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ABSTRACT
Identifying galaxy clustering at high redshift (i.e. z > 1) is essential to our understanding of the
current cosmological model. However, at increasing redshift, clusters evolve considerably in
star formation activity and so are less likely to be identified using the widely used red-sequence
method. Here we assess the viability of instead identifying high-redshift clustering using
actively star-forming galaxies (submillimetre galaxies, SMGs, associated with overdensities
of BzKs/LBGs). We perform both a 2D and 3D clustering analysis to determine whether or
not true (3D) clustering can be identified where only 2D data are available. As expected, we
find that 2D clustering signals are weak at best and inferred results are method dependent.
In our 3D analysis, we identify 12 SMGs associated with an overdensity of galaxies coincident
both spatially and in redshift – just 8 per cent of SMGs with known redshifts in our sample.
Where an SMG in our target fields lacks a known redshift, their sight line is no more likely to
display clustering than blank sky fields; prior redshift information for the SMG is required to
identify a true clustering signal. We find that the strength of clustering in the volume around
typical SMGs, while identifiable, is not exceptional. However, we identify a small number of
highly clustered regions, all associated with an SMG. The most notable of these, surrounding
LESS J033336.8−274401, potentially contains an SMG, a quasi stellar object (QSO) and
36 star-forming galaxies (a >20σ overdensity) all at z ∼ 1.8. This region is highly likely
to represent an actively star-forming cluster and illustrates the success of using star-forming
galaxies to select sites of early clustering. Given the increasing number of deep fields with
large volumes of spectroscopy, or high quality and reliable photometric redshifts, this opens a
new avenue for cluster identification in the young Universe.

Key words: galaxies: clusters: general – galaxies: high-redshift – galaxies: starburst.

1 IN T RO D U C T I O N

High-redshift (z > 1) galaxy clusters and groups are sensitive probes
of cosmology and the dependence of galaxy evolution on environ-
ment. According to current paradigms, today’s galaxy clusters form
in the early Universe (z > 3) and grow hierarchically over cosmo-
logical time-scales.

Both the exceptionally tight colour–magnitude relation in local
clusters (e.g. Bower, Kodama, & Terlevich 1998) and stellar pop-
ulation models (Thomas et al. 2010), suggest that today’s massive
cluster galaxies formed in a brief (perhaps as little as 1 Gyr) pe-

∗E-mail: luke.j.davies@uwa.edu.au

riod at z > 2. Assuming a typical cluster core of a few times
1012 M� at z = 0 forms in this interval, it would host a few times
1000 M� yr−1 of star formation (SF) in a comparatively small vol-
ume at z � 2. Recent observations have supported the interpretation
that at increasing redshifts (z > 2), galaxy clusters become increas-
ingly populated with star-forming galaxies (Tran et al. 2010; Tanaka
et al. 2013), but whether these systems formed in a monolithic col-
lapse scenario (see Davies et al. 2013b for discussion), through
mergers of many small starburst galaxies (e.g. Lyman break galax-
ies, LBGs, with star formation rates, SFRs <200 M� yr−1; Davies
et al. 2013a) or as a region of small star-forming systems (such as
LBGs or sBzKs; Daddi et al. 2004) surrounding a more massive ob-
scured star-forming galaxy (a submillimetre galaxy, or SMG, with
SFR � 1000 M� yr−1; Casey et al. 2013) is unclear. While van
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Dokkum et al. (2008) and Cimatti et al. (2008) find evidence in
favour of the merger scenarios, others such as Nipoti et al. (2009,
2012) and Newman et al. (2012) predict that mergers alone cannot
account for the rapid structure evolution observed at z > 1.3. Huang
et al. (2013) take a middle ground, finding that local elliptical galax-
ies have a three-component structure that implies the central core
of such systems formed from major (wet) mergers at high redshift,
while the outer regions formed through minor (dry) mergers at a
later epoch.

Evidence for formation processes from galaxy cluster morphol-
ogy is similarly ambiguous. Bassett et al. (2013), studying a z ∼ 1.6
cluster, and Bauer et al. (2011), Grützbauch et al. (2012) and Santos
et al. (2013), all targeting the same z ∼ 1.4 cluster, find that star-
forming galaxies do not reside in the cluster core but are confined
to large radii (>200 kpc), consistent with the SFR–radius relation
found in low-redshift clusters (Treu et al. 2003; Haines et al. 2007).
Conversely, other studies (e.g. Hilton et al. 2010; Tran et al. 2010;
Strazzullo et al. 2013) suggest that high-redshift clusters display
an inverse SFR–radius relation, with star-forming galaxies residing
in the cluster core, or even no SFR–radius relation at all (Ziparo
et al. 2013)! Clearly, a fuller understanding and consensus on the
structure and hence formation mechanism of distant galaxy clusters
require further study.

Of course, investigation of these early stages of structure growth
requires the identification of clusters in their infancy at high redshift.
One successful method for doing this is the galaxy red-sequence
technique (first discussed in Gladders & Yee 2000, and used in
many studies since). This searches for a population of mature, pas-
sively evolving galaxies occupying a well-defined region in colour–
magnitude space, inferring their near-coeval formation and hence
likely association as cluster members. While this technique has
proved successful in identifying some clusters at z > 1 (e.g. us-
ing the Spitzer Adaptation of the Red-Sequence Cluster Survey;
Wilson et al. 2006), it is biased towards systems which formed at a
much earlier epoch, and hence has a significant number of old, pas-
sively evolving members. It is insensitive to less evolved structures
dominated by active star-forming galaxies.

An alternative is to consider other tracers. It has long been
thought that massive high-z galaxies (such as SMGs) trace the
most significant overdensities of mass at any epoch (e.g. Mo &
White 2002; Springel, Frenk & White 2006), and the recent simu-
lations of González et al. (2011) suggest that the majority of Abell-
richness clusters contain at least one bright and distant (z > 1.5,
S850 µm > 5 mJy) SMG in their merger tree. If so, the volumes
surrounding such systems should also contain an excess of other,
more numerous, galaxy populations relative to the mean for the
given epoch: high-redshift SMGs should act as signposts for sites
of cluster formation at early times. This premise has been explored
at very high redshift with the identification of protocluster regions
surrounding both SMGs and quasi stellar object (QSO)/SMGs at
z ∼ 5 (Capak et al. 2011; Husband et al. 2013), and would seem to
be supported by the Huang et al. (2013) suggestion that the environs
of forming, massive ellipticals must host a supply of relatively small,
gas poor, post-starburst systems for later accretion. SMG have also
been used to trace clustering at later times through the identification
of over-densities in the SMG population (at z ∼ 2, e.g. Chapman
et al. 2009). Once followed up in the UV this structure is also found
to contain an over-density of more numerous star-forming galaxies,
albeit at a less significant level than the SMGs.

So, if the red-sequence technique misses forming clusters, but
the most massive galaxies signpost the most massive regions, do
we observe clustering around those we know about? And are our
methods sufficient to be sure of our answer to that question?

Some studies have suggested that these questions merit further
study. Using deep multiwavelength coverage of the Cosmic Evolu-
tion Survey (COSMOS) field, Aravena et al. (2010, hereafter A10)
identified candidate star-forming galaxies at 1.4 < z < 2.5 (sBzKs).
Using a 2D analysis (i.e. projected distribution of sources in the
plane of the sky), they compared regions of high sBzK number
density with the positions of SMGs across a small ∼0.135 deg2

region with millimetre data. They identified three overdensities of
systems surrounding 1.1 mm [Max-Planck mm Bolometer Array
(MAMBO)2] detected sources at z = 1.42.5, suggesting that ∼30
per cent of bright SMGs at this redshift are embedded in a galaxy
over density. However, their analysis was limited by the small field
area and their use of 2D clustering data.

In this work, we extend the analysis of A10 to the bulk
(∼0.75 deg2) of the COSMOS region, using SMG catalogues taken
from the AzTEC observations of the field (Aretxaga et al. 2011).
This area encompasses the region discussed in A10 – allowing
a comparison between our methods. We also select star-forming
galaxies over a much larger range of epochs than that covered by
A10 (1.4 < z < 4.5, targeting the bulk of the SMG redshift distribu-
tion; Chapman et al. 2005), ensuring that we do not miss clustered
regions around SMGs at an earlier time. We also perform a similar
analysis over the 0.25 deg2 of the Extended Chandra Deep Field
South (ECDF-S) using the deep Large APEX Bolometer Camera
(LABOCA) observations of the field (Weiß et al. 2009). In these
fields, we have the benefit of deep many-band photometric and spec-
troscopic data which we can use to verify or refute any clustering
observed in 2D through a 3D analysis (i.e. incorporating redshift
information).

We consider an analysis of spatial clustering in these two fields
and address the following primary questions.

(i) Do SMGs truly reside in the most clustered regions?
(ii) What is the typical 3D environment of an SMG, as traced by

star-forming galaxies?
(iii) Can we identify clustered regions of typical star-forming

galaxies around SMG using a purely 2D analysis (i.e. without prior
redshift information)?

(iv) Do clustered regions of star-forming galaxies exist, within
the targeted redshift range) that are not associated with a known
SMG?

(v) Are regions clustered in star-forming galaxies (LBGs or
sBzKs) also clustered in more passive systems at the same redshift
(pBzKs; Daddi et al. 2004), and which is the better tracer?

In Sections 2 and 3 we discuss our methods and observations,
while in Sections 4 to 8 we discuss the implications of our work
and also present two strong candidates for z > 1.4 galaxy clusters,
marked out through SF rather than passively evolving cluster mem-
bers. We propose these (and other similar regions) as key sites in
the formation of today’s massive structures. Finally, in Section 9 we
present our conclusions.

Throughout this paper all optical magnitudes are quoted in the
AB system (Oke & Gunn 1983), and we use a standard � cold dark
matter (�CDM) cosmology with H0 = 70 kms−1 Mpc−1, �� = 0.7
and �M = 0.3.

2 DATA SE T S A N D S O U R C E S E L E C T I O N

2.1 Star-forming galaxies and passive galaxies

In order to evaluate the clustering in our two target fields, we must
first select samples of star-forming galaxies for analysis. Both the
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COSMOS field (e.g. Guillaume et al. 2006; Capak et al. 2008) and
the ECDF-S (e.g. Gawiser et al. 2006a) are abundantly supplied with
publicly available, multiwavelength archival data across a broad
wavelength range; although the use of different filter sets in the
two fields requires some adjustment of galaxy selection criteria to
ensure that like-for-like comparisons are undertaken. Bearing this
in mind, we use public catalogue data and well-established colour
selection methods to identify star-forming systems at 1.4 � z � 4.5
– using three separate colour/magnitude cuts.

