of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 522, 2995-3017 (2023) https://doi.org/10.1093/mnras/stac3771

The bright extragalactic ALMA redshift survey (BEARS) — II. Millimetre
photometry of gravitational lens candidates

G.J.Bendo ”,'* S. A. Urquhart,? S. Serjeant . T. Bakx “,>* M. Hagimoto ',* P. Cox,’

R. Neri,® M. D. Lehnert,” H. Dannerbauer,®® A. Amvrosiadis,'® P. Andreani “,!! A. J. Baker,'*!3

A. Beelen,'* S. Berta,’ E. Borsato,'” V. Buat ”,'* K. M. Butler,'¢ A. Cooray,!” G. De Zotti “,'® L. Dunne,"
S. Dye ,?° S. Eales,!” A. Enia “,2!?? L. Fan,*?* R. Gavazzi,>'* J. Gonzédlez-Nuevo *,>>*¢ A. 1. Harris,”’
C. N. Herrera,’ D. H. Hughes,”® D. Ismail,'* B. M. Jones,* K. Kohno “,**3! M. Krips,® G. Lagache,'*

L. Marchetti “,3>3 M. Massardi,**** H. Messias *,%>-* M. Negrello,'” A. Omont,’ 1. Pérez-Fournon,®’
D. A. Riechers,? D. Scott,”” M. W. L. Smith ' F. Stanley,’ Y. Tamura ,* P. Temi,*® P. van der Werf,'®
A. Verma,*® C. Vlahakis,*® A. WeiB,*! C. Yang “** and A. J. Young'?

Affiliations are listed at the end of the paper

Accepted 2022 December 15. Received 2022 December 14; in original form 2022 June 8

ABSTRACT

We present 101- and 151-GHz ALMA continuum images for 85 fields selected from Herschel observations that have 500-yum
flux densities >80 mJy and 250-500-xm colours consistent with z > 2, most of which are expected to be gravitationally
lensed or hyperluminous infrared galaxies. Approximately half of the Herschel 500-pum sources were resolved into multiple
ALMA sources, but 11 of the 15 brightest 500-pum 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.

Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010), the

1 INTRODUCTION Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al.

Gravitational lenses have several key uses in extragalactic astronomy.
The lenses magnify the light from higher redshift sources, thus
allowing for the examination of the properties of galaxies at these
redshifts that would otherwise be much more difficult to detect or
resolve (e.g. Swinbank et al. 2010; Dye et al. 2015, 2022), and
the images of the lensed light can also be used to probe the dark
matter content of the lensing galaxies (see Treu 2010 for a review).
Additionally, statistical information about the lenses can be used to
place constraints on cosmological parameters (Grillo, Lombardi &
Bertin 2008; Eales 2015).

Extragalactic surveys with the Spectral and Photometric Imaging
REceiver (SPIRE; Griffin et al. 2010) on the Herschel Space Obser-
vatory (Pilbratt et al. 2010), including the Herschel Astrophysical
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2012), and the Herschel Stripe 82 Survey (Viero et al. 2014),
were particularly effective at finding gravitationally lensed systems
and other infrared-bright high-redshift galaxies. This was not only
because the dust emission was magnified but also because the dust
emission from the redshifted lensed sources peaks in the Herschel
250-500-pum bands and because the negative k-correction in these
bands makes it easier to detect high-redshift sources. Additionally,
at 500-um flux densities >100 mly, the surface density of strongly
lensed sources is expected to be higher than unlensed sources (e.g.
Negrello et al. 2007).

Multiple catalogues of gravitational lens candidates and other
infrared-bright galaxies potentially at high redshift have been created
using the data from these Herschel surveys (e.g. Gonzélez-Nuevo
et al. 2012; Wardlow et al. 2013; Nayyeri et al. 2016; Negrello
et al. 2017; Gonzalez-Nuevo et al. 2019; Bakx, Eales & Amvrosiadis
2020a). However, the angular resolution of the Herschel 250-500-
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pmdatais 18-35 arcsec, so the sources identified in these surveys are
unresolved, their exact spatial locations are poorly constrained, and it
is likely that many sources are confused within the Herschel beams.

Urquhart et al. (2022), in the Bright Extragalactic ALMA Redshift
Survey (BEARS), used ALMA to observe a set of 85 gravitational
lens candidates from the Herschel Bright Sources (HerBS; Bakx et al.
2018, 2020b) sample that lie within the South Galactic Pole field
observed by H-ATLAS. The primary goal of the observations, which
were spectral scans covering most of ALMA Bands 3 and 4, was to
determine the spectroscopic redshifts of the sources in these fields.
However, since the spectral line emission, when detected, is typically
found within a very small fraction of the observed spectra, the rest of
the data can be used for serendipitous measurements of the continuum
at the observed frequencies. We used these new ALMA continuum
data to address two specific science questions in this paper.

First, since the ALMA Band 4 data have angular resolutions
of ~2 arcsec, we used the images to study the multiplicities and
morphologies of the sources so as to further understanding the nature
of the sources within these fields. Resolved or multiple sources could
be lenses, protocluster cores or simply sources that are confused
along the line of sight. Unresolved sources could be gravitational
lenses with small Einstein radii or even individual hyperluminous
infrared galaxies (HLIRGs) with intrinsic luminosities of >10" L.

Second, the ALMA Band 3 and 4 data are particularly useful
for constraining the Rayleigh—Jeans side of the dust spectral energy
distribution (SED) from these galaxies, even for galaxies at redshifts
up to 5, and hence for characterizing the colour temperatures and
emissivities of the dust. This in turn can be used for comparing
the properties of our galaxies to other samples and in particular
to examine the relation between colour temperature and redshift
reported by others (e.g. Magdis et al. 2012; Magnelli et al. 2014;
Béthermin et al. 2015, 2017; Schreiber et al. 2018; Liang et al.
2019; Bouwens et al. 2020; Riechers et al. 2020; Chen et al. 2021;
Dudzeviciute et al. 2021). Additionally, these data can be compared
to the SED templates used for calculating photometric redshifts so
as to understand how well the data and templates match each other.

2 ALMA OBSERVATIONS AND DATA
PROCESSING

The details of the sample selection, observations, and the data calibra-
tion are described by Urquhart et al. (2022); we only provide brief
summaries of those topics here. However, because the continuum
imaging differs from the spectral line imaging, we provide full details
about the continuum imaging here.

As stated above, the BEARS sample consists of a subset of 85 fields
from the HerBS sample. The HerBS sample, which was selected by
Bakx et al. (2018), consists of unresolved Herschel sources with
500-um flux densities >80 mJy and with photometric redshifts of
>2 derived from fitting the Herschel data with the template from
Pearson et al. (2013). Efforts were made to remove nearby (z <
0.1) spiral galaxies and blazars that may have otherwise satisfied
these selection criteria. BEARS used a combination of the Atacama
Compact Array (ACA; also called the Morita Array) and the main
ALMA 12-m array to observe these fields.

Data for 12 fields were acquired with the ACA during ALMA
Cycles 4 and 6 in programmes 2016.2.00133.S and 2018.1.00804.S.
Each target was observed using single pointings larger than the
Herschel 500-pum beam. The observations covered a frequency range
from 86.6 to 115.7 GHz (with the exception of HerBS-49, which is
missing data from 97.0-98.6 and 108.9-112.2 GHz) with multiple
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spectral windows, each of which had a bandwidth of 2 GHz and 256
channels.

In programme 2019.1.01477, which was executed in Cycle 7, all
85 fields were observed with the 12-m array in ALMA Band 4 in the
frequency range 139.0-162.2 GHz (with a small gap in coverage at
150.2-150.9 GHz). Additionally, 75 fields that (with the exception
of HerBS-37 and HerBS-39') had not been previously observed with
the ACA were observed with the 12-m array in ALMA Band 3
within the frequency range 89.6-112.8 GHz (with a small gap in
coverage at 100.8—-101.5 GHz). This frequency set-up was designed
to improve our efficiency in measuring robust redshifts (Bakx &
Dannerbauer 2022). Each field was observed using single pointing
that were larger than the Herschel 500-um beams. Every spectral
window used to cover these frequency ranges had 1920 channels and
covered a bandwidth of 1.875 GHz.

The ACA visibility data were manually calibrated using the
COMMON ASTRONOMY SOFTWARE APPLICATIONS (CASA) package
version 5.6.1 (McMullin et al. 2007; CASA Team 2022), while the
12-m Array data were pipeline-calibrated with the same version of
CASA. This included all the standard calibration steps applied to
the phases and the amplitudes of the data. The manual calibration
included visual inspections of every data set to identify and remove
data with any irregular amplitude or phase values.

Continuum images were created using TCLEAN interactively within
CASA. The characteristics of the final images are listed in Table 1. We
used all data from all spectral windows excluding any channels that
contained potential spectral lines. Each field was imaged separately.
The central position of each image is the same as the phase centre
of each field, which in turn is equivalent to the coordinates of the
source originally identified in the Herschel images. Different pixel
scales and image sizes were used for the ACA Band 3 observations,
the 12-m Array Band 3 observations, and the Band 4 observations.
In each case, the pixel scales were set to oversample the beams, and
the image sizes were set to encompass the whole of the primary
beams. Natural weighting was used primarily to optimize the data
for source detection. The Hogbom algorithm (Hogbom 1974) was
used as the deconvolver because it provided the best detections for
the low signal-to-noise ratio unresolved sources. Two set of images
were created with and without the primary beams corrections that
adjust the signal levels for off-centre sources. The images without
the primary beam corrections were used for identifying sources and
for measuring the noise levels in the ACA data; the images with
the primary beam corrections were used for measuring flux densities
for all of the sources. The calibration uncertainty is expected to be
5 per cent (Privon et al. 2022).

3 ALMA PHOTOMETRY AND MORPHOLOGY

3.1 Photometric measurements

We identified sources as locations in the images without primary
beam corrections where the surface brightnesses peaked at >50
(>0.20 mJy beam~! in the 12-m data and >0.55 mJy beam ™" in the

'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
Ima-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 recoverable rms
(GHz) fields coverage (arcsec) diameter® FWHM scale noise
(m) (arcsec) (arcsec) (arcsec)  (mlJy per beam)
ACA 3 101 12 848 2.0 100 x 100 200 x 200 151 17 x 10 45 0.11
12m 3 101 75 14-313 0.5 240 x 240 120 x 120 97 3.6 x2.7 26 0.04
12m 4 151 85 13-311 0.3 240 x 240 72 x 72 52 22 x 1.8 18 0.04

“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.

