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ABSTRACT

We exploit Atacama Large Millimeter Array (ALMA) 870 wm observations of sub-millimetre
sources in the Extended Chandra Deep Field South to investigate the far-infrared properties
of high-redshift sub-millimetre galaxies (SMGs). Using the precisely located 870 um ALMA
positions of 99 SMGs, together with 24um and radio imaging, we deblend the Herschel/SPIRE
imaging to extract their far-infrared fluxes and colours. The median redshifts for ALMA LESS
(ALESS) SMGs which are detected in at least two SPIRE bands increases with wavelength
of the peak in their spectral energy distributions (SEDs), with z = 2.3 £ 0.2, 2.5 £ 0.3
and 3.5 %+ 0.5 for the 250, 350 and 500 um peakers, respectively. 34 ALESS SMGs do not
have a >30 counterpart at 250, 350 or 500 pm. These galaxies have a median photometric
redshift derived from the rest-frame UV-mid-infrared SEDs of z = 3.3 & 0.5, which is higher
than the full ALESS SMG sample; z = 2.5 + 0.2. We estimate the far-infrared luminosities
and characteristic dust temperature of each SMG, deriving Lix = (3.0 & 0.3) x 10"’ Lo
(SFR =300 4 30 M@ yr~ ') and Ty = 32 & 1 K. The characteristic dust temperature of these
high-redshift SMGs is ATq = 3-5K lower than comparably luminous galaxies at z = 0,
reflecting the more extended star formation in these systems. We show that the contribution
of Sg70um > 1 mJy SMGs to the cosmic star formation budget is 20 per cent of the total
over the redshift range z ~ 1-4. Adopting an appropriate gas-to-dust ratio, we estimate a
typical molecular mass of the ALESS SMGs of My, = (4.2 £ 0.4) x 10'°Mg. Finally, we
show that SMGs with Sg70um > 1 mly (Lir = 10" L) contain ~ 10 per cent of the z ~ 2
volume-averaged H, mass density.
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1 INTRODUCTION

Ultraluminous Infrared Galaxies (ULIRGs; Sanders & Mirabel
1996) have total infrared (IR) luminosities >10'>""3 L and im-
plied star formation rates (SFR) > 100-1000 M, yr~!. Their low
space densities mean that ULIRGs contribute <1 per cent of the vol-
ume average star formation density at z = 0. However, the first deep,
single-dish bolometer surveys in the 870 pm atmospheric window
uncovered high number densities of high-redshift sub-mm galaxies
(SMGs) at mJy flux density levels (Smail, Ivison & Blain 1997;
Barger et al. 1998; Hughes et al. 1998). Subsequent spectroscopic
studies of the radio-/mid-IR detected sub-set of the population gave
amedian redshift of z ~ 2.5 (Chapman et al. 2005), confirming their
ULIRG-like luminosities (Kovécs et al. 2006; Coppin et al. 2008a;
Magnelli et al. 2012a) and demonstrated that ULIRGs undergo a
1000-fold increase in space density from z = 0 to z ~ 2.5. Thus, in
contrast to the local Universe, ULIRGs are a non-negligible com-
ponent of the star-forming population at z ~ 2-3 (e.g. Hughes et al.
1998; Blain et al. 1999; Lilly et al. 1999; Chapman et al. 2005;
Wardlow et al. 2011; Barger et al. 2012; Casey et al. 2013).

These 870 um selected samples remain the best-studied SMGs,
and links have been proposed between SMGs, quasi-stellar objects
and the formation phase of massive galaxies at high redshift (e.g.
Genzel et al. 2003; Swinbank et al. 2006; Coppin et al. 2008b;
Daddi et al. 2009; Hickox et al. 2012). SMGs are therefore a po-
tentially important element in models of galaxy formation. How-
ever, these evolutionary links are still unproven, although it is clear
that most luminous SMGs lie above the purported ‘main sequence’
of star-forming galaxies in the SFR-M, plane (e.g. Daddi et al.
2007; Noeske et al. 2007; Rodighiero et al. 2011; Wardlow et al.
2011). Along with corroborating kinematic and morphological ev-
idence (Tacconi et al. 2006, 2008; Engel et al. 2010; Swinbank
et al. 2010; Alaghband-Zadeh et al. 2012), inevitably it has been
argued that SMGs can be understood as ‘scaled-up’ analogues of
local ULIRGs which are dominated by merger-induced starbursts.
It has also been proposed that lower luminosity SMGs overlap with
the ‘main sequence’, leading to claims of an apparent dichotomy
within this population, i.e. between a true ‘starburst’ population and
slightly less active galaxies, potentially driven by secular processes
(Rodighiero et al. 2011).

Theoretical attempts to reproduce basic properties of SMGs, such
as 870 um number counts, have also led to an equally wide variety
of conclusions about the nature and diversity of this population.
For example, early models from Baugh et al. (2005) and Granato
et al. (2006) include two recipes for star formation; ‘burst’ and
‘quiescent’, with SMGs corresponding to the most extreme starburst
systems. One key strength of these models is that they are also
required to fit the galaxy population at z = 0, which forces the
former to adopt a burst initial mass function (IMF) biased to high-
mass stars (allowing relatively low-mass galaxies to produce intense
starbursts; Baugh et al. 2005). In contrast, numerical models of
Hayward et al. (2011; see also Narayanan et al. 2009 and Davé
et al. 2010) suggest that SMGs are dominated by secular bursts
in gas-rich disc galaxies, with ‘standard’ IMFs. Hence theoretical
models variously predict the SMG population to comprise low-mass
merging starbursts (with unusually low mass-to-light ratios; e.g.
Baugh et al. 2005) and isolated, gas-rich disc galaxies undergoing
secular bursts (e.g. Davé et al. 2010; Hayward et al. 2012).

This rich array of theoretical options demonstrates the power
of SMGs to distinguish between the competing galaxy evolution
theories. Observations of the most basic properties of SMGs, such as
their redshift distribution, bolometric luminosities, cold molecular

gas dynamics and gas mass, and contribution to the cosmic star
formation density should have the power to distinguish between the
theoretical models.

However, the coarse resolution of single dish sub-mm telescopes
(typically ~15-20 arcsec) means that identifying the SMG counter-
parts has to date, relied on correlations between their sub-millimetre
emission and that in other wavebands where higher spatial resolu-
tion is available (usually the radio and/or mid-IR; e.g. Ivison et al.
2002, 2005, 2007; Pope et al. 2006). The spectral energy distribu-
tions (SEDs) in these other wavebands have positive K-corrections,
making counterparts which either lie at higher redshift or that have
colder-than-average dust temperatures impossible to identify. In-
deed, in sub-millimetre surveys typically 40-50 per cent of sub-mm
sources lack ‘robust’ counterparts in the radio or mid-IR (e.g. Biggs
etal. 2011, see also Lindner et al. 2011) and it is unknown whether
the unidentified SMGs have the same redshift distribution (or are
representative) of the radio-identified sub-set, potentially biasing
the current observational results.

To circumvent the problem of missing- (and mis-) identifications
and so characterize the whole population of bright SMGs in an
unbiased manner requires precisely locating the sub-mm emission
using sub/mm interferometers (e.g. Wang et al. 2011; Smolcié et al.
2012). Recently, we have undertaken an Atacama Large Millimeter
Array (ALMA) survey of the 126 sub-mm sources in the 025 x 025
Extended Chandra Deep Field South (ECDFS), taken from the
‘LESS’ survey (Weil} et al. 2009). The ALMA data precisely lo-
cate the SMGs, directly pin-pointing the source(s) responsible for
the sub-mm emission (to within <0.3 arcsec), without recourse to
statistical radio/mid-IR associations and so yielding unambiguous
identifications for the majority of the SMGs. The first results from
our survey include the source catalogue and multiplicity of bright
SMGs (Hodge et al. 2013); the first high-resolution sub-mm counts
(Karim et al. 2013); optical and near-IR properties, photometric red-
shift distribution and stellar masses (Simpson et al. 2013); serendip-
itous identification [C 1] at z = 4.4 in two SMGs (Swinbank et al.
2012) and subsequent '2CO follow-up in these galaxies (Huynh
et al. 2013); X-ray properties and AGN fraction of ALMA SMGs
(Wang et al. 2013); far-IR-radio correlation of SMGs (Thomson
et al. 2014 submitted) and Hubble Space Telescope (HST) mor-
phologies (Simpson et al., in preparation).

In this paper, we extend these analyses and exploit the Herschel
Space Observatory PACS and SPIRE imaging of the ECDFS to de-
rive the far-IR/sub-millimeter properties of the SMGs pinpointed by
ALMA. In particular, we use the far-IR (70-870 um) and 1.4 GHz
radio photometry together with new optical/mid-IR-derived pho-
tometric redshifts from Simpson et al. (2013) to derive the far-IR
luminosities, characteristic dust temperatures, dust masses and in-
vestigate their evolution with redshift. In Section 2, we describe the
observations and deblending techniques; in Section 3, we present
the far-IR properties (colours, luminosities, dust masses) of both
individual ALESS SMGs and those of the stacks of sub-sets of pop-
ulation. We present our main conclusions in Section 4. Throughout
the paper, we adopt a Chabrier IMF (Chabrier 2003) and use a A
cold dark matter cosmology (Spergel et al. 2007) with Q, = 0.73,
Qn =0.27 and Hy = 72 km s~! Mpc~'.

2 OBSERVATIONS AND ANALYSIS

2.1 ALMA

Details of the ALMA observations of the sub-millimeter sources
from the ALMA LESS (ALESS) survey are described in Hodge et al.
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(2013; see also Karim et al. 2013). Briefly, observations of 122 of the
126 LESS sources were obtained with ALMA in Cycle 0 at 345 GHz
(Band 7) with a dual polarization setup in the compact configu-
ration (yielding a synthesized beam of ~1.6arcsec x 1.2 arcsec).
The ALMA primary beam, 17.3 arcsec full width at half-maximum
(FWHM) at our observing frequency, is sufficient to encompass the
error-circles of the sub-millimeter sources from the LESS maps,
<5arcsec (Weif et al. 2009). The observations employed 12-15 an-
tennas and were obtained between 2011 October and 2011 Novem-
ber in good conditions, PWV < 0.5 mm. Phase and bandpass cal-
ibration was based on J0403—360, J0538—440, respectively, and
flux calibration performed on available planets at the time of ob-
servation. The data were processed with the Common Astronomy
Software Application (casa; McMullin et al. 2007). The resulting
velocity integrated continuum maps reach typical noise levels of
o = 0.4-0.5mly beam ™!, a factor of ~3x more sensitive than the
original LABOCA discovery map and, critically, with a beam that
is ~200 x smaller in area than that of LABOCA.

From the ALMA maps, Hodge et al. (2013) extract 99 SMGs with
S/N > 3.5 from the best maps (noise <0.6 mJy and synthesized
beam with axial ratio <2). This selection provides an acceptable
trade-off between source reliability and spurious sources. Indeed,
using the background fluctuations in the map, Karim et al. (2013)
demonstrate that we expect only one SMG in the catalogue to be
spurious and one SMG to be missed. We note that Hodge et al.
(2013) also provide a catalogue of a further 32 ALMA SMGs which
are from either the shallower maps (noise levels o < 0.6-1.0 mJy),
or >40 sources within 2x the primary beam of the best maps,
but these ‘supplementary’ catalogues are expected to have lower
completeness and a higher spurious fraction and so conservatively
we do not use these sources in our analysis here.

2.2 1.4 GHz VLA Radio and 24 um Spitzer Imaging

The ECDFS was observed with the Jansky Very Large Array in
D, C, B and A configurations in 2007 June to September, reach-
ing an rms of oy46u, = 8.3 Wy with a synthesized beam of
2.8 arcsec x 1.6arcsec. These data and catalogues are described
in detail in Miller et al. (2013; see also Biggs et al. 2011).

