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A B S T R A C T 

Clusters of galaxies at z > ∼ 1 are expected to be increasingly active sites of star formation. To test this, an 850 μm surv e y was 
undertaken of eight clusters at z = 1.6–2.0 using SCUBA-2 on the James Clerk Maxwell Telescope. Mid-infrared properties 
were used to identify 53 probable counterparts to 45 SCUBA-2 sources with colours that suggested they were cluster members. 
This unco v ered a modest o v erdensity of 850 μm sources, with far-infrared luminosities of L IR 

≥ 10 

12 L � (SFR 

> ∼ 100 M � yr −1 ) 
and colours consistent with being cluster members, of a factor of 4 ± 1 within the central 1 Mpc radius of the clusters. The 
submillimetre photometry of these galaxies was used to estimate the total cluster star formation rates. These showed that the 
mass-normalized rates in the clusters are two orders of magnitude higher than in local systems, evolving as (1 + z) 5.5 ± 0.6 . This 
rapid evolution means that the mass-normalized star formation rates in these clusters matched that of average haloes in the field 

at z ∼ 1.8 ± 0.2 marking the epoch where the local star formation–density relation reverses in massive haloes. The estimated 

stellar masses of the cluster submillimetre galaxies suggests that their descendants will be amongst the most massive galaxies 
in z ∼ 0 clusters. This reinforces the suggestion that the majority of the massive early-type galaxy population in z ∼ 0 clusters 
were likely to have formed at z > ∼ 1.5–2 through very active, but dust-obscured, starburst events. 

K ey words: galaxies: e volution – galaxies: formation – cosmology: observations – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

urv e ys of galaxy clusters at z ∼ 0.5–2 suggest that star formation
as increasingly pre v alent in these dense environments at higher

edshifts (e.g. Webb et al. 2005 ; Geach et al. 2006 ; Popesso et al.
012 ; Wagner et al. 2017 ; Smith et al. 2019 , see Alberts & Noble
022 for an e xtensiv e re vie w). This is expected in a hierarchical
alaxy formation model, where the most massive haloes (which
epresent the progenitors of today’s massive clusters of galaxies)
nd the galactic sub-haloes within them, collapsed at earlier times
Cole & Kaiser 1989 ), a trend that is supported by observations of
ocal clusters (e.g. Bower et al. 1990 ). Indeed observations suggest
hat intense star formation activity in dense environments extends out
o protoclusters at the highest redshifts, z > ∼ 2–5 (e.g. Stevens et al.
003 ; Casey et al. 2015 ; Umehata et al. 2015 ; Casey 2016 ; Kato
t al. 2016 ; MacKenzie et al. 2017 ; Martinache et al. 2018 ; Zeballos
t al. 2018 ; Rotermund et al. 2021 ). Ho we ver, the interpretation of
his evolution is complicated by the selection of these stuctures:
hey were frequently discovered as overdensities of star-forming
alaxies (which biases them to atypically active systems) or using
ign-post active sources (e.g. radio galaxies or QSOs), the evolution
f which results in complex selection functions (e.g. Rigby et al.
014 ; Greenslade et al. 2018 ; Cheng et al. 2019 ; Nowotka et al.
022 ; Polletta et al. 2022 ; Zhang et al. 2022 ). To obtain a less biased
iew of the redshift evolution of cluster activity the target clusters
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eed to be identified using more robust tracers of their total mass,
uch as their X-ray luminosity, Sun yaev-Zel’do vich (SZ) decrements,
r the integrated stellar mass of their galaxy populations (e.g. Webb
t al. 2013 ; Ma et al. 2015 ; Noble et al. 2017 ; Wu et al. 2018 ; Smith
t al. 2019 ). 

The stellar populations of passi ve, massi ve early-type galaxy
opulation that dominate clusters at z ∼ 0 are metal rich (e.g.
oggianti et al. 2001 ; Nelan et al. 2005 ) and so it was expected

hat the star formation activity associated with their formation was
bscured by dust. Indeed, early ISO and Spitzer mid-infrared surv e ys
f z < ∼ 1 clusters suggested that they hosted previously unappreciated
opulations of dusty star-forming galaxies (e.g. Coia et al. 2005 ;
each et al. 2006 ; Marcillac et al. 2007 ; Bai et al. 2009 ). The launch
f Herschel and the extension of such surveys into the far-infrared
which is a more robust tracer of the obscured star formation than the
est-frame mid-infrared at z > ∼ 1) provided compelling evidence for
trong evolution of the far-infrared luminosity function of cluster
alaxies and suggested obscured star formation rates (SFR) far
n excess of those measured using tracers in the optical or UV
avebands (e.g. Popesso et al. 2012 ; Santos et al. 2015 ; Alberts

t al. 2016 , 2021 ). At longer wav elengths, which pro vide sensitiv e
robes of the most massive dusty (and gas-rich) galaxies, SCUBA,
CUBA-2, and now ALMA have strengthened the evidence for
ignificant populations of obscured, active galaxies in well-defined
luster samples out to z ∼ 1–1.5 (e.g. Best 2002 ; Webb et al. 2005 ;
tach et al. 2017 ; Cooke et al. 2019 ), and a single example of a well-
tudied X-ray-detected cluster at z = 2.0 (Coogan et al. 2018 ; Smith
t al. 2019 ). The accelerated evolution in these systems means that
© 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, 
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Table 1. Cluster sample. The integrated star formation rates within the central 1 Mpc radius of the clusters, � SFR , are derived in §4.3. 

Cluster Long name R.A. Dec. z M 200 � SFR References 
(J2000) (10 14 M �) (M � yr −1 ) 

XLSSC122 ACT-CL J0217.7 −0345 02 17 44.1 −03 46 10 1.98 2.3 ± 0.3 740 ± 40 v an Marre wijk et al. ( 2023 ) 
SpARCSJ0224 SpARCS J022426 −032330 02 24 26.3 −03 23 30 1.63 2.0 ± 0.3 530 ± 50 Babyk & Vavilova ( 2014 ) 
SpARCSJ0225 SpARCS J022545 −035517 02 25 45.6 −03 55 17 1.60 ∼ 1 180 ± 30 Noble et al. ( 2017 ) 
JKCS041 ... 02 26 44.0 −04 41 36 1.80 ∼ 2 530 ± 50 Mei et al. ( 2015 ) 
LH146 XMMU J105324.7 + 572348 10 53 21.6 + 57 24 00 1.71 1.4 ± 0.2 700 ± 60 Henry et al. ( 2014 ) 
IDCSJ1426 IDCS J1426.5 + 3508 14 26 32.7 + 35 08 29 1.75 4.1 ± 1.1 170 ± 30 Brodwin et al. ( 2012 ) 
IDCSJ1433 IDCS J1433.2 + 3306 14 33 11.5 + 33 06 39 1.89 ∼ 1 < ∼ 160 Zeimann et al. ( 2012 ) 
ClJ1449 Cl J1449 + 0856 14 49 14.0 + 08 56 21 1.99 0.53 ± 0.09 620 ± 70 Gobat et al. ( 2013 ) 
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he cores of z > ∼ 1 clusters hosted significant (but variable) numbers 
f dusty star-forming galaxies (e.g. Tran et al. 2010 ; Tadaki et al.
012 ; Cooke et al. 2019 ). 
The most reliable method to select dusty star-forming galaxies 

n clusters at z > 1 uses far-infrared or submillimetre observations 
hat select the sources in the rest-frame far-infrared. One of the 

ost efficient facilities for undertaking such studies is the SCUBA- 
 submillimetre camera (Holland et al. 2013 ) on the James Clerk
axwell Telescope (JCMT), due to its 8 arcmin × 8 arcmin field of

iew, corresponding to ∼ 4 Mpc at z > 1, and hence sufficient to map
 massive cluster in one pointing. Cooke et al. ( 2019 ) therefore
ndertook a SCUBA-2 study of the submillimetre population in 
ight virialized, mass-selected clusters at z = 0.8–1.6 (see also Smail 
t al. 2014 ; Ma et al. 2015 ; Stach et al. 2017 ). The clusters all
howed significant o v erdensities of submillimetre galaxies, with the 
ntegrated star formation rates, normalized by the corresponding 
luster mass, showing an increase out to z ∼ 1.5 that was consistent
ith evolution of the form (1 + z) γ with γ ∼ 6, potentially more

apid than the γ ∼ 4 trend in the field (see also Kodama et al. 2004 ;
inn et al. 2005 ; Geach et al. 2006 ; Bai et al. 2009 ; Popesso et al.
012 ; Webb et al. 2013 ; Alberts et al. 2016 ; Smith 2020 ). Ho we ver,
hey also reported hints of a flattening in the evolution at z > ∼ 1, and in
ddition the mass-normalized star formation rate in clusters at z < 1.6
as still lower than the field by a factor of 1.5 ± 0.3, suggesting no

vidence for a reversal of the local SFR–density relation (e.g. Spitzer 
 Baade 1951 ; Dressler 1980 ) in massive clusters at z < ∼ 1.5 (c.f.
ran et al. 2010 ; Alberts et al. 2014 ; Santos et al. 2015 ). Smith et al.
 2019 ) subsequently published a similar SCUBA-2 and Herschel 
urv e y of a single z = 2.0 cluster (Gobat et al. 2013 ), showing a much
igher mass normalized star formation rate, abo v e the surrounding
eld and suggesting even more rapid evolution, γ ∼ 7. Given the 
ariation seen in the Cooke et al. sample, it was possible that
he Smith et al. cluster was simply an outlier – but to test this
CUBA-2 observations of a larger sample of clusters at z > ∼ 1.5 was
eeded. 
The study presented here aims to assess the evolution in the star

ormation rate of submillimetre-selected galaxy populations within 
assive clusters at z ∼ 1.5–2.0. By adopting a similar observational 

trategy and methodology to Cooke et al. ( 2019 ), the intention was
o provide a homogeneous extension of that analysis out to z ∼ 2
o better quantify the evolution of the star formation activity within 

assive clusters and potentially the processes that are driving it. 
his study assumes a Chabrier ( 2003 ) IMF and a cosmology with
M 

= 0.3, �� 

= 0.7, and H 0 = 70 km s −1 Mpc −1 . In this cosmology
t the median redshift of the cluster sample, z ∼ 1.8 ( ∼ 27 per cent
f the current age of the Universe), 1 arcsec corresponds to 8.6 kpc.
ll quoted magnitudes are on the AB system and errors on median
alues are estimated using bootstrap resampling. 
 OBSERVATI ONS  A N D  R E D U C T I O N  

he sample analysed here comprises eight well-studied clusters at 
 ∼ 1.6–2.0 (Table 1 ), which were chosen to extend the z = 0.8–
.6 redshift range co v ered by Cooke et al. ( 2019 ). These clusters
ere originally disco v ered either from spatially extended X-ray 

mission (XLSSC122, Willis et al. 2013 ; LH146, Henry et al.
014 ) or as o v erdensities of near -infrared colour -selected galaxies
SpARCSJ0224 and SpARCSJ0225, Nantais et al. 2016 ; JKCS041, 
ndreon et al. 2009 ; IDCSJ1426 and IDCSJ1433, Zeimann et al.
012 ; Brodwin et al. 2016 ; ClJ1449, Gobat et al. 2011 ). Several of
he latter have subsequently been confirmed as having extended X- 
ay emission and/or SZ detections confirming that they are massive 
ollapsed haloes (e.g. XLSSC122, Mantz et al. 2014 ; van Marrewijk
t al. 2023 ; JKCS041, Andreon et al. 2009 , 2023 ; IDCSJ1426,
rodwin et al. 2012 ; Andreon et al. 2021 ; ClJ1449, Gobat et al.
011 , 2019 ). Cluster mass estimates are given in Table 1 and were
aken from the references cited in the table, as tabulated by Mei et al.
 2015 ). As none of the eight clusters are known to be strong lenses
nd this work focused on submillimetre sources that are members of
he clusters, the following analysis assumed that neither the clusters, 
or the individual cluster galaxies, are significantly gravitationally 
agnifying any of the submillimetre sources. 
The median redshift of the sample is z = 1.77 ± 0.08 (a

osmological age of ∼ 4 Gyr) and the median mass is 
 200 = (1.7 ± 0.4) × 10 14 M �. These compare to a median redshift

or the sample studied by Cooke et al. ( 2019 ) of z = 1.25 ± 0.09
around 1 Gyr later than the clusters in this work) and a median mass
f M 200 = (4.0 ± 0.4) × 10 14 M �. 

.1 Obser v ations 

he eight clusters were observed with SCUBA-2 (Holland et al. 
013 ) on the 15-m JCMT simultaneously at 850 and 450 μm in
ypically good weather conditions suitable for sensitive 850 μm 

bserv ations ( τ 225GHz v alues are reported in Table 2 ). Each cluster
as observed for an average of ∼ 10 h as a series of ∼ 0.5 h

ntegrations (Table 2 ) using a standard constant-velocity daisy 
apping pattern. Observations of four clusters were obtained through 

rojects M21BP030 and M22AP039, while data for the remaining 
our clusters (JKCS041, ClJ1449, IDCSJ1426, and IDCSJ1433) 
ere taken from suitable archi v al SCUBA-2 programmes observed 
uring 2012–2016 (Table 2 ). It should be noted that the SCUBA-
 observations of ClJ1449 are a rereduction of those presented by
mith et al. ( 2019 ) and the observations of JKCS041 are discussed in
mith ( 2020 ), both of those studies also included archi v al Herschel
bserv ations. The SCUBA-2 observ ations of the remaining six 
lusters have not been presented before. 
MNRAS 529, 2290–2308 (2024) 
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Table 2. Log of the observations. 

