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ABSTRACT

We present the results from a 1.1-mm imaging survey of the SSA22 field, known for having an
overdensity of z = 3.1 Lyman « emitting galaxies (LAEs), taken with the astronomical thermal
emission camera (AzZTEC) on the Atacama Submillimeter Telescope Experiment (ASTE). We
imaged a 950-arcmin’® field down to a lo sensitivity of 0.7-1.3 mJy beam™' to find 125
submillimetre galaxies (SMGs) with a signal-to-noise ratio >3.5. Counterpart identification
using radio and near/mid-infrared data was performed and one or more counterpart candidates
were found for 59 SMGs. Photometric redshifts based on optical to near-infrared images were
evaluated for 45 of these SMGs with Spifzer/IRAC data and the median value is found to be
z =2.4. By combining these estimations with estimates from the literature, we determined that
10 SMGs might lie within the large-scale structure at z = 3.1. The two-point angular cross-
correlation function between LAEs and SMGs indicates that the positions of the SMGs are
correlated with the z = 3.1 protocluster. These results suggest that the SMGs were formed and
evolved selectively in the high dense environment of the high-redshift Universe. This picture
is consistent with the predictions of the standard model of hierarchical structure formation.

Key words: galaxies: distances and redshifts — galaxies: formation — galaxies: high-redshift —
large-scale structure of Universe — submillimetre: galaxies.

1 INTRODUCTION

The first deep extragalactic survey at 850 pm undertaken with the
Submillimeter Common-User Bolometer Array (SCUBA: Holland
etal. 1999) on the James Clerk Maxwell Telescope (JCMT) unveiled
a population of galaxies in the distant-redshift Universe that are
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extremely bright at submillimetre wavelengths (Smail, Ivison &
Blain 1997; Hughes et al. 1998; Barger et al. 1998). This was
followed by several wide surveys at (sub)millimetre wavelengths,
which were conducted to discover more and more such galaxies (e.g.
Greve et al. 2004; Scott et al. 2008; Coppin et al. 2009; Hatsukade
etal. 2011).

These submillimetre bright galaxies (SMGs) have huge rest-
frame far-infrared (FIR) luminosities (Lpr ~ 10'2-10" L),
which should be caused mainly by highly dust-enshrouded star
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formation and are often indicative of a star-formation rate (SFR)
of >1000 M yr~'. Their flux at submillimetre wavelengths is
almost constant for galaxies with a given FIR luminosity at z ~ 1—
10, due to the negative k-correction. It is hence of great benefit to
discover high-redshift objects (for review, see Blain et al. 2002).
In addition to their high activity, spectroscopic observations of
the millimetre and submillimetre transitions of molecular carbon
monoxide (CO) have unveiled the large dynamical and gas masses
of SMGs (Greve et al. 2005). This observational evidence shows
that SMGs were the most active, massive star-forming galaxies in
the early Universe. Clarification of the SMG nature and formation
process is seriously important to understand galaxy formation and
evolution.

As with other galaxy populations, one of the most crucial ques-
tions regarding SMGs is how their formation and evolution depend
on their environment. Current cold dark matter (CDM) cosmo-
logical simulations show that SMGs should preferentially exist in
regions where the mass densities are high and, correspondingly, the
merger rates are also high (Springel et al. 2005). SMGs are also
supposed to be progenitors of the massive elliptical galaxies seen
in the cores of present-day rich clusters (Eales et al. 1999). While
the connection between SMGs and massive dark matter haloes has
been statistically indicated by clustering analysis (Blain et al. 2004;
Williams et al. 2011; Hickox et al. 2012), the connection in individ-
ual cluster/protoclusters is still unclear, although previous articles
have reported some cases. Capak et al. (2011) and Daddi et al.
(2009) reported the discovery of SMGs in overdense regions at
z = 5.3 and z = 4.05, respectively. These results indicate that the
overdense regions might be sites of SMG formation. On the other
hand, Chapman et al. (2009) shows that SMGs are formed in less
overdense regions at z = 1.99. Thus the environmental dependence
on SMG formation is still controversial.

The relationship between SMGs and the surrounding environ-
ment is also intriguing from the viewpoint of galaxy formation in
(proto)clusters. In the local Universe, the morphology—density re-
lation is well known. Observations have revealed a higher fraction
of early-type galaxies in denser environments (Dressler 1980). This
trend has been confirmed for up to a z ~ 1 Universe (e.g. Postman
et al. 2005). Although this is one of the most established environ-
mental effects on galaxy evolution, it is difficult to examine the
relation directly at higher redshifts. Instead, the colour—density or
colour—magnitude relations were examined as proxies. For instance,
Kodama et al. (2007) examined the colour-magnitude relation in
protoclusters and found that the red sequence of galaxies, which
is well-established in clusters at least out to z ~ 1, first appeared
at z = 2-3. This suggests that massive galaxies were assembled in
protoclusters in this era.

SSA22 is a unique laboratory field to investigate the formation
of star-forming galaxies, including SMGs, in overdense regions.
Steidel et al. (1998) first discovered this protocluster as a con-
centration of Lyman-break galaxies (LBGs) at z = 3.09. Further-
more, Steidel et al. (2000) found that the surface density of Ly-
man « emitters (LAEs) was also much higher than that of other
fields. Consequently, a wide field survey using Subaru/Suprime-
Cam equipped with a narrow-band filter (NB497) has revealed a
structure that was traced by LAEs and spread over 700 arcmin®
(Hayashino et al. 2004; Yamada et al. 2012). Yamada et al. (2012)
evaluated that the degree of overdensity was at most 10 times the
expected standard deviations based on counts of LAEs at z = 3.1.
Hence the SSA22 field can provide us with unique insights re-
garding galaxy formation in an overdense environment. Several
previous works on SMGs discovered by SCUBA and astronom-
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ical thermal emission camera (AzZTEC)/Atacama Submillimeter
Telescope Experiment (ASTE) surveys in this field have been re-
ported. Blain et al. (2004) and Chapman et al. (2005) confirmed that
three SCUBA SMGs have zgpe. = 3.1 and these SMGs indeed lie
within the densest region. Tamura et al. (2009) showed that there was
an angular correlation between the 15 brightest AZTEC SMGs and
z=23.1 LAEs.

However, the lack of redshift information prevents us from in-
vestigating this further. Although redshift is one of the essential
pieces of information required for this purpose, obtaining it has
remained a difficult task. First, the typical beam size of the single-
dish telescopes used for wide field SMG surveys is insufficient to
determine position accurately. In the case of the AZTEC/ASTE sur-
vey, we can achieve only ~30arcsec FWHM. Accurate positions
of SMGs could ideally be obtained with a submillimetre interfer-
ometer, like the Atacama Large Millimeter/submillimetre Array
(ALMA), but such observations are time-intensive over large fields.
Secondly, SMGs generally tend to be optically faint due to dust
attenuation and hence optical observations are often helpless to de-
termine counterparts and obtain redshift information. To overcome
such difficulties in searching counterparts and determining redshift,
previous works have shown that multiwavelength identification uti-
lizing radio, Multi-Band Imaging Photometer (MIPS: Rieke et al.
2004) and InfraRed Array Camera (IRAC: Fazio et al. 2004) imag-
ing data is useful (Biggs et al. 2011; Wardlow et al. 2011; Yun et al.
2012). If the identified counterparts in these images have an optical
to near-infrared counterpart, we can derive a photometric redshift.
This is the approach we will follow. We expand the area concerned
by Tamura et al. and add photometric redshift information to inves-
tigate the relation between SMGs and their underlying environment
more closely.

The organization of this article is as follows. In Section 2 we
report the general properties of the AZTEC/ASTE survey and the
detected SMGs. The utilization of other wavelength data sets for
this field is presented in Section 3. In Section 4 we describe our anal-
ysis used for counterpart identification. Estimation of photometric
redshifts is performed in Section 5. In Section 6 we discuss the re-
lationship between SMGs and the z = 3.1 protocluster. We assume
a cosmology with @, = 0.3,2; = 0.7, Hy = 70 km st Mpc*'; all
magnitudes are given according to the AB system throughout the
article.

2 AZTEC/ASTE OBSERVATION

2.1 Observations

We used the AZTEC camera operating at 1.1 mm (Wilson et al.
2008) mounted on the ASTE 10-m submillimetre telescope (Ezawa
et al. 2004; Ezawa et al. 2008) located at Pampa la Bola, near
Cerro Chajnantor in northern Chile. The AzZTEC camera is a 144-
element bolometer array and AzZTEC/ASTE provides an angular
resolution of 28 arcsec in full width at half-maximum (FWHM).
All of the AZTEC/ASTE observations of SSA22 were carried out at
night during 2007 August—September and 2008 August—September.
Some of these data were reported in Tamura et al. (2009) and
Tamura et al. (2013). The dry weather at the high site (4860 m
in elevation) provided an excellent data set that was taken under
T2ocH, = 0.01-0.10. We mapped a 50-arcmin diameter region cen-
tred at RA (J2000) = 22176, Dec. (J2000) = 4+0°150. Observa-
tions were made using the on-the-fly (OTF) mode by continuously
scanning the telescope bore-sight in azimuth and elevation in a
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modified Lissajous scan pattern, which is described as a function of
time ¢ by

8Az = Asinat + Bsin(at/ f), )
SEl = Csinbt + D sin(bt/ f). 2)

In 2007, we used a scan pattern with (A, B, C, D, a, b, f) = (740",
7407, 340”7, 3'40”, 5.0, 4.0, 45.0). The actual values of a and
b are normalized to limit the peak telescope slew velocity to
330arcsec s~ . In order to go deeper and wider, we used another scan
pattern for the 2008 observations with (A, B, C, D, a, b, f) = (22/,22,
2',2,6.0, 5.0, 23). The coverage was centred at the same position
as those in 2007, but swept a doughnut-like region surrounding the
2007 coverage. The total integrated time on source through 2007-
2008 was 74 h. The area of the co-added map where the noise levels
are below 1 mJy was estimated to reach 900 arcmin®. The wind
speeds during the runs were 1-10 m s~! and typically 5 m s,
providing a random telescope pointing offset of <1 arcsec. The as-
trometry was checked using a bright quasar 3C446, 5.6 deg away
from SSA22, every 1-1.5 h during the observations. The correction
to the telescope pointing model was small (typically <2 arcsec) and
applied to all scans towards SSA22, resulting in an absolute pointing
accuracy better than 4 arcsec (Tamura et al. 2013). For flux calibra-
tion, beam-shape measurements and array flat-fielding, beam maps
of Uranus and Neptune were taken at least once, typically twice,
a night. The beam maps were made so that each bolometer pixel
raster-scans and images the planets. The flux calibration accuracy
was estimated to be 10 per cent or better.