Spitzer/MIPS 24 um imaging is also available for the ECDFS
as part of the Far-Infrared Deep Extragalactic Legacy (FIDEL)
survey. This MIPS 24 pm imaging provides an important addition
in the construction of a positional prior catalogue which is used to
deblend the Herschel images (see Section 2.3.1) as well as providing
a constraint used in the far-IR SEDs of the ALMA SMGs. We
obtained the reduced MIPS 24 um images of the ECDFS from
the NASA Infrared Astronomy Archive'. This imaging covers the
entire ECDFS survey area, and we extract a catalogue of ~3600
sources in the ECDFS down to a 50 depth of ~56 ply (aperture
corrected).

2.3 Herschel/PACS and SPIRE Imaging

Herschel/PACS observations covering the ECDFS at 100 and
160 um and the CDFS at 70, 100 and 160 um were taken as part
of the PACS Evolutionary Probe (PEP) survey (the CDFS lies in
the central 0.11-square degrees of the ECDFS). These data and de-
blended catalogues are described in Lutz et al. (2011) and Magnelli
et al. (2013) and reach 1o sensitivities of 0.2-0.4 mJy (CDFS) and

Uhttp://irsa.ipac.caltech.edu/data/SPITZER/FIDEL/
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1-2.6 mJy (ECDFS). We match our ALESS catalogue with those
from Magnelli et al. (2013) (with a matching radius of 1.5 arcsec)
and include the 70-160 pm photometry for the ALESS SMGs from
the CDFS and the ECDFS wherever possible in our analysis below.

Herschel/SPIRE 250, 350 and 500 pm observations covering
ECDEFS were taken as part of the Herschel Multitiered Extragalac-
tic Survey (HerMES) guaranteed time programme (as described in
Oliver et al. 2012). In total, ECDFS was observed for 32.4 ks at 250,
350 and 500 um in ~1.8 ks blocks. For each observation, we re-
trieved the Level 2 data product from the Herschel European Space
Agency (ESA) archive and aligned and co-added the maps. The
final combined maps reach a 1o noise level of 1.6, 1.3 and 1.9 mJy
at 250, 350 and 500 pm, respectively (see Oliver et al. 2012, for a
detailed description of the observations).

To align the SPIRE maps to the ALMA and radio astrometry,
we aligned the SPIRE maps at 250, 350 and 500 pm on the Very
Large Array (VLA) radio positions, identifying and applying shifts
of A < 1.5arcsec in all cases.

2.3.1 Deblending SPIRE maps

Owing to the coarse beam size in the SPIRE maps, to measure reli-
able far-IR flux densities for individual galaxies we need to deblend
the SPIRE photometry for the effects of confusion. We therefore ex-
ploit the extensive multiwavelength imaging of ECDEFS to construct
a catalogue of IR- and radio-bright galaxies which can be used as
positional priors to deblend the SPIRE maps. First, we combine
the >50 MIPS 24 pm and radio catalogues, removing any sources
within 1.5 arcsec as duplicates (in this case, we remove the lower
signal-to-noise of the pair). The 1.5 arcsec offset we apply repre-
sents an acceptable trade-off between the resolution of the radio map
and centring precision of the 24 um data for a 50 source. We then
add the positions of the 99 ALMA SMGs to this catalogue, again
matching any 24 um or radio sources which lie within 1.5 arcsec
(the approximate resolution of the ALMA data) of the ALESS SMG
as the same ID.

To deblend the SPIRE map, we develop a Monte Carlo algorithm.
At any given position in the field, we extract a thumbnail which has
an extent +2.5 x the FWHM of the beam at that wavelength. We then
generate a new (blank) image and for each galaxy in the positional
prior catalogue which lies within this area assign a random flux
densities (which lies between zero and 1.3x the maximum flux
density of galaxies within the thumbnail). We then convolve this
image with the relevant SPIRE point spread function (PSF) and
record the amplitude of the residuals and x2. From an initial set
of 1000 models, we identify the best-fitting model (lowest x?). We
then repeat this process, creating a new set of images with perturbed
flux densities for each galaxy according to the FWHM of the flux
density distribution from the previous set of models.

This process repeats until all of the models in a given iteration
are within a A x2 = 1o of the best-fit. Throughout this process, we
record the flux density distribution and x> of every model attempted.

To ensure we do not ‘overdeblend’ the maps at longer wave-
lengths where the PSF is larger, we follow Elbaz et al. (2011) and
when deblending the 350 um image, we only include sources de-
tected at >20 at 250 um as positional priors in the 350 pm image
(and similarly, for the 500 pm we only include sources >2¢ at
350 wm).

Before constructing a catalogue, we must estimate both flux den-
sity errors and upper limits for non-detections. First, we determine
the detection limit by attempting to recover fake point sources which
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Figure 1. Left: 350 um/SPIRE image of ECDFS. We mark the position of the LESS SMGs from WeiB3 et al. (2009). The contour denotes the area enclosed
by the 1.2 mJy rms of the LABOCA survey (Weil} et al. 2009); Center: best-fitting 350 ium model image of the field from our deblending algorithm which uses
the MIPS 24 pm, radio and ALMA positions as a positional prior catalogue; Right: 350 yum residuals between (after subtracting the best-fitting model from
the data). All panels are centred at o 03 32 32.25, §: —27:48:17.2 (J2000) with north up and east left.

have been randomly injected into the map (and positional prior cat-
alogue). In total, we inject ~10 000 point sources into each of the
250, 350 and 500 um maps (one at a time) with fluxes between
0.5 and 100 mJy and record the input (Fj,) and recovered (Fou)
flux density of the galaxy after deblending. In Fig. 1 we show the
Herschel /SPIRE map of the ECDFES at 350pum, and in Fig. 2, we
plot the fractional flux density error ((Foy — Fin)/Fin) as a function
of F, at each wavelength and contour the central 68 per cent of the
distribution. Following Magnelli et al. (2013), we define the 30 de-
tection limit when 68 per cent of the distribution are recovered with
a fractional error less than 30 per cent. In the ECDFS, we derive 30
detection limits of 7.0, 8.0 and 10.6 mJy at 250, 350 and 500 pm,
respectively. These are similar to the faintest fluxes reported galax-
ies in the ECDFS using the cross identification (XID) deblending
procedure by Roseboom et al. (2010) (who derive fluxes for their
faintest galaxies 6.5, 8.5 and 8.0 mJy at 250, 350 and 500 pm, re-
spectively; Casey etal. 2012). For galaxies which are detected above
30, we also calculate the fractional flux density error according to
the distributions shown in Fig. 2 and to be conservative, add this
in quadrature to the errors derived from the family of acceptable
models from the Monte Carlo deblending.

For the galaxies which have flux densities below these limits, we
calculate an upper limit. This upper limit depends on its location
in the map. For example, a source that lies within the beam of a
nearby, brighter source is more difficult to ‘detect’ than an isolated
source since the effective background has increased due to the emis-
sion from the nearby source and large PSF. We therefore measure
the recovered flux density for all injected sources as a function of
the local background in the map. Again, following Magnelli et al.
(2013), we derive the upper limit by identifying where 80 per cent
of the injected sources have a recovered flux density within 50 per
cent of the input flux density. We show this distribution in Fig. 2
and use this distribution to assign upper limits for non-detections.

To validate the deblending (and errors), we simulate a set of
SPIRE images using the SPIRE number counts and redshift distri-
bution from Clements et al. (2010). We construct images at 250,
350 and 500 pm over a 1-square degree region (and include sources
down to flux density limits of 0.5 mJy) and convolve the map with
the relevant PSF. We note that we have not included any clustering
of the sources in this simple analysis. To this image, we then add
Gaussian noise at the same level as the SPIRE observations of the

ECDES. To construct the positional prior distribution in a compara-
ble way to our ECDFS data, we predict the 24 um flux density for
each source injected into the fake map using its redshift and 250 pm
flux density and using an far-IR SED randomly selected from the
templates of Chary & Elbaz (2001). We then construct a positional
prior catalogue for all sources brighter than S»4 ;. = 50 ply and at-
tempt to recover the sources using our algorithm. Using this method,
the ratio of the input flux density to that recovered at 250, 350 and
500 pum is S/ = 0.96 £ 0.02, 0.97 &+ 0.02 and 1.17 £ 0.12,
respectively.

Having validated our approach, next we apply this algorithm to
the ECDFES at 250, 350 and 500 pm, running the code in a grid
of (overlapping) regions in ECDFS, each of extent ~5 beams at
the relevant wavelength. In Fig. 1, we show the 350 um SPIRE
map, with the positions of the LESS SMGs from Weif3 et al. (2009)
highlighted, as well as the best-fitting 350 um model of the field
and the residuals.’

From the deblended catalogue, we then extract the SPIRE pho-
tometry for the ALESS SMGs and give these in Table Al. InFig. A1,
we show example thumb-nails around four ALESS SMG in our sam-
ple, the best-fitting models and residuals at 250, 350 and 500 pm
(these four galaxies are randomly selected to span the full range of
870 um flux density from LESS; Weif3 et al. 2009). In each panel,
we show the positions of all of the galaxies in the ‘prior’ catalogue
at that wavelength and also highlight the positions of the ALESS
SMGs. The far-IR photometry of the ALESS SMGs (from 24 um
to 1.4 GHz) is given in Table A1. In cases where no flux is detected,
we quote 30 upper limits.

As a final check, we compare the flux densities derived for the
galaxies in our prior catalogue with those recently published by
Casey et al. (2012) (which are based on the ‘XID’ deblending
procedures from Roseboom et al. 2010). Casey et al. (2012) re-
port deblended 250, 350 and 500 um flux densities and spectro-
scopic redshifts for a sample of ~750 24 um- and 1.4 GHz-detected

2 The SPIRE 250, 350 and 500 um images, best-fitting models, residual
maps and deblended catalogue for all galaxies in our prior catalogue in the
ECDES (as well as the COSMOS, UDS and GOODS-North regions which
we also use to validate our fluxes and errors compared to Casey et al. 2012)
are available at: http://astro.dur.ac.uk/~ams/HSOdeblend/

9T0Z ‘v Afeniged uo AsBAIUN 31snoyeq e /B10°S[euIno pioxo'se.ulu;/:dny wou) pepeoumoq


http://astro.dur.ac.uk/
http://mnras.oxfordjournals.org/

The far-IR properties of ALMA SMGs 1271
T T T
£ £ £
x 05 1 x x
2 2 2
w w w
~ [T7T a5 - ~ ~
3 00 3 3
w w w
| | |
2 [Tyt A il 8 3 [T : Tovkown ]
5 -05 ] o025 5 5 -0.5F s 5 0.25 -
@ 2 'g 0.20 @ @ . 'g 0.20
~ 5 ] 015 ~ =~ : § Q15
B £ 010 : £ 010
: 10 100. 10 100.
-1.0 ; L Flux out (my) -1.0 L Flux out (myy)
10 10
Flux out (mJy) Flux out (mdy)
20 T T T 20 T T T
18 18- N 18
16 16 16
B 3 B
& £ £y
£ £ £
S =2 12
x x x
3 S 3
[ L [
8 10 2 10 8 10 -
8 8 8 -
sF E 6 E sF E
L L L L L L L L L L L L L L L

o

10 20 30 40
Mop flux density (mJdy)

(=}

10

20 30
Mop flux density (mdJy)

40

o

10 20 30 40
Mop flux density (mJly)

Figure 2. Top: error distributions for the deblended SPIRE maps based on the prior catalogues. These show the results from simulations for extraction of
injected sources into the maps. The solid curves enclose 60 per cent of the points at each flux, and we define the detection limit as the flux density where 68
per cent of the injected galaxies are recovered with a flux density error <30 per cent (shown by the horizontal dashed lines). We derive detection limits at 250,
350 and 500 um of 7.0, 8.0 and 10.6 mJy, respectively, as shown by the vertical dotted lines. The insets show the fractional flux density error as a function of
recovered flux density (and a low-order polynomial fit) of the injected sources. These flux density fractional errors are combined with the Monte Carlo errors
from the deblending to derive errors on the flux density of each galaxy. Bottom: for galaxies which are not detected in the deblended map (either because they
are too faint, or they lie in the halo of a nearby ‘bright’ source which effectively increases the local background), we derive their 30 upper limit by using the
recovered flux density for all injected sources as a function of the local background. These limits are shown for 250, 350 and 500 pm in the lower panels.

galaxies with SPIRE counterparts in the COSMOS, ECDFS,
GOODS-N and Lockman Hole regions. We cross-correlate our de-
blended catalogue with the Casey et al. (2012) catalogue (including
our own deblended maps of the COSMOS, ECDFS and GOODS-N
fields to improve the number of matches between samples) and de-
rive comparable flux densities at all three SPIRE wavelengths, with
(Fpy, — Fip)/ Fh, = —0.03 £ 0.02, 0.08 & 0.04 and 0.08 £ 0.10 at
A = 250, 350 and 500 pum, respectively. This suggests that the
‘XID’ and our deblending produce consistent flux densities to
< 10 per cent accuracy.

