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ABSTRACT
We present SCUBA-2 follow-up of 61 candidate high-redshift Planck sources. Of these, 10
are confirmed strong gravitational lenses and comprise some of the brightest such submm
sources on the observed sky, while 51 are candidate proto-cluster fields undergoing massive
starburst events. With the accompanying Herschel-Spectral and Photometric Imaging Receiver
observations and assuming an empirical dust temperature prior of 34+13

−9 K, we provide pho-
tometric redshift and far-IR luminosity estimates for 172 SCUBA-2-selected sources within
these Planck overdensity fields. The redshift distribution of the sources peak between a redshift
of 2 and 4, with one-third of the sources having S500/S350 > 1. For the majority of the sources,
we find far-IR luminosities of approximately 1013 L�, corresponding to star formation rates
of around 1000 M� yr−1. For S850 > 8 mJy sources, we show that there is up to an order
of magnitude increase in star formation rate density and an increase in uncorrected number
counts of 6 for S850 > 8 mJy when compared to typical cosmological survey fields. The
sources detected with SCUBA-2 account for only approximately 5 per cent of the Planck flux
at 353 GHz, and thus many more fainter sources are expected in these fields.

Key words: galaxies: clusters: general – submillimetre: galaxies.

1 IN T RO D U C T I O N

Modern submm observatories, such as the JCMT (Holland
et al. 1999), BLAST(Pascale et al. 2008) and Herschel (Pilbratt
et al. 2010), have allowed us to view larger and larger portions of
the submm sky to greater and greater depths, continually improving
the statistics on this relatively new population of sources. Of partic-
ular interest is the role of such sources in the census of global star
formation rates (SFRs) and understanding the driving force behind
their intense star formation activity. While some may be triggered
by mergers (e.g. Clements et al. 1996; Murphy et al. 1996; Sanders
& Mirabel 1996), others may simply be at the bright end of what

� E-mail: packston@gmail.com

has been named the ‘main sequence’ of galaxies (Daddi et al. 2007;
Noeske et al. 2007; Elbaz et al. 2011). Most wide-field cosmology
surveys try to characterize this population as a whole, but it is impor-
tant to consider the effects of galaxy environment on star formation.
Due to detection techniques, most known clusters are at redshifts
below that of the peak of global star formation, and the SFR of clus-
ter members has been quenched through various physical processes,
although galaxies falling into their gravitational potential wells for
the first time may still experience an increase in star formation
(Verdugo, Ziegler & Gerken 2008; Braglia et al. 2009, 2011). The
Sunyaev–Zeldovich effect, providing largely redshift-independent
selection, has been used to detect hundreds of clusters out to z ∼ 1.5
(e.g. Planck Collaboration VIII 2011; Hasselfield et al. 2013; Planck
Collaboration XX 2014; Planck Collaboration XXIX 2014; Bleem
et al. 2015). Similarly, the Spitzer Infrared Array Camera Shallow
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Survey used 4.5 µm selected sources and photometric redshifts to
identify over a hundred candidate clusters with redshifts ranging
from 1 to 1.7 (Eisenhardt et al. 2008).

A complementary high-z cluster detection technique is to look
for regions of exceptional star formation. Due to the density of such
objects on the sky, large areas must be probed in order to find a
significant sample, thus all-sky surveys are needed. Planck (with its
5 arcmin beam that closely matches the expected size of a forming
galaxy cluster at z ∼ 2–4), along with its all-sky coverage, is an
excellent observatory for finding such objects. Indeed, follow-up
of objects already observed by Herschel from the Planck Early
Release Compact Source Catalogue (Planck Collaboration
VII 2011) revealed four star-forming clusters out to a redshift of
2.3 (Clements et al. 2014). However, the area mapped by Herschel
is only about 90 deg2, and thus there remains a much larger portion
of the sky that is mapped by Planck, but not Herschel. The search
for further star-forming cluster candidates not yet observed by Her-
schel has already been performed and the first results can be found
in Planck Collaboration XXXIX (2015). The catalogue contains
2151 objects comprising the Planck high-z (PHZ) catalogue found
using 26 per cent of the sky.

Two methods were used to generate a list of potential high-
z targets to follow-up with Herschel (see Planck Collaboration
XXVII 2015 for details). The first of the two methods is explic-
itly detailed in Planck Collaboration XXXIX (2015), leading to the
PHZ list, which will be available on the Planck Legacy Archive. This
method uses cosmic microwave background (CMB) and Galactic-
cirrus-cleaned Planck maps at 353, 545 and 857 GHz, using the
26 per cent of the sky that is the least contaminated by Galactic
sources. S/N > 5 sources were identified in a 545 GHz ‘excess’
map, defined to be the 545 GHz map with a linear interpolation be-
tween the 353 and 857 GHz maps subtracted. On top of this, S/N > 3
detections were required at 353, 545 and 857 GHz. To remove cold
Galactic cores and extragalactic radio sources, only detections with
S545/S857 > 0.5 and S353/S545 < 0.9 were retained. The second
method used the Planck Catalogue of Compact Sources (PCCS;
Planck Collaboration XXVIII 2014) and a selection method based
on the work of Negrello et al. (2010). Here, 52 per cent of the sky
was used, based on the 857 GHz Galactic mask, and sources with
S/N > 4 at 545 GHz were selected from the catalogue. From this list,
sources were only retained with S857/S545 < 1.5 and S217/S353 < 1,
and which were not identified as a local galaxy, a bright radio source
or Galactic cirrus in either the NASA/IPAC Extragalactic Database,
ALADIN or IRAS maps. The result is a list of high-z candidate
sources, selected to have apparent redshifted flux densities peak-
ing between 353 and 857 GHz. Included in this is a combination
of strongly lensed sources, proto-clusters undergoing massive star-
bursts, chance overdensities of star-forming galaxies and perhaps a
few Galactic interlopers. The fraction of objects in the various cat-
egories is currently unknown, which is why follow-up observations
are critical.

A total of 228 of these candidates were observed by Herschel us-
ing the Spectral and Photometric Imaging Receiver (SPIRE; Griffin
et al. 2010). This instrument, with a beamsize 16 times smaller than
Planck’s, has the ability to resolve the Planck candidates into ei-
ther single bright point sources or many fainter sources. The former
were shown by Canameras et al. (2015) to be among the brightest
strongly lensed sources on the sky; 11 out of 15 of these bright
sources were followed up (two more were previously known, as
discussed in Fu et al. 2012 and Combes et al. 2012, while the
remaining two are in the far south) with a host of instruments, in-
cluding SCUBA-2 at 850 µm, spectroscopic observations using the

wide-band heterodyne receiver Eight MIxer Receiver at the Insti-
tut de Radioastronomie Millimétrique telescope and SMA 850 µm
interferometry, to confirm their lensed nature. Their redshifts range
from 2.2 to 3.6, with peak flux densities from 0.35 to 1.14 Jy, and
they have apparent far-IR luminosities up to 3 × 1014 L�. Due
to their extraordinary flux densities and far-IR luminosities, these
sources have been named ‘Planck’s dusty GEMS’ (Gravitationally
Enhanced subMillimetre Sources).

The first results covering the other class of source, namely the
‘overdensity fields’, are presented in Planck Collaboration XXVII
(2015). Significant enhancements in the surface density of sources
were found at 350 and 500 µm, with the majority of sources peak-
ing at 350 µm. Assuming an average dust temperature of 35 K,
Planck Collaboration XXVII (2015) found a typical redshift of 2
for the overdensity fields, with average far-IR luminosities of around
4 × 1012 L� per SPIRE source. These Planck-selected sources may
be high-redshift proto-clusters undergoing rapid star formation, al-
though some may also be chance line-of-sight alignments. Without
spectroscopic redshift estimates of the objects within these overden-
sities, it is impossible to distinguish between these two possibilities.

