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ABSTRACT

Motivated by the current controversy over the redshift distribution and physical properties
of luminous (sub-)mm sources, we have undertaken a new study of the brightest sam-
ple of unlensed (sub-)mm sources with pre-Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) interferometric follow-up in the Cosmological Evolution Survey field. Ex-
ploiting the very latest multifrequency supporting data, we find that this sample dis-
plays a redshift distribution indistinguishable from that of the lensed sources uncovered
with the South Pole Telescope, with zZpedgian =~ 3.5. We also find that, over the redshift
range 7 =~ 2-6, the median stellar mass of the most luminous (sub-) mm sources is
M, ~3 x 10" Mg, yielding a typical specific star formation rate sSSFR ~ 3 Gyr~'. Consistent
with recent ALMA and the Submillimeter Array studies, we confirm that source blending is not
a serious issue in the study of luminous (sub-) mm sources uncovered by ground-based, single-
dish surveys; only ~10-15 per cent of bright (Sgso >~ 5—10 mJy) (sub-) mm sources arise from
significant (i.e. >20 per cent) blends, and so our conclusions are largely unaffected by whether
we adopt the original single-dish mm/sub-mm flux densities/positions or the interferometric
data. Our results suggest that apparent disagreements over the redshift distribution of (sub-)mm
sources are a result of ‘down-sizing’ in dust-enshrouded star formation, consistent with ex-
isting knowledge of the star formation histories of massive galaxies. They also indicate that
extreme star-forming galaxies at high redshift are, on average, subject to the same star for-
mation rate-limiting processes as less luminous objects, and lie on the ‘main sequence’ of
star-forming galaxies at z > 3.

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

ble Deep Field-North, HDF850.1, was not visible in the ultra-deep

1 INTRODUCTION Hubble Space Telescope (HST) optical imaging then available, and

Since their discovery 15 years ago in the first blank-field Sub-
millimetre Common-User Bolometer Array (SCUBA) surveys at
the James Clerk Maxwell Telescope, it has been known that sub-
mm sources selected at high galactic latitudes are luminous dust-
enshrouded star-forming galaxies, primarily located at high red-
shifts (1 < z < 5; Barger et al. 1998; Hughes et al. 1998). Indeed,
in a hint of things to come, it was quickly realized that the brightest
sub-mm source uncovered in the first 850 wm image of the Hub-

* E-mail: mpk @roe.ac.uk
1 FWO Pegasus Marie Curie Fellow.
I Scottish Universities Physics Alliance

© 2014 The Authors

a number of follow-up studies suggested that it most likely lay at z
> 4 (Downes et al. 1999; Dunlop et al. 2004; Cowie et al. 2009).
Recently, in an impressive demonstration of the ever-improving
capabilities of mm/sub-mm spectroscopy, HDF850.1 has been re-
vealed to lie at z = 5.2 (Walter et al. 2012).

Despite the fairly extreme redshift of the first blank-field sub-
mm source ever discovered, improved and expanded sub-mm/mm
surveys over the last decade undertaken with SCUBA, Large Apex
Bolometer Camera (LABOCA), Astronomical Thermal Emission
Camera (AzTEC) and Max Plank Millimeter Bolometer (MAMBO)
have generally yielded a consistent picture, whereby sources se-
lected at Sgso ~ 5 mly display a redshift distribution which
peaks at z ~ 2.5, albeit with a significant lower redshift tail
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down to z ~ 1 and a high-redshift tail extending up to z =~
4-5. In general, this information has been gleaned from either
optical spectroscopic redshifts (e.g. Chapman et al. 2003, 2005)
or from (more complete, but less accurate) optical-infrared pho-
tometric redshifts (e.g. Clements et al. 2008; Dye et al. 2008;
Chapin et al. 2009; Dunlop et al. 2010; Wardlow et al. 2011;
Michatowski et al. 2012a) derived for the galaxy counterparts iden-
tified via the improved spatial information provided by radio and/or
Spitzer observations of the (sub-)mm sources (e.g. Ivison et al.
2007; Biggs et al. 2011; Michatowski et al. 2012a; Yun et al. 2012).
The determination of redshifts from optical spectroscopy is well
known to be difficult in the ‘redshift desert’ at 1.5 < z < 2.0 (due to
the lack of emission lines accessible to silicon-based detectors) and
even at higher redshifts success is by no means guaranteed for sub-
mm galaxies (SMGs), given the ease with which Lyman o emission
can be extinguished by dust. Nevertheless, a sufficient number of
spectroscopic redshifts have been measured to confirm the relia-
bility of photometric redshift determination for sub-mm sources,
and typically ~80 per cent of sub-mm sources in blank-field sur-
veys can now be successfully associated with a galaxy counterpart
(e.g. Ivison et al. 2007; Lindner et al. 2011; Michatowski et al.
2012a). Thus, despite the fact that radio and mid-infrared galaxy
counterpart detection becomes increasingly difficult with increasing
redshift (unlike sub-mm/mm detection), there appears to be limited
room for a substantial extreme-redshift population in the typical
sub-mm/mm galaxy samples studied to date. Indeed, the relatively
modest disagreements between the redshift distributions of existing
SMG samples can be attributed to cosmic variance (Michalowski
et al. 2012a).

Now, however, a new generation of facilities is being utilized.
First, Herschel and the South Pole Telescope (SPT) have now de-
livered sufficiently large far-infrared/mm maps to uncover examples
of rare, very bright, generally lensed objects, for which follow-up
molecular spectroscopy has proved feasible with Atacama Large
Millimeter/submillimeter Array (ALMA) and the latest generation
of wide-bandwidth redshift receivers on single-dish (sub-)mm tele-
scopes. For example, pre-selection of red sources from Herschel
data has yielded a new redshift record of z = 6.34 for a sub-mm-
selected galaxy (Riechers et al. 2013), while ALMA follow-up of
a bright sample of lensed sources uncovered with the SPT has
yielded a redshift distribution which apparently peaks at z > 3
(Vieira et al. 2013; Weiss et al. 2013). In parallel with these sub-
mm/mm spectroscopic studies of bright lensed sources, ALMA has
also recently been used to undertake a systematic imaging study of
unlensed sources in the Chandra Deep Field-South (Hodge et al.
2013; Karim et al. 2013), as originally uncovered in the LABOCA
LESS survey (Weiss et al. 2009).

These new studies have produced results which some have re-
garded as casting doubt on our existing knowledge of the (sub-)mm
source population. First, it has been claimed that the (apparently
robustly established) redshift distribution of (sub-)mm sources has
been biased low (Vieira et al. 2013), questioning the reliability of
the aforementioned galaxy identification techniques based on the
supporting radio-near/mid-infrared imaging. Secondly, it has been
suggested that a substantial fraction of bright (sub-)mm sources in
single-dish surveys arise from blends, raising additional concerns
about the effectiveness of identification methods applied to large-
beam sub-mm maps (Wang et al. 2011; Hodge et al. 2013; Karim
et al. 2013).