3 RESULTS AND DISCUSSION

3.1 Average far-infrared colours of SMGs

Before discussing the far-IR colours of individual ALESS SMGs,
we first investigate the average properties of the galaxies in our
sample by stacking the multiwavelength photometry in the ‘raw’
(non-deblended) maps. In the PACS and SPIRE maps, we first sub-
tract the mean flux of 1000 random positions in the map, effectively
removing any systematic contribution from the background or con-
fusion. We then stack the far-IR and radio maps at the positions of
the 99 ALESS SMGs and show these results in Fig. 3 and report
the average flux densities in Table 1. For the entire sample of 99
ALESS SMGs in the MAIN catalogue, the composite SED peaks at
350 pm with flux density ratios of S50 ym/S350 um = 0.8 0.1 and
S350 um/Ss00 um = 1.1 £ 0.1, as expected for a starburst galaxy with
a dust SED with characteristic dust temperature ~30 K redshifted
toz~2.

To derive the far-IR properties of this composite dust SED,
we construct a library of local galaxy templates from Chary &
Elbaz (2001); Rieke et al. (2009) and Draine et al. (2007) and
also add the SEDs of the well-studied high-redshift starbursts
SMM 1J2135—-0102 (z = 2.32) and GN 20 (z = 4.05) from
Ivison et al. (2010) and Carilli et al. (2011), respectively, which
can then be fit to the far-IR photometry. This library comprises a
total of 185 templates with a range of characteristic dust tempera-
tures (measured from the wavelength of the peak of the far-IR SED
and assuming ApeaTq = 2.897 x 103 m.K) from Ty = 20-60K
(this compilation of templates is available at the same url as the
deblended catalogues).

We fit these template SEDs to the 24 um—1.4 GHz photometry of
the composite SED using a x> minimization, allowing the normal-
ization and redshift of the templates to vary. In Fig 3, we overlay
the best-fit (and also show the range of models which lie within 1o
of the best fit).

A large fraction of the sub-mm sources identified in single dish
observations lack radio (and/or 24 um) counterparts, possibly as a
result of the galaxies either lying at higher redshift or having colder-
than-average dust temperatures. Until now, we have not known
whether the unidentified SMGs have the same redshift distribution
(or are representative) of the radio-identified sub-set. To provide
a simple test of whether the individually radio-detected and radio-
undetected sub-set show evidence for having different far-IR colours
(which may indicate a redshift bias if their SEDs are similar), we
stack the radio-detected (46) and radio non-detected (53) sub-sets
separately and also show these in Fig. 3 (see also Table 1). Both of
these sub-sets peak at 350 um, with statistically indistinguishable
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Figure 3. Top left: stacked (observed frame) spectral energy distribution for all 99 ALESS SMGs in our sample. The solid curve shows the best-fitting SED
from our template library (the best-fitting template has a redshift of z = 1.8), with the shaded region shows the range of acceptable solutions. We also overlay the
SEDs of M 82 and Arp 220 (redshifted to z = 2.5 and normalized to the peak). Top Right: the observed composite SED for the 34 individually SPIRE undetected
ALESS SMGs. The solid curve denotes the best-fitting template (which has a best-fitting of z = 3.5) and the dashed curve shows the best-fitting SED to the
‘All’ composite in the left-hand panel. This ‘SPIRE-undetected’ stack appears to have the same far-IR colours as the ‘All’ stack, but is lower luminosity at all
wavelengths. Bottom left: observed frame composite SED for the 46 individually radio-identified ALESS SMGs with the best-fitting (solid) and ‘All’ (dashed)
composites overlaid. In this plot, the best-fitting template is for z = 1.3. Bottom right: the observed SED for the 53 ALESS SMGs which are (individually)
non-detected at 1.4 GHz, again with the best-fitting (solid) and ‘All’ (dashed) composites overlaid. The best-fitting template is for z = 3.5. This ‘radio-detected’
composite SED appears to have similar 250, 350 and 500- pum colours as the ‘radio non-detected’ composite, although the ‘radio-detected’ composite has more
flux at shorter (70-160 um) wavelengths, most likely reflecting the differences in the photometric redshift distributions of the two sub-samples (assuming a
fixed dust temperature). For each sample, we also show the thumb-nail images from the stacks of the Herschel/PACS + SPIRE (70-500 pm), ALMA 870 um
and VLA (1.4 GHz) radio. In each of these thumbnail the major tick-marks are spaced by 10 arcsec.
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Table 1. Stacked far-IR photometry for ALMA SMGs.

ALL S1.4GHz S1.4GHz
>25uly <25uly
N 99 46 53
S70 um (mly) <0.45 (0.1) 1.34+£0.4 (0.1) <1.3(0.1)
S100 um (MJy) 3.0+ 1.0(0.1) 394+1.4(0.2) <2.5(0.2)
S160 um (mMJy) 9.7+ 1.4 (0.3) 11.7 £ 1.9 (0.4) 8.0 £1.8(0.4)

S250 um (mJy)  16.0 £1.1(0.4) 193 £1.5(0.7)
S350 um (mJy)  20.6 £1.2(0.5) 2354+£22(0.8) 192+1.5(0.7)
Ss500 um (mJy)  18.5£1.1(0.8) 204£12(0.9) 16.1£1.3(0.8)
Sg70um (mJy)  40+£03(0.4) 454+031(04) 3.6+0.37(0.4)
SiacHz (Wy) 13.8+£24(09) 289+£39(1.3) 41+24(14)

Notes. The errors are those on the bootstrap of the distribution. The error
in parenthesis denoted the noise in the stacked map.

13.6 £ 1.5(0.5)

350/250 pm and 350/500 um colours. However, as can be seen
from Fig. 3 and Table 1, the 70-100 um flux densities for the radio
non-detected stack are fainter than the radio-detected sub-set. For a
fixed characteristic dust temperature, this may be consistent with the
radio-faint sub-set of the ALESS SMGs lying at somewhat higher
redshift. We will return to a discussion of this in Section 3.3.

3.2 SMGs redshifts and rest-frame composite SED

Recently, Simpson et al. (2013) used the 16-band optical-mid-IR
photometric coverage of ECDFS to derive photometric redshifts
for 77 of the 99 ALESS SMGs. They fitted SEDs to the 19-band
(observed U to IRAC 8.0 um) photometry using HYPER-Z with the
spectral templates of Bruzual & Charlot (2003) which use using
solar metallicities and employ four SFHs; a single burst (B), con-
stant star formation (C) and two exponentially decaying SFHs with
time-scales of 1 Gyr (E) and 5 Gyr (Sb). To calibrate the redshifts,
Simpson et al. (2013) derive photometric redshifts of ~6000 spec-
troscopically confirmed galaxies in the ECDFS, as well for spectro-
scopically confirmed ALESS SMGs (Danielson et al., in prepara-
tion). Simpson et al. (2013) then use the relation between rest-frame
H-band magnitude and redshift for ALESS SMGs below z = 2.5 to
crudely estimate the redshifts for a further 19 ALESS SMGs which
are faint (or undetected) in the optical/near-IR, deriving a statistical
redshift distribution for 96 ALESS SMGs (we note that two of the
ALESS SMGs which are faint or blank in the optical/near-IR have
been confirmed to be z = 4.4 through blind identification of [C i];
Swinbank et al. 2012). The final three ALESS SMGs from the MAIN
catalogue of Hodge et al. (2013) without photometric redshifts lie
outside the Multiwavelength Survey by Yale-Chile field and are
only covered by IRAC, making it impossible to derive reliable pho-
tometric redshifts. Simpson et al. (2013) show that the redshift
distribution of the 96 ALESS SMGs is centred at z = 2.5 + 0.2 but
with a tail out to z 2 5, and with a typical uncertainty for any SMG
of Az/(1 + Zgpec) = 0.15. The median absolute H-band magnitude
of the ALESS SMGs is My = —24.33 £ 0.15 which corresponds
to a stellar mass of My, = (8 = 1) x 10'° M (for an appropri-
ate Ly/M, ratio), consistent with previous estimates of the stellar
masses of SMGs (e.g. Hainline et al. 2011).

Simpson et al. (2013) used these photometric redshifts to search
for differences in the redshift distribution of radio-bright versus
radio-faint ALESS SMG. For the radio-detected sub-set of the pop-
ulation, they derive a median of z = 2.3 & 0.1 whilst for the radio-
undetected sub-set, they derived z = 3.0 £ 0.3. Thus, it appears
that radio-faint SMGs have a redshift distribution which peaks at
slightly higher redshift than the radio-detected SMGs, as expected
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given the positive K-correction in the radio wavebands, even though
the 250/350 pwm and 350/500 pwm colours are indistinguishable. This
is discussed in detail in Simpson et al. (2013).

We use the photometric redshifts for the 96 ALESS SMGs to
derive a rest-frame UV-radio composite SED for the whole sample.
For each SMG, we de-redshift the wavelength and flux density
measurements (and normalize each SMG by far-IR luminosity) and
then calculate a running median and show this in Fig. 4. To account
for the errors on the SED at each wavelength, we bootstrap resample
for both the photometric redshift and photometric errors. The best-
fitting template (and 1o error distribution) is also overlaid on to
the SED in Fig. 4 which shows that the best-fitting template peaks
at Ay = 90 £ 5 pm. In this plot, we also overlay the composite
optical-far-IR SED derived from a sample of z ~1.5 ULIRGs with
luminosities Lig = 1-3 x 10'2 L identified in the COSMOS field
from Lee et al. (2013). This composite SED is reasonably well
matched to the ALESS SMG composite, although shows a factor
~1.5-2 excess in the rest-frame near- and mid-IR compared to the
ALESS stack (which may be due to their sample being dominated by
a 24 um pre-selection). Nevertheless, in the rest-frame UV/optical
and far-IR, both SEDs are well matched, peaking between 90—
100 pm.

This well-sampled rest-frame composite SED can be used to mea-
sure the average dust masses of the ALESS SMGs. The dust mass
is related to the far-IR flux density by S, = «, B,(T) M4 df (1+2),
where S, is the flux density at frequency v; B, (T) is the Planck func-
tion at temperature, T k,, is the dust absorption coefficient; My is the
total dust mass and d| is the luminosity distance. Our sources are
not perfect black bodies, but this is accounted for by the dust mass
coefficient, «, so that the grey-body is effectively represented by
the product «, B, (T) and the luminosity of the sources at frequency
v scales as S,/B,(T) oc v2. The dust mass is then given by
My=S, di / (kc, By(T) (1 + 2)).

To characterize the rest-frame composite ALESS SED in Fig. 4,
we fit three dust components; cold: T4 . = 20-30K; warm:
T4, w = 50-60K and hot T4, = 80-120K. The dust emissivity,
B is allowed to vary between f = 1.5 and 2.0 (Magnelli et al.
2012a) (but is the forced to the same value for each compo-
nent). From the best-fit, we derive an average cold dust mass of
My .= 4140.6) x 10¢ Mg (for a dust mass absorption coef-
ficient of kg7, m = 0.15 m? kg~!; Weingartner & Draine 2001;
Dunne, Eales & Edmunds 2003) and a ratio of My /M4 w =30 £ 8
and My /Mgy 1 > 1500. The cold dust mass we derive from this com-
posite is comparable to that derived for the spectroscopically con-
firmed SMGs, My = (3.9 +0.5) x 108 Mg (Magnelli et al. 2012a).
However, this composite SED is derived for all ALESS SMGs (over
all photometric redshifts) and so to limit any broadening of the dust
SED due to selecting different SEDs at different redshifts, we also
limit the composite to the redshift range z = 1.8-2.8. From this com-
posite, we derive a cold dust mass of My . = (4.1 £0.6) x 108 Mg
and a ratio of My /My =43 £ 15 and My /M4 1 > 1000 — com-
parable to those derived from the composite SED of all ALESS
SMGs.

