Dekel & Birnboim 2006 ).
old flows could still persist further into the local Uni verse; ho we ver,

heir extent might be more limited (Dressler 1980 ; Webb et al. 2015 ,
017 ; Trudeau et al. 2019 ; Finner et al. 2020 ; Hlavacek-Larrondo
t al. 2020 ). This generic picture (Shimakawa et al. 2018 ) then
redicts rapid quenching through a lack of fueling of the central
alaxies, resulting in passive galaxy clusters at redshift 0 such as
he ∼10 15 M � Virgo cluster (Fouqu ́e et al. 2001 ). In particular, this
udden lack of inflowing gas in dense environments at z ∼ 2.5 allows
or a unique test of galaxy quenching (Smail 2024 ). 

Studies into the properties of these protocluster galaxies, ho we ver,
nd varying properties from protocluster to protocluster. They have
easured metallicities deficient (Valentino et al. 2015 ) or enhanced
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Shimakawa et al. 2015 ; Biffi et al. 2018 ) relative to field galaxies;
he y hav e SFRs boosted (Shimaka wa et al. 2018 ) or suppressed (Tran
t al. 2015 ) relative to field galaxies; they are more gas-rich than
eld galaxies (Noble et al. 2017 ; Tadaki et al. 2019 ), or show similar
as-richness (Castignani et al. 2020 ; Lee et al. 2021 ), or they show
vidence of the re-distribution of metals across the galaxies through 
heir circum-galactic medium (CGM; Wang et al. 2021 ). 

The galaxy populations within protoclusters appear diverse, and 
e are currently limited in our understanding through a sheer lack of

dentified high- z protocluster environments. This di versity, ho we ver, 
ould also be a selection bias, since protoclusters are found across
he entire electromagnetic spectrum, from UV (Steidel et al. 1998 ; 
enemans et al. 2007 ; Toshikawa et al. 2012 ), optical (Hatch et al.
011 ; Spitler et al. 2012 ) to radio (Galametz et al. 2013 ), each
f which are likely sensitive to a specific galaxy population and 
herefore to a specific phase of cluster evolution. 1 

To extend these studies out to higher redshifts, various rare 
opulations of galaxies or quasars have been proposed to trace 
 v erdense re gions, with mix ed results. F or e xample, quasars hav e
een shown to trace protoclusters by Kim et al. ( 2009 ), Utsumi et al.
 2010 ), Morselli et al. ( 2014 ), Kikuta et al. ( 2017 ), Ota et al. ( 2018 ),
ikuta et al. ( 2019 ), and Garc ́ıa-Vergara et al. ( 2022 ); ho we ver, the

tudies by Ba ̃ nados et al. ( 2013 ), Goto et al. ( 2017 ), and Mazzucchelli
t al. ( 2017 ) failed to reveal any overdense environments, suggesting
hat this method is not necessarily robust (e.g. Champagne et al. 
018 ). 
Dusty star-forming galaxies (DSFGs; Blain et al. 2002 ; Casey, 

arayanan & Cooray 2014 ; Hodge & da Cunha 2020 ) are known to
race some of the most active star-forming regions in the Universe, 
ith very short gas depletion time-scales (Swinbank et al. 2014 ; 
ravena et al. 2016a ; Ca ̃ nameras et al. 2018 ). Observational studies
ave shown a strong connection between these galaxies and their 
ider CGM (Banerji et al. 2011 ; Dannerbauer et al. 2014 ; Emonts

t al. 2016 , 2018 ; Spilker et al. 2020a , b ; Berta et al. 2021 ; Butler
t al. 2021 ; Riechers et al. 2021 ) rapidly enriching their environments
hile also showcasing examples of gas feeding at z ∼ 2 −3. FIR

ameras have successfully identified such protocluster systems, 
equiring multihour observations to reveal a handful to tens of 
omponents (Ivison et al. 2000 ; Stevens et al. 2003 ; De Breuck et al.
004 ; Stevens et al. 2005 ; Chapman et al. 2009 ; Tamura et al. 2009 ;
rav ena et al. 2010 ; Stev ens et al. 2010 ; Capak et al. 2011 ; Casey

t al. 2013 ; Dannerbauer et al. 2014 ; Miller et al. 2018 ; Zeballos et al.
018 ; G ́omez-Guijarro et al. 2019 ; Lacaille et al. 2019 ; Smith et al.
019b ; Guaita et al. 2022 ; Zhang et al. 2022 ). The small number of
ources revealed by continuum cameras limit the statistical power of 
ub-mm observations (e.g. Lewis et al. 2018 ); however, it is important 
o characterize these sources, as they dominate the star formation in 
hese environments (e.g. Casey et al. 2013 ; Dannerbauer et al. 2014 ;
ussmann et al. 2015 ; Miller et al. 2018 ; Oteo et al. 2018 ; Long
t al. 2020 ; Stach et al. 2021 ). Stacking experiments by Kubo et al.
 2019 ) and Alberts et al. ( 2021 ) further show an excess of mid-
nfrared (MIR) and FIR emission from protoclusters in Wide-field 
nfrar ed Survey Explor er ( WISE ) and Planck data. Environmental
tudies of DSFGs also help characterize the evolution of the massive 
nd of star formation, as DSFGs are the likely progenitors of massive
 An important exception to this are protoclusters selected by the Sunyaev–
eldovich effect, which can accurately trace the total mass of dark matter 
aloes – important for a cosmic census. Ho we ver, this method becomes 
ncreasingly difficult to detect z > 1 protoclusters (e.g. Di Mascolo et al. 
021 ; Meinke et al. 2021 ). 
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llipticals, which could help identify potential environmental effects 
n order to explain recent observations of massive quenched galaxies 
eing found at z ∼ 4 (Straatman et al. 2014 ; Glazebrook et al.
017 ; Simpson et al. 2017 ; Schreiber et al. 2018 ; Looser et al.
023 ). Meanwhile, simulations suggest that source multiplicity might 
e a better indicator than the more time-variable measure of SFR
Remus, Dolag & Dannerbauer 2022 ). In order to efficiently identify
 v erdensities, tracing out the environments around distant DSFGs 
ith neighbouring sources, we would address both strong selection 

riteria for o v erdense environments. 
Follo w-up observ ations of luminous high-redshift galaxies de- 

ected in large surv e ys such as Herschel , in particular using submil-
imetre facilities, have enabled to identify candidate protoclusters by 
esolving the sources in multiple galaxies at similar redshift. A recent
xample is the z-GAL survey that measured, using the NOrthern Ex-
ended Millimetre Array (NOEMA), precise spectroscopic redshifts 
f 135 dusty, bright Herschel -selected galaxies (Neri et al. 2020 ;
ox et al. 2023 ). In some cases, the fields displayed multiplicity and

evealed candidate protoclusters. One example is the Herschel galaxy 
-ATLAS J130140.2 + 292918 (HerBS-70), which was revealed by 

he NOEMA observations to be a binary system of DSFGs at z =
.3, where the two components are separated by 16.5 j and the east
omponent (HerBS-70E) hosts an AGN (Neri et al. 2020 ; Stanley
t al. 2023 ). 

In this work, we report on deep continuum observations at 850 μm
f the environment around HerBS-70 using SCUBA-2 on the James 
lerk Maxwell Telescope (JCMT) and targeted NOEMA spectro- 

copic measurements of the most likely protocluster candidates in 
he field. In Section 2 , we describe the properties of HerBS-70, and
hy it is a good candidate lighthouse for a cosmic o v erdensity. We

hen report on the continuum map observations using the SCUBA- 
 instrument on the JCMT and spectroscopic observations using 
OEMA at 2 mm, including the reduction steps, flux extraction, 

ompletion and flux boosting estimates in Section 3 . Section 4
haracterizes the o v erdensity in HerBS-70 using the spectroscopic 
nd continuum observations. We continue our discussion on the 
erschel photometry to produce photometric redshifts, and e v aluates 

he continuum o v erdensity estimates based on source counts and spa-
ial source distribution. Subsequently, this section places the wider 
nvironment around HerBS-70 in its cosmological context, and looks 
orward to expanded studies of the environments surrounding DSFGs 
n general. We provide our conclusions in Section 5 . Throughout
his paper, we assume a flat Lambda cold dark matter ( � CDM)
osmology with the best-fitting parameters derived from the Planck 
esults (Planck Collaboration VI 2020 ), which are �m 

= 0.315, �� 

=
.685, and h = 0.674. 

 H E R B S - 7 0 :  A  RAPI DLY  QU E N C H I N G ,  
G N-HOSTI NG  S O U R C E  WI TH  A  N E A R B Y  

O M PA N I O N  

s part of a redshift campaign of bright, dusty galaxies identified
y Herschel -ATLAS (Eales et al. 2010 ; Bakx et al. 2018 , 2020b ),
OEMA observations of HerBS-70 revealed a non-lensed binary 

ystem at z spec = 2.3 (Neri et al. 2020 ; Cox et al. 2023 ). Table 1
ummarizes the sub-mm properties of the HerBS-70 system. The 
wo galaxies of the HerBS-70 system, HerBS-70W and HerBS- 
0E, are separated by a projected distance of 16.5 j (140 kpc at
 = 2.3), and the spectroscopic redshift difference between the 
alaxies is relatively small, corresponding to a velocity shift of 
50 km s −1 ( z spec = 2.3077 and 2.3155 for HerBS-70E and −70W,
espectively; Neri et al. 2020 ). The source HerBS-70E displays 
MNRAS 530, 4578–4596 (2024) 
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M

Table 1. Sub-mm derived properties of HerBS-70E & W. 