The analysis here focuses on the SCUBA-2 observations, based
on 61 of the 228 Herschel fields, which have been followed up
with 850 µm observations at the JCMT. 10 of these fields are ob-
servations of Planck’s dusty GEMS and are detailed in Canameras
et al. (2015). The 51 ‘overdensity fields’ are discussed here. The
more favourable ‘k-correction’ (Franceschini et al. 1991; Blain &
Longair 1993) at 850 µm means that we have a significantly less
biased view of the redshift distribution of the overdensity fields than
Herschel SPIRE, and a greater sensitivity to sources at redshifts �
3. We use the SEDEBLEND method adapted from MacKenzie et al.
(2014), as described in more detail in MacKenzie, Scott & Swinbank
(2015), to fit modified blackbody SEDs to the SCUBA-2-detected
sources. This method deblends SEDs directly from the maps, as op-
posed to a traditional approach where flux densities are deblended
first, followed by subsequent SED fitting to the deblended fluxes.
Degeneracy information between neighbouring confused sources
is therefore retained, which is reflected in the fit parameters con-
straints, and more robustly deals with the confused nature of the
Herschel-SPIRE imaging. To do this, we use the SCUBA-2 posi-
tions and fluxes, as well as the Herschel-SPIRE imaging. We use
a relatively weak prior on dust temperature to break its degeneracy
with redshift, giving us useful constraints on both redshift and far-IR
luminosity. Throughout we employ a � cold dark matter cosmol-
ogy with �� = 0.692, �m = 0.308 and H0 = 67.8 km s−1 Mpc−1

(Planck Collaboration XIII 2015).

2 TH E PLANCK C A N D I DAT E S F O L L OW-U P

2.1 SCUBA-2 follow-up

51 overdensity fields observed with Herschel SPIRE have been
followed up with SCUBA-2 850 µm observations at the JCMT
(project codes M12AC19, M13AC22, M13BC05, M13BU09 and
M14AC02) with approximately 10 arcmin diameter ‘daisy’ scans.
The initial observation strategy involved 20 min scans repeated
twice in grade 3 weather, while later observations used 30 min scans
repeated three times in grade 2 and 3 weather. The observations were
reduced using SMURF (Chapin et al. 2013) called from the ORAC-DR

pipeline (Gibb & Jenness 2010) using the standard blank-field map-
making recipe optimized for finding point sources. Readings from
the JCMT water-vapour monitor (Dempsey & Friberg 2008) and
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Figure 1. SCUBA-2 850 µm positions (red circles) plotted on the 350 µm Herschel-SPIRE images for the six fields with the densest concentration of
SCUBA-2 sources. For the majority of the sources, we find far-IR luminosities of approximately 1013 L�, corresponding to SFRs of around 1000 M� yr−1.
For S850 > 8 mJy sources, we show that there is up to an order of magnitude increase in SFR density and an increase in uncorrected number counts of
approximately 6 for S850 > 8 mJy when compared to typical cosmological survey fields.

the scaling relations found by Dempsey et al. (2010) were used to
correct for atmospheric extinction.

To facilitate finding and extracting point sources, we use the
standard ‘matched-filter’ provided by ORAC-DR. This procedure sub-
tracts a 30 arcsec smoothed map from a map convolved with the
point spread function of the telescope and applying a correction
factor such that point sources return the expected flux density. This
correction factor accounts for source attenuation by both matched-
filtering and bolometer time series high-pass filtering by SMURF,
and is estimated by injecting simulated sources into bolometer time
series and recovering their flux density after map-making, matched-
filtering and source extraction. The minimum rms depths of each
field range from 1.5 to 3 mJy (instrumental noise), with a median of
1.9 mJy for point sources in the matched-filtered images. We extract
peak flux densities and positions from these maps to generate a cata-
logue of 172 SCUBA-2-detected sources with S/N > 4 in 1.20 deg2

of sky for the 51 Planck overdensity fields. Fig. 1 shows SCUBA-2

positions plotted over the 350 µm Herschel-SPIRE images for six
fields with the densest concentration of SCUBA-2 sources. We also
require a flux density uncertainty of less than 4 mJy for every source,
since higher noise regions near the edges of the maps are more likely
to contain artefacts of the map-making procedure. Of the 1.2 deg2,
0.69 deg2 was within the Planck beams, which we define to be the
area in the Planck 353 GHz map with flux density greater than half
the peak flux density of the Planck source, as in Planck Collabora-
tion XXVII (2015). Of the 172 SCUBA-2-detected sources, 138 are
located within the Planck beam. Table 1 lists the source positions
and flux densities, as well as constraints on their far-IR luminosities
and redshifts. We refrain from deboosting the flux densities of our
catalogue since the number counts in these regions will differ from
those in cosmological fields, and hence it is hard to estimate the
effects of confusion (see e.g. Coppin et al. 2006; Scott et al. 2010).

In order to assess the number of spurious sources within our cat-
alogue, we perform the same source extraction procedure described
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Table 1. SCUBA-2-detected sources within the Planck proto-cluster candidate fields. Flux density uncertainties at 850 µm are instrumental noise only and
do not include confusion noise. We report the median values from the MCMC chains and 68 per cent confidence intervals for both far-IR luminosities and
photometric redshifts. Photometric redshift fits for sources with redshifts greater than about 6.5 are not possible, due to the peak of the SED being located
outside the wavelength coverage. For these sources, we provide the 16th percentile of the distributions as a 1σ lower confidence limit.

Galaxy ID RA Dec. S850 zphot Far-IR luminosity In Planck beam
J2000 J2000 (mJy) (L�)