3.3 Far-infrared properties of individual SMGs

Next, we investigate the properties of individual ALESS SMGs
from the deblended SPIRE maps. In Fig. 4, we show example SEDs
for four of the ALESS SMGs in our sample (SEDs for all ALESS
SMGs can be found in Fig. A2). In cases of non-detections, we
show 3o upper limits. For each ALESS SMG, we fit the SED tem-
plates in our library to the photometry, allowing the redshift to
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Figure 4. Left: example observed mid- to far-IR SEDs of the ALMA SMGs in our sample (one from each quartile in 870 um LESS flux density). SEDs
for all the ALESS SMGs are shown in the Appendix. In each case, the SPIRE photometry has been deblended. The solid curve shows the best-fitting SED
to the 24 um-1.4 GHz flux densities. The shaded region shows the range of acceptable solutions of these templates given the photometric redshifts (and its
error). Right: rest-frame, composite SED for all ALMA SMGs in our sample from UV through to radio wavelengths. The small points show the individual
measurements (and include detections and non-detections as limits). Large points denote the bootstrap median in bins of wavelength, with error bars accounting
for both photometric redshift and luminosity uncertainties. The solid curve shows the best-fitting SED, with the 1o uncertainty indicated by the shaded region,
and the lower panel shows the residuals between the data and the fit. The dashed curve shows the composite SED derived from 816 z ~ 1.5 galaxies with
luminosities Lig = 1-3 x 10'? L in the COSMOS field from Lee et al. (2013). The black dashed curves show a three-component grey-body dust SED fit
to the ALESS SMG composite with cold, warm and hot components with Ty . = 20-30K, T4 = 50-60K and Ty 1, = 80-120 K, respectively. These grey
bodies suggest an average cold dust mass of My . = (4.1 £ 0.6) x 108 Mg (for a dust mass absorption coefficient of k870 um = 0.15 m?2 kg’l).

vary according to the photometric redshift and its error, and also
accounting for the uncertainty in the photometry. Using the best-
fitting dust SEDs, we calculate the IR luminosity (Lig) by inte-
grating the rest-frame SED between 8 and 1000 um (rest-frame).
The derived far-IR luminosities (integrated between rest-frame 8
and 1000 pm) and characteristic dust temperatures (T) of the best-
fitting template from these fits are reported in Table Al along with
their photometric redshifts from Simpson et al. (2013). To facilitate
a useful comparison with other surveys, we also fit the far-IR pho-
tometry of each ALESS SMG with a modified blackbody spectrum
at the photometric redshift and derive the characteristic dust tem-
perature from these fits. These dust temperatures are also reported
in Table 2 and are those used in the analysis below.

Following Ivison et al. (2012), in Fig. 5 we show the far-IR
(250/350 um versus 500/350 um and 870/500 wm) colours of the
ALESS SMGs (we only plot ALESS SMGs which are detected in
at least two bands). For a comparison sample, we also include the
far-IR colours of SMGs with 250, 350 and 500 um flux densities
measured from Magnelli et al. (2012a). This colour—colour diag-
nostic is designed to crudely assess the redshift and characteristic
dust temperature (T4) of galaxies detected by Herschel, probing
their colours across the rest-frame ~100 pm SED peak.

To assess whether these colours are consistent with those ex-
pected for dusty high-redshift galaxies, we also show as a colour
scale the expected far-IR colours derived from 10° grey-body curves
with a range of redshifts from z = 0 to 6, characteristic dust tem-
peratures of Ty = 15-60K and dust emissivity g = 1.0-2.5 (we
include scatter in these photometry which match the typical pho-
tometric errors in our analysis). The location of the ALESS SMGs
in Fig. 5 demonstrates that their dust SEDs are consistent with a
population of galaxies at z ~ 2—4, and we note that there are 12, 32
and 12 ALESS SMGs whose dust SEDs peak closest to 250, 350
and 500 um, respectively (these are for those galaxies which are

individually detected in at least two SPIRE bands). However, due to
the dust-temperature-redshift degeneracy, there is significant scat-
ter between the far-IR colours and photometric redshift. Indeed,
as also shown in Fig. 5 the relation between 870/350 um colour
as a function of photometric redshift for the ALESS SMGs (and
also including the far-IR colours of the spectroscopically confirmed
SMGs from Magnelli et al. 2012a), there is approximately Az > 1
of scatter for a fixed 870/350-pm colour.

In Fig. 6, we show the photometric redshift distribution for
ALESS SMGs, split by their far-IR colours. Crudely, for a fixed
temperature, the dust SEDs for the SMGs which peak at shorter
wavelengths should lie at the lower redshifts, whilst those which
peak at the longer wavelengths should lie at the highest redshifts.
As Fig. 6 shows, this is broadly consistent with our data; the dust
SEDs of the ALESS SMGs which peak closest to 250, 350 and
500 um peak at z = 2.3 £ 0.2, 2.5 £ 0.3 and 3.5 £ 0.5, respec-
tively. Formally, a two-sided KS test suggests a 63 per cent chance
the 250 pm and 350 wm peakers are drawn from the same distribu-
tion, but only a 2.3 per cent [1.8 per cent] chance that the 350 um
and 500 wm [250 pm and 500 pm] peakers are drawn from the same
population.

Finally, we note that there are 34 (out of 99) ALESS SMGs which
do not have a >30 counterpart at 250, 350 or 500 um. Of these 34
galaxies, 30 are also radio unidentified, and it is interesting to note
that the median photometric redshift for these SPIRE and radio
non-detections is higher than the full ALESS SMG sample, with
z =33+ 0.5 (cf. z =25 £ 0.2; Simpson et al. 2013; Fig. 6).
However, stacking the SPIRE maps of these ‘SPIRE undetected’
ALESS SMGs (Fig. 4) yields far-IR colours which peak at 350 pm
with 250, 350 and 500 pm flux densities of S>50 ,.m = 9.0 £ 0.4 mJy,
S350 um = 9.5 £0.5mJy and Sspp ym = 6.5 &= 1.2 mJy (Fig. 5). More-
over, the median 870 um flux density of this ‘SPIRE undetected’
sub-set is Sg70 um = 2.4 = 0.4 mly, (c.f. Sg70 om = 3.4 == 0.3 mJy for
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Figure 5. Far-IR colours for the ALESS SMGs. The underlying colour scale shows the expected distribution (coded by photometric redshift) for a sample of
107 grey-body curves with a range of temperature Ty = 15-60 K, dust emissivity, § = 1.0-2.5 and redshift z= 0—-6. To account for photometry errors in the
SPIRE data, these dust SEDs have 10 per cent flux density errors added to the photometry before deriving the colours. In the left-hand panel, we show the
250/350 pm versus 870/500 pm colours of ALESS SMGs and in the right-hand panel we show their 250/350 pm versus 500/350 pm colours. We only include
ALESS SMGs which are detected in at least one SPIRE band (65/99 galaxies). The average colours of the remaining 34 ALESS SMGs are shown by the solid
triangle using the stacking results in Fig. 3. In both panels, we show a representative error bar on the photometry in the top-left-hand corner. As evident from
the figure, the ALESS SMGs have colours consistent with z ~ 2—4 dust SEDs. Inset: the 870/350 um colours as a function of photometric redshift for the
ALESS SMGs. In this plot, we also include the far-IR colours of the spectroscopically confirmed SMGs from Magnelli et al. (2012a, M12). In the top-right
corner of this inset, we show a representative error bar on the 870/350 pm colour and redshift. The solid line shows the median (and error) in Az = 1 bins.
This shows that there is a scatter of approximately Az 2 1 for a fixed 870/350 pum colour.

the full ALESS SMG sample). Thus, these ALESS SMGs which are
undetected in the SPIRE maps appear to represent a combination of
the slightly fainter and higher redshift sub-set of the ALESS SMGs,
but with comparable dust temperatures. Of course, this result may
partially due to our method of deblending in which we require a
galaxy be detected at 250 pum to be included in the 350 pum posi-
tional prior catalogue (and a 350 pm to be included in the 500 pm
positional prior catalogue) which may bias against galaxies that
are faint at 250 um and peak at longer wavelengths. However, we
note that only two ALESS SMGs, ALESS 80.1 and ALESS 80.2
(Zphot = 1.4 and 2.0, respectively) have significant flux (28 mlJy at
350 um and 500 pwm) in the residual map, and therefore it does not
appear that we have missed a significant fraction of ALESS SMGs
in the SPIRE deblending which would bias this result.

For each ALESS SMG, we also calculate the cold dust mass using
the rest-frame 870 wm luminosity from the best-fitting template and
give these in Table 2. The median dust mass for all of the SMGs in
our sample is My = (3.6 & 0.3) x 108 M@, which is comparable
to the average dust mass derived by Magnelli et al. (2012a) for a
spectroscopic sample of SMGs, My = (3.9 £ 0.5) x 10° M.

4 DISCUSSION

4.1 Far-infrared luminosities and star formation rates

The median IR luminosity for the ALESS SMGs is
Lr = (3.0 £ 03) x 10”Lg (corresponding to an SFR of
SFR = 310 + 30Mg yr~! for a Chabrier IMF) with a range of

Lir = 0.2-10 x 10> L (SFR = 20-1030Mg yr™'). This is a
factor ~1.8x lower than that derived for 78 spectroscopically con-
firmed SMGs from Chapman et al. (2005) (also derived using SPIRE
photometry to constrain the dust SEDs; SFR = 500 & 66 M yr™'
and for the same stellar IMF; Magnelli et al. 2012a). However,
this is mainly driven by the high multiplicity of SMGs due to un-
resolved companions in the far-IR photometry in the single dish
survey. For example, Hodge et al. (2013) show that at least 35 per
cent (possibly up to 50 per cent) of the LABOCA sub-mm sources
are resolved by ALMA into multiple SMGs (see also Karim et al.
2013). If we instead limit the sample to ALESS SMGs whose flux
is brighter than Sg79 > 4.2 mJy, then we derive an average SFR of
SFR =530 £ 60M@ yr .

In Fig. 7, we plot the correlation between redshift and IR lu-
minosity for our sample. For comparison, we overlay the SMGs
and 24 um selected Herschel star-forming Galaxies (HSGs) from
Chapman et al. (2005) and Casey et al. (2012), respectively. To high-
light the selection functions on this plot, we calculate the 870 um
flux density for a dust SED with characteristic dust temperature
of Ty = 32K as a function of luminosity and redshift. In Fig. 7,
the solid line denotes the selection limit for this dust SED with
S870 um > 2 mly (the approximate 870 um flux density limit of the
ALESS SMG sample). However, given the apparent evolution in
the luminosity—temperature plane (high-redshift ULIRGs tend to
be systematically cooler than local ULIRGs at a fixed luminosity;
Chapman et al. 2005; Kovdcs et al. 2006; Symeonidis et al. 2013),
we also construct a set of dust SEDs across the redshift range
z = 0-8 with a range of far-IR luminosities from Lig = 107" L
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Figure 6. Photometric redshift distribution for the ALESS SMGs. The full
distribution peaks at z = 2.5 £ 0.2, with a tail to z > 5 (Simpson et al.
2013). In this plot, we also split the SMGs in to those whose observed dust
SEDs peak closest to 250, 350 and 500 pum, deriving median redshifts of
7=23%£0.3,2.5+0.2and 3.5 £ 0.5, respectively (for galaxies individually
detected at 350 pm). We also plot the photometric redshift distribution for
the ALESS SMGs which do not have a >30 counterpart at 250, 350 or
500 pm, deriving a median redshift of z = 3.3 & 0.5. This plot demonstrates
that those galaxies with SEDs that peak at longer far-IR wavelength, or
are undetected by SPIRE, tend to lie at higher redshifts, although there is
considerable overlap between the samples.

but require that the dust SEDs of higher redshift galaxies have cooler
characteristic dust temperatures by ATq/Az = 1.5K at a fixed lu-
minosity. We then measure the 870 um flux densities of each dust
SED and again only record those whose 870 pm emission is above
8570 um = 2.0 mJy. We also use the same model to estimate the selec-
tion boundary for SMGs to be detected in at least two SPIRE bands
above our limits (see Section 2.3.1); we show this on Fig. 7. This fi-
nal selection function highlights a steeply rising selection boundary
above z ~ 3.5 beyond which galaxies are unlikely to be detected in
at least two SPIRE bands. Nevertheless, this plot demonstrates that
the ALESS SMGs apparently follow the same luminosity—redshift
scaling (Lig o (1 + z)*) as local samples, although the luminosities
appear to significantly flatten on this relation above z ~ 2.5.