HerBS-70E HerBS-70W 

L IR (10 11 L �) 180.0 ± 6.0 42.8 ± 5.0 Berta et al. ( 2023 ) 
SFR (M � yr −1 ) 2000 ± 100 470 ± 80 Berta et al. ( 2023 ) 
M dust (10 10 M �) 0.42 ± 0.04 0.10 ± 0.04 Neri et al. ( 2020 ) 
M gas (10 11 M �) 3.3 ± 0.9 3.1 ± 0.5 Berta et al. ( 2023 ) 

2.7 ± 0.6 1.5 ± 0.3 Stanley et al. ( 2023 ) 
t depl (10 9 yr) 0.17 ± 0.06 0.66 ± 0.11 Berta et al. ( 2023 ) 
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Figure 1. The UV-to-radio SED fit of HerBS-70E sho ws dif ferent emission 
components across the various wavelength ranges. The sub-mm emission is 
dominated by the dust obscuring star formation, while the AGN component 
is dominant at near-infrared and radio wavelengths. The fit is performed 
using the SED3FIT code (Berta et al. 2013 ), and uses data from GALEX 

(UV; blue squar es ), SDSS (optical; gr een squar es ), UKIDSS (near-infrared; 
gr een squar es ), WISE (MIR; orange squar es ), Herschel H-ATLAS (FIR; 
black squares ), SCUBA-2 (this paper light-blue squares ), NOEMA (mm; 
Neri et al. 2020 ; dark-red squares ), VLA (radio; purple squares ), Faint 
Images of the Radio Sky at Twenty centimeters (FIRST) and LOw Frequency 
ARray (LOFAR; m-wav elength; Stanle y et al. 2023 ; brown, salmon, and pink 
squares ). The expected radio emission based on the FIR-radio correlation of 
Delhaize et al. ( 2017 ) at the redshift of HerBS-70E is shown as a grey line 
beyond 10 4 μm, and is well below the observed radio flux densities. The 
excess emission is due to AGN contribution ( dotted grey line ). Similarly at 
the MIR, excess emission in WISE is fit by a power-law-like SED indicative 
of a dusty torus at the centre of HerBS-70. 

s  

a
 

2  

b  

t  

c
 

t  

t  

1  

T  

s  

m  

a  

o  

2  

(
 

i  

(  

(  

i  

e  

b  

a  

∼  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4578/7660591 by C
halm

ers U
niversity of Technology. The Library, dept. og M

athem
atics and C

om
puter sciences user on 30 M

ay 20
trong double-peaked emission lines of CO (3–2) and (4–3) with
idths of ∼770 km s −1 . In contrast, HerBS-70W has significantly
arrower ( ∼140 km s −1 ) single-peaked emission lines. Subsequent
bservations using the VLA measured the CO(1–0) emission line of
he HerBS-70 binary system and revealed a bright radio continuum
t 30 GHz in HerBS-70E indicating the presence of a radio luminous
GN in this source (Stanley et al. 2023 ). Based on these results, the

ollowing properties were derived for HerBS-70E and W. The 8–1000
m infrared luminosities are 1.8 × 10 13 and 4 × 10 12 L � for HerBS-
0 E and W, respectively, yielding SFRs of 2000 and 470 M � yr −1 ,
ssuming a Chabrier ( 2003 ) initial mass function (Berta et al. 2023 ),
nd dust masses of 4 and 1 × 10 9 M � (Draine & Li 2007 ; Neri
t al. 2020 ). The molecular gas masses of HerBS-70E and W are
.7 × 10 11 and 1.5 × 10 11 M �, with estimated depletion time-scales
f 170 and 660 Myr, respectively, although these values vary strongly
etween different gas-mass and star formation estimates (Berta et al.
023 ; Stanley et al. 2023 ). 
HerBS-70E poses an interesting case of feedback through multiple
echanisms. First, the detection of a buried AGN in HerBS-70E

uggests ongoing quenching through ne gativ e feedback (Stanle y et al.
023 ). Secondly, star formation feedback is likely present, given
he e xcessiv e ∼1500 −3000 M � yr −1 SFR of HerBS-70E (Rowan-
obinson et al. 2016 ). Finally, the depletion time-scale (i.e. the star-

orming gas mass divided by the SFR) is on the order of 170 Myr
Swinbank et al. 2014 ; Bakx et al. 2020c ; Berta et al. 2023 ; Stanley
t al. 2023 ), which places a strong limit on the quenching time-scale
n the case of no inflowing gas. 

In order to better understand HerBS-70E and its potential for being
 central source in an o v erdense re gion, we reproduced the UV-to-
adio spectral energy distribution (SED) with a composite model
hat includes the emission of stars, of dust heated by stellar light
nd by an AGN dusty torus (see Fig. 1 ). We adopted the SED3FIT

ode (Berta et al. 2013 ), which combines Bruzual & Charlot ( 2003 )
tellar models, dust emission powered by star formation (see also da
unha, Charlot & Elbaz 2008 ), and an AGN torus component (Fritz,
ranceschini & Hatziminaoglou 2006 ; Feltre et al. 2012 , 2013 ), fitted
imultaneously to the observed SED. 

The radio continuum is not directly fitted by the code, it is instead
omputed from the model IR luminosity adopting the radio–FIR
orrelation at the redshift of HerBS-70E (Delhaize et al. 2017 , see
lso Magnelli et al. 2015 ). The expected radio emission due to star
ormation (grey solid line of Fig. 1 ) is much weaker than the observed
adio continuum flux es. This e xcess confirms the presence of an AGN
n the central regions of HerBS-70E (see also Stanley et al. 2023 ).
he WISE data reveal a MIR excess in the broad-band SED, that is
tted with an AGN torus (see green long-dashed line in Fig. 1 ). 
An additional radio power law (dotted grey line in Fig. 1 ) is added

 posteriori to reproduce the radio emission of the HerBS-70E central
GN. At the lowest frequencies, the LOFAR data suggest a change
f slope of the radio emission. This change of slope is mainly due to
ynchrotron self-absorption (SSA), but note that the low-frequency
NRAS 530, 4578–4596 (2024) 
pectral index is shallower than that of pure SSA, thus indicating that
lso other physical processes influence it. 

The total L (IR , 8 –1000 μm ) of the source is between 1.6 and
.9 × 10 13 L �, with the contribution of star formation amounting
etween 1.4 and 2.6 × 10 13 L �. The latter corresponds to an SFR in
he range of ∼1500 −2800 M � yr −1 , adopting the Kennicutt ( 1998 )
onversion after correcting it to the Chabrier ( 2003 ) IMF. 

The inclusion of the AGN component is important to estimate
he stellar mass, because the near-infrared emission of HerBS-70E
urns out to be dominated by the dusty torus ( ∼60 per cent between
.0 and 2.5 μm and up to ∼90 per cent between 2.5 and 5.0 μm).
he resulting best-fitting stellar mass is 2.0 + 0 . 4 

−0 . 5 × 10 11 M �. This
uggests a low specific SFR (SFR per unit stellar mass or a stellar-
ass doubling time-scale) of 70 −130 Myr −1 . Combined with the

vailable molecular gas from CO emission, this implies a gas fraction
n the order of ∼60 per cent (see also Neri et al. 2020 ; Ismail et al.
023 ; Stanley et al. 2023 ), in line with soon-to-be quenched galaxies
Gobat et al. 2018 , 2020 ) at both low and high redshifts. 

Although no conclusive evidence yet exists, there are several
ndications that point to the presence of a cosmic o v erdensity
Overzier 2016 ): (i) HerBS-70E is forming stars at a high rate
 ∼1500 −3800 M � yr −1 ), while having an additional galaxy in
ts vicinity that could indicate an o v erdensity of objects within its
nvironment (HerBS-70W). (ii) Meanwhile, HerBS-70E has already
uilt up a significant stellar mass at less than three billion years
fter the Big Bang, which would mean an average SFR of at least
70 M � yr −1 . These SFRs in the early Universe are primarily seen

n o v erdense re gions in the early Universe (Chiang et al. 2017 ). (iii)
 24
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he stellar assembly further required a large amount of gas and/or 
fficient feeding of galaxy to reach 2 × 10 11 M �, and HerBS-70E
s currently rapidly processing all remaining gas within its system 

 t dep = 170 Myr). Although the presence of an AGN can drive
uenching – and is predicted to amply exist in z = 2 protoclusters
Shimakawa et al. 2018 ) – it is also possible that galaxies in its
nvironment are removing gas flows needed for future star formation. 
ince many of these indications are found together in the HerBS-70
ystem, a characterization of its environment can teach us both about 
he evolution of massive galaxies and about large-scale structures in 
he Universe. 