Initially, we select sources at 2.8 � z � 4.5 using the Lyman
break colour selection criteria (hereafter LBGs, e.g. Steidel, Pettini
& Hamilton 1995). This method essentially performs a crude photo-
metric redshift estimate, selecting sources with a large spectral break
and relatively flat continuum longward of the break. This selection
is aimed at identifying the Lyman α continuum break produced via
intervening neutral hydrogen in relatively unobscured star-forming
galaxies at high redshift (for further details of the well-documented
Lyman Break Technique; see Steidel et al. 1995; Lehnert &
Bremer 2003; Stanway, Bunker & McMahon 2003; Verma et al.
2007; Douglas et al. 2009, etc. and references therein). We apply two
sets of colour selection criteria to identify sources at 2.8 < z < 4.5,
outlined in Fig. 1 and Table 1. These colour cuts are designed to se-

lect potential high-redshift sources while limiting the contamination
fraction in our sample.

Colour selection of similar LBG sources at z � 2.8 proves much
more problematic as the Lyman break moves from optical wave-
lengths to the ultraviolet (UV) – and is therefore only observable
by space-based instruments. However, many ground-based stud-
ies have been successful in identifying large numbers of z � 2.8
star-forming galaxies through other colour selection techniques.
Although these sources vary in intrinsic properties from LBGs at
higher redshift, they are typical of the general population at z < 2.8.
The most notable of these is the BzK colour selection outlined in
Daddi et al. (2004). This method essentially selects sources with
greater z − K than B − z colour and targets the 4000Å/Balmer
breaks in systems at z ∼ 2. While these systems appear more mas-
sive and reddened than true LBG selected sources at this epoch (see
Haberzettl et al. 2012), and comprise both passive and star-forming
subclasses, they represent typical star-forming galaxies at z ∼ 2
and are easily selected in the publicly available data covering the
COSMOS field. We therefore use the BzK method as a third selec-
tion criterion in this study.

It is well documented that simple colour selections such as these
still contain significant numbers of contaminating sources such as

Figure 1. The colour selection of LBGs at z ∼ 3 (left) and z ∼ 4 (right) in the COSMOS field. The black points show a representative sample of all sources
in the field. The red line indicates the colours of a young, metal poor galaxy at various redshifts, taken from the stellar population models of Maraston (2005).
The green points show sources with photometric redshifts within our desired colour selection range (2.8 < z < 3.5 in the left-hand panel and 3.5 < z < 4.5 in
the right-hand panel). Our colour selection regions are highlighted by the grey filled box.

Table 1. The colour selection criteria used to identify star-forming galaxies at z ∼ 2, 3 and 4. An additional I − J colour selection is applied at z ∼ 4 in order
to reduce contamination from low-redshift sources (see Stanway et al. 2008).

Field Sources Redshift Colour Colour Colour Magnitude IR colour

COSMOS sBzK 1.4–2.5 z − K > (B − z) − 0.2 – – 17.0 < K <23.4 –
COSMOS LBGs 2.8–3.6 U − V > 0.9 U − V > 12.75(V − R) + 2.925 – 21.1 < V < 27.2 –
COSMOS LBGs 3.6–4.5 B − R > 1.1 B − R > 2.92(R − I) − 0.08 – 22.0< R < 27.0 I − J < 1.0
COSMOS pBzK 1.4–2.5 z − K < (B − z) − 0.2 z − K > 2.5 – 17.0 < K <23.4 –

ECDF-S sBzK 1.4–2.5 z − K > (B − z) − 0.2 – – 17.0 < K <23.4 –
ECDF-S LBGs 2.8–3.6 U − V > 1.2 V − R < 1.1 U − V > 3.63(V − R) + 0.58 V < 26.2 –
ECDF-S LBGs 3.6–4.5 B − R > 1.6 R − I < 1.4 B − R > 1.27(R − I) + 1.1 R < 27.0 I − J < 1.0
ECDF-S pBzK 1.4–2.5 z − K < (B − z) − 0.2 z − K > 2.5 – 17.0 < K <23.4 –

MNRAS 438, 2732–2752 (2014)

 at U
niversity of B

ristol L
ibrary on N

ovem
ber 18, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


High-z clustering in SF galaxies 2735

lower redshift passively evolving galaxies and (at higher redshifts)
cool stars (e.g. Stanway, Bremer & Lehnert 2008). In order to mit-
igate the effects of such contaminants, we also make use of the
many-band photometric redshift catalogues that have been pub-
lished for sources in both fields.

In the ECDF-S, we use the deep multiwavelength data taken from
the Multiwavelength Survey by Yale-Chile (Gawiser et al. 2006a),
which provides deep coverage in 32 (broad and intermediate) bands
in the optical and near-infrared (NIR). Such detailed photometric
coverage allows the determination of accurate photometric redshifts
over a large redshift range (see Cardamone et al. 2010 for further
details). Our ECDF-S LBG sample is identical to that described in
Davies et al. (2013a). Hence we refer the reader to that work for the
details of our selection.

In the COSMOS field, we use the photometric redshift catalogues
of Ilbert et al. (2008). We only select sources with a best-fitting pho-
tometric redshift within our selection redshift range (for photometric
redshift calculations, see Ilbert et al. 2008). We also remove objects
whose 68 per cent confidence (1σ ) error range extends below the
lower boundary of our selection redshifts to eliminate sources with
poorly fit photometric redshifts. Therefore, we essentially treat the
well-constrained and reliable photometric redshifts of Ilbert et al.
(2008) as a redshift confirmation. To avoid any additional stellar
contaminants we remove all Advanced Camera for Surveys (ACS)
point sources with a stellar or active galactic nuclei type spectral
energy distribution (SED; see Robin et al. 2007) and sources which
display BzK colours which are consistent with stars at KAB < 22
(Daddi et al. 2004). In Section 4, we shall briefly discuss the effects
of using a simple colour cut with no photometric classification ap-
plied. This removes any bias applied by selecting only those sources
with good photometric redshifts (effectively a magnitude cut) but
uses a more highly contaminated sample.

For BzK galaxies, we apply the same selection as that outlined
in Greve et al. (2010) in the ECDF-S, with colour selections for
these samples given in Table 1. In COSMOS, we produce a sam-
ple of BzK selected galaxies (both star-forming and passive) using
similar colour selections to those outlined in Daddi et al. (2004),
supplementing the published catalogues by the K-band magnitudes
from the year 1 UltraVISTA data set (KAB < 23.4, McCracken et al.
2012). To be consistent with our higher redshift samples, we also
apply a photometric redshift cut restricting the sample to sources
with 1.4 < zphoto < 2.5. Fig. 2 and Table 1 illustrate the BzK colour
selection of sources at 1.4 < z < 2.5 in the COSMOS field.

2.2 Submillimetre bright sources

As discussed in Section 1, submillimetre bright galaxies are believed
to be more massive than the systems identified above, and to be
forming stars at a significantly higher rate. In order to evaluate the
presence or absence of these sources in early structures, we use
available surveys at (sub)-millimetre wavelengths in each field.

The COSMOS field has been surveyed at 1.1 mm using the
144-pixel AzTEC camera. The AzTEC observations cover a
0.72 deg2 region in the centre of the COSMOS field obtaining a
uniform noise of ∼1.26 mJy beam−1 (see Aretxaga et al. 2011 for
details). We use the catalogue produced in Aretxaga et al. (2011)
which contains 189 sources detected at Signal-to-Noise (S/N) > 3.5.
As the region with uniform noise properties is smaller than the area
covered by the UV and optically selected sources, we limit all our
samples to this region (which incorporates that considered in ear-
lier, similar studies; e.g. A10). In order to identify 3D clustering of
sources surrounding the SMGs, we use both the spectroscopically

Figure 2. The BzK colour selection of galaxies at z > 1.4. Objects with
a clear z- and K-band detection, and a reliable photometric redshift are
plotted as points. The colour of the points represent a photometric redshift
estimation of z > 1.4 (red), z < 1.4 (orange) and star (green). We select
z > 1.4 star-forming galaxies as sources with (z − K) > (B − z) − 0.2 (grey
shaded region) and passive galaxies as sources with (z − K) < (B − z) − 0.2
and (z − k) > 2.5.

confirmed (43 sources at z > 1.4; Casey et al. 2012a,b; Smolcic
et al. 2012) and photometrically derived (21 sources with best-
fitting zphoto > 1.4; Smolcic et al. 2012) redshifts for the sample.
We exclude any SMG from our analysis which has a redshift z < 1.4.
Combined with the AzTEC sources without redshifts this gives a
total of 234 SMGs in the field (hereafter the COSMOS-SMG sam-
ple). A brief summary of the surveys used in this work can be found
in Table 2.

The ECDF-S has been surveyed at 870 μm using the 295-element
Bolometer camera LABOCA (Siringo et al. 2009). We used data
from the Large APEX Bolometer Camera Survey of the Extended
Chandra Deep Field South Submillimetre Survey (LESS; for full
details see Weiß et al. 2009). The LESS map comprises of 200 h
of integration time, covering the 0.25 deg2 of the ECDF-S with a
uniform coverage of rms = 1.2 mJy beam−1 and a beam full width
at half-maximum of 19 arcsec. The LESS survey identifies 126
submillimetre bright sources at >3.7σ in the ECDF-S. We glean
redshift data and a small number of additional sources from the data,
of which 17 sources have spectroscopic redshifts (Casey et al. 2011,
Casey et al. 2012b) and 67 sources have best-fitting photometrically
derived redshifts of zphoto > 1.4 (Biggs et al. 2011; Wardlow et al.
2011), forming a total sample of 136 unique submillimetre sources.
We note that this ‘ECDFS-SMG’ sample contains ∼60 per cent
of the number of SMGs in the COSMOS field while covering only
∼35 per cent of the area, this is due to the significantly deeper LESS
data.

