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ABSTRACT

Measuring the environments of massive galaxies at high redshift is crucial to understanding galaxy evolution and the conditions
that gave rise to the distribution of matter we see in the Universe today. While high-z radio galaxies (HzRGs) and quasars tend to
reside in protocluster-like systems, the environments of their radio-quiet counterparts are relatively unexplored, particularly in
the submillimetre, which traces dust-obscured star formation. In this study we search for 850 um-selected submillimetre galaxies
in the environments of massive (M, > 101 My), radio-quiet (Ls500 MHz S 10® W Hz™ 1) galaxies at z ~ 1-3 using S2COSMOS
data. By constructing number counts in circular regions of radius 1-6 arcmin and comparing with blank-field measurements, we
find no significant overdensities of SMGs around massive radio-quiet galaxies at any of these scales, despite being sensitive down
to overdensities of 0 ~ 0.4. To probe deeper than the catalogue we also examine the distribution of peaks in the SCUBA-2 SNR
map, which reveals only tentative signs of any difference in the SMG densities of the radio-quiet galaxy environments compared
to the blank field, and only on smaller scales (1’ radii, corresponding to ~ 0.5 Mpc) and higher SNR thresholds. We conclude
that massive, radio-quiet galaxies at cosmic noon are typically in environments with ¢ < 0.4, which are either consistent with the
blank field or contain only weak overdensities spanning sub-Mpc scales. The contrast between our results and studies of HzZRGs
with similar stellar masses and redshifts implies an intrinsic link between the wide-field environment and radio AGN luminosity

at high redshift.
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1 INTRODUCTION

A link between galaxies and their environments has long been ob-
served in the local Universe, with local elliptical galaxies predomi-
nantly residing in denser environments, such as galaxy clusters, while
spirals are generally found in the field (Dressler 1980). This link is
less clearly defined at high redshift, particularly at z > 1 where
galaxy clusters have not had sufficient time to virialise, though ob-
servations suggest that 25-50% of massive galaxies up to z ~ 1.5
lie in groups or low-mass clusters (e.g. Boselli et al. 2022; Gerke
et al. 2012; Knobel et al. 2012; Tempel et al. 2016). Quasars and
high-redshift radio galaxies (HzRGs) — massive (Myx 2 10105 Mg;
Seymour et al. 2007) galaxies hosting radio-loud AGN (rest-frame
Lsoo muz > 1027 W Hz~!; Miley & De Breuck 2008) — are of-
ten used as beacons for high-density environments at these epochs
(e.g. Kurk et al. 2000; Venemans et al. 2002; Kuiper et al. 2011;
Hayashi et al. 2012; Wylezalek et al. 2013; Cooke et al. 2014; Hall
et al. 2018). Furthermore, HzRGs have other properties consistent
with the progenitors of central brightest cluster galaxies (BCGs; e.g.
Best et al. 1997; Miley & De Breuck 2008): in addition to their high
stellar masses, they simultaneously display signatures of high star
formation activity (e.g. Dey et al. 1997; Villar-Martin et al. 2007)
and old stellar populations (e.g. Best et al. 1998; Jarvis et al. 2001;
Rocca-Volmerange et al. 2004) indicative of complex star formation
histories, as expected of the progenitors of BCGs.

However, whilst it is well-established that HzZRGs and quasars
trace galaxy overdensities, it is currently debated whether this is due
to their typically high stellar masses, or whether interactions between
the AGN activity and local environment leads to these observations
(e.g. see discussion in Wylezalek et al. 2013). If the high masses
of HzRGs is the driver behind their observed environment then one
would expect to find radio-quiet (RQ) galaxies with similar masses
inhabiting similarly overdense environments, yet observational evi-
dence suggests this may not be the case. For example, Hatch et al.
(2014) used Spitzer IRAC-selected galaxies to compare the environ-
ments of radio-loud AGN (including a sample of 208 HzRGs) from
the CARLA survey (Wylezalek et al. 2013) with those of a radio-
quiet control sample matched in stellar mass and redshift, finding that
galaxies in the control sample reside in significantly less dense envi-
ronments. This is further supported by simulations, in which HzRGs
are seen to be hosted by more massive dark matter halos than RQ
galaxies with the same stellar mass, due to AGN feedback preventing
the build-up of stellar mass in the HzRGs (e.g. Izquierdo-Villalba
et al. 2018).