 OBSERVATIONS  A N D  RESULTS  

n order to find evidence that the binary system HerBS-70 is part
f a protocluster, we first carried out deep 850 μm continuum 

bservations using the SCUBA-2 sub-millimetre camera to search 
or DSFGs in the Mpc-scale environment around HerBS-70. These 
bservations were followed-up by targeted spectroscopic measure- 
ents with NOEMA of selected sources identified in the 850 μm 

ontinuum map in order to derive their spectroscopic redshifts and 
erify that the values are around z ∼ 2.3, comparable to HerBS-70.
n this Section, we discuss the SCUBA-2 and NOEMA observations 
nd results, including data reduction, flux extraction steps, as well as
roduce estimates of the completeness and flux boosting. 

.1 Continuum map with SCUBA-2 

he mapping speed of sub-mm spectroscopic instruments is rela- 
i vely lo w, which fa v ours a two-step process in identifying o v erdense
egions. First, a fast continuum mapping observation characterizes 
usty galaxies, and these sources can then be observed through 
argeted spectroscopic follow-up. Here, we use SCUBA-2 on JCMT 

o look for dusty galaxies in the vicinity of the HerBS-70 system. 

.1.1 SCUBA-2 850 μm observations 

erBS-70 was observed using the SCUBA-2 bolometer instrument 
ounted on the JCMT. The instrument is able to observe both 450 and 

50 μm emission simultaneously through a dichroic mirror (Holland 
t al. 2013 ). Through a DAISY pattern scanning observations, 
erBS-70 was observed following a continuous petal-like track, 
roviding a central 3 arcmin region of uniform exposure time, 
nd keeping one part of the array on-source at all times (Chapin
t al. 2013 ). The observations were conducted under project code 
20BP049 (PI: T. Bakx) in excellent weather conditions ( τ 225 ≈

.04 −0.06) on the 29th of January, the 1st and 3rd of February 2021
or a total of 4.9 h of on-source time. 

.1.2 Data reduction 

e followed the zero masking data reduction prescription described 
n Holland et al. ( 2017 ), which performs the standard deep observa-
ion pipeline using the STARLINK ’s SMURF and KAPPA packages. 
his observation pipeline is supplemented with the addition of mask- 

ng out the central bright source that was previously detected with 
erschel and NOEMA. The data is reduced iteratively using the MAP- 
AKER algorithm, which remo v es noise in order to produce a final

stronomical estimate in the image plane. This assumed astronomical 
ignal is then remo v ed from the time-series data, and the noise
stimations are done again until a threshold noise level is reached. 
The resulting astronomical map is then matched filtered to the point 
pread function (PSF) of the JCMT, assumed to be 13 arcsec. The
ssumed flux-conversion-factor is taken to be 537 Jy pW 

−1 beam 

−1 

Smith et al. 2019a ; Mairs et al. 2021 ). The signal-to-noise ratio
SNR) map is produced using the KAPPA recipe MAKESNR . At the
entre of the map, the noise level is 0.75 mJy beam 

−1 , which
pproaches the background-confusion limit due to the far-infrared 
FIR) background caused by unresolved sub-mm emitters within the 
eam of the JCMT. 

Fluxes are extracted using the matched-filtered signal-to-noise 
ap using the peak emission value. Sources are differentiated by 

mission peaks separated by more than one beam (13 arcsec), 
nd each source should have at least 3.5 σ . None of the sources
re extended beyond the JCMT beam. Noise estimates are made 
irectly from the noise map, which is also produced by the MAKEMAP

lgorithm. 
Fig. 2 shows the resulting map of around 14 by 14 arcmin, with

ll sources abo v e 3.5 σ marked as stars, with sources > 5 σ displayed
ith larger stars. Thin dashed lines indicate the regions where the
ackground noise is below 2, 5, and 10 mJy. In total, 21 SCUBA-
 sources are identified at > 3.5 σ in addition to HerBS-70 (the E
nd W components are not resolved in the SCUBA-2 image), and
re labelled according to decreasing SNR ratio (Table 2 ). An inset
f the NOEMA 2-mm continuum map is shown in the top-right
orner (from Neri et al. 2020 ), where HerBS-70E and 70W are seen
s resolved sources. Green squares show the sources with nearby 
erschel galaxies identified through the HELP catalogue 2 (Shirley 

t al. 2021 ). The light-blue contours show the regions where the field
s denser than thrice the expected number of background sources (see
ection 4.2.3 ). 
Fig. 3 shows the distribution of SNR values of each pixel in the
ap. Broadly, the bulk of the pixels follow the behaviour expected 

rom white noise, i.e. a Gaussian fit with σ = 1 fits the bulk of the data
ell. Several peaks at the low and high end of the SNR distribution

ndicate the existence of sources. The ne gativ e pix els are caused by
he PSF of the JCMT beam, which has ne gativ e rings around the
eak of ∼20 per cent of the peak flux. Excess noise pixels around
−5 σ are thus expected given the peak SNR of around 20 σ . 

.1.3 Completeness and flux boosting 

n order to maximize the scientific gain of the SCUBA-2 image, we
ssessed the contamination (i.e. false-positives) and completeness 
i.e. false-ne gativ es) of our SCUBA-2 observations, and corrected 
or the Eddington bias in the flux boosting. The Eddington bias
ccounts for the observed upward boost of fluxes, since there are
ore faint galaxies that scatter upwards than there are rarer bright

alaxies that scatter towards fainter fluxes. Here, we broadly follow 

he procedure documented in Eales et al. ( 2000 ), Cowie, Barger &
neib ( 2002 ), Scott et al. ( 2002 ), Borys et al. ( 2003 ), Coppin et al.

 2006 ), Lewis et al. ( 2018 ), and in line with recent deep SCUBA-2
bservations such as the SCUBA-2 Cosmological Le gac y Surv e y
Geach et al. 2017 ) and the SCUBA-2 surv e y of COSMOS (Case y
t al. 2013 ; Simpson et al. 2019 ). 

We use the ne gativ e map of the SCUBA-2 image as a reference
mage without source emission. We first process this map by 
emo ving an y spurious identifications abo v e 2.5 σ and below −2.5 σ ,
nd proceed to add f ak e sources based on the source count distribution
MNRAS 530, 4578–4596 (2024) 
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M

Figure 2. The SCUBA-2 850 μm SNR map of a 14 × 14 arcmin 2 area centred on HerBS-70, equi v alent to 7 × 7 Mpc at z = 2.3. In total, seven sources 
are detected at > 5 σ ( large stars ), including the binary system HerBS-70 (unresolved by SCUBA-2), and fifteen sources are detected at > 3.5 σ ( small stars ). 
The spectroscopically confirmed sources from the NOEMA observations are identified by stars with blue borders , i.e. H70.2, 0.5, and 0.6. The sources H70.1, 
0.3, 0.4, 0.7, 0.8, and 0.10 were found to not be close in redshift to HerBS-70. Thin dashed contours indicate the flux standard deviation at 2, 5, and 10 mJy. 
The blue dashed contours indicate the regional overdensity on the scales of ∼1 arcmin ( ∼0.5 Mpc) of the map, based on field number count statistics from 

Geach et al. ( 2017 ) which account for the inhomogeneous surv e y depth (see Section 4.2.3 ). Sources with nearby Herschel identifications are shown with green 
boxes (Section 4.2.1 ). Four sources at > 5 σ are located within 1 Mpc of the central source at a surface density in excess of 2.9 times that of field galaxies 
(see the text for details). This overdensity suggests HerBS-70 is located at the centre of a protocluster core. The inset figure shows the 150 GHz continuum 

emission ( background and contours ) centred on the position of HerBS-70E, with HerBS-70W at 140 kpc (16 arcsec) projected distance. Both sources have 
robust spectroscopic redshifts from detections of CO(1–0), CO(3–2), and CO(4–3) emission lines at z = 2.307 and 2.315, respectively (Neri et al. 2020 ; Stanley 
et al. 2023 ). No additional sources are located behind the inset figure. 
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Figure 3. The SNR distribution of the map in Fig. 2 . The majority of the data 
points follow the expected Gaussian ( σ = 1) distribution; ho we v er, the e xcess 
of bins at the positive end reflect the detection of multiple sources. At the 
ne gativ e tail, the e xcess of bins are caused by the bright nature of HerBS-70, 
where the ne gativ e component of the PSF of the JCMT causes deep troughs 
in the SNR map (Dempsey et al. 2013 ; Geach et al. 2017 ). 