2.2 Data reduction

The data were reduced in the standard manner described in Scott
et al. (2008) and Downes et al. (2012) and we mention only the
outline here. We employed an atmospheric noise-removal technique
based on principal component analysis (PCA cleaning) to isolate
the low-frequency atmospheric noise from the astronomical signals
involved in time-stream data. The cleaned time-stream data of each
scan were projected on to a map by binning them into 3 x 3 arcsec®
pixels and the individual scans were co-added into a single map by
weighted averaging.

We also generated 100 noise realizations by jack-knifing the time-
stream data (i.e. by multiplying each 15-s time-stream interval by
=41 randomly and then reducing in the standard manner), which were
free of astronomical emission and hence represented the underlying
photon noises from the atmosphere and instruments. These random
maps were used to estimate a ‘noise map’ by computing pixel-to-
pixel standard deviations, which represent the local noise level. We
also create a weight map by computing an inverse-square of the
noise map. Since the PCA cleaning was AC-coupled to the time
stream and hence worked as a high-pass filter (i.e. the resulting map
is zero-mean), it attenuated the peak flux and caused negative side
lobes around a source. To correct these effects, we simulated the
profile of the point-source response function (a point-source kernel)
following the method presented in Downes et al. (2012).

2.3 Map and source catalogue

The resulting 1.1-mm map is shown in Fig. 1. In this article, we con-
sider the area where the weight (i.e. inverse square of the noise level)
is equal to or greater than 30 per cent of the maximum weight as the
survey area. The surface area that AZTEC covered was 0.27 deg?,
in which the lo noise level ranges from 0.7-1.3 mJy beam™!

MNRAS 440, 3462-3478 (2014)

(50 per cent of the region has <0.8 mJy beam™'). The map area
corresponds to approximately 60 x 60 Mpc? in a comoving area at
z = 3.1, which is large enough to cover the protocluster.

The 1.1-mm sources are extracted from the signal-to-noise ratio
map, made from the signal map divided by the noise map, with a
detection threshold of >3.5¢. Each source position is defined by
flux-squared weighting of the pixels of the nominal peak within
a radius of 15 arcsec. We detected 125 sources in the 30 per cent
coverage area (Table 1), which are listed in Table 2. 17 > 3.5¢
sources were detected in the 10-30 per cent coverage area. These
are summarized in a supplementary source catalogue (Table 3).

For a source population with number counts that decrease rapidly
with increasing flux density, the measured flux of a low signal-to-
noise-ratio (S/N) source can be boosted by random noise. The flux
densities of the detected sources are deboosted to correct for this
flux bias using the Bayesian recipe described in Coppin et al. (2006)
and Scott et al. (2008). To compute the posterior probability distri-
bution function (PDF) of the intrinsic flux densities, we simulated a
prior distribution function and a likelihood function at each position
where the actual source is detected. In order to estimate the prior
distribution function, we made 10* maps of photon-noise-free ran-
dom sky realizations that we would observe with the AZTEC/ASTE
kernel according to the best estimate of the 1.1-mm source counts
(Scott et al. 2012). By creating a flux histogram across the maps,
we arrived at the prior distribution function. We approximated the
likelihood function with a normal distribution, with o being the
local noise level at each source position. The PDF was obtained
by multiplying the prior and likelihood functions. The deboosted
flux is then given by the flux that gives a local maximum of the
PDF closest to the measured flux. The deboosted flux and error bars
(68 per cent confidence intervals) are also listed in Table 2.

2.4 Characterization of a map
2.4.1 False detections

Some fraction of AzTEC sources were expected to be spurious
sources due to positive noise fluctuation, especially when the source
had a modest value of S/N. To estimate the number of such non-real
sources in the SSA22 map, we extracted sources from a set of jack-
knifed noise maps. The standard source extraction procedures were
performed for 100 simulated maps within the 30 per cent coverage
region. Fig. 2 represents the obtained cumulative false detection rate.
The computed number of false detections is shown as a function of
S/N. At S/N & 3.5, approximately 8 out of 125 sources (6 per cent)
were predicted to be spurious.

2.4.2 Completeness

The survey completeness is defined as the probability that a real
source will result in a measurement above the detection threshold.
To evaluate it, we measured the recovery rate of point sources with
known flux densities that were embedded into the signal map. The
sources were embedded one at a time, using flux densities rang-
ing from 0.5-8.0 mJy. The input positions were selected randomly
within the 30 per cent coverage region. To avoid source blending,
the area around a real source (within 20 arcsec) was not permit-
ted for embedding sources. If an input source was detected within
20 arcsec of its embedded position with S/N >> 3.5, it was approved
to be recovered. We performed 1000 trials and found that the survey
completeness was 50 per cent at a flux density of 2.75 mJy. Fig. 3
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Figure 1. AzTEC/ASTE 1.1 mm image and observation areas of each instrument. The background image is the AzZTEC 1.1 mm signal map of the SSA22 field
with a 10 per cent uniform coverage region. The sidebar represents flux density in units of Jy beam~'. The 30 and 50 per cent coverage regions are shown using
black contours. The black circles indicate the positions of >3.5 ¢ sources and the diameter is 30 arcsec, which corresponds to the FWHM of AzZTEC/ASTE. In
addition, the areas of Suprime-Cam (large dashed rectangle), MIPS 24-um (red line), IRAC 3.6-um (yellow line) and MOIRCS (small dashed rectangle) are
shown. The UKIRT/DXS survey and VLA 1.4-GHz observations contain all AZTEC sources.

Table 1. Map properties in the 50 per cent and 30-50 per cent cov-
erage regions. N(source) and N(False) show number of sources and
false detections (<3.50 for both).

Coverage Area Noise level N(Source)  N(False)
[arcmin®]  [mJy beam™!]

50% 749 0.72-1.00 107 6.2+2.4

30-50% 205 1.00-1.32 18 2.440.8

shows the differential completeness as a function of flux density.
The error bars were calculated assuming a binomial distribution.

2.4.3 Positional uncertainty

The detected position of a 1.1-mm source is affected by random
and confusion noise in the map, which leads to a large positional
error. We estimated such positional uncertainty in a way similar to
the one in Section 2.4.2. A point source was inserted with known
flux density into the SSA22 signal map. We extracted it using a

standard algorithm and measured the distribution of input to output
source distances as a function of S/N. We repeated these processes
for three sample S/N bins (3.5 < S/N < 4.5,4.5 < S/N < 5.5 and
5.5 <S/N < 9.0). Fig. 4 shows the probability that a source detected
with a given S/N will be found outside a radial distance 6 from its
intrinsic position.

3 MULTIWAVELENGTH DATA AND
CATALOGUEING

‘We utilized optical-to-radio multiwavelength imaging data to search
for counterparts of SMGs discovered by the AzZTEC/ASTE sur-
vey and estimated the photometric redshift, though most of these
observations did not cover the survey area completely, as shown
in Fig. 1. For counterpart identification we employed Very Large
Array (VLA) 1.4-GHz, MIPS 24-pm and IRAC 3.6-8.0 pm
data, all described in more detail below. Then, in addition to
the IRAC data, optical to near-infrared photometry data taken
with the Canada—France-Hawaii Telescope (CFHT)/Mega-Cam,
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Table 2. The AzZTEC/ASTE SSA22 source catalogue. The machine-readable version is available online. Columns are
as follows: (1) source name; (2) AZTEC source ID; (3) Right Ascension; (4) Declination; (5) observed 1.1-mm flux
density and 1o error; (6) deboosted 1.1-mm flux density and 68 per cent confidence interval; (7) signal-to-noise ratio of

the detection in the AzZTEC map.

Name ID RA Dec. Sobserved Sdeboosted S/N
(hms [° ' arcsec | [mly] [mJy]

