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ABSTRACT

Aims. Submillimetre galaxies (SMGs) are bright sources at submillimetre wavelengths (Fso,m > 2—5mlJy). Made up of mostly of
high-z galaxies (z > 1), SMGs are amongst the most luminous dusty galaxies in the Universe. These galaxies are thought to be the
progenitors of the massive elliptical galaxies in the local Universe and to reside in massive haloes at early epochs. Studying their
environments and clustering strength is thus important to put these galaxies in a cosmological context.

Methods. We present an environmental study of a sample of 116 SMGs in 96 ALMA observation fields, which were initially dis-
covered with the AZTEC camera on ASTE and identified with high-resolution 1.25 mm ALMA imaging within the COSMOS survey
field, having either spectroscopic or unambiguous photometric redshift. We analysed their environments making use of the latest
release of the COSMOS photometric catalogue, COSMOS2015, a catalogue that contains precise photometric redshifts for more than
half a million objects over the 2 deg>? COSMOS field. We searched for dense galaxy environments computing the so-called overdensity
parameter as a function of distance within a radius of 5 from the SMG. We validated this approach spectroscopically for those SMGs
for which spectroscopic redshift is available. As an additional test, we searched for extended X-ray emission as a proxy for the hot
intracluster medium, performing an X-ray stacking analysis in the 0.5-2keV band with a 32" aperture and our SMG position using
all available XMM-Newton and Chandra X-ray observations of the COSMOS field.

Results. We find that 27% (31 out of 116) of the SMGs in our sample are located in a galactic dense environment; a fraction that is
similar to previous studies. The spectroscopic redshift is known for 15 of these 31 sources, thus this photometric approach is tested
using spectroscopy. We are able to confirm that 7 out of 15 SMGs lie in high-density peaks. However, the search for associated
extended X-ray emission via an X-ray stacking analysis leads to a detection that is not statistically significant.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: formation — galaxies: groups: general — galaxies: starburst

1. Introduction

Submillimetre galaxies (SMGs) are amongst the most luminous
dusty galaxies in the Universe (Wilkinson et al. 2017), which
emit most of their energy at submillimetre (sub-mm) wavelengths,
from 200 um to about 1 mm (Geach et al. 2017). They were
initially discovered in extragalactic submillimetre surveys using
the Submillimetre Common-User Bolometer Array (SCUBA;
Holland et al. 1999; Barger et al. 1998; Hughes et al. 1998). These
galaxies are highly star forming, reaching star formation rates
(SFRs) up to thousands of Mg yr~! (see e.g., Casey et al. 2014;
Rowan-Robinson et al. 2018). The bulk of this population has a
redshift distribution that ranges between z ~ 2 and 3 with a tail
reaching up to z ~ 5 (Strandet et al. 2016; Brisbin et al. 2017,
Stachetal. 2019). At these high redshifts, SMGs are found to gen-
erate a significant fraction of the energy release of all galaxies at
such distances. Most of their radiation comes from thermal con-
tinuum emission from dust grains from the interstellar medium
(ISM) heated by a population of optically obscured young mas-
sive stars (for a review see Blain et al. 2002).

Galaxy clusters are the largest gravitationally bound sys-
tems in the Universe and are usually located at the knots of the
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filamentary large-scale structures. These clusters are typically
composed of 30 to 100s of galaxies, with total masses up to
10'5 My and sizes of around 1Mpc (see e.g., Bahcall 1996).
Their progenitors are proto-clusters, which are structures found
at redshifts 2 < z < 7 that extend over tens of Mpc forming a
structure that eventually coalesces into a galaxy cluster (see e.g.,
Springel et al. 2005; Overzier et al. 2009). Proto-clusters are rare
and difficult to observe, although some observational efforts have
been made to search, identify, and characterise them (see e.g.,
Ouchi et al. 2005; Galametz et al. 2010; Toshikawa et al. 2012).
The detection of proto-clusters is important to understand hier-
archical structure formation and stellar mass growth in galaxies
at early times.

