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ABSTRACT

We present Submillimeter Common User Bolometer Array 2 (SCUBA-2) and Submillimeter Array (SMA) follow-up observations
of four candidate high-redshift dusty star-forming galaxies, selected as sources with rising spectral energy distributions in the
250, 350, and 500 um Herschel SPIRE bands. Previous SMA observations showed no counterparts to these sources, but in
our deeper sub-mm observations we detect counterparts to all four 500 um risers, with three resolving into multiple systems.
For these three multiple systems, the SMA 345 GHz (=870 um) observations recover 123 % 73 per cent, 60 & 15 per cent, and
19 % 4 per cent of the integrated 850 um flux density from SCUBA-2, indicating that there may be additional sources below
our SMA detection limit making up a dense, protocluster core. The fourth 500 um riser was observed at a lower frequency and
so we cannot make a similar comparison. We estimate photometric redshifts based on FIR/sub-mm colours, finding that three
fourths likely lie at z > 2. This fits with the interpretation that the 500 pm riser selection criterion selects both intrinsically red,
individual galaxies at z > 4, and multiple systems at more moderate redshifts, artificially reddened by the effects of blending.
We use the SCUBA-2 850 um maps to investigate the environments of these 500 pm risers. By constructing cumulative number
counts and estimating photometric redshifts for surrounding SCUBA-2 detections, we find that one of our 500 pm risers could
plausibly reside in a z > 2 protocluster. We infer that bright 500 pm risers with faint 850 pm flux densities are typically multiple

systems at z > 2 that may reside in overdensities of bright sub-mm galaxies.

Key words: galaxies: high-redshift — galaxies: starburst—infrared: galaxies —submillimetre: galaxies.

1 INTRODUCTION

Dusty star-forming galaxies (DSFGs) provide an enormous contri-
bution to the total energy density emitted by galaxies and hence
represent a vital stage in their formation and evolution. In the last
couple of decades, there has been a profound development in our
understanding of the nature of DSFGs and their role in galaxy
formation and evolution, particularly those selected at sub-mm
wavelengths (typically 850 pm). These sources have subsequently
come to be known as sub-mm galaxies (SMGs; Blain et al. 2002),
and were first detected and characterized using the Submillimeter
Common User Bolometer Array (SCUBA: Cunningham et al. 1994)
on the James Clerk Maxwell Telescope (JCMT) prior to the turn of
the century (Smail, Ivison & Blain 1997; Barger et al. 1998; Hughes
et al. 1998). The redshift distribution of SMGs peaks at z ~ 2-3
with a significant tail extending to higher redshifts (Chapman et al.
2005; Wardlow et al. 2011; Koprowski et al. 2014; Simpson et al.
2014; Danielson et al. 2017; Smith et al. 2017; Stach et al. 2019).
SMGs are typically massive (M, ~ 10'°-10'! My: Swinbank et al.
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2004; Hainline et al. 2011; Michatowski et al. 2012; Gruppioni et al.
2013; Simpson et al. 2014; Dudzeviciute et al. 2020; Pantoni et al.
2021), rich in both gas and dust (Smail et al. 2002; Greve et al. 2005;
Kovacs et al. 2006; Tacconi et al. 2006, 2008; Carilli et al. 2010;
Clements, Dunne & Eales 2010; Bothwell et al. 2013; Dudzeviciuté
et al. 2020; Pantoni et al. 2021), and extremely luminous, with total
infrared luminosities of Lz ~ 10''-10"* Ly (Chapman et al. 2005;
Magnelli et al. 2012; Swinbank et al. 2014; Gruppioni et al. 2015;
MacKenzie et al. 2017; Michatowski et al. 2017; Hill et al. 2018;
Rowan-Robinson et al. 2018; Cheng et al. 2019; Greenslade et al.
2020), corresponding to dust-obscured star formation rates (SFRs)
of hundreds to thousands of solar masses per year, contributing
significantly to the Cosmic Star Formation Rate Density (CSFRD)
at these redshifts (Chapman et al. 2005; Wardlow et al. 2011; Barger
et al. 2012; Swinbank et al. 2014; Smith et al. 2017; Dudzeviciaté
et al. 2020). There is still debate surrounding the morphology and
origin of DSFGs and they are likely a diverse population in this
respect (see e.g. Casey, Narayanan & Cooray 2014). Some suggest
that many DSFGs may represent isolated, gas-rich, disc galaxies
undergoing a burst of star formation (Carilli et al. 2010; Davé et al.
2010; Targett et al. 2013; Michatowski et al. 2017), while others
suggest that they are primarily merger-driven (Baugh et al. 2005;
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Tacconi et al. 2008; Engel et al. 2010; Ivison et al. 2012; Kartaltepe
et al. 2012; Chen et al. 2015; Cochrane et al. 2021) and potentially
represent a key, short-lived (typically of order a few hundred Myr:
Casey 2016; Pantoni et al. 2021) phase in an evolutionary sequence,
followed by a bright quasar phase which decays, leaving a massive
elliptical galaxy (Alexander et al. 2005; Farrah et al. 2006; Hopkins
et al. 2008; Cook et al. 2010; Toft et al. 2014; Wilkinson et al. 2017;
study in their own right, a number of studies have found numerous
DSFGs lying within high-redshift protoclusters (Daddi et al. 2009;
Capak et al. 2011; Walter et al. 2012; Clements et al. 2014, 2016;
Dannerbauer et al. 2014; Casey et al. 2015; Umehata et al. 2015;
Wang et al. 2016; Greenslade et al. 2018; Miller et al. 2018; Oteo
et al. 2018; Gémez-Guijarro et al. 2019; Kneissl et al. 2019; Alvarez
Crespo et al. 2021; Jones et al. 2021; Wang et al. 2021), thought to
be the progenitors of local, massive galaxy clusters. SMGs therefore
have the potential to be signposts for overdense regions in the early
Universe, whose study can be used to test cosmological models and
investigate the formation and evolution of large-scale structure (see
e.g. Marrone et al. 2018).

Despite this progress, our understanding of the nature of SMGs
remains incomplete, particularly at z > 4 where small samples and
a lack of spectroscopic confirmations obstructs further progress.
The Herschel Space Observatory discovered a surprisingly large
population (3.3 % 0.8 deg—?) of extremely luminous candidate z > 4
DSFGs, selected as sources with a rising spectral energy distribution
(SED) in the three Herschel SPIRE (Griffin et al. 2010) bands
(i.e. Srso < S350 < Ss00: Dowell et al. 2014; Asboth et al. 2016;
Ivison et al. 2016), known as ‘500 wm risers’. Numerous 500 pwm
risers have been confirmed at z > 4 (e.g. Cox et al. 2011; Riechers
et al. 2013, 2017, 2021; Fudamoto et al. 2017) with corresponding
SFRs in excess of 1000 Mg yr~!, making them extreme objects,
potentially at the high-luminosity end of a larger population of
high-z DSFGs (Greenslade et al. 2020). Simulations have significant
difficulty reproducing this population while simultaneously satisfy-
ing other observational constraints (see e.g. Hayward et al. 2021,
and references therein). Accumulating observations of high-redshift
DSFGs is therefore crucial for a complete understanding of this
population. Very few studies have focused on investigating the nature
of these 500 pwm risers, and as such the majority of their properties
remain poorly constrained. Simulations suggest that ~40 per cent
of faint (Sso9 < 60mly) Herschel sources should be comprised of
multiple DSFGs, while the brightest should be exclusively strongly
lensed single galaxies (Béthermin et al. 2017). Some fraction of
these multiple systems will be chance line-of-sight alignments of
DSFGs, rather than physically associated structures. Oteo et al.
(2017) provide follow-up observations of a sample of 44 500 um
risers with the Atacama Large Millimeter Array (ALMA: Brown,
Wild & Cunningham 2004), finding that ~61 per cent resolve into
a single sub-mm bright source, while the remainder break up
into multiple DSFGs (four break up into >3 sources, with one
resolving into five separate sources in the synthesized ~0.12 arcsec
ALMA beam). Additionally, 18 of their sources show evidence of
gravitational lensing. Greenslade et al. (2020), hereafter known as
G20, selected a sample of 34 500-pm risers from the Herschel Multi-
tiered Extragalactic Survey (HerMES: Oliver et al. 2012), and carried
out interferometric follow-up observations with the Submillimeter
Array (SMA: Ho, Moran & Lo 2004) between 2010 and 2015. They
found that four break up into two individual sources and 18 resolve
into a single source, with the remaining 12 maps containing no
apparent SMA counterpart. G20 suggested that non-detections were
likely a result of the bright Herschel sources breaking up into multiple
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faint counterparts clustered within the Herschel SPIRE beamsize
(~17.6 arcsec for the 250 pm band) but separated by distances
greater than the SMA beamsize (~2 arcsec) and lying below their
detection threshold, with simple flux calculations indicating that
these multiple systems should contain >3 individual DSFGs. Based
on this assumption, G20 estimated that ~ 60 per cent of faint (Sspp <
60 mJy) 500 um risers and ~ 35 per cent of bright (Sso9 > 60 mJy)
500 pm risers should be blends, indicating that this population
is likely much more diverse than predicted. Similarly, based on
LMT/AZTEC 1.1 mm follow-up observations of their sample of
bright Herschel 500 um risers, Montaiia et al. (2021) find that 45/93
have no counterpart in the higher resolution imaging, with some
of these non-detections expected to be multiple systems and others
expected to be individual, resolved sources that are faint at 1.1 mm
due to a large dust spectral emissivity index B. The multiplicity of
their sample could therefore be ~9 per cent in the most conservative
scenario, or ~50-60 per cent in the most extreme scenario. Any
systems with high multiplicities would naturally be candidate high-
redshift protocluster cores containing numerous DSFGs, structures
discovered in only a handful of studies to date (e.g. Miller et al. 2018;
Oteo et al. 2018).

A more robust estimate of the multiplicity fraction of 500 pm
risers requires deeper, high-resolution follow-up observations. We
followed on from G20 and targeted four of their 500 pm risers
without an apparent SMA counterpart for additional, deeper FIR/sub-
mm observations. Given the significant improvements to the SMA
since 2015 (particularly in terms of the improved bandwidth provided
by the SWARM correlator), we were able to obtain much deeper,
high-resolution SMA 345 GHz continuum imaging of these 500 pm
risers. We additionally obtained complementary observations at
850 um with the Submillimeter Common User Bolometer Array 2
(SCUBA-2: Holland et al. 2013) on JCMT, providing an integrated
flux density with a coarser resolution at a similar wavelength. The
primary aim of this paper is to determine the multiplicities of these
sources, allowing us to comment further on the diversity of the
500 um riser population. The SCUBA-2 observations also allow us
to investigate the wider field surrounding these sources and hence
evaluate the environments in which they reside.

This paper is structured as follows: In Section 2, we describe the
selection of the 500 um riser sample, followed by a discussion of
the observations and data reduction in Section 3. In Sections 4 and
5, we present the results of this study and discuss the properties
of our 500 um risers, followed by the conclusions and summary
in Section 6. Throughout this work, we adopt the standard flat
A cold dark matter cosmology: @, = 0.3, Q5 = 0.7, and Hy =
70kms~! Mpc~!.

2 SAMPLE SELECTION

A full description of the selection of the original sample of 500 pm
risers is provided in G20. Here, we briefly outline the main points
of this selection. G20 select a heterogeneous sample of 34 500-pum
risers based only on their Herschel SPIRE flux densities and colours
(8250 < S350 < Ss00) from HerMES. The sample has an average 500
um flux density of 67 4= 29 mJy and all sources are detected to >4o.
G20 note that recent refinements to the data reduction process means
that the flux densities of sources in the sample vary in the most recent
maps and catalogues, such that ~7/34 cannot now be strictly defined
as 500 pm risers. These sources are still included, as flux boosting
is known to introduce some variation into the Herschel colours of
500 pm risers, and typical star-forming SED shapes indicate that
these sources could still lie at high redshift. G20 used the ALESS
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Table 1. Positions and integrated FIR/sub-mm photometry for the four 500 pum risers. Herschel SPIRE flux densities are taken from G20. The
integrated 870 pm flux density is calculated by summing the SMA flux densities (corrected for primary beam response) of all sources associated

with each 500 pm riser in Table 2.

