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ABSTRACT
We investigate the properties of the galaxies selected from the deepest 850-µm survey under-
taken to date with (Submillimetre Common-User Bolometer Array 2) SCUBA-2 on the James
Clerk Maxwell Telescope as part of the SCUBA-2 Cosmology Legacy Survey. A total of 106
sources (>5σ ) were uncovered at 850 µm from an area of �150 arcmin2 in the centre of the
COSMOS/UltraVISTA/Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS) field, imaged to a typical depth of σ 850 � 0.25 mJy. We utilize the available
multifrequency data to identify galaxy counterparts for 80 of these sources (75 per cent), and
to establish the complete redshift distribution for this sample, yielding z̄ = 2.38 ± 0.09. We
have also been able to determine the stellar masses of the majority of the galaxy identifications,
enabling us to explore their location on the star formation rate:stellar mass (SFR:M∗) plane.
Crucially, our new deep 850-µm-selected sample reaches flux densities equivalent to SFR �
100 M� yr−1, enabling us to confirm that sub-mm galaxies form the high-mass end of the
‘main sequence’ (MS) of star-forming galaxies at z > 1.5 (with a mean specific SFR of sSFR
= 2.25 ± 0.19 Gyr−1 at z � 2.5). Our results are consistent with no significant flattening
of the MS towards high masses at these redshifts. However, our results add to the growing
evidence that average sSFR rises only slowly at high redshift, resulting in log10sSFR being an
apparently simple linear function of the age of the Universe.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: starburst – cosmology:
observations – submillimetre: galaxies.

1 IN T RO D U C T I O N

It is now well known that approximately half of the starlight in
the Universe is re-processed by cosmic dust and re-emitted at
far-infrared wavelengths (Dole et al. 2006). However, due to a
combination of the inescapable physics of diffraction, the molec-
ular content of our atmosphere, and the technical difficulties of
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sensitive high-background imaging, it has proved difficult to con-
nect the UV/optical and far-infrared/sub-mm views of the Uni-
verse into a consistent and complete picture of galaxy forma-
tion/evolution. Thus, while the advent of Submillimetre Common-
User Bolometer Array (SCUBA) on the 15-m James Clerk Maxwell
Telescope (JCMT) in the late 1990s (Holland et al. 1999) enabled
the first discovery of distant dusty galaxies with star formation rates
SFR � 1000 M�yr−1 (e.g. Smail, Ivison & Blain 1997; Barger et al.
1998; Hughes et al. 1998; Eales et al. 1999), such objects initially
seemed too extreme and unusual to be easily related to the more
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numerous, ‘normal’ star-forming galaxies being uncovered at
UV/optical wavelengths at comparable redshifts (z � 2–4) by Keck
(e.g. Steidel et al. 1996) and the Hubble Space Telescope (HST;
e.g. Madau et al. 1996). In recent years, the study of rest-frame
UV-selected galaxies has been extended out beyond z � 10 (see
Dunlop 2013 for a review, and Coe et al. 2013; Ellis et al. 2013;
McLure et al. 2013; Bowler et al. 2012, 2014; Oesch et al. 2014;
Bouwens et al. 2015; Finkelstein et al. 2015; Ishigaki et al. 2015;
McLeod et al. 2015), while a number of sub-mm-selected galax-
ies have now been confirmed at z > 4 (Capak et al. 2008; Coppin
et al. 2009; Daddi et al. 2009a,b; Knudsen et al. 2010; Riechers
et al. 2010; Cox et al. 2011; Combes et al. 2012; Weiss et al. 2013)
with the current redshift record holder at z = 6.34 (Riechers 2013).
However, while such progress is exciting, at present there is still rel-
atively little meaningful intersection between these UV/optical and
far-infrared/sub-mm studies of the high-redshift Universe (although
see Walter et al. 2012).

At more moderate redshifts, however, recent years have seen
increasingly successful efforts to bridge the gap between the un-
obscured and dust-enshrouded views of the evolving galaxy pop-
ulation. Of particular importance in this endeavour has been the
power of deep 24 µm imaging with the MIPS instrument on board
Spitzer, which has proved capable of providing a useful estimate
of the dust-obscured star formation activity in a significant fraction
of optically selected galaxies out to z � 1.5–2 (e.g. Caputi et al.
2006; Elbaz et al. 2010). Indeed, MIPS imaging of the GOODS
survey fields played a key role in establishing what has proved to
be a fruitful framework for the study of galaxy evolution, namely
the existence of a so-called main sequence (MS) for star-forming
galaxies, in which star formation rate is found to be roughly pro-
portional to stellar mass (SFR ∝ M∗; Daddi et al. 2007; Noeske
et al. 2007; Renzini & Peng 2015), with a normalization that rises
with increasing redshift (e.g. Santini et al. 2009; Oliver et al. 2010;
Elbaz et al. 2011; Karim et al. 2011; Rodighiero et al. 2011, 2014;
Johnston et al. 2015; Salmon et al. 2015; Schreiber et al. 2015;
Tasca et al. 2015).

Interest in the MS of star-forming galaxies has continued to grow
(see Speagle et al. 2014 for a useful and comprehensive overview),
not least because of the difficulty encountered by most current mod-
els of galaxy formation in reproducing its apparently rapid evolution
between z � 0 and z � 2 (e.g. Mitchell et al. 2014). However, it
has, until now, proved very difficult to extend the robust study of
the MS beyond z � 2 and to the highest masses (e.g. Steinhardt
et al. 2014; Leja et al. 2015; Salmon et al. 2015). This is because an
increasing fraction of star formation is enshrouded in dust in high-
mass galaxies, and Spitzer MIPS and Herschel become increasingly
ineffective in the study of dust-enshrouded SF with increasing red-
shift (due to a mix of wavelength and resolution limitations), as the
far-infrared emission from dust is redshifted into the sub-mm/mm
regime.

A complete picture of star formation in more massive galax-
ies at high redshift can therefore only be achieved with ground-
based sub-mm/mm observations, which provide image quality at
sub-mm wavelengths that is vastly superior to what can currently
be achieved from space. The challenge, then, is to connect the
population of dusty, rapidly star-forming high-redshift galaxies re-
vealed by ground-based sub-mm/mm surveys to the population
of more moderate star-forming galaxies now being revealed by
optical/near-infrared observations out to the highest redshifts. On
a source-by-source basis, this can now be achieved by targeted
follow-up of known optical/infrared-selected galaxies with ALMA
(e.g. Ono et al. 2014). However, this will inevitably produce a biased

perspective which can only be re-balanced by also continuing to
undertake ever deeper and wider sub-mm/mm surveys capable of
detecting highly obscured objects (again, potentially, for ALMA
follow-up; Hodge et al. 2013; Karim et al. 2013), and thus complet-
ing our census of star-forming galaxies in the young Universe.

This is one of the primary science drivers for the SCUBA-2 Cos-
mology Legacy Survey (S2CLS). The S2CLS is advancing the field
in two directions. First, building on previous efforts with SCUBA
(e.g. Scott et al. 2002; Coppin et al. 2006; Scott, Dunlop & Ser-
jeant 2006), MAMBO (e.g. Bertoldi et al. 2000; Greve et al. 2004),
LABOCA (e.g. Weiss et al. 2009) and AzTEC (e.g. Austermann
et al. 2010; Scott et al. 2012), the S2CLS is using the improved
mapping capabilities of SCUBA-2 (Holland et al. 2013) to ex-
tend surveys for bright (S850 > 5 mJy) sub-mm sources to areas
of several square degrees, yielding large statistical samples of such
sources (>1000). Secondly, the S2CLS is exploiting the very dryest
(Grade-1) conditions at the JCMT on Mauna Kea, Hawaii, to obtain
very deep 450 µm imaging of small areas of sky centred on the HST
CANDELS fields (Grogin et al. 2011), which provide the very best
multiwavelength supporting data to facilitate galaxy counterpart
identification and study. The first such deep 450 µm image has been
completed in the centre of the COSMOS-CANDELS/UltraVISTA
field, with the results reported by Geach et al. (2013) and Rose-
boom et al. (2013). Here, we utilize the ultradeep 850 µm image
of the same region, which was automatically obtained in parallel
with the 450 µm imaging. While the dryest weather is more essen-
tial for the shorter wavelength imaging at the JCMT, such excellent
conditions (and long integrations) inevitably also benefit the paral-
lel 850 µm imaging. Consequently, the 850 µm data studied here
constitute the deepest ever 850 µm survey ever undertaken over an
area �150 arcmin2.

The depth of the new S2CLS 850 µm imaging is typically σ 850 �
0.25 mJy. This is important because it means that galaxies detected
near the limit of this survey have SFR � 100 M� yr−1, which is
much more comparable to the highest SFR values derived from
UV/optical/near-infrared studies than the typical SFR sensitivity
achieved with previous single-dish sub-mm/mm imaging (i.e. SFR
� 1000 M� yr−1 as a result of σ 850 � 2 mJy). Ultimately, of course,
ALMA will provide even deeper sub-mm surveys with the resolu-
tion required to overcome the confusion limit of the single-dish
surveys. However, because of its modest field of view (∼20 arcsec
at 850 µm), it is observationally expensive to survey large areas of
blank sky with ALMA, and contiguous mosaic surveys are hard to
justify at depths where the source surface density is significantly
less than one per pointing. Thus, at the intermediate depths probed
here, the S2CLS continues to occupy a unique and powerful niche
in the search for dust-enshrouded star-forming galaxies.

The fact that previous sub-mm/mm surveys were only generally
capable of detecting very extreme objects has undoubtedly con-
tributed to some of the confusion/controversy over the nature of
galaxies selected at sub-mm/mm wavelengths; while Michałowski
et al. (2012b) and Roseboom et al. (2013) have presented evidence
that sub-mm selected galaxies lie on the high-mass end of the MS
at z = 2–3, others have continued to argue that, like many local
ULIRGs, they are extreme pathological objects driven by recent
major mergers (e.g. Hainline et al. 2011). Some of this debate re-
flects disagreements over the stellar masses of the objects rather
than their star formation rates (e.g. Michałowski et al. 2014). Nev-
ertheless, the fact that even high-mass galaxies on the MS lay right
at the detection limits of previous sub-mm surveys inevitably re-
sulted in many sub-mm-selected objects apparently lying above the
MS, fuelling arguments about whether they were indeed significant
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outliers, or whether we have simply been uncovering the positive
tail in SFR around the MS (see Roseboom et al. 2013).

The much deeper 850 µm survey studied here is capable of set-
tling this issue, provided of course we can overcome the now cus-
tomary challenge of identifying the galaxy counterparts of most
of the sub-mm sources, and determining their redshifts, SFRs and
stellar masses (M∗) (e.g. Ivison et al. 2007; Dunlop et al. 2010;
Biggs et al. 2011; Wardlow et al. 2011; Michałowski et al. 2012a;
Koprowski et al. 2014). However, in this effort, we are also aided
by the depth of the SCUBA-2 data, and by the additional positional
information provided by the (unusual) availability of 450 µm de-
tections (with FWHM � 8 arcsec) for 50 per cent of the sample.
We also benefit hugely from the unparalleled multifrequency sup-
porting data available in the CANDELS fields, provided by HST,
Subaru, Canada–France–Hawaii Telescope (CFHT), Vista, Spitzer,
Herschel and the Very Large Array (VLA).

This paper is structured as follows. In Section 2, we present the
SCUBA-2 and other multiwavelength data utilized in this work.
Then, in Section 3, we explain how optical/infrared galaxy coun-
terparts were established for the SCUBA-2 sources, and summarize
the resulting identification statistics. Next, in Section 4, we ex-
plain the calculation of the photometric redshifts, both from the
optical–infrared data for the galaxy identifications, and from the
long-wavelength data for the unidentified or spuriously identified
sources. The resulting redshift distribution for the complete 106-
source S2CLS sample is presented here, and compared with the
redshift distributions derived from other recent sub-mm/mm sur-
veys. In Section 5, we move on to derive and discuss the physical
properties of the sources (such as dust temperature, bolometric lumi-
nosity, SFR, stellar mass), culminating in the calculation of specific
SFR and the exploration of the star-forming MS. Our conclusions
are summarized in Section 6. All magnitudes are quoted in the AB
system (Oke 1974; Oke & Gunn 1983) and all cosmological calcu-
lations assume �M = 0.3, �� = 0.7 and H0 = 70 km s−1 Mpc−1.