Most likely, SMGs are the progenitors of massive ellipti-
cal galaxies observed in the local universe (see e.g., Lilly et al.
1999; Fu et al. 2013; Toft et al. 2014). Since early-type galaxies
are predominantly found in clusters, it is important to address
the question of whether SMGs are preferably found in regions
with enhanced galaxy density. Studying the clustering properties
of SMGs can also provide constraints on their nature in a cos-
mological context. Some models depict SMGs as a long-lived
episode of star formation in the most massive galaxies, driven by

A174, page 1 of 12


https://doi.org/10.1051/0004-6361/202039227
https://www.aanda.org
https://www.edpsciences.org

A&A 646, A174 (2021)

the early fast collapse of the dark matter halo (Xia et al. 2012),
yielding strong clustering for these sources. On the other hand,
other models in which SMGs are short-lived bursts in less mas-
sive galaxies, predict weaker clustering (Almeida et al. 2011).
So far, most of the studies on the environments of SMGs have
been done in individual sources or small samples (Ivison et al.
2000; Scott et al. 2002; Aravena et al. 2010; Oteo et al. 2018; Hill
et al. 2020), which has not really allowed us to test the abundance
of structures around these galaxies and has forbidden clustering
measurements.

The Cosmic Evolution Survey (COSMOS; Scoville et al.
2007) includes multiwavelength imaging and spectroscopy from
X-ray to radio wavelengths over an area of 1.4 X 1.4 deg at a suf-
ficient depth to provide a comprehensive view of galaxy forma-
tion and large-scale structure. In this work we aim to improve
the clustering measurements of SMGs by extending the current
statistical sample. We evaluate overdensities of a sample of 116
SMGs in the COSMOS field that were initially discovered with
the AzTEC camera on the Atacama Submillimeter Telescope
Experiment (ASTE; Aretxaga et al. 2011), and subsequently
identified with high-resolution 1.25 mm ALMA imaging in 96
different fields (Brisbin et al. 2017).

This paper is organised as follows. In Sect. 2 we introduce
our SMG sample and the COSMOS catalogues used for the envi-
ronmental study. In Sect. 3 we describe the methodology used to
measure the overdensities and their significance and false detec-
tion rate. In Sect. 4 we present the results of our analysis. Then
in Sect. 5 we verify the overdensities using spectroscopic red-
shift. Later in Sect. 6 we discuss our results comparing them to
what previously found in the literature, and finally in Sect. 7 we
present our conclusions.

Unless otherwise stated, we assume a flat ACDM cosmol-
ogy with a Hubble constant Hy = 73kms~! Mpc~!, total mat-
ter density Q;, = 0.27, and dark energy density Q, = 0.73
(Spergel et al. 2007; Larson et al. 2011). Magnitudes through-
out this paper refer to the AB magnitude system (Oke 1974).

2. Data
2.1. SMG sample

The sources studied in this work are the so-called “strict” sub-
sample from Brisbin et al. (2017). These 116 SMGs have been
detected using high spatial resolution (~1"") targeted observa-
tions in cycle 2 ALMA operations of 96 fields within the COS-
MOS survey, designed to include a sample of AZTEC/ASTE
sources with 1.1 mm flux densities >1mlJy (Aretxaga et al.
2011). For this work we use those sources that are defined as
the “strict” sample, for which either spectroscopic or unambigu-
ous photometric redshift is determined. The median redshift of
this sample is Z=2.3 + 0.6.

For 30 SMGs the spectroscopic redshift is available. Seven
of these values were calculated using CO measurements
(AzTEC/Cla, C2a, C3a, C5, C6a, C6b, and C17), and the rest
were taken from the COSMOS spectroscopic redshift catalogue
(available internally for members of the COSMOS collabora-
tion). For those sources with photometric redshift, they were
measured by Brisbin et al. (2017) cross correlating the ALMA
positions with the latest release of the COSMOS photometric
catalogue, COSMOS2015.

The complete list of SMGs is given in Table A.1 of
Brisbin et al. (2017). Throughout this paper we use the nomen-
clature given by these authors; for alternative names, see the sec-
ond column of their Table A.1. Of these 96 different ALMA
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observations, 19 are multiple component observation fields,
meaning there are several resolved SMGs inside each field. The
39 SMGs belonging to multi-component systems are described
by an alphabetical tag in descendant order of brightness for each
observing field. Some of these sources are physically related,
while others belong to the same ALMA observation only as a
result of chance alignment. This is explored in more detail in
Sect. 6.1.

