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ABSTRACT

We report the results of the counterpart identification and a detailed analysis of the physical
properties of the 48 sources discovered in our deep 1.1-mm wavelength imaging survey of the
Great Observatories Origins Deep Survey-South (GOODS-S) field using the AzTEC instru-
ment on the Atacama Submillimeter Telescope Experiment. One or more robust or tentative
counterpart candidate is found for 27 and 14 AzTEC sources, respectively, by employing deep
radio continuum, Spitzer/Multiband Imaging Photometer for Spitzer and Infrared Array Cam-
era, and Large APEX Bolometer Camera 870 um data. Five of the sources (10 per cent) have
two robust counterparts each, supporting the idea that these galaxies are strongly clustered
and/or heavily confused. Photometric redshifts and star formation rates (SFRs) are derived
by analysing ultraviolet(UV)-to-optical and infrared(IR)-to-radio spectral energy distributions
(SEDs). The median redshift of z,eq ~ 2.6 is similar to other earlier estimates, but we show
that 80 per cent of the AZTEC-GOODS sources are at z > 2, with a significant high-redshift
tail (20 per cent at z > 3.3). Rest-frame UV and optical properties of AzTEC sources are
extremely diverse, spanning 10 mag in the i- and K-band photometry (a factor of 10* in flux
density) with median values of i = 25.3 and K = 22.6 and a broad range of red colour (i —
K = 0-6) with an average value of i — K &~ 3. These AzTEC sources are some of the most
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luminous galaxies in the rest-frame optical bands at z > 2, with inferred stellar masses M, =
(1-30) x 10" M, and UV-derived SFRs of SFRyy = 10' 3 M yr~'. The IR-derived SFR,
200-2000 M@ yr', is independent of z or M. The resulting specific star formation rates,
SSFR ~ 1-100 Gyr~!, are 10-100 times higher than similar mass galaxies at z = 0, and they
extend the previously observed rapid rise in the SSFR with redshift to z = 2-5. These galaxies
have a SFR high enough to have built up their entire stellar mass within their Hubble time. We
find only marginal evidence for an active galactic nucleus (AGN) contribution to the near-IR
and mid-IR SEDs, even among the X-ray detected sources, and the derived M, and SFR show
little dependence on the presence of an X-ray bright AGN.

Key words: Galaxy: evolution — galaxies: high-redshift — galaxies: starburst — infrared:

galaxies.

1 INTRODUCTION

Early studies of the far-infrared (FIR) cosmic background indicated
that up to half of the cosmic energy density is generated by dusty
starbursts and active galactic nuclei (AGN; Fixsen et al. 1998; Pei,
Fall & Hauser 1999). Deep, wide field surveys at 850 wm (Smail,
Ivison & Blain 1997; Barger et al. 1998; Hughes et al. 1998; Eales
et al. 1999, 2000; Cowie, Barger & Kneib 2002; Scott et al. 2002;
Serjeant et al. 2003; Webb et al. 2003a; Wang, Cowie & Barger
2004; Coppin et al. 2006) with the Submillimeter Common-User
Bolometric Array (SCUBA; Holland et al. 1999) on the James
Clerk Maxwell Telescope (JCMT), and later surveys at millimetre
wavelengths (Borys et al. 2003; Greve et al. 2004, 2008; Laurent
et al. 2005; Bertoldi et al. 2007; Perera et al. 2008; Scott et al. 2008,
2010, hereafter Paper I; Austermann et al. 2010), revealed that
this IR background is resolved into a large population of discrete
individual sources.

Identifying and understanding the nature of these discrete FIR
sources (‘submillimetre galaxies’ or SMGs) has proven to be chal-
lenging because of the low angular resolution of these instruments
and the faintness of counterparts in the rest-frame optical and ul-
traviolet (UV) bands (see review by Blain et al. 2002). Utilizing
subarcsec astrometry of interferometric radio continuum data and
sensitive spectroscopy using the Keck telescopes, Chapman et al.
(2005) reported spectroscopic redshifts of 73 SMGs culled from
earlier SCUBA surveys and concluded that they are massive, young
objects seen during their formation epoch, with very high star for-
mation rates (SFRs) at z > 1. Deep 24 um band imaging using
the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al.
2004) on the Spitzer Space Telescope and follow-up spectroscopy
using the Infrared Spectrograph (IRS; Houck et al. 2004) have also
provided useful insights on the nature and redshifts of additional
SMGs (Lutz et al. 2005; Menéndez-Delmestre et al. 2007, 2009;
Valiante et al. 2007; Pope et al. 2008a; Huang et al. 2009). How-
ever, the use of high resolution radio continuum and MIPS 24 um
images for the counterpart identification suffers from a well-known
systematic bias against high-redshift (z > 3) sources. Indeed, a large
fraction of the counterpart sources identified using direct interfer-
ometric imaging in the mm/submm wavelengths are shown to be
extremely faint in nearly all other wavelength bands (r > 26, K >
24) with little or no radio or MIPS 24 pum emission (Iono et al. 2006;
Wang et al. 2007b; Younger et al. 2007, 2009), and high-redshift
SMGs may have been missed or misidentified with a foreground
source in the earlier studies.

Obtaining a more complete understanding of the SMG population
requires a study of a larger, more uniform sample identified utiliz-
ing the deepest available multiwavelength complementary data and

a robust counterpart identification method that is less prone to a
redshift bias. In this paper we present the identification of the 48
AzTEC 1.1 mm sources found in the deepest survey at mm wave-
lengths ever carried out in the Great Observatories Origins Deep
Survey-South (GOODS-S) field by Paper I. Several different iden-
tification methods are employed simultaneously to complement and
to calibrate each other. A thorough analysis of the counterpart prop-
erties and redshift distribution is also carried out as the GOODS-S
field represents one of the most widely studied regions of sky with
some of the deepest multiwavelength data: X-ray data from Chan-
dra (Luo et al. 2008; Johnson et al. 2011; Xue et al. 2011), optical to
near-IR (NIR) photometry from the Hubble Space Telescope (HST;
Giavalisco et al. 2004), Spitzer Infrared Array Camera (IRAC; Dick-
inson et al., in preparation) and MIPS (Chary et al., in preparation)
imaging in the mid-IR, submm imaging at 250-500 pm with the
Balloon-borne Large Aperture Submillimeter Telescope (BLAST;
Devlin et al. 2009) and 1.4 GHz interferometric imaging with the
Very Large Array (VLA; Kellermann et al. 2008; Miller et al. 2008).
Extensive spectroscopy of optical sources in this field is also avail-
able (Le Fevre et al. 2004; Szokoly et al. 2004; Mignoli et al. 2005;
Vanzella et al. 2005, 2006, 2008; Norris et al. 2006; Kriek et al.
2008; Popesso et al. 2009; Treister et al. 2009; Wuyts et al. 2009;
Balestra et al. 2010; Silverman et al. 2010; Casey et al. 2011).
Including the AzZTEC GOODS-North field sources (Perera et al.
2008; Chapin et al. 2009), our combined AZTEC-GOODS sample
includes ~80 SMGs identified using a uniform set of criteria and the
deepest multiwavelength data available and offers the best opportu-
nity yet to examine the nature of the SMGs as a population and to
verify the conclusions of earlier studies of mostly smaller and often
radio-selected samples (Lilly et al. 1999; Fox et al. 2002; Ivison
et al. 2002, 2007; Webb et al. 2003b; Borys et al. 2004; Chapman
et al. 2005; Clements et al. 2008).

2 COUNTERPART IDENTIFICATION

Here we describe the methods of identifying multiwavelength coun-
terparts to the 48 AzZTEC GOODS-S (AzZTEC/GS hereafter) sources
reported by Paper I. We adopt the updated AzTEC source positions
and photometry derived using the improved point source kernel by
Downes et al. (2011). Our counterpart identification relies primarily
on three observed multiwavelength properties: (1) high-resolution
radio continuum, (2) Spitzer MIPS 24 um photometry and (3) red
colours in the Spitzer IRAC bands. A robust counterpart is identi-
fied using a combination of these criteria for most AzZTEC sources,
and proposed identifications and multiwavelength photometry for
each of the AzZTEC 1.1 mm sources are summarized in Tables 1 and
2. A more detailed discussion of the individual identification and
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Table 1. Radio and Spitzer identifications of AZTEC sources (procedure described in Section 2). The counterpart search radius Rg and the likelihood P values
are described in detail in the text (Section 2), and robust counterparts are emphasized in boldface. Spectroscopic redshifts are given in the column labelled zgpec

(references for these measurements are given in Appendix A).

AzTEC Rs Radio coordinate Dist. Spitzer coordinate Dist. P4 Prypm Pcolour [3.6] — [4.5] Zspec
1D (arcsec) (J2000) (arcsec) (J2000) (arcsec) (mag)

GSla 4.7 J033211.37-275212.1 4.8 J033211.36-275213.0 4.0 0.045 0.161 0.133 +0.37

GS2.1a 4.5 J033219.06-275214.6 0.8 J033219.05-275214.3 0.7 0.001 0.006 0.005 +0.38

GS2.1b J033219.14-275218.1 39 0.030
GS2.1¢ J033218.75-275212.7 3.9 0.154 —-0.32 0.644
GS2.2a 8.7 J033216.62-275243.3 4.6 0.212 —-0.23 1.046
GS2.2b J033216.52-275246.5 7.4 0.457 0.390 +0.26

GS2.2¢ J033216.75-275249.5 8.0 0.439 +0.10

GS3a 59 J033247.99-275416.4 4.8 J033247.96-275416.3 4.6 0.045¢ 0.211 0.174 +0.37

GS3b J033247.70-275423.5 3.8 0.123 +0.14

GS4a 6.5 J033248.97-274252.0 32 J033248.96-274251.6 2.8 0.021¢ 0.070 +0.28
GS5a¢ 7.1 J033151.11-274437.5 6.4 J033151.08-274437.0 6.5 0.075 0.233>  0.274¢ +0.23 1.599
GS5b J033152.81-274430.3 17.4 J033152.80-274429.6 17.5 0.438 0.850”  0.903¢ +0.43

GS6a‘ 7.5 J033225.27-275230.6 12.4 J033225.25-275230.2 12.2 0.268¢ 0.809 0.737 +0.45
GS6b J033225.76-275220.0 0.4 0.002 —-0.23 1.102
GS7a¢ 8.7 J033213.84-275600.2 8.4 J033213.85-275559.9 8.7 0.126 0.366°  0.439¢ +0.46 2.676
GS7b J033213.31-275611.5 4.9 0.151>  0.168¢ +0.04
GS8a 8.7 J033204.90-274647.4 4.4 J033204.87-274647.3 4.5 0.038 0.203 0.168 +0.33 2.252
GS8b J033205.35-274644.0 2.9 0.089 0.072 +0.17

GS9a 8.7 J033303.02-275146.5 6.2 J033302.99-275146.2 5.9 0.070 0.140>  0.232¢ +0.52

GS9b J033302.44-275145.3 3.5 0.090”  0.089¢ +0.29

GS9c J033302.90-275151.0 5.1 0.179¢ +0.32
GS10a“ 9.0 J033207.30-275120.8 5.3 J033207.27-275120.1 5.9 0.053 0.181>  0.233¢ +0.14 2.035
GS10b J033207.09-275128.9 3.2 0.077¢ +0.04

GSlla 9.0 J033215.33-275037.6 6.5 J033215.29-275038.3 6.8 0.081 0.404 —-0.02
GS12a 9.0 J033229.30-275619.9 4.0 J033229.29-275619.2 33 0.032¢ 0.113 0.092 +0.10 4.762
GS13a 9.0 J033211.94-274615.3 2.1 J033211.92-274615.2 2.2 0.009¢ 0.050 0.041 +0.24
GS13b J033211.60-274613.0 5.7 J033211.56-274613.0 6.1 0.065¢ 0.338 0.283 +0.02 1.039
GS13c J033212.23-274621.6 6.3 J033212.22-274620.6 5.5 0.076“ 0.285 —-0.25 1.033
GS14a’ 9.0 J033234.73-275217.3 3.1 0.083 +0.04 3.640
GS15a¢ 9.0 J033151.61-274552.1 12.7 J033151.54-274553.1 11.3 0.264¢ 0.619¢ +0.44

GS15b J033151.36-274601.0 5.6 0.215¢ +0.05

GS15¢ J033150.97-274554.7 6.4 0.264¢ +0.00
GS16a 10.5 J033238.00-274400.8 6.1 J033238.00-274400.6 6.2 0.072¢ 0.345 0.290 +0.53 1.719
GS16b J033237.35-274407.8 7.9 J033237.40-274407.0 7.0 0.119¢ 0.419 —-0.29 1.017
GS17a 10.5 J033222.54-274818.2 1.8 J033222.54-274817.6 1.2 0.007¢ 0.017 -0.27

GS17b J033222.54-274814.9 1.5 0.026 0.021 +0.19

GSl17¢ J033222.15-274811.3 7.0 0.415 0.351 +0.36

GS17d J033222.53-274804.6 11.8 J033222.51-274804.6 11.8 0.245 0.710 +0.23

GSl17e J033222.26-274804.8 12.1 J033222.26-274804.3 12.5 0.254¢ 0.824 0.755 +0.32

GS18a 9.3 J033243.48-274639.5 4.2 J033243.52-274639.1 3.7 0.035¢ 0.138 0.113 +0.47
GS18b J033243.98-274635.9 5.2 J033244.01-274635.2 5.5 0.053¢ 0.288 0.240 +0.31 2.688
GS18c J033243.45-274634.3 2.3 0.058 —-0.39

GS19a 10.5 J033222.92-274125.4 7.3 J033222.87-274124.9 8.0 0.102 0.509 0.438 +0.22

GS19b J033222.70-274126.7 8.7 J033222.70-274126.4 8.8 0.143 0.501 +0.36

GS19c J033223.76-274131.5 6.6 0.181>  0.280¢ +0.17
GS20a 10.5 J033235.09-275532.6 4.6 J033235.06-275532.7 4.5 0.042 0.200 —0.43 0.0369
GS21la 10.4 J033247.58-274452.4 7.5 J033247.59-274452.2 7.4 0.108 0.452 0.385 +0.24 1.910
GS21b J033247.29-274444.3 2.5 0.065 0.053 +0.13
GS22a 13.0 J033212.56-274305.9 7.8 J033212.54-274306.1 7.9 0.116% 0.502 0.431 +0.30 1.794
GS22b J033212.56-274252.9 54 0.231 +0.13

GS23a 12.2 J033221.14-275626.6 3.9 J033221.12-275626.5 4.2 0.030¢ 0.176 0.145 +0.45
GS23b? J033221.61-275623.7 5.5 J033221.58-275623.5 54 0.058 0.274 0.228 +0.19 2.277
GS24a 12.2 J033234.29-274941.1 8.7 J033234.26-274940.1 9.7 0.141¢ 0.649 0.571 +0.35
GS25a¢ 13.6 J033246.84-275121.0 6.8 J033246.82-275120.8 7.0 0.089 0.416 0.352 +0.33 2.292
GS26a 12.2 J033215.56-274335.5 5.5 0.237 +0.22
GS26b J033216.41-274341.1 7.1 0.366 +0.25 2.331
GS26¢ J033215.42-274339.7 7.2 0.372 +0.10
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Table 1 — continued

M. S. Yun et al.

AzTEC Rs Radio coordinate Dist. Spitzer coordinate Dist. Py Prapm Pcolour [3.6] — [4.5] Zspec
ID (arcsec) (J2000) (arcsec) (J2000) (arcsec) (mag)

GS27a 13.0 J033242.09-274141.7 13.0 J033242.06-274141.3 13.6 0.291¢ 0.870 0.807 +0.38 2.577
GS28a 13.0 J033242.78-275212.6 2.9 0.089 0.073 +0.55

GS28b J033242.53-275216.9 44 0.136¢ +0.07
GS29a 13.0 J033158.67-274500.2 3.8 0.050” —0.43 0.577
GS29b J033159.30-274500.4 4.6 0.122° —0.10 2.340
GS30a 13.5 J033220.65-274235.3 6.5 J033220.66-274234.5 7.2 0.082¢ 0.439 0.373 +0.19

GS30b J033221.52-274242.5 9.0 J033221.48-274241.7 8.4 0.152¢ 0.540 0.466 +0.26

GS30c J033220.90-274236.9 44 0.160 +0.29
GS31a 13.6 J033242.76-273927.4 2.7 J033242.81-273927.1 2.1 0.015¢ 0.046 —-0.25 1.843
GS31b J033243.47-273929.3 7.9 J033243.49-273929.1 7.9 0.118¢ 0.502 —0.36 0.733
GS32a 13.5 J033308.60-275134.8 9.6 J033308.61-275134.4 9.2 0.162 0.421° —0.42 0.734
GS32b J033309.93-275131.4 10.5 J033309.88-275131.0 9.8 0.191 0.456" —0.12

GS32¢ J033310.13-275125.1 13.4 J033310.12-275124.7 13.3 0.291 0.683" 0.741¢ +0.08

GS33a 13.0 J033248.78-275314.8 74 J033248.78-275314.4 7.4 0.104¢ 0.457 0.390 +0.34
GS34a 13.5 J033229.94-274301.6 11.5 J033229.95-274301.7 11.5 0.235¢ 0.768 0.693 +0.09 1.356
GS34b J033229.85-274317.7 5.8 0.311 —0.15 1.097
GS34c J033229.74-274306.7 6.0 0.326 0.273 +0.14

GS34d J033230.07-274306.8 7.9 0.430 +0.12
GS34e J033229.47-274322.2 9.9 0.664 0.586 +0.15 1.609
GS35a 13.0 J033227.21-274052.1 2.0 J033227.17-274051.7 1.6 0.008 0.027 0.022 +0.37

GS35b J033226.84-274056.1 4.9 0.191 +0.37

GS36a 13.5 J033214.42-275515.1 6.4 0.304 +0.68

GS37a 15.0 J033256.83-274627.8 13.3 J033256.79-274626.8 12.2 0.285¢  0.6317 0.675¢ +0.08

GS37b J033256.79-274612.1 4.3 0.132¢ +0.15
GS38a 13.5 J033209.71-274248.6 7.8 J033209.70-274248.2 7.5 0.116 0.463 —0.55 0.735
GS38b J033208.74-274248.6 74 0.453 0.386 +0.15

GS39a¢ 15.0 J033154.44-274531.6 6.7 J033154.39-274530.3 7.9 0.083 0.379¢ 40.55

GS39b J033154.54-274539.5 2.8 0.053% —0.10

GS40a 15.0 J033201.15-274635.9 10.2 0.479° —0.01

GS41la 6.7 J033302.78-275653.1 8.2 J033302.78-275652.8 8.0 0.120¢ 0.386¢ +0.23

GS41b? J033302.71-275642.5 8.6 J033302.68-275642.6 8.3 0.132 0.348° 0.408¢ +0.30

GS4l1c J033302.23-275651.4 2.7 0.053¢ +0.23

GS41d J033302.55-275644.8 5.5 0.173° 0.208¢ +0.15

GS42a’ 6.9 J033314.16-275612.0 4.6 0.146¢ +0.04

GS43a¢ 8.6 J033302.90-274432.9 4.7 0.157¢ +0.23

GS44a 10.4 J033240.84-273752.3 9.3 J033240.84-273752.6 8.9 0.151 0.389" —0.07

GS45a 12.2 J033218.65-273743.3 12.1 J033218.58-273742.3 12.0 0.2449  0.620" —-0.32

GS45b J033219.09-273733.5 0.9 0.004° 0.006¢ +0.18

GS45¢ J033219.21-273731.5 1.9 0.016° 0.026¢ +0.21

GS45d J033218.94-273730.0 4.3 0.129¢ +0.20

GS46a 13.0 J033157.27-275656.2 6.2 0.226"  0.255¢ +0.17

GS47a? 12.2 J033208.27-275814.0 7.6 J033208.23-275813.9 7.8 0.105¢  0.280°  0.371¢ +0.46

“Radio sources identified with IRAC positions priors.

bMIPS 24 um flux and P statistic determined from the FIDEL catalogue.
“IRAC fluxes and P statistic determined from SIMPLE catalogue.
4Robust identification based on AZTEC+LABOCA analysis.

the nature of the individual counterpart candidates is discussed in
Appendix A.