AZTEC J221732.214001742.1  SSA22-AZTECI 22173221 40017421 119407 113499 162
AZTEC J221742.424001702.5  SSA22-AZTEC2 22174242 40017025 7.5+07  69%02 101
AZTEC J221806.78+000630.6 ~ SSA22-AzTEC3 22180678 +000630.6 74+08 69105 94
AZTEC J221720.36-000103.6  SSA22-A7TEC4 22172036 —000103.6 94+10 85%11 92
AZTEC J221718.95+001803.0  SSA22-AZTEC5 22171895 +001803.0 66+07 61198 89
AZTEC J221815.23+000948.0  SSA22-AZTEC6 22181523 40009480 65+08 59%08 85
AZTEC J221709.85+001408.9  SSA22-AZTEC7 ~ 221709.85 +0014089 6.1+07 56%05 83
AZTEC J221806.62+000515.7  SSA22-A7TEC8 ~ 221806.62 +0005157 62+08 57105 77
AZTEC J221700.004+001041.2  SSA22-AZTEC9 22170000 +0010412 58+08 53108 77
AZTEC J221730.46+000102.5 ~ SSA22-AZTECI0 22173046 +000102.5 59+08 53109 73
AZTEC J221657.24+001923.6  SSA22-AzTECI1 22165724 +0019236 55+08 49109 72
AZTEC J221734.30+001348.2  SSA22-AZTECI2 22173430 +0013482 54+08 4918 71
AZTEC J221720.03+002017.9  SSA22-AzTECI3 22172003 +002017.9 52407 4618 70
AZTEC J221736.96+001821.3  SSA22-AzTECI4 22173696 +0018213 50+07 4518 69
AZTEC J221728.04+002642.6 ~ SSA22-AZTECI5 22172804 +0026426 53408 47107 638
AZTEC J221651.56+001817.2  SSA22-AZTEC16 22165156 +0018172 52408 46107 67
AZTEC J221826.48+001659.6 ~ SSA22-AzTEC17 22182648 +001659.6 51408 45108 65
AZTEC J221742.18+001238.8  SSA22-AZTECI8 22174218 +0012388 48+07 43%0% 65
AZTEC J221733.21-000310.8 ~ SSA22-AZTEC19 22173321 —0003108 75+12 63%12 65
AZTEC J221744.204000822.9  SSA22-AZTEC20 22174420 40008229 45407 40705 62
AZTEC J221817.624001312.6 ~ SSA22-AZTEC21 221817.62 +0013126 46+07 40198 61
AZTEC J221704.794002550.6 ~ SSA22-AZTEC22 22170479  +002550.6 57409  487%19 6.1
AZTEC J221657.774+0024543  SSA22-A7TEC23  221657.77 40024543 59410 50719 6.1
AZTEC J221833.64+001253.6 ~ SSA22-A7zTEC24 22183364 +001253.6 50408 44707 6.1
AZTEC J221825.20+002347.9  SSA22-AZTEC25 22182520 40023479 66+1.1 55712 60
AZTEC J221713.374002650.8 ~ SSA22-AzTEC26 22171337 +0026508 51409 44100 59
AZTEC J221825.404+001924.5  SSA22-AzTEC27 22182540 +0019245 49+08 42109 59
AZTEC J221649.97+002245.2  SSA22-AZTEC28  221649.97 40022452 55409 47119 538
AZTEC J221815.60+001956.7 ~ SSA22-AzTEC29 22181560 +0019567 45408 38107 58
AZTEC J221747.03+000809.0 ~ SSA22-AzTEC30  221747.03 +000809.0 42407 37%0% 58
AZTEC J221727.994000317.6 ~ SSA22-AZTEC31 22172799 +000317.6 43408 37108 57
AZTEC J221805.25+000841.8  SSA22-AzTEC32 22180525 +000841.8 42+08 3718 56
AZTEC J221804.424+002330.4  SSA22-AzTEC33 22180442 +0023304 44+08 38109 56
AZTEC J221741.214002639.0 ~ SSA22-AZTEC34 22174121 +0026390 43+08 3718 56
AZTEC J221741.56+001042.7 ~ SSA22-AZTEC35 221741.56 +0010427 41+07 35%% 55
AZTEC J221813.384002032.9  SSA22-AZTEC36 22181338 40020329 42408 36705 54
AZTEC J221737.054001029.7 ~ SSA22-AZzTEC37  221737.05 +001029.7 40407 34705 54
AZTEC J221812.44+000620.8 ~ SSA22-AZTEC38 22181244 40006208 43+08 367105 53
AZTEC J221652.32+001338.6  SSA22-AZTEC39 22165232 40013386 39408 33708 52
AZTEC J221703.36+002453.6 ~ SSA22-AZTEC40 22170336 +002453.6 46+09 387%19 52
AZTEC J221834.80+001203.5  SSA22-AZzTEC41 22183480 +001203.5 45409 37709 52
AZTEC J221757.874000154.9  SSA22-A7TEC42 22175787 40001549 45+09 37100 51
AZTEC J221733.63—000135.4  SSA22-AzTEC43 22173363 —0001354 48+10 3910 51
AZTEC J221835.43+000557.3  SSA22-AzTEC44 22183543 40005573 68+13 50*3 50
AZTEC J221732.594002926.4  SSA22-AzTEC45 22173259 40029264 43+09 35%9 50
AZTEC J221837.04+002208.7 ~ SSA22-A7TEC46  221837.04 40022087 65+13  487%13 50
AZTEC J221644.05+001629.1 ~ SSA22-AZTEC47 22164405 +001629.1 39+08 32109 43
AZTEC J221758.174003050.5  SSA22-AZTEC48 22175817 +003050.5 57+12  43+%13 43
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Table 2 — continued

Identification of SMGs in SSA22

Name ID RA Dec. Sobserved Sdeboosted ~ S/N
hms] [° arcsec] [mJy] [mJy]

AzTEC J221706.64+002250.9  SSA22-AzTEC49 221706.64 40022509 3.8+0.8 3.1 tg;g 4.8
AzTEC J221720.60+002829.8  SSA22-AzTEC50 221720.60 +4002829.8 4340.9 3.4 f::g 4.8
AzTEC J221806.03+000359.6  SSA22-AzTEC51 221806.03 +000359.6 4.1+09 3.3 t?;g 4.7
AzTEC J221729.02+002030.2  SSA22-AzTEC52 221729.02 4002030.2 3.54+0.7 2.9 fg:g 4.7
AzTEC J221658.984+001232.7 SSA22-AzTEC53 22165898 +001232.7 35+£0.7 2.8 fg:g 4.7
AZTEC J221650.99+001045.2  SSA22-AzTEC54 22165099 40010452 37408 30705 46
AzTEC J221805.86+001139.0  SSA22-AzTEC55 221805.86 +001139.0 33+£0.7 2.7 fg:g 4.6
AZTEC J221806.15+001021.2  SSA22-AZTECS6  221806.15 40010212 33+£07 2775 45
AZTEC J221738.86-+002044.8 ~ SSA22-AZTECS7 22173886 40020448 33+£07 27705 45
AzTEC J221647.90+002435.6  SSA22-AzTEC58 22164790 40024356 52+1.2 3.8 f}j 4.4
AzTEC J221814.53+001448.8  SSA22-AzTEC59 22181453 40014488 32 40.7 2.6 fgjg 4.4
AzTEC J221829.42+000813.4  SSA22-AzTEC60 22182942 40008134 4.14+0.9 3.1 f:j(]) 4.4
AzTEC J221730.02+000439.6  SSA22-AzTEC61 221730.02 +000439.6 33+0.7 2.6 fg:g 4.4
AzTEC J221728.42+000730.7  SSA22-AzTEC62 22172842 +4000730.7 3240.7 2.6 fg:g 4.4
AzTEC J221640.23+001026.1 SSA22-AzTEC63 22164023 4001026.1 4.0+0.9 3.0 f::}) 4.4
AZTEC J221632.06+001742.5  SSA22-AzTEC64 22163206 40017425 44+10 3312 43
AzTEC J221800.83+002930.1 SSA22-AzTEC65 221800.83 40029 30.1 46+ 1.1 3.4 f{é 4.3
AZTEC J221827.80+001151.7  SSA22-AZTEC66  221827.80 +001151.7 34+£08 27705 43
AzTEC J221707.384001317.5  SSA22-AzTEC67 221707.38 +001317.5 3.1+£0.7 2.5 fg:g 4.3
AZTEC J221812.36+002320.2  SSA22-AZTEC68 22181236  +0023202 3.6+£08 28700 43
AZTEC J221747.05+002233.2  SSA22-AZTEC69  221747.05 40022332 3.1+£07 25708 43
AZTEC J221640.34-+001417.9  SSA22-AZTEC70 22164034 40014179 35+£08 27705 43
AZTEC J221723.624+000929.1  SSA22-AzTEC71  221723.62 +000929.1 3.1£07 2578 42
AzTEC J221727.84+002850.6  SSA22-AzTEC72 221727.84 +4002850.6 3.6+0.9 2.8 f?:g 4.2
AzTEC J221842.03+001659.3  SSA22-AzTEC73 22184203 40016593 42+1.0 3.1 fH 4.2
AZTEC J221707.164+001725.2  SSA22-AzTEC74  221707.16 40017252 3.14£07 24703 42
AzTEC J221724.22+000723.5 SSA22-AzTEC75 22172422 40007235 3.14+0.7 2.4 fgjg 4.2
AzTEC J221847.75+001417.5 SSA22-AzTEC76 221847.75 40014175 47+1.1 3.3 f::i 4.1
AzTEC J221734.86+001539.2  SSA22-AzTEC77 22173486 40015392 324+0.8 2.4 fg:g 4.1
AzTEC J221836.10+001006.5 SSA22-AzTEC78 221836.10 40010065 3.94+1.0 2.9 f::} 4.1
AZTEC J221709.16—000057.0 ~ SSA22-AzTEC79  221709.16 —000057.0 51+13 34713 41
AzTEC J221713.64+001927.5 SSA22-AzTEC80 2217 13.64 40019275 3.0+0.7 2.3 fgjg 4.1
AzTEC J221702.19+001558.6  SSA22-AzTECS81 221702.19 +001558.6 3.0+0.7 2.3 fgjg 4.1
AzTEC J221800.65+002524.7  SSA22-AzTEC82 221800.65 40025247 3.34+0.8 2.5 tg;g 4.1
AzTEC J221657.04+002411.5 SSA22-AzTEC83 221657.04 40024115 3.84+0.9 2.7 f::(]) 4.0
AzTEC J221819.43+002120.9  SSA22-AzTEC84 22181943 40021209 3.340.8 2.5 j',:g 4.0
AzTEC J221816.78+002456.6  SSA22-AzTEC85 221816.78 40024566 3.9+1.0 2.8 f{f 4.0
AZTEC J221711.314000329.2  SSA22-AzTEC86 22171131 40003292 33408 25719 40
AZTEC J221725.60+002032.9  SSA22-AzTEC87 22172560 40020329 29407 23705 40
AZTEC J221804.39+002154.0 ~ SSA22-AzTEC88 22180439 40021540 30408 23705 40
AZTEC J221648.67+001100.2  SSA22-AzTEC89  221648.67 40011002 32408 24705 39
AZTEC J221709.98+001100.5 ~ SSA22-AzTEC90  221709.98 40011005 29407 22703 39
AZTEC J221736.924+000342.9  SSA22-AzTEC91 22173692 40003429 29408 22703 39
AzTEC J221720.86+000141.0  SSA22-AzTEC92 221720.86 40001410 32+0.8 2.4 f}:g 3.9
AZTEC J221658.174+000917.7 ~ SSA22-AzTEC93  221658.17 40009177 3.0£08 23705 39
AzTEC J221803.24+000300.6  SSA22-AzTEC94 22180324 40003006 3.44+0.9 2.5 f}:g 3.9
AZTEC J221736.99+000817.5  SSA22-AzTEC9S 22173699 +000817.5 28+07 22708 39
AzTEC J221754.02+001927.4  SSA22-AzTEC96 221754.02 40019274 2.8 +0.7 2.2 tg;g 3.9
AzTEC J221831.24+001402.7  SSA22-AzTEC97 221831.24 +4+001402.7 3.14+0.8 2.3 tg;g 3.9
AzTEC J221810.78+001650.5 SSA22-AzTEC98 2218 10.78 +4001650.5 2.94+0.7 2.2 tg;g 3.9
AzTEC J221725.16+001756.8  SSA22-AzTEC99 221725.16 +4001756.8 2.94+0.7 2.2 fg:g 3.9
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Table 2 — continued