Cluster T SCUBA −2 
exp σ 850 μm 

σ 450 μm 

τ 225 GHz S 5 σ4 . 5 μm 

S 3 σ24 μm 

JCMT project 
(h) (mJy) (mJy) ( μJy) ( μJy) 

XLSSC122 11 .0 1.14 35 0.04–0.12 4.6 180 M22AP039 
SpARCSJ0224 11 .8 1.04 37 0.04–0.11 5.0 180 M21BP030 
SpARCSJ0225 11 .3 1.01 32 0.04–0.11 5.1 180 M21BP030 
JKCS041 8 .2 0.98 10 0.02–0.04 5.0 170 M15BI038 
LH146 13 .8 0.98 33 0.04–0.12 0.7 20 M22AP039 
IDCSJ1426 10 .3 0.93 5 0.04–0.08 2.0 70 M12AI01, M15AI39, M15AI09 
IDCSJ1433 19 .3 0.81 11 0.01–0.17 2.0 70 M15AI39, M16AP087 
ClJ1449 7 .8 0.99 8 0.02–0.04 2.3 40 M15AI51, M16AP047 
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For two of the fields the cluster centres were revised in light of
e w e vidence about their positions. For XLSSC122 an updated SZ-
ased position was adopted from van Marrewijk et al. ( 2023 ), which
o v ed it south from the SCUBA-2 map centre by ∼ 0.5 arcmin. For

DCSJ1433 the centroid of the spectroscopically confirmed members
rom Zeimann et al. ( 2012 ) was used to determine the centre, shifting
his by ∼ 2 arcmin east relative to the original archival SCUBA-2
ointing. The adopted centres for all clusters are listed in Table 1 . 

.2 Data reduction 

he new and archival SCUBA-2 observations were reduced using
he Dynamical Iterative Map Maker ( DIMM ) within SMURF (Submil-
imeter User Reduction Facility; Chapin et al. 2013 ) from the 2018A
AO STARLINK release, with additional software from the STARLINK

APPA software package (Warren-Smith & Wallace 1993 ; Jenness
t al. 2009 ) to manipulate the images. The faint point-source recipe
n the ORAC-DR pipeline was used for the reduction. A summary of
he main reduction steps is given here and a detailed description of
he data reduction process with SMURF is provided by Chapin et al.
 2013 ). 

First, the time-series data stored in each ∼ 30 min observation
ere flat fielded and then a number of cleaning steps were ap-
lied, including removing steps and spikes in the time-streams.
fter cleaning, an iterative map-making procedure fitted the data
ith a model comprising a common-mode signal, astronomical

ignal, and noise. In this process, the pipeline estimated and
emo v ed the common-mode signal and derived the best solution
o apply an extinction correction. Then several noise sources in
he data were estimated and remo v ed. These steps were repeated
ntil the solution converged. Flux calibration was then applied
o convert the reduced map into units of Janskys adopting flux
onversion factors (FCF) of FCF 850 μm 

= 537 ± 26 Jy beam 

−1 pW 

−1 

nd FCF 450 μ m 

= 491 ± 67 Jy beam 

−1 pW 

−1 (Dempsey et al. 2013 ,
ee also Mairs et al. 2021 ) and assuming ∼ 10 per cent systematic
ncertainties. The individual reduced observations were combined
sing inverse-variance weighting to create a final map per cluster at
ach wavelength. To improve point source detection, the resulting
50 and 450 μm maps were match-filtered with 15 and 8 arcsec full
idth at half-maximum (FWHM) Gaussian profiles, respectively.
his match-filtering step introduces a small (13 per cent) loss of
ux for point sources (e.g. Geach et al. 2017 ; Simpson et al. 2019 )
nd a corresponding correction was applied to the measured fluxes
this correction is now included in the default SCUBA-2 pipeline).
inally, combined maps were generated with 4.0 arcsec pixel −1 

ampling (Nyquist sampling at both wavelengths) and cropped to
 radius of 4 arcmin (beyond which the noise increases). This radius
orresponded to approximately 2 Mpc at z ∼ 1.8, the median redshift
NRAS 529, 2290–2308 (2024) 
f the sample. At 850 μm the median noise in the centre of the maps
as σ 850 μm 

= 1.0 ± 0.1 mJy (Table 2 ). IRAC images of the eight
lusters are shown in Fig. 1 with the corresponding 850 μm signal-
o-noise maps contoured o v er each field. The clusters display a wide
ange of activity at 850 μm within the central 1 Mpc. 

.3 Source detection 

ources were identified in the SCUBA-2 maps using the approach
escribed in Simpson et al. ( 2019 ) employing a simple top-down
eak-finding algorithm. This involved detecting prominent peaks
n the filtered 850 μm signal-to-noise ratio (SNR) maps down to a
inimum threshold of 3.0 σ in a ‘first-pass’ catalogue. After this first

etection pass, the detected sources were subtracted from the map
sing an empirical PSF (if two sources lay within 40 arcsec a double
SF model was used). The detection step was then repeated on this
ource-subtracted map for a second pass. If additional sources were
etected within 7.5 arcsec of the first-pass sources, then these were
ssumed to be the same as the first-pass sources and remo v ed from
he catalogue. Further details of the method can be found in Simpson
t al. ( 2019 ). 

To assess the robustness of the resulting source catalogue, the
ource detection was also run on ‘jack-knife’ realizations of the data
onstructed by inverting the signal in half of the individual 30-min
bservations used to construct the final cluster maps (e.g. Hyun
t al. 2023 ). These jack-knife images had noise properties identical
o the actual data, but had no flux from astrophysical sources. This
nalysis indicated that the false detection rate for sources at a > 3.5 σ
ignificance limit was ∼ 8 per cent (this is consistent with Gaussian
tatistics and the number of resolution elements across the eight
aps) and this dropped to ∼ 1 per cent for those with significance of
 4.0 σ . 
An identical analysis was applied to the 450 μm maps, but due

o the typically modest atmospheric transparency in the observed
eather conditions there were no significant 450 μm sources detected

n the maps of XLSSC122, SpARCSJ0224, SpARCSJ0225, or
H146, reflecting the depth of the maps (Table 2 ). As the goal of this
tudy was a homogeneous analysis of the eight clusters, the 450 μm
bservations were therefore not considered further in this work (c.f.
mith et al. 2019 ; Smith 2020 ). 
As the detection significances of the 850 μm sources were modest,

heir measured flux densities suffer from flux boosting (Coppin et al.
006 ). The boosting factor ( B ) was estimated from the ratio of output
observed) flux density and the input flux density of sources injected
nto the jack-knife maps. The average boosting f actor w as found to
e very close to the power-law form in signal-to-noise reported by
each et al. ( 2017 ) and for consistency with that work (which was
sed to estimate the field source densities) and Cooke et al. ( 2019 ),
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Figure 1. ∼8 arcmin × 8 arcmin Spitzer IRAC colour images of the eight clusters in the sample, using 3.6 μm as the blue channel, 4.5 μm as green and 
5.8 + 8.0 μm as red. The SCUBA-2 850 μm signal-to-noise maps are contoured o v er these (contours are in 1 σ increments starting at 2 σ ) and large circles mark 
the MAIN catalogue sources, yellow for those detected at 3.5–4.0 σ , with those satisfying ≥ 4.0 σ significance shown in white. The smaller yellow circles identify 
SUPPLEMENTARY catalogue sources with 3.0–3.5 σ significance and projected radii from the cluster centres of θ < 2 arcmin ( < ∼ 1 Mpc). Sources are labelled by 
their catalogue numbers from Tables 3 and 4 . The cyan circle shows a 1.0 Mpc radius at the cluster redshifts. A significant variation is seen in the numbers of 
submillimetre sources in the central regions of the clusters. 
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ho also used this relation, the following correction was applied to 
he measured flux densities: B = 1 + 0 . 2 × (SNR / 5) −2 . 3 . 

The 850 μm maps of the eight z = 1.6–2.0 clusters yielded a
otal of 95 detections with SNR ≥ 3 and projected separation from
he cluster centres of θ ≤ 4 arcmin. Of these, 38 have SNR ≥ 4.0
nd a further 18 have SNR = 3.5–4.0, of which 1–2 are expected
o be false positives. A limit of SNR ≥ 3.5 was therefore adopted
o construct a robust ‘ MAIN ’ sample comprising 56 sources with
 false-positive rate of ∼ 3 per cent. In addition, to improve the
ompleteness of the measurements of the star formation rate in 
he cluster centres, a SUPPLEMENTARY selection was also made 
or statistical purposes that included sources with SNR = 3.0–3.5, 
ut only within a projected separation from the cluster centres of
≤ 2 arcmin ( ∼ 1 Mpc). This included an additional 18 faint sources,
f which 15 were subsequently found to be coincident within 4 arcsec
ith red IRAC counterparts (see §3.2 below). This suggested that 

he majority of these sources were real as the expected false match
ate was ∼ 1 source. This is slightly less that the false-positive rate
stimated from the jack-knife simulations which suggested ∼ 5 false- 
ositive sources at the median signal-to-noise of the SUPPLEMENTARY 

atalogue, broadly consistent with the 3–4 expected from Gaussian 
tatistics in this SNR = 3.0–3.5 subset. The false positive rate for the
4 sources in the full MAIN + SUPPLEMENTARY sample is therefore 
xpected to be ∼ 6 ± 2 per cent. 

The observed properties of the MAIN 850 μm sample are presented 
n Table 3 with the lower significance SUPPLEMENTARY sample given 
n Table 4 . The listed information is: a short identifier including the
luster name and a catalogue number for the source, peak coordinates, 
50 μm signal-to-noise and deboosted 850 μm flux density. 
The full sample presented in this work comprises 74 850 μm 

ources: 56 in the MAIN selection with SNR > 3.5 and a further 18 in
he SUPPLEMENTARY selection with SNR = 3.0–3.5 and θ < 2 arcmin. 
he MAIN sample is ef fecti vely complete for sources with deboosted
 850 μm 

> ∼ 3.0 mJy (ra w, peak flux es of S raw 
850 μm 

> ∼ 4 mJy) within θ ≤ 2
rcmin, with the SUPPLEMENTARY sample having deboosted fluxes 
f S 850 μm 

∼ 2.5 mJy. Restricted to just the central θ < 2 arcmin of
he clusters, there are a total of 48 850 μm sources: 30 from the

AIN sample and 18 from the lower significance SUPPLEMENTARY 

ample, which contribute ∼ 25 per cent of the total integrated 
50 μm flux density. The median deboosted 850 μm flux density
f this sample is S 850 μm 

= 3.8 ± 1.0 mJy, this compares to a median
f S 850 μm 

= 3.5 ± 1.0 mJy for the sources detected in the fields of
 = 0.8–1.6 massive clusters by Cooke et al. ( 2019 ). 

The mean cumulative number density of 850 μm sources in the
entral θ ≤ 2 arcmin regions of the eight clusters (Fig. 2 a) showed a
odest e xcess abo v e the counts of SCUBA-2 sources in the general
eld from the S2CLS surv e y of Geach et al. ( 2017 ). This excess is
imilar to that reported in the number of SCUBA-2 sources in the
entral regions of the z = 0.8–1.6 clusters from Cooke et al. ( 2019 ). 

.3.1 Comparisons with previous 850 μm observations 

wo of the clusters in this study, JKCS041 and ClJ1449, were
eanalyses of SCUBA-2 observations taken and analysed by Smith 
 2020 ) and Smith et al. ( 2019 ), respectively, although those works
resented catalogues o v er a larger field of view than that analysed
ere. In addition there are ALMA 870 μm observations of ClJ1449
n Coogan et al. ( 2018 ) that are discussed in the next section. 

The source catalogues from Smith et al. ( 2019 ) and Smith ( 2020 )
ere compared to the MAIN + SUPPLEMENTARY sample from the 
revious section (using an 8 arcsec matching radius). This reco v ered
en matches to the eleven sources from this work in JKCS041
nd eight matches to the ten sources found in ClJ1449, with
 median positional offset of 1.8 ± 0.3 arcsec between the two
MNRAS 529, 2290–2308 (2024) 
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Table 3. MAIN sample. 

ID R.A. Dec. SNR 850 S 850 μm 

(J2000) (mJy) 

XLSSC122.001 02:17:43.03 −03:45:32.0 4.95 5.0 ± 1.0 
XLSSC122.002 02:17:41.16 −03:48:00.0 4.69 5.9 ± 1.3 
XLSSC122.003 02:17:41.16 −03:45:32.0 4.49 4.3 ± 1.0 
XLSSC122.004 02:17:37.69 −03:46:52.0 4.19 5.1 ± 1.2 
XLSSC122.005 02:17:43.57 −03:49:20.0 4.04 5.2 ± 1.3 
XLSSC122.006 02:17:41.16 −03:47:36.0 3.66 3.9 ± 1.1 
XLSSC122.007 02:17:52.92 −03:46:08.0 3.65 4.5 ± 1.2 
XLSSC122.008 02:17:37.95 −03:46:08.0 3.62 3.4 ± 0.9 

SpARCSJ0224.001 02:24:16.45 −03:24:02.8 6.59 8.4 ± 1.3 
SpARCSJ0224.002 02:24:19.65 −03:22:34.8 4.66 4.9 ± 1.1 
SpARCSJ0224.003 02:24:19.12 −03:24:18.8 4.52 4.7 ± 1.0 
SpARCSJ0224.004 02:24:29.80 −03:23:38.8 4.38 4.2 ± 1.0 
SpARCSJ0224.005 02:24:28.20 −03:26:30.8 4.16 5.0 ± 1.2 
SpARCSJ0224.006 02:24:34.61 −03:22:42.8 3.85 4.5 ± 1.2 
SpARCSJ0224.007 02:24:33.01 −03:22:54.8 3.86 4.1 ± 1.1 
SpARCSJ0224.008 02:24:17.25 −03:25:06.8 3.56 3.7 ± 1.0 
SpARCSJ0224.009 02:24:19.65 −03:24:50.8 3.51 3.2 ± 0.9 

SpARCSJ0225.001 02:25:43.95 −03:56:45.1 4.50 4.3 ± 1.0 
SpARCSJ0225.002 02:25:34.06 −03:56:05.1 4.08 4.5 ± 1.1 
SpARCSJ0225.003 02:25:38.60 −03:57:45.1 3.71 4.0 ± 1.1 

JKCS041.001 02:26:42.39 −04:42:16.0 5.66 5.4 ± 1.0 
JKCS041.002 02:26:46.68 −04:42:16.0 4.57 4.2 ± 0.9 
JKCS041.003 02:26:42.93 −04:39:56.0 4.30 4.2 ± 1.0 
JKCS041.004 02:26:32.76 −04:43:04.0 4.04 4.9 ± 1.2 
JKCS041.005 02:26:53.10 −04:41:32.0 3.91 4.0 ± 1.0 
JKCS041.006 02:26:49.62 −04:42:48.0 3.67 3.6 ± 1.0 
JKCS041.007 02:26:42.39 −04:43:56.0 3.51 3.2 ± 0.9 