The first of these claims might seem surprising, given the high
completeness of galaxy identifications in previous blank-field sur-
veys and the robustness of photometric redshifts (consistently yield-

iNg Zmedian =~ 2.5). Nevertheless, by the end of 2012, over 10 SMGs
had already been spectroscopically confirmed at z > 4 (Capak et al.
2008, 2011; Schinnerer et al. 2008; Coppin et al. 2009; Daddi et al.
2009a,b; Knudsen et al. 2009; Riechers et al. 2010; Cox et al. 2011;
Smolcic et al. 2011; Combes et al. 2012; Walter et al. 2012), and
it has been suggested by several authors that the most luminous
sub-mm/mm galaxies appeared to lie at preferentially higher red-
shifts than their more moderate-luminosity counterparts (e.g. Wall,
Pope & Scott 2008; Dunlop 2011; Ivison et al. 2002; Michatowski
et al. 2012a). The second claim, regarding prevalent source blend-
ing, seems equally surprising given that previous sub-mm/mm in-
terferometry with the Submillimeter Array (SMA) and Plateau de
Bure Interferometer (PdBI) interferometers had suggested that seri-
ous multiplicity was not a big issue (e.g. Iono et al. 2006; Younger
et al. 2007, 2008, 2009; Hatsukade et al. 2010).

Motivated by this controversy and confusion, and by the ever-
improving multifrequency data set in the Cosmological Evolution
Survey (COSMOS) field (including UltraVISTA; Bowler et al.
2012; McCracken et al. 2012), we have undertaken a fresh investiga-
tion of the properties of bright (but unlensed) sub-mm/mm galaxies
as selected from the largest flux-limited sub-mm sample with pre-
ALMA interferometric follow-up observations. Our sample con-
sists of the 30 brightest sub-mm/mm sources in the COSMOS field
which were originally uncovered with AZTEC and LABOCA, and
which have subsequently been imaged with the SMA (Younger
et al. 2007, 2009) and the PdBI (Smolcic et al. 2012). Our aim
was to combine the ~20.2 positional accuracy delivered by the sub-
mm/mm interferometry, with the latest Subaru, UltraVISTA and
Spitzer optical-infrared photometry to unambiguously establish the
galaxy identifications, redshifts (z), stellar masses (M.,.) and specific
star formation rates (sSFR) for a well-defined sample of bright sub-
mm sources. At the same time, we have taken the opportunity to
revisit the issue of source multiplicity, and the robustness of galaxy
identifications established using the statistical associations with ra-
dio/infrared sources which would have been deduced based on the
original single-dish sub-mm/mm positions.

The remainder of this paper is structured as follows. In Section 2,
we describe the published (sub-)mm samples in the COSMOS field
with interferometric follow-up, and summarize the latest multifre-
quency data that we have used to uncover and study the galax-
ies which produce the detected sub-mm/mm emission. Next, in
Section 3, we describe the process of galaxy identification, and the
extraction of robust optical-infrared multiwavelength photometry.
Then, in Section 4 we present and discuss the derived properties
of the galaxies, with special emphasis on the derived redshift dis-
tribution of bright (sub-)mm sources and the stellar masses of the
associated galaxies. In Section 5, we consider further our findings
in the context of the latest Herschel/SPT/ALMA studies detailed
above, and include a reassessment of how reliably galaxy counter-
parts can actually be established purely on the basis of the original
single-dish sub-mm/mm maps (and hence to what extent higher res-
olution sub-mm/mm imaging impacts on our understanding of the
SMG population). Our conclusions are summarized in Section 6.

Throughout we use the AB magnitude system (Oke 1974),
and assume a flat cosmology with 2, = 0.3, 2, =0.7 and
Hy=70km s~ Mpc~'.

2 DATA

The AzTEC/COSMOS survey covers 0.15 deg? of the COSMOS
field at 1.1 mm with an rms noise of 1.3 mlJy beam~! (Scott
et al. 2008). The published AzZTEC/COSMOS catalogue consists
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of 44 sources with S/N > 3.5¢. The brightest 15 of these sources
were then followed up with the SMA (Younger et al. 2007, 2009),
effectively yielding a flux-limited sample of millimetre-selected
galaxies with refined positions. All 15 of these sources were de-
tected with the SMA, providing submillimetre positions accurate to
~(.2 arcsec (see Table 3). Two of the sources were split by the
SMA into two distinct components; AZTEC11 was subdivided into
north and south components and AzTEC14 into west and east. In
the case of AZTEC11 however, as can be seen from fig. 1 of Younger
et al. (2009), the resolution of the SMA image is not high enough
to clearly separate the components. For this reason, we decided to
continue to treat AZTEC11 as a single (albeit somewhat extended)
galaxy for the purpose of this study.

The LABOCA/COSMOS survey covers the inner ~0.7 deg” of
the COSMOS field, delivering a submillimetre map at 2 = 870 pm
with an rms noise level of 1.5 mJy beam~' (Navarrete et al., in prepa-
ration). The 28 brightest 870 pm sources were chosen for Institut de
Radioastronomie Millimetrique (IRAM) PdBI follow-up observa-
tions with the requirement that the signal-to-noise S/Nj agoca =, 3.8
(Smolcic et al. 2012). Most of these were detected with the IRAM
interferometer. To create a well-defined and (near) flux-limited sam-
ple for the present study, we selected the 16 objects with S/Npgg;
2 4.0. These are listed in Table 4. However, as described in the
notes on individual sources in Appendix A, the PdBI position of
COSLA-38 is so far from the original LABOCA position, and so
close to the edge of the beam that it is hard to be confident it is the
same source. For this reason, we have excluded COSLA-38, and all
further analysis is thus performed on a final sample of 30 (sub-)mm
sources.

We used the refined positions provided by the SMA and
PdBI interferometry to identify galaxy counterparts in the avail-
able multifrequency imaging. The location of the AzZTEC/SMA
and LABOCA/PdBI sources within the key available multiwave-
length imaging in the COSMOS field is illustrated in Fig. 1.

2°40

2°20

2°00'

1°40'

10"0™ ghs8™

Figure 1. The location of the 30 (sub-)mm sources studied here within the
multiband coverage of the COSMOS field. The x and y axes are RA and Dec.,
respectively. From the outside, the red area is the 1.5 deg® UltraVISTA field,
the irregular black outline delineates the HST/ACS f3j4-band imaging, the
blue region is the Subaru z’-band Suprime-Cam mosaic and the innermost
green area marks the CFHTLS D2 optical data. Yellow and red dots indicate
the positions of the AzZTEC and LABOCA sources, respectively (figure
adapted from Bowler et al. 2012).

Table 1. A summary of the optical and near-infrared imaging data
utilized in this study. Column 1 gives the filter bandpass names,
column 2 their effective wavelengths, column 3 the FWHM of
the bandpasses, column 4 gives the 5o photometric depths (AB
mag) within a 2 arcsec diameter aperture and column 5 gives the
seeing in arcsec. The u, g, r, i imaging was delivered by the CFHT
Legacy Survey, the z’ imaging was obtained with the refurbished
Suprime-Cam on Subaru (Bowler et al. 2012; Furusawa et al.,
in preparation) while the Y, J, H, K; imaging was provided by
UltraVISTA DR1 (McCracken et al. 2012).

