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ABSTRACT

We derive photometric redshifts from 17-band optical to+mniared photometry of 74 robust
radio, 24 um andSpitzerlRAC counterparts to 68 of the 126 submillimetre galaxied G3)
selected ag870 um by LABOCA observations in the Extend€handraDeep Field South
(ECDFS). We test the photometric redshifts of the SMGs aalire extensive archival spec-
troscopy in the ECDFS. The median photometric redshifteftdfied SMGs iss = 2.2+0.1,
the interquartile range is = 1.8-2.7 and we identify 10~ 15%) high-redshift ¢ > 3)
SMGs. We derive a simple redshift estimator for SMGs basethenRAC 3.6 and §um
fluxes which is accurate thz ~ 0.4 for SMGs atz < 4. A statistical analysis of sources
around unidentified SMGs identifies a population of likelyinterparts with a redshift distri-
bution peaking at = 2.5 4 0.3, which likely comprises~ 60% of the unidentified SMGs.
This confirms that the bulk of the undetected SMGs are cowithl those detected in the
radio/mid-infrared. We conclude that at mestl5% of all the SMGs are below the flux lim-
its of our IRAC observations and lie at=> 3 and hence around 30% of all SMGs have
z 2 3. We estimate that the fullis7o,..» > 4 mJy SMG population has a median redshift of
2.5+ 0.6. In contrast to previous suggestions we find no significaretation between sub-
millimetre flux and redshift. The median stellar mass of tMGS derived from SED fitting
is (9.240.9) x 10'° M, and the interquartile range is (4.7-34)0'° M), although we cau-
tion that the uncertainty in the star-formation historiesults in a factor of~ 5 uncertainty
in these stellar masses. Using a single temperature modige#body fit withg = 1.5 the
median characteristic dust temperature of SMG¥i9 + 1.4K and the interquartile range
is 28.5—43.3 K. The infrared luminosity function shows that SMGs at 2—3 typically have
higher far-infrared luminosities and luminosity densityanh those at = 1-2. This is mir-
rored in the evolution of the star-formation rate densitiFR®) for SMGs which peaks at
z ~ 2. The maximum contribution of bright SMGs to the global SFRDH% for SMGs with
Ssroum 2, 4mJIy;~ 50% for SMGs with Sg7,.,, > 1 mJy) also occurs at ~ 2.
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1 INTRODUCTION

Observations in the millimetre and submillimetre wavelsaptb-
vide a uniquely powerful route to survey the distant Unieds in-
tense dust-obscured starbursts (Blain & Longair 1993)s &hdue
to the negative K-correction arising from the shape of trecspl
energy distribution (SED) of the dust emission in the reairfe
far-infrared, which results in an almost constant appaflemtfor
sources with a fixed luminosity at~ 1-8.

millimetre interferometry have located a small fraction me-
viously unidentified SMGs (e.qg. Dannerbauer et al. 2002,6200
Younger et all 2007, 2009; Wang et al. 2007) but the nature and
redshifts of this unidentified subset of SMGs remains aaaitis-

sue for studies of the population as a whole.

In this paper we use optical, near- and mid-infrared pho-
tometry to study SMGs detected in the ExtendgthndraDeep
Field South (ECDFS) by the Large APEX BOlometer CAmera
(LABOCA,; Siringo et all 2009) on the Atacama Pathfinder EXper

Over the past decade, a series of ever larger surveys in thejment (APEX{ Guisten et &l. 2006) 12-m telescope in the LABOC

submillimetre and millimetre wavebands have mapped oupa{po
lation of sources at mJy-flux limits with a surprisingly highrface

density (e.gl Smail et al. 1997; Barger etlal. 1998; Hughes et
1998;|Eales et al. 1999; Bertoldi et al. 2000, 2007; Coppéilet

2006; | Knudsen et al. 2008; Weil ef al. 2009; Austermann et al.

2010). The mJy fluxes of these sources imply far-infraredidum
nosities o> 10'? L, if the sources are at cosmological distances,
z 2 1, classing them as ultraluminous infrared galaxies (ULIRGs
Sanders & Mirabel 1996). Their high surface density is faexa
cess of that expected from a “no evolution” model, sugggstery
strong evolution of the populationx (1 + z)* (Smail et all 1997;
Blain et all 1999). If this results from strong luminosityolwtion of
starburst galaxies (as opposed to obscured AGN; Alexandgr e
2005 then a significant fraction of the massive star fornmafand
metal production) at high redshift may be occurring in tropyla-
tion.

To confirm this evolution and understand the physical pro-
cesses driving it requires redshifts for the submillimejedaxies
(SMGs). Due to the coarse spatial resolution of the submtie
and millimetre maps from which the SMGs can be identified,com
bined with their optical faintness (in part due to their hijrst ob-
scuration), it has proved challenging to measure theirtspsopic
redshift distribution (e.g. Barger etlal. 1999; Chapman .2G0D3a,
2005).

ECDFS Submillimetre Survey (LESS; Weil etial. 2009). LESS
mapped the fulB0’ x 30" ECDFS at870-um to a noise level of
ostopm ~= 1.2 mJy bearm!, for a beam with angular resolution
of 1972. 126 SMGs were detected at 3.70 significance (equiv-
alent to a false-detection rate of 4%, \WeiR et al| 2009) and ro-
bust or tentative radid24 um or IRAC mid-infrared counterparts
are identified to 93 (71 robust and 22 tentative) SMGs (Bidgs e
2010). Here we determine photometric redshifts for the ®Lr(h
bust and 23 tentative) of these SMGs with detectable optioell
near-infrared counterparts in new and archival multibamatgme-
try of the ECDFS (described ig). LESS is an ideal survey for this
purpose because of its panoramic, deep and uniform submaili
tre coverage and extensive auxiliary data, including spscopy
of sufficient SMG counterparts to adequately test our phetdm
redshifts. In addition, the large size of the survey allowgaista-
tistically measure the redshift distribution of the SMGattive are
unable to locate directly, in order to test if their redsHifitribution
differs significantly from the identified population.

The plan of the paper is as follows: {2 we derive multi-
band photometry from new and archival observations; wiilgSj
we describe our the photometric redshift estimates and tfst
their reliability. The photometric redshifts, SED fits, ahge H-
band magnitudes, infrared luminosities, dust temperatame star-
formation rates of SMGs are presented and discussgd amd we

In fact, spectroscopic redshifts are not necessary to map present our conclusions #B. Throughout this paper we use de-

the broad evolution of the SMG population and cruder photo-
metric redshifts can be sufficient, if they are shown to be re-
liable. Various photometric redshift techniques have dfme
been applied in an attempt to trace the evolution of SMGs,
using their optical/near-/mid-infrared or far-infrarestlio SEDs
(e.g. | Carilli & Yun 11999;| Smail et al._2000; lvison et al. 2004
Pope et all 2005, 2006; lvison el al. 2007; Aretxaga let al.7200
Clements et al. 2008; Dye etlal. 2008; Biggs et al. 2010).

Both spectroscopic and photometric analyses suggesthat t
bulk of the SMG population lies at > 1, with an apparent peak
atz ~ 2.2 for the subset of SMGs which can be located through
their uJy radio emission (Chapman etlal. 2005). Nevertheless ther
are significant disagreements between the different stuiee
e.g..Chapman et 5l. 2005; Clements et al. 2008; Dye &t all)2008
which may arise in part due to differing levels and types of in
completeness in the identifications and biases in the ritasba-
surements. The most serious of these is the incompletenes®d
challenges in reliably locating the correct SMG counterpEney
are typically identified through statistical arguments ghgsical
correlations based on radio, mid- or near-infrared emis$eg.
Ivison et al/ 1998, 2000, 2005; Smail etlal. 1999; Pope |ettf52
Bertoldi et al.. 2007| Hainline et al. 2009; Biggs etlal. 2Q16)t
these locate only 60—80% of SMGs. The expectation is that the
SMGs whose counterparts are missed could potentially decite
highest redshift (and thus the faintest in the radio and imficired)
examples, biasing the derived evolution (lvison et al. 30@8-
tempts to address this incompleteness through time-inessb-

boosted submillimetre fluxes from Weil et al. (2009), J2088rc
dinates and\CDM cosmology withQ2y; = 0.3, QA = 0.7 and
Ho = 70kms~'Mpc~'. All photometry is on the AB magnitude
system, in whicl23.9 mag = 1uJy, unless otherwise stated.

2 OBSERVATIONS AND DATA REDUCTION

In this paper we consider the optical and infrared countéspta
126 SMGs in the ECDFS detected at 3.70 (Weil3 et al! 2009)
and identified by VLA radio, MIPS (Rieke etlal. 2004) 2 and
IRAC (Fazio et al! 2004) emission (Biggs etlal. 2010). Foltoyv
convention and Biggs et al. (2010) we consider robust copatts

as those with a corrected Poissonian probability of beirgsso-
ciated with the submillimetre source;(Downes et all 1986) of

p < 0.05 in one or more of the radio, 24n, or IRAC datasets,
orp = 0.05 —0.10 in two or more; tentative counterparts are those
with p = 0.05 — 0.10 in only one of the three bands.

Six of the SMGs have multiple robust counterparts; of these
four SMGs (LESS 2, LESS 27, LESS49 and LESS 74) have two
counterparts with photometric redshiff8(1) consistent with them
being at the same distance and possibly physically assdci@itvo
SMGs (LESS 10 and LESS 49) each have two robust counterparts
with photometric redshifts and SEDs that suggest they arpmgs-
ically associated. In these cases, from the informatiomeatiy
available, it is not possible to determine which of the twairco
terparts is the source of the submillimetre flux, or whether t
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Table 1. Summary of photometry employed in this paper.

Filter Aeffective Detection limit Reference

(um) (307 mag)
MUSYC WFIU 0.35 26.9 Taylor et al. (2009b)
MUSYC WFI U38 0.37 25.4 Taylor et al. (2009b)
VIMOS U 0.38 28.4 Nonino et al. (2009)
MUSYC WFI B 0.46 26.8 Taylor et al. (2009b)
MUSYC WFIV 0.54 26.7 Taylor et al. (2009b)
MUSYC WFI R 0.66 25.8 Taylor et al. (2009b)
MUSYC WFI I 0.87 24.9 Taylor et al. (2009b)
MUSYC Mosaic Il z 0.91 245 Taylor et al. (2009b)
MUSYC ISPIJ 1.25 23.6 Taylor et al. (2009b)
HAWK-I J 1.26 25.7 Zibetti et al. (in prep.)
MUSYC Sofl H 1.66 23.0 Taylor et al. (2009b)
MUSYC ISPIK 2.13 22.7 Taylor et al. (2009b)
HAWK-I K 2.15 25.3 Zibetti et al. (in prep.)
SIMPLE IRAC 3.6um 3.58 24.6 Damen et al. (2010)
SIMPLE IRAC4.5um  4.53 24.4 Damen et al. (2010)
SIMPLE IRAC5.8um 5.79 22.8 Damen et al. (2010)
SIMPLE IRAC8.0um  8.05 23.5 Damen et al. (2010)

@ The listed depth of the VIMO® band is that of the central region. The
typical depth in the shallower outskirts is 28.0 mag

LABOCA detection is a blend of emission from two galaxies. To
avoid bias we have included all of the multiple counterpartsur
analysis, but we note that their small number means that ithei
clusion does not significantly affect our results.

2.1 Optical and infrared photometry

SMGs typically have faint optical and near-infrared coupdgts
(e.g.llvison et all_ 2002) so we require deep photometry for ac
curate photometric redshift estimates. The ECDFS was chose
for this survey because it is an exceptionally well-studiedd,

and as such we are able to utilise data from extensive aichiva
imaging and spectroscopic surveys. For completeness afaf-un
mity we only consider surveys that cover a large fractionhef t
ECDFS rather than the smaller and deeper central CDFS region
Therefore, we utilise the MUItiwavelength Survey by YalbHe
(MUSYC,; |Gawiser et &l. 2006) near-infrared survey o K-
band imaging.(Taylor et &l. 2009b), and tBpitzedRAC/MUSYC
Public Legacy in ECDFS (SIMPLE) imaging f@pitzer IRAC
data (Damen et al. 2010). We also includeband data from the
deep GOODS/VIMOS imaging survey of the CDES (Nonino ét al.
2009); although this covers only 60% of LESS SMGs it is valu-
able for galaxies that are undetected at short wavelengtttisei
shallower MUSYC survey.

In addition, we have carried out deep near-infrared observa
tions in theJ and K, bands with HAWK-I (Pirard et al. 2004;
Casali et all 2006; Kissler-Patig et al. 2008) at the ESO-VIDT:
082.A-0890, P.I. N. Padilla). The ECDFS was covered with a mo
saic of 16 pointings in each band, with a total exposure tifitets
and 1.1 hours per pointing, in theand K'; bands respectively. The
median seeing is 0”7in J and 0.5 in K ;. Data reduction has been
performed using an upgraded version of the official ESO pipel
for HAWK-I, customized calibration has been obtained frdmser-
vations of photometric standard stars. More details aralagaes
will be published in Zibetti et al. (in preparation).

For accurate photometric redshifts we require consisteot p
tometry in apertures which sample the same emitting areadh e
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of the 17 filters. For consistency between surveys and torensu
that all detected SMG counterparts are included in thisystue
extract photometry from the available survey imaging rathan
relying on the catalogued sources. SMGs are typically ieigat
mid-infrared than optical wavelengths due to their highstefis
and extreme dust obscuration. Therefore, we us&T®EBECTOR
(Bertin & Arnouts| 1996) to create a source list from a combine
image of the four IRAC channels, which is weighted such that a
given magnitude receives equal contributions from all & i
put images. Real sources are required to have at least 4guaons
0.6"” x 0.6 pixels with fluxes at least 1.5 times the background
noise. In addition, we visually check the area withii’ of each
LABOCA source to ensure that no potential SMG counterpads a
missed.

We next USeAPPHOT in IRAF to measure the fluxes iB.8”
diameter apertures for each of the four IRAC bands. We thén cu
the catalogues tg= 30 based on the background noise, and fi-
nally apply aperture corrections as derived by the SWIREntea
(Surace et al. 2005) to obtain total source magnitudes. &be-r
lution in theU- to K-band imaging is better than IRAC (FWHM
< 1.5"” compared to~ 2" for IRAC) and so we convolve each
U- to K-band image to match the5” seeing of the worst band.
We next useAPPHOTto measure photometry i’ diameter aper-
tures at the positions of the IRAC-selected sources. Ireaks, we
only allow APPHOT1tO re-centroid the aperture if centroiding does
not cause the extraction region to be moved to a nearby source
as flagged byRrRAF’'s CIER parameter when the centroid shift is
> 0.5”. We have not performed any deblending of the photometry
but examination of the images suggests fewer thah0% of the
SMG counterparts are affected. We note here that the phtticme
extraction process is not restricted to SMGs and yieldsqrhetry
(which allows us to calculate consistent photometric rétigtfor
IRAC-selected sources throughout the ECDFS.

Finally, to ensure equivalent photometry between the IRAC
and optical-to-near-infrared filters we create simulaRAC im-
ages of point sources. Using these images we calculatehbat t
correction between the measured IRAC total magnitudes laad t
photometry extracted frord” diameter apertures oh5” seeing
images is—0.014+0.017 magnitudes, and as such we do not apply
any systematic corrections to the IRAC magnitudes at thigestin
g3.1 we calibrate the photometry prior to photometric reftistail-
culation in a process which corrects for small residualetffsA
summary of our photometry is presented in Table 1.

The median number of photometric filters per SMG counter-
part is 15 and we require detections in at least three phdtame
filters in order to calculate photometric redshifts. Our lfsemple
therefore contains 74 optical counterparts to the 68 rbpidsn-
tified SMGs with sufficient detectable optical-to-infraremission.

In §3.3 we show that the exclusion of the additional 23, tenghtiv
identified, counterparts does not bias our results.

2.2 Spectroscopy

We employ spectroscopy of the ECDFS to calibrate our phatgme
with the SED templates§B.]) and test our photometric redshifts
(§3:2). We have examined the spectroscopic redshift catatogu
from many archival surveyd (Cristiani et al. 2000; Croomlet a
2001; | Bunker et all 2003; Dickinson et al. 2004; Le Févrdleta
2004; | Stanway et al._2004; Strolger et al. 2004; Szokoly et al
2004; |van der Wel et al._2004; Zheng et al. 2004; Daddi et al.
2005; Doherty et al. 2005; Mignoli et al. 2005; Grazian eR806;
Ravikumar et al.l 2007 Kriek et al. 2008; Vanzella etial. 2008
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Popesso et al. 2009; Treister etlal. 2009; Balestra et all,k4-
posov et al. in prep.) and also our own on-going spectroscapt
vey of LESS sources with the VLT (PID: 183.A-0666, P.I. 1. Sina
which will be published in full in Danielson et al. (in prep.)