3 A NA LY SIS

3.1 2D correlations

We first consider the projected number density of star-forming
galaxies in the plane of the sky, using only the crude colour selec-
tions and no additional redshift information. We produce number

MNRAS 438, 2732–2752 (2014)
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Table 2. Summary of survey data used in this work. (1) Field covered, (2) survey name, + denotes that the survey in supplementation with additional
sources, (3) wavelength of survey, (4) area of survey region in deg2, (5) survey depth – for optical–NIR surveys this is the limit for reliable photometric
redshift estimation, (6) number of source identified in the region – for optical–NIR surveys this is for sources with R < 25.5, (7) number of sources
with photometric redshifts at z > 1.4, (8) number of spectroscopically confirmed SMGs at z > 1.4, (9) depth of the survey at 1.1 mm, assuming source
flux scaling of f ∝ λ−2 for LESS – in order to compare depths of submillimetre surveys directly, (10) number of galaxies which would be detected as
3.5σ sources to the 1.1 mm flux limit of the AzTEC/COSMOS survey. Note the lower number density of SMGs in the ECDF-S relative to COSMOS
after adjusting for observed wavelength and sensitivity.

Field Survey λ Area Depth Ngals Nphoto-z Nspec-z Depth1.1mm Ngals > 3.5σ

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

COSMOS AzTEC + 1.1 mm 0.72 1.26 mJy 234 21 43 1.26 189
ECDF-S LESS + 870 µm 0.25 1.20 mJy 136 67 17 ∼0.75 34
COSMOS COSMOS Optical–NIR 1.0 I+

AB < 25.5 332000 ∼135 000 – – –
ECDF-S MUSYC Optical–NIR 0.25 RAB < 25.3 44000 ∼30 000 – – –

density maps using the method outlined in Dressler (1980) and
also in A10. For each of our high-redshift samples, and each field,
we grid the region into equally spaced positions separated by
7 arcsec. Each grid position is then assigned a value ρn, defined
as

ρn = n/π(dn)2,

where dn is the distance to the nth nearest object.
We scale the derived number density values for a given value of

n with respect to the mean and standard deviation of the density
distribution over the entire field, in order to assess the significance
of any overdense regions.1 For consistency with earlier work by
A10, we consider the case n = 7 for the sBzK samples. An ∼3 times
standard deviation galaxy overdensity (relative to the mean of our
sBzK sample, d7 = 0.43 Mpc) occurs when seven sources occupy a
region defined by d = 0.375 Mpc or less. For our other photometric
samples, at z ∼ 3 and 4 and in our pBzK sample, we use n = 3 to
produce our density maps – selected such that an overdensity of the
same significance occurs on the same scale as that defined above for
sBzKs. In selecting these values of n, we are sensitive to structures
on small projected angular scales, and also study the density with a
reasonably large sample of data points. In Section 4.3, we shall also
discuss how varying the choice of n affects the overdensities which
are identified.

3.2 3D correlations

We also undertake a clustering analysis in three dimensions, us-
ing the accurate photometric redshifts of Ilbert et al. (2008) in
COSMOS and Cardamone et al. (2010) in the ECDF-S. Where ei-
ther an SMG or a peak in the projected number density has been
identified, we generate redshift distributions surrounding that loca-
tion in �z = 0.1 bins (similar to the typical photometric redshift
error on the star-forming galaxies). For SMGs with known redshifts,
we centre the redshift bins on the precise SMG redshift. We investi-
gate these redshift distributions on 0.375, 0.75, 1.5 and 6 Mpc scales
(comoving). In this manner, we aim to identify clustered sources on
a broad spectrum of scales, ranging from nascent galaxy clusters
right down to the formation locations of individual galaxies. We
also consider both �z = 0.2 and �z = 0.3 binning. We find that
– as expected – any clustering signal is reduced by averaging over
a larger redshift interval, and so do not present detailed results for
these cases. In the following, we discuss results derived from the
�z = 0.1 binning.

1 Note that the distribution of projected number densities is not Gaussian.

We consider four different types of regions as follows.

(i) Volumes centred on SMGs and also associated with a region
of high-projected number density in the 2D analysis, are examined
for peaks in the galaxy photometric redshift distribution coincident
with the SMG redshift, assessing the validity of the 2D analysis
(Section 5.1.1).

(ii) Volumes surrounding all SMGs with known redshift are ex-
amined for 3D clustering at that redshift, irrespective of 2D results
(Section 5.1.2).

(iii) Volumes surrounding all SMGs without known redshifts are
also examined for 3D galaxy clustering, irrespective of redshift
(Section 5.2).

(iv) Volumes containing a high-projected number density of star-
forming galaxies in the 2D analysis, are also searched for 3D clus-
tering signals, irrespective of the presence of an SMG (Section 5.3).

We define the significance of any redshift spike in terms of the
standard deviation, σ , of number counts in regions on the same an-
gular scale and redshift bin size, measured across the full field under
examination. We define >3σ peaks as significant if these occur ei-
ther at the SMG redshift (if known) or at z > 1.4 (if unknown). We
consider a number of angular scale griddings and so are sensitive to
both overdensities with a small number of galaxies on small scales,
and more populated structures on larger scales. This method also
selects systems of varying number density and size as a function
of redshift – an identical number of clustered galaxies on a fixed
scale becomes more significant as redshift increases. As such, while
the structures identified in this work vary dramatically in absolute
numbers of galaxies and scale, they are all significant overdensities
for their redshift and physical size.

We summarize the structures identified using this method in
Table 3, which compiles the number of clustered regions identified
at each stage of our analysis. A more detailed discussion of indi-
vidual sources, including estimated stellar mass of individual sys-
tems and comments on their counterparts in simulations, is given in
Appendix A, while our main results consider the sample as a statis-
tical whole.

4 2 D OVERDENSI TY A NA LY SI S

4.1 Overdensities in the projected number density

An example of the projected number density maps produced by
the method described in Section 3 is shown in Fig. 3. Regions
overdense relative to the field are shown in dark grey-scale while
underdense regions are relatively pale. The locations of SMGs are
circled, and comparisons of the two distributions allow us to evaluate
the correlation between these.
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Table 3. Summary of overdensities identified in both the COSMOS field and ECDF-S. For reference, section numbers of where the number is first derived are
given in brackets next to the value. (1) Field name, (2) the total number of 2D overdensities where an SMG is spatially coincident with a region of high-projected
number density, (3) 2D overdensities which are associated with an SMG at a redshift consistent with the star-forming galaxies, (4) 2D overdensities which are
confirmed in 3D, (5) total number of 3D overdensities found, (6) 3D overdensities coincident with an SMG both spatially and in redshift, (7) 3D overdensities
coincident with an SMG in the line of sight and (8) 3D overdensities with no SMG in the field.

Field Total 2D OD 2D ODSMG-z 2D ODConf Total 3D OD SMGz OD SMGno-z OD No SMG OD
(1) (2) (3) (4) (5) (6) (7) (8)

COSMOS 35 (Section 4.1) 4 (Section 4.1) 2 (Section 5.1.1) 59 (Section 5.4) 7 (Section 5.1.1 and 5.1.2) 20 (Section 5.2) 32 (Section 5.3)
ECDFS 7 (Section 4.1) 4 (Section 4.1) 1 (Section 5.1.1) 8 (Section 5.1.1) 4 (Section 5.1.1) 1 (Section 5.2) 3 (Section 5.3)

Total 42 8 3 67 11 21 35

Figure 3. The projected number density map of sources in the sBzK in the COSMOS field. The dark colours represent regions of high-projected number
density. The circles represent the COSMOS-SMG sources in the field. The region covered by the MAMBO-2 map used by A10 is bounded by the dashed line.
The red circles represent COSMOS-SMG sources which are within 30 arcsec of a >6 times standard deviation overdensity of star-forming galaxies (these are
labelled with red numbers and referenced in Section 4.1). The purple triangles are MAMBO-2 submillimetre sources which are within 30 arcsec of a >6 times
standard deviation overdensity of BzK galaxies and are discussed in A10 (labelled with purple numbers and also referenced in Section 4.1). The crosses denote
SMGs with either a spectroscopic redshift or best-fitting photometric redshift taken from Smolcic et al. (2012), Casey et al. (2012a,b) and references therein.
The red crosses highlight sources where the SMG falls within the redshift range of the colour selection for star-forming galaxies (1.4 < z < 2.5), while the
green crosses mark all other sources which have a known redshift.
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4.1.1 COSMOS

sBzKs. As Fig. 3 shows, we identify a total of 15 regions of high-
projected number density (>6 times the mean) in sBzK galaxies in
the COSMOS field that are within 30 arcsec of the position of a
submillimetre bright source. We recover three of the four overdense
regions discussed in the A10 work (which considered a similar
redshift range in a subset of this field). These are shown on the
figure as purple triangles 2, 3 and 4. A10’s Source 5 is not identified
in our COSMOS-SMG sample but is associated with an overdensity
of sBzKs and we add it to our list. Outside of the subfield considered
by A10, we locate 11 additional regions where an overdensity of
sBzK selected galaxies are found within 30 arcsec of the position of
a submillimetre bright source. However, of these 15 regions (across
the full field), just 4 are coincident with an SMG with a known
redshift at 1.4 < z < 2.5 (red circles with red crosses).

pBzKs. Similar maps (not shown here) are produced for each
galaxy selection, in each field. Only one SMG is associated with
an overdensity of more passive galaxies pBzK at 1.4 < z < 2.5.
This region is not associated with any of the overdensities identi-
fied in the sBzK sample. Hence for pBzK sources with photometric
redshifts, we find no strong evidence for clustering associated with
SMGs. However, only a small fraction of the sources colour se-
lected as pBzKs have photometric redshifts and make our cuts. We
shall investigate clustering of pBzKs without photometric redshifts
later.

LBGs. Moving to higher redshifts, we find 13 (8) coincident
positions between a submillimetre source and LBGs selected to lie
at z ∼ 3 (4). None of these are coincident with an overdensity in
the sBzK (z < 2.5) sample. However, none of the SMGs in these
regions have a known redshift, and – as in sBzK cases without SMG
redshifts – we must consider the possibility that the small projected
separations represents chance alignments. We do so in Section 4.2.

4.1.2 ECDF-S

We repeat the above analysis for systems in the ECDF-S region.
Due to the smaller field coverage (and therefore number of signif-
icant overdensities), we relax our criteria for correlations between
submillimetre bright sources and regions of high-projected num-
ber density, to include all positions with a >4.5 times the mean
overdensity of sources (previously >6 times the mean).