Filter  Aes/mm  FWHM/nm  50/AB mag  seeing/arcsec
u 381.1 65.2 26.9 0.80
g 486.2 143.6 27.0 0.65
r 625.8 121.7 26.6 0.65
i 769.0 137.0 26.4 0.65
14 903.7 85.6 26.3 1.15
Y 1020 100 24.7 0.82
J 1250 180 24.5 0.79
H 1650 300 24.0 0.76
K; 2150 300 23.8 0.75

Table 2. A summary of the wider area Subaru optical imag-
ing (Taniguchi et al. 2007) utilized in the study of AzZTEC7 and
AzTECI12. Column 1 gives the filter bandpass names, column 2
their effective wavelengths, column 3 the FWHM of the band-
passes, column 4 gives the 5o photometric depths (AB mag)
within a 2 arcsec diameter aperture and column 5 gives the seeing
in arcsec.

Filter  Ae/mm  FWHM/nm  50/AB mag  seeing/arcsec
B 446.0 89.7 27.14 0.95
\%4 548.4 94.6 26.75 1.33
g 478.0 126.5 27.26 1.58
i’ 764.1 149.7 26.08 0.95
v 629.5 138.2 26.76 1.05
Z 903.7 85.6 26.00 1.15

This imaging consists of the public Infrared Array Camera
(IRAC) imaging obtained via the S-COSMOS survey (Sanders
et al. 2007), the new near-infrared imaging provided by Ul-
traVISTA DR1 (McCracken et al. 2012), and optical imag-
ing from the Canada—France-Hawaii Telescope (CFHT) Legacy
Survey (CFHTLS; Gwyn 2011) and Subaru (Taniguchi et al. 2007;
Furusawa et al., in preparation). The details of this imaging are
summarized in Tables 1 and 2, with the latter table being relevant
for AZTEC7 and AzTEC12 which lie just outside the deep CFHT
MegaCam pointing (see Fig. 1), and thus required use of the (some-
what shallower) Subaru imaging available over the whole COSMOS
field.

3 GALAXY COUNTERPARTS AND
MULTIWAVELENGTH PHOTOMETRY

Initially we searched for galaxy counterparts in the UltraVISTA
DRI K;-band imaging, using a (deliberately generous) search radius
of 3 arcsec around the interferometric (sub-)mm positions. Near-
infrared counterparts were found for all of the (sub-)mm sources
except for AZTEC14.W, COSLA-6N, COSLA-17S and COSLA-
128. However, as can be seen in Fig. 2, for AzZTEC2 (A2.S), 13,
14.E, COSLA-8, 19 and 23S, the (sub-)mm-to-K; positional offset
is too large for the association to be trusted. Also, for the rea-
sons detailed in the ‘Notes on individual objects’ (available in the
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Figure 2. The interferometric S/N of each (sub-)mm detection is plotted
here as a function of angular separation between the (sub-)mm interfero-
metric position and the nearest potential near-infrared/optical counterpart
in the available imaging. The empty circles represent objects for which we
regard the multifrequency match as incorrect given the positional accuracy
delivered by the interferometry (i.e. all objects with a separation >2 arcsec).
AzTEC2 was initially matched to a bright foreground galaxy (A2.S) in the
wings of which a fainter, possibly lensed object was discovered (A2.N) after
careful image analysis. However, because the radio counterpart of AZTEC2
is exactly at the position of the SMA ID, both these possible near-infrared
counterparts can be excluded. COSLA-5 was matched to an optical object
(C5), as was AZTEC6 (A6), for which Smolcic et al. (2012) derived photo-
metric redshifts of zeg 2~ 0.85 and zesc 2~ 0.82, respectively. However, these
relatively low-redshift possible identifications can be excluded due to the
lack of any radio detections in the available VLA 1.4 GHz imaging, which
securely places the (sub-)mm sources at higher redshifts (at least z > 1.5; see
Fig. 4, and Notes on individual objects in Appendix A). All the unlabelled
objects are summarized in Tables B2 and B3 available in the online version.
The blue filled dot with a separation of 1.62 arcsec is our optical counterpart
for AzZTEC10, which we selected on the basis of 8 um flux density and i —
K colour. The filled blue dot with a separation of 1.05 arcsec indicates our
chosen identification for AZTECIS.

online version), the optical/infrared counterparts labelled A2.N, A6
and C5 were also not deemed reliable. This leaves a total of 18/30
(sub-)mm sources with robust near-infrared galaxy counterparts
(note that in Section 5.2 we discuss the extent to which the same
galaxy counterparts would have been identified without the avail-
ability of (sub-)mm interferometric observations).

After ensuring that all the optical-infrared imaging was accu-
rately astrometrically aligned to the K;-band imaging (see Bowler
et al. 2012), multiband aperture photometry was performed at all
available wavelengths through 2 arcsec diameter apertures, with
multiple 2 arcsec diameter apertures placed on blank-sky regions
within ~30 arcsec of the source in order to reliably estimate the local
photometric uncertainty in each band. With the obvious exception
of the IRAC imaging, the imaging data are fairly well matched in
terms of seeing quality, but all aperture magnitudes were subse-
quently corrected to total utilizing the measured point spread func-
tion in each band. Photometry in the IRAC bands was taken from
the S-COSMOS imaging, again corrected to total assuming that the
sources were not significantly resolved at IRAC wavelengths. The
final multiband photometry measured for the 18 sources with reli-
able optical-infrared galaxy counterparts is detailed in Tables B2
and B3 (available in the online version).

4 SOURCE PROPERTIES

4.1 Photometric redshifts

The multiband photometry described above was used to derive pho-
tometric redshifts using a x2 minimization method (Cirasuolo et al.
2007, 2010) with a code based on the nyperz package (Bolzonella,
Miralles & Pell6 2000). To create templates of galaxies, the stellar
population synthesis models of Bruzual & Charlot (2003) were ap-
plied, using the Chabrier (2003) stellar initial mass function (IMF)
with a lower and upper mass cut-off of 0.1 and 100 M, respec-
tively. A double-burst star formation history with a fixed solar metal-
licity was used. Dust reddening was taken into account using the
Calzetti et al. (2000) law within the range 0 < Ay < 6. The H 1
absorption along the line of sight was applied according to Madau
(1995).

For the (sub-)mm sources for which no optical near-infrared
counterpart was found in the available imaging, long-wavelength
photometric redshift estimates were derived from their 24 pum to
20 cm spectral energy distributions (SEDs; including the radio flux
densities given by Smolcic et al. 2012) using the average SMG
spectral template derived by Michatowski, Hjorth & Watson (2010).
Given the potential complications of dust temperature varying with
redshift (e.g. Aretxagaetal. 2007; Amblard et al. 2010; Hwang et al.
2010), we experimented with various template libraries, but found
that the strongest correlation between redshifts derived from the
long-wavelength data and the known optical-near-infrared redshifts
(either spectroscopic or photometrically estimated) was achieved
by fitting the long-wavelength data with this average template (see
Fig. 3). Thus, treating the shorter wavelength redshift information
as a training set, we adopted values for z;w based on fitting the
far-infrared-radio data with the Michalowski et al. (2010) template,
and these are the values listed in column 4 of Table 5.

The resulting redshift measurements and estimates are summa-
rized in Table 5. As a basic test of the reliability of our redshift
estimates, we compare (in Fig. 3) our photometric redshifts with
the spectroscopic measurements for the five sources in our sam-
ple for which reliable optical spectroscopy of the current galaxy
counterparts has been obtained (Smolcic et al. 2012); the mean
offset is Az/(1 4+ zspec) = 0.009 £ 0.026, consistent with zero.
In the lower panel of this figure, we compare our optical/near-
infrared photometric redshift estimates with our long-wavelength
photometric redshifts for those sources for which both estimates are
available. This shows that the z;w redshift estimates are certainly
consistent with the optical/near-infrared photometric redshifts, al-
beit with more scatter and with a trend for some high-redshift
sources to have redshift underestimated by z;w. This suggests that
at least some of the most distant (sub-)mm galaxies in our sample
may have higher dust temperatures compared to the average z =~
2-3 (sub-)mm galaxies SED template utilized here to derive zyw.