3 ANALYSIS
3.1 Photometric redshift calculation

We use HPERZ] (Bolzonella et al. 2000) to calculate the photo-
metric redshifts of counterparts to LESS SMGs (Biggs 2t@L(3.

HypPERzcompares a model SED to observed magnitudes and com-

putesy? for each combination of spectral type, age, reddening
and redshift and thus statistically determines the mostyliked-
shift of the galaxy. We use the elliptical (E), Sh, single gur
(Burst) and constant star-formation (Im) spectral tengdatom
Bruzual & Charlat (1993) which are provided withviHERZ, and
allow reddening [(Calzetti et al. 2000) ofy 0-5 in steps
of 0.2. This combination of templates andl, was shown by
Wardlow et al. [(2010) to be sufficient for calculating photiric
redshifts of SMGs. Redshifts between 0 and 7 are consider@d a
galaxy ages are required to be less than the age of the Umigérs
the appropriate redshift. I§8.3 we show that the PERZ-derived
galaxy ages cannot be reliably determined, but we note haite t
the requirement for SMGs to be younger than the Universe miotes
significantly affect the derived redshifts. Galaxies asggsed zero
flux in any filter in which they are not detected, with an errqual

to the 1o detection limit of that filter. To ensure that galaxies at
z ~ 2-3 do not have their redshifts systematically underesgnhat
we have modified the handling of the Lymanforest in HrPERZ,
such that intragalactic absorption in the models is ine@eand
three different levels of absorption are considered in ttiedipro-
cess. The reliability of the calculated redshifts and thedimg of
these settings is tested in full §3.2.
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Figure 1. Spectroscopic redshift against: / (1+ z) for robust counterparts
to LESS SMGs. We distinguish between high and low qualitespscopic
redshifts as determined by the flags provided in most archatlogues,
and highlight the two likely quasars (LESS 66 and LESS 96 ;Aqgzendix
[B). The median (mean)z /(1 + z) for the all the SMGs i9.023 £ 0.021
(—0.013 £ 0.178). The inset plot shows the histogram Afz/(1 + z)
for 1796 galaxies and AGN in the ECDFS with spectroscopicshéts.
The distribution is centered o016 + 0.002 and has alo dispersion
of 0.05. We conclude that our photometric redshifts are a good pfoxy
spectroscopic redshifts for both samples.

should be considered in conjunction with the number of pimets
ric detections when considering the reliability of the phmetric
redshifts.

The median reduceg? of the SMG counterparts is 2.3 (2.1
if only the galaxies with reduceg® < 10 are considered). This
suggests that our photometric errors are slightly overeged and
lead to apparently overly-precise photometric redshiftit. In-
deed, we find that the YPERZ 99% confidence intervals more
reliably represent theéo errors, yielding~ 68% of SMGs with

We test for small systematic discrepancies between the pho- photometric redshifts consistent with the spectroscogishifts.

tometry and model SEDs prior to usingrFERZ to calculate pho-
tometric redshifts of SMGs. This is done by running#£Rz on
1796 galaxies and AGN with spectroscopic redshifts in thBES
and requiring a fit at the observed redshift. We then comgaee t
model and measured magnitudes for each galaxy, and ilsativ
adjust the zeropoints of the filters with the largest systenuif-
sets. This yields significant offsets for the following fikeVIMOS

U (0.083 mag), MUSYCU (—0.091 mag),U38 (—0.074 mag),R
(0.049 mag), I (0.048 mag), z (0.095 mag), HAWK-I J (0.043
mag), IRAC 3.6 (.043 mag) and IRAC 8.@um (0.110 mag). The
typical uncertainties in these corrections @02 and the remain-
ing eight filters have no significant corrections.

Therefore, throughout this paper we use thePHRz 99% confi-
dence intervals on the photometric redshift estimatespoesent
the 1o uncertainty. Of the 74 SMG counterparts examined there
are eight with poor fits of the SED to the photometry (indidate
with reducedy?® > 10). Of these, one (LESS 39) is blended in the
optical imaging and two (LESS 66 and LESS 81) lie in stelldota
LESS66 is also likely to be a quasar, as is LESS 96, and another
four SMGs with reduced® > 10 (LESS 19, LESS57, LESS75
and LESS 111) have excesg® flux compared to the best-fit SED,
which is indicative of an AGN component (s§&4 for a full dis-
cussion). Since we did not include any quasar or AGN temgplate
in the fitting procedure it is unsurprising that these sosiar@ not

The calibrated photometry of the robust LESS SMG counter- well represented by the employed SEDs. We note here thateas w

parts is listed in Tablgl4 and in Talilke 2 we provide the coasis,
photometric redshifts, absolute rest-frafieband magnitudes, far-
infrared luminosities and characteristic dust tempeestof the
SMGs (f4.6). We also provide the reducgd of the best fit SED at
the derived photometric redshift and the number of filtengliich
the SMG was detected and undetected (but observed). Wegauti
that the reduceq, for galaxies with only a few photometric de-
tections is typically low £ 0.5) but the error on the photometric
redshift is typically large, since there are only weak |sron the
SED from the photometry. Therefore, the values of the redinée

1 We use HpERZVersion 10.0 (http://www.ast.obs-mip.friusers/rosguéz/)

show in§3.4, the exclusion of AGN templates does not bias our
photometric redshift estimates.

3.2 Reliability of photometric redshifts

To test the reliability of our photometric redshifts,{.) we first
compare them to the spectroscopic redshifis.() for 1796 galax-
ies and AGN in the ECDFS and calculale® = zspec — 2phot fOr
each source. The histogramat /(1+ z) for these 1796 sources is
shown as an inset in Fig.1; the sample is centered (1 +z) =
0.016 + 0.002 and has d o dispersion 0D.05. We define outliers
as sources withAz|/(1 + z) > 0.3; the outlier fraction for these
1796 field galaxies and AGN is 0.15. We also calculate theegutl

© 2010 RAS, MNRASD00,[1H23
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Table 2. The catalogue of 74 robust counterparts to LESS SMGs, tingitometric redshift estimates, reducgé of the best-fit SED and the number of
photometric filters in which the galaxy is observed. We alsssent the absolute rest-franie-band magnitudes, the derived far-infrared luminositied a
characteristic dust temperatures of the SMGs.

SMG* Short name RA Ded Zohot®  X2q% Filterss Mgl  Lprgd Tph ID type
(mag) (0'°Lg) (K)
LESSJ033302.5-275643 LESS2a P@3"0255 —27°5644/7 1.8070%% 28 16[1] -2342 <15 <199 M
LESSJ033302.5-275643 LESS2b  "@370268 —27°56'42/6 2.2770:° 1.1 8[9] —23.15 30970, 442723 R
LESSJ033321.5-275520 LESS3  '@®©2E50 —27°5520/1 3.927050 0.5  5[10] -24.66 < 8.9 <352 M
LESSJ033257.1-280102 LESS6  '@2"5%15 —28°0101/5 0.407007 4.3  16[1] —20.29 0.09750% 128701 RM
LESSJ033315.6-274523 LESS7  '@1541 —27°4524/0 2817002 6.9 16[1] -2550 16.2757 411775 RM
LESSJ033211.3-275210 LESS9  '@2»1E35 —27°5212'9 4.637)10 24  6[9] —25.29 203757, 483%3' RM

LESSJ033219.0-275219 LESS10a PG2™1%04 —27°5214/3 2467012 6.0 12[5] -23.46 87757 345727 R
LESSJ033219.0-275219  LESS10b P"@2™1%30 —27°5219/1 0917007 4.5 15[2] —23.32 08705 1867;7 R

LESSJ033213.6-275602 LESS11 'G@"1384 —27°5559'8 2.607020 3.2  7[9] —24.04 99731 3s0ti0 R
LESSJ033248.1-275414 LESS12 "@@"4796 —27°5416/1 3.927007 0.1  6[11] -24.06 1827173 456195 RM
LESSJ033152.6-280320 LESS14 h@a™5247 —28°0318/6 3.567022 0.8  7[9] —24.74 32.6735% 51.37.%° RM
LESSJ033333.4-275930 LESS15 "@373335 —27°5929'4 1.9570050 0.2  4[8] -23.59 <18 <226 M
LESSJ033218.9-273738 LESS16 "@@71870 —27°3743'5 1.09700s 4.1  17[0] -24.05 12703 208717 R
LESSJ033207.6-275123 LESS17 "@@©07%26 —27°5120/1 1.55707 1.0 17[0] —24.11 6.675 327720 RM
LESSJ033205.1-274652 LESS18 PG@™0&87 —27°4647/4 2077005 24  16[1] —24.88 13.8757 40272 RM
LESSJ033208.1-275818 LESS19 "@@»0823 —27°5813/7 211701 103 10[6] —22.80 3.47]%  283%23 RI
LESSJ033316.6-280048 LESS20 03331677 —28°00115/8 2.8070.7 22  9[7] —24.28 9037132 1246775 RM
LESSJ033147.0-273243 LESS22 "@a™46:90 —27°3238/8 1.957030 24  6[4] -24.67 104758 366720 RM
LESSJ033336.8-274401 LESS24 '@3%3697 -27°4358/1 1.72702% 2.6 11[2] -24.06 41725 202738 RM
LESSJ033157.1-275940 LESS25 P@a™56:85 —27°5938/9 2287002 3.0 13[2] -—24.47 8177  36472% RM
LESSJ033149.7-273432 LESS27a "@3"4%:88 —27°3430/4 2.10700 0.1  4[11] -22.83 <21 <251 |

LESSJ033149.7-273432 LESS27h "@3™4G:92 —27°3436/7 246707 1.9 7[6] -23.73 <3.1 <281 M
LESSJ033336.9-275813 LESS29 "G3"36:88 —27°5808/8 2.64703° 0.1 48] -24.13 84771%° 36870%° R
LESSJ033150.0-275743 LESS31 "@am4%77 —27°5740’4 3.637050 0.3 6[9] -24.30 9.97.°° 418%37 R
LESSJ033217.6-275230 LESS34 h@@"1760 —27°5228/1 0.8670;f 3.8 17[0] -23.53 < 0.3 <156 M
LESSJ033149.2-280208 LESS36 "G3a™4894 —28°0213'6 2497057 03  7[7] -24.58 78755 367157 RM
LESSJ033336.0-275347 LESS37  "G3"36:01 —27°5349'4 3.527020 4.0 11[1] -24.95 <6.9 <373 M
LESSJ033144.9-273435 LESS39 '@a™4500 —27°3436/3 2.59700% 12.6 13[1] -24.25 8.2%28 377733 RM
LESSJ033246.7-275120 LESS40  "@@™4677 —27°512007 1.907010 3.1 17[0] -23.61 105735 39.7127 RM
LESSJ033110.5-275233 LESS41  "@a™10:09 —27°5236/3 2.74752% 0.0  4[0] -25.56 < 4.0 <299 |

LESSJ033307.0-274801 LESS43 '@3™0663 —27°4801'9 1677022 2.0  8[9] -23.35 <13 <228 Ml
LESSJ033131.0-273238 LESS44  "@am3r19 —27°3238/6 2497000 2.8 11[0] -24.82 14.8T)7 43.0%27 RM
LESSJ033256.0-273317 LESS47  "G@"5599 —27°3318’9 2.90705 1.5  8[6] -23.77 <45 <327 M
LESSJ033237.8-273202 LESS48 h@@™3800 -27°3159'4 1.91703% 0.2 4[] -2457 75738 350730 RM
LESSJ033124.5-275040 LESS49a "@3"2445 —27°50'37/5 1507015 50 12[1] -23.22 1.8T;% 250725 RM
LESSJ033124.5-275040 LESS49b P@3™2469 —27°5046/4 3.31702° 0.7 11[2] -24.13 359790, 5847¢% R
LESSJ033141.2-274441 LESS50a "@3"4E11 —27°4442'4 0857019 2.3  17[0] —21.91 <03 <159 M
LESSJ033141.2-274441 LESS50b "G3™4(:97 —27°4434’8 2697007 7.6 11[5] -24.67 151750 45677 RM
LESSJ033243.6-273353 LESS54 '@@™4362 —27°3356/6 1.847)%5 37  7[6] -2335 <16 <241 M
LESSJ033153.2-273936 LESS56  h@am5311 —27°3937/3 2467051 0.6  9[8] -24.38 51%38 34373 RM
LESSJ033152.0-275329 LESS57  "@am5193 —27°5326/8 2947017 10.8 11[6] -24.26 11.875F 436757 RM
LESSJ033303.9-274412 LESS59 '@3™0362 —27°4412/6 1.4070% 1.9 13[4] -2352 13702  23575% RM
LESSJ033317.5-275121 LESS60 '@3"17%53 —27°5127/5 1.64702% 51  17[0] -24.01 4.0%7% 318727 RM
LESSJ033236.4-273452 LESS62 "G@"36:52 —27°3453/0 1.527010 0.8 16[1] -24.45 79707 375730 RM
LESSJ033308.5-280044 LESS63 "G3™0849 —28°0042'8 1.39700T 25 15[1] -23.50 1.370¢ 238727 RM

LESSJ033201.0-280025 LESS64 h@@mo09s —28°0025/3 4.197001 19  11[4] —2431 124%81  483t>1 RM
LESSJ033331.7-275406 LESS66 "G3"3192 —27°5410/3 2.397001 37.2  14[0] -25.78 10.07]% 410737 RM

LESSJ033243.3-275517 LESS67 'G2"4318 —27°5514/2 2.27j§;§§ 32 16[1] -24.82 11.9t§§ 42.8f§é RM
LESSJ033144.0-273832 LESS70 "@a™4392 —27°3835/2 2317005 3.8 17[0] —24.48 441777 610737 RM
LESSJ033229.3-275619 LESS73  '@@"2%:28 —27°56'18/9 4.61707; 1.1 8[9] —24.42 1237137 493797 R
LESSJ033309.3-274809 LESS74a P"G370%:34 —27°4815/9 1.8470%% 0.9 10[6] -23.49 28772 202%3% RI
LESSJ033309.3-274809 LESS74b "G3™0%14 —27°4816/6 1.717030 25 10[6] -23.29 3.000;7 296737 Rl
LESSJ033126.8-275554 LESS75  h@am2717 —27°55509 2461000 33.2 15[0] -25.39 11575, 431737 RM
LESSJ033221.3-275623 LESS79 "@@@2161 —27°5623/1 1.4170% 22 16[1] -23.89 1570, 254730 RM
LESSJ033127.5-274440 LESS81 '@a™2754 —27°4439/5 2237012 279 14[1] -24.89 27.7750 544720 RM
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Table 2 - continued

SMG* Short name RA Ded Zphot®  X24¢ Filterss  Mpyf Lpir? Tph ID type’
(mag) (10'%L) (K)

LESSJ033154.2-275109 LESS84 "@am5449 —27°51'05/3 2.207015 36  14[3] -24.14 45775 345730

LESSJ033251.1-273143 LESS87 h@@m50:83 —27°314172 3201010 01 5[0] —24.81 37.0155, 60.170) RM
LESSJ033155.2-275345 LESS88  '@am5481 —27°534079 235707, 1.1 16[1] -24.37 117175 44.0%30 R
LESSJ033313.0-275556 LESS96 "@3m1262 —27°5551/6 2.71700% 220 17[0] -26.30 16.0757 49717t RM

LESSJ033130.2-275726 LESS98 P@am2¢9:89 —27°5722/4 1.5575900 1.0 10[4] -24.40 7.872% 39.971% RM

LESSJ033151.5-274552 LESS101 '@3™5153 —27°4553/1 2397030 25  10[7] -23.51 38125 338f2% R
LESSJ033335.6-274020 LESS102 "G3"3556 -27°4023'2 1.68703% 1.1  11[2] -24.34 <13 <249 M

LESSJ033325.4-273400 LESS103 P@325:37 —27°3358'5 1.84703% 03  5[7] -2344 <16 <263 M

LESSJ033140.1-275631 LESS106 "@83™4(:17 —27°56'22'4 196705 21 11[5] —25.00 6.373% 385153 RI
LESSJ033316.4-275033 LESS108 "@3"16:51 —27°5039/3 0.20700% 6.3  15[0] —22.75 027005 24.572% RM
LESSJ033122.6-275417 LESS110 bh@3m2263 —27°5417/0 2.35125° 00  4[0] -2322 <28 <314 M

0.44 P 5
LESSJ033325.6-273423 LESS111 1@3m25:21 —27°3425'9 26170 0¢ 144 13[0] -24.49 98137 441130 RM
LESSJ033249.3-273112 LESS112 "Gam4&85 —27°31'12/8 1811032 0.7 5[0 -—24.02 23735 285155 RI
LESSJ033150.8-274438 LESS114 PG3™5108 —27°4437/0 1.57799% 1.6 17[0] -24.61 53755 368737 RM

LESSJ033128.0-273925 LESS117 h@3m2®62 —27°3927/3 1.73703) 33  9[4] -24.23 s57f0¢ 37720 R

LESSJ033121.8-274936 LESS118 "G3™2191 -27°4934’0 2.1711%9% 1.7 5[1] -—2221 2875%° 3187137 R

LESSJ033328.5-275655 LESS120 P"G3m2855 —27°56'54’1 1.437593% 2.2 13[3] -23.41 217)% 202730 RM
LESSJ033139.6-274120 LESS122 1@3m3g52 —27°4119'4 2087005 52  17[0] -25.14 224737 552107 RM
LESSJ033209.8-274102 LESS126 "62m0%60 —27°4106/9 2.0210 1% 24  12[4] -2384 237)3 306157 M

2The SMG names correspond to thosz in Weil3 let al. (2009) arasEipal. |(2010).

bCoordinates are the J2000 position of the optical/neaaiatl counterpart.