Source RA Dec. $2501m $350pm S500m S850um S8701um S1.4mm
[J2000] [J2000] [mJy] [mJy] [mJy] [mJy] [mJy]

Bootes15 14:40:09.66 ~ +34:37:55.70 51.2+£6.0 68.3+7.0 66.1 + 8.0 26 £ 1.5 32404 -
Bootes24 14:36:21.30  +33:02:29.00 28.7+ 6.0 49.7+17.0 55.8 £8.0 11.3 £ 2.6 6.8 £0.6 -
Bootes27 14:38:45.14  +33:22:31.80 378 £6.0 4424170 522+ 8.0 10.1 £ 1.6 19404 -
XMM-MS5 02:18:56.74  —04:35:44.90 26.6 = 6.0 44.0+7.0 46.1 £8.0 8.1+ 33 - 1.3+£03

(da Cunha et al. 2015) average SED at z = 4-6 and normalized

to a 500 um flux density of 60mly to estimate that, given their 4.0 Dowell et al. (2014)

observed sub-mm flux densities and assuming that a single source is Oteo et al. (2017)

responsible for the total Herschel flux density, these sources should 3.5 Ma et al. (2019)

have flux densities of ~24-38 mJy at 345 GHz. However, despite Greenslade et al. (2020)

reaching detection thresholds of ~7-10mlJy, 12 maps showed no 3.0 Montafia et al. (2021)

detections. Assuming in the most conservative case that any multiple ° ¢+ This Study

systems are comprised of sources with similar flux densities, G20 ‘;?2-5'

predicted that these 500 pm risers must break up into >3 sources, 3

and are therefore potential indications of forming compact cluster @ 2.0

cores at z > 4 similar to those discovered by Oteo et al. (2018) and T o«

Miller et al. (2018). 157 ~. 7]

We selected the three brightest sources at 500 pm from the 12 = 4

sources in the G20 sample without SMA counterparts (Bootes15, 1.0 : ; '

Bootes24, and Bootes27) for multiwavelength follow-up observa- 0.54 EE

tions. Another 500 pwm riser that remained undetected in the follow- ’

up observations of G20 (XMM-MS5) is also considered in this 0 ‘; é é ; ;_, é

analysis. XMM-MS5 is somewhat fainter at 500 pm than the three Sa50/Sas0

Bootes sources but, given the 9.1 mJy detection limit in the SMA
observations of G20, should still have been comfortably detected in
these observations. The SMA observations of XMM-MS5 presented
in this paper were taken as part of a separate SMA project, and
were tuned to a different frequency than the three sources in
the Bootes field. These observations will be discussed further in
Section 3.

The positions and Herschel SPIRE photometry for our four target
sources are presented in Table 1, and in Fig. 1 we show their Herschel
SPIRE colours. We find that our 500 pwm risers are quite typical of the
majority of the global 500 um riser population, although potentially
lying towards the less extreme end.

3 OBSERVATIONS AND DATA REDUCTION

3.1 SMA observations

The SMA observations were taken in three tracks between 2020
January 31 and 2020 February 26 as part of the SMA program
2019B-S016 (PI: J. Cairns), with total integration times of 10.9 h
on Bootesl5, 4.6 h on Bootes24, and 3.6 h on Bootes27. These
integration times are an improvement over the follow-up observations
of G20, who targeted these sources for 3.9, 3.7, and 2.2 h, and they
compare favourably to the average integration time of 4.1 h across all
G20 follow-up observations. The conditions for these observations
were exquisite, with T values of ~0.02-0.04. We used the SMA in
its COM configuration with seven antennae, resulting in a beamsize
of ~1.7 arcsec x 2.1 arcsec. The SMA uses two receivers, each with
two sidebands of 8 GHz separated by a gap of 8 GHz, and with each
sideband separated into four chunks. We tuned these two receivers
to 337 and 345 GHz, respectively, to produce 32 GHz of continuous
bandwidth for our observations.

Figure 1. Herschel SPIRE colours for our 500 pm risers alongside those
from a selection of studies in the literature. Note that the Ma et al. (2019) and
Montaiia et al. (2021) colours are based on deblended Herschel photometry
using high-resolution follow-up observations and so contain a number of
sources that are no longer strictly 500 pm risers. We find that our 500 um
risers are towards the less extreme end of the global 500 pum riser population.

We reduced our SMA maps using the standard IDL-based SMA
data reduction package MIR.! First, we manually inspected the data,
flagging any regions that contained phase jumps and fixing any
channels that contained significant noise spikes, before applying
the system temperature correction. The passband calibration was
completed using the sources 3c454.3, 3¢279, 09274390, or 3c84,
while for flux calibration, we used either 08544201 or Callisto.
Gain calibration on the SMA is carried out by periodically observing
nearby bright quasars with known flux densities alternately to the
desired source. For these purposes, we used the quasars 1506+426
and 3c345. The error for this calibration process is estimated to be
~10 per cent (see e.g. Liu et al. 2018).

We then used the Common Astronomy Software Applications
package? (CASA: McMullin et al. 2007) to complete the imaging.
Following the calibration process in MIR, each chunk of each sideband
on each receiver is exported into CASA, before being concatenated
together to produce one large visibility data set. We manually flagged
the ~300 channels on the edge of each chunk in order to avoid
including poor data in the final image, inspecting the result to ensure
that we had flagged enough of the edge channels and that there were

Uhttps://github.com/qi-molecules/sma-mir
Zhttps://casa.nrao.edu/index.shtml

MNRAS 519, 709-728 (2023)

920Z 1890190 6 UO Jasn auipspy pue ABojouyos | aousiog Jo 86|00 jeusdw| Aq S866189/60.2/1/61S/81011B/SEIUW/WO0D dNO"OILISPEI. WOI) POPEOjUMO(]


art/stac3486_f1.eps
https://github.com/qi-molecules/sma-mir
https://casa.nrao.edu/index.shtml

712  J. Cairns et al.

34°38'15"

o
<

@ Dec (ICRS)

145"

14"40™11° 10° 09° 08°
RA (ICRS)

Bootes27

33°22'45" 4 -

30" -

Dec (ICRS)

15"

14"38"47°  46° 45° 44

RA (ICRS)

33°02'45" 4

Dec (ICRS)
w
<

15"

-4°35'30"

45"

Dec (ICRS)

36'00"

Bootes24

0.0008
0.0006
0.0004
E
3
14"36m23°  22° 21° 20° 0.0002 f>
RA (ICRS) >
‘B
=
XMM-M5 0.0000 &
w x
=]
[T
-0.0002
-0.0004
-0.0006

s

2"18"s8°  57° 56 55°

RA (ICRS)

Figure 2. SMA maps overlaid with SCUBA-2 850 pm contours from 3¢ to 7o significance for the four 500 um risers. Bootes15 and Bootes24 each break up
into two individual sources in the SMA maps, while Bootes27 and XMM-MS5 each resolve into one faint source. Bootes24 and Bootes27 are well detected by
SCUBA-2, with Bootes27 in particular showing two partially resolved sources, while Bootes15 and XMM-MS5 are marginally detected to ~3o significance.

no spikes or strong lines in the data. We generated the continuum by
averaging all of the remaining spectral channels together.

In order to clean the SMA maps, we identified the positions of
likely sources from the dirty maps. The first step of this process
was to estimate a detection threshold for each of our SMA maps
following the method of G20. For each map we generated 1000 fake
noise maps with the same dimensions containing Gaussian random
noise. Each of these maps was then convolved with the SMA beam
for that observation and scaled to match the noise characteristics of
the real SMA map. We extracted sources from each of these fake
noise maps based on a range of signal-to-noise thresholds from 2
to 5 in steps of 0.05, considering as detections any source with a
peak pixel value greater than the given signal-to-noise threshold,
and any other surrounding pixels within the SMA beamsize meeting
the signal-to-noise criteria considered part of the same source. For
each signal-to-noise threshold value, we averaged the number of fake
sources extracted across the 1000 realizations. The optimal signal-
to-noise threshold will be low enough to allow us to extract sources
deep into the SMA maps, but high enough to minimize the number
of fake sources extracted from the fake noise maps. Following G20,
we selected a signal-to-noise cut-off corresponding to an average of
0.1 extracted fake sources across all 1000 realizations, yielding a
detection threshold of 4.10 for the three maps in the Bootes field,
slightly higher than the average value of 3.75¢ found for the G20
observations.

MNRAS 519, 709-728 (2023)

We found all sources above this 4.10 detection threshold in the
dirty maps and considered them to be real. We used the CASA
command tclean to complete interactive CLEANing of our SMA
maps. We selected natural weighting which maximizes the signal-
to-noise and used <100 CLEAN iterations for each map, placing
CLEAN windows in the images to select flux only from the positions
of the >4.10 detections. The resulting CLEANed maps reached
lo RMS values of 0.17, 0.29, and 0.27 mJy beam~! for Bootesl5,
Bootes24, and Bootes27, respectively, around an order-of-magnitude
deeper than the maps obtained by G20.

XMM-MS5 was observed as part of the SMA project 2019A-
S004 (PI: D. L. Clements). The observations and subsequent data
reduction will be discussed in a forthcoming paper (Clements et al.
in preparation) and we simply highlight the important features here.
The SMA was used in its COM configuration with the two receivers
tuned to 198 and 206 GHz, respectively, resulting in a beamsize
of ~3.6 arcsec x 3.2 arcsec. We estimate the optimum detection
threshold for the XMM-MS5 map using the above method, finding
a slightly higher value of 4.30°. The reduced SMA map for XMM-
MS5 has a 10 RMS sensitivity of ~0.28 mJy beam~'. The CLEANed
SMA maps for all four sources are shown in Fig. 2.

We tested the completeness of our SMA maps by inserting
fake sources matching the beamshape of the SMA observations at
random positions within the dirty maps, observing how many of
the fake sources were recovered. The details of these calculations
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are discussed in Appendix A. We find that Bootes15 performs
significantly better than the other maps, reaching 100 per cent
completeness for sources with flux densities >1.1 mJy. Bootes24 and
Bootes27 reach a completeness of 50 per cent at 1.6 and 1.2mly,
80 per centat 1.9 and 1.4 mJy, and up to 100 per cent at 2 and 1.7 mJy,
respectively. XMM-MS5 reaches 50 per cent completeness at 1.3 mly,
but does not reach 100 per cent completeness until 2.1 mJy.

3.2 SCUBA-2 observations

3.2.1 Reduction and calibration

The SCUBA-2 450 and 850 um observations for Bootesl5,
Bootes24, and Bootes27 were taken between 2020 December 1 and
2021 January 20 as part of the SCUBA-2 program M20BP036 (PI:
J. Cairns). Each source was observed with several pointings using
the CV Daisy mode, with a total of ~2.7 h on Bootes15, ~1.4 h
on Bootes24, and ~4.1 h on Bootes27. Weather conditions were
typically between Band 2 and Band 3, with 7,55 values in the range
0.08-0.14, allowing us to reach 10 RMS sensitivities of 2.2, 2.8,
and 1.7mJybeam™! in our SCUBA-2 850 um maps of Bootesl5,
Bootes24, and Bootes27, respectively. We reduced our observations
using the Sub-Millimetre User Reduction Facility (SMURF) package
(Chapin et al. 2013) and the ORAC-DR data reduction pipeline
(Economou et al. 1999).