In Fig. 4, we plot our objects on the redshift-millimetre/radio
flux-density ratio plane, both using our own final redshifts (from
Table 5) and using the redshifts given for these same objects by
Smolcic et al. (2012, given in column 4 of Table 5). We plot the
redshift information in this way both to clarify the extent to which
our redshift estimates differ from those adopted by Smolcic et al.
(2012) on a source-by-source basis and to demonstrate that all our
adopted redshifts (zgpec, or failing that zph or failing that zpw)
are consistent with the anticipated redshift dependence of the mil-
limetre/radio flux-density ratio displayed by a reasonable range of
template long-wavelength SEDs (as detailed in the plot legend).
This plot serves to emphasize that the redshifts given for at least
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Figure 3. Upper panel: our optical/near-infrared photometric redshifts plot-
ted versus the spectroscopic redshifts for the five sources with reliable spec-
troscopy (Smolcic et al. 2012), demonstrating the accuracy of zpnot. Lower
panel: the optical/near-infrared photometric redshifts (zphot) are compared
with our long-wavelength mm/radio estimates (zrw) for those objects for
which both measurements are possible (see Table 5) in order to check for
accuracy and potential bias; the significantly greater uncertainty in zpw is
apparent, but the mean value of zpnot/zLw is 1.2 & 0.36, consistent with
unity, and thus indicating no major systematic bias.

six (and more likely eight) of these (sub-)mm sources by Smolcic
et al. (2012) are clearly incorrect, as the resulting flux-density ratios
are inconsistent with (i.e. much larger than) even extreme choices
of cool SEDs at the relevant redshifts. The interested reader can
find the details for these differences in the Notes on individual ob-
jects available in the online version, which can be usefully read in
conjunction with Fig. 4.

4.2 Redshift distribution

The differential redshift distribution derived for our complete 30-
source sample is presented in Fig. 5, where it is compared with sev-
eral recently published redshift distributions for (sub-)mm source
samples. The median redshift derived for our COSMOS sample is
Zmed = 3.44 £ 0.16, whereas for the AZTEC/SHADES sample it is
Zmed = 1.89 &£ 0.06 (Michalowski et al. 2012a), and for the sample
of Chapman et al. (2005), zmeq = 2.14 £ 0.06. Clearly, the red-
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Figure 4. The millimetre/radio flux-density ratio of the 30 COSMOS
(sub-)mm sources plotted against their redshifts as derived in the present
study (red squares) and in the previous study by Smolcic et al. (2012, blue
crosses). These data points showing the positions of the individual sources
on this diagram are overlaid on a range of curves indicating the expected red-
shift dependence of the observed value of the 1.1 mm/1.4 GHz flux-density
ratio as derived from a wide range of observed galaxy SEDs (figure adapted
from Michalowski et al. 2012a). This plot serves to illustrate three key
points. First, it shows that the redshifts derived here (whether spectroscopic
redshifts, optical-near-infrared photometric estimates or long-wavelength
SED fits) all result in reasonable values for the mm/radio flux-density ratios.
Secondly, it is clear that the redshifts adopted by Smolcic et al. (2012) for at
least six of the sources are implausible, in the sense that they are inconsistent
with the form of any plausible long-wavelength SED. Thirdly, by connect-
ing the alternative redshift estimates of each source with dotted lines, it is
made clear which sources have had their redshifts most dramatically revised
in the current work (see also the Notes on individual sources in the online
version).

shift distribution of our (sub-)mm sample lies at somewhat higher
redshift than the majority of recently published redshift distribu-
tions for (sub-)mm-selected samples. In part this could be due to
the fact that there are no obvious biases in the identification tech-
niques used here, whereas several previously published redshift
distributions contain only sources with robust radio identifications.
However, as we explore further below, it may also be due to the fact
that the sample considered here is confined to significantly more
luminous (sub-)mm sources than, for example, the source samples
considered by Michatowski et al. (2012a), or Yun et al. (2012),
or Simpson et al. (2014). We re-emphasize that, despite the fact
that most of the (sub-)mm sources are in common, our redshift dis-
tribution lies at significantly higher redshift than that published by
Smolcic et al. (2012); as discussed above (and detailed in Fig. 4) in
part this is undoubtedly due to our rejection of several of the lower
redshift candidate identifications proposed by Smolcic et al. (2012),
but it is also in part a result of our deliberate exclusion of some of
the less luminous LABOCA/PdBI sources in an effort to achieve a
homogeneous bright source sample.

Interestingly, as shown in Fig. 6, the redshift distribution de-
rived here is basically identical to that produced by Vieira et al.
(2013) from their ALMA follow-up CO spectroscopy of the lensed
mm-selected galaxy sample from the SPT [the Kolmogorov-
Smirnov (K-S) test yields p = 0.991]. This is potentially impor-
tant because, until now, it has been claimed that the SPT redshift
distribution is inconsistent with any (sub-)mm source redshift dis-
tribution derived without the benefit of ALMA CO spectroscopy
(see Vieira et al. 2013).
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Figure 5. Left-hand panel: the redshift distribution of our full 30-source sample of luminous (sub-)mm sources in the COSMOS field (Table 5). The mean
redshiftis Z = 3.53 4= 0.19. Where available, optical spectroscopic redshifts (zspec) have been used (5 sources), with optical/near-infrared photometric estimates
(zphot) then used where judged robust (13 sources), and long-wavelength redshift estimates (zpw) adopted for the remaining objects (12 sources). Right-hand
panel: redshift distribution for the whole COSMOS sample with overlaid distributions derived for the COSMOS sources by Smolcic et al. (2012,z = 2.8 +0.3)
and for the robust galaxy identifications in the AzZTEC/SHADES survey presented by Michalowski et al. (2012a, Z = 2.0 £ 0.1). In addition, we plot the
Hayward et al. (2013) simulated redshift distribution for mm-selected sources with F | mm > 4 mJy, which is consistent with the observed redshift distribution

presented here for comparably luminous sources.

"Bright SMGs (COSMOS) ——
SPT+ALMA ——

0.8 |

0.6

fraction > z

0.4

Figure 6. A comparison of our estimated cumulative redshift distribution
for the bright 30-source COSMOS sample considered here and that pub-
lished by Vieira et al. (2013) from ALMA follow-up CO spectroscopy of
the lensed mm sources uncovered by the SPT. It is visually obvious that
the redshift distributions are indistinguishable, and indeed application of the
K-S test yields a significance value p = 0.991.