LH146.001 10:53:22.09 + 57:23:12.0 5.46 5.4 ± 1.0 
LH146.002 10:53:25.56 + 57:22:52.0 5.52 5.7 ± 1.0 
LH146.003 10:53:43.89 + 57:25:39.9 5.37 6.8 ± 1.3 
LH146.004 10:53:14.18 + 57:24:12.0 5.20 5.2 ± 1.0 
LH146.005 10:53:15.16 + 57:24:40.0 4.64 4.4 ± 0.9 
LH146.006 10:53:44.86 + 57:23:27.9 4.29 5.3 ± 1.2 
LH146.007 10:53:17.14 + 57:27:24.0 4.24 4.8 ± 1.1 
LH146.008 10:53:40.92 + 57:26:23.9 4.00 4.6 ± 1.2 
LH146.009 10:53:19.13 + 57:21:12.0 3.81 4.8 ± 1.2 
LH146.010 10:53:16.65 + 57:25:12.0 3.63 3.0 ± 0.8 
LH146.011 10:53:48.33 + 57:24:03.8 3.58 3.9 ± 1.1 
LH146.012 10:53:44.87 + 57:24:27.9 3.57 3.7 ± 1.0 

IDCSJ1426.001 14:26:38.24 + 35:09:17.0 4.69 4.3 ± 0.9 
IDCSJ1426.002 14:26:36.29 + 35:07:13.0 4.27 3.9 ± 0.9 
IDCSJ1426.003 14:26:28.46 + 35:10:17.0 3.65 3.3 ± 0.9 
IDCSJ1426.004 14:26:45.09 + 35:06:57.0 3.61 3.8 ± 1.1 
IDCSJ1426.005 14:26:37.92 + 35:06:17.0 3.58 3.5 ± 1.0 
IDCSJ1433.001 14:33:04.32 + 33:09:34.2 13.09 15.7 ± 1.2 
IDCSJ1433.002 14:33:16.73 + 33:05:58.2 6.80 8.0 ± 1.2 
IDCSJ1433.003 14:33:06.55 + 33:08:38.2 5.68 5.1 ± 0.9 
IDCSJ1433.004 14:33:03.68 + 33:06:14.2 5.06 3.8 ± 0.8 
IDCSJ1433.005 14:33:04.96 + 33:07:26.2 4.75 3.5 ± 0.7 
IDCSJ1433.006 14:32:47.77 + 33:05:50.1 4.17 4.5 ± 1.1 
IDCSJ1433.007 14:33:13.55 + 33:07:30.2 4.06 3.6 ± 0.9 

ClJ1449.001 14:49:12.92 + 08:58:13.0 6.42 7.1 ± 1.1 
ClJ1449.002 14:49:07.52 + 08:53:53.0 5.43 6.6 ± 1.2 
ClJ1449.003 14:49:14.27 + 08:56:13.0 5.37 5.0 ± 0.9 
ClJ1449.004 14:49:08.06 + 08:57:25.0 4.76 4.9 ± 1.0 
ClJ1449.005 14:49:24.53 + 08:55:45.0 4.73 5.7 ± 1.2 
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tudies. The sources that were missing matches from Smith et al.
 2019 ) or Smith ( 2020 ) were all from the SUPPLEMENTARY sample:
KCS041.009, SNR 850 = 3.3, S 850 μm 

= 2.1 ± 1.4 mJy; ClJ1449.008,
50 = 3.3, S 850 μm 

= 2.2 ± 1.9 mJy; ClJ1449.009, SNR 850 = 3.2,
NRAS 529, 2290–2308 (2024) 
 850 μm 

= 2.0 ± 1.4 mJy. The omission of these sources reflected
ifferences in the data reduction and source detection, but suggested
hat these only become significant for the lowest SNR sources in the
UPPLEMENTARY catalogue. For homogeneity with the other clusters,
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Table 4. SUPPLEMENTARY sample. 

ID R.A. Dec. SNR 850 S 850 μm 

(J2000) (mJy) 

XLSSC122.009 02:17:39.56 −03:47:48.0 3.44 3.7 ± 1.1 
XLSSC122.011 02:17:44.10 −03:47:52.0 3.07 2.9 ± 0.9 

SpARCSJ0224.011 02:24:31.67 −03:23:58.8 3.38 3.0 ± 0.9 
SpARCSJ0224.012 02:24:29.80 −03:24:14.8 3.30 2.7 ± 0.8 
SpARCSJ0224.013 02:24:27.13 −03:24:02.8 3.26 2.5 ± 0.8 
SpARCSJ0224.014 02:24:26.60 −03:23:34.8 3.17 2.3 ± 0.7 
SpARCSJ0224.016 02:24:19.65 −03:23:50.8 3.09 2.3 ± 0.8 

JKCS041.009 02:26:38.92 −04:41:08.0 3.32 2.6 ± 0.8 
JKCS041.010 02:26:39.18 −04:43:12.0 3.31 2.9 ± 0.9 
JKCS041.011 02:26:47.75 −04:41:12.0 3.10 2.3 ± 0.7 

LH146.014 10:53:26.06 + 57:25:36.0 3.42 2.8 ± 0.8 
LH146.015 10:53:27.04 + 57:23:12.0 3.39 2.6 ± 0.8 
LH146.017 10:53:32.49 + 57:24:48.0 3.37 2.6 ± 0.8 
LH146.020 10:53:17.64 + 57:24:00.0 3.12 2.2 ± 0.7 
LH146.022 10:53:13.68 + 57:23:32.0 3.05 2.3 ± 0.8 

IDCSJ1426.007 14:26:25.85 + 35:09:09.0 3.16 2.4 ± 0.8 

ClJ1449.007 14:49:17.78 + 08:56:53.0 3.31 2.6 ± 0.8 
ClJ1449.009 14:49:16.43 + 08:56:13.0 3.23 2.4 ± 0.7 

(a) (b)

Figure 2. (a) Mean cumulative surface density of SMG sources in the central ∼ 1 Mpc (2 arcmin radius) of the eight clusters in this study compared to the 
SCUBA-2 sources in the fields of the z = 0.8–1.6 cluster sample from Cooke et al. ( 2019 ) and the field SCUBA-2 counts from the S2CLS surv e y (Geach 
et al. 2017 ). Both cluster samples show moderate e xcesses abo v e the field counts at 850 μm flux densities of S 850 μm 

∼ 3–6 mJy. (b) The mean radial density 
distribution of submillimetre sources around the clusters in this study. Two samples are shown, one is simply flux-limited at S 850 μm 

> 4.8 mJy for comparison to 
the values plotted for the lower redshift clusters from Cooke et al. ( 2019 ) abo v e the same flux limit. The second shows MAIN sample SCUBA-2 sources brighter 
than S 850 μm 

> ∼ 3.5 mJy (corrected for residual field contamination as described in §3.4) with IRAC counterparts that have colours consistent with being cluster 
members. The radial number density of all IRAC colour-selected cluster members from §3.2 is also shown for comparison (arbitrarily normalized). There is 
a clear o v erdensity of 850 μm sources in the central regions of the z = 1.6–2.0 clusters, although this is less significant in the raw counts than that seen in the 
some what more massi ve clusters at z = 0.8–1.6 from Cooke et al. ( 2019 ). Application of an IRAC colour selection to the SCUBA-2 counterparts indicates a 
significant o v erdensity, 4 ± 1, of submillimetre sources within the central 1 Mpc radius of the clusters. 
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he source catalogues for JKCS041 and ClJ1449 derived in this work 
ere used in the subsequent analysis. 

 ANA LY SIS  

o assess which of the submillimetre sources detected in the eight 
elds are likely to be members of the clusters required identification 
f the stellar counterparts to the submillimetre emission, so that the 
stimated redshift of the counterpart can be compared with that of the
orresponding cluster (Table 1 ). The modest spatial resolution of the
CMT at 850 μm, ∼ 14 arcsec FWHM, combined with the high dust
ontent and typically high redshifts of submillimetre galaxies (e.g. 
udzevi ̌ci ̄ut ̇e et al. 2020 ), complicates this identification process.
evertheless, certain characteristics of the typical spectral-energy 
istributions (SEDs) of submillimetre galaxies can be employed to 
tatistically identify possible counterparts (see An et al. 2018 , 2019 ).
MNRAS 529, 2290–2308 (2024) 
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n addition, this process is also aided in this study because the target
lusters are at lower redshifts than the bulk of the submillimetre
opulation, z ∼ 2–3 (e.g. Chapman et al. 2005 ; Dudzevi ̌ci ̄ut ̇e et al.
020 ), meaning that any counterparts that are cluster members will
e typically brighter in the near-/mid-infrared than the background
ubmillimetre field population. 

The characteristics of submillimetre galaxies that are frequently
sed to identify their stellar counterparts are their relative brightness
n the sub-/millimetre and radio wavebands and their typically red
ear-/mid-infrared colours (e.g. Smail et al. 1999 ; Frayer et al. 2004 ;
un et al. 2008 ; Chen et al. 2016 ). The clusters studied in this work all
ave homogeneous multiband coverage from Spitzer IRAC and MIPS
Fazio et al. 2004 ; Rieke et al. 2004 ), along with more heterogeneous
ub-/millimetre and radio interferometric observations. Hence, the
atter were used primarily to aid in defining regions of Spitzer
RAC/MIPS flux/colour space where submillimetre-emitting cluster
embers were likely to be found, that could then be used to deter-
ine statistical identifications and membership of the submillimetre

ources. 

.1 Interferometric identifications 

he ALMA archive was searched to identify any public sub-
millimetre observations of the eight clusters. No public ALMA
bservations were found in JKCS041, LH146 (unsurprisingly as
t is at + 57 Declination), IDCSJ1426 or IDCSJ1433. In the re-
aining four clusters a mix of band 3, 4, 6, and 7 observations
ere found. Analyses of the available ALMA data products in
pARCSJ0225 produced no identifications for the SCUBA-2 sources

n that field. But in SpARCSJ0224, band 7 continuum counterparts
ere unco v ered for three SCUBA-2 sources: SpARCSJ0224.013,
pARCSJ0224.014, and two counterparts for SpARCSJ0224.004,
s well as band 3 CO(2–1) detections of all three systems, which
onfirmed that they were all cluster members. In ClJ1449 the search
nco v ered two SCUBA-2 identifications, one of these sources had
lready been published by Coogan et al. ( 2018 ), the new identification
as for ClJ1449.009 from a band 3 continuum counterpart. In
LSSC122 a single SCUBA-2 counterpart was identified, this source
ad previously been reported by van Marrewijk et al. ( 2023 ). Further
etails are given in the notes in Tables 5 and 6 . 
A search was also undertaken for deep radio catalogues of the

luster fields. This indicated suitably sensitive catalogues from the
VLA had been published co v ering LH146 from the Lockman Hole
atalogue in Biggs & Ivison ( 2006 ) and Ibar et al. ( 2009 ) and that
KCS041 and SpARCSJ0225 were co v ered by the VIDEO/XMM-
SS catalogue from Heywood et al. ( 2020 ). As a result only

DCSJ1426 and IDCSJ1433 lacked some interferometric co v erage,
lthough the ALMA data are generally very sparse in the clusters
ith available observations. In total there were 20 interferometrically

dentified counterparts to SCUBA-2 sources o v er the six clusters with
ome observations. 

The counterparts detected in the ALMA sub/millimetre co v ering
he SCUBA-2 sources were assumed to be the correct identification
f the 850 μm source as these bands were tracing the same dust
ontinuum emission. Ho we ver, the radio emission is a more indirect
racer of the submillimetre emission and so a probabilistic analysis
 as emplo yed to assess whether there were any likely radio counter-
arts to the submillimetre sources in the clusters (following e.g. Lilly
t al. 1999 ; Ivison et al. 2002 ; An et al. 2019 ; Hyun et al. 2023 ). This
nvolved a search within a radius of 6.5 arcsec (An et al. 2018 ) of
ach SCUBA-2 source position and the assessment of the likelihood
hat any radio sources found within this radius were chance matches
NRAS 529, 2290–2308 (2024) 
ased on their radio fluxes and radial of fset, follo wing Do wnes et al.
 1986 ) and Dunlop et al. ( 1989 ). 

The details of any reliably identified radio counterparts (defined
s a likelihood of a random match of < 5 per cent) are given in the
otes in Tables 5 and 6 . The radio catalogue co v ering LH146 from
he Biggs & Ivison ( 2006 ) and Ibar et al. ( 2009 ) provided reliable
adio counterparts for LH146.001 (which has no IRAC counter-
art, see below), LH146.002, LH146.003, LH146.004, LH146.006,
H146.007, LH146.009, LH146.011, LH146.015, and LH146.017.
imilarly the VIDEO/XMM-LSS catalogue from Heywood et al.
 2020 ) yielded identifications for JKCS041.004 and JKCS041.009,
ut no new identifications in SpARCSJ0225. 

As noted earlier, to ensure uniformity and completeness in the
nalysis, given the disparate and sparse interferometric coverage,
hose data were used primarily to guide the identification and
election of likely submillimetre-detected cluster members from the
pitzer IRAC and MIPS imaging that uniformly co v ers all eight
lusters. 

.2 Spitzer identifications 

he Spitzer satellite carried a powerful complement of instruments
or the study of high-redshift, dust obscured galaxies (e.g. Ivison et al.
002 ). These provided thermal-infrared (rest-frame optical/near-
nfrared) imaging from the IRAC camera and mid-infrared imaging
rom MIPS, both at higher angular resolution ( ∼ 2 and ∼ 6 arcsec
WHM, respectively) than the SCUBA-2 850 μm maps. The Spitzer
nhanced Imaging Products (SEIP 

1 ) provides uniformly reduced
mages and catalogues for sources detected with IRAC, including

atched MIPS photometry (Table 2 ). SEIP-produced data products
ave been used in a previous study of high-redshift clusters by
ettura et al. ( 2018 ). The SEIP data co v er all eight clusters in

his study (Fig. 1 ) and catalogues for regions within 10 arcmin
adius of the clusters were retrieved from the Spitzer Heritage
rchive. These comprised band-merged catalogues of > 3 σ de-

ections in the four IRAC channels constructed using SEXTRACTOR

photometry in a 3.8 arcsec diameter aperture, with a point-source
perture correction) along with position-matched PSF-fit photometry
rom the MIPS 24 μm channel measured with MOPEX/APEX . To
nsure more reliable detections and photometry, the catalogues were
ut to a 5 σ limit at 4.5 μm (Table 2 ), with a median limit of
 

5 σ
4 . 5 μm 

∼ 3 μJy and a median 3 σ limit at 24 μm of S 3 σ24 μm 

∼ 110 μJy.
he lowest 4.5/850 and 24/850 μm flux ratios for ALMA-identified
ubmillimetre galaxies at z = 1.6–2.0 in Dudzevi ̌ci ̄ut ̇e et al. ( 2020 )
re S 4.5 μm 

/ S 850 μm 

∼ 0.002 and S 24 μm 

/ S 850 μm 

∼ 0.05. For a sub-
illimetre source with S 850 μm 

> ∼ 3 mJy these correspond to limits
f S 4.5 μm 

≥ 6 μJy and S 24 μm 

≥ 150 μJy indicating that the SEIP
atalogue depths (Table 2 ) should be sufficient to detect the majority
f cluster member counterparts to the SCUBA-2 sources in these
elds. Sources in the e xterior re gions of each field were used as a
ontrol in the analysis of the corresponding cluster. 