2.1 Methods

Since the origin of the millimetre continuum emission detected by
the AZTEC instrument is likely reprocessed radiation from dust-
obscured starburst or AGN activity, the main data sets we exam-
ine for the multiwavelength counterpart identification are mid-IR
data from the Spitzer MIPS 24 um [full width at half-maximum
(FWHM) angular resolution of Ogwym ~ 6 arcsec] and IRAC 3.6
to 8.0 um band (Opwum ~ 2 arcsec) and deep radio continuum data
obtained using the VLA (Orwum ~ 2 arcsec), exploiting the well-
known radio—IR correlation for star-forming galaxies (see review by

Condon 1992). The Spitzer IRAC and MIPS images and catalogues
used come from the Spitzer GOODS,' the Far-Infrared Deep Ex-
tragalactic Legacy (FIDEL)? and the Spitzer IRAC/MUSYC Public
Legacy In E-CDFS (SIMPLE)? Legacy Surveys. The radio contin-
uum data used come from the VLA 1.4 GHz deep imaging survey
(o ~ 8 wly; Kellermann et al. 2008; Miller et al. 2008). Given their
high resolution, the astrometric accuracy of these catalogues is suf-
ficient to identify unique optical and NIR counterparts in the deep
ground-based telescope or Hubble Space Telescope (HST) images

Uhttp://www.stsci.edu/science/goods/
2 http://ssc.spitzer.caltech.edu/legacy/abs/dickinson2.html
3 http://www.astro.yale.edu/dokkum/simple/
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Table 2. Photometry data listed in the same order as the identifications in Table 1. All upper limits are given at a significance of 3. De-boosted AzTEC
1.1 mm flux densities are taken from Downes et al. (2011). The LABOCA 870 pm photometry comes from Weiss et al. (2009).

AZTEC 14GHz 1.lmm 870 um 24 um 8 um 5.8 um 4.5 um 3.6 um i K
ID (py) (mly) (mlJy) (1dy) (1Jy) (1y) (y) (Wy)  (mag)  (mag)
GSla 320£63 67705 92+12 1220+5.2 2824+ 0.7 200+£0.6  14.60 + 0.09 10.39 £ 0.06 =253 =229
GS21a 507462 64707 91+12 148.0 + 4.1 214405 140+04  10.62+0.06 7.50+£0.04  26.1 24.2
GS2.1b 441462 <13.9 <13 <12 <0.19 <0.11 =275 >245
GS2.1¢c <18 16.0 +3.2 69+05 7.8+04 7.73 +0.06 10.36 +0.04  22.1 21.8
GS2.2a <18 4.0%0% 62.9+3.9 162405 156+04  17.98 +0.07 2228 +£0.04 229 21.1
GS2.2b <18 83.2+42 238 +0.5 248+04 2046+ 0.07 16.10 £ 0.04 264 233
GS2.2¢ <18 <128 143405 1994+04 1675 +0.07 1530+ 0.04  26.6 21.3
GS3a 407+£65 48708 88=x12 4924238 13.0£0.5 8.7+ 04 6.17 £ 0.06 4384004 >253 >229
GS3b <19 <126 31405 42404 3.13 £ 0.07 276+£0.04 >253 =229
GS4a 254465 51708 88+12 <16.7 18.6 £ 0.9 13.6 £0.7 9.324+0.13 7214006 268 =245
GS5a 964+67 48705 39+14  521.7+£109 58.2+ 0.9 626+09  73.70 +£0.18 59.67+0.11  23.1 20.7
GS5b 111.7 £ 6.7 2823+ 7.7 16.1 +0.9 17.9 +0.9 14.12 £ 0.18 950+0.11 257 22.6
GSé6a 31.0£63  3.6707 58+14 141.0 + 4.0 274+0.5 25.6+04  17.70 + 0.06 1172 +£0.04 283 22.8
GS6b <18 942 +3.7 114405 121404  17.00 +0.06 21.094+0.04 235 21.1
GS7a 512464 3875 91+12 103.0 +£9.3 2244 0.6 177+06  12.03+0.12 7.89+£0.08 >253 =229
GS7b <19 60.0 £9.5 50409 7.6 +0.7 9.33 +0.23 9.03+0.09 242 =229
GS8a T14+66 34708 75+12 620.0 + 6.5 429407 62.6+06  50.07+0.10 36.85+£0.06 247 21.6
GS8b <19 164.0 + 4.8 275+0.6 20.6 + 0.5 15.73 £ 0.09 13.44+0.05 266  >229
GS9a 868+ 6.6 3.6708 2289+ 10.3 273409 149409 1237 £0.17 769+0.13 253  >229
GS9b <19 1174 +9.7 3.8+0.9 6.3+09 7.27+0.17 558+£0.12 =275 226
GS9c¢ <19 <23.1 87409 8.0+ 0.9 8.06 +0.17 5994013 >253 =229
GS10a 893+ 64 38707 76+13 214.0 + 8.4 32.0+0.7 405+09  47.03+0.22 4121+0.15 236 21.3
GS10b <19 <227 48+ 1.0 69+12 5.73+£0.22 552+0.15 268 =229
GSlla 46.0 £ 6.4 33708 117.0 £ 4.5 325+ 04 238403  22.45+0.05 2280 £0.04 =253 =229
GS12a 21.0£6.5 31708 s1+14 31.6+5.1 122+0.5 72405 3.89 &+ 0.07 3544004 252 =229
GS13a 228+63 31708 347+ 3.6 62405 6.0+04 5.32 +0.07 4244004 268 22.5
GS13b 240+ 6.3 112.0 + 3.8 13.84+0.5 145404  14.0340.07 1372+ 0.04 232 22.0
GS13c 237+ 6.3 224.0 +3.7 3194+ 0.5 331404 4270 £+ 0.07 53.654+0.05 225 20.2
GSl4a <18 2970¢ 33+12 <128 <13 <12 1.24 4+ 0.06 1.194+004 252 23.9
GS15a 27.6+65 39701 42+14 <242 16.0 + 1.0 132+ 0.9 9.29 +0.18 6.17+0.12 =253 =229
GS15b <19 <24.6 58+ 1.0 57409 571 +£0.18 5474012 >253 =229
GS15¢ <19 <25.0 <29 <2.6 1.12+£0.18 1.12+0.12 =253 =229
GS16a 307+64 27102 4644323 164405 109+ 0.4 8.12 +0.07 4984004 265 25.8
GS16b 221+ 64 144.0 + 3.5 157 +£0.5 159404  21.74+0.07 28444+ 0.04 230 20.6
GS17a 26.1£63 29708 713 +£9.6 51404 46+0.3 4214 0.05 542+003 236 22.6
GS17b <18 61.9+72 212+04 263+03  20.19+0.05 16.94 +£0.03  26.0 22.8
GS17¢ <18 200.0 + 5.3 209 + 0.4 23.9+0.3 16.50 + 0.05 1179 +£0.03 267 22.7
GS17d 421+62 <123 1134+04 120+0.3 9.07 £ 0.05 7374003 252 23.6
GS17e 37.9+62 235+ 4.1 9.7+04 71403 5.23 +0.05 3.88+003 276 23.5
GS18a 251463 31708 64+13 84.6+29 13.14+04 117403 7.56 £ 0.05 4914003 281 =245
GS18b 20.2 £6.3 126.0 + 4.0 222404 16.0 £0.3 10.85 £ 0.05 8.194+0.03 245 23.2
GS18¢c <18 91.4+28 112404 12.6 +£0.3 11.84 +0.05 1697 +£0.03  22.8 20.8
GS19a 340£65 26702 317 + 17 189+0.5 258+04 2297 +0.07 18.74 +£0.04 242 21.7
GS19b 40.0 £+ 6.5 149 + 17 15940.5 27+04  17.67+0.07 1272+ 0.04  26.6 21.7
GS19¢ <19 105.1 + 10.7 9.1+023 123403 11.61 £ 0.06 9.97+0.04 269 21.6
GS20a 793499 27108 40300 £44.1 34995406 1113.84+0.6 75928 +0.11 1131.36+0.16  16.1 15.0
GS2la 43.6+63 27108 299.0 4 4.0 16.6 +0.5 240+04  19.97+£0.08 1598 +0.04 253 22.5
GS21b <18 278+2.6 48405 6.9+04 8.44 4+ 0.08 7514004 259 =245
GS22a 346465 21708 290.0 + 4.4 13.740.5 153404  13.2340.07 10.02+0.04 264 21.5
GS22b <19 <114 <14 27+04 2.55+0.07 226+0.04 259 22.8
GS23a 234465 23708 424459 19.74+0.5 18.9+0.5 12.19 + 0.07 8.06+0.05 245 >229
GS23b 352465 . 47+14 586.0 + 6.2 364 +0.5 471405  46.86+0.07 39374+ 0.05  24.0 21.2
GS24a 18.5+61 2370¢ 90.8 +3.8 16.4 4+ 0.4 984023 6.61 £ 0.05 4794003 255 24.1
GS25a 89.5+62 1970 50413 140.0 + 3.6 322405 245+04  18.81 £0.06 13.88+0.04 239 22.6

—0.6
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Table 2 — continued

AzTEC 1.4GHz 1.1 mm 870 um 24 pum 8 um 5.8 um 4.5 um 3.6 um i K
ID (WJy) (mJy) (mJy) (wWy) (Wy) (Wy) (Wy) (Wly)  (mag)  (mag)
GS26a <18 2.21'8:2 <113 24+05 27+£04 3.64 +0.07 2.98 +0.04 25.2 24.6
GS26b <18 <12.1 9.0+ 0.5 7.1+£04 6.71 = 0.07 5.35+0.04 24.9 233
GS26¢ <18 <11.0 11.5+£05 185+ 04 23.55 +£0.07 21.52 £0.04 25.9 21.3
GS27a 23.6 £ 6.5 2.2f8:g 171.0+£ 56 253 +0.5 23.7+0.5 16.57 £ 0.07 11.67 £ 0.04 24.8 24.2
GS28a <18 2.1fg:g’ 173+ 2.6 10.8 £ 0.5 6.9 +0.4 4.33 £0.06 2.62 +£0.04 26.5 23.6
GS28b <18 <264 <1.0 <1.0 1.12 £ 0.06 1.05 £ 0.04 26.0 24.6
GS29a <19 2.3f8:2 54.4 +£10.7 153+ 1.0 274+09 32.93 +0.20 49.07 £0.13 20.4 19.8
GS29b <19 47.4 £ 10.1 52+1.0 62+ 1.0 551 +£0.19 6.04 £0.13 23.8 22.5
GS30a 372+£6.2 1‘8*_'8:2 459.0£6.2 259405 354104 32.99 £+ 0.07 27.57 £0.04 24.6 21.0
GS30b 242 +£6.2 3160+42 27.6+£05 33.7+£04 34.14 £ 0.07 26.96 £ 0.04 26.3 21.2
GS30c <18 <10.5 24+£05 27+04 2.20 £ 0.07 1.69 £ 0.04 25.7 24.2
GS31a 25.1£69 2.2f8:; 427.0£5.6 31.5+07 49.3 £ 0.7 51.71 £0.11 64.98 £ 0.07 21.6 19.8
GS31b 37.5+69 521.0+6.7 60.0+0.8 754 +£0.7 70.27 £0.11 97.45 £ 0.07 22.5 19.6
GS32a 30.3+£6.8 2.31’8:3 371.1 £11.7 324409 47.0£0.9 4547 £0.17 67.02 £0.12 21.6 19.8
GS32b 348£69 2656 £11.9 32.8+09 358+£09 57.75 £ 0.17 64.39 £ 0.13 22.4 20.2
GS32¢ 46.3 £ 6.9 2704 £12.2 124 +£09 122+£09 11.06 £ 0.17 10.27 £0.13 25.4 >22.9
GS33a 28.6 £6.2 2.0f8i2 16.1 £3.7 5.1+£05 24+04 1.70 £ 0.07 1.24 £ 0.04 26.9 24.1
GS34a 33.0+£6.3 1.71’8:2 173.0£33 329+05 28.8 £ 0.4 35.68 £0.07 32.72 £0.05 234 20.9
GS34b <19 414 +£3.7 143 +0.5 16.7+ 0.4 20.34 £ 0.07 23.42 +£0.04 23.5 21.2
GS34c <18 56.8 £3.3 58+05 8.1+04 10.08 £ 0.07 8.83 £0.04 25.6 22.3
GS34d <19 <10.5 35405 47+04 4.54 £ 0.07 4.05 £+ 0.04 24.3 234
GS34e <19 70.1 £3.2 149 +£0.5 172+ 04 19.86 £ 0.07 17.31 £ 0.04 244 22.1
GS35a 413 +£6.7 2.1f8:g 153.0£3.8 222405 19.8 £ 0.4 14.72 £ 0.07 10.51 £ 0.04 24.7 23.1
GS35b <19 <129 24+05 31+04 2.76 £ 0.07 1.96 £ 0.04 25.3 23.5
GS36a <19 2.0f8:2 <174 7.6 £0.7 52+£0.6 2.84 £0.10 1.52+£0.06 >253 >22.9
GS37a 20.5+ 6.4 2.1f8:§ 1129+ 7.0 17.1 £ 1.0 16.1 £ 1.0 15.08 £ 0.20 13.95 £ 0.13 254 >22.9
GS37b <19 <21.5 <3.0 3.6+ 1.0 2.89 £0.19 2.52+0.13 259 >229
GS38a 220.0 £ 6.5 1.7f8:2 392+26 342+£05 58.1+£04 67.61 £0.08 112.41 £ 0.06 21.1 18.8
GS38b <19 184.0 £ 4.9 15.8+£0.5 21.24+04 16.86 £ 0.07 14.66 £0.04 =253 >22.9
GS39a 372+£6.6 1.51’8:; 38+ 14 <26.9 84+1.0 6.7+£09 491 £0.19 296 £0.12 =253 >22.9
GS39b <19 484 +74 59+1.0 8.5+£0.9 9.17 £ 0.18 10.04 £ 0.12 23.1 22.3
GS40a <19 1.8*_'8:? 169.6 £ 8.3 79+ 1.0 137+ 1.1 13.45£0.20 13.64 £0.13 25.1 22.0
GS41la 282+£7.0 7.21'?:3 <224 4.9+09 6.5+09 4.35+0.17 352+£0.12 =253 233
GS41b 223.0+7.0 120+ 1.2 62.0 + 6.0 47+24 6.6 +2.6 5.35+0.46 4.06+034 =253 >22.9
GS41c <21 <239 <2.7 <2.8 1.71 £0.17 1.39+£0.12 =253 >22.9
GS41d <20 212.2+6.8 17.1 £0.9 199 +0.9 18.94 £+ 0.17 16.55 £ 0.12 24.3 22.0
GS42a <21 9.2*_'};2‘ 145+12 <26.6 57+£09 <2.7 250 £0.18 2.40 £ 0.13 25.4 >22.9
GS43a <20 6.1*_'}:? 6.7+13 <25.6 4.0+0.9 <2.7 1.26 £0.16 1.02+£0.12 =253 >22.9
GS44a 435473 3.2*_'8:2 50+ 1.4¢ 143.1 £9.3 194+ 1.0 179+ 1.0 27.54 £0.19 29.39 £0.14 23.7 21.5
GS45a 33.7£69 4.01'}:% 81+1.2 4463 +£94 919+ 1.1 106.6 £+ 1.1 140.28 £ 0.21 188.72 £0.15 18.6 17.8
GS45b <20 64.4+93 43+ 1.1 59+1.1 5.02+0.21 424 +0.15 >25.3 >22.9
GS45¢ <20 489 +9.2 73+ 1.1 58+ 1.1 5.33+£0.22 441 £0.15 26.4 >22.9
GS45d <20 <377 3.8+ 1.1 <33 2.11 +£0.22 1.75+0.14 =253 >22.9
GS46a <21 4.8*_'}:‘71 4.8 £ 147 74.6 £9.6 6.7+0.8 9.0+ 09 10.54 £ 0.16 9.01 £0.11 25.1 >22.9
GS47a 432+£70 3.5+10 73+1.2 72.3 £10.6 9.7+£1.0 9.6 £09 6.88 £0.18 451+£0.12 =253 >22.9

-1.0

“The AZTEC and LABOCA centroid positions are offset by a significant amount (210 arcsec).

when such a counterpart is present. The i- and K-band photometry of
the counterpart candidates are also reported from the band-merged
GOODS team photometry catalogue (Grogin et al., in preparation)
constructed using a template fitting software package TriT (Lai-
dler et al. 2007) and the Multiwavelength Survey by Yale—Chile
(Gawiser et al. 2006).

Unlike most previous works, we employed a variable search ra-
dius based on the beam size (Opwum ~ 30 arcsec) and the signal-
to-noise ratio (S/N) of the AZTEC detection. Given the modest S/N
(typically <10), the positional offset between an AzTEC source
and its counterpart is expected to be dominated by the map noise.

This means we can exploit the measured S/N of each detection to
constrain the counterpart identification. We derive the search radius,
Rs, listed in Table 1 empirically through simulations by injecting
artificial sources into the signal map one at a time and measuring
the distribution in the input to output source positions as described
in Paper I. For each AzTEC source we select Rg such that there is a
95 per cent probability that the true position of the source (assumed
to be the position of the radio and/or Spitzer counterpart) will be
within Rg of the AzZTEC centroid.

The primary method of identifying AzZTEC counterparts is the ‘P
statistic’ described by Downes et al. (1986). This method computes
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the likelihood of a chance coincidence for each source in the
comparison catalogue from the measured catalogue source density
and the distance to a given AzZTEC source position. Following pre-
vious work, a counterpart with a P statistic less than 0.05 is deemed
a ‘robust’ identification, while a counterpart with 0.05 < P < 0.20
is considered a ‘tentative’ identification. Unlike most works, how-
ever, we compute all P statistics based on the number density of all
sources in the comparison catalogue, rather than the number density
of sources brighter than the candidate counterpart in question. This
means that all candidate counterparts equidistant from the AzZTEC
centroid will have the same P statistic. This avoids biasing the iden-
tifications to the brightest radio and mid-IR sources, which could
result in more misidentifications with low-redshift galaxies.

For the radio data, we created a >40 catalogue using the saD
program in the Astronomical Image Processing System (aps).* This
program builds a catalogue iteratively by first identifying bright
pixels and then quantitatively testing their significance by fitting
the point spread function (PSF) to the surrounding pixel brightness
distribution. By allowing for a collection of connected sources as an
acceptable model, this algorithm also provides a good estimate of
the radio flux for extended objects as well. Submm/mm galaxies are
almost always associated with IRAC galaxies with faint but visible
radio emission. The extremely deep Spitzer data in these GOODS
fields ensures that radio sources without an IRAC counterpart are
rare as reported by Kellermann et al. (2008), who find that only three
out of 266 catalogued radio sources have no apparent counterpart
at any other wavelengths. Taking advantage of this fact, we probe
deeper into the radio data by creating a combined IRAC+VLA
radio catalogue by using the positions of IRAC sources detected
with (S/N)s ¢ > 4 as prior positions. For each IRAC source, we fit
a 2D Gaussian to the radio map at the IRAC position, fixing the
FWHM to 1.6 and 2.8 arcsec in RA and Dec., respectively, based
on the best-fitting Gaussian to the synthesized beam (Miller et al.
2008). We limit the location of the peak to within 2 arcsec of the
initial IRAC position. If the best-fitting 1.4 GHz peak emission is
>30 of the rms noise in the surrounding region, we include this
in our combined IRAC+VLA catalogue. This list is cross-checked
with the >40 radio catalogue created by the sAap program, and we
use the sap catalogue flux estimates where available. The number
density of IRAC+VLA sources in this catalogue is 8330 deg~? for
the GOODS-S+VLA catalogue, and 7860 deg~? for the shallower
SIMPLE+VLA catalogue.

For the MIPS 24 um catalogues, we use the number density of
(S/N),4 > 4 sources to compute the P statistics, which are 45700
and 25 600 deg~2 for the GOODS-S and FIDEL 24 um catalogues,
respectively.