2.2. Catalogues

To study the environments of SMGs, we made use of the lat-
est version of the COSMOS' photometric catalogue (COS-
MOS2015 hereafter; Laigle et al. 2016). This catalogue includes
photometric measurements from the ultraviolet (UV) to the
infrared (IR) wavelengths, including 6 broad optical bands
(B, V, g, r, i, z7%), 12 medium bands, and 2 narrow bands, as
well as Y, J, H, and K data from the UltraVISTA Data Release
2 new HyperSuprime-Cam Subaru Y band and new SPLASH 3.6
and 4.5 um Spitzer/Infrared Array Camera (IRAC) data (Sanders
et al. 2007; Capak et al. 2007; McCracken et al. 2012; Ilbert et al.
2013).

Furthermore, we used a catalogue of spectroscopic redshifts
in the COSMOS field available internally for members of the
COSMOS collaboration. It is composed of 36 274 spectroscopic
redshifts, both available only internally to the COSMOS collab-
oration and from the following surveys:

1. The zCOSMOS-bright survey contributed 8608 galaxies
at 0.1 < z < 1.2 performed with the VIsible Multi-Object Spec-
trograph (VIMOS) at the Very Large Telescope (VLT) covering
the entire COSMOS field (Lilly et al. 2007, 2009).

2. The zCOSMOS-deep survey for fainter sources, contribut-
ing 767 galaxies with secure redshifts at 1.4 < z < 3.0 and cov-
ering the central 1deg? of the COSMOS field (Lilly et al., in
prep.).

3. The 6617 galaxies with high- quality spectra from the
DEIMOS 10K Spectroscopic Survey Catalog of the COSMOS
Field, which is a survey that samples a broad redshift distribution
in up to z = 6 (Hasinger et al. 2018).

4. The 2022 galaxies observed through multi-slit spec-
troscopy with the Deep Imaging Multi-Object Spectrograph
(DEIMOS) on the Keck II telescope, having a broad redshift dis-
tribution 0.02 < z < 6 (Kartaltepe et al. 2010).

5. A number of 998 galaxies from VIMOS Ultra Deep Sur-
vey (VUDS), a spectroscopic redshift survey of very faint galax-
ies that covers the central 1deg? of the COSMOS field at 2 <
z < 6 (Le Fevre et al. 2015; Tasca et al. 2017).

6. A catalogue based on [OII] flux-calibrated spectroscopy
of a total of 788 galaxies at 0.1 < z < 1.65, obtained with the
VLT/FORS-2 instrument (Comparat et al. 2015).

7. The spectroscopic survey of galaxies in the COSMOS field
using the Fiber Multi-object Spectrograph (FMOS), a near-IR
instrument on the Subaru Telescope at 1.34 < z < 1.73 con-
tributed 178 galaxies (Silverman et al. 2015).

8. The COSMOS field from the MOSFIRE Deep Evolution
Field (MOSDEEF) survey at 0.8 < z < 3.71 contributed 80 galax-
ies (Kriek et al. 2015).

9. A sample of 26 galaxies at 0.82 < z < 1.50 observed via
near-IR spectroscopy with Subaru-FMOS and selected from a
sample of IR luminous galaxies (Roseboom et al. 2012).

! For more information we refer to the COSMOS webpage
http://cosmos.astro.caltech.edu
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10. Wide Field Camera 3 (WFC3) of the Hubble Space Tele-
scope grism spectroscopy and imaging for a sample of 11 galax-
ies at 1.88 < z < 2.54 (Krogager et al. 2014).

11. The X-shooter spectrograph at the VLT at 1.98 < z <
2.48 observed 14 galaxies (Zabl et al. 2015).

12. Near-IR spectroscopic observations of 10 passive galax-
ies with Subaru-MOIRCS at 1.24 < z < 2.09 (Onodera et al.
2012).

The COSMOS2015 photometric redshift accuracy was esti-
mated by Smol¢i¢ et al. (2017) to test whether photometric red-
shifts could be efficiently used to search for overdensities and
especially at high redshifts (z > 3.5), where the photometric red-
shift uncertainty is higher than lower redshifts. These authors
performed a comparison study between the COSMOS2015 and
the COSMOS spectroscopic redshift catalogue by measuring the
distribution of Az/(1 + zgpec), Wwhere Az is the difference between
the spectroscopic and photometric redshifts. They find the stan-
dard deviation of the distribution to be oaz/(1+4,,) = 0.0067 for
Zphot < 3.5 and 0 az/(142,.) = 0.0155 for zphot > 3.5, verifying a

Zspec

good photometric redshift accuracy.