The Spitzer catalogues were matched to the peak positions of
he SCUBA-2 sources in the full MAIN + SUPPLEMENTARY sample
ith a matching radius of 6.5 arcsec (An et al. 2018 ). This yielded
69 IRAC/MIPS sources within this radius of the 74 SCUBA-2
ources across the eight fields. These 169 sources were then assessed
o determine whether any were likely to be potential counterparts
o the submillimetre sources. Seven SCUBA-2 sources returned no
RAC/MIPS matches within 6.5 arcsec to the 5 σ limit of the Spitzer

https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP
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Table 5. MAIN identifications. 

ID R.A. Dec. S 3.6 μm 

S 4.5 μm 

S 5.8 μm 

S 24 μm 


θS2 P MIPS P 

mem 

IRAC 
(J2000) ( μJy) ( μJy) ( μJy) ( μJy) (arcsec) (per cent) (per cent) 

XLSSC122.001.0 1 ∗ 02:17:42.78 −03:45:31.1 29.9 ± 0.5 65.7 ± 1.1 174.8 ± 4.2 3162 ± 61 3.82 0.09 1.04 
XLSSC122.002.0 2 02:17:41.18 −03:47:59.8 64.0 ± 0.7 78.3 ± 1.2 100.1 ± 4.3 654 ± 56 0.31 0.02 0.01 
XLSSC122.003.0 ∗ 02:17:41.24 −03:45:31.9 30.2 ± 0.6 65.1 ± 1.1 145.4 ± 4.6 1416 ± 66 1.25 0.05 0.15 
XLSSC122.004.0 ∗ 02:17:37.69 −03:46:50.9 89.9 ± 0.8 127.2 ± 1.2 206.8 ± 5.5 1390 ± 66 1.07 0.04 0.03 
XLSSC122.006.0 02:17:41.19 −03:47:35.9 16.0 ± 0.6 26.6 ± 1.1 50.5 ± 4.8 237 ± 55 0.51 0.20 0.14 
XLSSC122.006.1 ∗ 02:17:41.01 −03:47:41.9 29.4 ± 0.6 41.4 ± 1.1 47.2 ± 4.7 ... 6.37 ... 3.71 

SpARCSJ0224.001.0 02:24:16.25 −03:24:04.4 34.1 ± 0.6 38.9 ± 1.0 47.2 ± 3.8 514 ± 62 3.36 1.08 1.52 
SpARCSJ0224.002.0 ∗ 02:24:19.38 −03:22:34.0 19.5 ± 0.5 21.8 ± 1.0 28.3 ± 3.8 508 ± 66 4.17 1.51 3.97 
SpARCSJ0224.004.0 3 02:24:29.98 −03:23:40.8 33.5 ± 0.6 45.0 ± 1.1 56.8 ± 4.2 384 ± 65 3.33 0.20 1.54 
SpARCSJ0224.005.0 02:24:28.38 −03:26:34.8 9.0 ± 0.6 10.6 ± 0.8 17.7 ± 4.3 200 ± 65 4.76 4.89 6.46 
SpARCSJ0224.005.1 ∗ 02:24:28.09 −03:26:29.2 13.2 ± 0.5 17.8 ± 0.8 23.1 ± 4.3 ... 2.29 ... 2.03 
SpARCSJ0224.006.0 02:24:34.76 −03:22:40.3 389.3 ± 1.2 282.3 ± 1.4 428.3 ± 5.0 4608 ± 55 3.32 0.07 ... 
SpARCSJ0224.006.1 02:24:34.75 −03:22:45.2 164.8 ± 0.9 120.7 ± 1.2 187.9 ± 4.5 2176 ± 55 3.19 0.13 ... 
SpARCSJ0224.007.0 02:24:32.78 −03:22:57.1 31.7 ± 0.5 40.1 ± 1.1 36.5 ± 4.5 292 ± 55 4.07 3.17 2.05 
SpARCSJ0224.007.1 02:24:33.17 −03:22:51.0 52.9 ± 0.6 65.0 ± 1.0 67.3 ± 3.7 ... 4.49 ... 1.08 

SpARCSJ0225.001.0 02:25:43.85 −03:56:39.7 38.0 ± 0.8 50.9 ± 1.1 41.5 ± 5.1 700 ± 50 5.55 3.00 2.55 
SpARCSJ0225.003.0 ∗ 02:25:38.40 −03:57:46.9 10.7 ± 0.6 18.1 ± 1.0 20.4 ± 5.1 222 ± 55 3.50 3.28 3.87 

JKCS041.001.0 02:26:42.59 −04:42:13.9 7.5 ± 0.6 8.0 ± 1.1 23.7 ± 4.1 206 ± 56 3.58 3.84 8.14 
JKCS041.003.0 02:26:42.80 −04:39:56.5 22.4 ± 0.6 29.6 ± 1.0 37.9 ± 4.1 402 ± 58 1.96 0.70 1.10 
JKCS041.004.0 4 ∗ 02:26:32.53 −04:43:06.9 37.4 ± 0.7 55.3 ± 1.3 111.9 ± 5.3 730 ± 56 4.54 1.24 1.38 
JKCS041.004.1 02:26:32.64 −04:43:02.7 13.8 ± 0.6 11.0 ± 1.1 25.3 ± 4.5 202 ± 56 2.27 2.23 ... 
JKCS041.005.0 ∗ 02:26:53.06 −04:41:29.9 18.4 ± 0.6 18.8 ± 1.1 48.0 ± 4.5 636 ± 56 2.18 0.47 3.31 
JKCS041.005.1 02:26:53.04 −04:41:31.5 13.7 ± 0.5 20.7 ± 1.1 39.4 ± 4.5 ... 0.94 ... 0.50 
JKCS041.006.0 02:26:49.44 −04:42:50.0 15.1 ± 0.6 19.1 ± 1.1 53.9 ± 4.5 ... 3.34 ... 3.75 
JKCS041.007.0 02:26:42.25 −04:43:52.9 104.2 ± 0.8 81.1 ± 1.2 65.3 ± 4.5 596 ± 65 3.79 1.17 ... 

LH146.001.0 5 10:53:22.29 + 57:23:10.5 ... ... ... ... 2.18 ... ... 
LH146.002.0 6 10:53:25.62 + 57:22:48.3 42.0 ± 0.3 52.3 ± 0.4 45.7 ± 1.2 116 ± 6 3.77 ... 3.55 
LH146.003.0 7 ∗ 10:53:43.58 + 57:25:43.7 9.6 ± 0.2 15.3 ± 0.4 18.8 ± 1.2 ... 4.60 ... ... 
LH146.004.0 8 10:53:14.39 + 57:24:10.5 27.7 ± 0.2 35.6 ± 0.5 42.9 ± 1.1 559 ± 10 2.26 0.69 3.08 
LH146.005.0 10:53:15.24 + 57:24:38.7 8.6 ± 0.2 10.5 ± 0.4 14.0 ± 1.1 182 ± 10 1.41 1.58 5.56 
LH146.006.0 9 10:53:45.18 + 57:23:29.3 18.0 ± 0.2 25.5 ± 0.3 24.9 ± 1.4 400 ± 6 3.00 2.00 6.18 
LH146.007.0 10 10:53:17.45 + 57:27:22.8 25.5 ± 0.2 38.0 ± 0.3 40.3 ± 1.2 691 ± 11 2.81 0.71 3.11 
LH146.009.0 11 ∗ 10:53:19.24 + 57:21:08.6 10.5 ± 0.2 15.5 ± 0.3 20.8 ± 1.2 373 ± 6 3.57 2.63 ... 
LH146.010.0 10:53:16.68 + 57:25:15.0 17.4 ± 0.2 24.0 ± 0.4 28.5 ± 1.2 196 ± 6 2.99 4.67 7.71 
LH146.011.0 12 10:53:48.52 + 57:23:57.9 39.1 ± 0.3 50.8 ± 0.4 50.4 ± 1.3 352 ± 6 6.09 6.48 6.47 
LH146.012.0 10:53:45.17 + 57:24:29.2 34.1 ± 0.2 42.4 ± 0.4 50.0 ± 1.3 371 ± 10 2.76 1.77 2.70 

IDCSJ1426.002.0 14:26:36.45 + 35:07:14.7 15.4 ± 0.2 23.6 ± 0.5 30.4 ± 1.7 277 ± 24 2.66 2.23 3.31 
IDCSJ1426.002.1 14:26:36.07 + 35:07:12.7 15.9 ± 0.2 24.3 ± 0.5 25.4 ± 1.7 ... 2.65 ... 3.20 
IDCSJ1426.003.0 14:26:28.41 + 35:10:16.1 19.2 ± 0.2 12.6 ± 0.4 19.5 ± 1.7 110 ± 24 1.06 1.43 ... 
IDCSJ1426.004.0 ∗ 14:26:45.09 + 35:06:56.8 16.7 ± 0.2 22.9 ± 0.4 29.0 ± 1.8 282 ± 23 0.19 0.03 0.04 
IDCSJ1426.004.1 14:26:45.05 + 35:06:52.7 19.8 ± 0.2 28.0 ± 0.4 35.5 ± 1.8 127 ± 23 4.25 8.43 4.84 
IDCSJ1426.005.0 14:26:37.73 + 35:06:17.4 9.2 ± 0.2 14.5 ± 0.4 20.0 ± 1.8 ... 2.35 ... 3.98 

IDCSJ1433.001.0 ∗ 14:33:04.17 + 33:09:32.7 20.5 ± 0.2 38.3 ± 0.4 40.9 ± 1.6 331 ± 28 2.33 1.39 1.19 
IDCSJ1433.003.0 ∗ 14:33:06.38 + 33:08:38.1 13.4 ± 0.2 19.3 ± 0.5 27.1 ± 1.8 305 ± 27 2.10 1.38 2.57 
IDCSJ1433.004.0 14:33:03.45 + 33:06:14.5 51.2 ± 0.3 46.0 ± 0.5 41.5 ± 1.7 327 ± 26 2.88 1.99 ... 

ClJ1449.001.0 14:49:13.03 + 08:58:14.5 23.3 ± 0.3 31.7 ± 0.5 36.0 ± 2.3 139 ± 11 2.23 3.29 1.20 
ClJ1449.003.0 13, ∗ 14:49:14.32 + 08:56:12.7 14.3 ± 0.3 20.8 ± 0.4 27.7 ± 2.3 237 ± 29 0.81 0.37 2.46 
ClJ1449.004.0 14:49:08.26 + 08:57:26.2 21.9 ± 0.3 28.9 ± 0.5 34.4 ± 2.3 209 ± 14 3.19 3.60 2.48 

Note. Probable cluster members lying within 1 Mpc radius are identified by bold IDs, while likely non-members are identified by italicized IDs. Sources 
that have IRAC/MIPS probabilistic counterparts with P ≤ 0.05 and thus are classified as ‘reliable’ identifications have the P values shown in bold. 
∗ Photometrically identified AGN following Donley et al. ( 2012 ). Footnotes identify sources with interferometric identifications from ALMA or VLA. 
Footnotes: 1 ALMA band 3 & 4 continuum source from v an Marre wijk et al. ( 2023 ) z = 1.19, foreground; 2 ALMA band 4 continuum source from 

v an Marre wijk et al. ( 2023 ) z = 1.96, member; 3 J0224 −424 ALMA band 3, line at 87.489 GHz, CO(2–1) z = 1.635, member; 4 J022632.53 −044306.7 
(Heywood et al. 2020 ) S 1.4GHz = 368 ± 6 μJy P 1.4GHz = 0.28 per cent; 5 LH1.4GHzJ105322.3 + 572310 (counterparts prefixed LH1.4GHz come from Biggs 
& Ivison 2006 ) S 1.4GHz = 28 ± 9 μJy P 1.4 GHz = 1.1 per cent No IRAC ID; 6 LH1.4GHzJ105325.6 + 572248 S 1.4 GHz = 80 ± 11 μJy P 1.4 GHz = 1.2 per cent; 
7 LH1.4GHzJ105343.6 + 572545 S 1.4 GHz = 55 ± 14 μJy P 1.4 GHz = 2.6 per cent 8 LH1.4GHzJ105314.3 + 572410 S 1.4 GHz = 104 ± 11 μJy P 1.4 GHz = 0.37 per 
cent; 9 LH1.4 GHzJ105345.2 + 572329 S 1.4 GHz = 44 ± 10 μJy P 1.4GHz = 1.7 per cent; 10 LH1.4GHzJ105317.4 + 572722 S 1.4 GHz = 132 ± 13 μJy P 1.4 GHz = 0.60 
per cent; 11 LH1.4 GHzJ105319.2 + 572108 S 1.4 GHz = 108 ± 10 μJy P 1.4GHz = 0.59 per cent; 12 LH1.4GHzJ105348.5 + 572357 6 S 1.4 GHz = 77 ± 11 μJy 
P 1.4 GHz = 2.3 per cent; 13 A5 ALMA band 7 continuum source from Coogan et al. ( 2018 ) S 870 μm 

= 6.0 ± 0.2 mJy. 
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Table 6. SUPPLEMENTARY identifications. 