PCCS_G045.7−41.2-0 21:39:51.055 −8:47:16.80 13.1 ± 2.5 4.1+1.6
−1.3 1.7+1.9

−1.1 × 1013 Y

PCCS_G045.7−41.2-1 21:39:30.820 −8:44:08.79 11.1 ± 2.4 2.7+1.0
−0.9 1.3+1.5

−0.8 × 1013 Y

PCCS_G045.7−41.2-2 21:39:47.817 −8:44:20.80 9.9 ± 2.1 0.1+0.1
−0.1 9.7+46.4

−8.4 × 1010 Y

PCCS_G045.7−41.2-3 21:39:29.200 −8:46:04.78 13.1 ± 3.2 3.9+1.4
−1.2 1.4+1.3

−0.8 × 1013 N

PCCS_G059.1−67.1-0 23:26:25.977 −15:28:05.40 14.5 ± 1.6 3.3+1.3
−1.1 1.5+1.6

−0.9 × 1013 Y

PCCS_G059.1−67.1-1 23:26:01.346 −15:30:45.32 18.1 ± 3.8 >7.0 2.7+6.3
−1.2 × 1013 N

PCCS_G059.1−67.1-2 23:26:41.749 −15:28:57.36 13.3 ± 2.8 3.3+1.2
−1.0 1.2+1.2

−0.7 × 1013 N

PCCS_G059.1−67.1-3 23:26:47.004 −15:27:17.34 14.8 ± 3.5 >7.1 2.2+5.2
−1.0 × 1013 N

PCCS_G073.4−57.5-0 23:14:42.344 −4:16:40.20 10.4 ± 1.8 2.6+1.0
−0.9 9.4+11.0

−6.1 × 1012 Y

PCCS_G073.4−57.5-1 23:14:42.611 −4:20:00.20 13.6 ± 2.5 4.8+1.7
−1.4 1.6+1.4

−0.8 × 1013 N

PCCS_G073.4−57.5-2 23:14:41.809 −4:17:44.20 8.3 ± 2.0 >3.6 9.8+9.9
−5.5 × 1012 Y

PCCS_G073.4−57.5-3 23:14:34.589 −4:17:00.20 7.2 ± 1.8 3.7+1.5
−1.2 7.9+8.2

−4.6 × 1012 Y

PHZ_G038.0−51.5-0 22:08:50.400 −17:55:47.90 15.9 ± 2.0 2.7+1.1
−1.0 1.9+2.2

−1.3 × 1013 Y

PHZ_G038.0−51.5-1 22:08:48.438 −17:57:35.90 10.3 ± 2.0 3.1+1.2
−1.1 1.1+1.3

−0.7 × 1013 Y

PHZ_G038.0−51.5-2 22:08:45.353 −17:59:27.90 10.4 ± 2.4 2.3+0.9
−0.9 9.5+12.3

−6.5 × 1012 Y

PHZ_G067.2−63.8-0 23:24:24.799 −10:43:46.08 22.7 ± 3.5 3.1+1.2
−1.1 2.0+2.3

−1.3 × 1013 N

PHZ_G067.2−63.8-10 23:24:27.248 −10:51:10.07 11.8 ± 2.8 4.1+1.6
−1.3 1.3+1.2

−0.7 × 1013 N

PHZ_G067.2−63.8-11 23:24:12.314 −10:48:06.10 5.9 ± 1.5 >5.4 7.9+8.2
−3.9 × 1012 Y

PHZ_G067.2−63.8-1 23:24:12.043 −10:46:14.10 11.1 ± 1.8 2.6+1.0
−0.9 1.2+1.4

−0.8 × 1013 Y

PHZ_G067.2−63.8-2 23:24:23.718 −10:50:18.08 12.6 ± 2.1 3.0+1.3
−1.0 1.6+2.1

−1.0 × 1013 N

PHZ_G067.2−63.8-3 23:24:01.728 −10:45:26.09 13.1 ± 2.2 4.9+1.8
−1.5 1.6+1.4

−0.9 × 1013 Y

PHZ_G067.2−63.8-4 23:24:00.643 −10:45:06.09 11.9 ± 2.2 2.7+1.3
−1.0 1.3+2.0

−0.9 × 1013 Y

PHZ_G067.2−63.8-5 23:24:16.658 −10:48:30.10 7.8 ± 1.7 3.6+1.5
−1.1 8.9+9.4

−5.1 × 1012 Y

PHZ_G067.2−63.8-6 23:24:06.614 −10:47:14.10 7.1 ± 1.5 2.3+0.9
−0.8 8.1+9.9

−5.5 × 1012 Y

PHZ_G067.2−63.8-7 23:23:56.023 −10:51:30.08 10.7 ± 2.4 1.6+0.8
−0.7 1.3+2.1

−1.0 × 1013 N

PHZ_G067.2−63.8-8 23:24:01.453 −10:52:06.09 8.9 ± 2.1 6.3+2.3
−2.1 1.1+0.9

−0.6 × 1013 Y

PHZ_G067.2−63.8-9 23:23:59.014 −10:45:34.08 8.6 ± 2.1 3.5+1.4
−1.1 8.7+8.7

−5.1 × 1012 Y

PHZ_G103.1−73.6-0 0:28:48.011 −11:35:52.39 9.0 ± 2.2 >4.0 1.1+1.0
−0.6 × 1013 Y

PHZ_G106.8−83.3-0 0:43:25.677 −20:36:20.29 22.8 ± 1.7 3.6+1.3
−1.3 2.5+2.7

−1.6 × 1013 Y

PHZ_G106.8−83.3-10 0:43:12.001 −20:37:36.29 7.0 ± 1.6 3.6+1.5
−1.2 7.6+8.3

−4.4 × 1012 Y

PHZ_G106.8−83.3-1 0:43:17.415 −20:36:00.30 10.2 ± 1.4 2.2+0.9
−0.8 1.5+1.9

−1.0 × 1013 Y

PHZ_G106.8−83.3-11 0:43:29.099 −20:38:44.28 8.1 ± 2.0 4.9+2.0
−1.6 9.7+8.5

−5.2 × 1012 Y

PHZ_G106.8−83.3-12 0:43:17.700 −20:36:48.30 5.9 ± 1.4 2.3+1.0
−0.8 7.9+10.9

−5.1 × 1012 Y

PHZ_G106.8−83.3-2 0:43:14.281 −20:36:12.30 10.1 ± 1.4 2.4+1.1
−0.9 9.5+13.6

−6.4 × 1012 Y

PHZ_G106.8−83.3-3 0:43:21.689 −20:36:40.30 9.1 ± 1.5 5.2+2.3
−1.7 1.1+0.9

−0.6 × 1013 Y

PHZ_G106.8−83.3-4 0:43:02.320 −20:34:04.26 12.4 ± 2.1 2.6+1.0
−0.9 1.5+1.7

−1.0 × 1013 Y

PHZ_G106.8−83.3-5 0:43:32.230 −20:36:48.26 12.0 ± 2.1 2.7+1.1
−0.8 1.5+1.7

−0.9 × 1013 Y

PHZ_G106.8−83.3-6 0:43:41.064 −20:37:20.20 19.1 ± 3.9 >7.0 3.2+9.9
−1.5 × 1013 N

PHZ_G106.8−83.3-7 0:43:04.598 −20:34:24.27 9.4 ± 2.0 3.3+1.2
−1.1 1.1+1.1

−0.7 × 1013 Y

PHZ_G106.8−83.3-8 0:43:04.882 −20:34:52.27 8.7 ± 1.9 4.7+2.1
−1.6 1.0+0.8

−0.5 × 1013 Y

PHZ_G106.8−83.3-9 0:43:32.807 −20:40:44.26 13.9 ± 3.1 3.9+1.6
−1.2 1.3+1.2

−0.7 × 1013 Y

PHZ_G119.4−76.6-0 0:48:10.840 −13:45:56.30 24.5 ± 2.2 3.1+1.1
−1.1 2.9+3.1

−1.9 × 1013 Y

PHZ_G119.4−76.6-1 0:47:52.723 −13:41:56.28 10.7 ± 1.9 2.6+1.0
−1.1 1.9+2.1

−1.4 × 1013 Y

PHZ_G119.4−76.6-2 0:48:10.016 −13:44:28.30 10.8 ± 2.4 3.7+1.5
−1.2 1.2+1.3

−0.7 × 1013 Y

PHZ_G119.4−76.6-3 0:47:59.311 −13:40:32.30 7.4 ± 1.7 >5.5 1.1+1.6
−0.5 × 1013 Y

PHZ_G119.4−76.6-4 0:48:02.604 −13:40:12.30 7.0 ± 1.7 >2.7 8.6+11.3
−5.2 × 1012 Y

PHZ_G119.4−76.6-5 0:47:53.273 −13:41:12.28 7.6 ± 1.8 >5.5 1.1+1.2
−0.5 × 1013 Y

PHZ_G119.4−76.6-6 0:48:08.093 −13:37:24.30 9.2 ± 2.2 >5.6 1.2+1.1
−0.6 × 1013 N
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Table 1 – continued

Galaxy ID RA Dec. S850 zphot Far-IR luminosity In Planck beam
J2000 J2000 (mJy) (L�)