The third and an entirely new method we use for identifying SMG
counterparts employs their characteristic red IRAC colour. Interfer-
ometric imaging studies of SMGs in submillimetre continuum (Iono
et al. 2006; Wang et al. 2007b, 2011; Younger et al. 2007, 2008,
2009; Hatsukade et al. 2010; Tamura et al. 2010; Ikarashi et al.
2011) have shown that every source is detected in the IRAC 3.6
and 4.5 um bands at the >1 uJy level, while their radio and MIPS
24 um counterparts are not always detected in the best available
data. By examining the spectral energy distribution (SED) of these
IRAC counterparts, Yun et al. (2008) showed that SMGs as a popu-
lation have characteristic red IRAC colours, similar to dust obscured
AGN as proposed by Lacy et al. (2004) and Stern et al. (2005). These
SMGs are systematically offset from the colour region associated

4 http://www.aips.nrao.edu/
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with power-law AGN, however. Citing theoretical colour tracks of
dust obscured starbursts, Yun et al. advocated a dust-obscured young
stellar population as the origin of the red IRAC colour (see their
figs 1 and 2). Objects with red IRAC colour are rare (~1 arcmin™>
for [3.6] — [4.5] > 0.0) and distinct from the large number of fore-
ground galaxies with characteristically blue IRAC colours. Both
of these qualities can be successfully exploited for distinguishing
the SMG counterpart candidates. Several colour combinations are
proposed by Yun et al., and we adopt here the simplest form, [3.6]
— [4.5] = 0.0, since these two bands are the most sensitive and the
most robust among the four IRAC bands. In computing P statistics
for the IRAC counterparts, we thus use the number density of IRAC
sources with [3.6] — [4.5] > 0.0, (S/N);¢ > 4 and S35 > 1 uly.
These are 36 900 and 31 400 deg~2 for the GOODS-S and SIMPLE
IRAC catalogues, respectively.

Examining the Spitzer IRAC and MIPS properties of 73 radio-
selected SMGs, Hainline et al. (2009) reported that an IRAC colour
selection method similar to what we adopted is more successful in
identifying correct counterparts than the IRAC colour-magnitude
selection method described by Pope et al. (2006), but they caution
that the density of sources meeting the Yun et al. (2008) colour se-
lection criteria is high enough to diminish the utility of this method.
We adopt a more selective limit of [3.6] — [4.5] > 0.0, which is
more effective in reducing the foreground confusion. In addition,
we also employ a P statistic analysis to give our method a more
discriminative power.

2.2 Counterpart identification results

Finding charts for the 48 AZTEC/GS sources (GS2 is split into two)
are shown in Fig. 1 in the order they appeared in Paper 1. Sources
meeting the radio, MIPS 24 um and red IRAC colour selection
criteria are identified in each 30 x 30 arcsec? image centred on the
AZTEC source position. A unique counterpart is easily identifiable
in about 50 per cent of the cases, while two or more candidates
are present in others, requiring a more systematic and quantitative
analysis.

Candidate radio and Spitzer counterparts and their computed P
statistics are given in Table 1. All ‘robust’ counterparts satisfying
P < 0.05 in any of the three bands are highlighted in boldface letters
based on the analysis of the radio (P;4), MIPS 24 um (Pyym)
or the IRAC colour (Pou) properties. For 21 out of 48 cases,
an 870 um Large APEX Bolometer Camera (LABOCA) source
(Weiss et al. 2009) is found within a 10-arcsec radius. Given the
extremely low source density at 870 pm, the likelihood of a chance
coincidence is essentially zero. Therefore, we elevate the status of
the 13 AZTEC/GS sources initially classified as only as a ‘tentative’
identification based on the three bands analysis to ‘robust’ by folding
in the astrometry of the 19 arcsec resolution 870 um LABOCA
Survey data (see Appendix A and Table 1) — the remaining AzZTEC-
LABOCA sources are already classified as ‘robust’. We note that
the low rate of coincidence between the LABOCA and AzTEC
surveys (21/48 = 44 per cent) can be largely accounted by the low
S/N detections of sources in both surveys, although the presence of
high-redshift (z > 3) sources detected by AzTEC at 1.1 mm (e.g.,
Eales et al. 2003) may play a role. Taking advantage of the available
rich multiwavelength data base, we provide complete photometry
for each source in Table 2.

A robust counterpart is identified for 27 (56 per cent) out of 48
AzTEC/GS sources using the P statistic analysis combined with
the LABOCA comparison. A total of 13, eight and five AzZTEC
sources have a robust counterpart based solely on the radio, MIPS
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Figure 1. Finding charts for the 48 AzTEC/GS sources. These false colour images are 30 x 30 arcsec? in size and produced using the IRAC 3.6 pum (blue),
4.5 pm (green) and 8.0 pum (red) band images. Red circles mark the 1.4 GHz radio sources, while yellow squares are MIPS 24 pm sources. For sources without
a plausible radio or MIPS 24 pum counterpart, IRAC sources with red IRAC colour ([3.6] — [4.5] > 0) are identified using magenta squares.

© 2011 The Authors, MNRAS 420, 957-985
Monthly Notices of the Royal Astronomical Society © 2011 RAS



http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

24 um or IRAC colour analysis, respectively. An additional 19,
14 and 18 have tentative identifications with 0.05 < P < 0.20,
respectively. The robust radio and MIPS 24 um identification rates
of 13/48 (27 per cent) and 8/48 (17 per cent) are consistent with other
similar studies. For example, using similar depth Spitzer data and
slightly deeper radio data in the GOODS-North field, Pope et al.
(2006) reported robust identification rates of 21/35 (60 per cent)
and 6/35 (17 per cent) for the 1.4 GHz radio and MIPS 24 um data
and additional 10 and six tentative identifications, respectively. For
the SCUBA Half Degree Extragalactic Survey (SHADES), Ivison
et al. (2007) reported 56 and 54 per cent robust identification using
much shallower MIPS 24 pum and comparable depth radio data.’ The
frequency of robust counterpart identification rate using red IRAC
colour is similar to the MIPS 24 um identification rate, indicating
that their respective candidate source density is comparable.

Five AzZTEC/GS sources (10 per cent) have two robust coun-
terparts each. This multiple robust candidate identification rate is
similar to those found in the GOODS-North field (Pope et al. 2006;
Chapin et al. 2009) and the SHADES fields (Ivison et al. 2007;
Clements et al. 2008). This multiple identification frequency is
about 40 times higher than one would expect at random. A dis-
tinct possibility is that AZTEC counterpart sources are intrinsically
strongly clustered (see Williams et al. 2011, and references therein),
and the P statistic computes implicitly the likelihood that a particular
candidate is either the AZTEC counterpart or a close companion.
A strong clustering of SMGs is also expected if they represent a
rapid build-up of stellar mass for >M, galaxies associated with a =
10> M dark matter halo — see discussions by Blain et al. (2004).
Similar SEDs and redshifts of the multiple candidate counterparts
for AzZTEC/GS19, AzTEC/GS31 and GN19 (Pope et al. 2006) of-
fer further anecdotal evidence for the clustering explanation. Wang
et al. (2011) has reported two examples where a single SMG is
broken up into multiple discrete components when observed at high
angular resolution with an interferometer, further supporting the
clustering scenario. Based on the simulations of two large gas-rich
galaxies, Hayward et al. (2011) have suggested that some fraction of
SMGs may be such closely interacting pairs just prior to a merger,
and such a scenario would certainly boost the pair fraction. Uncer-
tainties in the parameters chosen for the simulations, such as the
details of the progenitors and the microphysics of star formation and
gas consumption, make the comparison with the observed statistics
difficult. These new observations should serve as important obser-
vational constraints for future modelling studies.

As shown in Table 2, only 22 out of 47 AZTEC/GS sources
have an 870 um LABOCA counterpart in the published catalogue
by Weiss et al. (2009). Utilizing the radio and MIPS 24 pm P
statistic and the IRAC 3.6 and 5.8 um colour—magnitude selection
by Pope et al. (2006), Biggs et al. (2011) identified 16 secure and
three tentative counterparts among these 22 sources in common.
In comparison, we identify 16 robust counterparts based on the P
statistics alone, and all 19 individual candidates identified by Biggs
et al. is either a robust (8) or tentative (11) counterpart in Table 1.
The agreement between our results and theirs is very good mostly

5 The MIPS 24 um robust detection rate by Ivison et al. (2007) is sig-
nificantly higher than ours or by Pope et al. (2006), despite their much
shallower data, and this analysis may be in error. Although the majority of
radio-identified sources in Table 1 as well as by Pope et al. have a MIPS
24 pm counterpart, the MIPS 24 pm source density is also much higher than
the radio, leading to a greater chance-coincidence and thus a higher P value
in general.
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because both groups rely heavily on the radio continuum data for
the counterpart identification.

2.3 Counterpart identification for SMGs in GOODS-North

To improve the statistics of the subsequent analysis, we also apply
the same counterpart identification methods to the AZTEC 1.1 mm
sources identified in the GOODS-North field (Perera et al. 2008),
using the updated positions and photometry for these sources pre-
sented in Downes et al. (2011). Chapin et al. (2009) reported one
or more robust counterpart to 21 out of 29 AzTEC sources and at
least one tentative counterpart for the remainder. Our analysis, em-
ploying slightly different criteria, identifies 16 robust counterpart
sources and one or more tentative counterpart to all but two of the
remaining sources. The agreement between Chapin et al. and our
work is quite good, as 13 out of 16 robust counterparts we identified
were also identified as robust counterparts by Chapin et al.

3 REDSHIFTS AND SPECTRAL ENERGY
DISTRIBUTIONS

Spectroscopic redshifts, Zg.c, are available for only a small subset
(~30 per cent) of candidate counterparts despite the extensive red-
shift surveys that have been conducted in the GOODS-South field
over the years (Le Fevre et al. 2004; Szokoly et al. 2004; Mignoli
etal.2005; Vanzella et al. 2005, 2006, 2008; Norris et al. 2006; Kriek
et al. 2008; Popesso et al. 2009; Treister et al. 2009; Wuyts et al.
2009; Balestra et al. 2010; Silverman et al. 2010; Casey et al. 2011).
The primary reason for this is that many of the candidate counter-
parts are extremely faint in the optical, with a median brightness of
i ~ 25.4 among those listed in Table 2 (also see Fig. 6). Robustly
identified AzTEC counterparts are even fainter as discussed below.

To learn more about the redshift distribution of these AzTEC
sources and their nature, we rely on the extensive data base of ex-
tremely deep, multiwavelength broad-band photometry to analyse
their SEDs using empirical and theoretical models. We first exam-
ine the optical/NIR photometry data using standard methods for
estimating photometric redshift (‘photo-z’ hereafter), stellar mass
(M) and SFR (SFRyy ). We also employ an independent analysis of
the IR-to-radio SEDs to derive photometric redshift, IR luminosity
and dust-obscured SFR (SFRR).

3.1 Optical/NIR SED analysis

The photometric redshift of each galaxy is computed by fitting the
observed optical and NIR SED of the galaxies to stellar population
synthesis models drawn from the pEGASE 2.0° library (Fioc & Rocca-
Volmerange 1997). The models are shifted in the redshift range of
0 < z < 7 with a step size of Az = 0.01. For each galaxy, the
weighted average photo-z is derived as
JzP(z)dz

Zphoto = f P(Z) dz s (])
where P(z) is the probability distribution function of redshift P(z) o
exp (—x2(2)). To evaluate the reliability of our photo-z measure-
ments, we compare the photo-zs with spectroscopic redshifts (spec-
z) of GOODS galaxies with reliable emission-line redshifts in Fig. 2.
We find that the relative error defined as (Zpnot — Zspec)/(1 + Zspec)
has a zero mean (0.0005) and a very small deviation of 0.036 after

6 http://www?2.iap.fr/pegase/
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Figure 2. Comparison of spectroscopic and photometric redshifts for the
candidate AzZTEC counterpart sources in the GOODS-South (Table 1) field.
Photometric redshifts based on the shallower MUSY C photometry (Gawiser
et al. 2006) are shown in empty symbols. The two dotted curves represent
redshift uncertainties of Az/(1 + z) = 0.036 (see the text). The distribution
of Az/(1 + z) is shown as a function of z in the bottom panel.

30 clipping of the outliers. The fraction of outliers beyond 3o is
9.9 per cent. The means of the relative errors have no significant
offset from zero at all redshift bins, especially for our interested
range of 1 < z < 5. The demonstrated accuracy of our photo-z
estimation is sufficient to justify a statistical study of the physical
properties of our selected galaxies. Derived photometric redshifts
of the AZTEC counterpart candidates are listed as zop in Table 3. A
blank entry notes that the optical counterpart is undetected or too
faint.

Physical properties (stellar mass, SFR, dust reddening) of the
galaxies are measured by fitting the observed SEDs with the CB09
(Charlot & Bruzual, in preparation) theoretical stellar population
synthesis models. The Salpeter initial mass function (IMF) with a
lower and an upper mass cut-off of 0.1 and 100 M, are adopted.”
The galaxy redshift is fixed to its Zgpec OF Zop in this step. A regular
grid of models spanning a wide range of E(B — V), star formation
history (characterized by duration t and age) and metallicity are
examined. We apply the Calzetti law (Calzetti et al. 2000) for the
internal dust extinction correction and follow the method described
by Madau (1995) to account for the intergalactic medium opacity.
The x? value for each SED model fitting is computed as
X2 — Ei (Fobs,[ - o121'7"r10dcl4,1')2 ’ (2)

B

where Fops iy Fimodel; and o; are the observed flux, model flux and
observational uncertainty in the ith band. The normalization factor
«a is equal to stellar mass if Fyoqe1,; is normalized to 1 M in our pre-
computed data base. The model with the smallest y? is considered
the best-fitting model, and its parameters are used to compute the
stellar mass and SFR SFRyy — see Table 3.

We estimate the systematic uncertainties in the derived quanti-
ties using simulations. We generate theoretical SED templates with

7 Adopting the Chabrier or Krupa IMF will lower the derived M+ and SFR
by a factor of 1.7 — see Salimbeni et al. (2009).

different redshift, stellar mass, SFR, age and dust extinction. In
each band, we randomly draw a photometric uncertainty from the
error distribution of all sources with the same magnitude from the
GOODS parent photometric catalogue and perturb the photometry
of the template using a Gaussian random deviation with variance
equal to the drawn photometric uncertainty. These steps are repeated
100 times for each template in each band to generate mock SEDs.
Our SED-fitting code is applied to these mock SEDs to derive the
systematic uncertainties in the derived quantities. If redshift and
IMF are known, a typical uncertainty in stellar mass from the SED
fitting is about 0.1-0.2 dex for all stellar masses. The uncertainty
in SFR is about 0.1 dex for SFR > 100 Mg, yr~!. If a photo-z is
used, a typical redshift error of 8z/(1 + z) = 0.05 translates to a
0.2 dex error in M, and SFR. Excluding the uncertainty in the IMF,
the overall typical uncertainties in M, and SFR are 0.3 and 0.5 dex,
respectively.

3.2 IR/mm/radio SED analysis

We derive an independent estimate of photometric redshift, IR Iu-
minosity and dust-obscured SFR (SFRyr ) by analysing the observed
IR/mm/radio part of the SED. First, a photometric redshift is derived
using an updated version of the photo-z analysis method described
by Carilli & Yun (1999). Noting a remarkably tight correlation be-
tween radio and FIR luminosity for all star-forming galaxies (see
review by Condon 1992) and the rapid change in the observed flux
density ratio between the 850 pm band and the 20 cm radio con-
tinuum with redshift, Carilli & Yun (1999) proposed this observed
flux density ratio as a robust redshift indicator. The success of this
method rests on the fact that the Rayleigh—Jeans (R-J) part of the
dust spectrum rises rapidly with frequency as S o< v3~* while the
radio part of the spectrum falls as § oc v™°73, leading to more than
two orders of magnitudes change in the observed flux density ratio
between z =0 and z > 2.

Subsequent analyses by Hughes et al. (2002) and Aretxaga et al.
(2003) have shown that incorporating additional photometric mea-
surements in the FIR to radio bands can improve the redshift es-
timate, but all of these methods are fundamentally limited by the
intrinsic variation in the SED, arising from variations in the na-
ture of the energy source and geometry of dust distribution. To
improve the accuracy of the derived redshift and its uncertainty, we
adopted a three times larger set of SED templates, adding 34 new
sources with two or more photometry measurements in the R—J part
(150 < A < 1500 pm) of the dust SED and at least one radio contin-
uum measurement, mostly from the new study by Clements, Dunne
& Eales (2010). We opted to use empirical templates of observed
SEDs rather than a library of theoretical templates because there is
growing evidence, such as the tightness of the radio—IR correlation,
suggesting that nature favours a certain subset of SEDs.

Another important addition is the use of Monte Carlo simula-
tions to improve the handling of measurement errors, noise bias and
the template variations. A notable outcome is that the derived red-
shift uncertainties, listed in Table 3, are asymmetric about the mean
millimetre-to-radio photometric redshift (zyr). Citing the flatten-
ing of the IR part of the SED with increasing redshift, Carilli &
Yun (2000) have previously noted the asymmetry in the scatter of
the ‘mean galaxy model’, but in the opposite sense from the un-
certainties in the derived zyr. This actually makes sense since the
asymmetry in the mean template and the uncertainty in the derived
zmr should be in the opposite sense. This comparison thus shows
that the common practice of quoting the redshift uncertainty using
the (sub)mm-radio spectral index method based on the scatter in

© 2011 The Authors, MNRAS 420, 957-985
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Table 3. Redshifts and derived properties of the AZTEC GOODS-South sources.

AZTECID 28 by log M+ SFRyy R SFRR
Mp) My Mo yr™)

GSla 2964045 1124 94 3.5610€¢ 439

GS2.1a 2.13 4 0.60 9.81 234 3.201060 500

GS3a 3.09703

GSda 3.37+£025 10.87 75 3.53+037 416

GS5a 1599 1.66+0.60 1115 1632 2.031037 646

GS6a 2474065 1137 37 2.78+060 220

GS7a 2.676 2.567033 638

GS8a 2252 191£070  11.04 1553 2.11759% 466

GS%a 3494£035 1101 285 1.9810-38

GS10a 2035  1.58+£055  11.27 1555 2.031041 350

GSlla 2.5010:32

GS12a 4762 455+015  11.28 87 3.281070 803

GS13a 228+090 1020 3172 2.92198 250

GSl4a 3640 350£030 936 459 >3.0 600

GS15a 3.014+045  10.00 1024 3.231067 416

GS16a 1719 2854060 933 114 2671032 200

GS17a 1.01 £0.10 9.67 34 2.9410:0

GS17b 311£020 1141 14 >3.1 330

GS18a 3.00703¢

GS19a 1.83 £0.35 10.93 99 274192 200

GS20a 0.037 0069 +£0.038  9.52 339 0.57+047 0.9

GS21a 1910 2084065  10.77 295 2.28+0-30 322

GS22a 1794 2.42+0.05 2.3910:31 204

GS23a 2771047

GS23b 2277 1644025 1135 33 2.361053 393

GS24a 1.94 £ 0.50 9.37 130 3.04707 200

GS25a 2292 1.824£040  10.11 467 1527032 300

GS26a 3.64 £0.15 9.61 47 >2.6 150

GS27a 2577 2554045  10.02 383 2.4740:3 322

GS28a 3.29 £ 0.65 9.95 1140 >2.6 177

GS29a 0577  048+0.15 1045 4.0 >2.6

GS29b 2340 234£0.15 1036 75 >2.6 200

GS30a 1.51+£025 1102 6.0 2.29%028 182

GS31a 1.843 0774010  11.96 03 2.6870:66 222

GS33a 2454015  10.08 6.0 2.4610:50 200

GS35a 2964+035 1074 127 2.271033 508

GS37c >2.6

GS39a 2.017031

GS42a 237£0.15 9.56 4.1 >4.5

GS43a >4.0

GS45b 207+£025 1020 12 >34

GS45¢ 291+£035 1046 156 >34

GS46a L67£0.10 1047 11 >3.5

GS47a 2.5910:53

“Zspec 1s a spectroscopic redshift. See Section A for the individual references.

bzopt is a photometric redshift derived from the analysis of the optical/NIR SED - see
Section 3.1. “zypy is a new photometric redshift derived from the radio and AzTEC 1100 um
photometry — see Section 3.2. The listed uncertainty corresponds to a redshift range that
includes 68 per cent of acceptable fits.

© 2011 The Authors, MNRAS 420, 957-985
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Figure 3. Comparison of spectroscopic and millimetre-to-radio (MR) pho-
tometric redshifts for the AzZTEC sources with a robust counterpart in the
GOODS-South (Table 1) and GOODS-North (Chapin et al. 2009) fields.
Three objects with clear evidence for AGN activity are identified as empty
circles. The two dotted curves represent redshift uncertainties of Az/(1 +
z) = 0.10. The distribution of Az/(1 + z) is shown as a function of z in the
bottom panel.

the Carilli & Yun template (e.g. Aretxaga et al. 2007; Dannerbauer,
Walter & Morrison 2008; Chapin et al. 2009) is in error.