ID R.A. Dec. S 3.6 μm 

S 4.5 μm 

S 5.8 μm 

S 24 μm 


θS2 P MIPS P 

mem 

IRAC 
(J2000) ( μJy) ( μJy) ( μJy) ( μJy) (arcsec) (per cent) (per cent) 

XLSSC122.009.0 02:17:39.38 −03:47:51.5 26.9 ± 0.6 31.6 ± 1.1 39.3 ± 4.7 ... 4.42 ... 3.14 
SpARCSJ0224.013.0 14 02:24:27.16 −03:24:01.3 41.8 ± 0.6 44.0 ± 1.1 52.8 ± 3.7 300 ± 60 1.62 1.00 0.63 
SpARCSJ0224.013.1 02:24:26.90 −03:23:57.3 180.0 ± 0.9 137.9 ± 1.3 152.8 ± 4.4 523 ± 58 6.47 2.63 ... 
SpARCSJ0224.014.0 15 02:24:26.33 −03:23:30.5 75.2 ± 0.7 88.8 ± 1.2 80.0 ± 4.5 323 ± 58 5.90 4.29 ... 

JKCS041.009.0 16 02:26:38.74 −04:41:05.3 61.4 ± 0.7 71.2 ± 1.1 64.7 ± 4.3 408 ± 63 3.80 1.84 0.79 
JKCS041.011.0 02:26:47.74 −04:41:09.2 23.2 ± 0.6 32.2 ± 1.2 25.0 ± 4.3 100 ± 50 2.77 7.00 2.01 

LH146.014.0 10:53:26.04 + 57:25:35.8 20.6 ± 0.2 26.3 ± 0.4 35.5 ± 1.4 444 ± 10 0.27 0.02 0.12 
LH146.015.0 17 10:53:27.18 + 57:23:13.3 60.0 ± 0.3 48.9 ± 0.4 51.9 ± 1.3 399 ± 6 1.69 0.70 ... 
LH146.017.0 18 10:53:32.86 + 57:24:49.2 17.4 ± 0.2 20.4 ± 0.3 24.0 ± 1.4 290 ± 10 3.17 3.22 9.48 
LH146.020.0 10:53:17.71 + 57:24:00.6 71.3 ± 0.4 53.9 ± 0.4 36.8 ± 1.1 75 ± 6 0.83 1.52 ... 
LH146.020.1 10:53:17.19 + 57:24:02.6 26.5 ± 0.2 31.2 ± 0.4 30.4 ± 1.1 309 ± 6 4.45 5.00 ... 

ClJ1449.007.0 14:49:17.66 + 08:56:55.0 39.3 ± 0.3 48.5 ± 0.5 45.1 ± 2.3 316 ± 11 2.63 1.64 0.95 
ClJ1449.009.0 19 14:49:16.43 + 08:56:08.5 11.6 ± 0.3 12.9 ± 0.5 22.0 ± 3.2 ... 4.52 ... ... 
ClJ1449.009.1 14:49:16.70 + 08:56:11.4 21.3 ± 0.3 30.8 ± 0.5 26.2 ± 3.2 175 ± 30 4.33 6.29 5.31 

Note. Potential non-members are identified by italicized IDs. Sources that have IRAC/MIPS probabilistic counterparts with P ≤ 0.05 and thus are classified as 
‘reliable’ identifications have the P values shown in bold. Footnotes identify sources with interferometric identifications from ALMA or VLA: 14 J0224 −151 
or 159? ALMA band 3, line at 87.549 GHz, CO(2–1) z = 1.633 member ( + companion); 15 XMM-113/J0224 −306 ALMA band 3, line at CO 87.555 GHz, 
CO(2–1) z = 1.633 member; 16 J022638.75-044105.9 S 1.4 GHz = 86 ± 4 μJy P 1.4GHz = 0.57 per cent; 17 LH1.4GHzJ105327.1 + 572313 S 1.4 GHz = 38 ± 9 μJy 
P 1.4GHz = 0.79 per cent; 18 LH1.4GHzJ105332.6 + 572446 S 1.4GHz = 63 ± 9 μJy P 1.4GHz = 0.37 per cent; 19 ALMA band 3, weak line at 85.0 GHz, possible 
CO(2–1) z = 1.712 foreground? 
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atalogues, suggesting that they were likely to be high redshift and
ence not cluster members (one of these has an interferometric
dentification: LH146.001.0). 

To assess which of these IRAC/MIPS sources were potential
ounterparts to the SCUBA-2 sources and which were likely to be just
hance alignments, the corrected-Poisson probabilistic analysis from
ownes et al. ( 1986 ) was employed (see also Dunlop et al. 1989 ).
his started with those sources detected with MIPS at 24 μm, as this
and traces (warm) dust emission – more closely linked to the cool
ust emission seen by SCUBA-2 – at the rele v ant redshifts, while
he IRAC channels are predominantly measuring stellar emission.
he probability calculation was used to estimate P MIPS for each
ource (Downes et al. 1986 ; Dunlop et al. 1989 ). As there was no
etectable variation in the surface density of MIPS-detected sources
s a function of projected angular radius from the cluster centres in
he eight clusters, a uniform surface density was adopted in the cal-
ulation with MIPS source counts as a function of flux derived from
he surrounding control region in each cluster. 2 Following Ivison
t al. ( 2007 ) a probability range of P MIPS = 0–5 per cent was chosen
o identify ‘reliable’ counterparts and P MIPS = 5–10 per cent for
tentative’ counterparts. This search yielded 55 MIPS counterparts
o 47 SCUBA-2 sources across the eight clusters, 46 of which were
lassed as reliable (eight of which were pairs of possible counterparts
o the same submillimetre sources) and a further nine as tentative
four of which are pairs of counterparts). For galaxies at z = 1.6–2.0
he 24 μm MIPS filter, 20–26 μm FWHM, co v ers a mix of 7.7 and
NRAS 529, 2290–2308 (2024) 

 At this stage of the analysis the intention was to reliably identify as many 
CUBA-2 counterparts as possible, hence an IRAC colour cut was not 
pplied. Ho we ver, if a colour selection had been applied to the MIPS catalogue 
rior to this search then the MIPS-detected sources with IRAC colours 
onsistent with cluster membership does show a weak central concentration 
ith a profile of � MIPS ∼ 2.5 θ−0.6 (with � MIPS in units of galaxies per 

rcmin 2 and θ in arcmin). Using this radial density distribution in the 
robability calculation does not remo v e an y reliable cluster counterparts as 
he application of the IRAC colour cut also reduces the number density of 

IPS sources by ∼ 70 per cent. 
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4

.6 μm PAH emission features and 9.8 μm silicate absorption (e.g.
en ́endez-Delmestre et al. 2009 ), making the 24 μm flux density an

ncertain tracer of star formation rate (e.g. P apo vich et al. 2007 ) and
o the following analysis relied on rest-frame ∼ 300 μm luminosities
rom SCUBA-2 to estimate star formation rates. 

The last round of identifications of potential counterparts to
he SCUBA-2 sources used the IRAC colours to both attempt
o identify associations (following Chen et al. 2016 ; An et al.
019 ) and also to determine potential cluster membership from
he characteristic variation of colours with redshift. To determine
he IRAC-colour space populated by dusty star-forming galaxies
t z = 1.6–2.0, corresponding to the range of the cluster sample,
wo ‘training’ samples were used. One training sample was the
nterferometric identifications for sources from §3.1 (noting that
ot all of these are necessarily cluster members, although the CO
etections and spectroscopic redshifts confirm that several lie in
heir respective clusters, Tables 5 and 6 ). These were supplemented
y the ALMA-identified SCUBA-2 counterparts from Dudzevi ̌ci ̄ut ̇e
t al. ( 2020 ) with photometric redshifts of z = 1.6–2.0 derived from
2-band imaging. The S 4.5 μm 

/ S 3.6 μm 

and S 5.8 μm 

/ S 4.5 μm 

colours of
hese interferometrically identified submillimetre counterparts are
hown in Fig. 3 . This combination of filters was used as the IRAC
.5 μm channel roughly co v ers the rest-frame 1.6 μm H 

− opacity
inimum in stellar atmospheres, and hence the corresponding SED

eak, for galaxies at z ∼ 1.6–2.0. On the basis of the colours of the two
raining samples the following cuts were selected to isolate sources
t z = 1.6–2.0: S 5.8 μm 

/ S 4.5 μm 

= 0.7–3.5 and S 4.5 μm 

/ S 3.6 μm 

= 1.0–2.5.
ig. 3 also shows the number density distribution of the general
eld population in the regions around the clusters illustrating that

he submillimetre galaxy counterparts have redder colours than the
ajority of the (lower redshift) IRAC-detected field population in

hese regions (Yun et al. 2008 ; An et al. 2018 ). Hence the use of the
olour cut reduced the foreground contamination by ∼ 80 per cent in
he search for potential counterparts to the SCUBA-2 sources. 

The same IRAC colour-selection was also used to map the distri-
ution of potential cluster members with S 4.5 μm 

> 5 μJy as a function
f projected angular separation from the adopted cluster centres. The
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(a) (b)

Figure 3. (a) IRAC 5.8/4.5 μm versus 4.5/3.6 μm colour–colour plot for the ALMA/JVLA interferometrically identified counterparts to the SCUBA-2 sources 
in the cluster sample and a comparison sample of ALMA-identified 850 μm selected galaxies at z = 1.6–2.0 from the AS2UDS surv e y (Dudzevi ̌ci ̄ut ̇e et al. 
2020 ). The distribution of these two samples was used to define a colour selection, shown by the dashed lines, that contains galaxies with colours similar to those 
of dusty star-forming galaxies at the redshifts of the target clusters, z = 1.6–2.0. The one JVLA identification outside of the selection box is the SUPPLEMENTARY 

source counterpart LH146.015.0, which is likely to be at significantly lower redshift. The contours show the number density of the general IRAC-detected galaxy 
population in the cluster fields (the contours are in 0.1 dex steps down from the peak density). The colour selection significantly reduced the contamination 
from unrelated foreground galaxies, by ∼ 80 per cent, in the search for counterparts to the SCUBA-2 sources. The median photometric errors are similar to the 
plotted point sizes. (b) MIPS 24 μm flux density versus IRAC 4.5/3.6 μm colour for the ALMA/JVLA interferometrically identified counterparts in the clusters 
and the AS2UDS sources at z = 1.6–2.0 from Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ). 70 per cent of the interferometric sources have MIPS counterparts, most of which have 
24 μm flux densities brighter than 100 μJy. The contours now show the number density of all 24 μm detected IRAC sources in the cluster fields. 

r
t  

a  

t
(  

t
c
2
p
b  

r

f
y  

s  

w  

b  

w  

c  

w
o
S
e  

c
T
t

3

T  

s

a  

o
u
t
c  

c
t
c
t
l  

r
s
5
t
i  

g
p
f
r
d  

c  

s  

a  

(  

p
I  

j  

i  

f  

e  

I

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2290/7623612 by U
niversity of D

urham
 user on 05 April 2024
adial distribution of these galaxies showed o v erdensities around 
he average cluster on scales out to ∼ 2–3 arcmin ( ∼ 1–1.5 Mpc)
s illustrated in Fig. 2 (b). The field-corrected density profile for
hese colour-selected cluster members was fit by � IRAC ∼ 16 θ−1.25 

with � IRAC in units of galaxies per arcmin 2 and θ in arcmin) and
his radial variation in density was corrected for in the probability 
alculation below (note that this correction assumes that the SCUBA- 
 counterparts are a small fraction of the total IRAC-detected 
opulation at all radii). The mean density of colour-selected sources 
righter than S 4.5 μm 

> 5 μJy was 2.76 arcmin −2 across the fields (or
oughly one per ten 6.5-arcsec radius error circles). 

The colour selection was applied to the 169 IRAC sources 
ound within 6.5 arcsec radius of the 74 SCUBA-2 sources, which 
ielded 85 lying in the colour selection box. A further nine IRAC
ources had 3.6 and 4.5 μm detections, but 5.8 μm upper limits,
here the S 4.5 μm 

/ S 3.6 μm 

colour and S 5.8 μm 

/ S 4.5 μm 

limit would have
een consistent with the selection, ho we ver all of these limits
ere relatively blue with S 5.8 μm 

/ S 4.5 μm 

< ∼ 0.7–1.3 and so these were
onserv ati v ely e xcluded from the analysis. F or the 85 IRAC sources
ith the appropriate colours, the likelihood of a source with their 
bserved 4.5 μm flux density and radial offset from the corresponding 
CUBA-2 position was calculated (Downes et al. 1986 ; Dunlop 
t al. 1989 ), classifying those with P 

mem 

IRAC = 0–5 per cent as ‘reliable’
ounterparts and P 

mem 

IRAC = 5–10 per cent as ‘tentative’ counterparts. 
his produced 40 reliable IRAC counterparts and a further 18 

entative counterparts to a total of 46 SCUBA-2 sources. 