2 DATA

2.1 SCUBA-2 imaging and source extraction

We used the deep 850 µm and 450 µm S2CLS imaging of the central
� 150 arcmin2 of the COSMOS/UltraVISTA field, coincident with
the Spitzer SEDS (Ashby et al. 2013) and HST CANDELS (Grogin
et al. 2011) imaging. The observations were taken with SCUBA-
2 mounted on the JCMT between October 2011 and March 2013,
reaching depths of σ 850 � 0.25 mJy and σ 450 � 1.5 mJy (Geach et al.
2013, Roseboom et al. 2013, Geach et al., in preparation). In order
to enable effective 450 µm observations, only the very best/dryest
conditions were used (i.e. τ 225 GHz < 0.05), and to maximize depth
the imaging was undertaken with a ‘daisy’ mapping pattern (Bintley
et al. 2014).

The details of the reduction process are described in Roseboom
et al. (2013), and so only a brief description is given here.

The data were reduced with the SMURF package1 V1.4.0
(Chapin et al. 2013) with flux calibration factors (FCFs) of
606 Jy pW−1 Beam−1 for 450 µm and 556 Jy pW−1 Beam−1 for
850 µm (Dempsey et al. 2013).

The noise-only maps were constructed by inverting an odd half
of the ∼30 min scans and stacking them all together. In the science

1 http://www.starlink.ac.uk/docs/sun258.htx/sun258.html

maps, the large-scale background was removed by applying a high-
pass filter above 1.3 Hz to the data (equivalent to 120 arcsec given
the SCUBA-2 scan rate). Then a ‘whitening filter’ was applied to
suppress the noise in the map whereby the Fourier transform of
the map is divided by the noise-only map power spectrum, normal-
ized by the white-noise level and transformed back into real space.
The effective point-source response function (PRF) was constructed
from a Gaussian with a full width at half-maximum (FWHM) of
14.6 arcsec following the same procedure. Finally, the real sources
with a signal-to-noise ratio (SNR) of better than 5 were extracted
by convolving the whitened map with the above PRF (see section
4.2 of Chapin et al. 2013).

The 850 µm image and the sources extracted from it are shown in
Fig. 1, while the positions and sub-mm photometry for the sources
are listed in Appendix, Table A1.

A total of 106 850 µm sources were found within the map with
an SNR >5. The photometry at 450 µm was performed in the same
manner, but assuming the PRF at 450 µm to be a Gaussian of FWHM
= 8 arcsec. The 450 µm counterparts to the 850 µm sources were
adopted if a 450 µm-selected source was found within 6 arcsec of
the 850 µm centroid. As seen in Fig. 2, 53 850 µm sources have
450 µm counterparts with the mean separation of 2.7 ± 0.2 arcsec.
Otherwise, for the purpose of Spectral Energy Distribution (SED)
fitting, the 450 µm flux density was measured at the 850 µm position
(flags 1 and 0 in Table A1, respectively).

The completeness of the 850 µm catalogue was assessed by
injecting sources of known flux density into the noise-only maps.
Overall 104 objects were used, split into 10 logarithmically spaced
flux-density bins between 1 and 60 mJy. In total 2000 simulated
maps were created, and the source extraction was performed in
the same way as with the real maps. The completeness was then
assessed by dividing the number of extracted sources by the number
of sources inserted into the noise-only maps, and the results are
shown in Fig. 3.

2.2 Supporting multifrequency data

This first deep S2CLS pointing within the COSMOS/UltraVISTA
field was chosen to maximize the power of the available ancil-
lary multiwavelength data, in particular the HST Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)2

imaging (Grogin et al. 2011). In addition, the optical Canada–
France–Hawaii Telescope Legacy Survey (CFHTLS; Gwyn 2012),
the Subaru/Suprime-Cam z′-band (Taniguchi et al. 2007; Furusawa
et al., in preparation) and UltraVISTA near-infrared data (Mc-
Cracken et al. 2012) were used. The catalogues were made by
smoothing all the ground-based and HST data to the seeing of the
UltraVISTA Y-band image with the Gaussian of FWHM = 0.82 arc-
sec (for details, see Bowler et al. 2012, 2014, 2015). The catalogue
was selected in the smoothed CANDELS H-band image and pho-
tometry was measured in 3 arcsec apertures using the dual-mode
function in SEXTRACTOR (Bertin & Arnouts 1996) on all other PSF
homogenized images.

The Spitzer IRAC flux densities at 3.6 µm and 4.5 µm were
measured from the S-COSMOS survey (Sanders et al. 2007), after
image deconfusion based on the UltraVISTA Ks-band image; using
GALFIT (Peng et al. 2002) the Ks-band images were modelled, and the
corresponding structural parameters were then applied to both the
3.6 µm and 4.5 µm data and the flux-densities allowed to vary until

2 http://candels.ucolick.org
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Figure 1. The SCUBA-2 850 µm map of the central sub-region of the COSMOS/UltraVISTA field. All 106 sources extracted with SNR > 5σ are highlighted
with red circles, and marked with the ID number by which the sources are tabulated in Table A1. As explained in Section 2.2 two optical–infrared catalogues
were utilized in this work. The catalogue with the HST CANDELS and deconfused IRAC SEDS data, which contains sources extracted from the map covering
the CANDELS area (enclosed by the two blue vertical lines), and the catalogue without the HST data (outside the blue lines) which was used only for
20 sources.

the optimum fit to the IRAC image of each object was achieved (af-
ter convolution with the appropriate PSFs). The infinite-resolution
scaled model IRAC images created in this way were then smoothed
again to match the seeing of the UltraVISTA Y-band image, after
which the IRAC flux densities were measured within 3 arcsec aper-
tures. For the small number of objects selected from the SCUBA-2
map which lay outside the area with CANDELS HST imaging (see
Fig. 1), the Ks-band UltraVISTA image was used as the primary
image for near-infrared candidate counterpart selection.

The 24 µm catalogue was constructed using the MIPS 24 µm
imaging from the S-COSMOS survey (Le Floc’h et al. 2009). The
source extraction was performed on the publicly available imaging
using the STARFINDER IDL package (Diolaiti et al. 2000). The resulting
catalogue covers ∼2.1 deg2 and reaches the depth of σ � 13 µJy
(for details, see Roseboom et al. 2013).

For the extraction of far-infrared flux densities and limits we used
the Herschel (Pilbratt et al. 2010) Multi-tiered Extragalactic Survey
(Oliver et al. 2012) and the Photodetector Array Camera and Spec-
trometer (PACS; Poglitsch et al. 2010) Evolutionary Probe (Lutz
et al. 2011) data obtained with the Spectral and Photometric Imag-
ing Receiver (SPIRE; Griffin et al. 2010) and PACS instruments,
covering the entire COSMOS field. We utilized Herschel maps at
100, 160, 250, 350 and 500 µm with beam sizes of 7.39, 11.29, 18.2,
24.9 and 36.3 arcsec, and 5σ sensitivities of 7.7, 14.7, 24.0, 27.5 and

30.5 mJy, respectively. We obtained the fluxes of each SCUBA-2
source in the following way. We extracted 120-arcsec-wide stamps
from each Herschel map around each SCUBA-2 source and used
the PACS (100, 160 µm) maps to simultaneously fit Gaussians with
the FWHM of the respective map, centred at all radio and 24 µm
sources located within these cut-outs, and at the positions of the
SCUBA-2 optical identifications (IDs, or just sub-mm positions if
no IDs were selected). Then, to deconfuse the SPIRE (250, 350
and 500 µm) maps in a similar way, we used the positions of the
24 µm sources detected with PACS (at >3σ ), the positions of all
radio sources, and the SCUBA-2 ID positions.

Finally, the VLA COSMOS Deep catalogue was used where
the additional VLA A-array observations at 1.4 GHz were obtained
and combined with the existing data from the VLA-COSMOS Large
project (for details, see Schinerrer et al. 2010). This catalogue covers
� 250 arcmin2 and reaches a sensitivity of σ = 12 µJy beam−1.

3 SC U BA - 2 SO U R C E I D E N T I F I C AT I O N S

In order to find the optical counterparts for sub-mm sources, for
which positions are measured with relatively large beams, a simple
closest-match approach is not sufficiently accurate. We therefore
use the method outlined in Dunlop et al. (1989) and Ivison et al.
(2007) where we adopt the 2.5σ search radius around the SCUBA-2
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Figure 2. The distribution of the separation between 850 µm and 450 µm
positions, where the maximum search radius was set to 25 arcsec. Based on
this distribution, it was decided that a 450 µm source and an 850 µm source
lying within 6 arcsec of each other correspond to the same galaxy (for such
pairs, the mean separation is 2.7 ± 0.2 arcsec). As detailed in Table A1,
there are 53 850 µm sources with 450 µm counterparts (50 per cent).

Figure 3. Completeness of the 850 µm source sample as a function of flux
density based on 2000 simulated maps with source extraction performed on
104 artificially created objects.

position based on the SNR: rs = 2.5 × 0.6 × FWHM/SNR, where
FWHM � 15 arcsec. In order to account for systematic astrome-
try shifts (caused by pointing inaccuracies and/or source blending;
e.g. Dunlop et al. 2010), we enforce a minimum search radius of
4.5 arcsec. Within this radius we calculate the corrected Poisson
probability, p, that a given counterpart could have been selected by
chance.

For reasons explained below, the VLA 1.4 GHz and Spitzer MIPS
24 µm and IRAC 8 µm (with addition of 3.6 µm) bands were
chosen for searching for galaxy counterparts. In the case of the
MIPS 24 µm band, the minimum search radius was increased to
5 arcsec to account for the significant MIPS beam size (� 6 arcsec).
The optical/near-infrared catalogues were then matched with these
coordinates using a search radius of r = 1.5 arcsec and the closest
match taken to be the optical counterpart. In addition, we utilized
the Herschel, SCUBA-2 and VLA photometry to help isolate likely
incorrect identifications (Section 4.2).

The results of the identification process are summarized in Ta-
ble A2, where the most reliable IDs (p ≤ 0.05) are marked in bold,

Figure 4. A demonstration that the distribution of positional offsets be-
tween the 850 µm sources and identified galaxy counterparts is consistent
with statistical expectations. The histograms show the cumulative distribu-
tion of positional offset divided by positional uncertainty, where the posi-
tional uncertainty for each SCUBA-2–counterpart association is derived by
calculating the uncertainty in the position of both the 850 µm source and its
counterpart (based on the standard formula σ = 0.6 × FWHM/SNR; see
Section 3), and adding these in quadrature, with an additional 2 arcsec added
in quadrature to account for JCMT pointing uncertainties. The histograms
show the distributions for the most secure p < 0.05, and less secure p <

0.1 identifications, while the curve shows the prediction assuming a Gaus-
sian distribution. This plot provides reassurance that, at the flux level of the
sources considered here, source confusion has not significantly distorted the
source positions, and source blending is not a significant issue.

the tentative IDs (0.05 < p ≤ 0.1) are marked in italics, and incor-
rectly identified sources (as discussed in Section 4.2) are marked
with asterisks.

Given the depth of the 850 µm imaging utilized here, it is im-
portant to check that source positions have not been significantly
distorted by source confusion. We have therefore checked that the
distribution of positional offsets between the 850 µm sources and
their adopted multifrequency counterparts is as expected, assum-
ing the standard formula for positional uncertainty (i.e. σ = 0.6 ×
FWHM/SNR). The results, shown in Fig. 4, provide reassurance
that the vast majority of source positions have not been significantly
distorted by confusion/blending, and that our association process is
statistically valid.

3.1 Radio and 24 µm counterparts

The 850 µm band is sensitive to the cool dust re-radiating energy
absorbed from hot, young stars. The radio band also traces recent
star formation via synchrotron radiation from relativistic electrons
produced within supernovae (SNe; Condon 1992). The 24 µm wave-
band is in turn sensitive to the emission from warm dust, and since
sub-mm-selected galaxies are dusty star-forming galaxies, they are
also expected to be reasonably luminous in this band. There is thus
a good physical motivation for searching for the counterparts of
SCUBA-2 sources in the VLA and MIPS imaging. In addition, the
surface density of sources in these wavebands is low enough for
chance positional coincidences to be rare (given a sufficiently small
search radius).