Name

ID

AzTEC J221715.40+001747.9
AzTEC J221756.53+002808.6
AzTEC J221744.344-000633.1
AzTEC J221802.15+000744.0
AzTEC J221628.56+001512.6
AzTEC J221826.814+002142.5
AzTEC J221722.90+001657.8
AzTEC J221655.79+000757.7
AZTEC J221736.214002226.9
AzTEC J221826.80+002023.9
AZTEC J221751.004-001506.4
AzTEC J221816.21+002359.9

AzTEC J221657.21+001111.6
AzTEC J221748.40+002315.2

AZTEC J221645.744-000600.1
AZTEC J221706.214-001515.6
AzTEC J221719.43+001552.0
AzTEC J221732.01+002548.4
AzTEC J221759.46—000021.4
AzTEC J221706.83+000225.8
AzTEC J221832.78+002254.9
AzTEC J221833.42+002114.9
AzTEC J221746.04—000223.9

AzTEC J221659.114002305.5
AzTEC J221834.384-001738.1
AzTEC J221755.73+001941.3

SSA22-AzTEC100
SSA22-AzTEC101
SSA22-AzTEC102
SSA22-AzTEC103
SSA22-AzTEC104
SSA22-AzTEC105
SSA22-AzTEC106
SSA22-AzTEC107
SSA22-AzTEC108
SSA22-AzTEC109
SSA22-AzTECI110
SSA22-AzTECI111

SSA22-AzTEC112
SSA22-AzTEC113

SSA22-AzTECI114
SSA22-AzTECI115
SSA22-AzTEC116
SSA22-AzTEC117
SSA22-AzTEC118
SSA22-AzTEC119
SSA22-AzTEC120
SSA22-AzTEC121
SSA22-AzTEC122

SSA22-AzTEC123
SSA22-AzTECI124
SSA22-AzTEC125

Table 3. Supplementary catalogue of AZTEC SMGs detected in the edge
(10-30 per cent coverage) region.

R.A. Dec. Snbserved S/N
[hms] [ arcsec]  [mly]
SSA22-AzTEC-Supl 221656.16  +00 28 43.1 10.3 6.6

SSA22-AzTEC-Sup2  221633.20 +0007 23.6 8.7 6.0
SSA22-AzTEC-Sup3  221823.56  +002631.1 7.5 55
SSA22-AzTEC-Sup4  221622.10 +001021.7 73 4.4
SSA22-AzTEC-SupS  221807.01 —000329.6 9.9 43
SSA22-AzTEC-Sup6 22171635  —0003 48.0 6.9 4.2
SSA22-AzTEC-Sup7  221634.92  +002230.7 5.4 4.0
SSA22-AzTEC-Sup8 22162396 40021 39.5 7.9 4.0
SSA22-AzTEC-Sup9  221644.60 +000132.5 8.3 4.0
SSA22-AzTEC-Supl0  221708.81  —000253.6 6.6 3.8
SSA22-AzTEC-Supll  221820.10 40002 03.3 53 3.8
SSA22-AzTEC-Supl2  221846.36  +00 06 03.7 7.7 3.7
SSA22-AzTEC-Supl3 22185295 +001519.2 52 3.7
SSA22-AzTEC-Supl4  221851.39  +001027.2 5.8 3.7
SSA22-AzTEC-Supl5  221856.75 400 14 10.2 6.3 3.7
SSA22-AzTEC-Supl6 22182477 40028 05.7 6.3 3.6
SSA22-AzTEC-Supl7 22163897 40005339 52 35

Subaru/Suprime-Cam, Multi-Object InfraRed Camera and Spec-
trograph (MOIRCS) and the United Kingdom InfraRed Tele-
scope (UKIRT) were utilized to derive the photometric
redshift.

MNRAS 440, 3462-3478 (2014)

RA Dec. Sobserved Sdeboosted S/IN
hms] [° arcsec ] [mJy] [mJy]
22171540 40017479 28+07 22758 38
22175653 +002808.6 34+09 2579 38
22174434  +000633.1 28+07 21759 38
22180215 40007440 29+08 22757 38
22162856 40015126 40+£10 2773 38
22182681 40021425 36+£10 2571 38
22172290 40016578 28+07 21755 38
22165579 40007577 3.1+£08 23719 38
22173621 40022269 28+07 21755 38
22182680 40020239 33+£09 2371 37
221751.00 40015064 27407 21755 37
22181621 +002359.9 34x09 2479 37
22165721 40011116 28+08 21700 37
22174840 40023152 27+£07 2075 37
22164574 4+000600.1 42+1.1 0073 37
22170621 40015156 27+£07 20759 36
22171943 40015520 27+£07 20705 36
22173201 40025484 28+08 20705 36
22175946  —0000214 40+£1.1 2673 36
22170683 40002258 34+£09 2377 36
22183278 40022549 4512 0008 36
22183342 40021149 39+1.1 0073 36
22174604 —0002239 39+11 00%3 36
221659.11 40023055 3.0+08 2179 35
22183438 40017381 3.1+£09 2177} 35
22175573 40019413 26£07 19755 35
14— T T T T
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Figure 2. Cumulative number count of false detections as a function of
the signal-to-noise ratio. The error bars represent 1o Poisson uncertainties.
Circles and squares represent 50 and 30 per cent coverage fields, respectively.
Data points for the 30 per cent coverage field are displaced by 4-0.02 in the
S/N ratio for clarity.

3.1 VLA 1.4GHz

The region centred on the coordinate (RA,
Dec)jgop = (22M17™48.0°, 4+00°17'13”) was observed for a
total of 48h at 1.4GHz using the National Radio Astronomy
Observatory’s (NRAO’s) Very Large Array (VLA) in its A and B
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Figure 3. Completeness of the AZTEC/ASTE survey in 50 and 30 per cent
coverage fields. The error bars represent lo estimated from the binomial
distribution.
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Figure 4. Positional uncertainties estimated from the cumulative probabil-
ity distribution for a source detected at a position 6 arcsec away from the true
position. The probability was calculated for sources with 3.5 < S/N < 4.5,
4.5 < S/N < 5.5and 5.5 < S/N < 9.0. The horizontal dashed and dotted
lines represent 68.3 and 99.5 per cent confidence levels, respectively.

configurations (Chapman et al. 2004). Our imaging applied a 50 kA
Gaussian taper to reduce the bandwidth smearing. This produced a
well-behaved synthesized beam of 3.0 x 2.9 arcsec® at a position
angle of —80 deg. Generally, a root-mean-square (r.m.s.) noise
level of ~8.5uJy beam™' was achieved near the phase centre
and ~20 pJy at 15 arcmin from the phase centre. Unfortunately,
the radio map was partly contaminated by remarkable side lobes,
which were generated by nearby radio-loud sources. Therefore,
to avoid misidentification when cataloguing the radio sources we
eliminated areas with a local noise level of >20 uly beam™! in
catalogueing radio sources. The local noise was estimated using the
Alps task RMsD, in a 100 x 100 pixel region centred on each pixel.
To generate a source catalogue and to measure source properties,
we used the task sap. Finally, 40 radio sources were detected with
S/N of >4 for 66 SMGs.

3.2 Spitzer/MIPS, IRAC

In the SSA22 field, several archival Spitzer near- to mid-infrared
imaging observations are available and IRAC chl-ch4 (3.6, 4.5,
5.8 and 8.0 um) and MIPS chl (24 um) images were obtained
through the Spitzer Science Center (SSC) web site. As shown in
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Table 4. Summary of optical to near-/mid-infrared
photometry employed in this article.

Band Aeff S0 Depth  Ref
(pm) (mag)

CFHT/MegaCam

Un 0.28 26.1 1

Subaru/Suprime-Cam

B 0.44 26.5 2

NB497 0.50 26.2 2

Vv 0.54 26.6 2

R 0.65 26.7 2

i’ 0.77 26.4 2

7 0.92 25.7 2
Subaru/MOIRCS

J 1.25 24.5 3

H 1.64 243 3

Ks 2.15 239 3
UKIRT/WFCAM

J 1.26 233 4

K 2.24 227 4

Spitzer/IRAC

chl 3.56 24.9¢ 5

ch2 451 24.1¢ 5

ch3 5.76 22.0¢ 5

ch4 7.96 21.6% 5

Spitzer/MIPS
chl 23.68 18.3¢ 5

References: (1) archival data; (2) Hayashino et al.
(2004); (3) Uchimoto et al. (2012); (4) Lawrence
et al. (2007); (5) Hainline et al. (2009).

“ Median formal point-source sensitivity in the com-
bined mosaic of 30 (IRAC) and 50 (MIPS).

Fig. 1, the area observed with IRAC and MIPS corresponds to
about half the area of AZTEC/ASTE. The FWHMs of the PSF were
1.7, 1.7, 1.9, 2.0 and 6 arcsec, respectively. The source catalogues
were generated in two ways. In the case of the MIPS 24-um data,
we extracted sources with S/N > 5 and measured the flux den-
sities using the APEX module within the mopEx (MOsaicker and
Point source EXtractor) software package version 18.4.9 (Makovoz
& Marleau 2005) through point-response function (PRF) fitting.
For the IRAC data, we utilized SEXTRACTOR version 2.8.6 (Bertin
& Arnouts 1996). We extracted sources that had at least five con-
tiguous 0.6 x 0.6 arcsec’ pixels with fluxes at least 1.5 times the
background noise. Then flux densities were measured in 4.8-arcsec
diameter apertures using the IRAF (version 2.14) task APPHOT. Sources
at or above 30 corresponding to their local noise were listed. The
representative depth for each band is summarized in Table 4. The
aperture corrections suggested in the IRAC Instrument Handbook
were considered for all IRAC catalogues and the flux errors are
expected to be within 10 per cent (Hainline et al. 2009).