The derived zyr is in good agreement with zg,e. in most cases
as shown in Fig. 3 with Az/(1 + z) ~ 0.1. This is not surprising
given that the well-known radio—FIR correlation appears to hold
among high-redshift IR-selected galaxies (see Ivison et al. 2010;
Lacki & Thompson 2010). This estimator may be more accurate for
starburst-dominated SMGs since two outliers at z = 4.05 and 4.76
are known AGN, and a similar ‘radio-excess’ due to an AGN con-
tribution in the radio wavelength has been previously seen among
other high-redshift quasi-stellar objects (QSOs; Yun et al. 2002; Yun
& Carilli 2002). In some cases (e.g. GS2.2a, GS29a) the derived
Zmr is completely inconsistent with their zg., primarily because
of their radio non-detection. Given that the radio—FIR correlation
holds for all other objects, a likely explanation is that their optical
counterparts are misidentified, as is expected to happen in a small
fraction (<5 per cent) of cases (see Section 2.1).

Once the redshift of an AzZTEC counterpart is determined, its IR
luminosity Ljr can be estimated by adopting an SED template most
consistent with the observed FIR/mm/radio photometry data. For the
ease of a direct comparison with optically derived SFRyy, we fix the
redshift of each source to zgpe. Or Zop. Then we use this Lig to derive a
dust-obscured SFR (SFRg —e.g. Kennicutt 1998). We adopt a set of
theoretical SED templates for an ensemble of giant molecular clouds
centrally illuminated by young star clusters by Efstathiou, Rowan-
Robinson & Siebenmorgen (2000) that are shown to provide a good
fit to a wide range of IR-selected sources at different redshifts (e.g.
Efstathiou & Rowan-Robinson 2003; Clements et al. 2008; Rowan-
Robinson 2010). SFRs derived from the IR SED fitting, SFR,
are computed directly from the best-fitting model star formation
history (also assuming the Salpeter IMF) and are summarized in the
last column of Table 3. Note that z,, and zyr do not always agree
well, particularly for the cases where the counterpart is not secure.

Therefore SFRyr is derived primarily for the securely identified
AZzTEC sources with a zgec or a well determined z,p,; only.

4 REDSHIFT DISTRIBUTION OF
AZTEC-GOODS SOURCES

4.1 Derived redshift distribution

The deep multiwavelength data and the extensive spectroscopic
redshift surveys covering the two GOODS fields offer the best op-
portunity to identify millimetre- and submillimetre-bright galaxies
and to construct the most complete redshift distribution yet. By
utilizing the analysis of AZTEC sources in both GOODS fields
discussed in Section 3, we now have the opportunity to augment
our understanding of the SMG redshift distribution with improved
statistics.
In Figs 4 and 5, we show the redshift distributions for the robust
AzTEC counterparts in both GOODS fields. We use spectroscopic
redshifts when available (22 robustly identified sources) and photo-
metric redshifts otherwise, and we plot separately the distributions
determined using zp and zyr in both figures. The redshift distribu-
tions based on optical photo-z (zop) and millimetric photo-z (zmr)
are qualitatively in a good agreement with each other, while the
two methods are each subject to potentially significant systematic
uncertainties. These redshift distributions show that 80 per cent of
sources are at z 2> 2, with 60 per cent just within the redshift range
between 2.0 < z < 3.3. The relatively small number of robust coun-
terparts with only a lower redshift limit (nine out of 74) assures that
the median value of z,,eq &~ 2.6 is a robust estimate. In comparison,
using a different redshift estimator and analysing the properties of
29 AZTEC sources in the GOODS-North field only, Chapin et al.
(2009) derived a median redshift of z = 2.7, in good agreement.
The asymmetric redshift distribution of the AzTEC sources in
the two GOODS fields shown in Figs 4 and 5 can be described
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Figure 4. Redshift distributions of AzTEC sources in both GOODS fields
based on the optical photo-z (zopt, N = 38; blank histogram) and the mil-
limetric photo-z (zmr, N = 74; hatched histogram) are compared with that
of the 76 radio-identified SCUBA sources with spectroscopic redshifts by
Chapman et al. (2005, shaded histogram). The solid blue curve shown is
a lognormal distribution as a function of (1 + z) with a mean redshift of

Zum = 2.6 and 0 = 0.2.
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Figure 5. Redshift distribution of AzZTEC sources in both GOODS fields
based on the optical photo-z (zep; blank histogram) and the millimetric
photo-z (zmr; hatched histogram) are compared with that of the 64 robustly
detected 850 pum sources in SHADES survey by Aretxaga et al. (2007,
shaded histogram). Because of the shallow radio data in the Subaru/XMM
Deep Field (SXDF), only the Lockman Hole sources are included for the
Aretxaga et al. SHADES redshift distribution. The solid blue curve shown
is a lognormal distribution as a function of (1 + z) with a mean redshift of
Zum = 2.6 and 0 = 0.2.

reasonably well as a lognormal distribution of the form

() — 1 —In(0)-In(1+2ym) /202

TO= G evan '

The solid curve shown in both figures corresponds to a lognormal
distribution with z,,, = 2.6 and 0 = 0.2 in In (1 + z). No attempt
is made to derive the best-fitting values of z,,,, and o since some
of the redshifts are only lower limits. Nevertheless, these nominal
parameters simultaneously describe the rapid drop-off on the low-z
side and the long tail on the high-z side.

4.2 Comparison with previous studies

The redshift distribution of the SMG population (and thus their cos-
mic evolution) is still poorly understood. A comparison of the red-
shift distribution derived from the AZTEC GOODS survey sources
and those of previous studies further illustrates this point. A com-
parison of the AZTEC sources in the two GOODS fields with that
of the radio-selected SCUBA 850 pm sources by Chapman et al.
(2005, Fig. 4) gives an immediate impression that the two redshift
distributions are substantially different. In particular, the population
of z < 1.5 sources present in the Chapman sample is missing in our
sample, while the AZTEC-GOOQODS sample shows a broader higher
redshift tail. It is important to understand the underlying causes of
this difference since many studies have assumed that the redshift
distribution derived by Chapman et al. is consistent with that of the
SMG population as a whole (e.g. Cooray et al. 2010; Davé et al.
2010; Narayanan et al. 2010a; Vieira et al. 2010; Almeida, Baugh
& Lacey 2011; Williams et al. 2011). As noted by Chapman et al.
and further discussed below (Section 4.3), these differences may
be rooted in the use of radio selection for defining the Chapman
sample.

© 2011 The Authors, MNRAS 420, 957-985
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Another insightful comparison is made in Fig. 5 by examining
the redshift distribution of the GOODS—AZzTEC sources with the
photometric redshifts of the 64 robustly detected 850 um sources in
the SHADES survey by Aretxaga et al. (2007). The Aretxaga et al.
redshift distribution is also largely missing the low-z population,
and the agreement with our redshift distribution is better. If we
take into account that 11 out 64 redshifts by Aretxaga et al. are
only lower limits with zji, < 1.5, the redshift distribution for the
AZTEC-GOODS and the SHADES Lockman Hole sources is in
fact very good.

A more quantitative comparison of the derived redshift distri-
butions is made using the Astronomy Survival Analysis (ASURV;
Feigelson & Nelson 1985) package, which properly takes into ac-
count lower redshift limits.® As summarized in Table 4, the only
pairs of redshift distributions showing non-negligible probability
of being drawn from the same parent sample are between zyr and
Zopt and between zyr and the photometric redshifts of the 850 pm
sources in the SHADES survey by Aretxaga et al. (2007). On the
other hand, both Gehan’s generalized Wilcoxon test and the lo-
grank test suggest that there is at most 3 per cent probability that
the Chapman et al. redshift distribution is consistent with those of
the GOODS-AZTEC sources or the SHADES 850 wm sources in the
Lockman Hole region as analysed by Aretxaga et al. The Kaplan—
Meier estimator gives the mean redshifts of (zyr) = 2.689 + 0.112
and (zop) = 2.516 & 0.129. The inclusion of lower limits in the
redshift for radio-undetected sources appears to be the primary dif-
ference for these estimates (see below). The mean redshift of the
Aretxaga et al. sample is 2.695 &£ 0.098, in a good agreement with
that of (zur). In contrast, the mean redshift of the Chapman et al.
sample is 2.000 £ 0.104, significantly lower.

The robustness of these analyses is further tested by conducting
a Kolmogorov—Smirnov (K-S) test for the same pairs of redshift
distributions but excluding lower redshift limits. Again, as summa-
rized in Table 5, the hypothesis that the Chapman et al. redshift
distribution is identical to the zyg or Aretxaga et al. redshift distri-
bution can be rejected with better than 98 per cent confidence while
the same hypothesis for the other combinations of pairs cannot be
rejected. Nevertheless, both the survival analysis and the K-S tests
are giving us consistent results in that the Chapman redshift distri-
bution is substantially different from the SMG redshift distribution
derived by us using the GOODS—AZzTEC sources and that of the
Lockman Hole 850 pm sources in SHADES survey by Aretxaga
et al.

4.3 Wavelength-dependent selection bias

As discussed in some detail by Chapman et al. (2005), their radio
selection for a spectroscopic redshift survey is intrinsically biased
toward low-redshift galaxies and those with cold dust temperature.
The observed radio flux density suffers from a strong positive k-
correction, fading faster with increasing redshift than expected from
the inverse square law. This means the majority of faint (S 46u, >
30-40 ply) radio sources are at z < 1 and only extremely luminous
(Prsgu, > 10*WHz™!) radio sources are detectable at z > 2
(e.g. Smolcic et al. 2008; Strazzullo et al. 2010). Chapman et al.
discussed this foreground confusion and removed about 10 per cent
of the sources from their sample, but the significant number of z <

1.5 sources remaining in their sample (but unseen in our sample

8 This analysis assumes that the censored data follow a similar distribution
to that of the measured population.
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Table4. Comparison of mean redshifts and probabilities that two redshift distributions
are drawn from the same parent distribution derived using the ASURY, as described
in Section 4. The first row shows the number of redshift data points (Ng) and lower
limits (N;) used. The second row shows the Kaplan—Meier estimator for the mean
and standard deviation of the redshift distribution. The last three rows show, first, the
Gehan’s Generalized Wilcoxon test probability for each pair, and second, the Logrank

test probability.

Zopt Chapman05 Aretxaga(7
(Ng, Ny) (38,0) (74,9) (76, 0) (64, 23)
(z) 2516 £0.129  2.689 £0.112  2.000 + 0.104  2.695 £ 0.098
Zopt - 0.19/0.21 0.030/0.026 0.06/0.30
ZMR 0.0001/0.0001 0.51/0.85
Chapman05 - 0.0000/0.0001

Table 5. The K-S test probability that two redshift distribu-
tions are drawn from the same distribution, derived using the
cumulative distributions of the same samples as in Table 4
but excluding lower limits.

Zopt  2MR  ChapmanO5  Aretxaga07

Zopt - 0.845 0.250 0.098
MR - 0.014 0.362
Chapman05 - 0.0014

and Aretxaga et al. sample) suggests that they underestimated the
foreground confusion. Chapman et al. also considered the effects
of rapidly declining sensitivity of the radio data with redshift, but
they focused mainly on the dust temperature dependence on radio—
IR correlation, assuming that the majority of sources undetected
in the radio bands are at the same redshifts as those detected. The
significant high-redshift (z > 3) tail for the AzZTEC and SCUBA
sources seen in Figs 4 and 5 suggests that the highest redshift
sources are missing in radio-selected samples like Chapman et al.
because the depth of the available radio data is not sufficient to
detect most SMGs at z 2 3. Mapping the true redshift distributions
of SMGs will require future complete spectroscopic redshift surveys
using instruments such as the Redshift Search Receiver (Erickson
etal. 2007) on the Large Millimeter Telescope or the Atacama Large
Millimeter Array.

These discussions of k-correction and dust temperature raise an-
other important question as whether SMGs selected at 850 and
1100 um [and as a natural extension at 250-500 pm by the Her-
schel/Spectral and Photometric Imaging Receiver (SPIRE) instru-
ment] are systematically different. Since the dust peak passes
through these bands at different redshifts, some wavelength-
dependent selection effects are expected. For example, identifica-
tion of ‘drop-out’ objects in these bands has been suggested as a
means to identify the highest redshift SMG population (see Pope &
Chary 2010). When we noted the low rate of coincidence between
the LABOCA 870 pm sources and our AzTEC survey initially (see
Section 2.2), this wavelength-dependent selection bias was one of
the causes we explored, although we eventually concluded that the
low completeness of the both surveys is the primary cause. The
general agreement between the redshift distributions of SCUBA
850 um selected sources by Aretxaga et al. (2007) and the AzTEC
1100 pm sources seen in Fig. 5 suggest that the redshift distribution
and SEDs of the SMG population are such that the sources identified
at these two wavelengths are indeed similar.

5 OPTICAL AND IR LUMINOSITY AND
STAR FORMATION

5.1 Not all SMGs are faint and red in the rest-frame UV and
optical bands

Although SMGs are a recently recognized class of galaxies, their
relatively high density (0.1-0.5 arcmin~2) and high luminosity (Lir
> 1012713 L) suggest that they represent a significant component
of the general galaxy population and should play an important role
in the overall galaxy evolution scenario. In the ‘down-sizing’ sce-
nario (Cowie et al. 1996), more massive galaxies are thought to
have been assembled earlier in cosmic history, presumably with a
higher SFR. Luminous infrared galaxies (LIRGs) and ultraluminous
infrared galaxies (ULIRGs) with SFR > 10-100M@ yr~' are the
dominant contributor to the cosmic star formation history at z ~ 1
(Le Floc’h et al. 2005; Magnelli et al. 2009, 2011), and a significant
contribution by SMGs with SFR of > 10>~ M, yr~! would rep-
resent a natural progression at z > 1. Massive galaxies with stellar
mass M, > 10" M, are thought to be already in place by z ~ 2
(van Dokkum et al. 2008). Galaxies with even higher SFR might be
found at higher redshifts.

What would these SMGs look like in the rest-frame UV and op-
tical bands? And how do they fit into the larger population of high-
redshift galaxies identified in those more traditional bands? Opti-
cal/UV size, morphology and luminosity could provide an impor-
tant test for their origin as merger-driven starbursts (e.g. Narayanan
et al. 2010a) or large disc systems (Efstathiou & Rowan-Robinson
2003; Kaviani, Haehnelt & Kauffmann 2003; Hayward et al. 2011)
fuelled by a high rate of cosmological gas accretion (Keres et al.
2005; Davé et al. 2010). Early studies in the optical and NIR sug-
gested a diverse population of bright, modest redshift (z < 1) and
faint, high-redshift (z ~ 2) galaxies, as reported by Lilly et al.
(1999), Barger et al. (1999), Barger, Cowie & Richards (2000), Ivi-
son et al. (2000), Fox et al. (2002) and Ivison et al. (2002). However,
high-resolution interferometric imaging studies at millimetre wave-
lengths (Bertoldi et al. 2000; Frayer et al. 2000; Lutz et al. 2001;
Dannerbauer et al. 2002) have shown that the SMG counterparts are
often undetected in the optical bands. A study of a large sample of
radio-identified SMGs using deeper optical data by Chapman et al.
(2001) showed that their counterparts are indeed quite faint (1 > 25),
and Chapman et al. concluded that dust obscuration makes these
galaxies essentially invisible in the ultraviolet bands. This conclu-
sion is not universally accepted, however — see Ivison et al. (2002).
Interestingly, Chapman et al. (2005) targeted their own sample for
spectroscopy using the Keck telescopes and successfully obtained
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Figure 6. Measured K-band versus i-band magnitudes of the robustly iden-
tified AzZTEC counterpart sources (circles). Lines of constant colours with
i — K = +0, 43 and 46 are shown. Circles with filled dots are AZTEC
sources with Chandra X-ray detection in the GOODS-North and GOODS-
South fields while empty circles are the sources without X-ray detection.
Crosses represent the 17 ‘securely’ identified counterparts to the SCUBA
8-mJy survey (Ivison et al. 2002) and the SCUBA Lens Survey (Smail
et al. 2002) sources. Asterisks are SMGs securely identified by interfer-
ometric measurements at millimetre and submillimetre wavelengths (Iono
et al. 2006; Younger et al. 2007, 2008, 2009; Hatsukade et al. 2010).

emission and absorption line redshifts for about 50 per cent of their
sample.

A major motivation for this work is to clear up the confusion about
the rest-frame optical and UV properties of SMGs by examining a
robustly identified large sample with significantly improved statis-
tics by taking advantage of the deep multiwavelength data available
in the GOODS fields. In Fig. 6 we examine the rest-frame UV and
optical properties of SMGs by plotting the measured i- and K-band
photometry of robustly identified AzTEC sources in the GOODS-
South field (this work) and the GOODS-North field (Perera et al.
2008; Chapin et al. 2009) — also see Pope et al. (2006). Sources
identified by the SCUBA 8-mly survey (Ivison et al. 2002; Smail
et al. 2004) and the SCUBA Lens Survey (Smail et al. 2002) are
also shown for comparison. A remarkable result is that SMGs span a
very broad range of brightness in both i- and K band (rest frame A =
240 and 630 nm at z = 2.5), spreading over 10 mag, or a factor of
10* in flux density. The apparent brightness of the AZTEC-GOODS
sources by themselves span over 7 mag with a median brightness of
i =25.3 and K = 22.6 when the upper limits are taken into account.
Although there is some overlap with the sources identified by the
earlier SCUBA 8-mly survey and the SCUBA Lens Survey, the
AZTEC-GOODS counterpart sources are systematically fainter by
~3 mag on average. Because earlier SMG identification studies re-
lied on K-band data too shallow to detect the majority of the AzZTEC
counterparts in the GOODS-South field, this means earlier works
may have missed or misidentified the counterparts in many cases.
The few but highly secure SMG counterparts identified recently
using deeper optical and NIR data and high-resolution interfero-
metric imaging in the millimetre and submillimetre bands (shown
as asterisks — Iono et al. 2006; Wang et al. 2007b, 2011; Younger
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et al. 2007, 2008, 2009; Hatsukade et al. 2010) have a brightness
distribution more closely matching that of the AzTEC sources in
both GOODS fields.

We also deduce from the observed scatter in Fig. 6 that there
is at least a factor of 10 variation in the intrinsic rest-frame op-
tical luminosity among these SMGs. When viewed together with
SCUBA-detected sources, these SMGs form a broad colour track
centred roughly around the i — K = 43 line (short dashed line),
which is quite red compared with field galaxies. Some sources show
a relatively flat colour (i — K = +1) while there are others with
extremely faint i-band upper limits and colours redder thani — K =
+6. The scatter about the mean relation appears to increase at K 2
22, but the source density is also higher at these fainter magnitudes.
The full range of the scatter perpendicular to the mean relation is
about 4 mag in colour. This large spread in colour substantiates the
earlier suggestion that optical properties of SMGs are quite diverse
(e.g. Ivison et al. 2000, 2002). However, it cannot fully account for
the up to ~10 mag spread in their apparent brightness as a popula-
tion. In other words, there is an additional factor of 2100 variation
(or 25 mag) in the apparent brightness of SMGs on top of the appar-
ent differences in colour, which may be due to variations in SED and
extinction. Given their extreme luminosity, the SMG phase likely
represents a brief, special moment during the rapid mass build-up
phase (e.g. Narayanan et al. 2010a; Hayward et al. 2011). If the
majority of SMGs are seen in the redshift range between 1.5 and
4.0 (see Section 4), then the spread in the luminosity distance can
account for about a factor of 10 in the apparent brightness variation.
Therefore, the remaining factor of 210 scatter in apparent bright-
ness has to be accounted for by an intrinsic scatter in the rest-frame
optical band luminosity.

