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A B S T R A C T 

We present 101- and 151-GHz ALMA continuum images for 85 fields selected from Herschel observations that have 500- μm 

flux densities > 80 mJy and 250–500- μm colours consistent with z > 2, most of which are expected to be gravitationally 

lensed or hyperluminous infrared galaxies. Approximately half of the Herschel 500- μm sources were resolved into multiple 
ALMA sources, but 11 of the 15 brightest 500- μm Herschel sources correspond to individual ALMA sources. For the 37 fields 
containing either a single source with a spectroscopic redshift or two sources with the same spectroscopic redshift, we examined 

the colour temperatures and dust emissivity indices. The colour temperatures only vary weakly with redshift and are statistically 

consistent with no redshift-dependent temperature variations, which generally corresponds to results from other samples selected 

in far-infrared, submillimetre, or millimetre bands but not to results from samples selected in optical or near-infrared bands. 
The dust emissivity indices, with very few exceptions, are largely consistent with a value of 2. We also compared spectroscopic 
redshifts to photometric redshifts based on spectral energy distribution templates designed for infrared-bright high-redshift 
galaxies. While the templates systematically underestimate the redshifts by ∼15 per cent, the inclusion of ALMA data decreases 
the scatter in the predicted redshifts by a factor of ∼2, illustrating the potential usefulness of these millimetre data for estimating 

photometric redshifts. 

Key words: galaxies: high-redshift – galaxies: ISM – infrared: galaxies – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

ravitational lenses have several key uses in extragalactic astronomy. 
he lenses magnify the light from higher redshift sources, thus 
llowing for the examination of the properties of galaxies at these 
edshifts that would otherwise be much more difficult to detect or
esolve (e.g. Swinbank et al. 2010 ; Dye et al. 2015 , 2022 ), and
he images of the lensed light can also be used to probe the dark

atter content of the lensing galaxies (see Treu 2010 for a re vie w).
dditionally, statistical information about the lenses can be used to 
lace constraints on cosmological parameters (Grillo, Lombardi & 

ertin 2008 ; Eales 2015 ). 
Extragalactic surv e ys with the Spectral and Photometric Imaging 

Eceiver (SPIRE; Griffin et al. 2010 ) on the Herschel Space Obser-
atory (Pilbratt et al. 2010 ), including the Herschel Astrophysical 
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erahertz Large Area Surv e y (H-ATLAS; Eales et al. 2010 ), the
erschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al. 
012 ), and the Herschel Stripe 82 Survey (Viero et al. 2014 ),
ere particularly ef fecti ve at finding gravitationally lensed systems 

nd other infrared-bright high-redshift galaxies. This was not only 
ecause the dust emission was magnified but also because the dust
mission from the redshifted lensed sources peaks in the Herschel 
50–500- μm bands and because the ne gativ e k -correction in these
ands makes it easier to detect high-redshift sources. Additionally, 
t 500- μm flux densities > 100 mJy, the surface density of strongly
ensed sources is expected to be higher than unlensed sources (e.g.
egrello et al. 2007 ). 
Multiple catalogues of gravitational lens candidates and other 

nfrared-bright galaxies potentially at high redshift have been created 
sing the data from these Hersc hel surv e ys (e.g. Gonz ́alez-Nuevo
t al. 2012 ; Wardlow et al. 2013 ; Nayyeri et al. 2016 ; Negrello
t al. 2017 ; Gonz ́alez-Nuevo et al. 2019 ; Bakx, Eales & Amvrosiadis
020a ). Ho we ver, the angular resolution of the Herschel 250–500-
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1 No 101-GHz sources were detected for HerBS-37 in either the ACA or 12-m 

data. In the HerBS-39 field, we only detected one source. The flux density 
from the ACA data are larger than the measurement from the 12-m data 
by 40 per cent, but the signal-to-noise ratio of the ACA data are worse. We 
therefore used the flux density from the 12-m data. 
2 Available from https:// almascience.eso.org/ documents- and- tools/cycle9/a 
lma-pr oposer s-guide . 
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m data is 18–35 arcsec, so the sources identified in these surv e ys are
nresolv ed, their e xact spatial locations are poorly constrained, and it
s likely that many sources are confused within the Herschel beams.

Urquhart et al. ( 2022 ), in the Bright Extragalactic ALMA Redshift
urv e y (BEARS), used ALMA to observe a set of 85 gravitational

ens candidates from the Herschel Bright Sources (HerBS; Bakx et al.
018 , 2020b ) sample that lie within the South Galactic Pole field
bserved by H-ATLAS. The primary goal of the observations, which
ere spectral scans co v ering most of ALMA Bands 3 and 4, was to
etermine the spectroscopic redshifts of the sources in these fields.
o we ver, since the spectral line emission, when detected, is typically

ound within a very small fraction of the observed spectra, the rest of
he data can be used for serendipitous measurements of the continuum
t the observed frequencies. We used these new ALMA continuum
ata to address two specific science questions in this paper. 
First, since the ALMA Band 4 data have angular resolutions

f ∼2 arcsec, we used the images to study the multiplicities and
orphologies of the sources so as to further understanding the nature

f the sources within these fields. Resolved or multiple sources could
e lenses, protocluster cores or simply sources that are confused
long the line of sight. Unresolved sources could be gravitational
enses with small Einstein radii or even individual hyperluminous
nfrared galaxies (HLIRGs) with intrinsic luminosities of > 10 13 L �.

Second, the ALMA Band 3 and 4 data are particularly useful
or constraining the Rayleigh–Jeans side of the dust spectral energy
istribution (SED) from these galaxies, even for galaxies at redshifts
p to 5, and hence for characterizing the colour temperatures and
missivities of the dust. This in turn can be used for comparing
he properties of our galaxies to other samples and in particular
o examine the relation between colour temperature and redshift
eported by others (e.g. Magdis et al. 2012 ; Magnelli et al. 2014 ;
 ́ethermin et al. 2015 , 2017 ; Schreiber et al. 2018 ; Liang et al.
019 ; Bouwens et al. 2020 ; Riechers et al. 2020 ; Chen et al. 2021 ;
udzevi ̌ci ̄ut ̇e et al. 2021 ). Additionally, these data can be compared

o the SED templates used for calculating photometric redshifts so
s to understand how well the data and templates match each other. 

 ALMA  OBSERVATIONS  A N D  DATA  

ROCESSING  

he details of the sample selection, observations, and the data calibra-
ion are described by Urquhart et al. ( 2022 ); we only provide brief
ummaries of those topics here. Ho we ver, because the continuum
maging differs from the spectral line imaging, we provide full details
bout the continuum imaging here. 

As stated abo v e, the BEARS sample consists of a subset of 85 fields
rom the HerBS sample. The HerBS sample, which was selected by
akx et al. ( 2018 ), consists of unresolv ed Hersc hel sources with
00- μm flux densities > 80 mJy and with photometric redshifts of
 2 derived from fitting the Herschel data with the template from
earson et al. ( 2013 ). Efforts were made to remo v e nearby ( z ≤
.1) spiral galaxies and blazars that may have otherwise satisfied
hese selection criteria. BEARS used a combination of the Atacama
ompact Array (ACA; also called the Morita Array) and the main
LMA 12-m array to observe these fields. 
Data for 12 fields were acquired with the ACA during ALMA

ycles 4 and 6 in programmes 2016.2.00133.S and 2018.1.00804.S.
ach target was observed using single pointings larger than the
erschel 500- μm beam. The observations co v ered a frequenc y range

rom 86.6 to 115.7 GHz (with the exception of HerBS-49, which is
issing data from 97.0–98.6 and 108.9–112.2 GHz) with multiple
NRAS 522, 2995–3017 (2023) 
pectral windows, each of which had a bandwidth of 2 GHz and 256
hannels. 

In programme 2019.1.01477, which was e x ecuted in Cycle 7, all
5 fields were observed with the 12-m array in ALMA Band 4 in the
requency range 139.0–162.2 GHz (with a small gap in coverage at
50.2–150.9 GHz). Additionally, 75 fields that (with the exception
f HerBS-37 and HerBS-39 1 ) had not been previously observed with
he ACA were observed with the 12-m array in ALMA Band 3
ithin the frequency range 89.6–112.8 GHz (with a small gap in

o v erage at 100.8–101.5 GHz). This frequency set-up was designed
o impro v e our efficienc y in measuring robust redshifts (Bakx &
annerbauer 2022 ). Each field was observed using single pointing

hat were larger than the Herschel 500- μm beams. Every spectral
indow used to co v er these frequenc y ranges had 1920 channels and

o v ered a bandwidth of 1.875 GHz. 
The ACA visibility data were manually calibrated using the

OMMON ASTRONOMY SOFTWARE APPLICATIONS ( CASA ) package
ersion 5.6.1 (McMullin et al. 2007 ; CASA Team 2022 ), while the
2-m Array data were pipeline-calibrated with the same version of
ASA . This included all the standard calibration steps applied to

he phases and the amplitudes of the data. The manual calibration
ncluded visual inspections of every data set to identify and remo v e
ata with any irregular amplitude or phase values. 
Continuum images were created using TCLEAN interactively within

ASA . The characteristics of the final images are listed in Table 1 . We
sed all data from all spectral windows excluding any channels that
ontained potential spectral lines. Each field was imaged separately.
he central position of each image is the same as the phase centre
f each field, which in turn is equi v alent to the coordinates of the
ource originally identified in the Herschel images. Different pixel
cales and image sizes were used for the ACA Band 3 observations,
he 12-m Array Band 3 observations, and the Band 4 observations.
n each case, the pixel scales were set to o v ersample the beams, and
he image sizes were set to encompass the whole of the primary
eams. Natural weighting was used primarily to optimize the data
or source detection. The Hogbom algorithm (H ̈ogbom 1974 ) was
sed as the deconvolver because it provided the best detections for
he low signal-to-noise ratio unresolved sources. Two set of images
ere created with and without the primary beams corrections that

djust the signal levels for off-centre sources. The images without
he primary beam corrections were used for identifying sources and
or measuring the noise levels in the ACA data; the images with
he primary beam corrections were used for measuring flux densities
or all of the sources. The calibration uncertainty is expected to be
 per cent (Privon et al. 2022 ). 2 

 ALMA  PHOTOMETRY  A N D  M O R P H O L O G Y  

.1 Photometric measurements 

e identified sources as locations in the images without primary
eam corrections where the surface brightnesses peaked at ≥5 σ
 ≥0.20 mJy beam 

−1 in the 12-m data and ≥0.55 mJy beam 

−1 in the

https://almascience.eso.org/documents-and-tools/cycle9/alma-proposers-guide
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Table 1. ALMA image characteristics. 

Array Band Central Number of Typical Pixel Image size Primary Typical Maximum Typical 
frequency observered uv scale (pixels) (arcsec) beam beam reco v erable rms 

(GHz) fields co v erage (arcsec) diameter a FWHM scale noise 
(m) (arcsec) (arcsec) (arcsec) (mJy per beam) 

ACA 3 101 12 8–48 2.0 100 × 100 200 × 200 151 17 × 10 45 0.11 
12 m 3 101 75 14–313 0.5 240 × 240 120 × 120 97 3.6 × 2.7 26 0.04 
12 m 4 151 85 13–311 0.3 240 × 240 72 × 72 52 2.2 × 1.8 18 0.04 

a This refers to the diameter of the region where the primary beam is 0.2 × its peak value, and it is also the diameter of the fields imaged by ALMA. 
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3 This alphabetical labelling was set before the publication of Urquhart 
et al. ( 2022 ), but adjustments were made to the continuum flux densities 
afterwards. Relabelling the sources with published redshifts would have 
caused confusion, so we a v oided doing this. Consequently, the sources in 
the HerBS-56, HerBS-80, HerBS-120, and HerBS-163 fields are not labelled 
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CA data). We also measured 151-GHz flux densities for any source 
ith associated line emission detected at the ≥5 σ level by Urquhart 

t al. ( 2022 ). Note that some sources observed with the ACA at
01 GHz were separated into multiple sources when observed with 
he 12-m array at 151 GHz. 

Flux densities were measured using aperture photometry within 
he images with the primary beam corrections. For most sources, 
e used elliptical apertures with axis ratios and position angles 

qui v alent to the beam shape for each image. Ho we ver, for sources
hat appeared significantly extended relative to the beam in the 151- 
Hz data, we used apertures with axis ratios and position angles 

qui v alent to the shape of the source convolved with the beam, and for
ources that appeared double-lobed (generally with two point sources 
eparated by � 3 arcsec), we used circular measurement apertures 
and these objects are discussed more in Section 3.3 ). The sizes of
he apertures were manually adjusted for each source to maximize the 

easured flux density while excluding excess background noise and 
ther nearby sources; the width of the apertures are typically 2–4 ×
he beam sizes. When two or more sources were located more than
 arcsec away from each other but close enough that the measurement
pertures would o v erlap, we measured the flux densities for each
ource from pixels that both fell within its aperture and that fell on
ts side of dividing lines we used to separate the emission from the
ources. 

In the 12-m data, nine detected sources are located > 15 arcsec
rom the centres of the primary beams where the sensitivity levels 
rop notably relative to the central regions. To measure the local 
ackground noise levels around each source within the primary 
eam corrected images, we used relatively small circular annuli 
entered on each source. The diameters of these annuli were set
o 20–25 arcsec for the Band 3 data and 15–20 arcsec for the Band 4
ata. 
In the ACA data, all detected sources lie relatively close to the

entres of the fields where the responsivity of the telescope is still
 85 per cent, but because of the size of the beam, it is not possible to
easure the background noise in regions with the same responsivity. 
e therefore measured the background noise levels in ACA images 
ithout the primary beam corrections using circular annuli with 
iameters of 90–120 arcsec positioned at the centre of each image, 
hich should yield representative noise levels for sources centred in 

hese fields. 
While we used aperture photometry to measure the flux densities, 

e fitted the sources with Gaussian functions to measure the positions 
f the sources and to determine whether the sources are significantly 
 xtended relativ e to the beam size. These e xtended sources are
iscussed in Section 3.3 . 
Table 2 lists each field and the positions and flux densities
easured for each detected source within each field. The individual 
and 3 and Band 4 images are shown in the supplemental online
aterial. In fields with multiple sources, we have labelled them 
i
lphabetically in descending order of flux density. 3 Some fields have 
wo or more sources that lie < 2 × the full width at half-maximum
FWHM) apart from each other or that are connected by extended
tructures detected at the > 3 σ level. In these cases, Table 2 reports
ntegrated flux densities for these sources. 