We find just 6, 1 and 0 such correlations in our sBzK, z ∼ 3 LBGs
and z ∼ 4 LBGs sample, respectively. As the ECDF-S covers
1/3 of the area of the COSMOS field discussed in this work, the
number density of 2D correlations is roughly consistent between
both fields. Of the 6 regions identified in the sBzK sample, 4 have
SMGs with a redshift consistent with the star-forming galaxies. This
matches the number in the COSMOS field. However, the LESS
survey contains higher number densities of detected SMGs than
the AzTEC COSMOS survey, due to its deeper detection limits
(136 compared to 234 while only covering ∼1/3 of the area –
purely comparing detected sources, irrelevant of detection limits).
This is even more apparent when only considering SMGs with ei-
ther spectroscopic or photometric redshifts at 1.4 < z < 2.5 (the
range covered by the sBzK selection), where the ECDF-S contains
53 SMGs in comparison to just 37 in COSMOS. This suggests that
the number of 2D correlations in the ECDF-S is less than might
be expected, if the results in the COSMOS field are representative
(see Section 5.5), even before the probability of chance alignments
(which is obviously higher for ECDF-S) is taken into account.

4.2 Likelihood of chance alignment

In order to estimate the incidence of chance alignments between
SMGs and star-forming galaxy overdensities, we randomly reposi-
tion all SMGs in each field and repeat our analysis. We note that
this represents a crude estimate since the real galaxy population is
not drawn from a random distribution, but is spatially correlated,
even when projected on the sky. Furthermore, this method does not
account for the effect of overdensities of galaxies on background
SMGs (which are at a much higher redshift). Overdensities in the
mass distribution of the cosmic web may cause lensing of back-
ground SMGs, increasing their observed flux and allowing them to
be identified in submillimetre surveys. As such, any lensing will
cause background SMGs in the line of sight of galaxy overdensi-
ties to be preferentially identified and enhance any 2D clustering
signal. While this effect is likely to be small, it can be removed
by only considering SMGs with known redshifts. In addition, the
above analysis does not take into account that only a fraction of
the SMGs are likely to fall at the same redshift as the star-forming
galaxies in each of our redshift samples – the SMGs themselves
will have a broad range of redshifts. Including sources which are
not at the same redshift as the star-forming galaxies will wash out
any true 2D clustering signal.

Nonetheless, producing 10 000 Monte Carlo realizations of this
randomization process allows some indication of the probability
of chance alignment to be assessed. We undertake the analysis in
the COSMOS data (the larger of our two fields). Fig. 4 presents
the incidence of chance alignments of an SMG within 30 arcsec of
an overdensity in the COSMOS field. We find that in each sample
the number of high density regions which are coincident with an
SMG in our COSMOS sample is consistent with a random distri-
bution. However, the number of correlations in our sBzK sample
is somewhat above average for the random distribution (∼2σ from
the mean predicted number, assuming a Gaussian distribution). This
suggests that there is a weak correlation between SMGs and sBzK
star-forming galaxies when considering a 2D analysis alone (with no
redshift information on the SMG), although the caveats mentioned
above hold for any 2D analysis. As already noted, the ECDF-S
region is both sparser in observed SMG–overdensity coincidences,
and has a higher probability of chance alignments – thus it seems
unlikely that SMGs are significantly correlated with sBzK density
in this field.

4.3 Effects of changes to our method: choice of n and colour
selections without zphoto

The above results suggest that at best there is a very weak correla-
tion between star-forming galaxy density and SMGs when only the
crudest redshift information (i.e. zphoto > 1.4) is taken into account.
This is consistent with studies of the clustering of SMGs using two-
point correlation functions taken from the COSMOS field (Williams
et al. 2011). However, it is interesting to consider how this is af-
fected by our method. How does varying our choice of the density
scale parameter n affect the number and distribution of correlations
we find? And does removing zphoto cuts in our selection improve
our clustering signal? If our 2D approach, and that used by A10,
is strongly sensitive to our method, then we cannot draw reliable
conclusions from the analysis above.

To investigate this, we vary our choice of n by ±5. We find that
varying n has a reasonably significant effect on the number of poten-
tial clustered regions we find. For example, in our COSMOS sBzK
sample, fluctuating our choice of n by just ±1 varies the number of
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Figure 4. The distribution of the number of submillimetre sources with a chance association with a random distribution of star-forming galaxies for the sBzK
(left), z ∼ 3 (middle) and z ∼ 4 (right) samples. We produce 10 000 realizations of a random distribution of points of the same number as the sources in each
of our samples. We then identify the number of submillimetre sources that have a >6 times the standard deviation overdensity within 30 arcsec in each sample.
The distribution of the number of submillimetre sources with a chance >6 times the standard deviation association is plotted as the solid histogram. The dashed
line represents the number of submillimetre sources with a >6 times the standard deviation association in our data sample. Clearly, in all samples the number
of submillimetre sources with an association is consistent with a random distribution of points.

regions identified by +2
−3, with the lower n value producing a higher

number of correlations. This is unsurprising, as at lower values of n
fewer individual galaxies are required for a region to be classified
as overdense. This result is true for our samples at all redshifts and
in both COSMOS and the ECDF-S. Hence, any statistical correla-
tions derived from our 2D analysis are largely dependent on our
choice of n and as such, cannot be deemed reliable. However, while
this effects our number statistics, it does not rule out and diminish
the importance of individual clustered regions identified using this
method, which may still be significantly overdense structures by
any definition.

We find that a different but equally significant uncertainty is
generated when considering the effects of omitting a photometric
redshift cut. In both ECDFS and COSMOS, we find that the same
selection method identifies different regions than in samples with
photometric redshift cuts applied. This is compounded by changes
in the number of regions selected due to varying our choice of n in
this sample.

Hence both the number and distribution of clustered regions is
dependent on details of our method. As a result, we conclude that a
2D analysis is a valid method primarily for identifying regions with
which to follow up with a 3D investigation, rather than to generate
statistical samples.

However, we do note one interesting corollary that arises from
this analysis. The relatively smooth SEDs of passive pBzK selected
sources mean that only a small fraction of those selected based on
colour have accurate photometric redshifts – only ∼10 per cent of
pBzK sources in the COSMOS field have a known photometric red-
shift, compared to ∼35 per cent of sBzK sources in the MUSYC
sample. When the cut on photometric redshift quality is removed,
our estimate of the clustering strength of passive BzK sources dra-
matically changes. Using n = 3, as in the analysis discussed above,
we would now find 14 spatial coincidences between overdensities
of pBzK sources and an SMG in COSMOS. This is significantly
higher than the mean expected from a random distribution (∼6,
Fig. 5), and suggests that pBzK systems are potentially the most
effective method for identifying clustering at these redshifts in the
absence of detailed 3D redshift information. However, it is diffi-
cult to confirm any of these clustered structures without detailed
spectroscopic follow up.

Comparing the potential pBzK overdensities to those identi-
fied using actively star-forming galaxies at the same redshift (our

Figure 5. Same as Fig. 4 but for the sample of pBzk galaxies in COSMOS,
with no photometric redshift cut applied to the sample.

sBzK sample), we find that only one structure is identified in both
samples. As such, using both passive and actively star-forming
galaxies identifies different systems at z ∼ 2. This strengthens the
motivation for searching for actively star-forming clusters at high
redshift, as we are likely to identify different structures to those
found using passive galaxies alone.

4.4 Summary

In summary, while a 2D analysis identifies potential weak clustering
of high-redshift sources, the individual regions which are identified
and their number density is extremely sensitive to the method used
(both in choice of n and in the use of photometric redshifts). As
a result, we cannot perform a statistical analysis on the number
and distribution of sources identified in 2D, and a full 3D approach
(utilizing the maximum possible redshift information in addition to
projected alignment) is required. Despite this, we do see a potential
weak 2D correlation between SMGs and more typical galaxies at
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z ∼ 2 in the COSMOS field. This is most evident in the passive BzK
sample when a photometric redshift cut is omitted from the proce-
dure. However, we cannot currently confirm any of the structures
identified through pBzKs in 3D, as only a small fraction of pBzK
sources have a photometric redshift. The regions identified using
the pBzK sample are different to those found using sBzKs and as
such, this validates an approach that uses star-forming galaxies for
cluster searches – as by using passive galaxies we may be missing
a large fraction of high-redshift galaxy clusters.

5 3 D OVERDENSITY A NA LY SIS

5.1 SMGs with known redshifts

5.1.1 SMGs identified with 2D overdensities

Four SMGs with known redshifts were found to be spatially coin-
cident with a 2D overdensity of galaxies in the COSMOS field, and
a further four in the ECDF-S (see Section 4.1).

Now exploiting the full redshift information available for each
source, we probe clustering on a number of scales by identifying
>3σ excesses in the redshift distribution, relative to that over the
entire field in the relevant survey. We also apply the constraint that
there must be at least three sources in a �z = 0.1 peak for it to be
selected (removing shot noise of single sources at high redshifts and
on small scales). For spectroscopically confirmed sources, we only
identify peaks which are within �z = ±0.1 of the SMG redshift,
while for SMGs with photometric redshifts we select overdensities
within a window defined by combining the photometric uncertainty
on the SMG with the typical, �zphoto = 0.1, uncertainty on the
star-forming galaxies.

We find two of the four SMGs with known redshifts in COS-
MOS, and just one of the four in the ECDF-S (that of LESS
J033336.8−274401), show an overdensity of galaxies in redshift
as well as projected space in their surrounding volume (see the
appendix and Fig. A1 for more details).

As such, only ∼40 per cent of regions identified in our 2D analysis
(with the caveat of effects due to our choice of n and galaxy selection
method) are confirmed in a fuller analysis. Once a 3D overdensity
has been identified we refine the size of the surrounding region for
which we measure the photometric redshift distribution, rather than
allowing this to vary, but restrict this region to a square to avoid
complex clustering selection (as shown by the dashed region in the
bottom panels of Fig. A1).

5.1.2 SMGs with overdensities identified only in three dimensions

In addition to the structures identified above, we also consider the
volume surrounding all SMGs in the COSMOS field with known
redshifts (irrespective of the previous determination of a 2D galaxy
overdensity). We find further five regions in COSMOS where an
SMG is coincident with a redshift peak (Fig. A2), and three such
regions in the ECDF-S.