ACA data). We also measured 151-GHz flux densities for any source
with associated line emission detected at the >5¢ level by Urquhart
et al. (2022). Note that some sources observed with the ACA at
101 GHz were separated into multiple sources when observed with
the 12-m array at 151 GHz.

Flux densities were measured using aperture photometry within
the images with the primary beam corrections. For most sources,
we used elliptical apertures with axis ratios and position angles
equivalent to the beam shape for each image. However, for sources
that appeared significantly extended relative to the beam in the 151-
GHz data, we used apertures with axis ratios and position angles
equivalent to the shape of the source convolved with the beam, and for
sources that appeared double-lobed (generally with two point sources
separated by <3 arcsec), we used circular measurement apertures
(and these objects are discussed more in Section 3.3). The sizes of
the apertures were manually adjusted for each source to maximize the
measured flux density while excluding excess background noise and
other nearby sources; the width of the apertures are typically 2—4 x
the beam sizes. When two or more sources were located more than
3 arcsec away from each other but close enough that the measurement
apertures would overlap, we measured the flux densities for each
source from pixels that both fell within its aperture and that fell on
its side of dividing lines we used to separate the emission from the
sources.

In the 12-m data, nine detected sources are located >15 arcsec
from the centres of the primary beams where the sensitivity levels
drop notably relative to the central regions. To measure the local
background noise levels around each source within the primary
beam corrected images, we used relatively small circular annuli
centered on each source. The diameters of these annuli were set
to 20-25 arcsec for the Band 3 data and 15-20 arcsec for the Band 4
data.

In the ACA data, all detected sources lie relatively close to the
centres 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
measure the background noise in regions with the same responsivity.
We therefore measured the background noise levels in ACA images
without the primary beam corrections using circular annuli with
diameters of 90-120 arcsec positioned at the centre of each image,
which should yield representative noise levels for sources centred in
these fields.

While we used aperture photometry to measure the flux densities,
we fitted the sources with Gaussian functions to measure the positions
of the sources and to determine whether the sources are significantly
extended relative to the beam size. These extended sources are
discussed in Section 3.3.

Table 2 lists each field and the positions and flux densities
measured for each detected source within each field. The individual
Band 3 and Band 4 images are shown in the supplemental online
material. In fields with multiple sources, we have labelled them

alphabetically in descending order of flux density.> Some fields have
two or more sources that lie <2 x the full width at half-maximum
(FWHM) apart from each other or that are connected by extended
structures detected at the >30 level. In these cases, Table 2 reports
integrated flux densities for these sources.

3.2 101-GHz sources without 151-GHz counterparts

Most continuum sources are detected in the 151-GHz images. It
is common for sources to appear fainter or to not be detected in
the 101-GHz images, even though the same sensitivity levels are
achieved in both the 101- and 151-GHz images from the 12-m array.
This is mainly because we are observing the rest-frame thermal dust
emission, which should scale as approximately v* in these bands.
However, the HerBS-33 and HerBS-63 fields contain sources located
significantly off-centre that are detected only at 101 GHz. Images
of these sources are visible in Fig. 1. In the case of HerBS-33, it is
apparent that the off-centre source (labelled C) is visible as a separate
source in the Herschel 250-#m image but that its emission is blended
together with the central two sources (A and B) in the Herschel 500-
pm image. However, the off-centre source in the HerBS-63 field
(labelled C) does not have a clear 250-«m counterpart. Since both
101-GHz sources lie at the edge of the imaged 151-GHz field (where
the interferometer drops to 20 per cent of the sensitivity at the centre
of the field), it is possible that HerBS-33C and HerBS-63C were
not detected at 151 GHz because of sensitivity issues. Nevertheless,
we cannot immediately rule out the possibility that the 101-GHz
emission is simply brighter. For example, it is possible that HerBS-
33C and HerBS-63C are z < 2 galaxies with AGN that produce
synchrotron emission with a spectral index of <—0.3 that would be
detectable in the 101-GHz band but not in the 151-GHz band. The
Very Large Array Sky Survey (VLASS; Gordon et al. 2021) reported
a 3-GHz source with a flux density of 1.3 mlJy at the position of
HerBS-63C, and the spectral slope from 3 to 101 GHz is consistent
with a spectral index of ~—0.3. However, no source from that survey
corresponded to the position of HerBS-33C, although the 3-GHz
emission would be expected to be 1.7 mJy and should have been
detectable by the VLASS.

Also worth discussing is the exotic situation in the HerBS-178
field, which is shown in detail in Fig. 2. The 151-GHz image
contains three point-like sources (labelled A, B, and C) located
within 4.5 arcsec of each other. All three of these sources have similar

3This 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 avoided doing this. Consequently, the sources in
the HerBS-56, HerBS-80, HerBS-120, and HerBS-163 fields are not labelled
in 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)¢ Flux density (mJy)” Spectroscopic
designation of sources  designation RA Declination 101 GHz 151 GHz redshift
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 1232419.8—323927 1 23:24:19.82 —32:39:26.5  0.95+0.09¢  2.70 4+ 0.03 2.182
HerBS-21 J234418.1-303936 2 [A +B] 0.81+£0.06¢  3.944+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 1002624.8—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 1235827.7—-323244 1 23:58:27.50  —32:32:44.8 091 4+0.077  3.46 +0.03 2912
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¢  5.56 +0.03 3.925
HerBS-33 J224805.4—335820 3¢ [A+B] 0.94 +£0.05¢ 271 +0.04
A 22:48:05.17  —33:58:21.0 2.15 4+ 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¢
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 1232623.0—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¢ 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¢ 2954 0.05 3.307¢
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 1225250.7—-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¢ 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  —32:14:455 034+ 0.02 1.08 4 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 4+ 0.03
C 00:32:07.63  —30:37:35.2 0.32 4+ 0.03 2.561
D 00:32:07.87  —30:37:324 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¢ A 00:51:31.70  —30:20:20.6  0.35 £ 0.02 1.07 £ 0.03 2432
B 00:51:31.85  —30:20:04.6 0.30 £ 0.02
C 00:51:32.57  —30:19:489  0.46 &+ 0.03
HerBS-67 1224207.2—-324159 1 22:42:07.20  —32:42:01.9  0.834+0.04¢  2.6740.04
HerBS-68 1223753.8—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 4+ 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 1002054.6—312752 2 A 00:20:54.20  —31:27:574  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 1224400.8—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)* Flux density (mJy)? Spectroscopic
designation of sources  designation RA Declination 101 GHz 151 GHz redshift®
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¢ 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 1.554+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  —32:35:042  0.44 £0.03 1.424+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¢ 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 Al 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 4+ 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 JO11730.3—-320719 2 [A +B) 01:17:30.56  —32:07:20.9 0.90 4+ 0.03 1.407
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 4 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 4 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 4+ 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  —31:48:159 091 £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 4+ 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)¢ Flux density (mJy)” Spectroscopic
designation of sources  designation RA Declination 101 GHz 151 GHz redshift
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 4+ 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 2227
HerBS-184 1234955.7—-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¢ A 01:32:17.23  —32:09:554  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 22:26:2894  —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/ 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 2272
B 22:49:20.53  —33:29:40.9 0.28 4+ 0.02

“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.

bThe 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™! in Table 1.

“These spectroscopic redshifts (for the millimetre sources) come from Urquhart et al. (2022).

4This measurement is from ACA data.

“One of these sources falls outside the 35 arcsec beam of the Herschel 500-um data.

/The central 12 arcsec of the 151-GHz image for the HerBS-42 field contains three closely spaced sources detected at the >5¢ level along with a fourth
source in between these three sources which has a peak measured at the >4o level. Consequently, the 151-GHz photometry measurement listed for A +
B + C is higher than for the individual sources.

8Spectral 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.

"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.

IThis 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.

/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. However, 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.

redshifts of z = 2.656 (Urquhart et al. 2022). However, the single
detected source in the 101-GHz image lies between these three other
sources and has no measured redshift or detectable line emission.
This does not appear to be an astrometry problem, as the spectral
line emission in Band 3 corresponds to the location of the 151-GHz
continuum emission. To test whether the offset between the 101- and
151-GHz sources is a consequence of the difference in beam sizes
between the two images, we convolved the 151-GHz image with a
Gaussian function to match the beam to the 101-GHz data, but we
were still able to resolve the three separate sources in the convolved
image, and we did not reproduce emission that peaked in the location
of the 101-GHz continuum source. Hence, we conclude that the 101-
GHz emission originates from a different location than the 151-GHz
emission.

It is unclear how the 101-GHz source in the HerBS-178 field
is related to the three 151-GHz sources in that field. It could be
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that the D source is a foreground lensing object and that A, B,
and C are all parts of an Einstein ring. Much less likely but still
possible is that A, B, and C are part of a cluster that are in
front of and lensing the emission from D. Alternately, it could be
possible that the 101- and 151-GHz emission originate from different
objects at the same redshift that are physically associated with each
other. The fourth data release of the Kilo-Degree Survey (Kuijken
et al. 2019) and the fourth data release of the VISTA Kilo-degree
Infrared Galaxy Survey (Edge et al. 2013) have reported optical and
near-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
counterparts have been reported closer than 2 arcsec (i.e. closer than
the A source) to D. Additionally, no VLASS detection is reported
near any of the sources. More observations would be needed to
understand the nature of how these objects are associated with each
other.
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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 >30 and >50 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.

3.3 Extended emission

Most of the detected sources were unresolved, which would be ex-
pected for high-redshift objects in data with our angular resolutions.
Any arcs or ring-like features from gravitational lensing may be too
small to resolve in these data. However, a few objects do appear
significantly more extended than the beam. Since we do not see
any gravitational lensing structures and since the profiles for the
extended extended emission still appears approximately Gaussian,
we checked the spatial extent of all of the sources detected in the
151-GHz images by fitting Gaussian functions to them using the
CASA tool IMFIT. A total of 15 objects were identified as single-
peaked sources with diffuse, extended structures on the basis that
the FWHM of the major axes of the observed sources were both 30
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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 >30 and >50 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.

greater and 0.6 arcsec (or two pixels) greater than the FWHM of the
major axes of the beams. The second condition was selected to avoid
issues with pixelization effects that could make the beam broader,
and it effectively limits us to reporting sources with deconvolved
major axis FWHMs of 2>1.7 arcsec. A couple of examples of these
types of sources are shown in Fig. 3 (with images of all of the sources
presented in the supplemental online material), and the deconvolved
dimensions for the sources are listed in Table 3. Higher angular
resolution observations would be needed to understand the nature of
the extended emission of these sources.