.2 101-GHz sources without 151-GHz counterparts 

ost continuum sources are detected in the 151-GHz images. It 
s common for sources to appear fainter or to not be detected in
he 101-GHz images, even though the same sensiti vity le vels are
chieved in both the 101- and 151-GHz images from the 12-m array.
his is mainly because we are observing the rest-frame thermal dust
mission, which should scale as approximately ν4 in these bands. 
o we ver, the HerBS-33 and HerBS-63 fields contain sources located

ignificantly off-centre that are detected only at 101 GHz. Images 
f these sources are visible in Fig. 1 . In the case of HerBS-33, it is
pparent that the off-centre source (labelled C) is visible as a separate
ource in the Herschel 250- μm image but that its emission is blended
ogether with the central two sources (A and B) in the Herschel 500-
m image. Ho we ver, the of f-centre source in the HerBS-63 field

labelled C) does not have a clear 250- μm counterpart. Since both
01-GHz sources lie at the edge of the imaged 151-GHz field (where
he interferometer drops to 20 per cent of the sensitivity at the centre
f the field), it is possible that HerBS-33C and HerBS-63C were
ot detected at 151 GHz because of sensiti vity issues. Ne vertheless,
e cannot immediately rule out the possibility that the 101-GHz 

mission is simply brighter. For example, it is possible that HerBS-
3C and HerBS-63C are z < 2 galaxies with AGN that produce
ynchrotron emission with a spectral index of � −0.3 that would be
etectable in the 101-GHz band but not in the 151-GHz band. The
ery Large Array Sk y Surv e y (VLASS; Gordon et al. 2021 ) reported
 3-GHz source with a flux density of 1.3 mJy at the position of
erBS-63C, and the spectral slope from 3 to 101 GHz is consistent
ith a spectral index of ∼−0.3. Ho we ver, no source from that survey

orresponded to the position of HerBS-33C, although the 3-GHz 
mission would be expected to be � 1.7 mJy and should have been
etectable by the VLASS. 
Also worth discussing is the exotic situation in the HerBS-178 

eld, which is shown in detail in Fig. 2 . The 151-GHz image
ontains three point-like sources (labelled A, B, and C) located 
ithin 4.5 arcsec of each other. All three of these sources have similar
MNRAS 522, 2995–3017 (2023) 

n terms of decreasing 151 ∼GHz flux density (as reported in Table 2 ). 
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Table 2. ALMA photometry. 

Object H-ATLAS Number Source Coordinates (J2000) a Flux density (mJy) b Spectroscopic 
designation of sources designation RA Declination 101 GHz 151 GHz redshift c 

HerBS-11 J012407.4 −281434 1 01:24:07.50 −28:14:34.7 0.94 ± 0.02 3.59 ± 0.03 2.631 
HerBS-14 J013840.5 −281856 1 01:38:40.41 −28:18:57.5 1.46 ± 0.02 7.43 ± 0.06 3.782 
HerBS-18 J232419.8 −323927 1 23:24:19.82 −32:39:26.5 0.95 ± 0.09 d 2.70 ± 0.03 2.182 
HerBS-21 J234418.1 −303936 2 [A + B] 0.81 ± 0.06 d 3.94 ± 0.03 3.323 

A 23:44:18.11 −30:39:38.9 3.01 ± 0.02 
B 23:44:18.25 −30:39:34.9 0.93 ± 0.02 

HerBS-22 J002624.8 −341738 2 A 00:26:24.99 −34:17:38.1 0.66 ± 0.02 3.10 ± 0.02 3.050 
B 00:26:25.56 −34:17:23.3 0.35 ± 0.04 

HerBS-24 J004736.0 −272951 1 00:47:36.09 −27:29:52.0 0.77 ± 0.03 2.70 ± 0.03 2.198 
HerBS-25 J235827.7 −323244 1 23:58:27.50 −32:32:44.8 0.91 ± 0.07 d 3.46 ± 0.03 2.912 
HerBS-27 J011424.0 −333614 1 01:14:24.01 −33:36:16.5 2.00 ± 0.03 8.76 ± 0.04 4.509 
HerBS-28 J230815.6 −343801 1 23:08:15.73 −34:38:00.5 1.61 ± 0.08 d 5.56 ± 0.03 3.925 
HerBS-33 J224805.4 −335820 3 e [A + B] 0.94 ± 0.05 d 2.71 ± 0.04 

A 22:48:05.17 −33:58:21.0 2.15 ± 0.04 
B 22:48:05.50 −33:58:19.5 0.56 ± 0.02 
C 22:48:06.6 −33:58:39 0.58 ± 0.04 d 

HerBS-36 J235623.1 −354119 1 23:56:23.08 −35:41:19.5 1.16 ± 0.02 4.81 ± 0.03 3.095 
HerBS-37 J232623.0 −342642 1 23:26:23.10 −34:26:44.0 1.60 ± 0.03 2.619 
HerBS-39 J232900.6 −321744 1 23:29:00.80 −32:17:45.0 0.64 ± 0.03 2.98 ± 0.03 3.229 
HerBS-40 J013240.0 −330907 1 01:32:40.28 −33:09:08.0 0.96 ± 0.03 1.971 
HerBS-41 J000124.9 −354212 3 e A 00:01:24.79 −35:42:11.0 0.71 ± 0.02 3.79 ± 0.03 4.098 

B 00:01:23.24 −35:42:10.8 0.74 ± 0.05 
C 00:01:25.82 −35:42:18.0 0.31 ± 0.02 

HerBS-42 J000007.5 −334100 3 [A + B + C] 0.56 ± 0.04 d 2.95 ± 0.05 f 3.307 g 

A 00:00:07.45 −33:41:03.1 1.84 ± 0.03 
B 00:00:07.41 -33:40:55.9 0.54 ± 0.02 
C 00:00:07.05 −33:41:03.4 0.39 ± 0.03 

HerBS-45 J005132.8 −301848 2 A 00:51:32.97 −30:18:49.6 0.68 ± 0.03 2.434 
B 00:51:32.49 −30:18:48.9 0.45 ± 0.03 

HerBS-47 J225250.7 −313658 1 22:52:50.76 −31:36:59.9 1.28 ± 0.03 2.433 
HerBS-49 J230546.3 −331039 2 [A + B] 1.06 ± 0.06 d 1.70 ± 0.03 

A 23:05:46.41 −33:10:38.1 1.21 ± 0.02 2.724 
B 23:05:46.58 −33:10:43.1 0.49 ± 0.02 2.730 

HerBS-55 J013951.9 −321446 1 01:39:52.08 −32:14:45.5 0.34 ± 0.02 1.08 ± 0.03 2.656 
HerBS-56 J003207.7 −303724 4 A 00:32:07.15 −30:37:13.2 0.59 ± 0.02 

B 00:32:08.57 −30:37:31.0 0.51 ± 0.03 
C 00:32:07.63 −30:37:35.2 0.32 ± 0.03 2.561 
D 00:32:07.87 −30:37:32.4 0.33 ± 0.02 

HerBS-57 J004853.3 −303110 1 00:48:53.38 −30:31:09.9 0.52 ± 0.02 3.09 ± 0.03 3.265 
HerBS-60 J005724.2 −273122 1 00:57:24.34 −27:31:23.3 0.56 ± 0.02 2.56 ± 0.03 3.261 
HerBS-63 J005132.0 −302012 3 e A 00:51:31.70 −30:20:20.6 0.35 ± 0.02 1.07 ± 0.03 2.432 

B 00:51:31.85 −30:20:04.6 0.30 ± 0.02 
C 00:51:32.57 −30:19:48.9 0.46 ± 0.03 

HerBS-67 J224207.2 −324159 1 22:42:07.20 −32:42:01.9 0.83 ± 0.04 d 2.67 ± 0.04 
HerBS-68 J223753.8 −305828 1 h 22:37:53.84 −30:58:27.6 1.62 ± 0.04 2.719 
HerBS-69 J012416.0 −310500 2 A 01:24:16.16 −31:04:59.5 0.69 ± 0.02 2.075 

B 01:24:15.87 −31:05:05.1 0.53 ± 0.02 2.073 
HerBS-73 J012853.0 −332719 1 01:28:53.07 −33:27:19.1 0.44 ± 0.02 2.08 ± 0.03 3.026 
HerBS-75 J011823.8 −274404 3 A 01:18:23.61 −27:44:11.5 0.40 ± 0.03 

B 01:18:24.25 −27:44:02.7 0.30 ± 0.02 
C 01:18:23.84 −27:44:15.0 0.24 ± 0.02 

HerBS-77 J005629.6 −311206 2 A 00:56:29.25 −31:12:07.5 1.08 ± 0.03 2.228 
B 00:56:30.52 −31:12:15.7 0.51 ± 0.05 

HerBS-80 J230002.6 −315005 3 A 23:00:02.54 −31:50:08.9 0.28 ± 0.02 2.231 
B 23:00:02.86 −31:50:08.0 0.29 ± 0.02 1.968 
C 23:00:02.91 −31:50:02.0 0.20 ± 0.02 

HerBS-81 J002054.6 −312752 2 A 00:20:54.20 −31:27:57.4 0.20 ± 0.02 0.76 ± 0.03 3.160 
B 00:20:54.74 −31:27:50.8 0.68 ± 0.02 2.588 

HerBS-84 J224400.8 −340031 1 22:44:01.10 −34:00:32.5 0.25 ± 0.02 0.90 ± 0.03 
HerBS-86 J235324.7 −331111 1 23:53:24.56 −33:11:11.8 0.26 ± 0.02 1.53 ± 0.02 2.564 
HerBS-87 J002533.6 −333826 1 00:25:33.67 −33:38:26.3 1.24 ± 0.02 
HerBS-90 J005659.4 −295039 2 A 00:56:59.28 −29:50:39.3 0.69 ± 0.03 3.23 ± 0.03 3.992 

B 00:57:00.31 −29:50:40.7 0.36 ± 0.03 
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Table 2 – continued 

Object H-ATLAS Number Source Coordinates (J2000) a Flux density (mJy) b Spectroscopic 
designation of sources designation RA Declination 101 GHz 151 GHz redshift c 

HerBS-93 J234750.5 −352931 1 23:47:50.44 −35:29:30.2 0.16 ± 0.01 1.37 ± 0.02 2.400 
HerBS-94 J000950.5 −353829 2 A 00:09:50.23 −35:38:26.4 0.38 ± 0.02 1.43 ± 0.03 

B 00:09:51.15 −35:38:35.0 0.23 ± 0.01 
HerBS-97 J224027.8 −343135 2 A 22:40:28.54 −34:31:33.0 0.54 ± 0.03 

B 22:40:27.71 −34:31:38.1 0.39 ± 0.03 
HerBS-98 J001030.1 −330622 2 e A 00:10:30.59 −33:06:04.8 0.76 ± 0.06 

B 00:10:30.03 −33:06:11.1 0.50 ± 0.03 
HerBS-101 J011246.5 −330611 2 A 01:12:46.52 −33:06:10.5 0.56 ± 0.02 1.55 ± 0.03 

B 01:12:46.10 −33:06:12.4 0.50 ± 0.03 
HerBS-102 J233024.1 −325032 2 A 23:30:24.43 −32:50:32.3 0.34 ± 0.02 1.38 ± 0.04 3.287 

B 23:30:23.52 −32:50:43.4 1.23 ± 0.05 
HerBS-103 J225324.2 −323504 1 22:53:24.24 −32:35:04.2 0.44 ± 0.03 1.42 ± 0.03 2.942 
HerBS-104 J001838.7 −354133 2 A 00:18:39.47 −35:41:48.0 0.64 ± 0.03 

B 00:18:38.84 −35:41:33.1 0.52 ± 0.02 
HerBS-106 J001802.2 −313505 2 A 00:18:02.46 −31:35:05.1 0.29 ± 0.02 1.45 ± 0.03 2.369 

B 00:18:01.14 −31:35:08.0 0.87 ± 0.05 
HerBS-107 J014520.0 −313835 1 01:45:20.07 −31:38:32.5 1.01 ± 0.04 2.553 
HerBS-111 J223942.4 −333304 1 22:39:42.34 −33:33:04.1 0.22 ± 0.02 1.32 ± 0.04 2.371 
HerBS-114 J012209.5 −273824 1 01:22:09.38 −27:38:25.5 1.08 ± 0.03 
HerBS-117 J000806.8 −351205 2 A 00:08:07.20 −35:12:05.0 0.79 ± 0.02 3.46 ± 0.02 4.526 

B 00:08:06.86 −35:12:10.0 0.48 ± 0.02 
HerBS-118 J232200.1 −355622 2 e A 23:21:59.43 −35:56:21.0 0.18 ± 0.02 1.13 ± 0.02 

B 23:22:01.66 −35:56:05.0 0.39 ± 0.03 0.82 ± 0.04 
HerBS-120 J012222.3 −274456 2 A 01:22:22.44 −27:44:53.7 1.21 ± 0.03 3.125 

B 01:22:22.13 −27:44:59.0 0.39 ± 0.02 1.28 ± 0.03 3.124 
HerBS-121 J223615.2 −343301 2 A 22:36:15.31 −34:33:02.3 0.33 ± 0.02 1.97 ± 0.06 3.741 

B 22:36:15.01 −34:32:56.6 0.35 ± 0.03 
HerBS-122 J003717.0 −323307 2 A 00:37:16.71 −32:32:57.4 0.37 ± 0.03 2.883 

B 00:37:16.87 −32:33:09.3 0.15 ± 0.01 
HerBS-123 J233037.3 −331218 1 23:30:37.45 −33:12:16.8 1.24 ± 0.05 2.170 
HerBS-131 J225339.1 −325550 2 A 

h 22:53:38.45 −32:55:48.2 0.38 ± 0.05 1.08 ± 0.04 
B 22:53:39.50 −32:55:52.3 0.79 ± 0.04 2.197 

HerBS-132 J231205.2 −295027 1 23:12:05.31 −29:50:26.5 0.15 ± 0.01 0.87 ± 0.02 2.473 
HerBS-135 J225611.7 −325653 2 A 22:56:11.79 −32:56:52.0 0.27 ± 0.02 0.82 ± 0.03 2.401 

B 22:56:11.42 −32:56:52.1 0.21 ± 0.01 
HerBS-138 J011730.3 −320719 2 [A + B] h 01:17:30.56 −32:07:20.9 0.90 ± 0.03 1.407 i 

HerBS-141 J224759.7 −310135 1 h 22:47:59.75 −31:01:36.0 0.73 ± 0.05 2.085 
HerBS-144 J222629.4 −321112 2 A 22:26:28.62 −32:11:08.1 1.01 ± 0.04 

B 22:26:30.28 −32:11:10.5 0.56 ± 0.04 
HerBS-145 J012335.1 −314619 2 A 01:23:34.65 −31:46:23.6 0.72 ± 0.03 2.730 

B 01:23:35.75 −31:46:25.4 0.28 ± 0.02 
HerBS-146 J232210.9 −333749 2 A 23:22:10.94 −33:37:48.9 0.50 ± 0.03 

B 23:22:10.62 −33:37:58.4 0.40 ± 0.02 2.003 
HerBS-148 J224026.5 −315155 1 22:40:26.55 −31:51:54.1 0.26 ± 0.02 1.22 ± 0.04 
HerBS-151 J012530.5 −302509 2 A 01:25:30.78 −30:25:11.7 0.48 ± 0.04 

B 01:25:29.83 −30:24:55.5 0.30 ± 0.03 
HerBS-155 J000330.7 −321136 2 A 00:03:30.65 −32:11:35.1 0.29 ± 0.01 2.16 ± 0.04 3.077 