3. Methodology
3.1. Overdensity parameter

To search for overdensities in the SMG fields, we use the galax-
ies in the COSMOS2015 photometric catalogue that lie within
the redshift range Zphot = ISMG 3O—AZ/(1+ZSMG)(1 + zsmg) from
each SMG, being O At (I +zgpee) = 0.0067 for zpne < 3.5 and
T Az/(14+zgpe) = 0.0155 for zpnoe > 3.5. This interval is selected
large enough to account for the uncertainties of the photometric
sources.

First we compute the galaxy overdensity parameter to all
those sources from the COSMOS2015 photometric catalogue
within a distance of r = 0’5, 1/, 2!5, and 5’ from the position of
the central SMG and in the above-mentioned redshift range. The
galaxy overdensity parameter is defined as a function of radius
as

Le(r) = Zog  Zi(r)

04(r) = = 1,
& The The

ey

where X, is the local galaxy surface density calculated as X, =
N;/A;, where N; is the number of galaxies within the given radius
and redshift bin in a search window area of A, = 7 x r2. Corre-
spondingly, Xy, is the background galaxy surface density and is
defined as Zpg = Npg/Ape. The quantity Npg is the number of
galaxies satisfying the photometric redshift interval within the
entire area Ay, of the COSMOS field, to take masked areas due
to saturated stars and/or corrupted data into account. Conform-
ing to this definition, d4(r) > 0 corresponds to an overdensity
and 04(r) < 0 means an underdense region.

3.2. Significance and false detection rate

The probability of observing >N, objects when the expected
number is n, = Xpg X A, is analytically defined by the Pois-
son distribution p(>N,,n;) = 1 — 2?;‘0(8”“%/ i!). We calculate
the significance of the overdensity parameter by computing the
Poisson probability for each different radius and the value 64(r)
is considered as robust when p < 0.05.

Furthermore, we estimate the false detection rate by gener-
ating 10 mock catalogues for each SMG at a certain zsymg by

randomly shifting their positions over the inner 1deg? of the
COSMOS field. For each one of these mock catalogues that
correspond to a certain SMG at zgyg, we generate other 1000
mock catalogues by randomly distributing in the sky the num-
ber of galaxies at Zphot = ZSMG * 30—AZ/(1+ZSMG)(1 + zZsmg) in the
COSMOS2015 photometric catalogue, leading to 10000 mock
catalogues for each SMG. The false detection probability is
given by the fraction of events in which N, are found within a
radius r over these 10 000 mock catalogues.

4. Analysis and results
4.1. Overdensity parameter

The results from our overdensity analysis are represented in
Fig. A.1. For each SMG we show the overdensity parameter 0
as function of the projected radius » measured from the central
SMG, from 0.1” up to 5’. For each point we indicate the number
of sources N; within the given radius, including the SMG. When
the value of d, has a Poisson probability p(>N;, n;) < 0.05, that
point is enclosed in a square.

A SMG is considered to reside in an overdensity given
at least one the following conditions: First, the probability of
observing >N, objects defined analytically by a Poisson distri-
bution within a radius r is p < 0.05 (see Sect. 3.2). Second,
the false detection probability Pgp (calculated numerically using
mock catalogues at random SMG positions) of finding a number
of sources >N, within a radius r is <5% (see Sect. 3.2).

To evaluate the significance of d,, we start by the small-
est considered radius 0/5. If p(=N;,n,) and Pgp > 5% for that
radius, we continue to evaluate o, at the following values of
the radius up to » = 5’. Table 1 shows those SMGs found in
high-density peaks according to the above conditions. We find
31 SMGs out of the total 116 sample (~27%) located in a signif-
icant overdensity, and nearly half of these (15 of 31) belong to
the spectroscopic sample.