¢Since HrPERZwas restricted t@ < z < 7 the six galaxies whose upper redshift limits yield a formalximum redshift of:max = 7 are actually only
constrained in the lower redshift limit. Therefore, thrbogt this paper the redshifts of these galaxies are plotédadweer limits.

dThe reducedy? of the best-fit SED at the derived photometric redshift.

¢The number of photometric filters in which each SMG countérpas detected [and the number of filters in which the SMG waseoved but not
detected, providing a limiting flux].

f My is the absolute magnitude in the rest-fraludand.

9As discussed if§4.q the far-infrared luminosityl(z r) is derived from the infrared-radio correlation using thdio flux and the photometric redshift of
each SMG.

hThe characteristic dust temperatufié is derived as discussed $#.8 from radio and submillimetre fluxes and the photometitshift of each SMG.
‘ID types R, M and | indicate radio, 24n and IRAC identified counterparts respectively (see Bidas! 2010 for details).

J As shown in§4.J LESS 20 appears to contain a radio-loud AGN. TherefbeeLt-; r andT'p presented here are likely significantly overestimated due
to the AGN contribution to the radio flux, as such LESS 20 idwked from our studies of the luminosity function, starsf@tion rates and star-formation
history of SMGs §4.9).

resistant normalised median absolute deviation (NMAD)Y\of, spectroscopic redshifts are fainter on average than thesSMt

onmaDp = 1.48xmedian(|Az—median(Az)|/(1+2)) = 0.097. spectroscopic redshifts, which could affect the qualitjheir pho-

These statistics show that our photometric redshifts area g  tometric redshifts. Although the medig-band magnitude of the

proxy for spectroscopic redshift for these sources. Howebhe SMGs detected in the MUSYC survey is the same for the counter-

median redshift; = 0.84, is lower than that expected for SMGs parts with and without spectroscopic redshifts, all of tbeS3MGs

and the targets are typically brighter at optical wavelkaglimit- with spectroscopic redshifts are detected in the MUSY ®and,

ing the usefulness of these comparisons for the SMGs. Tareref  while only 18 of the 45 SMGs without spectroscopic redstuafis

we also test our photometric redshift calculation on the @fust detected.

SMG counterparts with available spectroscopic redshifts. Dunlop et al.[(2009) have independently calculated photome
Fig.[ shows spectroscopic redshift against/(1 + z) for ric redshifts for the six LESS SMGs (five with robust counter-

the 30 robust LESS SMG counterparts with spectroscopitifgsls ~ Parts) in GOODS-South that were also detected by BLAST at
from archival surveys of the ECDFS (10 counterparts) and our 250um (Devlin et al. 2009). Their photometry uses imaging from
spectroscopic survey of SMGs in the ECDFS (20 counterparts) HST(Bass, Vios, i77s, zs50), the VLT (J, H, K) andSpitzer(3.6,
Quality flags are published in many catalogues and where-poss 4-5. 5.8 and §m) and they use MPERZ with the stellar popula-
ble we distinguish between high- and low-quality spectopsc tion models of Charlot & Bruzual (e.g. Bruziial 2007) whictvéa

redshifts. The mediachz/(1 + z) for SMGs is0.023 =+ 0.021 a Salpeter IMF. In all cases the (Dunlop etial. 2009) photdmet
(here are throughout this paper errors on median measuteaven ~ 'edshifts agree with those presented in Table 2, providimhér
from bootstrapping) the meadz/(1 + z) = —0.013 % 0.178, confidence that our photometric redshifts are reasonabBNigss.
andonmap = 0.037, suggesting that for SMGs our photometric To assess the level of systematic uncertainties for theetkri

redshifts are reliable. We caution that the SMGs withouitibdé photometric redshifts due to the adopted methodology, Sb t
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plates, and/or photometric data, we also use the Zurictagatac-

tic Bayesian Redshift Analyzer (ZEBRA; Feldmann €t al. 20006
calculate photometric redshifts. Our adopted procedustnidlar

to that discussed 3.2 of|Luo et al.|(2010). Briefly, we use ZE-
BRA to obtain a maximum-likelihood estimate for the phottme
ric redshifts of individual galaxies or AGNs using an inits@t of
265 galaxy, AGN, and galaxy/AGN hybrid SED templates. These
SED templates were then expanded to 463 templates during the
template-training mode of ZEBRA to best represent the SHDs o
thea 2 Ms CDFS X-ray sources (Luo etlal. 2010), including AGN.
Besides the different SED templates used, this methodsliffem

the HyPERZz approach described #8.1 in some additional details
such as how the redshift intervals and minimum photometrars

are determined; s€3.2 of|Luo et al.|(2010) for details.

The ZEBRA-derived photometric redshifts,(ot,check) Were
compared to those listed in Table 1,{.:); the difference was
measured bYzphot = (Zphot,check — Zphot)/(1 4+ Zphot). FOr
sources with secure spectroscopic redshifts, indivitiugl,o. | val-
ues range from~ 0.01 to 0.10, indicating that both methods are
able to deliver photometric redshifts to a similar accur&ay the
full sample, the mean (median) value®f,not is —0.006 (0.011),
with an rms scatter of 0.028, suggesting that the photometd-
shifts in Table 1 are fairly robust. After accounting for #féective
1o errors of the photometric redshifts, only three (sourceS&E,
LESS 37 and LESS 111) of the 74 sources have inconsistgpt
andzphot,check - AS SOMeE sources have photometry data in addition
to those presented in Table 2, we also tested the effect hfdnc
ing more data points. The photometric redshifts differ by eam
value of|dzpnot | Of 0.024 with an rms error of 0.030, after includ-
ing the WFI R-band datal (Giacconi etlal. 2002; Giavalisco et al.
2004) for 25 sources and th@ALEX near-UV and far-UV data
(Morrissey et all 2007) for 3 sources. Given the small diffee
caused by the additional data, we consider the consistentuap
photometry in Table 2 suitable for the purpose of derivirlgabde
photometric redshifts.

3.3 Sample subsets

As discussed irf{d], |Biggs et al.|(2010) identified robust counter-
parts to 71 SMGs (of which 68 have detectable optical counter
parts) and tentative counterparts to 26 LESS SMGs, respécti

In Fig.[2 we compare the redshift distributions of the robast
tentative counterparts to determine whether our resulislvaebi-
ased by the exclusion of tentative counterparts in our maat-a
ysis. The median redshifts of robust and tentative couatésgare
2.240.1 and2.0£0.2 and the interquartile ranges are= 1.8-2.7
andz = 1.2-2.8, respectively. We also use a Kolmogorov-Smirnov
test (KS-test), which calculates the probability that tamples are
drawn from the same parent populatidPx(s), to compare the red-
shift distributions of robust and tentative counterpatédistically.
We find Px s = 0.09 and conclude that itis likely that there is some
contamination from physically unassociated foreground<J 1)
galaxies in the tentative identifications. Therefore, tigtoout the
remainder of this paper we restrict our analysis to robushtay-
parts.

We note that our identified sample may contain a small
number of potential gravitational lenses. These are tylgitaw-
redshift counterparts where the radio or mid-infrared siois is
offset from the optical source. These are discussed inatlig in
Appendix[A and we have confirmed that their inclusion does not
affect our results.

In Fig.[2 we also compare the redshift distributions of coun-
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Figure 2. In the top panel we present a comparison between robustly
and tentatively identified SMG counterparts and the fieldutetjon of
the ECDFS; tentative counterparts and field galaxies amsebflightly
in redshift for clarity. The robust counterparts have a raediedshift of
z = 2.2+ 0.1, compared ta: = 2.0 &£ 0.2 for the tentative counterparts.
Tentative counterparts have a larger interquartile rang®—2.8 compared
to 1.8-2.7 for the robust SMG counterparts. We interpretetuistributions
as evidence that tentative counterparts are mainly drasvn fhe same par-
ent population as the robust counterparts, but with thetiaddof some
contamination, particularly at low redshifts. In the lovpemel we compare
the redshift distributions of robust counterparts (with< 0.05) in radio,
24um and IRAC data; for clarity radio and 24n counterparts are plotted
offset slightly in redshift. The radio, 24m and IRAC samples have median
redshifts 0f2.3 + 0.1, 2.1 0.2 and2.3 =+ 0.2 and interquartile ranges of
1.8-2.8, 1.6-2.5 and 1.9-2.7 respectively. Therefore, meerfo significant
differences in the redshift distributions of the three iifezation methods.

terparts withp < 0.05 in the radio, 24um and IRAC data. The
median redshifts are = 2.3 + 0.1, 2.1 £+ 0.2 and2.3 + 0.2, and
the interquartile ranges are= 1.8-2.8, 1.6-2.5 and 1.9-2.7 for
the radio, 2em and IRAC samples respectively. A comparison of
the three redshift samples shows that they are statistioadis-
tinguishable. We conclude that the three counterpart ifiation
methods select galaxies with similar redshift distribngipand are
not significantly biased with respect to each other.

3.4 The effect of AGN on photometric redshifts

As discussed if3.7 our photometric redshift calculations are based
on fitting stellar templates to the SMG photometry. Howestird-

ies have shown that theyn flux in SMGs with a luminous AGN
component can be dominated by the AGN and therefore fittelg st
lar templates may yield misleading results (Hainline e2&l09,
2010; Coppin et al. 2010b).

We employ two methods to identify potential AGN in the
LESS SMGs. Firstly, we cross-correlate the LESS SMG counter
parts with theChandraX-ray catalogues of the CDFS (Luo ef al.
2008) and ECDFS (Lehmer et al. 2005) with a matching radius of
1. This yields 12 X-ray luminous SMG counterparts (16% of the
robust LESS counterparts). Secondly, we identify nine SM(ne
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terparts (12% of the robust LESS counterparts) with a laxgess

of 8 um flux compared to the best-fit SED template, which poten-
tially indicates obscured power-law emission from an AGNatal

this yields 16 SMG counterparts (22% of the robust LESS aaunt
parts) which may contain AGN (five are both X-ray detected and
have an &m excess).

To determine whether AGN contamination in theu8t filter
reduces the accuracy of our photometric redshift estinvege®-fit
the photometry of the counterparts which display ann8-excess
whilst excluding the 8&m photometry. Spectroscopic redshifts are
available for eight of the affected galaxies and we find thatav-
erage|Az| of these eight galaxies is not significantly decreased,
while the median reduceg® drops by 1.2, when the;@n photom-
etry is excluded from the fitting. This result does not chaifiges
also exclude the 8Bm photometry of the SMGs which are X-ray
detected.

It is also possible that our sample of SMG counterparts con-
tains AGN which enhance the8n flux but do not cause a de-
tectable excess. Therefore, we also exclude tlvea hotometry of
all the SMG counterparts during the fitting procedure. Oncenagai
the averag¢Az| for the spectroscopic sample does not change sig-
nificantly (medianAz/(1 + z) = 0.032 £+ 0.021, compared to
medianAz/(1 + z) = 0.023 £ 0.021 originally). These results
indicate that when calculating photometric redshifts teadjit of
including the longer-wavelength data is greater than the Which
is removed by ignoring the 8m photometry. Therefore, we include
the 8um photometry in the SED fitting.

3.5 Reliability of SED parameters

In addition to calculating photometric redshiftsyPERZ also re-
turns the spectral type, age and reddening of the best-fitt8ED
plate. To test the sensitivity of the choice of template wié the
photometry of the SMGs allowing only the Burst template, tirah
only a constant star-formation rate history (Im). These tem-
plates represent the extremes of the star-formation féstand so
they will let us gauge the sensitivity of the derived parareto
the choice of the best-fit template.

We compare the quality of the Burst and Im fits of each galaxy
with A2 , — the difference in the reduceg of the Burst and Im
fits. We find that 63% of the SMGs hayaAx? 4| < 1 and as such
the Burst and Im templates are indistinguishable at the 9944 |
for these SMGs. 61% (17) of the SMGs withx2,,| > 1 between
the two template fits are best-fit by Bursts and 39% (11) by Im
templates. If three templates — Burst, Sb and Im — are comside
the star-formation histories of only 23% (17) of all the SM&un-
terparts can be distinguished. Therefore, although it neapds-
sible to crudely distinguish the star-formation historidsa frac-
tion (~ 20-40%) of SMG counterparts with YWPERZ, the star-
formation histories of most SMGs counterparts cannot hiabigl
established.

We find that the SMGs that have SED fits wjthx2.4| < 1
and can be equally well fit by either Burst or Im templates tdifre
ferent age estimates depending on the template. The agdaand s
formation history of a stellar population affects the ligbtmass
ratio; thus our inability to distinguish between star-fation his-
tories leads to uncertainties in the light-to-mass ratiod stellar
mass estimates. Using tHé-band light-to-mass ratios for Burst
and Im models from the B RBURSTI9 stellar population model
(Leitherer et all 1999) we calculate that the uncertaintieSED
fitting parameters result in Br dispersion of a factor of 4.6 range

in the light-to-mass ratios and consequently in the steflass es-
timates (see also Fig] 9).

We also compare reddening measurements for those galaxies
with SED fits with|Ax?| < 1 and find that on average the differ-
ence betweenly for the best-fit Im and Burst templated Av,
is equal t00.32 £+ 0.16. Since average estimates based on either
template return the same value df (to ~ 20) we conclude
that average reddening measurements for the SMG popukatton
not strongly sensitive to the adopted star-formation ysémd are
likely to be statistically meaningful (although we cautiagainst
trusting values for individual SMGs). When fitting E, Sb, Buyr
or Im templates and allowinglyy = 0-5, as in our photometric
redshift calculations we determine a median = 1.5 £ 0.1 and
96% of SMGs havedy < 3. We conclude that in most instances
restricting toAy < 3 is sufficient for calculating photometric red-
shifts of SMGs. We note that these valuesAf are integrated
across the whole galaxy and that obscuration in the regasyson-
sible for the majority of the far-infrared/submillimetrenession is
considerably larger (e.g. Chapman et al. 2004b; Takatz|208ab;
Ivison et al| 2010b).

4 RESULTS AND DISCUSSION

In g3 we derived reliable photometric redshifts for 74 courdei®
to 68 robustly identified SMGs. We now use these photometde r
shifts and the SED fits to further investigate the propedfeaMGs.

4.1 Photometric redshifts

In Fig.[3 we show our photometric redshift distribution foet74
robust SMG counterparts; it peaksat= 2.2 £+ 0.1 and has an
interquartile range of 1.8-2.7. We compare to the photamesd-

shift distribution of SMG counterparts in the SCUBA Half-@pee
Extragalactic Survey (SHADES) (Clements €t al. 2008; Dyallet
2008), median: = 1.5 4+ 0.1, and the spectroscopic sample from
Chapman et all (2005), median= 2.2 + 0.1, both of which have
similar submillimetre flux limits as our survey. The LESS SMG
have a similar redshift distribution to_Chapman et al. (05
though in LESS the spectroscopic ‘redshift desert at 1.2-1.8

is filled and there is a larger high-redshift tail. The reftsthistri-
butions of both LESS and Chapman etlal. (2005) SMGs are peaked
at higher redshifts than the SHADES SMGs. A KS-test between
Chapman et all (2005) and LESS SMGs yieRjss = 0.44, sug-
gesting the two samples appear to be drawn from the sametparen
population. However, a KS-test between the LESS and SHADES
SMGs givesPxs = 1.3 x 1079 indicating that these samples are
likely drawn from intrinsically different populations.