3.3 Optical to near-infrared

Optical imaging observations with Subaru/Suprime-Cam (Miyazaki
et al. 2002) using five broad-band filters (B, V, R, i’ and z') and
one narrow-band filter (NB497) were obtained by Hayashino et al.
(2004). We also utilized archival CFHT/MegaCam U-band data
(P.I. L. Cowie) for the same area. Just 21 SMGs were also observed
with Subaru/MOIRCS (Suzuki et al. 2008) in J, H and Ks bands
(Uchimoto et al. 2008; Uchimoto et al. 2012). We made a set of
photometry catalogues at these wavelengths utilizing SEXTRACTOR.
We detected sources that had five connected pixels above the 2o
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noise level. The flux densities were measured with 2- and 1.1-arcsec
diameter apertures for U, B, V, R, i/, 7/ bands and J, H, Ks bands
respectively. We then cut the catalogues to >50, as derived by
Hayashino et al. (2004) and Uchimoto et al. (2008) and listed in
Table 4. In addition, the archival J and K band Deep Extragalac-
tic Survey (DXS) catalogues by UKIRT/Wide Field Camera (WF-
CAM: Lawrence et al. 2007) are available for all SMGs. These data
are shallower than MOIRCS data, but valuable to us, since they can
supplement the shortage of MOIRCS observations at near-infrared
wavelengths.

4 COUNTERPART IDENTIFICATION

The majority of SMGs that were discovered by AzZTEC/ASTE in
the SSA22 field had no interferometric observations at submm/mm
wavelengths. Only SSA22-AzTEC1 was observed with the Sub-
millimeter Array (SMA: Tamura et al. 2010). In addition, SSA22-
AzTECI12 and SSA22-AzTEC77 were confirmed with CO line
emission (Chapman et al. 2005). Therefore, identifying counterparts
in images taken at other wavelengths is an essential process in order
to determine their accurate position and to investigate their nature. In
this work we adopted the methods outlined by Downes et al. (1986)
and Ivison et al. (2007) as well as some subsequent works (e.g.
Wardlow etal. 2011; Biggsetal. 2011; Yun et al. 2012; Michatowski
et al. 2012; Alberts et al. 2013). We utilized VLA 1.4-GHz, MIPS
24-um and IRAC 3.6-, 4.5-, 5.8- and 8.0-um imaging data. These
data have better angular resolution than the AzZTEC/ASTE sur-
vey. At the same time they are expected to detect SMGs with
high probability. VLA 1.4-GHz reaches Opwum ~ 3 arcsec. It is
well known that active star-forming galaxies radiate remarkable
radio emission that reflects the degree of star formation activity
(Condon 1992). MIPS 24-um is also suitable to detect SMGs
and, while its angular resolution of Opwym ~ 6arcsec is some-
times not enough to identify counterparts alone, it is significantly
better than AzTEC/ASTE. Furthermore, Yun et al. (2008) sug-
gested that SMGs always have a characteristic IRAC colour in the
([5.8 um]/[3.6 pm]versus[8.0 um/4.5 um]) diagram and this idea is
consistent with a small subset of SMGs observed by SMA. The
IRAC observations achieve Opwpy ~ 2—4 arcsec, corresponding to
channels.

Sources that lie within a 20" positional uncertainty, i.e. within a
radius Rs from an AZTEC/ASTE centroid position, were extracted
for each data set. Ry values were calculated as functions of S/N
through Monte Carlo simulations (more details about this process
are given in the Supplementary Information of Tamura et al. 2009
and Hatsukade et al. 2011). Then we calculated the corrected Pois-
son probability (‘p-value’, hereafter p), the probability of chance
association for all selected candidates. When calculating p, unlike
most previous studies, we considered the number density of not
just sources brighter than the candidate but all sources in each cat-
alogue, as well as Yun et al. (2012), to avoid underestimating the
p of nearby bright radio and/or mid-IR sources. In this article, we
considered sources with p < 0.05 as robust counterparts. Likewise,
we have also listed tentative sources (0.05 < p < 0.20). In calcu-
lating the source surface density, we faced a difficulty in the case
of radio data. In order to estimate the p values, we must count
what was detected as a source in the actual SSA22 map (i.e. not
the real source density). However, terrible side lobes, which are
caused by some bright radio objects located near this field, contam-
inated the 1.4-GHz radio image widely and we could only utilize
some patchy regions that had low local noise levels, as mentioned
in section 3.1. Thus, it was impossible to estimate source counts
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for the whole region or for a significant wide submap. Therefore,
we sampled small regions randomly across the map to estimate the
radio source density. We generated 5000 circle regions having radii
of 15 arcsec and counted radio sources within these regions. Con-
taminated areas that had local noise levels >20 uJy beam™! were
excluded.

We found at least one robust counterpart for 19 AzZTEC SMGs. We
also found only tentative counterparts for an additional 40 AzTEC
SMGs. The identified objects are listed in Table 5 and the find-
ing charts for the 125 AzZTEC SMGs are shown in Fig. 5 (and in
the Supporting Information). The robust success rates of identifica-
tions based on VLA, MIPS and IRAC colour analysis were 11/66
(17 per cent), 11/64 (17 per cent) and 5/61 (8 per cent), respectively.
An additional 10, 26 and 21 AZzTEC sources have tentative VLA,
MIPS and IRAC counterparts (Table 6). The tentative identifica-
tion rates were 10/66 (15 per cent), 26/64 (39 per cent) and 21/61
(32 per cent), respectively. These rates are generally consistent with
previous works for other fields. Among them, Yun et al. (2012) pro-
vide us with a proper opportunity to compare the results, since they
also searched counterparts of 1.1-mm-selected SMGs discovered
by AzZTEC/ASTE in the GOODS-South field and utilized a simi-
lar identification method. Their robust (tentative) MIPS and IRAC
colour identification rates of 8/48 (17 per cent; 14/48, 29 per cent)
and 5/48 (10 per cent; 18/48, 32 per cent) agree with our studies. In
the case of radio identification, their estimates of 13/48 (27 per cent)
for robust sources and 19/48 (40 per cent) for tentative sources are
slightly higher than our rates. The disparity could be caused by a
difference in noise levels of the 1.4-GHz maps, since our radio map
is noisier than their map. Indeed, Barger et al. (2012) reported that
all 16 SMGs identified by SMA in a SCUBA-selected sample have
radio counterparts utilizing the ultradeep (1o = 2.5 pJy) 1.4-GHz
image obtained by the Karl G. Jansky Very Large Array (VLA).
They found that 10 out of 16 SMGs have a relatively low radio flux
density (S;46n, < 40 py). Therefore, surely we have missed such
faint radio counterparts for a number of SMGs.

Recently, submm/mm interferometric observations targeting a
number of SMGs have been carried out, providing us with the ac-
curacy rate of these ‘traditional methods’. Smolci¢ et al. (2012)
made the Plateau de Bure Interferometer (PdBI) follow-up cam-
paigns targeting 28 Atacama Pathfinder Experiment (APEX)/Large
Apex BOlometer CAmera (LABOCA) selected SMGs in the COS-
MOS field and found that just about half of single-dish SMGs
have real radio/IR-selected counterparts and > 10 per cent of SMGs
should be comprised of multiple submm bright objects. ALMA
observations of 90 SMGs in the CDF-S fields allow us to check
answers using larger samples. They reveal that a number of pre-
dicted counterparts via radio and/or infrared images are identified
by ALMA (~65 per cent), though about 40 per cent of single-dish
SMGs have no such predictable counterpart (Hodge et al. 2013;
Karim et al. 2013). While these results indicate that a statistical ap-
proach based on counterpart identification at wavelengths other than
(sub-)millimetre is still meaningful, we should note that our counter-
part catalogue cannot be perfectly correct. Additionally, it has also
been reported that a portion of SMGs detected by single-dish tele-
scopes are composed of multiple separated sources. For instance,
Hodge et al. (2013) reported that 24 out of 69 SMGs detected
by LABOCA are multiples based on their ALMA observations.
Chen et al. (2013) showed that 3 out of 24 SMGs identified by
SMA in a SCUBA-2 sample are multiples. Since the FWHM of the
AZTEC/ASTE beam size (30 arcsec) is about 56 per cent larger than
that of LABOCA (19.4 arcsec) and about twice that of SCUBA-2
(14 arcsec), multiplicity can be an important factor.
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Table 5. Information about identified counterparts. The machine-readable version is available online. Robust counterparts are emphasized
in bold face. (SSA22-Az77 was confirmed by CO detection: Chapman et al. 2005.) Rs represents the radius of the 20 positional error
circle estimated by Monte Carlo simulations. Dist. means the positional offset of counterparts from the AzZTEC position. The Spitzer
coordinate shows the coordinate of IRAC 3.6-pm as priority. If counterparts were selected by MIPS alone, the MIPS 24-pm coordinates
are shown. The next three columns after the positional offset show p values of objects selected by VLA 1.4-GHz, Spitzer MIPS 24-pum
and IRAC colour-selected objects.