Figure 4. Blue mark er s indicate the f alse-ne gativ e rate of the SCUBA-2 
extracted sources within each SNR bin. Sources extracted around 3 σ are 
around 75 per cent complete. Orang e mark er s show the false-positive rate of 
the SCUBA-2 extracted sources within each SNR bin. Around 75 per cent of 
the sources at 3 σ are expected to be contaminants; ho we ver, the comparison 
of these low-fidelity sources with Herschel counterparts can improve the 
purity of this sample. 
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Figure 5. The flux boosting (i.e. the extracted/injected flux ratio) at 850 μm 

is estimated from the f ak e injected sources ( grey dots ), where the detected faint 
sources likely have fainter fluxes. The blue errorbars indicate the averaged 
flux boosting within SNR bins with a width of 0.5 σ . We adjust for the 
flux boosting for the 850 μm fluxes in Table 2 , and include the additional 
uncertainty to the instrumental uncertainty in quadrature. 
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able 2 , and include the additional uncertainty to the instrumental
ncertainty in quadrature. 

.2 Spectroscopic characterization with NOEMA 

he continuum sub-mm camera observations have revealed a ten-
ativ e o v erdensity in the central re gion surrounding HerBS-70
NRAS 530, 4578–4596 (2024) 
see Section 4.2 ). Subsequent spectroscopic confirmation requires
argeted deep observations to reveal potential spectroscopic lines.
ere, we use NOEMA at 2 mm to target the CO(4–3) and [C I ]

mission lines simultaneously to identify companion sources at a
imilar redshift to the HerBS-70 system, and for those companions,
easure their molecular gas masses. 

.2.1 NOEMA observations of CO(4–3) and atomic carbon 

uring the summer of 2023, the NOEMA interferometer observed
ine of the brightest protocluster member candidates in track-sharing
ode (S23CI001; PI: Bakx). The source H70.9 was excluded, as it

ies close to a known quasar and because of its low photometric
edshift ( z phot = 1.3 ± 0.3; Table 2 ). The PolyFix receivers are
et up to co v er 132.925 to 140.625 GHz (LSB) and 148.404 to
56.104 GHz (USB), with the expected frequency for CO(4–3) is at
39.43 GHz and for [C I ] is at 148.71 GHz. Fig. 6 depicts the chosen
et-up to include both CO(4–3) and [C I ] emission at the expected
requency of HerBS-70, and includes roughly ±2000 km s −1 around
his system, wide enough to include most of the protocluster members
Kurk et al. 2000 ; Koyama et al. 2013 , 2021 ). The 2 mm band is
ensitive to a brighter part of the continuum emission of protocluster
embers surrounding HerBS-70 and facilitate the identification of

he expected position of the line emission, instead of an alternative
trategy that would target CO(3–2) in the 3 mm band where the dust
ontinuum of nearby galaxies is likely too faint to be detected. 

.2.2 Data reduction and flux extraction 

hase and amplitude calibrators were chosen in close proximity
o the track-shared sources in order to reduce uncertainties in
strometric and relative amplitude calibration. MWC349 and 3C273
 24
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Figure 6. The relative emission of CO(4–3) of HerBS-70E ( orange ) and 
HerBS-70W ( blue ) are shown against the selected PolyFix set-ups, where the 
CO(4–3) and [C I ] lines can be targeted in the LSB and USB, respectively. In 
total, the observations probe roughly 3500 km s −1 around HerBS-70E. 
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as estimated to be accurate to within 10 per cent. The data
ere calibrated, averaged in polarization, imaged, and analysed in 

he GILDAS software package. 3 The uv tables were produced from 

alibrated visibilities in the standard way and cleaned using natural 
eighting and support masks defined on each of the detected sources.
ontinuum maps were produced for each sideband, excluding the 

pectral ranges that include emission lines. Continuum extraction was 
erformed on cleaned continuum maps, after correcting for primary 
eam attenuation. The resulting beam size is 3.6 by 3.4 arcsec, and
he continuum depth is between 60 and 90 μJy beam 

−1 per side-band,
hile the 1 σ spectral sensitivity is between 1.3 and 1.8 mJy beam 

−1 

n a 35 km s −1 bin. The spectra of each source were extracted from
leaned cubes within polygonal apertures defined by hand on the 
mission line channels to enhance the SNR of the spectral detection. 

Table 3 shows the resulting continuum and fluxes for the nine 
OEMA-observed targets. In total, four sources are detected in their 
ust continuum, and deep 3 σ upper limits are provided for the other
v e sources. F or three of the sources with continuum detections,
mission lines are identified in the spectroscopic NOEMA observa- 
ions, which are shown in Fig. 7 . H70.2 has a very wide emission line
 ∼960 km s −1 ), while the H70.5 and 0.6 have much more narrow
mission lines. None of the sources have accompanying [C I ] line
mission, suggesting the observations are not deep enough to detect 
he atomic carbon emission. The observ ed-frame wav elength of the 
C I ] emission of H70.6 lies outside of the observed bandwidth. 

 DISCUSSION  

n the next sections, we present a detailed analysis of the spectro-
copic observations and examine the overdensity hypothesis in light 
f these observations (Section 4.1 ). In Section 4.2 , we evaluate the
ider environment of HerBS-70 using the continuum observations, 
hich was part of our moti v ation to wards the spectroscopic obser-
ations. Section 4.3 provides a cosmological picture of the evolution 
f the HerBS-70 environment towards z = 0, and we conclude with
 http:// www.iram.fr/ IRAMFR/ GILDAS/ 

(  

m
f  

0 M
ay 20
 perspective on future protocluster studies among DSFG sources 
Section 4.4 ). 

.1 A gas-poor protocluster core at z = 2.3 

s will be shown in the subsequent subsection, the continuum 

CUBA-2 observations provide modest estimates of the o v erdensity 
ias of HerBS-70 ( δbias ≈ 3) through a two-dimensional perspective 
f the environment. The continuum observations provide only a low- 
ignificance statistic on the o v erdensity, e xacerbated by the ne gativ e-
 correction that probes infrared luminosities regardless of the source

edshift (Blain 1999 ) which dilutes the true protocluster members 
ith line-of-sight galaxies. Instead, the NOEMA observations are 

ble to confirm that three additional sources are part of the HerBS-
0 system, corresponding to a total additional SFR of 1650 M � yr −1 

i.e. the sum of the SFRs of H70.2, 0.5, and 0.6 from Table 2 ). In
otal, the identified system contains five dusty galaxies, and we have
xcluded an additional six dusty SCUBA-2 identified galaxies from 

he system. Finally, 10 sources remain without spectroscopic follow- 
p and their protocluster membership is still not known. Of the three
dditional sources contributing to the o v erdensity bias in Fig. 2 , two
urned out to be real protocluster members. This suggests that the
ontinuum bias estimate ( δbias ≈ 3) is well reco v ered by the NOEMA
bservations, a surface-density bias of δbias = 2. 
The cosmic SFR density at z = 2.3 is roughly 

.063 M � yr −1 Mpc −3 (Madau & Dickinson 2014 ; Algera et al.
023 ). Our observations probe a 14 by 14 arcminute region within
z = 0.04 ( ±2000 km s −1 ) relative to the central HerBS-70 frequency.
ere, the distance probed by a δz is equal to the difference in co-
oving distances at z = 2.29 and z = 2.33 divided by (1 + z). The

esulting volume of 735 Mpc 3 (i.e. 7 by 7 by 15 Mpc) is thus expected
o contain star formation of 46 M � yr −1 . Excluding the central
ources, the resulting spectroscopic o v erdensity is thus 36 larger
han the field environment, a ten-fold increase of the o v erdensity
stimate compared to continuum observations. If we just interpret the 
entral region, i.e. the protocluster core identified by the SCUBA-2 
bservations, the star formation in this small 1 by 1 by 15 Mpc region
s 980 M � yr −1 (i.e. H70.2 and 0.6). This is roughly a thousand times
igher than expected from cosmic SFR density arguments. 
Fig. 8 shows the molecular gas mass estimates for the NOEMA-

bserved sources as a function of their SFR. These are compared
o known field galaxies (Scoville et al. 2016 ), DSFGs (Bendo et al.
023 ; Hagimoto et al. 2023 ), known protoclusters (Zavala et al. 2019 ;
 ́erez-Mart ́ınez et al. 2023 ) and stacking experiments from Planck-

dentified regions (Alberts et al. 2021 ). The HerBS-70E and −70W
olecular gas masses are based on the direct CO(1–0) observations 

eported in Stanley et al. ( 2023 ). The molecular gas masses are
erived from the CO(4–3) transition, which has intrinsic uncertainty 
n the conversion between CO(4–3) and the ground transition CO(1–
). We use the typical equations from Solomon & Vanden Bout ( 2005 )
o convert the CO(4–3) to the line luminosity, and use the CO(4–3)
o CO(1–0) conversion ratio of r 4,1 = 0.46 ± 0.07 from Harrington
t al. ( 2021 ). In this paper, we assume the CO luminosity to molecular
as conversion factor of αCO = 4.0 M �(K km s −1 pc 2 ) −1 based on 
unne et al. ( 2021 , 2022 ). For fair comparison, we correct all studies

hat use different αCO (typically set to 0.8 M �(K km s −1 pc 2 ) −1 ) to 
he value assumed in this study. 