B 00:03:30.06 −32:11:39.3 0.54 ± 0.03 
HerBS-156 J002144.8 −295218 2 A 00:21:44.48 −29:52:17.7 0.20 ± 0.01 0.79 ± 0.02 

B 00:21:45.63 −29:52:17.2 0.41 ± 0.03 
HerBS-159 J235122.0 −332902 2 A 23:51:21.74 −33:29:00.4 0.83 ± 0.03 2.236 

B 23:51:22.36 −33:29:08.0 0.23 ± 0.03 2.235 
HerBS-160 J011014.5 −314814 1 01:10:14.46 −31:48:15.9 0.91 ± 0.02 4.20 ± 0.04 3.955 
HerBS-163 J000745.8 −342014 3 A 00:07:46.23 −34:20:03.0 0.43 ± 0.02 3.140 

B 00:07:45.93 −34:20:16.2 0.47 ± 0.02 
C 00:07:45.45 −34:20:17.4 0.35 ± 0.02 

HerBS-166 J222503.8 −304848 2 A 22:25:03.53 −30:48:48.4 0.40 ± 0.03 
B 22:25:04.32 −30:48:33.2 0.27 ± 0.03 

HerBS-168 J225045.5 −304719 2 A 22:50:45.48 −30:47:20.3 0.67 ± 0.04 2.66 ± 0.03 2.583 
B 22:50:45.78 −30:47:13.4 0.19 ± 0.01 

HerBS-170 J000455.4 −330812 1 h 00:04:55.44 −33:08:12.8 0.81 ± 0.02 3.50 ± 0.03 
HerBS-174 J003728.7 −284125 2 A 00:37:29.03 −28:41:28.6 0.31 ± 0.02 

B 00:37:28.37 −28:41:25.4 0.26 ± 0.02 
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Table 2 – continued 

Object H-ATLAS Number Source Coordinates (J2000) a Flux density (mJy) b Spectroscopic 
designation of sources designation RA Declination 101 GHz 151 GHz redshift c 

HerBS-178 J011850.1 −283642 4 A 01:18:50.27 −28:36:44.0 0.77 ± 0.02 2.658 
B 01:18:50.10 −28:36:40.5 0.55 ± 0.02 2.655 
C 01:18:49.98 −28:36:43.2 0.35 ± 0.02 2.656 
D 01:18:50.18 −28:36:42.9 0.52 ± 0.03 

HerBS-181 J005850.0 −290122 2 A 00:58:49.78 −29:01:18.0 0.21 ± 0.02 
B 00:58:50.65 −29:01:13.8 0.19 ± 0.02 

HerBS-182 J230538.5 −312204 1 23:05:38.80 −31:22:05.6 0.20 ± 0.01 1.09 ± 0.03 2.227 
HerBS-184 J234955.7 −330833 1 23:49:55.66 −33:08:34.4 0.46 ± 0.02 1.47 ± 0.02 2.507 
HerBS-186 J013217.0 −320953 2 e A 01:32:17.23 −32:09:55.4 0.30 ± 0.02 1.92 ± 0.03 

B 01:32:15.55 −32:09:39.0 0.42 ± 0.03 
HerBS-189 J225600.7 −313232 1 22:56:00.74 −31:32:33.0 1.89 ± 0.05 3.300 
HerBS-192 J222628.8 −304421 1 22:26:28.94 −30:44:23.3 0.13 ± 0.02 0.73 ± 0.03 
HerBS-198 J222235.8 −324528 1 22:22:35.89 −32:45:23.8 0.26 ± 0.02 1.00 ± 0.03 
HerBS-200 J014313.2 −332633 1 01:43:13.30 −33:26:33.1 0.24 ± 0.02 0.79 ± 0.02 2.151 
HerBS-207 J005506.5 −300027 1 00:55:06.51 −30:00:28.3 0.24 ± 0.02 0.88 ± 0.02 1.569 
HerBS-208 J225744.6 −324231 2 [A + B] 0.32 ± 0.03 j 1.43 ± 0.04 

A 22:57:44.58 −32:42:33.0 0.86 ± 0.03 2.478 
B 22:57:44.84 −32:42:32.9 0.57 ± 0.03 2.483 

HerBS-209 J224920.6 −332940 2 A 22:49:21.04 −33:29:41.5 0.65 ± 0.04 2.272 
B 22:49:20.53 −33:29:40.9 0.28 ± 0.02 

a Based on the information from Privon et al. ( 2022 ), the coordinates for most sources are expected to be accurate to within 0.10 arcsec. The positions of 
Band 3 (101 GHz) sources with no Band 4 (151 GHz) counterparts should be accurate to within 0.16 arcsec except for HerBS-33C, which was identified 
in ACA data and should have a position accurate to within 0.65 arcsec. 
b The uncertainties in the flux densities do not include the calibration uncertainties, which are 5 per cent. Because of unit conversions applied when 
measuring the flux densities, the typical uncertainties in mJy are slightly lower than those reported in mJy beam 

−1 in Table 1 . 
c These spectroscopic redshifts (for the millimetre sources) come from Urquhart et al. ( 2022 ). 
d This measurement is from ACA data. 
e One of these sources falls outside the 35 arcsec beam of the Herschel 500- μm data. 
f The central 12 arcsec of the 151-GHz image for the HerBS-42 field contains three closely spaced sources detected at the ≥5 σ level along with a fourth 
source in between these three sources which has a peak measured at the ≥4 σ level. Consequently, the 151-GHz photometry measurement listed for A + 

B + C is higher than for the individual sources. 
g Spectral line emission in ALMA Band 4 was only detected for the A and B components of HerBS-42, but since the line emission was unresolved in the 
Band 3 data, one redshift is reported for all sources in the field. 
h These sources consist of two peaks separated by less than 3 arcsec (or ∼3.5 arcsec in the case of HerBS-170), although the two peaks may only be 
apparent in the higher resolution 151-GHz data. For all of these sources except the ones in HerBS-138, it is unclear whether the two peaks are part of one 
elongated object, whether they are two objects that are physically associated with each other, or whether they are two unassociated sources that just happen 
to lie close to each other along the line of sight. For HerBS-138, the spectra indicate that the two peaks correspond to two objects at different redshifts. 
The coordinates for each source correspond to the brighter peak in the emission. 
i This redshift is for HerBS-138B. The spectrum measured by Urquhart et al. ( 2022 ) for HerBS-138A indicate that it is at a different redshift, but since 
only one line was detected, its redshift could not be determined. 
j The 151-GHz emission from the two sources in the HerBS-208 field is sufficiently resolved and detected at a sufficiently high signal-to-noise level that it 
is possible to measure the 151-GHz flux densities from the two sources independently. Ho we ver, the sources are detected at a lower signal-to-noise level 
in the 101-GHz image and tend to blur together, so we reported a single flux density for the two sources in that band. 
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edshifts of z ∼= 

2.656 (Urquhart et al. 2022 ). Ho we ver, the single
etected source in the 101-GHz image lies between these three other
ources and has no measured redshift or detectable line emission.
his does not appear to be an astrometry problem, as the spectral

ine emission in Band 3 corresponds to the location of the 151-GHz
ontinuum emission. To test whether the offset between the 101- and
51-GHz sources is a consequence of the difference in beam sizes
etween the two images, we convolved the 151-GHz image with a
aussian function to match the beam to the 101-GHz data, but we
ere still able to resolve the three separate sources in the convolved

mage, and we did not reproduce emission that peaked in the location
f the 101-GHz continuum source. Hence, we conclude that the 101-
Hz emission originates from a different location than the 151-GHz

mission. 
It is unclear how the 101-GHz source in the HerBS-178 field
NRAS 522, 2995–3017 (2023) 

s related to the three 151-GHz sources in that field. It could be o
hat the D source is a foreground lensing object and that A, B,
nd C are all parts of an Einstein ring. Much less likely but still
ossible is that A, B, and C are part of a cluster that are in
ront of and lensing the emission from D. Alternately, it could be
ossible that the 101- and 151-GHz emission originate from different
bjects at the same redshift that are physically associated with each
ther. The fourth data release of the Kilo-Degree Survey (Kuijken
t al. 2019 ) and the fourth data release of the VISTA Kilo-degree
nfrared Galaxy Surv e y (Edge et al. 2013 ) have reported optical and
ear-infrared sources within 1 arcsec of the A and B sources and
1 arcsec south of the C source, but no optical or near-infrared

ounterparts have been reported closer than 2 arcsec (i.e. closer than
he A source) to D. Additionally, no VLASS detection is reported
ear any of the sources. More observations would be needed to
nderstand the nature of how these objects are associated with each

ther. 
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Figure 1. Image of the HerBS-33 and HerBS-63 fields, which are the two 
fields that contain 101-GHz sources with no corresponding 151-GHz sources. 
The colours are scaled linearly. The contours show the emission detected at 
the ≥3 σ and ≥5 σ levels. The green ellipses in the bottom left corner of 
each panel show the different beam sizes of the data. The grey circles in the 
101- and 151-GHz images show the spatial extent of the imaged regions. 
The letters in the 101- and 151-GHz images correspond to the labels for the 
sources given in Table 2 . 
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Figure 2. Image of the sources in the HerBS-178 field. The colour scale 
map shows the 151-GHz emission, while the contours show the 101-GHz 
emission detected at the ≥3 σ and ≥5 σ levels. The two ellipses in the bottom 

left corner show the different beam sizes of the data. The letters correspond 
to the labels for the sources given in Table 2 . 
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.3 Extended emission 

ost of the detected sources were unresolved, which would be ex- 
ected for high-redshift objects in data with our angular resolutions. 
ny arcs or ring-like features from gravitational lensing may be too 

mall to resolve in these data. Ho we ver, a fe w objects do appear
ignificantly more extended than the beam. Since we do not see 
ny gravitational lensing structures and since the profiles for the 
 xtended e xtended emission still appears approximately Gaussian, 
e checked the spatial extent of all of the sources detected in the
51-GHz images by fitting Gaussian functions to them using the 
ASA tool IMFIT . A total of 15 objects were identified as single-
eaked sources with diffuse, extended structures on the basis that 
he FWHM of the major axes of the observed sources were both 3 σ
reater and 0.6 arcsec (or two pixels) greater than the FWHM of the
ajor axes of the beams. The second condition was selected to a v oid

ssues with pixelization effects that could make the beam broader, 
nd it ef fecti vely limits us to reporting sources with deconvolved
ajor axis FWHMs of � 1.7 arcsec. A couple of examples of these

ypes of sources are shown in Fig. 3 (with images of all of the sources
resented in the supplemental online material), and the deconvolved 
imensions for the sources are listed in Table 3 . Higher angular
esolution observations would be needed to understand the nature of 
he extended emission of these sources. 

We also examined whether we could calculate any approximate 
ensing parameters for unresolved background galaxies. Galaxy–
alaxy lenses can be characterized by the singular isothermal sphere 
odel, for which the critical Einstein radius is given by 

θE 

arcsec 
� 1 . 4 ×

(
σV 

220 km s −1 

)2 
D LS 

D S 
, (1) 

here σ V is the velocity dispersion, D LS is the lens–source angular 
iameter distance, and D S is the angular diameter distance from 

arth to the source (e.g. Serjeant 2010 ). Unless the lens is close
o the source, D LS � D S (e.g. Serjeant 2012 ), so g alaxy–g alaxy
ravitational lensing will tend to yield Einstein radii of ∼0.5–
.0 arcsec regardless of other factors. For foreground galaxy clusters 
cting as gravitational lenses, the critical radii will be much larger,
nd highly magnified objects will appear as arcs that would be
esolvable in our ALMA data. It is not yet possible to determine
hether our resolved sources are extended unlensed systems, massive 
 alaxy–g alaxy lensing systems, or gra vitationally lensed arcs, b ut one
nterpretation of the inferred magnification distribution in Urquhart 
t al. ( 2022 ) is that some fields contain lensing galaxy clusters. 

Five sources (HerBS-68, HerBS-131A, HerBS-138, HerBS-141, 
nd HerBS-170) have two peaks that are separated by ∼3 arcsec (or
3.5 arcsec in the case of HerBS-170), which is ∼1.5 × the FWHM

f the beam. Fig. 4 shows two examples of these sources (with images
f the other sources presented in the supplemental online material). 
n these situations, it is generally unclear whether the two point
ources are part of one larger structure, if they are two physically
ssociated but distinctly separate objects that lie at the same redshift,
r if they are two sources at different redshifts that happen to lie
long the same line of sight. The one double-peaked source where
MNRAS 522, 2995–3017 (2023) 
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Figure 3. Two 151-GHz images of example sources (HerBS-114 and HerBS- 
189) with emission that appear significantly more extended than the ∼2 arcsec 
beam size. The colours are scaled linearly. The contours show the emission 
that is detected at the ≥3 σ and ≥5 σ levels. The green ellipses in the bottom 

left corners of the images show the beam sizes. 

Table 3. Dimensions of single-peaked sources with diffuse, extended 
emission. 

Source Gaussian Physical 
FWHM dimensions 
(arcsec) a (kpc) b 

HerBS-21A 2.0 × 0.5 15 × 4 
HerBS-37 2.1 × 1.0 17 × 8 
HerBS-39 2.2 × 1.4 17 × 11 
HerBS-41C 2.1 × 0.4 
HerBS-56D 2.0 × 1.0 
HerBS-80B 1.8 × 0.7 16 × 6 
HerBS-97A 2.6 × 1.7 
HerBS-102B 1.9 × 0.2 
HerBS-107 2.2 × 0.6 18 × 5 
HerBS-114 2.8 × 0.5 
HerBS-123 2.4 × 1.8 21 × 16 
HerBS-159A 2.5 × 1.6 21 × 13 
HerBS-163B 2.7 × 0.7 
HerBS-189 2.0 × 1.4 16 × 11 
HerBS-209A 2.5 × 1.0 21 × 8 

a This is the FWHM of the deconvolved sources. The uncertainties are 
� 0.3 arcsec except for HerBS-209A, where the uncertainties are 0.4 arcsec 
for the major axis and 0.7 arcsec for the minor axis. 
b These dimensions are calculated using the Gaussian FWHMs and a spatially 
flat � CDM comology with H 0 = 67.4 km s −1 Mpc −1 and �M 

= 0.315 
(Planck Collaboration VI 2020 ). 

Figure 4. Two example 151-GHz images of fields with double-lobed sources. 
In most cases, it is ambiguous whether the lobes are two sources at different 
redshifts, are two separate but physically associated objects, or are two parts 
of one larger structure. Ho we ver, in the case of HerBS-138, the ALMA spectra 
demonstrated that the two lobes are at different redshifts (and hence they are 
labelled as A and B to indicate that they are distinct sources). The colours are 
scaled linearly. The contours show the emission that is detected at the ≥3 σ
and ≥5 σ levels. The green ellipses in the bottom left corners of the images 
show the beam sizes. 
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NRAS 522, 2995–3017 (2023) 
e have a clear understanding of the relation between the two peaks is
erBS-138. Urquhart et al. ( 2022 ) detected dif ferent lines at dif ferent

requencies for the two peaks, which indicates that they correspond
o two different, unassociated sources at different redshifts (although
he line detections only allowed for the determination of an accurate
edshift for source B). 