ID Rs Radio coordinate Dist. Spitzer coordinate Dist. PL4GHz  P24um  Peolour
(arcsec) (J2000) (arcsec) (J2000) (arcsec)

SSA22-Azla 3.7 J221732.414-001743.9 33 J221732.424-001743.8 34 0.010 0.042
SSA22-Az2a 5.1 J221742.264+-001701.2 2.6 J221742.254-001701.8 2.5 0.011 0.007 0.045
SSA22-Az5a 5.7 J221718.654+001802.7 4.2 J221718.67+001803.1 4.0 0.020 0.02 0.082
SSA22-Az6a 6.0 J221815.414-000946.3 32 0.068
SSA22-Az9a 6.7 J221659.924+-001039.0 2.5 0.013
SSA22-Azlla 7.2 J221657.334-001923.9 1.3 0.023
SSA22-Az12a 7.3 J221734.034-001347.5 4.1 0.028 0.106
SSA22-Az12b 7.3 J221733.924+-001352.2 6.8 J221733.964-001351.9 6.2 0.037 0.146
SSA22-Azl3a 7.5 J221720.254-002019.0 33 0.085
SSA22-Azl4a 7.5 J221737.024-001821.5 0.9 0.008 0.013
SSA22-Az14b 7.5 J221737.224-001816.6 6.0 0.149
SSA22-Azl4dc 7.5 J221737.334+001822.9 5.6 0.034
SSA22-Az16a 7.8 J221651.984-001816.9 6.0 0.042
SSA22-Az18a 8.1 J221742.104+-001246.4 7.7 0.182
SSA22-Az20a 8.4 J221744.064+-000822.8 2.1 J221744.08+000822.7 1.8 0.011 0.042
SSA22-Az20b 8.4 J221744.30+000821.9 1.8 0.042
SSA22-Az23a 8.7 J221658.214-002452.7 6.3 0.180
SSA22-Az23b 8.7 J221658.084-002457.4 5.3 0.158
SSA22-Az23¢ 8.7 J221658.224-002458.1 7.3 0.197
SSA22-Az26a 9.0 J221712.994-002654.1 6.0 0.182
SSA22-Az27a 9.0 J221825.314001924.8 1.3 0.007
SSA22-Az28a 9.1 J221650.064-002248.6 3.6 0.108
SSA22-Az30a 9.2 J221746.774+000804.2 6.2 0.047
SSA22-Az31a 9.3 J221727.39+000317.6 8.9 0.061 0.236
SSA22-Az32a 94 J221804.95+000840.1 4.7 0.150
SSA22-Az32b 9.4 J221805.264-000839.4 2.4 0.065
SSA22-Az34a 9.5 J221741.34+002641.4 2.9 0.025 0.086
SSA22-Az34b 9.5 J221741.784-002639.4 7.7 0.057
SSA22-Az35a 9.6 J221741.27+001045.9 5.4 0.042 0.175
SSA22-Az35b 9.6 J221741.44+001045.1 3.0 J221741.30+001045.6 4.8 0.021 0.042
SSA22-Az37a 9.9 J221737.394-001024.8 7.1 J221737.394-001024.9 7.1 0.057 0.064 0.224
SSA22-Az45a 10.7 J221732.29+002931.3 6.3 J221732.33+002930.6 5.4 0.056 0.191
SSA22-Az50a 11.1 J221720.83+002826.1 4.8 0.172
SSA22-Az52a 11.2 J221728.324+-002025.9 10.8 J221728.37+002027.0 9.8 0.084 0.307
SSA22-Az52b 11.2 J221728.99+002033.6 3.5 0.117
SSA22-Az55a 11.5 J221806.464+-001135.4 9.5 0.094 0.314
SSA22-Az56a 11.8 J221806.23+001021.0 1.2 0.025
SSA22-Az59a 12.0 J221814.324-001446.3 4.0 0.040
SSA22-Az59b 12.0 J221815.13+001445.4 9.3 0.096
SSA22-Az65a 12.3 J221801.224-002928.4 5.5 0.059
SSA22-Az67a 12.3 J221707.63+001307.6 10.6 0.110 0.353
SSA22-Az67b 12.3 J221707.214-001312.9 5.1 0.065 0.199
SSA22-Az67c 12.3 J221708.10+001323.2 12.0 0.111
SSA22-Az68a 12.3 J221812.904-002321.4 7.6 0.085
SSA22-Az71a 124 J221723.13+000926.2 7.8 0.087
SSA22-Az72a 12.5 J221728.204+-002851.4 4.9 J221728.224-002851.7 52 0.047 0.067 0.203
SSA22-Az74a 12.5 J221706.614-001727.7 8.2 0.093 0.310
SSA22-Az75a 12.5 J221724.474-000731.7 9.1 0.106 0.332
SSA22-Az75b 12.5 J221724.454-000717.5 6.9 0.078
SSA22-Az75¢ 12.5 J221723.794-000714.0 11.4 0.113
SSA22-Az77a 12.8 J221735.154-001537.4 4.6 0.180
SSA22-Az77b 12.8 J221734.994-001535.2 4.4 0.046
SSA22-Az77c 12.8 J221734.984-001527.4 12.0 0.119
SSA22-Az80a 12.9 J221713.074-001918.9 11.8 0.116 0.388
SSA22-Az80b 12.9 J221713.354-001936.6 10.0 0.117 0.361
SSA22-Az81a 12.9 J221702.294-001550.4 8.4 0.085 0.323
SSA22-Az81b 12.9 J221702.354-001611.1 12.7 0.118 0.398
SSA22-Az83a 13.0 J221657.284-002409.6 39 0.148
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Table 5 — continued

ID Rs Radio coordinate Dist. Spitzer coordinate Dist. P14GHz  P24um  Peolour
(arcsec) (J2000) (arcsec) (J2000) (arcsec)
SSA22-Az108a 13.8 J221736.484-002219.8 8.1 0.099
SSA22-Az109a 13.9 J221826.184-002028.6 10.0 0.109
SSA22-Az110a 13.9 J221750.484-001509.3 8.1 J221750.514-001509.4 7.6 0.090 0.318
SSA22-Az113a 14.1 J221747.604+-002318.3 11.5 0.132 0.419
SSA22-Az113b 14.1 J221748.434+-002316.6 1.4 0.009
SSA22-Azl15a 14.2 J221705.394-001514.0 12.0 0.145 0.431
SSA22-Azl16a 14.2 J221720.224-001552.9 11.4 0.134
SSA22-Az116b 14.2 J221719.344-001545.1 7.0 0.088
SSA22-Azl17a 14.2 J221732.154-002540.4 8.3 0.127 0.346
SSA22-Az84a 13.1 J221819.434-002126.6 5.7 0.058
SSA22-Az85a 13.1 J221816.06+002452.6 10.7 0.106
SSA22-Az85b 13.1 J221816.674002452.1 4.8 0.052
SSA22-Az87a 13.2 J221726.024+002026.7 8.6 0.111 0.335
SSA22-Az88a 13.2 J221804.434+002153.2 0.9 J221804.49+002153.3 1.5 0.004 0.009
SSA22-Az91a 13.4 J221736.644+-000343.4 4.2 0.165
SSA22-Az95a 13.5 J221736.744+-000820.9 5.0 J221736.724-000820.9 53 0.051 0.077 0.218
SSA22-Az96a 13.5 J221754.664+-001923.3 10.0 0.121 0.375
SSA22-Az98a 13.5 J221811.254-001656.8 9.2 0.109
SSA22-Az99a 13.5 J221725.384-001803.9 7.8 0.107 0.317
SSA22-Az99b 13.5 J221725.184-001805.8 9.0 0.107 0.351
SSA22-Az99¢ 13.5 J221724.634+-001807.9 13.4 0.133
SSA22-Az101a 13.6 J221756.364+002812.9 4.8 0.054
SSA22-Az102a 13.6 J221744.484+-000632.4 2.2 0.068
SSA22-Az103a 13.7 J221801.844-000744.8 4.7 0.191
SSA22-Az106a 13.7 J221723.70+001652.4 12.8 J221723.704+001652.4 12.8 0.123 0.136 0.428

Figure S. Finding charts for the SMGs discovered by AZTEC/ASTE in
the SSA22 field. The full chart is available online. In addition to the
AzTEC 1.1-mm images, images from VLA 1.4-GHz, IRAC false colour and
24-um are shown from left to right. Blank or partly lacking images indicate
that these SMGs were not observed at the corresponding wavelengths. The
solid and dashed circles show the representative FWHM of AzZTEC/ASTE
(diameter is 30arcsec) and 20 positional error circle. The IRAC colour
images are produced using the 3.6-pm (blue), 4.5-pum (green) and 5.8-pum
(red) band images. Each image is 40 x 40arcsec? in size. The identified
counterparts are shown in the left figure. Cyan circles mark the 1.4-GHz
radio sources and red squares are the MIPS 24-um sources, while IRAC
sources are represented by orange circles.

5 PHOTOMETRIC REDSHIFT

For all AZTEC SMGs in the SSA22 field, spectroscopic redshifts,
Zspec, are available for only a small subset (5/125, 4 per cent). Here
we estimate photometric redshifts of reliable (i.e. both robust and
tentative) SMG counterparts to derive the redshift distribution and
extract candidate SMGs that lie within the z = 3.1 protocluster.
Chapman et al. (2005) reported that there were 10 SCUBA SMGs

MNRAS 440, 3462-3478 (2014)

Table 6. SMG identification statistics. The number of SMGs
having counterparts are listed. Combining the three data sets,
eventually 59 SMGs have at least one counterpart. SMGs with
photo-z are composed of IRAC counterparts and VLA/MIPS
counterparts covered by IRAC (i.e. some of them do not have
good p in the case of IRAC). Two SMGs (SSA22-AzTEC71
and SSA22-AzTEC108) have MIPS counterparts, but we can-
not find corresponding IRAC sources.

Class Number  Percentage
(%)
Total detected SMGs (S/N>3.5) 125
SMGs with any of the counterparts 59
SMGs covered by VLA 66/125 53
(with robust VLA counterparts) 11/66 17
(with tentative VLA counterparts) 10/66 15
SMGs covered by MIPS 64/125 51
(with robust MIPS counterparts) 11/64 17
(with tentative MIPS counterparts) 26/64 39
SMGs covered by IRAC 61/125 49
(with robust IRAC counterparts) 5/61 8
(with tentative IRAC counterparts) 31/61 51
(with photo-z) 45/61 74
(without any counterpart) 14/61 23

that have spectroscopic redshifts in this field. However, only 3 out of
10 sources were detected in the AZTEC map with S/N of >3.5. The
origin of this inconsistency is still unclear, but incompleteness in the
AzTEC map might account for this difference. Indeed, most of these
sources significantly detected by SCUBA are marginally detected
with the AZTEC/ASTE survey (2.5 < S/N < 3.5). Hereafter we
mainly focus on AZTEC SMGs.)
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Table 7. Redshifts of identified counterparts. Derived photometric redshifts, z;,, with 68 per cent confidence intervals based
on optical to near-infrared data are shown. The next column stands for spectroscopic redshifts, zs. The third column, z,
(mm/radio), is for photometric redshifts with 68 per cent confidence intervals evaluated using 1.1-mm and radio fluxes.
(We had not calculated redshifts for SSA22-Az106a and SSA22-Az110a, as these were clearly radio-loud AGN and it was

3473

difficult to apply the code.)