The scaling relation derived from the Scoville et al. ( 2016 )
ources, as well as the gas depletion time-scales of distant galaxies
i.e. the available molecular gas divided by the SFR) indicate that
ost of the sub-mm identified sources in the HerBS-70 system 

all on the low end of the scaling relation with depletion times
MNRAS 530, 4578–4596 (2024) 
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Table 3. NOEMA fluxes of protocluster candidates. 

Source RA Dec S LSB S USB z spec  V δV H70 S d V CO(4–3) SdV [C I ] 
(hms) (dms) (mJy) (mJy) (km s −1 ) (km s −1 ) (Jy km s −1 ) (Jy km s −1 ) 

H70.S1 13:01:35.29 29:28:03.2 0.43 ± 0.08 0.71 ± 0.12 
H70.S2 13:01:44:19 29:29:03.4 0.29 ± 0.07 0.40 ± 0.09 2.3100 980 ± 160 −205 2.35 ± 0.39 < 1.53 
H70.S3 < 0.20 < 0.27 
H70.S4 < 0.22 < 0.29 
H70.S5 13:01:18.08 29:28:14.0 0.39 ± 0.09 0.62 ± 0.11 2.2895 86 ± 22 −1665 0.47 ± 0.12 < 0.46 
H70.S6 13:01:44:43 29:30:32.0 < 0.24 0.36 ± 0.09 2.3294 160 ± 36 1947 0.62 ± 0.14 –
H70.S7 < 0.26 < 0.27 
H70.S8 < 0.20 < 0.25 
H70.S10 < 0.21 < 0.29 

Note. Column 1: Source name. Columns 2 and 3: The right ascension and declination of the sources based on NOEMA data. Columns 
4 and 5: The lower and upper side-band continuum fluxes or 3 σ upper limits. Column 6: The spectroscopic redshift associated with the line 
identification. Column 7: The FWHM of the line. Column 8: The velocity-separation between the source and HerBS-70. Columns 9 and 10: 
The line fluxes and 3 σ upper limits. 

Figure 7. The continuum emission, as well as the moment-0 and spectra of the NOEMA observations of the three sources with spectroscopic line detections 
(H70.2, H70.5, and H70.6; from top to bottom). The poststamps are cut out at 20 by 20 arcsec, and the contours are drawn at 2, 3, and 5 σ . The bottom left 
ellipse indicates the beam size. The spectra are shown in 35 km s −1 bins, and the velocity axis is derived relative to the zero-velocity of HerBS-70E. 
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etween 80 and 500 Myr. These observations seem to suggest that
he protocluster system is rapidly processing its available gas, and
ould mo v e towards a quenched cluster system in the z ≈ 1 Universe
Shimakawa et al. 2018 ). 

This low depletion time-scale is also reflected in a comparison
o the cosmic molecular gas density. The combined gas mass in
70.2, 0.5, and 0.6 equals a total of 33 ± 6 × 10 10 M �. Meanwhile,

he cosmic molecular gas density estimate in Decarli et al. ( 2019 )
redicts ∼5 × 10 7 M � Mpc −3 . The gas density across the 735
pc 3 volume surrounding the HerBS-70 environment probed by

hese observations is roughly only nine times higher than the average
as density in the z = 2.3 Universe. Although CO(4–3) might not
epresent the total gas mass in the HerBS-70 system, this could point
NRAS 530, 4578–4596 (2024) 

t  
o a rapidly quenching system at z = 2, in line with the evolutionary
icture reported in Shimakawa et al. ( 2018 ), where clusters move
rom star forming to quenched in the z = 2 −3 Universe as their gas
eservoirs deplete. 

.2 Continuum o v erdensity estimates 

he SCUBA-2 observations revealed twenty-one > 3.5 σ dusty
ources in the vicinity of HerBS-70 (excluding the central source).
ere, we analyse the continuum properties of the SCUBA-2 identi-
ed sources, and e v aluate the o v erdensity hypothesis based on these
ontinuum images and multiwavelength continuum data. Although
he spectroscopic observations are able to better verify the nature of
 4
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Figure 8. The molecular gas mass estimates based on the NOEMA observa- 
tions for HerBS-70E, W, and the three detected sources ( orange and red filled 
hexagons ), as well as the upper limits on the six non-detected galaxies ( blue 
filled hexagons ). These are compared against scaling relations from field 
galaxies (fill and magenta squares Scoville et al. 2016 ), sub-mm galaxies 
(pink squares Bendo et al. 2023 ; Hagimoto et al. 2023 ), known protoclusters 
(purple crosses Zavala et al. 2019 ; P ́erez-Mart ́ınez et al. 2023 ), and stacking 
experiments (big squares Alberts et al. 2021 ). The NOEMA-identified sources 
lie below the scaling relation, and the deep NOEMA observations further 
provide confidence our observations are deep enough to characterize galaxies 
down to depletion times t dep < 80 Myr. 
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Figure 9. The projected distance from the central source (HerBS-70) versus 
the photometric redshift estimate from a fit of the template in Pearson et al. 
( 2013 ) shows an excess of > 5 σ sources within one megaparsec. Larger 
red dots refer to higher signal-to-noise detections, where sources with a 
blac k border ha ve at least SNR greater than 5. The distribution of the 
photometric redshift estimates of these sources peaks at z phot = 2.5, with 
the filled histograms showing all > 5 σ sources. The arrow on the right-hand- 
side histogram indicates the z spec = 2.3 of HerBS-70, and the arrow along 
the top histogram shows the expected size of 0.8 Mpc for a protocluster core 
at z = 2 (Chiang et al. 2017 ). The gr ey-filled r egions indicate the 1 and 2 σ
uncertainty in the photometric redshift relative to z = 2.3. The majority of 
robustly detected (5 σ ) sources lie around the photometric redshift of HerBS- 
70, and fall within the expected size of a protocluster core. The dashed and 
solid lines in the top histogram show the expected distribution of sources 
based on the number counts from Simpson et al. ( 2019 ). A sizeable fraction 
of sources lie close to HerBS-70, suggesting an o v erdensity of 3.5 times the 
number of sources expected for field galaxies. 
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hese continuum sources, a thorough investigation of the continuum 

bservations can provide context for subsequent sub-mm camera ob- 
ervations that have not yet had the luxury of spectroscopic follow-up. 

.2.1 Infrared photometric redshifts 

leven sources identified by SCUBA-2 (excluding HerBS-70E&W) 
ave nearby Herschel galaxies within one JCMT beam identified 
hrough the HELP catalogue (Shirley et al. 2021 ). This Herschel 
atalogue is produced using source extraction from the 250, 350, and 
00 μm maps, and thus includes sources that would have otherwise 
een too faint to be detected at 250 μm alone, which is standard for
he other H-ATLAS catalogues (i.e. Valiante et al. 2016 ; Furlanetto 
t al. 2018 ). Interestingly, in addition to HerBS-70, only three of the
ix sources detected at > 5 σ at 850 μm hav e Hersc hel counterparts
with 5 Herschel detections at 250 μm for the 11 SCUBA-2 sources
etected at > 4 σ ). As shown in Fig. A1 , the reason for the lack
f Herschel photometry is either due to nearby bright galaxies that 
ffect the source extraction or because the relatively faint 250 μm 

ux densities at which the sources are extracted (Valiante et al. 2016 ),
hich can be expected for z = 2.3 sources. 
For those SCUBA-2 sources without any Herschel counterparts, 

e extract the SPIRE fluxes from the calibrated, background- 
ubtracted images from the second data release of H-ATLAS (Smith 
t al. 2017 ). 4 We use the peak SCUBA-2 position, and extract the
uxes at 250, 350, and 500 μm directly from these maps. We use the
ap-based average noise estimates of 6.1, 5.6, and 6.0 mJy for 250,
 https:// www.h-atlas.org/ public-data/ download 

2
i  

(  

0 M
ay 20
50, and 500 μm, respectively. We note the possibility of a boosted
00 μm flux due to the bright [C II] emission line at an observed
avelength of ∼520 μm (Smail et al. 2011 ; Seymour et al. 2012 ;
annerbauer et al. 2014 ). This effect would boost the photometric

edshift estimates of the sources, although the expected deviation 
ould depend on the interstellar medium properties of each galaxy, 

nd are hard to quantify without dedicated observations (Burgarella 
t al. 2022 ). 