For our first data reduction method, we wused the
ORAC-DR data  reduction pipeline with the RE-
DUCE_SCAN_FAINT_POINT_SOURCES recipe. Raw data are
passed to the map maker to produce an image calibrated in
mJybeam™!. The pipeline then estimates the RMS noise in the
image and calculates the Noise Equivalent Flux Density (NEFD).
Once all the individual observations have been processed, the
pipeline co-adds individual scans together, which it then convolves
with a matched filter to enhance the signal-to-noise ratio (SNR) of
point sources. The RMS noise and NEFD are calculated for this co-
added image, and a signal-to-noise map is produced. We additionally
completed a second data reduction using the ORAC-DR pipeline
with the REDUCE_SCAN_EXTENDED_SOURCES recipe. Given that
the SCUBA-2 beamsize is smaller than that of Herschel SPIRE at
250 pm but larger than that of the SMA, itis possible that any multiple
systems may be partially resolved in the SCUBA-2 850 um maps.
In this case, flux density estimates should be calculated based on
SCUBA-2 maps reduced without the matched filter to avoid missing
flux for the partially resolved sources lying outside of the SCUBA-2
beam. The REDUCE_SCAN_EXTENDED_SOURCES recipe passes
the raw data for the individual scans to the map maker which
processes them to produce a Frame image, which is then calibrated
in units of mJy arcsec 2. Individual scans are co-added together and
the noise properties of the image are calculated. While the SCUBA-2
instrument simultaneously provides 450 and 850 pm photometry,
the noise levels in the 450 pum maps were too large to detect our
500 pm risers based on their Herschel SPIRE flux densities.

We used archival 850 um SCUBA-2 maps for XMM-MS5 from
the Canadian Astronomy Data Center. XMM-MS5 was observed as
part of the SCUBA-2 Large eXtragalactic Survey (S2LXS?: Geach
et al. M17BLO001) and is present in two overlapping pointings. We
re-reduced each of these pointings using the ORAC-DR pipeline as
outlined above, and co-added the two pointings to obtain a deeper
SCUBA-2 850 um image of XMM-MS5. After this reduction process,

3https://www.eaobservatory.org/jcmt/science/large- programs/s21xs/
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we find that the RMS noise in an aperture of radius 350 arcsec centred
on the SMA position of XMM-MS5 is ~3.3 mJy beam~'. In Fig. 2,
we show the SMA maps for the 500 pwm risers with 850 m contours
based on the REDUCE_SCAN_FAINT_POINT_SOURCES reduced
SCUBA-2 maps. The SCUBA-2 maps with the matched filter were
chosen for Fig. 2 as this reduction maximizes the SNR in the map.

3.2.2 False detection rates and completeness

We test the reliability in our SCUBA-2 maps using two separate
methods. For the first method, we invert our SCUBA-2 point source
reduced maps and find any >40 negative noise peaks. Assuming that
there are roughly equal numbers of positive and negative spurious
peaks in our SCUBA-2 maps, taking the ratio of these negative
peaks to the total number of positive >4¢ peaks should give us a
reasonable estimate of how many of our sources are spurious. For
the Bootes15 and XMM-M35 fields, the reliability is 2> 80 per cent
at 4o, similar to other analyses of this nature (MacKenzie et al.
2017; Cheng et al. 2019). For the Bootes24 and Bootes27 fields, the
reliability drops to ~ 60 per cent and ~ 50 per cent, respectively. The
second method uses ‘jackknife’ maps to estimate the reliability. First,
we used the MAKEMAP command in the SMURF package to create
an individual map for each of the available SCUBA-2 scans. We
then invert half of these maps before co-adding all scans together to
produce a single map with the sources removed (i.e. containing just
noise). As with the previous reductions, we then applied a matched
filter and subsequently produced a signal-to-noise map for each
field. We find that the Bootes15 and Bootes24 fields both have a
100 per cent reliability at 4 o0 based on the jackknife maps, while
the Bootes27 field has a reliability of ~ 88 per cent. XMM-MS5 has
a somewhat lower reliability of 60 per cent using this method. The
reliability estimates based on the jackknife maps are likely more
robust as they do not rely on the assumption that there are the same
number of spurious positive and negative noise spikes in the maps. We
additionally tested the reliability for numerous different reductions in
which we co-added various combinations of the available SCUBA-
2 integrations for each field. The aforementioned reliability values,
and the following discussions, are based on those combinations of
integrations with the highest reliabilities.

To test the completeness of our SCUBA-2 point source maps,
we inserted fake sources at random positions within the SCUBA-2
map and observed how many of the fake sources were recovered
to >40. The details of this completeness calculation are discussed
in Appendix A. We find that Bootes15 and Bootes27 both reach a
completeness of ~ 50 per cent at ~10 mJy, and rise to a completeness
of = 80 per cent at 14 mJy. By comparison, Bootes24 and XMM-
MS have a slightly poorer completeness, reaching ~80 per cent at
~17mly and ~16 mJy, respectively.

3.3 Extracting flux densities

We then extracted flux densities from the SMA and SCUBA-2 maps.
Following G20, we simply extracted peak flux densities from the
CLEANed SMA maps for each source detected to >4.10 in the
dirty SMA maps. These flux densities were then corrected for the
primary beam response which, for the SMA, can be described as
a Gaussian function with a size determined by the wavelength of
the observations.* We used the pbplot command in the MIRIAD

“https://Iweb.cfa.harvard.edu/sma/miriad/manuals/SMAuguide/smauserhtm
1/node130.html
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Table 2. Positions, corrected SMA flux densities, and primary beam response values for the resolved

SMA sources associated with each 500 pum riser.

Source RA Dec. S870um Primary beam
[J2000] [J2000] [mly] Response
Bootes15.SMAI 14:40:09.86 +34:37:56.65 14 £ 02 0.98
Bootes15.SMA2 14:40:09.13 +34:38:07.84 1.8 £ 0.3 0.60
Bootes24.SMA1 14:36:22.04 +33:02:25.30 34 £ 05 0.76
Bootes24.SMA2 14:36:21.17 +33:02:35.53 34 +£ 05 0.88
Bootes27.SMA1 14:38:45.24 +33:22:25.92 1.9 + 04 0.91
XMM-M5.SMA1 02:18:56.39 —04:35:38.32 1.3 + 0.3f 0.99

Note. TSMA observations tuned to 210 GHz rather than 345 GHz.

(Sault, Teuben & Wright 2011) package to determine the full width
at half-maximum (FWHM) of the SMA primary beam at 345 GHz
for our three sources in the Bootes field, and at 210 GHz for XMM-
MS5. We then found the primary beam response at the position of the
peak flux density value for each source, and divided the extracted
flux density by this value, propagating the errors accordingly. In
Table 2, we present the corrected SMA photometry alongside the
corresponding correction factor for the primary beam response,
where the uncertainties include the 10 per cent calibration error
added in quadrature with the RMS noise in the SMA map. We also
extracted flux densities from the dirty SMA maps using a similar
method, finding that they differ by no more than ~3 per cent from
those extracted from the CLEANed maps.

For the SCUBA-2 850 um maps, we extracted two sepa-
rate flux densities for our 500 um risers, one for each of the
two pipeline reductions. For the 850 um map reduced using
the REDUCE_SCAN_FAINT_POINT_SOURCES recipe, we sim-
ply locate the highest signal-to-noise pixel associated with the
500 pm riser. For the 850 um map reduced using the RE-
DUCE_SCAN_EXTENDED_SOURCES recipe, we laid down a series of
apertures in the image with increasing radii from O to 10 arcsec at the
position of the brightest pixel in the Herschel SPIRE 250 pm image.
We additionally tested placing these apertures at the position of the
brightest pixel associated with each 500 pm riser in the SCUBA-2
850 um point source maps, finding that the extracted flux density
is exceedingly similar. This produces a flux density in units of
mlJy arcsec™2, which we then multiplied by 16 in order to convert
to mJy (based on the 4 arcsec pixel size of the SCUBA-2 850 um
images). For the final flux density measurement, we selected the
aperture with the largest flux density value, as this aperture should
contain the maximum amount of flux density from the source without
including too much contaminating background (we also manually
checked each final aperture to make sure that it was a reasonable size).

SCUBA-2 850 pm photometry must be corrected for flux boosting.
Geach et al. (2017) investigated the effects of flux boosting in the
SCUBA-2 Cosmology Legacy Survey (S2CLS), finding that the
level of flux boosting is consistent across the whole survey and well
described by the power law

SNR ~**
) , (D

B=1402| —
02 (%

where B is the flux boosting factor and SNR is the SNR of the
detection. We estimated errors for our SCUBA-2 flux densities based
on the combination of instrumental noise, confusion noise, a typically
assumed 5 per cent calibration error, and the uncertainty in the flux
boosting, which we define as the difference between the extracted
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and deboosted flux densities. The SCUBA-2 850 um flux densities
can be found in Table 3.

We then investigated the environments surrounding our four
500 pm risers using the point source reduced maps (as this reduction
yields the highest signal-to-noise). We first cropped the SCUBA-2
maps to a circle of diameter 700 arcsec centred on the position of
the SCUBA-2 detection, removing the edges of the map where the
variance becomes much larger. For each SNR map, we found all
pixels with SNR > 4, with connected pixels considered part of the
same source. We then manually examined the extracted sources to
ensure that only SNR > 4 detections are included and that there is
no evidence of shredding. In Appendix B, we present the reduced
SCUBA-2 850 um maps and positions of the detected sources.
For each source, we estimated deboosted flux densities and errors
following the method outlined above, which are presented in Table 4.

4 RESULTS

4.1 SMA and SCUBA-2 detections

In Fig. 2, we present the SMA maps for the four 500 um risers,
overlaid with SCUBA-2 850 um contours. In Fig. 3, we present a
similar plot showing the 250 pm Herschel SPIRE map overlaid with
both SCUBA-2 850 um and SMA contours. We find that Bootes15
and Bootes24 each break up into two bright sources, both of which
are detected to >5¢ in both the dirty and CLEANed SMA maps.
Bootes27 resolves into a single bright source detected to >50, but
we note that there are other marginally detected sources in the map.
In particular, we find a second source detected to ~3.9¢ in the dirty
map and ~3.1o in the CLEANed map, offset by ~10 arcsec from
the edge of the observed SCUBA-2 30 emission region. This source
has a flux density of ~1.2mlJy in the dirty map, uncorrected for the
primary beam response. At this flux density level, the Bootes27 SMA
dirty map has a completeness of ~ 60 per cent, and so we would not
necessarily expect to observe this source above our nominal signal-
to-noise threshold. There is another marginal ~3.3¢ detection in
the dirty SMA map coinciding with the Northern component of the
SCUBA-2 contours (Fig. 3) with a flux density of ~1.0mly in the
dirty map. At this flux density level, the SMA map for Bootes27 has
a completeness of just 20 per cent, so it is not surprising that this
source remains undetected. However, we extract a primary-beam-
corrected flux density from the CLEANed map of 2.9 4= 0.9 mJy for
this source, indicating that it could provide a significant contribution
to the integrated sub-mm flux density. However, these detections
fall below our nominal 4.1o0 detection threshold, and so we do
not consider them to be robust. As such they are not included in
the forthcoming analysis, although their potential significance is
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Table 3. SCUBA-2 850 um flux densities for our four targets. The point source flux density is derived from the map
reduced with the REDUCE_SCAN_FAINT_POINT_SOURCES recipe. The extended flux density is derived from the
map reduced using the REDUCE_SCAN_EXTENDED_SOURCES recipe, and in this case we also provide the aperture
radius used for the flux density estimate. For Bootes27, we report separate flux density estimates for the two partially

resolved detections in the point source reduced maps.

