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ABSTRACT

We investigate the environment of 23 submillimetre galaxies (SMGs) drawn from a signal-to-noise (S/N)-limited sample of SMGs
originally discovered in the James Clerk Maxwell Telescope (JCMT)/AzTEC 1.1 mm continuum survey of a Cosmic Evolution
Survey (COSMOS) subfield and then followed up with the Submillimetre Array and Plateau de Bure Interferometer at 890 um
and 1.3 mm, respectively. These SMGs already have well-defined multiwavelength counterparts and redshifts. We also analyse the
environments of four COSMOS SMGs spectroscopically confirmed to lie at redshifts zsec > 4.5, and one at zgpe. = 2.49 resulting
in a total SMG sample size of 28. We search for overdensities using the COSMOS photometric redshifts based on over 30 UV-NIR
photometric measurements including the new UltraVISTA data release 2 and Spitzer/SPLASH data, and reaching an accuracy of
Oaz1+2 = 0.0067 (0.0155) at z < 3.5 (>3.5). To identify overdensities we apply the Voronoi tessellation analysis, and estimate the
redshift-space overdensity estimator J, as a function of distance from the SMG and/or overdensity centre. We test and validate our
approach via simulations, X-ray detected groups or clusters, and spectroscopic verifications using VUDS and zCOSMOS catalogues
which show that even with photometric redshifts in the COSMOS field we can efficiently retrieve overdensities out to z ~ 5. Our results
yield that 11 out of 23 (48%) JCMT/AzTEC 1.1 mm SMGs occupy overdense environments. Considering the entire JCMT/AzZTEC
1.1 mm S/N > 4 sample and taking the expected fraction of spurious detections into account, this means that 35-61% of the SMGs
in the S/N-limited sample occupy overdense environments. We perform an X-ray stacking analysis in the 0.5-2 keV band using a
32" aperture and our SMG positions, and find statistically significant detections. For our z < 2 subsample we find an average flux of
(4.0+0.8) x 107'% erg s7! cm™2 and a corresponding total mass of May = 2.8 x 10'3 M. The z > 2 subsample yields an average flux
of (1.3 £ 0.5) x 107! erg s™! cm™? and a corresponding total mass of Mag = 2 x 10'3 M. Our results suggest a higher occurrence
of SMGs occupying overdense environments at z > 3 than at z < 3. This may be understood if highly star-forming galaxies can only
be formed in the highest peaks of the density field tracing the most massive dark matter haloes at early cosmic epochs, while at later
times cosmic structure may have matured sufficiently that more modest overdensities correspond to sufficiently massive haloes to
form SMGs.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: formation — large-scale structure of Universe —
submillimeter: galaxies

1. Introduction they have been found up to z = 2.00 (Gobat et al. 2011, 2013).
In a Lambda cold dark matter (ACDM) Universe it is expected
that these systems descend from proto-clusters, which are early

Massive clusters of galaxies, the largest gravitationally bound > 5 > . > !
overdensities of massive galaxies that merge hierarchically and

objects in the Universe, are common in the local Universe, and
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Table 1. Galaxy overdensities hosting SMGs in order of increasing
redshift.

Reference

Aravena et al. (2010)
Ma et al. (2015)

Field or source ID 7

Cosbo-16* 1.4
XCS J2215.9-1738 1.46

Cosbo-6 1.6 Aravena et al. (2010)

GOODS-N 1.99 Chapman et al. (2009)
MRC1138-262 2.16 Dannerbauer et al. (2014)

Cosbo-3? 2.3 Aravena et al. (2010); Casey et al. (2015)

53wW002 2.39 Smail et al. (2003)

SSA22 3.09 Chapman et al. (2001); Tamura et al. (2009)
4C+41.17 3.8 Ivison et al. (2000); Stevens et al. (2003)
GN20/20.2 4.05 Daddi et al. (2009)

HDF850.1 52
AzTEC3? 53

Walter et al. (2012)
Capak et al. (2011)

Notes.  The association of the target SMG (Cosbo-16) with the z ~ 1.4
overdensity is uncertain because of the uncertainty in the photometric
redshift of the SMG. ® The Cosbo-3 and AzTEC3 systems are anal-
ysed in the present study. We note that we use the revised spectroscopic
redshift of zge. = 2.49 for Cosbo-3 (Wang et al. 2016; D. A. Riechers
et al., in prep.; see also SmolCi¢ et al. 2012b).

have the potential to form a virialised galaxy cluster by the
present day (z = 0; Miley et al. 2004; Hatch et al. 2011; Chiang
et al. 2013). Given the hierarchical growth of the proto-clusters,
an enhanced galaxy interaction and merger rate within the sys-
tems is expected. This can trigger luminous active galactic nu-
clei (AGN) and/or starburst phenomena in the overdensity or
proto-cluster member galaxies (e.g. Lehmer et al. 2009; Daddi
et al. 2009; Capak et al. 2011; Walter et al. 2012). To date a few
proto-clusters at z > 4 have been found hosting dusty, luminous
starburst galaxies, the so-called submillimetre galaxies or SMGs
(Daddi et al. 2009; Capak et al. 2011; Walter et al. 2012), by def-
inition detected at wavelengths beyond 850 ym and up to a few
millimetres (e.g. Blain et al. 2002, for a review).

With star formation rates (SFRs) of ~100-1000 My yr~',
SMGs are acknowledged to be the most powerful starbursts in
the Universe (see Blain et al. 2002; and Casey et al. 2014, for re-
views). They are promising candidates for the progenitors of the
most massive elliptical galaxies seen in the present-day Universe
(e.g. Lilly et al. 1999; Fu et al. 2013; Ivison et al. 2013; Toft et al.
2014; Simpson et al. 2014). Because early-type galaxies are pre-
dominantly found in clusters, the question arises whether SMGs
are preferentially found to reside in galaxy overdensities, or are
more likely to represent a field galaxy population — an issue that
has not yet been systematically studied. Nonetheless, a number
of SMGs have been found that are associated with galaxy over-
densities, as summarised in Table 1.

A number of studies have analysed the spatial clustering
of SMGs (e.g. Blain et al. 2004; Hickox et al. 2012; Cowley
et al. 2016; see also Almeida et al. 2011). For example, Hickox
et al. (2012) have derived a spatial comoving correlation length
of ro = 7.73:2}1‘1 ES 10.8%3 comoving Mpc (here we adopt
h = 0.71; see below) for z = 1-3 SMGs, drawn from
the 870 um LABOCA Extended Chandra Deep Field South
(ECDFS) Submillimetre Survey (LESS; Weif et al. 2009). This
suggests that the probability for an SMG to have another SMG
within r < 10.8:%:; comoving Mpc is significantly higher than
for a random spatial distribution. Their analysis further sug-
gests that the z = 0 descendants of SMGs are typically mas-
sive (~2-3 L,, where L, is a characteristic galaxy luminos-
ity) elliptical galaxies residing in moderate to high-mass groups
(log(Mpao[h™'Ms]) = 13.3*03), in agreement with the general
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view of this evolutionary sequence. Miller et al. (2015) stud-
ied whether SMG overdensities are tracers of the most massive
structures of dark matter. Their simulation results suggest that
SMG associations might be underdense in dark matter mass,
while dark matter overdensities might be devoid of SMGs. The
authors concluded that such complex biases of SMGs make them
poor tracers of dark matter overdensities.

A systematic study of overdensities around SMGs was per-
formed by Aravena et al. (2010) who studied the environment of
Max-Planck Millimetre Bolometer MAMBO) 1.2 mm-detected
SMGs in the COSMOS field (Bertoldi et al. 2007) searching for
overdensities in BzK-selected galaxies. They identified three sta-
tistically significant compact overdensities at z = 1.4-2.5, and
concluded that only ~30% of radio-identified bright SMGs in
that redshift range form in galaxy number density peaks. As al-
ready noted by Aravena et al. (2010), studies purely based on
the angular two-point correlation function measure the average
clustering properties of SMGs, and these might be dominated by
only a few significantly clustered systems. A systematic study
of SMGs thus carries the advantage of identifying individual
overdensities and studying the statistical clustering properties of
the full sample, as well as the physical connection between the
galaxies and their environment (e.g. Capak et al. 2011; Riechers
et al. 2014). To date, however, no environmental analysis of in-
dividual SMGs in a well-selected sample of SMGs with secure
counterparts has been performed. Here we perform such an anal-
ysis based on a sample of 23 SMGs drawn from the COSMOS
JCMT/AZTEC 1.1 mm SMG sample (Scott et al. 2008), and
associated with secure multiwavelength counterparts and (spec-
troscopic or photometric) redshifts (Younger et al. 2007, 2009;
Smolci¢ et al. 2012a; Miettinen et al. 2015). Given the sparsity
of well-selected SMG samples with secure counterparts and red-
shifts as well as exquisite data for large-scale structure studies
this SMG sample is supplemented with four COSMOS SMGs
that lie at spectroscopic redshifts of zge. > 4.5, and one that
lies at zgpee = 2.49 and was part of the SMG sample of Aravena
et al. (2010). Hence, a total of 28 SMG environments are anal-
ysed in the present work.