We fit the FIR fluxes from both the Herschel and SCUBA-
 photometry, using a two-temperature modified black-body from 

earson et al. ( 2013 ). This template is suitable, since it was derived
rom Herschel photometry for 40 galaxies at low and high redshift.
ig. 9 shows the resulting redshift distribution for all 22 sources
incl. HerBS-70EW) identified by SCUBA-2 as a function of their 
rojected distance to the central HerBS-70 position. The distribution 
f photometric redshift estimates lie around z phot = 2.5, which 
ncompasses the spectroscopic redshift of HerBS-70 ( z = 2.3, 
orizontal arrow ). We note that this is not necessarily an indication of
n o v erdensity, as the typical redshift distribution for Herschel - and
CUBA-2 extracted sources is around z̄ = 2 . 5 ± 0 . 5 (Birkin et al.
021 ). Previous studies have shown that the average uncertainty 
n a photometric redshift estimate is roughly z = 0.13(1 + z)
Pearson et al. 2013 ; Ivison et al. 2016 ; Bakx et al. 2018 ). As an extra
MNRAS 530, 4578–4596 (2024) 
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Figure 10. The source counts at 850 μm show the number of sources abo v e 
the normalized flux per square degree. The source counts are compared against 
field surv e ys (Weiß et al. 2009 ; Case y et al. 2013 ; Geach et al. 2017 ; Simpson 
et al. 2019 ) and known protocluster systems (Dannerbauer et al. 2014 ; Lewis 
et al. 2018 , shown with rimmed fill). The source counts of HerBS-70 are 
in line with the bulk of field galaxies at flux densities from 4 to 10 mJy, 
and suggest moderate o v erdensity at the faint- and bright ends of the source 
counts. As previously found in Lewis et al. ( 2018 ), source counts struggle to 
identify o v erdense re gions, and we suggest instead using spatially resolv ed 
studies to look for cosmic o v erdensities. 
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heck, we also compute the photometric redshifts using the method
escribed in Ivison et al. ( 2016 ), and find broad agreement between
he photometric redshift estimates. We show the fitted spectra and
oststamps of the six > 5 σ sources in Fig. A1 . 
While the photometric redshift distribution of SCUBA-2 sources

s unable to identify an o v erdensity of sources, the projected distance
etween each SCUBA-2 source and HerBS-70 suggests a marginal
 v erdensity. The top histogram in Fig. 9 shows the distance dis-
ribution of sources, where the observed number of sources (filled
nd hatched for 5 and 3.5 σ sources, resp.) lie substantially abo v e
he predicted number of sources (solid and dashed lines for 5 and
.5 σ sources, respectively). The predicted number of sources are
alculated based on the number counts from Simpson et al. ( 2019 ).
or each pixel in the noise map, we calculate the expected number
f sources abo v e 3.5 and 5 σ as a function of the radial distance.
e indicate the expected size of the protocluster core ( r = 0.8 Mpc;
hiang et al. 2017 ) with a vertical arrow . At the shorter distances,

he number of 5 σ sources is in noticeably abo v e the expected number
f sources. At longer distances, the number of 3.5 σ sources appears
o exceed the expected number of sources, although this could be
nflated by the number of false positives . 

.2.2 Source counts 

e calculate the number counts, N ( > S ′ ), by counting the number of
ources abo v e a certain deboosted flux S ′ across the area, A , in which
hey would be detected. We account for the non-flat noise profile, and
alculate the area where we would be able to detect sources at a given
ux abo v e 3 σ . We account for the false-positiv e ( FP ; contamination)
nd false-ne gativ e ( FN ; completeness) rates using 

( > S ′ ) = 

∑ 

∀ S i >S ′ 

F P 

F N × A 

. (1) 

he noise estimates on the source counts are proportional to the
quare root of the number of sources contributing to the source count
stimate, where the fluxes are accounted for Eddington boosting. 

Fig. 10 shows the source counts of the HerBS-70 SCUBA-2
bservations against field surv e ys (Weiß et al. 2009 ; Case y et al.
013 ; Geach et al. 2017 ; Simpson et al. 2019 ) and known protocluster
ystems (Dannerbauer et al. 2014 ; Lewis et al. 2018 ). The central
ource is masked similar to other studies (e.g. Lewis et al. 2018 ) and,
hus the deep observations provide secure estimates of the source
ounts from roughly 10 mJy down to ∼2.5 mJy. 

The source counts for the region around HerBS-70 are comparable
ith field galaxies o v er the majority of the flux density regime.
he faint end of the source counts appears to diverge from all
odels, due to the deep observations and the shrinking area where

ur observations probe below 3 mJy. The bright end of the source
ounts is in line with the behaviour seen for moderately o v erdense
egions such as the ones seen in Lewis et al. ( 2018 ) and Lacaille et al.
 2019 ), who also struggle to find evidence for o v erdensities in the
ource counts alone. While our analysis on particular regions in the
CUBA-2 map indicated strong o v erdensities (e.g. a factor of 2.9
een in the centre of Fig. 2 ; see Section 4.2.3 ), such details appear
o be averaged out across the wider map as suggested by the source
ounts (c.f., Zhang et al. 2022 ). 

.2.3 An overdensity of continuum sources 

s shown in the previous subsections, the photometric redshifts and
ource counts derived from the 850 μm continuum map together
NRAS 530, 4578–4596 (2024) 
ith additional continuum data do not indicate clear evidence for
n o v erdensity in the wide Mpc-scale environment around HerBS-
0. Ho we ver, as sho wn in Fig. 9 , there is an indication of a source
 v erdensity in the centre of the HerBS-70 field. We estimate the o v er-
ensity of sources close to HerBS-70 based on a direct comparison
o the source counts from Geach et al. ( 2017 ), and we visualize
hat using blue contours in Fig. 2 . We generate these contours
or galaxies detected abo v e 5 σ using a method that compares the
xpected number of sources against the actually observed distribution
f sources, smoothed by a kernel on the size of the typical protocluster
ore (Chiang et al. 2017 ). 

We calculate the expected number of sources using the following
ethod. We use the noise map to calculate the 5 σ flux limit for

ach individual pixel, and use the source count model from Geach
t al. ( 2017 ) to calculate the per-pixel expected number of sources
a value much smaller than 1). These are the ‘expected background’
gainst which we observe the true detected sources. Since these are
he ‘expected’ number of sources, we reflect them as ne gativ e values,
nd for each source identified abo v e 5 σ , we replace the index by a
alue with a 1 (since one source was actually observed at this single
ixel). Note that we exclude the central source HerBS-70EW from
his calculation. We then smooth the resulting image down to the
cale of a typical o v erdensity (here we take a Gaussian kernel with
 characteristic width, σ , of 1 arcminute (500 kpc), or an FWHM of
.2 Mpc, roughly matching the expected size of a protocluster core
t z = 2 (Chiang et al. 2013 ). As seen in Fig. 2 , the central region
ppears to be o v erdense by a factor of δbias = 2.9. 

This region features three > 5 σ sources on top of the HerBS-70
ystem, and as shown in previous research (Lacaille et al. 2019 ), these
ow-number statistics result in a high uncertainty on the bias. We
 24
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Figure 11. The spatial distribution of WISE -detected sources which are 
sho wn relati v e to the observ ed SCUBA-2 map ( green contour ), with the 
LOFAR image on the background (Shimwell et al. 2022 ). Sources with 
photometric ( z = 0.5; small marker ) and spectroscopic redshifts ( z = 0.1; 
±5000 km s −1 ; large marker ) close to the spectroscopic redshift of HerBS-70 
( z = 2.31) are shown in blue , and sources outside of this redshift window are 
shown in light or ange . Fiv e quasars with spectroscopic redshifts within the 
region of HerBS-70 are seen out to distances of ∼13 Mpc, which is around 
the expected size of an overdensity based on both N -body simulations and 
semi-analytical models discussed in Chiang et al. ( 2017 ). The green contours 
show the extent of the SCUBA-2 observations where the per-beam source 
sensitivity is 2 mJy. These sources are important for follow-up observations, 
as they could play a role on the large-scale environment around HerBS-70, 
although currently not enough evidence exists to identify these sources as 
part of a cosmic o v erdensity. 
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stimate the uncertainty in the bias by repeatedly re-drawing from our 
 5 σ sample, and calculating the bias value within 1 Mpc of HerBS-

0. The resulting bias is δbias = 3.4 ± 1.3. We compare this estimate
gainst known bright sources from fields without obvious sub-mm 

 v erdensities. This is important, since sub-mm galaxies are known 
o cluster together, even if they are not associated to a protocluster
ystem. In this case, we use the UDS field from the COSMOS Le gac y
urv e y (Geach et al. 2017 ) as a comparison field, similar to previous
rotocluster studies (Lacaille et al. 2019 ). We examine the spatial 
istribution of > 5 σ sources ( N = 335) in the 50 arcminute diameter
DS field by redrawing this selection, and calculate the observed 
ias in the environment around a randomly chosen > 5 σ source. This
entral source is subsequently masked – same as with our HerBS- 
0EW analysis – and the peak bias within 1 Mpc is then e v aluated.
he average bias is δbias = 0.7 ± 2.2. As a sanity check, we find that

he average bias across the entire 50 arcminute diameter UDS field is
bias = 0.0 ± 1.5. The mean of zero is reasonable 5 , since we derived
he expected number of sources from the Geach et al. ( 2017 ) source
ounts. Similarly, the fact that the typical bias is around 1 is in line
ith two-point correlation studies for sub-mm sources, which find 
 typical spatial association of w( ω = 1 ′ ) = 1 (Amvrosiadis et al.
019 ). If we directly compare a random draw of the UDS against
 resampled HerBS-70 field, we find a higher bias in HerBS-70 for
0 per cent of all draws. Similar to the relatively poor statistics of
revious continuum camera studies (e.g. Lewis et al. 2018 ), we find
 tentative indication for a HerBS-70 o v erdensity, ho we ver note that
 selection effect (i.e. spatial clustering of bright sub-mm sources) 
annot be ruled out on continuum data alone (e.g. Chen et al. 2023 ).