It is also worth noting that, as shown in Fig. 5 the centre of HerBS-
5 contains two sources (labelled A and B) separated by ∼6.5 arcsec
hat appear to be connected by a thin, filamentary structure detected
t the > 3 σ level in the 151-GHz image. It is not clear if the two
bjects are actually physically connected. Note that the only object
n this field with a measured redshift is A; line emission was not
etected from the B source or the filamentary structure. 

 MULTIPLICITIES  

ubmillimetre and millimetre interferometers, including ALMA,
ave been essential for locating or resolving individual infrared
nd millimetre sources that had been detected with single-dish
elescopes, including Herschel , the Atacama Pathfinder Experiment,
he Atacama Submillimeter Telescope Experiment, the James Clerk
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Figure 5. The 151-GHz image of the HerBS-45 field, where the two brightest 
sources (labelled A and B) are connected by a thin structure detected at the 
> 3 σ level. The colours are scaled linearly. The contours show the emission 
that is detected at the ≥3 σ and ≥5 σ levels. The green ellipses in the bottom 

left corner of the image show the beam sizes. 
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Table 4. Multiplicity information. 

Number of detected sources within ALMA Number 
fields of fields 

1 39 
(source with z spec ) 31 
(source without z spec ) 8 

2 34 
(associated z spec ) 6 
(different z spec ) 6 
( z spec for only one source) 13 
(no z spec ) 9 
( ≥80 per cent of total 151-GHz emission from brighter source) 7 
(67–80 per cent of total 151-GHz emission from brighter 

source) 
9 

( ≤67 per cent of total 151-GHz emission from brighter source) a 18 
≥3 6 

(associated z spec for ≥ 2 sources) 2 
(different z spec among the sources) 1 
( z spec for only one source) 3 
(no z spec ) 1 

[At least one detected source outside the 6 
central 35-arcsec diameter region] 

a The relative fraction of the total emission from the brightest (A) source in 
the HerBS-138 field was estimated based on the ratio of the peak brightnesses 
of the two sources. 
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4 Urquhart et al. ( 2022 ) only list redshifts for one of the two sources in 
the HerBS-122, HerBS-135, HerBS-138, and HerBS-146 fields and list no 
redshifts for either source in the HerBS-144 field. Spectral lines were detected 
for both sources in each of these fields, but the detected lines were insufficient 
for unambiguously identifying the redshifts of at least one of the sources. 
Ho we ver, because the lines for the sources in each of these fields are at very 
different frequencies, it is clear that the sources are at different redshifts, so 
we can still list them in Table 4 as such. 
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axwell Telescope, the Large Millimeter Telescope, and the South 
ole Telescope. When the infrared, submillimetre, and millimetre 
ources initially detected in deep fields with � 15-arcsec resolutions 
re then re-observed using interferometers with angular resolutions 
f � 3 arcsec, the new data often show that a significant fraction
potentially up to 70 per cent) of the � 15-arcsec submillimetre 
ources have multiple counterparts (e.g. Hodge et al. 2013 ; Karim 

t al. 2013 ; Bussmann et al. 2015 ; Cowie et al. 2018 ; Hill et al.
018 ; Stach et al. 2018 ), although this depends on the sensitivity
nd angular resolutions of the interferometers used in the follow- 
p observations. Additional observational and theoretical studies 
ave demonstrated how confusion could affect at least 50 per cent 
f submillimetre galaxies identified in data with � 15-arcsec beams 
e.g. Hayward et al. 2013 , 2018 ; Scudder et al. 2016 , 2018 ), and
his has implications for analyses looking at the o v erall properties of
his class of sources, such as their luminosity functions (Karim et al.
013 ). 
Importantly, the HerBS sources observed in our study were not 

lindly selected by their infrared or submillimetre flux densities 
ike the sources in most other deep surv e ys. Instead, the HerBS
ources were selected using both a flux density threshold and a 
hotometric redshift threshold, with additional steps applied to 
emo v e blazars and foreground galaxies (Bakx et al. 2018 ). These
teps are intended to optimize for the selection of the brightest
igh-redshift infrared sources, including gravitational lenses (which 
ill mainly be unresolved in our data), individual HLIRGs, and 

nfrared-bright protoclusters (Negrello et al. 2017 ; Bakx et al. 2018 ).
odels of the HerBS fields specifically indicate that between 57 and 

2 per cent of the fields with high Herschel 500- μm flux densities
re expected to correspond to gravitational lenses (Bakx et al. 2018 ,
020a ). Consequently, the multiplicity results for the BEARS fields 
re expected to differ from other surveys. 

.1 Statistics from the BEARS fields 

able 4 lists the number of sources we detected within the Herschel
00- μm beam in each field. These are generally sources with peak
rightnesses detected at abo v e the 5 σ lev el (or abo v e ∼0.2 mJy
eam 

−1 ) in either the 101- or 151-GHz images, although it also
ncludes two sources (HerBS-80B and HerBS-122B) with peaks only 
etected at the 3–5 σ threshold but that have spectral line counterparts
isted by Urquhart et al. ( 2022 ). Double-lobed sources are treated as
ingle sources except for HerBS-138, where the two lobes are known
o correspond to objects at different redshifts. Fields with one source
re subdivided as to whether they have a spectroscopic redshift. 
ields with two sources are subdivided into four subgroups based 
n whether both sources have measured spectroscopic redshifts and 
hether the source are at the same or different redshifts. 4 The fields
ith two sources are also subdivided by the ratio of the brighter

ource to the fainter source, which is important for interpreting the
ontributions of the fainter source to the SED integrated across the
eld. Fields with three or more sources are subdivided into similar
roups, although we do not hav e an y fields with three or more sources
hat all have measured redshifts. 

Approximately half of the fields contain just one detected source 
n the ALMA data. These fields are largely consistent with what
ould be expected if the sources are unresolved gravitationally 

ensed galaxies or are HLIRGs, although additional observations 
t higher angular resolutions would be needed to confirm the nature
f these sources. Eight fields contain two or more objects that have
imilar spectroscopic redshifts. These could be physically associated 
nfrared-bright galaxies or single sources lensed by a foreground 
bject, potentially a cluster. Seven fields contain sources at different 
edshifts which are more likely to be chance alignments. As for the
elds with multiple sources with incomplete redshift information, it 

s unclear exactly how to interpret the nature of these sources. 
MNRAS 522, 2995–3017 (2023) 
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M

Figure 6. Images of the HerBS-98 field, which contains two detected 151- 
GHz sources located at the northern edge of the field observed by ALMA. 
The centre of the field corresponds to the coordinates of the 250- μm source 
from the H-ATLAS catalogue, even though the 500 μm is clearly offset from 

this position. The colours are scaled linearly. The contours show the emission 
that is detected at the ≥3 σ and ≥5 σ levels. The green ellipses in the bottom 

left corner of each panel show the different beam sizes of the data. The grey 
circles in the 101- and 151-GHz images show the spatial extent of the imaged 
regions. The letters in the 151-GHz image correspond to the labels for the 
sources given in Table 2 . 
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Figure 7. Histograms of the fraction of the integrated 151-GHz emission that 
comes from the brightest source in fields with two detected 151-GHz sources 
(top) and fields with three or more detected 151-GHz sources (bottom). The 
six ALMA fields with sources falling outside the central 35 arcsec were 
excluded from these histograms. 

t  

e  

t  

t  

t  

fi  

s  

e  

f  

t  

t  

fi  

w  

p  

s  

A
 

d  

t  

w  

m  

t  

fl  

s  

t  

t  

fi  

d  

t  

m  

fl  

o  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/2/2995/7149142 by W
estern C

ape U
niversity user on 17 July 2023
The six fields where we identified sources within the ALMA im-
ges but outside the central 35-arcsec diameter region (corresponding
o the FWHM of the Herschel 500- μm beam) are listed in a separate
ategory in Table 4 . This is because it is not al w ays clear whether all
f the sources detected in the ALMA images were confused in the
erschel 500- μm beam or how to interpret the ALMA results for the
ultiplicity analysis. In the HerBS-41, HerBS-63, HerBS-118, and
erBS-186 fields, the Herschel 250- μm images appear to contain

ingle sources, but in the HerBS-33 and HerBS-98 fields, it is possible
o see emission in the Herschel 250- μm images corresponding to the
LMA sources outside the central 35 arcsec, and it is also apparent

hat the emission from the multiple sources was blended together in
he Herschel 500- μm beam. HerBS-33 is already shown in Fig. 1 ;
erBS-98 is shown in Fig. 6 . The coordinates for HerBS-98 from

he H-ATLAS catalogues are based on the locations of the sources
etected at 250 μm (Valiante et al. 2016 ), so while ALMA observed
he central coordinates of HerBS-98 (J001030.1 −330622) listed by
he H-ATLAS catalogue, the 500- μm source and the detected 151-
Hz sources are offset from this position. Note that HerBS-98 is the
nly field in our sample with this specific coordinate issue. 
When identifying fields as containing multiples, we have not

laced any restrictions on the 151-GHz flux density ratios of the
econd and first brightest sources or the ratio of the brightest source
o the total flux density. This means that the multiplicity results
ould depend on the sensitivities achieved in our data, with more
elds appearing to contain multiples when the sensitivities impro v e.
ence, it would be useful to assess the significance of the emission

rom the other sources detected in any field as compared to the
rightest source. This is why we separated the fields with two detected
51-GHz sources in Table 4 into three groups based on the ratio of
NRAS 522, 2995–3017 (2023) 
he 151-GHz flux density of the brightest source to the total 151-GHz
mission. We also hav e pro vided histograms of this ratio in Fig. 7 . In
he fields with two sources, the median ratio of the brighter source
o the total emission is 0.65 (or, alternately, the average ratio of
he brightnesses of the brighter source to the fainter source in these
elds is < 2/1 for half of these fields). In contrast, we only found
even fields with two sources where the ratio of the brighter source
mission to total emission is > 0.80 (or where the ratio of the emission
rom the brighter source to the fainter source is > 4/1). In fields with
hree or more sources, ho we ver, the A source ne ver produces more
han 62 per cent of the total 151-GHz emission; the emission in these
elds is truly fragmented. To summarize, in the vast majority of fields
e have identified as containing multiple sources, the A source only
roduces < 80 per cent of the total 151-GHz emission, with other
ources producing a significant amount of emission in at least the
LMA bands. 
To understand source confusion as a function of the integrated flux

ensities within each field, we created separate histograms in Fig. 8 of
he 500- μm and 151-GHz flux densities (as measured for all sources
ithin the central 35 arcsec) for fields with one, two, or three or
ore sources (excluding the fields with one detected source outside

he central 35-arcsec diameter region). The distribution of integrated
ux densities for the three separate sets of fields appear somewhat
imilar in this plot, although the fields with higher flux densities
end to contain single sources. Applying Kolomoro v–Smirno v tests
o the distributions, we calculated a 7 per cent probability that the
elds with 1 source and fields with multiple sources have the same
istributions of 500- μm flux densities and a 63 per cent probability
hat the data for fields with 1 source and the data for fields with

ultiple sources are drawn from the same distributions of 151-GHz
ux densities. These results indicate that the majority, but not all,
f the fields with the highest flux densities contain single ALMA
ources. 
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Figure 8. Histograms of the total Herschel 500- μm flux densities (top) 
and total 151-GHz flux densities (bottom) measured within the central 35- 
arcsec diameter regions for different subsets of fields based on the number 
of sources detected in those fields within the ALMA data. The six ALMA 

fields with sources falling outside the central 35 arcsec were excluded from 

these histograms. The minimum limits on the histogram values are 80 mJy 
at 500 μm (which is set by the sample selection criteria) and 0.20 mJy at 
151 GHz (which is the 5 σ detection limit). 
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.2 Comparisons to other multiplicity studies 

he multiplicity results from our sample do not quite match the 
esults from most other surv e ys for various reasons. First, the use
f photometric redshifts and the removal of foreground galaxies 
nd blazars when constructing the HerBS sample should help for 
dentifying gravitational lenses (which should be mostly unresolved 
n our data) or HLIRGs (Negrello et al. 2017 ; Bakx et al. 2018 ).
he Herschel sources that meet both our flux density and colour 
riteria are relatively rare and would be unlikely to appear in other
urv e ys. F or reference, our sample of 85 sources comes from a
eld that is 290 deg 2 in size. Secondly, differences in the beam
izes of the single-dish data used to identify the locations of bright
ubmillimetre sources would lead to variations in the multiplicities 
bserved by interferometers. Thirdly, differences in the beams used 
n the interferometric follow-up observations could affect whether 

ultiple sources are resolved or unresolved in those data. Fourth, 
hoosing to either deblend multilobed sources or treating them as 
ingle sources could affect the multiplicity results. Since, with the 
xception of HerBS-138, we report multilobed sources as single 
ources, the fraction of fields that we identify with multiple sources
ay be lower than what is identified in studies that deblend such

ources. Finally, differences in observing depth achieved between 
ur ALMA observations and other surv e ys would af fect ho w many
ources could be detected in any field. We have reported detections
f ≥0.20 mJy at 151 GHz, which is equi v alent to ∼3–6 mJy at
45 GHz (870 μm) for a modified blackbody with an emissivity
ndex β between 1 and 2. Other multiplicity studies are based on
bjects selected at ∼345 GHz with detection limits ranging from 0.7
o 6 mJy. 