It is reassuring that these two redshift distributions are so clearly
consistent, as it is hard to imagine that our rather robust and well-
validated photometric redshift estimation techniques should yield
a significantly biased redshift distribution. However, it needs to be
explained why the sample studied here yields a redshift distribu-
tion consistent with the SPT results, while most other studies of
(sub-)mm galaxies clearly do not. As justified further below, we be-
lieve there is good evidence that this is primarily a result of ‘down-
sizing’ in the star-forming population, and that both our COSMOS
sample and the SPT sample are biased to significantly higher lu-
minosity sources than most other studies (e.g. Michalowski et al.
2012a; Simpson et al. 2014; Swinbank et al. 2014). Of course, part
of the reason the SPT sources are so apparently bright is that they
are lensed, but it transpires that in general the lensing factors are not
sufficiently extreme to remove the overall bias of the bright/large
SPT survey towards the most intrinsically luminous mm sources [for

example, the de-lensed 860 um flux densities of four SPT sources
with completed lens modelling reported by Hezaveh et al. (2013)
are 5, 6, 16 and 23 mly].

The above comparison and discussion suggests that there is a
correlation between (sub-)mm luminosity and mean redshift, in the
sense that more luminous sources lie, on average, at systematically
higher redshifts. Such a correlation has been suggested before (e.g.
Dunlop et al. 1994; Ivison et al. 1998; Dunlop 2011; Michatowski
et al. 2012a; Smolcic et al. 2012) and, as discussed above, provides
arguably the most natural explanation for the consistency of the
redshift distribution presented here with that derived from the bright
SPT surveys.

In an attempt to better establish the statistical evidence for this, we
plot in Fig. 7 the 1.1 mm flux density for the sources studied here
and in the SHADES AzTEC survey (Michatowski et al. 2012a)
versus their redshifts. A correlation is apparent, and calculation
of the Spearman rank coefficient for the flux—redshift correlation
yields 0.4557, rejecting the null hypothesis of no correlation with
a significance value p < 107%. However, this result is potentially
biased by the fact that it includes only the identified sources in
the AZTEC/SHADES sample. When the AZTEC/SHADES sources
with no secure identifications/redshifts are included (with redshifts
scattered randomly between the lower limit implied by the mm/radio
flux ratio and z = 6), the Spearman rank coefficient drops to 0.116,
yielding p = 0.025. We thus conclude that the data do indeed support
the existence of a correlation between (sub-)mm luminosity and
typical redshift, but that more dynamic range and improved redshift
completeness for the fainter samples are required to establish the
significance and form of this relation beyond doubt.

4.3 Stellar masses and sSFR

For the 18 galaxies for which we secured a robust optical-infrared
identification, we were able to use the results of the two-component
SED fitting which was used to obtain photometric redshifts (see
Section 4.2) to obtain an estimate of the stellar mass of each
(sub-)mm-selected galaxy. As described in Michatowski et al.
(2012b), we assumed a Chabrier (2003) stellar IMF, and the stel-
lar masses are based on the models of Bruzual & Charlot (2003)
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Figure 7. 1.1 mm flux density versus redshift. Red and blue dots repre-
sent our LABOCA and AzTEC samples, respectively. Black crosses are
AzTEC/SHADES sources with robust galaxy counterparts (Michatowski
et al. 2012b). The fluxes are those measured by the single-dish facilities,
with LABOCA 870 wm flux densities converted to 1.1 mm estimated mea-
surements assuming the mean SMG SED template of Michatowski et al.
(2010). The blue line is the best-fitting straight line; Fij mm = (0.73 £
0.12) z + (1.73 &+ 0.33). The Spearman correlation coefficient is 0.4557;
the resulting significance level (p) is less than 107°, indicating a highly
significant correlation between redshift and mm flux density (and hence
luminosity).

adopting a two-component star formation history. Where a robust
spectroscopic redshift was available we adopted it, but otherwise
derived the mass based on the photometric redshift. The results are
tabulated in the final column of Table 5. The median stellar mass
is M, >~ 2.2 x 10" M, in excellent agreement with the average
stellar mass of z >~ 2 SMGs by Michatowski et al. (2012b).

We also used the redshifts and (sub-)mm flux densities of the
identified sources to estimate their star formation rates (SFR). The
SFRs were calculated from the (sub-)mm flux densities assuming
the average (sub-)mm SED template of Michatowski et al. (2010).
Due to the negative K-correction, a flux density of I mJy atA >~ 1 mm
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corresponds approximately to a total (bolometric) infrared luminos-
ity of ~10'? Lo at z > 1, which converts to SFR ~ 100 Mg, yr!
after converting to a Chabrier (2003) IMF (Kennicutt 1998).

Armed with stellar masses and estimates of SFR, we have then
proceeded to derive the specific star formation rate of each source
(sSFR). The results are plotted in Fig. 8, where we show both
the values derived from the original single-dish measurements and
those derived assuming the interferometric flux densities. While
individual values vary (see figure caption for details), it can be
seen that in both cases the median value is SSFR ~ 2.5 Gyr~!. This
is essentially identical to the average sSFR displayed by ‘normal’
star-forming galaxies on the ‘main sequence’ of star formation at
z > 2 (e.g. Gonzalez et al. 2010; but see also Stark et al. 2013)
and is again consistent with the findings of Michatowski et al.
(2012b); while some subset of (sub-)mm-selected galaxies might
display sSFR values which place them above the main sequence, in
general they display SFRs which are perfectly consistent with the
main-sequence expectation based on their high stellar masses (see
also Roseboom et al. 2013).

5 SINGLE-DISH VERSUS INTERFEROMETRIC
MEASUREMENTS

5.1 Multiplicity and number counts

Recently, ALMA observations of 122 870-pm sources in the
Extended Chandra Deep Field-South from the LABOCA LESS
survey (Weiss et al. 2009) have been presented, first by Karim
et al. (2013), and then in more detail by Hodge et al. (2013).
This sample includes 12 bright objects with original single-dish
flux-density measurements of Sg;o > 9 mlJy. From this ‘ALMA
LABOCA ECDFC Submm Survey (ALESS)’ study, Karim et al.
(2013) reported that source multiplicity is common, and that most
bright (sub-)mm sources uncovered in single-dish surveys to date
are in fact artificial, resulting from blends of fainter (albeit some-
times physically associated) sources within the original single-dish
beam. Indeed, Karim et al. (2013) went so far as to claim that
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Figure 8. sSFR versus redshift. The left-hand panel shows sSFR values based on AzTEC (blue dots) and LABOCA (red dots) flux densities, while in the
right-hand panel we plot sSFR values based on SMA (blue dots) and PdBI (red dots) interferometric flux densities. The green points with error bars show the
median (thinner error bars) and mean (thicker error bars) values of sSFR and z in each panel; in the left-hand panel the median sSFR = 2.40 4 0.74 Gyr‘l
(mean sSFR = 3.17 & 0.41 Gyr~') while in the right-hand panel median sSFR = 2.1 £ 0.74 Gyr~! (mean sSFR = 3.38 & 0.44 Gyr~!). We conclude that the
typical value of sSFR =~ 2.5 Gyr~!, consistent with the ‘main sequence’ of star-forming galaxies at z > 2, and that this conclusion is basically unaffected by
whether we adopt the single-dish or interferometric measurements of (sub-)mm flux density. Errors on sSFR are dominated by the combined effects of the
uncertainties in stellar mass (see Table 5) and the uncertainties in the long-wavelength flux-density measurements. Errors in redshifts are as given in Table 5,
with no horizontal error bar visible for those sources with spectroscopic redshift measurements.
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Table 3. The 15 brightest COSMOS AzTEC mm sources chosen for SMA interferometric follow-up observations which
were utilized in the present study. Column 1 gives the source name, column 2 the SMA position, column 3 the SMA
890 um signal-to-noise ratio, column 4 the AzTEC 1.1 mm signal-to-noise ratio (Younger et al. 2007, 2009), column 5
the SMA flux density and column 6 the deboosted AZTEC 1.1 mm flux density (Scott et al. 2008). AzZTEC14 was resolved
by the SMA into the east and west components. AZTEC11, even though it was also just resolved by the SMA into two
components, is treated here as a single, extended SMG with an 890 um flux density which is the sum of the flux densities
of both components (table 1 of Younger et al. 2007).