We compare the redshift distributions of the sources located
in an overdensity and non-overdensity environments in Fig. 1.
A Kolmogorov—Smirnov (K-S) test (Peacock 1983; Fasano &
Franceschini 1987) shows no significant difference at a 95%
confidence level. The physical distances corresponding to the
radius of the overdensities as reported in the second column of
Table 1 vary from 232 pkpc at the zp;, = 0.829, 251 pkpc at
Zmean = 2.410 and 199 pkpc at zx = 4.772.

4.2. Extended X-ray emission

X-ray extended emission is an evidence of hot intergalactic
medium in clusters of galaxies. Hence, we search for extended
X-ray emission around the SMGs positions. The entire COS-
MOS region has been mapped through 54 overlapping XMM-
Newton pointings and additional Chandra observations (Elvis
et al. 2009; Civano et al. 2016) and previous efforts have been
made to search for X-ray emitting galaxy clusters in this field
(Hasinger et al. 2007; Finoguenov et al. 2007; George et al.
2011).

In this work we first cross matched the positions of our
SMGs with the revised catalogue of extended X-ray sources
in the COSMOS field, which contains 247 X-ray groups with
Moo = 8 x 10'2=3 x 10'* M, at a redshift range 0.08 < z <
1.53. These sources were obtained from the combined data from
Chandra and XMM-Newton mosaic image in the 0.5—-2 keV band
(Gozaliasl et al. 2019). This catalogue has a total cluster flux
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Table 1. SMGs found in an overdensity.

SMG r N, Poisson probability False detection
name ['] p(=N;, n;) probability Prp
AzTEC/C5 ® 05 2 0.055 0.031
AZTEC/C6a ™ 0.5 4 0.104 0.004
AZTEC/C6b® 05 4 0.106 0.002
AZzTEC/C9a 05 4 0.115 0.006
AZTEC/C9b ™ 0.5 3 0.112 0.028
AzTEC/C9¢c® 05 3 0.109 0.026
AZTEC/C17® 05 2 0.046 0.021
AZTEC/C25® 0.5 3 0.106 0.022
AzTEC/C28a® 05 5 0.012 0.005
AZTEC/C28b 05 4 0.112 0.005
AZTEC/C33a 05 3 0.112 0.032
AZTEC/C34a 05 4 0.130 0.014
AZTEC/C43b 5.0 148 0.034 0.063
AZTEC/C45® 05 3 0.112 0.031
AZTEC/C48b 05 4 0.142 0.021
AZTEC/C50 05 4 0.091 0.002
AZTEC/C51b 05 4 0.154 0.033
AZzTEC/C52® 25 67 0.020 0.069
AZTEC/C55b 05 5 0.120 0.006
AZTEC/C59® 05 5 0.048 0.071
AZTEC/C60b 05 2 0.029 0.008
AZTEC/C61® 05 4 0.088 0.001
AZTEC/C65™ 1.0 12 0.013 0.085
AZzTEC/C716® 05 9 0.007 0.052
AzTEC/C79 05 3 0.117 0.039
AzTEC/C99 05 3 0.115 0.029
AZTEC/C100a 2.5 48 0.040 0.093
AZTEC/C10la 5.0 160 0.049 0.095
AZTEC/C117 05 5 0.142 0.023
AZzTEC/C118® 05 3 0.115 0.033
AZTEC/C122a 1.0 12 0.023 0.067

Notes. Column description: (1): SMG name according to Brisbin et al.
(2017) nomenclature; (2): radius of ¢, statistically significant; (3): num-
ber of sources within r; (4) Poisson probability p(=N;,n,); (5) false
detection probability Prp. ®'SMGs with spectroscopic redshift.

depth of 3 x 107 ®ergcm™2 57!, covers an area of 2.1 deg?, and
the precision of the centres for extended sources goes down to
5”". None of the positions of our SMGs match any of the X-ray
groups reported in the catalogue.