We conclude that the global properties of our photometde re
shifts are consistent with the largest previous spectpscsur-
vey, albeit with a higher-redshift tail — we find 10 (14%) SMGs
with z > 3 and eight (11%) with: > 3.5, of which LESS 73 is
spectroscopically confirmed at= 4.76 (see_Coppin et al. 2009,
2010a). Itis likely that the larger number of high-redshkdtirces in
the LESS survey compared|to Chapman et al. (2005), where ther
are 10% atz: > 3 and just 1% at > 3.5, is due to deeper ra-
dio data (on average) and the inclusion of 2 counterparts in
LESS (Biggs et al. 2010) and most critically the use of phabm
ric redshifts covering the UV to mid-infrared which are leskant
on the detection of spectral features in the optical. Carlgrthe
SHADES SMGs appear to typically lie at lower redshifts. Wess$
that compared to the SHADES analyses we have used about twice
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Figure 3. [left] The photometric redshift distribution of the LESS &4. We compare this to the photometric redshift distributd SHADES SMG coun-
terparts|(Clements etlal. 2008; Dye et al. 2008), and thetrsseopic redshift distribution of SMGs from Chapman e{2005); for clarity the SHADES
and Chapman et al. (2005) samples are offset slightly inhigkd$he median redshift of identified SMGs in LESSzis= 2.2 4 0.1, which is the same as

that from the_Chapman etlal. (2005) spectroscopic surveys[BES has a lower median redshift of= 1.5 £ 0.1. There is a slightly larger high-redshift
tail in the LESS SMG population than the Chapman et al. (2@ population. Additionally, the so-called ‘redshift eéesatz ~ 1.5, which is evident

in thelChapman et al. (2005) study does not affect our phdta@medshifts and as such, in contrast with Chapman|et 0P, the increase in the number
of galaxies fromz ~ 110 z ~ 2 is smooth. Statistical comparisons show thai the Chapmaln &005) and LESS SMGs are most likely drawn from pop-
ulations with similar redshift distributions, but that tB&lADES SMGs are biased to low redshifts either from systeneators in the photometric redshift
calculations, sample selection, or cosmic variance. Thdethregion represents the area that would be added to tbgrhim were the redshifts of the 57
statistically identified or completely unidentified SMGlm and is designed to give an impression of the potentiaritation of the unidentified SMGs
to this figure. The lower region corresponds to the unidetiBMGs that we statistically identify .2, and which have redshifts similar to the identified

SMGs. The upper shaded region represents the SMGs whiclimremaccounted for after the statistical analysis andyikelvez 2> 3. [right] The same
distribution but now including the statistically identifieSMG population fronff4.2 in addition to the identified sample. These are distehutniformly
within the relevantAz = 1 ranges. The shaded area now represents the remaining tifiede8MGs, which are likely to lie at > 3. We conclude that the
median redshift of th&s7o.m 2 4mJy SMG population is likely to be = 2.5 £ 0.6.

as many photometric bands, tested against a larger spempios
sample of SMGs, and obtained qualitatively better fits toSE®s.
We suggest that either there is a systematic error in thénatig
SHADES photometric redshifts or their counterpart idecsifions,

or that cosmic variance is the cause of the different retidisifribu-
tions. However, we note that a re-analysis of the opticahfared
photometry of the SHADES SMGs yields a median photometric
redshift ofz = 2.05 (Schael et al. in prep.) — more similar to LESS
and Chapman et al. (2005) than the original SHADES analyses.

Studies have suggested that the brightest SMGs may have

higher redshifts than those with lower submillimetre fluxesy.
lvison et al.| 2002} Pope etlal. 2005; Biggs et al. 2010). In Big
we plot the photometric redshift against 84 flux (Ss7o.m) for
robust LESS SMG counterparts. We split the galaxies integho
brighter and fainter than the median deboosted submilierféix

of the sample,Sg7opm = 5.6 MJy (we use deboosted 87@n
fluxes through out). SMGs WitKs7o.» < 5.6 mJy have a median
redshift ofz = 2.1 + 0.2 and SMGs withSs7o.m > 5.6 mJy have

a median redshift of = 2.3 &+ 0.2, where the errors are bootstrap
uncertainties on the medians. Spearman’s rank correlatieffi-
cient betweerSsroum and zphot is 0.20, which corresponds to a
probability of zero correlation of 0.08 and indicates ttnare is no
significant correlation between submillimetre flux and refigor
SMGs in our sample. We have verified that the result is notmepe
dent on the choice of the flux limit between the two bins. Aidait
ally, if all the unidentified SMGs lie at = 5 or z = 1 (in §4.2
both of these scenarios are shown to be unlikely) we still find
statistically significant difference between the redshidf SMGs
in the two flux bins. The sample of SMGs with optical-infrared
photometric redshifts in this work is larger than previougiges of
this phenomenon and our analysis finds no significant cdioala

© 2010 RAS, MNRAS000,[1H23

F GALFORM model ]

S LESS SMGs @ |

[ Median SMGs % |

o k ]

3 3F ﬁ 7
N sl Yo _i 1
o 4 é P

r ¢ ]

s 4 2 = .

r Z ]

oL b | | | | | | | | ]

W
~
(@3]
(e}
~
(o9}
[Ce}

Ss7o (MJy)

Figure 4. Photometric redshift versus submillimetre flux for LESS S81G
the medianSg7o.m error bar is shown in the bottom right. The median
Sgroum and redshift, withlo error bars, are presented for SMGs with
Sg70pm < 5.6 mJy andSgro,m > 5.6 mJy. Previous studies have sug-
gested that the brightest SMGs may lie at the highest redshihis work
contains optical-infrared photometric redshifts for @arsample of SMGs
than previous studies of the phenomenon and finds no evidenedrend.
For comparison we also highlight thesldistribution of SMGs in flux bins
of 1 mJy in theACDM GALFORM model (Baugh et al. 2005; Lacey et al.
2008; Swinbank et al. 2008).

betweenSs7o.m and redshift for robustly identified sources, also
implying that Ss7o.m IS not a good proxy for redshift. This result
agrees with_Knudsen etial. (2010), who find no difference @& th
redshift distributions of faint lensed SMGSg50..» < 2 mJy) and

the brighter Ssso0.m 2 3 mJy) SMGs fromi. Chapman etlal. (2005).
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Figure 5. The top panel shows the redshift histogram of sources witiersubmillimetre positional error circles of SMGs witheabust radio, 24im or
IRAC counterparts compared to the same number of randontigrasin the field. For comparison we also plot the redshétdgram for sources in the
submillimetre positional error circles of SM®sth robust counterparts, also scaled to the same number of@rctas. In the bottom panel we show the
difference between the redshift histogram of galaxies redaunidentified SMGs and the field population (from randomitfuoss). We also plot both the
difference in redshift of galaxies around identified SMGHd &éme field population, and the redshift distribution of mdindetected SMGs in th&CDM
GALFORM model (Swinbank et dl. 2008). In order to highlight potentiferences in the redshift distributions of the popwdas the latter two datasets are

scaled to match the value &N, of unidentified SMGs in the = 2-3 bin
bins we calculate that the average redshift of unidentiflisS isz = 2.5 +

We note that SMGs in the semi-analyfiCDM GALFORM model
(Baugh et all_2005; Lacey etlal. 2008; Swinbank et al. 20089 al
show no correlation betwee¥ro,.» and redshift (although the er-
ror range decreases at high fluxes where there are few galiaxie
the model).

4.2 Redshift distribution of unidentified SMGs

To date, redshift surveys of SMGs have focused omthE—80%
of the population with counterparts identified from radial &4 m
imaging, and a few located using high-resolution (sub{)métre
interferometry. The requirement for radio or infrared cruparts
to SMGs can bias the redshift or the dust temperature disiits
of identified SMGs|(Chapman etlal. 2005) and it is currently un
known if the identified population is representative of the20—
40% of SMGs without identified counterparts. In particultiis
unclear whether they have the same redshift distributiorrdler
to investigate the redshift distribution of the unidentf@MGs we
utilise our extensive 17-band photometric redshifts inE@DFS

. By usingA Ng,; and assuming a uniform distribution of galaxies within the
0.3.

to investigate the photometric redshifts of sources ardBitGs
without robustly identified counterparts to the field popiola

In Fig.[8 we show the redshift histogram of galaxies within
the error circles of the 55 unidentified SMGs in the ECDFS,nehe
the region considered is that used|by Biggs et al. (2010)¢o-id
tify SMG counterparts (both the completely unidentified émase
with only tentative identifications). For comparison, wewshthe
redshift histogram of all the galaxies in the submillimedreor cir-
cles of SMGs with robustly identified counterparts, scalethghat
the number of error circles examined is the same as the uifiden
SMG sample. We also consider the photometric redshifts laikga
ies in the same area around random positions in the field,hwhic
are required to be- 15” from any LESS SMGs. We consider 50
Monte Carlo simulations of 55 random field positions (eqoahe
number of unidentified SMGs), and employ the mean and stendar
deviation of the 50 simulations in each redshift bin for otatis-
tical analyses. As discusseddB.1 our photometric source extrac-
tion procedure included manually examining the regionsiaddhe
SMGs and adding to the catalogue potential sources which may

© 2010 RAS, MNRASD00,[1H23
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-1

of such sources would bg 107 yr—!, corresponding to life

and ensure a fair comparison between the SMGs and random positimes of < 10 Myr. The corresponding duty cycle for such short-

tions, we exclude these additional sources from this aizalys

In the lower panel of Fid.]5 we show the difference between
the redshift distributions of the field and SMGs without rsthy
identified counterparts. Compared to the field there is ae®xc
of 26 £ 12 (2.20) atz > 1 around unidentified SMGs. There are
positive excesses of galaxies in the- 2-3 (14+8; 1.80) andz =
4-5 (@ + 2; 1.60) bins around unidentified SMGs. This suggests
that the peak of the redshift distribution of the populatidmadio,
24-um and IRAC unidentified SMGs is at= 2-3.

To crudely compare the redshift distributions of the idkedi
and unidentified SMGs we also plot the difference between red
shifts of sources in the submillimetre error circles of tderitified
SMGs to the field (scaled to the value in the= 2-3 bin of the
unidentified SMGs). We conclude that the redshift distidoubf
unidentified SMGs is broadly similar to that of robustly itiéad
SMGs.

To provide a more reliable estimate of the average redshift
of the unidentified SMGs we evenly distribute the excessxgala
ies in the SMG error circles in each redshift bin. We verifatth
this method is valid by using it to calculate the average higds
for identified SMGs, which yieldg = 2.2 £ 0.1, in agreement
with that derived using the robust counterparts ald#ETl). For
unidentified SMGs we derive an average redshitt ef 2.5 £+ 0.3.
This suggests that unidentified SMGs may lie at marginatiyhér
redshifts than the identified sample, although we stressthea
difference is not statistically significant. This conchusiis con-
sistent with the predicted redshift distribution of radiedetected
SMGs from the semi-analytid CDM GALFORM model, which
predicts they should lie at ~ 2.2, similar to the observed SMGs
(Swinbank et &l. 2008).

There arel4 4+ 8 more galaxies at = 2—-3 in the error circles
of unidentified SMGs than expected from comparing to the field
population. We showed iff3.3 that there are nine tentative SMG
counterparts withe = 2-3 and two withz = 4-5. Thus poten-
tially half of the excess seen around the unidentified SMGsdco
be attributed to tentative counterparts. Indeed, if teraaBMGs
are removed from this analysisiao (3 + 5) excess ok = 2-3
galaxies and @.30 (2.4 + 1.9) excess ok = 4-5 galaxies around
SMGs remains.

Finally, we use statistical arguments to estimate how many
SMGs are still unaccounted for. There are 55 out of the sample
of 126 LESS SMGs without robust radio, g or IRAC counter-
parts (Biggs et al. 2010). Due to the signal-to-noise ratiotlon
the submillimetre catalogueS(N > 3.70) five of the 126 SMGs
are expected to be false detectians (Weil ¢t al.|2009); aticod
1-2 are expected to have counterparts outside of the seadldh r
used |(Biggs et al. 2010). This leaves 48—-49 SMGs with cugrent
unidentified counterparts that are expected to lie withinsaarch
area. We then calculate the total excess of galaxies in ntide
fied error circles over the field. Due to clustering, an eriocle

lived sources means that to deteet20 sources in our 0.5dég
survey, we require a parent population with a space density o
> 0.02 Mpc 3, which we consider unlikely. Alternatively, if they
have restframe near-infrared luminosities similar to thentified
SMG population, then Fi. 10 suggests that they must liezat3.
If correct we should add these sources to the SMGs identified
at z > 3. We have identified 10 SMGs at > 3, as well as
4 £+ 2 which have been statistically identified in our IRAC sam-
ple. To these we add th&l + 19 SMGs which are unaccounted
for in our statistical analysis, to derive a total ¥ + 19 SMGs
(28 + 15% of the whole population) at > 3 in our survey. We
conclude that~ 30%, and at mostv 45% of the SMG popula-
tion could reside at 2 3. This corresponds to a volume density
of 2.8 x 10~ Mpc—2 (assuming they span the range= 3-7,
or 80% higher if they only span = 3-5). For comparison, the
equivalent volume density af = 2-3 SMGs, including identified
counterparts and thit that are statistically identified in this red-
shift range, isl.2 x 10~® Mpc~3, signifying strong evolution in the
abundance of SMGs from > 3to z ~ 2.5.

We have statistically identified the redshifts of 60% of
the unidentified SMGs, and shown that the remainder likehati
z 2 3. In the right-hand panel of Figl 3 we combine the redshift
distributions of the identified and unidentified SMGs to pdevthe
probable redshift distribution of thentire Ss7oum 2 4 mJy SMG
population. We conclude that the most likely median reddbif
the Ss7oum 2 4 mJy SMG population is = 2.5 £ 0.6.

~

4.3 Simple redshift estimators for SMGs

Previous studies have investigated and used optiBalX), ul-
traviolet (BX/BM,; [Steidel et all_ 2004; Chapman etlal. 2005y a
IRAC colours ((Yun et all 2008; Hainline etlal. 2009) and radio
to-submillimetre flux ratios (e.g. Carilli & Yuih 1999; Ivigcet al.
2007;|Biggs et al. 2010) as simple estimators of the redshbift
SMGs. Here we use our 17-band photometric redshifts to in-
vestigate the reliability of such th&zK colours and radio-to-
submillimetre fluxes as redshift estimators and derive gpkm
IRAC colour indicator of redshift.

In Fig.[d we show theBzK colour-colour plot|(Daddi et al.
2004), which is designed to identify galaxieslat < z < 2.5,
for LESS SMG counterparts. We have distinguished between-co
terparts with photometric redshifts above and below 1.4 and
find that all the SMGs with,not < 1.4 lie in the expected region
of colour-colour space. However, whilst SMG counterpartghw
Zphot = 1.4 typically have the colours of high-redshift star-forming
galaxies, this population does scatter into the low-rdtségion.
Two galaxies withzppot > 1.4, B— 2z ~ landz — K ~ —0.1
lie near the separation between< 1.4 galaxies and stars and
are both X-ray luminous, bright unresolved sources whicly e
submillimetre-bright quasars (see Appendix A). We coneltitht

can contain more than one galaxy associated with the SMG. We the Bz K analysis of SMG counterparts can select clean but in-

then compare the sources around identified SMGs with the aumb
of identified counterparts to determine this “overcountiagtor”:
~ 1.2x. We scale the difference between the field and unidenti-
fied SMG regions by this factor to estimate that there2dre- 19
LESS SMGs {7 + 15% of the total) which are still unaccounted
for. These have no robust radio, 2 and IRAC counterparts and
have mid-infrared fluxes below the limits of our imaging.

These counterparts could lie at~ 1-3 and be fainter than
My < —23 (Fig.[10). However, the specific star-formation rates

~
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complete samples of > 1.4 SMGs, and that samples selected to
havez < 1.4 will contain ~ 45% contamination from galaxies
at higher redshift. We compare the obsen®eK colours with a
redshift track of the average SMG SEB4(4) and note that the
median SED of SMGs has a redder restfrgiiie- z) colour (cor-
responding to observe@ — K) atz ~ 1.4) than used to define
the selection areas far > 1.4 galaxies and that the SMGs at the
highest redshifts may fall in the passi@ K or z < 1.4 region.

In Fig. [ we plot the photometric redshift against
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Figure 6. (B — z) versus(z — K) colour-colour plot of LESS SMG
counterparts. The selection regions for star-forming amsspez > 1.4
BzK galaxies (sBzK and pBzK respectively}, < 1.4 galaxies, and
stars |(Daddi et al. 2004) are shown, and we distinguish lEtW&MG
counterparts withepnot > 1.4 and zpher < 1.4. The photometric red-
shifts typically agree with thé3z K colours and most of the SMG coun-
terparts haveBz K colours ofz > 1.4 star-forming galaxies and none
have colours of stars or > 1.4 passive galaxies (similar to the result of
Bertoldi et al. 2007). All of the counterparts with sBzK cots are found
to havezpnot > 1.4, but galaxies with BzK colours suggesting< 1.4
have a~ 45% contamination from counterparts with,o, > 1.4. We also
show the redshift track of the average SMG SEB.4) fromz = 0-4 and
the reddening vector fody, = 1 mag. The scatter in the photometry of
individual SMGs compared to the redshift track of the aver&81G SED
suggests that the SMGs have a range in optical SEDs. Operotg/stipw
galaxies which lie in halos of bright stars in théband, in these cases, for
the purpose of this plot only, theband magnitude is extrapolated from the
SED fit and the measuredband magnitude.