In the broader context of understanding star-forming galaxies in
the early universe, some of the AzZTEC sources are bright in the
rest-frame UV and optical bands and are already identified as star-
forming galaxies by past surveys. For example, about 30 per cent
are bright enough in the optical and NIR bands to be classified as
‘BzK’ galaxies (Daddi et al. 2004) using the existing photometry —
see discussions in Appendix A. Some of the z ~ 4 SMGs have also
been identified as ‘Lyman break galaxies’ (see Capak et al. 2008).
On the other hand, the majority of the AZTEC GOODS sources are
too faint and red to have been identified in previous surveys of star-
forming galaxies and are likely to be entirely missed in the current
accounting of the cosmic star formation history. Future millimetre
wavelength surveys with higher angular resolution are needed to
probe deeper into the lower flux density (and lower luminosity)
regime in order to bridge these populations and obtain a complete
census of star-forming galaxies.

5.2 SMGs as massive galaxies in a phase of rapid stellar
mass build-up

5.2.1 Stellar luminosity of SMGs

One constant in the high-resolution interferometric millimetre and
submillimetre observations of SMGs is the presence of a Spitzer
IRAC counterpart in the 3.6-8.0 pm bands, and this is one of the
key features we employ to identify AzTEC counterparts (see Sec-
tion 2). A comparison of the apparent brightness in the 3.6 pm band
(rest-frame optical or NIR) for the AzZTEC counterparts and other
K-band selected z ~ 2 star-forming galaxies with known spectro-
scopic redshifts in both GOODS fields is shown in Fig. 7(a). While
there is some overlap between these two populations, the AZTEC
counterparts are systematically brighter by 2> 1 mag on average and
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Figure 7. Spitzer IRAC 3.6 um band ‘Hubble diagram’. IRAC 3.6 pm band
brightness (3.6 um) of the robust AZTEC counterparts is plotted as a func-
tion of redshift. Symbols are the same as in Fig. 6. Small dots in the left-hand
panel are K-band selected star-forming galaxies with known spectroscopic
redshifts in both GOODS fields. The apparent brightness of a 40 Myr star-
burst population with a stellar mass of 10° and 10'° M, is shown in dotted
lines, while the same population after passively evolving for 500 Myr is
shown in solid lines. An exponentially decaying starburst history with a
20 Myr e-folding time and solar metallicity is assumed for the models.

represent the most luminous galaxies at these redshifts. This intrin-
sically high luminosity in the rest-frame optical and NIR bands is
clearly an important reason why these AzZTEC sources are so readily
detected by Spitzer.

Since AZTEC detection requires highly efficient dust processing
of the UV radiation from young stars, the high inferred luminosity
in the rest-frame optical/NIR bands seems surprising. After all, we
just established in the previous section (Section 5.1) clear evidence
for severe attenuation of UV radiation among many of these objects.
A natural explanation for this apparent puzzle is found in the studies
of the local ULIRG population. An imaging study of local ULIRGs
in the near- and far-UV bands by Goldader et al. (2002) has shown
that activity traced in the UV bands is distributed over kiloparsec
scales and is heavily obscured, particularly in the regions of the most
intense starburst activities. When observed at redshifts of z ~ 2 to
~4, these ULIRGs are expected to be extremely red and faint in the
observed optical and NIR bands (R — K =4-6, K ~ 21-24), similar
to the observed values for the AzZTEC sources shown in Fig. 6. At
the same time, Chen, Lowenthal & Yun (2010) have shown that
the stellar hosts of local ULIRGs are also extremely blue in rest-
frame optical bands and are on average ~1 mag brighter than the
field star-forming population, owing to distributed star formation
activity and the high intrinsic luminosity of young stellar clusters.
A HST NICMOS and ACS imaging study by Swinbank et al. (2010)
has also found evidence for ongoing mergers and structured dust
obscuration among z ~ 2 SMGs, further supporting the parallel
in the observed source luminosity and structure between the local
ULIRGS and high-z SMG population.

One cannot automatically conclude from their large observed lu-
minosity that these SMGs are also the most massive galaxies at
their observed epochs if their luminosity is powered by a large
population of widely distributed young stellar clusters. The appar-
ent 3.6 um brightness of a single stellar population starburst model
with a total accumulated stellar mass (M,) of 10° and 10'° Mg
is shown in Fig. 7(b) for two different scenarios: 40 Myr (dotted
lines) and 500 Myr (solid lines) after the initial burst. The observed
brightnesses of AZTEC sources are well bounded by the 40 Myr old

starburst models with stellar masses of 10° and 10'"° M), which
are about /0 times smaller than the stellar masses derived for the
K-band selected star-forming galaxies shown in comparison (M, =
10'°~"" My; Daddi et al. 2007). However, after just 500 Myr of
passive evolution, the same starburst systems fade by ~2 mag at z
~ 2-4, bringing them back to a better agreement with the mass esti-
mates for the K-band selected star-forming galaxies. Alternatively,
accounting for the observed 3.6 um band brightness of the AzZTEC
sources assuming a maturing stellar population would require stellar
masses well in excess of 10" M.

5.2.2 Stellar mass and star formation rate of SMGs

We can get a better handle on the stellar mass by modelling the ob-
served rest-frame UV and optical SED as discussed in Section 3.1.
The derived stellar masses from the modelling of the UV-optical
SED, shown in Fig. 8, range between 10° and 10'> M. The ma-
jority of the derived stellar masses are between 1 and 30 times
10'° Mg, similar to those of the K-band selected massive star-
forming galaxies at the same redshift, such as those discussed in
Daddi et al. (2007). Similarly large stellar masses were found previ-
ously for SMGs (e.g. Dye et al. 2008; Tacconi et al. 2008; Daddi et al.
2009; Hainline et al. 2009; Michalowski, Hjorth & Watson 2010),
and they are consistent with the idea that these submillimetre-bright
galaxies are associated with the peak of the stellar mass function at
7=2-3.

Six out of 18 AZTEC counterparts with M, > 10'' M, are also
X-ray sources detected in deep Chandra surveys. The frequency of
the Chandra detected sources is about the same for the lower stel-
lar mass galaxies (seven out of 25), and there is little evidence for
any dependence on stellar mass. The low number of z > 3 sources
detected by the 2-4 Ms Chandra surveys may reflect the limiting
sensitivity of the X-ray data, and the observed X-ray fraction is
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Figure 8. The stellar masses of AzZTEC counterparts derived from optical
and NIR photometry as a function of redshift. A histogram of stellar masses
is shown in the right-hand panel. Sources with a spectroscopic redshift are
shown as solid symbols, while the ones with a photometric redshift are
shown as empty circles, and they represent similar ranges of stellar mass.
Typical uncertainties for the M, and photo-z estimates are shown on the
bottom left-hand corner. Those detected by the Chandra in the X-ray are
identified with a larger circle. Only GOODS TFIT catalogue sources with a
proper stellar mass estimate are included.
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Figure 9. SFRs for AZTEC GOODS sources estimated from the rest-frame UV (SFRyy) and IR (SFRyr) as a function of stellar mass. Open and filled symbols
represent photometric and spectroscopic redshifts, and those detected by the Chandra in the X-ray are identified with a larger symbol. A typical overall
uncertainty for an object with photo-z is shown on the bottom right-hand corner of the left-hand panel. The mean SFR—M., relation for the z = 2.5 model SMGs
fuelled by cold flow (Davé et al. 2010) is shown by a solid line. Long dashed line is the observed mean SFR-M, relation for the K-band selected galaxies

(Daddi et al. 2007). The SMGs do not seem to follow either trend.

a lower limit. Given the poor statistics, it is difficult to conclude
whether the presence of a luminous AGN is influencing the mod-
elling of the rest-frame optical SEDs.

The rest-frame optical SED modelling also yields a UV-derived
SFR (SFRyy). The derived SFRyy for the AZTEC-GOODS sources
cover a broad range: 1-2000 Mg, yr~! — see the left-hand panel
of Fig. 9. A surprising result is that the derived SFRyy is quite
high, >100-1000 M@ yr~' for about 50 per cent of the cases. The
observed SFRyy distribution is also nearly independent of stellar
mass. The SFRyy distribution broadly overlaps the observed SFR—
M., relation for the K-band selected galaxies studied by Daddi et al.
(2007, dashed line), but there is little evidence that these AzZTEC
sources follow the same SFR—M., relation. The AzZTEC-GOODS
sources also do not follow the SFR—M,, relation predicted by the
z = 2.5 model SMGs fuelled by cold flow accretion (Davé et al.
2010, solid line). Some of the galaxies with the highest SFRyy
are detected in the X-ray by Chandra, raising the possibility that
the UV light from the central AGN might contribute to these high
values. However, not all Chandra detected sources are associated
with a high SFRyy, and neither the SFRyy/SFRyr ratio nor the
specific star formation rate (SSFR) discussed below offer any clear
evidence to support this idea.

For comparison, IR-derived SFRs (SFRr) determined from mod-
elling the IR SED are shown in the middle panel of Fig. 9. The SFRg
is uniformly high, >100-1000 M, yrfl, with a much smaller scat-
ter and completely independent of stellar mass. This is expected
since these confusion-limited AzZTEC surveys preferentially select
sources with intrinsically large Lir. We note that the 1.1 mm se-
lection does not guarantee a high Lig or SFRy if cold dust (Tq =
10-20 K) emission dominates the millimetre spectrum. On the other
hand, our SED modelling does not find any cold-dust-dominated
sources with Lig < 102 L. Since the IR luminosity accounts for
the total amount of dust-processed UV radiation, a comparison of
SFRr with SFRyy should offer a crude measure of the geometry
between the young stars and the obscuring dust. The large SFRyy
derived for a large fraction of AZTEC-GOODS sources is particu-
larly interesting in this regard, and this result may indicate that star
formation activities and dust distribution in these SMGs are not as
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Figure 10. The ratio of SFR derived from the rest-frame UV (SFRyy) and
the rest-frame IR (SFRyr) as a function of (a) redshift and (b) stellar mass
(M..). Galaxies with spec-z (photo-z) are shown in filled (empty) symbols,
and those detected by the Chandra in the X-ray are identified with a larger
square. The dashed line marks the SFRyy = SFRyr relation.

concentrated as in the local ULIRGs, where Lig =~ Ly, (see Sanders
& Mirabel 1996).

To explore the relationship between SFRyy and SFRyg further,
their ratios are plotted as a function of redshift and M., in Fig. 10.
This ratio varies widely from one source to another, spanning over
five decades in total range, and it is independent of z and M... Finding
a large number of sources with SFRyy/SFRig > 1 is particularly
puzzling for these galaxies with a large stellar mass. A misiden-
tification of the counterparts is also a plausible explanation, but
the observed distribution would require the failure of counterpart
identification in a large fraction of cases. Either an underestimate
of SFRjg or an overestimate of SFRyy (and possibly both) can
provide an explanation, as the estimates of both SFR and M, are
subject to significant systematic uncertainties (e.g. see Maraston
et al. 2010). If these galaxies represent young galaxies seen during
their rapid mass build-up phase (see below), then the well-known
mass—metallicity relation (Tremonti et al. 2004) and the attenuation
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of UV light in the local universe may not be directly applicable. The
presence of an X-ray source detected by Chandra is not correlated
with the SFRyy/SFRr ratio, and the presence of an X-ray emitting
AGN does not seem to contribute directly to the derived SFRyy in
most cases.

5.2.3 Specific star formation rate and mass build-up history

Charting the star formation and stellar mass build-up history is
one of the most powerful tests for galaxy evolution theories. For
example, the emergence of red sequence galaxies that are massive
and passively evolving around z ~ 1 and their increase in number
with time are widely cited as important observational constraints
that require additional complexities such as AGN feedback and
‘dry’ mergers (Bell et al. 2004, 2007; Faber et al. 2007). Statistical
studies such as the Sloan Digital Sky Survey have shown that the
bulk of stars now in massive galaxies formed at earlier epochs
than stars in lower mass galaxies (e.g. Kauffmann et al. 2003),
suggesting a strong link between galaxy mass and star formation
history. A particularly useful quantity to examine in this regard is the
SSFR (SFR per unit stellar mass; SSFR = SFR/M.,). A systematic
dependence of SSFR on galaxy mass and a rapid increase of SSFR
with redshift have been established by several recent studies (Zheng
etal. 2007; Damen et al. 2009). Given the large stellar masses (M, =
[1-30] x 10'° M) and SFRs (>10*7> M) yr™") for these z = 24
SMGs, examining their SSFR in the context of the observed trends
with stellar mass and redshift may provide a valuable new insight
into the physical mechanisms driving the SMG phenomenon and
massive galaxy formation.

The computed SSFRs for the AZTEC-GOODS sources are shown
in Fig. 11. An immediately noticeable trend is that the derived
SSFRs are uniformly quite high, SSFR A~ 1-100 Gyr~!. Among the
optically selected samples, galaxies with SSFR > 10-100 Gyr~' are
generally associated lower stellar mass (M, < 10'° M) galaxies
undergoing a starburst episode. More massive galaxies in the local
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Figure 11. SSFR of AzTEC counterpart candidates derived from the (a)
rest-frame UV and optical SED fitting and (b) far-IR SED fitting using
Efstathiou et al. (2000) dusty starburst SED templates. Solid and empty
symbols represent the sources with spectroscopic and photometric redshifts,
respectively, and those detected by Chandra in the X-ray are identified with
a larger symbol. A typical uncertainty is shown for one of the photo-z
sources at the bottom of the left-hand panel. The asterisks represent the
radio-derived SSFRs for star-forming galaxies with M, ~ 3 x IOIOMO
derived by Pannella et al. (2009). The solid line represents the inverse of
the Hubble time, and sources above this line are in a starburst mode. The
dotted line connecting the crosses represents the average SSFR for massive
galaxies with M, > 10! M found by Damen et al. (2009).

universe are associated with one to two orders of magnitudes lower
SSFR (Bauer et al. 2005; Feulner et al. 2005; Erb et al. 2006; Elbaz
et al. 2007). The same trend also holds at higher redshifts as the K-
band selected star-forming galaxies at z ~ 2 have on average SSFR
~ 1Gyr~! (Daddi et al. 2007), overlapping only at the bottom
range of the SSFR associated with the AzZTEC sources. Pannella
et al. (2009) have also reported an average SSFR &~ 5Gyr~! and
SFR ~ 100M@ yr~! for their z ~ 2 radio-identified star-forming
galaxies with an average M, = 3 x 10'°Mc at z ~ 2 (also see
Dunne et al. 2009).

The SSFRs for the AzZTEC-GOODS sources are significantly
higher than those of similar stellar mass galaxies in the local Uni-
verse, and they appear to follow the same broad trend of rapidly
increasing SSFR with redshift. The dotted line shown in Fig. 11 is
the stellar mass-dependent SSFR evolution mapped by Damen et al.
(2009) for massive galaxies with M, > 10'"' M, and it shows a
rapid rise as SSFR oc (1 + z)° between z = 0 and 2. The radio-derived
SSFRs for star-forming galaxies with M, ~ 3 x 10'° M) derived
by Pannella et al. (2009), shown in asterisks, extend this rapidly
rising trend to z ~ 2.5. The AzZTEC-GOODS sources extend this
rise in SSFR further to z ~ 4, although there is significant scatter.
As noted by Damen et al. and others, there is a mass dependence on
the SSFR evolution, and the spread in M, for the AzZTEC sources
likely contributes to some of the observed scatter.

The SSFRs derived for the AZTEC-GOODS sources provide the
strongest evidence yet that SMGs are seen during the brief phase of
rapid stellar mass build-up. The solid lines in Fig. 11 represent the
inverse of the Hubble time, 1/¢4: only galaxies with SSFRs above
this line have sufficiently high SFRs to build up their current stellar
masses within the Hubble time at their respective redshifts. Con-
sidering the SSFRs derived from fitting the FIR SEDs (right-hand
panel of Fig. 11), all of the AZTEC-GOODS SMGs are located at
or above this critical line. We cannot exclude the possibility that
these SMGs are rejuvenated galaxies, undergoing another episode
of extreme luminosity, but it would require an even earlier episode
of rapid stellar mass build-up. Citing extremely high SFR and sim-
ilar density, previous studies have made plausible arguments for
identifying SMGs as progenitors of present day massive elliptical
galaxies (e.g. Blain et al. 2004). Our new analysis of the SSFR
allows us to demonstrate quantitatively that these SMGs are seen
during a phase of rapid stellar mass build-up.

The absence of AzZTEC sources with SSFR below the 1/ty line
in the right-hand panel of Fig. 11 is primarily the result of AzZTEC
survey depth —in fact, all existing confusion-limited surveys carried
out with, e.g. AZTEC and Herschel, probe only the brightest end of
the luminosity function. Much of the cosmic IR background (CIRB)
is expected to arise from fainter sources below the confusion limit,
and their number counts can offer an important constraint to the
evolution model for SMGs (Granato et al. 2004; Baugh et al. 2005;
Rowan-Robinson 2009). The location of the 1/t5 line in Fig. 11
leaves a fairly limited parameter space for a lower luminosity dust-
obscured starburst population that can contribute significantly to
the CIRB - e.g. SFR ~ 20-100M@ yr~! for a (1-5) x 10'°Mg
galaxy at z = 2. A z > 2 galaxy with M, > 10'°""' M can still
appear with a SSFR below this 1/t line, but the presence of a large
population of such galaxies would have an important consequence
in that the formation epoch of those massive galaxies has to be
pushed to a much earlier time. The decreasing tz with redshift
also requires an even larger SFR with increasing z, and in turn the
submm/mm-detected fraction of galaxies with a stellar mass M, >
10'9~!'" M, has to rise with increasing redshift. The high detection
rate of optically selected z > 4 QSOs in the submm/mm continuum
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(~30 per cent; Carilli et al. 2001; Wang et al. 2007a, 2008), despite
the selection bias against obscured systems, appears to be in line
with this expectation.

The SSFR analysis of the AZTEC-GOOQODS sources also suggests
an intriguing idea that there may be two classes of SMGs, possibly
driven by two different modes of star formation or observed at two
different phases. While the M, for these SMGs span over a factor
of 30 (see Fig. 8), the SFRig and SFRyy 4+ SFRr show no depen-
dence on M, in Fig. 9. This is in contrast to the finding by Davé,
Oppenheimer & Finlator (2011), where a tight M,—SFR relation
is a generic outcome of all of their cosmological hydrodynamic
simulations incorporating galactic outflows. One way to interpret
our observational results summarized in Fig. 9 is that only SMGs
with M, > 10'%5 have properties similar to the objects modelled
by Davé et al., following the M,—SFR relation predicted for SMGs
(solid line in Fig. 9; Davé et al. 2010). AZTEC-GOODS sources
with M, < 10'% may follow a different, currently unknown process
that leads to 10 times larger SSFR. This is somewhat analogous to
the mass-dependent SSFR seen among galaxies in the local universe
(‘red’ and ‘blue sequence’) with a similar range of M., although
with one to two orders of magnitudes lower SSFRs. A division by
mass certainly seems somewhat arbitrary. On the other hand, these
SMGs appear to show a sign of grouping by mass in the middle and
right-hand panel of Fig. 11. A hint of bimodality in the histogram
of M., is also seen in Fig. 8. Future Large Millimeter Telescope
(LMT) and Atacama Large Millimeter Array (ALMA) surveys of
much larger samples with higher angular resolution and spectro-
scopic redshifts should provide a definitive test on this intriguing
possibility.

6 AGN AND STARBURST ACTIVITIES

Determining the source of enormous luminosity associated with
SMGs is an outstanding problem that has important implications on
understanding the mass assembly history of galaxies. To probe the
nature of the heavily obscured power source, optically thin tracers in
the X-ray, IR or radio wavelengths are necessary. Here, we examine
the properties of AzZTEC sources identified in the GOODS-South
and GOODS-North fields using several well-established diagnostic
tests utilizing these optically thin tracers.

6.1 Spitzer IRAC colour—colour diagram

The first set of diagnostic tests to examine are the IRAC colour—
colour diagrams that are commonly used for identifying heavily
obscured AGN based on the colour combinations proposed by Lacy
et al. (2004) and Stern et al. (2005) as shown in Figs 12 and 13,
respectively. The majority of robustly identified AzZTEC sources
in both GOODS fields fall within the regions previously identified
with power-law AGN in both plots. As argued in detail below, these
results are not a direct consequence of using a Spitzer IRAC colour
selection for identifying AzTEC counterpart sources. Interpreting
these results should also require some care as a young starburst
population at z > 1 has a characteristic red SED in this part of the
spectrum and should fall within the same colour region (see Yun
et al. 2008).