However, since only 11 of 116 SMGs from our sample are at
the same redshift as the aforementioned X-ray group catalogue,
we then extracted the stacked X-ray flux outside of the already
detected groups in the same Chandra and XMM-Newton mosaic
image in the 0.5-2keV band. If the SMG is at the centre of
a cluster, it should be located near to the centre of a virialised
dark matter halo. The size of this halo at the typical redshift of
SMGs is a few hundreds of pkpcs, so we used a 32" aperture size
centred in the SMG, following Finoguenov et al. (2009, 2015).
Prior to this we subtracted background and point-like sources
such X-ray jets and cluster cores. We detected an average flux of
1.7+0.9x 10"'%erg s~ cm™2, which is a marginal detection so
we ruled out the possibility of significant X-ray extended emis-
sion for our sample. Using the mean redshift of the sample of
2.3, the halo mas (M»q) that corresponds to the marginal X-ray
flux detection is (2.5 + 0.7) x 10'3 M. We note that this mass is
consistent with the typical SMG mass inferred in the clustering
studies.
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Fig. 1. Redshift distribution of the SMGs found in a significant overden-
sity (in grey, dashed) and those that are not found in a high-density envi-
ronment (in orange, solid). There is no significant difference between
their redshift distribution at a 95% confidence level according to the
K-S test.

5. Spectroscopic verification of overdensity
candidates

As a secondary test, we now evaluate the overdensity parame-
ter § for those 15 SMGs having spectroscopic redshift found
in an overdensity (see Table 1 in Sect. 4) using spectroscopic
redshift catalogues, to confirm what we previously found
using photometry. For each SMG with a spectroscopic red-
shift in Table 1, we calculated the overdensity parameter
using the sources from the spectroscopic catalogue described
in Sect. 2, within a radius of r = 05, 1/, 2’5, and 5’ from
the central SMG and in a redshift range of zgpee = zsmg *
30 az/(1+25u0) (1 + ZsMG), DEING Taz/(142,,,) = 0.0067 for z < 3.5
and 0 az/(14z4,) = 0.0155 for z > 3.5, similar to the photometric
analysis.

In this case, Xy, is calculated by randomly locating 1000
SMGs in the non-uniform footprint of the COSMOS field cov-
ered by the spectroscopic catalogue, as reported in Sect. 2, with a
random redshift in the interval 0 < z < 3.54+30 a/(1+zgyc) (1 +3.5)
for z < 3.5 within a radius of 5. For z > 3.5 the redshift is
randomly selected within the range 3.5-30 Az/(14zgy6)(1 +3.5) <
z < 6.0. The value of the overdensity parameter ¢, along with
its associated uncertainty is calculated using a truncated Gaus-
sian to the distribution of the number of galaxies generated in
the 1000 simulations at z < 3.5. Since the number of recov-
ered sources is small at z > 3.5 (35964/36 274 sources in the
spectroscopic catalogue lie at z < 3.5), above this redshift the
function fitted to evaluate the overdensity parameter is instead
Poissonian.

Out of the 15 SMGs analysed, we find 7 SMGs in envi-
ronments that are significantly overdense, meaning ¢, > 30,
confirming the photometric identified overdensities for AZTEC/
C5, AzTEC/C6a, AzTEC/C6b, AzTEC/C17, AzTEC/CS52,
AZTEC/C59, and AzTEC/C118. We note that the compilation
of the spectroscopic catalogue is strongly redshift dependent,
where ~99% of the observed sources lie at z < 3.5, which
diminishes our capability to spectroscopically confirm sources
at high redshift. Additionally, since spectroscopic sources are
taken from a compilation of different catalogues, the spectral
coverage is not completely uniform. These effects limit the con-
clusions that can be extracted from this analysis and can only
be used as a confirmation for those cases showing positive
results.
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6. Discussion
6.1. Multi-component SMGs

The sample in this paper contains 116 different SMGs, observed
in 96 different ALMA fields, meaning 19 out of 96 observa-
tions contain more than one SMG. These are the so-called multi-
component systems and 39 of the 116 SMGs are one of them.
In the following we unravel which SMGs belonging to multi-
component systems are gravitationally bounded, and those for
which this is simply due to chance alignment.

The SMGs AzTEC/C6a and AZTEC/C6b are separated by
Az = 0.023, a distance slightly higher than the threshold sug-
gested by Hayward et al. (2013), which differentiates between
chance and physical associations of ALMA sources. However,
both SMGs reside in a high density environment, which points
towards a physical association.

Similarly, although each SMG of the triplet in the field
AZTEC/C9 lies within 13" of its closest neighbour, a bit higher
than the threshold, all of these are found within an overdensity
so they are very likely physically associated. The redshifts for
both AZTEC/C28a and AzTEC/C28b are compatible with being
identical as is their separation; they are physically associated and
are found in an overdensity.