As seen in Table 1 (before the corrections of Section 4.2), at
1.4 GHz the ID success rate is only 14 per cent (15 out of 106
sources, all with p ≤ 0.05) but at 24 µm the success rate is 69 per cent
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Table 1. The radio/infrared/optical identification statistics for the 850 µm S2CLS COSMOS sample used in this work. The number of reliably (with a
probability of chance association, p < 0.05), tentatively (with 0.05 < p ≤ 0.1) and all (p ≤ 0.1) identified sources are given (with the percentage, out
of 106 sources, in brackets). The columns give the ID success rate at a given band followed by the overall radio/mid-infrared ID success rate, the raw
optical ID success rate and revised optical ID success rate after checking for consistency with the long-wavelength photometric redshifts (see Fig. 5
and Section 4.2).

1.4 GHz 24 µm 8 µm Radio/IR Optical optical
overall before corr. After corr.

Reliable (p ≤ 0.05) 15 (14 per cent) 62 (58 per cent) 37 (35 per cent) 67 (63 per cent) 67 (63 per cent) 54 (51 per cent)
Tentative (0.05 < p ≤ 0.1) 0 (0 per cent) 11 (10 per cent) 20 (19 per cent) 13 (12 per cent) 13 (12 per cent) 8 (8 per cent)
All (p ≤ 0.1) 15 (14 per cent) 73 (69 per cent) 57 (54 per cent) 80 (75 per cent) 80 (75 per cent) 62 (58 per cent)

(73 out of 106, 62 of which have p ≤ 0.05). Combining both meth-
ods, the successful identification rate is 70 per cent (74 out of 106,
63 of which have p ≤ 0.05). The striking difference in these statis-
tics is due to the fact that the S-COSMOS 24 µm imaging utilized
here is relatively deeper than the radio data currently available in
the COSMOS field.

3.2 8 µm counterparts

In order to maximize the identification success rate, we also
searched for counterparts in the S-COSMOS IRAC 8 µm imag-
ing. At the redshifts of interest, this waveband traces the rest-frame
near-infrared light coming from the older, mass-dominant stellar
populations in galaxies. Given the growing evidence that sub-mm
galaxies are massive, it is expected that they will be more luminous
than average in this waveband (e.g. Dye et al. 2008; Michałowski,
Hjorth & Watson 2010; Biggs et al. 2011; Wardlow et al. 2011). We
found that 57 of the 106 SCUBA-2 sources (54 per cent) had 8 µm
counterparts, 37 of which have p ≤ 0.05. However, unsurprisingly,
several of these identifications simply confirmed the identifications
already secured via the radio and/or 24 µm cross-matching, and the
search for 8 µm counterparts only added five new identifications
(two of which have p ≤ 0.05) to the results described in the previous
subsection.

3.3 Optical counterparts

In total, therefore, we identified radio/mid-infrared counterparts for
80 of the 106 SCUBA-2 850 µm sources (67 of which have p ≤
0.05; see Table A2), and hence achieved an identification success
rate of 75 per cent. The identification success rate achieved in each
individual waveband is given in Table 1. In addition, we present
postage-stamp images for all the sources in the online version
(Fig. B1), with all the identifications marked with the appropriate
symbols.

To complete the connection between the SCUBA-2 sources and
their host galaxies, within the area covered by the CANDELS HST
WFC3/IR imaging (Fig. 1) we matched the statistically significant
mid-infrared and radio counterparts to the galaxies in the CAN-
DELS H160-band imaging using a maximum matching radius of
1.5 arcsec. This yielded accurate positions for the optical identifi-
cations of 60 of the SCUBA-2 sources (Table A3). For those few
SCUBA-2 sources which lie outside the CANDELS HST imag-
ing, we matched the statistically significant mid-infrared and radio
counterparts to the galaxies in the Ks-band UltraVISTA imaging
(using the same maximum matching radius). This yielded accurate
positions for the optical identifications of the remaining 20 sources
(Table A4). We note that galaxies SC850-37, 46 and 61, even though
successfully identified in the optical/near-infrared, turned out to be

too close to a foreground star for reliable photometry (Fig. B1 in the
online version) and therefore no optical redshifts or stellar masses
were derived and utilized in the subsequent analysis.

4 R EDSHI FTS

4.1 Photometric redshifts

For all the identified sources, the multiband photometry given in
Tables A3 and A4 was used to derive optical–infrared photometric
redshifts using a χ2-minimization method (Cirasuolo et al. 2007,
2010) with a template-fitting code based on the HYPERZ package
(Bolzonella, Miralles & Pelló 2000). To create template galaxy
SEDs, the stellar population synthesis models of Bruzual & Charlot
(2003) were applied, using the Chabrier (2003) stellar initial mass
function (IMF) with a lower and upper mass cut-off of 0.1 and
100 M�, respectively. A range of single-component star formation
histories were explored, as well as double-burst models. Metallicity
was fixed at solar, but dust reddening was allowed to vary over
the range 0 ≤ AV ≤ 6, assuming the law of Calzetti et al. (2000).
The HI absorption along the line of sight was applied according
to Madau (1995). The optical–infrared photometric redshifts for
the 77 optically identified sources for which photometry could be
reliably extracted (i.e. the 80 identified sources excluding SC850-
37, 46 and 61) are given in Table A5. Also given in this table are
the optical spectroscopic redshifts where available. We note that, in
general, zspec and zp are in excellent agreement, except for the two
SCUBA-2 sources which are associated with active galactic nuclei
(AGN; sources 65 and 72), presumably because no AGN template
was included in the photometric redshift fitting procedure.

In addition, for every SCUBA-2 source we used the 450 and
850 µm photometry as well as the Herschel 100, 160, 250, 350,
500 µm and VLA 1.4 GHz flux densities (or limits) to obtain
‘long-wavelength’ photometric redshifts (zLW). This was achieved
by fitting the average SED template of sub-mm galaxies from
Michałowski et al. (2010) to the measured flux densities and er-
rors in all eight of these long-wavelength bands (including flux-
density measurements corresponding to nondetections). The result-
ing ‘long-wavelength’ redshift estimates for all 106 sources are also
given in Table A5.

4.2 Redshift/identification refinement

Given the statistical nature of the identification process described
above, there is always a possibility that some identifications are in-
correct (as revealed by interferometric follow-up – e.g. Hodge et al.
2013; Koprowski et al. 2014), and indeed, even when the probability
of chance coincidence is extremely small, it can transpire that the
optical counterpart is not, in fact, the correct galaxy identification,
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Figure 5. The left-hand panel shows the ‘long-wavelength’ photometric redshifts (zLW) derived for the SCUBA-2 sources plotted against the optical–infrared
photometric redshifts (zp) of the optical identifications (see Section 4.2). The central blue solid line shows the 1:1 relation. As illustrated in the right-hand
panel, the sources lying below the 1:1 relation display a distribution of normalized redshift offsets (i.e. r = (zLW − zp)/(1 + zp)) which is approximately
Gaussian with σ = 0.14. The positive side of this distribution is also reasonably well fitted by this same Gaussian, but there is a long positive tail, indicative
of the fact that a significant subset of the identifications have a value of zp which is much smaller than the (identification independent) ‘long-wavelength’
photometric redshift of the SCUBA-2 source (zLW). Given the potential for misidentification (e.g. through galaxy–galaxy gravitational lensing), we view such
discrepancies as evidence that zp, or more likely the galaxy identification itself, is in error. The upper and lower blue solid lines in the left-hand panel show the
±3σ limits of the Gaussian distribution, and so we choose to reject the optical identifications (and hence also zp) for the sources that lie above the 3σ limit
(red dots). This same 3σ limit is shown by the black vertical line in the right-hand panel.

but is actually an intervening galaxy, gravitationally lensing a more
distant sub-mm source (e.g. Dunlop et al. 2004). In either case, a
misidentification will lead to an underestimation of the true redshift
of the sub-mm source, and indeed dramatic discrepancies between
zp and zLW can potentially be used to isolate misidentified sources.

In Fig. 5, we have therefore plotted zLW versus zp in an attempt
to test the consistency of these two independent redshift estimators.
From this plot, it can be seen that, for the majority of sources, the two
redshift estimates are indeed consistent, with the normalized offset
in zLW (r = (zLW − zp)/(1 + zp)) displaying a Gaussian distribution
with σ = 0.14. However, there is an extended positive tail to this
distribution, indicative of the fact that a significant subset of the
identifications have a value of zp which is much smaller than the
(identification independent) ‘long-wavelength’ photometric redshift
of the SCUBA-2 source, zLW. Given the aforementioned potential
for misidentification (and concomitant redshift underestimation),
we have chosen to reject the optical identifications (and hence also
zp) for the sources that lie more than 3σ above the 1:1 redshift
relation (see Fig. 5 and caption for details). This may lead to the
rejection of a few correct identifications, but this is less important
than the key aim of removing any significant redshift biases due
to misidentifications, and also the value of retaining only the most
reliable set of identified sources for further study.

The effect of this cut is the rejection of 18 of the 80 optical identi-
fications derived in Section 3. These rejected optical IDs are flagged
with asterisks in Table A2 and zeros in Table A5. We emphasize that
the rejection of these low-redshift identifications does not impact
significantly on the investigation of the physical properties of the
sub-mm sources at z � 1–4 pursued further below, because if the
low-redshift IDs were retained, they would not feature in the rele-
vant redshift bins, while adoption of the long-wavelength redshift
for these sources means that we do not include these sources in the
sample of objects with reliable stellar masses. We also stress that
only a small subset of these objects are likely lenses (five possible
examples are highlighted in Fig. B2 available in the online version),
but while a revised search for galaxy counterparts for the other

sources might yield alternative counterparts with zp consistent with
zLW, we prefer not to confuse subsequent analysis by the inclusion
of what would be inevitably less reliable galaxy identifications.

As tabulated in Table 1, with this redshift refinement, the effec-
tive optical ID success rate for the most reliable (p ≤ 0.05) IDs
drops from 63 per cent to 51 per cent, while the overall (p ≤ 0.1) ID
success rate drops from 75 per cent to 58 per cent. However, while
this reduces the number of reliably identified SCUBA-2 sources to
� 50 per cent of the sample, this has the advantage or removing
the most dubious identifications. Moreover, we stress that we retain
redshift information for every one of the 106 SCUBA-2 sources,
in the form of zLW if neither zspec nor a reliable value for zp are
available.

In Fig. B2 (available in the online version), we present 12 ×
12 arcsec near-infrared postage-stamp images for every source, with
the positions of all the IDs marked. In this figure, we give the source
name in red if the optical ID was in fact subsequently rejected in
the light of zLW. It can be seen from this figure that at least some
of these incorrect identifications are indeed due to galaxy–galaxy
lensing (see the figure caption for details).

4.3 Redshift distribution

The differential redshift distribution for our SCUBA-2 galaxy sam-
ple is presented in Fig. 6. In the left-hand panel the black area depicts
the redshift distribution for the sources with reliable optical IDs (and
hence zspec or zp), while the histogram indicated in blue includes
the additional unidentified SCUBA-2 sources with meaningful mea-
surements of zLW. Finally, the green histogram containing the green
arrows indicates the impact of also including those sources for which
only lower limits on their estimated redshifts could be derived from
the long-wavelength photometry. The mean and median redshifts
for the whole sample are z̄ = 2.38 ± 0.09 (strictly speaking, a lower
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Figure 6. Left-hand panel: the redshift distribution of our full 106-source S2CLS 850 µm sample in the COSMOS field (Table A5). The black area shows the
distribution for the robust optical identifications with spectroscopic or optical–infrared photometric redshifts, which has a mean redshift of z̄ = 1.97 ± 0.09.
The blue line depicts the redshift distribution of the enlarged sample which results from adding the SCUBA-2 sources which lack robust optical identifications,
but which have reliable ‘long-wavelength’ redshifts (zLW). Finally, the additional histogram marked by the green arrows indicates the objects for which
only lower limits on redshift could be derived from the long-wavelength photometry. Adopting these lower limits, the mean redshift for the whole sample
is z̄ = 2.38 ± 0.09. Right-hand panel: the redshift distribution for the whole S2CLS COSMOS sample overlaid with the redshift distributions derived by
Chapman et al. (2005, z̄ = 2.00 ± 0.09), and for the robust galaxy identifications in the AzTEC/SHADES survey presented by Michałowski et al. (2012a,
z̄ = 2.00 ± 0.10). In addition, we plot the redshift distribution of the sample of luminous (sub-)mm sources in the COSMOS field presented by Koprowski
et al. (2014, z̄ = 3.53 ± 0.19).

limit) and zmed = 2.21 ± 0.06, respectively, whereas, for the con-
firmed optical IDs with optical spectroscopic/photometric redshifts
the corresponding numbers are z̄ = 1.97 ± 0.09 and zmed = 1.96 ±
0.07. This shows that, as expected, the radio/infrared identification
process biases the mean redshift towards lower redshifts, but in this
case only by about � 10 per cent in redshift. In addition, to make
sure that our unidentified sources are in fact not spurious, which
would manifest itself as them having low SNR values, we also plot
in Fig. 7 the 850 µm flux as a function of redshift for the whole
sample used here, colour-coded according to SNR. It can be clearly
seen that the unidentified sources exhibit a wide range of SNRs and
hence are most likely real.