PHZ_G119.4−76.6-7 0:47:45.864 −13:39:36.26 10.0 ± 2.5 2.3+0.9
−0.8 9.6+12.1

−6.4 × 1012 N

PHZ_G119.4−76.6-8 0:48:13.584 −13:43:12.29 8.1 ± 2.0 >6.9 1.1+1.2
−0.5 × 1013 Y

PHZ_G132.6−81.1-0 0:57:48.895 −18:19:23.50 13.3 ± 2.1 3.3+1.4
−1.2 1.5+1.8

−1.0 × 1013 Y

PHZ_G132.6−81.1-1 0:57:52.265 −18:19:03.49 8.6 ± 2.1 >4.8 1.1+1.0
−0.6 × 1013 Y

PHZ_G171.1−78.7-0 1:27:01.926 −19:19:41.60 14.6 ± 2.1 3.1+1.1
−1.1 1.6+1.7

−1.0 × 1013 Y

PHZ_G171.1−78.7-1 1:26:50.339 −19:20:13.56 15.4 ± 3.6 5.4+2.4
−1.7 1.7+1.5

−0.9 × 1013 Y

PHZ_G171.1−78.7-2 1:27:08.708 −19:18:57.60 9.0 ± 2.1 4.9+2.4
−1.7 1.1+1.0

−0.6 × 1013 Y

PHZ_G171.1−78.7-3 1:27:08.708 −19:19:01.60 8.7 ± 2.1 4.0+2.0
−1.3 1.1+1.0

−0.6 × 1013 Y

PHZ_G173.9+57.0-0 10:28:38.124 43:25:37.69 8.5 ± 1.9 3.7+1.6
−1.2 9.5+9.9

−5.6 × 1012 Y

PHZ_G173.9+57.0-1 10:28:48.771 43:24:53.70 8.7 ± 2.0 2.4+1.0
−0.9 1.1+1.5

−0.8 × 1013 Y

PHZ_G176.6+59.0-0 10:36:56.556 41:27:22.40 15.8 ± 2.6 3.3+1.2
−1.2 1.9+1.9

−1.2 × 1013 Y

PHZ_G176.6+59.0-1 10:37:05.451 41:27:30.38 12.5 ± 3.0 2.1+1.0
−0.8 1.4+2.2

−1.0 × 1013 Y

PHZ_G214.1+48.3-0 9:52:34.268 19:08:18.69 15.7 ± 3.1 6.4+2.2
−2.0 1.8+1.4

−0.9 × 1013 Y

PHZ_G214.1+48.3-1 9:52:39.349 19:08:30.67 14.9 ± 3.2 >6.9 2.2+5.1
−1.0 × 1013 Y

PHZ_G214.1+48.3-2 9:52:09.714 19:06:26.66 15.2 ± 3.6 5.6+2.1
−1.6 1.7+1.3

−0.8 × 1013 N

Planck18p194-0 8:30:46.455 19:36:47.19 19.6 ± 1.9 3.3+1.4
−1.1 2.2+2.7

−1.4 × 1013 Y

Planck18p194-1 8:30:54.382 19:37:31.20 14.9 ± 1.7 3.3+1.4
−1.2 1.8+2.2

−1.1 × 1013 Y

Planck18p194-2 8:30:51.551 19:37:55.20 10.7 ± 1.6 5.3+2.1
−1.7 1.3+1.1

−0.7 × 1013 Y

Planck18p194-3 8:30:41.073 19:39:43.18 13.7 ± 2.5 4.9+1.7
−1.5 1.6+1.5

−0.9 × 1013 Y

Planck18p194-4 8:31:04.287 19:34:23.18 13.7 ± 3.1 3.4+1.3
−1.1 1.5+1.5

−0.9 × 1013 N

Planck18p194-5 8:30:40.228 19:36:15.17 8.5 ± 2.0 >6.7 1.3+2.3
−0.6 × 1013 Y

Planck18p194-6 8:30:51.268 19:37:31.20 6.8 ± 1.7 3.2+1.2
−1.0 8.9+9.7

−5.4 × 1012 Y

Planck18p194-7 8:30:48.719 19:37:55.20 6.5 ± 1.6 4.0+1.5
−1.2 8.1+7.8

−4.6 × 1012 Y

Planck18p735-0 1:58:48.085 −7:52:43.50 8.5 ± 2.0 2.8+1.2
−1.0 1.3+1.7

−0.9 × 1013 Y

Planck24p194-0 8:40:40.588 22:12:37.60 8.3 ± 1.6 2.8+1.1
−0.9 1.2+1.4

−0.8 × 1013 Y

PLCK_G006.1+61.8-0 14:33:47.1 12:12:60.00 16.0 ± 2.8 2.8+1.1
−1.0 1.3+1.6

−0.9 × 1013 Y

PLCK_G006.1+61.8-1 14:33:39.817 12:14:52.00 14.0 ± 3.0 3.7+1.4
−1.1 1.7+1.8

−1.0 × 1013 Y

PLCK_G009.8+72.6-0 13:59:19.151 19:19:15.97 18.7 ± 2.2 3.2+1.2
−1.1 2.2+2.3

−1.4 × 1013 Y

PLCK_G009.8+72.6-1 13:59:02.479 19:19:32.00 10.1 ± 2.2 5.3+2.0
−1.6 1.2+1.0

−0.6 × 1013 Y

PLCK_G009.8+72.6-2 13:59:28.188 19:16:27.92 11.9 ± 2.9 3.9+1.4
−1.2 1.3+1.2

−0.7 × 1013 N

PLCK_G009.8+72.6-3 13:58:57.958 19:18:15.99 11.1 ± 2.7 5.8+3.0
−2.8 1.2+1.1

−0.7 × 1013 Y

PLCK_G049.6−42.9-0 21:51:38.531 −7:05:06.90 9.9 ± 1.6 2.4+1.0
−0.9 1.2+1.6

−0.8 × 1013 Y

PLCK_G049.6−42.9-1 21:51:41.219 −7:05:54.90 7.8 ± 1.9 2.7+1.1
−0.9 7.4+8.4

−4.4 × 1012 Y

PLCK_G049.6−42.9-2 21:51:33.694 −7:05:02.90 6.5 ± 1.6 >5.6 8.7+8.5
−4.3 × 1012 Y

PLCK_G056.7+62.6-0 14:54:39.298 34:43:28.00 15.9 ± 2.7 2.9+1.2
−1.0 1.8+2.1

−1.2 × 1013 Y

PLCK_G056.7+62.6-1 14:54:38.649 34:46:24.00 10.7 ± 2.4 3.2+1.3
−1.1 1.3+1.6

−0.8 × 1013 Y

PLCK_G056.7+62.6-2 14:54:28.259 34:47:11.98 14.4 ± 3.3 3.6+1.4
−1.1 1.2+1.2

−0.7 × 1013 Y

PLCK_G068.3+31.9-0 17:33:13.960 42:42:21.70 18.8 ± 2.8 2.2+0.9
−0.8 2.5+3.1

−1.6 × 1013 Y

PLCK_G068.3+31.9-1 17:33:32.479 42:45:09.63 14.4 ± 3.6 3.3+1.2
−1.0 1.3+1.3

−0.7 × 1013 N

PLCK_G075.1+33.2-0 17:29:51.000 48:31:35.00 13.1 ± 2.7 6.2+1.6
−2.2 1.5+1.0

−0.8 × 1013 Y

PLCK_G077.7+32.6-0 17:33:47.863 50:44:56.17 14.9 ± 3.7 2.0+0.8
−0.7 8.4+10.5

−5.5 × 1012 N

PLCK_G078.9+48.2-0 15:56:11.488 50:04:32.77 12.8 ± 2.4 4.1+1.5
−1.4 1.4+1.3

−0.8 × 1013 Y

PLCK_G078.9+48.2-1 15:55:36.170 50:04:28.63 14.2 ± 3.3 >5.4 1.9+3.2
−1.0 × 1013 Y

PLCK_G082.5+38.4-0 16:55:59.511 54:30:00.89 18.1 ± 2.0 >7.0 3.3+15.3
−1.5 × 1013 Y

PLCK_G082.5+38.4-1 16:55:31.952 54:30:36.77 11.6 ± 2.8 2.0+0.9
−0.7 7.7+9.8

−5.0 × 1012 Y

PLCK_G082.5+38.4-2 16:55:39.750 54:32:28.85 10.1 ± 2.5 2.5+0.9
−0.8 8.2+8.9

−5.0 × 1012 N

PLCK_G083.3+51.0-0 15:33:13.312 51:47:39.00 12.2 ± 2.2 3.4+1.3
−1.1 1.3+1.4

−0.8 × 1013 Y

PLCK_G083.3+51.0-1 15:32:51.293 51:52:06.92 16.5 ± 3.5 4.1+1.5
−1.3 1.7+1.6

−1.0 × 1013 Y

PLCK_G083.3+51.0-2 15:32:57.793 51:46:54.97 13.0 ± 2.9 3.2+1.7
−1.0 9.2+10.0

−5.4 × 1012 Y

PLCK_G084.0−71.5-0 0:04:16.645 −12:18:09.58 16.5 ± 2.6 4.2+1.5
−1.3 1.8+1.8

−1.0 × 1013 Y
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Table 1 – continued

Galaxy ID RA Dec. S850 zphot Far-IR luminosity In Planck beam
J2000 J2000 (mJy) (L�)