The overdensities we identify around SMGs with known redshifts
in COSMOS (both in this and the previous subsection) constitute
either a small number of sources over a small volume producing
a highly significant overdensity (as in the case of AzTEC/C8 and
1HERMESX24J100023.75+021029) or less significant overden-
sities on larger scales (as in 1HERMESX24J100024.00+024201
and 1HERMESX24J100038.88+024129). The former of these are
likely to represent individual massive galaxies in formation, while
the latter are potential forming clusters and groups. The most

intriguing of these regions is 1HERMESX24J100046.31+024132
which contains a significant overdensity of 10 sources spanning
�z = 0.2 at z ∼ 1.9 over a 0.5 × 0.5 Mpc region. We note that
the region surrounding AzTEC/C6 is the same as that identified
around COSBO-3 in the previous work of A10. COSBO-3 is the
only SMG in an overdensity from A10 which has a known redshift
at z > 1.4 and is also detected in the AzTEC maps (and so is used
in our analysis). Hence, this detection is in agreement with the A10
results and displays consistency between our methods. Properties
of all of the overdense regions selected in the paper are given in
Table A1 of the appendix.

This number density of SMG + overdensities in ECDF-S is con-
sistent with that which is found in the COSMOS field. The ECDF-S
contains around half the number of clustered regions showing a 3D
excess around SMGs with known redshifts (4 compared to 7), while
also containing roughly half the number of SMGs. We find that two
of the regions in the ECDF-S are exceptionally interesting, those sur-
rounding LESS J033136.9−275456 and LESS J033336.8−274401,
the former of the two is discussed further in Appendix A, while the
latter is discussed in Section 7. The other two regions contain SMGs
with poorly constrained redshifts, and only moderate overdensities
of sources. Hence, we consider these less secure identifications of
early clusters.

In total, only ∼30 per cent (3/11) of overdensities identified
around SMGs with known redshifts, using full 3D information,
were selected in our 2D analysis. As such, in addition to being
dependent on method, the 2D analysis misses a significant fraction
of clustered regions which can be selected using detailed redshift
data.

5.1.3 Population-averaged 3D results

In Section 4.1, we identified a potential weak 2D spatial correlation
between SMGs and star-forming galaxies; however, it would appear
that only a small fraction of SMGs show clear (>3σ ) 3D cluster-
ing in their surrounding volume. This suggests that any clustering
associated with SMGs may be weak, and may be missed when
investigating individual sources. To investigate this, we consider
all 63 SMGs in COSMOS (the larger of our target) with known
redshifts and assess the statistical significance (which varies with
redshift) of the number of lower mass sources in their surrounding
volume.

Fig. 6 shows the number of sources predicted from random re-
gions of 4 arcmin diameter, as a function of redshift (black and red
lines, �z = 0.1 binning). We overplot the number of galaxies in the
volume surrounding COSMOS SMGs with known redshifts (on the
same scale). For SMGs with only photometric redshifts (10 of the
63), we take the volume surrounding the best-fitting photometric
redshift. An SMG with a significant excess for its redshift would be
expected to lay more than three standard deviations above the mean
of the random fields. We find that only one SMG is significantly
overdense for its redshift on 4 arcmin scales – the SMG at z ∼ 2.3
(this is in fact AZTEC 7 identified in Section 5.1.1). This suggests
that there is no strong clustering around the bulk of SMGs on these
scales (as we showed in Sections 5.1.1 and 5.1.2).

However, Fig. 6 also indicates that the majority (81 per cent)
of the SMGs have a galaxy density in their surrounding volumes
that exceeds the mean of the random distribution. This echoes the
results found in our 2D analysis – that SMGs and typical galaxy
overdensities correlate, but only weakly. As such, it is likely that
SMGs reside in overdense regions relative to the field, but generally
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Figure 6. The predicted number of COSMOS galaxies in a 4 arcmin ×
4 arcmin × �z = 0.1 volume, as a function of redshift, in comparison to a
similarly sized volume in regions surrounding SMGs with known redshifts.
The black line displays the mean predicted number of sources, while the red
line shows the 3σ excess beyond which an overdensity might be considered
significant as a function of redshift. Stars show the number of sources
surrounding individual SMGs, similarly divided by redshift.

not sufficiently so to be individually detected as clustered regions.
This result is consistent with that found for the surrounding envi-
ronments of other massive galaxies (QSO hosts) at much higher
redshifts (Husband et al. 2013).

We repeat this analysis on 0.25, 0.5, 1 arcmin scales but do
not see a clear signal – potentially due to low number statistics –
in small projected regions, very few star-forming galaxies occupy
each redshift bin.

5.2 SMGs with unknown redshifts

In addition to the SMGs with known redshifts, there are also
171 SMGs in the COSMOS region, and 53 in the ECDF-S, which
have neither a spectroscopic nor photometric redshift. While we
cannot confirm that these SMGs and any redshift spike in their
vicinity are coincident in three dimensions, it is interesting to con-
sider the fraction of SMG fields which contain a spike in their
line of sight, relative to blank sky fields. Are redshift overdensities
of star-forming galaxies more frequently identified in sight lines
which contain an SMG than those without? In addition, could a
line-of-sight correlation between an SMG and overdensity be used
to constrain the SMG redshift where no other diagnostic is avail-
able?

We find 20 regions in COSMOS with a >3σ galaxy excess in a
�z = 0.1 bin at 1.4 < z < 4.5, coincident with an SMG, and a single
additional region in the ECDF-S. (examples are shown in Fig. A3
– for full list of regions identified see Table A1).

As we have no redshift information about the SMGs in these
regions, it is possible that any number of these structures may be
chance superpositions of sources. In order to test this further, we take
1000 realizations of 171 random pointing in the COSMOS region
and identify the fraction of these pointings which contain a >3σ

overdensity in a �z = 0.1 bin at 1.4 < z < 4.5 (Fig. 7). We only se-

Figure 7. The distribution of the number of pointings that contain a >3σ

overdensity of galaxies at 1.4 < z < 4.5 when taking 1000 realizations of
171 pointings (see the text for details). The number of SMG fields which
contains an overdensity is plotted as the dashed vertical line. Clearly, this is
consistent with a random distribution.

lect random pointings which are centred at least 2 arcmin away from
an SMG, to exclude reselecting overdensities associated with the
SMGs. Fig. 7 clearly shows that the number of correlations around
SMGs with unknown redshifts is completely consistent with a ran-
dom distribution. Similarly, the equivalent analysis on the ECDF-S
predicts two such chance alignments (where we found one).

We conclude that all of these regions are potentially chance pro-
jections of a galaxy overdensity with an SMG. Without further spec-
troscopic information or SMG redshifts, we cannot confirm any of
the potential cluster candidates identified here, and also cannot use
line-of-sight correlations between SMG and galaxy overdensities to
constrain the SMG redshifts, as they are highly likely to be chance
superpositions.

The potential lack of line-of-sight correlations between SMGs
and galaxy overdensities is surprising. Given that 7 of 63 SMGs
with redshifts in COSMOS display an overdensity, we may expect
∼20 COSMOS SMGs without redshifts to be associated with a
true overdensity. While this is identical to the number of line-of-
sight matches we find, the bulk of these are likely to be chance
superpositions and not truly clustered regions. As such, the number
of true line-of-sight associations is lower than that predicted from
the SMGs with known redshifts.

Of course, sources with either spectroscopic or photometric red-
shifts are likely to have either strong emission line features (e.g.
Casey et al. 2012a,b) or bright rest-frame UV–optical fluxes (e.g.
Smolcic et al. 2012). Therefore, they are likely to form a subsample
of the most UV–optically bright SMGs and as such, may display
different clustering statistics to the UV–optically faint SMGs with-
out redshifts. Our results may suggest that the SMGs with redshifts
and those without may not form a single population. It may also
suggest that background SMGs are not significantly lensed by clus-
tered regions at z ∼ 2. If background SMGs were lensed, we may
expect sight lines containing an SMG to preferentially have an over-
density of star-forming galaxies (in fact, it would be the overdensity
that preferentially causes the detection of an SMG through lensing,

MNRAS 438, 2732–2752 (2014)

 at U
niversity of B

ristol L
ibrary on N

ovem
ber 18, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


2742 L. J. M. Davies et al.

but the effect should be apparent when targeting either SMGs or
overdensities). As we find no excess of overdensities in SMG sight
lines in comparison to random fields, it is likely that any lensing
effect from z > 1.4 is minimal.

5.3 Regions of high-projected number density and no SMG

We have identified a certain degree of clustering around SMGs, but
it is also interesting to investigate whether similar structures exist
which are not associated with an SMG but can be targeted simply by
galaxy number density. These regions will potentially contain less
stellar material (the SMGs are likely to dominate the stellar budget
in their surrounding volume) but may be equally likely to form a
massive cluster at low redshift. The assumption of lower mass is not
clear cut; however, the relatively short SMG duty cycle (<500 Myr,
Hayward et al. 2011) means that such structures may potentially be
associated with an SMG–mass galaxy, detectable either in the past
or future.

To investigate this further, we repeat the process outlined in Sec-
tion 5.1.1, but target the regions surrounding peaks in the projected
number density which are not associated with an SMG (from Fig. 3).
We once again identify >3σ peaks in the photometric redshift dis-
tribution between 1.4 < z < 4.5 on a number of angular scales.
We find 32 regions in COSMOS and 3 in the ECDF-S which meet
our selection criteria. Fig. A4 displays a selection of these regions
(further discussion of individual regions can be found in Section A
of the appendix, while properties of the full sample can be found
in Table A1). The ECDFS BzK_1 region is particularly interesting
as it contains a Lyman α blob (LAB; e.g. Fynbo, Møller & Warren
1999) falling at the exact same redshift (Yang et al. 2010) as the
overdensity of galaxies (for further discussion see Section 8). How-
ever, the structures identified using this method show a wide variety
of properties from large overdensities at moderate redshift contain-
ing a relatively large number of sources (such as COSMOS BzK 6)
to highly significant overdensities of a small number of sources in a
small volume at high redshift (such as COSMOS z3 13/14). Once
again, the former of these are likely to form a massive structure
at low redshift, while the latter, given the time-scales involved, are
likely to represent massive galaxies in formation.