Our SMG sample and observational data are described in
Sect. 2. The overdensity analysis is presented in Sect. 3. The
results are presented in Sect. 4, the spectroscopic verification
of the identified overdensities in Sect. 5. The results are dis-
cussed in Sect. 6, and summarised in Sect. 7. We adopt a con-
cordance ACDM cosmology, with the Hubble constant Hy =
71 km s~! Mpc™!' (h = Hy/(100km s~! Mpc™!) = 0.71), total
(dark plus luminous baryonic) matter density Q,, = 0.27, and
dark energy density Q4 = 0.73 (Spergel et al. 2007; Larson et al.
2011). Magnitudes in the present paper refer to the AB magni-
tude system (Oke 1974).

2. Data
2.1. SMG sample
2.1.1. Main SMG sample

The main sample of 23 SMGs studied here (main SMG
sample hereafter) is taken from the JCMT/AZTEC 1.1 mm
COSMOS survey S/N-limited sample identifying sources at
18" angular resolution within 0.15 deg® in the COSMOS field
(Scott et al. 2008). Younger et al. (2007, 2009) followed up
sources AzZTECI1-15 with the Submillimetre Array (SMA) at
890 um wavelength and <2” angular resolution, and identi-
fied 17 counterparts to the initially selected 15 SMGs. Sources
AZTEC16-30 were followed up by Miettinen et al. (2015) with
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the Plateau de Bure Interferometer (PdBI) at 1.3 mm and they
identified 22 counterparts at this wavelength, yielding a total of
39 AZTEC1-30 counterparts identified at 890 ym (S/N > 3.9)
and 1.3 mm (S/N > 4.5) wavelength. Using the COSMOS
panchromatic data multi-wavelength counterparts were then as-
sociated to a subset of these sources by Younger et al. (2007,
2009), Smol¢i¢ et al. (2012a), Miettinen et al. (2015), and photo-
metric redshifts computed via a standard y> minimisation spec-
tral energy distribution (SED) fitting procedure and galaxy tem-
plates optimised for SMGs (Smolci¢ et al. 2012a; Miettinen et al.
2015; see also Smolci¢ et al. 2012b, for details). A comparison
between spectroscopic and photometric redshifts yields an ac-
curacy of such computed photometric redshifts of oaz/14+z =
0.09 (see SmolCi¢ et al. 2012a,b, for details). For the SMGs
with no multi-wavelength counterparts lower redshift limits were
computed using the millimetre-to-radio-flux ratio technique (see
Miettinen et al. 2015).

An analysis of the number of spurious sources in the sam-
ple of the 39 counterparts of AZTEC1-30 detected at 890 um
(S/N > 3.9) and 1.3 mm (S/N > 4.5) with the SMA and PdBI,
respectively, has been performed by both Younger et al. (2009),
and Miettinen et al. (2015). While all sources with associated
multi-wavelength counterparts are estimated to be real, eight
spurious sources are expected among the 16 detections with-
out associated multi-wavelength counterparts (i.e. two within
the AzTEC7-15 SMA-890 um sample, and six within the
AzTEC16-30 PdBI-1.3 mm sample).

In summary, within the sample of 39 counterparts of
AzTEC1-30 detected at 890 ym and 1.3 mm at <2” angular
resolution, seven have been associated with counterparts with
spectroscopic redshifts, 16 with counterparts for which photo-
metric redshifts (0°a;/1+z = 0.09) have been determined, and 16
for which only lower redshift (z > 2) limits could be estimated.
Out of the last 16 sources, eight are estimated to be spurious. We
here exclude the SMGs with only lower redshift limits, and list
in Table 2 the sources analysed here. Taking the expected spu-
rious source fraction into account we estimate that the excluded
percentage of SMGs amounts to 26%[=100% X (16-8)/(39-8)]
of the total sample. This percentage is taken into account in the
interpretation of our results in later sections.

2.1.2. Additional SMG sample

Given that well-selected samples of SMGs with secure counter-
parts and redshifts, as well as exquisite data for large-scale struc-
ture studies are still sparse in the literature, here we also analyse
the environments of five more SMGs in the COSMOS field (ad-
ditional SMG sample hereafter), four of which are spectroscop-
ically confirmed to lie at zgec > 4.5 (see Smolcic et al. 2015,
for more details), and one additional SMG (Cosbo-3) at zspee =
2.49 identified by Bertoldi et al. (2007), and further studied by
Aravena et al. (2010) and Smolci¢ et al. (2012b). The additional
SMG sample has a high degree of complementarity with the
main SMG sample. While the inclusion of this sample induces
a slight deviation from a S/N-limited sample, the main purpose
of a S/N-limited sample is to minimise contamination from spu-
rious sources, which the galaxies in the additional SMG sample
are clearly not. Furthermore, any potential bias from the inclu-
sion of these sources is more than compensated for by every
galaxy in the additional SMG sample having a secure spectro-
scopic redshift, which dramatically decreases the uncertainty in
overdensity association. In total, this yields 28 SMGs analysed
here, the details of which are listed in Table 2.

Table 2. Source list.

Source ID @2000.0¢ 2000.0° Redshift” z reference?
[h:m:s] [°:":""]
AZzTECI 095942.86  +022938.2 Zspee = 4.3415 1
AZTEC2 1000 08.05  +022612.2 Zypee = 1.125 2
AZTEC3 100020.70  +023520.5 Zpec = 5.298 3
AZTEC4 095931.72  +023044.0  zppo = 4.93708 4
AZTEC5 100019.75  +0232044  Zppo = 3.05j§;§é 4
AZTEC7 1000 18.06  +024830.5  zppo =2.300.10 4
AZTECS 095959.34  +023441.0 Zypec = 3.179 6
AZTEC9 095957.25 40227306  Zphot = 1.07t$;}é 4
AzTEC10 09593076 +024033.9  zpno = 2.797159 4
AZTECI1-N*  100008.91  +02 40 09.6 Zspee = 1.599 7
AZTECI1-S*  100008.94  +024012.3 Zgpee = 1.599 7
AZTEC12 100035.29  +0243534  zpho = 2.54t031§; 4
AZTECI4-W  100009.63  +023018.0  Zzpno = 1.30t8;?~ 4
AZTEC15 1000 12.89  +0234357  zppo = 3.17t§;§§ 4
AzTEC17a  095939.194 +02 34 03.83 Zspee = 0.834 7
AZTECI7Tb  095938.904 +023404.69  Zpho = 4.14jg;?1 5
AZTECI8  095942.607 +023536.96  Zphot = 3.00t8;lz 5
AZzTEC19a  100028.735 +023203.84  zppot = 320703 5
AZTECI9  100029.256 +023209.82 zphor = 1.11£0.10 5
AZTEC2la  100002.558 +024641.74  zppg = 2.60j§;i§ 5
AZTEC21b  100002.710 +024644.51  zppo = 2.80j3; § 5
AZTEC23  095931.399 +023604.61  Zppo = 1.60“_’8:22 5
AZTEC26a  095959.386 +0238 1536  Zppo = 2.50j3; | 5
AZTEC29b 100026561 +023805.14  zpno = 1457 5
Cosbo-3 100056.95 +022017.79 Zspec = 2.490 6
J1000+0234 1000 54.484 +02 34 35.73 Zgpee = 4.542 8
AZTEC/C159 09 5930.420 +015527.85 Zpec = 4.569 9
Vd-17871¢  100127.075 +02 08 55.60 Zypec = 4.622 10,9
AK03¢ 1000 18.744 +0228 13.53 Zypec = 4.747 9