PLCK_G084.0−71.5-1 0:04:17.194 −12:14:05.58 15.5 ± 3.6 >4.8 1.9+1.7
−1.0 × 1013 N

PLCK_G084.0−71.5-2 0:04:30.019 −12:17:53.60 9.1 ± 2.2 >5.6 1.2+1.0
−0.6 × 1013 Y

PLCK_G091.9+43.0-0 16:09:59.845 60:19:52.00 17.2 ± 3.2 3.6+1.3
−1.2 1.5+1.6

−0.9 × 1013 Y

PLCK_G091.9+43.0-1 16:10:14.926 60:19:15.96 15.5 ± 3.1 3.4+1.3
−1.1 1.8+1.9

−1.1 × 1013 Y

PLCK_G093.6+55.9-0 14:44:05.173 54:16:45.00 17.3 ± 3.7 >5.7 2.4+2.5
−1.2 × 1013 N

PLCK_G093.6+55.9-1 14:43:56.475 54:21:16.97 11.5 ± 2.5 3.1+1.3
−1.0 1.6+1.9

−1.0 × 1013 Y

PLCK_G132.9−76.0-0 1:01:00.549 −13:17:54.25 16.1 ± 3.8 2.6+1.0
−0.9 1.6+1.9

−1.1 × 1013 N

PLCK_G144.1+81.0-0 12:35:34.282 35:28:40.50 13.0 ± 2.7 3.4+1.3
−1.0 1.3+1.4

−0.7 × 1013 Y

PLCK_G144.1+81.0-1 12:35:46.730 35:30:08.45 14.2 ± 3.5 >6.3 2.0+2.4
−1.0 × 1013 N

PLCK_G160.7+41.0-0 9:07:54.534 56:03:10.89 22.3 ± 3.9 3.9+1.5
−1.3 2.9+3.2

−1.7 × 1013 Y

PLCK_G162.1−59.3-0 2:06:51.367 −2:16:05.80 8.1 ± 1.6 2.5+1.0
−0.9 9.1+10.7

−5.9 × 1012 Y

PLCK_G162.1−59.3-1 2:06:39.892 −2:11:21.80 14.3 ± 3.2 3.1+1.1
−1.1 2.0+2.1

−1.3 × 1013 Y

PLCK_G162.1−59.3-2 2:06:39.090 −2:16:57.80 8.4 ± 2.0 3.1+1.2
−1.1 9.8+10.9

−6.1 × 1012 N

PLCK_G162.1−59.3-3 2:06:49.232 −2:15:49.80 6.8 ± 1.6 >4.5 8.9+7.9
−4.5 × 1012 Y

PLCK_G165.8+45.3-0 9:30:34.209 51:28:06.19 14.2 ± 3.5 >5.7 1.9+1.7
−0.9 × 1013 N

PLCK_G173.8+59.3-0 10:40:31.859 42:43:23.00 12.6 ± 2.1 3.2+1.3
−1.1 1.2+1.4

−0.8 × 1013 Y

PLCK_G173.8+59.3-1 10:40:30.765 42:48:11.00 17.1 ± 3.4 >7.3 2.9+13.7
−1.3 × 1013 Y

PLCK_G177.0+35.9-0 8:30:58.465 43:40:11.16 11.0 ± 2.3 5.6+1.9
−1.6 1.4+1.1

−0.7 × 1013 N

PLCK_G177.0+35.9-1 8:31:13.948 43:38:03.20 8.1 ± 1.7 1.7+0.7
−0.7 6.0+8.2

−4.3 × 1012 Y

PLCK_G177.0+35.9-2 8:31:18.741 43:39:39.18 8.6 ± 1.8 5.5+2.8
−2.0 1.0+0.9

−0.5 × 1013 Y

PLCK_G177.0+35.9-3 8:31:41.579 43:37:50.95 14.9 ± 3.4 >5.3 1.9+1.6
−0.9 × 1013 N

PLCK_G177.0+35.9-4 8:31:02.153 43:39:59.18 9.0 ± 2.2 0.5+0.5
−0.3 2.5+10.3

−2.3 × 1012 Y

PLCK_G179.3+50.7-0 9:51:38.990 41:39:15.59 12.2 ± 1.6 2.8+1.2
−1.1 1.2+1.6

−0.8 × 1013 Y

PLCK_G179.3+50.7-1 9:51:41.131 41:39:43.60 8.4 ± 1.5 2.9+1.2
−1.0 9.1+11.6

−5.6 × 1012 Y

PLCK_G179.3+50.7-2 9:51:44.700 41:40:07.60 7.0 ± 1.5 3.7+1.7
−1.2 7.5+7.5

−4.2 × 1012 Y

PLCK_G179.3+50.7-3 9:52:00.771 41:41:47.53 9.0 ± 2.0 4.3+1.6
−1.4 1.0+1.0

−0.6 × 1013 Y

PLCK_G179.3+50.7-4 9:51:45.413 41:35:39.60 10.6 ± 2.4 >7.0 1.6+3.5
−0.7 × 1013 N

PLCK_G179.3+50.7-5 9:51:45.414 41:37:59.60 7.3 ± 1.7 3.2+1.4
−1.1 7.5+8.0

−4.5 × 1012 Y

PLCK_G186.3−72.7-0 1:56:33.074 −18:27:31.60 11.3 ± 1.8 3.0+1.3
−1.0 1.3+1.7

−0.8 × 1013 Y

PLCK_G186.3−72.7-1 1:56:33.636 −18:28:47.60 8.7 ± 2.0 5.2+2.4
−1.7 1.2+1.0

−0.6 × 1013 Y

PLCK_G186.3−72.7-2 1:56:34.199 −18:28:39.60 8.7 ± 2.0 2.9+1.2
−1.0 1.4+1.8

−0.9 × 1013 Y

PLCK_G186.6+66.7-0 11:08:36.022 35:06:04.00 12.7 ± 2.4 4.8+1.8
−1.5 1.5+1.3

−0.8 × 1013 Y

PLCK_G188.6−68.9-0 2:11:48.227 −17:00:57.40 13.4 ± 1.9 2.4+1.1
−1.0 1.3+2.0

−1.0 × 1013 Y

PLCK_G188.6−68.9-10 2:11:45.159 −17:00:41.40 9.1 ± 2.1 2.5+1.1
−1.0 1.1+1.6

−0.8 × 1013 Y

PLCK_G188.6−68.9-11 2:11:52.688 −16:59:01.40 9.9 ± 2.4 4.2+2.2
−1.4 9.5+9.1

−5.3 × 1012 Y

PLCK_G188.6−68.9-1 2:11:49.063 −17:02:49.40 8.8 ± 1.5 2.5+1.0
−0.8 8.7+10.7

−5.3 × 1012 Y

PLCK_G188.6−68.9-2 2:11:52.131 −17:02:45.40 8.3 ± 1.5 >5.1 1.2+1.2
−0.6 × 1013 Y

PLCK_G188.6−68.9-3 2:11:38.745 −17:01:09.38 10.4 ± 2.0 2.5+1.1
−0.9 1.2+1.6

−0.8 × 1013 Y

PLCK_G188.6−68.9-4 2:11:33.720 −17:04:21.36 11.6 ± 2.4 3.1+1.2
−1.1 1.4+1.5

−0.9 × 1013 Y

PLCK_G188.6−68.9-5 2:11:44.878 −17:05:57.40 9.2 ± 2.0 2.6+1.0
−0.9 9.9+11.7

−6.6 × 1012 N

PLCK_G188.6−68.9-6 2:11:51.853 −17:05:49.40 11.2 ± 2.5 3.0+1.2
−1.0 1.7+2.1

−1.1 × 1013 N

PLCK_G188.6−68.9-7 2:11:42.649 −17:00:57.39 8.9 ± 2.0 >5.7 1.2+1.1
−0.6 × 1013 Y

PLCK_G188.6−68.9-8 2:11:47.669 −17:01:45.40 7.1 ± 1.6 3.1+1.1
−1.0 1.0+1.1

−0.6 × 1013 Y

PLCK_G188.6−68.9-9 2:11:56.315 −17:03:21.39 7.8 ± 1.8 4.6+2.2
−1.4 8.8+8.0

−4.7 × 1012 Y

PLCK_G191.3+62.0-0 10:44:57.144 33:51:38.09 12.2 ± 3.0 1.6+0.8
−0.7 1.2+1.9

−0.9 × 1013 Y

PLCK_G191.3+62.0-1 10:45:07.096 33:50:50.03 16.0 ± 3.9 3.3+1.3
−1.0 1.1+1.1

−0.6 × 1013 Y

PLCK_G191.8−83.4-0 1:18:28.190 −24:34:10.19 9.6 ± 1.6 4.1+1.6
−1.4 1.0+1.0

−0.6 × 1013 Y

PLCK_G191.8−83.4-1 1:18:23.791 −24:34:26.17 12.8 ± 2.2 3.4+1.3
−1.1 1.4+1.6

−0.8 × 1013 Y

PLCK_G191.8−83.4-2 1:18:21.148 −24:36:42.15 10.9 ± 1.9 3.2+1.3
−1.1 1.1+1.2

−0.7 × 1013 Y

PLCK_G191.8−83.4-3 1:18:30.241 −24:35:38.19 9.1 ± 1.6 3.0+1.2
−1.0 1.2+1.5

−0.7 × 1013 Y
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Table 1 – continued