ID Zp Zs zp(mm/radio) ID Zp Zs zp(mm/radio)

SSA22-Azla  2.85 1353 ¢ L7458 SSA22-Az56a  0.95 T){]

SSA22-Az2a 215703 2278 2115 SSA22-Az67a 170 139

SSA22-Az5a  3.00 7|2 1748 SSA22-Az67b 1457039
SSA22-Az6a  2.40 T3:89 SSA22-Az72a  4.10750 20113
SSA22-Az9a 2.0733 SSA22-Az74a  0.95 7032

SSA22-Azlla 255 3% SSA22-Az75a  1.10 703

SSA22-Az12a  1.90 028 SSA22-Az75¢  0.65 7046

SSA22-Az12b 220707 2.555¢ 2018
SSA22-Az13a 215793 3114
SSA22-Azl4a  2.90 703}

SSA22-Az14b  2.00 7030

SSA22-Azldec 370 7072 1.8%53
SSA22-Az18a  6.00 *900
SSA22-Az20a 2257030 20732
SSA22-Az20b  3.75 1073

SSA22-Az23a  6.00 T40%

SSA22-Az23b  1.25 1070

SSA22-Az23¢  2.35 132

SSA22-Az26a  1.05 102

SSA22-Az28a  0.00 T05)
SSA22-Az30a 1.8%17
SSA22-Az31a  2.35 3%

SSA22-Az32a 22530

SSA22-Az32b  0.85 *003
SSA22-Az34a 330 019 1.9%5%
SSA22-Az35a 035 *010

SSA22-Az35b 1.7+13

0.5
SSA22-Az37a 2207018 2614 1.9712
SSA22-Az45a 175423 21117
SSA22-Az50a 195 *03

SSA22-Az52a 19587
SSA22-Az52b  2.85 1270

0.06
SSA22-Az55a  2.20 * 2

SSA22-Az77a  2.80 7037 3.098¢
SSA22-Az77¢c 255 018
SSA22-Az80a  0.40 T30
SSA22-Az80b  2.90 *0Z
SSA22-Az8la  2.05 1032
SSA22-Az81b  0.45 7003

SSA22-Az83a  2.55 1009

SSA22-Az84a 1.8+13
SSA22-Az85a 2.1M14
SSA22-Az87a  1.80 7043
SSA22-Az88a 1976
SSA22-Az91a  2.10 3%
SSA22Az95a  6.00 0% 201773
SSA22-Az96a  2.5515%8

SSA22-Az99a  1.90 17

SSA22-Az99b  2.25 705
SSA22-Az102a  0.65 7008
SSA22-Az103a  1.95 700
SSA22-Az106a  0.45 700 —

—0.05
SSA22-Az108a 2407020
SSA22-Az109a 2.0%13

SSA22-Az110a  2.75 727 —
SSA22-Az113b  1.20 *)7%
SSA22-Azl15a  2.80 700}
SSA22-Azll6a  4.70 702

0.11
SSA22-Az117a  1.30 T3¢

References:

“zp = 3.19703C in Tamura et al. (2010).
b Alaghband-Zadeh et al. (2012).
“Chapman et al. (2005).

dMatsuda et al. (2005).

For radio counterparts, their photometric redshifts based on
1.1-mm and radio fluxes were estimated with a Bayesian technique
(Aretxaga et al. 2007). The results are summarized in Table 7.
Derived redshifts were not restricted very much and therefore we
mainly discuss redshifts of counterparts based on optical to near-
infrared photometries.

5.1 SED fitting

We performed SED fitting and obtained photometric redshifts using
the HYPERZ version 1.1 code (Bolzonella, Miralles & Pell6 2000). As

shown in Fig. 1, the imaging area does not cover the AZTEC map
completely and a significant number of SMGs do not have complete
photometric data. This constraint forced us to consider only the area
observed by all IRAC channels when deriving photometric redshifts,
since these wavelength data are essential to observe characteristic
features such as the 1.6-pm bump, which is caused by a minimum
in the opacity of the negative hydrogen ion in the atmospheres of
cool stars (Sorba & Sawicki 2010), and to obtain well-restricted
redshift information. It is also difficult to derive photometric red-
shifts for some radio and/or MIPS counterparts that had no IRAC
component.

MNRAS 440, 3462-3478 (2014)
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Among these 61 SMGs, 14 SMGs have no reliable counter-
part when considering all three identification methods. Two SMGs
have MIPS counterparts, but we cannot find corresponding IRAC
sources with red colour. Therefore the fitting analysis was per-
formed for the remaining 45 SMGs. Photometric catalogues for
U (CFHT), B, V, R, i’, 7/ bands (Subaru/Suprime-Cam), J, H, Ks
bands (Subaru/MOIRCS) and 3.6, 4.5, 5.8, 8.0 um (Spitzer/IRAC)
were considered, while the J, K (UKIRT) catalogues were utilized
only for sources that were not observed by MOIRCS. We matched
the counterpart catalogue with the optical to near-infrared cata-
logues, using a search radius of r = 1.2 arcsec. In fitting SEDs,
the following parameters were considered. The range of redshift
was set to 0-6. Dust extinction is considered with a range of
A, = 0-5 mag using a bin of 0.5 and we adopted the model
of Calzetti et al. (2000). Bruzual & Charlot (1993) SED tem-
plates of elliptical, Sb, burst, constant and star-formation (Im) are
utilized.

5.2 Results

We summarize the derived photometric redshifts in Table 7. The
comparison of spectroscopic and photometric redshifts for SMG
counterparts is shown in Fig. 6. A majority of sources, except for
Az13a, have comparatively small relative errors. Only Az13a has
a catastrophic error (i.. |Zphoto — Zspec|/(1 + Zspec) Of >0.15; e.g.
Ilbert et al. 2009). This source is bright in the X-ray and is supposed
to harbour an AGN. Thus, as a whole, the photometric redshifts
are consistent with the spectroscopic redshifts, though only five
(candidate) counterparts have spectroscopic redshifts.
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Figure 6. Photometric redshifts versus the spectroscopic redshifts from
previous works (Matsuda et al. 2005; Chapman et al. 2005; Alaghband-
Zadeh et al. 2012). The error bars correspond to a 1o confidence range.
The dashed lines represent zZpnot = Zspec = 0.15(1 + Zzgpec). Filled circles
show sources that were identified as SMGs. The open circles represent
SSA22-Az13a, which has a spectroscopic redshift of 3.1 but is only the
most reliable of the tentative counterparts of SSA22-AzTEC13 (see Section
5.2). The upper panel shows the errors of (zphot — Zspec)/(1 + Zspec)- One
outlier at z = 3.1, SSA22-Az13a, is an X-ray source and should be an active
galactic nucleus host (Lehmer et al. 2009, Tamura et al. 2010).
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Figure 7. Redshift distribution of AZTEC SMGs in the SSA22 field based
on photometric/spectroscopic redshifts. 48 counterpart candidates were con-
sidered and zmeq = 2.4. For comparison, we include 36 AzZTEC SMGs
with optical photometric redshifts (Yun et al. 2012) and 76 radio-identified
SCUBA SMGs with spectroscopic redshifts (Chapman et al. 2005).

Fig. 7 represents the redshift distribution of 48 counterparts of
45 AZTEC SMGs in the SSA22 field. All robust counterparts that
have photometric or spectroscopic redshifts were considered. Three
SMGs have two robust counterparts and we utilized both in such
cases. For SMGs that have only tentative counterparts, we selected
the most reliable counterpart, i.e. the one with the best pcolor Value.
In calculating the distribution of redshifts, the spectroscopic red-
shifts were considered when provided by the sources. In the case
of SSA22-AzTECla, we adopted the photometric redshift using
mid- and far-infrared data (Tamura et al. 2010). For the remaining
sources without spectroscopic redshifts, we considered photomet-
ric redshifts. In the same figure, two redshift distributions, obtained
previously based on optical to near-infrared data, are also shown.
One is the SCUBA SMGs that were identified by radio imaging and
have spectroscopic redshifts (Chapman et al. 2005) and the other
is composed of AzZTEC SMGs in the GOODS-S field with optical
photometric redshifts (Yun et al. 2012).

We derived a median redshift of z,,.q = 2.4 for AZTEC SMGs in
the SSA22 field. It is likely that the distribution of AZTEC SMGs
in the SSA22 fields is similar to the ones in the previous two works,
though the peak of the distribution is slightly higher than both the
SCUBA sources and AzTEC SMGs in GOODS-S. The shift can be
explained reasonably by considering that longer-wavelength sur-
veys are at an advantage in detecting higher redshift SMGs and
that the SCUBA SMGs reported in Chapman et al. (2005) were
composed of radio sources only. Likewise, Smolci¢ et al. (2012)
reported more reliable statistics of interferometrically identified
SMGs. They performed a 1.3-mm continuum survey with PdBI
of 1.1-mm-selected SMGs and derived the redshift distribution of
these identified counterparts (their redshifts are also generally de-
rived from optical photometry). The median redshift of 1.1-mm-
selected SMGs with photometric redshifts (i.e. not lower limits)
iS Zmeda = 2.5, which is consistent with our work. However, we
should note that these distributions might not represent the whole
redshift distribution of AZTEC SMGs. It is found that 14 out of 61
SMGs with four-band IRAC coverage (23 per cent) have no reliable
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counterparts for all diagnostics, which prevents us from estimat-
ing their redshifts completely. Some of the SMGs are possibly
too faint to detect at such wavelengths, since they are at higher
redshift (z > 4).

6 LARGE-SCALE STRUCTURE

In the SSA22 field, AZTEC/ASTE covered the area where the large-
scale structure traced by z = 3.1 LAEs was discovered by Hayashino
et al. (2004). It is expected that a certain fraction of our SMGs
found towards the high-density region of LAEs can reside within
the large-scale structure. Our estimate of the photometric redshifts
allows us to extract candidate SMGs at z = 3.1 and to investigate
the relationship between SMGs and the large-scale structure.
Combining our estimate of the photometric redshifts with spec-
troscopic and photometric redshifts from the literature, the follow-
ing 10 AzZTEC SMGs are listed as cluster member candidates. First,
it has been reported that two SMGs should be at z = 3.1. Az77a was
also detected by the SCUBA survey (SMM J221735.15+001537.2).
It had CO detection and zgpe. = 3.098 (Chapman et al. 2005). An
SMA follow-up observation revealed that Azla is the real counter-
part of SSA22-AzTECI. Tamura et al. (2010) estimated its redshift
as Zphot = 3.19f81§g, based on SED fitting in the mid-infrared to
radio wavelength range. Secondly, Az13a is not only an IRAC red
object but also a Lyman o emitter with a spectroscopic redshift
of Zgpee = 3.11 (Matsuda et al. 2005). Thirdly, we extract seven
sources that could be at z = 3.1 based on photometric redshifts.
The uncertainty in the photometric redshifts at z > 3 was estimated
as Az < 0.5 in the case of our data set (Uchimoto et al. 2012) and
therefore we listed Az5a, Azl4a, Az34a, Az52b, Az80b, Az110a
and Az115a, since they have the most reliable photometric redshifts
in the range z,noe = 3.1 & 0.5. Here we exclude sources that were
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detected in IRAC channels only (i.e. too faint in the optical range),
since we cannot derive well-defined photometric redshifts in such
cases.