Ss7oum /S1.4cu, for the LESS SMGs [(Weil3 etall 2009;
Biggs et al. 2010), the tracks of Arp 220 and M82 (based on
the SEDs of Silva etal. 1998). We also show th€DM GAL-
FORM predictions [(Baugh et al. 2005) and the Carilli & Yun
(2000) relationship. The wide range $870.m /S1.4cH- at a fixed
redshift limits the usefulness afs7oum /S1.4cH, as a redshift
indicator for SMGs and indicates that SMGs have a variety of
submillimetre-to-radio flux ratios, suggesting a range imstd
temperatures (Chapman eflal. 2005; Clements et all 2008)I3t/e
note that the majority of SMGs lie above the redshift trackig,
suggesting higher submillimetre-to-radio flux ratios @uutally
due to the presence of more cold dust). LESS 20zhas, ~ 2.8

and Ss7oum /S1.4cuz ~ 1.7, which is significantly lower than
expected from its redshift, indicating that it is most likeh
radio-bright AGN, so we remove it from our subsequent areays
of far-infrared luminosities, star-formation rates, ahdu@cteristic
dust temperatureff.6).

Studies of mid-infrared spectra of SMGs have shown that they
are similar to M82 with an additional power-law contributifstom
AGN emission|(Menéndez-Delmestre el al. 2007, 2009; Pogak e
2008; Coppin et al. 2010b). In Figl 7 we plot photometric hifts
againstSs7oum / S24um, Which shows that the mid-infrared to sub-

millimetre flux ratios of SMGs are similar to Arp 220 and those
derived in theACDM GALFORM model, but are poorly represented
by M82. This suggests that although SMGs have mid-infraped-s
tra similar to M82, the mid-infrared continuum emissionamter
compared to the far-infrared emission and is more compariabl
that of Arp 220. We note that althoud¥x7o,um /S24,m for SMGs
varies with redshift in a manner comparable to Arp 220, tha-sc
ter and the effect of PAH and silicate features passing titrabe

24 um filter makes this measurement unsuitable for redshifvderi
tion (Pope et al. 2006).

We expand on the work of Yun etldl. (2008) and Hainline et al.
(2009) and propose a new redshift estimator for SMGs, whdch i
based on the IRAC 8 and 3uin fluxes and exhibits less scatter
than the commonly-employed radio-to-submillimetre flutiaaln
Fig.[8 we plot this ratio against redshift for the LESS SMGHd an
using theROBUST_LINEFIT procedure from theoL Astronomy Li-
brary (Landsman 1993) we fit an outlier-resistant lineatiehship
to SMGs withzpnet < 4, Which yields:

z=(2.1%0.1) + (1.9 £ 0.2)log,,(Ss/S3.6) (1)

We exclude SMGs with,no¢ > 4 from the fit because at high red-
shifts the 1.6um stellar peak passes through ther8 filter making
this redshift estimator unreliable. For SMGs with< 4 the 1o
dispersion in redshift estimated using Elgh. ris= 0.44 and we
find that~ 90% of SMGs at: > 2 haveSs/Ss.¢ > 1.

4.4 Typical SMG SEDs

To investigate the SED of a typical SMG we show in Fiy. 9 the
SMG photometry in the rest-frame and normalised inand.

We also calculate the expected fluxes expected in each offthe 1
photometric filters used throughout this paper as observed=a

2.2 and determine the median flux in each.

We begin by noting that the data show evidence for a break at
~ 3500-4000A suggestive of a Balmer or 4080break. Closer
inspection hints at it being a Balmer break indicating that t
blue rest-frame light is dominated by stars older than 20 khyd
younger than~ 2 Gyr. Then, as ind3.1, we use RPERZ to fit
this photometry, with redshift fixed at= 2.2, and show the best-
fit templates for both the Burst and Im star-formation higt®ion
Fig.[8. Comparing the? for these two models in the same man-
ner as§3.3, we find that we cannot accurately distinguish between
different star-formation histories (and hence ages oitdighmass
ratios). The best-fit Burst model has an age of just 33 Myrs, an
Ay = 1.7 and a resulting light-to-mass ratio @&fy /M™ ~ 24,
in contrast the Im template yields an age of 3.5Gwts, = 1.1
and anLy /M™* ~ 6. The reddening derived from these two tem-
plate fits are agreement with the median of the individual SIED
(Av = 1.5 £0.1; §3.3), while theL 5 /M* span a range ofx.

We also estimate the extinction in LESS SMGs by compar-
ing the star-formation rate (SFR) derived from the restafeefar-
ultraviolet luminosity (medialsFRuv = 2M@yr*1; Kennicuit
1998) with the SFR derived from the far-infrared lumino<itye-
dianSFRrr = 1400 M@yrfl; §4.6). Comparing the two values
yields Ay 2.6 £+ 0.2, corresponding to reddening 4 times
higher than the SED fit and indicating that the majority of $ker
formation within SMGs occurs in totally obscured regions. dis-
cussed in_Kennicutt (1998) the conversion from far-uliéat lu-
minosity toSFRuv assumes that the star-formation rate has been
constant for> 10® years. SMGs are likely to be shorter bursts of
activity and therefore for a fixed SFR they will brighter atravio-
let wavelengths and likely have highds, than estimated above.

© 2010 RAS, MNRASD00,[1H23
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Figure 7. The variation of submillimetre to radio (left) and subnmiitre to mid-infrared (right) flux ratios with redshift, cpared with Arp 220 and M82

(based on the SEDs|of Silva eflal. 1998) and SMGs ilM6®M GALFORM model (Baugh et &l. 2005) witbigs0,m > 3 mJy; we also show the relationship
between redshift and radio-to-submillimetre spectratinderived by Carilli & Yuh|(2000) in the left-hand panel. TB®Gs show two orders of magnitude
dispersion in bottss70,um /S1.4GHz @andiSg70m /S24um - The model track 06870.m /S1.4G 1 for M82 lies below the majority of the SMGs, while that
of Arp 220 more closely follows the SMGs suggesting that ttypjcally have a characteristic dust temperature whicto@er than that in M82 and more
like that in Arp 220. Similarly, although studies have fouhdt mid-infrared spectral properties of SMGs are simitaMi82 (Menéndez-Delmestre et al.
2009) we find that M82 does not describe the submillimetre ityinfrared continuum flux ratios well, and that Arp 220 fitstter to this data. LESS 20
(labelled) is significantly brighter at 1.4 GHz than expddi®m its submillimetre flux and redshift and is most likelyaalio-bright AGN.
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Figure 8. The correlation between redshift and the ratio gi8to 3.6um
flux for the LESS SMGs. This shows a trend and so we plot a lifietr
the SMGs withz < 4, which yieldsz = 2.1 + 1.9log;(Ss/S3.6), With

a lo dispersion in redshift of, = 0.44. This relation may be useful as a
crude redshift indicator for SMGs as we note thap0% of all SMGs with

z > 2 haveSg/S3.6 > 1, while similarly ~ 90% of all SMGs withz < 2
haveSs/S3.6 < 1.

4.5 Stellar masses

We use HYPERZtO estimate the rest-framié-band absolute mag-
nitudes (M) from our SED fits and find the medialy =
—24.1 + 0.1, with an interquartile range 0f24.7 to —23.6. In
Fig.[IQ we plotMy against photometric redshift for the LESS
SMG counterparts. There is the suggestion of a weak tredd of
with redshift. However, as the plotted detection limit sisotiis

is most likely a selection effect, with the higher redshifilaxies
needing to be more luminous to be detected. The average—3
SMG hasMy = —24.4 and would be detected in our survey out
to z ~ 3—-4, and therefore, any incompleteness in our SMG sample
due to the IRAC flux limits is only significant at> 3.
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Figure 9. The photometry of SMG counterparts shifted to the rest frame
and normalised to thé/ band (1.um). Redshifting this data to = 2.2
we calculate the apparent fluxes in the 17 photometric fiterssidered
throughout this paper and userBlERZ to fit galaxy templates at this red-
shift. The median photometric points are shown and the tingubest Hr-
PERzBurst and Im template fits are displayed. The best firHRZz tem-
plates have: Burstdy, = 1.7, an age of 33Myrs and &y /M* ~ 24;
Im, Ay = 1.1, an age of 3.5 Gyrs and dng /M ™ ~ 6. Itis clear that it is
not possible to distinguish between these two very diffestar-formation
histories and hence there is a factor~of 5 uncertainty in the resulting
masses. The MUSYC U38 filter has an50% contribution from limiting
magnitudes and is excluded from the fit.

is less influenced by young stars than optical bands andatuelly
unaffected by dust. As discussed §8.5 the uncertainties in the
derived spectral types and ages result in an estimated faicto 5
uncertainty in assumed mass-to-light ratios and thusastelasses
derived fromMp;. Therefore, we only consider the stellar masses
of the LESS SMGs statistically.

Hainline et al. [(2010) estimateH -band mass-to-light ratios
for SMGs with Burst and Im templates, based on a Chabrierd00

My is used to estimate the stellar mass of galaxies because itIMF . We use the average of their values converted to a Salpete
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Figure 10. A plot of photometric redshift against rest-franieband abso-
lute magnitude for LESS SMGs, and the approximate correfgue with
stellar mass (as described in the text). The median is —24.1 + 0.1
with an interquartile range of24.7 to —23.6 which corresponds to a
median stellar mass of 9.2 x 1010M® and interquartile range of
(4.7-14) x 1019M, in good agreement with the mediaily from
Hainline et al.|(2010). We also highlight SMGs with evideficeAGN ac-
tivity from X-ray detections or &m excesses, which appear brighter than
the average SMG. We also show the Histribution of absolute-band
magnitudes of SMGs wittbgs0.m > 3 mJy that are brighter than our
flux limit at 4.5pum (approximately the rest-framd-band atz: = 2) from
GALFORM (Baugh et al. 2005%; Lacey etlal. 2008; Swinbank &t al. 2008) an
note thatM ; is under-predicted in the model. Errorsify; are dominated
by the error in the photometric redshift; we calculate therein Mg for
SMGs with median redshift error by re-running the'#=Rzwith the red-
shift forced to the extremes of the error range; the cornedipg errors are
shown in the top left-hand corner of the plot and can be scaié the
error in redshift. The dotted line illustrates the trenddify with redshift
resulting from the flux limited nature of our survey.

IMF (with a lower mass limit of 0.1M, and an upper mass
cutoff of 100M)) for our stellar mass calculatiozg /M™ =
3.8 LQMél. We estimate that the median stellar mass of the

SMGs in our sample i8/* = (9.2 £ 0.9) x 10'° M, and the in-
terquartile range i$4.7-14) x 1010M®. The quoted errors do not
include the systematic uncertainty from the star-fornrakistories
and mass-to-light ratios, which adds a factorob uncertainty to
the values 3.3; Fig.[9). We also caution that the choice of IMF
coupled with the assumption that all the light is from therent
burst can affect the derived stellar masses by an additfactdr
of ~ 2. Finally, we note that on average we observe the SMGs ap-
proximately halfway through the burst and typical SMG gassea
(Greve et al. 2005) suggest an additiona x 10'° M, could be
added by the end of the burst.

We find that galaxies with evidence for AGN activity from an
8 um excess or X-ray emission have medigh; = —24.6 + 0.3,
compared taW/z = —24.1 £ 0.1 for the remainder of the SMGs.
The two SMGs with the brightest/; are the two submillimetre
bright quasars (LESS 66 and LESS 96; Apperdix A) in which the
observed emission is expected to be dominated by the AGNmath
than starlight/(Hainline et al. 2010). If these are exclutlezime-
dian My of SMGs containing AGN iy = —24.5 £ 0.3.

The median stellar mass for SMGs in SHADES Lockman
Hole was claimed to b8/* = (6.31:5) x 10" M, by/Dye et al.

(2008). This is a factor of 7 higher than our estimate for LESS
SMGs.| Dye et al..(2008) use nine-band photometry for thei-ph
tometric redshift determination and claim to also be ablelis
entangle the star-formation histories of the SMGs with sigfit
accuracy to identify a significant mass of old stars whicheulels
the current burst. This leads to a higher effective madigta-ra-
tio and correspondingly higher stellar masses. In contesstlis-
cussed earlier§B.5), we do not believe that with existing data
it is possible to untangle the influences of the potentiatiyne
plex star-formation histories and dust distributions om $#fEDs of
SMGs. Hence, we do not believe that there is any observationa
evidence for significant old stellar populations in theskgas,
as required by the Dye etlal. (2008) results. Hainline e24110)
have used optical and IRAC photometric data to calculateavan
erage stellar mass for the Chapman étlal. (2005) SMGs and they
find M* = (1.4 £0.3) x 10'" M, (converted to Salpeter IMF),
comparable to our survey and a factor~of5 lower thar Dye et al.
(2008).

In Fig.[10 we also show the absolut&-band magnitudes of
SMGs in theACDM GALFORM model (Baugh et al. 2005), which
assumes a top-heavy IMF with slope = 0. We consider only
galaxies withSssoum > 3 mJy and fluxes in the IRAC 44om fil-
ter brighter than our detection limit (4.8n corresponds to the rest-
frame H-band at: ~ 2)./Swinbank et al. (2008) showed thaaL -
FORM predicts rest-frame absoluf€-band luminosities of SMGs
which are a factor of ten lower than observed. This arisengir
ily due to an order of magnitude lower stellar masses thariéap
by observations for SMGs (see also Lacey ét al. 2010). A4 g.
shows the predicted rest-franié-band magnitudes of the model
SMGs are also a factor of ten lower than our observations. In-
deed, if SMGs formed stars following the prescriptions usetie
Baugh et al.[(2005), then few of the SMGs above a redshift-oR
would have be detected.

4.6 Dust temperatures, far-infrared luminosities and
star-formation

In order to further investigate the intrinsic propertiestof LESS
SMGs we next use our photometric redshifts and the obseerved r
dio and submillimetre fluxes to derive the characterististdem-
peratures{p), far-infrared luminosities (8—1000m; Lrrr) and
star-formation rates.

Blain et al. (2002) showed that the submillimetre-to-r&tiia
ratio in SMGs is mainly influenced by redshift and the chaast
tic dust temperature. Chapman et al. (2005) assumed a dist em
sivity, 5 = 1.5, and thez = 0 far-infrared—radio correlation, to
determine empirically that for their sample of SMGs:

6.25(1 + 2)

Tp =
b (S850um /S1.4GHz

o5 @
We note that the most reliable method of calculatifig is to fit
template SEDs to multiple far-infrared and submillimetreof-
metric points, but for simplicity and due to the absence df-pu
lished deep far-infrared photometry we use Edn. 2 to caledla
of LESS SMGs (although we next use shallow far-infrared pbse
vations to confirm the validity of this assumption).

We also use the infrared-radio correlation (Helou €t al.5198

Condoi 1992),
) — logy, ( )
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Figure 11. The characteristic dust temperatui&y) versus far-infrared lu-
minosity (L ;) for our SMGs. The SMGs are colour coded on the basis
of their photometric redshifts and as expected the mostions galaxies
are the hottest, and are also tend to be those at the highisstifts. This
trend is driven in part by the radio luminosities of the SM@&hich lack the
positive K correction of the submillimetre waveband) hemt® there is a
correlation betweetl r; r andz, but not betweerSs7o.m andz (Fig.[d).
The regions above the dashed line and below the dotted lindl#strative

of the regions excluded by our submillimetre and radio di&tedimits re-
spectively. The dashed line, which roughly demarcates pipeuenvelope
of the data, represents the derived temperature of galaxies= 2 with
various radio fluxes anfigzo,.m = 4.2mJy. The dotted line, which simi-
larly demarcates the lower envelope, is derived for sulbmglire-luminous
(Ss7oum = 16 mJy) sources with radio flux equal to our detection limit
(30 = 19.5udy) at redshifts ot = 1.4-4. This reflects both the strong
cut-off in the submillimetre luminosity function at highrhinosities and
the fact that our radio data is only just deep enough to detagtterparts to
the majority of SMGs. We conclude that the apparent coioglgbetween
Tp andL g1 g is in part caused by selection bias. We note that the OFRGs
(Chapman et al. 2004a: Casey el al. 2009: Magnellilet al. R@difich are
detected in the radio but not the submillimetre lie aboveupper dashed
line.

with radio spectral indexax. = 0.8 (where S, « v~ ) and
qrrir = 2.64 (Bell 2003, for star-forming galaxies), to calculate
far-infrared luminosities of the LESS SMGs from their raflices,
as done by Chapman et al. (2005). Although this approach evas r
cently verified by Magnelli et al. (2010) who useéterscheldata
to show that the local far-infrared radio correlation is sistent
with SMGs, we caution that there may be a factorof2 uncer-
tainty in the derived luminosities due to possible evolutin the
far-infrared—radio correlation_(lvison etlal. 2010a) arehte the
appropriate value afrrr.