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

0 D
.~ 14x (L) ZLs (1

arcsec 220kms™! Ds’

where o is the velocity dispersion, Dy g is the lens—source angular
diameter distance, and Ds is the angular diameter distance from
Earth to the source (e.g. Serjeant 2010). Unless the lens is close
to the source, Dis >~ Ds (e.g. Serjeant 2012), so galaxy—galaxy
gravitational lensing will tend to yield Einstein radii of ~0.5-
2.0 arcsec regardless of other factors. For foreground galaxy clusters
acting as gravitational lenses, the critical radii will be much larger,
and highly magnified objects will appear as arcs that would be
resolvable in our ALMA data. It is not yet possible to determine
whether our resolved sources are extended unlensed systems, massive
galaxy—galaxy lensing systems, or gravitationally lensed arcs, but one
interpretation of the inferred magnification distribution in Urquhart
et al. (2022) is that some fields contain lensing galaxy clusters.

Five sources (HerBS-68, HerBS-131A, HerBS-138, HerBS-141,
and 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 x the FWHM
of the beam. Fig. 4 shows two examples of these sources (with images
of the other sources presented in the supplemental online material).
In these situations, it is generally unclear whether the two point
sources are part of one larger structure, if they are two physically
associated but distinctly separate objects that lie at the same redshift,
or if they are two sources at different redshifts that happen to lie
along the same line of sight. The one double-peaked source where
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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 >30 and >50 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)” (kpc)b

HerBS-21A 2.0 x 0.5 15x4

HerBS-37 2.1 x 1.0 17 x 8

HerBS-39 22 x 1.4 17 x 11

HerBS-41C 2.1 x 0.4

HerBS-56D 2.0x 1.0

HerBS-80B 1.8 x 0.7 16 x 6

HerBS-97A 2.6 x 1.7

HerBS-102B 1.9 x 0.2

HerBS-107 2.2 x 0.6 18 x5

HerBS-114 2.8 x 0.5

HerBS-123 24 x 1.8 21 x 16

HerBS-159A 2.5 x%x 1.6 21 x 13

HerBS-163B 2.7 x0.7

HerBS-189 20x 1.4 16 x 11

HerBS-209A 25 x%x 1.0 21 x 8

“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.

bThese dimensions are calculated using the Gaussian FWHMs and a spatially
flat ACDM comology with Hy = 67.4 km s~! Mpc~! and Q4 = 0.315
(Planck Collaboration VI 2020).
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Figure4. Twoexample 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. However, 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 >30
and >50 levels. The green ellipses in the bottom left corners of the images
show the beam sizes.

we have a clear understanding of the relation between the two peaks is
HerBS-138. Urquhart et al. (2022) detected different lines at different
frequencies for the two peaks, which indicates that they correspond
to two different, unassociated sources at different redshifts (although
the line detections only allowed for the determination of an accurate
redshift for source B).

It is also worth noting that, as shown in Fig. 5 the centre of HerBS-
45 contains two sources (labelled A and B) separated by ~6.5 arcsec
that appear to be connected by a thin, filamentary structure detected
at the >30 level in the 151-GHz image. It is not clear if the two
objects are actually physically connected. Note that the only object
in this field with a measured redshift is A; line emission was not
detected from the B source or the filamentary structure.

4 MULTIPLICITIES

Submillimetre and millimetre interferometers, including ALMA,
have been essential for locating or resolving individual infrared
and millimetre sources that had been detected with single-dish
telescopes, including Herschel, the Atacama Pathfinder Experiment,
the Atacama Submillimeter Telescope Experiment, the James Clerk
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Figure5. 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
>30 level. The colours are scaled linearly. The contours show the emission
that is detected at the >30 and >50 levels. The green ellipses in the bottom
left corner of the image show the beam sizes.

Maxwell Telescope, the Large Millimeter Telescope, and the South
Pole Telescope. When the infrared, submillimetre, and millimetre
sources initially detected in deep fields with = 15-arcsec resolutions
are then re-observed using interferometers with angular resolutions
of <3 arcsec, the new data often show that a significant fraction
(potentially up to 70 percent) of the >15-arcsec submillimetre
sources have multiple counterparts (e.g. Hodge et al. 2013; Karim
et al. 2013; Bussmann et al. 2015; Cowie et al. 2018; Hill et al.
2018; Stach et al. 2018), although this depends on the sensitivity
and angular resolutions of the interferometers used in the follow-
up observations. Additional observational and theoretical studies
have demonstrated how confusion could affect at least 50 per cent
of submillimetre galaxies identified in data with > 15-arcsec beams
(e.g. Hayward et al. 2013, 2018; Scudder et al. 2016, 2018), and
this has implications for analyses looking at the overall properties of
this class of sources, such as their luminosity functions (Karim et al.
2013).

Importantly, the HerBS sources observed in our study were not
blindly selected by their infrared or submillimetre flux densities
like the sources in most other deep surveys. Instead, the HerBS
sources were selected using both a flux density threshold and a
photometric redshift threshold, with additional steps applied to
remove blazars and foreground galaxies (Bakx et al. 2018). These
steps are intended to optimize for the selection of the brightest
high-redshift infrared sources, including gravitational lenses (which
will mainly be unresolved in our data), individual HLIRGs, and
infrared-bright protoclusters (Negrello et al. 2017; Bakx et al. 2018).
Models of the HerBS fields specifically indicate that between 57 and
82 percent of the fields with high Herschel 500-pum flux densities
are expected to correspond to gravitational lenses (Bakx et al. 2018,
2020a). Consequently, the multiplicity results for the BEARS fields
are expected to differ from other surveys.

4.1 Statistics from the BEARS fields

Table 4 lists the number of sources we detected within the Herschel
500-pm beam in each field. These are generally sources with peak
brightnesses detected at above the 5o level (or above ~0.2 mly
beam™!) in either the 101- or 151-GHz images, although it also
includes two sources (HerBS-80B and HerBS-122B) with peaks only
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Table 4. Multiplicity information.
Number of detected sources within ALMA Number
fields of fields
1 39
(source with zgpec) 31
(source without Zspec) 8
2 34
(associated Zspec) 6
(different zspec) 6
(zspec for only one source) 13
(HO Zspec) 9
(>80 per cent of total 151-GHz emission from brighter source) 7
(67-80 per cent of total 151-GHz emission from brighter 9
source)
(<67 per cent of total 151-GHz emission from brighter source)” 18
>3 6
(associated zgpec for > 2 sources) 2
(different zspec among the sources) 1
(zspec for only one source) 3
(no Zspec) 1
[At least one detected source outside the 6

central 35-arcsec diameter region]

“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.

detected at the 3—5¢ threshold but that have spectral line counterparts
listed by Urquhart et al. (2022). Double-lobed sources are treated as
single sources except for HerBS-138, where the two lobes are known
to correspond to objects at different redshifts. Fields with one source
are subdivided as to whether they have a spectroscopic redshift.
Fields with two sources are subdivided into four subgroups based
on whether both sources have measured spectroscopic redshifts and
whether the source are at the same or different redshifts.* The fields
with two sources are also subdivided by the ratio of the brighter
source to the fainter source, which is important for interpreting the
contributions of the fainter source to the SED integrated across the
field. Fields with three or more sources are subdivided into similar
groups, although we do not have any fields with three or more sources
that all have measured redshifts.

Approximately half of the fields contain just one detected source
in the ALMA data. These fields are largely consistent with what
would be expected if the sources are unresolved gravitationally
lensed galaxies or are HLIRGs, although additional observations
at higher angular resolutions would be needed to confirm the nature
of these sources. Eight fields contain two or more objects that have
similar spectroscopic redshifts. These could be physically associated
infrared-bright galaxies or single sources lensed by a foreground
object, potentially a cluster. Seven fields contain sources at different
redshifts which are more likely to be chance alignments. As for the
fields with multiple sources with incomplete redshift information, it
is unclear exactly how to interpret the nature of these sources.

4Urquhart 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.
However, 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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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-um source
from the H-ATLAS catalogue, even though the 500 m is clearly offset from
this position. The colours are scaled linearly. The contours show the emission
that is detected at the >30 and >50 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.

The six fields where we identified sources within the ALMA im-
ages but outside the central 35-arcsec diameter region (corresponding
to the FWHM of the Herschel 500-.m beam) are listed in a separate
category in Table 4. This is because it is not always clear whether all
of the sources detected in the ALMA images were confused in the
Herschel 500-pum beam or how to interpret the ALMA results for the
multiplicity analysis. In the HerBS-41, HerBS-63, HerBS-118, and
HerBS-186 fields, the Herschel 250-um images appear to contain
single sources, but in the HerBS-33 and HerBS-98 fields, it is possible
to see emission in the Herschel 250-pm images corresponding to the
ALMA sources outside the central 35 arcsec, and it is also apparent
that the emission from the multiple sources was blended together in
the Herschel 500-pum beam. HerBS-33 is already shown in Fig. 1;
HerBS-98 is shown in Fig. 6. The coordinates for HerBS-98 from
the H-ATLAS catalogues are based on the locations of the sources
detected at 250 um (Valiante et al. 2016), so while ALMA observed
the central coordinates of HerBS-98 (J001030.1—330622) listed by
the H-ATLAS catalogue, the 500-um source and the detected 151-
GHz sources are offset from this position. Note that HerBS-98 is the
only field in our sample with this specific coordinate issue.

When identifying fields as containing multiples, we have not
placed any restrictions on the 151-GHz flux density ratios of the
second and first brightest sources or the ratio of the brightest source
to the total flux density. This means that the multiplicity results
could depend on the sensitivities achieved in our data, with more
fields appearing to contain multiples when the sensitivities improve.
Hence, it would be useful to assess the significance of the emission
from the other sources detected in any field as compared to the
brightest source. This is why we separated the fields with two detected
151-GHz sources in Table 4 into three groups based on the ratio of
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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.

the 151-GHz flux density of the brightest source to the total 151-GHz
emission. We also have provided histograms of this ratio in Fig. 7. In
the fields with two sources, the median ratio of the brighter source
to the total emission is 0.65 (or, alternately, the average ratio of
the brightnesses of the brighter source to the fainter source in these
fields is <2/1 for half of these fields). In contrast, we only found
seven fields with two sources where the ratio of the brighter source
emission to total emission is >0.80 (or where the ratio of the emission
from the brighter source to the fainter source is >4/1). In fields with
three or more sources, however, the A source never produces more
than 62 per cent of the total 151-GHz emission; the emission in these
fields is truly fragmented. To summarize, in the vast majority of fields
we have identified as containing multiple sources, the A source only
produces <80 percent of the total 151-GHz emission, with other
sources producing a significant amount of emission in at least the
ALMA bands.