In Fig. 7, we also show the relation between the IR luminosity
and characteristic dust temperature for ALESS SMGs. In this plot,
we use the characteristic dust temperature from the grey-body fits in
order that a fair comparison can be made with other surveys. How-
ever, since the characteristic dust temperature is closely related to the
wavelength of the peak of the dust SED, we label the axis with both
dust temperature (Ty) and corresponding peak wavelength (Apear).
In the plot, we also include measurements for SMGs from Magnelli
et al. (2012a) as well as the HSGs from Casey et al. (2012) (which
have a median redshift of z ~ 0.7), and the z = 0-1 SPIRE-selected
LIRGs and ULIRGS from Symeonidis et al. (2013) which appear to
closely follow the z < 0.1 Lig—T4 correlated observed in the > 1.2 Jy
IRAS 60 pm sample (Chapman et al. 2003a, see also Chapin et al.
2009). In this plot, we show a selection boundary (dashed line) that
denotes the luminosity—temperature space required for an ALESS

SMG with Sg70.m > 2mly to be detected in at least two SPIRE
bands [which as recently reiterated by Symeonidis et al. (2013),
drives the apparent correlation between T4 and redshift].

To test whether the ALESS SMGs have similar temperatures to
local samples (at fixed luminosity), we divide the ALESS SMGs
into three roughly equal number bins of L and derive the average
characteristic temperature of Ty = 25 £ 4,33 £ 2 and 33 £ 1K
for Lr = (1.0 £ 0.1), 2.4 & 1.3) and (5.3 &+ 0.4) x 10” L,
respectively. As Fig. 7 shows, for a fixed luminosity, ALESS SMGs
have cooler dust temperatures (ATy = 3-5K) compared to that
implied from the Ligr—T4 relation from local 60 um /RAS galaxies
(equivalently, the dust SEDs of the ALESS SMGs peak at 10-
15 um shorter wavelengths the local /RAS galaxies of comparable
luminosity). This offset in T4 (or Apeax) at fixed Lig for high-redshift
ULIRGS has also been noted by Symeonidis et al. (2013) and may
be attributed to the more extended gas and dust distributions and/or
higher dust masses than local galaxies of similar luminosities.

4.2 Far-infrared luminosity functions

Since our ALMA survey was carried out on a complete sample
of 870 um-selected sources lying in a single field, we can use the
volume probed by our observations to derive the far-IR luminosity
function of bright SMGs. To search for an evolution with red-
shift, we split the ALESS SMGs into three bins of photometric
redshift (z = 1.0-2.5, z = 2.5-3.5 and z = 3.5-5.0). To account
for the flux-limited nature of the LESS survey, we calculate the
ALESS SMG luminosity function within an accessible volume us-
ing ¢(L)AL = X(1/V;), where ¢(L)AL is the number density of
sources with luminosities between L and L + AL and V; is the co-
moving volume within which the ith galaxy can be detected in each
luminosity bin. Errorbars are calculated by bootstrapping account-
ing for the uncertainties in the photometric redshifts, luminosity and
binning errors. In Fig. 8, we plot the bolometric luminosity function
in these three redshift bins and compare the data to a low-redshift
24 um selected (z < 0.3) sample from Rodighiero et al. (2010),
and the z ~ 1.5, 2.2 and 3.7 IR luminosity functions of 100 and
160 um selected galaxies from the PEP survey (Gruppioni et al.
2013). As Fig. 8 shows, at fixed luminosity, SMGs have a space
density at least a factor 100x that of 24-pum selected galaxies at
z < 0.3 (Rodighiero et al. 2010).

Comparing the ALESS SMG space densities between redshifts,
we also see that between z = 1.5-2.5 and z = 2.5-3.5, the ALESS
SMG luminosity functions significantly overlap, although at a fixed
luminosity, the higher redshift ALESS SMGs tend to have a lower
space density (e.g. at a luminosity of ~5 x 10'2 Lo, the space
density of z = 3.5-5.0 SMGs is ~60 per cent lower than at z ~ 2),
implying that the volume density peaks at z ~ 2 and declines at
higher redshift.

As noted by WeiB et al. (2009; see also Wardlow et al. 2011),
the ECDFS appears to be underdense in z ~ 2 SMGs by a factor
of ~2x compared to other sub-millimetre surveys at flux densities
Ss70 2, 3 mly. To compare to other surveys, in Fig. 8 we therefore
construct the luminosity function for ALESS SMGs over the redshift
range z = 1-3.5 (to match the redshift distribution of the Chapman
et al. 2005 sample) and then rescale by increasing the number
density by a factor of ~2 x to match the 850 tm number counts
from those in the SHADES (Coppin et al. 2006). This rescaled
z = 1-3.5 ALESS SMG luminosity function is well matched to the
z ~ 2.2 luminosity functions of 100 and 160 pm selected galaxies
from the PEP survey (Gruppioni et al. 2013).
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Figure 7. Left: the IR luminosity as a function of photometric redshift for the ALESS SMGs, colour coded by characteristic dust temperature. The dotted
line denotes luminosity evolution according to Ligex (1 + 2)*. We also include several selection functions: (i) selection of an Sg7o um > 2mly SMG for a
dust SED with characteristic dust temperature of Ty = 32K (solid line); (ii) selection of an Sg70 um > 2mJy SMG for a dust SED with characteristic dust
temperature that evolves with luminosity and redshift (dot-dashed line) and (iii) Sg70 um > 2 mJy SMGs which are likely to be detected in at least two SPIRE
bands (dashed line). Right: the relation between the characteristic dust temperature (which closely corresponds to the approximate peak wavelength of the dust
SED, Apeax) versus IR luminosity (L1r) for the ALESS SMGs, colour coded by photometric redshifts. To facilitate a useful comparison with other surveys, the
characteristic dust temperatures shown here are derived using the grey-body fits to the far-IR photometry at the photometric redshift of each SMG. The dashed
line denotes the approximate selection limits for an 870 pm selected sample with Sg70 um > 2 mJy which are then detected in at least two SPIRE bands. We also
plot the (local) 60 um /RAS Lir—T4 correlation from Chapman et al. (2003b) (solid line, with 1o dispersion shown by the dotted line; see also Chapin, Hughes
& Aretxaga 2009) and also the z = 0-1 SPIRE-selected LIRGs and ULIRGs (Symeonidis et al. 2013). In both panels, we also include recent measurements
for SMGs from Magnelli et al. (2012a) which are partly based on the Chapman et al. (2005) (C05) survey and Herschel star-forming Galaxies (HSGs) from
(Casey et al. 2012). In both panels, we also show a representative error bar for our ALESS measurements. The large, solid points in the right-hand panel show
the median temperature (and bootstrap error) of ALESS SMGs in bins of far-IR luminosity, showing that the high-redshift SMGs have cooler temperatures
(AT = 3-5K, or equivalently, their dust SEDs peak at longer wavelengths) at fixed luminosity than comparably luminous galaxies at z = 0, which is likely
due to the more extended star formation in these systems.

but with hotter than average dust temperatures which makes them
fainter at 870 um, dropping them below the LESS flux limit. The
contribution to the star formation density from these optical faint

4.3 The contribution of SMGs to the comoving star formation
rate and stellar mass densities

We use the SFR for the galaxies in our sample to measure the con- radio galaxies; OFRGs, (Casey et al. 2009) may increase the contri-
tribution of SMGs to the total SFR density as a function of redshift. bution to the SFR density for ULIRGs by a factor $2x compared
When calculating the SFR density, we include all of the SMGs to the 870 um-only selection we consider here.

from the ALESS MaIN catalogue with Sg7 > 4.2 mJy (the flux limit Next, we compare these results to the semi-analytic galaxy for-
of the original LESS survey), and account for the factor of 2 x mation model from Baugh et al. (2005) (see also Swinbank et al.
underdensity of SMGs in the ECDFS. As Fig. 9 shows, over the 2008; Gonzdlez et al. 2012). This model has the advantage that it is
redshift range z = 1-5, bright (Sg70 > 4.2 mJy) account for ~1-2 both cosmologically based, and is required to fit the z = 0 K-band
per cent of the total star formation density (Hopkins & Beacom luminosity function, /RAS 60 pm number counts and galaxy bulge-
2006; Karim et al. 2011). However, we also need to account for to-disc ratios. In this model, the SMGs are dominated by bursts
the large fraction of the sub-millimeter galaxy population below of star formation as a result of major mergers, with the brightest
our bright ~4.2 mJy flux limit, by integrating down to 1 mJy. This SMGs (Ss70um > 5mly) accounting for ~1 per cent of the to-
flux represents the point at which the dust-obscured and unobscured tal star formation density at z = 2-4. Integrating all sources with
SFR in galaxies are comparable and corresponds to an IR luminos- Ss70um > 1 mly this model also predicts that the fainter SMGs ac-
ity of Lig = 0.8 x 102 Lo (SFR ~80M@ yr'). We assume that count for ~20-30 per cent of the total star formation density at these
the fainter SMGs (Ss70 um = 1-4.2 mJy) have the same underlying redshifts (Gonzdlez et al. 2012). Although the use of a top heavy
redshift distribution and luminosity evolution as the bright SMGs (x=0) IMF in the model complicates this comparison, Fig. 9 shows
(Ss70um > 4.2mly) and find that the number density of SMGs that the GaLFOorRM model appears to provide a reasonable description
with 870 pm fluxes brighter than 1 mJy SMGs is 7x that of those of the ALESS data over the redshift range z ~ 1-5.

brighter than 4.2 mJy (Coppin et al. 2006). Accounting for the errors Since the integral of the star formation history provides the total
in the photometric redshifts of the ALESS SMGs, and applying this stellar mass formed in a galaxy, we also measure the fraction of
correction to the number counts, in Fig. 9 we also show the contri- stellar mass in SMGs compared to the total stellar mass density (as
bution to the comoving SFR density from Sg70um 2> 1 mJy SMGs. a function of redshift). We follow Guo et al. (2012) and obtain the
This shows that SMGs contribute ~20 per cent of the total star global stellar mass density as a function of redshift by fitting a linear
formation over the redshift range z = 1-5. Of course, we note that relation to the evolution of the stellar mass density from fig. 12 of
this estimate should be considered a lower limits as we have not in- Marchesini et al. (2010). Assuming the SMGs have a burst duration

cluded ULIRGs which have comparable luminosities as the SMGs, of 250 Myr, we calculate the duty cycle as a function of redshift
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Figure 8. Left: the far-IR luminosity function for ALESS SMGs split into three bins of photometric redshift. In this plot, the error bars are derived by bootstrap
resampling for uncertainties in the luminosities and photometric redshifts. Since the ECDFS has been shown to be underdense in bright sub-mm sources (Weil3
etal. 2009), to match the 870 um number counts in other extragalactic survey fields, we also re-scaled the z = 1.5-3.5 luminosity function by a factor 2x (black
solid line). The vertical dot—dashed line shows the approximate ALESS completeness limit. We also show the z = 0 luminosity function from Rodighiero et al.
(2010) as well as the z ~ 1.5, 2.2 and 3,7 IR luminosity function of 100 pm and 160 pm selected galaxies from the PEP survey from Gruppioni et al. (2013)
which are well matched to the (rescaled) ALESS SMGs. Right: the Hy mass function for SMGs compared to local data and theoretical models. In this plot,
we have adopted a gas-to-dust ratio of appropriate for each galaxy given its SFR and stellar mass, and applied the correction factor for the underdensity of
bright sub-mm sources in ECDFS. We compare the results for the ALESS SMGs with z = 0 which shows that at a fixed gas mass (or equivalently, CO(1-0)
line luminosity) there are ~100x more galaxies at z = 2 than z = 0. We also include on the plot the space density of ‘main-sequence’ starburst galaxies (BzKs
and BX/BMs) from Daddi et al. (2010) and Tacconi et al. (2012). The dashed line shows the predicted z = 2 gas mass function from Lagos et al. (2011).