5.4 Summary of 3D overdensities

In total, we identify 59 regions clustered both spatially and in red-
shift in the COSMOS field at 1.4 < z < 4.5. Of these, 27 are
spatially coincident with an SMG (7 with redshifts), while the other
32 are simply identified as 3D overdensities in the star-forming
galaxy population. We identify 8 such regions in the ECDF-S,
5 spatially coincident with SMGs and 3 not associated with SMGs.
For a breakdown of the numbers of overdensities identified using
each method see summary in Table 3.

The number of lines of sight which contain both a redshift spike
and an SMG is slightly lower than those which just display a red-
shift spike (even assuming that the SMG and galaxy overdensity
are associated where there is no redshift information about the
SMG – hence an upper limit, see Section 5.2). This suggests that
SMGs are not necessarily the most reliable tracers of distant struc-
ture. Potentially, we are equally likely to identify clustering by
targeting regions of high-projected number density of star-forming
galaxies selected using colour methods (without any detailed red-
shift information). However, these numbers place no weight on
the strength of the overdensities found using each tracer. How-
ever, we note that the two most interesting overdense regions (those

around LESS J033136.9−275456 and LESS J033336.8−274401 in
the ECDFS), potentially the most extreme clusters/protoclusters in
our sample, are both associated with an SMG in 3D. This implies
that while the majority of SMGs are found in typical to moder-
ately overdense environments, a small number of SMGs are found
in the most overdense structures. The region surrounding LESS
J033336.8−274401 is the most extreme example in our study and
this is discussed further in Section 7. However, a second LESS re-
gion, LESS J033136.9−275456, is the second strongest potential
protocluster and thus itself of significant interest. It is discussed in
detail in the appendix.

If it is assumed that the SMGs and overdensities discussed are
correlated in all cases with spatial coincidence, we find that at best
only ∼12 per cent of SMGs in the field show any evidence, even
loosely, of potential 3D clustering. As a significant fraction of these
are likely to be chance superpositions of sources, this represents an
upper limit to the true number of clustered regions around SMGs.

Considering the entire volume probed by this work (at
1.4 < z < 4.5) we find that the number density of volumes with
evidence for 3D clustering is a few × 10−7 Mpc−3. This is com-
parable to the number density of the most massive (>1014.5 M�)
galaxy clusters at z = 0 (e.g. Wen, Han & Liu 2010). While this does
not necessarily mean that we have identified all regions which will
eventually form a massive cluster at z = 0 or that all of the structures
identified in this work are massive clusters in formation (this has
been shown to be extremely unlikely as potentially all of the regions
identified without SMG redshifts are likely to be chance superpo-
sitions). It is interesting to note that we do not find significantly
higher number densities than those of >1014.5 M� clusters at low
redshift – if we had, it would be unlikely that these regions represent
the progenitors of massive clusters. Simply considering the volume
over which the majority of clustered regions surrounding SMGs are
found (1.4 < z < 2.6 – assuming we are less sensitive to overdense
regions at z > 2.6) we find a number density of ∼10−6 Mpc−3 –
comparable to that of ∼1014.3 M� clusters at z = 0 and once again
consistent with the most massive structures.

5.5 Comparisons between COSMOS and ECDF-S

In our 2D analysis, we find 5 times as many projected galaxy over-
densities around SMGs in COSMOS than in the ECDF-S, while
the ECDF-S covers a third of the COSMOS area (see Table 3 for
details). As shown previously, the ECDF-S region contains a higher
number density of SMGs (Table 2). Hence, the discrepancy between
the number of 2D clustered regions is even more problematic (with
a higher number density of SMGs, we would expect more correla-
tions). Both fields have a similar number density of colour-selected
star-forming galaxies satisfying our selection at zphoto > 1.4 and
hence it is unlikely that the fidelity of the photometric redshifts of
star-forming galaxies is a significant factor in this discrepancy. In
combination with the significant effects of varying our method, this
discrepancy in the number of 2D overdensities identified continues
to suggest that a 2D analysis alone is not a reliable method for
identifying high-redshift clustering.

Considering the number of 3D overdensities around SMGs with
known redshifts (7 in COSMOS and 4 in ECDF-S), we find these
to be much more consistent with the number density of SMGs.
COSMOS contains roughly twice as many SMGs, when consid-
ering the surveys to the same depth, and roughly twice as many
spectroscopically confirmed SMGs. Therefore, the number of 3D
overdensities identified around spectroscopically confirmed SMGs
is consistent with the total number density of SMGs.
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6 IDENTIFICATION W ITH PREVIOUSLY
K N OW N C L U S T E R S

6.1 Regions in COSMOS

Three regions in our COSMOS sample have previously been identi-
fied in the H-band selected HIROCS survey (Zatloukal et al. 2007).
The region surrounding 1HERMESX24J100023.75+021029
is at an identical position and estimated redshift to
HIROCS 100023.9+024158, COSMOS BzK 6 is identical to
HIROCS 095954.2+022924 and COSMOS BzK 9 to HIROCS
095957.9+024125. As mentioned previously, the region surround-
ing AzTEC/6 (COSBO-3) was also identified in A10. The re-
identification of the HIROCS clusters using a completely different
cluster finding technique once again validates our method.

Despite these reconfirmations it is nonetheless interesting to in-
vestigate why other known high-redshift clusters in the field were
not selected by our cluster finding method. We select all z > 1.3
(clusters at z > 1.4 should be identified in our sample, however the
typical photometric redshift error is ∼0.1) known clusters in the
field from the literature, all taken from the HIROCS survey, and all
at z < 2.0. Of the 10 z > 1.3 clusters, only 6 are coincident with
high-projected number density region of sBzKs in our maps. We
investigate the photometric redshift distribution around these re-
gions on a number of angular scales and find that only three sources
(those already identified in our sample and discussed above) display
a significant (>3σ ) redshift overdensity on any scale. Therefore, the
other systems are unlikely to be identified as actively star-forming
clusters. The HIROCS clusters are primarily selected as overden-
sities of NIR-bright sources and as such, they target older, more
passively evolving systems than the method described in this work.
However, it is interesting to note that the HIROCS clusters not iden-
tified through star-forming galaxies are also not coincident with a
2D overdensity of pBzK sources in our analysis. This suggests that
these HIROCS clusters would not be identified by a purely 2D
analysis alone, even when considering passive galaxies.

We note that HIROCS 095954.2+022924 and HIROCS
095957.9+024125 (those identified here as COSMOS BzK 6 and
COSMOS BzK 9) are actually among the weakest overdensities
identified in the HIROCS survey. However, in our current analysis,
we identify almost twice as many potential cluster sources as those
discussed in Zatloukal et al. (2007). Hence, previous work may be
missing a significant fraction of the cluster population. We also note
that the region surrounding 1HERMESX24J100023.75+021029
(HIROCS 100023.9+024158) was rejected from the final cata-
logues of Zatloukal et al. (2007) as they found no clear redshift
spike in their data, and their colour–magnitude plots suggested it
was a chance projection of two structures. The re-confirmation of
this region using our analysis, and the spectroscopic confirmation
of an SMG at a similar redshift to the overdensity spike, suggest
that this is in fact a true forming cluster at high redshift and should
not have been dismissed.

6.2 Regions in the ECDF-S

We compare the positions of our clustered regions in the ECDF-S
with those of known clusters in the region. There are just two known
high-redshift clusters in the field; [TCF2007] 3, an overdensity of
sources at z ∼ 1.55 identified in the photometric redshift distribution
of the field (Trevese et al. 2007) and CL J0332−2742, a spectro-
scopically confirmed forming cluster at z ∼ 1.6 (Castellano et al.
2007; Kurk et al. 2009). Both of these clusters correspond to regions

of high-projected number densities of sBzKs in our 2D maps. While
[TCF2007] 3 displays some evidence of a peak in its photometric
redshift distribution, it is not significant enough (>3σ ) to be se-
lected using the analysis outlined in this paper. However, the region
around CL J0332−2742 is re-identified it has a >4σ overdensity in
our analysis. [TCF2007] 3 was selected through its passively evolv-
ing galaxy population and, if it contains relatively few star-forming
galaxies, it is unsurprising that it remains undetected in our sample.

7 T H E L E S S J 0 3 3 3 3 6 . 8−2 7 4 4 0 1 R E G I O N

The region surrounding LESS J033336.8−274401 is by far the
strongest outlier in galaxy density identified in this study and is
likely to be an actively star-forming cluster at z ∼ 1.8. The structure
contains a highly significant overdensity of 23 sources (∼27σ )
spanning �z = 0.2 and is consistent both spatially and in redshift
with both an SMG and a QSO at z = 1.764 (Treister et al. 2009). We
note that the LESS J033336.8−274401 region does not fall in the
extensively well-studied Great Observatories Origins Deep Survey
South field region of the ECDF-S. While it is covered by the XMM
observations of the field, it is situated in an off-axis position and
is not obviously associated with any X-ray emission. In addition,
given the depths of the submillimetre and optical–NIR data in the
COSMOS field, if a system such as LESS J033336.8−274401 were
in the COSMOS region, it would have been identified in our analysis
as a similar significance overdensity.

If we search for similarly overdense regions in the Millennium
Run (MR) simulations (see Appendix A for details) we fail to iden-
tify any volumes which are comparable in number density to the
LESS J033336.8−274401 region. This may suggest that the MR
semi-analytic models do not accurately reproduce the most over-
dense structures. A potential explanation for this is that the MR does
not model a sufficient volume to produce the most extreme struc-
tures at high redshift. Our cluster finding search covers ∼1 deg2

in total and probes 1.4 < z < 4.5, which equates to a volume
of ∼0.377 Gpc−3. In comparison, the MR simulates a volume of
∼0.125 Gpc−3, a third of the volume probed in this work. Therefore,
it is unsurprising that we do not find a LESS J033336.8−274401
type region in the simulation volume.

Regions such as LESS J033336.8−274401 are likely to be key
sites in testing the validity of our current paradigm and therefore
are highly attractive candidates for spectroscopic follow-up ob-
servations which would confirm their nature. Comparisons of such
structures with the next generation of large-scale cosmological sim-
ulations (which should cover sufficient volume to detect these low
number density outliers, e.g. the Millennium-XXL; Angulo et al.
2012), will be paramount to demonstrating the validity of structure
formation models.