To understand source confusion as a function of the integrated flux
densities within each field, we created separate histograms in Fig. 8 of
the 500-pm and 151-GHz flux densities (as measured for all sources
within the central 35 arcsec) for fields with one, two, or three or
more sources (excluding the fields with one detected source outside
the central 35-arcsec diameter region). The distribution of integrated
flux densities for the three separate sets of fields appear somewhat
similar in this plot, although the fields with higher flux densities
tend to contain single sources. Applying Kolomorov—Smirnov tests
to the distributions, we calculated a 7 per cent probability that the
fields with 1 source and fields with multiple sources have the same
distributions of 500-um flux densities and a 63 per cent probability
that the data for fields with 1 source and the data for fields with
multiple sources are drawn from the same distributions of 151-GHz
flux densities. These results indicate that the majority, but not all,
of the fields with the highest flux densities contain single ALMA
sources.

€202 ABIN €2 U0 159NB Aq 21|61 L L/S662/2/22SG/2I01E/SEIUW/ W09 dNoo1Wapeoe//:sdjly Woly papeojumod


art/stac3771_f6.eps
art/stac3771_f7.eps

Fields with 1 source

F Fields with 2 sources —
= 10: b
5F E
of : :
Fields with = 3 sources |
L Il L L L L Il L
150 200
f, (500 um; mjy)
L T T T
r Fields with 1 source
101
5t
of
Fields with 2 sources
=5 1

Fields with = 3 sources |

Il L Il L
4 6 8
f, (151 GHz; m)y)

Figure 8. Histograms of the total Herschel 500-um 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 mly
at 500 pum (which is set by the sample selection criteria) and 0.20 mJy at
151 GHz (which is the 50 detection limit).

4.2 Comparisons to other multiplicity studies

The multiplicity results from our sample do not quite match the
results from most other surveys for various reasons. First, the use
of photometric redshifts and the removal of foreground galaxies
and blazars when constructing the HerBS sample should help for
identifying gravitational lenses (which should be mostly unresolved
in our data) or HLIRGs (Negrello et al. 2017; Bakx et al. 2018).
The Herschel sources that meet both our flux density and colour
criteria are relatively rare and would be unlikely to appear in other
surveys. For reference, our sample of 85 sources comes from a
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field that is 290 deg” in size. Secondly, differences in the beam
sizes of the single-dish data used to identify the locations of bright
submillimetre sources would lead to variations in the multiplicities
observed by interferometers. Thirdly, differences in the beams used
in the interferometric follow-up observations could affect whether
multiple sources are resolved or unresolved in those data. Fourth,
choosing to either deblend multilobed sources or treating them as
single sources could affect the multiplicity results. Since, with the
exception of HerBS-138, we report multilobed sources as single
sources, the fraction of fields that we identify with multiple sources
may be lower than what is identified in studies that deblend such
sources. Finally, differences in observing depth achieved between
our ALMA observations and other surveys would affect how many
sources could be detected in any field. We have reported detections
of >0.20 mJy at 151 GHz, which is equivalent to ~3-6 mly at
345 GHz (870 pum) for a modified blackbody with an emissivity
index S between 1 and 2. Other multiplicity studies are based on
objects selected at ~345 GHz with detection limits ranging from 0.7
to 6 mJy.

Our finding that ~50 per cent of our fields contain multiple sources
is consistent with the results for 870-m selected sources from APEX
observations studied by Hodge et al. (2013), even though they would
have been more sensitive to fainter sources. Additionally, our results
are consistent with the 850-um selected sources with flux densities
>9 mly from the JCMT studied by Stach et al. (2018), although the
multiplicity fraction was lower for JCMT sources with fainter flux
densities, probably because of source detection issues. In contrast,
Cowie et al. (2018) and Hill et al. (2018) found that only ~15 per cent
of their fields had multiple sources. Both worked with fields selected
from JCMT 850-4m observations that have a 14-arcsec beam, and the
smaller beam size would contribute to the lower multiplicities. The
integrated 850-um flux densities in many of the fields observed by
Cowie et al. (2018) were relatively close to the detection threshold
in their ALMA data, and they indicated that, if that emission was
divided into multiple ALMA sources, they may have had difficulty
identifying all of those sources, which could also explain their lower
multiplicities fraction. Hill et al. (2018) achieved sensitivity levels
effectively equivalent to ours when adjusting for frequency, but they
applied a requirement that fields would only be identified as multiples
if the ratio of the brightest to second brightest source was >2, which
would also explain their lower multiplicities fraction.

Meanwhile, Bussmann et al. (2015) and Scudder et al. (2016, 2018)
found a significantly higher fraction of their fields contained multiple
sources. The beams of the data from the follow-up observations in
all of these studies are smaller than the beams in our data, which is
one reason why these other studies measured higher multiplicity
fractions. The beams in the Bussmann et al. (2015) data were
0.45 arcsec, and they also deblended multilobed structures in their
ALMA data while we generally counted such structures as single
objects. Both of these aspects of their source identification led them
to identifying a higher percentage (~70 percent) of their fields
as containing multiples. If the Bussmann et al. (2015) fields were
observed using a 2 arcsec beam and sources within 3 arcsec of each
other were not deblended, then the fraction of fields that would be
identified as containing multiple sources would only be 34 per cent,
which would actually be below what we measured. Also note that
Bussmann et al. (2015) selected fields based on Herschel 500-pum
data with the same beam size as ours, but while the catalogue that
is the basis for our sample was created using the 250-pm source
positions to effectively deblend the 500-um emission, the sample
used by Bussmann et al. (2015) did not deblend the 500-m emission
before selecting their ALMA targets, which would also contribute
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to the higher percentage of fields with multiple sources that they
identified. Scudder et al. (2016, 2018) observed fields identified in
Herschel 250-pm data, which has a smaller beam and should be
resolved into fewer multiples. However, their multiplicity results are
based on identifying counterparts in 3.6- and 24-um Spitzer Space
Telescope data. While the beam sizes of these mid-infrared data are
not significantly better than ours, their 3.6-um data in particular
generally contained more detections per unit area, which could be
why they obtain the relatively high number of 95 per cent of fields
containing multiple sources.

Other aspects of the nature of the multiplicity in our sample are
also different from what has been found in samples selected purely
by flux density. Most notably, many of the brightest sources in our
sample, including 11 of the 15 brightest at 500 um, are single
sources. If a second source below our 50 detection threshold is
present in any of these 11 fields, it would contribute <20 per cent
of the total 151-GHz emission. In contrast, Hodge et al. (2013) and
Karim et al. (2013) in their 870-um selected sources from APEX
(which has a 19 arcsec beam) and Stach et al. (2018) in their 850-
um selected sources from the JCMT (which has a 15-arcsec beam)
found a strong tendency for the brightest sources in their sample
to be multiple systems. Additionally, the models by Hayward et al.
(2013) indicate that, in a 15 arcsec beam, all sources with 850-m
flux densities >8 mJy (which would be equivalent to ~0.4-0.8 mJy
at 151 GHz) should be multiple systems. It is particularly notable
that our sources were selected using a 35 arcsec beam and that
we placed no restrictions on the ratio of the brightest to second
brightest sources when counting multiples. This should bias our
results towards identifying fields with more multiples in cases where
the brightest detected sources have very high flux densities relative
to the noise levels. However, in fields where the brightest sources are
detected at just above the 5o level, we may not be able to identify
additional sources that may only be slightly fainter (for example,
have flux densities that are between 50 and 100 per cent of the flux
densities of the brightest sources) but that fall below our detection
threshold.

Hodge et al. (2013) and Stach et al. (2018) also reported non-
detections in ALMA observations of a significant fraction (15—
20 percent) of their fields selected at 850 um with the JCMT or
870 um with APEX, and they explain how this could occur if the
total submillimetre flux is divided into several sources that fall below
their detection threshold. However, we always detected at least one
151-GHz source in every field that we observed. Since our sample
was selected in Herschel 500-pm data with a larger beam, we should
have been more strongly biased towards finding fields that contain
such blends of multiple fainter sources, and our detection threshold
(when scaled from 151 to 345 GHz) is effectively higher than the
ones used by Hodge et al. (2013) and Stach et al. (2018), which
should have made our observations more prone to non-detections in
general. On the other hand, our field selection is based on 500-x«m
flux densities that (when scaled to 850 or 870 pm) are higher than
those used by Hodge et al. (2013) and Stach et al. (2018), which
would improve our chances of source detection in any field. It is
possible that, if our sources were observed with a smaller beam like
the ~0.6 arcsec beam used by Stach et al. (2018), they would be
resolved into multiple sources that could fall below our detection
threshold, but this explanation does not apply to the Hodge et al.
(2013) results, which observed their fields using a 1.5 arcsec beam
size that is not that different from our 151-GHz beam.

Overall, the multiple differences between our study and other
surveys are most likely related to our sample selection criteria, which
were originally designed to identify infrared-bright gravitational
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lenses Negrello et al. (2017) and would generally be expected to
be unresolved single sources in our data. As stated above, between
57 and 82 per cent of the BEARS fields were expected to correspond
to gravitational lenses that would be unresolved in our data (Bakx
etal. 2018, 2020a). Also note that the types of sources that meet both
our flux density and colour criteria are relatively rare and would have
been unlikely to appear in other multiplicity studies.

5 SPECTRAL ENERGY DISTRIBUTIONS

For a subset of the objects where the spectroscopic redshifts were
measured by Urquhart et al. (2022), we constructed SEDs based
on the Herschel 250-500-um flux densities (from H-ATLAS Data
Release 2) and the ALMA 151- and 101-GHz flux densities (as
integrated over the entire fields) and then performed an analysis of
the SEDs. The 101- and 151-GHz data in particular can be used to
constrain the emissivity index f of the dust emission, but the SED
data can also be used to search for temperature variations versus
redshift and to compare the results of photometric and spectroscopic
redshifts.

The SEDs for fields with single sources will represent single
objects and are therefore straightforward to work with. The flux
densities for these fields from Herschel correspond to the same
sources seen in the ALMA data (assuming that any lower redshift
galaxies in the foreground contribute negligible amounts of emission
at these wavelengths), so the Herschel and ALMA data can be
straightforwardly combined to create individual SEDs for individual
sources. However, we can also work with fields containing two
sources that are at the same redshift. The Herschel data can be
combined with the sum of the ALMA flux densities for the sources
in those fields to create SEDs that are still useful for determining the
average dust temperatures and emissivities of the detected objects,
although note that, if the sources in these fields have significantly
different average dust temperatures, the SEDs may appear unusually
broad.