In the right-hand panel of Fig. 6 we compare the redshift dis-
tribution of the deep 850 µm selected sample studied here with
example redshift distributions from previous studies. Although our
sample is somewhat deeper/fainter than the sub-mm samples stud-
ied previously by Chapman et al. (2005) and Michałowski et al.
(2012a), the redshift distributions displayed by the optically iden-
tified subset of sources from each study are remarkably consis-
tent; we find z̄ = 1.97 ± 0.09, while Chapman et al. (2005) re-
ported z̄ = 2.00 ± 0.09, and Michałowski et al. (2012a) reported
z̄ = 2.00 ± 0.10.

While inclusion of our adopted values of zLW for our unidentified
sources moves the mean redshift up to at least z̄ � 2.4, it is clear
that the redshift distribution found here cannot be consistent with
that found by Koprowski et al. (2014) for the subset of very bright
sub-mm/mm sources in the COSMOS field (see also Smolcic et al.
2012), for which z̄ = 3.53 ± 0.19. This is not due to any obvious
inconsistency in redshift estimation techniques, as can be seen from
Table 2 (discussed further below), and indeed the analysis methods
used here are near identical to those employed by Koprowski et al.
(2014). Rather, as discussed in Koprowski et al. (2014), there must
either be a trend for the most luminous sub-mm/mm sources (i.e.
S̄850 µm ≥ 8 mJy) to lie at significantly higher redshifts than the
more typical sources studied here, or the COSMOS bright source
sample of Scott et al. (2008) imaged by Younger et al. (2007, 2009)

and Smolcic et al. (2012) must be unusually dominated by a high-
redshift overdensity in the COSMOS field.

4.4 Previous literature associations

Five of the sub-mm sources in our SCUBA-2 sample have been
previously studied in some detail, and so, in Table 2, we compare our
ID positions and redshifts with the pre-existing information. Four of
these bright sources were previously the subject of interferometric
mm/sub-mm observations, yielding robust optical identifications
and photometric redshifts in good agreement with our results. The
source separation for SC850-29 (2.03 arcsec) is perfectly plausible
since this is the separation between the original AzTEC single-
dish coordinate and our chosen ID. The small separations between
the positions of our adopted IDs for SC850-6 and 31 and their
mm/sub-mm interferometric centroids confirm the reliability of our
ID selection. For SC850-1, the rather large source separation of
2.62 arcsec supports our rejection of the optical ID for this source.
Finally, the rather large separation for SC850-14 clearly casts doubt
on our adopted ID, but in this case zp is very similar to zLW (which,
of course, is why we did not reject the ID) and so the final redshift
distribution is unaffected by whether or not the ID is correct.

5 PHYSI CAL PROPERTI ES

5.1 Stellar masses and star formation rates

For the 58 SCUBA-2 sources for which we have secure optical
identifications+redshifts (after the sample refinement discussed in
Section 4.2) we were able to use the results of the SED fitting (used
to determine zp) to obtain an estimate of the stellar mass, M�, for
each galaxy. The derived stellar masses were based on the models
of Bruzual & Charlot (2003) assuming double-burst star formation
histories (see Michałowski et al. 2012b), and we assumed a Chabrier
(2003) IMF.

MNRAS 458, 4321–4344 (2016)



S2CLS: galaxies in the deep 850 µm survey 4329

Figure 7. 850 µm flux density as a function of redshift for the whole SCUBA-2 850-µm sample used in this study. The open symbols show the 80 sources
which possess optical IDs and the filled circles show the 26 sources that lack optical IDs, with arrows signifying lower limits on ‘long-wavelength’ redshifts.
All the objects are colour-coded according to their 850 µm SNR. It can be seen that the galaxies that lack optical associations span a similar range in SNR to
the optically identified sources. This suggests that the failure to uncover optical counterparts for these 26 sources is not due to them being spurious sub-mm
detections, but instead suggests that either they lie at somewhat higher redshifts than the typical identified source, and/or that these unidentified SCUBA-2
sources are blends of individual fainter sources whose counterparts lie below the radio/24 µm detection threshold.

Table 2. Five sources in our sample that have been the subject of previous detailed study. Four of them (the ones with zprev) were previously followed
up with the mm/sub-mm interferometry. The columns show respectively our ID, the source name from previous work (the full previous ID name for
the AzTEC source is AzTEC J100025.23+022608.0), interferometric RA and Dec (or, in the case of the AzTEC source, single-dish coordinates), the
separation between the interferometric position (except AzTEC) and the optical ID found in this work, our final redshifts (from Table A5), the redshift
estimates from previous studies, and finally references. Where two references are given, the first one refers to the coordinates and the second to the
previous redshift estimate (i.e. the source of zprev).

ID IDother RA/deg Dec/deg Separation z zprev References
SC850- /arcsec

1 MM1 150.0650 2.2636 2.62 3.30+0.22
−0.14 3.10+0.50

−0.60 Aravena et al. (2010)

6 COSLA-35 150.0985 2.3653 0.13 2.50+0.20
−0.15 3.16+0.24

−0.26 Smolcic et al. (2012); Koprowski et al. (2014)

14 COSLA-8 150.1064 2.2523 2.76 2.18+0.17
−0.13 1.90+0.11

−0.22 Smolcic et al. (2012); Koprowski et al. (2014)

29 AzTEC 150.1051 2.4356 2.03 2.41+0.24
−0.26 ... Scott et al. (2008)

31 COSLA-38 150.0525 2.2456 0.27 2.47+0.08
−0.12 2.44+0.12

−0.11 Smolcic et al. (2012)

We were also able to estimate the star formation rate, SFR, for
each of these sources by using the average long-wavelength SED
of the sub-mm galaxies from Michałowski et al. (2010), applied to
the 850 µm flux-density of each source at the relevant photometric
redshift, to estimate the far-infrared luminosity of each source.

The resulting SFRs are plotted against M� in Fig. 8. In the main
plot, for clarity we have confined attention to the sources with zp

> 1.5 because, as shown in the inset plot, due to the impact of the
negative K-correction at 850 µm, at z > 1.5 the flux-density limit of
the current sample essentially equates to SFR � 100 M� yr−1 at all
higher redshifts. In this plot, we also show the position of the MS of
star-forming galaxies, as deduced at z � 2.5 by Elbaz et al. (2011),
and at z > 1.5 by Rodighiero et al. (2011). The sensitivity of our

deep SCUBA-2 sample to values of SFR as low as 100 M� yr−1

means that, for objects with stellar masses M� > 7 × 1010 M�,
we are able for the first time to properly compare the positions of
sub-mm-selected galaxies on the SFR:M� plane with the MS in an
unbiased manner.

5.2 Specific star formation rates

In Fig. 9, we collapse the information shown in Fig. 8 into distribu-
tions of specific SFR. The black histogram shows the distribution of
sSFR for the whole robustly identified sample of SCUBA-2 sources
at z > 1.5, but this can be subdivided by mass into the subsample
with M� > 7 × 1010 M� (blue histogram) and the complementary
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Figure 8. The star formation rate (SFR) as a function of stellar mass (M�) for the robustly identified SCUBA-2 sources with z > 1.5. As can be seen from
the inset plot, due to the impact of the negative K-correction at 850 µm, for z > 1.5 the flux-density limit of the current sample essentially equates to SFR �
100 M� yr−1. The black solid line in the main plot shows the position of the so-called main sequence (MS) of star-forming galaxies at z � 2.5 as deduced by
Elbaz et al. (2011), while the black dashed line depicts the MS at z > 1.5 as given by Rodighiero et al. (2011). The sensitivity of our deep SCUBA-2 sample
to values of SFR as low as 100 M� yr−1 means that, for objects with stellar masses M� > 7 × 1010 M� yr−1 (i.e. inside the cyan rectangle), we are able for
the first time to properly compare the positions of sub-mm-selected galaxies on the SFR:M� plane with the MS in an unbiased manner. As shown in Fig. 9, we
find that, confining our attention to M� > 7 × 1010 M� yr−1, the SCUBA-2 sources display a Gaussian distribution in specific SFR peaking at sSFR = 2.25
± 0.19 Gyr−1 (corresponding to the main sequence shown here by the blue solid line), demonstrating that the SCUBA-2 sources lie on the high-mass end of
the normal star-forming MS at z � 2.

Figure 9. The distribution of specific star formation rate, sSFR, as derived
from the values of SFR and M� plotted in Fig. 8. The black histogram shows
the distribution for the whole robustly identified sample of SCUBA-2 sources
at z > 1.5, but this can be subdivided by mass into the subsample with M� > 7
× 1010 M� (blue histogram) and the complementary subsample of sources
with M� < 7 × 1010 M� (red histogram). It can be seen that, for the high-
mass sample, in which SFR is not biased by the effective flux-density limit
of the deep SCUBA-2 survey, the distribution resembles closely a Gaussian
peaked at sSFR = 2.25 Gyr−1 with σ = 0.89 Gyr−1, as shown by the green
curve. This demonstrates that, where their distribution on the SFR:M� plane
can now finally be probed in an unbiased manner, the SCUBA-2 galaxies
lie on the MS of star-forming galaxies at z � 2.

subsample of sources with M� < 7 × 1010 M� (red histogram). Re-
ferring back to Fig. 8, it can be seen that, at lower stellar masses, the
measurement of sSFR is inevitably biased high by the effective SFR
limit >100 M� yr−1, and so it is difficult to tell if these SCUBA-2
sources genuinely lie above the MS, or if we are simply sampling
the high-sSFR tail of the distribution around the MS. However, at
M� > 7 × 1010 M� it is clear that the SFR limit would not produce
a significantly biased sampling of the distribution of galaxies on the
MS. In essence, because of the depth of the SCUBA-2 imaging, for
sub-mm selected galaxies with M� > 7 × 1010 M� we should now
be able to perform the first unbiased estimate of their sSFR at z �
1.5−3.

In fact, for the high-mass sub-sample, in which SFR is not biased
by the effective flux-density limit of the deep SCUBA-2 survey, the
distribution of sSFR resembles closely a Gaussian peaked at sSFR
= 2.25 Gyr−1 with σ = 0.89 Gyr−1. This Gaussian fit is shown
by the green curve in Fig. 9, and is completely consistent with
the normalization and scatter (�0.25 dex) in the MS reported by
Rodighiero et al. (2011).

Finally, to check whether we could be biased towards high-mass
(and hence low sSFR) objects at high redshift, as a consequence
of the flux-density limits of our optical/near-infrared catalogues,
we plot the near-infrared (CANDELS H-band and UltraVISTA Ks-
band) absolute magnitudes of our source IDs against redshift in
Fig. 10. The measured values are generally not close to the detection
limits of our catalogues, and therefore, we conclude that the sample
is not biased against high sSFRs at high redshifts on account of an
inability to detect low-mass galaxies.
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Figure 10. Absolute magnitude versus redshift for the secure SCUBA-2
near-infrared IDs as derived for the sources lying within the HST imag-
ing (i.e. CANDELS H-band measurements; upper panel) and those lying
outside the HST imaging (i.e. UltraVISTA Ks-band measurements; lower
panel). The blue and green solid curves represent the detection limits of
our CANDELS H-band and the UltraVISTA Ks-band-selected catalogues,
respectively. It can be seen that virtually all the sources lie well above the
detection limits, indicating that this our sample is not vulnerable to serious
biases or incompleteness in stellar mass.

We conclude, therefore, within the stellar mass range where
we are able to sample the distribution of sSFR in an unbiased
way, the sub-mm sources uncovered from this deep SCUBA-2
850 µm image, display exactly the mean sSFR and scatter expected
from galaxies lying on the high-mass end of the star-forming MS
at z � 2.

5.3 The ‘MS’ and its evolution

Given that the SCUBA-2 sources seem to, in effect, define the high-
mass end of the star-forming MS of galaxies over the redshift range
probed by our sample (i.e. 1.5 < z < 3), it is of interest to explore
how the inferred normalization and slope of the MS as derived here
compares to that derived from other independent studies based on
very different selection techniques over a wide range of redshifts.