SMA ID SMA coords (J2000) S/N S/N F390 um F11mm
RA Dec. SMA AzTEC (mly) (mly)
AzTEC1 09:59:42.86 +02:29:38.2 14.2 8.3 15.6 + 1.1 9.3%13
AzTEC2 10:00:08.05 +02:26:122 12.4 7.4 124+10 8.3*13
AzTEC3 10:00:20.70  +02:35:20.5 5.8 5.9 87+1.5 5911
AzTEC4 09:59:31.72  +02:30:44.0 75 5.3 144419 5240
AzTEC5 10:00:19.75 +02:32:04.4 7.1 6.2 93+1.3 6.5
AZzTEC6 10:00:06.50 +02:38:37.7 6.6 6.3 8.6+ 1.3 6.3413
AzTEC7 10:00:18.06 +02:48:30.5 8.0 6.4 120+15 7144
AzTEC8 09:59:59.34 +02:34:41.0 10.9 5.7 197+ 1.8 55113
AzTEC9 09:59:57.25 +02:27:30.6 4.1 5.6 9.0+2.2 5.811
AzTEC10 09:59:30.76  +02:40:33.9 53 5.1 53+1.0 4.7+
AzTEC11 10:00:08.91 +02:40:10.2 8.2 5.1 144419 47713
AZTECI2 10:00:3529 +02:43:53.4 7.5 4.8 13.5+ 1.8 4.5%3
AzTEC13 09:59:37.05 +02:33:20.0 45 48 82+18 4471
AzTEC14 - - - 4.7 - 43714
AzTEC14.E 10:00:10.03 +02:30:14.7 5.0 - 50+ 1.0 -
AzTEC14.W 10:00:09.63 +02:30:18.0 3.9 - 3.9+1.0 -
AzTEC15 10:00:12.89 +02:34:35.7 44 46 44+1.0 42713

Table 4. The 16 brightest COSMOS LABOCA sub-mm sources which were followed up with the IRAM
PdBI and are utilized here. Column 1 gives the source name, column 2 the PdBI position, columns 3
and 4 give the PdBI and LABOCA signal-to-noise ratios, while columns 5 and 6 give the PdBI and LABOCA flux
densities. (Smolcic et al. 2012). Note that COSLA-38 was excluded from the analysis presented here due to the very large
offset between the PdBI and LABOCA positions — see Notes on individual objects in Appendix A.

PdBI ID PdBI coords (J2000) S/N S/N Fi13mm F370 um
RA Dec. PdBI LABOCA (mly) (mly)
COSLA-5 10:00:59.521 +02:17:02.57 4.1 5.0 2.04 +0.49 125+2.6
COSLA-6N 10:01:23.640 +402:26:08.42 5.4 4.7 2.66 +0.49 16.0 + 3.3
COSLA-6S 10:01:23.570 +02:26:03.62 4.8 4.7 3.08 £ 0.65 16.0 £ 3.3
COSLA-8 10:00:25.550 +02:15:08.44 4.2 4.6 2.65 +0.62 69+1.6
COSLA-16N 10:00:51.585 +02:33:33.56 4.3 4.2 1.39 +0.32 14.0+ 3.6
COSLA-17N 10:01:36.811 +02:11:09.66 4.6 4.2 3.55+£0.77 125+3.2
COSLA-17S 10:01:36.772 +02:11:04.87 5.3 4.2 3.02 +£0.57 125+32
COSLA-18 10:00:43.190 +02:05:19.17 4.5 4.2 2.154+0.48 10.0 £ 2.6
COSLA-19 10:00:08.226 +02:11:50.68 4.1 4.1 3.17£0.76 6.7+ 1.8
COSLA-23N 10:00:10.161 +02:13:34.95 7.3 39 342 +£047 6.4+1.6
COSLA-23S 10:00:10.070 4+02:13:26.87 6.2 3.9 3.70 £+ 0.60 6.4+1.6
COSLA-35 10:00:23.651 402:21:55.22 4.2 3.8 2.154+0.51 82+22
COSLA-38 10:00:12.590 +402:14:44.31 4.4 3.7 8.19 £ 1.85 58+1.6
COSLA-47 10:00:33.350 +02:26:01.66 5.3 3.6 3.11 +£0.59 9.0+£2.8
COSLA-54 09:58:37.980 +02:14:08.52 5.0 3.6 3.26 £ 0.65 11.6 + 4.1
COSLA-128 10:01:37.990 +02:23:26.50 4.8 3.1 4.50 +£0.94 11.0£3.5

Ss70 > 9 mJy may represent a physical limit to the luminosity of a
star-forming galaxy.

However, it is clear that this conclusion is at odds with the sample
under study here, in which nine objects retain flux densities Sg79 >
9 mly within a single component in the high-resolution interfero-
metric follow-up. It also runs contrary to the results of various other
SMA follow-up studies of SCUBA sources, which have generally
suggested that (sub-)mm source multiplicity is rare (e.g. Downes

etal. 1999; Iono et al. 2006; Younger et al. 2007, 2008, 2009; Cowie
et al. 2009; Hatsukade et al. 2010).

A more detailed account of the ALESS results has now been
published by Hodge et al. (2013), facilitating an assessment of the
prevalence of multiplicity. In fact, contrary to the claims advanced in
Karim et al. (2013, and repeated in the abstract of Hodge et al. 2013),
the ALMA results show that significant multiplicity is not common
at all, consistent with previous studies (including the sample under
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Table S. Spectroscopic redshifts (zspec ), optical/near-infrared photomet-
ric redshifts (zphot), ‘long-wavelength’ (sub-)mm/radio redshift estimates
(zLw), Smolcic et al. (2012) redshifts (zs) and our stellar masses calcu-
lations (M) for the (sub-)mm galaxies in our final 30-source COSMOS
sample. Note that stellar masses can only be estimated for the 18 sources
for which an optical/near-infrared counterpart was secured in the avail-
able imaging data. Errors on the photometric redshifts were derived from
the redshift values corresponding to x 2 values higher by A x2 = 1 from
the minimum- 2 solution (see Appendix D) and these photometric red-
shift errors are propagated through to the derived random errors on the
stellar masses (which they dominate). In the case of the Smolcic et al.
(2012) redshifts, the values without errors are the optical spectroscopic
redshifts for their chosen galaxy identifications (albeit we reject several
of these as implausible for the (sub-)mm sources; see Fig. 4) and the
two lower limits are mm-to-radio estimates (which are clearly consistent
with our own estimates of zyw).