Source Point source flux density Extended flux density Extended aperture radius
[mly] [mly] [arcsec]

Bootes15 29+1.8 26 £ 1.5 14.0
Bootes24 9.7+£22 113 £ 2.6 19.2
Bootes27 - 10.1 £ 1.6 20.0
Bootes27.17 6.9+ 1.3 - -
Bootes27.21 56+13 - -

XMM-MS5 8.1+33 - -

Note. TPartially resolved components

Table 4. Positions and integrated FIR/sub-mm photometry for the SNR > 4 SCUBA-2 detections with HerMES counterparts. Herschel

SPIRE flux densities are taken from the corresponding HerMES catalogue.

Source RA Dec. $250pum $3501m S500pm $8501m
[J2000] [J2000] [mJy] [mJy] [mJy] [mJy]
Bootes15.SCUBA1 14:39:46.10 +34:35:18.74 0.0 + 3.5 150 £ 23 134 £ 2.7 11.7 £ 3.1
Bootes15.SCUBA2 14:40:17.23 +34:36:45.19 6.8 + 2.8 24.1 £+ 3.0 0.0 + 44 6.0 + 1.7
Bootes15.SCUBA3 14:39:54.99 +34:39:24.67 250 £ 23 40.1 £ 2.3 329 + 3.0 9.1 +£ 2.1
Bootes24.SCUBA1 14:36:27.67 +33:03:05.02 46.1 + 2.2 482 + 2.6 287 + 4.1 153 £ 25
Bootes24.SCUBA2 14:36:20.49 +33:06:29.46 737 £ 23 795 £ 24 57.0 £ 3.2 18.7 £ 4.8
Bootes27.SCUBA1 14:38:51.21 +33:20:55.74 19.6 £ 2.3 26.8 £ 2.3 29.0 £ 2.7 57+ 14
Bootes27.SCUBA2 14:38:37.17 +33:23:12.26 479 £ 2.3 254 £23 26.5 + 3.2 6.5 + 1.6
Bootes27.SCUBA3 14:38:39.71 +33:23:27.66 5642 + 4.6 219.7 £ 10.2 83.8 £ 17.8 113 £ 1.6
XMM-M5.SCUBA1 02:19:14.18 —04:37:38.09 257 £ 1.0 37.7 £ 1.1 379 + 14 10.5 £ 3.5
XMM-M5.SCUBA2 02:18:35.31 —04:36:02.25 154 £ 1.1 146 + 1.0 77 £ 1.3 13.7 £ 3.9
XMM-M5.SCUBA3 02:18:57.87 —04:33:51.44 81.5 £ 1.1 70.7 £ 1.2 409 £ 19 10.0 £ 34
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discussed. The SMA map for XMM-MS5 shows a single ~4.7¢ peak
coincident with the bright Herschel 500 pm riser (Fig. 3).

The SCUBA-2 850 um contours in Figs 2 and 3 demonstrate that
XMM-MS5 is marginally detected as a point-like source with an SNR
of 3.65. Bootes15 is also marginally detected with an SNR of 3.06,
but is likely to be extended as the SCUBA-2 flux density peaks
between the two SMA detections and is elongated along the direction
of their separation. By comparison, Bootes24 and Bootes27 are both
well detected to >50 and appear partially resolved in the SCUBA-2
contours. Bootes27 in particular is clearly comprised of two partially
resolved sources, a Southern component coincident with the single
resolved SMA source, and a Northern component with no apparent
SMA cross-match, except for the 3.30 marginal detection. In Table 3,
we present the flux density estimates for the four targets based on
both the point source and extended source SCUBA-2 reductions.
We additionally show the aperture radius used for estimating the
flux density for the extended reduction. For Bootes27, we present
two separate flux density estimates for each of the partially resolved
components in the point source reduced maps. Finally, we note that
no reliable flux density could be extracted for XMM-MS5 in the
extended source maps. These estimates are present in Table 3.

The flux density estimates from the two pipeline reduc-
tion methods broadly agree within the errors. For the analy-
sis in this paper, we will use the flux density from the RE-
DUCE_SCAN_FAINT_POINT_SOURCES reduction for XMM-MS5
which appears as a point source in the SCUBA-2 maps, and the flux

densities from the REDUCE_SCAN_EXTENDED_SOURCES reduc-
tion for Bootes15 and Bootes24, which appear as extended sources.
When considering the total Bootes27 system, we will use the flux
density from the extended source maps, but the two partially resolved
components in the point source maps will be discussed in more detail
as well. We additionally note that, while Bootes15 and XMM-MS5 are
detected to >30 in the SCUBA-2 850 um maps, after including the
instrumental, confusion, and calibration uncertainties, the photome-
try is constrained to an accuracy of ~1.7¢ and ~2.50, respectively.

In Table 1, we present the integrated FIR/sub-mm photometry
for the four 500 wm risers, where we have estimated the total SMA
flux density for each source by adding together the flux densities
of the resolved sources in the SMA continuum maps from Table 2.
We find that, despite being observed at similar wavelengths, we
measure integrated flux densities for Bootes27 of 10.1 £ 1.6 mly
and 1.9 £ 0.3 mJy from the SCUBA-2 and SMA maps, respectively,
indicating a >4o disparity between the two measurements. We
investigate this discrepancy by plotting the SCUBA-2 850 pm flux
density against the SMA continuum flux density at ~870 um for
each of the 500 um risers alongside similar studies which obtained
both interferometric and single-dish sub-mm photometry. Hill et al.
(2018) targeted 70 of the brightest 850 um sources from S2CLS
down to a limiting flux density of Sgsp ~ 8 mJy with high-resolution
SMA follow-up observations at 860 pm. Similarly, Stach et al. (2019)
present the ALMA survey of the SCUBA-2 Cosmology Legacy
Survey UKIDSS/UDS field (AS2UDS), providing high-resolution,
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Figure 3. Herschel SPIRE 250 um maps with SCUBA-2 850 um (brown) and SMA (red) contours from 3o to 7o significance for the four 500 pum risers.
Bootes15, Bootes24, and Bootes27 each break up into two individual sources in the SMA maps, while XMM-MS resolves into one faint source. Bootes24 and
Bootes27 are well detected by SCUBA-2, while Bootes15 and XMM-MS5 are marginally detected to ~3¢ significance. Bootes27 shows two partially resolved

SCUBA-2 sources associated with the bright Herschel source.

ALMA Band 7 follow-up observations of SCUBA-2 850 pum sources
in the UKIDSS/UDS field. We combined the SMA, ALMA, and
SCUBA-2 photometry from these surveys and, for any SCUBA-
2 sources which break up into multiple components in the higher
resolution interferometric observations, we add the flux densities of
the resolved sources together in order to compare with our own
photometry. The result of this comparison is shown in Fig. 4.
We find that the SMA and SCUBA-2 flux densities are consistent
for Bootes15, and are within 30 of each other for Bootes24. For
Bootes27, the single resolved SMA source coincident with the
SCUBA-2 contours is approximately five times fainter than the
integrated flux density from the SCUBA-2 maps, placing it well
outside of the region probed by the Hill et al. (2018) and Stach et al.
(2019) samples. We interpret this disparity as evidence of additional
faint sources lying below the SMA detection limit, but contributing
to the integrated flux density at 850 um. We note that, should the
marginal detection associated with the Northern component of the
SCUBA-2 contours be considered, this disparity is reduced, with the
integrated sub-mm flux density being just over twice as bright as the
summed SMA flux densities in this case.

Moreover, we find that the integrated SCUBA-2 850 um flux
densities of our 500 um risers are somewhat lower than we might
expect based on their Herschel SPIRE colours. In Fig. 5, we compare
the integrated 500 and 850 pm flux densities of our 500 wm risers,
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alongside the S2CLS and STUDIES (SCUBA-2 Ultra Deep Imaging
EAO Survey: Wang et al. 2017) samples. While the FIR/sub-mm
photometry for Bootes24, Bootes27, and XMM-MS5 is reasonably
consistent with the brighter end of S2CLS and STUDIES, Bootes15
is significantly fainter at 850 wm than sources with similar 500 pm
flux densities. We investigate the possibility that there are additional
sources blended within the 500 um Herschel SPIRE beam that do
not contribute to the SCUBA-2 flux density. Comparing the three
Herschel SPIRE images and the SCUBA-2 map for Bootes15, we
find that one of the SNR > 4 SCUBA-2 detections lies 31 arcsec
to the South of Bootes15, placing it just within the FWHM of the
Herschel SPIRE beamsize at 500 um (35.2 arcsec) but outside of
the 250 wm (17.6 arcsec) and 350 um (23.9 arcsec) beamsize. This
SCUBA-2 source does not have a separate counterpart in the HerMES
catalogues, indicating that it would not have been deblended from
the Bootes15 detection, and so may contribute to making Bootes15
artificially red. Similarly, we find a SCUBA-2 detection towards
the South East of Bootes27 within the 500 pum beamsize which
may contribute to making this source artificially red. For Bootes24
and XMM-MS5, all SNR > 4 SCUBA-2 detections lie well outside
of the Herschel SPIRE 500 pm beamsize, and all nearby 250 pm
sources are detected as separate objects in the HerMES catalogue.
In Appendix C, we present a comparison of the Herschel SPIRE
and SCUBA-2 images for our targets, as well as a discussion of the
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Figure 4. The combined 870 um flux density for the resolved sources in
either SMA or ALMA maps as a function of their integrated 850 um flux
density from SCUBA-2. The orange squares and blue triangles show the
Stach et al. (2019) and Hill et al. (2018) samples, respectively, while the
green points show our sample of 500 pm risers. The black dashed line shows
where the two flux density measurements are equal. We do not include XMM-
MS5 in this plot as the SMA observations are tuned to a shorter wavelength
(210 GHz rather than 345 GHz).
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Figure 5. SCUBA-2 850 um flux density versus Herschel SPIRE 500 pm
flux density for our 500 pum risers (green points) as well as for the S2CLS
(orange squares) and STUDIES (blue triangles) surveys. Bootes15 is signifi-
cantly fainter than expected at 850 pm based on its 500 pm flux density.

likely effect of the contaminating sources associated with Bootes15
and Bootes27 on their flux densities at 350 and 500 um, which we
estimate to be small.

We additionally note, in Fig. 5, the possible presence of two
diverging trends, a steeper gradient traced by our 500 pm risers, and a
second, shallower trend at lower 500 wm flux densities. While based
on small numbers of sources, this could suggest that the brighter end
of the 850 um population splits into two distinct populations with
significantly different SED shapes in the FIR/sub-mm, potentially
caused by different multiplicities, dust properties, or redshifts. Such
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a trend would require additional sources probing this rather sparse
region, and follow-up observations to reveal the properties of DSFGs
in these two distinct regions.