--------- LRARRRRARE MUMALLMLE MRS RS SRR -~~~ ~ 1 " T T T T T ]
| . >J.2mJy ALESS SMGs N 1.0 N AN ® S(850) > 1muJy i
1.000E = >Imly SMGs E F N S(850) > 4.2mJy T
F x SMGs (Casey et al. 2013) - AN " Y
[ -.=. >5mly model SMGs 1 3 N 77p(z)/pum(z=0) 1
[ — T _|[—F ' — >1mJy model SMGs ]
SiiNs S| s e st Sl 1
0.100 L RS 3 '

p, (Mo/yr/Mpc™?)

0.001

Figure 9. Left: the contribution of SMGs to the comoving cosmic star formation density as a function of redshift. Since the original LESS survey had flux
density limits of Sg70 um = 4.2 mJy, we only include ALESS SMGs brighter this limit, but then extrapolate to all SMGs brighter then Sg70 um = 1 mJy using the
850 um counts (Coppin et al. 2006). This plot shows that the SMG activity peaks at z ~ 2 — similar to that found by previous studies of star-forming galaxies
and the peak activity of quasi-stellar objects (Hopkins, Richards & Hernquist 2007). The contribution from the bright SMGs to the total SFRD also peaks at
z ~ 2 where they are responsible for ~1-2 per cent of the Hopkins & Beacom (2006) SFRD, although extrapolating to the faintest SMGs, ~1 mJy suggests
SMGs contribute up to 20 per cent of the total SFRD at this epoch. Right: fraction of stellar mass in SMGs (Sg70 um > 4.2 mJy) compared to the total stellar
mass density as a function of redshift. The global stellar mass densities as a function of redshift are taken from Marchesini et al. (2010). This figure shows that at
z 2,2-3, the bright SMGs (Sg70 um > 4.2 mJy) contribute ~15 per cent of the total stellar mass budget at that epoch, and make up 3—4 per cent of the present
day stellar mass density. Integrating to fainter luminosities, SMGs with 870 pum fluxes brighter than Sg70 . m > 1 mly are predicted to contribute ~30-40 per
cent of the stellar mass density at z ~ 2.
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to infer the total stellar mass formed by SMGs (we note that the
burst duration and duty cycle correction approximately trade off
against each other if the burst duration does not depend on redshift)
and in Fig. 9 we plot the fraction of stellar mass formed in SMGs
compared to the total stellar mass density as a function of redshift
for all ALESS SMGs with Sg79 > 4.2mly (again accounting for
the factor of 2 x underdensity of the ECDFS). In this plot, we
use the stellar masses for the ALESS SMGs derived by Simpson
et al. (2013), which have been estimated by integrating the star
formation histories and accounting for the mass-loss due to winds
and supernovae. This plot shows that at z ~ 2-3, the bright SMGs
(Sg70 > 4.2mly) contribute 15 per cent of the total stellar mass
density at this epoch. In contrast, by z = 0 this plot suggests that
the total stellar mass formed in bright SMGs comprises just ~3—
4 per cent of the total stellar mass density. As above, if we integrate
the counts to Sg79 > 1 mly, then as Fig. 9 shows, SMGs account for
30—40 per cent of the total stellar mass at z ~ 2, and ~15 per cent
of the total stellar mass density at z = 0.

4.4 Dust and gas mass functions

Exploiting the correlation between the dust and gas mass in local
galaxies, we can also use the mass ratio of the gas-to-dust to infer
the total H, mass in SMGs. There has been considerable interest in
deriving the cold molecular gas masses in SMGs, since this provides
the raw ‘fuel’ for star formation which determines the duration of
the starburst. Most of the constraints on the gas masses have been
derived from low- and mid-/ '2CO observations and then have to
adopt CO-H, conversion factor (e.g. Frayer et al. 1998; Greve et al.
2005; Tacconi et al. 2006, 2008; Ivison et al. 2011; Riechers et al.
2011; Bothwell et al. 2013). In particular, Bothwell et al. (2013)
used ~3 Ms of low spatial resolution observations with Plateau
de Bure Interferometer to derive the low-J '2CO properties of a
sample 40 luminous SMGs (detecting 32 of them). Constraining
the molecular gas properties of a larger sample of SMGs, even with
ALMA, will therefore require a significant investment of time. An
alternative approach to estimate the gas mass is to use the (optically
thin) continuum luminosity on the Rayligh—Jeans tail of the dust
SED to estimate the dust mass, and then use an appropriate gas-to-
dust ratio to derive the total mass of the molecular ISM. A detailed
discussion of this technique and its application to both local and
high-redshift galaxies is given in Scoville (2013) review.

To estimate an appropriate gas-to-dust mass ratio (§gpr) for
SMGs, we exploit the CO-derived H, masses from Bothwell et al.
(2013) who derive My, = 3.6 + 1.0 x lO‘OM@ (including non-
detections). Using far-IR and radio photometry (from 70-870 and
1.4 GHz), Magnelli et al. (2012a) fit the far-IR SEDs of many of the
same galaxies to derive dust masses of My = (3.9 £0.5) x 10® Mp,
suggesting an average gas-to-dust ratio of gpr = 90 £ 25. For
comparison, we note that the Milky Way has a gas-to-dust ratio of
dgpr ~ 130; Jenkins 2004, whilst the gas-to-dust ratio derived for
the local of star-forming galaxies (across several galaxy types) from
the Spitzer Infrared Nearby Galaxy Survey from Draine et al. (2007;
see also Scoville 2013) is §gpr = 130 £ 20 for galaxies with metal-
licities above Z/Z~ 2 0.2 (which is likely to represent a lower limit
for SMGs; Swinbank et al. 2004; Takata et al. 2006).

It is also possible to derive a gas-to-dust ratio for the ALESS
SMGs using the stellar mass, SFR and metallicity (Z). For exam-
ple, Maiolino et al. (2008) suggest a mass-metallicity—SFR plane
of Z=8.90 + 0.47x x with x = log(M,) — 0.32 log(SFR) — 10.
The gas-to-dust ratio can then be calculated by Sgpg = 1070852+94
(Magnelli et al. 2012b). Using the SFR and stellar mass for the
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ALESS SMGs in our sample (Simpson et al. 2013), the average
gas-to-dust ratio we derive is §gpr = 75 £ 10. This is lower, but
consistent within the 1o error of that derived from the (more di-
rect) '2CO and dust masses, although we caution that the significant
uncertainty in the stellar mass estimates for SMGs due to the un-
constrained star formation histories may dominate the difference
in dgpr (Simpson et al. 2013). For simplicity, in all of the fol-
lowing analysis, we therefore adopt a single gas-to-dust ratio of
Sgpr = 90 £ 25.

Applying this gas-to-dust ratio to our estimates of the dust mass,
this suggests a median H, mass of My = (4.2 + 0.4) x 10'° Mg
for the ALESS SMGs. Together the average SFR and total H, mass
of the SMGs suggest a gas depletion time-scale of My,/SFR ~
130 £ 15 Myr. Assuming, on average that the burst is observed half-
way through its lifetime and that the star formation remains constant
over the lifetime of the burst (with no recycling of mass through
supernovae or other mass-loss), this suggests a total burst duration
in SMGs of ~250 Myr (see also Greve et al. 2005; Hainline et al.
2006; Swinbank et al. 2006; Tacconi et al. 2006; Ivison et al. 2011;
Riechers et al. 2011; Hickox et al. 2012; Bothwell et al. 2013), and a
factor of ~3x longer than local ULIRGs of comparable luminosity
(e.g. Solomon & Sage 1988; Gao & Solomon 2004; Genzel et al.
2010).

In Fig. 8, we plot the H, mass function for the bright
(Ss70 > 4.2mly) ALESS SMGs (in units of My,/Mp and
Jy km s~! Mpc?). We also include on the plot the gas mass density
of ‘main-sequence’ starburst galaxies (BzKs and BX/BMs) from
Daddi et al. (2010) and Tacconi et al. (2010). Here, we have as-
sumed that the six galaxies observed by Daddi et al. (2010) are
representative of all star-forming BzK galaxies (although we cau-
tion that the BzKs in Daddi et al. are the most luminous sub-sample
of the BzK population and so may be atypical). Nevertheless, we
adopt a space density of ¢p,x = (1.5 & 1.0) x 10~* Mpc~> based
on the average BzK space density (Daddi et al. 2005). Recently,
Tacconi et al. (2012) observed a much larger sample of massive,
main-sequence star-forming galaxies as part of the Plateau de Bure
HIgh-z Blue Sequence Survey (PHIBSS), presenting detections of
52 star-forming galaxies between z = 1-1.5 and z = 2.0-2.5.
These galaxies are selected from a parent catalogue of spectro-
scopically confirmed galaxies with SFR > 30Mg yr™' and stel-
lar masses of M, > 2.5 x 10' Mg and have gas masses of
My, = (5.5 £ 1.8) x 10°°Mg (c.f. My, =42+ 0.4 x 10'°° Mg
for the ALESS SMGs). To estimate the space density of the par-
ent population at these limits, we use the Bower et al. (2006)
galaxy formation model (which has been shown to provide a rea-
sonable match to the high-redshift stellar mass functions and SFR of
galaxies). For the PHIBSS selection limits of SFR > 30 Mg, yr",
M, > 2.5 x 10"Mg and assuming a median reddenning of
Ay = 0.75 for these systems (Forster Schreiber et al. 2009),
the Bower et al. (2006) model suggests space densities for
the parent populations of ¢._19_15 = 1.4 = 0.6 Mpc™> and
¢.—20-25 =12=+0.5 Mpc*3. Thus, the space densities of the
PHIBSS galaxies and BzKs appear to be a factor of ~8-10 x
higher than the ALESS SMGs, but with comparable gas masses
(Fig. 8).

In Fig. 10, we use the gas mass estimates for these samples to in-
vestigate the total H, contained in star-forming galaxies as a fraction
of the total H, as a function of redshift. As above, we calculate the
total gas density as a function of redshift contributed by the bright
ALESS SMGs (Ss70 um > 4.2 mJy), and also extrapolating to fainter
limits (Sg70 um > 1 mJy) using the sub-mm counts from Coppin et al.
(2006). Of course, we caution that extrapolating to Sg79,.m > 1 mJy

9T0Z ‘v Afeniged uo AsBAIUN 31snoyeq e /B10°S[euIno pioxo'se.ulu;/:dny wou) pepeoumoq


http://mnras.oxfordjournals.org/

1280 A. M. Swinbank et al.

[ ®SMGs (>4.2muy) M z=1-2.5 CO Tocconi et al. (2013) -

1073

% 2=0.2-0.7 Combes et ol. (2011, 2013)H

107*

P/P, o

1073

1078

0 1 2 3 4 )
z

Figure 10. Global density of molecular hydrogen (normalized to the criti-
cal density at z = 0), as a function of redshift for ALESS SMGs and other
high-redshift starburst galaxies. The solid line shows all ALESS SMGs with
flux densities Sg70 .m > 4.2 mJy, whilst the dotted line shows the extrapo-
lated contribution from all SMGs with flux densities Sg70 um > 1 mlJy. For
comparison with measurements at z = 0, we also overlay the data from Kere§
et al. (2005), as well as the model predictions for the evolution of the total
gas density with redshift from Lagos et al. (2011, 2013). At Sg70 yum > 1 mJy
(which corresponds to an SFR of approximately ~100 M yrlatz ~2),
the SMGs contribute only ~5 per cent of the total H5. For comparisons with
other high-redshift population, we also overlay the star-forming BX/BMs
and BzK galaxies from Tacconi et al. (2012) and luminous BzKs from Daddi
etal. (2010) which have comparable gas masses as the SMGs, but with space
densities which are a factor of ~10x higher. These galaxies (which have
typical SFR 2 80 Mo yr~!) contain 10-15 per cent of the predicted total
H, gas budget at z ~ 1-2. To provide a more detailed comparison of the
contribution of galaxies with different SFR, we also overlay the model pre-
dictions from Lagos et al. (2011) and Lagos et al. (2013) for galaxies with
SFR > 100M¢, yr~! (which provide a reasonable match to the >1mly
SMGs), and also for galaxies with SFR (SFR> = 10 M, yrh.

assumes that the gas masses scale with the 870 um flux, although
the strong correlation between CO, dust mass and far-IR luminos-
ity (e.g. Bothwell et al. 2013) implies that this assumption is not
unreasonable.