Thus, in Fig. 11 we divide our (high-mass) sample into three
redshift bins to place the inferred evolution of sSFR within the
wider context of studies spanning virtually all of cosmic time (i.e.
0 < z < 8).

The first obvious striking feature of Fig. 11 is that our new de-
termination of average sSFR over the redshift range 1.5 < z < 3

follows very closely the trend defined by the original studies of the
MS undertaken by Noeske et al. (2007) and Daddi et al. (2007).
Since such studies were based on very different samples, sampling
lower stellar masses, this result also implies that we find no evidence
for a high-mass turnover in the MS at these redshifts (i.e. a decline
in sSFR, or change in the slope of the MS above some character-
istic mass). Evidence for a decline in the slope of the MS above
a stellar mass log(M∗/M�) � 10.5 has been presented by several
authors (e.g. Whitaker et al. 2014; Tasca et al. 2015) but these re-
sults are based on optical/near-infrared studies, and suffer from two
problems. First, as recently discussed by Johnston et al. (2015),
the results of optically based studies depend crucially on how one
selects star-forming galaxies, and colour selection can yield an ap-
parent turn-over in the MS at high masses simply due to increased
contamination from passive galaxies/bulges (see also Renzini &
Peng 2015; Whitaker et al. 2015). Secondly, and more important,
at the high SFRs of interest here, it is well known that SED fitting
to optical–infrared data struggles to capture the total star formation
rate because the vast majority of the star formation activity in high-
mass galaxies is deeply obscured. It is therefore interesting that
other recent studies of the MS based on far-infrared/sub-mm data
also find no evidence for a high mass turnover in the MS at high
redshift; for example Schreiber et al. (2015), from their Herschel
stacking study of the MS, report that any evidence for a flattening of
the MS above log(M∗/M�) � 10.5 becomes less prominent with
increasing redshift and vanishes by z � 2.

As is clear from Fig. 8, the present study does not provide suf-
ficient dynamic range to enable a new measurement of the precise
value and redshift evolution of the slope of the MS (see Speagle
et al. 2014 for results from a compilation of 25 studies). Never-
theless, the advantages of sub-mm selection for an unbiased study
of the high-mass end of the MS are clear (i.e. no contamination
from passive galaxies, and a complete census of dust-enshrouded
star formation), and our results show that the slope of the MS must
remain close to unity up to stellar masses M∗ � 2 × 1011 M� at
z � 2–3. We note that it is sometimes claimed that studies of the
MS based on far-IR or sub-mm-selected samples yield vastly dif-
ferent determinations of the SFR–M∗ relation from the MS (e.g.
Rodighiero et al. 2014), but it needs to be understood that this is
because previous studies based on such samples did not reach suffi-
cient sensitivity in SFR (for individual objects) to properly sample
the MS at high redshift. As emphasized in Section 5.2, and in Fig. 8,
even the deepest ever 850 µm survey analysed here only enables
us to properly explore the MS at the very highest masses, due to
the effective SFR sensitivity limit; clearly, the sources detected in
the present study at lower masses are outliers from the MS, and can
only provide indirect information of the scatter in the MS at masses
of a few ×1010 M�, rather than its normalization.

Finally, looking to higher redshifts, Fig. 11 shows that the present
study does not provide useful information on characteristic sSFR
beyond z � 3, but also demonstrates that the trend indicated here
over 1.5 < z < 3 extends naturally out to our previous determination
of sSFR in very high-redshift sub-mm/mm galaxies at z � 5 (Ko-
prowski et al. 2014). There is currently considerable debate over the
normalization of the MS at z � 4, due in large part to uncertainty
over the impact of nebular emission lines on the estimation of stellar
masses (see e.g. Stark et al. 2013; Smit et al. 2014). However, the
sub-mm studies of high-mass star-forming galaxies are clearly con-
sistent with the results of several existing studies (e.g. Steinhardt
et al. 2014), and (despite their supposedly extreme star formation
rates) sub-mm-selected galaxies provide additional support for the
presence of a ‘knee’ in the evolution of sSFR around z � 2 (as
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Figure 11. Mean sSFR as a function of the redshift. The results of this work (inset plot with the mean values represented by black points with thick error
bars) calculated using the unbiased sample (from inside the cyan rectangle in Fig. 8) are shown by the magenta diamonds. It can be seen that the evolution of
characteristic sSFR (≡to the normalization of the MS) inferred from the SCUBA-2 galaxies is in excellent accord with the results from many other studies.

originally suggested by the results of González et al. 2010, 2012).
The ability of theoretical models of galaxy formation to reproduce
this transition remains the subject of continued debate, with smooth
cold accretion on to dark matter haloes leading to expectations that
sSFR should rise ∝(1 + z)2.5 (Dekel et al. 2009, 2013; Faucher-
Giguère, Keres & Ma 2011; Rodrı́guez-Puebla et al. 2016), and a
range of hydrodynamical and semi-analytic models of galaxy for-
mation yielding predictions of characteristic sSFR at z � 2 that fall
short of the results shown in Fig. 11 by a factor of 2–6 (see dis-
cussion in Johnston et al. 2015, and references therein). However,
in Fig. 12 we show that when the redshift axis is re-cast in terms
of cosmic time, there is really no obvious feature in the evolution
of characteristic sSFR. Rather, the challenge for theoretical models
is to reproduce the apparently simple fact that log10sSFR is a lin-
ear function of the age of the Universe, at least out to the highest
redshifts probed to date.

6 SU M M A RY

We have investigated the multiwavelength properties of the galaxies
selected from the deepest 850 µm survey undertaken to date with
SCUBA-2 on the JCMT. This deep 850-µm imaging was taken
in parallel with deep 450 µm imaging in the very best observing
conditions as part of the S2CLS. A total of 106 sources (>5σ ) were
uncovered at 850 µm from an area of �150 arcmin2 in the centre
of the COSMOS/UltraVISTA/CANDELS field, imaged to a typical
depth of σ 850 � 0.25 mJy. Aided by radio, mid-IR and 450-µm
positional information, we established statistically robust galaxy
counterparts for 80 of these sources (�75 per cent).

By combining the optical–infrared photometric redshifts, zp, of
these galaxies with independent ‘long-wavelength’ estimates of

redshift, zLW (based on Herschel/SCUBA-2/VLA photometry), we
have been able to refine the list of robust galaxy identifications. This
approach has also enabled us to complete the redshift content of the
whole sample, yielding z̄ = 2.38 ± 0.09, a mean redshift compa-
rable with that derived from all but the brightest previous sub-mm
samples.

Because our new deep 850-µm-selected galaxy sample reaches
flux densities equivalent to star formation rates SFR �
100 M� yr−1, we have been able to confirm that sub-mm galax-
ies form the high-mass end of the MS of star-forming galaxies at z

> 1.5 (with a mean specific SFR of sSFR = 2.25 ± 0.19 Gyr−1 at
z � 2.5). Our results are consistent with no significant flattening of
the MS towards high stellar masses at these redshifts (i.e. SFR con-
tinues ∝M∗), suggesting that reports of such flattening are based
on contamination by passive galaxies/bulges, and/or underestimates
of dust-enshrouded star formation activity in massive star-forming
galaxies. However, our findings contribute to the growing evidence
that average sSFR rises only slowly at high redshift, from sSFR �
2 Gyr−1 at z � 2 to sSFR � 4 Gyr−1 at z � 5. These results are con-
sistent with a rather simple evolution of global characteristic sSFR,
in which log10sSFR is a linear function of the age of the Universe,
at least out to the highest redshifts probed to date.
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APPENDI X: DATA TA BLES

In this appendix, we provide tables detailing: (i) the sub-mm prop-
erties of the deep 106-source 850 µm-selected SCUBA-2 sample
utilized in this study, (ii) the results of the galaxy counterpart identi-
fication process, (iii) the optical–infrared photometry for the galaxy
identifications and (iv) the estimated redshifts and derived physical
properties of the sub-mm galaxies.

Table A1. The basic properties of the 106-source SCUBA-2 850 µm-selected sample. The penultimate column gives the SCUBA-2 colour where, if
the significance of the 450 µm detection is less than 2σ , the SCUBA-2 colour is based on a 450 µm limit with S450 < S450 + 2σ . The flag given in the
final column indicates whether the 450 µm flux density was taken from 450 µm catalogue (1) or simply measured at the 850 µm position (0); the latter
measurement was adopted if no 450 µm-selected source with S450 > 4σ was found within 6 arcsec of the 850 µm source position).

ID RA850 DEC850 S850 �S850 SNR850 S450 �S450 SNR450 S850/S450 flag
(deg) (deg) (mJy) (mJy) (mJy) (mJy)

1 150.065 18 2.264 12 15.64 0.38 41.69 26.99 2.38 11.34 0.58 1
2 150.099 85 2.297 72 10.20 0.28 36.82 17.74 1.77 10.00 0.58 1
3 150.100 79 2.334 99 7.33 0.23 32.02 10.32 1.41 7.34 0.71 1
4 150.105 49 2.313 27 7.79 0.24 31.96 23.42 1.53 15.35 0.33 1
5 150.143 20 2.356 07 7.88 0.26 29.98 19.71 1.54 12.78 0.40 1
6 150.098 33 2.365 68 8.20 0.28 29.20 22.81 1.80 12.71 0.36 1
7 150.098 47 2.321 62 7.04 0.25 28.44 16.66 1.53 10.88 0.42 1
8 150.098 20 2.260 61 6.44 0.33 19.32 14.89 2.13 6.98 0.43 1
9 150.078 09 2.281 68 5.88 0.32 18.56 15.45 2.03 7.62 0.38 1
10 150.153 90 2.328 33 4.75 0.26 18.17 11.15 1.55 7.17 0.43 1
11 150.042 64 2.373 71 7.34 0.41 17.85 23.66 2.87 8.23 0.31 1
12 150.109 96 2.258 32 5.54 0.34 16.55 8.91 2.13 4.18 0.62 1
13 150.085 12 2.290 50 4.87 0.30 16.25 12.79 1.97 6.50 0.38 1
14 150.106 92 2.252 18 5.83 0.36 16.03 23.81 2.38 9.99 0.24 1
15 150.117 17 2.330 26 3.41 0.21 15.95 6.53 1.31 4.99 0.52 1
16 150.056 33 2.373 63 5.42 0.35 15.53 24.31 2.39 10.17 0.22 1
17 150.207 99 2.382 97 7.34 0.47 15.50 15.66 2.68 5.83 0.47 1
18 150.163 93 2.372 74 6.13 0.40 15.43 31.22 1.96 15.90 0.20 1
19 150.112 58 2.376 33 4.35 0.29 15.14 9.91 1.84 5.37 0.44 1
20 150.150 24 2.364 57 4.55 0.31 14.46 13.31 1.76 7.56 0.34 1
21 150.098 73 2.311 18 3.68 0.26 13.89 9.08 1.62 5.61 0.41 1
22 150.057 27 2.293 52 4.60 0.33 13.88 12.83 2.19 5.87 0.36 1
23 150.122 83 2.360 81 3.16 0.24 13.36 10.41 1.50 6.94 0.30 1
24 150.109 37 2.294 55 3.43 0.27 12.58 11.88 1.74 6.84 0.29 1
25 150.037 91 2.340 79 4.56 0.36 12.49 9.20 2.48 3.71 0.50 0
26 150.080 11 2.340 91 3.27 0.27 11.97 10.70 1.77 6.06 0.31 1
27 150.174 16 2.352 83 4.07 0.34 11.83 8.82 2.01 4.38 0.46 1
28 150.121 69 2.341 75 2.48 0.21 11.59 10.56 1.30 8.13 0.23 1
29 150.105 35 2.435 31 6.47 0.57 11.31 18.98 3.59 5.28 0.34 1
30 150.144 89 2.376 45 3.37 0.32 10.54 8.44 1.78 4.75 0.40 1
31 150.052 50 2.244 77 7.85 0.76 10.40 14.21 5.63 2.52 0.55 0
32 150.066 41 2.412 64 4.72 0.46 10.29 6.49 3.18 2.04 0.73 0
33 150.041 53 2.280 39 4.01 0.42 9.53 6.73 2.60 2.59 0.60 0
34 150.135 14 2.399 48 3.03 0.32 9.39 11.12 1.94 5.73 0.27 1
35 150.167 42 2.299 50 3.29 0.35 9.36 11.12 1.91 5.84 0.30 1
36 150.082 08 2.415 90 3.95 0.43 9.11 10.88 2.91 3.74 0.36 0
37 150.068 12 2.276 18 3.06 0.34 9.08 11.70 2.08 5.62 0.26 1
38 150.076 20 2.380 36 3.14 0.35 8.87 12.41 2.27 5.46 0.25 1
39 150.093 22 2.246 97 3.69 0.43 8.63 11.67 2.83 4.12 0.32 1
40 150.105 70 2.326 38 1.94 0.23 8.52 7.87 1.38 5.72 0.25 1
41 150.128 88 2.284 74 2.47 0.29 8.48 0.96 1.91 0.50 >0.51 0
42 150.028 19 2.347 02 3.80 0.45 8.36 0.76 2.97 0.26 >0.57 0
43 150.172 14 2.241 49 4.97 0.59 8.35 3.39 3.87 0.88 >0.45 0
44 150.136 63 2.233 05 4.66 0.57 8.23 2.28 3.48 0.66 >0.50 0
45 150.127 44 2.387 98 2.52 0.31 8.21 4.50 1.87 2.41 0.56 0
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Table A1 – continued