Galaxy ID RA Dec. S850 zphot Far-IR luminosity In Planck beam
J2000 J2000 (mJy) (L�)

PLCK_G191.8−83.4-4 1:18:25.253 −24:37:30.17 9.4 ± 1.8 2.0+0.9
−0.8 1.2+1.8

−0.9 × 1013 Y

PLCK_G191.8−83.4-5 1:18:39.920 −24:36:10.20 8.7 ± 1.7 2.1+0.9
−0.8 9.2+11.6

−6.4 × 1012 Y

PLCK_G191.8−83.4-6 1:18:27.605 −24:32:46.18 8.7 ± 1.9 >6.2 1.3+1.3
−0.6 × 1013 Y

PLCK_G191.8−83.4-7 1:18:36.693 −24:34:38.20 6.8 ± 1.5 2.5+1.8
−1.0 7.7+10.2

−5.0 × 1012 Y

PLCK_G191.8−83.4-8 1:18:41.680 −24:36:46.19 7.5 ± 1.8 3.0+1.1
−1.0 8.7+9.5

−5.3 × 1012 Y

PLCK_G191.8−83.4-9 1:18:36.986 −24:34:42.20 6.0 ± 1.5 3.5+3.3
−1.6 6.8+7.2

−4.0 × 1012 Y

PLCK_G201.1+50.7-0 9:53:11.581 27:54:30.40 9.2 ± 1.7 3.3+1.2
−1.1 1.1+1.2

−0.7 × 1013 Y

PLCK_G201.1+50.7-1 9:53:08.864 27:55:38.39 8.3 ± 1.8 1.9+1.4
−0.8 9.2+12.5

−6.3 × 1012 N

PLCK_G201.1+50.7-2 9:53:14.598 27:56:02.40 7.2 ± 1.6 3.7+1.5
−1.2 8.5+9.0

−5.0 × 1012 Y

PLCK_G201.1+50.7-3 9:53:08.562 27:55:34.39 7.6 ± 1.8 3.0+2.5
−1.4 8.3+9.5

−5.4 × 1012 N

PLCK_G213.0+65.9-0 11:04:38.213 24:36:35.50 12.3 ± 3.0 3.6+1.3
−1.1 1.3+1.2

−0.7 × 1013 Y

PLCK_G213.0+65.9-1 11:04:44.075 24:33:39.48 13.7 ± 3.4 4.8+1.6
−1.3 1.5+1.2

−0.8 × 1013 Y

PLCK_G223.9+41.2-0 9:37:14.190 10:00:05.39 16.2 ± 1.9 2.5+1.1
−0.9 1.6+2.2

−1.1 × 1013 Y

PLCK_G223.9+41.2-1 9:36:45.214 10:01:45.37 14.0 ± 2.3 3.2+1.2
−1.1 1.4+1.5

−0.9 × 1013 N

PLCK_G223.9+41.2-2 9:37:03.088 9:58:25.40 7.2 ± 1.2 1.2+0.7
−0.6 6.1+12.5

−4.7 × 1012 Y

PLCK_G223.9+41.2-3 9:36:52.257 9:58:45.39 9.4 ± 1.7 2.9+1.2
−1.0 1.2+1.4

−0.7 × 1013 Y

PLCK_G223.9+41.2-4 9:37:18.523 10:00:41.38 12.4 ± 2.4 >5.6 1.7+1.3
−0.8 × 1013 Y

PLCK_G223.9+41.2-5 9:37:01.192 9:58:29.40 5.9 ± 1.2 2.4+0.9
−0.9 6.3+7.6

−4.2 × 1012 Y

PLCK_G223.9+41.2-6 9:36:42.512 9:56:21.36 10.2 ± 2.3 4.4+2.0
−1.4 1.1+0.9

−0.6 × 1013 N

PLCK_G223.9+41.2-7 9:36:50.633 9:58:25.38 7.5 ± 1.8 4.3+1.9
−1.4 8.4+7.9

−4.7 × 1012 Y

PLCK_G328.9+71.4-0 13:24:12.114 10:15:42.39 15.5 ± 3.0 3.4+1.3
−1.2 1.8+2.0

−1.1 × 1013 N

PLCK_G328.9+71.4-1 13:24:03.171 10:12:22.40 10.5 ± 2.1 2.2+0.9
−0.8 1.3+1.7

−0.9 × 1013 Y

PLCK_G328.9+71.4-2 13:23:44.744 10:14:10.37 13.6 ± 3.1 >6.8 2.0+3.1
−0.9 × 1013 Y

PLCK_G328.9+71.4-3 13:23:46.372 10:12:22.37 12.9 ± 3.1 >6.9 2.0+4.6
−0.9 × 1013 Y

above to search for negative sources within our maps. For this pro-
cess, we avoid negative sources associated with ‘negative bowls’
surrounding bright positive sources caused by the matched-filter.
We find a total of 28 negative sources that satisfy our search crite-
ria, which is higher than the roughly two expected spurious sources
given the area observed and chosen signal-to-noise threshold. How-
ever, if we consider the effects of confusion noise of about 0.7 mJy
per beam, the number of spurious negative sources with S/N > 4
is reduced to 15. We believe this excess of significantly negative
sources is the result of relatively few repeats of the observation
fields and resulting map-making artefacts. Because the probability
of detecting both false negatives and false positives should be equal,
we expect an equal number of false positives in our catalogue. By
characterizing the properties of the false negative sources, we can
correct for the false positive contributions when estimating the red-
shift distribution and global comoving star formation density of
the sources in our catalogue. More information about these false
negatives and their properties is given below.

2.2 Herschel-SPIRE data

All our observed fields have accompanying Herschel-SPIRE ob-
servations at 250, 350 and 500 µm. These observations have been
reduced using HIPE 10 (Ott 2010), with the details given in Planck
Collaboration XXVII (2015). The images have instrumental noise
levels of 7.7, 6.3 and 7.6 mJy per pixel using the standard pixel
sizes of 6, 10 and 14 arcsec at 250, 350 and 500 µm, respectively.
Thus, the noise levels in the images are near the confusion limit of

Herschel SPIRE (Nguyen et al. 2010), which we estimate to be 7.4,
8.7 and 8.6 at 250, 350 and 500 µm, respectively, for our fields.
Confusion noise is the result having an average of more than one
source per beam, creating an undulating background. This limits
the precision to which you can know the flux density of a source in
the observations and the quoted values are 1σ uncertainties.