In Fig. 11 we plot the far-infrared luminosity againgb
for the LESS SMGs and optically faint radio galaxies (OFRGs;
Chapman et al. 2004a; Casey €t al. 2009; Magnellilet al. 2TH®.
LESS SMGs have a medidb = 35.9+ 1.4 K, with an interquar-
tile range of 28.5-43.3K, anflr;r = (8.2 £ 1.2) x 10'* L),
with an interquartile range df.0-13) x 10** L., comparable to
previous surveys (e.g. Chapman €t al. 2005; Magnelli|edl0p

To check this result we also employ the 250, 350, and 660
Balloon-borne Large Aperture Submillimeter Telescope ABIT)
maps of the ECDFS (Devlin etlal. 2009). We can stack the eamissi
in these maps at the positions of the LESS SMG counterpadts an
fit the stacked fluxes with a modified black body with= 1.5 at
z = 2.2 and correct the luminosity of the fitted black bodytte
tal infrared luminosity, 8—100pm, based on Ivison et al. (2010c).
From this calculation the typical characteristic dust temagure of
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Figure 12. Far-infrared luminosity functions of the radio-detecteBSS
SMGs withz = 1-2 andz = 2-3. Evolution is evident in the luminosity
function of the LESS SMGs between the two redshift bins, anthfthe
24-um selected low redshift comparison sample (Rodighierole@L0).
The SMGs have higher luminosities than the< 0.3 24-um galaxies,
and thez = 2-3 SMGs having higher luminosities add*. We also show
the z = 2-3 luminosity function of Chapman et/al. (2005) SMGs (offset
slightly in log,q L prr for clarity) for comparison. The LESS = 2-3
sample has a systematically lower luminosity density thhaginan et al.
(200%) SMGs in the same redshift range. Weil3 et al. (2009vestichat
the ECDFS is underdense at submillimetre wavelengths ars¢dling the
LESS luminosity function such that the SMG number densitycimes that
of SHADES survey| (Coppin et al. 2006) we show that the dispani &*
between LESS and Chapman €t al. (2005) is likely due to tlaivelden-
sity of SMGs in the two surveys (the scaled LESS luminositycfion is
offset slightly inlog,oLrrr SMGs for clarity). We calculate the maxi-
mum contribution from unidentified SMGs, by assigning théw tedshift
distribution that we measure .2 and radio fluxes equal to our detection
limit. Including the contribution from unidentified SMGsethotal maxi-
mum® in each luminosity bin is represented by an arrow (offsghsly in
logqoLFrr for z = 2-3 SMGs for clarity).

the LESS SMGs i§p = 33.6+1.1, and the typical far-infrared lu-
minosity isLrrr = (7.6717) x 10" L. These values are in good
agreement with those derived above from the local far-iefta
radio correlation.

We find that the highest redshift galaxies also have the kighe
luminosities due to a combination of the radio K-correct{pre-
venting the detection of low-luminosity galaxies at higldskifts)
and luminosity evolution (see Fig.112). There is an appatremid
between thé'p and L rrr but this is likely at least partially a se-
lection effect, although we note that locallRASgalaxies exhibit
a tight correlation betweeftr and L;r (Chapman et al. 2003b;
Chapin et al. 2009). To illustrate the selection effects i8e ahow
in Fig.[I1 OFRGs. (Chapman etlal. 2004a), which are detected at
dio but not submillimetre wavelengths and have radio lursiiies
similar to SMGs, but contain warmer dugt{ ~ 45K;/Casey et al.
2009;[ Magnelli et al._2010). Ous70-um detection limit misses
warmer and lower luminosity galaxies from the sample and the
radio detection limit excludes the colder luminous galaxie.g.
Chapman et al. 2005).

In Fig.[I2 and Tabl€]3 we present the far-infrared luminosity
functions of the radio-detected LESS SMGs with= 1-2 and
z = 2-3, compared to the = 2-3 result from_Chapman etlal.
(2005). We calculate the LESS SMG luminosity function with a
accessible volume technique where:
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Table 3. Far-infrared luminosity function for radio-detected LESBIGs

z = 1-2 SMGs z = 2-3 SMGs
logioLrir logio® logioLrrr logio®
(Le) (Mpc—3dex—1) (Le) (Mpc—3dex—1)
+0.2 +0.1
12.0 -5.570-2 12.5 51104
12,5 -5.3+0.1 12.9 51703
13.0 -5.3703 13.3 —5.3702
135 < —6.2 13.7 —-6.2707
4)

S(L)AL =Y %

which accounts for the flux limited nature of our surv@(.L)AL

is the number density of sources with luminosities betwkemnd

L + AL, andV; is the comoving volume within which théh
source can be detected in the luminosity bin under congidara
Since we derive the far-infrared luminosity from the radioflV;

is calculated using the radio luminosity. Error bars arewdated

by bootstrapping and account for the redshift, luminositg ain-
ning errors. We use the same method to calculate the lunynosi
function forlChapman et al. (2005) SMGs based on the redshift
and radio fluxes listed in that paper. By assuming that utiden
fied SMGs have radio fluxes equal to our detection limit and the
redshift distribution that we measure§a.2, we also calculate the
maximum contribution of unidentified SMGs to the far-infddu-
minosity functions.

We observe strong evolution in the far-infrared luminosity
function: the z 2-3 SMGs are more luminous and have
higher space densities than the= 1-2 SMGs, which in turn
are more luminous than the < 0.3 24um-selected galaxies
from |[Rodighiero et al.| (2010) (see also thierschelsample of
Vaccari et al! 2010). LESS SMGs at= 2-3 have®* ~ 60%
andL™ ~ 2x larger than those at = 1-2.

The z = 2-3 LESS SMGs have systematically lowkt than
thelChapman et al. (2005) SMGs in the same redshift rangs. Thi
may be due to cosmic variance since Weil et al. (2009) shdvetd t
the ECDFS is a factor of- 2 underdense compared to other large
submillimetre surveys at flux densities 3 mJy. By rescaling the
LESS luminosity function so that the 87n number counts agree
with those of the SHADES survey (Coppin et al. 2006), which
should be similar to that of Chapman et al. (2005) since both ¢
ered multiple fields, Fig._12 shows that the low surface dgrui
SMGs in the ECDFS is most likely the cause of the dispari@in

In Fig.[13 we show the evolution of the star-formation rate

density (SFRD) of the radio-detected LESS SMGs. We use the

same accessible volume technique as in our luminosity ifumct
calculations to account for the flux limited nature of theveyr
Error bars are calculated from bootstrapping and includeutiter-
tainties in binning, redshifts and SFRs. Since the SFRs ased
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Figure 13. Evolution of the SFRD for the radio-detected LESS SMGs com-
pared to Chapman etlal. (2005). Arrows to the right of each$ ElIshift
bin indicate the maximum additional contribution from uentified SMGs
and the open symbol represents unidentified SMGs from Chaetrel.
(2005%). We also show the modified Salpeter A IMF fit to the SFRih¢
pilation from[Hopkins & Beacom (2006) and a line showing theletion
from IRASULIRGs atz = 0 (Elbaz & Cesarsky 2003) to LESS SMGs
at z 2.3. The LESS SMG activity peaks at ~ 2 — similar to that
found by previous studies of star-forming galaxies and teakpactivity
of quasars| (Hopkins etlel. 2007). The contribution from SM&she to-
tal SFRD also peaks at ~ 2 where they are responsible fer 10% of
thelHopkins & Beacom (2006) SFRD. The ECDFS is underdensahat s
millimetre wavelengths (WeiR etlal. 2009) so similarly tg.fEI2 we also
scale the SFRD of the LESS SMGs such that the number count rinegt
SHADES survey allowing a closer comparison to Chapman| ¢2a05).

The SFRD of the LESS SMGs appears to peakat2, simi-
lar tolChapman et al. (2005). The LESS SMGs have a lower SFRD
than the SMGs from_Chapman et al. (2005) but we note that the
lower number density of SMGs in the ECDFS is sufficient to ac-
count for this effect. This corresponds to the peak of quastvity
atz = 2.15 £+ 0.05 (Hopkins et al. 2007). The fractional contribu-
tion of LESS SMGs to the SFRD of the Universe also peaks at
z ~ 2 where they are responsible fer 10% of the SFRD as esti-
mated by Hopkins & Beacam (2006) from a compilation of susvey
that does not include any submillimetre surveys. We stirestshis
only includes SMGs wittbs7o.m 2 4 mJy. Assuming that fainter
sources have the same redshift distribution then the dniin of
SMGs with Ss7oum = 1mJy is~ 100% of the (Hopkins et &l.
2007) value. Thus, SMGs contribute 50% of the total SFRD of
the Universe at ~ 2.

We use Kennicutl (1998), which assumes a Salpeter IMF with
upper and lower mass limits of 0.1 and 100;, respectively, to cal-
culate the SFRs of the LESS SMGs from their inferred farairdd
luminosities. The median SFR1400 + 200 Myr~" and the in-
terquartile range is 300—190(Zl@yr*1. The median specific star-

upon radio fluxes we exclude the suspected radio-bright AGN formation ratesSFR = SFR/M* = (1.2+0.1) x 10~ 8yr~"! and

LESS 20 from this analysis.
We do not know the individual redshifts, infrared luminaest

the interquartile range is (0.6—1:8)0~8yr—!. Although again, we
caution that due to the uncertainties in the stellar massatds

or SFRs for 45% of the LESS SMGs because they do not have ro- there is an additional factor ef 5 uncertainty in these values (see

bustly identified optical counterparts. In Hig] 13 we acddanthis
population by assigning them the redshift distributiort the mea-
sure in§4.2) and assuming radio fluxes equal to our detection limit.
The calculated SFRD of the unidentified SMGs from this anslys
is an upper limit since the actual radio fluxes will typicably lower
than the detection limit. In Fig._13 we indicate the maximuom-c
tribution to the SFRD of unidentified SMGs in each redshift bi

§3.35 for a full discussion). The median formation timescdléhe
LESS SMGs is thus- 100 Myr and it is feasible that all of the stel-
lar mass we see could be formed in a single burst. I{Elg. 14ete p
the trend of sSFR against the redshift of the LESS SMGs. We not
that the apparent lack of galaxies with low sSFR at high riédsk

a selection effect due to the requirement for a radio copatéand
that galaxies with sSFR 10~ "yr~ ! are rare due the brevity of the

© 2010 RAS, MNRASD00,[1H23
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Figure 14. A plot of specific star-formation rate (sSFR) versus redshif
for the LESS SMGs. Galaxies are colour-coded by mass and owe tie
median error bar in the top-left hand corner and note thatasimto Fig.[10
the error in sSSFR is correlated with that in redshift. Thewarrepresents the
gradient of the trend in sSSFR with redshift for IRAC-selecgalaxies with
logyo (M) = 10.3-10.8 M(y), offset in sSSFR by two orders of magnitude
for the purpose of display. We note that due to the requirérfanradio
counterparts no SMGs are detected in the high redshift and R region

of this plot. Similarly, the short lifetime of SMGs with SSER10~7yr—!
and the limited volume of our survey means that few SMGs wétty \high
sSFRs are detected. However, the dearth of SMGs gt 1.5 with sSSFR

> 10~8yr~—! may indicate an upper-limit to the SSFR of SMGs with a
similar scaling to the trends seen in lower activity galaxaelower redshifts
(Damen et &l. 2009).

burst phase. However, the dearth of SMGg g 1.5 with sSSFR

~ 10781077 yr~! is not a selection effect and this upper enve-
lope may be following the same trend in sSFR with redshifhsee
in galaxies with similar masses but lower SFRs {e.g Dameh et a
2009).

Finally, we relate our new estimate of the redshift distribu
tion of SMGs to constraints on the evolution of their likelysten-
dants: massive early-type galaxies (Swinbank it al. [2006)we
have shown, the bulk of the SMG population with observed 870-
pm fluxes above~ 4mJy lie at redshifts ok ~ 1.5-3 with a
median redshift ok ~ 2.5. We estimate that the volume density
of SMGs atz = 2-3 above our flux id.2 x 10~ Mpc~2, where
we include both the identified and statistically identifiadhples in
this estimate. Using a characteristic lifetime of the SMGg#h of
~ 100 Myr, we can correct this density for the burst duty cycle to
derive a volume density for the remnants2ok 10~ Mpc ~3. As
we have shown, the estimated baryonic masses of theseembari
~ 1.2 x 10'* M, combining our best estimate of the stellar mass
with the typical gas masses from Greve etlal. (2005). If thethaf
star formation we are seeing in the SMG phase is the last ratgor
formation event in these galaxies then we expect their desces
to appear as passive, red galaxies at 1.5 (> 1 Gyr afterz ~ 2).
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formation of a large fraction of the passive, massive gakasieen
atz ~ 1.5.

We can attempt a similar calculation comparing the SMG pop-
ulation atz > 3 with the constraints on massive galaxies at 2.

We estimate the volume density of > 3 SMGs from§4.2 as
2.8 x 10~® Mpc~3. This includes the 10 identified SMG$ 4+ 2
statistically identified SMGs and the remainigg + 19 uniden-
tified sources and assumes that they are contained withid-a re
shift range ofz 3-7. Using a characteristic lifetime of the
SMG phase of~ 100 Myr, we can correct this density for the
burst duty cycle to derive a volume density for the remnaifits o
3.8 x 107°> Mpc~3. Again the estimated baryonic masses of these
galaxies are- 1.2 x 10*! M. Unfortunately observable limits on
the volume density of passive galaxies are increasinglemain
atz > 2, but using the estimates fram Coppin et al. (2009) of the
volume density of massive galaxiesof1-5 x 10~° Mpc™3, we
again conclude that it is possible that the SMG populatiomhae
identified is also responsible for the formation of a sigaific of
the most massive galaxiesat- 2.5.

Thus we conclude that the presence of a sizable population
of passive galaxies at high redshift may be intimately lthi@ the
strong evolution in dust obscured starbursts in the didtanterse.
Theoretical attempts to match the properties of high-rdidgalax-
ies therefore need to focus on these observable constesras-
pects of the same problem (Swinbank et al. 2008).

5 SUMMARY AND CONCLUSIONS

We use deep multicolour imaging of the ECDFS in 17-bands to
derive the photometric properties of the counterparts ofGSM
in the LESS LABOCA survey of the ECDFS _(Weil3 etial. 2009;
Biggs et all 2010). Our main results are as follows:

(i) LESS radio, 24:m and IRAC-identified SMGs have a me-
dian redshift ofz = 2.2 £ 0.1 and interquartile range of = 1.8—
2.7. Thus the peak activity in SMGs corresponds to the epéch o
maximal quasar and star-formation activity in the UniverEee
redshift distribution of LESS SMGs is consistent with thesp
troscopic survey of Chapman ef al. (2005), but higher than th
photometric studies of the SHADES survey (Clements ¢t 81820
Dye et all 2008). We find a higher-redshift tail to the digitibn of
LESS galaxies, with 10 (14%) identified SMGszat> 3. Counter-
parts identified through radi@4 um and IRAC emission have sta-
tistically indistinguishable redshift distributions;nsiarly robust
and tentative counterparts have comparable redshiftilaisions,
albeit with some foreground contamination in the tentasi@mple.
Previous studies provided tentative evidence that SMGk thig
highest submillimetre fluxes may be the highest redshifrcasi
(e.g.llvison et al._ 200Z; Pope et al. 2005), but with our esiten
photometric redshifts we find no such correlation.

(ii) A statistical study of the source population in the erco-

There have been various estimates of the volume density cles of the 55 SMGs that lack robust radio, 24 and IRAC coun-

of massive, passive galaxies at~ 1-2 (McCarthy et gl. 2004;
Daddi et all 2005; Taylor et al. 2009a). For galaxies with seaof

> 10! Mg, the estimated space densities arg ¥-10~* Mpc™3
(atz = 1.5-1.8; Taylor et dl. 2009a} x 10~* Mpc™ (at< z >=
1.7; IDaddi et al| 2005) and.6 x 10~* Mpc 2 (at < z >= 1.5;
McCarthy et all 2004). These estimates, with their variousew
tainties, are comparable to the predicted volume densityasfsive,
passive galaxies if these all undergo an SMG-phase at aierearl
epoch. Hence, the starbursts in SMGs may be responsibléador t
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terparts suggests that there is an excesx6of 12 (2.20) z > 1
galaxies in these regions. Of theket 8 (1.8¢) are atz = 2-3 and
442 (1.60) are atz = 4-5. This excess population corresponds to
the counterparts or companions of the unidentified SMGs and o
analysis then suggests that the redshift distributionegetuniden-
tified SMGs peaks at = 2.5 4+ 0.3. This is similar to, but slightly
higher than, that of the identified population, suggestivad many

of the unidentified SMGs are at~ 2—-3 and have radio or 24n
fluxes just below our detection limits.
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(i) We estimate that there argl 4+ 19 (17 &+ 15% of all the
SMGs) LESS SMGs that are not robustly identified, and whieh ar
not accounted for in our statistical analysis of uniderdif8MGs.
These should be galaxies without any detectable mid-ieframis-
sion and as aresult are likely to lieag> 3. Including the identified
SMGs atz > 3 we estimate tha?8 + 15% of all LESS SMGs lie
atz > 3.