The sample size of AZTEC-GOODS sources plotted in Figs 12
and 13 is nearly three times larger than the sample previously anal-
ysed by Yun et al., and these new plots show more clearly that
these AzTEC sources cluster densely around the theoretical colour
tracks of 20-80 Myr old dusty starbursts at z 2 2 by Efstathiou et al.
(2000). The dispersion in the model tracks and the observed colour

© 2011 The Authors, MNRAS 420, 957-985
Monthly Notices of the Royal Astronomical Society © 2011 RAS

Nature of AZTEC GOODS-South sources 975

1g(SB.O/SZLfJ)

1£(S, 5/Sy o)

Figure 12. A Sg.0:m/S4.5 .um versus 5.8 um/S3.6 um IRAC colour diagnos-
tic diagram for heavily obscured starbursts and AGNs based on the colour
combinations proposed by Lacy et al. (2004). Areas occupied by dusty young
starbursts as noted by Yun et al. (2008, see their fig. 1) are outlined by a dot—
dashed line, while the area previously identified with power-law spectrum
AGNs by Lacy et al. is outlined using a dotted line. The IRAC counterparts
identified with the AZTEC sources in GOODS-South and GOODS-North
with empty (undetected in X-ray) and dotted circles (detected in X-ray) clus-
ter around the theoretical dusty starburst SED tracks with different amounts
of dust extinction (Ay = 50 and 200; Efstathiou et al. 2000), as discussed
by Yun et al. (2008). The thick solid line represents the theoretical track
expected of purely power-law IR AGN, while asterisks are power-law AGN
reported by Lacy et al. and Martinez-Sansigre et al. (2008). Typical uncer-
tainties in the colours are shown by the cross in the upper left-hand corner.

are larger in Fig. 13, but the AZTEC sources again mostly occupy
the region spanned by the starburst model tracks, rather than the
area surrounding the IR power-law track. It is particularly notewor-
thy that AzZTEC sources identified with a Chandra X-ray source
(dotted circles) occupy largely the same area as those without X-
ray detection (empty circles), and only a small fraction of sources
(both with and without X-ray detection) overlap with the IR power-
law AGN (asterisks; see Yun et al. 2008). Conversely, many of the
AzTEC sources appearing among the power-law IR sources are un-
detected in the 2 and 4 Ms Chandra surveys (Alexander et al. 2003;
Luo et al. 2008; Johnson et al. 2011). There is a weak trend of an
increasing fraction of X-ray detected sources with redder colour.
We can conclude from these diagnostic plots that nearly all of the
AzTEC sources identified in the GOODS fields have IRAC SEDs
consistent with that of a young starburst, while a small fraction
(20 per cent) shows IR colours of a power-law AGN.

One thing to clarify is that the use of IRAC colours as a
method to identify the AzTEC counterparts does not lead di-
rectly to these observed trends. The adopted colour selection,
[3.6 pm] — [4.5 pm] > 0.0, imposes no restriction on the 5.8 and
8.0 um photometry. This colour selection is also only one of three
independent criteria we examine jointly, and the radio data con-
tribute overwhelmingly to the secure counterpart identification. In
fact, none of the robustly identified sources in Table 1 is based
on the IRAC colour selection alone (see Section 2.1). This colour
selection is not used to reject any counterpart candidates either,
and indeed several robust counterparts shown in Fig. 13 have a
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Figure 13. A [3.6 um]—[4.5 pm] versus [5.8 um] —[8.0 um] IRAC colour
diagnostic diagram for heavily obscured starbursts and AGN based on the
colour combinations proposed by Stern et al. (2005), adopted from fig. 2 of
Yun et al. (2008). All symbols and models shown are identical to those in
Fig. 12.

blue IRAC colour ([3.6 um] — [4.5um] < 0.0). In the context
of the starburst SED model tracks shown, the colour selection
of [3.6 um] — [4.5 um] > 0.0 effectively imposes a redshift bias
against sources at z < 1 such as AZTEC/GS20. However, this bias
is more than compensated by the radio and MIPS identification
methods that systematically favour low-z candidate counterparts.

6.2 Optical-IRAC-MIPS colours

Another widely used AGN diagnostic diagram is the Spitzer mid-IR
colour plot first introduced by Ivison et al. (2004). They noted that
starburst and AGN colour tracks as a function of redshift are well
separated in the plot of flux ratios S»4/Sgo versus Sgo/Ss5 due to
contributions by a power-law AGN and polycyclic aromatic hydro-
carbon (PAH) emission in the 24 um band. By analysing Spitzer
Infrared Spectrograph (IRS) data on 24 pm selected galaxies, Pope
et al. (2008b) found that the main discriminatory information re-
sides in the Sg ¢/S4.5 flux ratio, or the spectral slope in the rest-frame
NIR band. This colour selection is similar to the earlier IRAC colour
analysis proposed by Lacy et al. (2004) and Stern et al. (2005), and it
is again subject to the same confusion with young starburst systems
as noted by Yun et al. (2008) and others. The new AGN diagnostic
condition of Sg¢/S45 > 2 proposed by Pope et al. (2008b) corre-
sponds to 1g(Ss.0/Ss5) = +0.3 in Fig. 12, and objects satisfying
this criteria should also include dusty young starbursts at z < 0.5
and z > 3 as well as power-law IR AGN.

Our version of the Pope et al. (2008b) diagnostic test is shown in
Fig. 14, which shows the plot of the MIPS 24 um to optical i-band
flux ratio versus Sg..m/S4.5.m IRAC band flux ratio for AZTEC
sources in both GOODS fields. Among the 57 sources plotted, only
16 (28 per cent) have the Ss (/545 flux ratio consistent with hosting
an energetic AGN (right of the long dashed line). Again, X-ray
detection (dotted circles) appears to have little bearing on whether
an object falls on the starburst (‘SB’) side or the ‘AGN’ side. The
source with the highest ratio Sg o m/S4.5 um = 4.6 is AZTEC/GS20,
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Figure 14. A diagnostic colour—colour diagram using MIPS 24 pm to opti-
cal i-band flux ratio versus Sg.0 im/S4.5 um IRAC band flux ratio. Symbols
are identical to those in Fig. 12. The long dashed line at Sg ¢/S4.5 = 2 is the
dividing line for AGNs and starbursts as proposed by Pope et al. (2008b).
The dotted line near 1g(S24/S;) = 2.6 is the equivalent division line for the
z~ 2 ‘DOGs’ with F,,(24 um)/F,,(R) 2 1000 — see Dey et al. (2008) and
Fiore et al. (2008).

which is a z = 0.0369 galaxy whose Sg ¢ ,um/S4.5 um ratio arises from
the bright PAH line emission in the 8 pm band, rather than due to a
power-law AGN - also see Fig. 12.

The choice of the flux ratio between the MIPS 24 um and the
optical i band for the vertical axis in Fig. 14 is motivated by the
claim of a new class of faint MIPS 24 um sources that were missed
by earlier optical studies. These so-called ‘dust-obscured galaxies’
(‘DOGs’; Dey et al. 2008; Fiore et al. 2008) represent a population of
infrared bright galaxies that are extremely faint in the optical bands,
characterized by F,(24 um)/F,(R) = 1000. These z ~ 2 galaxies
have similar projected density as SMGs and may account for as
much as ~1/4 of the IR luminosity density at this redshift (Dey et al.
2008; Pope et al. 2008b). Evidence for both star formation and AGN
activity has been reported for these objects. Based on their stacking
analysis of the X-ray hardness ratio, Fiore et al. (2008) proposed
that as many as 80 per cent of these DOGs host a Compton-thick
AGN.

Adopting a mean colour of r — i ~ +1.0 for the radio-selected
SMGs (e.g. Ivison et al. 2002), the ‘F,(24 um)/F,(R) = 1000’
definition for DOGs translates to ‘1g(S> .m/S;) 2 2.6” in Fig. 14.
Among the 12 X-ray detected secure AzZTEC counterpart sources
with sufficient optical and Spitzer data to be included in this anal-
ysis, nearly equal numbers of SMGs fall on either side of this
division line. One significant difference is that nine X-ray detected
AZTEC sources fall on the optically faint side (above the dotted
line), while only three X-ray detected AzTEC sources (including
the low-z source AZTEC/GS20) are found on the optically bright
side. This trend is consistent with the suggestion by Fiore et al. that
many of these DOGs host a Compton-thick AGN. However, there
are just as many AzZTEC sources undetected in the X-ray above the
division line. Given that the observed X-ray emission can be largely
accounted for by the starburst activity in many cases (see below
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and Alexander et al. 2005), the significance of a higher frequency
of X-ray detection among these optically faint SMGs is not entirely
clear.

6.3 X-ray

The 2 and 4 Ms Chandra X-ray surveys of the two GOODS fields
(Alexander et al. 2003; Luo et al. 2008; Johnson et al. 2011; Xue
et al. 2011) are some of the deepest X-ray data available and thus
offers the best opportunity to determine X-ray properties of all types
of extragalactic sources. A cross-correlation of the AZTEC and
Chandra X-ray catalogue has shown that 16 (out of 48) and eight
(out of 40) AzTEC sources in the GOODS-South and GOODS-
North fields have an X-ray source within 6 arcsec of the AzZTEC
centroid positions (Johnson et al. 2011). Given the low density of
X-ray sources, these coincidences are highly statistically significant.
On the other hand, only a subset of these X-ray sources are robust
counterparts, and another physical link such as the clustering of
massive galaxies (e.g. Almaini et al. 2003) must play a role.

The derived 2-10 keV X-ray luminosity of these Chandra sources
favour the AGN origin for the observed X-ray emission. Examin-
ing the X-ray properties of faint radio sources in the Hubble Deep
Field-North, Bauer et al. (2002) found that the linear correlation
between X-ray luminosity and 1.4 GHz radio luminosity density
of late-type galaxies extends to luminous X-ray detected emission-
line galaxies at intermediate redshift, suggesting both the X-ray
and radio processes are associated with star formation activities.
Persic et al. (2004) have shown that the integrated emission from
high-mass X-ray binaries (HMXBs) can offer a natural explana-
tion for the observed correlation, and given their short lifetime the
measured X-ray luminosity can offer an instantaneous snapshot of
the ongoing SFR. Since HMXBs also display a characteristic hard
X-ray spectrum, the hardness ratio of the observed X-ray emis-
sion does not provide a unique probe of AGN activity (e.g. Fiore
et al. 2008, see Section 6.2). On the other hand, X-ray luminosity of
these Chandra sources associated with AZTEC detection ranges be-
tween Lx(2.0-10keV) = 10*? and 10* ergs~!. When converted to
a SFR using the relation given by Persic et al. (2004), their inferred
SFR ranges between 10° and 10* Mo yr~!, exceeding the SFR de-
rived from their UV and IR properties (see Fig. 9). A fainter X-ray
source with 2-10 keV luminosity of 10*? erg s~! can be either a low-
luminosity AGN or an SMG with a SFR = 10° M yr~!, but any
source with a higher X-ray luminosity would require a significant
AGN contribution (see Johnson et al. 2011).

One intriguing trend found is that the fraction of robust AzZTEC
counterparts that are also Chandra-detected X-ray sources is higher
for the brighter AzZTEC sources. The 30 per cent (seven and eight
out of 25) of the brightest AZTEC sources in the GOODS-South
and GOODS-North fields are detected individually as a Chandra X-
ray source, and an increasing AGN activity may be associated with
the most luminous AzTEC sources. In the same vein, the number
of candidate Chandra counterpart in the GOODS-South field did
not change from the 2 to 4 Ms catalogue, and the greater depth of
the X-ray data had curiously little impact. The higher frequency of
X-ray counterpart in the GOODS-South field (16/48 versus 8/40)
may reflect the cosmic variance in these two relatively small size
fields. A more detailed discussion of the X-ray properties of AZTEC
sources is presented elsewhere (Johnson et al. 2011).

The high detection rate for the AzZTEC sources in the X-ray bodes
well for coeval mass growth scenarios for the stellar component
and the central supermassive black hole (SMBH) designed to ex-
plain the apparent correlation between the central black hole mass
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and stellar velocity dispersion (‘M—o relation’; Magorrian et al.
1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000). For example,
through detailed numerical modelling, Narayanan et al. (2010a,b)
have shown that a rapid build-up of stellar mass and the growth
of the central SMBH can be achieved through a merger-driven
starburst, and can reproduce the observed properties of SMGs and
dust-obscured QSOs. Winds driven by the starburst and the AGN
activity can effectively disrupt the central concentration of gas and
dust, driving the evolution of such objects from an SMG phase to a
QSO phase (Narayanan et al. 2008).

A natural consequence of such a scenario is that a massive stel-
lar galaxy with a maturing young stellar population would emerge
unobscured as the central AGN begins to dominate the overall en-
ergetics. As the feedback process starts to clear out the obscuring
dust and gas, the central AGN would also become more detectable
in the X-ray, UV and optical bands, marking the beginning of the
classical QSO phase. However, the X-ray detected AzZTEC sources
in the optical and NIR bands span the entire observed range of
brightness, indistinguishable from the X-ray undetected sources in
Fig. 6. The i — K colours of the X-ray detected sources are also in-
distinguishable from the others, suggesting that either (1) the X-ray
detection does not signal the emergence of the central AGN as the
dominant energy source or (2) additional complexity is required in
the SMG-QSO evolution model.

By analysing the properties of a sample of z ~ 2 SMGs exhibiting
broad He and HB emission lines, Alexander et al. (2008) have esti-
mated their black hole mass to be 23 times smaller than those found
in comparable mass normal galaxies in the local universe, and 210
times smaller than those predicted for z & 2 luminous quasars and
radio galaxies. Based on this evidence, they argued that the growth
of the black hole lags that of the host galaxy in SMGs. We find
only marginal evidence for AGN contribution to the NIR (Figs 12
and 13) and mid-IR (Fig. 14) SEDs for the robust AzZTEC sources,
even among those detected in the X-ray. The spectral decomposi-
tion and the analysis of the emission, absorption and continuum
features in the Spitzer IRS spectra of SMGs by Pope et al. (2008a),
Menéndez-Delmestre et al. (2009) and Murphy et al. (2009) have
found that a starburst dominates the luminosity in the large major-
ity of cases, even when the sample is selected to have AGN-like
colours (Coppin et al. 2010b). A consistent trend emerging from
these multiwavelength data analyses is that dust-obscured starburst
activity can account for most of the luminosity in SMGs, with little
or only a minor contribution from AGN.

7 SUMMARY AND DISCUSSION

Taking advantage of some of the deepest imaging and photome-
try data and extensive spectroscopic information in the GOODS-
South field, we searched for counterparts to the 48 AzZTEC sources
found in the deep 1.1 mm wavelength survey by Paper I, us-
ing a P statistic analysis involving VLA 1.4 GHz, Spitzer/MIPS
24 umm and IRAC catalogues, combined with cross-identification
with LABOCA 870 um sources. Robust (P < 0.05) and tentative
(0.05 < P < 0.20) counterpart candidates are found for 27 and 14
AZTEC GOODS-South sources, respectively. Five of the sources
(10 per cent) have two robust counterparts, supporting the idea that
these SMGs are strongly clustered and/or confused. A spectroscopic
redshift is available for 12 robust counterparts and 12 tentative
counterparts, while photometric redshifts based on rest-frame UV-
to-optical and radio-millimetric SED analysis are available for the
remainder. Stellar mass (M, ) and SFRyy are derived by modelling
the observed optical and Spirzer IRAC photometry, while SFRjg
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is derived by analysing the IR, (sub)millimetre and radio photom-
etry using theoretical templates. To improve the statistics of the
subsequent analysis, we applied the same counterpart identification
and SED analysis to the AzTEC 1.1 mm sources identified in the
GOODS-North field (Perera et al. 2008; Downes et al. 2011).

Estimates of the redshift distribution of AzZTEC-GOODS
sources are constructed by combining spectroscopic redshifts with
UV+optical and radio—millimetric photometric redshifts, and these
two redshift distributions agree well with each other as shown in
Fig. 4. Our analysis shows that 80 per cent of AzZTEC sources are
at z > 2, with a median redshift of z,.q ~ 2.6, and there is a sig-
nificant high-redshift tail with 20 per cent of AzZTEC sources at 7 >
3.3. These distributions are quite different from the commonly cited
SMG redshift distribution of Chapman et al. (2005), primarily at
the low-redshift end. The SHADES survey redshift distribution by
Aretxaga et al. (2007) is in better agreement with our redshift dis-
tribution derived from the AZTEC-GOODS surveys, and like ours,
is missing the low-redshift tail seen in Chapman et al. (2005). Com-
plete CO spectroscopic redshift surveys using the LMT and ALMA
will be able to accurately determine the SMG redshift distribution
by overcoming the large number of systematic biases inherent in all
of these analyses.

An examination of the rest-frame UV and optical photometry
for the securely identified AZTEC sources shows a nearly 10 mag (a
factor of 10* in flux density) spread in the i- and K-band photometry
and extremely red colours spanning i — K colour between 0 and
+6. There are a small minority of SMGs that are bright in the rest-
frame UV bands, overlapping with star-forming galaxy population
previously identified in the rest-frame UV searches. On the other
hand, AZTEC-GOODS sources are on average quite red and faint,
with a median brightness of i = 25.3 and K = 22.6, and a large
fraction of AzZTEC sources are entirely missed by previous surveys
of star-forming galaxies. Examining the observed scatter in the i —
K colour, we deduce that there is at least a factor of 10 variation in
the intrinsic rest-frame optical luminosity among these SMGs.

A Hubble diagram of the observed IRAC 3.6 um flux density
shows that these AZTEC-GOODS sources are some of the most lu-
minous galaxies in the rest-frame optical bands at z > 2, offering a
good explanation as to why nearly every SMG identified with inter-
ferometric observations shows a relatively bright IRAC counterpart.
Modelling of the observed rest-frame UV and optical SEDs shows
that the stellar masses are rather large, M, = (1-30) x 10'° Mg,
with a surprisingly large SFRyy 2 100-1000 Mg, yr~' for about
50 per cent of these galaxies. In comparison, SFRjr derived from
modelling the IR to radio SED covers arelatively tight range of 200—
2000 M yr~!, independent of the redshift or stellar mass. Whether
a galaxy has been detected in the X-ray by Chandra appears to have
no influence on the derived M., SFRyy, SFRg and SFRyy/SFRg
ratio, and the presence of an X-ray bright AGN appears to have
relatively little influence on these quantities.

These AzZTEC-GOODS sources have a SSFR 10-100 times
higher (SSFR ~ 1-100 Gyr~!) than similar stellar mass galaxies
at z = 0, and they extend the previously observed rapid rise of
SSFR with redshift (SSFR o (1 + z)°; Damen et al. 2009) to z =
2-5. More importantly, all of the AZTEC-GOODS sources have
a SSFR above the inverse Hubble time line, indicating that they
have a current SFR high enough to have built up their entire stellar
mass within the Hubble time at their observed redshift. This might
be the best quantitative evidence yet that we are witnessing these
galaxies during their rapid mass build-up phase. The flat SSFR as a
function of redshift we deduce contradicts the model prediction of
a tight M ,—SFR relation based on cosmological hydrodynamic sim-

ulations incorporating galactic outflows (Davé et al. 2010, 2011).
However, AzZTEC sources with M, 2 10'° M, appear to follow
this model prediction, and one plausible explanation is that a dif-
ferent mechanism is operating for the lower mass SMGs, leading to
a 10 times higher SSFR. Alternatively, they are seen at a different
phase of rapid mass build-up. Much of the CIRB is expected to
be associated with fainter sources below the confusion limit of our
AZTEC surveys, and their number counts can offer an important
constrain to the evolution model for SMGs (Granato et al. 2004;
Baugh et al. 2005; Rowan-Robinson 2009). It still remains to be
shown whether these are young, lower mass galaxies seen in their
rapid formation epoch or the simmering activities in more massive
galaxies that have already undergone an SMG-like rapid build-up
phase in even earlier epochs.