4.2 FIR/sub-mm colours

We have found that three quarters of our 500 um risers suffer from
blending. Bootes15 and Bootes24 break up into two distinct sources
in the SMA observations, while Bootes27 is clearly comprised of two
partially resolved sources in the SCUBA-2 observations. This source
blending likely influences their FIR/sub-mm SEDs in numerous
ways. First, rather than being intrinsically red due to high redshifts
(z > 4), it is likely that our 500 um risers are artificially reddened
in the Herschel SPIRE bands due to the fact that the successively
larger beamsizes at longer wavelengths exacerbate the effects of
blending (see e.g. Bussmann et al. 2015; Duivenvoorden et al. 2018).
For example, Ma et al. (2019) and Montaiia et al. (2021) estimate
that ~20 per cent and ~ 25 per cent of their samples, respectively,
would not pass the 500 um riser selection criterion after accounting
for the effects of blending. We additionally find that our SCUBA-
2 observations may miss a significant fraction of the integrated
flux density at 850 um (particularly for Bootes15 and Bootes27)
and that there may be additional faint sources contributing to the
integrated FIR/sub-mm flux density that remain undetected in our
SMA observations (particularly for Bootes27). The combination of
missing flux at 850 wm and stronger blending at 500 pm would pro-
duce an artificially steep Rayleigh—Jeans tail, leading to significant
difficulties in interpreting the resulting galaxy properties. Therefore,
for a rigorous SED analysis, de-blending of the Herschel SPIRE
flux densities will be necessary. However, due to the dearth of
multiwavelength ancillary data in this region of the Bootes field
and the uncertainty as to whether we have recovered all of the sub-
mm sources associated with each region, accurate de-blending of the
Herschel SPIRE flux density would be extremely challenging and
could potentially produce misleading results. Given these difficulties,
we do not attempt a rigorous SED fitting in this paper (although we do
attempt some simple deblending, described later in this section), and
instead we simply estimate the photometric redshifts of our 500 pm
risers based on their integrated S»so/S3so versus Szso/Sgso colours
(Fig. 6). The purple and blue areas highlight regions in the colour—
colour plot where z > 2 and 1 < z < 2 DSFGs likely lie based on pho-
tometry from typical DSFG templates measured at various redshifts
(see Cheng et al. 2019 for more details). For Bootes27, we calculate
the FIR/sub-mm colours for both the total system, and each of the
partially resolved sources associated with the SCUBA-2 850 um
detection by dividing the Herschel SPIRE flux density proportionally
between the two components. These two components are shown as
lighter red shapes in Fig. 6, but we find that both inhabit a similar
space in the FIR/sub-mm colour—colour diagram to the total system.

As an independent estimate of the photometric redshift, we addi-
tionally run the MMPZ algorithm® (Casey 2020) which finds the most
likely redshift at which a galaxy resides by determining where its
FIR/mm SED is most consistent with the observed Lir—Apeax relation,
where Ay, is the rest-frame wavelength at which the FIR/mm SED
peaks (Lee et al. 2013; Strandet et al. 2016; Casey et al. 2018, 2021;
Casey 2020). We use the integrated FIR photometry for each source,
including the Herschel SPIRE and SCUBA-2 photometry, and obtain
a photometric redshift PDF for each of our 500 um risers. The full
PDF for each source can be found in Appendix D. Based on the upper

Shttp://www.as.utexas.edu/~cmcasey/mmpz.html
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Figure 6. S250/S350 versus S350/Sg50 colour—colour diagram for our four
500 pum risers. The purple region in the lower left corner and the blue region
surrounding it indicate likely colours for z > 2 and 1 < z < 2 DSFGs,
respectively. Bootes24, Bootes27, and XMM-MS5 are all consistent with
residing at z > 2, while Bootes15 remains unconstrained due to the poor
SCUBA-2 photometry.

and lower 68 per cent credible intervals, we find likely photometric
redshifts of 1.83"]3 for Bootes15, 3.037 )92 for Bootes24, 2.537053
for Bootes27, and 2.88™ 00 for XMM-MS. These values are in good
agreement with the FIR/sub-mm colours, and we infer that Bootes24,
Bootes27, and XMM-MS5 likely lie at z > 2. We note that the
photometric redshift of Bootes15 remains essentially unconstrained
due to the poor SCUBA-2 photometry.

We also attempt a simple deblending, using MMPZ to provide a
rough estimate of the photometric redshift of the resolved sources
associated with each 500 um riser. For Bootes15 and Bootes24, we
divide the Herschel SPIRE and SCUBA-2 photometry for the total
systems proportionally based on the flux densities of the resolved
SMA sources. For Bootes27, we divide the Herschel SPIRE flux
proportionally between the two partially resolved components of the
SCUBA-2 detection. We then run MMPZ once more on this naively
deblended photometry. For the two deblended Bootes15 sources,
we estimate photometric redshifts of 1.53"]%% and 1.537]%, while
for the two SCUBA-2 components associated with Bootes27, we
estimate photometric redshifts of 2.7810 52 and 2.781(7%. The SMA
flux densities of the two sources associated with Bootes24 are equal,
and so we estimate a photometric redshift of 2.88%03) for each. We
include the full photometric redshift PDF for each of the resolved
sources in Appendix D. We note that, in each of these cases, the
photometric redshifts estimates for the resolved sources are very
similar to those estimated based on the integrated flux densities of
the 500 um risers, and identical to each other, albeit with slightly
different uncertainties.

4.3 Wider environment

4.3.1 Overdensities of 850 um sources

To investigate the environments surrounding our 500 um riser
sources, we construct cumulative number counts based on the
SCUBA-2 850 um detections in the wider field. We construct these
cumulative number counts in steps of 1 mJy based on the SCUBA-
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2 detections outlined in Table 4. We note that the 500 um risers
themselves are excluded as they were selected to lie within the maps.
We apply an effective area correction to account for the variable
noise in the SCUBA-2 maps. For each of our detected SCUBA-2
sources, we take the extracted flux density prior to deboosting and
find the threshold RMS noise value above which the source could no
longer be detected with SNR > 4. We then calculate the number of
pixels in the map with a standard deviation below this threshold value
and multiply by the area of one pixel to calculate the effective area
(A,) in square arcseconds over which the source could be detected
to SNR >4. We convert this effective area into units of ‘map size’,
where one map size is equal to the area of the 700 arcsec diameter
circular region. Each source then effectively contributes 1/A, to the
cumulative number counts (Wang et al. 2017).

In order to determine whether there are overdensities of SMGs in
our SCUBA-2 maps, we follow the analysis of Cheng et al. (2019)
and compare our cumulative number counts to the expected number
of field counts from S2CLS. We first convert the cumulative number
counts per square degree from table 4 in Geach et al. (2017) to
cumulative number counts per map size by multiplying by our map
area in square degrees. In Fig. 7, we compare the cumulative number
counts from S2CLS with our SCUBA-2 maps. We then quantify the
overdensity at each flux density level using Poisson statistics. We
first take the observed cumulative number counts above each flux
density level and calculate the probability of observing that number
of sources using the Poisson probability mass function

wk
fk) = CXP(—M)F, (2)

where k represents the number of observed counts and p represents

the expected number of counts from S2CLS. We then calculate the

overdensity level using the equation

s k—m 3)
VI

as well as calculating an uncertainty in this overdensity by prop-

agating the errors on the observed and expected counts. We addi-

tionally include the reliability estimates from the jackknife maps

(see Section 3.2) in the uncertainties associated with the overdensity

estimates.

We find that Bootes15 hosts an overdensity of 8.6 & 3.5 of SMGs
brighter than 8 mJy, while Bootes24 shows a more marginal 5.8 £ 3.5
overdensity of SMGs brighter than 8 mJy. The probabilities of ob-
serving these numbers of sources in arandom field are 2.8 x 10~7 and
1.1 x 107, respectively. While Bootes27 appears to harbour a large
overdensity of faint (Sgsp > 4 mly) sources, this overdensity is driven
by a single source with a deboosted flux density of ~4.9 mlJy that
would only be detected to SNR > 4 in ~ 3 per cent of the total map
area. This results in a large effective area correction and hence an ar-
tificially high overdensity value. If this single source is removed, then
we do not observe any overdensity in the Bootes27 region. For XMM-
M5, we find an overdensity of 9.3 4= 6.5 of sources brighter than 9 mJy
compared to the field counts, with a probability of observing this
number of counts in a blank field of ~2 x 1076, This analysis there-
fore identifies Bootes15, Bootes24, and XMM-MS5 as regions plau-
sibly containing overdensities of bright SCUBA-2 850 um sources.

4.3.2 Cross-matching with HerMES sources

To investigate these potential overdensities further, we then cross-
match the SCUBA-2 850 um detected sources with the HerMES
(Oliveretal. 2012) catalogues. We use the optimum search radius of 9
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Figure 7. Cumulative number counts for the four 500 um riser fields, plotted alongside the expected cumulative number counts in the field from S2CLS. The
Bootes15, Bootes24, and XMM-MS5 fields are overdense in bright (Sgso = 8 mJy) sub-mm sources.

arcsec identified by Cheng et al. (2019), matching half of the FWHM
of the Herschel SPIRE 250 um beam, such that any SCUBA-2 source
within 9 arcsec of a source in the HerMES catalogue is considered a
potential companion. Through this cross-matching process we find
that 3/9 (33 per cent), 2/4 (50 per cent), 3/7 (43 per cent), and 3/5
(60 per cent) SCUBA-2 detections have Herschel counterparts for the
Bootes15, Bootes24, Bootes27, and XMM-MS5 fields, respectively.
These numbers exclude the 500 um risers themselves. The positions
and FIR/sub-mm photometry for each of these sources can be found
in Table 4. In Fig. 8 we present the S,50/S350 versus S3s0/Sgso colours
for both the 500 um risers and the SCUBA-2 detections, while in
Fig. 9 we plot their photometric redshifts and associated errors
as estimated by MMPZz based on their Herschel and SCUBA-2
photometry. The full photometric redshift PDFs from MMPZ can
be found in Appendix D.

The photometric redshift of Bootes15 is essentially unconstrained
due to its poor SCUBA-2 photometry. However, the three SCUBA-
2 detected sources with HerMES counterparts in the Bootes15 field
have FIR/sub-mm colours consistent with z > 2, although MMPZ has
trouble constraining the redshifts of two of them. Both Bootes24 and
its companion SCUBA-2 detections have colours consistent with z
> 2, and MMPZ places these sources at z ~ 2-3 (although Bootes24
itself suffers from larger error bars, placing it in the rangez ~ 2—4).
The FIR/sub-mm colours of sources in the Bootes27 region suggest
that they are spread over a large range in redshift and so are unlikely
to be physically associated, and this is supported by the results of
MMpz. The XMM-MS field is plausibly overdense in FIR/sub-mm
bright sources, and their colours suggest that they all reside at z >
2. The MMPZ results, however, offer a somewhat more complicated
picture, placing two of the SCUBA-2 detections at z ~ 1.5-2 and
the third (XMM-M5.SCUBAL) at z ~ 4. This is consistent with the
Herschel SPIRE photometry for XMM-M5.SCUBA1 which satisfies
the colour criteria for a 500 wm riser (see Table 4).

5 DISCUSSION

5.1 Multiplicities

We find evidence of multiplicity in three of our four 500 pm risers.
Bootes15 and Bootes24 each breaking up into two resolved sources in
the high-resolution SMA maps, while Bootes27 is clearly comprised
of two partially resolved sources in the SCUBA-2 imaging. This
builds on the work of G20, who found that ~35 per cent of bright
(Ss00 > 60 mJy) 500 pm risers are multiples, while fainter 500 pm
risers are also blends more often than expected. These conclusions

were reached based on the assumption that the 12 500-pum risers
without SMA detections in their follow-up observations are com-
prised of multiple DSFGs that were individually too faint to be
detected in their SMA maps, but all of which contribute to the bright
Herschel source. By identifying evidence of multiplicity in three
out of four of these 500 um risers, our observations support this
conclusion. It is worth noting that, while we do observe evidence
of multiplicity, we currently do not detect the high multiplicities of
>3 that were predicted by G20 for these 500 um risers. However,
given the discrepancies between the Herschel, SCUBA-2, and SMA
photometry, we cannot rule out the possibility of additional faint
counterparts lying below our current detection limits. In the following
sections, we discuss Bootes15 and Bootes27, which are particularly
interesting cases, in more detail.