Although redshifts in AzZTEC/C43a and AzZTEC/C43b are
consistent with being identical, we find only one SMG in an
overdensity, that is AZTEC/C43b. This could happen if SMG is
not located at the centre of the overdensity, so only one of the
components would be found using our method. The same occurs
for the field AzZTEC/C48, while AZTEC/C48a and AzZTEC/C48b
are physically related, only AzZTEC/C48b is found in a dense
environment.

Although photometric redshifts for AzTEC/C55a and
AzTEC/C55b are compatible with being identical (za,TEc/c550 =
2.49f83§ and za,TEC/CS5b = 2.77fgfﬁ), considering their phys-
ical separation (17.2”, 41kpc at the measured redshift) it is
very unlikely that they are physically associated and only
AzTEC/C55b is located in an overdensity. AzZTEC/C34a and
AZTEC/C34b are not physically related since their redshifts

differ strongly (zastec/c3aa = 3.5370% and zastec/caan =
2.49f8§8), their association is only due to chance alignment

and we only find AzZTEC/C34a in an overdensity. AZTEC/C60a
and AzTEC/C60b are not physically associated (zaztec/c60a =
096t84113 and ZAZTEC/C60b = 477t8;§) and Ol’lly AZTEC/C60b is
found in an overdensity. The same situation is found for the field
AZzTEC/C100; only AzTEC/C100a is found in a dense environ-
ment since AZTEC/C]OOEI and AZTEC/C]OOb (ZAZTEC/CIOOa =
1~63t8141v71 and zazTEC/Cl006 = 2'68t8:2§) results from a chance
alignment.

6.2. Comparison with previous results

Early attempts to measure the environment surrounding SMGs
involved their projected two-dimensional distribution of the sky
using projected two-dimensional angular correlation function
(ACF). The results for these early efforts are ambiguous, mostly
because of the lack of redshifts to trace the three-dimensional
structure (see Scott et al. 2002; Borys et al. 2003, 2004; Almaini
et al. 2003; Blain et al. 2004; Weif3 et al. 2009; Hickox et al.
2012). Williams et al. (2011) analysed several SMGs in the
COSMOS field, assuming various redshift distributions to esti-
mate their de-projected ACF. These authors could only set upper
limits to the correlation length. Nonetheless, ACF studies have
the important limitation that they are only able to measure the

average clustering properties of a population, missing the indi-
vidual differences between its components.

We do not find a significant redshift difference between those
SMGs lying in density peaks and those located in environments
that are indistinguishable from field galaxies. The correlation
between redshift and clustering in SMGs is yet unclear. For
instance, studying the clustering of galaxies selected in the IRAC
bands, Farrah et al. (2006) did not find any strong redshift evolu-
tion in their sample. Wilkinson et al. (2017) however find that
on average, SMGs at z > 2.5 occupy high-mass dark matter
haloes.

Aravena et al. (2010) find three SMGs embedded in com-
pact groups (with a typical radial extent of 5”—10"") centred at
the positions of the SMGs by constructing number density maps
of high-redshift BzK galaxies in the COSBO field, the inner
20" x 20" region of the COSMOS field (Bertoldi et al. 2007).
Two of the sources in their sample, AZTEC/C6a and AzTEC/C7,
also appear in ours. We find AZTEC/C6a in a overdensity too,
while for AzZTEC/C7 the overdensity is not significant in both
studies. Additionally, we find a similar percentage of SMGs in
overdensities, since they find 30% of their sample in overdensi-
ties and we find ~27% and similar physical sizes, although our
sample spans a higher redshift interval. AZTEC/C6 belongs to a
proto-cluster, it has been previously found within an X-ray emit-
ting region with 17 spectroscopically confirmed member galax-
ies (Casey et al. 2015; Wang et al. 2016; Cucciati et al. 2018).