Notes. The upper part lists the 23 sources of our main SMG sample with
photometric or spectroscopic redshifts, drawn from a (sub-)mm inter-
ferometric follow-up sample of the S/N-limited JCMT/AzTEC 1.1 mm
SMG sample (see text for details). The lower part of the table lists five
additional, spectroscopically confirmed SMGs at z = 2.49 and z > 4.5
in the COSMOS field (our additional SMG sample). @ The zy.. and
Zphot Values are the spectroscopic redshift and optical-NIR photomet-
ric redshift, respectively. ® AzZTEC11 was resolved into two 890 um
sources (N and S) by Younger et al. (2009). The two components are
probably physically related, i.e. are at the same redshift (Miettinen et al.
2015). In the present paper, we adopt AzZTEC11-N as the target SMG.
© The SMG has two components with a projected angular separation
of 175, and they lie at the same Zgy. (A. Karim et al., in prep.). © The
AKO03 SMG is also composed of two components (N and S) whose an-
gular separation is ~09 in the optical. The zge. = 4.747 refers to the
northern component, and the southern component has a comparable z,p0;
of (4.40 + 0.10) or (4.65 + 0.10), depending on the template set used
(Smol&i¢ et al. 2015). ) The coordinates given in Cols. (2) and (3) for
AZzTEC1-15 refer to the SMA 890 um peak position (Younger et al.
2007, 2009), while those for AZTEC17-29 are the PdBI 1.3 mm peak
positions (Miettinen et al. 2015). For J1000+0234 the coordinates refer
to the PdBI-detected '>CO(4-3) line emission peak (Schinnerer et al.
2008), while those for AzZTEC/C159, Vd-17871, and AKO3 refer to the
VLA 3 GHz peak position (Smol¢i¢ et al. 2015), and that for Cosbo-3
from the CARMA peak position (Smolci¢ et al. 2012b). The redshift
references in the last column are as follows: 1 = Yun et al. (2015); 2 =
E. Faustino Jimenez Andrade et al. (in prep.); 3 = Riechers et al. (2010)
and Capak et al. (2011); 4 = Smolci¢ et al. (2012a); 5 = Miettinen et al.
(2015); 6 = D. A. Riechers et al. (in prep.); 7 = M. Salvato et al.
(in prep.); 8 = Capak et al. (2008) and Schinnerer et al. (2008); 9 =
Smolci¢ et al. (2015); 10 = A. Karim et al. (in prep.).

2.2. Redshift data

2.2.1. Catalogues

We use the most up-to-date version of the COSMOS photomet-
ric redshift catalogue (Laigle et al. 2016), which includes Y, J,
H, anf K, data from the UltraVISTA data release 2, and new
SPLASH 3.6 and 4.5 um Spitzer/IRAC data (Capak et al. 2007,
and in prep.; McCracken et al. 2012; Ilbert et al. 2013). The
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Fig. 1. Comparison between photometric (Zpho) and spectroscopic (Zgpec) redshifts in the COSMOS field for galaxies with zppo < 3.5 (left panels)
and zpno, > 3.5 (right panels). The top panels show a direct comparison (with the one-to-one line indicated). The bottom panels show the distribution
of the difference between the spectroscopic and photometric redshifts normalised to 1 + Zgec. A Gaussian fit to the distribution is shown and the
number of sources, the mean, and standard deviation are indicated in the panels.

catalogue was selected using the zYJHK; stacked mosaic and,
thus, the number density of galaxies is high and well suited
for our overdensity analysis. We here also make use of the
COSMOS spectroscopic redshift catalogue (M. Salvato et al.,
in prep.), compiling all available spectroscopic redshifts, both
internal to the COSMOS collaboration and from the literature
(zCOSMOS, Lilly et al. 2007, 2009; IMACS, Trump et al. 2007;
MMT, Prescott et al. 2006, VIMOS Ultra Deep Survey, VUDS,
Le Fevre et al. 2015; Subaru/FOCAS, T. Nagao et al., priv.
comm.; and SDSS DR8 Aihara et al. 2011).

2.2.2. Photometric redshift accuracy

A key issue for the analysis presented here is whether photomet-
ric redshifts can efficiently be used for galaxy overdensity iden-
tification, especially at high redshifts (z > 3.5) where the pho-
tometric redshift accuracy is lower compared to lower redshifts
(e.g. Laigle et al. 2016). Hence, to test this, in Fig. 1 (left panels)
we first compare the photometric (zphot) and spectroscopic (Zpec)
redshifts for 15527 sources with secure spectroscopic redshifts
up to Zphot = 3.5 (i* < 25). In the figure, we also show the distri-
bution of Az/(1 + zgpec), where Az is the difference between the
spectroscopic and photometric redshifts. Consistent with the re-
sults from Ilbert et al. (2013), we find that the standard deviation
of this distribution is only oaz/1+7 = 0.0067, which verifies the
excellent photometric redshift accuracy at these redshifts.

To test whether the COSMOS photometric redshift catalogue
can be efficiently used to search for overdensities at z > 3.5, in
Fig. 1 (right panels) we show a comparison between photometric
(3.5 < zphot < 6) and secure spectroscopic redshifts for 240 high-
redshift sources in the COSMOS field. We find excellent agree-
ment between the photometric and spectroscopic redshifts, with
a standard deviation of oaz1+; = 0.0155. We also note that
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Le Fevre et al. (2015) recently compared the VUDS spectro-
scopic redshifts with the same Ilbert et al. (2013) photomet-
ric redshift values as here and found similar results (see their
Fig. 11). Because of the well known degeneracy in the SED
fitting procedure between the Balmer-4000 A and Lya-1215 A
breaks, a fraction of high redshift (z > 2) sources might have a
photometric redshift of less than unity (see, for example, Fig. 11
in Le Fevre et al. 2015), which makes a high redshift photometric
redshift sample partially incomplete. We estimate a complete-
ness of 80% of our high-redshift photometric redshift selected
sample based on the number of sources with zppe < 3.5 within
the COSMOS spectroscopic sample with secure spectroscopic
redshifts of zgpec > 3.5. In summary, the photometric redshift
accuracy in the COSMOS field is accurate enough for an over-
density analysis up to z < 6, as we show below.

3. Methodology

We search for galaxy overdensities around our SMGs, and de-
termine their surface density profiles in a multistep process, de-
scribed in detail in Sect. 3.1. Around each SMG’s position we
first compute the galaxy overdensity parameter (J,) as a func-
tion of projected radius (r) for » = 0.5, 1, 2.5, and 5 arc min-
utes to assess potential small scale overdensities centred at the
SMG. We then apply the Voronoi tessellation analysis (VTA;
e.g. Ramella et al. 2001; Smol¢i¢ et al. 2007) at a 25" X 25" area
surrounding the SMG to display the identified small scale over-
density and to identify further potential overdensities on larger
scales close to the given SMG. As SMGs may not necessarily
be located in the very centres of their host overdensities, using
the VTA-overdense cells we recompute the centre of the over-
density. Using this newly defined overdensity centre we then re-
compute the galaxy overdensity parameter (d,) of the structure
as a function of projected radius in small steps (dr = 0’1) out
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to r = 12/5. We describe the quantification of the significance
of the identified overdensities and false detection probabilities
in Sect. 3.2, and we present further tests and verifications of the
method in Appendix A.

3.1. Searching for overdensities using photometric redshifts

To search for overdensities around our SMGs, we use the po-
sition and redshift of the target SMG. To analyse the environ-
ment of each SMG we use galaxies drawn from the COSMOS
photometric redshift catalogue with i* < 25.5 assuring sample
completeness and the most accurate photometric redshifts (see
previous section and Laigle et al. 2016). To select large enough
redshift bins to account for a variety of magnitude dependent
photometric redshift uncertainties (see Ilbert et al. 2013; Laigle
et al. 2016) we use all the galaxies in the photometric redshift
catalogue with zZphot = Zsmc + 30 az(1+2)(1 + Zsmc), Where zsmg
is the redshift of the SMG (we take o az/1+z = 0.007 (0.016)
for zsmg < 3.5 (>3.5); see Fig. 1 and Sect. 2.2.2 for de-
tails). In Appendix B, we present the results using all galaxies
within a factor of two narrower bin (i.e. with zpnee = zZsmc *
L5 az142(1 + ZsmG))-

3.1.1. Small-scale overdensity search with central SMGs

We first search for small scale overdensities around our SMGs
by computing the galaxy overdensity parameter in the vicinity of
each SMG, i.e. within a distance of » = 0/5, 1/, 2/5, and 5’ from
the given SMG. The galaxy overdensity parameter, i.e. contrast
above the background field, as a function of radius is defined as
() - S T

5o(r) = = 1,
¢ The Thg

ey

where X, and Zy, are the local galaxy, and the background galaxy
surface density, respectively. The numerator in the first equal-
ity, X, — Xy, = AZ, is the deviation of the local galaxy number
density from that in the background field. The value of X, was
calculated as X, = N,/A,, where N, is the number of galax-
ies within the given redshift bin around the centre inside the
search window of area A, = 7 X r? with r the search radius.
Similarly, Zps = Npg/Apg, Where Ny, is the number of galax-
ies satisfying the photometric redshift criterion within the large
background area Ayg. This was taken to be the effective area of
the full COSMOS field for our small-scale SMG overdensity as-
sessment. In the computation masked areas (due to e.g. saturated
stars or corrupted data) in the COSMOS field have properly been
taken into account.

We, furthermore, compute for each radius the Poisson prob-
ability of observing >N, objects when the expected number is
n, = Zpg X Ay, p(ENp,n,) = 1 - Zﬁ’o(e‘”'ni/i!), and consider
p < 0.05 to be robust overdensity values.