While this region is highly significant as it stands, the restriction
of our analysis to square selection regions may be limiting the
number of cluster members we have identified. Fig. A5 clearly
shows an excess of sources at the cluster redshift falling South of
our box-selected region. In addition, the LESS J033336.8−274401
region lies at the edge of the ECDF-S and we may be missing
further clustering which falls out of the MUSYC field.2 To explore
this further, we repeat the analysis discussed in Section 5.1.1 but
apply a rectangular selection region, covering the full extent of the
overdense structure (Fig. 8). We find that the redshift spike extends

2 We note that we have checked the original MUSYC data and these sources
are not artefacts of the reduction process at the CCD edge.
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Figure 8. The clustered region surrounding LESS J033336.8−274401. The selected region is expanded to a rectangular shape to encompass all of the cluster
members. Left: the photometric redshift distribution of sources surrounding LESS J033336.8−274401. Right: the spatial position of sources surrounding the
SMG. In the left-hand panel, the redshift distribution (black line) is taken from the region bounded by the dashed box in the right-hand panel. The green line
shows the mean number of sources (with 3σ error) in a region of this size over the entire ECDF-S. The orange stars mark LESS J033336.8−27440, while
the pink squares indicate QSOs. In the right-hand panel, the red diamonds indicate galaxies with a photometric redshift which is consistent with the peak in
the redshift distribution (bounded by dashed vertical lines in the top panel). The green diamonds are sources within zSMG ± 0.3. In total, we find 38 potential
cluster members spanning �z = 0.3 on a ∼1.5 arcmin scale (∼770 kpc at z = 1.8). The region contains 36 high-redshift galaxies, an SMG and a QSO. As
such, this region is highly likely to be an actively star-forming cluster at z ∼ 1.8.

over �z = 0.3 in redshift and spans ∼1.5 arcmin (∼770 kpc at
z = 1.8). It contains 36 galaxies (predominantly sBzK sources),
an SMG and a QSO essentially at the same redshift (the mean 1σ

photometric redshift error on each of the star-forming galaxies is
+0.04
−0.1 ). Follow-up observations of this region are currently being
undertaken (Davies et al., in preparation).

8 TH E E C D F S B Z K _ 1 R E G I O N

As noted previously, the ECDFS BzK_1 region is also of particular
interest (Fig. A6). The structure contains a strong galaxy overdensity
of seven sources at z ∼ 2.3 in a very small ∼22 arcsec (∼170 kpc
at z = 2.3) region, surrounding an LAB (LAB, e.g. Fynbo et al.
1999) at an identical redshift (Yang et al. 2010). Given the extent of
this structure, we are likely to be witnessing either a cluster core or
massive galaxy in formation. If the former, then we may be witness-
ing a new mode of SF in high-redshift cluster cores – with actively
star-forming systems surrounding what may be a central region of
intense, unconstrained SF (traced by the LAB). While extended line
emission is observed in radio galaxies at these redshifts, and these
can exist in forming clusters (e.g. Hatch et al. 2011), this system
has no strong radio source to power the nebulosity. At low redshifts
extended emission line regions exist at the centres of clusters with
cooling cores. Given the similarity of the physics of cooling cores
and that expected to control the formation of stars out of cooling
gas at high redshift, the presence of the ionized gas here may not be
surprising. If the system is instead a single massive galaxy in for-
mation, most of the SF appears to be occurring in plain sight – with
no submillimetre bright source associated with it in the LESS map.
Summing the total K-band estimated stellar mass of the constituent

galaxies in this system (see Appendix A for details), we already
observe �1011 M�. While systems of this mass are found at this
redshift, they are typically submillimetre bright Ultra Luminous
Infra-Red Galaxies (ULIRGS) or old passively evolving systems.

9 SU M M A RY A N D C O N C L U S I O N S

We have identified clustering of star-forming galaxies at z > 1.4 in
both the COSMOS field and ECDF-S using a variety of different
methods. First, we compared the 2D distribution of the general pop-
ulation of high-redshift galaxies with submillimetre bright sources
at the same epoch and find a weak correlation at best. This correla-
tion is most apparent at z ∼ 2, near the peak of the SMG redshift
distribution and at the latest epoch probed in this work (where clus-
ters have had more time to coalesce). However, we find that when
applying a 3D analysis to the same fields we only confirm a small
fraction (30 per cent) of overdensities identified in 2D. In addi-
tion, we find that the 2D analysis misses the majority of 3D galaxy
overdensities surrounding SMGs with known redshifts. Thus, using
a 2D analysis alone (with no redshift information beyond sim-
ple colour selection) suggests a weak general correlation between
SMGs and star-forming galaxies but is an inefficient and unreli-
able method for selecting individual clustered regions. In addition
to this, the significant effects of varying our method renders our
2D approach unsuccessfully in robustly identifying high-redshift
clustering.

We also perform a full 3D analysis of clustering in the volumes
surrounding SMGs (using well-calibrated photometric redshift in-
formation) and identify 11 regions where an overdensity in the
general galaxy population is coincident in both spatial position and
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redshift with the submillimetre bright source. These regions are
likely to represent a broad range of clustered regions, from actively
star-forming clusters to massive galaxies in formation. Further to
this, we investigate the typical environment of the volumes sur-
rounding SMGs with known redshifts and demonstrate that, while
only a small number of SMGs display a significant overdensity,
the majority (∼80 per cent) are associated with an above average
number of sources for their redshift. This is consistent with the
premise that the progenitors of massive early-type cluster galaxies
at low redshift, require their seeds to form in overdense environ-
ments where they can grow slowly via minor mergers (e.g. van de
Sande et al. 2013). If SMGs are such progenitors, then the consis-
tently above average number of sources in their surrounding volume
may provide a constant supply of these minor merger systems.

We identify a further 21 regions where an SMG (without a red-
shift) and overdensity of star-forming galaxies are coincident in the
line of sight. The number of overdensities in random pointings se-
lected in an identical manner, is 21 ± 4. As such, it is likely that all
regions where an SMG and overdensity are coincident in the line of
sight are chance superpositions.

In comparison, we also identify 35 regions where a 3D overden-
sity is suggested by a region of high-projected number density of
star-forming galaxies, but does not have an SMG. This suggests
that we are equally likely to identify 3D clustering by targeting
such regions as targeting SMGs. However, the significance of the
3D overdensities identified does show a bias, as the most interesting
overdensities identified in our analysis (LESS J033136.9−275456
and LESS J033336.8−274401) are both associated with SMGs in
three dimensions.

In conclusion, we find the following.

(i) Using star-forming galaxies we can identify individual clus-
tered regions at high redshift. This is highlighted by regions such as
LESS J033336.8−274401 and the reconfirmation of known clus-
ters in the COSMOS field, and opens up a new channel for cluster
identification at redshifts where the red-sequence method fails.

(ii) Using a 2D analysis, we can detect a weak spatial correlation
between the locations of SMGs and star-forming galaxies; it cannot
efficiently and reliably identify individual structures. At the very
least we require SMG redshifts and accurate photometric redshifts
of the star-forming galaxies in order to select clustered regions for
detailed follow up.

(iii) The typical 3D environments of SMGs with known redshifts
generally contain moderate (<3σ ) overdensities of sources. This is
consistent with the weak correlation observed in 2D and suggests
that, while SMGs are typically located in more overdense regions
than the field, they do not generally trace exceptionally clustered
regions.

(iv) While the typical SMG is not found in an exceptional envi-
ronment, the most extreme environments do contain an SMG (LESS
J033136.9−275456 and LESS J033336.8−274401). As such, tar-
geting regions which contain an SMG with a known redshift and
a significant photometric redshift spike in star-forming galaxies is
likely to yield detections of early clustering. However, prior redshift
information is required to select such systems and, as such, they can
only be identified in fields with sufficiently deep submillimetre and
multiwavelength optical data.

(v) The region surrounding LESS J033336.8−274401 is the most
significant found in this study and is highly likely to represent an
actively star-forming cluster at z ∼ 1.8. The structure contains 36
galaxies, an SMG and a QSO all at essentially the same redshift.

This region is therefore a highly attractive candidate as, not only
one of the highest redshift clusters yet identified, but also as one of
the first high-redshift clusters to be identified through its actively
star-forming galaxy population. We do not identify similar volumes
to that surrounding LESS J033336.8−274401 in the MR simu-
lation. This suggests that either the simulations do not probe a
large enough volume to produce the most massive structures or the
LESS J033336.8−274401 region serendipitously falls in the well-
studied ECDF-S. Either way, if confirmed, regions such as LESS
J033336.8−274401 are likely to be key sites in testing our current
cosmological model.

(vi) The region of ECDFS BzK_1 is also intriguing, containing a
significant overdensity of sources surrounding an LAB at the same
redshift. In this system, we may be witnessing a new mode of SF
in high-redshift cluster cores – with actively star-forming galaxies
surrounding a central region of intense, unconstrained SF.
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A P P E N D I X A : E X A M P L E S O F
OV E R D E N S I T I E S A N D I N D I V I D UA L R E G I O N S
O F I N T E R E S T

Below we discuss a number of the most interesting regions in our
sample of overdensities in more detail. However, we note that the
majority of the regions we have identified in this work are ideal
candidates for further study. In the following discussion, we estimate
the stellar masses of the member galaxies in our clustered regions at
1.4 < z < 2.5 using their K-band magnitudes and the form outlined
in Daddi et al. (2004):

log(M∗/1011 M�) = −0.4(K − K11), (A1)

where K11 is the K-band magnitude corresponding to an average
stellar mass of 1011 M� – K11 = 20.14 in Vega (hence, we con-
vert our AB magnitudes to Vega prior to estimating masses). For
clustered regions at higher redshift we apply a similar scaling em-
pirically derived from the SED estimated masses for z ∼ 3 LBGs
of Shapley et al. (2001):

log(M∗/1011M�) = −0.85(K − K11), (A2)

where K11 = 20.28 in the AB system.
In addition, we also investigate the potential fate of the structures

identified in this work in a �CDM Universe. In order to do this
we select overdensities of comparable size, galaxy numbers and
redshift in the MR semi-analytic light cones of Guo et al. (2011)
and Henriques et al. (2012). For each region we discuss here, we take
all sources in the simulation within �z = ±0.2 of the overdensity
redshift (only including sources which are likely to be detected in
the COSMOS and MUSYC data). We then split the simulation into
bins of the same size as the overdense region, both spatially and in
redshift. We identify any bin in the simulation which has at least
the number of galaxies in our overdense region. If the region in
question contains an SMG, we also apply the additional constraint
that there must be an M∗ > 1010 M�, SFR > 100 M� yr−1 galaxy
in the bin for it to be selected, a proxy for the presence of an SMG
(hereafter SMGMR – this is in fact a very conservative estimate
for an SMG which is likely to be much more massive and more
intensely star forming). We then trace these systems forward in
time and investigate their host dark matter haloes at z = 0.