With fields containing two or more sources with different or
unidentified redshifts, combining the integrated ALMA flux densities
with Herschel data will not produce SEDs that have any meaningful
physical interpretation. It is also very difficult to accurately disen-
tangle the contributions of the different sources in these fields to the
total integrated flux densities measured in the Herschel data. While
it might be possible to perform a spatial decomposition analysis of
the Herschel data using the positions from ALMA, that is beyond the
scope of this paper. Given this, we will focus on characterizing the
SEDs of the fields with single sources with spectroscopic redshifts
(31 fields) and with two sources at the same redshift (6 fields).

5.1 SED fits

To understand how the dust colours vary within the sample, we can fit
the (observed wavelength) 250-2970-um data with single optically
thin modified blackbodies with a fixed 8 value. We set  to 2, which
is similar to what is used in the models from Draine (2003) that are
based on Milky Way observations and which is similar to the value
of 1.8 found by Planck Collaboration XIX (2011) for the Milky Way.
While the single modified blackbodies do not necessarily accurately
characterize the physical dust temperatures or the details of the dust
emission processes, they are still useful for characterizing the overall
colours. However, for examining the dust emissivities, we also fit
the data with single modified blackbodies with variable f values.
Allowing B to vary leads to degeneracies between 8 and temperature
(e.g. Casey, Narayanan & Cooray 2014), which adds confusion to
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any comparison of dust temperatures fit with such SEDs, which is
why a second set of fits with a fixed g value are needed for comparing
the colours of the sources in our sample.

The fits were performed using a standard Levenberg Marquardt
algorithm, and both the measurement and calibration uncertainties
were used to calculate the input flux density uncertainties. The
calibration uncertainties for the Herschel data are set to 4 per cent
(Bendoetal. 2013). Colour corrections of 1.03, 1.005, and 0.985 were
applied to the Herschel 250-, 350-, and 500-um data, respectively,
based on the tables from The Spectral and Photometric Imaging
Receiver (SPIRE) Handbook (Valtchanov 2018)° The redshifts of
our sample extend up to ~4.5, where the temperature of the cosmic
microwave background (CMB) is ~15 K. This potentially affects
the temperatures and B from or SED fits, so we applied a correction
for the CMB when fitting the data (see da Cunha et al. 2013 for
an overview). When one or more objects in these fields were not
detected at 101 GHz, we only performed fits to the Herschel and
151-GHz data, although we still display 5o upper limits for the
101-GHz data (based on the rms noise values in Table 1) in the
plots. Table 5 lists the colour temperatures and $ derived from these
fits as well as integrated infrared luminosities (with no correction
for magnification). Additionally, a subset of the SEDs are shown in
Fig. 9.

For most of the fields, one or both of the SED fits work reasonably
well in describing the shape of the SED. Quite a few of the fields
have SEDs that can be described using 8 =~ 2, as illustrated by how
the two modified blackbody curves (for 8 fixed to 2 and for variable
B values) overlap in the SED plots for HerBS-21, HerBS-25, HerBS-
60, HerBS-68, and HerBS-73 in Fig. 9. This is also seen in the B
values derived when B was allowed to vary as a free parameter.
About half of these values are either within 10 per cent of 2 or are
statistically equivalent to 2, and the mean fitted value is 2.0 with a
standard deviation of 0.3.

The fits with the variable 8 have shown that some SEDs are
consistent with either a notably shallow or notably steep SED where
B deviates significantly from 2. HerBS-27, HerBS-28, and HerBS-
36 are the best examples of sources with low fitted B values, while
HerBS-40, HerBS-132, and HerBS-141 are the best examples of
sources with high fitted 8 values. Notably, the three example sources
with low fitted B values are at z > 3.0, while the three example
sources with high B values are at z < 2.5; we discuss this more in
Section 5.2.

In three fields (HerBS-49, HerBS-55, and HerBS-93), the single
modified blackbodies simply do not fit the data well (i.e. one or more
of the data points deviate by >3¢ from the best-fitting modified
blackbodies). The slopes between the observed 500- and 1970-um
data points in the HerBS-49 and HerBS-55 fields are too steep to
be consistent with a single modified blackbody with 8 = 2, but the
slope of the ALMA data points is much shallower in comparison to
the slope between the 500- and 1970-um data. These could be cases
where either the ALMA or the Herschel data are affected by noise or
other measurement issues, but the most likely physical explanation
for these SED shapes would be that the fields contain sources with
both dust with high g values and with submillimetre emission from

SThe SPIRE Handbook is available at https://www.cosmos.esa.int/web/her
schel/legacy-documentation-spire. The 250-500-um data for the subsample
discussed in Section 5 have colours consistent with a modified blackbody at
z =0 (without a CMB correction) with f = 1.5 and temperature 0of 9.6 0.9 K
or with 8 = 2 and temperature of 8.5 £ 0.7 K, so we used colour corrections
for point sources consistent with those modified blackbodies.
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Table 5. Colour temperatures and emissivities from SED fits to observed-
frame 250-2970-pm data and 151/101-GHz ratios.

Field 250-2970-pm fit results fis1G6Hz
ﬂ =2 ,3 = variable /flOl GHZ”
T (K) T (K) B
Fields with single sources
HerBS-11 320+£0.8 357+£20 1.78£0.10 3.8+0.3
HerBS-14 324+1.1 36.6 £4.1 1.71£024 5104
HerBS-18 28.7+£09 30.7£3.6 1.86 023 2.8+03
HerBS-24 274+£0.8 312+24 1.74£0.14 35+03
HerBS-25 29.7£0.7 329+£20 1.76 £0.13 3.8+04
HerBS-27 330+ 14 412+45 145+£023 4403
HerBS-28 320£1.2 396+ 14 1.494+0.07 35+03
HerBS-36 295+£12 37.5+£26 148 £0.12 42+03
HerBS-37 348 £09 314+£05 223 +£0.04 >2.9
HerBS-39 33.6£0.8 37.3£25 1.78 £0.13 47x04
HerBS-40 302+£29 214+ 1.0 2.82+£0.13 >4.8
HerBS-47 33.1+£13 289 +2.6 231 £0.21 >2.3
HerBS-55 345+ 1.8 332+6.7 208+039 32403
HerBS-57 344+£12 36.3+£5.6 1.89£031 5905
HerBS-60 319+£05 329+20 193 £0.13 46+04
HerBS-68 348 +£04 36.1 £ 1.4 1.92 £0.07 >3.0
HerBS-73 343 +£0.6 36.8 £2.3 1.86 £0.12 47+04
HerBS-86 302£1.2 26.5+29 230£026 59x0.6
HerBS-93 30.6 £2.7 227+42 270 +£048 8.6+0.8
HerBS-103 362+£1.2 413 £57 1.75£023 32+03
HerBS-107 340+ 1.7 293 +4.6 233 +£0.37 >5.0
HerBS-111 316 £1.0 28.1 £2.5 225+£0.19 6.0x0.7
HerBS-123 29.5+£0.7 28.7+34 2.07 £0.26 >6.2
HerBS-132 349+£22 262+ 1.7 260£0.15 58x0.6
HerBS-141 335+£22 265+ 1.8 2.52+£0.17 >3.6
HerBS-160 314+ 1.0 353+£4.0 1.72£024 4.6+03
HerBS-182 30.8 £ 1.0 26.0 £ 0.9 2344+008 55405
HerBS-184 298 £ 1.1 355+48 1.67£022 33x03
HerBS-189 377+ 1.1 445 £2.1 1.65 £ 0.09 >5.0
HerBS-200 323+£15 314+6.1 205+£034 33x04
HerBS-207 25.7+£1.0 232+£33 2.19+£028 3.7+04
Fields with multiple sources at the same redshift
HerBS-21 334+£04 349+ 14 1.89£0.09 4905
HerBS-49 285 +3.1 39.0+£215 140+£084 1.6+0.1
HerBS-69 309+£0.8 27.6 £0.2 2.24 £0.01 >3.0
HerBS-120 303+£04 324 +£0.1 1.84 £ 0.00 >4.2
HerBS-159 304+£1.0 274+32 222+£0.27 >2.6
HerBS-208 29.0+£0.3 283+ 1.1 2.05+£008 45+0.5

“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 equivalent to 5 times the
rms noise levels listed in Table 1, which are effectively the So detection limits
for point sources and could overestimate the limit for extended sources. Since
HerBS-189 is notably extended, this does not work, so the 101-GHz 5o upper
limit is multiplied by 1.9, which is based on the expected convolved 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 equivalent 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
level (the assumed upper limit for the B source).

sources other than 2 10-K dust. This is discussed more in Section 5.2.
HerBS-93 is a case where the ALMA data are significantly steeper
than would be expected given the shape of the curve defined by the
Herschel data, but assuming again that no technical issues affected
the data, it would be possible to describe the SED using a sum
of modified blackbodies with high B 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 g is fixed to 2 and where g 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 g is allowed to vary,
the best-fitting B value is close to 2. HerBS-14 and HerBS-28 are examples of fields with low fitted B values. HerBS-40 and HerBS-86 are examples of fields
with high fitted g 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 equivalent to or smaller than the data points in these plots. Open symbols represent So upper limits.

measurements would be needed to define the SEDs more precisely
before we could proceed with trying to interpret the physics of the
dust emission from these sources.

5.2 Analysis of the 151/101-GHz flux density ratios

SEDs produced by dust at multiple temperatures can be fit by a single
modified blackbody with a 8 lower than the actual 8 of the dust (e.g.
Dunne et al. 2000; Klaas et al. 2001; Bendo et al. 2003). The ratios of
the 151-101-GHz emission, which are also listed in Table 5, measure
the slope of the Rayleigh—Jeans side of the SEDs for these objects,
which will primarily be affected by the physical B of the dust and
which will be relatively insensitive to dust temperature. It would
therefore be useful to compare the results from these two different
metrics of dust emissivity.

Fig. 10 shows the g values derived from the 250-2970-um SED
fits to the 151/101-GHz ratios. Although the data roughly follow the
relation expected for modified blackbodies with temperatures and
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redshifts consistent with those values in our sample (as shown by the
shaded region), the relation shows some scatter. Notably, data with
large uncertainties in the fitted § values tend to lie further away from
the range of expected values. Issues related to blended emission from
dust at different temperatures will drive many data points downwards
in Fig. 10, while the degeneracy between temperature and S in the
SED fits will cause additional scatter.