According to the above definition, 6, = 0 & AX = 0
means there is no observed overdensity, while 6, < 0 indi-
cates an underdensity. As a general rule, the higher the value
of 6y, the higher the probability that the identified overden-
sity structure is a genuine galaxy (proto-)cluster or group (e.g.
Chiang et al. 2013).

3.1.2. Voronoi tessellation analysis (VTA)

We next apply the VTA onto galaxies surrounding our SMGs.
Voronoi tessellation is an efficient method to identify and
visualise overdensities, and it has already been applied for
the search of galaxy clusters by e.g. Ramella et al. (2001),

Kim et al. (2002), Lopes et al. (2004), Smolcic et al. (2007), and
Oklopcic et al. (2010). A major advantage of the VTA is that
overdensities are identified irrrespective of their shape or galaxy
properties. In general, a Voronoi tessellation, in the 2D case as
in the present work, is a method to partition a plane into convex
polygons called Voronoi cells (Dirichlet 1850; Voronoi 1908).
When a 2D distribution of distinct points, generally called nu-
clei (that in our case are galaxies), is decomposed through the
Voronoi tessellation algorithm, each resulting cell encloses ex-
actly one seed point, and every position within a given cell is
closer to the cell’s nucleus than to any other nucleus in the plane
(Icke & van de Weygaert 1987). The higher the surface density
of nuclei is, the smaller is the area of the cells; an overdensity
region can be uncovered this way.

We apply the VTA on galaxies drawn from the COSMOS
photometric redshift catalogue (i* < 25.5, zphot = ZsmG *
30 az/(1+2)(1 + zsma)), as defined above, over an area larger than
25" x 25’ surrounding the given SMG. To identify overdensi-
ties in the analysed region we make use of the inverse of the
areas of the VTA cells (which effectively correspond to the local
surface densities of given galaxies; ng hereafter). We first gen-
erate 10 Mock cataloguess with the same number of galaxies as
present in the inner 1 deg? of the COSMOS field, but with ran-
domly distributed positions over this area (note that such a size is
large enough to contain both overdensities, underdensities, and
field galaxies). We then apply the VTA on each Mock catalogue
and generate a cumulative distribution of n,, averaged over the
ten iterations. Following Ramella et al. (2001), we define the
value of n, that corresponds to the 80% quantile as the threshold
above which a VTA cell is considered overdense.

3.1.3. Large-scale overdensity search for off-centre SMGs

As the small-scale 6, computation (Sect. 3.1.1), and the VTA
(Sect. 3.1.2) are centred at the position of the given SMG, we
next redefine the centre of the potential overdensity by comput-
ing the median right ascension and median declination of VTA-
identified overdense cells within r < x” from the SMG, where x
is taken between 1’ and 10" and determined in such a way that
the surface density of the overdense VTA cells (i.e. number of
overdense VTA cells over x> x ) is maximised within this cir-
cular area.

With such defined overdensity centres we then re-compute
the galaxy overdensity parameter, s (Eq. (1)) out to r = 12!5,
in steps of dr = 0/1. To assess an average value of the back-
ground surface density and quantify its fluctuation for this anal-
ysis we use nine differently positioned, circular, and not overlap-
ping Ay, = 706.86 arcmin” areas to compute the median value of
the background surface density, ibg, and its standard deviation,
O, This allows us to quantify the significance of d,(r) > 0
values by assigning errors on d,(r) = 0, i.e. 05,=0(r). The errors
reflect statistical fluctuations for AX = 0, and we compute them
by taking X, = Xy, and statistically propagating the errors of
%, and Ly (S0, and o, where the latter was defined above).
This yields

[ 2
05,=0(r) = $ I:O-Z,‘(r) +t 0y,

1/2
bg ]

@

As %,(r) is derived from rather small areas (A,), oz, will be
dominated by Poisson errors (of the number of expected galax-
ies based on X,). Hence, we take 05, (r) = /Zpg XA, /A, =
vZbvg/A,. Finally, to consider the overdensity centred at the
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newly defined centre as significant, at any given radius we re-
quire 6y > t X 04,=0, Where ¢ is determined based on our sim-
ulations, detailed in the next subsection, in such a way that it
reassures <20% of chance detections.

3.2. Assessing significance and false detection probabilities

To quantify false detection probabilities we make use of ten
Mock catalogues generated for each SMG containing the same
number of galaxies with z = zgmg +30°a_ /(14 (1 +2) present in the
inner 1 deg? of the COSMOS field, but with randomly distributed
positions over this area (see Sect. 3.1.2). For 1000 random SMG
positions we then search within each Mock catalogue for the
number of occurrences with N, > 1,2,3 within r = 0.5,1’.
This corresponds to 10 000 Mock realisations per SMG. For each
SMG in our sample this then sets the false detection probability
within our small-scale overdensity search (see Sect. 3.1.1) out to
r=1.

To quantify the false detection probability within our large-
scale overdensity search with off-centre SMGs (see Sect. 3.1.3),
we apply the same procedure as for the real SMGs to 100 ran-
dom SMG positions. We first apply the VTA on the Mock cat-
aloguess (including the random-SMG position per realisation),
then redefine the potential overdensity centre for each random
SMG, and finally derive 6, as a function of r, centred at the
newly defined overdensity centre. We lastly determine the num-
ber of 6y/0s, > 3, 4, ... 10 detections with the requirement that
the distance between the random SMG position and the newly
defined overdensity centre is less or equal to the same distance,
as determined for the real SMG. We set a 6,/07, threshold value
such that the fraction of such occurrences is <0.2. This process
then yields, for each SMG in our sample, a unique 6, /0, thresh-
old to assess the significance of the overdensity analysed around
the newly defined centre.

4. Analysis and results

The overdensity search results are shown in Fig. C.1, where for
each SMG in our sample we show 1) the integral J, as a func-
tion of projected circular radius, centred on the SMGs position
and out to » = 5/, which indicates the number of sources within a
given radius (N,, which also includes the SMG of interest); ii) the
Voronoi diagram over a 25’ X 25’ area centred on the SMG’s po-
sition with overdense VTA cells, and the redefined overdensity
centre indicated; and iii) 4 as a function of radius out to = 12!5
away from the newly defined overdensity centre, and its signif-
icance. In Sect. 4.1, we first investigate the small-scale (r < 1)
overdensities centred on the SMG positions, and in Sect. 4.2 we
investigate overdensities surrounding SMGs on larger scales and
not necessarily with a centrally positioned SMG.

4.1. Evidence for small (r < 1’) scale overdensities
around central SMGs

In Table 3, we list the number of sources (if larger than one)
within r = 0.5" or r = 1’ for the 28 SMGs in our sample. For
each SMG we also list the Poisson probability of finding >N,
sources within this radius, as well as the false detection prob-
ability (Pgp) to find > N, within r based on the results of our
simulations using random SMG positions and Mock galaxy cat-
alogues (see Sect. 3.2 for details). If we set the false detection
probability to Prp < 5%, we find five out of 23 (22%) systems
in our main SMG sample, and three out of five (60%) systems in
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Table 3. Small-scale overdensity search results.

Name Radius N, Poisson probability False detection

['] p(=N,,n,) probability, Prp

AzTEC1 0.5 2 0.055 0.031
AZTEC2 0.5 2 0.177 0.538
AzTEC3 0.5 2 0.007 0.000
AzZTEC4 1.0 2 0.070 0.046
AzTECS 0.5 3 0.094 0.019
AZTEC7 1.0 4 0.193 0.276
AZTECS 0.5 2 0.091 0.096
AZTEC9 1.0 3 0.200 0.919
AZzTECI10 0.5 2 0.119 0.159
AZTEC11 1.0 5 0.200 0.753
AZTECI12 1.0 3 0.190 0.426
AZTEC14-W 1.0 7 0.200 0.729
AzTECI15 0.5 2 0.091 0.094
AZTECl17a 0.5 4 0.184 0.166
AzTEC17b 1.0 3 0.162 0.142
AZTECI18 0.5 2 0.102 0.116
AzTEC19a 1.0 4 0.183 0.151
AZTEC19b 1.0 6 0.200 0.915
AzTEC21a 1.0 3 0.191 0.437
AZTEC21b 1.0 2 0.194 0.758
AzZTEC23 0.5 5 0.157 0.039
AZTEC26a 1.0 2 0.190 0.669
AzTEC29b 0.5 2 0.166 0.437
Cosbo-3 0.5 4 0.104 0.003
J1000+0234 0.5 2 0.046 0.022
AZTECC159 — - - -

Vd-17871 0.5 2 0.040 0.018
AKO03 - - - -

Notes. The systems with statistically significant overdensities are indi-
cated in bold-face.

our additional SMG sample with N, > 2 values at r < 1’ away
from the SMG. This amounts to a total of 8/28 (29%) systems
with significant small-scale overdensities. Note that with such a
false detection probability we expect <1.15 false detections in
the main SMG sample, and <0.25 in the additional SMG sam-
ple. If we restrict our main SMG sample to only the SMGs with
spectroscopic redshifts, we find 2/6 (33%) SMGs with small-
scale overdensities.