ID RA850 DEC850 S850 �S850 SNR850 S450 �S450 SNR450 S850/S450 flag
(deg) (deg) (mJy) (mJy) (mJy) (mJy)

46 150.106 06 2.428 44 3.94 0.48 8.14 14.48 3.09 4.69 0.27 1
47 150.048 63 2.252 78 4.95 0.62 8.04 3.14 4.64 0.68 >0.40 0
48 150.022 27 2.288 99 5.05 0.63 8.00 16.71 3.63 4.60 0.30 1
49 150.157 25 2.357 41 2.58 0.33 7.83 10.44 1.84 5.67 0.25 1
50 150.081 03 2.362 98 2.39 0.31 7.79 0.75 1.95 0.38 >0.51 0
51 150.035 51 2.285 37 3.56 0.46 7.76 1.63 2.76 0.59 >0.50 0
52 150.036 93 2.319 59 2.85 0.37 7.72 1.68 2.47 0.68 >0.43 0
53 150.187 80 2.322 96 2.54 0.33 7.64 15.59 1.84 8.46 0.16 1
54 150.043 07 2.299 82 2.87 0.36 7.63 10.50 2.36 4.45 0.27 1
55 150.134 42 2.370 59 2.06 0.27 7.55 10.13 1.68 6.04 0.20 1
56 150.050 05 2.385 74 3.09 0.41 7.50 7.69 2.95 2.61 0.40 0
57 150.156 14 2.419 84 3.38 0.45 7.30 2.77 2.72 1.02 >0.41 0
58 150.107 09 2.344 44 1.62 0.22 7.24 4.98 1.36 3.66 0.32 0
59 150.183 68 2.388 79 2.83 0.39 7.22 10.40 2.14 4.86 0.27 1
60 150.191 99 2.273 00 3.25 0.46 7.12 0.68 2.95 0.23 >0.49 0
61 150.054 19 2.396 15 3.06 0.43 7.10 8.03 3.08 2.61 0.38 0
62 150.166 89 2.236 08 4.61 0.65 7.08 8.03 4.13 1.95 >0.28 0
63 150.076 08 2.398 21 2.70 0.39 6.85 0.89 2.62 0.34 >0.44 0
64 150.130 04 2.315 05 1.59 0.23 6.82 8.63 1.45 5.95 0.18 1
65 150.091 67 2.398 37 2.71 0.40 6.78 11.02 2.49 4.42 0.25 1
66 150.174 80 2.401 68 2.70 0.40 6.76 9.29 2.18 4.27 0.29 1
67 150.111 57 2.404 09 2.38 0.35 6.73 3.22 2.27 1.42 >0.31 0
68 150.130 19 2.253 38 2.37 0.36 6.68 7.01 2.29 3.06 0.34 0
69 150.155 07 2.243 89 3.10 0.47 6.63 − 2.98 3.02 − 0.99 >0.51 0
70 150.024 90 2.296 68 3.43 0.52 6.63 3.49 3.16 1.11 >0.35 0
71 150.072 11 2.238 37 4.44 0.67 6.62 − 6.58 4.78 − 1.38 >0.46 0
72 150.065 12 2.329 22 1.93 0.29 6.60 8.04 2.09 3.84 0.24 0
73 150.209 10 2.355 67 2.82 0.43 6.60 18.21 2.40 7.57 0.15 1
74 150.071 15 2.306 05 2.07 0.32 6.55 2.53 2.21 1.15 >0.30 0
75 150.159 43 2.296 48 2.34 0.35 6.40 10.40 1.96 5.32 0.22 1
76 150.182 68 2.336 01 2.01 0.32 6.31 − 0.32 1.83 − 0.17 >0.55 0
77 150.071 48 2.423 07 3.22 0.51 6.28 3.97 3.60 1.10 >0.29 0
78 150.099 11 2.405 16 2.51 0.39 6.23 5.50 2.49 2.21 0.46 0
79 150.042 49 2.327 99 2.20 0.35 6.19 3.49 2.36 1.48 >0.27 0
80 150.136 24 2.261 35 2.06 0.34 6.05 − 0.66 2.16 − 0.30 >0.48 0
81 150.126 30 2.413 79 2.21 0.37 5.98 1.27 2.35 0.54 >0.37 0
82 150.152 86 2.320 11 1.59 0.27 5.93 3.65 1.60 2.29 0.43 0
83 150.025 72 2.313 35 2.75 0.46 5.93 6.50 2.92 2.22 0.42 0
84 150.111 86 2.408 79 2.18 0.37 5.92 − 1.58 2.36 − 0.67 >0.46 0
85 150.119 84 2.417 67 2.32 0.39 5.87 7.06 2.52 2.80 0.33 0
86 150.052 00 2.305 54 1.91 0.33 5.87 2.38 2.23 1.07 >0.28 0
87 150.224 09 2.356 46 3.71 0.64 5.83 − 1.10 3.16 − 0.35 >0.59 0
88 150.053 89 2.276 30 2.11 0.37 5.68 0.83 2.27 0.37 >0.39 0
89 150.161 78 2.268 14 2.15 0.38 5.67 13.81 2.32 5.96 0.16 1
90 150.054 76 2.258 01 2.59 0.46 5.63 − 5.87 3.14 − 1.87 >0.41 0
91 150.070 11 2.290 22 1.82 0.32 5.60 3.47 2.07 1.67 >0.24 0
92 150.059 80 2.400 55 2.37 0.43 5.57 4.56 3.01 1.52 >0.22 0
93 150.057 51 2.428 10 4.36 0.78 5.57 14.01 5.47 2.56 0.31 0
94 150.061 99 2.379 70 1.95 0.35 5.53 − 2.09 2.40 − 0.87 >0.41 0
95 150.016 47 2.320 95 3.42 0.62 5.51 3.28 3.58 0.92 >0.33 0
96 150.108 07 2.423 69 2.39 0.45 5.36 1.88 2.82 0.67 >0.32 0
97 150.095 48 2.286 61 1.53 0.29 5.31 0.28 1.88 0.15 >0.38 0
98 150.160 77 2.341 68 1.54 0.29 5.29 9.34 1.73 5.40 0.17 1
99 150.209 84 2.312 58 2.53 0.48 5.29 15.46 2.73 5.67 0.16 1
100 150.218 41 2.344 89 2.79 0.53 5.25 1.80 2.72 0.66 >0.38 0
101 150.148 54 2.254 58 2.01 0.38 5.22 − 2.33 2.44 − 0.95 >0.41 0
102 150.037 20 2.272 15 2.66 0.51 5.21 14.78 3.25 4.55 0.18 1
103 150.086 04 2.380 99 1.94 0.36 5.18 13.00 2.28 5.70 0.15 1
104 150.141 08 2.423 86 2.29 0.45 5.10 15.70 2.83 5.55 0.15 1
105 150.164 71 2.409 32 2.04 0.40 5.04 4.68 2.27 2.06 0.44 0
106 150.208 93 2.350 22 2.12 0.42 5.02 3.52 2.40 1.47 >0.25 0
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Table A2. The results of the radio/mid-infrared statistical identification process described in Section 3. The columns give the SCUBA-2 source number, the
positions of the adopted optical ID, the VLA 1.4 GHz coordinates (where a radio ID exists), and the relevant mid-infrared and radio flux densities, angular
offsets (from the SCUBA-2 850 µm position), and corrected probabilities, p, that each association could have occurred by chance (given the depth of the
supporting data, the relevant number counts, and the counterpart search radius). If a given ID is listed more than once, the counterpart with the lowest p-value
was treated as a correct association. The robust IDs (p ≤ 0.05) are shown in bold, the more tentative IDs (0.05 < p ≤ 0.1) in italics, and the sources for which
the optical/near-infrared IDs were rejected on the basis of the zp – zLW comparison (see Section 4.2) are marked with asterisks.

ID RAopt DECopt RAVLA DECVLA S8.0 dist8.0 p8.0 S24 dist24 p24 SVLA distVLA pVLA

SC850- (deg) (deg) (deg) (deg) (µJy) (arcsec) (mJy) (arcsec) (mJy) (arcsec)

1* 150.064 60 2.264 05 – – 18.88 2.47 0.062 0.13 2.18 0.036 – – –
2* 150.100 14 2.297 13 150.099 94 2.297 21 35.00 2.23 0.032 0.16 1.42 0.016 0.187 1.85 0.001
4 150.105 46 2.312 85 150.105 35 2.312 84 24.71 1.57 0.026 0.23 0.65 0.003 0.058 1.62 0.002
5 150.143 04 2.355 85 150.143 23 2.356 02 14.21 0.66 0.011 0.14 0.40 0.002 0.517 0.20 0.000
6 150.098 54 2.365 36 150.098 65 2.365 38 31.79 1.35 0.016 0.24 1.20 0.007 0.043 1.60 0.002
7 150.098 66 2.320 81 – – 15.93 3.16 0.092 0.12 2.30 0.041 – – –
8 150.097 90 2.260 01 – – 9.47 1.91 0.070 – – – – – –
9 150.079 11 2.281 80 – – – – – 0.33 1.35 0.003 – – –
9 – – – – 27.09 2.21 0.040 0.31 1.97 0.012 – – –
9 – – – – 14.09 3.85 0.116 0.30 4.05 0.035 – – –
10 150.153 74 2.328 00 – – 19.41 1.36 0.026 – – – – – –
11 150.043 26 2.373 48 150.043 18 2.373 57 20.86 2.15 0.047 0.27 1.30 0.004 0.100 2.03 0.002
13* 150.084 40 2.290 49 – – 59.24 2.71 0.027 0.42 2.43 0.010 – – –
14 150.106 41 2.251 61 150.106 35 2.251 61 26.43 2.94 0.059 0.58 2.53 0.007 0.112 2.89 0.003
15 150.117 54 2.329 96 – – 14.97 1.69 0.044 0.16 1.33 0.009 – – –
16 150.056 57 2.373 75 150.056 49 2.373 83 107.95 0.88 0.003 0.46 0.78 0.001 0.088 0.90 0.001
17 150.207 97 2.383 08 – – 21.93 0.71 0.008 0.07 0.15 0.001 – – –
18 150.163 57 2.372 42 150.163 51 2.372 51 34.47 1.64 0.020 0.56 1.41 0.003 0.138 1.72 0.001
19 150.112 55 2.376 54 – – 10.47 0.76 0.018 0.10 0.93 0.013 – – –
20 150.150 26 2.364 14 – – 30.45 1.54 0.021 0.21 1.00 0.007 – – –
21 150.098 67 2.311 18 – – 11.97 0.37 0.005 0.18 0.90 0.007 – – –
22 150.057 06 2.292 86 – – 14.36 2.45 0.073 0.16 2.09 0.028 – – –
23 150.122 94 2.360 96 – – 12.93 0.61 0.011 0.23 0.65 0.002 – – –
24 150.109 09 2.294 33 – – 21.57 1.37 0.024 0.22 0.64 0.002 – – –
25 150.037 29 2.340 57 150.037 40 2.340 71 9.31 2.50 0.096 0.07 1.69 0.040 0.062 1.86 0.003
26 150.079 37 2.340 56 150.079 25 2.340 52 13.55 3.04 0.096 0.16 2.82 0.042 0.061 3.38 0.005
26 – – – – – – – 0.18 2.68 0.022 – – –
28 150.121 81 2.341 31 – – 10.69 1.76 0.059 0.10 2.09 0.042 – – –
29* 150.105 25 2.434 99 – – 13.36 1.21 0.030 0.08 0.89 0.014 – – –
31 150.052 48 2.245 55 – – 37.59 2.89 0.043 0.38 1.50 0.003 – – –
33 150.040 98 2.280 63 – – 11.41 1.89 0.062 0.08 2.74 0.068 – – –
34* 150.135 13 2.399 42 150.134 95 2.399 30 14.60 0.38 0.004 0.17 0.32 0.001 0.056 0.96 0.001
35 150.167 71 2.298 76 – – 16.71 2.85 0.080 0.32 2.62 0.018 – – –
36* 150.081 87 2.415 56 – – – – – 0.64 0.72 0.001 – – –
37 150.068 11 2.275 69 – – 29.14 1.92 0.030 0.45 1.53 0.004 – – –
38 150.075 27 2.379 40 – – – – – 0.13 1.28 0.017 – – –
40* 150.105 31 2.325 90 – – – – – 0.06 3.12 0.050 – – –
42* 150.027 54 2.345 77 – – – – – 0.16 4.32 0.069 – – –
43 150.171 86 2.240 70 – – 18.90 2.87 0.074 0.21 2.77 0.032 – – –
44* 150.137 02 2.232 22 150.136 58 2.232 52 46.55 2.98 0.038 0.22 2.39 0.024 0.045 1.94 0.003
45 150.127 15 2.387 86 – – 12.64 1.21 0.031 0.06 0.98 0.020 – – –
46 150.105 90 2.428 79 – – – – – 0.13 1.99 0.033 – – –
47 150.048 25 2.251 44 – – – – – 0.13 4.21 0.047 – – –
48 150.021 41 2.288 67 – – 20.33 3.16 0.079 – – – – – −−
49 150.157 47 2.358 03 – – – – – 0.19 3.38 0.047 – – –
51 150.036 52 2.286 17 – – – – – 0.10 3.63 0.049 – – –
53 150.187 63 2.322 50 – – 46.19 1.80 0.018 0.24 1.73 0.013 – – –
54 150.042 41 2.299 85 – – 19.09 2.46 0.061 0.09 2.47 0.056 – – –
55 150.133 54 2.370 42 – – 15.81 3.32 0.097 0.10 2.10 0.027 – – –
56 150.050 02 2.386 07 – – – – – 0.05 1.15 0.026 – – –
59 150.184 97 2.388 94 – – – – – 0.11 4.48 0.088 – – –
61 150.053 97 2.395 90 – – 11.07 1.39 0.042 0.16 0.73 0.006 – – –
62 150.166 91 2.235 82 – – 20.71 0.89 0.013 0.37 0.69 0.002 – – –
63* 150.076 72 2.398 60 – – 12.09 2.56 0.086 – – – – – –
64 150.130 74 2.314 08 – – – – – 0.18 4.05 0.059 – – –
65* 150.091 56 2.399 04 – – 58.66 2.46 0.024 0.16 2.19 0.018 – – –
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Table A2 – continued