Fig. 11 shows the B values from the SED fits and the 151/101-
GHz ratios plotted as a function of temperature. If the g from the
SED fits purely reflected emissivity variations, then both 8 and the
151/101-GHz ratios should vary similarly as a function of the best-
fitting temperature. We found that 8 varies strongly as a function
of temperature as a result of the well-known degeneracy between
temperature and B (e.g. Casey et al. 2014); the Pearson correlation
coefficient for the relation is —0.88. Meanwhile, the 151/101-GHz
ratios do not exhibit such a strong dependence on temperature;
the Pearson correlation coefficient for that relation is —0.50. The
difference between these correlation coefficients reveals biases in
the B from the SED fits.
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Figure 11. Plots of g (from SED fits where the $ 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 So upper limits. The
data point with the extra large error bars is HerBS-49, which was fit poorly
by the single modified blackbody.

Fig. 12 plots the 8 values from the SED fits and the 151/101-GHz
ratios as a function of spectroscopic redshift. A relation is seen for
the B values for the SED fits (with a Pearson correlation coefficient
of —0.65). However, no relation is seen at all with the 151/101-GHz
ratios (with a Pearson correlation coefficient of 0.04). This indicates
that the slopes of the Rayleigh—Jeans sides of the SEDs are not
varying with redshift and that the redshift variations in the B values
from the SED fits are an artefact of the fitting process.

The B derived from the fits are influenced strongly by the rest
wavelengths sampled by the data. As indicated in Section 5.1, the
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Figure 12. Plots of B (from SED fits where the B 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 5o upper limits.

fits with the variable f may yield shallower emissivity functions
because of the blending of emission from multiple dust components
with different temperatures. When progressing from z = 2 to z =
4.5, the 250- and 350-pum bands will increasingly include more
emission from hotter dust, including very small grains not at thermal
equilibrium (e.g. Li & Draine 2001; Popescu et al. 2011). Given this,
modified blackbodies with variable g fit to SEDs at the same observed
wavelengths would be expected to yield both higher temperatures
and lower g for objects at higher redshifts. Hence, the 8 values from
these fits should not be relied upon for characterizing the physical
emissivities of the dust emission.

Having compared the 151/101 GHz ratios to the 8 values derived
from the SED fits and having concluded that the 151/101 GHz ratios
may be more indicative of the physical emissivity of the dust grains
themselves, we can now focus on analysing and interpreting the
151/101 GHz ratios. Fig. 13 shows the ratios as a function of redshift
and a histogram of these ratios. We also calculated the range of
151/101 GHz ratios expected for modified blackbodies (corrected
for the effects of the CMB) with temperatures ranging from 20 to
50 K, B of either 1 or 2, and redshifts from 1.5 to 4.6. This redshift
range encompasses the range of the sources listed in Table 5. Shaded
regions in Fig. 13 show the range of ratios consistent with the two
values over these temperature and redshift ranges.

The mean ratio that we measure is 4.4, and the standard deviation
is 1.3. For comparison, the mid-point of the range of ratios for § =
2 is also 4.4, while the mid-point of the range of ratios for § =1 is
2.9. While some ratios are measured relatively precisely, others have
relatively large uncertainties. Still, these numbers as well as Fig. 13
demonstrate that the 151/101-GHz ratios for the subsample as a
whole are largely consistent with 8 values of close to 2. Few studies
have performed measurements of § for high-redshift galaxies, and
these studies have primarily been limited to shorter rest wavelengths.
Our B are consistent with those for the z ~ 5.5 galaxies studied by
Faisst et al. (2020), although they only have measurements at rest
wavelengths of <200 um, and they assume that T = 1 near the peak
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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 B of either 1 or 2. The open symbols represent data points based on 101 GHz
5o 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 over 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.

of their SEDs. Bakx et al. (2021) measure a 8 of 1.6 foraz =7.13
galaxy, but they too only have data at rest wavelengths of <200 pm.

However, we see some outliers. HerBS-93 has a 151/101 GHz
ratio of 8.7 + 0.8, which would indicate that 8 is ~3.5 for this
source. This is the only field with a ratio higher than 6.5. We
cannot identify any issues with the data processing or the flux
density measurements for this source, although the peak 101-GHz
emission is very close to the 5o surface brightness detection limit
we used when reporting flux density measurements. If the redshift
was poorly defined, then it would be possible that our correction for
CMB effects was inaccurate, which could affect the 151/101-GHz
ratio. However, the redshift has been very strongly constrained by
two spectral lines (corresponding to CO(3—2) and the [CI](*P,—Py)
emission), placing the object at z = 2.400; no other combination of
lines could reproduce the spectra observed by Urquhart et al. (2022).
Aside from either heretofore unidentified issues with the 101-GHz
flux density measurement for this specific field or the possibility
that the dust emissivity is inherently steep for this object, we have
no explanation for why the 151/101-GHz ratio is so high. Also
note that some but not all of the data points based on 101-GHz
So upper limits may also be consistent with B values significantly
higher than 2, although either deeper observations at ~101 GHz
or additional measurements at higher frequencies would be needed
to verify that the objects in these field have such steep spectral
slopes.

Fields with 151/101-GHz ratios of <3.5 are potentially the more
interesting because the low ratios could point to the presence
of emission sources other than thermal dust emission. The field
with the lowest ratio is HerBS-49, while other fields of potential
interest include HerBS-28, HerBS-55, HerBS-184, and HerBS-200.
In Section 5.1, HerBS-49, HerBS-55, and HerBS-200 were identified
as being fit relatively poorly by the single modified blackbodies, and
part of the reason was that the steep slope between the (observed
frame) 500-um and 151-GHz data points was inconsistent with the
shallower slope between the 151- and 101-GHz data. HerBS-28 was
a case where the whole of the SED was consistent with a single
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modified blackbody with a relatively low g of 1.49. The SED of
HerBS-184 is actually fit reasonably well by the modified blackbody
where B is fixed to 2, but interestingly, that curve falls below the
101-GHz data point.

As we have stated, it is likely that at least the 101-GHz band but
also possibly the 151-GHz band as well contains emission produced
by physical processes other than thermal dust emission, but it is not
clear from these data alone what the alternate emission mechanisms
are. The most obvious possibility is synchrotron emission, which
would most likely be associated with previously unidentified AGN.
However, none of the sources with low 151/101-GHz ratios are
associated with radio sources detected in the VLASS (Gordon et al.
2021). Free—free emission is a possibility but unlikely given that,
in nearby starburst galaxies, it is not seen as a dominant source
of emission at (rest frame) <1 mm (e.g. Condon 1992; Peel et al.
2011; Bendo et al. 2015, 2016). Very cold (<5 K) dust has been
suggested as a possibility for such submillimetre excesses in some
nearby galaxies (e.g. Galliano et al. 2005), but it seems extremely
unlikely for any sources in our sample since the dust would be colder
than the CMB at these redshifts. Anomalous microwave emission
from spinning dust and other exotic phenomena involving dust grains
with unusual properties are possible, but additional data would be
needed to identify the emission mechanisms.

5.3 Variations in colour temperatures with redshift

For the subset of galaxies discussed in this section, the dust colour
temperatures range from 26 to 38 K when g is fixed to 2. This
is warmer than the range of 15 to 30 K seen in typical nearby
spiral galaxies when using fits with S set to 2 (e.g. Boselli et al.
2012; Kirkpatrick et al. 2014). Several recent studies have indicated
that dust colour temperatures increase with redshift (Magdis et al.
2012; Magnelli et al. 2014; Béthermin et al. 2015; Schreiber et al.
2018; Liang et al. 2019; Bouwens et al. 2020; Chen et al. 2021;

v

few other studies that mainly worked with galaxies selected at far-
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infrared or submillimeter wavelengths found either no trend in colour
temperature with wavelength or notable outliers from this relation
(e.g. Jin et al. 2019; Dudzeviciuté et al. 2020; Reuter et al. 2020;
Magdis et al. 2021; Drew & Casey 2022).

Unfortunately, it is not straightforward to directly compare our
dust colour temperatures to those obtained from other references,
including those from Schreiber et al. (2018), Bouwens et al. (2020),
Reuter et al. (2020), and Dudzevicitteé et al. (2021). First of all, these
different studies used different values of 8 ranging from 1.5 to 2.0,
which affects the overall scale of the colour temperatures. Secondly,
if the dust is treated as becoming optically thick at far-infrared
wavelengths, as was done by Reuter et al. (2020), then the resulting
temperatures will be scaled to higher values (see also Cortzen et al.
2020 for a discussion of this topic). Additional complications related
to the handling of dust emission at <50 pum could also affect
the resulting colour temperatures. However, we can still examine
whether our colour temperatures still show any change relative to
redshift to examine whether such a relation actually exists, at least in
our sample. Therefore, in Fig. 14, we plotted the colour temperatures
for B fixed to 2 from Table 5 as a function of redshift and also
performed some analyses on these data.

We do find a trend in Fig. 14, but the trend is notably weak. Our
best-fitting relation can be described by

T(K)=(29.7£0.7)+ 2.2+ 0.8)(z — 2), (2)

although the slope of this relation is only inconsistent with no
evolution at the 2.75¢ level, and the data points between redshifts of
2 and 3.5 exhibit a lot of scatter around this relation. The Pearson
correlation coefficient for the two values is 0.39, which indicates that
15 per cent of the variance in dust temperature can be described by
our relation. This would indicate that infrared-bright high-redshift
sources like the ones in our sample do not necessarily exhibit any
strong relation between temperature and redshift. However, note that
the relation in Fig. 14 is affected by the colour criterion that was
applied when selecting the data, which would potentially exclude
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objects that are significantly warmer than our best-fitting line,
although including such objects would potentially only increase
the scatter in the relation. Additionally, note that, when objects are
selected at far-infrared or submillimetre wavelengths, the selection
would tend to be biased towards warmer objects at higher redshifts.

Among other studies that find a relation between dust tempera-
ture and redshift, the statistical significance of the slopes of their
resulting relations are often much stronger. For these comparisons,
we mainly focused on relations found using samples with redshifts
that overlapped those of our sample. The slope of the relations
found by Schreiber et al. (2018) and Bouwens et al. (2020) are
measured at greater than the 100 level. Unfortunately, they do not
provide any data on the strength of the correlations in their data.
Dudzeviciute et al. (2020) presented a relation between temperature
and redshift with no slope, and the Pearson correlation coefficient
that we calculated using their data was 0.06, indicating virtually no
dependence of the temperatures on redshift. Of the two relations
presented by Dudzeviciaté et al. (2021), the one derived for 450-
pm selected galaxies has a slope measured at the ~60 level, while
the other (a subset of the galaxies from Dudzeviciite et al. 2020) is
measured at <3o. Using the data for their 450-um selected sample,
we calculated a Pearson correlation coefficient of 0.34, which is
similar to what we obtained for our sample. Notably, Reuter et al.
(2020) found a slope in their data at the ~30 level but also reported
a high level of scatter in their relation, and various statistical tests
indicated that a line with no slope was favoured for their data.