As discussed in Sect. 2, our main SMG sample was drawn
from a S/N-limited sample of AZTEC/JCMT sources, and in ad-
dition to the 23 SMGs in our main SMG sample eight further
SMGs have lower redshift limit estimates only and were, thus,
not analysed here. If these eight SMGs were to exhibit the same
small-scale environment properties as the 74% (=23/(23+8)) of
the sample analysed here, the percentage of SMGs in the flux
limited sample with small-scale overdensities would remain the
same (22%). In the two extreme cases where all eight systems
would either be or not be associated with small-scale over-
densities, this percentage would range from 35% to 61%. In
Appendix B, we compute these percentages for a narrower red-
shift width (Az = zsmg + I-SO-Az/(1+z)(1 + zsma)), and find statis-
tically consistent results.

The scales (r < 17) tested here correspond to physical
scales of less than 510, 470, 425, and 380 kpc at z = 2, 3, 4,
and 5, respectively. These are the typical sizes of (proto-)groups
(e.g. Diener et al. 2013), used a projected physical diameter of
500 kpc to search for proto-groups at 1.8 < z < 3). We thus fur-
ther test whether any of our SMG systems has been detected via
extended X-ray emission arising from thermal bremsstrahlung



V. Smolci¢ et al.: Environments of COSMOS SMGs

radiation of the intra-group/-cluster medium, heated during the
gravitational collapse of the primordial density peaks.

The COSMOS field has been a target of several large pro-
grammes with both Chandra and XMM-Newton (Hasinger et al.
2007; Finoguenov et al. 2007; Elvis et al. 2009; Civano et al.
2016), which allow for a detection of emission from the hot gas
of galaxy groups. The published catalogues combine X-ray and
optical-NIR data to assign redshifts to the groups, and are lim-
ited to z = 1 (Finoguenov et al. 2007; George et al. 2011), while
most of our SMGs are at z > 1.

The expected diameter of a galaxy group at z > 2 at the
sensitivity limit of the X-ray survey is about 0’5 and brighter
groups and clusters are expected to have even larger sizes. We
find that only one source in our sample, Cosbo-3, is directly
detected as an extended X-ray source in the 0.5-2 keV band.
This is described in more detail in Wang et al. (2016) who esti-
mate an X-ray luminosity of Lx = 7 x 10* erg s~! in the rest-
frame 0.1-2.4 keV band, and a total mass within rygg = 38"
of My = 4 x 10'> M. We have further verified that none of
the extended X-ray sources in the COSMOS field, unidentified
in the optical-NIR data, matches the position of any of the re-
maining SMGs in our sample. We note that the sensitivity of
combined X-ray data only reaches roughly ~4 x 10'3 M, at the
redshifts of our SMG sample. To gain a deeper insight into the
halo masses of our SMGs, we have performed a stacking anal-
ysis for the SMG systems (excluding Cosbo-3) outside the area
confused with emission from other groups. We combine the data
from Chandra and XMM-Newton in the 0.5-2 keV band, after
subtracting the background and removing the emission on spatial
scales of 16", which removes point sources, X-ray jets as well
as cores of groups and clusters (for details, see e.g. Finoguenov
et al. 2015). We have separately searched for SMG halo detec-
tion on scales of 4”-16" using Chandra data only, finding none.

We extract the stacked X-ray flux using a 32" diameter aper-
ture centred on the SMG, removing source duplications. The
selected aperture matches well the expected size of the X-ray
emission from groups slightly below the X-ray detection thresh-
old. The choice of aperture is determined by the source confu-
sion on the flux level of interest, as discussed in Finoguenov
et al. (2015). We perform a correction for missing flux when
reporting the final values below. Given the redshift dependence
of conversion factors, we have split the sample into two, z < 2
(eight systems) and z > 2 subsamples (19). To infer the total
mass, we calculate the total luminosity, using the K corrections
from the L — T (luminosity — temperature) relation and apply the
L—M (luminosity — mass) relation of Leauthaud et al. (2010), us-
ing the iterative procedure described in Finoguenov et al. (2007).
The scaling relation connecting the X-ray luminosity and the
total mass at those fluxes (albeit at z < 1.6) has been verified
through the stacked weak lensing analysis as well as clustering
in Finoguenov et al. (2015). Furthermore, an agreement between
the clustering analysis and X-ray stacking has been presented at
Z ~ 2 by Béthermin et al. (2014).

The z < 2 subsample yields a 5o detection with an average
flux of (4.0 + 0.8)x 10719 erg s~! cm2 and a corresponding total
mass of Mayy = 2.8 X 10'* M assuming z = 1.5. We can rule
out a major contribution to the flux from point sources, based on
the depth of Chandra observations.

The z > 2 subsample yields a marginally significant signal
with average flux of (1.3 + 0.5) x 107'% erg s~! cm™ and a cor-
responding total mass of Mgy = 2.5 x 10'3 Mg, for redshifts
between 2 and 3. Assuming z = 4 we estimate a total mass of
Mooy = 2.0 x 103 M. At those fluxes we cannot rule out the
contribution of point sources.

Table 4. Large-scale overdensity search results.

SMG SMG
distance [’]
AzTEC1 0.281
AZTEC2 1.673
AzTEC3 0.020
AZTEC4 11.525
AzZTECS 0.000
AZTEC7 1.588
AzZTECS 0.066
AzTEC9 2.695
AzZTEC10 0.958
AzTEC11 0.792
AzZTEC12 0.697
AzTEC14-W  1.952
AzZTEC15 0.212
AzTECl17a 1.406
AZTECI17b 1.389
AzTEC18 1.269
AZTEC19a 0.875
AzTEC19b 1.277
AzZTEC21a 1.424
AzTEC21b 1.239
AZTEC23 1.270
AzTEC26a 2.424
AzZTEC29b 0.549
Cosbo-3 0.066
J1000+0234  0.000
AzTECCI159  2.199
Vd-17871 0.000
AKO03 1.223

Notes. The systems with statistically significant overdensities are indi-
cated in bold-face.

4.2. Evidence for overdensities around SMGs

While in the previous section we have analysed the environ-
ments of our SMGs at r < 1’ scales, here we investigate the
general environment of the SMGs in our sample, on small and
large scales, without requiring that the SMG necessarily resides
in the centre of the overdensity. As described in Sect. 3.1, for
each SMG the potential overdensity centre was automatically
relocated by taking the median RA and Dec of overdense VTA
cells surrounding the SMG. This was done within a radius that
maximises the number density of such cells within the encom-
passing circular area. The new centre positions and the radii
maximising the VTA-overdense number densities are indicated
in the middle panels in Fig. C.1, and the distances between the
target SMGs and the newly defined overdensity centres are tab-
ulated in Table 4. In Fig. C.1, we also show 6, as a function
of radius out to r = 12!5 away from the overdensity centre, as
well as its significance (6 / 05,=0). For each SMG, the 6,/ T6,=0
threshold above which our simulations yield <20% false detec-
tion probability is indicated in the panels. We find 9/23 (39%)
systems within our main SMG sample, and 4/5 (80%) in our ad-
ditional SMG sample with 6, /07, =0 higher than the correspond-
ing threshold. Out of the six SMGs in the main SMG sample with
spectroscopic redshifts we find that three (50%) of the systems
show evidence for overdensities. Combining this with the results
of the small-scale overdensity search with central SMGs pre-
sented in the previous subsection we find a total of 11/23 (48%),
3/6 (50%), and 4/5 (80%) overdense systems in our main SMG
sample, main SMG subsample with spectroscopic redshifts as-
signed to the SMGs, and additional SMG sample, respectively.
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Table S. Overdensity search results based on small and large-scale analyses.

SMG Redshift Small-scale Large-scale SMG Spectroscopically
overdensity  overdensity  distance [’] verified
AZzTECI 4.3415¢ v v 0.281 -
AzTEC3 5.298¢ v v 0.027 v
AzTEC4 4.93 v - 11.525 -
AzTECS 3.05 v v 0.000 v
AzTECS 3.179¢ v 0.066 -
AzTEC10 2.79 - v 0.958 -
AzTECI2 2.54 - v 0.697 -
AzTECI5 3.17 - v 0.212 -
AzTEC2la 2.6 - v 1.424 -
AzTEC23 1.6 Y, - 0.000 -
AzTEC29b 1.45 - v 0.549 -
Cosbo-3 2.49¢ v v 0.000 v
J1000+0234  4.542° v v 0.000 v
Vd-17871 4.622° v v 0.000 b
AKO03 4.757¢ - v 1.223 4

Notes. Only sources associated with statistically significant overdensities are listed. Source redshifts and assumed distances between the SMG and
overdensity centre are also given. > Spectroscopic redshift. ¥’ Possible verification.