3 SE D M O D E L A N D F I T T I N G

We use the SEDEBLEND method as described in MacKenzie et al.
(2015) to constrain SED parameters for each source. This method
forward-models every source SED into the image plane to re-
construct simulated observations at each wavelength simultane-
ously. This model is then fit using Monte Carlo Markov chain
(MCMC) Metropolis–Hastings algorithm (Metropolis et al. 1953;
Hastings 1970) and uses a likelihood calculation that accounts for
the effects of confusion noise in the Herschel-SPIRE observations.
The version of SEDEBLEND applied here has a few key differences.
First, since we do not have a catalogue of nearby sources to use
for deblending, we instead use blank sky data to estimate the sky
covariance matrix. Specifically, we turn to the GOODS-North Her-
MES field used in MacKenzie et al. (2014), with Gaussian random
noise added in quadrature to the instrumental noise, so that the im-
ages contain the same noise levels as the Planck overdensity fields.
While the confusion noise in our fields will be higher than that of
a blank field, we estimate that the total per pixel noise in our fields
is only 10–15 per cent higher than blank fields observed for the
same amount of time. We treat the SCUBA-2-detected sources in
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the same way as the ALMA-resolved LABOCA ECDFS Submm
Survey (LESS) sources in MacKenzie et al. (2015), using the source
positions and flux density estimates at 850 µm (although source po-
sitions are not as well constrained, of course). To account for source
position uncertainty, we allow source positions to vary, with a 3 arc-
sec positional prior, applied to the radial offset, up to a maximum
of 10 arcsec. Such positional errors are typical for 5σ SCUBA-2
850 µm sources (e.g. Simpson et al. 2015). In addition to allowing
for source position uncertainties, we allow the telescope pointing to
vary with a 1.5 arcsec prior. The former positional prior accounts for
source position uncertainty due to instrumental noise and applies to
sources individually, while the latter accounts for telescope point-
ing uncertainty and affects all sources within a field in the same
manner. An additional 5 per cent calibration uncertainty is applied
to the SCUBA-2 flux estimates (Dempsey et al. 2013). Far-IR lu-
minosities are calculated by integrating the model SED from 8 to
1000 µm.

While the ALMA LABOCA ECDFS Submm Survey (ALESS)
sample had independent photometric redshift estimates (Simpson
et al. 2014), our catalogue does not. Instead, we apply a prior on dust
temperature in order to generate estimates for both redshifts and far-
IR luminosities of our sample. Of course, redshift estimates would
change if we used a different dust temperature prior; however, we
make sure to choose a prior distribution with a realistic width, and
to the extent that the dust temperature does not change dramatically
with redshift, our far-IR luminosity estimates should be reasonably
accurate. Using sources above the 4.2 mJy flux density limit of the
LESS for the ALESS follow-up in MacKenzie et al. (2015), we find
a dust temperature distribution of 34+13

−9 K (using the 16th, 50th and
84th percentile values), and we adopt this fairly broad distribution as
our dust temperature prior. Note that this represents the width of the
distribution and not the error on the mean of the distribution. This
central dust temperature and range of this prior is consistent with
previous estimates for sources selected at 850 µm (e.g. Chapman
et al. 2005; Swinbank et al. 2014).

In addition to fitting SEDs to the SCUBA-2-selected sources
in the Planck overdensity fields, we apply the same method to
SCUBA-2-selected sources from the Cosmology Legacy Survey
(CLS; Simpson et al. 2015) within the Ultra Deep Survey (UDS)
field (Lawrence et al. 2007). This field also has accompanying
Herschel-SPIRE observations from HerMES (Oliver et al. 2012).
By performing an identical analysis on the sources that are detected
in this field, we are able to perform a direct comparison with the
Planck overdensity fields. In addition to the availability of both
SCUBA-2 and Herschel-SPIRE observations, this field was chosen
because the data are deeper and the area of the sky surveyed is almost
identical to that covered by the Planck overdensity fields. Before
fitting SEDs to these sources, we add Gaussian random noise in
quadrature to the instrumental noise of the HerMES SPIRE images
to give it the same noise levels as the Planck overdensity fields,
while accounting for the difference in pixel sizes. This catalogue
contains 619 SCUBA-2-detected sources within 1.05 deg2 of sky,
with an average source flux density uncertainty of 1.2 mJy. The
large number of sources found in this field is due to the longer
integration time and steep submm number counts. Similarly, we
find 26 negative sources within the UDS field.

4 SED FITTING RESULTS

The results of the SED fitting are shown in Figs 2, 3 and listed
in Table 1 along with 68 per cent confidence intervals. Due to
the wavelength coverage of the data, we are not able to constrain

redshifts for sources with redshifts greater than about 6.5, and for
those sources we report the 16th percentile of the distributions as a
1σ lower confidence limit. For high-redshift sources, these limits are
affected by a hard prior that sources cannot have a redshift greater
than 10. Using our temperature prior of 34+13

−9 K, we achieve a pho-
tometric redshift uncertainty of δz/(1 + z) ≈ 0.28, with 68 per cent
confidence intervals skewed to higher redshifts due to the asymmet-
ric prior. In addition to fitting SEDs to the 172 SCUBA-2-detected
sources, we perform a further test of our method by fitting SEDs
to the 28 negative sources in the map above the 4σ cut-off (treat-
ing the negative flux densities at 850 µm as positive). Since there
should be no Herschel counterparts, the majority of these sources
are constrained to the high-redshift region of Fig. 2, with 19 of
the 28 negative sources falling into this category. Of the 172 pos-
itive sources in our catalogue, 32 sources have median redshifts
greater than 6.5, and should be considered suspect. Only nine nega-
tive sources coincidentally have Herschel counterparts and redshift
estimates lower than 6.5; this lack of spurious sources with low in-
ferred redshifts suggests that sources with lower redshifts should be
considered more reliable (approximately 6 per cent contamination).

5 D I SCUSSI ON

In Fig. 2, the majority of well-constrained sources have far-IR lu-
minosity estimates of around 1013 L�, corresponding to SFRs of
roughly 1000 M� yr−1. On average, these sources are more lu-
minous than those found in Planck Collaboration XXVII (2015),
which have an average of 4 × 1012 L� (assuming a dust temper-
ature of 35 K), although this is easily explained when considering
the selection effects. A representative 2 mJy 1σ detection limit at
850 µm for a 34 K source is plotted in Fig. 2 with a solid blue
line, along with Herschel-SPIRE confusion limits for a source of
the same dust temperature and dust emissivity. From these detec-
tion limits, it is clear that SCUBA-2 is more sensitive to sources at
z � 3. While Planck Collaboration XXVII (2015) found that only
3.5 per cent of Herschel-SPIRE 350 µm detected sources peak in
the 500 µm waveband, we find that 33 per cent of the SCUBA-2-
detected sources have SED models with predicted 500–350 µm flux
density ratios greater than 1.

Fig. 4 shows the estimated redshift distribution of the SCUBA-2
catalogues within the Planck beam for the Planck overdensities,
with 68 per cent confidence intervals. Also plotted is the expected
CLS UDS redshift distribution, given the same survey area and se-
lection function. This plot is generated by bootstrapping the MCMC
generated by the SEDEBLEND method and is corrected for contribu-
tions from spurious sources by subtracting the redshift distribution
of the negative SCUBA-2 sources. The majority of these negative
sources have estimated redshifts greater than 6 due to the absence of
associated Herschel-SPIRE detections and their subtraction should
correct the estimated redshift distribution for contribution from spu-
rious (positive) SCUBA-2 detections.