ID RAopt DECopt RAVLA DECVLA S8.0 dist8.0 p8.0 S24 dist24 p24 SVLA distVLA pVLA

SC850- (deg) (deg) (deg) (deg) (µJy) (arcsec) (mJy) (arcsec) (mJy) (arcsec)

66 150.175 61 2.401 59 – – 27.26 2.72 0.052 0.16 2.34 0.034 – – –
67 150.111 32 2.403 20 – – 9.76 3.36 0.121 0.11 3.22 0.067 – – –
68 150.130 01 2.252 69 – – 10.88 2.59 0.092 0.18 2.63 0.034 – – –
71* 150.071 94 2.238 67 – – – – – 0.08 2.14 0.050 – – –
72* 150.064 56 2.329 03 – – 111.50 2.24 0.012 0.29 1.99 0.013 – – –
73 150.209 62 2.355 25 150.209 55 2.355 31 1446.07 2.32 0.001 1.46 2.07 0.001 0.273 2.09 0.001
74 150.070 66 2.305 14 – – 10.24 3.65 0.130 0.05 3.68 0.096 – – –
75 150.159 33 2.296 80 – – 8.45 1.30 0.047 0.07 1.47 0.034 – – –
77* 150.070 27 2.422 97 – – – – – 0.10 3.72 0.050 – – –
78 150.099 44 2.404 87 – – 10.07 1.28 0.042 0.10 1.08 0.010 – – –
79 150.041 18 2.328 13 – – – – – 0.13 3.85 0.043 – – –
79 – – – – 43.14 3.81 0.059 – – – – – –
81* 150.125 82 2.413 54 – – – – – – – – – – –
83 150.024 92 2.312 87 – – 12.00 3.40 0.127 0.16 4.09 0.041 – – –
84* 150.111 54 2.409 57 – – 19.59 3.09 0.086 0.04 3.05 0.086 – – –
86 150.051 66 2.305 85 – – 73.38 1.75 0.012 0.34 1.67 0.008 – – –
87 150.224 34 2.356 44 – – 11.10 0.74 0.017 0.09 0.98 0.016 – – –
88* 150.054 56 2.275 35 – – 82.07 4.21 0.044 0.27 3.35 0.019 – – –
88 – – – – 31.33 2.41 0.043 – – – – – –
89 150.162 55 2.268 08 – – – – – 0.07 1.39 0.032 – – –
91 150.070 60 2.289 20 – – 12.83 4.01 0.149 0.18 4.25 0.040 – – –
92 150.059 16 2.399 82 – – 21.66 3.63 0.100 0.09 4.54 0.064 – – –
93* 150.057 85 2.427 23 – – 44.59 3.25 0.049 0.07 3.23 0.088 – – –
95 150.016 40 2.320 96 – – 14.17 0.27 0.003 – – – – – –
98 150.161 86 2.340 92 – – 46.07 4.71 0.081 0.31 4.68 0.043 – – –
99 150.210 20 2.311 67 150.210 13 2.311 68 93.38 3.50 0.031 0.91 3.11 0.005 0.227 3.41 0.003
102 150.037 45 2.271 86 150.036 70 2.270 98 20.84 1.32 0.026 – – – 0.075 1.03 0.001
102 – – 150.037 38 2.271 94 61.12 4.82 0.068 0.71 3.56 0.009 0.080 4.57 0.008
103 150.085 14 2.381 95 – – – – – 0.39 2.45 0.008 – – –
105* 150.164 26 2.408 81 – – 12.05 2.25 0.088 0.27 2.36 0.012 – – –
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Table A5. The derived physical properties of all 106 sources in the SCUBA-2 sample. The columns show, respectively, SCUBA-2 source number, optical
spectroscopic redshift (should it exist for a robust ID), optical–infrared photometric redshift zp, the ‘long-wavelength’ photometric redshift zLW, the normalized
redshift offset r = (zLW − zp)/(1 + zp) (see Section 4.2), a flag indicating the status of the redshift information, and our final adopted redshift (with estimated
errors), star formation rate (SFR) and stellar mass (M�). If a source’s optical/near-infrared ID was rejected on the basis of an excessive value of r, it is flagged
here with 0, if accepted it is flagged with 1 and if no ID was found the flag is set to 2. For objects flagged with 1 the final redshift z is the optical–infrared
photometric redshift zp (or zspec if it exists), and therefore a stellar mass can be estimated for the galaxy and is given in the final column. If the flag is 0 or 2,
the final adopted redshift z becomes zLW, but no stellar mass can be calculated due to the absence of any optical–infrared photometry. The last column gives
the source for the spectroscopic redshifts. These include 11 redshifts from DR1 of the zCOSMOS redshift survey undertaken in the COSMOS field with the
VIMOS spectrograph (Lilly et al. 2007), 2 redshifts obtained as a part of the 3D-HST observations of the COSMOS field (Brammer et al. 2012; Skelton et al.
2014) and 2 redshifts from the spectroscopic survey undertaken in the COSMOS field with DEIMOS spectrograph (PI: Jehan Kartheltepe).

ID zspec zp zLW r flag z SFR log(M�) Source
SC850- (M� yr−1) (M�)