(iv) We combine the redshift distribution of identified SMGs
with that statistically determined for unidentified SMQs;luding
the SMGs which are not detected in our survey and are likelig to
atz > 3. We conclude that the likely median redshift of tetire
population ofSg7oum 2 4 mJy SMGsisz = 2.5 £ 0.6.

(v) The separation of SMGs into those with redshifts abowk an
below z = 1.4 broadly agrees with th&zK colour-colour cri-
teria (Daddi et al. 2004), making thBzK colours a coarse but
reliable redshift indicator for SMGs. Similarly the subliniletre-
to-radio flux ratios of LESS SMGs broadly agrees with the jared
tion of |Carilli & Yun (2000), although there is significantatter,
indicative of temperature variations between SMGs. Thigmse
that redshifts derived from submillimetre-to-radio fluxioa also
exhibit significant scatter. Instead, we show that the IRADurs
of the ~ 90% of SMGs withz < 4 follow a trend with redshift of:

z = 2.1+ 1.9log,,(Ss/Ss.6) and this may be a potentially useful
redshift indicator with a 1= accuracy ob, = 0.4.

(vi) The median rest-framé/-band absolute magnitude of the
LESS SMGs isMy = —24.1 + 0.1 with an interquartile range
of —24.7 to —23.6. Using My and the average mass-to-light
ratio from Hainline et al.|(2010) (converted to a Salpeterr)M

2-3 are comparable to those of massive, passive galaxies at—
2, and similarly the volume density ef > 3 SMGs is comparable
to the limits on the numbers of massive galaxies at 2—3. This
suggests that a large fraction of the population of maspassive
galaxies at high-redshifts form most of their stars duringarlier
SMG phase.

This analysis demonstrates the strengths and weaknesses of
photometric redshift analysis for SMGs in a field with exestl
photometry. In the impending era of SCUBA-2 aHeérschel>
10° SMGs will be discovered:; it will be impossible to obtain spec
troscopic redshifts for such large samples and hence thieicba
is to obtain sufficient photometric coverage of these sufiadgs
to allow a photometric analysis of the type described here.
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we calculate that the median stellar mass of the LESS SMGs is ynder programme numbers 078.F-9028(A), 079.F-9500(X),A8

(9.2 4£0.9) x 10" M), with an interquartile range dfl.7-14) x
10" M. However, ay” analysis of the best-fit star-formation his-
tories shows that, even with 17-band photometry spanniagith
traviolet to mid-infrared, we cannot reliably distinguidiferent
star-formation histories and ages for the SMGs. We estirttait
this results in an additional factor ef 5 uncertainty in the mass-
to-light ratios and hence the derived stellar masses.

(vii) Using our photometric redshifts, submillimetre aratlio
fluxes we calculate that the median characteristic dust ¢emtpre
of the SMGs isTp = 35.9 £+ 1.4 K, with an interquartile range of
28.5-43.3 K. The median far-infrared luminosity of the SMGa-
rived from the radio luminosity, i&rrr = (8.241.2) x 10" L
and the interquartile range dfr;r = (3-13) x 10'*L,. For a
Salpeter IMF this corresponds to median SFR 100 M@yr”,
with an interquartile range of 300—19m®yr*1. We show that,
for LESS SMGs, the apparent correlation between the faatiafl
luminosity andT is in part a selection effect.

(viii) The far-infrared luminosity function of the LESS SMG
exhibits a strong redshift evolution, such that SMGs: at 2—

3 are more numerous and have higher luminosities than those a

z = 1-2. We find that the normalisation of the luminosity function
is lower for LESS than for the Chapman et al. (2005) SMG sample

and by scaling the ECDFS submillimetre number counts we show

that this is due to the underdensity of the ECDFS at subneéliien
wavelengths (Weil3 et al. 2009).

(ix) The SFRD and fractional contribution to the global SFRD
of the LESS SMGs withSs7oum 2 4 mJy evolves with redshift
and both peak at ~ 2, where the LESS population contributes a
total SFR density 00.02 M yr~'Mpc™'. If fainter submillime-
tre sources have the same redshift distribution then SMGs wi
Ss7oum > 1mJy produce~ 50% of the SFRD of the Universe
atz ~ 2.

(x) The masses and the volume density of LESS SMGs-at

3023(A), and 081.F-9500(A). APEX is a collaboration betwte
Max-Planck-Institut fur Radioastronomie, the EuropeantBern
Observatory, and the Onsala Space Observatory. Based en obs
vations made with ESO Telescopes at the Paranal and La Silla O
servatories under programme numbers 171.A-3045, 16885,04
082.A-0890 and 183.A-0666.
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Table 4. Observed photometry for robust counterparts to LESS SM&dimiting magnitudes are presented where sources are abbgrénaging but not detected; SMGs which are not covered laging in a

given filter have no photometry listed in that filter.

Source MuUsYcU U3s8 VIMOS U B \'2 R z MUSYC J MUSYC K HAWKI K 5.8um 8um
LESS2a 25.67 + 0.13 25.35 £ 0.32 25.19 + 0.10 24.78 £+ 0.05 24.65 + 0.05 24.39 4+ 0.09 24.08 + 0.15 23.82 + 0.17 22.81 £+ 0.16 22. .04 B 21.65 + 0.13 22.18 + 0.03 21. .07 21. .07 21.13 £0.14 21.49 + 0.
LESS 2b > 26.85 > 25. > 28.38 > 26.81 26.56 + 0.29 > 25.79 B > 24.48 > 23.64 24. 09 4 4+ 0.29 > 22.72 23.26 + 0.05 22. .11 22.08 £0.10 21.86 + 0.20 22.23 + 0.
LESS3 > 26.85 > 25 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 > 22.72 23.30 + 0.05 22. .12 22,09 £0.10 21.74 £ 0.19 21.42 + 0.
LESS6 26.57 + 0.27 > 25 28.11 4+ 0.23 25.95 £ 0.15 24.94 4+ 0.07 24.00 £ 0.06 22.91 + 0.05 22.75 £+ 0.07 21.83 + 0.07 22.09 £ 0.03 10 21.10 + 0.08 21.15 £ 0.02 21. .06 21.52 + 0.08 21.92 + 0.21 22.36 + 0.
LESS7 26.46 + 0.25 > 25 26.29 + 0.12 24.90 £+ 0.06 24.08 4+ 0.03 23.37 £ 0.04 22.22 + 0.03 22.11 £+ 0.04 21.69 + 0.06 21.44 + 0.02 06 20.47 + 0.04 20.46 + 0.01 20. .04 19.91 + 0.04 19.86 + 0.08 20.15 + 0.
LESS9 > 26.85 > 28.38 > 26.81 > 26.68 > 25.79 > 24. > 23.64 24.19 4+ 0.08 > 22.72 22.47 +0.04 21. .08 21.43 +0.08 21.29 + 0.15 21.13 + 0.
LESS10a 26.29 4+ 0.21 > 25. 25.74 +0.11 25.53 £ 0.11 25.60 + 0.13 25.05 £+ 0.16 24.61 + 0.23 > 24.48 > 23.64 24.56 + 0.10 > 22.72 23.33 + 0.05 22. .10 21.78 £ 0.09 21.72 £+ 0.19 21.46 + 0.
LESS 10b > 26.85 > 25. 27.45 + 0.14 26.66 £ 0.28 25.79 4+ 0.15 24.28 £+ 0.08 22.63 + 0.04 22.36 £+ 0.05 21.41 + 0.05 21.18 4 0.02 05 20.51 + 0.05 20.29 4+ 0.01 19. .03 20.14 + 0.04 20.75 £+ 0.12 21.32 + 0.
LESS 11 > 26.85 27.86 + 0.15 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 25.04 +£ 0.12 2 > 22.72 23.58 + 0.06 22. .10 21.63 £0.09 21.29 £ 0.15 21.15 + 0.
LESS 12 > 26.85 > 25. > 28.38 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 25.71 £ 0.18 2 > 22.72 23.83 + 0.06 22. .12 22,35 £ 0.12 22.17 £ 0.23 21.98 + 0.
LESS 14 > 26.85 > 25. > 28.38 > 26.81 26.71 + 0.32 > 25.79 > 24. > 24.48 > 23.64 25.56 + 0.19 > 22.72 23.53 + 0.06 22. .11 21.87 £0.09 21.56 £ 0.17 21.14 + 0.
LESS 15 > 26.85 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 > 22.72 21. .09 21.30 £ 0.07 21.11 £+ 0.14 21.05 + 0.
LESS16 25.04 4+ 0.07 24.86 £+ 0.21 24.83 + 0.10 24.49 £+ 0.04 24.01 + 0.03 23.29 + 0.03 21.79 + 0.02 21.57 + 0.02 20.95 £+ 0.03 20.93 + 0.02 0.05 20.16 £+ 0.03 20.15 + 0.01 19. .03 19.71 £+ 0.04 20.03 4+ 0.08 20.08 £ 0.
LESS17 25.15 4+ 0.08 25.25 £+ 0.29 24.83 + 0.10 24.47 £+ 0.04 24.26 + 0.04 23.94 4+ 0.06 23.27 £ 0.07 23.05 + 0.09 22.05 £+ 0.08 22.16 + 0.03 0.10 21.25 + 0.09 21.07 4+ 0.02 20. .04 20.16 + 0.04 20.38 £+ 0.10 20.76 *+ 0.
LESS18 26.11 + 0.18 > 25 25.71 + 0.11 25.52 £ 0.11 25.34 + 0.10 25.30 £ 0.20 24.64 + 0.23 24.41 £+ 0.27 23.21 + 0.22 22.81 4 0.04 0.14 21.35 + 0.10 21.45 4+ 0.02 20. .04 20.06 + 0.04 20.01 £ 0.08 20.67 *+ 0.
LESS 19 > 26.85 > 25 27.01 + 0.12 27.04 £ 0.35 26.39 + 0.25 26.79 £ 0.62 > 24. > 24.48 > 23.64 23.82 £+ 0.07 > 22.72 24.22 + 0.08 22. .12 22,23 £ 0.11 21.83 £+ 0.19 21.98 + 0.
LESS 20 > 26.85 > 25 26.25 + 0.20 25.66 + 0.13 25.89 + 0.33 > 24. > 24.48 > 23.64 24.56 4+ 0.09 > 22.72 22.57 + 0.03 21. .08 21.48 +0.08 21.16 + 0.14 21.46 + 0.
LESS 22 > 26.85 > 26.81 26.20 + 0.21 25.60 £ 0.26 > 24. > 24.48 20. .04 20.16 + 0.04 20.04 + 0.08 20.55 + 0.
LESS 24 > 26.85 > 25. 25.53 + 0.11 25.71 + 0.14 25.15 4+ 0.18 .31 £0.18 24.71 +0.35 22.71 £ 0.14 21.39 4+ 0.10 20. .05 20.41 + 0.05 20.73 £ 0.12 20.97 + 0.
LESS 25 > 25. 26.78 + 0.13 26.02 £ 0.16 25.46 + 0.11 25.04 £+ 0.16 .45 + 0.20 24.25 + 0.24 > 23.64 23.23 + 0.05 21.82 +£0.15 21.67 £+ 0.02 21. .06 20.73 +0.05 20.58 £ 0.11 20.83 + 0.
LESS 27a > 26.85 > 25. > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 > 25.70 > 22.72 22. .12 22,30 £0.12 21.93 £+ 0.22 22.31 + 0.
LESS 27b > 26.85 > 25. 26.14 + 0.18 25.88 + 0.16 25.35 4+ 0.21 > 24. > 24.48 > 23.64 > 22.72 22. .09 21.68 +£0.09 21.45 + 0.16 21.95 + 0.
LESS 29 > 26.85 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 > 22.72 22. .10 21.70 £ 0.09 21.27 £ 0.15 21.19 + 0.
LESS 31 > 26.85 > 25 > 26.81 > 26.68 > 25.79 > 24. > 24.48 > 23.64 26.49 4+ 0.26 > 22.72 23.46 + 0.05 22. .12 22,19 £0.11 21.68 £ 0.18 21.65 + 0.
LESS34 24.98 4+ 0.07 24.69 £ 0.18 24.39 4+ 0.10 24.09 £+ 0.03 23.67 + 0.02 23.06 £ 0.03 .87 £ 0.02 21.57 + 0.02 20.94 £+ 0.03 20.78 + 0.02 20.29 4+ 0.05 20.04 £ 0.03 19.90 + 0.01 19. .03 19.71 £+ 0.04 20.37 & 0.10 20.73 £ 0.
LESS 36 > 26.85 > 25. > 26.81 > 25.79 > 24. > 24.48 > 23.64 25.70 + 0.16 22.67 + 0.30 22.76 £+ 0.04 21. .07 21.06 + 0.06 20.65 £+ 0.11 20.98 + 0.
LESS 37 > 26.85 26.19 + 0.19 25.33 + 0.10 24.18 4 0.08 .45 + 0.08 . 22.86 + 0.16 22.38 +0.18 21.16 £ 0.08 20. .05 20.41 £+ 0.05 20.82 + 0.13 20.94 £ 0.
LESS39 25.44 + 0.10 > 25. 25.17 + 0.08 24.77 £+ 0.06 24.15 4+ 0.07 .91 £ 0.13 23.41 +0.12 23.59 £+ 0.30 24.32 + 0.10 22.01 + 0.17 21. .07 21.28 £+ 0.07 21.06 + 0.14 21.07 £ 0.
LESS40 24.82 4+ 0.06 24.71 £ 0.19 24.54 + 0.10 24.36 £ 0.04 24.07 + 0.03 23.81 4+ 0.05 .36 £ 0.08 23.44 + 0.12 23.04 £+ 0.19 23.05 + 0.05 22.52 + 0.21 22.20 £ 0.20 22.09 + 0.03 21. .07 21.12 £+ 0.07 21.04 + 0.13 20.99 £ 0.
LESS 41 - - 20. .04 20.19 +£0.04 19.91 £+ 0.08 19.93 + 0.
LESS 43 > 26.85 > 25. 28.17 + 0.21 > 26.81 > 26.68 > 25.79 > 24.48 > 23.64 23.93 £ 0.07 23.11 + 0.33 > 22.72 22.58 + 0.03 21. .07 21.04 £0.06 21.09 £ 0.14 21.73 + 0.
LESS44 25.06 4+ 0.07 24.77 £+ 0.20 24.42 4 0.04 24.32 + 0.04 24.34 4+ 0.09 8 +£0.22 24.32 +0.25 20. .05 20.59 + 0.05 20.37 + 0.10 20.82 £ 0.
LESS 47 > 26.85 > 25. 27.05 +0.13 26.31 £ 0.21 25.58 + 0.12 25.26 £+ 0.19 > 24.48 > 23.64 > 22.72 22. .10 22.00 £ 0.10 21.80 £ 0.19 21.83 + 0.
LESS 48 > 28.38 20. .04 20.15 +0.04 20.14 £+ 0.09 20.80 + 0.
LESS 49a 26. 26i0 21 > 25. 25.30 + 0.09 25.22 + 0.09 24.59 + 0.11 24.07 £+ 0.14 24.25 + 0.24 23.85 + 0.07 22.20 +0.03 21 .06 20.97 £ 0.06 21.41 +0.16 21.67 £ 0.
LESS 49b > 26.85 > 25. 24.85 + 0.06 24.56 + 0.05 24.37 + 0.09 24.13 £+ 0.15 24.38 + 0.26 23.85 + 0.07 22.49 4+ 0.03 22. .10 21.88 + 0.09 21.65 + 0.18 21.67 £ 0.
LESS50a 24.34 4+ 0.04 24.09 £ 0.11 23.95 4+ 0.10 23.70 £+ 0.02 23.38 + 0.02 22.90 4+ 0.02 22.19 + 0.03 22.04 + 0.03 21.75 £+ 0.06 21.62 + 0.02 21.55 £+ 0.09 21.32 + 0.09 21.17 £+ 0.02 21. .06 21.67 £ 0.09 22.17 + 0.25 23.24 £ 0.2
LESS 50b > 26.85 26.12 + 0.12 26.17 £ 0.18 26.12 + 0.20 25.90 £ 0.33 > 24.94 > 24.48 > 23.64 24.22 4+ 0.08 22.63 4+ 0.29 22.65 + 0.03 21. .08 21.17 +0.07 20.76 £ 0.12 20.57 + 0.
LESS 54 > 26.85 26.97 + 0.13 26.08 £ 0.17 26.33 + 0.24 > 25.79 > 24.94 > 24.48 > 23.64 > 22.72 21. .08 21.26 + 0.07 21.31 £ 0.15 21,9&& 0.
LESS 56 > 26.85 > 25. > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48 23.77 + 0.35 24.46 + 0.09 + 0.22 22.15 + 0.20 22.00 £ 0.03 21. .06 20.95 + 0.06 20.81 £ 0.12 21.2 0.
LESS 57 > 26.85 > 25. 26.57 +0.12 25.14 £+ 0.08 25.38 + 0.10 24.96 £+ 0.15 > 24.94 > 24.48 > 23.64 24.25 4+ 0.08 + 0.32 > 22.72 22.55 + 0.03 22. .09 21.63 £ 0.08 21.35 + 0.16 20. 0.
LESS 59 > 26.85 > 25. 27.66 + 0.14 26.89 £+ 0.33 26.67 + 0.31 > 25.79 24.36 £ 0.19 > 24.48 23.14 + 0.21 23.03 £ 0.04 + 0.21 21.62 +0.12 21.71 £+ 0.02 20. .05 20.51 + 0.05 20.83 +0.12 21.2 0.
LESS60 25.50 + 0.11 25.12 £ 0.26 24.98 + 0.10 24.95 £+ 0.06 24.59 + 0.05 24.08 £+ 0.07 .18 £ 0.07 22.87 + 0.07 22.54 + 0.12 22.23 + 0.03 +0.13 21.49 +0.11 21.31 £+ 0.02 20. .05 20.39 + 0.05 20.54 + 0.11 20.6 0.
LESS62 26.55 4+ 0.26 > 25. 26.27 +0.12 25.55 £ 0.11 25.09 4+ 0.08 24.44 £+ 0.10 23.45 + 0.08 23.56 + 0.13 22.17 + 0.09 22.11 £+ 0.03 + 0.09 20.81 +0.06 20.85 + 0.01 19. .03 19.75 + 0.04 20.08 + 0.09 20.2 0.
LESS63 25.39 4+ 0.10 > 25. 25.05 + 0.07 24.69 + 0.06 24.25 4+ 0.08 23.28 + 0.07 22.92 4+ 0.08 22.02 £+ 0.08 21.83 + 0.03 +0.11 21.21 +0.09 21.12 £+ 0.02 20.69 .05 20.53 £ 0.05 20.76 + 0.12 21.0 0.
LESS 64 > 26.85 > 28.38 26.53 + 0.25 25.52 + 0.12 24.29 4+ 0.08 24.17 £+ 0.16 24.44 + 0.28 > 23.64 24.28 4+ 0.09 > 22.72 23.06 + 0.04 22.51 .11 22.41 +0.12 22.27 £+ 0.25 21,83 0.
LESS66 21.03 4+ 0.00 20.89 + 0.01 21.18 + 0.00 21.13 + 0.00 20.79 4+ 0.00 20.64 £+ 0.01 20.23 + 0.01 21.21 £ 0.04 + 0.05 20.30 + 0.04 19.61 .03 19.44 £+ 0.03 19.36 + 0.06 19.3 0.
LESS67 26.14 + 0.19 > 25. 25.37 + 0.10 24.85 £ 0.06 24.52 + 0.05 24.42 £+ 0.09 23.80 + 0.11 23.74 £+ 0.16 23.07 + 0.20 22.79 £ 0.04 + 0.16 21.16 + 0.08 21.40 £ 0.02 20.63 .05 20.32 £+ 0.05 20.20 + 0.09 20,75'& 0.
LESS70 25.19 4+ 0.08 24.72 £ 0.19 24.56 + 0.10 23.87 £+ 0.02 23.78 + 0.02 23.69 + 0.05 23.61 £+ 0.10 23.53 + 0.13 22.56 + 0.13 22.56 + 0.04 + 0.20 21.70 + 0.13 21.60 £ 0.02 20.96 .06 20.78 £ 0.06 20.58 + 0.11 20.8 0.
LESS 73 > 26.85 > 25. > 28.38 > 26.81 > 26.68 25.82 4+ 0.31 24.38 + 0.19 > 24.48 > 23.64 24.35 + 0.09 3.02 > 22.72 23.53 + 0.07 22.92 .13 22.79 +0.14 22.33 £ 0.25 21.9 0.
LESS 74a > 26.85 > 28.38 > 26.81 > 26.68 > 25.79 > 24.94 24.72 £ 0.35 23.23 + 0.22 23.48 £+ 0.05 + 0.33 22.41 4+ 0.24 22.08 £+ 0.03 21.45 .07 21.17 £ 0.07 21.15 +0.14 21,8& 0.
LESS 74b > 26.85 27.83 £ 0.15 > 26.81 > 26.68 > 25.79 25.04 + 0.32 > 24.48 23.36 + 0.25 23.60 £ 0.06 3.02 22.08 + 0.18 22.47 + 0.03 21.58 .07 21.18 £ 0.07 21.04 +0.14 21.57 0
LESS75 25.14 4+ 0.08 24.80 + 0.20 23.86 + 0.02 23.60 + 0.02 23.42 4+ 0.04 23.38 + 0.08 23.50 + 0.13 22.81 £+ 0.16 22.95 + 0.04 22.10 £ 0.19 22.17 + 0.03 21.07 .06 20.43 £ 0.05 19.79 + 0.08 19.0{&0
LESS79 26.37 4+ 0.23 > 25. 25.56 + 0.11 25.16 £+ 0.08 24.84 + 0.06 24.54 £+ 0.10 23.61 + 0.10 23.74 + 0.16 22.63 + 0.13 22.41 4+ 0.03 0.14 21.24 £+ 0.09 21.20 + 0.02 20.32 .04 20.16 £+ 0.04 20.32 + 0.10 20.8’&0
LESS81 25.94 + 0.16 > 25. 24.18 £ 0.03 23.73 + 0.02 23.39 4+ 0.04 22.79 + 0.05 21.38 + 0.04 22.45 £+ 0.03 0.08 20.90 £+ 0.07 21.70 + 0.02 20.18 .04 19.91 £+ 0.04 20.11 £+ 0.09 20.6U}k 0
LESS84 26.42 4+ 0.24 > 25. 25.62 + 0.11 25.10 £ 0.07 25.03 + 0.08 24.89 + 0.14 24.43 + 0.20 > 24.48 > 23.64 23.36 + 0.05 0.26 21.71 £+ 0.13 22.10 + 0.03 21. .07 21.08 £0.06 20.92 +0.13 21.1CF 0
LESS 87 25.52 + 0.11 . 21. .06 21.07 £ 0.06 21.03 + 0.14 20.9 0.
LESS88 26.78 4+ 0.32 > 25. 25.98 + 0.11 25.42 £+ 0.10 25.10 4+ 0.08 24.98 £+ 0.15 24.27 + 0.17 24.43 £+ 0.28 23.25 + 0.23 23.51 4 0.06 0.32 22.00 £+ 0.17 22.05 + 0.04 21. .06 20.85 + 0.06 20.73 + 0.12 21.0 0.
LESS96 21.92 4+ 0.00 21.73 £ 0.01 21.32 4+ 0.10 20.82 £ 0.00 20.62 + 0.00 20.40 £ 0.00 19.99 + 0.00 19.72 4+ 0.00 19.74 + 0.01 19.50 4 0.01 0.04 19.76 £+ 0.02 19.59 + 0.01 19. .03 19.43 £ 0.03 19.07 + 0.05 18.5 0.
LESS 98 > 26.85 > 26.81 > 26.68 > 25.79 24.61 4+ 0.23 24.64 £+ 0.33 23.41 + 0.26 22.98 4 0.04 21.49 4+ 0.11 21.40 £ 0.02 20. .04 19.84 £+ 0.04 19.99 + 0.08 20.3 0.
LESS 101 > 26.85 > 25. 27.28 +0.13 26.70 £ 0.29 26.20 + 0.21 25.58 4+ 0.25 > 24.94 > 24.48 > 23.64 24.33 + 0.10 > 22.72 23.16 + 0.05 22. .11 21.93 £ 0.10 21.62 + 0.18 21.5 0.
LESS 102 > 26.85 > 25. 26.93 4+ 0.34 26.24 + 0.22 25.98 + 0.35 24.97 £+ 0.31 24.49 + 0.29 22.91 £+ 0.17 21.29 4+ 0.09 20. .04 20.13 £ 0.04 20.17 + 0.09 20,9%0
LESS 103 > 26.85 > 26.81 > 26.68 > 25.79 > 24.94 > 24.48 > 23.64 22.78 + 0.33 21. .07 21.25 £ 0.07 21.12 +0.14 21.7’(& 0
LESS 106 > 26.85 > 25. > 26.81 > 26.68 > 25.79 24.51 +0.21 24.38 £ 0.27 23.07 + 0.20 22. 04 21.76 £ 0.11 21.33 +0.10 21.22 £+ 0.02 20. .04 19.83 £ 0.04 19.91 + 0.08 ZO.M 0
LESS108 21.25 4+ 0.00 21.00 £ 0.01 20.82 + 0.10 19.64 £+ 0.00 19.11 4+ 0.00 18.60 £+ 0.00 18.02 + 0.00 17.94 4+ 0.00 17.41 + 0.00 17. 00 .04 17.00 £+ 0.00 16.99 + 0.00 . 17.79 £ 0.01 17.84 + 0.03