Our finding that ∼50 per cent of our fields contain multiple sources
s consistent with the results for 870- μm selected sources from APEX
bservations studied by Hodge et al. ( 2013 ), even though they would
ave been more sensitive to fainter sources. Additionally, our results 
re consistent with the 850- μm selected sources with flux densities
9 mJy from the JCMT studied by Stach et al. ( 2018 ), although the
ultiplicity fraction was lower for JCMT sources with fainter flux 

ensities, probably because of source detection issues. In contrast, 
owie et al. ( 2018 ) and Hill et al. ( 2018 ) found that only ∼15 per cent
f their fields had multiple sources. Both w ork ed with fields selected
rom JCMT 850- μm observations that have a 14-arcsec beam, and the
maller beam size would contribute to the lower multiplicities. The 
ntegrated 850- μm flux densities in many of the fields observed by
owie et al. ( 2018 ) were relatively close to the detection threshold

n their ALMA data, and they indicated that, if that emission was
ivided into multiple ALMA sources, they may have had difficulty 
dentifying all of those sources, which could also explain their lower

ultiplicities fraction. Hill et al. ( 2018 ) achieved sensitivity levels
f fecti vely equi v alent to ours when adjusting for frequenc y, but the y
pplied a requirement that fields would only be identified as multiples
f the ratio of the brightest to second brightest source was > 2, which
ould also explain their lower multiplicities fraction. 
Meanwhile, Bussmann et al. ( 2015 ) and Scudder et al. ( 2016 , 2018 )

ound a significantly higher fraction of their fields contained multiple 
ources. The beams of the data from the follo w-up observ ations in
ll of these studies are smaller than the beams in our data, which is
ne reason why these other studies measured higher multiplicity 
ractions. The beams in the Bussmann et al. ( 2015 ) data were
.45 arcsec, and they also deblended multilobed structures in their 
LMA data while we generally counted such structures as single 
bjects. Both of these aspects of their source identification led them
o identifying a higher percentage ( ∼70 per cent) of their fields
s containing multiples. If the Bussmann et al. ( 2015 ) fields were
bserved using a 2 arcsec beam and sources within 3 arcsec of each
ther were not deblended, then the fraction of fields that would be
dentified as containing multiple sources would only be 34 per cent,
hich would actually be below what we measured. Also note that
ussmann et al. ( 2015 ) selected fields based on Herschel 500- μm
ata with the same beam size as ours, but while the catalogue that
s the basis for our sample was created using the 250- μm source
ositions to ef fecti vely deblend the 500- μm emission, the sample
sed by Bussmann et al. ( 2015 ) did not deblend the 500- μm emission
efore selecting their ALMA targets, which would also contribute 
MNRAS 522, 2995–3017 (2023) 
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o the higher percentage of fields with multiple sources that they
dentified. Scudder et al. ( 2016 , 2018 ) observed fields identified in
erschel 250- μm data, which has a smaller beam and should be

esolved into fewer multiples. However, their multiplicity results are
ased on identifying counterparts in 3.6- and 24- μm Spitzer Space
elescope data. While the beam sizes of these mid-infrared data are
ot significantly better than ours, their 3.6- μm data in particular
enerally contained more detections per unit area, which could be
hy they obtain the relatively high number of 95 per cent of fields

ontaining multiple sources. 
Other aspects of the nature of the multiplicity in our sample are

lso different from what has been found in samples selected purely
y flux density. Most notably, many of the brightest sources in our
ample, including 11 of the 15 brightest at 500 μm, are single
ources. If a second source below our 5 σ detection threshold is
resent in any of these 11 fields, it would contribute � 20 per cent
f the total 151-GHz emission. In contrast, Hodge et al. ( 2013 ) and
arim et al. ( 2013 ) in their 870- μm selected sources from APEX

which has a 19 arcsec beam) and Stach et al. ( 2018 ) in their 850-
m selected sources from the JCMT (which has a 15-arcsec beam)

ound a strong tendency for the brightest sources in their sample
o be multiple systems. Additionally, the models by Hayward et al.
 2013 ) indicate that, in a 15 arcsec beam, all sources with 850- μm
ux densities > 8 mJy (which would be equi v alent to ∼0.4–0.8 mJy
t 151 GHz) should be multiple systems. It is particularly notable
hat our sources were selected using a 35 arcsec beam and that
e placed no restrictions on the ratio of the brightest to second
rightest sources when counting multiples. This should bias our
esults towards identifying fields with more multiples in cases where
he brightest detected sources hav e v ery high flux densities relative
o the noise le vels. Ho we ver, in fields where the brightest sources are
etected at just abo v e the 5 σ level, we may not be able to identify
dditional sources that may only be slightly fainter (for example,
ave flux densities that are between 50 and 100 per cent of the flux
ensities of the brightest sources) but that fall below our detection
hreshold. 

Hodge et al. ( 2013 ) and Stach et al. ( 2018 ) also reported non-
etections in ALMA observations of a significant fraction (15–
0 per cent) of their fields selected at 850 μm with the JCMT or
70 μm with APEX, and the y e xplain how this could occur if the
otal submillimetre flux is divided into several sources that fall below
heir detection threshold. Ho we ver, we al w ays detected at least one
51-GHz source in every field that we observed. Since our sample
as selected in Herschel 500- μm data with a larger beam, we should
ave been more strongly biased towards finding fields that contain
uch blends of multiple fainter sources, and our detection threshold
when scaled from 151 to 345 GHz) is ef fecti vely higher than the
nes used by Hodge et al. ( 2013 ) and Stach et al. ( 2018 ), which
hould have made our observations more prone to non-detections in
eneral. On the other hand, our field selection is based on 500- μm
ux densities that (when scaled to 850 or 870 μm) are higher than

hose used by Hodge et al. ( 2013 ) and Stach et al. ( 2018 ), which
ould impro v e our chances of source detection in any field. It is
ossible that, if our sources were observed with a smaller beam like
he ∼0.6 arcsec beam used by Stach et al. ( 2018 ), they would be
esolved into multiple sources that could fall below our detection
hreshold, but this explanation does not apply to the Hodge et al.
 2013 ) results, which observed their fields using a 1.5 arcsec beam
ize that is not that different from our 151-GHz beam. 

Overall, the multiple differences between our study and other
urv e ys are most likely related to our sample selection criteria, which
ere originally designed to identify infrared-bright gravitational
NRAS 522, 2995–3017 (2023) 
enses Negrello et al. ( 2017 ) and would generally be expected to
e unresolved single sources in our data. As stated above, between
7 and 82 per cent of the BEARS fields were expected to correspond
o gravitational lenses that would be unresolved in our data (Bakx
t al. 2018 , 2020a ). Also note that the types of sources that meet both
ur flux density and colour criteria are relatively rare and would have
een unlikely to appear in other multiplicity studies. 

 SPECTRAL  E N E R G Y  DI STRI BU TI ONS  

or a subset of the objects where the spectroscopic redshifts were
easured by Urquhart et al. ( 2022 ), we constructed SEDs based

n the Herschel 250–500- μm flux densities (from H-ATLAS Data
elease 2) and the ALMA 151- and 101-GHz flux densities (as

nte grated o v er the entire fields) and then performed an analysis of
he SEDs. The 101- and 151-GHz data in particular can be used to
onstrain the emissivity index β of the dust emission, but the SED
ata can also be used to search for temperature variations versus
edshift and to compare the results of photometric and spectroscopic
edshifts. 

The SEDs for fields with single sources will represent single
bjects and are therefore straightforward to work with. The flux
ensities for these fields from Herschel correspond to the same
ources seen in the ALMA data (assuming that any lower redshift
alaxies in the foreground contribute negligible amounts of emission
t these wavelengths), so the Herschel and ALMA data can be
traightforwardly combined to create individual SEDs for individual
ources. Ho we ver, we can also work with fields containing two
ources that are at the same redshift. The Herschel data can be
ombined with the sum of the ALMA flux densities for the sources
n those fields to create SEDs that are still useful for determining the
verage dust temperatures and emissivities of the detected objects,
lthough note that, if the sources in these fields have significantly
ifferent average dust temperatures, the SEDs may appear unusually
road. 
With fields containing two or more sources with different or

nidentified redshifts, combining the integrated ALMA flux densities
ith Herschel data will not produce SEDs that hav e an y meaningful
hysical interpretation. It is also very difficult to accurately disen-
angle the contributions of the different sources in these fields to the
otal integrated flux densities measured in the Herschel data. While
t might be possible to perform a spatial decomposition analysis of
he Herschel data using the positions from ALMA, that is beyond the
cope of this paper. Given this, we will focus on characterizing the
EDs of the fields with single sources with spectroscopic redshifts
31 fields) and with two sources at the same redshift (6 fields). 

.1 SED fits 

o understand how the dust colours vary within the sample, we can fit
he (observ ed wav elength) 250–2970- μm data with single optically
hin modified blackbodies with a fixed β value. We set β to 2, which
s similar to what is used in the models from Draine ( 2003 ) that are
ased on Milky Way observations and which is similar to the value
f 1.8 found by Planck Collaboration XIX ( 2011 ) for the Milky Way.
hile the single modified blackbodies do not necessarily accurately

haracterize the physical dust temperatures or the details of the dust
mission processes, they are still useful for characterizing the overall
olours. Ho we v er, for e xamining the dust emissivities, we also fit
he data with single modified blackbodies with variable β values.
llowing β to vary leads to degeneracies between β and temperature

e.g. Casey, Narayanan & Cooray 2014 ), which adds confusion to
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Table 5. Colour temperatures and emissivities from SED fits to observed- 
frame 250–2970- μm data and 151/101-GHz ratios. 

Field 250–2970- μm fit results f 151 GHz 

β = 2 β = variable / f 101 GHz 
a 

T (K) T (K) β

Fields with single sources 
HerBS-11 32.0 ± 0.8 35.7 ± 2.0 1.78 ± 0.10 3.8 ± 0.3 
HerBS-14 32.4 ± 1.1 36.6 ± 4.1 1.71 ± 0.24 5.1 ± 0.4 
HerBS-18 28.7 ± 0.9 30.7 ± 3.6 1.86 ± 0.23 2.8 ± 0.3 
HerBS-24 27.4 ± 0.8 31.2 ± 2.4 1.74 ± 0.14 3.5 ± 0.3 
HerBS-25 29.7 ± 0.7 32.9 ± 2.0 1.76 ± 0.13 3.8 ± 0.4 
HerBS-27 33.0 ± 1.4 41.2 ± 4.5 1.45 ± 0.23 4.4 ± 0.3 
HerBS-28 32.0 ± 1.2 39.6 ± 1.4 1.49 ± 0.07 3.5 ± 0.3 
HerBS-36 29.5 ± 1.2 37.5 ± 2.6 1.48 ± 0.12 4.2 ± 0.3 
HerBS-37 34.8 ± 0.9 31.4 ± 0.5 2.23 ± 0.04 > 2.9 
HerBS-39 33.6 ± 0.8 37.3 ± 2.5 1.78 ± 0.13 4.7 ± 0.4 
HerBS-40 30.2 ± 2.9 21.4 ± 1.0 2.82 ± 0.13 > 4.8 
HerBS-47 33.1 ± 1.3 28.9 ± 2.6 2.31 ± 0.21 > 2.3 
HerBS-55 34.5 ± 1.8 33.2 ± 6.7 2.08 ± 0.39 3.2 ± 0.3 
HerBS-57 34.4 ± 1.2 36.3 ± 5.6 1.89 ± 0.31 5.9 ± 0.5 
HerBS-60 31.9 ± 0.5 32.9 ± 2.0 1.93 ± 0.13 4.6 ± 0.4 
HerBS-68 34.8 ± 0.4 36.1 ± 1.4 1.92 ± 0.07 > 3.0 
HerBS-73 34.3 ± 0.6 36.8 ± 2.3 1.86 ± 0.12 4.7 ± 0.4 
HerBS-86 30.2 ± 1.2 26.5 ± 2.9 2.30 ± 0.26 5.9 ± 0.6 
HerBS-93 30.6 ± 2.7 22.7 ± 4.2 2.70 ± 0.48 8.6 ± 0.8 
HerBS-103 36.2 ± 1.2 41.3 ± 5.7 1.75 ± 0.23 3.2 ± 0.3 
HerBS-107 34.0 ± 1.7 29.3 ± 4.6 2.33 ± 0.37 > 5.0 
HerBS-111 31.6 ± 1.0 28.1 ± 2.5 2.25 ± 0.19 6.0 ± 0.7 
HerBS-123 29.5 ± 0.7 28.7 ± 3.4 2.07 ± 0.26 > 6.2 
HerBS-132 34.9 ± 2.2 26.2 ± 1.7 2.60 ± 0.15 5.8 ± 0.6 
HerBS-141 33.5 ± 2.2 26.5 ± 1.8 2.52 ± 0.17 > 3.6 
HerBS-160 31.4 ± 1.0 35.3 ± 4.0 1.72 ± 0.24 4.6 ± 0.3 
HerBS-182 30.8 ± 1.0 26.0 ± 0.9 2.34 ± 0.08 5.5 ± 0.5 
HerBS-184 29.8 ± 1.1 35.5 ± 4.8 1.67 ± 0.22 3.3 ± 0.3 
HerBS-189 37.7 ± 1.1 44.5 ± 2.1 1.65 ± 0.09 > 5.0 
HerBS-200 32.3 ± 1.5 31.4 ± 6.1 2.05 ± 0.34 3.3 ± 0.4 
HerBS-207 25.7 ± 1.0 23.2 ± 3.3 2.19 ± 0.28 3.7 ± 0.4 

Fields with multiple sources at the same redshift 
HerBS-21 33.4 ± 0.4 34.9 ± 1.4 1.89 ± 0.09 4.9 ± 0.5 
HerBS-49 28.5 ± 3.1 39.0 ± 21.5 1.40 ± 0.84 1.6 ± 0.1 
HerBS-69 30.9 ± 0.8 27.6 ± 0.2 2.24 ± 0.01 > 3.0 
HerBS-120 30.3 ± 0.4 32.4 ± 0.1 1.84 ± 0.00 > 4.2 
HerBS-159 30.4 ± 1.0 27.4 ± 3.2 2.22 ± 0.27 > 2.6 
HerBS-208 29.0 ± 0.3 28.3 ± 1.1 2.05 ± 0.08 4.5 ± 0.5 

a Lower limits in the 151/101-GHz ratios are given for fields where at least one 
151-GHz source is not detected at 101 GHz. The limits for fields with single 
source are calculated using 101-GHz flux densities equi v alent to 5 times the 
rms noise levels listed in Table 1 , which are ef fecti vely the 5 σ detection limits 
for point sources and could o v erestimate the limit for extended sources. Since 
HerBS-189 is notably extended, this does not work, so the 101-GHz 5 σ upper 
limit is multiplied by 1.9, which is based on the e xpected convolv ed source 
size (using the data from Table 3 ) to the beam size. The limits HerBS-69 and 
HerBS-159 are calculated using 101-GHz flux densities equi v alent to 5 times 
the rms noise levels multiplied by 2 (for the number of undetected sources). 
The A source in the HerBS-120 field was detected but the B source was not, 
so for calculating the lower limit in the 151/101-GHz ratio for this field, the 
101-GHz flux density of the A source was added to 5 times the rms noise 
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ny comparison of dust temperatures fit with such SEDs, which is
hy a second set of fits with a fixed β value are needed for comparing

he colours of the sources in our sample. 
The fits were performed using a standard Levenberg Marquardt 

lgorithm, and both the measurement and calibration uncertainties 
ere used to calculate the input flux density uncertainties. The 

alibration uncertainties for the Herschel data are set to 4 per cent
Bendo et al. 2013 ). Colour corrections of 1.03, 1.005, and 0.985 were
pplied to the Herschel 250-, 350-, and 500- μm data, respectively, 
ased on the tables from The Spectral and Photometric Imaging 
eceiver (SPIRE) Handbook (Valtchanov 2018 ) 5 The redshifts of 
ur sample extend up to ∼4.5, where the temperature of the cosmic
icrowave background (CMB) is ∼15 K. This potentially affects 

he temperatures and β from or SED fits, so we applied a correction
or the CMB when fitting the data (see da Cunha et al. 2013 for
n o v erview). When one or more objects in these fields were not
etected at 101 GHz, we only performed fits to the Herschel and
51-GHz data, although we still display 5 σ upper limits for the 
01-GHz data (based on the rms noise values in Table 1 ) in the
lots. Table 5 lists the colour temperatures and β derived from these 
ts as well as integrated infrared luminosities (with no correction 
or magnification). Additionally, a subset of the SEDs are shown in 
ig. 9 . 
For most of the fields, one or both of the SED fits work reasonably

ell in describing the shape of the SED. Quite a few of the fields
ave SEDs that can be described using β ≈ 2, as illustrated by how
he two modified blackbody curves (for β fixed to 2 and for variable

values) o v erlap in the SED plots for HerBS-21, HerBS-25, HerBS-
0, HerBS-68, and HerBS-73 in Fig. 9 . This is also seen in the β
 alues deri ved when β was allo wed to v ary as a free parameter.
bout half of these values are either within 10 per cent of 2 or are

tatistically equi v alent to 2, and the mean fitted value is 2.0 with a
tandard deviation of 0.3. 