The combined results are tabulated in Table 5. The analysis for a
narrower redshift width (Az = zsmg £ 1.50 7149 (1 + zsmc))
yields systematically lower percentages, yet consistent within
the Poisson errors (see Appendix B for details).

5. Spectroscopic verification of overdensity
candidates

As our analysis is based on photometric redshifts, spectroscopic
redshifts are required in order to confirm each identified over-
density. In order to fully assess the entire sample of photometric
redshift overdensities reported here requires a dedicated spectro-
scopic campaign of the area surrounding each SMG (as in e.g.
Riechers et al. 2014). Though such a comparison is not yet pos-
sible, a large number of spectroscopic redshifts at z > 2 in the
COSMOS field exist mainly from the VUDS (Le Fevre et al.
2015) and the zCOSMOS-deep surveys (S. Lilly et al., in prep.)
from which we can make a preliminary assessment of the reli-
ability of our photometric redshift measurements in recovering
overdense regions. The VUDS spectroscopic redshift survey tar-
geted ~8000 sources (it < 25) at 2 < z < 6 covering 1 deg?
in three fields (COSMOS, ECDFS, and VVDS-02h), of which
approximately half are in the COSMOS field. The zCOSMOS
survey assembled over 20000 spectra in the COSMOS field
in two phases, the magnitude limited zCOSMOS-bright survey
(Iap < 22.5; Lilly et al. 2007, 2009) and the zCOSMOS-deep,
with targets selected by a variety of colour and magnitude cuts
(limited to i < 24.5), from which we rely almost exclusively
from the latter. The combination of the two surveys puts reliable’
spectroscopic redshifts of nearly 4000 unique galaxies at z > 2 at
our disposal across the full COSMOS field. Based on the VUDS
and zCOSMOS coverage of the COSMOS field, out of the 28
SMGs analysed here, 112 are in the redshift range where both
surveys are sensitive (z > 2) and their projected surroundings
(R < 5') are sampled densely enough to potentially identify an

! Here we consider flag = X2, X3, X4 to be reliable for both surveys
where X = 0, 1,2; see Le Fevre et al. (2015) for further details on the
flagging system.

2 AzTEC1, AzTEC3, AzTECS5, AzTEC15, AzZTEC17b, AzTECIS,
Vd-17871, AK03, J1000+0234, AzZTEC/C159, and Cosbo-3.
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overdensity. In the previous sections, we identified overdensities
associated with eight out of these 11 systems?.

For each overdensity candidate at z > 2, we searched for
associated spectroscopic members using a redshift window of
2sMG £30°A, 1+ (1+2) and a 5’ radius for the spatial filter centred
on the overdensity candidate centre. This size roughly matches
that of proto-clusters found in VUDS (Cucciati et al. 2014,
Lemaux et al. 2014) and in simulations (e.g. Chiang et al. 2013).
For known overdensities in VUDS (hereafter proto-structures),
the size of the filter was shrunk to the bounds of the proto-
structure as determined in a method similar to that of Lemaux
et al. (2014). The number of spectroscopic members of each
overdensity candidate* was used to determine the overdensity
(6¢) by contrasting with an identical measure in 1000 proto-
structure-sized volumes (i.e. the filter size) in random locations
in the field where similar spectroscopic sampling existed. For
overdensity candidates at 2 < z < 4, the central redshift of
each of the 1000 realisations was set to a random value between
2.2 < z < 4.2 to determine the density properties of the field
at these epochs. For candidates at z > 4, a random redshift be-
tween 4 < z < 5 was used for each realisation as the number
density of VUDS sources begins to decline rapidly above z > 4°.
The magnitude of the overdensity, ,, along with its associated
uncertainty was estimated for each overdensity candidate by fit-
ting either a truncated Gaussian or a Poissonian function, the
latter being generally reserved for the higher redshift overdensi-
ties where the number of galaxies in the filter is extremely small,
to the distribution of the number of galaxies recovered in the
1000 observations of random spatial and redshift positions in the
ranges given above (see Lemaux et al. 2014, for more details).

Out of the 11 candidates with the requisite coverage, we
find three SMGs (AzTECS, J1000+0234, and Cosbo-3) in
environments which are, spectroscopically, significantly over-
dense systems with respect to the general VUDS+zCOSMOS

3 AzTEC1, AzTEC3, AzTECS5, AZTEC15, Vd-17871,
J1000+0234, and Cosbo-3.

4 This number only included the SMG if its redshift was confirmed
independently through VUDS/zCOSMOS.

5 The number density of zZCOSMOS-faint galaxies begins to decline
rapidly at z 2 2.5, and therefore this sample is sub-dominant to VUDS
at these redshifts.

AKO3,



V. Smolci¢ et al.: Environments of COSMOS SMGs

field (i.e. 22.507, 6; * 4, with an average overdensity of (d) ~
5), and three SMGs (AzTEC18, AK03, and Vd-17871) in envi-
ronments which are potentially overdense (i.e. 220, 6, 2 1.5).
This amounts to 3/8 (38%), and potentially 5/8 (62%) of the
overdensities found to be statistically significant in the pre-
vious sections using our photometric redshift analysis. Note
that the spectroscopic analysis retrieves one additional potential
overdensity (AzTEC18), not identified within out photometric-
redshift-based approach. However, this overdensity is identi-
fied when using a narrower redshift bin (see Appendix B, and
Sect. 6.2).

We note that while the set of VUDS/zCOSMOS proto-
structures in this field comprises a pure sample of genuine over-
densities, the sample is not complete even in those areas which
we have denoted as having the requisite spectroscopic coverage.
The selection criteria of both the VUDS and zCOSMOS surveys
is such that galaxies with stellar population older than ~1 Gyr are
essentially absent, a population which may be more prevalent in
high-density environments even at these redshifts (e.g. Kodama
et al. 2007). In addition, the spatial sampling of the VUDS and
zCOSMOS surveys in the area comprising the overdensity can-
didates is non-uniform in nearly all cases (see Fig. C.2 for an
example) and is also a strong function of redshift, further dimin-
ishing our ability to spectroscopically confirm some candidates
and limiting the conclusions that can be drawn from this analy-
sis. Thus, a dedicated spectroscopic study of the remaining over-
density candidates is necessary to either confirm or deny their
genuineness.

To date such spectroscopic studies have confirmed for ex-
ample the proto-cluster nature of the structure associated with
AzZTEC3 (Capak et al. 2008; Riechers et al. 2014). Furthermore,
A. Karim et al. (in prep.) show that the SMG Vd-17871 has
a spectroscopically identified close companion, in accordance
with the above estimated elevated galaxy density in its surround-
ings. Lastly, the structure associated with the SMG Cosbo-3,
initially identified by Aravena et al. (2010), here spectroscop-
ically identified has been independently confirmed, and stud-
ied in more detail based on optical and mm spectroscopic, and
X-ray data in Casey et al. (2015) and Wang et al. (2016). In
summary, we conclude that four (AzTECS, J1000+0234, and
Cosbo-3 based on VUDS and zCOSMOS data, and the struc-
ture associated with AzZTEC3 via dedicated follow-up) out of
eight overdensity candidates tested here (i.e. ~50%) have been
independently spectroscopically identified. Adding to this the
two spectroscopically identified ambiguous cases (AKO3 and
Vd-17871) this amounts to 6/8, i.e. 75% of the tested systems.

6. Discussion
6.1. Fraction of SMGs in overdense environments

Within our main SMG sample we have identified 5/23 overdensi-
ties showing evidence of small-scale overdensities, and six addi-
tional overdensities showing statistically significant overdensi-
ties with the SMG off-centre. This yields a percentage of 48%
(11/23) of SMGs in our main SMG sample located in over-
dense environments. In Sect. 2, we estimated that in addition to
these 23 SMGs drawn from a S/N-limited sample, eight further
sources with only lower redshift limits are present (i.e. 16 in
total out of which eight are expected to be spurious). If these
eight sources with lower redshift limits on average have the same
properties as the sources analysed, then the estimated percentage
of SMGs occupying overdensities does not change. In the two
extreme cases, however, where all eight systems would either

occupy or not occupy overdensities this percentage would then
range from 35% to 61%. Within our additional SMG sample,
containing Cosbo-3 at zgee = 2.49, as well as AzZTEC/C159,
Vd-17871, J1000+1234, and AKO3 at zgpee > 4.5 we find 4/5
(80%) systems associated with overdensitites.