To compare these results to other populations, we employ the
z = 0 data from Keres et al. (2005), who derived a total molec-
ular gas content at z = 0 is p/p,—o = 0.970% per cent (where
Pr—0 = 3H02/(87TG)). For comparison samples at intermediate
redshift, we exploit the observations of 36 z ~ 0.2-0.6 and 39
z ~ 0.6—1.0 ULIRGs from Combes et al. (2011, 2013) who derive
gas masses from spectroscopy of 37 these galaxies using low-/ CO
emission. To estimate density of the parent population of these in-
termediate redshift ULIRGs (which includes optically bright and
spectroscopically confirmed galaxies with Lig > 2.8 x 1012L@;
above the 60um IRAS or 70 um MIPS detection limits and
8 > —12°) using the semi-analytic GALFORM model from Baugh
et al. (2005). The space density of ULIRGs with these flux limits

should be ~1.5 x 1077 Mpc—3 and ~7.5 x 1077 Mpc~3 for the
z ~ 0.6-1.0 and z ~ 0.2-0.6 populations, respectively. However,
we caution that given the complex selection function and large cor-
rection factors required in this calculation, we conservatively adopt
errors on the space density for this sample of at least a factor of 4 x
at both redshifts.

We also plot the theoretical contribution of galaxies to the total
H, density as a function of total SFR and redshift using the semi-
analytic models of Lagos et al. (2011, 2013) which is based on the
semi-analytic model of Baugh et al. (2005) and Bower et al. (2006).
As Fig. 10 shows, at z ~ 2 the bright (=4.2mJy) ALESS SMGs
contain ~1 per cent of the total predicted H, density at z = 1-3,
although extrapolating to galaxies with Sg79,.m > 1 mly this rises
to ~5 per cent. In contrast, the star-forming BzKs and BX/BM
galaxies (which have typical SFR > 80Mg yr~') contain 10—
15 per cent of the predicted total H, gas budget at z ~ 1-2. To
provide a more detailed comparison of the contribution of galaxies
with different SFR, we also overlay the predictions from the model
for galaxies with SFR >100M@ yr~' and SFR > = 10Mg yr™".
This model provides a reasonable description of the data: model
galaxies with star formation rates SFR > 100M¢ yr~' (which is
comparable to a Sg7g,.m limit of 1mly), should contribute ~5-
10 per cent of the total at z ~ 2, falling sharply to <0.1 per cent by
z=1

5 CONCLUSIONS

We have exploited the multiwavelength imaging of the ECDFS to
investigate the far-IR properties of a sample of 99 high-redshift,
ALMA-detected sub-millimeter galaxies. These galaxies are pre-
cisely located from high-resolution (<1.4 arcsec) 345 GHz imag-
ing, allowing us to measure the multiwavelength properties of the
counterparts without recourse to statistical associations. Moreover,
the sensitivity of the ALMA data also allow us to derive the prop-
erties of SMGs to fainter sub-mm fluxes than typically possible in
single dish observations. Our main findings are as follows.

(i) Stacking the far-IR imaging at the positions of the ALESS
SMGs, we show that their observed far-IR SEDs peak close to
350 pm, as expected for a high-redshift galaxy population whose
dust temperatures are around Ty ~ 30 K. The SPIRE colours of the
individually radio-detected versus radio non-detected sub-set of the
ALESS SMGs are not statistically distinguishable. However, when
including the shorter wavelength PACS data, the SEDs of the radio-
detected SMGs appear to peak at shorter wavelengths compared to
those SMGs which are radio non-detected. For a fixed characteristic
dust temperature, this is consistent with the radio-faint sub-set of
the ALESS SMGs lying at higher redshift, as also confirmed by
their photometric redshifts.

(i1) By deblending the SPIRE 250, 350 and 500 um images of
the ECDFS based on a 24 um, radio and ALMA positional prior
catalogue, we find that 34 (out of 99) ALESS SMGs do not have a
>3 counterpart at 250, 350 or 500 um. Of these 34 galaxies, 30 are
also radio-undetected. These SPIRE non-detections have a median
photometric redshift of z = 3.3 &= 0.5 which is higher than the full
ALESS SMG sample (z = 2.5 & 0.2; Simpson et al. 2013). The
median photometric redshift for ALESS SMGs which are detected
in at least two SPIRE bands and whose observed dust SEDs peak
at 250, 350 or 500 pm are z = 2.3 £ 0.2, 2.5 £ 0.3 and 3.5 £ 0.5,
respectively.

(iii) We fit the far-IR SEDs of the SMGs with a suite of dust
templates to derive the far-IR luminosity and hence SFR and
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characteristic dust temperature. We derive a median SFR for the
SMGs in our sample of SFR = 330 + 30 M yr~' with a range of
SFR = 20-1030M@ yr~!. Concentrating on those ALESS SMGs
whose fluxes are brighter than Sg79 > 4.2mly (the flux limit of
the LESS survey; Weif} et al. 2009), we derive a median SFR of
SFR =530 £ 60 M@ yr .

(iv) Accounting for the apparent underdensity of bright SMGs
in ECDFS, we show that the contribution of ALESS SMGs with
S370 um > 4.2 mly) to the comoving SFR density across the redshift
range z ~ 1-4 is <1-2 per cent of the total. Integrating the 870 wm
counts down to 1 mly (the flux corresponding to the luminosity
where the contributions from the far-IR and UV to the bolometric
output of galaxies typically balance) then 870 pum-selected SMGs
should account for ~20 per cent of the total star formation across
the same redshift range.

(v) By integrating the star formation histories of the SMGs in our
sample (and accounting for mass-loss due to winds and supernovae),
we show that bright SMGs (Sg79 > 4.2 mJy) contribute 15 per cent
of the total stellar mass density at z ~ 2. Extrapolating to a flux
limit of Sg70 > 1 mJy, SMGs account for 30—40 per cent of the total
stellar mass density at z ~ 2 and ~15 per cent of the total stellar
mass at z = 0.

(vi) Using the rest-frame 870-um luminosities of the
ALESS SMGs, we infer an average dust masses of My =
(3.6 £ 03) x 10°Mp. Adopting a gas-to-dust ratio of
My,/Mq = 90 £ 25, this suggests a typical cold gas mass of
My, ~ (42 £ 04) x 10'°Mg. Together the average SFR and
total H, mass of the SMGs suggest gas depletion time-scales of
My,/SFR = 130 £ 15 Myr.

(vii) Finally, we use our estimates of the H, mass to investigate
the contribution of star-forming galaxies to the cosmic H, density as
afunction of redshift. At z ~ 2 the bright (> 4.2 mJy) SMGs contain
1 per cent of the total H,, although extrapolating to Sg70 um > 1mJy
this rises to ~5 per cent. We show that this is consistent with
the latest theoretical models which predict that galaxies with star
formation rates SFR > 100 M yr~!, should contribute ~5-10 per
cent of the total at z ~ 2, falling sharply to <0.1 per cent by z = 1.

We have presented an analysis of the far-IR and radio prop-
erties of an unbiased sample of 870 um-selected SMGs in the
ECDFS whose positions have been precisely measured with ALMA.
We show that the SMGs in our sample have typical SFR of
SFR = 310 £ 30M yr~! and by integrating the counts to a flux
limit of Sg70 > 1mly, we show that SMGs can account for ~20
per cent of the comoving star formation density at z ~ 1-5 and
estimate that these systems contain ~10 per cent of the total molec-
ular gas budget at this epoch. In a future paper, we will combine
high-resolution HST and ALMA imaging of ALESS SMGs with
measurements of their internal dynamics to investigate how merg-
ers and interactions trigger the high SFR seen in these systems.
Such observations will allow us to better estimate the distribution
and intensity of star formation and the time-scales involved in the
encounters that appear to drive the rapid star formation.
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APPENDIX A: EXAMPLE SPIRE IMAGES,
MODELS AND RESIDUALS
FOR LESS REGIONS

InFig. A1, we show the SPIRE 250, 350 and 500 um images, models
and residual maps for four LESS SMG regions whose far-IR SEDs
are shown in Fig. 4.

In Table A1, we provide the ID, far-IR and radio fluxes for the
96 ALESS SMGs which have photometric redshifts in our sample.
We also list their derived properties, dust mass, far-IR luminosity
and characteristic dust temperature.
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Figure A2. SEDs of the ALMA SMGs in our sample. In each case, the SPIRE photometry has been deblended. The solid black curve shows the best-fitting
SED, and the grey region shows the range of acceptable solutions.
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Table Al. Far-infrared and radio flux densities of ALESS SMGs and their derived properties.

ID S870 um S1.4GHz S500 um 8350 um 8250 um S24 um Zphot log(Maust)  L8—1000 um Tga
(mJy) (WJy) (mJy) (mJy) (mJy) (mly) (x10%Lg) (K