Source Zspec  Zphot W 2s logio(M+ /M)
+0.29 —+0.33 +0.17 +0.04
AZTECI 4.64 4467070 420703 4267070 1130700
AZTEC2 - - 360751 1125 -
AZTEC3 530 5457072 4407035 5.299 10.93700)
AZTEC4 — 4617021 5007037 410798 11537008

0.26 0.10 0.04
AZTEC5 3.97 4.19%)15 2907010 3.971 11.49%0 03

AZTEC6 - - 386t 0.802 -
AZTECT7 - 17670% 2,000 2307015 11.5670%
AZTECS 3.18 3.15709 28070 3.179 11.23750}
AZTEC9 — 48570°0 4601050 1357 11.02%00
2.00 0.60 1.86 0.25
AZTEC10 - 5.00759) 4.90%0%) 2797155 1176705

+0.06 +0.11 +0.02
AZTECIT 160 1.6410% 2.40+010 1599 10,9540

+0.09 —+0.10 +0.13 0.02
AZTECI12 - 246%000 2807010 2.54%03 11357005
AZTECI13 - - 470715 =359 -
AZTEC14 - - 338790 >3.03 -
+0.32 —+0.59 +0.12 +0.08
AZTEC15 — 2437032 3901020 3.017012  11.19+0%8
COSLA-5 - - 2507075 0.85T00r -
COSLA-6N - - 372N 401700 -
COSLA-6S - — 4057570 048700 -
COSLA-8 - - 190755, 1.83T04 -
+0.14 —+0.10 +0.12 +0.04
COSLA-16N - 2'2118'88 2'3018'%? 2.1618_%2 11.3818.8%
COSLA-17TN - 31170 4707030 3377008 11.091002
COSLA-17S - - 394708 07002 -
+0.18 —+0.10 —+0.31 +0.05
COSLA-18 - 1977018 2.50%0:19 2907031 11.3740:93
COSLA-19 - - 3.50t037 3.987)5 -
+0.31 +0.22 —+0.67 +0.05
COSLA-23N - 4297030 3707043 4.0070)  11.5310%
COSLA-23S - - 4.8072% 258737 -
0.24 —+0.31 +1.75 0.05
COSLA-35 - 3.16;8‘%(% 3']018'}% ]'9118'33 ]1.46;88%
COSLA-47 - 3'3218:32 2'4018:%% 2'3618% 11.5418;8»Y
COSLA-54 - 315709 3.10701% 2.647038  11.62700}
COSLA-128 - - 490722 010700 -

study here). Specifically, for the 20 brightest LESS sources for
which Hodge et al. (2013) report ALMA results, only 5 reveal
multiple ALMA subcomponents, and in only 2 of these 5 does the
secondary component contribute >20 per cent of the flux density,
thereby potentially significantly distorting the flux density and/or
position of the original single-beam LABOCA source. Moreover,
table 3 from Hodge et al. (2013) confirms that for the brightest
20 LESS sources, the radio identification technique in fact already
yielded the correct galaxy counterpart in 17/20 cases (Biggs et al.
2011).

Thus, the ALMA results in fact confirm that multiplicity is not
common, with only ~10 percent of bright sources showing a
significant (e.g. >20 percent) flux contribution from a sec-
ondary component. This result is confirmed by recent reports of

SMA follow-up of SCUBA2 sources, which conclude that only
~12 percent of the 850 pum sources in SCUBA2 samples arise
from blends of multiple fainter sources (Chen et al. 2013).

In the present study, we have also investigated whether there
is any evidence that, on average, a significantly less (sub-)mm
flux density is returned by the interferometric observations as
compared to the original single-dish measurements. Here this
is complicated by the fact that the AzZTEC sources were fol-
lowed up with (SMA) interferometry at shorter wavelengths,
while the COSMOS LABOCA (COSLA) sources were followed
up with (PdBI) interferometry at longer wavelengths. How-
ever, at least this brings some symmetry to the problem, po-
tentially ameliorating somewhat any biases introduced by an
incorrect choice of long-wavelength SED when performing the
necessary K-corrections. In addition, we have performed this test
with two different long-wavelength SED templates. Using the av-
erage SMG template described in Section 4.1 (applied at the rel-
evant redshifts), we find that the mean interferometric/single-dish
flux-density ratio for the 30 sources is Fiy/ Fiingle = 0.96 = 0.09
(median Fiy/ Fiingle = 0.89). Using an Arp 220 template, we find
that mean Fiy/ Fingle = 0.98 & 0.08 (median Fiy/ Fiingle = 0.90).
Thus, while we acknowledge that the current sample is not ideal for
this test, we find no significant evidence that either multiplicity or
very extended emission is (on average) present at a level than can
distort the true flux density of the sources in the large-beam single-
dish measurements (at least with the beam sizes utilized here) by
more than ~10 per cent.

In summary, it now appears extremely unlikely that the number
counts of (sub-)mm sources derived from single-dish surveys (e.g.
Coppin et al. 2006; Austermann et al. 2010; Scott et al. 2012) have
been significantly distorted by source blending, and the new interfer-
ometry results reinforce the success of previous galaxy counterpart
identification programmes which have concluded that ~80 per cent
of (sub-)mm sources can have their galaxy counterparts correctly
identified via sufficiently deep ancillary radio and/or Spitzer data.
For completeness, we now explore this issue further, focusing on
what conclusions would be drawn from the 30-source sample con-
sidered here, both with and without the extra information provided
by interferometric follow-up.

5.2 The reliability of (sub-)mm galaxy identifications

Given the aforementioned success of the pre-ALMA LESS identi-
fication programme (Biggs et al. 2011), it is of interest to consider
the extent to which the galaxy counterparts in the present COSMOS
(sub-)mm sample would have been successfully identified without
the assistance of the SMA and PdBI interferometric follow-up.

In the 15 years since the discovery of (sub-)mm sources, several
methods have been proposed to identify their galaxy counterparts
in the face of the relatively poor positional accuracy provided by
single-dish (sub-)mm imaging. As already discussed, deep radio
[generally 1.4 GHz Very Large Array (VLA)] imaging and deep
mid-infrared [generally 24 pm Spitzer the multiband imaging pho-
tometer (MIPS)] imaging have proved particularly powerful in iden-
tifying galaxy counterparts, due to the fact that these wavelengths
also trace star formation activity (e.g. Ivison et al. 2010), provide
improved positional accuracy (especially at radio wavelengths) and
yield source densities on the sky which are generally low enough
to yield statistically significant associations (e.g. Ivison et al. 2002,
2007; Dunlop et al. 2010; Biggs et al. 2011; Wardlow et al. 2011;
Michatowski et al. 2012a; Yun et al. 2012). It has also been found
that (sub-)mm sources generally display very red optical-infrared
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(i — K) colours (e.g. Smail et al. 2004; Ashby et al. 2006;
Michatowski et al. 2012a; Yun et al. 2012), apparently caused by
a combination of dust obscuration and the presence of underlying
massive evolved stellar populations (Michalowski et al. 2012b).
Finally, it is now also well established that (sub-)mm galaxies
are among the brightest galaxies at rest-frame near-infrared wave-
lengths, again due to their large stellar masses. At high redshifts this
manifests itself as (sub-)mm galaxies appearing to be among the ap-
parently brightest objects in Spitzer 8 pm IRAC imaging (Pope et al.
2006, 2008; Dye et al. 2008; Hainline et al. 2009; Wardlow et al.
2011; Michatowski et al. 2012b; Targett et al. 2013).