Lastly, we examine the evidence for luminous AGN in these sys-
tems using three different diagnostic tests: (1) the Spitzer IRAC
colour—colour diagram, (2) optical-IRAC-MIPS colours and (3)
X-ray luminosity. We find only marginal evidence for AGN contri-
bution to the NIR (Figs 12 and 13) and mid-IR (Fig. 14) SEDs for the
robust AzZTEC sources, even among those detected in the X-ray. A
consistent trend emerging from this multiwavelength data analysis
and similar studies by other groups is that dust-obscured starburst
activity can account for most of the luminosity in submm/mm-
selected galaxies, with little or only a minor contribution from
AGN.
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NOTE ADDED IN PRESS

During the production of this article after the manuscript was ac-
cepted, I. Smail has alerted the authors that a paper by Wardlow
et al. (2011) reporting a similar analysis of 74 LABOCA 870 pm
sources in the Extended Chandra Deep Field has appeared in the
journal. The redshift distribution and estimated stellar masses are
similar to those reported here, including a population at a high-
redshift tail (15 per cent of sources at z > 3).
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APPENDIX A: NOTES ON INDIVIDUAL
SOURCES

AzTEC/GSI. There is one clear, robust counterpart (GSla in Ta-
ble 2), which is a radio source found 4.8 arcsec north of AZTEC/GS1
(P14 = 0.045). This faint radio source has an IRAC/MIPS counter-
part (P4, = 0.161), which is also a Chandra/X-ray source. This
source has a red IRAC colour with [3.6 um] — [4.5 um] = +0.37
(Peolowr = 0.133), similar to the AzTEC sources identified us-
ing submillimetre interferometry (Younger et al. 2007; Yun et al.
2008). The 870 um LABOCA source LESSJ033211.3—-275210
(Sg70um = 9.2 £ 1.2mly) position is only 2.1 arcsec away from
GSla, and Biggs et al. (2011) also identify GS1a as the robust coun-
terpart. No spectroscopic redshift is available for this extremely faint
optical source (i > 23.5, K > 22.9), and it is likely a high-redshift
(z > 3) source with 7,y = 2.96 + 0.45 and zyr = 3.567055.

AzTEC/GS2.1. There are two radio sources (GS2.1a and GS2.1b)
within the 4.5 arcsec search radius, each with a high likelihood
of being the AzZTEC counterpart. The westernmost source GS2.1a
with a red IRAC colour ([3.6 um] — [4.5 um] = 40.38) is a ro-
bust identification (P;4 = 0.001). The 870 um LABOCA source
LESSJ033219.0—-275219 (Sg70um = 9.1 £ 1.2mlJy) position is
only 4.8 arcsec away from GS2.1a. The adjacent, second faint ra-
dio source GS2.1b is an extremely rare example of a faint radio
source without any counterpart in the IRAC and MIPS images.
Both radio sources are formally considered robust counterparts by
our analysis and by Biggs et al. (2011). There are two additional
faint radio sources just outside the search radius, making this an

© 2011 The Authors, MNRAS 420, 957-985
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exceptionally crowded field in the radio band. These two more
distant radio sources have the same spectroscopic redshift of z =
1.097 (Le Fevre et al. 2004; Norris et al. 2006), and their blue
IRAC colour, [3.6 pm] — [4.5 pm] = —0.27 suggests that they are
indeed foreground sources. The catalogue position for the BLAST
250 um source 59 (Dunlop et al. 2010) is located near the peak
of the AzZTEC/GS2 contours but between the two deconvolved
components AzZTEC/GS2.1 and AzTEC/GS2.2. A third potential
counterpart, GS2.1c, identified by MIPS 24 um detection is only
3.9 arcsec from the AzTEC centroid; however, it has a blue IRAC
colour ([3.6 um] — [4.5 um] = —0.32) with a spectroscopic redshift
of z = 0.644, and is likely a foreground object.

AZTEC/GS2.2. There are no radio sources within 15 arcsec of
AzTEC/GS2.2. The MIPS 24 um source GS2.2a is a poten-
tial counterpart with P4, = 0.212 with a blue IRAC colour
([3.6 pm] — [4.5 pm] = —0.23) and a spectroscopic redshift of z =
1.046 (Popesso et al. 2009). Therefore, it is likely a member of the
foreground z = 1.10 cluster GCL J0332.2—2752 (o, = 433 km s
Diaz-Sanchez et al. 2007) whose centre is located only ~20 arcsec
to the north-east, at « = 03"32™17%5 and § = —27°52/32".
This MIPS source is blended with a second IRAC source located
3 arcsec to the south-west, GS2.2b, which has a red IRAC colour
([3.6 um] — [4.5 um] = +0.26; Polour = 0.390). GS2.2b is also a
BzK galaxy and thus is an actively star-forming system. The IRAC
source GS2.2c is another BzK galaxy with a red IRAC colour
([3.6 um] — [4.5 um] = +0.10) and is an interesting alternative
counterpart, though Pyjoyr = 0.439. The closest 870 um LABOCA
source LESS J033217.6—275230 (Ss70 um = 6.3 & 1.3 mJy) posi-
tion is 15 arcsec north-east of the AZTEC centroid, nearly centred on
the z = 1.1 cluster. The position of AZTEC/GS2.2, however, is very
uncertain as it is blended with AzZTEC/GS2.1, so the counterpart
identification is highly problematic.

AZTEC/GS3. The faint IRAC source GS3a (Sj4gu, = 40.7 £
6.5 1ly; P14 = 0.045) is also a MIPS 24 um source with a red
IRAC colour ([3.6 um] — [4.5 um] = 4-0.37; Pcoiour = 0.174). The
870 pm LABOCA source LESSJ033248.1—-275414 (Sg70um =
8.8 £ 1.2mly) is only 2.4 arcsec away from GS3a, leading Biggs
etal. (2011) to conclude this source as a secure counterpart as well.
Dunlop et al. (2010) also identified GS3a as the counterpart to the
250 um BLAST source 593 and estimated a redshift z > 2.5 for
this optically invisible source. Our radio-mm photometric redshift
of zyr = 3.09f?:? > supports this high-z hypothesis. There is a faint
red IRAC source, GS3b, which is also a tentative detection that
cannot be ruled out.

AZTEC/GS4. There is only one red IRAC source (GS4a; Peojour =
0.070) within the 6.5 arcsec search radius. It is a faint radio emitter
(S146H, = 25.41+6.5 Wy, P4 = 0.021). There are two other radio
sources within 17 arcsec from the AzTEC position, but GS4a is the
only source falling within the error circle of the 870 um LABOCA
source LESS J033249.2—274246 (Sg70 um = 8.8+ 1.2 mly). There-
fore GS4a is a robust counterpart for the AzZTEC source although it
is only a tentative counterpart for the LABOCA source (Biggs et al.
2011). This is another high-z candidate source with zop = 3.37 £
0.25 and zyr = 3.53777;.

AZTEC/GSS. There is a single tentative counterpart within the
7.1arcsec search radius from the AzTEC/GSS5 position. How-
ever, the AZTEC contours are elongated in the east-west direc-
tion, joining the two VLA radio sources GS5a and GS5b. Both
radio sources have red IRAC counterparts, and both sources may
contribute to the AzZTEC emission. The 870 um LABOCA source
LESS J033150.8—274438 (Ss70 um = 3.9£ 1.4 mly) is located only
4.1 arcsec away from GS5a (also a Chandra X-ray source), and
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Biggs et al. (2011) and Chapin et al. (2011) also identify GS5a as
the secure counterpart to the LABOCA source. Casey et al. (2011)
reported a spectroscopic redshift of z = 1.599 for GS5a based on
some absorptions features, and this redshift is further supported by
the 9 h long integration VLT spectrum by Silverman et al. (2010).
AZTEC/GS6. The IRAC/MIPS source GS6b is located only
0.4 arcsec from the AzZTEC/GS6 centroid. Howeyver, its blue IRAC
colour ([3.6 um] — [4.5 pm] = —0.23) and spectroscopic redshift
of z = 1.102 (Stern et al., in preparation) suggest that GS6b
is likely a foreground object. At a distance of 12.4 arcsec, the
IRAC/MIPS source GS6a is located outside the 7.5 arcsec for-
mal search radius for a counterpart, but it has very red IRAC
colour ([3.6 um] — [4.5 um] = +0.45) and is a faint radio source
(S146r; = 31.0 £ 6.3 Wy; P14 = 0.268). Biggs et al. (2011)
identify GS6a as the robust counterpart for the 870 pm LABOCA
source LESS J033225.7—275228 (S370 um = 5.8+ 1.4 mlJy) located
6.2 arcsec away, and this galaxy is likely the primary counterpart to
the AzTEC source as well.

AzTEC/GS7. The red IRAC/MIPS source GS7a is the only radio
source within the 8.7 arcsec search radius (S; 4 g, = 51.2£6.4 ply;
P4 = 0.126). Therefore, it is considered a tentative counterpart to
AZTEC/GS7. The spectroscopic redshift of GS7a, which is also
identified as a Chandra X-ray source, is z = 2.676, in excel-
lent agreement with its radio-mm photometric redshift of zygr =
2.5670:33. The 870 um LABOCA source LESS J033213.6—275602
(Sg70um = 9.1 &£ 1.2mly) is located only 4.2 arcsec away, and
Biggs et al. (2011) also identify GS7a as a robust counterpart. A
second possible counterpart, GS7b, is a red IRAC/MIPS source
(Pagpum = 0.151, Peoiour = 0.168) located on the other side of the
AzTEC centroid and may contribute to the observed 1100 um emis-
sion.

AZTEC/GSS. There is a single robust radio counterpart GS8a,
4.4 arcsec from the AzTEC centroid position with Py, = 0.038.
The IRAC/MIPS counterpart GS8a also has a red IRAC colour
([3.6 pm] — [4.5 pm] = 40.33) and relatively bright MIPS 24 um
emission (Sp4pm = 620Wly; Pupym = 0.203). Both Chapin
et al. (2011) and Biggs et al. (2011) have identified this z =
2.252 galaxy as the counterpart to the 870 pm LABOCA source
LESS J033205.1—-274652 (Sg70 um = 7.5 &= 1.2 mly), located only
7.7 arcsec away from AZTEC position. The second IRAC/MIPS
source GS8b located 2.9 arcsec from the AzTEC position, is also a
plausible MIPS 24 um counterpart (P4 .y = 0.089) with red IRAC
colour and is also a Chandra X-ray source.

AzTEC/GS9. The single tentative radio counterpart (S;4 = 86.8 +
6.6 Wy; P14 = 0.070) is associated with a red IRAC/MIPS source
GS9a, located 6.2 arcsec from the AZTEC centroid position. Itis also
a Chandra-detected X-ray source and should be considered a strong
candidate for the AzZTEC counterpart. Located only 3.5 arcsec away
from the AzTEC centroid, the IRAC/MIPS source GS9b is an in-
triguing alternate counterpart candidate given its red IRAC colour
([3.6 um] —[4.5 um] = +0.29) and MIPS 24 pum emission. If GS9b
is the primary source of 1100 pm continuum emission, then it is
likely to be a high-redshift system as its radio non-detection re-
quires zyr > 3.3. Slightly further away is GS9c, also a tentative red
IRAC source. No nearby source is found in the 870 um LABOCA
catalogue, but the LABOCA map shows a S/N = 3.0 peak (3.4 £
1.2 mly) at the position of GS9a.

AZTEC/GS10. There is a single robust radio counterpart to
AzTEC/GS10, located 5.3 arcsec from the AzTEC centroid (S;4 =
89.3 £ 6.4Wly; P14 = 0.053). Its red IRAC/MIPS counterpart
GS10a ([3.6 pm] — [4.5 um] = +0.14) has a reported spectro-
scopic redshift of z = 0.0338 in the GOODS/ESO VIMOS DR1
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catalogue (Popesso et al. 2009), but the same group revised its
redshift to z = 2.035 using new data (Balestra et al. 2010).
This revised spectroscopic redshift is in excellent agreement with
our photometric redshift, zyg = 2.03703i. Another red IRAC
source GS10b ([3.6 um] — [4.5 um] = +0.04; Poiour = 0.077),
located only 3.2 arcsec away from the AzZTEC position, is not de-
tected in the radio or by MIPS. The 870 pm LABOCA source
LESS J033207.6—275123 (S370 um = 7.6 1.3 mJy) is located only
4.3 arcsec away from GS10a, and it is also identified as a robust
LABOCA counterpart by Biggs et al. (2011).

AZTEC/GSI1. There is a single tentative VLA radio counterpart
for this source located 6.5 arcsec from the AzZTEC centroid (S, 4 =
46.0 = 6.4 wly; P14 = 0.081), and it is also a Chandra X-ray
source. Its IRAC/MIPS counterpart GS11a has a slightly blue colour
([3.6 pm] —[4.5 pm] = —0.02), but the VLT ISAAK K-band image
(Retzlaff et al. 2010) shows that this IRAC source is a blend of an
optically bright (i = 21.7) z = 0.246 foreground source and an
optically faint source second source, which is the radio source. The
250 um BLAST source 109, located ~30 arcsec south-east of the
AZzTEC centroid, is undetected at longer wavelength bands and is
identified with a z = 0.124 foreground disc galaxy (Dunlop et al.
2010). Our photometric redshift for GS11a, zyr = 2.507032, is
completely inconsistent with this identification, and the proposed
BLAST counterpart is unlikely to be related to the AzTEC source.
No nearby source is found in the 870 pm LABOCA catalogue, but
the LABOCA map shows a S/N ~ 3 peak (3.5 £ 1.2mly) at the
position of GS11a.

AzZTEC/GSI12. The most likely counterpart candidate is a faint ra-
dio, red IRAC source GS12a located 4.0 arcsec away from the
AZTEC position with [3.6 pum] — [4.5 um] = +0.10. This z =
4.762 galaxy was also identified as the counterpart to the LABOCA
870 um survey source LESS J033229.3—-275619 (Sg70,.m = 5.1 £
1.4mJy) by Coppin et al. (2009) based on its proximity to the
LABOCA position and the presence of a ~3¢ radio source. Red-
shifted CO emission at zco = 4.755 has been reported by Cop-
pin et al. (2010a), lending further support for the counterpart
identification.

AzZTEC/GS13. There is a high concentration of IRAC/MIPS sources
with spectroscopic redshifts between 1.0 and 1.6 in the re-
gion surrounding AzZTEC/GS13. The most likely counterpart for
AzTEC/GS13 is a red IRAC/MIPS source GS13a ([3.6 um] —
[4.5 um] = 40.24), located only 2.1 arcsec away from the AZTEC
centroid. This source is also a faint radio source with no known
spectroscopic redshift. A second IRAC/MIPS source GS13b is a
Chandra X-ray source at z = 1.039 (Mignoli et al. 2005), but its
statistical likelihood of being the AzZTEC counterpart is lower (see
Table 1). A third candidate counterpart, GS13c, is a faint radio
source, but it has a blue IRAC colour ([3.6 um] — [4.5um] =
—0.25) and is therefore likely a foreground source. The 250 pm
BLAST source 193 is located ~25 arcsec south of the AzZTEC posi-
tion. Although the low density of the AZTEC and BLAST sources
make the chance coincidence of these two sources even at such
a substantial separation small, few plausible candidates are found
within the BLAST position error circle. No nearby source is found
in the 870 um LABOCA catalogue, but the LABOCA map shows
a S/N ~ 3 peak (3.6 & 1.2 mJy) near the AZTEC centroid position.
AZTEC/GS14. There are no radio sources within the 9.0 arcsec
search radius. The only tentative counterpart is a faint, red IRAC
source GS14a ([3.6 um] — [4.5um] = +0.04; Pojonr = 0.083)
located only 3.1arcsec from AzZTEC/GS14. Although no nearby
source is found in the 870 um LABOCA catalogue, the LABOCA
map shows a S/N ~ 3 peak (3.3 & 1.2 mJy) nearly coincident with

this position. The previously unpublished redshift of z = 3.640
(Keck LRIS spectrum; Spinrad, private communication) for GS14a
is consistent with its photo-z zo = 3.50 & 0.30 and the non-
detection in the radio and the MIPS 24 um bands, similar to the z =
4.762 AzTEC/LABOCA source GS12a.

AZTEC/GS15. There are several faint, red IRAC/MIPS sources
within the 9.0 arcsec search radius, although they are individu-
ally not particularly compelling. The faint radio source GS15a,
although 12.7 arcsec from the AzZTEC centroid, is also a Chan-
dra X-ray source and is located 1.4 arcsec from the centroid of
the LABOCA 870 pum source LESS J033151.5—274552 (Sg70 um =
4.2 £+ 1.4mly), and GS15a is the secure LABOCA counterpart
(Biggs et al. 2011).

AZTEC/GS16. There are two faint radio sources within the coun-
terpart search radius of 10.5 arcsec. The red IRAC/MIPS source
GS16a ([3.6 pm] — [4.5 pm] = +0.53) is 6.1 arcsec away from the
AZTEC position, and it is a tentative radio counterpart with P; 4 =
0.072. GS16a is also an X-ray source detected by Chandra and has
a spectroscopic redshift of z = 1.719 (Silverman et al., in prepa-
ration). The second radio source GS16b is located slightly further
away, 7.9 arcsec. Although it is a brighter MIPS 24 pm source, it
has a blue IRAC colour ([3.6 um] - [4.5 pm] = —0.29) and a spec-
troscopic redshift of z = 1.017 (Mignoli et al. 2005), suggesting it
is a foreground source. No nearby source is found in the 8§70 um
LABOCA catalogue, but the LABOCA map shows a S/N ~ 2 peak
near the position of G16a.

AZTEC/GS17. Two plausible IRAC/MIPS sources are found within
the 10.5 arcsec search radius. The IRAC/MIPS source GS17a is a
faint radio source with P, = 0.007, making it formally a robust
identification. However, it has a blue IRAC colour with [3.6 um]
— [4.5 um] = —0.27 and is thus likely a foreground object(zop =
1.01 £ 0.10). The IRAC/MIPS source GS17b is another robust
identification based on the MIPS detection (Pa4,,m = 0.026) and
red IRAC colour ([3.6 um] — [4.5 um] = +0.19, Pcoionr = 0.021),
and this Chandra detected X-ray source has a photometric redshift
of z = 2.66 (Silverman et al. 2010). Though slightly further from
the AzZTEC centroid, GS17c is an interesting alternative possibility:
this red IRAC/MIPS source ([3.6 um] — [4.5 um] = +0.36) has
optical colours satisfying the BzK criteria for star-forming galaxies
at high redshifts. There is also a close pair of radio sources, GS17d
and GS17e, located 12 arcsec north of the AzZTEC position; though
they are outside the nominal search radius, both have red IRAC
colours and remain plausible counterparts to the AZTEC source. No
nearby source is found in the 870 pum LABOCA catalogue, but the
LABOCA map shows a S/N ~ 3 emission peak between GS17b
and the two radio sources GS17d and GS17e.

AZTEC/GS18. There are two faint radio sources within the 9.3 arcsec
search radius of AzTEC/GS18. The closest IRAC/MIPS source
GS18a is formally a robust counterpart owing to its proximity
to the AzZTEC position and its very red IRAC colour ([3.6 um]
— [4.5um] = +0.47, Peojour = 0.113). Additionally, GS18b is a
z = 2.688 galaxy which is an X-ray source detected by Chan-
dra (Akiyama 2005) and has a red IRAC colour ([3.6 pum] —
[4.5 pm] = 40.31), making it a plausible candidate for the coun-
terpart to AzZTEC/GS18. A third radio-faint IRAC/MIPS source
GS18c is a tentative candidate based on its MIPS 24 um emis-
sion, but it has very blue colour ([3.6 pm] — [4.5 pm] = —0.39)
and is likely a foreground object. The 870 um LABOCA source
LESS J033243.6—274644 (Ss70um = 6.4 £ 1.3mly) is located
~8.4 arcsec south of the AzZTEC position, putting GS18a between
the AzZTEC and LABOCA centroids. Biggs et al. (2011) identified
GS18a as a tentative (and only) counterpart to the LABOCA source.

© 2011 The Authors, MNRAS 420, 957-985
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This extremely faint optical source (i = 28.1, K > 24.5) is another
high-z candidate with zyr = 3.007035.