The fits with the variable β have shown that some SEDs are 
onsistent with either a notably shallow or notably steep SED where 
deviates significantly from 2. HerBS-27, HerBS-28, and HerBS- 

6 are the best examples of sources with low fitted β values, while
erBS-40, HerBS-132, and HerBS-141 are the best examples of 

ources with high fitted β values. Notably, the three example sources 
ith low fitted β values are at z > 3.0, while the three example

ources with high β values are at z < 2.5; we discuss this more in
ection 5.2 . 
In three fields (HerBS-49, HerBS-55, and HerBS-93), the single 
odified blackbodies simply do not fit the data well (i.e. one or more

f the data points deviate by > 3 σ from the best-fitting modified
lackbodies). The slopes between the observed 500- and 1970- μm 

ata points in the HerBS-49 and HerBS-55 fields are too steep to
e consistent with a single modified blackbody with β = 2, but the
lope of the ALMA data points is much shallower in comparison to
he slope between the 500- and 1970- μm data. These could be cases
here either the ALMA or the Herschel data are affected by noise or
ther measurement issues, but the most likely physical explanation 
or these SED shapes would be that the fields contain sources with
oth dust with high β values and with submillimetre emission from 
 The SPIRE Handbook is available at ht tps://www.cosmos.esa.int /web/her 
chel/legacy- documentation- spire . The 250–500- μm data for the subsample 
iscussed in Section 5 have colours consistent with a modified blackbody at 
 = 0 (without a CMB correction) with β = 1.5 and temperature of 9.6 ± 0.9 K 

r with β = 2 and temperature of 8.5 ± 0.7 K, so we used colour corrections 
or point sources consistent with those modified blackbodies. 

level (the assumed upper limit for the B source). 

s  

H  

t  

H
t  

o

ources other than � 10-K dust. This is discussed more in Section 5.2 .
erBS-93 is a case where the ALMA data are significantly steeper

han would be e xpected giv en the shape of the curve defined by the
erschel data, but assuming again that no technical issues affected 

he data, it would be possible to describe the SED using a sum
f modified blackbodies with high β values. Additional continuum 
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Figure 9. SEDs for 16 of the sample fields along with the best-fitting modified blackbody functions where β is fixed to 2 and where β is allowed to vary. The 
parameters from the fits are listed at the bottom of each panel. All data are plotted as a function of their rest wavelengths calculated using the spectroscopic 
redshifts from Urquhart et al. ( 2022 ). HerBS-21, HerBS-25, HerBS-60, HerBS-68, and HerBS-73 are shown as examples of where, when β is allowed to vary, 
the best-fitting β value is close to 2. HerBS-14 and HerBS-28 are examples of fields with low fitted β values. HerBS-40 and HerBS-86 are examples of fields 
with high fitted β values. HerBS-49, HerBS-55, and HerBS-93 are examples of SEDs where the single modified blackbodies do not accurately fit the data. The 
uncertainties are equi v alent to or smaller than the data points in these plots. Open symbols represent 5 σ upper limits. 
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easurements would be needed to define the SEDs more precisely
efore we could proceed with trying to interpret the physics of the
ust emission from these sources. 

.2 Analysis of the 151/101-GHz flux density ratios 

EDs produced by dust at multiple temperatures can be fit by a single
odified blackbody with a β lower than the actual β of the dust (e.g.
unne et al. 2000 ; Klaas et al. 2001 ; Bendo et al. 2003 ). The ratios of

he 151–101-GHz emission, which are also listed in Table 5 , measure
he slope of the Rayleigh–Jeans side of the SEDs for these objects,
hich will primarily be affected by the physical β of the dust and
hich will be relati vely insensiti ve to dust temperature. It would

herefore be useful to compare the results from these two different
etrics of dust emissivity. 
Fig. 10 shows the β values derived from the 250–2970- μm SED

ts to the 151/101-GHz ratios. Although the data roughly follow the
elation expected for modified blackbodies with temperatures and
NRAS 522, 2995–3017 (2023) 

t

edshifts consistent with those values in our sample (as shown by the
haded region), the relation shows some scatter. Notably, data with
arge uncertainties in the fitted β values tend to lie further away from
he range of expected values. Issues related to blended emission from
ust at different temperatures will drive many data points downwards
n Fig. 10 , while the de generac y between temperature and β in the
ED fits will cause additional scatter. 
Fig. 11 shows the β values from the SED fits and the 151/101-

Hz ratios plotted as a function of temperature. If the β from the
ED fits purely reflected emissivity variations, then both β and the
51/101-GHz ratios should vary similarly as a function of the best-
tting temperature. We found that β varies strongly as a function
f temperature as a result of the well-known de generac y between
emperature and β (e.g. Casey et al. 2014 ); the Pearson correlation
oefficient for the relation is −0.88. Meanwhile, the 151/101-GHz
atios do not exhibit such a strong dependence on temperature;
he Pearson correlation coefficient for that relation is −0.50. The
ifference between these correlation coefficients reveals biases in
he β from the SED fits. 
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Figure 10. Plots of the β values derived from fits to the 250–2970- μm 

data (where β was treated as a free parameter) to the 151/101-GHz flux 
density ratios for the subset of sources from Table 5 with 101-GHz flux 
density detections. The shaded area shows the expected relation for dust with 
temperatures between 20 and 50 K and for redshifts between 1 and 5. The 
open symbols represent data points based on 101 GHz 5 σ upper limits. 

Figure 11. Plots of β (from SED fits where the β was treated as a free 
parameter) and the 151/101-GHz ratios as a function of temperature. The 
open symbols represent data points based on 101 GHz 5 σ upper limits. The 
data point with the extra large error bars is HerBS-49, which was fit poorly 
by the single modified blackbody. 
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Figure 12. Plots of β (from SED fits where the β was treated as a free 
parameter) and the 151/101 GHz ratios as a function of spectroscopic redshift. 
The open symbols represent data points based on 101 GHz 5 σ upper limits. 
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Fig. 12 plots the β values from the SED fits and the 151/101-GHz
atios as a function of spectroscopic redshift. A relation is seen for
he β values for the SED fits (with a Pearson correlation coefficient 
f −0.65). Ho we ver, no relation is seen at all with the 151/101-GHz
atios (with a Pearson correlation coefficient of 0.04). This indicates 
hat the slopes of the Rayleigh–Jeans sides of the SEDs are not
arying with redshift and that the redshift variations in the β values 
rom the SED fits are an artefact of the fitting process. 

The β derived from the fits are influenced strongly by the rest
avelengths sampled by the data. As indicated in Section 5.1 , the
ts with the variable β may yield shallower emissivity functions 
ecause of the blending of emission from multiple dust components 
ith different temperatures. When progressing from z = 2 to z =
.5, the 250- and 350- μm bands will increasingly include more
mission from hotter dust, including very small grains not at thermal
quilibrium (e.g. Li & Draine 2001 ; Popescu et al. 2011 ). Given this,
odified blackbodies with variable β fit to SEDs at the same observed
 avelengths w ould be expected to yield both higher temperatures

nd lower β for objects at higher redshifts. Hence, the β values from
hese fits should not be relied upon for characterizing the physical
missivities of the dust emission. 

Having compared the 151/101 GHz ratios to the β values derived 
rom the SED fits and having concluded that the 151/101 GHz ratios
ay be more indicative of the physical emissivity of the dust grains

hemselves, we can now focus on analysing and interpreting the 
51/101 GHz ratios. Fig. 13 shows the ratios as a function of redshift
nd a histogram of these ratios. We also calculated the range of
51/101 GHz ratios expected for modified blackbodies (corrected 
or the effects of the CMB) with temperatures ranging from 20 to
0 K, β of either 1 or 2, and redshifts from 1.5 to 4.6. This redshift
ange encompasses the range of the sources listed in Table 5 . Shaded
egions in Fig. 13 show the range of ratios consistent with the two β
alues o v er these temperature and redshift ranges. 

The mean ratio that we measure is 4.4, and the standard deviation
s 1.3. For comparison, the mid-point of the range of ratios for β =
 is also 4.4, while the mid-point of the range of ratios for β = 1 is
.9. While some ratios are measured relatively precisely, others have 
elatively large uncertainties. Still, these numbers as well as Fig. 13
emonstrate that the 151/101-GHz ratios for the subsample as a 
hole are largely consistent with β values of close to 2. Few studies
ave performed measurements of β for high-redshift galaxies, and 
hese studies have primarily been limited to shorter rest wavelengths. 
ur β are consistent with those for the z ∼ 5.5 galaxies studied by
aisst et al. ( 2020 ), although they only have measurements at rest
avelengths of < 200 μm, and they assume that τ = 1 near the peak
MNRAS 522, 2995–3017 (2023) 
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Figure 13. The left-hand panel shows a plot of the (observed frame) 151/101-GHz flux density ratios from Table 5 as a function of redshift along with the ratios 
expected for modified blackbodies with temperatures between 20 and 50 K and β of either 1 or 2. The open symbols represent data points based on 101 GHz 
5 σ upper limits. The right-hand panel shows a histogram of the distribution of these ratios along with the ranges of these ratios consistent with these modified 
blackbodies o v er the redshift range of 1–5. HerBS-49 is the data point with the lowest 151/101-GHz ratio, while HerBS-93 is the data point with the highest 
ratio. 
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f their SEDs. Bakx et al. ( 2021 ) measure a β of 1.6 for a z = 7.13
alaxy, but they too only have data at rest wavelengths of < 200 μm.

Ho we ver, we see some outliers. HerBS-93 has a 151/101 GHz
atio of 8.7 ± 0.8, which would indicate that β is ∼3.5 for this
ource. This is the only field with a ratio higher than 6.5. We
annot identify any issues with the data processing or the flux
ensity measurements for this source, although the peak 101-GHz
mission is very close to the 5 σ surface brightness detection limit
e used when reporting flux density measurements. If the redshift
as poorly defined, then it would be possible that our correction for
MB effects was inaccurate, which could affect the 151/101-GHz

atio. Ho we ver, the redshift has been very strongly constrained by
wo spectral lines (corresponding to CO(3 −2) and the [CI]( 3 P 1 –3 P 0 )
mission), placing the object at z = 2.400; no other combination of
ines could reproduce the spectra observed by Urquhart et al. ( 2022 ).
side from either heretofore unidentified issues with the 101-GHz
ux density measurement for this specific field or the possibility

hat the dust emissivity is inherently steep for this object, we have
o explanation for why the 151/101-GHz ratio is so high. Also
ote that some but not all of the data points based on 101-GHz
 σ upper limits may also be consistent with β values significantly
igher than 2, although either deeper observations at ∼101 GHz
r additional measurements at higher frequencies would be needed
o verify that the objects in these field have such steep spectral
lopes. 

Fields with 151/101-GHz ratios of � 3.5 are potentially the more
nteresting because the low ratios could point to the presence
f emission sources other than thermal dust emission. The field
ith the lowest ratio is HerBS-49, while other fields of potential

nterest include HerBS-28, HerBS-55, HerBS-184, and HerBS-200.
n Section 5.1 , HerBS-49, HerBS-55, and HerBS-200 were identified
s being fit relatively poorly by the single modified blackbodies, and
art of the reason was that the steep slope between the (observed
rame) 500- μm and 151-GHz data points was inconsistent with the
hallower slope between the 151- and 101-GHz data. HerBS-28 was
 case where the whole of the SED was consistent with a single
NRAS 522, 2995–3017 (2023) 

f  
odified blackbody with a relatively low β of 1.49. The SED of
erBS-184 is actually fit reasonably well by the modified blackbody
here β is fixed to 2, but interestingly, that curve falls below the
01-GHz data point. 
As we have stated, it is likely that at least the 101-GHz band but

lso possibly the 151-GHz band as well contains emission produced
y physical processes other than thermal dust emission, but it is not
lear from these data alone what the alternate emission mechanisms
re. The most obvious possibility is synchrotron emission, which
 ould most lik ely be associated with previously unidentified AGN.
o we ver, none of the sources with low 151/101-GHz ratios are

ssociated with radio sources detected in the VLASS (Gordon et al.
021 ). Free–free emission is a possibility but unlikely given that,
n nearby starburst galaxies, it is not seen as a dominant source
f emission at (rest frame) < 1 mm (e.g. Condon 1992 ; Peel et al.
011 ; Bendo et al. 2015 , 2016 ). Very cold ( < 5 K) dust has been
uggested as a possibility for such submillimetre excesses in some
earby galaxies (e.g. Galliano et al. 2005 ), but it seems extremely
nlikely for any sources in our sample since the dust would be colder
han the CMB at these redshifts. Anomalous microwave emission
rom spinning dust and other exotic phenomena involving dust grains
ith unusual properties are possible, but additional data would be
eeded to identify the emission mechanisms. 