In order to test these methods, we selected VLA 1.4 GHz, Spitzer
MIPS 24 pm, IRAC 8 pm and red (i — K > 2) counterparts to the
(sub-)mm galaxies in the COSMOS sample in a similar way to that
presented in Michatowski et al. (2012a). Following the method out-
lined in Dunlop et al. (1989) and Ivison et al. (2007), we assessed
the reliability of each potential galaxy identification by calculat-
ing the corrected Poissonian probability, p, that each association
could have been occurred by chance given our search parame-
ters. Specifically, we applied this technique to the original pre-
interferometric (sub-)mm source detections, using a search radius
of rg = 2.5 x 0.6 x FWHM/(S/N), where FWHM is the full width
at half-maximum of the single-dish beam and S/N is the signal-
to-noise ratio of the original (deboosted) AzZTEC or LABOCA
detection.

Armed with interferometrically refined coordinates from the sub-
sequent SMA and PdBI observations, we can here test the suc-
cess/reliability of such multifrequency association methods directly.

The results of this test of the identification process are sum-
marized in Table B1 (available in the online version). Additional
details can be found in the caption to this table (see also the notes
on individual objects in the online version), but the key result is
that 16 of the 30 sources would have been successfully identified
on the basis of the single-dish (sub-)mm positions and the avail-
able multifrequency follow-up imaging. These 16 objects (marked
with asterisks in Table B1 available in the online version) are 15 of
the 18 sources for which stellar masses are given in Table 3 (and
for which the multifrequency photometry is provided in Tables B2
and B3 available in the online version), plus AzZTEC2, which is a
purely radio identification confirmed by the interferometric posi-
tions. This means that 16/19 = 84 percent of the galaxy identi-
fications achievable with the aid of the improved interferometric
positional accuracy would be correctly identified on the basis of
the original single-dish data. The three additional galaxy identifi-
cations secured with the aid of the SMA and PbBI data comprise
new galaxy counterparts for COSLA-54 and COSLA-17N, and a
revised identification for AZTEC1S5 where a surprisingly large posi-
tional shift is reported between the original AZTEC position and the
SMA peak.

Interestingly, three further identifications suggested by the single-
dish positions are formally excluded by the interferometric data, but
without the new positions yielding a new alternative identification.
In two of these cases (COSLA-5 and COSLA-8), the proposed
single-dish identification was statistically compelling but now ap-
pears unacceptable given the reduced error on the mm position
delivered by PdBI. One possible explanation of such apparently
conflicting conclusions is that both these objects could be lensed,
and that the optical-infrared counterpart yielding the statistically
significant association is the lensing object. In our analysis we
have, in effect, guarded against this possibility by adopting the
long-wavelength redshift estimate for these objects. Finally, the ap-
parently significant identification of COSLA-128 listed in the last

row of Table B1 is formally excluded by the PdBI follow-up, but
this is primarily because the PdBI position is ~~11 arcsec from the
LABOCA position (for reasons that are hard to explain).

In summary, while the interferometric observations clearly add
important extra information on the AZTEC and LABOCA sources,
for this luminous sample we find that ~80-85 per cent of the galaxy
identifications which are achievable given the depth of the sup-
porting multifrequency data would have been successfully secured
without the aid of the interferometric follow-up. In other words,
the main cause of failed identification is not blending or inade-
quate positional accuracy in the single-dish (sub-)mm positions,
but supporting multiwavelength data of inadequate depth to reveal
the galaxy counterparts of the more high-redshift sources in the
current sample. Of course, as the supporting data become deeper,
then the improved positional accuracy provided by interferometry
(or, for example, SCUBA2 450 um imaging) will become increas-
ingly valuable as the source densities in the supporting data rise.

For completeness, we show in the online version, Figs Cl1
and C2, how the locations of the sources on the flux-density—redshift
plane vary depending on whether one adopts the identifications
based on single-dish or interferometric positions, and also whether
one adopts the single-dish (Fig. C1) or interferometric (Fig. C2)
flux densities. The average (sub-)mm flux density inferred from
the interferometry is only ~10 per cent lower than the single-dish
average, and in all four panels the average redshift of the identi-
fied sources lies just below z = 3.5 while the average redshift of
the sources which currently lack optical-infrared is (as anticipated)
slightly higher (but still at z < 4). It is thus unsurprising that our
main science results are little changed by whether we adopt the
single-dish or interferometric positions and flux densities in our
analysis.

6 CONCLUSIONS

We have presented a new analysis of the brightest sample of un-
lensed (sub-)mm sources with existing (pre-ALMA) interferomet-
ric (SMA or PdBI) follow-up observations. Because these sources
lie within the COSMOS field, we have been able to exploit the
latest Subaru, UltraVISTA and Spitzer optical-infrared photome-
try to better establish their redshifts (z), stellar masses (M) and
specific star formation rates (sSFR). We have also explored the
extent to which the supporting data in the field could have been
used to reliably identify the galaxy counterparts without the im-
proved positional accuracy provided by sub-mm/mm interferom-
etry. We find that the bright (sub-)mm sources in the COSMOS
field display a redshift distribution indistinguishable from that of
the lensed SPT sources (Vieira et al 2013), peaking at Zmedian =~
3.5. We also find that the typical stellar mass of the most luminous
(sub-)mm sources is independent of redshift for z >~ 2—5, with
median M, > 2 x 10'' M assuming a Chabrier (2003) IMF. Con-
sequently, their typical sSFR also remain approximately constant
out to the highest redshifts probed, at sSSFR ~ 2.5Gyr~!. We note
that, consistent with recent ALMA interferometric follow-up of the
LESS sub-mm sources (Hodge et al. 2013), and SMA follow-up
of SCUBA2 sources (Chen et al. 2013), source blending is not a
serious issue in the study of luminous (sub-)mm sources uncovered
by ground-based, single-dish (FWHM < 18 arcsec) surveys; only
~10—15 percent of bright (Sgso ~ 5—10 mJy) (sub-)mm sources
arise from significant blends, and so the conclusions of our study
are largely unaffected by whether we adopt the original single-
dish mm/sub-mm flux densities/positions or the interferometric flux
densities/positions. Our results suggest that apparent disagreements
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over the redshift distribution of (sub-)mm sources are simply a re-
sult of ‘down-sizing’ in dust-enshrouded star formation, consistent
with existing knowledge of the star formation histories of massive
galaxies. They also indicate that bright (sub-)mm-selected galaxies
at high redshift are, on average, subject to the same SFR-limiting
processes as less luminous objects, and lie on the ‘main sequence’
of star-forming galaxies.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online ver-

sion of this article:

Figure B1. Illustrates the galaxy identifications secured utilizing
the accurate positions provided for the (sub-)mm sources by the

SMA and PdBI interferometric observations, overlaying the SMA
and PdBI positions on CFHT optical, UltraVISTA near-infrared and
IRAC 8 um image stamps.

Table B1. Summarizes the results of our attempt to establish galaxy
identifications based on multi-frequency associations with the orig-
inal single-dish (AzZTEC and LABOCA) positions.

Tables B2 and B3. Provide the optical-infrared photometry for
the 18 secure galaxy identifications (based on the interferometric
positions) which was used to estimate the photometric redshifts and
stellar masses given in Table 5.
(http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/
stul1402/-/DC1).

Please note: Oxford University Press are not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.
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