5.1.1 Bootesl5

Fig. 4 demonstrates that the SMA and SCUBA-2 photometry for
Bootes15 are in good agreement within the rather large 850 pm error
bars, but Fig. 5 indicates that its 850 um flux density is much lower
than we would expect based on its 500 pm flux density. The SCUBA-
2 observations reach a depth of 2.2 mJy, and so it is reasonable to ex-
pect that at least part of this discrepancy could be due to the SCUBA-2
observations missing a significant fraction of the total 850 pm flux
density in the system. This missing flux density could be in the form
of extended, diffuse emission or additional point-like sources lying
below our SCUBA-2 detection threshold. However, if we assume that
the 850 pm flux density is underestimated and in reality is more in line
with similarly bright Herschel sources in the S2CLS and STUDIES
samples (e.g. =10 mJy at 850 wm), this would introduce a significant
discrepancy between the SMA and SCUBA-2 photometry, similar to
the discrepancy we observe in Bootes27. We therefore suggest that
this discrepancy is caused not only by missing 850 um flux density
in the SCUBA-2 observations, but also in part by faint sources lying
below both our SMA and SCUBA-2 detection limits. Additional
undetected sources would not only account for the faint SMA and
SCUBA-2 flux densities, but the effects of blending would also
artificially redden the Herschel SPIRE photometry. Bussmann et al.
(2015) find that blending can have a significant effect on the FIR/sub-
mm colours of bright Herschel sources. For example, blends of three
sources can boost the Ss09/S3s0 colours of bright Herschel sources
by as much as ~1.8 times the deblended colours. This interpretation
can therefore simultaneously account for the bright Herschel SPIRE
source associated with Bootes15, its red Herschel colours, and its
unexpectedly faint SCUBA-2 and SMA photometry.
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Figure 8. The S»50/S350 versus S350/Sgso FIR/sub-mm colours for our four 500 pm risers (dark points) alongside the SNR > 4 detections in the SCUBA-2
850 um maps with Herschel counterparts (light points). The purple region in the lower left corner, and the blue region surrounding it, indicate likely colours for
z>2and | < z < 2 DSFGs, respectively. These plots demonstrate that the overdensities associated with Bootes24 and XMM-MS5 are potentially physically

associated at z > 2.
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Figure 9. The photometric redshifts for our 500 pm risers and SCUBA-2 SNR > 4 detected sources estimated by MMPz. Similarly to the FIR/sub-mm colours,
we find that the Bootes24 region is consistent with containing a physically associated overdensity of bright DSFGs, with well-constrained photometric redshifts
placing the surrounding SMGs at z ~ 2-3, and Bootes24 itself at z ~ 2—4. While the photometric redshift of XMM-M5 does overlap with those of the bright
SCUBA-2 sources, there is a larger range of photometric redshifts, indicating that this region may be somewhat more complex. The DSFGs associated with
Bootes15 do not have well-constrained photometric redshifts, and the bright SCUBA-2 sources in the Bootes27 region are likely unassociated with each other.

5.1.2 Bootes27

Bootes27 is another interesting case study. The SCUBA-2 contours
show two partially resolved sources, a Southern component coin-
cident with a single, much fainter SMA source, and a Northern
component with no apparent counterpart in the SMA images.
Moreover, even excluding the partially resolved Northern SCUBA-2
component, the brighter Southern component has a deboosted flux
density of 6.9 £ 1.3 mJy, significantly larger than the 1.9 & 0.4 mJy
resolved SMA source associated with it. We also note that the single
resolved SMA source is slightly offset from the brightest pixel in the
SCUBA-2 maps. There are two other marginal SMA detections, one
of which is coincident with the Northern component of the SCUBA-
2 detection. The other is offset from the detected SCUBA-2 850 um
emission by ~10 arcsec and remains undetected at 850 um. We
interpret these results as evidence of additional faint sources lying
below even our deeper SMA detection threshold.

We can make a rough estimate of the number of sources that
likely remain undetected in Bootes27 by comparing the integrated
flux density from the SCUBA-2 observations to the resolved flux
density from the SMA observations. The dirty map for Bootes27
has a 1o RMS noise of ~0.29 mJybeam™~!, so any source with
a flux density of less than ~1.2mJy would fall below our 4.1c
detection threshold. The single resolved SMA source has a flux
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density of 1.9 £ 0.4mlJy. Based on the integrated SCUBA-2 flux
density of 10.1 £ 1.6 mJy, we require at least 2.2 mJy of additional
flux density in our SMA maps to avoid a 30 tension between the
SMA and SCUBA-2 photometry, corresponding to at least two
additional faint sources lying below our SMA detection thresh-
old. We note that the marginally detected component associated
with the Northern component of Bootes27 has a flux density of
2.9 £ 0.9 mJy corrected for the response of the primary beam, and
as such could ease the tension between these flux density values.
Alternatively, if we take the flux density estimates at face value,
the SMA observations miss 8.2 = 1.6mlJy of flux density, and
we would therefore require approximately six to nine undetected
SMA sources contributing to the total SCUBA-2 flux density. Such
a high multiplicity would make Bootes27 a candidate high-redshift
protocluster core, potentially similar to those discovered by Miller
et al. (2018) and Oteo et al. (2018). We note that the ancillary
Spitzer IRAC data for Bootes27 show approximately seven individual
sources detected to >30 at 8.0 um, approximately three of which
remain completely undetected at 4.5 pm, indicating that there may be
additional, extremely red sources contributing to the SCUBA-2 flux
density that are undetected in the SMA map. A more comprehensive,
multiwavelength analysis of Bootes27 will be presented in a future

paper.
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5.2 Photometric redshifts

Based on their integrated FIR/sub-mm colours in Fig. 6, we find that
our 500 um risers likely lie at z > 2, excluding Bootes15 whose
FIR/sub-mm colours remain poorly constrained due to the uncertain
850 wum photometry. This result is corroborated by MMPZz, which
indicates that these 500 um risers likely lie at z ~ 2-4. As well as
being effective at selecting intrinsically red, high-redshift DSFGs,
the 500 pm riser selection criterion will also naturally include some
fraction of intermediate redshift systems that are artificially reddened
by the blending of multiple sources at moderately large separations.
For example, Montafia et al. (2021) find in their sample of ~100
500-pm risers that the photometric redshift distribution of those that
resolve into multiple components is skewed towards lower redshifts,
with a slightly lower median redshift (zmeq = 3.5 versus zpeq = 3.8)
and a higher fraction residing at lower redshifts (27 per cent at Zppo
< 3 versus 10 per cent) compared to single systems. We find that
our 500 pum risers typically fall into the category of multiple systems
at moderate redshifts and, based on their FIR/sub-mm flux densities
and intermediate photometric redshifts, we would expect them to be
examples of Hyper-Luminous Infrared Galaxies (HLIRGS: Lgr >
10"3 L), similar to those discussed in G20.

5.3 Environments

Our SCUBA-2 850 um observations map out sub-mm emission over
a >10 arcmin region surrounding our 500 pm risers, and are therefore
extremely useful for characterizing their environments. DSFGs have
the potential to be used as signposts for overdensities of galaxies in
the early Universe, allowing us to identify the potential progenitors
of massive, local galaxy clusters. We find that, while the Bootes27
region is consistent with the expected number of field counts from
S2CLS, Bootes15, Bootes24, and XMM-MS5 are all consistent with
lying in overdensities of SMGs with 850 pm flux densities greater
than ~8mlJy. We do note, however, that the error bars on these
overdensity values for Bootes24 and XMM-MS5 are rather large,
with only a very marginal overdensity at the lower limit. This result
is interesting as we would not necessarily expect our 500 pum risers
to be effective tracers of high-redshift galaxy overdensities — based
on the clustering analysis of SMGs from the ALESS survey, Garcia-
Vergara et al. (2020) find that only the brightest SMGs (Ss70 >
5-6 mly) should trace massive structures at z ~ 2, while our sources
are significantly fainter than this in the resolved SMA maps. Without
spectroscopic redshifts for the SCUBA-2 sources we cannot say
with certainty whether these overdensities are physically associated
structures or simply chance line-of-sight projections of bright sub-
mm sources. In the absence of spectroscopic data, we must rely
on photometric redshifts estimated from FIR/sub-mm colour—colour
diagrams and the MMpz algorithm. From Figs 8 and 9, we infer
that the marginal overdensity associated with Bootes24 could be
physically associated with the FIR/sub-mm colours placing the
sources at z > 2, and MMPZ placing them at z ~ 2—4. For the
Bootes15 field, improvements in the FIR/sub-mm photometry are
required to better constrain the photometric redshifts of the detected
sources, while the sources in the Bootes27 field likely reside at very
different redshifts. The SCUBA-2 detections in the XMM-MS5 field
could represent an overdensity of SMGs, and their colours suggest
that they are all at z > 2, but MMPZ places two of these sources at z ~
1.5-2, and the third at z ~ 4. This overdensity is therefore less likely
to be a physically associated structure than Bootes24. Additional
observations providing improved photometry and/or spectroscopic
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redshifts for these sources will be required to conclude with certainty
whether they are physically associated structures.

5.4 Comparison to predictions for bright Herschel sources

5.4.1 Brightest galaxy fraction

We first compare the flux distributions of the resolved SMA sources in
our 500 wm risers to the literature. Béthermin et al. (2017), based on
their simulations, predict that the brightest galaxy should contribute
~ 60 per cent of the total 500 um flux density. Similarly, Donevski
et al. (2018) find that the brightest galaxy inside the Herschel beam
for their simulated SPIRE data contributes on average 75 per cent
and 64 per cent at 250 and 500 um, respectively. Montafia et al.
(2021) find that the brightest component contributes on average
50-75 per cent of the total flux density at 1.1 mm, while Ma et al.
(2019) find that the brightest ALMA source contributes on average
41-80 per cent of the total ALMA flux density and 15-59 per cent of
the total SCUBA-2/LABOCA flux density at a similar wavelength.
We find that the brightest SMA component in Bootes15 contributes
56 + 12 per cent to the total SMA flux density, and 69 £ 41 per cent
of the integrated SCUBA-2 850 um flux density. For Bootes24
the brightest SMA component contributes 50 =9 per cent to the
total SMA flux density, but just 30 &= 8 per cent to the integrated
SCUBA-2 flux density at a similar wavelength. For these two
500 pm micron risers that resolve into multiple SMA components,
the brightest galaxy fraction is in good agreement with the values of
~ 50-60 per cent found by G20 for the four 500 um risers in their
sample that break up into multiple SMA components. For Bootes27,
the single resolved SMA component contributes just 19 &= 4 per cent
of the integrated SCUBA-2 850 pum flux density. These values are in
good agreement with Ma et al. (2019), and indicate that for Bootes24
and Bootes27, we may not recover the total sub-mm flux density.

5.4.2 Multiplicity fraction

Our results support the conclusions of G20, who find that ~
35 per cent of bright (Sso0 > 60mly) 500 um risers, and ~
60 per cent of faint (S5o0 < 60mlJy) 500 um risers are multiples,
although we note that these observations were somewhat inhomoge-
neous, using a variety of frequencies (ranging from 231 to 346 GHz)
and configurations, with a mixture of full tracks, partial tracks,
and track sharing, resulting in a range of angular resolutions (with
an average beam FWHM of 2.5 + 0.8 arcsec) and depths (0.5—
2.9mJybeam™").

Oteo et al. (2017) provide high-resolution (~0.12 arcsec) ALMA
follow-up observations at 870 pm for 44 ultra-red DSFGs from
HerMES and H-ATLAS with S500/S250 > 1.5 and S500/S350 >
1.0, reaching 10 RMS sensitivities of 0.1 mJy beam™'. They find
that, in total, ~ 39 per cent resolve into multiple components and,
more specifically, & 22 per cent of bright (Ss5o0 > 60mly) and
~ 65 per cent of faint (S50 < 60 mJy) sources in their sample resolve
into multiple components.

Béthermin et al. (2017) produce an FIR to submillimetre simu-
lation of the extragalactic sky based on a galaxy evolution model
with two star-formation modes. They extract sources from maps
based on these observations to investigate the effects that the limited
angular resolution of single-dish instruments has on observations
in the FIR/sub-mm. They predict that all Herschel sources brighter
than 60 mJy at 500 um should be individual, lensed sources, while
~40 per cent of sources fainter than 60 mJy at 500 pm should be
blended.
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In their compilation of 63 500-um risers, Ma et al. (2019) estimate
a multiplicity fraction of ~27 per cent based on numerous follow-
up observations with NOEMA, ALMA, and the SMA, although
these studies reach various depths and angular resolutions, as well
as probing much fainter 500 pum flux densities. This multiplicity
fraction rises to ~39 per cent when sources showing evidence of
strong gravitational lensing are removed.