Smolci¢ et al. (2017) performed an analysis using a simi-
lar method over a smaller sample of SMGs in the COSMOS
field, and ten of our sources overlap (it is important to note they
use a different nomenclature; the list of corresponding names
is given in Table A.l1 of Brisbin et al. 2017). Nonetheless a
direct comparison can be performed only for the “small over-
densities” part of their study, where the physical distances anal-
ysed are similar to those of this study. Considering only their
kpc-scale study, the fraction of SMGs found in a significant
overdensity (i.e. ~27%) is the same as this study. The sources
AzTEC/C3a, AzTEC/C14, AzTEC/C22a, and AzTEC/C22b
(AzTEC2, AZTEC9, AzTEC11S, and AzZTECI 1N, respectively
in Smolc¢i¢ et al. 2017) are not found in an overdensity
in both studies. However, for AzTEC/C2a and AzTEC/C18
(AzTECS8, AzTEC12, respectively in their nomenclature), nei-
ther of us find an overdensity at small scales, but they find
high galactic density when looking at Mpc scales. The SMGs
AzTEC/C5, AzZTEC/C6a, and AzZTEC/C17 (AzTEC1, Cosbo 3,
and J1000+0234 for these authors) are found in a small-scale
overdensity and confirmed spectroscopically by both studies.
The only difference we encounter is with the source AzZTEC/C42
(AZTECS), which they find in a significantly dense environment
while we do not. This could be because the redshift value they

use 1S Zphot = 3.05f83§ (Smol¢i¢ et al. 2012), while a more up-

to-date value is available for our study zpnoy = 3.63*035 (SmolCi¢
et al. 2017).

7. Summary and conclusions

We explore the clustering properties of a sample of 116 SMGs
described as the “strict” sample in Brisbin et al. (2017), drawn
from a S/N-limited sample initially discovered with the AzZTEC
camera on ASTE, and identified with high-resolution 1.25 mm
ALMA imaging. Their redshifts lie within the interval 0.829 <
z < 5.152 and they are located within the COSMOS field. We
evaluate the overdensity parameter J, in an interval Az and in
steps of r = 05, 1/, 25, and 5’ from the central SMG, using
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the latest version of the COSMOS photometric catalogue (COS-

MOS2015). The accuracy is o az(1+z,,) = 0.0067 for zpnee < 3.5

and O az/(1+z4,) = 0.0155 for zpnor > 3.5. Our main results can be

summarised as follows:

(a) Thirty-one out of 116 (~27%) of our sample of
AZTEC/ASTE sources selected within the COSMOS
survey field are located in high-density environments, sug-
gesting that a fraction of the SMGs are linked to formation
of structures.

(b) For those SMGs found lying in overdensities with spectro-
scopic redshifts (15 out of 31), the photometric approach is
tested using spectroscopically verified overdensities, which
are able to confirm 7 of these SMGs high-density peaks.
However, because of the lack of completeness of the spec-
troscopic catalogue used for this analysis, this approach can
only be used as a lower limit.

(c) We search for extended X-ray emission around SMGs via
matching the positions of our SMGs to those of the revised
catalogue of extended X-ray sources in the COSMOS field,
which contains combined XMM-Newton and Chandra data
in the 0.5-2keV band, with negative results. Moreover,
we perform an X-ray stacking analysis in the 0.5-2keV
band using a 32" aperture size, but the average flux found
is 1.7£0.9x 10716 erg s~! cm™2; this contribution is smaller
than 1o so not statistically significant.

This is consistent with previous results that show a similar frac-

tion of SMGs in high-density environments at these angular

scales (Aravena et al. 2010; Smolci¢ et al. 2017). About one-
third of our sources are related to the formation of structures
at high redshift since they are located in regions with enhanced
galaxy density, a fraction that is similar to previous studies

(Aravena et al. 2010; Smol¢i¢ et al. 2017). We do not appreciate

a correlation between redshift and clustering strength.

The reason why we do not find a higher fraction of SMGs
associated with strong galaxy overdensities could be due to
biases that affect our data. It is a known effect that using pho-
tometric redshifts leads to a weaker value of 0, (Chiang et al.
2013), therefore our results might be biased towards the most
prominent overdensities and we could be missing the not-so-
dense environments. To overcome all the caveats present in
this work and analyse the environments of SMGs in a robust
way, further theoretical and observational efforts are needed,
such as a dedicated spectroscopic campaign of the galaxies
in the area surrounding the SMGs such as that performed for
AzTEC/Cé6a.
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Fig. A.1. continued.
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