6.1 SKky distribution

Fig. 8 shows the two-dimensional distribution of the z = 3.1 candi-
date SMGs compared with the surface density distribution of LAEs
at z = 3.1 (Hayashino et al. 2004). The area shown in Fig. 8 cor-
responds to a field of view of Suprime-Cam that was denoted ‘sb1’
in Yamada et al. (2012). As is evident from this figure, the z = 3.1
candidate SMGs are concentrated into the overdense region, while
the other SMGs are uniformly distributed across the area observed
by IRAC. In particular, seven SMGs are concentrated in the ‘core’
region (shown in Fig. 8) within the central 12 Mpc x 12 Mpc (co-
moving), which is the most overdense region of LAEs.

It has also been reported that the density peak of the K-band
selected (K-selected) galaxies (Kxp < 24) at 2.6 < Zph < 3.6 is
consistent with that of LAEs (Kubo et al. 2013). This supports the
idea that these SMGs are at the centre of the protocluster. They
also found both dusty star-forming galaxies and quiescent galaxies
around the ‘core’ region. The high source surface density of dusty
K-selected galaxies within the region supports the reality of the
structure traced by SMGs and also implies high star-forming activity
in this overdense region.

As shown in Fig. 8, the ‘core’ region roughly corresponds to the
area named as SSA22a in Steidel et al. (2000). Yamada et al. (2012)
calculated the degree of overdensity of LAEs for sbl and SSA22a
and furthermore estimated the underlying mass fluctuation assum-
ing the standard ACDM model for both regions. They concluded
that 10 and 19 times the average mass fluctuation was derived, re-
spectively. Hence SMGs are likely to concentrate in an area where
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N
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Figure 8. Sky distribution of the z = 3.1 candidate SMGs and the large-scale structure traced by LAEs at z = 3.1. The background map shows the density
distribution of z = 3.1 LAEs (Hayashino et al. 2004). The contours show the smoothed densities of 0.12, 0.23, 0.35, 0.46, 0.57, 0.69, 0.81 and 0.92 galaxies per
arcmin?. Superposed orange diamonds (circles) show the z = 3.1 (candidate) AZTEC SMGs. Diamonds are SCUBA SMGs that lie at z = 3.1. The two SCUBA
SMGs with blue diamonds were not detected in the AzZTEC map (S/N < 3.5). SSA22-AzTEC77 was detected by both AzZTEC and SCUBA and therefore is
shown as the orange diamond. The white solid line stands for the area of IRAC chl observations. White circles denote the remaining AZTEC SMGs located
within the IRAC area. Seven out of 10 z ~ 3.1 AzZTEC SMGs are concentrated in the core region within a 12 Mpc x 12 Mpc square (comoving scale). For

reference, we also show the area ‘SSA22a’, named by Steidel et al. (2000).
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the underlying mass fluctuation is significantly high. Note that
this spatial correlation between LAEs and SMGs could not occur
accidentally. When 10 sources are randomly scattered in the IRAC
field, the probability that more than three sources are located within
the core region is < 1 per cent.

Regarding the extent of SMGs, there is an intriguing work by
Michatowski et al. (2012) that reported that there is a clear incon-
sistency between the redshift distributions of SMGs in the Lockman
Hole and UDS fields. They insisted that the large-scale structures in
the z = 0-5 Universe extending from ~0.3 to 0.7 deg could explain
the difference reasonably. The extent of the area shown in Fig. 8 is
~(.5 deg, which corresponds to ~ 50 Mpc at z = 3.1. Therefore our
results generally agree with theirs and indicate that the distribution
of SMGs could be patchier than their estimate, at least at z ~ 3.

6.2 Cross-correlation function

As mentioned above, the sky distribution of the z = 3.1 candidate
SMGs suggests that a majority of SMGs are located in the most
overdense region at the dozens-of-Mpc scale and that some SMGs
lie in relatively less overdense regions. The two-point angular cross-
correlation function is useful to evaluate statistically the degree of
similarity in distributions between two types of galaxies, in this case
SMGs and LAEs. We calculate it in a way similar to the one used
in Tamura et al. (2009), described only briefly here. The angular
distances for all pairs between the two populations are measured
and the incremental quantity within a unit solid angle as a function
of angular distance is calculated. At this time, the estimator equation
proposed by Landy & Szalay (1993) is utilized. We confine the area
so as not to generate artificial positive signals. Hereafter, we will
consider the field observed by IRAC (see Fig. 7). Moreover, pairs
separated by more than 15 arcsec are excluded to avoid the source
confusion effect.

The computed angular cross-correlation function between 10
z ~ 3.1 SMGs and 195 z = 3.1 LAE:s is shown in Fig. 9. For com-
parison, the auto-correlation function of LAEs is also shown. Error
bars for the correlation functions were estimated from the r.m.s.
of 5000 bootstrap samples of the original catalogues. Our results
suggest that z ~ 3.1 SMGs are clustered and that their distribution
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Figure 9. The two-point angular cross-correlation functions of SSA22
galaxies. The orange circles represent the cross-correlation functions of
LAEs and z = 3.1 SMG candidates. Blue squares show the auto-correlation
functions of LAEs. These results indicate that the distributions of selected
SMGs are correlated with those of z = 3.1 LAEs. For comparison, the cross-
correlation functions of LAEs and the remaining 51 SMGs are also shown
using cyan circles.
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is similar to that of z = 3.1 LAE:s, since we find positive amplitudes
for the cross-correlation at angular distances <7 arcmin. We also
computed the cross-correlation function between the remaining 51
SMGs covered by IRAC and the z = 3.1 LAE:s in similar fashion.
In this case, it is suggested that the distributions of the two are not
correlated. The correlation between SMGs and LAEs in SSA22 was
first shown in Tamura et al. (2009). Though their selection of SMGs
was based only on luminosity, they showed a possible correlation
between the two samples. Our work confirms the trend that they
reported, constraining the photometric redshifts. Consequently, we
arrive at a more sophisticated understanding of the correlation: the
amplitude of the function is higher and the significance of the cor-
relations is increased.

A similar approach using cosmological hydrodynamics simula-
tions was followed by Shimizu, Yoshida & Okamoto (2012). They
also calculated the cross-correlation function focusing on the z = 3.1
Universe in their simulation box, utilizing a code that successfully
reproduced the observed source counts of SMGs. They indicated
two trends. First, they reported that there is a correlation between
the distributions of SMGs and LAEs. Therefore, as a whole, our
results are consistent with their simulations and suggest that SMGs
selectively reside in relatively massive dark matter haloes. The sec-
ond trend is that the cross-correlation function between SMGs and
LAESs has a profile similar to that of the correlation function between
SMGs and dark matter haloes, as presented in previous works (e.g.
Suwa, Hirashita & Tamura 2010). The observed amplitudes of the
cross-correlation function of SMGs and LAEs are, however, much
higher than that predicted from the simulation. The reason is not
apparent, but one possible interpretation is that, in the SSA22 field,
the degree of mass assembly is much larger than was assumed in the
simulation and as a consequence the degree of clustering of galaxies
becomes higher.

7 SUMMARY

We imaged a 950-arcmin? field towards the SSA22 field, covering
a 1o depth down to 0.7-1.3 mly, using the AzZTEC 1.1-mm cam-
era attached to the ASTE. This survey area corresponds to about
2.5 times the area previously reported (390 arcmin’) by Tamura
et al. (2009). We detected 125 SMGs with S/N > 3.5; eight of these
are expected to be fake sources arising from noise peaks.

We attempted to identify reliable counterparts to 125 AzTEC
SMGs utilizing VLA 1.4-GHz imaging, MIPS 24-pum images and
IRAC colour diagnostics (Yun et al. 2008). We considered the cor-
rected Poissonian probability, p, to evaluate the degree of chance
coincidence. We regarded counterpart candidates as robust counter-
parts if p is less than 0.05. Additionally, sources with 0.05 <p < 0.20
were considered as tentative counterparts. We found that 59 SMGs
have at least one reliable (i.e. robust or tentative) counterpart, con-
sidering all diagnostics methods.

We performed SED fitting based on optical to near-infrared pho-
tometry utilizing the HYPERZ code, which provided us with photo-
metric redshifts for 48 counterparts of 45 SMGs, all covered by
all-band IRAC observations. We could not find any counterparts for
14 of 61 SMGs that had four-band IRAC coverage. The redshift dis-
tribution of the SSA22 field is similar to those of GOODS-S AzZTEC
SMGs reported by Yun et al. (2012). These AzZTEC SMGs tend to
lie in a higher redshift Universe than the radio-identified SCUBA
SMGS (Zmed = 2.2 reported by Chapman et al. 2005). Some AzTEC
sources without reliable counterparts may be located at higher z and
would enhance this trend.
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We found 10 AzTEC SMGs that are possibly at z = 3.1
based on photometric and/or spectroscopic redshifts. Among them,
seven out of the 10 SMGs were concentrated into the core
12Mpc x 12Mpc region (comoving scale), which is consistent
with the centre of the galaxy distribution of the protocluster.
Cross-correlation functions indicate that the distribution of these
10 SMGs and that of z = 3.1 LAEs are correlated. These results
suggest that SMGs tend to be formed in extremely high-density
environments.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table 2. The AzZTEC/ASTE SSA22 source catalogue.

Table 5. Information about identified counterparts.

Appendix A. Finding charts for the SMGs discovered by AzZTEC/
ASTE in the SSA22 field.
(http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/
stu447/-/DC1)
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