Comparing the distribution of our colour temperatures and our
relation between colour temperature and redshift to the relations
from other studies is difficult because different studies used different
B values when fitting their data, and the selection of a specific 8
will affect the derived temperature. Additionally, the change in best-
fitting temperature from B = 2 to the best-fitting temperature from
another value of § also depends on the rest wavelengths at which the
SED is measured (and hence on the redshift of the source) and the
relative uncertainties in the SED measurements. This means that we
cannot straightforwardly rescale relations from other studies that use
different B to correspond to = 2. The best that we can do is simply
look at how the distribution of our colour temperatures when we fit
the data using other 8 values (although for succinctness, we will not
list those alternate temperatures in this paper).

If we fit our data using S fixed to 1.6, which matches the values
used by Schreiber et al. (2018) and Bouwens et al. (2020), then the
temperature distribution of our data shifts to a range spanning from
33 to 45 K with a mean of 39 K. The relations between temperature
and redshift derived by Schreiber et al. (2018) and Bouwens et al.
(2020) would pass through the lower end of the distribution of our
colour temperatures, with some data points in the 2 < z < 3 range
offset above either of their relations by ~9 K and some data points at
z > 3.5 falling below either of their relations by ~6 K. If we fit our
data using g fixed to 1.8, which is what is used by Dudzeviciite et al.
(2020) and Dudzevicitte et al. (2021), then our derived temperatures
shift to the range 29—41 K with a mean of 35 K. The relations from

SUnfortunately, it is not possible to calculate a strict temperature limit above
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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these papers pass through this distribution of our data points; our data
with lower temperatures are more consistent with the Dudzevicitté
et al. relations for their 850-um selected samples, while our data
with the higher temperatures are consistent with the Dudzevicitté
et al. relation for their 450-um selected sample.

In comparing all of these results, one of the main issues seems to
be the waveband used to select the data. Many of the observational
papers working with samples selected at optical or near-infrared
wavelengths (which tend to be samples composed of main sequence
galaxies) report the presence of relatively strong or well-defined
relations between dust colour temperature and redshift (e.g. Schreiber
et al. 2018; Bouwens et al. 2020) or otherwise present results in
agreement with such a relation being present (e.g. Magdis et al.
2012; Béthermin et al. 2015). Meanwhile, observational papers
based on galaxies selected at infrared, submillimetre, or millimetre
wavelengths tend to have measured relations with more scatter or
slopes with lower statistical significance (e.g. Reuter et al. 2020;
found results indicating that colour temperature does not necessarily
increase with redshift (e.g. Jin et al. 2019; Drew & Casey 2022).
Nevertheless, it is possible to find exceptions. For example, while
Béthermin et al. (2015) reported a relation between radiation field
intensity (which would be directly related to colour temperature) and
redshift for main sequence galaxies, they found no such relation for
strong starbursts, even though both subsets of galaxies were selected
from near-infrared data. Additionally, Magdis et al. (2021) reported
no relation between dust temperature and redshift even though they
selected their sample based on a near-infrared magnitude limit,
although their sample is designed to contain specifically quiescent
galaxies.

None the less, it seems like sample selection strongly influences
the trend that is measured in dust colour temperature with redshift;
different types of galaxies are generally selected in different bands.
Since many of the objects selected in optical or near-infrared data,
such as those from Schreiber et al. (2018), tend to be main sequence
galaxies, such galaxies at any given redshift may be expected to
have relatively uniform properties because they are selected to lie
upon a specific relation. However, galaxies selected at far-infrared
or submillimetre wavelengths, such as those in our sample or
those from Dudzevicituté et al. (2020, 2021), are more extreme,
dusty objects that may naturally be expected to deviate from the
main sequence in general terms. Consequently, the data from these
samples exhibited a much higher level of dispersion in plots of
temperature versus redshift. This explanation would be consistent
with the finding specifically by Béthermin et al. (2015) in which the
colour temperatures varied with redshift for main sequence galaxies
but not for starbursts.

5.4 Comparisons to existing SED templates

Since multiple SED templates are still used for determining the
photometric redshifts of deep field sources, it would be a useful test
to compare photometric redshifts derived from these templates to our
spectroscopic redshifts. Urquhart et al. (2022) already presented a
comparison of spectroscopic redshifts for this sample to photometric
redshifts derived by Ivison et al. (2016) and Bakx et al. (2018),
but those photometric redshifts did not incorporate the ALMA
continuum measurements, which, as we have discussed above, are
very effective at constraining the Rayleigh—Jeans side of the dust
emission.

We used five different SED templates to derive photometric
redshifts for comparison to our spectroscopic redshifts. Two of the
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templates (Pearson et al. 2013; Bakx et al. 2018) are based on the
sums of two modified blackbodies and were derived from H-ATLAS
sources with known redshifts. The Pearson et al. (2013) template
was derived using just Herschel data, while the Bakx et al. (2018)
model was derived using Herschel and JCMT 850-um data. The
third template is based on functions fitted to the empirical SED
of the well-studied gravitational lens SMM J2135—0102 (Ivison
et al. 2010; Swinbank et al. 2010); this object is also called the
Cosmic Eyelash, and we refer to its SED as the Eyelash template.
This was one of three SED models that was found to work very
effectively when applied to the 250-850-um data for a sample of 69
gravitational lens candidates studied by Ivison et al. (2016). The other
two templates that were also recommended by Ivison et al. (2016)
for SED fitting are based on composites of multiple submillimetre
galaxy SEDs. One of these is the Pope et al. (2008) template,
which was based on a sample of z ~ 2 submillimetre galaxies
selected at mid-infrared wavelengths. These templates were built
using (observed wavelength) 16-, 24-, 70-, and 850-um photometry
as well as mid-infrared spectroscopy covering polycyclic aromatic
hydrocarbon spectral features at rest wavelengths. The other template
was created by Swinbank et al. (2014) using 24-870-um and 1.4-
GHz observations for 99 submillimetre galaxies from the ALMA
LABOCA ECDFS Submillimeter Survey (ALESS), which we refer
to as the ALESS template.

These templates were fit to the (observed wavelength) 250-2970-
pm data in logarithmic space while applying corrections for CMB
effects (da Cunha et al. 2013). Table 6 lists the photometric redshifts
from these templates as well as spectroscopic redshifts. Again, we
only performed this analysis for fields with single sources that have
spectroscopic redshifts and for fields with multiple detected sources
that all have the same spectroscopic redshift. Table 7 lists the means
and standard deviations of the ratios of the photometric redshifts to
the spectroscopic redshifts as well as the metric (Zphot — Zspec)/(1
+ Zspec)- Additionally, Fig. 15 shows, for all of the objects with
spectroscopic redshifts, normalized flux densities plotted at rest
wavelengths along with two versions of the templates: one set of
templates plotted at their original rest wavelengths and another set
of templates shifted by (zpnot — Zspec)/(1 + Zspec)- Fig. 16 shows
comparisons of the photometric and spectroscopic redshifts.

Overall, these data show that these photometric templates sys-
tematically underestimate the actual redshifts of these sources by
typically ~15 percent, although the Eyelash template performs
slightly better than the other templates and the Bakx template
performs notably worse. The panel on the left in Fig. 15 illustrates
that this is because the SED templates are all slightly colder than
the dust that we observe from our sources. Four of the templates are
based on modified blackbodies with temperatures between 20 and
30 K, while the Pope et al. (2008) template has colours consistent
with a modified blackbody with a temperature of 32 Kand a § of 2. In
contrast, the sources in our sample have colour temperatures ranging
from 26 to 38 K when f is fixed to 2. This temperature difference is
not apparent when looking at just the Herschel data, which sample
the peak of the SED, but it is easy to see that all of the templates lie
redwards of the ALMA data. Additionally, the 8 of 1.83 used by Bakx
et al. (2018) makes the Rayleigh—Jeans side of the dust emission in
that specific template look broader than observed in our sources, and
this creates an additional offset between the measurements and the
template that has a notable effect on the photometric redshifts.

It would be tempting to interpret the results from Fig. 15 as
providing evidence that the dust emissivity is steeper than what is
assumed in these templates, but except for the Bakx et al. (2018)
template, 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-um data) and spectroscopic

redshifts for fields with spectroscopic redshifts.?