Evaluating the bias of HerBS-70, particularly the inner 1 Mpc 
hows a strong o v erdensity relativ e to the field (Simpson et al. 2019 ),
s seen in Figs 2 and 9 . This suggests that at some of the 5 σ detected
alaxies could be true protocluster core members. The o v erdensity 
ias changes with the size of the smoothing kernel, with tests at
maller and larger kernels resulting in smaller biases. This agrees 
ith the distribution of the projected distances, which also suggests 

hat the potential HerBS-70 system would be ∼1 Mpc in size, and
ines up with models and past observations. For example, Chiang 
t al. ( 2017 ) show that while protoclusters collapse to form dense
nvironments with cosmic time, the cores of protoclusters grow in 
ize. Studies at higher redshift (e.g. Oteo et al. 2018 ; Long et al.
020 ; Remus et al. 2022 at z = 4) that find smaller protocluster cores
n the order of ∼300 kpc, while environments at the peak of cosmic
tar formation (Madau & Dickinson 2014 ) extend over larger areas, 
imilar to the ∼1.2 Mpc size suggested by our experiment, and the
.8 Mpc size predicted by Chiang et al. ( 2017 ) at z = 2. 

.2.4 The large-scale environment around HerBS-70 

n an effort to explore the larger-area surroundings of HerBS- 
0 where most of the protocluster environment should be located 
Chiang et al. 2017 ), we compare against the catalogue of WISE
ources 6 from the WISE All-Sky catalogue (Wright et al. 2010 ; 
utri & et al. 2012 ) with 30 arcmin around HerBS-70, and compare

he positions against data from the recent LOFAR release (van 
aarlem et al. 2013 ; Shimwell et al. 2022 ). The WISE sources will

ikely be sensitive to ordinary, massive galaxies at lower redshifts, 
hile the 150 MHz LOFAR data is sensitive to radio-bright galaxies 
 Note that the uncertainty is not the uncertainty on the mean, but instead the 
eld-to-field variation. 
 https:// wise2.ipac.caltech.edu/ docs/ release/ allsky/ expsup/ sec1 4b.html 

7

e
h

nd quasars. 7 The LOFAR sensitivity is better than 0.1 mJy beam 

−1 

t ∼6 arcsec resolution. The blue points in Fig. 11 mark galaxies
nd quasars within z = 0.25 for photometric redshifts ( small
oints ) and 0.05 for spectroscopic redshifts ( large points , equi v alent
o ±5000 km s −1 ). A bright source to the east of HerBS-70 has been
asked out, although some radially extending artefacts still remain in 

he image that could affect sources in the eastern side of the SCUBA-
 map. Sources outside of these redshift windows are shown in light
r ange . Fiv e quasars with known spectroscopic redshifts (Berger &
ringant 1977 ; Richards et al. 2009 , 2015 ; P ̂ aris et al. 2018 ) are seen
ut to projected distances of ∼13 Mpc from HerBS-70, which is
round the expected size of an o v erdensity based on both N -body
imulations and semi-analytical models at z = 2, as discussed in
hiang et al. ( 2017 ). Currently, not enough information is available
n these quasars to identify an o v erdensity, ho we ver follo w-up of
hese sources might help identify the large-scale environment around 
he HerBS-70 system. These bright sources at larger separation 
ould further help identify additional evolutionary pathways of 
uenching of star formation, as a widespread triggering of AGN 

s not uncommon for protocluster environments (e.g. Casey 2016 ). 
MNRAS 530, 4578–4596 (2024) 

 The LOFAR maps are produced following the method described in Sweijen 
t al. ( 2022 ), using the image archive at https:// lofar-surveys.org/ dr1 release. 
tml . 
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M

Figure 12. The halo mass distribution of HerBS-70 ( blue star ) is shown 
against various samples of clusters and models of the evolution of clusters 
with redshift. Red stars refer to cluster-masses derived from sub-mm camera 
observations (Steidel et al. 1998 ; Kurk et al. 2000 ; Blain et al. 2004 ; Chapman 
et al. 2009 ; Daddi et al. 2009 ; Lehmer et al. 2009 ; Tamura et al. 2009 ; 
Capak et al. 2011 ; Kuiper et al. 2011 ; Walter et al. 2012 ; Hodge et al. 2013 ; 
Dannerbauer et al. 2014 ; Yuan et al. 2014 ; Casey et al. 2015 ; Chiang et al. 
2015 ; Diener et al. 2015 ; Umehata et al. 2015 ; Casey 2016 ; Miller et al. 
2018 ; Lacaille et al. 2019 ; Smith et al. 2019b ; Hill et al. 2020 ; Long et al. 
2020 ; Calvi et al. 2021 ; Guaita et al. 2022 ). The yellow circles at z = 1 are 
from the GCLASS surv e y (van der Burg et al. 2014 ), and the blue squares 
represent high-redshift virialized clusters (Stanford et al. 2012 ; Zeimann et al. 
2012 ; Mantz et al. 2014 ; Newman et al. 2014 ). At the z < 1.5 Universe, we 
represent the vast samples of local clusters ( pink points ) compiled by Bleem 

et al. ( 2015 ) and references therein using red squares for clusters from SPT, 
green pixels for clusters from Planck, and using yellow pixels for clusters 
from the ACT. The scaling relations ( dashed lines ) are from the Millennium 

I and II simulations (McBride, Fakhouri & Ma 2009 ; Fakhouri & Ma 2010 ) 
shown at present-day masses of 10 11 –10 14 M �. We scale the evolution of the 
most massive halo to the z = 2.3 mass of HerBS-70 to forward model the 
cluster redshift into the present age ( blue line ), finding a total mass on the 
order of ∼1 × 10 15 M �. The filled blue region represents the evolution of the 
most massive cluster ( + errors) from Chiang et al. ( 2013 ). The thick dashed 
black lines indicate the redshift-halo mass regions where the mechanics of 
gas inflow and the cooling mechanisms of galaxy clusters transition (Dekel & 

Birnboim 2006 ; Overzier 2016 ). This causes the subsequent quenching of 
galaxy clusters into local sources (Shimakawa et al. 2018 ). 
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8 This approach is in line with the sum of the gas mass found in Section 4.1 , 
and should better account for the total gas mass instead of just the molecular 
gas mass. 
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.3 Cosmological evolution of the HerBS-70 halo 

ig. 12 shows the evolutionary pathway of the HerBS-70 system
ompared to known clusters and protoclusters and evolutionary
odels. High-redshift cluster mass estimates offer a cursory glimpse

t the potential evolutionary track of systems in the early Universe,
lthough they are dependent on multiple assumptions and scaling
elations, which results in near-order of magnitude uncertainties
n the halo mass estimates. In this case, we use the conserv ati ve
imits of the scaling relations, in order to not o v erestimate the cluster

ass, although future observations should focus on improving the
obustness of these estimates through spectroscopic confirmation of
he members of the HerBS-70 system. 

We derive the halo mass of HerBS-70 from the dust mass estimates
or sources in the protocluster core (i.e. HerBS-70E & W, and
ources H70.2 and H70.6), since the SCUBA-2 observations are
ensitive to the most dusty, star-forming galaxies. We focus on just
he central core, since our SCUBA-2 observations have provided the
NRAS 530, 4578–4596 (2024) 
est constraints on the protocluster core, and the statistics of the
 v erdensity are av eraged out towards larger scales. The combined
ust masses of all sources identified in Table 2 add to 8.3 × 10 9 

 �. We then assume a gas-to-dust ratio of 100 to acquire a total
as mass estimate (Hagimoto et al. 2023 ). 8 Particularly, this value
as a moderate evolution with redshift (see P ́eroux & Howk 2020
or a discussion) and represents solar metallicity systems (Pantoni
t al. 2019 ; De Looze et al. 2020 ; Graziani et al. 2020 ; Millard et al.
020 ), which could be a relatively good tracer of even the high-
edshift Universe (Vijayan et al. 2019 ; Litke et al. 2022 ; Popping &
 ́eroux 2022 ). Cluster evolution models (Chiang et al. 2013 ) suggest

hat 30 per cent of the mass of the cluster is contained within the inner
.8 Mpc, and we assume a fixed baryonic-to-dark matter fraction of
 per cent (Behroozi & Silk 2018 ). Based on these assumptions, the
stimated total cluster mass is 6 × 10 13 M �. 