Montana et al. (2021) carry out 1.1 mm LMT/AZzTEC observations
of ~100 500-pm risers with Ssop =~ 35-80 mly, achieving an average
beam FWHM of 9.6 £ 0.5 arcsec and 10 RMS sensitivities of
~0.7-2.8 mJy. They find that ~9 per cent show direct evidence of
multiplicity, rising to ~23 per cent if 500 pm risers which display
evidence of multiplicity but are slightly below their detection thresh-
old are included, and up to ~50 per cent if 500 pm risers without
counterparts in their higher resolution observations are assumed to
be multiple sources. This is considered an extreme scenario as a
higher dust spectral emissivity index § could also render some of
their sources undetectable at 1.1 mm, but our observations of 500 um
risers without counterparts in previous, high-resolution follow-up ob-
servations indicate that a significant fraction of these non-detections
could be multiple systems. For the 12 sources in their sample with
Ss00 > 60mly, two break up into multiple components and three
show no counterparts in their higher resolution images, indicating a
multiplicity of & 17-42 per cent. However, the larger beamsize of
their observations compared to Oteo et al. (2017) and G20 probe
multiplicity on a significantly different scale, such that smaller
scale multiplicities would likely be classified as individual sources.
They estimate a correction factor of ~ 10 per cent accounting for
multiple systems separated by distances much smaller than their
9.6 £ 0.5 arcsec beamsize, bringing the multiplicity fraction up
to = 18 per cent in the conservative case and ~ 60 per cent in the
extreme case.

We find that our three Bootes sources all show some evidence of
multiplicity, with all three resolving into multiple sources in either
the SMA or SCUBA-2 follow-up observations. This result supports
the conclusions of G20 and, by extension, is in good agreement with
the multiplicity fractions for 500 um risers quoted by Oteo et al.
(2017), despite their ALMA observations achieving significantly
better sensitivities and angular resolutions. These results are also
in reasonably good agreement with the more extreme scenario
in Montafia et al. (2021), and well within the range of potential
multiplicity fractions of the brightest (S50 > 60 mly) sources in
their sample.

These multiplicity fractions indicate that 500 um risers are a
much more diverse population than predicted by the simulations
of Béthermin et al. (2017). We suggest that this disparity could be
related to the source extraction algorithm used in their simulations.
Béthermin et al. (2017) extract sources from their simulated Herschel
SPIRE maps using the FAST-PHOT algorithm, with the source posi-
tions at 24 pm used as a positional prior. They do note, however, that
such algorithms do not converge when there are numerous sources
within the same beam due to degeneracies in the contributions of
each source to the total integrated flux density. As such, they only
keep the brightest 24 pm source within a radius of half of the FWHM
of the Herschel SPIRE instrument in their list of positional priors.
Of the four brightest 500 pm risers that remained undetected in
G20, our results suggest that two break up into two sources, while
Bootes27 is likely comprised of even more individual galaxies. It
is possible therefore that the fainter sources not detected in G20
that are yet to be followed up in detail may similarly break up
into highly multiple systems. Such systems with multiple sources
clustered within the Herschel beam may have been missed by the
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FAST-PHOT algorithm by only keeping the brightest 24 pum source
within the SPIRE beam, leading to an underestimate of the number
of 500 um risers comprised of blends of DSFGs. Such a scenario is
in agreement with our estimated brightest galaxy fractions which, for
Bootes24 and Bootes27, are significantly lower than those estimated
by Béthermin et al. (2017).

5.4.3 Comparison to known protocluster cores

We can also compare these values to the flux density distributions
of known high-z protocluster cores, such as the Distant Red Core
(DRC: Oteo et al. 2018) and SPT2349-56 (Miller et al. 2018). For the
DRC, we focus on the ALMA 2 mm follow-up observations carried
out by Oteo et al. (2018) which targeted the bright 500 um riser
observed with Herschel, SCUBA-2 and LABOCA by Ivison et al.
(2016). The ALMA observations reached depths of ~6 ;Jy beam™!
with a synthesized beam FWHM of 1.68 arcsec x 1.54 arcsec.
The LABOCA source representing the central core of the DRC
is extended of the order of ~1 arcmin, with the ALMA follow-
up observations revealing 11 individual DSFGs associated with the
system, typically separated by ~5-10 arcsec. We assume that these
observations recover the full 2 mm flux density of the system and, as
such, estimate the total 2 mm flux density by simply summing the flux
densities of the individual components. The fractional contribution
of each source is then simply its 2 mm flux density divided by the
total 2 mm flux density of the system.

For SPT2349-56, we use the flux densities extracted from the
ALMA 850 pum continuum maps based on the [CII] map channels
with no line emission (Hill et al. 2020). These follow-up observations
focused on the core of SPT2349-56 which was found to be extremely
bright at 870 um with LABOCA and at 2 mm with the South Pole
Telescope, yielding ~22 sources within a circle of radius ~13
arcsec. We estimate the fractional contribution of each 850 pm source
similarly to the method for the DRC.

We note that the separations found in the DRC are somewhat
smaller than the ~15 arcsec separations between our resolved SMA
sources, and that the LABOCA source is extended over a larger scale
than our SCUBA-2 observations. Similarly, we note that there are
~12 sources within a 10 arcsec x 10 arcsec box near the centre of
SPT2349-56 and, as such, the DSFGs are in much closer proximity
than in our multiple systems, although the angular scale of the
core is more comparable with the scale of Bootes24 and Bootes27
in the SCUBA-2 observations. As such, we make the following
comparisons for illustrative purposes only, and they should not be
considered as robustly similar systems based on the current data.

In Fig. 10, we plot the contribution of each of the 10 brightest
resolved sources associated with the protocluster cores to the total
flux density in the aforementioned bands. For our 500 um risers,
we plot the contribution of each of the resolved SMA sources
to the integrated SCUBA-2 850 um flux density, and estimate the
uncertainties in these contributions by adding in quadrature the errors
in the resolved SMA and integrated SCUBA-2 flux densities. We note
that, given the uncertainties in the estimated flux densities and the
small separation in wavelength, we do not extrapolate the 870 um
SMA flux densities down to 850 wum values, but rather assume that
the values will be approximately the same. Furthermore, note that
we exclude XMM-MS5 from this plot, as the SMA and SCUBA-2
observations were taken at very different wavelengths.

For Bootesl5, the contribution of each SMA source to the
total SCUBA-2 flux density is poorly constrained, primarily due
to the large uncertainties in the 850 pm photometry. In total, we
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Figure 10. The relative contributions of each of our SMA detections to the total integrated SCUBA-2 850 pum flux density. The orange and purple lines show
the flux density distributions of the DRC and SPT2349-56 protoclusters, respectively, while the black dashed lines show the 4.10 detection limits in our dirty
SMA maps. The contribution of each SMA source to the integrated SCUBA-2 flux density of Bootes15 remains poorly constrained. The SMA sources associated
with Bootes24 and Bootes27 recover 60 = 15 per cent and 19 = 4 per cent of the total integrated SCUBA-2 flux density and so there may be additional sources
residing below our SMA detection limits. However, if further sources do reside below our detection threshold, they likely follow a different flux density

distribution to the DRC and SPT2349-56 protoclusters.

estimate that the SMA observations recover 123 £ 73 per cent of
the SCUBA-2 observations. However, as previously discussed, it
is likely that some fraction of the total SCUBA-2 flux density
is missed by our observations. The two SMA sources associated
with Bootes24 recover 60 £ 15 per cent of the total SCUBA-2 flux
density, shared equally between the two resolved sources. Therefore,
the combined contribution from the two brightest sources is in
good agreement with the two brightest sources in the DRC, which
similarly contribute ~60 per cent to the total flux density of the
system. However, the flux density is shared much more unequally
between the two brightest sources in the DRC. If there were additional
sub-mm sources contributing to Bootes24, we would expect to
detect one extra source in our SMA observations if they were
to follow a DRC-like flux density distribution. Alternatively, we
would expect to detect the brightest four to five sources if they
were to follow a SPT2349-56-like flux density distribution. For
Bootes27, the single resolved SMA source associated with the
observed SCUBA-2 emission contributes just 19 & 4 per cent to the
integrated 850 um flux density. This is similar to the ~22 per cent
contribution to the total system from the brightest source in SPT2349-
56. However, if Bootes27 were to represent a protocluster core
with a similar flux density distribution to SPT2349-56, we would
similarly expect to detect the brightest four to five components,
whereas we only detect a single source associated with the 850 pm
emission.

We infer that Bootes24 and Bootes27 may contain additional, faint
sources lying below our SMA detection threshold that contribute to
the total integrated SCUBA-2 flux density. However, it seems that
this flux density must be distributed between its members differently
to known high-redshift protocluster cores, with each of the fainter
members individually contributing significantly less to the total sub-
mm flux density than expected.

6 CONCLUSIONS

We have presented Herschel, SMA, and SCUBA-2 observations of
four 500 pm risers from the HerMES survey. These sources were
selected based on their red Herschel SPIRE colours, but remained
undetected in previous high-resolution follow-up observations con-

ducted by G20. The previous results indicated that they were likely
comprised of multiple DSFGs that individually were faint enough
to remain undetected in their high-resolution SMA observations, but
each contributing to a large integrated flux density when smoothed
over the Herschel SPIRE beamsize. In our deeper FIR/sub-mm
observations, each source is detected to >3¢ in the SCUBA-2 maps,
and there is at least one >4.1¢ detection in each of the SMA maps.
Our findings can be summarized as follows.

(i) We find evidence of multiplicity in three out of four 500 um
risers. Bootes15 and Bootes24 each break up into two faint sources
in the high-resolution SMA images, while Bootes27 and XMM-
MS5 resolve into a single SMA source. Bootes27 is comprised of
two, partially resolved SCUBA-2 detections, one of which has no
apparent SMA counterpart, indicating that there may be further
faint DSFGs lying below the SMA detection threshold. This is
in line with the results of G20 who found (assuming that their
500 wm risers without SMA counterparts are sources with high
multiplicities) that ~35 per cent of bright (Ss09 > 60 mJy) 500 um
risers and ~60 per cent of faint (S50 < 60mly) 500 um risers
are multiples. By providing deeper SMA follow-up observations
of these 500 wm risers, we confirm that they are likely comprised
of multiple faint components. These results indicate that the 500 pm
riser population is likely significantly more diverse than expected. We
do note, however, that only three of the 500 um risers that remained
undetected in G20 have been confirmed as multiple systems, and so
the fraction of faint 500 pm that resolve into multiple galaxies could
still be less than 60 per cent.

(ii) For the three 500 um risers in the Bootes field, the SMA
observations recover 123 £ 73 per cent, 60 £ 15 per cent, and 19 £
4 per cent of the integrated SCUBA-2 flux density indicating that, for
Bootes24 and Bootes27, there may be additional, faint sources below
the current SMA detection limit, but contributing to the integrated
SCUBA-2 flux density. In particular, for Bootes27, there is a >30
disparity between the resolved SMA and integrated SCUBA-2 flux
densities. We estimate that at least three additional faint sources are
required to recover the total SCUBA-2 flux density. We note that
a second associated with the Northern component of Bootes27 is
marginally detected to 3.3¢0 in the dirty map, and could significantly
ease this tension. We conclude that Bootes24 and Bootes27 could be
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examples of dense, protocluster cores of DSFGs, only a handful of
which have been discovered to date.