.3 Final combined identifications 

he final step to identify the galaxy counterparts to the SCUBA-2
ources was to combine the various identifications to provide first 
 list of reliably identified counterparts and to then assess which
f these were potential cluster members. The following order was 
sed to determine which identifications would be adopted: first 
he 20 sources with interferometric identifications were taken as 
orrect, to these were added the 44 sources with reliable MIPS
ounterparts – together this yielded 52 unique identifications. Then 
wo sources with tentative MIPS identifications and reliable/tentative 
olour-selected IRAC counterparts were included (all the remaining 
entative MIPS identifications had blue IRAC colours and were thus 
ikely to be foreground galaxies), and then finally nine sources with
eliable IRAC colour identifications that had not otherwise been 
elected were included. This resulted in 63 reliable counterparts to 
2 SCUBA-2 sources, including 12 submillimetre sources that have 
wo counterparts. The IRAC colours and fluxes of these reliably 
dentified counterparts are plotted in Fig. 4 . These counterparts were
iven identifiers to their corresponding SCUBA-2 source with the 
riority in the numbering (.0 being the most reliable) increasing 
rom: interferometric, reliable MIPS identification, tentative MIPS, 
eliable IRAC, tentative IRAC, and then decreasing 4.5 μJy flux 
ensity. Fig. 4 (c) also shows the IRAC 5.8/3.6 μm versus 8.0/4.5 μm
olour–colour distribution of the galaxies and the region of this colour
pace from Donley et al. ( 2012 ) where potential AGN host galaxies
re expected to fall. 16 of the 63 reliably identified counterparts
25 ± 6 per cent) were flagged as potential AGN hosts (15 of the 16
otential AGN which were classed as possible members from their 
RAC colours, giving a rate of 28 ± 6 per cent). These estimates are
ust consistent with the upper limit on the AGN fraction in ALMA-
dentified submillimetre galaxies in the z < ∼ 3 field of < ∼ 28 per cent
rom Stach et al. ( 2019 ), potentially allowing for some modest AGN
xcess in the clusters (Alberts et al. 2016 ). Fig. 5 shows a three-colour
RAC representation of the 63 reliable submillimetre counterparts in 
MNRAS 529, 2290–2308 (2024) 
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(a) (b) (c)

Figure 4. (a) IRAC 5.8/4.5 μm versus 4.5/3.6 μm colour–colour plot for the reliably identified submillimetre counterparts in the eight clusters. (b) IRAC 

4.5 μm flux density versus IRAC 4.5/3.6 μm colour for the reliably identified submillimetre counterparts in the cluster fields. (c) IRAC 5.8/3.6 μm versus 
8.0/4.5 μm colour–colour plot for the reliably identified submillimetre counterparts. The dotted line denotes the boundary of the AGN selection region from 

Donley et al. ( 2012 ). These panels show the effect of the application of the IRAC colour selection in removing interferometric- or MIPS-identified counterparts 
with colours that were inconsistent with being cluster members (only sources marked as ‘IRAC reliable IDs’ are probable members). 
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he cluster fields with any associated MIPS 24 μm emission indicated
y contours. 
Owing to the different identification criteria used, these 63 reliable

ounterparts are expected to comprise a mix of cluster and field
nd are not ‘complete’ in a formal sense. To isolate the probable
luster members from this list the IRAC colour selection was then
pplied to the interferometric/MIPS identifications to remo v e an y
emaining probable foreground or background sources as shown in
ig. 4 (noting that any counterparts that had used IRAC colour as
art of their selection already complied with this requirement). This
emo v ed two interferometric identifications: LH146.001.0 (which
ad no IRAC counterpart) and LH146.015.0, as well as a further
ight counterparts with reliable MIPS identifications but blue IRAC
olours (Fig. 4 ). This reduced the total sample of reliable counterparts
hich have IRAC colours consistent with z = 1.6–2.0 to 53 galaxies
atched to 45 SCUBA-2 sources (including eight submillimetre

ources with pairs of counterparts) and these probable member
alaxies are identified in Fig. 4 as ‘IRAC reliable IDs’ . While this
rocess reduced the contamination from higher redshift (and the
mall number of lower redshift) submillimetre sources along the
ine of sight to the clusters, it is not expected to completely remo v e
ll non-cluster sources, so an additional correction was applied to
ccount for this residual contamination as described in §3.4. 

The final list of reliably identified submillimetre counterparts
re reported in Tables 5 and 6 . The tables include the position
f the counterpart (either from the interferometric or the IRAC
ounterpart), the IRAC 3.6, 4.5, and 5.8 μm flux densities, the
IPS 24 μm flux density where detected, the counterpart’s offset

rom the SCUBA-2 position and the corrected Poisson probabilities
as per cent) for the counterpart identification with MIPS or IRAC
olour selection (these are in bold font where the identification is
eliable). The footnotes to the tables give more information about any
nterferometric identifications. Sources with IDs in bold are possible
luster members lying within the central 1 Mpc radius, while those
ith IDs in italics have redshifts or IRAC colours that are inconsistent
ith being cluster members. Sources identified as potential AGN
sing the IRAC photometric classification of Donley et al. ( 2012 )
hown in Fig. 4 (c) are flagged in Table 5 . The number of reliably
NRAS 529, 2290–2308 (2024) 
dentified submillimetre members within the central 1-Mpc radius
f the clusters comprised: XLSSC122, 7/6 (the first value is the
umber of counterparts, the second the number of distinct SCUBA-
 sources they correspond to); SpARCSJ0224, 7/5; SpARCSJ0225,
/1; JKCS041, 5/5; LH146, 7/7; IDCSJ1426, 2/1; IDCSJ1433, 0/0;
lJ1449, 6/5. 
These reliably identified submillimetre counterparts have accurate

ositions from either the interferometric observations or their IRAC
ounterparts and these positions were used to determine which
alaxies had Hubble Space Telescope ( HST ) imaging from the HST
rchive. From the 63 reliably identified counterparts, 23 had useable
ultiband HST imaging, typically from WFC3. These consisted of

wo sources in XLSSC122, three in JKCS041, two in IDCSJ1426,
nd four in ClJ1449 all with WFC3 F105W and F140W imaging; six
n SpARCSJ0224 with WFC3 F105W, F140W, and F160W imaging;
nd six counterparts in LH146 with WFPC2 imaging in F606W and
814W. Fig. 6 shows the HST imaging for these sources using the
vailable filters. 

.4 Field contamination 

s the assessment of cluster membership for the submillimetre coun-
erparts relied on a coarse IRAC colour selection, it was necessary to
ssess the likely contamination from any residual, unrelated (‘field’)
ubmillimetre galaxies. This could be achieved by exploiting the
nalysis of the large S2CLS sample of submillimetre sources in the
ell studied UKIDSS UDS field (Geach et al. 2017 ; Stach et al.
019 ; Dudzevi ̌ci ̄ut ̇e et al. 2020 ). By replicating the same selection
f counterparts as used in the cluster fields and then assessing the
umber density of selected sources, it was possible to determine
he likely level of contamination in the cluster fields arising from
nrelated field sources, as well as the reliability of the identified
ounterparts using the ALMA follow up of the complete SCUBA-2
ample in this field from Stach et al. ( 2019 ). 

To ensure that the analysis was as close as possible to that applied to
he cluster fields, the SEIP catalogue of Spitzer IRAC/MIPS sources
as retrieved for the ∼ 0.9 degree 2 UDS field. Uniform Spitzer

o v erage ( S 5 σ = 0.7 μJy) was available for a total area of 0.48
4 . 5mum 
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Figure 5. 30 arcsec × 30 arcsec images of the reliably identified IRAC counterparts to the 850 μm sources in the cluster fields. The images comprise IRAC 

3.6 μm (blue), 4.5 μm (green) and 5.8 + 8.0 μm (red). The MIPS 24 μm emission is contoured in magenta (contours start at 2 σ in 3- σ steps). The crosshair 
marks the counterpart (the outer radius of the crosshair shows the 6.5 arcsec search radius) and these are plotted in cyan where the identification was from 

interferometric observations with ALMA or JVLA. Identifications labelled in white are potential cluster members based on their IRAC colours, those labelled 
in cyan are likely non-members. 
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egree 2 containing 570 SCUBA-2 850 μm sources from Geach et al. 
 2017 ). A search w as undertak en in 6.5 arcsec radius areas around
hese for either MIPS or IRAC sources with the same IRAC colour
election as that used in the clusters. Across the 1720-arcmin 2 area 
9 SCUBA-2 sources brighter than the S 850 μm 

= 3.5 mJy catalogue 
imit were found with one or more Spitzer counterparts consistent 
ith the cluster member selection. This compared to 35 brighter than 
 850 μm 

∼ 3.5 mJy across 308 arcmin 2 in the eight clusters. Scaled 
o the full cluster surv e y area, the analysis of the UDS sample
ould predict 12.3 ± 1.5 sources, or 34 ± 4 per cent contamination. 
o we ver, when restricted to the central 1 Mpc of the clusters

 ∼ 100 arcmin 2 total area) there were 20 S 850 μm 

≥ 3.5 mJy SCUBA-
 sources in the cluster fields with reliable Spitzer counterparts with 
luster member colours, where the UDS sample predicted 4.0 ± 0.5, 
r 20 ± 3 per cent contamination. The integrated star formation rate 
n the clusters measured in the next section was corrected for this
stimated contamination. 
t  
In terms of reliability, in the analysed S2CLS UDS sample 50 of
he 69 unique SCUBA-2 sources brighter than S 850 μm 

= 3.5 mJy had
n ALMA-detected counterpart in the complete AS2UDS follow-up 
urv e y undertaken by Stach et al. ( 2019 ) that matched those selected
rom the SEIP MIPS/IRAC catalogues, corresponding to 72 per cent 
c.f. Hodge et al. 2013 ; An et al. 2018 ). 

.5 Scaling relations for physical properties 

he availability of the ∼ 700 ALMA-identified counterparts to field 
ubmillimetre galaxies from AS2UDS (Stach et al. 2019 ) also 
llowed the leveraging of the more extensive 22-band photometric 
o v erage in that field to provide rough transformations between the
bserved properties of submillimetre galaxies and key physical quan- 
ities such as stellar mass or star formation rate. Using the MAGPHYS -
ased SED analysis of the ALMA-identified submillimetre sample in 
he UDS from Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ), correlations were derived
MNRAS 529, 2290–2308 (2024) 
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Figure 6. 10 arcsec × 10 arcsec log-scaled images of the archi v al HST observ ations for the reliably identified 850 μm counterparts that are potential cluster 
members in the eight fields. The filter combinations used in the images are labelled, the majority of the fields have WFC3 imaging in the F105W and F140W 

filters. The crosshair marks the counterpart and these are plotted in cyan where the identification was from interferometric observations with ALMA or JVLA. 
XLSSC122.001.0, XLSSC122.003, and ClJ1449.003.0 were classed as potential AGN hosts based on their IRAC colours (see Fig. 4 c). Ho we ver, there are no 
bright point sources visible suggesting that if present, the AGN must be moderately obscured. 
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etween the observed SCUBA-2 850 μm flux density and the esti-
ated star formation rate for the submillimetre galaxies at z = 1.6–

.0: log 10 (SFR) = (0.75 ± 0.12) × log 10 ( S 850 μm 

) + (1.88 ± 0.06)
ith a 0.25 dex dispersion (primarily reflecting the variation in the

ar-infrared SEDs in the population), with units of M � yr −1 for
FR and mJy for S 850 μm 

. 3 A similar fit by Cooke et al. ( 2019 )
or the AS2UDS sample in the z = 0.8–1.6 redshift range gave:
og 10 (SFR) = (0.87 ± 0.06) × log 10 ( S 850 μm 

) + (1.85 ± 0.04). For
onsistency with the Cooke et al. ( 2019 ) results, the normalization
as fixed to that from their fit, this gave a best-fitting z = 1.6–
.0 relation of: log 10 (SFR) = (0.81 ± 0.06) × log 10 ( S 850 μm 

) +
1.85 ± 0.04). The latter fit was used to estimate the probable star
ormation rates of the submillimetre galaxies in this cluster sample. 

A similar analysis was undertaken to relate the observed 4.5 μm
ux density of the submillimetre galaxies to their stellar masses from

he MAGPHYS analysis in Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ), taking advantage
f the fact that the IRAC 4.5 μm channel samples the SEDs of
luster members close to rest-frame ∼ 1.6 μm. This gave a median
caling of M ∗/ S 4.5 μm 

= 10 9.8 M � μJy −1 with a 0.3 dex dispersion for
ubmillimetre galaxies at z = 1.6–2.0 (scaled to a median redshift of
 = 1.8) and M ∗/ S 3.6 μm 

= 10 9.4 M � μJy −1 with a 0.2 dex dispersion
t z = 0.8–1.6 (corresponding to the redshift range of the clusters in
ooke et al. 2019 ). The typical flux limit for the IRAC catalogues,
 4.5 μm 

∼ 3 μJy, then corresponded to a mass limit of ∼ 2 × 10 10 M �.
F or consistenc y with the analysis undertak en in Cook e et al.

 2019 ), the Herschel SPIRE observations of the clusters in this
ork were not included in the analysis, even though those data
ay hav e impro v ed the constraints on the far-infrared luminosities

f the sources. The modest resolution of the SPIRE maps, 18–
6 arcsec FWHM, and the lack of robust interferometric identifi-
ations for the majority of the 850 μm counterparts (c.f. Swinbank
t al. 2014 ; Dudzevi ̌ci ̄ut ̇e et al. 2020 ) meant that the complication
f deblending the emission from potentially several contributing
ources across all the cluster fields was judged to be unwarranted
NRAS 529, 2290–2308 (2024) 

 The median ratio of 8–1000 μm luminosity to star formation rate was 
 IR /SFR = (1.30 ± 0.07) × 10 10 L � yr M 

−1 
� for sources at z = 1.6–2.0 from 

udzevi ̌ci ̄ut ̇e et al. ( 2020 ). 

i  

c  

fl  

c  

G  
c.f., Smith et al. 2019 ). Nev ertheless, a simple consistenc y check
 as undertak en using the HELP/HerMES XID + deblended SPIRE
50 μm photometry (Roseboom et al. 2010 ; Hurley et al. 2017 )
ased on MIPS 24 μm priors. The HELP data base provided
atches to 21 reliably identified cluster members in XLSSC122,
pARCSJ0224, JKCS041, IDCSJ1426 and LH146 (the other clusters
ere not available). A scaling relation was derived between observed
PIRE 250 μm flux density and far-infrared luminosity, L IR , and

hence to star formation rate for the ALMA-identified submillimetre
alaxies at z = 1.6–2.0 in Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ), which yielded:
FR/ S 250 μm 

= 7.0 ± 3.0 M � yr −1 mJy −1 . When applied to the de-
lended XID + 250 μm flux densities the ratio of the predicted star
ormation rates to those derived from the 850 μm observations was
FR 850 μm 

/SFR 250 μm 

= 1.1 ± 0.3, indicating that the two estimates
ere in reasonable agreement. 