LESSI.I  6.75 +0.49 <228 <16.65 <15.59 <8.30 <45.0 434139 913+£003 3377 36[24]
LESS1.2  3.48 +0.43 <228 < 16.65 <1559 <9.14 <450 4.651330 886005 34777 44[32]
LESS13  1.89 +0.42 <22.8 <1762 16.69£3.57 10.70 £2.31 <450 2.85T030 825+0.09  32%1F  31[40]
LESS2.1 381042 23690+7.90 19.90 429 17.78+£3.76 17.66 +3.21 <45.0 1967030 839+005 44799 24[40]
LESS22  4.23 £0.67 <228 11.53+£2.93 17.62+£3.71 11.58+£2.46 <45.0 3921098 868006 5673 42[37)
LESS3.1 828040 <228 2580503 2333+£429 15.68+2.93 <45.0 390703 8.98+£0.02  9.0%3)  36[35]
LESS5.1 778 £0.68 4170 £8.80 22.47+4.61 2290+425 10.57+2.33 <450 2867000 854004 49704 27(38)
LESS6.1 598041 4890£8.10 25294495 2045+£3.99 14724+283 89.65+1500 045700 825+003 02705  11[19]
LESS7.1  6.10£032 78.60£7.10 34.95+6.12 43.60+£574 32.16+4.54 49470+ 1500 2.507012 8.99+0.02 64703  31[32]
LESS9.1  8.75+047 3480+7.10 26.60+5.15 17.43£3.66 14.50 +2.78 <450 4.50%933 9.08+£0.02 84711 3832
LESS10.1 525+050 98.70+6.30  <18.04  19.01£3.87 21.61 +£3.58 13375+£1500 2027000 842+£004 3170}  26[38]
LESSIL.1 7.294+041 5540£690 23.82+475 23.04+423 1512+285 108.16+ 1500 2.837)% 884+002 7977  29[33]
LESSI3.1 8.01+£0.59 24.80£630 11.73£290 11.77+£2.89 8.09 % 1.90 <45.0 3257040 892+£003 54733 26[24]
LESS14.1 7474052 9120+8.10 29.99+£553 27.63+£4.64 2135+3.52 6735+£1500 4477538 9.15+£003 94705 42(33)
LESSIS.1 9.01 £037 32.10+£9.70 21.11+439 23.57+£429 12.62+258 186.09+1500 193105 9.51+£002 13737 21[19]
LESSI5.3 1.95+052 <228 < 15.93 <1533 < 10.14 <45.0 315706 865+0.10 15728 35019
LESSI7.1 844046 12220+7.00 27.57+524 3258+£504 23.60+3.78 19486+ 1500 1.517009 938+0.02 1677  20[19]
LESSIS8.1 4.38+0.54 129.40+6.90 3224581 4096+560 41.70£530 102042+ 1500 2.047000 879+0.05 54708 30[33]
LESS19.1 4.98+042 3470£690 16.02+3.63 24.85+£441 19.90+3.38 <45.0 2417017 841£004  3.670% 3038
LESS19.2 1.98 4 0.47 <228 <17.62 < 1650 < 13.50 <450 217709 8.01+£009 L5 3038
LESS22.1 4.48+£0.54 6520860 2375+4.74 3270£505 25.03+£3.88 46514+ 1500 1.88705% 9.08+0.05 27733  27[24]
LESS23.1 6.74+037 <228 <1665  1620£351 13.71+2.72 <45.0 4997290 901+£0.02 64737  43[35]
LESS23.7 1.76 £ 0.49 <2238 < 17.07 < 16.49 < 16.64 <450 2907030 8.69+£0.11  3.0%)5 4019
LESS25.1 6.21+£047 6340+7.60 1940+4.13 26.13+£4.52 2801 +4.19 16417 +1500 224709 843+£003  7.5M05  29[41]
LESS20.1 5904043 49.80+9.60 23.96+4.77 2557 +447 21.7143.56 <450 2667254 847+003  10.01% 31041
LESS31.1 8.12+0.37 3040£690 1512+3.46 18.85+3.79 11.06+2.34 <450 28978 868002 73133 26[32]
LESS37.1 2924041 3150£840 1228+3.00 1899+£381 1834+£322 25849+ 1500 3.53703% 8.87+006 43703  44[32)
LESS37.2 1.65 & 0.44 <22.8 < 14.00 < 13.97 < 11.80 <450 4877030 852+£0.10 197 55[32]
LESS39.1 4.33+£0.34 49.80£8.10 1501+£345 19.04+£381 844+£201 12249+1500 2447057 870+0.03 38703  27[32]
LESS41.1 4.88 £ 0.61 <228 1676 £3.73 22.84+421 1557+£2.92 34047 +£1500 275737 8.68+005 53795  31[35)
LESS41.3 2.68 +0.75 <228 <1342 < 15.04 < 10.14 <450 3100030 836+0.11 1975 3332)
LESS43.1 230+042 <228 1230 +£3.04 1471+£334 940+£2.17 218.09+1500 171707 879+0.07  1.0%)]  23[23]
LESS45.1 6.03+£0.54 3550£6.70 18.22+3.95 2051 +£3.96 12.94+257 6693+1500 234702 838+004 35702 2638
LESS49.1 6.00£0.68 8450840 <1541  20.88+£4.08 17.65+325 133.14+1500 276701, 873+0.05  7379%  32[32)
LESS49.2 1.80+046 37.00£820 <1429  928+253 18.70 +£3.29 <450 L4709 7.94£0.00 09707 23[38]
LESS51.1 470+0.39 3450+£720 < 14.86 < 15.33 <1237 231.94+1500 1.22%0% 896+£003 09703  17[19]
LESS55.1 3.99 +0.36 <228 < 10.60 < 8.00 <7.00 <450 2057013 8904004 05100 21[19)
LESS55.2 2.35+0.60 <2238 < 10.60 < 8.00 < 7.00 <450 4207030 8.96+0.10 24715 40[19]
LESS55.5 1.37 +£0.37 <22.8 < 10.60 <8.00 <7.00 <450 235701 7.89£0.10 09757 28[38]
LESS57.1 3.56£0.61 51.00+£7.20 20.71+432 1531+£341 1585+297 28372+1500 295%0 886+£007 44708 32032
LESS59.2 1.94+044 <2238 1124 £2.83 14424328 9.89+£221 <45.0 209078 8.02+£009  L6T)Y 2738
LESS61.1  4.29 +0.51 <228 < 10.60 <994  7.06+1.76 <450 6.52703% 8654005 57135 52(37)
LESS63.1 559+035 <228 <1371 <1356 744+ 1.79 <450 1.877039 9.19+£0.03 06705 20[19]
LESS65.1 4.16 +0.43 <22.8 <11.79 <9.15 <7.00 <450 282709 847004 39715 27032
LESS66.1 2.50+048 69.80+8.10 <1060  1633+£3.49 2007 +3.42 57623 +1500 233700 8.67+£008  32%)¢  35[33]
LESS67.1 4.50£0.38 73.90£6.90 22.99+4.63 3568+£526 33.68+4.61 732.63+1500 2.14700 885+0.04 53797 3132
LESS67.2 1.73 +0.41 <228 < 14.86 <1637 722+ 187 <45.0 205709 7.88£0.09  LIT0Y 24[38]
LESS68.1 3.70 + 0.56 <228 <1258  8.07+231 838+1.98 <450 3.60T110 8.58+0.06 3477 2832]
LESS69.1 4.85 %+ 0.63 <22.8 <13.14 < 13.97 <9.14 87.91 £15.00 2347037 8.63+£005 22793 25024
LESS69.2 2.36 % 0.56 <22.8 <1342 < 13.97 <9.62 <450 475T035 871009 2677 48[35]
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Table A1 - continued

ID S870 um S1.4GHz 8500 tm S350 um 8250 um S$24 um Zphot logMaust)  L8—1000 um Tga
(mJy) (1Jy) (mJy) (mJy) (mJy) (mJy) (x10%Lg) (K
LESS69.3  2.05+£0.56 <228 < 13.14 <1268 < 7.00 <45.0 4801030 9.02£0.10 23755 45[19]

LESS70.1 5234045 32540+7.60 24.09+478 33.89+513 3325+461 436.16+1500 228005 878+004 79708  31[33)
LESS71.1  2.85+0.60 199.00£8.70 24.41 £4.83 49.13+6.02 51.97+598 609.47+1500 248021 8624008 143"  38(52]

LESS713 136+£038 <228 < 14.00 <1642 < 17.82 <45.0 2731032 822011 27719 42041
LESS72.1 491+£050 <228 < 13.14 <1533 < 11.80 <45.0 4.15M02% 9132004 4175 40[19]
LESS73.1  6.09+£047 2400£630  <10.60 <8.00 <7.00 <45.0 5181043 897+£003  s56T% 38032

LESS74.1 4.64+0.69 4800+820 1252+3.06 2147 +4.12 20.57+345 16491+£1500 1.80*013 8274006 28700 27138
LESS75.1 3.174+045 7490+850 25.68+501 29.18+4.80 23.99+3.84 1240.04+ 1500 239700 886+006 42707  31[32]

LESS75.4 130 £0.37 <22.8 < 16.87 <1471 < 10.68 <45.0 210103 7.89+£0.11  L1T)s  29(38]
LESS76.1 6.42+0.58 4540+£9.50 <1204 <9.53 <7.00 <450 4507970 8.83+£004 68Ty  35[33]
LESS79.1 4124037 <228 17.89 £3.92 16,11 £3.52 10.47 +2.29 <450 204708 813+£004 26707 24[38]
LESS79.2 198+040 4090£7.00 <1486 17.72£374 2078£3.52 719921500 L5570 841+£008 21706  25[32)
LESS79.4 1.81+0.51 <228 < 15.68 < 15.81 <1237 <45.0 4607020 846011 19725 51[38]
LESS80.1 4.03+£0.86 4880+£7.00  <13.14 <13.13 <9.14 <45.0 1967018 8.01+£008 13707 22[38]
LESS80.2 354+090 <228 <13.14 <13.13 <9.62  18531£1500 137000 872+0.10 04703  18[19]
LESS82.1 193+£047 <228 <1231 <8.80 <7.00 <450 2.100377 8.15+£009 18717 2432
LESS83.4 139+£036 <228 <1342 <1037 <741 <45.0 0.57%53% 7.81£010 0375 13[19]
LESS84.1 3.17+£0.63 3890+6.80 21.99+£450 2553+£447 17.34£322 204781500 192700 827+008 27703  24[38]
LESS84.2 325+077 <228 < 14.86 <1436  1136+£249 14623+£1500 1.7570% 8.60+£009  1070%  20[24]
LESS87.1 134+035 12230+£930 <1231 12284296 1658+3.04 504781500 320109 878+0.10 32707 4132
LESS87.3 244+059 <228 < 10.60 <9.15 <7.00 <45.0 4001010 8934£009 25710 39(19]
LESS88.1 4.62+£0.58 33.60£680 2096438 1971£3.94 14.82+£2.83 378.07+£1500 L8470 7 8.67+£005 22708 22024
LESS88.11 251 £0.71 <228 2244457 1937£392 11.71£2.62 <45.0 2.57H09 829011 23737 27(38]
LESS88.2  2.14 4 0.50 <228 < 16.18 <1647 < 15.50 <450 5201050 8.62£009 23770 60(37]
LESS88.5 2.86+0.72 3820+6.60 12.56+£3.08 22.98+£426 17.05+3.13 143401500 230701 829+0.10 4553  31[41]
LESS922 242+068 <228 <1179 < 11.76 < 7.00 <450 1907028 9014011 04703 2219]

LESS94.1 3.184+0.52 <228  1087+276 1144+285 8194192 16821+1500 287037 8944007  19%20 3024
LESS98.1 478 +0.60 145.00+820 36.86+6.33 6547 +6.65 64.74+676 217.63+1500 1.63*0}7 8674005 47497  27[35)

LESS99.1  2.05 + 0.43 <228 < 10.60 < 8.00 <7.00 <450 5007020 8594+008 2272 48[32)
LESS102.1 3.08+0.50 38.50+9.10 10.65+270 1279£3.03 9.16+2.08 20201 +1500 176015 856006 14708 22024
LESS103.3 143 +£041 <22.8 < 14.86 <1268 <10.14 <45.0 4407070 882011  L6T)8  4919]
LESS107.1 191£039 <228 <1258 1024267 10.77£2.32 <45.0 3757000 828+£0.08 35704 40[41]
LESS107.3 1.46+040 <228 < 12.04 <13.97 <1294 <450 212403 788010  L1T35 31(38]
LESS110.1 4.11+£047 <228 <1060  11.96+2.89 1041233 <45.0 2.55T070 828+£0.05 52797 27(40]
LESS110.5 239£0.60 <228 < 10.60 <9.94 <9.14 <45.0 3707050 894010 23775 3919]
LESS112.1 7.62+049 <228  20.82+4.33 20.86+£4.02 18.13+320 161261500 19501 936+0.03 10702 23[19]
LESSI14.1 299+£078 <228  1820£4.00 17.95+£3.71 16.34+£2.97 <450 3.0070% 886£0.10 62755  34[19]
LESS114.2 1.98+0.50 97.80+6.80 10.87 £2.80 32.58+£5.07 41.62+537 51343+£1500 156700, 8.64+0.10 26,5  33[32]
LESS116.1 3.08+£047 <228 18.41 £3.98 17.53 +£3.65 11.89 +2.43 <45.0 3547047 851+£006 26733 38[38]
LESS1162 342+0.57 41.90£6.80 17.26+3.83 17.09+3.60 8.67 % 2.00 <45.0 4.02%010 8.80+£007 4279 39133
LESS118.1 320+0.54 43.50+7.80 12.30+£3.00 1671 £3.56 14.43 +2.79 <450 226103 824+£007 24707 29[38]
LESSI19.1 827+054 <228 < 12.85 < 11.29 <7.65 <45.0 350709 8.95+£003 43737 27[24]
LESS122.1 3.69+0.42 20750 +£7.40 32.08=£579 42.54£570 4826+573 1479.99 £15.00 20600 890+005  63%0% 32033
LESSI124.1 3.64£057 27.70£7.80 19.83+£4.19 1925+£384 9.16+£2.09 80411500 6.07107% 8.69+£006 7271  54[41]
LESS124.4 2244058 <228 <1342 <1356  731+£1.78 <450 5601050 856+0.10 43713 48[35)
LESSI26.1 223+£0.55 2510£670  <10.60 <800  7.02+175 219.61+1500 1827038 8290+0.10 13703  19[24]

Notes. 30 upper limits are given in the case of non-detections. ¢ We provide two estimates of the dust temperature; the first value corresponds to the characteristic
dust temperature as measured from a modified blackbody fit to the far-infrared photometry at the photometric redshift. The second value (in parenthesis)
corresponds to the wavelength of the peak of the best-fitting dust SED template and assuming Apeak7a = 2.897 x 1073 m.K.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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