Only the spectroscopically verified Cosbo-3 proto-cluster
(z = 2.49) has been directly detected in the X-rays, and has
an estimated X-ray mass of My = 4 X 1013 M, (Wang et al.
2016). Stacking the X-ray data to search for extended haloes oc-
cupied by the SMGs in our sample in Sect. 4.1 we derived for
the z < 2 subsample a total mass of Myyy = 2.8 X 103 M, as-
suming z = 1.5. For the z > 2 subsample we found a total mass
of Mayy = 2-2.5 x 10'3 M, given the span in assumed redshift
(from z = 2 to 4). This yields dark matter halo masses of the
SMGs analysed here in the range of Moo = 2-3 x 10'3 M, in
reasonable agreement with dark matter halo masses derived by
Hickox et al. (2012) based on a clustering analysis of LABOCA
SMGs in the ECDFS field (log(Mpaolh~! Mo]) = 12.81’82).

If we split our SMG sample in two redshift bins and use
the errors on measurements based on a small number of events
(Gehrels 1986), at z < 3 we find 36f}g% (40”_’%2%) overdensities
in the main (main plus additional) SMG sample, while this frac-
tion increases to 67*13% (6971%%) at z > 3. Although the errors
on these percentages are large, this could suggest that the occur-
rence of SMGs in overdensities at high redshift is higher. This
is consistent with the picture that massive, highly star-forming
galaxies can only be formed in the highest peaks of the density
field tracing the most massive dark matter haloes at the earliest
epochs (z > 3; e.g. Kauffmann et al. 1999; Springel et al. 2005;
see also discussion by Riechers et al. 2013). At later times, cos-
mic structure may have matured sufficiently that more modest
overdensities correspond to sufficiently massive haloes to form
SMGs (e.g. Hopkins et al. 2008; Gonzdlez et al. 2011; Amblard
et al. 2011). However, a more detailed theoretical exploration
of this aspect in the future is desirable in cosmological simu-
lations, as well as more constraining observational data, as dis-
cussed below.

6.2. A grain of salt

We performed a statistical analysis of the environments of two
samples of SMGs, i) a well-defined sample obtained via inter-
ferometric (SMA and PdBI) follow-up of a S/N-limited sam-
ple identified at 1.1 mm with AZTEC/JCMT over a 0.15 deg?
COSMOS subfield with photometric or spectroscopic redshifts
assigned to the SMGs, ii) five additional SMGs with secure spec-
troscopic redshifts, one at zgpee = 2.49, and four at zgpec > 4.5.
The analysis was performed using uniform selection and over-
density identification criteria for all SMGs in our sample, thus
rendering a robust statistical result on the percentage of SMGs
occupying overdense environments under the assumptions made.
We here discuss a few caveats that may have an effect on the re-
sults of individual overdensities hosting our SMGs.

The analysis performed here is based on a galaxy sample
limited to i* < 25.5, which assures the most accurate photo-
metric redshifts in the COSMOS field (see Sect. 2.2.2). It, thus,
does not take into account fainter galaxies that may be present in
vicinity of, and be gravitationally bound to the SMGs analysed
here. Furthermore, a 20% incompleteness in the photometric
redshift catalogue at z > 3.5 (estimated in Sect. 2.2.2, and due to
the well known degeneracy in the SED fitting procedure between
the Balmer-4000 A and Lya-1215 A breaks) may bias the results
at high redshift low. On the other hand, catastrophic failures in
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photometric redshift solutions, estimated to amount to <15% for
3 < z < 6 (Laigle et al. 2016), could bias the results in some
cases high. Furthermore, wrongly assigned redshifts to SMGs,
and multiplicity of the SMGs at scales <2” may bias the re-
sults in an unpredictable manner (see Koprowski et al. 2014;
Miettinen et al. 2016; M. Aravena et al., in prep.).

Other caveats that may bias the derived overdensity percent-
age low are the width and centring of the redshift bin used
for the analysis. The SMG redshift may not necessarily be co-
incident with the host overdensity’s redshift, nor does the ex-
tent of the overdensity in the z-direction need to be of cer-
tain width, but may vary from case-to-case. For example, as
shown in Appendix B using a narrower redshift bin (Az =
zsMG % 1.50 a7/142)(1 + zsma)) we identify three additional over-
densities®. Adding these to those identified above would then
yield a total of 13/23 (56%), and 5/5 (100%) overdensities in
our main and additional SMG samples, respectively, and an es-
timated range of 42-68% of SMGs occupying overdensities in
our S/N-limited, 1.1 mm selected SMG sample (accounting for
the expected spurious percentage in the sample). Furthermore,
as already shown by Chiang et al. (2013), using photometric red-
shifts to search for overdensities dilutes the ¢, signal (see their
Fig. 13), and we are, thus, likely to be biased in the present anal-
ysis towards detecting the most prominent overdensities only.

With the data in-hand it is impossible to address all the above
described caveats in a robust way. The optimal solution would
be a dedicated spectroscopic follow-up of all galaxies surround-
ing SMGs drawn from a well-selected, S/N-limited SMG sam-
ple within which each SMG has been assigned a secure spec-
troscopic redshift. With facilities like ALMA such samples may
become reality in the near future.

7. Summary and conclusions

We carried out a search for galaxy overdensities around a sam-
ple of 28 SMGs in the COSMOS field lying at redshifts of
z =~ 0.8-5.3. We searched for overdensities using the COSMOS
photometric redshifts based on over 30 UV-NIR photometric
measurements including the new UltraVISTA data release 2 and
Spitzer/SPLASH data, and reaching an accuracy of o147 =
0.0067 (0.0155) at z < 3.5 (>3.5). To identify overdensities
we applied the Voronoi tessellation analysis, and derived the ¢,
redshift-space overdensity estimator. Within the search it was not
required that the SMG be in the centre of the potential over-
density. The approach was tested and validated via simulations,
X-ray detected groups and clusters, and spectroscopically veri-
fied overdensities, which show that even with photometric red-
shifts in the COSMOS field we can efficiently retrieve overden-
sities out to z ~ 5. Our main conclusions, based on this analysis
are summarised as follows.

1. Out of 28 SMGs in our sample 15 show evidence of asso-
ciated galaxy overdensities. Separating these into our main
SMG sample of 23 SMGs drawn from a S/N-limited, 1.1 mm
AzTEC/JCMT SMG sample, and our additional SMG sam-
ple consisting of five SMGs with spectroscopic redshifts at
z=2.49 and z > 4.5, we find evidence for 11/23 and 4/5 sys-
tems, respectively, occupying overdense environments.
Considering all sources in the S/N-limited AZTEC/JCMT
sample, and taking into account the percentage of spurious

6 AzTEC17a, AzTEC18, and AzTEC/C159, out of which AzZTEC18
has also been verified as a potentially spectroscopic overdensity (see
Sect. 5).
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sources, our results suggest that 35-61% of the SMGs in the
1.1 mm S/N-limited sample occupy overdense environments.
As discussed in Sect. 6.2, these percentages are likely to be
lower limits, as our analysis based on photometric redshifts
may have missed the less prominent overdensities.

2. Performing an X-ray stacking analysis using a 32" aper-
ture centred at the SMG positions for our z < 2 subsam-
ple, we found an average 0.5-2 keV X-ray flux of (4.0 +
0.8) x 107'® erg s~! cm™ and a corresponding total mass of
Myy = 2.8 X 10" Mg assuming z = 1.5, and for the z > 2
subsample an average flux of (1.3+£0.5)x 107'® erg s~ cm™
and a corresponding total mass of Mgy = 2.5 X 103 M,, for
redshifts between 2 and 3 (M = 2 X 10'® M assuming
z=4).

Our results suggest a higher occurrence of SMGs occupying
overdense environments at z > 3 than at z < 3. This may be

understood if massive, highly star-forming galaxies can only be
formed in the highest peaks of the density field tracing the most
massive dark matter haloes at early cosmic epochs, while at later
times cosmic structure may have matured sufficiently that more
modest overdensities correspond to sufficiently massive haloes
to form SMGs. Further theoretical and observational efforts are
needed to investigate this further.
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Appendix A: Recovering known groups
and simulated proto-clusters

To test our overdensity search method, described in detail in
Sect. 3.1, at z < 1.5 we apply it to positions of X-ray de-
tected groups in the COSMOS field taken from Finoguenov
et al. (2007). We retrieve every single group with high signifi-
cance. This is in accordance with results from previous studies
that used the VTA with photometric redshifts to recover galaxy
overdensities (Smolci¢ et al. 2007; Oklopci¢ et al. 2010; Jeli¢
etal. 2012).