.3 Variations in colour temperatures with redshift 

or the subset of galaxies discussed in this section, the dust colour
emperatures range from 26 to 38 K when β is fixed to 2. This
s warmer than the range of 15 to 30 K seen in typical nearby
piral galaxies when using fits with β set to 2 (e.g. Boselli et al.
012 ; Kirkpatrick et al. 2014 ). Several recent studies have indicated
hat dust colour temperatures increase with redshift (Magdis et al.
012 ; Magnelli et al. 2014 ; B ́ethermin et al. 2015 ; Schreiber et al.
018 ; Liang et al. 2019 ; Bouwens et al. 2020 ; Chen et al. 2021 ;
udzevi ̌ci ̄ut ̇e et al. 2021 ; Sommovigo et al. 2022 ). Ho we ver, a

ew other studies that mainly w ork ed with galaxies selected at far-

art/stac3771_f13.eps
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Figure 14. Plot of colour temperature versus redshift for for fields with 
single sources with measured redshifts and for fields with multiple sources 
all measured to be at similar redshifts. 

i
t
(  

M

d
i  

R  

d
w  

i  

w  

t  

2
t  

t
w
r  

o  

f  

p
 

b

T

a
e  

2  

c
1  

o
s  

s
t  

a

o
a
t  

s
w

t  

r
w
t  

f  

m  

p  

D  

a
t  

d
p  

μ  

t  

m  

w
s  

(  

a  

i

r
f
β

w
fi
a  

S  

r
c
d  

l  

t  

l
 

u  

t  

3  

a  

(  

c  

o  

z  

d  

(  

s  

6 Unfortunately, it is not possible to calculate a strict temperature limit abo v e 
which we would not detect sources. As described in Section 2 , the data needed 
to be consistent with a photometric redshift of z ≥ 2 based on the photometric 
template from Pearson et al. ( 2013 ), but as discussed in Section 5.4 , the 
objects in our sample have warmer temperatures than what is predicted by the 
template. It is still clear that this criterion biased our sample towards objects 
with colder colour temperatures; it just is not straightforward to characterize 
this bias. 
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nfrared or submillimeter wavelengths found either no trend in colour 
emperature with wavelength or notable outliers from this relation 
e.g. Jin et al. 2019 ; Dudzevi ̌ci ̄ut ̇e et al. 2020 ; Reuter et al. 2020 ;

agdis et al. 2021 ; Drew & Casey 2022 ). 
Unfortunately, it is not straightforward to directly compare our 

ust colour temperatures to those obtained from other references, 
ncluding those from Schreiber et al. ( 2018 ), Bouwens et al. ( 2020 ),
euter et al. ( 2020 ), and Dudzevi ̌ci ̄ut ̇e et al. ( 2021 ). First of all, these
ifferent studies used different values of β ranging from 1.5 to 2.0, 
hich affects the o v erall scale of the colour temperatures. Secondly,

f the dust is treated as becoming optically thick at far-infrared
 avelengths, as w as done by Reuter et al. ( 2020 ), then the resulting

emperatures will be scaled to higher values (see also Cortzen et al.
020 for a discussion of this topic). Additional complications related 
o the handling of dust emission at ≤50 μm could also affect
he resulting colour temperatures. Ho we ver, we can still examine 
hether our colour temperatures still show any change relative to 

edshift to examine whether such a relation actually exists, at least in
ur sample. Therefore, in Fig. 14 , we plotted the colour temperatures
or β fixed to 2 from Table 5 as a function of redshift and also
erformed some analyses on these data. 
We do find a trend in Fig. 14 , but the trend is notably weak. Our

est-fitting relation can be described by 

 ( K) = (29 . 7 ± 0 . 7) + (2 . 2 ± 0 . 8)( z − 2) , (2) 

lthough the slope of this relation is only inconsistent with no 
volution at the 2.75 σ level, and the data points between redshifts of
 and 3.5 exhibit a lot of scatter around this relation. The Pearson
orrelation coefficient for the two values is 0.39, which indicates that 
5 per cent of the variance in dust temperature can be described by
ur relation. This would indicate that infrared-bright high-redshift 
ources like the ones in our sample do not necessarily exhibit any
trong relation between temperature and redshift. Ho we ver, note that 
he relation in Fig. 14 is affected by the colour criterion that was
pplied when selecting the data, which would potentially exclude 
bjects that are significantly warmer than our best-fitting line, 6 

lthough including such objects would potentially only increase 
he scatter in the relation. Additionally, note that, when objects are
elected at far-infrared or submillimetre wavelengths, the selection 
ould tend to be biased towards warmer objects at higher redshifts. 
Among other studies that find a relation between dust tempera- 

ure and redshift, the statistical significance of the slopes of their
esulting relations are often much stronger. For these comparisons, 
e mainly focused on relations found using samples with redshifts 

hat o v erlapped those of our sample. The slope of the relations
ound by Schreiber et al. ( 2018 ) and Bouwens et al. ( 2020 ) are
easured at greater than the 10 σ lev el. Unfortunately, the y do not

ro vide an y data on the strength of the correlations in their data.
udzevi ̌ci ̄ut ̇e et al. ( 2020 ) presented a relation between temperature

nd redshift with no slope, and the Pearson correlation coefficient 
hat we calculated using their data was 0.06, indicating virtually no
ependence of the temperatures on redshift. Of the two relations 
resented by Dudzevi ̌ci ̄ut ̇e et al. ( 2021 ), the one derived for 450-
m selected galaxies has a slope measured at the ∼6 σ level, while

he other (a subset of the galaxies from Dudzevi ̌ci ̄ut ̇e et al. 2020 ) is
easured at < 3 σ . Using the data for their 450- μm selected sample,
e calculated a Pearson correlation coefficient of 0.34, which is 

imilar to what we obtained for our sample. Notably, Reuter et al.
 2020 ) found a slope in their data at the ∼3 σ level but also reported
 high level of scatter in their relation, and various statistical tests
ndicated that a line with no slope was fa v oured for their data. 

Comparing the distribution of our colour temperatures and our 
elation between colour temperature and redshift to the relations 
rom other studies is difficult because different studies used different 

values when fitting their data, and the selection of a specific β
ill affect the derived temperature. Additionally, the change in best- 
tting temperature from β = 2 to the best-fitting temperature from 

nother value of β also depends on the rest wavelengths at which the
ED is measured (and hence on the redshift of the source) and the
elative uncertainties in the SED measurements. This means that we 
annot straightforwardly rescale relations from other studies that use 
ifferent β to correspond to β = 2. The best that we can do is simply
ook at how the distribution of our colour temperatures when we fit
he data using other β values (although for succinctness, we will not
ist those alternate temperatures in this paper). 

If we fit our data using β fixed to 1.6, which matches the values
sed by Schreiber et al. ( 2018 ) and Bouwens et al. ( 2020 ), then the
emperature distribution of our data shifts to a range spanning from
3 to 45 K with a mean of 39 K. The relations between temperature
nd redshift derived by Schreiber et al. ( 2018 ) and Bouwens et al.
 2020 ) would pass through the lower end of the distribution of our
olour temperatures, with some data points in the 2 ≤ z ≤ 3 range
ffset abo v e either of their relations by ∼9 K and some data points at
 ≥ 3.5 falling below either of their relations by ∼6 K. If we fit our
ata using β fixed to 1.8, which is what is used by Dudzevi ̌ci ̄ut ̇e et al.
 2020 ) and Dudzevi ̌ci ̄ut ̇e et al. ( 2021 ), then our derived temperatures
hift to the range 29–41 K with a mean of 35 K. The relations from
MNRAS 522, 2995–3017 (2023) 
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hese papers pass through this distribution of our data points; our data
ith lower temperatures are more consistent with the Dudzevi ̌ci ̄ut ̇e

t al. relations for their 850- μm selected samples, while our data
ith the higher temperatures are consistent with the Dudzevi ̌ci ̄ut ̇e

t al. relation for their 450- μm selected sample. 
In comparing all of these results, one of the main issues seems to

e the waveband used to select the data. Many of the observational
apers working with samples selected at optical or near-infrared
avelengths (which tend to be samples composed of main sequence
alaxies) report the presence of relatively strong or well-defined
elations between dust colour temperature and redshift (e.g. Schreiber
t al. 2018 ; Bouwens et al. 2020 ) or otherwise present results in
greement with such a relation being present (e.g. Magdis et al.
012 ; B ́ethermin et al. 2015 ). Meanwhile, observational papers
ased on galaxies selected at infrared, submillimetre, or millimetre
avelengths tend to have measured relations with more scatter or

lopes with lower statistical significance (e.g. Reuter et al. 2020 ;
udzevi ̌ci ̄ut ̇e et al. 2020 , 2021 , and our results) or otherwise

ound results indicating that colour temperature does not necessarily
ncrease with redshift (e.g. Jin et al. 2019 ; Drew & Casey 2022 ).
evertheless, it is possible to find exceptions. For example, while
 ́ethermin et al. ( 2015 ) reported a relation between radiation field

ntensity (which would be directly related to colour temperature) and
edshift for main sequence galaxies, they found no such relation for
trong starbursts, even though both subsets of galaxies were selected
rom near-infrared data. Additionally, Magdis et al. ( 2021 ) reported
o relation between dust temperature and redshift even though they
elected their sample based on a near-infrared magnitude limit,
lthough their sample is designed to contain specifically quiescent
alaxies. 

None the less, it seems like sample selection strongly influences
he trend that is measured in dust colour temperature with redshift;
ifferent types of galaxies are generally selected in different bands.
ince many of the objects selected in optical or near-infrared data,
uch as those from Schreiber et al. ( 2018 ), tend to be main sequence
 alaxies, such g alaxies at an y giv en redshift may be e xpected to
av e relativ ely uniform properties because they are selected to lie
pon a specific relation. Ho we ver, galaxies selected at far-infrared
r submillimetre wavelengths, such as those in our sample or
hose from Dudzevi ̌ci ̄ut ̇e et al. ( 2020 , 2021 ), are more extreme,
usty objects that may naturally be expected to deviate from the
ain sequence in general terms. Consequently, the data from these

amples exhibited a much higher level of dispersion in plots of
emperature versus redshift. This explanation would be consistent
ith the finding specifically by B ́ethermin et al. ( 2015 ) in which the

olour temperatures varied with redshift for main sequence galaxies
ut not for starbursts. 

.4 Comparisons to existing SED templates 

ince multiple SED templates are still used for determining the
hotometric redshifts of deep field sources, it would be a useful test
o compare photometric redshifts derived from these templates to our
pectroscopic redshifts. Urquhart et al. ( 2022 ) already presented a
omparison of spectroscopic redshifts for this sample to photometric
edshifts derived by Ivison et al. ( 2016 ) and Bakx et al. ( 2018 ),
ut those photometric redshifts did not incorporate the ALMA
ontinuum measurements, which, as we have discussed above, are
ery ef fecti ve at constraining the Rayleigh–Jeans side of the dust
mission. 

We used five different SED templates to derive photometric
edshifts for comparison to our spectroscopic redshifts. Two of the
NRAS 522, 2995–3017 (2023) 
emplates (Pearson et al. 2013 ; Bakx et al. 2018 ) are based on the
ums of two modified blackbodies and were derived from H-ATLAS
ources with known redshifts. The Pearson et al. ( 2013 ) template
as derived using just Herschel data, while the Bakx et al. ( 2018 )
odel was derived using Herschel and JCMT 850- μm data. The

hird template is based on functions fitted to the empirical SED
f the well-studied gravitational lens SMM J2135 −0102 (Ivison
t al. 2010 ; Swinbank et al. 2010 ); this object is also called the
osmic Eyelash, and we refer to its SED as the Eyelash template.
his was one of three SED models that was found to work very
f fecti vely when applied to the 250–850- μm data for a sample of 69
ravitational lens candidates studied by Ivison et al. ( 2016 ). The other
wo templates that were also recommended by Ivison et al. ( 2016 )
or SED fitting are based on composites of multiple submillimetre
alaxy SEDs. One of these is the Pope et al. ( 2008 ) template,
hich was based on a sample of z ∼ 2 submillimetre galaxies

elected at mid-infrared wavelengths. These templates were built
sing (observed wavelength) 16-, 24-, 70-, and 850- μm photometry
s well as mid-infrared spectroscopy co v ering polyc yclic aromatic
ydrocarbon spectral features at rest wavelengths. The other template
as created by Swinbank et al. ( 2014 ) using 24–870- μm and 1.4-
Hz observations for 99 submillimetre galaxies from the ALMA
ABOCA ECDFS Submillimeter Surv e y (ALESS), which we refer

o as the ALESS template. 
These templates were fit to the (observ ed wav elength) 250–2970-

m data in logarithmic space while applying corrections for CMB
ffects (da Cunha et al. 2013 ). Table 6 lists the photometric redshifts
rom these templates as well as spectroscopic redshifts. Again, we
nly performed this analysis for fields with single sources that have
pectroscopic redshifts and for fields with multiple detected sources
hat all have the same spectroscopic redshift. Table 7 lists the means
nd standard deviations of the ratios of the photometric redshifts to
he spectroscopic redshifts as well as the metric ( z phot − z spec )/(1
 z spec ). Additionally, Fig. 15 shows, for all of the objects with

pectroscopic redshifts, normalized flux densities plotted at rest
avelengths along with two versions of the templates: one set of

emplates plotted at their original rest wavelengths and another set
f templates shifted by ( z phot − z spec )/(1 + z spec ). Fig. 16 shows
omparisons of the photometric and spectroscopic redshifts. 

Overall, these data show that these photometric templates sys-
ematically underestimate the actual redshifts of these sources by
ypically ∼15 per cent, although the Eyelash template performs
lightly better than the other templates and the Bakx template
erforms notably worse. The panel on the left in Fig. 15 illustrates
hat this is because the SED templates are all slightly colder than
he dust that we observe from our sources. Four of the templates are
ased on modified blackbodies with temperatures between 20 and
0 K, while the Pope et al. ( 2008 ) template has colours consistent
ith a modified blackbody with a temperature of 32 K and a β of 2. In

ontrast, the sources in our sample have colour temperatures ranging
rom 26 to 38 K when β is fixed to 2. This temperature difference is
ot apparent when looking at just the Herschel data, which sample
he peak of the SED, but it is easy to see that all of the templates lie
edwards of the ALMA data. Additionally, the β of 1.83 used by Bakx
t al. ( 2018 ) makes the Rayleigh–Jeans side of the dust emission in
hat specific template look broader than observed in our sources, and
his creates an additional offset between the measurements and the
emplate that has a notable effect on the photometric redshifts. 

It would be tempting to interpret the results from Fig. 15 as
roviding evidence that the dust emissivity is steeper than what is
ssumed in these templates, but except for the Bakx et al. ( 2018 )
emplate, this is not the case. The results of the SED fits in Section 5.1
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Table 6. Photometric redshifts (based on template fits to 250–2970- μm data) and spectroscopic 
redshifts for fields with spectroscopic redshifts. a 

Field z 

Pearson et al. Bakx et al. Eyelash Pope et al. ALESS Spectro- 
template template template template template scopic 