A1 1HERMESX24J100046.31+024132

The region surrounding 1HERMESX24J100046.31+024132 con-
tains 10 sources in �zphoto = 0.2 range centred at z ∼ 1.9 (the
SMG redshift). All of these sources fall in a compact ∼0.6 Mpc
diameter region around the SMG. This represents an ∼5σ over-
density in two adjacent �z = 0.1 redshift bins on these scales and
at this epoch. Therefore, the presence of this overdensity and the
SMG at an identical redshift suggests that this region is highly
likely to be a forming massive structure at z ∼ 1.9. Assuming
1HERMESX24J100046.31+024132 has the typical stellar mass of
an SMG at this redshift (∼1011 ± 0.5 M�, e.g. Borys et al. 2005;
Hainline et al. 2011) and estimating the total stellar mass of the
K-band detected sources in the overdense structure (as detailed
above), we obtain a total mass of this system to be ∼1011.6–11.9 M�.
While the total observed stellar mass is not sufficient to form
a cluster core at z = 0, this only represents the mass in those
sources which have sufficiently high surface brightnesses to be ob-
served in either the rest-frame far-infrared (FIR; the SMG) or the
rest-frame UV (COSMOS sources require an I-band detection for
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High-z clustering in SF galaxies 2747

Figure A1. Top: the photometric redshift distribution of sources surrounding COSMOS SMGs with known redshifts which are coincident with a 2D projected
overdensity of star-forming galaxies. Bottom: the spatial position of sources surrounding the SMG. In the top panel, the redshift distribution (black line) is
taken from the region bounded by the dashed box in the bottom panel. The green line displays the mean number of sources (with 3σ error) in a region of this
size over the entire COSMOS field. The orange stars show the SMG. In the bottom panel, red diamonds indicate galaxies with a photometric redshift which
is consistent with the peak in the redshift distribution (bounded by dashed vertical lines in the top panel). The green diamonds are sources within zSMG ± 0.3
(displaying the general distribution of sources at the SMG redshift). We also display the positions of known QSOs (pink squares). Note that an overdensity, as
defined in the text, is identified around AzTEC/C6 on both ∼150 kpc and ∼1.5 Mpc scales – both regions are displayed in this figure.

photometric redshifts). As such, we may be missing a signifi-
cant fraction of the cluster population which are not detectable
at these wavelengths. In addition, this region already contains
a significant fraction of stellar mass required to form a cluster
core at just z ∼ 1.9. Therefore, it is likely to grow consider-
ably as it evolves to z = 0. Considering similar regions in the
MR simulation we identify just four regions with �10 sources
in a �z = 0.1 bin at 1.7 < z < 2.1, which also contains an
SMGMR source. Tracing these systems forward in time, we find
that the mean halo mass that their constituent galaxies occupy
at z = 0 is ∼1013 M�, but only ∼20 per cent are hosted by a
>1013 M� halo (one of the four structures evolves into a cluster).
Hence, it is unclear whether or not regions like those surrounding
1HERMESX24J100046.31+024132 are likely to evolve into
groups and clusters at low redshift.

A2 AzTEC/C183

The AzTEC/C183 region contains an ∼9σ overdensity of seven
sources in a �zphoto = 0.1 range centred at z ∼ 1.45. This region is
intriguing as all seven sources fall in a compact ∼250 kpc spatial
region with a submillimetre bright galaxy in the centre of the field
of view. While the redshift of the SMG is unknown, it is poten-
tially associated with these galaxies. In the following discussion,
we shall assume that this is the case. Once again taking the typical
stellar mass of an SMG at this redshift we predict a total stellar
mass of ∼1012.2–12.3 M� in the region (already comparable to the
most massive galaxies at z = 0). Assuming that these systems are
at an identical redshift, they could easily condense to form a single

massive galaxy by just z = 1.35 (assuming typical galaxy veloci-
ties of ∼500 km s−1) and later form the central region of a group
or cluster, through accretion of other objects. Identifying similar
structures in the MR simulation we find that no region of the sim-
ulation contains both seven galaxies and an SMGMR source in a
0.47 arcmin × 0.47 arcmin × �z = 0.1 volume at 1.25 < z < 1.65.
This is surprising and suggests that either (1) AzTEC/C183 is not
truly associated with the overdensity galaxies in this region, (2)
that the galaxies in this region are not truly clustered in redshift
as the zphoto distribution suggests, (3) that we have not success-
fully identified comparable regions in the simulation, or (4) that the
semi-analytics do not accurately produce the most extreme over-
densities in the galaxy population at this redshift (see Section 7). If
we relax this criteria and do not require the presence of an SMGMR

source, we find seven AzTEC/C183 like volumes in the simulation.
Tracing these forward, we find that the mean mass halo hosting the
galaxies in these structures at z = 0 is ∼1013.1 M�. However, once
again we find that only 14 per cent of these galaxies are contained
in a >1013 M� halo.

A3 COSMOS z3_10

While lower in number counts than the previously discussed clus-
tered regions and not associated with an SMG, the COSMOS z3_10
region displays a highly significant overdensity of sources spanning
�z = 0.1 in redshift at a much earlier epoch (z ∼ 3.35). The system
contains five sources all within a compact 50 arcsec (∼380 kpc at
z ∼ 3.35) region. This represents a >17σ overdensity for its redshift
and on these scales. The close proximity of such a large number of
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2748 L. J. M. Davies et al.

Figure A2. Same as Fig. A1 but for regions surrounding SMGs with known redshifts but not associated with a 2D overdensity. Only one source
HERMESX24J100024.00+024201 has a QSO within the overdensity region, but this falls at a much higher redshift than the SMG.

sources at this epoch suggests that we are once again witnessing a
massive galaxy or group in formation. The total observed K-band
estimated mass of this system is ∼1011.2 M� – not yet large enough
to form a massive galaxy. However, if we identify similar regions

in the MR simulation and trace these structures forward, we find
that ∼45 per cent of the galaxies in these systems will reside in a
>1013 M� halo at z = 0 – a much higher fraction than the SMG
overdensities discussed previously.

MNRAS 438, 2732–2752 (2014)

 at U
niversity of B

ristol L
ibrary on N

ovem
ber 18, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


High-z clustering in SF galaxies 2749

Figure A3. Examples of overdensities found in the spatial region surrounding SMGs without known redshifts – full list of regions can be found in Table A1.
Symbols are the same as in Fig. A1.

Figure A4. Same as Fig. A2 but for regions of high-projected 2D number density and no SMG.
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2750 L. J. M. Davies et al.

Figure A5. The same as Fig. A3 but for two interesting regions in the ECDF-S. The light purple triangles in the left-hand panel display sources in the �z = 0.1
peak of the distribution (bounded by the purple line in the redshift distribution), while sources in the full �z = 0.4 overdensity are displayed as red diamonds.

Figure A6. The same as Fig. A4 but for regions of high-2D projected number density of sources in the ECDF-S.
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A4 COSMOS z3_13/COSMOS z3_14

These two regions both contain three sources in an incredibly small
projected volume at z ∼ 3.25 and z ∼ 2.95, respectively. While
the number counts in these regions is small, the close proximity
of the sources (∼6 arcsec or 46 kpc at z ∼ 3.25 for COSMOS
z3_14) make them ideal candidates for a forming galaxy at high
redshift. They contain >20 times the predicted number of sources
in a field of this size at their redshift and hence are highly significant
overdensities. We use the MR simulation to identify similar regions
and find 23 such systems. Tracing these forward in time we find
that ∼50 per cent of the galaxies in such structures will reside in
a >1013 M� halo at z = 0 – once again a much higher fraction
than the SMG overdensities. This is surprising and, coupled with
the predictions from the previous regions, suggests that potentially,
the most efficient method of targeting the sites of early group and
cluster formation is to search for highly significant overdensities of
a small number of sources on small projected angular scales at high
redshift. In a �CDM framework such structures are more likely to
reside in groups and clusters at z = 0 than more rich systems at later
epochs – including those which contain an SMG.

A5 LESS J033136.9−275456

The LESS J033136.9−275456 region contains a significant over-
density of sources spanning �z = 0.4 in redshift and peaking at
z ∼ 2.9. All four �z = 0.1 redshift bins in this region are >4 times
the mean predicted at their redshift, with the central peak display-
ing an ∼9 times overdensity (seven sources). The structure con-
strains a total of 19 galaxies at 2.7 < z < 3.1 all within a 42 arcsec
(∼330 kpc at z ∼ 2.9) region. This region also contains two sub-
millimetre bright galaxies, one with a redshift consistent with the
very top end of the overdensity (z = 3.14) and the second with a
unknown redshift. In order to roughly estimate the redshift of the
second SMG, we consider its FIR SED derived from the Herschel
SPIRE (taken from the Herschel Multitiered Extragalactic survey,
HerMES; Oliver et al. 2012) and LESS maps of the field. For rea-
sonable assumptions of dust temperature (38 < Tdust < 42 K) and
power-law emissivity index (β = 2.0), the dust SED is best fitted
by a model at 2.3 < z < 3.0 – consistent with the overdensity.

Assuming both SMGs are associated with this overdensity, and
the typical stellar mass of an SMG at this redshift, we observe a
total K-band stellar mass of ∼1012.3 M�. Therefore, the stellar
mass in this region is already comparable to the most massive
galaxies z = 0. We also find no structures in the MR simula-
tion with the same volume density of sources as the region sur-
rounding LESS J033136.9−275456, even without including the
constraint of the presence of an SMGMR source (i.e. there are
no 42 arcsec × 42 arcsec × �z = 0.4 volumes in the simulation at
z = 2.9 ± 0.2 which contain �19 sources). This is interesting given
that we no longer have any potential error introduced in selection
of the MR simulation regions via the presence of an SMGMR source
(as there may have been for AzTEC/C183). This suggests that in the
case of LESS J033136.9−275456 either the galaxies are not truly
clustered as the photometric redshift distribution would imply, or
the most overdense structures at this redshift are inconsistent with
those predicted by the MR simulation semi-analytic models.
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