(iii) We estimate the photometric redshifts of our 500 um risers
using their FIR/sub-mm colours, as well as the MMPZ algorithm.
While the photometric redshift of Bootesl5 remains poorly con-
strained, Bootes24, Bootes27, and XMM-MS5 all likely lie at z
> 2. Dividing the integrated flux density from Herschel SPIRE
proportionally between the resolved components and running the
MMPz algorithm yields similar photometric redshift estimates. This
is consistent with the interpretation that the 500 pm riser selection
criterion recover both intrinsically red sources at z > 4 and artificially
red, multiple systems at more moderate redshifts. Based on their FIR
flux densities and photometric redshifts, we expect our sources to be
HLIRGS, similar to those in the G20 sample.

(iv) By comparing the cumulative number counts of SNR > 4
detections in the SCUBA-2 850 um maps with the expected number
of field counts from the SCUBA-2 Cosmology Legacy Survey,
we find that Bootesl5, Bootes24, and XMM-MS5 lie in regions
with overdensities of 8.6 £+ 3.5, 5.8 £ 3.5, and 9.3 + 6.5 of
bright (=8 mJy) SMGs, respectively. For those SCUBA-2 detections
that have Herschel SPIRE counterparts, we estimate photometric
redshifts based on their FIR/sub-mm photometry. We find that the
overdensity associated with Bootes24 could feasibly be physically
associated, while Bootesl5 and XMM-MS5 are more likely to be
chance line-of-sight arrangements of sources.

(v) We compare the inferred multiplicity fractions of 500 um risers
from G20 to similar studies in the literature, finding that they are in
good agreement with Oteo et al. (2017) and with the more extreme
scenarios in Montaifia et al. (2021). The brightest galaxy fraction
for Bootes15 and Bootes24 is similar to the other multiple systems
revealed by the SMA observations of G20. We also find that the
brightest SMA component of Bootes24 and Bootes27 contributes a
similar amount to the total integrated SCUBA-2 flux density as the
brightest resolved source associated with the 500 pm risers in the Ma
et al. (2019) sample.

(vi) We also compare the flux density distributions of our resolved
SMA sources to those of known protocluster cores. We find that,
while the SMA sources associated with Bootes24 and Bootes27 only
recover a fraction of the total sub-mm flux density, we would have
expected to detect the brightest four to five components if the multiple
systems followed a similar flux density distribution to SPT2349-56,
or the brightest three components if they followed a similar flux
density distribution to the DRC. Therefore, if these 500 pm risers are
examples of dense protocluster cores, they likely follow a different
flux density distribution to known, high-z protocluster cores.

We therefore find that our 500 wm risers are typically comprised
of multiple DSFGs and may represent examples of high-redshift pro-
tocluster cores. However, additional follow-up observations will be
required to confirm the nature of these sources, and there are a number
of available avenues that these observations could take. Deeper sub-
mm continuum/spectroscopic observations with NOEMA will likely
be required to determine if there are any additional, faint, point-like
sources below our current SMA detection limits that contribute to
the integrated SCUBA-2 flux (and if these sources are physically
associated), particularly for Bootes27 where our SMA observations
currently recover only a fraction of the total 850 um flux density.
Alternatively, deep optical/NIR follow-up observations would allow
us to accurately deblend the Herschel SPIRE flux density, from
which we could attempt a rigorous SED fitting for each of the
resolved components and estimate galaxy properties such as SFR and
stellar mass. Finally, additional spectroscopic follow-up observations
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for sources in the wider field would allow us to conclude whether
any larger scale overdensities in these regions represent physically
associated structures.
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Figure Al. The completeness estimates for the SCUBA-2 maps (left) and
SMA maps (right) associated with our four 500 um risers. We find that
in the SCUBA-2 maps, Bootesl5 and Bootes27 reach a completeness of
~50 per cent at 10mly, and rise to a completeness of ~80 per cent at
14 mJy. Bootes24 and XMM-MS5 reach an ~ 80 per cent completeness at 17
and 16 mJy, respectively. For the SMA maps, Bootes15 reaches 80 per cent
completeness at 1 mJy and 100 per cent at 1.1 mJy. Bootes24 and Bootes27
reach 80 per cent completeness at 1.7 and 1.4 mly, respectively, while XMM-
MS5 reaches 80 per cent completeness at 2 mJy.

APPENDIX A: COMPLETENESS

In this section, we discuss the details of our completeness calculation
for the SMA and SCUBA-2 maps. For each of our SCUBA-2 maps,
we inserted fake sources within the 700 arcsec diameter circular
region, where each fake source was defined as a simple 2D Gaussian
with a random position, a defined peak flux density, and a width
corresponding to o = 6.2 arcsec (based on the 14.6 arcsec FWHM
of the SCUBA-2 850 um beam). We reran the source extraction
method outlined in Section 4.3.1 on the map, counted the recovered
fake sources, and hence calculated the completeness. For each run,
we included 10 fake sources, all with the same peak flux density, and
repeated the process 1000 times for each peak flux density value,
starting from 2 mJy and increasing in steps of 1 mJy up to 20 mJy.
The final completeness value for each source and peak flux density
value is simply the median of the completeness distribution from the
1000 runs.
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For the SMA completeness calculations, we take a slightly
different approach. Given the smaller map size, we only include five
fake sources in each iteration. Additionally, rather than modelling a
symmetric 2D Gaussian with a defined width, we create a Gaussian
kernel matching the beamshape of the observations as defined in the
header information. We similarly complete 1000 iterations, inserting
sources into the dirty maps with peak flux densities ranging from 0
to 2.5mly in steps of 0.1 mJy, and extracting sources with peak
flux densities above the detection threshold for each map (see
Section 3.1). The final completeness value for each map and peak flux
density value is simply the median of the completeness distribution
from the 1000 runs.

In Fig. Al, we present the result of these completeness cal-
culations. For the SCUBA-2 maps, Bootes15 and Bootes27 both
reach a completeness of ~50 per cent at ~10mly, and rise to a
completeness of = 80 per cent at 14 mJy. Bootes24 and XMM-
MS5 have a poorer completeness, reaching ~80 per cent at ~17
and ~16 mly, respectively. For the SMA maps, Bootes15 reaches
100 per cent completeness at 1.1 mJy. Bootes24 and Bootes27 reach
50 per cent completeness at 1.6 and 1.2mlJy, 80 per cent at 1.9
and 1.4mly, and up to 100 per cent at 2 and 1.7 mJy, respectively.
Finally, XMM-MS5 performs quite well at low flux densities, reaching
50 per cent completeness at 1.3 mJy, but does not reach 100 per cent
completeness until 2.1 mJy.

APPENDIX B: SCUBA-2 MAPS

In Fig. B1, we present the full SCUBA-2 signal-to-noise maps at
850 um for the fields covering our four 500 pm risers. These maps
were reduced using the REDUCE_SCAN_FAINT_POINT_SOURCES
recipe, and sources were extracted within the white dashed cir-
cle. We note that the SMGs are distributed differently within
the different fields. Sources in Bootesl5 are mostly clustered
towards the South Western region of the map, while sources in
Bootes27 seem to be more clustered around the centre. Sources
in Bootes24 and XMM-MS5 are more spread out across the
map.
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Figure B1. SCUBA-2 signal-to-noise maps at 850 um centred on each of our 500 um risers reduced using the REDUCE_SCAN_FAINT_POINT_SOURCES
recipe. The darker circles show the positions of the 500 pm risers, while the lighter circles show the positions of the SNR > 4 detected SCUBA-2 sources. The
white dashed line shows the circle of radius 350 arcsec over which sources are extracted.
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APPENDIX C: HERSCHEL SPIRE AND SCUBA-2
COMPARISON

In Fig. C1, we compare the Herschel SPIRE and SCUBA-2 850 um
maps to investigate the effects of blending on the observed pho-
tometry of our four 500 um risers. We find little evidence of
artificial reddening in Bootes24 and XMM-MS5, with no nearby
detections in the SCUBA-2 maps, and all potential 250 um sources
detected as separate objects in the HerMES catalogue, indicating
that their flux densities have been deblended. For Bootes15, there is
a second SNR > 4 SCUBA-2 detection within the Herschel SPIRE
500 pm beamsize, which is bright at 850 pm but is faint enough
at 250 pm to remain undetected in the HerMES catalogue. We
similarly find an SNR > 4 SCUBA-2 detection less than ~30 arcsec
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South East of Bootes27 that remains undetected in the HerMES
catalogue.

We make a simple estimate of the likely effect of these contami-
nating sources on the 350 and 500 pm flux densities of Bootes15 and
Bootes27. We first extract a simple flux density estimate at 250 pm
for the contaminating sources, using the peak flux density within
the SPIRE beamsize centred on the brightest pixel in the SCUBA-2
850 pm maps. We conservatively estimate the likely peak flux of
these contaminating sources by linearly interpolating between their
250 wm flux densities and their deboosted 850 wm flux densities. In
each of the 350 and 500 pm bands, we construct a Gaussian function
with a peak matching the interpolated flux density, and an FWHM
matching the beamsize of the SPIRE instrument in that band. Finally,
based on these Gaussians, we estimate the likely contaminating flux

SCUBA-2 850um
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Comparison of the Herschel SPIRE maps (where PSW, PMW, and PLW refer to the 250, 350, and 500 pm bands, respectively) and their SCUBA-2

850 um point source maps from this study. Plotted as red points are the positions of 250 pm-selected sources from the HerMES catalogue.
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at the position of the brightest pixel in the Herschel SPIRE images at
350 and 500 um. We find that the contaminating source associated
with Bootes15 could conservatively contribute ~1.1 and ~3.6 mJy
at 350 and 500 pm, respectively, well within the quoted errors for
the Herschel SPIRE flux density in these bands. The contamination
for Bootes27 is similarly small, ~0.3 and ~2.8 mJy at 350 and
500 pm, respectively. We subtract these potential contaminating flux
densities and rerun the resulting photometry through MMPz, finding
that it makes no appreciable difference to the estimated photometric
redshifts within their associated errors.

APPENDIX D: PROBABILITY DENSITY
FUNCTIONS

In Fig. D1, we present the photometric redshift PDFs obtained from
MMPz for our 500 pm risers and the other SNR > 4 detections in the
SCUBA-2 fields. The MMPZ fitting algorithm finds the most likely
redshift at which a galaxy resides by determining where its FIR/mm
SED is most consistent with the observed Lig—Apcak relation, where
Apeak 18 the rest-frame wavelength at which the FIR/mm SED peaks

(Lee et al. 2013; Strandet et al. 2016; Casey et al. 2018, 2021;
Casey 2020). We find that the photometric redshifts for Bootes15,
Bootes15.SCUBA1, and Bootes15.SCUBA?2 are poorly constrained
due to poor-quality photometry. By comparison, we find that the
photometric redshift PDFs for the sources in the Bootes24 field are
all well constrained, likely residing at redshifts of z ~ 2-3, with
Bootes24 itself being somewhat broader with a higher redshift tail
to its PDF. For Bootes27 and XMM-MS, the photometric redshift
PDFs are similarly well constrained, but the sources are spread over
a wider range of redshifts, with two of the SCUBA-2 sources likely
residing at z ~ 2, one likely residing at z ~ 4, and XMM-M5
itself straddling these two redshifts. For Bootes24, Bootes27, and
XMM-MS5, these results are in good agreement with the FIR/sub-
mm colours shown in Fig. 8. We additionally include the full
photometric PDFs for each of the SMA components associated with
Bootes15 and Bootes24, and for the two partially resolved SCUBA-
2 sources associated with Bootes27, after the simple deblending
outlined in Section 4.2, although we note that these are exceedingly
similar to the photometric redshift PDFs for the total 500 pum riser
systems.
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Figure D1. Normalized photometric redshift PDFs for our 500 pum risers and their associated SNR > 4 SCUBA-2 detections estimated by MMPZ.
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