Fields with single sources 
HerBS-11 2.1 ± 0.3 1.6 ± 0.2 2.4 ± 0.3 2.2 ± 0.3 2.1 ± 0.3 2.630 
HerBS-14 3.3 ± 0.4 2.8 ± 0.4 3.5 ± 0.5 3.4 ± 0.5 3.3 ± 0.5 3.780 
HerBS-18 2.0 ± 0.2 1.5 ± 0.2 2.3 ± 0.3 2.2 ± 0.3 2.1 ± 0.3 2.180 
HerBS-24 2.2 ± 0.3 1.7 ± 0.2 2.5 ± 0.4 2.3 ± 0.3 2.2 ± 0.3 2.200 
HerBS-25 2.7 ± 0.3 2.2 ± 0.3 3.0 ± 0.4 2.9 ± 0.4 2.8 ± 0.4 2.910 
HerBS-27 4.1 ± 0.5 3.7 ± 0.5 4.2 ± 0.6 4.2 ± 0.6 4.0 ± 0.6 4.510 
HerBS-28 3.5 ± 0.4 3.0 ± 0.4 3.7 ± 0.5 3.7 ± 0.5 3.5 ± 0.5 3.920 
HerBS-36 3.0 ± 0.4 2.5 ± 0.3 3.2 ± 0.5 3.1 ± 0.4 3.0 ± 0.4 3.090 
HerBS-37 1.8 ± 0.2 1.3 ± 0.2 2.1 ± 0.3 1.9 ± 0.3 1.9 ± 0.3 2.620 
HerBS-39 2.5 ± 0.3 2.0 ± 0.3 2.8 ± 0.4 2.6 ± 0.4 2.6 ± 0.4 3.230 
HerBS-40 1.5 ± 0.2 1.1 ± 0.1 1.9 ± 0.3 1.7 ± 0.2 1.8 ± 0.3 1.970 
HerBS-47 1.7 ± 0.2 1.3 ± 0.2 2.1 ± 0.3 1.9 ± 0.3 1.9 ± 0.3 2.430 
HerBS-55 1.8 ± 0.2 1.3 ± 0.2 2.2 ± 0.3 1.9 ± 0.3 1.9 ± 0.3 2.660 
HerBS-57 2.4 ± 0.3 1.9 ± 0.3 2.8 ± 0.4 2.5 ± 0.4 2.6 ± 0.4 3.270 
HerBS-60 2.7 ± 0.3 2.2 ± 0.3 3.1 ± 0.4 2.9 ± 0.4 2.8 ± 0.4 3.260 
HerBS-68 1.9 ± 0.2 1.4 ± 0.2 2.2 ± 0.3 2.0 ± 0.3 2.0 ± 0.3 2.720 
HerBS-73 2.2 ± 0.3 1.7 ± 0.2 2.5 ± 0.4 2.3 ± 0.3 2.3 ± 0.3 3.020 
HerBS-86 2.2 ± 0.3 1.7 ± 0.2 2.6 ± 0.4 2.3 ± 0.3 2.3 ± 0.3 2.560 
HerBS-93 2.0 ± 0.2 1.5 ± 0.2 2.4 ± 0.3 2.1 ± 0.3 2.2 ± 0.3 2.400 
HerBS-103 1.9 ± 0.2 1.5 ± 0.2 2.3 ± 0.3 2.0 ± 0.3 2.0 ± 0.3 2.940 
HerBS-107 1.8 ± 0.2 1.3 ± 0.2 2.1 ± 0.3 1.9 ± 0.3 1.9 ± 0.3 2.550 
HerBS-111 1.8 ± 0.2 1.4 ± 0.2 2.2 ± 0.3 1.9 ± 0.3 2.0 ± 0.3 2.370 
HerBS-123 1.9 ± 0.2 1.4 ± 0.2 2.2 ± 0.3 2.1 ± 0.3 2.0 ± 0.3 2.170 
HerBS-132 1.6 ± 0.2 1.1 ± 0.1 2.0 ± 0.3 1.5 ± 0.2 1.6 ± 0.2 2.470 
HerBS-141 1.4 ± 0.2 1.0 ± 0.1 1.8 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 2.090 
HerBS-160 3.7 ± 0.4 3.1 ± 0.4 3.8 ± 0.5 3.8 ± 0.5 3.6 ± 0.5 3.960 
HerBS-182 1.8 ± 0.2 1.3 ± 0.2 2.1 ± 0.3 1.8 ± 0.3 1.8 ± 0.3 2.230 
HerBS-184 2.2 ± 0.3 1.7 ± 0.2 2.6 ± 0.4 2.3 ± 0.3 2.2 ± 0.3 2.510 
HerBS-189 2.1 ± 0.3 1.7 ± 0.2 2.5 ± 0.3 2.3 ± 0.3 2.3 ± 0.3 3.300 
HerBS-200 1.6 ± 0.2 1.1 ± 0.1 1.9 ± 0.3 1.5 ± 0.2 1.6 ± 0.2 2.150 
HerBS-207 1.6 ± 0.2 1.2 ± 0.1 2.0 ± 0.3 1.6 ± 0.2 1.7 ± 0.2 1.570 

Fields with multiple sources at the same redshift 
HerBS-21 2.6 ± 0.3 2.1 ± 0.3 2.9 ± 0.4 2.8 ± 0.4 2.7 ± 0.4 3.323 
HerBS-49 2.6 ± 0.3 2.1 ± 0.3 2.9 ± 0.4 2.8 ± 0.4 2.6 ± 0.4 2.727 
HerBS-69 1.6 ± 0.2 1.2 ± 0.2 2.0 ± 0.3 1.7 ± 0.2 1.8 ± 0.2 2.074 
HerBS-120 2.8 ± 0.3 2.3 ± 0.3 3.1 ± 0.4 3.1 ± 0.4 2.9 ± 0.4 3.124 
HerBS-159 1.8 ± 0.2 1.4 ± 0.2 2.2 ± 0.3 2.0 ± 0.3 2.0 ± 0.3 2.236 
HerBS-208 2.3 ± 0.3 1.8 ± 0.2 2.6 ± 0.4 2.4 ± 0.3 2.4 ± 0.3 2.480 

a The photometric redshifts in this table may differ from those published for the same sources in 
prior papers that did not incorporate ALMA continuum measurements into their SEDs (e.g. Bakx 
et al. 2020b ; Urquhart et al. 2022 ). The uncertainties for the photometric redshift incorporate both the 
uncertainties from fitting the templates to the data and the accuracies of these templates as published 
by Pearson et al. ( 2013 ), Ivison et al. ( 2016 ), and Bakx et al. ( 2018 ). The spectroscopic redshifts have 
uncertainties of < 0.001. 

Table 7. Statistics of the comparisons of photometric to spectroscopic 
redshifts. 

SED model 
z phot 
z spec 

z phot −z spec 
1 + z spec 

Mean σ Mean σ

Pearson et al. 0.81 0.11 −0.14 0.08 
Bakx et al. 0.63 0.11 −0.27 0.07 
Eyelash 0.94 0.11 −0.04 0.08 
Pope et al. 0.86 0.11 −0.10 0.08 
ALESS 0.84 0.10 −0.11 0.07 
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howed that they are largely consistent with modified blackbodies 
ith β values of 2, and the analysis of the 151/101-GHz ratios in
ection 5.2 demonstrated that they too are generally consistent with 
of 2. This is also the β used in the ALESS, Eyelash, Pearson et al.

 2013 ), and Pope et al. ( 2008 ) templates, and in fact, our ALMA data
ie parallel to but offset from these templates. Additionally, when 
he SED templates are shifted to match the spectroscopic redshifts 
etter, as seen in the panel on the right in Fig. 15 , the templates
eplicate the slope from the Herschel data to the ALMA data much
etter (although, with this correction, the Pearson et al. ( 2013 ) and
akx et al. ( 2018 ) templates predict significantly higher emission at
60 μm then what is indicated by our data). Hence, it is more likely
MNRAS 522, 2995–3017 (2023) 
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Figure 15. Plot of the SED data for fields with single sources with measured redshifts and for fields with multiple sources all measured to be at similar redshifts 
alongside the five SED templates examined in the analysis in Section 5.4 . For visualization purposes, all of the observed data have been shifted to the rest 
wavelength frame based on their spectroscopic redshifts and have been normalized based on the peak of the best-fitting modified blackbody functions with β
fixed to 2, and all templates have been normalized so that their peak values are equal to 1. Open symbols represent 5 σ upper limits. The left-hand panel shows 
the templates at their original rest wavelengths, while the right-hand panel shows the templates shifted by the mean ( z phot − z spec )/(1 + z spec ) values listed in 
Table 7 so that they match up with the spectroscopic data better. The templates in this plot have also been adjusted to account for CMB effects at z = 2.6, which 
is the median spectroscopic redshift for the sources in this subsample. 

Figure 16. Comparisons of the photometric redshifts determined using five SED templates to the spectroscopic redshifts determined for fields with single 
sources with measured redshifts and for fields with multiple sources all measured to be at similar redshifts. The grey lines show where the photometric and 
spectroscopic redshifts are equal. 
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hat the offset between our data and these templates is related to dust
emperatures. 

The differences between the SEDs of our sample and the SED
emplates potentially relate to how the various samples were selected
or creating the SED templates and how they differ from our sample.
earson et al. ( 2013 ) used a large number of sources at z < 1 to
uild their template, which is a significantly lower redshift than
hat we measured for sources in our sample. In using these closer
bjects, it may be possible that Pearson et al. ( 2013 ) were biased
owards selecting objects with colder dust. The Pope et al. ( 2008 )
nd the ALESS templates used sources selected solely by their
ubmillimetre flux densities, while our sample was also selected by
he photometric redshifts inferred from their 250–500- μm colours,
nd our colour selection criteria yielded a sample that was slightly
ore distant and that may also have warmer dust than what is found in

ypical submillimetre galaxies. Notably, the Eyelash template, which
s based on a gravitational lens at z = 2.3 and which is therefore
NRAS 522, 2995–3017 (2023) 
omparable to many of the objects in our sample, actually performs
easonably well compared to the other templates, although it still
ystematically predicts low photometric redshifts. The only template
hat should not have been significantly affected by sample selection
riteria is the Bakx et al. ( 2018 ) template, which produced the parent
ample that was the basis for ours. Ho we v er, the y did not constrain
he Rayleigh–Jeans side of the SED well when constructing their
emplate, and both the lower temperatures and β used by Bakx et al.
 2018 ) caused the discrepancies between the photometric redshifts
ased on their template and the spectroscopic redshifts. 
Although the templates all systematically undermeasure the red-

hifts to our sample galaxies, the low standard deviation of 0.07–
.10 in the ( z phot − z spec )/(1 + z spec ) values indicates that the
esults are notably precise. In fits to SED measurements at observed
avelengths ≤850 μm using the same templates that we have used,

he standard deviation in this metric is typically 0.12–0.14 (Pearson
t al. 2013 ; Ivison et al. 2016 ; Bakx et al. 2018 ). This indicates

art/stac3771_f15.eps
art/stac3771_f16.eps
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hat including data at ∼2–3 mm ( ∼100–150 GHz) to constrain 
he Rayleigh–Jeans side of the SED will also lead to more precise
hotometric redshift measurements even if they still have accuracy 
ssues. 

Given the issues with photometric redshifts derived using older 
ED templates, it is clear that any specific SED template for high-
edshift far-infrared or submillimetre sources may not be universally 
pplicable or even reliable. To measure an accurate photometric 
edshift to a specific galaxy or class of galaxies, the best results will
otentially be obtained when using SED templates derived from 

he same class of galaxies. Ho we ver, spectroscopic redshifts are 
mperative to confirm those measurements. 

 C O N C L U S I O N S  

e have presented 101- and 151-GHz (ALMA Band 3 and 4)
hotometry for 85 fields originally selected from the H-ATLAS 

bservations of the South Galactic Pole as potentially containing 
ravitational lenses based on their 500- μm flux densities and their 
elatively red Herschel colours. We detected 151-GHz continuum 

mission within every targeted field, and we detected 101-GHz 
ontinuum emission within 55 fields in the surv e y. 

21 of these fields contained either double-lobed or extended 
ources, some with relatively complex morphologies. About half of 
he fields contained multiple sources within the region described 
y the Herschel 500- μm beam, which is consistent with some 
rior surv e ys of some bright sources selected using infrared or
ubmillimetre single-dish telescopes (Hodge et al. 2013 ; Stach et al. 
018 ) but either higher or lower than results from other surv e ys
Bussmann et al. 2015 ; Scudder et al. 2016 ; Cowie et al. 2018 ;

onta ̃ na et al. 2021 ). Notably, we also find that many of the fields
n our sample with the brightest submillimetre flux densities contain 
ingle bright objects, which is expected for our sample (which was 
ptimized for selecting gravitationally lensed sources that would be 
nresolved in our ALMA data) but which contrasts with the results
rom the fields selected from APEX data by Hodge et al. ( 2013 )
nd Karim et al. ( 2013 ) and the fields selected from JCMT data by
tach et al. ( 2018 ). These variations between our results and others
s well as among the published results in the literature appear to be
 consequence of difference in the sample selection criteria; both the 
aveband used to identify high-redshift sources and the application 
f colour selection criteria can potentially affect the multiplicity 
esults. 

For the subset of fields that either contain a single detected source
ith a spectroscopic redshift or that contain two detected sources 
ith the same spectroscopic redshift (as based on the data from
rquhart et al. ( 2022 )), we performed some analyses on the SEDs of

he Herschel and ALMA data. The SEDs for this subset are largely
onsistent with dust described by single modified blackbodies with 
olour temperatures ranging from 26 to 38 K and dust emissivity
ndices β of 2. We also demonstrated that the ALMA (observed 
rame) 151/101-GHz ratios provided a more reliable measurement of 

than the single modified blackbodies that are fitted to the Herschel 
nd ALMA data. With rare exceptions, we found no evidence of
ther sources of emission in the ALMA bands. 
We found that the relation between colour temperature and redshift 

or our sample was relatively weak. We measured a slope of
.2 ± 0.8 K z −1 that is only inconsistent with no evolution at
he ∼2.75 σ level, and the correlation coefficient for the relation 
as 0.39. Our relatively weak relation is largely consistent with 

tudies based on samples selected at far-infrared, submillimetre, and 
illimetre wavelengths, which generally found either weak relations 
r no relations (e.g. Reuter et al. 2020 ; Dudzevi ̌ci ̄ut ̇e et al. 2021 ),
ut it is generally inconsistent with the stronger relations found 
sing samples based on samples selected at optical and near-infrared 
avelengths (e.g. Schreiber et al. 2018 ; Bouwens et al. 2020 ). The
ifferences among these results seem largely driven by selection 
ffects where samples selected from optical and near-infrared bands 
eem to be missing galaxies with relatively cold but large dust masses.

We also tested the performance of photometric redshifts derived 
rom five SED templates versus the spectroscopic redshifts from 

rquhart et al. ( 2022 ), and we generally found that all of these pho-
ometric redshifts were systematically lower than the spectroscopic 
edshifts, although the template based on the SED of the Cosmic
yelash (Ivison et al. 2010 ; Swinbank et al. 2010 ) performed best.
he colour temperatures of the dust in these SED templates are
enerally colder than what we found in our sample galaxies, which
gain may point to differences between our sample of galaxies and
he galaxies used to create these templates. These results demonstrate 
hat SED templates are not universally applicable to all galaxies and
lso imply that the best photometric redshifts to specific galaxies 
ay be obtained when using SED templates derived from the same

lass of galaxies. Ho we ver, also note that the relative scatter that we
easured between the photometric and spectroscopic redshifts, as 
easured using ( z phot − z spec )/(1 + z spec ), is generally ∼2 × lower

han what had previously been measured in other comparisons of 
hotometric and spectroscopic redshifts (e.g. Pearson et al. 2013 ; 
vison et al. 2016 ; Bakx et al. 2018 ). This indicates that SED fits
hat include data at � 150 GHz (which co v ers ALMA Bands 3 and
) are very useful for constraining the Rayleigh–Jeans side of the
EDs of high-redshift sources and help to impro v e the precision of

he photometric redshifts from SED templates. 
These observations represent a significant step in understanding 

he phenomenology of the bright, red sources found in H-ATLAS, 
ut the results are also clearly applicable to similar sources from
ther surv e ys such as HerMES. Both these photometric results and
he spectroscopic data from Urquhart et al. ( 2022 ) have allowed
s, to some degree, to separate individual infrared-bright objects 
t high redshift, associated galaxies at high redshift, and confused 
ources. The individual infrared-bright high-redshift objects are 
otentially gravitationally lensed galaxies or HLIRGs and should 
e studied further in follow-up ALMA observations to confirm the 
henomenology of these objects, while some of the associated high- 
edshift sources could actually be parts of protoclusters and should 
e examined more carefully at multiple wavelengths to understand 
ore about how these structures are forming. 
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