 RESULTS  A N D  DI SCUSSI ON  

.1 850 μm o v erdensities 

ig. 1 shows three-colour IRAC images of the eight clusters with the
CUBA-2 850 μm signal-to-noise maps o v erlaid as contours and the
AIN and SUPPLEMENTARY catalogue sources identified. Potential

luster members at z = 1.6–2.0 with SEDs that peak at rest-frame
.6 μm would be brightest in the 4.5 μm IRAC filter that is shown as
he ‘green’ channel. There are clear concentrations of galaxies with
olours consistent with cluster membership in the central regions of
everal of the fields. However, focusing on the central 1 Mpc radius
f the clusters, there is also a considerable dispersion in the numbers
f detected SCUBA-2 sources: ranging from one in SpARCSJ0225
o ten in LH146 and a median of 7.0 ± 1.9 MAIN + SUPPLEMENTARY

ources per cluster core. 
Fig. 2 quantifies the significance of the raw 850 μm overdensities

n these cluster fields in two ways. Fig. 2 (a) shows the mean
umulative surface density of sources as a function of 850 μm
ux density in the central 2 arcmin radius ( ∼ 1 Mpc) regions of the
lusters compared to that expected in a blank field (from S2CLS;
each et al. 2017 ). While Fig. 2 (b) shows the variation in the
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ean surface density of sources brighter than S 850 μm 

= 4.8 mJy (for
onsistency with the measurements from Cooke et al. 2019 ) as a
unction of radius in the eight clusters. Both plots indicate modest 
 v erdensities of 850 μm sources in the central ∼ 0.5–1 Mpc of the
lusters at flux densities around S 850 μm 

∼ 3–6 mJy. The o v erdensity
f 850 μm selected sources is a factor of 1.5 ± 0.3 in the central
 Mpc radius brighter than S 850 μm 

= 4.0 mJy (Fig. 2 a) and 3.0 ± 1.4
n the central 0.5 Mpc radius brighter than S 850 μm 

= 4.8 mJy (Fig.
 b). The significances of these o v erdensities are slightly lower than
hose reported for the similar sized sample of clusters at z = 0.8–1.6
n Cooke et al. ( 2019 ). Ho we ver, after the application of the colour cut
o identify submillimetre counterparts with IRAC colours consistent 
ith z = 1.6–2.0, a significant mean o v erdensity of a factor of 4 ± 1

s seen out to ∼ 1 Mpc radius in the clusters for sources brighter than
 850 μm 

= 3.5 mJy (Fig. 2 b). 

.2 850 μm galaxy properties 

he Spitzer and HST imaging of the eight clusters can provide 
seful insights into the properties of the likely submillimetre cluster 
embers, including key characteristics such as their stellar masses, 

otential triggers for their strong star formation, and evidence of their 
ocal environments. It should be stressed that these identifications are 
tatistical in nature and while the o v erdensities of SCUBA-2 sources
re robust, it may be that individual source identifications are either 
ncorrect, or if the counterpart is correct, it is not a member of the
luster. 

Fig. 5 shows ∼ 250-kpc regions from the IRAC imaging centred 
n the reliably identified counterparts to the SCUBA-2 sources. 
he colour scheme is the same as was used in Fig. 1 (with the
IPS 24 μm emission now shown as contours), so that galaxies that

ppear green (those with SEDs peaking at observed wavelengths of 
4.5 μm) are possible cluster members, while galaxies appearing 

lue or red are likely to be in the foreground or background,
espectively. This figure illustrates that 18 ± 6 per cent of the 
CUBA-2 sources have multiple counterparts. This rate is similar 

o that reported from ALMA identification of SCUBA-2 sources at 
omparable flux densities by Stach et al. ( 2018 ), suggesting little
ariation in the proportion of submillimetre-bright galaxies with a 
econd submillimetre-bright source within ∼ 10 arcsec ( ∼ 100 kpc in 
rojection) between these clusters and the field (see also Ivison et al.
007 ; Hodge et al. 2013 ; Miettinen et al. 2015 ; Simpson et al. 2020 ;
him et al. 2022 ; Hyun et al. 2023 ). 
The low angular resolution of the IRAC imaging means it is

ifficult to assess whether these multiple counterparts are physically 
ssociated and so could be interacting with each other, or indeed if
ther nearby galaxies may be responsible for triggering the active 
tar formation in these galaxies. Ho we ver, in addition to the IRAC
maging, around a third of the cluster member counterparts to the 
50 μm sources had archi v al HST imaging. This provides much
igher spatial resolution information about the sources, FWHM of 
0.15 arcsec or ∼ 1 kpc, and this is shown in Fig. 6 . The majority

f this imaging was taken with WFC3 in the F105W and F140W (or
160W) filters (LH146 was the outlier with only bluer and shallower 
FPC2 rest frame UV F606W and F814W imaging). 
The morphologies of these galaxies can be compared to those 

or similar WFC3 imaging of ALMA-identified submillimetre field 
alaxies from the ALESS (Chen et al. 2015 ), SUPERGOODS (Cowie 
t al. 2018 ) and AS2UDS (Stach et al. 2019 ) surv e ys. Perhaps
nsurprisingly the HST imaging of the cluster submillimetre sources 
ypically show more galaxies in their local environment ( ∼ 10 arcsec, 

100 kpc in projection). As also expected they appear brighter on 
verage in the observed H -band than the field population which
xtends to much higher redshifts. 

Focusing on the WFC3 imaging, it appears that around half of the
luster systems may have potentially associated companions (either 
 second source within ∼ 1–2 arcsec or a component within the
alaxy), although the clear evidence for interactions between galaxies 
s not strong (e.g. IDCSJ1426.002.1, ClJ1449.009.1). This indicates 
hat the majority of the submillimetre galaxies in these clusters are
ot obvious major mergers based on WFC3 imaging. Delahaye 
t al. ( 2017 ) have similarly suggested there is no clear excess
f mergers in the general galaxy population in SpARCSJ0224 or 
pARCSJ0225, compared to the rates in the field, while Coogan et al.
 2018 ) have suggested that there is enhanced merging contributing
o the strongly star-forming population in the core of ClJ1449 (see
lso Watson et al. 2019 ). Ho we ver, JWST has sho wn that care
s needed when interpreting rest frame UV/optical morphologies 
f dust-obscured sources at high redshifts (e.g. Chen et al. 2022 ;
heng et al. 2023 ; Smail et al. 2023 ). Hence the available HST

maging needs to be viewed with caution, especially the optical 
FPC2 data, but even the WFC3 near-infrared imaging provides 

nly rest frame V -band co v erage for cluster members in this work,
hich are typically expected to suffer average V -band extinctions 

for stellar populations detectable in the rest frame K -band) of
 V ∼ 3 (Dudzevi ̌ci ̄ut ̇e et al. 2020 ). With a spatially inhomogeneous
istribution within the galaxies this extinction can potentially create 
false’ components within galaxies or spurious, apparently disturbed, 
orphologies. 
The star formation rates for the individual submillimetre-detected 

luster members in the central 1-Mpc radius were estimated from 

heir deboosted 850 μm fluxes using the relation derived in §3.5 (see
lso Dudzevi ̌ci ̄ut ̇e et al. 2020 ) which indicates a range of SFR = 130–
50 M � yr −1 and a median of 220 ± 60 M � yr −1 , but noting that
his includes five examples of pairs of potential counterparts to 
ndividual SCUBA-2 sources, hence some of these counterparts will 
ave lower star formation rates. The submillimetre sources in the 
qui v alent Cooke et al. ( 2019 ) sample have an identical median
f SFR = 210 ± 40 M � yr −1 using the z = 0.8–1.6 conversion, and
he faintest sources in both samples have SFR ∼ 100 M � yr −1 or
 IR ∼ 1 × 10 12 L �. Converted to star formation rate density the radial
umber density profile in Fig. 2 (b) indicates a mean star formation
ate density of ∼ 120 ± 25 M � yr −1 Mpc −2 within the central 1 Mpc
adius of the clusters, compared to ∼ 50 ± 20 M � yr −1 Mpc −2 at 1–
.5 Mpc. Ho we ver, normalizing these densities using the profile of
olour-selected cluster members shows a marginally lower level of 
verage activity at < 1 Mpc compared to 1–1.5 Mpc. 

The stellar masses of the submillimetre cluster members were 
lso estimated from the corresponding scaling relations from §3.5. 
he median stellar masses for the reliably identified members was 
 ∗ = (1.9 ± 0.2) × 10 11 M � (with a full range of 0.5–10 × 10 11 M �)

nd this is shown in Fig. 7 . Removing the potential AGN hosts from
he sample did not change the median mass. 

The median mass of the submillimetre-detected z = 1.6–2.0 cluster 
embers is similar to that estimated for the co-e v al submillimetre
eld population taken from the AS2UDS surv e y of Dudzevi ̌ci ̄ut ̇e
t al. ( 2020 ): M ∗ = (1.6 ± 0.2) × 10 11 M �. Ho we ver, the median
tellar mass of the cluster population is higher than the estimate of
 ∗ = (0.7 ± 0.3) × 10 11 M � for the likely cluster IRAC counterparts

t z = 0.8–1.6 from Cooke et al. ( 2019 ). This estimate used SEIP-
erived IRAC photometry and a similar calibration of 3.6 μm flux
ensity to stellar mass, where again this wavelength falls close to
est frame 1.6 μm at the cluster redshifts. The three distributions
re plotted in Fig. 7 , which also shows the ef fecti ve mass limit of
MNRAS 529, 2290–2308 (2024) 
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Figure 7. The distributions of estimated stellar mass for the IRAC counter- 
parts to the SCUBA-2 cluster sources in this study. These are plotted along 
with similar estimates for the IRAC counterparts in the z = 0.8–1.6 clusters 
from Cooke et al. ( 2019 ) and to a ‘field’ sample comprising ALMA-identified 
SCUBA-2 counterparts at z = 1.6–2.0 from Dudzevi ̌ci ̄ut ̇e et al. ( 2020 ), where 
the stellar masses were calculated in the same manner as those in the clusters. 
These distributions are also compared to the z = 0 morphologically classified 
red elliptical galaxies from the PM2GC surv e y (Calvi, Poggianti & Vulcani 
2011 ; Calvi et al. 2012 ), with an arbitrary normalization. The submillimetre 
galaxies identified in the z = 1.6–2.0 clusters (some of which already harbour 
populations of apparently quiescent massive galaxies, e.g. Andreon et al. 
2014 ; Newman et al. 2014 ; Nantais et al. 2016 ) are comparable in stellar mass 
to those at the same redshift in the field and correspond to the most massive 
galaxies seen in clusters today. The flux limit of the IRAC catalogues in the 
cluster fields imposes a minimum mass limit on the counterparts indicated 
by the shaded region, this may explain some of the differences seen in the 
stellar mass distributions of the submillimetre galaxies in the z = 0.8–1.6 and 
z = 1.6–2.0 clusters. 
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4 This difference is larger than expected from the difference in mass of the 
two samples given the weak dependence of � SFR / M cl on halo mass, M 

−0 . 4 
200 

reported by Popesso et al. ( 2015b ), suggesting that the difference is due to 
redshift evolution. 
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he IRAC samples in the higher redshift clusters, indicating that
his may explain the apparent differences in the median masses
etween the two cluster samples. Ho we ver, Fig. 7 also compares
he masses of the submillimetre cluster galaxies to that derived for
 = 0 passive, morphologically classified elliptical galaxies from the
M2GC surv e y lying in groups and clusters (Calvi et al. 2011 , 2012 ).
his indicates that the dusty, actively star-forming galaxies found

n the z = 1.5–2.0 clusters, added to any existing populations of
assive, quiescent galaxies (e.g. Newman et al. 2014 ; Nantais et al.

016 ), that may already exist in the cores of these structures (e.g.
ndreon et al. 2014 ), are likely to correspond to the most massive
alaxy populations found in clusters at the present day. 

Combining the star formation rates and stellar masses, the median
pecific star formation rate (sSFR = SFR/ M ∗) for the cluster sample
s 1.06 ± 0.14 Gyr −1 with a 16th–84th percentile range of 0.50–
.60 Gyr −1 , which indicates that the typical cluster submillimetre
alaxy lies on or abo v e the so-called ‘main sequence’ at z ∼ 1.8
sSFR ∼ 0.4 Gyr −1 at M ∗ ∼ 10 11 M �; Karim et al. 2011 ). 

.3 Mass-normalized cluster star formation rates 

or each cluster the integrated star formation rate was calculated
y summing the 850 μm flux densities of the reliably identified
ubmillimetre sources lying within 1-Mpc radius of the cluster
entre (where there were two reliable counterparts to a single
CUBA-2 source, the flux was assigned to the more reliable for

his calculation). This was then converted to star formation rates
NRAS 529, 2290–2308 (2024) 
nd corrected for residual field contamination, with the final values
eported in Table 1 . The median integrated star formation rate is
 SFR = 530 ± 80 M � yr −1 per cluster which is comparable to that
easured in the z = 0.8–1.6 clusters from Cooke et al. ( 2019 ),
 SFR = 750 ± 190 M � yr −1 . 
Three clusters from this study have published integrated star

ormation rates from the literature. Using a combined Herschel
PIRE + SCUBA-2 analysis of JKCS041, Smith ( 2020 ) estimated
 total SFR = 660 ± 240 M � yr −1 for the 850 μm-detected sources
ithin 1 Mpc, in reasonable agreement with the measurement of SFR
 530 ± 50 M � yr −1 derived here (which used the same SCUBA-2

bservations). Alberts et al. ( 2016 ) used Herschel PACS observations
f IDCSJ1426 to estimate SFR = 98 ± 54 M � yr −1 , which again
grees well with the SFR = 160 ± 30 M � yr −1 measured here using
CUBA-2. Finally, for ClJ1449 Strazzullo et al. ( 2018 ) report
FR = 700 ± 100 M � yr −1 from ALMA continuum observations of
 small region in the cluster core (corresponding to ClJ1449.003),
hile the SCUBA-2 detected sources in the inner 1-Mpc from the
erschel /SPIRE and SCUBA-2 study of Smith et al. ( 2019 ) gave
FR = 1300 ± 130 M � yr −1 (or 940 ± 90 M � yr −1 when restricted

o deblended components with L IR ≥ 10 12 L �) compared to SFR =
20 ± 70 M � yr −1 measured here. While the estimates in the first
wo clusters agreed well, the differences between the estimated
tar formation rates in ClJ1449 suggest difference arising from
he methodologies or other unidentified uncertainties, e.g. applying
he statistical correction for residual field contamination used here
o the estimates from Smith et al. ( 2019 ) would bring them into
loser agreement with the measurements in this work. To reflect
hese potential uncertainties, the differences between the various star
ormation rates in ClJ1449 were used to estimate a conserv ati ve
ncertainty of 50 per cent (including the systematic uncertainties)
hat was applied to all the cluster measurements. 

The integrated star formation rates for the eight z = 1.6–
.0 clusters (Table 1 ) were then normalized by the estimated
luster masses (Table 1 ) to give mass-normalized integrated
tar formation rates, � SFR / M cl , for each system. These have
 mean of � SFR / M cl = (360 ± 60) × 10 −14 yr −1 , compared to
 SFR / M cl = (180 ± 40) × 10 14 yr −1 for those in Cooke et al. ( 2019 ). 4 

rrors on the cluster values were derived from bootstrap uncertainties
n the mean and so reflect the variation due to excluding individual
ources from the sum, with a minimum uncertainty of 50 per cent
ssumed for the individual � SFR / M cl measurements. These estimates
re broadly consistent with recent theoretical simulations of the
cti vity in massi ve proto-clusters at z ∼ 1.5–2.0 from Lim et al.
 2021 ) and Fukushima, Nagamine & Shimizu ( 2023 ). 