AZTEC/GS19. A pair of radio sources, GS19a and GS19b (with
P4 =0.102 and P, 4 = 0.143, respectively), is strongly favoured
as the counterparts to AZTEC/GS19 when all statistical measures
are taken into account. They form a blended source in the MIPS
24 um band, and both have red IRAC colours. It is possible that
these two sources are physically related and both contribute to
the AzTEC emission. No spectroscopic redshift is available for
either sources while their photometric redshifts are quite similar
(Zopt = 1.83 £ 0.35&2.08 +£ 0.25). At z = 2.0, their projected
separation of 3.2 arcsec corresponds to 27 kpc. There is a third
IRAC/MIPS counterpart, GS19c, that is a tentatively counterpart
with a lower likelihood (Pr4um = 0.181). No nearby source is
found in the 870 pm LABOCA catalogue, but the LABOCA map
shows a S/N ~ 2.4 emission peak near GS19a and GS19b.
AZTEC/GS20. The AZTEC contours are well centred and follow the
light profile of the z = 0.0369 galaxy GS20a, which is also a bright
and well resolved radio, MIPS 24 and 70 pum, and X-ray source.
This source is quite blue ([3.6 pm] — [4.5 um] = —0.43) and is
obviously a bright foreground galaxy. It is the brightest BLAST
250 pm source within the GOODS-South survey field proper, and
Dunlop et al. (2010) argue that this foreground galaxy is the correct
counterpart for the BLAST source. It is possible that the 1.1 mm
emission originates from the cold dust associated with this spiral
galaxy (as seen in the HST images), but it is difficult to repro-
duce the entire measured SED from A = 1 pm to 20cm using a
reasonable set of assumptions on dust temperature, IR luminosity
and SFR for this low-redshift galaxy. Instead, the AZTEC emission
may originate from a background object, possibly lensed by this
foreground galaxy, similar to AzZTECJ100008.05+022612.2 im-
aged at high angular resolution by Younger et al. (2007).
AZTEC/GS21. The single tentative radio counterpart (GS21a) has
[3.6 um] — [4.5 um] = +0.24 and a spectroscopic redshift of z =
1.910 (Vanzella et al. 2008). The position centroid of the BLAST
250 um source 861 is displaced by ~7 arcsec to the north-east, but
GS21a is still within the error-circle of the BLAST source. No
nearby source is found in the 870 um LABOCA catalogue, but the
LABOCA map shows a S/N ~ 1.8 emission peak near GS21a. A
second tentative counterpart GS21b is a red IRAC/MIPS galaxy
located just 2.5 arcsec away from the AZTEC centroid.
AZTEC/GS22. The faint radio source GS22a, located 7.8 arcsec
away from the AzTEC centroid, is the most likely counterpart
(S14 = 34.6 £ 6.5y). This galaxy is also a red IRAC/MIPS
source ([3.6 um] — [4.5 um] = +0.30) and has a spectroscopic red-
shift of z = 1.794 (Wuyts et al. 2009). The 250 pm BLAST source
552 position centroid is ~10 arcsec east of the AZTEC position, and
Dunlop et al. (2010) also identified the radio source GS22a (located
~7 arcsec away from the BLAST position) as the likely counter-
part. A second red IRAC/MIPS candidate counterpart, GS22b, is
closer to the AzZTEC centroid and is an interesting alternative. No
nearby source is found in the 870 pm LABOCA catalogue, but the
LABOCA map shows a S/N ~ 3.1 emission peak near this red
IRAC/MIPS source GS22b.

AzTEC/GS23. The faint radio source GS23a (S, 4 = 23.4£6.5 ply;
P4 = 0.030) is a robust counterpart, and its red IRAC colour
([3.6 um] — [4.5 um] = 40.45) adds to the high likelihood of be-
ing the correct counterpart. A second tentative radio counterpart,
GS23b is only slightly further from the AZTEC centroid, and it is a
red IRAC/MIPS source with a spectroscopic redshift of z = 2.277
(Chapin et al. 2011). Both GS23a and GS23b are within the beam
area of the 870 um LABOCA source LESSJ033221.3—-275623
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(Sg70um = 4.7 £ 1.4mly) and the 250 um BLAST source 158.
Dunlop et al. (2010) and Biggs et al. (2011) have identified GS23b
as the counterpart consisting of ‘an extremely complex faint system’
at optical wavelengths.

AZTEC/GS24. There is a single tentative faint radio counterpart
within the 12.2 arcsec counterpart search radius, GS24a. This red
IRAC/MIPS source is the most likely counterpart to AZTEC/GS24.
The 250 um BLAST source 104 straddles GS24a and a z = 2.578
type 2 QS0 J033235.78—274916.82 (Rigopoulou et al. 2009, also
detected at MIPS 70 um), and both sources likely contribute to
the 250 um continuum. Dunlop et al. (2010) instead identified the
z = 0.547 radio source located at the edge of the AzZTEC and
BLAST beam based on the radio P statistic. No nearby source is
found in the 870 pum LABOCA catalogue, but the LABOCA map
shows a S/N ~ 3 emission peak near the z = 2.578 type 2 IR
QS01J033235.78—274916.82 and a secondary S/N ~ 2 emission
peak near GS24a. The AZTEC contours are elongated in the north—
south direction, and this may be another example of a blended
source.

AZTEC/GS25. The red IRAC/MIPS source associated with radio
emission GS25a is located only 6.8 arcsec away from the AzZTEC
centroid position. This galaxy, also detected in the X-ray by Chan-
dra, has a spectroscopic redshift of z = 2.292 (Popesso et al.
2009). The 870 um LABOCA source LESS J033246.7—275120
(Sg70um = 5.9 = 1.3mly) is well centred on GS25a, and Biggs
et al. (2011) also identify the same galaxy as the robust LABOCA
counterpart.

AzZTEC/GS26. AzTEC/GS26 has no radio counterpart within the
12.2 arcsec search radius of the AzTEC position, but there are five
red IRAC sources. Of these, GS26a ([3.6 um] — [4.5 um] = +0.22;
Peoionr = 0.237) located 5.5 arcsec away is the most probable coun-
terpart to this AZTEC source. GS26b and GS26c¢ are other red IRAC
sources located slightly further away (~7 arcsec). No nearby source
is found in the 870 um LABOCA catalogue, but the LABOCA
map shows a S/N ~ 2.9 emission peak near the z = 2.331 MIPS
galaxy J033216.3—274343.4 with a red IRAC colour ([3.6 um] —
[4.5 um] = +0.35), located ~7.5 arcsec away from the AzTEC
position.

AZTEC/GS27. The red IRAC/MIPS source GS27a ([3.6 um] —
[4.5 um] = 40.38) is located 13.0arcsec away from the AzTEC
centroid, just within the counterpart search radius of 13.0 arcsec, and
is associated with weak radio emission (S} 4 = 23.6+6.5 uly) from
a z = 2.577 (Popesso et al. 2009) galaxy. However, formally this is
not a secure identification (P 4 > 0.20) owing to its large separation
from the AzTEC centroid. Still, this is the most plausible counter-
part within the proximity of AzZTEC/GS27. No nearby source is
found in the 870 um LABOCA catalogue, but the LABOCA map
shows a S/N ~ 3.1 emission peak near this red IRAC/MIPS source
GS27a.

AZTEC/GS28. AzTEC/GS28 has no radio source within the
13.0 arcsec counterpart search radius. The red IRAC sources GS28a
([3-6um] — [45um] = +0.55; Peoiorr = 0.073) and GS28b
([3.6 um] — [4.5 um] = +0.07; Pcolonr = 0.136) are the most likely
counterparts. No nearby source is found in the 870 pm LABOCA
catalogue, but the LABOCA map shows an extended source with a
S/N ~ 3.0 emission peak near the AzTEC source position, and this
may be another blended source.

AZTEC/GS29. There are no compelling counterparts to
AzTEC/GS29. The closest IRAC/MIPS source GS29a (3.8 arcsec
away) is very blue ([3.6 um] — [4.5 um] = —0.43) and has a spectro-
scopic redshift of z=0.577, so this is likely a foreground source. The
next closest source GS29b is a z = 2.340 galaxy located 4.6 arcsec
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away, but it is also blue ([3.6 um] — [4.5 um] = —0.10). There
are two radio sources located just outside the 13.0 arcsec search ra-
dius, but they both have relatively high probabilities of being false
associations. No nearby source is found in the 870 um LABOCA
catalogue, but the LABOCA map shows an extended source with
two S/N ~2-3 emission peaks near the red IRAC/MIPS sources
J033158.65—274516.3 and J033200.13—-274453.2.

AZTEC/GS30. The brightest MIPS 24 pum source within the counter-
part search radius of 13.5 arcsec (S24 um = 459 £ 6 Wy; Poyym =
0.44) is also a faint radio source (S;4 = 37.2 £ 6.2uly; P14 =
0.082) with a red IRAC colour ([3.6 um] — [4.5 um] = 40.19).
Therefore, GS30a is a tentative but the most plausible counterpart
for AZTEC/GS30. The spectroscopic redshift of this galaxy is yet
unknown. A second radio source (GS30b) and a radio-faint IRAC
source (GS30c) are also tentative counterparts to AzTEC/GS30,
both with red IRAC colours. No nearby source is found in the
870 um LABOCA catalogue, but the LABOCA map shows an ex-
tended source with a S/N = 2.9 centred on the AzTEC centroid
position.

AZTEC/GS31. Both of the two bright MIPS 24 um sources
(GS31b) within the 13.6arcsec search radius region are asso-
ciated with faint radio emission. The western source GS3la
however is closer (2.7 arcsec) to the AzTEC centroid, mak-
ing it a robust counterpart candidate (P;4 = 0.015). The east-
ern source GS31b is located 7.9arcsec away and is a tenta-
tive counterpart (P;4 = 0.118). It is possible that both sources
contribute to the 1.1 mm emission detected by AzTEC. They
both have blue IRAC colours ([3.6 um] — [4.5um] = —0.25
and —0.36 for GS31a and GS31b, respectively) however, and
the true counterpart may be a much fainter source located
between or behind these sources. The spectroscopic redshift of
GS3lais z = 1.843 (Wuyts et al. 2009). No nearby source is found
in the 870 pm LABOCA catalogue, but the LABOCA map shows
an elongated north—south structure with a S/N = 2.8 peak, similar
to the AzTEC source morphology, and it is likely another blended
source.

AZTEC/GS32. There are three radio counterparts within the
13.5 arcsec search radius of the AzTEC centroid, and all three
are also MIPS 24 um sources. The nearest radio source GS32a
(S]_4 =30.3+6.8 },LJy, P1_4 = 0162, and S24 um = 371.1+11.7 IJJy,
P4 im = 0.421), located 9.6 arcsec away from the AzZTEC centroid,
is the primary candidate by its proximity. The source GS32b is simi-
larly bright in radio and MIPS 24 pum bands, but it is slightly further
away, 10.5 arcsec, from the AzTEC centroid position. Both GS32a
and GS32b are quite blue, however; we include GS32c, a faint ra-
dio galaxy with red IRAC colour, in the catalogue as an alternative,
although it is located 13.4 arcsec from the AzTEC centroid. No
nearby source is found in the 870 um LABOCA catalogue, and no
significant emission peak is found at this location in the LABOCA
map.

AzTEC/GS33. The faint IRAC source GS33alocated 7.4 arcsec from
the AzZTEC centroid position is associated with a weak radio source
(814 = 28.6 £ 6.2 uly). It is also a weak MIPS 24 um source and
has a red IRAC colour ([3.6 um] — [4.5 um] = 40.34; Peojour =
0.390). Therefore, this galaxy is a tentative candidate counterpart for
AzTEC/GS33. No nearby source is found in the 870 um LABOCA
catalogue, but the LABOCA map shows an isolated emission peak
with S/N ~ 2.3 centred near GS33a.

AZTEC/GS34. There is a high density of IRAC sources in this
field, but few are located in the immediate vicinity of the AZTEC
centroid position. There are no robust or tentative counterparts to
AZTEC/GS34: P > 0.20 for all sources within the 13.5 arcsec search

radius. No nearby source is found in the 870 um LABOCA cata-
logue, but the LABOCA map shows an emission peak with a S/N
~ 3.5 centred near the z = 1.356 (Silverman et al., in preparation)
faint radio and MIPS source GS34a.

AzZTEC/GS35. The red IRAC source GS35a, located 2.0 arcsec away
from the AZTEC source centroid position, has a robust radio coun-
terpart (S;4 = 41.3 £ 6.7 wly; P14 = 0.008). Its MIPS emission
(Py4pum = 0.027) and red IRAC colour ([3.6 pm] — [4.5 um] =
+0.37; Peolonr = 0.022) make this galaxy a robust counterpart to
the AZTEC source. Its spectroscopic redshift is unknown. The
second red IRAC source GS35b located 4.9 arcsec away from
the AZTEC position (Peoor = 0.191) is undetected at radio or
MIPS 24 um bands. No nearby source is found in the 870 pm
LABOCA catalogue, and the LABOCA map shows an emission
peak with a S/N ~ 2.1 centred near the z = 0.734 radio-loud
QS01J033227.00—274105.0.

AzZTEC/GS36. No radio source is detected within the 13.5 arcsec
counterpart candidate search radius, and the galaxy GS36a is the
only IRAC source with a red IRAC colour, [3.6 pum] — [4.5 pm] =
40.68 (Pcolour = 0.304). So this IRAC source is the most promising
counterpart candidate, although it has a high probability of false
association. Few other potential candidates are present in this field.
No nearby source is found in the 870 um LABOCA catalogue, and
the LABOCA map does not show any significant emission peak
within the search radius.

AZTEC/GS37. The red IRAC/MIPS source GS37a with [3.6 um]
— [45um] = +0.08 is associated with faint radio emission
(S14 = 20.5 £ 6.4 ply), though it is not formally a tentative coun-
terpart candidate for AZTEC/GS37. There is a single tentative red
IRAC source 4.3 arcsec from the AzTEC centroid, which is possi-
bly at high redshift (z > 3) given its non-detection at 1.4 GHz. No
nearby source is found in the 870 um LABOCA catalogue, but the
LABOCA map shows a ridge of 2.1-2.7¢ peaks running along the
similar ridge found in the AZTEC map (including GS37a), suggest-
ing this is likely another blended source.

AZTEC/GS38. There is a single tentative radio counterpart (GS38a;
P4 = 0.116), which is also a Chandra X-ray source. It has a very
blue IRAC colour ([3.6 um] — [4.5um] = —0.55) and a spec-
troscopic redshift of z = 0.735 (Vanzella et al. 2008). Therefore,
GS38ais likely a foreground object. No nearby source is found in the
870 um LABOCA catalogue, but the LABOCA map shows a 2.30
peak near the red IRAC/MIPS source GS38b, located 7.4 arcsec
away from the AzZTEC centroid (P4 um = 0.453, Peoiour = 0.386).

AzZTEC/GS39. There is a single tentative radio counterpart (GS39a;
P4 = 0.083) which is also a red IRAC source ([3.6 um] —
[4.5 pm] = 4-0.55). The position centroid of the 870 pm LABOCA
source LESS J033154.4—274525 (Sg70 um = 3.8 & 1.4 mly) is oft-
set from GS39a by only 4.9 arcsec. Biggs et al. (2011) also identify
GS39a as a tentative LABOCA counterpart, and GS39a is a strong
counterpart candidate for AZTEC/GS39. Another tentative coun-
terpart, GS39b, is a MIPS source located only 2.8 arcsec from the
AzTEC centroid, but given its blue colour, it is likely a foreground
object.

AZTEC/GS40. There are no compelling counterparts to
AzTEC/GS40. We list a single IRAC source within the 15.0 arcsec
search radius. GS40a is 10.2 arcsec away, and is slightly blue with
a high probability of being a false association. No nearby source is
found in the 870 pm LABOCA catalogue, and the LABOCA map
shows only a 20" emission peak located ~10 arcsec north-west of
the AzTEC position.

AzZTEC/GS41. Theradio sources GS41a and GS41b are both promis-
ing counterparts to AzTEC/GS41 with P4 = 0.120 & 0.132.
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They are also red IRAC sources with [3.6 um] — [4.5um] =
+0.23 and +0.30 although they are just far enough away from
the AzTEC centroid to make them tentative counterparts only. Two
other red IRAC sources GS41c and GS41d are slightly closer to the
AZTEC centroid and are tentative counterparts as well. The cen-
troid of the 870 pm LABOCA source LESS J033302.5—275643
(8870 um = 12.0 1.2 mly) is located closest to GS41b and GS41d,
and Biggs et al. (2011) identify GS41b as the robust counterpart to
the LABOCA source.

AZTEC/GS42. There are no radio counterparts within the 6.9 arcsec
search radius of AzZTEC/GS42. The only tentative counterpart is
GS42a, a red IRAC source ([3.6 um] — [4.5 um] = 40.04) that
is also well matched to the position of the LABOCA source
LESSJ033314.3—275611 (Sg70 um = 14.5£1.2mly). The AzZTEC
contours are extended in the north—south direction, and Weiss
et al. (2009) modelled this source with a second, fainter com-
ponent (LESSJ033313.0—275556, Sg7oum = 4.3 & 1.4mly).
Biggs et al. (2011) identified adjacent red IRAC/MIPS source
J033314.41—-275612.0 as the robust LABOCA counterpart.
AZTEC/GS43. The only tentative counterpart is a red IRAC source
GS43a, which has a red IRAC colour ([3.6 um] — [4.5um] =
+0.23) and is also centred on the 870 um LABOCA source
LESSJ033302.9—-274432 (Sg70um = 6.7 & 1.3mly). Since this
object is undetected in the radio and MIPS 24 pm, it is also likely
a high-redshift object (zmr > 4.1). Biggs et al. (2011) did not find
any robust or tentative counterpart for the LABOCA source. The
AzTEC contours are significantly elongated in the east—west di-
rection, suggesting this is a blend of more than one source. Weiss
et al. (2009) model this source with a fainter second component,
LESS J033303.9-274412 (Sg70 um = 5.3 £ 1.4 mly).
AZTEC/GS44. There is only one VLA radio source found within
the 10.4 arcsec search radius centred on the AzZTEC peak position.
This source GS44a has a flat IRAC colour, [3.6 um] — [4.5 um] =
—0.07 and is a modest MIPS 24 pum source with S>4,,m = 143.1 +
9.3 wly. The 870 um LABOCA source LESS J033240.4—273802
(Sg70um = 5.0 £ 1.4 mly) is found within the AzZTEC search ra-
dius, but its centroid is offset from GS44a by 12 arcsec, just out-
side the nominal beam area of LABOCA. Another radio source
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J033239.14—273810.5 at z = 0.830 (Le Fevre et al. 2004) is a bet-
ter candidate for the LABOCA counterpart, but this radio source
is located 24 arcsec away from the AzZTEC centroid, which is well
outside the nominal search radius for the AZTEC source. We list the
LABOCA flux in the table, but note the large separation between
this source and GS44a.

AZTEC/GS45. Two red IRAC/MIPS sources (GS45b and GS45¢)
are found within 2 arcsec of the AzTEC centroid, and they are
the most likely candidate counterparts to the AzTEC source,
primarily by their proximity. The 870 um LABOCA source
LESSJ033218.9—273738 (Ss70 um = 8.141.2 mly) is found within
the AzZTEC search radius, half way between GS45b and GS45a, the
latter of which is a bright MIPS 24 pm source and a VLA radio
continuum source with a rather blue IRAC colour ([3.6 um] —
[4.5 um] = —0.32). A higher resolution K-band image shows that
the brighter radio peak is associated with a fainter component, sug-
gesting this is a blended source. GS45b is 5.8 arcsec away from the
LABOCA centroid, and it is a robust counterpart for both AzZTEC
and LABOCA sources (Biggs et al. 2011).

AZTEC/GS46. No radio source is found within the 13.0 arcsec search
radius. The IRAC/MIPS source GS46a located 6.2 arcsec away from
the AzTEC centroid is the tentative counterpart based on the com-
bination of its red IRAC colour ([3.6 um] — [4.5 um] = +0.17;
Peotowr = 0.255) and MIPS 24 um emission (Pyyum = 0.226).
The LABOCA source LESS J033157.2—275633 (Sg7oum = 4.8 =
1.4 mly) is located 23 arcsec from GS46a and thus also far from the
AZTEC centroid. We list the LABOCA flux in the table but note
this large separation.

AzTEC/GS47. The faint VLA 1.4 GHz radio source GS47a (S;4 =
43.2 £ 7.0 Wy, P14 = 0.105) is found 7.6 arcsec away from the
AzTEC centroid, and it is also a red IRAC source ([3.6 pum]
— [4.5 um] = 40.46) as well as a MIPS 24 um source. The
870 um LABOCA source LESSJ033208.1-275818 (Sg7opm =
7.3 £ 1.2mly) coincides in position with AzZTEC/GS47 within
3.4 arcsec of each other, making it a robust LABOCA counterpart
as well (Biggs et al. 2011).
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