To test our overdensity search method at z > 1.5 we apply
it to simulated proto-clusters at z = 2, 3, 4, and 5. We gener-
ate mock catalogues of proto-clusters following the overdensity
profiles of proto-cluster galaxies with stellar mass M, > 10° M
for three present-day cluster mass bins (M, > 10'> Mg, M.—y =
3-10x 10" My, and M.—g = 1.37-3 x 10'* M) at redshifts 2, 3,
4, and 5 adopted from Chiang et al. (2013). Chiang et al. (2013)
derived these stacked profiles based on about 3000 clusters from
the Millennium Simulation, whose evolution they tracked from
early cosmic times till today. The number of our generated galax-
ies as a function of distance from the proto-cluster centre is then
set by the proto-cluster profiles for a given redshift (z = 2, 3,4, 5;
see Fig. 3 in Chiang et al. 2013). We then further scatter the
galaxies in redshift space (i) assuming a line-of-sight (LOS) ve-
locity dispersion (in the range of 200-1000 km s~!, which cor-
responds to Az < 0.015); and (ii) taking the COSMOS photo-
metric redshift uncertainty into account. Both the LOS velocity
and o a;/(1+7) distributions are taken to be Gaussian. Such gener-
ated cluster galaxies are then superposed onto background galax-
ies generated such that they (i) are uniformly distributed over a
1 deg? field (at small and large scales); and (ii) follow the pho-
tometric redshift distribution of galaxies in the COSMOS field
(it < 25.5). We generated 100 simulated proto-clusters at each
redshift, z = 2, 3,4, and 5, and recover these with at least ~30,
significance.
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This validates our approach to identify overdensities using
photometric redshifts in the COSMOS field, in accordance with
the results from Chiang et al. (2014) who searched for proto-
cluster candidates in the COSMOS field at 1.6 < z < 3.1 using
photometric redshifts, and identified 36 candidate systems.

Appendix B: Overdensity search within narrower
redshift bins

Here we present the results of the overdensity search per-
formed using galaxies with photometric redshifts z,no = zsmc *
1.50Azj14+)(1 + zsmc). The small-scale and large-scale overden-
sity search results are listed in Tables B.1, and B.2, respectively,
while the combined results are listed in Table B.3.

We find 6/23 (26%) small-scale overdensities in our main
SMG sample, 4/6 (67%) in our main SMG subsample with spec-
troscopic redshifts for our SMGs, and 2/5 (40%) in our addi-
tional SMG sample. Within our overdensity search with poten-
tially off-centre SMGs we find 5/23 (22%), 3/6 (50%), and 3/5
(60%) overdense systems in our main SMG sample, main SMG
subsample with spectroscopic redshifts assigned to the SMGs,
and additional SMG sample, respectively. In total, we find 7/23
(30%), and 3/5 (60%) overdensities in our main and additional
SMG samples, respectively. Taking the expected spurious per-
centage in the S/N-limited 1.1 mm sample the SMGs were drawn
from into account this amounts to a range of 19-45% of SMGs
occupying overdense systems.

Combining all overdensities identified using both redshift
ranges, Az = SMG £ k x O_Az/(l+z)(1 + ZSMG)a where k = 1.5
and 3, then yields a total of 13/23 (56%), and 5/5 (100%) over-
densities in our main and additional SMG samples, respectively.
Taking the expected spurious percentage into account would im-
ply a range of 42-68% of SMGs occupying overdensities in our
S/N-limited, 1.1 mm selected SMG sample.
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Table B.1. Small-scale overdensity search results (using Az = zsmg =  Table B.2. Large-scale overdensity search results (using Az = zgmg +

1.5 X 0 az149(1 + zsma))- 1.5 X 0az142(1 + zsmaG))-

Name Radius N, Poisson probability False detection SMG SMG
['] p(=N,,n,) probability, Pgp distance [']
AZTEC1 0.5 2 0.032 0.009 AzTEC1 0.281
AzTEC2 1.0 3 0.198 0.727 AzTEC2 2.804
AzTEC3 0.5 2 0.003 0.000 AzTEC3 0.027
S - B B AZzTEC4 10.265
AZTEC7 0 2 0.161 0.382 AZTECS 6.554
AZTECS 0.5 2 0.054 0.030 AzTEC7 1.588
AZTEC9 1.0 3 0.195 0.557 AzTEC3 4.923
AzTEC10 0.5 2 0.076 0.054 AzTEC9 1.261
AZTECI11 1.0 2 0.191 0.732 AZTEC10 0.931
AZTECI2 1.0 2 0.159 0.344 AZTEC11 1.193
AzTEC14-W 1.0 6 0.189 0.202 AzTEC12 0.696
AzTEC15 0.5 2 0.054 0.026 AzTEC14-W 0.451
AzTEC17a 0.5 4 0.144 0.024 AZzTEC15 2.992
AzTEC17b 1.0 2 0.105 0.120 AZTEC17a 0' 199
AzZTEC18 0.5 2 0.060 0.034 :
AZTEC192 1.0 3 0.138 0.077 AZTECI7b 0959
AZTECI9% 1.0 6 0.197 0.445 AzTEC18 0.198
AzTEC21la - _ _ _ AzTEC19a 0.875
AZTEC21b 1.0 2 0.169 0.423 AzTEC19b 0.832
AzTEC23 0.5 2 0.109 0.149 AzTEC21a 1.377
AzZTEC26a 1.0 2 0.158 0.345 AZzTEC21b 1.286
AzTEC29% 1.0 5 0.195 0.354 AzTEC23 2.538
Cosbo-3 1.0 2 0.158 0.340 AzTEC26a 4.793
J1000+0234 0.5 2 0.023 0.006
gy e o T
Yoarsr o 052 0020 0.003 J1000+0234  0.138
AzTEC/C159 3.020
Notes. The systems with statistically significant overdensities are indi- Vd-17871 0.000
cated in bold-face. AKO3 3.478

Notes. The systems with statistically significant overdensities are indi-
cated in bold-face.
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Table B.3. Overdensity search results based on small and large-scale analyses (using Az = zgmg £ 1.5 X 0azy140(1 + Zsmc))-

SMG Redshift Small-scale Large-scale SMG Spectroscopically
overdensity overdensity distance ['] verified
AzTECI 4.3415¢ v v 0.281 -
AzTEC3 5.298¢ v v 0.027 v
AzTEC8 3.179¢ v - 0.000 -
AzTEC10 2.79 - v 0.931 -
AzTEC15 3.17 v - 0.000 -
AzTECl17a 0.834¢ ) v 0.199 -
AZTEC18 3.0 v v 0.198 vP
J1000+0234  4.542¢ v v 0.138 v
AzTEC/C159 4.569¢ - v 3.020 -
Vd-17871 4.622¢ v v 0.000 VP

Notes. Only sources associated with statistically significant overdensities are listed. Source redshifts and assumed distances between the SMG and
overdensity centre are also given. ¥ Spectroscopic redshift. ’ Possible verification.
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Appendix C: Additional figures
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Fig. C.1. Each row corresponds to one SMG. Left panel: 6, versus radius, centred at the target SMG (see Sect. 3.1.1). The errors shown are Poisson
errors. The number of sources found in a circular area (N,), and the 6, = 0 line are indicated. Also indicated are the points with Poisson probability
p < 0.05, as listed in the legend (see Sect. 3.1.1 for details). Middle panel: Voronoi tessellation analysis (VTA; blue lines) shown around each
target SMG indicated by the thick red circle. Overdense VTA cells are coloured yellow. The area and density of the cells depend on the number
of galaxies in the given redshift range (Azpho), indicated above the panel. The overdensity centre is shown by the red cross, and the radius within
which it was computed is indicated by the black circle (see Sect. 3.1.2 for details). Regions outlined by grey lines and curves indicate the masked
areas in the COSMOS photometric catalogue. Right panel: the top panel shows &, versus radius, centred at the overdensity (indicated by the red
cross in the middle panel). The SMG’s projected distance from the centre is indicated by the red downwards pointing arrow. The horizontal line
indicates the value 6, = 0. The meaning of various symbols and linestyles is listed in the legend. The bottom panel shows the significance of the

overdensity (6y/0s,-0) as a function of radius. The dashed horizontal line designates the threshold beyond which the false detection probability is
<20% (see Sect. 3.1.3 for details).
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Fig. C.2. Example of spectral, often non-uniform coverage, shown for
the overdensity candidate (OC) associated with AzTEC18, confirmed
to also yield a spectroscopic overdensity (see text for details). The left
panel shows the galaxies with secure (filled symbols) and less secure
(open symbols) spectroscopic redshifts in or outside the redshift range
considered (2.92 < zoc < 3.08), as listed in the legend. The circles
illustrate radii of r = 1/, 5, 10’. The panels on the right show the spec-
troscopic redshift distribution for galaxies within 5’ (top right) and 10’
(bottom right) from the overdensity candidate with secure (filled his-
togram) and less secure (open histogram) spectroscopic redshifts.
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