Fig. 8 illustrates the variation in mass-normalized star formation
ate in the central regions of massive clusters as a function of redshift
ncluding the eight clusters from this work. Also shown in the plot are
amples taken from the literature with integrated star formation rates
ithin R 200 , which are typically of order ∼ 1 Mpc (or ∼ 2 arcmin

t these redshifts). To homogenize these studies only those that
sed rest frame far-infrared star formation tracers (either Herschel
ACS/SPIRE or sub-/millimetre data from SCUBA-2 or ALMA)
n individual clusters were used and proto-/clusters were included
nly if these were originally identified via either X-ray emission
r as o v erdensities of much less-active galaxies ( L IR � 10 12 L �)
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Figure 8. The variation in the mass-normalized star formation rate for the z = 1.6–2.0 clusters from this study (corrected for residual field contamination) 
compared to clusters from other similar far-infrared/submillimetre studies in the literature [the Popesso et al. ( 2012 ) measurements have been corrected to 
the same luminosity limit and typical cluster mass as the higher redshift observations]. A selection of power-law models are also shown (all normalized at 
z = 0.8), as well as the evolution in the halo mass normalized star formation rate for the field population from Madau & Dickinson ( 2014 ) with the normalization 
described in §4.3, including an offset of ∼ 0.2 dex (and uncertainty of ± 0.2 dex shown by the thin dotted lines) to account for baryons not bound in haloes 
(F altenbacher, Finogueno v & Drory 2010 ; Popesso et al. 2015b ). The best-fitting trend to the mass-normalized star formation rate in massive clusters is 
� SFR / M cl ∝ (1 + z) 5.5 ± 0.6 (the shaded region shows the uncertainty). This agrees with the results from Webb et al. ( 2013 ) who found (1 + z) 5.4 ± 1.9 using MIPS 
24 μm observations of massive clusters out to z ∼ 1. The best-fitting cluster trend intercepts the expected mass-normalized star formation rate for haloes in the 
surrounding field at z ∼ 1.8 ± 0.2. 
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n spectroscopic, photometric or narrow-band surv e ys. Hence an y 
ystems identified on the basis of o v erdensities of far-infrared sources
r using active galaxies as a signpost of an overdensity are excluded.
he integrated star formation rates were derived from the rest frame 

ar-infrared detected sources in the clusters and so excluded any 
ontribution from less active, but potentially more numerous, cluster 
opulations. 
The z > ∼ 1 comparison samples shown in Fig. 8 all comprise massive

lusters ( M cl > ∼ 10 14 M �) with halo masses typically estimated from
heir X-ray luminosities. All these studies have comparable depths, 
oughly corresponding to far-infrared luminosities of L IR ≥ 10 12 L �. 
hey consist of X-ray detected clusters at z = 0.8–1.6 from Cooke
t al. ( 2019 ) and Santos et al. ( 2015 ), infrared-selected z = 1.1–1.6
lusters from Alberts et al. ( 2016 ) (three of which have X-ray or
Z based halo masses, the other five use weak lensing masses), and
-ray detected clusters from Smail et al. ( 2014 ) and Santos et al.

 2014 ). At z > 2 only three systems are included: a proto-cluster at
 = 2.1 in COSMOS from Hung et al. ( 2016 ), the z = 2.3 system
rom Lacaille et al. ( 2019 ) and the z = 3.09 SA22 proto-cluster from
mehata et al. ( 2015 ). For these systems where the choice of cluster

entre is increasingly uncertain, two estimates were made (Casey 
016 ), one centred on the most likely centre for the structure and
 second that maximized the total star formation in the aperture, 
he means of these are plotted and the differences were added in
uadrature to the uncertainties. The estimated halo masses for these 
 > 2 systems are based on abundance matching and are therefore
uite uncertain, see Casey ( 2016 ). 
The lowest redshift sample shown in Fig. 8 come from the 

erschel /PACS observations of high-mass X-ray-detected clusters 
t z = 0.2–0.8 by Popesso et al. ( 2012 ). These clusters are typically
ore massive than the higher redshift systems and the observations 

re also deeper, probing down to L IR < ∼ 10 12 L �. The Popesso et al.
 2012 ) measurements were therefore corrected to account for these
ifferences, first by scaling the � SFR / M cl in the high-mass cluster
ample to the median mass of the higher redshift samples assuming
he mass dependence of M 

−0 . 4 
200 from Popesso et al. ( 2015b ), which

ncreased the integrated star formation rates by a factor of ∼ 2.
hen the � SFR / M cl estimates were corrected to match the luminosity

imit of the high-redshift samples, using the luminosity functions in 
opesso et al. ( 2015a ), which reduced the estimates by ∼ 65 per cent,
lmost cancelling out the correction applied for the cluster masses. 

The mass-normalized star formation rate in Fig. 8 shows a rapid
ncrease in clusters at higher redshifts. A fit to the evolution in
 SFR / M cl of the form � SFR / M cl ∝ (1 + z) γ gave a median trend with
= 5.5 ± 0.6 and a dispersion of 0.4 dex. Including or excluding the

 > 2 proto-clusters did not change the fit, while a fit to just this
ample and those in Cooke et al. ( 2019 ) gave marginally weaker
volution: γ ∼ 3.7 ± 1.2. The clusters plotted in Fig. 8 also appear to
how a fairly well defined upper bound in � SFR / M cl around ∼ 0.5 dex
bo v e the median trend and the scatter around the best-fitting trend
oes not increase strongly with redshift out to z ∼ 2. 
The form of the redshift evolution of � SFR / M cl derived here is in

xcellent agreement with that reported by Webb et al. ( 2013 ) who
stimated γ = 5.4 ± 1.9 in an independent analysis that used MIPS
4 μm observations of a sample of 42 massive clusters at z = 0.3–1.0.
he best-fitting trend also agrees with estimates of γ = 5.9 ± 0.8 at
 200 ∼ 10 14 M � from Popesso et al. ( 2015b ) and γ ∼ 6 from Cooke

t al. ( 2019 ) and Smith ( 2020 ) (see also Bai et al. 2009 ; Alberts et al.
MNRAS 529, 2290–2308 (2024) 



2306 I. Smail 

M

2  

H  

w  

(  

r
 

t  

i  

m  

P  

(  

&  

o  

U  

u  

e  

n  

m  

t  

t  

r  

c  

t  

K  

i  

w  

a  

b  

a  

r

5

T  

e  

t  

e  

T  

S  

m
 

o  

T
(
3  

s  

a  

t  

S  

c  

s  

a  

m  

f
 

M  

c  

5  

w  

i  

c  

w  

T  

i  

N  

t
 

l
2  

l  

s  

h
 

c  

f
i  

i  

(
 

n  

h
t  

T  

f  

e
 

b  

s  

i  

a  

s  

i  

z  

v  

c  

t  

l  

 

c  

A  

s  

s  

t  

g  

r  

a  

l  

t  

f  

t  

o  

o  

p  

s

A

T  

c  

I  

t  

t  

a  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2290/7623612 by U
niversity of D

urham
 user on 05 April 2024
016 ), although all of those data sets are included in the fit here.
o we ver, the measured γ = 5.5 ± 0.6 evolution is in more tension
ith claims of γ ∼ 7 by Smith et al. ( 2019 ), see also Geach et al.

 2006 ) and Smail et al. ( 2014 ), and indeed the weaker evolution
eported in Popesso et al. ( 2012 ). 

The evolution in � SFR / M cl for the clusters can also be compared
o the average mass-normalized star formation activity of haloes
n the surrounding field. The expected evolution of the analogous
easure for the field population, SFR/ M halo , was estimated following
opesso et al. ( 2012 , 2015b ) and Behroozi, Wechsler & Conroy
 2013 ) by taking the cosmic star formation rate density from Madau
 Dickinson ( 2014 ) and dividing it by the mean comoving density

f the Universe ( �M 

× ρcrit , where ρcrit is the critical density of the
niverse), and then applying a ∼ 0.2 dex correction (with a ± 0.2 dex
ncertainty) to account for baryons not tied to haloes (Faltenbacher
t al. 2010 ; Popesso et al. 2015b ). Fig. 8 shows that the median mass-
ormalized integrated star formation rate for the clusters increases to
atch that estimated for an average halo in the field at z ∼ 1.8 ± 0.2. If

he evolution of the cluster activity continues beyond this epoch then
hat will result in the wide spread reversal of the local SFR–density
elation seen in massive clusters, with the galaxy populations in
lusters at z > ∼ 1.8 having enhanced star formation activity compared
o the surrounding field (e.g. Elbaz et al. 2007 ; Tran et al. 2010 ;
oyama et al. 2013 ; Alberts et al. 2014 ; Smith et al. 2019 ). This

s consistent with theoretical work by Hwang, Shin & Song ( 2019 )
ho suggested that a reversal occurred at z > ∼ 1.5 in the star formation

ctivity of galaxy populations within M cl > ∼ 10 14 M � clusters, driven
y a combination of accelerated evolution in high density regions
t higher redshifts and increasing environmental quenching at lower
edshifts. 

 C O N C L U S I O N S  

his paper reports the results from a SCUBA-2 850 μm surv e y of
ight clusters of galaxies at z = 1.6–2.0 with a median mass within
heir central 1-Mpc radius cores of M cl ∼ 2 × 10 14 M � (these are
xpected to grow into M cl ∼ 6 × 10 14 M � systems by the present day).
he surv e y was designed to e xtend to higher redshift the previous
CUBA-2 study by Cooke et al. ( 2019 ) of a similar sized sample of
assive clusters at z = 0.8–1.6. 
The SCUBA-2 observations were a mix of new and archival

bservations and reached a median depth of σ 850 μm 

= 1.0 ± 0.1 mJy.
he eight maps detected 56 sources at significance lev els abo v e 3.5 σ

the ‘ MAIN ’ sample) out to 4 arcmin radius and a further 18 at 3.0–
.5 σ in the central 2 arcmin ( ∼ 1 Mpc), termed the ‘ SUPPLEMENTARY ’
ample. Within the central 2 arcmin ( ∼ 1 Mpc) radius of the clusters
 mean o v erdensity of a factor of 1.5 ± 0.3 was measured compared
o the integrated field counts of submillimetre sources brighter than
 850 μm 

≥ 4 mJy and a factor of 3.0 ± 1.4 in the central 1 Mpc diameter
ores for sources with S 850 μm 

≥ 4.8 mJy. Applying an IRAC colour
election to attempt to isolate those submillimetre counterparts that
re likely to be cluster members increases the significance of the
ean o v erdensity in the central 1 Mpc radius of the clusters to 4 ± 1

or sources brighter than S 850 μm 

= 3.5 mJy. 
Archi v al sub/millimetre and radio interferometry, as well as Spitzer
IPS and IRAC imaging, were used to identify likely galaxy

ounterparts to the SCUBA-2 sources. This yielded a sample of
3 reliably identified counterparts with IRAC colours consistent
ith z = 1.6–2.0, that were matched to 45 SCUBA-2 sources. This

ncluded eight submillimetre sources with pairs of counterparts,
orresponding to a multiplicity fraction of ∼ 18 per cent, consistent
ith that found in ALMA field studies at similar flux densities.
NRAS 529, 2290–2308 (2024) 
hese are statistical identifications and so both the individual source
dentifications and their assignment as cluster members are uncertain.
evertheless, the detection of excesses of submillimetre sources in

he cluster cores should be robust. 
The analysis also showed that both the o v erdensities of submil-

imetre sources in the central regions of these clusters at z ∼ 1.5–
, and the integrated star formation activity associated with these
uminous star-forming galaxies, were comparable to those seen in
imilar mass clusters at z ∼ 0.8–1.6 and two orders of magnitude
igher than massive clusters at z ∼ 0. 
Normalizing the integrated star formation rates by the estimated

luster masses showed that the mass-normalized integrated star
ormation rate of the clusters evolves as � SFR / M cl ∝ (1 + z) 5.5 ± 0.6 

n good agreement with previous estimates of the evolutionary rate
n clusters at z < 0–1.5 from Webb et al. ( 2013 ) and Popesso et al.
 2015b ). 

Moreo v er, the z ∼ 1.5–2 clusters were found to have mass-
ormalized star formation rates comparable to those for average
aloes in the surrounding field, with the best-fitting cluster � SFR / M cl 

rend matching the estimate for haloes in the field at z ∼ 1.8 ± 0.2.
his indicates a reversal in the star formation rate-density relation

or massive clusters beyond this epoch, consistent with theoretical
xpectations (Hwang et al. 2019 ). 

This work has highlighted a number of challenges that need to
e o v ercome in future studies of the environmental influences on
tar formation in clusters at z > ∼ 1.5. The majority of this activity
s occurring in dust-obscured systems (e.g. McKinney et al. 2022 )
nd so such studies have to be undertaken in the far-infrared or
ubmillimetre wavebands. Ho we ver, to make further progress on this
ssue it will be necessary to first construct more robust samples of
 

> ∼ 1.5 clusters, ideally by detecting the X-ray emission from their
irialized cores or through their SZ decrements (although this is
omplicated by the potential dilution of the decrements caused by
he presence of bright submillimetre sources), to enable both better
ocalization of the cluster centres and also estimation of their masses.

With reliable positions for the cluster cores, mosaiced observations
an be undertaken with interferometers such as SMA, ACA, or
LMA in submillimetre wavebands with better sensitivity than

ingle-dish observations and hence lower shot-noise in the detected
tar-forming population. Such interferometric surv e ys pro vide both
he continuum sensitivity needed to map the obscured star-forming
alaxies down to relatively low luminosities, as well as the spatial
esolution necessary to directly identify counterparts and potentially
lso yield confirmation of redshifts from the detection of CO emission
ines (although the best frequency ranges for this, and to maximize
he primary beam area, are in tension with the desire for higher
requencies to better estimate star formation rates). Notwithstanding
hese challenges, such studies continue to be critical as they provide
ne of the few methods to directly link the properties and evolution
f the galaxy populations found in present-day clusters to their
rogenitors at high redshifts and so understand the formation of
ome of the most massive and oldest galaxies in the Universe. 
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