In order to give the CLS sources a similar selection function and
flux density boosting as the overdensity fields, we add Gaussian ran-
dom noise to the CLS SCUBA-2 fluxes, such that the distribution
of flux density uncertainties matches the distribution of randomly
selected points within the Planck overdensity fields with a flux den-
sity uncertainty <4 mJy and that are within the Planck beam. It
is important to note that this redshift distribution estimate is ac-
tually a convolution between the true redshift distribution and the
redshift error distribution, and because of this, the plotted points
are not independent. For the majority of sources in the z = 1–7
range, this error distribution function is δz/(1 + z) ≈ 0.28. The
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Figure 2. Constraints on far-IR luminosities and photometric redshifts for the sample of SCUBA-2-detected sources within the Planck ‘overdensity fields’. We
report the median values from the MCMC chains and plot 68 per cent confidence intervals for both far-IR luminosities and photometric redshifts. Photometric
redshift fits for sources with redshifts greater than 6.5 are not possible due to the peak of the SED being located outside the wavelength coverage; these sources
are shown with red points representing the 16 percentile of the distributions as a 1σ lower confidence limit. Solid lines denote approximate 1σ 2.0, 6.8, 6.3
and 5.8 mJy limits at 850, 500, 350 and 250 µm, respectively, for a 34 K dust temperature and β = 1.5 dust emissivity modified blackbody (the former is a
representative 850 µm point source flux density uncertainty and the later are the Herschel-SPIRE confusion limits from Nguyen et al. 2010). Note that our
source list is expected to have a rather large fraction of spurious sources (perhaps 15 per cent). When fitted, many sources get constrained to redshifts greater
than 6.5, since the SPIRE images contain no nearby counterparts. For redshifts less than 6.5, we only expect nine spurious sources, based on searching for
negative peaks.

distribution peaks at a higher redshift than found by Planck Col-
laboration XXVII (2015) and due to the favourable k-correction of
observing at 850 µm, this distribution may more accurately reflect
the true redshift distribution of the Planck overdensities. If most of
the Planck overdensities are in fact physically associated structures,
then those sources found by Planck Collaboration XXVII (2015)
are probably at somewhat higher redshifts and have warmer dust
temperatures than assumed. Conversely, we may be detecting colder
components of these structures at 850 µm. However, the redshift
distribution of the SCUBA-2-selected Planck overdensity sources
is not significantly different than those within the CLS UDS field,
other than a factor of roughly 4 increase in the number of sources.
Unfortunately, this finding does not help to disentangle the fraction
of Planck sources that are line-of-sight enhancements rather than
being physically associated.

Using sources within the Planck beams (defined to be the area
above half the peak flux density within each Planck map) and the
CLS UDS, we can assess what fraction of the Planck 850 µm flux
density of the 51 fields we recover with SCUBA-2. To do this, we
must first quantify the expected flux density contribution for a blank
field (we will subtract this from the total SCUBA-2 flux density of
our sources found to be within the Planck beams). Applying the
same selection function of our survey to the CLS UDS source list,
we recover a total flux density of 0.39 Jy per 1.05 deg2 (the area of

the Planck beams). From the Cosmic Background Explorer (COBE)
satellite data, the total flux density of this area should be 46 Jy
(although admittedly with about a 30 per cent uncertainty, Fixsen
et al. 1998), thus we only recover about 1 per cent of the far-IR
background in the CLS UDS field. Planck measured a total 850 µm
flux density of 23.6 Jy within the 51 fields observed (using CMB and
Galactic cirrus cleaned maps, Planck Collaboration XXXIX 2015).
Summing the SCUBA-2 850 µm flux densities of the sources found
to be within the Planck beams, we recover a total flux density
of 1.53 Jy. Subtracting off the expected blank-field contribution
estimated from the CLS UDS field, we end up with a 1.14 Jy
enhancement above the background signal, and we conclude that
we recover around 5 per cent of the Planck flux density within these
fields. Comparing the relative fractions of recovered flux densities
shows that the 850 µm number counts are enhanced by a larger
amount at high flux densities compared to fainter sources for our
survey. One must also consider that the Planck flux densities may
have a significant flux-boosting effect, due to their low S/N and
the large area used to find these overdensities; thus the fraction we
recover with SCUBA-2 may be underestimated.

In Fig. 5, we estimate the comoving SFR density for SCUBA-
2-detected Planck overdensity sources within the Planck beam and
CLS UDS fields with flux densities greater than 8 mJy (and flux
density uncertainty <2 mJy) assuming a dust temperature prior of
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Figure 3. Model SEDs of the best-fitting results for SCUBA-2 sources with constrained redshifts greater than 1. Grey and brown hatched areas denote
approximate Herschel-SPIRE and SCUBA-2 bandpasses. These bandpasses are ideally located for constraining model SED parameters for sources ranging
from a redshift of 1 through 7, given a source dust temperature of around 34 K.

Figure 4. Redshift distribution of SCUBA-2-detected sources, assuming a dust temperature prior of 34+13
−9 K, for the Planck overdensity sample within the

Planck beam. Also plotted is the expected distribution of CLS UDS sources given the same sky coverage and similar selection and flux-boosting effects. Error
bars are 68 per cent confidence intervals derived from bootstrapping the sample and have been corrected for estimated contributions from spurious sources.
The Planck overdensity fields contain a factor of about 4 more sources than the CLS UDS field, when given a similar selection function and sky coverage, but
the shape of the distribution appears similar.
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Figure 5. Comoving SFR density versus redshift for SCUBA-2-detected sources with flux densities greater than 8 mJy assuming a dust temperature prior of
34+13

−9 K. This sample is only expected to have approximately one contributing spurious SCUBA-2 source. For comparison, we also show results from fitting
to sources within the CLS UDS field, using the same technique, with a similar selection and flux-boosting effects. An order of magnitude increase in SFR
density is seen across all redshifts. The light brown points are the measurements of the global comoving star formation density from an assortment of sources,
as compiled by Madau & Dickinson (2014).

34+13
−9 K and a conversion factor of 1.08 × 10−10 M� yr−1 L−1� for a

Chabrier initial mass function (as in, e.g. Swinbank et al. 2014). We
see up to an order of magnitude increase in the SFR density in the
Planck overdensity fields in comparison with the CLS UDS field,
across a broad range of redshifts. Again, this plot is a convolution
of the true comoving SFR density with the redshift error function.
The plot is generated by bootstrapping the MCMC chains and is
corrected for contributions from spurious sources by subtracting
negative SCUBA-2 sources (although with our chosen flux cut, we
only have one negative source to subtract from the Planck over-
density fields and no correction is applied to the CLS UDS field).
We add noise to the CLS SCUBA-2 flux densities in order to simu-
late the Planck overdensity selection function, similar to above, but
here we match the flux density uncertainty distribution of regions
with uncertainty below 2 mJy. With this more strict flux density
cut-off, only 0.11 deg2 and 45 sources of the Planck overdensity
fields remain. In comparison, an average of 70 CLS UDS sources
and the majority of the original survey area are still used. This pro-
cedure gives us uncorrected number counts of 409 and 67 sources
per square degree brighter than 8 mJy for the Planck overdensity
and CLS UDS fields, respectively, i.e. the Planck fields contain
approximately six times higher surface density of 850 µm sources
than random parts of the sky.

6 C O N C L U S I O N S

We have followed up 61 PHZ candidates using SCUBA-2 on the
JCMT. Of these, 10 are strong gravitational lenses, discussed in
Canameras et al. (2015). The other 51 of the fields are referred to
as ‘Planck overdensities’ and are possible proto-cluster candidates.

We have first of all confirmed, using SCUBA-2 850 µm data, that
these fields do indeed represent regions of enhanced submm galaxy
surface density on the sky. We have used the SEDEBLEND method
from MacKenzie et al. (2015) and the available SCUBA-2 and
Herschel-SPIRE observations to constrain the redshifts and far-
IR luminosities of 172 SCUBA-2-detected sources. To do so, we
have assumed a dust temperature prior of 34+13

−9 K and find that we
achieve a redshift uncertainty of δz/(1 + z) ≈ 0.28 for the majority
of sources.

We show that these Planck-selected fields have a factor of roughly
6 more sources above 8 mJy at 850 µm than blank field surveys,
and that most of these sources are between a redshift of 2 and 4.
These sources appear to follow approximately the same redshift dis-
tribution as those found in blank field surveys. We resolve around
5 per cent of the total Planck flux density. Given the same selec-
tion function, blank field surveys only recover about 1 per cent
of the extragalactic far-IR background, and thus we conclude that
the number counts in these fields are more enhanced at high flux
densities (>8 mJy) than at lower flux densities. We show that the
SFR density in these fields are approximately an order of magnitude
higher for sources >8 mJy for redshifts out to z ∼ 6. Determining
if the structures are in fact physically associated, or if some are
simply chance alignments, will require spectroscopic redshifts at
either optical or submm wavelengths. Such follow-up programmes
are already underway.
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