Field b4
Pearson et al. Bakx et al. Eyelash Pope et al. ALESS Spectro-

template template template template template scopic
Fields with single sources
HerBS-11 2.14+03 1.6+£02 24403 22403 2.1+03 2.630
HerBS-14 33+04 28+0.4 35+£0.5 34405 33405 3.780
HerBS-18 2.0+0.2 1.5+£02 23403 22403 2.1+03 2.180
HerBS-24 22+03 1.7+£02 254+04 23403 22403 2.200
HerBS-25 27+£03 22+£03 3004 29£04 28+04 2910
HerBS-27 4.1+05 37+£05 42406 42406 40+06 4510
HerBS-28 3.5+04 3.0+04 3.7+0.5 3.7£05 35+£05 3.920
HerBS-36 3.0+04 25403 32+0.5 31+04 3.0+04 3.090
HerBS-37 1.8£0.2 1.3£02 21£03 1.9+£03 1.9+£03 2.620
HerBS-39 25403 20£0.3 284+04 26+04 26+04 3.230
HerBS-40 1.5£02 1.1 £0.1 1.9+£03 1.7£0.2 1.8+£0.3 1.970
HerBS-47 1.74+0.2 1.3+£02 21403 1.94+03 1.94+03 2.430
HerBS-55 1.8£0.2 1.3£02 22403 1.9+£03 1.9+03 2.660
HerBS-57 24403 1.9+0.3 284+04 254+04 26+04 3.270
HerBS-60 27+£03 22+£03 31+04 29£04 28404 3.260
HerBS-68 1.94+0.2 144+£02 22403 20403 20+03 2.720
HerBS-73 22+£03 1.7£02 254+04 23+£03 23403 3.020
HerBS-86 22403 1.7+£02 26+04 23403 23403 2.560
HerBS-93 20+£02 1.5£02 24403 2.1+£03 22+03 2.400
HerBS-103 1.94+0.2 1.5+02 23403 20403 20+03 2.940
HerBS-107 1.8£0.2 1.3£02 21403 1.94+03 1.94+03 2.550
HerBS-111 1.8+£0.2 14+02 22+03 1.94+03 20+03 2.370
HerBS-123 1.9+£02 14£02 22403 2.1+£03 20+£0.3 2.170
HerBS-132 1.6 +£0.2 1.1+0.1 20403 1.54+02 1.6 +£02 2.470
HerBS-141 14+£02 1.0£0.1 1.8+£0.2 1.54+02 1.54+02 2.090
HerBS-160 3.7+04 3.1+04 3.8+£0.5 38+05 3.6+05 3.960
HerBS-182 1.8£0.2 13+£02 21+03 1.84+0.3 1.84+0.3 2.230
HerBS-184 22403 1.7+£02 26+04 23+03 22403 2.510
HerBS-189 2.1+£0.3 1.7+£02 25+03 23403 23403 3.300
HerBS-200 1.6 +£0.2 1.1 +0.1 1.9+03 1.5+02 1.6 +£0.2 2.150
HerBS-207 1.6 £0.2 12+£0.1 20+£0.3 1.6 £0.2 1.74+02 1.570
Fields with multiple sources at the same redshift
HerBS-21 26403 2.14+03 294+04 28+04 27+04 3.323
HerBS-49 2.6+03 2.1+£03 29+£04 284+04 26+£04 2.727
HerBS-69 1.6 +£0.2 12+02 20+03 1.74+0.2 1.84+02 2.074
HerBS-120 28403 23403 31+£04  314+04 29404 3.124
HerBS-159 1.8+£0.2 14+02 22403 20403 20+03 2.236
HerBS-208 23403 1.8+02 26+04 24403 24403 2.480

“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 Zphot Zphot “Zspec
Zspec I+zgpec
Mean o Mean o

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

showed that they are largely consistent with modified blackbodies
with B values of 2, and the analysis of the 151/101-GHz ratios in
Section 5.2 demonstrated that they too are generally consistent with
B of 2. This is also the S used in the ALESS, Eyelash, Pearson et al.
(2013), and Pope et al. (2008) templates, and in fact, our ALMA data
lie parallel to but offset from these templates. Additionally, when
the SED templates are shifted to match the spectroscopic redshifts
better, as seen in the panel on the right in Fig. 15, the templates
replicate the slope from the Herschel data to the ALMA data much
better (although, with this correction, the Pearson et al. (2013) and
Bakx et al. (2018) templates predict significantly higher emission at
<60 pwm then what is indicated by our data). Hence, it is more likely
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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
fixed to 2, and all templates have been normalized so that their peak values are equal to 1. Open symbols represent 5o 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 (Zphot — Zspec)/(1 + Zspec) 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.
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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.

that the offset between our data and these templates is related to dust
temperatures.

The differences between the SEDs of our sample and the SED
templates potentially relate to how the various samples were selected
for creating the SED templates and how they differ from our sample.
Pearson et al. (2013) used a large number of sources at z < 1 to
build their template, which is a significantly lower redshift than
what we measured for sources in our sample. In using these closer
objects, it may be possible that Pearson et al. (2013) were biased
towards selecting objects with colder dust. The Pope et al. (2008)
and the ALESS templates used sources selected solely by their
submillimetre flux densities, while our sample was also selected by
the photometric redshifts inferred from their 250-500-um colours,
and our colour selection criteria yielded a sample that was slightly
more distant and that may also have warmer dust than what is found in
typical submillimetre galaxies. Notably, the Eyelash template, which
is based on a gravitational lens at z = 2.3 and which is therefore

MNRAS 522, 2995-3017 (2023)

comparable to many of the objects in our sample, actually performs
reasonably well compared to the other templates, although it still
systematically predicts low photometric redshifts. The only template
that should not have been significantly affected by sample selection
criteria is the Bakx et al. (2018) template, which produced the parent
sample that was the basis for ours. However, they did not constrain
the Rayleigh—Jeans side of the SED well when constructing their
template, and both the lower temperatures and § used by Bakx et al.
(2018) caused the discrepancies between the photometric redshifts
based on their template and the spectroscopic redshifts.

Although the templates all systematically undermeasure the red-
shifts to our sample galaxies, the low standard deviation of 0.07—
0.10 in the (Zphot — Zspec)/(1 + Zgpec) values indicates that the
results are notably precise. In fits to SED measurements at observed
wavelengths <850 um using the same templates that we have used,
the standard deviation in this metric is typically 0.12-0.14 (Pearson
et al. 2013; Ivison et al. 2016; Bakx et al. 2018). This indicates
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that including data at ~2-3 mm (~100-150 GHz) to constrain
the Rayleigh—Jeans side of the SED will also lead to more precise
photometric redshift measurements even if they still have accuracy
issues.

Given the issues with photometric redshifts derived using older
SED templates, it is clear that any specific SED template for high-
redshift far-infrared or submillimetre sources may not be universally
applicable or even reliable. To measure an accurate photometric
redshift to a specific galaxy or class of galaxies, the best results will
potentially be obtained when using SED templates derived from
the same class of galaxies. However, spectroscopic redshifts are
imperative to confirm those measurements.

6 CONCLUSIONS

We have presented 101- and 151-GHz (ALMA Band 3 and 4)
photometry for 85 fields originally selected from the H-ATLAS
observations of the South Galactic Pole as potentially containing
gravitational lenses based on their 500-um flux densities and their
relatively red Herschel colours. We detected 151-GHz continuum
emission within every targeted field, and we detected 101-GHz
continuum emission within 55 fields in the survey.

21 of these fields contained either double-lobed or extended
sources, some with relatively complex morphologies. About half of
the fields contained multiple sources within the region described
by the Herschel 500-um beam, which is consistent with some
prior surveys of some bright sources selected using infrared or
submillimetre single-dish telescopes (Hodge et al. 2013; Stach et al.
2018) but either higher or lower than results from other surveys
(Bussmann et al. 2015; Scudder et al. 2016; Cowie et al. 2018;
Montaia et al. 2021). Notably, we also find that many of the fields
in our sample with the brightest submillimetre flux densities contain
single bright objects, which is expected for our sample (which was
optimized for selecting gravitationally lensed sources that would be
unresolved in our ALMA data) but which contrasts with the results
from the fields selected from APEX data by Hodge et al. (2013)
and Karim et al. (2013) and the fields selected from JCMT data by
Stach et al. (2018). These variations between our results and others
as well as among the published results in the literature appear to be
a consequence of difference in the sample selection criteria; both the
waveband used to identify high-redshift sources and the application
of colour selection criteria can potentially affect the multiplicity
results.

For the subset of fields that either contain a single detected source
with a spectroscopic redshift or that contain two detected sources
with the same spectroscopic redshift (as based on the data from
Urquhart et al. (2022)), we performed some analyses on the SEDs of
the Herschel and ALMA data. The SEDs for this subset are largely
consistent with dust described by single modified blackbodies with
colour temperatures ranging from 26 to 38 K and dust emissivity
indices B of 2. We also demonstrated that the ALMA (observed
frame) 151/101-GHz ratios provided a more reliable measurement of
B than the single modified blackbodies that are fitted to the Herschel
and ALMA data. With rare exceptions, we found no evidence of
other sources of emission in the ALMA bands.

We found that the relation between colour temperature and redshift
for our sample was relatively weak. We measured a slope of
2.2 4+ 0.8 K z7! that is only inconsistent with no evolution at
the ~2.750 level, and the correlation coefficient for the relation
was 0.39. Our relatively weak relation is largely consistent with
studies based on samples selected at far-infrared, submillimetre, and
millimetre wavelengths, which generally found either weak relations
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but it is generally inconsistent with the stronger relations found
using samples based on samples selected at optical and near-infrared
wavelengths (e.g. Schreiber et al. 2018; Bouwens et al. 2020). The
differences among these results seem largely driven by selection
effects where samples selected from optical and near-infrared bands
seem to be missing galaxies with relatively cold but large dust masses.

We also tested the performance of photometric redshifts derived
from five SED templates versus the spectroscopic redshifts from
Urquhart et al. (2022), and we generally found that all of these pho-
tometric redshifts were systematically lower than the spectroscopic
redshifts, although the template based on the SED of the Cosmic
Eyelash (Ivison et al. 2010; Swinbank et al. 2010) performed best.
The colour temperatures of the dust in these SED templates are
generally colder than what we found in our sample galaxies, which
again may point to differences between our sample of galaxies and
the galaxies used to create these templates. These results demonstrate
that SED templates are not universally applicable to all galaxies and
also imply that the best photometric redshifts to specific galaxies
may be obtained when using SED templates derived from the same
class of galaxies. However, also note that the relative scatter that we
measured between the photometric and spectroscopic redshifts, as
measured using (Zphot — Zspec)/(1 + Zgpec), is generally ~2 x lower
than what had previously been measured in other comparisons of
photometric and spectroscopic redshifts (e.g. Pearson et al. 2013;
Ivison et al. 2016; Bakx et al. 2018). This indicates that SED fits
that include data at <150 GHz (which covers ALMA Bands 3 and
4) are very useful for constraining the Rayleigh—Jeans side of the
SEDs of high-redshift sources and help to improve the precision of
the photometric redshifts from SED templates.

These observations represent a significant step in understanding
the phenomenology of the bright, red sources found in H-ATLAS,
but the results are also clearly applicable to similar sources from
other surveys such as HerMES. Both these photometric results and
the spectroscopic data from Urquhart et al. (2022) have allowed
us, to some degree, to separate individual infrared-bright objects
at high redshift, associated galaxies at high redshift, and confused
sources. The individual infrared-bright high-redshift objects are
potentially gravitationally lensed galaxies or HLIRGs and should
be studied further in follow-up ALMA observations to confirm the
phenomenology of these objects, while some of the associated high-
redshift sources could actually be parts of protoclusters and should
be examined more carefully at multiple wavelengths to understand
more about how these structures are forming.
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APPENDIX A: ALMA 101- AND 151-GHZ
IMAGES

The supplemental online material show the 101- and 151-GHz
images of all of the fields imaged in this survey. The contours show
the 30, 50, 100, 200, and 500 detection levels in the images. The
green ellipses at the bottom left of each image show the size of the
beam. The blue solid circle shows the imaged region in each field
(corresponding to where the primary beam is >20 per cent of the peak
sensitivity), and the red dotted circle shows the 35 arcsec FWHM of
the Herschel 500-pum beam.
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