LESS 110 - 23.13 .16 22.44 +0.12 21.82 + 0.20 21.7% 0.
LESS 111 25. 0610.07 25.03 + 0.25 23.82 4+ 0.02 23.31 £+ 0.02 22.79 + 0.02 22.38 + 0.03 22.27 + 0.04 22.75 £+ 0.15 21.57 £ 0.12 21.04 .06 20.98 + 0.06 20.81 + 0.12 20.23 0.
LESS 112 26.98 + 0.15 20.93 .05 20.59 £+ 0.05 20.43 + 0.10 21,0w 0.
LESS 114 25. '31i0,09 25.24 + 0.29 24.98 + 0.10 24.52 4+ 0.04 24.21 + 0.04 23.87 + 0.06 23. 05:t0 06 22.91 + 0.07 21.63 + 0.06 21. .02 .05 20.68 + 0.05 20.67 + 0.01 19.93 .03 19.66 £+ 0.03 19.86 + 0.08 201% 0.
LESS 117 26.42 4+ 0.24 > 25. > 26.81 > 26.68 > 25.79 24.09 + 0.15 22.58 + 0.13 .09 21.47 +0.11 20.56 .05 20.31 £+ 0.05 20.53 + 0.11 20.93 0.
LESS 118 - . - 24. .08 23.98 + 0.08 23.39 .17 23.81 £ 0.25 22.77 +0.34 > @50
LESS 120 > 26.85 > 25. 26.77 + 0.30 25.99 + 0.18 > 25.79 24.60 + 0.23 23.79 £ 0.16 23.34 + 0.25 23. .05 .26 21.77 £ 0.14 21.87 + 0.03 20.99 .05 20.70 £ 0.05 20.74 + 0.12 21.3 0.09
LESS122 24.83 + 0.06 24.70 £ 0.19 24.42 4+ 0.10 23.77 £+ 0.02 23.44 + 0.02 23.28 £+ 0.03 22.94 + 0.05 22.86 4+ 0.07 21.96 + 0.07 21. .03 .08 21.20 £+ 0.09 21.00 + 0.02 20.24 .04 19.88 £ 0.04 19.59 + 0.07 19.6 0.04
LESS 126 > 26.85 > 25. 26.87 + 0.12 26.32 £ 0.21 26.61 + 0.30 25.87 4+ 0.32 > 24.94 > 23.64 23. .07 .24 22.99 4+ 0.38 22.24 + 0.03 21.29 .06 21.04 £ 0.06 21.21 + 0.14 21.6 0.10
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APPENDIX A: DISCUSSION OF UNUSUAL SOURCES

Most LESS SMGs have properties similar to previous SMG popu-
lations. However, several robust counterparts have uhpsoger-
ties, X-ray emission, o8 um excesses indicative of the presence of
an AGN. We discuss these galaxies on a case-by-case basis bel
LESS2a & 2b: LESS 2 has both a robugt um (LESS 2a) and a
robust radio counterpart (LESS 2b), separate®3y/, with z =
1.8070 %5 and2.2775:1% respectively. It is possible that the two
counterparts are at the same redshift< 2), separated by 20

kpc and may in the process of merging.

LESS6: LESS6 is~ 1” from the robust 2dm counterpart and

~ 2.5" from the robust radio counterpart and has a photometric
redshift ofz = 0.4070 %3, therefore it is possible that the submil-
limetre source is a background galaxy which is being grtuita

ally lensed by LESS 6.

LESS 9: This SMG is X-ray luminous and hag.: = 4.6375"15
making it the highest redshift X-ray source in our sampler. liast-
fitting SED shows n® pum excess and thus no suggestion of an

AGN from the near-infrared and optical photometry.

LESS 10a:LESS 10a is one of two counterparts to LESS 10 iden-
tified from extended or blended radio emission. It has sémm
excess over the best-fit SED, suggesting the presence of & AG
but no detectable X-ray emission.

LESS 11: Similarly to LESS9 this galaxy shows rg&oum excess
but is X-ray bright.

LESS 19: Based upon the SED fitting LESS 19 has excess
and 8 um emission. However, the source is faint and the fit has
x? = 10.0 so it is unclear whether the apparent excess is due to
errors in the fitting or the presence of an AGN.

LESS 20: This SMG is unusually radio bright witl¥' 4gr2
4.25 mJy. There is no evidence of X-ray emission or8&amm ex-
cess, suggesting that LESS 20 is a radio-bright AGN. If thithe
case then the AGN contribution to the radio flux means fhat
and Lr;r are likely to be significantly over-estimated. Therefore,
we exclude LESS 20 from our analyses of the SFRs and lumyjnosit
function of SMGs.

LESS 40: LESS 40 has X-ray emission and &pm excess and is
highly likely to contain an AGN.

LESS50b: This galaxy is X-ray luminous but does not exhibit a
compelling8 um excess.

LESS57:LESS57 has a stron§um excess and is X-ray bright,
compelling evidence for the presence of an AGN in this SMG.
LESS66: LESS 66 lies near the diffraction spike of a bright star,
so some of the photometry may be unreliable. However, it is an
optically bright point source with a@um excess and X-ray emis-
sion. There are broad emission lines in the spectra suggettat
LESS 66 is a submillimetre-bright quasar.

LESS 67:This galaxy has coincident X-ray emission and may con-
tain an AGN.

LESS74a & b: The two counterparts to LESS74 have =
1.847032 and1.7110°32, are separated bg.7” (~ 20 kpc), and
have some faint extended emission between them in the biptica
ages. Therefore, it is likely that LESS 74a and LESS 74b ademn
going an interaction at ~ 1.8 which triggered the submillimetre
emission.

LESS 75: Although LESS 75 is not X-ray detected there is strong
8 and5.8 um excess above the best-fit SED, indicative of a highly
obscured AGN.

LESS84:LESS 84 is X-ray detected, and has a srialm excess
suggesting it may contain an AGN.

LESS96:LESS 96 is similar to LESS 66 — it is X-ray luminous and
has a strong im excess above the best-fit SED, and it is an bright
optical point source. We interpret this as evidence that&BSis

a submillimetre-bright quasar.

LESS 106:This SMG is X-ray detected but roum excess is ob-
served.

LESS 108: LESS 108 is identified as a bright local & 0.086)
late-type spiral galaxy from its strong radio addlpm emission.
The similarity of the radio, mid- and near-infrared, andcgitmor-
phologies suggests that this is not a case of gravitatiemsimhg.
LESS111:LESS 111 is X-ray detected and ha8 @m excess, in-
dicating it may contain an AGN. It lieg 3” from an extended
foreground galaxy and is likely to be gravitationally ledse
LESS114: This SMG is coincident with an X-ray source, but
shows no evidence of @um excess above the best-fit SED.
LESS 122:LESS 122 has excess flux&tim compared to the best-
fit SED but is not X-ray detected.

© 2010 RAS, MNRASD00,[1H23



APPENDIX B: SED FITS

In Fig.[B1 we show the measured photometry and best-fit SED for
each SMG counterpart. The calculated photometric redshift
errors are shown, and the probability distribution funasiqore-
sented for each galaxy. Most SMGs are well-fit by out template
SEDs, although nine (12%) have excesm8flux above the best-

fit SED.

© 2010 RAS, MNRASO00,[1H23
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