The evolution models from McBride et al. ( 2009 ) and Fakhouri &
a ( 2010 ) predict a future halo mass in excess of 10 15 M �. Although

he models are derived for different halo masses, the evolution
etween them is only minor, and we thus feel comfortable to scale
he most massive model to the estimated halo mass of 5 × 10 13 M �
t z = 2.3. The halo mass is on par with massive local passive galaxy
lusters such as the ∼10 15 M � Virgo cluster (Fouqu ́e et al. 2001 ),
nd the HerBS-70 system might thus represent the central quenching
hase in one of the most massive galaxy clusters in the Universe.
ere we do well to stress that direct extrapolations of the cluster
asses from dust and gas-mass estimates is prone to large errors in

he final mass estimate, as well as depends on ad hoc assumptions
n the content of dusty galaxies in protoclusters. Future work could
etter estimate the halo mass using complementary methods, such as
he abundance matching technique discussed in Long et al. ( 2020 );
alvi et al. ( 2021 ) that requires deep optical imaging, as well as better
omparison to models of cosmological o v erdensities (e.g. Chiang
t al. 2017 ). 

This short expected lifetime ( ≤70 Myr) is consistent with the
ierarchical picture of massive galaxy formation (Hopkins et al.
008 ), which might be further exacerbated by the internal AGN
e.g. Ito et al. 2022 ; Mountrichas et al. 2022 ). The sudden lack of
as feeding from the environment (e.g. Shimakawa et al. 2018 for
n evolutionary picture) suggests the future evolution of the central
erBS-70 source is likely to lead to a massive red-and-dead giant

lliptical galaxy by z = 0 (Toft et al. 2014 ; Ikarashi et al. 2015 ;
impson et al. 2017 ; Stach et al. 2017 ). The findings reported in

his paper add to the growing evidence towards this hierarchical
athway of DSFGs to quenched elliptical galaxies given the high
tellar masses (Hainline et al. 2011 ; Aravena et al. 2016b ), high
pecific SFRs (Straatman et al. 2014 ; Spilker et al. 2016 ; Glazebrook
t al. 2017 ; Schreiber et al. 2018 ; Merlin et al. 2019 ) and location
n an o v erdense re gion (Blain et al. 2004 ; Weiß et al. 2009 ; Hickox
t al. 2012 ). 

.4 Finding protoclusters among multiple-DSFG systems 

arge area surv e ys such as the ones done with the Atacama Cosmol-
gy Telescope, Herschel , Planck , and the South Pole Telescope are
ble to select the apparently brightest DSFGs in the sky. Because
he bright end of the luminosity function is steep, instead of finding
he intrinsically brightest galaxies, these surv e ys hav e found large
24
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9 https://www .eaobservatory .org//jcmt/wp-content/uploads/sites/2/2019/10/ 
Guide- to- the- new- 850um- MKID- camera- performance.pdf
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umbers of gravitationally lensed (Treu 2010 ), less luminous galaxies 
Negrello et al. 2010 ; Bussmann et al. 2013 ; Vieira et al. 2013 ;
ussmann et al. 2015 ; Spilker et al. 2016 ; Negrello et al. 2017 ). 
As surv e ys mo v e to wards lo wer brightness sources, the fraction

f unlensed sources increases (Cai et al. 2013 ; Bussmann et al.
015 ; Bakx, Eales & Amvrosiadis 2020a ; Bakx et al. 2024 ). Follow-
p observations with mm/submm interferometers (NOEMA and 
LMA) hav e resolv ed these DSFGs rev ealing, in a few cases,
ultiple sources at the same redshift (Hodge et al. 2013 ; Karim

t al. 2013 ; Zavala et al. 2015 ; Scudder et al. 2016 ; Oteo et al.
018 ; Neri et al. 2020 ). Ho we ver, such systems remain rare with, for
nstance, two binary systems found in 13 sources studied in Neri et al.
 2020 ) – including HerBS-70 – and 8 out of 62 in the spectroscopic
urv e y by Urquhart et al. ( 2022 ), i.e. 15 and 13 per cent, respectively
see also G ́omez-Guijarro et al. 2019 ). Multiple systems at high-
edshift are prime targets to identify dusty protoclusters and recent 
urv e ys such as z-GAL (Cox et al. 2023 ) have doubled the numbers
f high- z sources displaying genuine multiplicity, beyond what is 
xpected from field galaxies (Bakx et al. in preparation). Here, we 
ote that identifying and studying groups of sources at z > 3.5
s of crucial importance to test the � CDM paradigm (Harrison &
otchkiss 2013 ). 
As shown in this study, the case of HerBS-70 at z = 2.3 presents

 clear case of multiplicity with an o v erdensity of sub-mm sources.
his indicates that this binary system, identified with NOEMA, lies 
t the core of a massive protocluster. The likely quenching ongoing 
n the central source HerBS-70E could further be studied by, for
xample, absorption line studies, that are able to probe the gas 
ycle (Spilker et al. 2018 , 2020a , b ; Berta et al. 2021 ; Butler et al.
021 ), and differentiate between the effect of the AGN and star
ormation feedback. Finally, at z = 2.3, this source is an excellent
arget for narro w-band observ ations that aim for H α emission using
ear-infrared facilities (e.g. Subaru, VLT, Keck and Gemini; Kurk 
t al. 2000 ; Koyama et al. 2013 , 2021 ). These could also measure
ndependently the redshifts of the bright sub-mm sources, and 
ro vide sev eral tens of fainter protocluster components that are 
issed in current sub-mm imaging surv e ys. 

 C O N C L U S I O N S  

e have presented (i) the 850 μm SCUBA-2 imaging of the field
round HerBS-70, a binary system of bright DSFGs at z = 2.3, and
ii) subsequent NOEMA observations of the nine brightest SCUBA-2 
argets surrounding HerBS-70 aimed to test the protocluster hypoth- 
sis. Three of these nine targeted SCUBA-2 sources were found to be
t the same redshift as HerBS-70, and the remaining six are excluded
rom the protocluster environment. These observations, and existing 
ultiwavelength data, allow us to conclude the following: 

(i) HerBS-70 is located at the centre of a candidate protocluster 
ore ( ∼0.8 Mpc) with a volume density ∼36 times higher than
eld galaxies, based on NOEMA spectroscopic observations. These 
bservations targeted the brightest nine continuum galaxies in the 
erBS-70 environment with a surface density estimates ∼3 higher 

han field galaxies based on the SCUBA-2 sub-mm continuum map. 
(ii) Meanwhile, the continuum o v erdensity estimates based on 

umber counts and across the wider continuum map do not provide 
 vidence to wards the o v erdensity hypothesis, indicating the limits of
ontinuum observations in identifying o v erdensities. 

(iii) The depletion time-scales of HerBS-70E, 70W, H70.2, H70.5, 
nd H70.6 are around 500–100 Myr, indicating there is rapid gas 
epletion, which will likely result in the rapid quenching of the
nvironment. 

(iv) Forward-modelling of the dust-based halo mass estimate 
 ≈5 × 10 13 M �) suggests a present-day halo mass of 1 × 10 15 

 �, in excess of the local, massive Virgo cluster, although we note
hat this method is prone to biases and large errors. 

The SCUBA-2 map and subsequent NOEMA follow-up have 
evealed and verified an overdensity of dusty sources around HerBS- 
0. The z = 2.3 redshift of this source makes it an excellent candidate
or H α narrow-band follow-up (e.g. Koyama et al. 2021 ), in order to
eveal the more numerous, but less dusty components of the HerBS-
0 system. Increasing the number of protocluster components can 
hen provide insights into the structure and properties of more normal
alaxies within the HerBS-70 system. 

The advent of large spectroscopic samples of DSFGs (including 
izeable numbers of multiple sources) further entice similar sub-mm 

amera studies, particularly in light of the production of impro v ed
m/sub-mm cameras, such as NIKA2 (Catalano et al. 2018 ), TolTEC

Wilson et al. 2020 ), and SCUBA-3 9 Such observational studies will
nable to better constrain and understand the properties and evolution 
f protoclusters and in the early Universe, in particular at the peak
f cosmic evolution. 
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PPENDI X:  SPECTRAL  FITTING  USI NG  

E R S C H E L  A N D  SCUBA-2  FLUXES  

ig. A1 shows the fits of the six sources detected at > 5 σ (with solid
lack borders in Fig. 9 ). While multiple sources are not detected
n the Herschel catalogues, these observations provide strict upper
imits (particularly at the wavelength of 250 μm) that restrict the
otential photometric redshifts of these sources. The red line shows
he fitted spectrum according to the two-temperature modified black-
ody of Pearson et al. ( 2013 ), while the blue and grey lines indicate
he best-fitting spectrum according to the method presented in Ivison
t al. ( 2016 ). Both methods appear to fit the data well. 
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Figure A1. The left columns show the fitted spectra ( black mark er s for detected sources and grey mark er s for sources without a listing in the HELP catalogue), 
with red line indicating the two-temperature modified black-body from Pearson et al. ( 2013 ) (indicated by z P ), blue line indicating the best-fitting spectrum 

from the Ivison et al. ( 2016 ) method (indicated by z I ), and the grey lines showing the fitted templates with higher SNRs. From left to right, the images show the 
250, 350, 500, and 850 μm maps at 1 by 1 arcmin. The photometric redshift estimates of all six sources agree with the spectroscopic redshift of HerBS-70E&W 

at z spec = 2.3. 
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