1 – 1.35+0.10
−0.10 3.30+0.22

−0.14 0.83 0 3.30+0.22
−0.14 282.8 ± 32.8 – –

2 0.3600 0.39+0.11
−0.09 3.05+0.19

−0.19 1.98 0 3.05+0.19
−0.19 171.2 ± 11.2 – VIMOS

3 – – 3.53+0.30
−0.30 – 2 3.53+0.30

−0.30 447.6 ± 14.5 – –

4 – 1.51+0.19
−0.11 2.09+0.08

−0.10 0.23 1 1.51+0.19
−0.11 325.4 ± 9.6 10.21+0.77

−0.45 –

5 – 2.21+0.24
−0.21 2.03+0.11

−0.10 − 0.06 1 2.21+0.24
−0.21 444.3 ± 13.1 10.36+0.77

−0.68 –

6 – 2.50+0.20
−0.15 2.28+0.16

−0.11 − 0.06 1 2.50+0.20
−0.15 490.2 ± 15.1 11.35+0.65

−0.49 –

7 – 2.87+0.18
−0.17 2.50+0.15

−0.16 − 0.10 1 2.87+0.18
−0.17 447.6 ± 14.5 11.01+0.51

−0.48 –

8 – 2.44+0.36
−0.24 2.87+0.28

−0.28 0.12 1 2.44+0.36
−0.24 356.2 ± 17.5 9.54+1.00

−0.67 –

9 – 1.75+0.15
−0.40 2.20+0.20

−0.15 0.16 1 1.75+0.15
−0.40 261.5 ± 13.3 10.45+0.57

−1.52 –

10 – 2.51+0.29
−0.26 2.28+0.31

−0.22 − 0.07 1 2.51+0.29
−0.26 279.8 ± 14.2 10.94+0.90

−0.81 –

11 – 1.63+0.42
−0.13 2.13+0.10

−0.11 0.19 1 1.63+0.42
−0.13 261.1 ± 13.9 10.82+1.73

−0.53 –

12 – – 3.47+0.65
−0.50 – 2 3.47+0.65

−0.50 409.6 ± 17.8 – –

13 – 1.03+0.12
−0.13 2.13+0.17

−0.16 0.54 0 2.13+0.17
−0.16 261.5 ± 13.3 – –

14 – 2.18+0.17
−0.13 1.44+0.05

−0.05 − 0.23 1 2.18+0.17
−0.13 409.6 ± 17.8 11.04+0.59

−0.45 –

15 – 2.30+0.20
−0.20 2.64+0.41

−0.36 0.10 1 2.30+0.20
−0.20 186.9 ± 11.1 10.93+0.66

−0.66 –

16 0.6670 0.99+0.11
−0.09 1.77+0.08

−0.07 0.66 0 1.77+0.08
−0.07 69.5 ± 5.0 10.64+0.59

−0.48 VIMOS

17 – 2.76+0.29
−0.51 2.66+0.26

−0.17 − 0.03 1 2.76+0.29
−0.51 442.9 ± 25.7 10.79+0.83

−1.46 –

18 – 1.94+0.21
−0.19 1.45+0.05

−0.03 − 0.17 1 1.94+0.21
−0.19 429.9 ± 16.2 10.68+0.76

−0.69 –

19 – 2.48+0.52
−1.18 2.29+0.31

−0.22 − 0.05 1 2.48+0.52
−1.18 257.0 ± 15.5 10.95+1.64

−3.71 –

20 – 2.19+0.11
−0.09 2.29+0.27

−0.17 0.03 1 2.19+0.11
−0.09 255.5 ± 15.4 11.17+0.39

−0.32 –

21 – 1.98+0.42
−0.63 1.70+0.13

−0.13 − 0.09 1 1.98+0.42
−0.63 203.6 ± 12.4 10.89+1.53

−2.30 –

22 – 1.51+0.94
−0.76 2.17+0.35

−0.25 0.26 1 1.51+0.94
−0.76 194.3 ± 13.5 11.19+4.19

−3.39 –

23 – 1.92+0.08
−0.17 1.77+0.17

−0.13 − 0.05 1 1.92+0.08
−0.17 172.5 ± 11.1 10.60+0.29

−0.62 –

24 – 1.72+0.03
−0.12 1.70+0.11

−0.13 − 0.01 1 1.72+0.03
−0.12 171.2 ± 11.2 10.92+0.12

−0.48 –

25 – 2.84+0.21
−0.24 2.09+0.21

−0.22 − 0.20 1 2.84+0.21
−0.24 299.8 ± 21.2 10.93+0.60

−0.68 –

26 2.6760 2.61+0.09
−0.26 1.44+0.10

−0.10 − 0.34 1 2.68 217.9 ± 15.1 10.48+0.26
−0.75 VIMOS

27 – – 2.49+0.44
−0.34 – 2 2.49+0.44

−0.34 17.3 ± 2.0 – –

28 – 2.11+0.09
−0.16 1.53+0.17

−0.11 − 0.19 1 2.11+0.09
−0.16 157.8 ± 10.7 10.85+0.31

−0.56 –

29 0.7270 0.71+0.14
−0.11 2.41+0.24

−0.26 0.97 0 2.41+0.24
−0.26 132.5 ± 19.5 – VIMOS

30 – – 2.54+0.48
−0.41 – 2 2.54+0.48

−0.41 128.9 ± 11.2 – –

31 – 2.47+0.08
−0.12 2.29+0.22

−0.15 − 0.05 1 2.47+0.08
−0.12 450.5 ± 36.5 11.23+0.26

−0.39 –

32 – – 2.92+0.64
−0.45 – 2 2.92+0.64

−0.45 57.8 ± 7.9 – –

33 – 2.40+1.40
−0.65 3.26+0.97

−0.56 0.25 1 2.40+1.40
−0.65 206.6 ± 21.4 11.66+4.80

−2.23 –

34 0.0010 0.04+0.06
−0.04 2.21+0.41

−0.21 2.21 0 2.21+0.41
−0.21 164.2 ± 19.1 – 3D-HST

35 – 1.36+0.24
−0.16 2.06+0.23

−0.27 0.30 1 1.36+0.24
−0.16 102.3 ± 10.5 10.90+1.11

−0.74 –

36 – 0.16+0.14
−0.11 1.90+0.20

−0.14 1.50 0 1.90+0.20
−0.14 132.5 ± 19.5 – –

37 – – 1.56+0.20
−0.12 – 2 1.56+0.20

−0.12 261.5 ± 13.3 – –

38 – 1.98+0.12
−0.28 2.03+0.28

−0.39 0.02 1 1.98+0.12
−0.28 174.5 ± 16.8 10.71+0.43

−1.01 –

39 – – 2.58+0.63
−0.42 – 2 2.58+0.63

−0.42 356.2 ± 17.5 – –

40 – 0.87+0.08
−0.17 2.09+0.26

−0.32 0.65 0 2.09+0.26
−0.32 447.6 ± 14.5 – –

41 – – >3.92 – 2 >3.92 171.2 ± 11.2 – –

42 0.9370 0.96+0.09
−0.11 2.20+0.36

−0.34 0.65 0 2.20+0.36
−0.34 299.8 ± 21.2 – DEIMOS
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Table A5 – continued

ID zspec zp zLW r flag z SFR log(M�)
SC850- (M� yr−1) (M�)

43 – 1.86+0.44
−0.26 2.83+0.79

−0.49 0.34 1 1.86+0.44
−0.26 176.2 ± 22.1 10.90+1.68

−0.99 –

44 0.1220 0.13+0.12
−0.13 1.96+0.58

−0.12 1.64 0 1.96+0.58
−0.12 16.8 ± 2.9 – VIMOS

45 – 3.28+0.47
−0.13 3.06+1.21

−0.70 − 0.05 1 3.28+0.47
−0.13 164.2 ± 19.1 10.58+1.16

−0.32 –

46 – – 1.88+0.21
−0.14 – 2 1.88+0.21

−0.14 132.5 ± 19.5 – –

47 – 2.55+0.75
−0.45 2.63+0.63

−0.48 0.02 1 2.55+0.75
−0.45 282.8 ± 32.8 11.12+2.35

−1.41 –

48 – 3.11+0.09
−0.16 2.06+0.24

−0.25 − 0.26 1 3.11+0.09
−0.16 369.5 ± 37.6 11.32+0.25

−0.44 –

49 – 1.60+0.25
−0.20 2.05+0.22

−0.30 0.17 1 1.60+0.25
−0.20 108.5 ± 11.8 9.48+0.91

−0.73 –

50 – – 1.95+0.87
−0.27 – 2 1.95+0.87

−0.27 490.2 ± 15.1 – –

51 – 2.01+0.09
−0.11 3.96+2.04

−1.12 0.65 1 2.01+0.09
−0.11 152.4 ± 20.8 10.82+0.32

−0.40 –

52 – – 3.18+2.82
−1.28 – 2 3.18+2.82

−1.28 48.4 ± 8.2 – –

53 – 1.41+0.14
−0.11 1.47+0.09

−0.08 0.02 1 1.41+0.14
−0.11 120.6 ± 9.8 11.51+0.67

−0.53 –

54 – 3.09+0.26
−0.44 2.09+0.34

−0.30 − 0.24 1 3.09+0.26
−0.44 204.5 ± 22.4 11.02+0.70

−1.19 –

55 – 1.74+0.11
−0.04 1.25+0.13

−0.08 − 0.18 1 1.74+0.11
−0.04 128.9 ± 11.2 11.27+0.45

−0.16 –

56 – 2.80+0.35
−0.40 2.13+0.48

−0.31 − 0.18 1 2.80+0.35
−0.40 194.9 ± 23.6 10.76+0.99

−1.13 –

57 – – 3.36+2.47
−0.72 – 2 3.36+2.47

−0.72 143.9 ± 17.0 – –

58 – – 2.45+0.60
−0.49 – 2 2.45+0.60

−0.49 157.8 ± 10.7 – –

59 – 1.69+0.11
−0.04 2.04+0.22

−0.26 0.13 1 1.69+0.11
−0.04 120.9 ± 13.8 10.30+0.42

−0.15 –

60 – – >3.60 – 2 >3.60 25.6 ± 3.9 – –

61 – – 1.47+0.16
−0.14 – 2 1.47+0.16

−0.14 57.8 ± 7.9 – –

62 – 1.67+0.08
−0.17 2.24+0.33

−0.26 0.21 1 1.67+0.08
−0.17 129.6 ± 17.3 10.96+0.33

−0.70 –

63 – 0.81+0.29
−0.16 5.41+0.59

−2.13 2.54 0 5.41+0.59
−2.13 57.8 ± 7.9 – –

64 – 1.63+0.47
−0.28 1.53+0.24

−0.15 − 0.04 1 1.63+0.47
−0.28 85.5 ± 9.4 10.69+1.91

−1.14 –

65 2.4750 0.13+0.07
−0.03 2.09+0.33

−0.29 − 0.11 1 2.48 132.5 ± 19.5 – VIMOS

66 – 1.77+0.08
−0.12 1.57+0.27

−0.22 − 0.07 1 1.77+0.08
−0.12 143.9 ± 17.0 10.84+0.31

−0.47 –

67 – 2.34+0.11
−0.19 1.96+0.50

−0.23 − 0.11 1 2.34+0.11
−0.19 134.3 ± 18.0 10.09+0.33

−0.57 –

68 – 0.78+0.22
−0.18 1.60+0.23

−0.16 0.46 1 0.78+0.22
−0.18 16.8 ± 2.9 9.71+1.20

−0.98 –

69 – – >4.59 – 2 >4.59 129.6 ± 17.3 – –

70 – – 4.97+1.03
−1.79 – 2 4.97+1.03

−1.79 369.5 ± 37.6 – –

71 – 0.63+0.12
−0.03 2.51+0.80

−0.44 1.15 0 2.51+0.80
−0.44 450.5 ± 36.5 – –

72 2.4460 0.30+0.10
−0.05 1.50+0.22

−0.15 − 0.27 1 2.45 217.9 ± 15.1 – VIMOS

73 0.1660 0.18+0.07
−0.08 0.42+0.02

−0.03 0.22 1 0.17 6.2 ± 0.0 10.40+0.62
−0.71 VIMOS

74 – 2.99+0.16
−0.09 1.94+0.46

−0.31 − 0.26 1 2.99+0.16
−0.09 133.2 ± 19.2 10.89+0.44

−0.25 –

75 – 1.73+0.37
−0.13 2.07+0.23

−0.31 0.12 1 1.73+0.37
−0.13 109.6 ± 13.2 10.62+1.44

−0.51 –

76 – – >3.58 – 2 >3.58 120.6 ± 9.8 – –

77 – 0.64+0.11
−0.09 2.61+1.11

−0.65 1.20 0 2.61+1.11
−0.65 57.8 ± 7.9 – –

78 – 2.21+0.19
−0.46 2.61+1.09

−0.64 0.12 1 2.21+0.19
−0.46 132.5 ± 19.5 10.29+0.61

−1.47 –

79 – 1.25+0.65
−0.35 1.92+0.40

−0.24 0.30 1 1.25+0.65
−0.35 48.4 ± 8.2 9.63+2.78

−1.50 –

80 – – >3.42 – 2 >3.42 16.8 ± 2.9 – –

81 – 0.61+0.04
−0.11 >3.34 3.35 0 >3.34 134.3 ± 18.0 – –

82 – – 2.63+1.38
−0.75 – 2 2.63+1.38

−0.75 279.8 ± 14.2 – –

83 – 1.35+0.05
−0.15 2.04+0.39

−0.30 0.29 1 1.35+0.05
−0.15 70.5 ± 12.2 10.31+0.22

−0.66 –

84 0.3500 0.35+0.15
−0.10 >3.61 4.19 0 >3.61 134.3 ± 18.0 – VIMOS

85 – – 1.51+0.26
−0.24 – 2 1.51+0.26

−0.24 134.3 ± 18.0 – –

86 1.4530 1.36+0.19
−0.11 1.38+0.22

−0.15 − 0.03 1 1.45 75.8 ± 10.2 11.11+0.89
−0.52 VIMOS

87 – 2.94+0.31
−0.34 4.82+1.18

−1.70 0.48 1 2.94+0.31
−0.34 200.9 ± 35.4 10.77+0.85

−0.93 –

88 – 1.30+0.10
−0.10 3.68+2.32

−1.28 1.03 0 3.68+2.32
−1.28 206.6 ± 21.4 – –

89 0.9050 0.90+0.15
−0.10 1.65+0.12

−0.20 0.39 1 0.91 25.6 ± 3.9 9.78+0.77
−0.51 3D-HST

90 – – 1.96+1.14
−0.31 – 2 1.96+1.14

−0.31 282.8 ± 32.8 – –

91 – 1.41+0.14
−0.21 1.90+0.67

−0.36 0.20 1 1.41+0.14
−0.21 64.6 ± 11.1 10.53+0.61

−0.92 –

92 – 1.12+0.03
−0.12 1.37+0.18

−0.14 0.12 1 1.12+0.03
−0.12 57.8 ± 7.9 10.51+0.15

−0.59 –
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Table A5 – continued

ID zspec zp zLW r flag z SFR log(M�)
SC850- (M� yr−1) (M�)

93 0.6550 0.64+0.06
−0.09 3.41+1.67

−0.85 1.66 0 3.41+1.67
−0.85 57.8 ± 7.9 – DEIMOS

94 – – >4.31 – 2 >4.31 69.5 ± 5.0 – –

95 – 2.54+0.61
−0.29 1.96+0.55

−0.24 − 0.16 1 2.54+0.61
−0.29 192.0 ± 31.9 10.67+1.84

−0.87 –

96 – – >3.12 – 2 >3.12 134.3 ± 18.0 – –

97 – – >3.34 – 2 >3.34 171.2 ± 11.2 – –

98 – 0.69+0.16
−0.14 1.13+0.09

−0.08 0.26 1 0.69+0.16
−0.14 17.3 ± 2.0 11.03+1.04

−0.91 –

99 – 0.69+0.06
−0.09 0.62+0.03

−0.04 − 0.07 1 0.75 91.0 ± 2.1 10.54+0.37
−0.56 –

100 – – >3.53 – 2 >3.53 200.9 ± 35.4 – –

101 – – >3.96 – 2 >3.96 16.8 ± 2.9 – –

102 1.7410 1.64+0.06
−0.14 1.46+0.21

−0.16 − 0.10 1 1.74 133.5 ± 17.5 10.40+0.24
−0.55 VIMOS

103 – 2.95+0.20
−0.55 1.68+0.22

−0.28 − 0.32 1 2.95+0.20
−0.55 151.8 ± 21.6 10.54+0.53

−1.47 –

104 – – 1.68+0.18
−0.29 – 2 1.68+0.18

−0.29 134.3 ± 18.0 – –

105 – 0.67+0.08
−0.12 2.09+0.72

−0.40 0.85 0 2.09+0.72
−0.40 143.9 ± 17.0 – –

106 – – 2.75+1.66
−0.83 – 2 2.75+1.66

−0.83 6.2 ± 0.0 – –
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