Studies of galaxy environments at high redshift have predomi-
nantly involved identifying overdensities of galaxies selected in the
rest-frame UV to optical, e.g. via Ly or He emission (e.g. Kurk et al.
2000; Venemans et al. 2007; Shimakawa et al. 2018), or through the
Lyman or Balmer/4000 A breaks (e.g. Wold et al. 2000, 2001; Ka-
jisawa et al. 2006; Hatch et al. 2011; Uchiyama et al. 2022). Such
studies implicitly omit the population of dusty star-forming galax-
ies (DSFGs) now known to be a significant contributor to the total
star-formation rate density at these redshifts (e.g. Coppin et al. 2006;
Barger et al. 2012; Swinbank et al. 2014). These DSFGs are highly
obscured in the rest-frame UV-to-optical due to the high abundance of
dust, instead being most luminous in the far-infrared/submillimetre
(with the brightest of these galaxies being labelled ‘submillimetre
galaxies’, or SMGs). A complete picture of protocluster formation
thus also requires dedicated far-IR/submillimetre studies. For a re-
view of cluster evolution in the infrared see Alberts & Noble 2022.

Far-IR and submillimetre observations of known high-redshift pro-
toclusters have confirmed overdensities of SMGs in these structures

MNRAS 000, 1-13 (2024)

(e.g. Blain et al. 2004; Tamura et al. 2009; Matsuda et al. 2011), and
simulations confirm that SMGs can trace overdensities (e.g. Davé
et al. 2010). However, there is still debate as to whether SMGs as
a population typically reside in protoclusters, or whether they may
simply be effective as tracers of such structures (e.g. Miller et al.
2015; Casey 2016; Calvi et al. 2023, Cornish et al. in prep.). Far-
IR and submillimetre surveys targeting HzRGs have identified dust-
obscured emission for the HzZRGs themselves, as well as identifying
nearby populations of SMGs, in excess of the numbers expected in
the field (e.g. Ivison et al. 2000; Stevens et al. 2003, 2010; Greve
et al. 2007; Rigby et al. 2014; Dannerbauer et al. 2014; Zeballos
et al. 2018). Targeted searches for radio galaxies associated with
known overdensities of SMGs complement this picture detecting ra-
dio sources whose emission significantly exceeds expectations from
star formation alone, suggesting the presence of a radio-loud AGN
(e.g. Oteo et al. 2018; Chapman et al. 2023). SMG populations have
also been observed around high-redshift quasars with a range of prop-
erties (e.g. Decarli et al. 2017; Fan et al. 2017; Wethers et al. 2020;
Lietal. 2020, 2023; Bischetti et al. 2021; Garcfa-Vergara et al. 2022;
Nowotka et al. 2022; Arrigoni Battaia et al. 2023), however not all
of these populations are found to be overdense relative to the blank
field, and the relative importance of the quasar radio luminosity is
either not considered or poorly constrained due to small sample sizes.

There are currently few studies of the far-infrared and submil-
limetre environments of high mass and high redshift, but radio-
quiet galaxies. Rigby et al. (2014) found a hint of a correlation
between radio power and the overdensity of surrounding Herschel-
detected galaxies, though they only probe down to radio luminosities
of LsooMHz ~ 1028-> W. Nevertheless, the result from Rigby et al.
(2014), along with similar low-significance studies at shorter wave-
lengths (e.g. Galametz et al. 2012), may indicate that radio-quiet
galaxies have fewer (submillimetre) companions than HzRGs, which
suggests the potential for different evolutionary pathways in these
populations.

The RAdio Galaxy Environment Reference Survey (RAGERS;
Greve et al., in prep.) is a JMCT/SCUBA-2 Large Program (program
ID: M20ALO015) with the aim of mapping the submillimetre environ-
ments of 27 powerful HzRGs at 1 < z < 3.5 and comparing them to
the environments of a mass- and redshift-matched radio-quiet control
sample. In this paper we use archival SCUBA-2 data to measure the
environments of this control sample, and compare the SMG densities
with blank field expectations to assess whether the environments of
massive high-redshift radio-quiet galaxies are overdense.

This paper is structured as follows: in §2 we describe our sample
selection; §3 details the method used to measure the submillimetre
environments; §4 and §5 contain our key results and subsequent
discussion; we present our conclusions in §6. Throughout this paper
we assume a flat ACDM cosmology with Qy; = 0.315, Q5 = 0.685
and Hy = 67.4km s~ Mpc~! (Planck Collaboration 2020). Physical
scales with this cosmology are 0.495 Mpc arcmin™! at z = 1 and
0.449 Mpc arcmin~! at z = 3.5.

2 DATA

The aim of this study is to measure the density of SMGs around a
large sample of massive, RQ galaxies, where these RQ galaxies have
similar redshifts and stellar masses to the radio-loud (RL) galax-
ies targeted by RAGERS. The 27 HzRGs in the RAGERS sample
are approximately uniformly distributed at z = 1-3.5 and were se-
lected from the Herschel Radio Galaxy Evolution Project (HeRGE)
(Seymour et al. 2007, 2012; De Breuck et al. 2010). With stellar



masses and radio luminosities in the ranges of log(Mx/Mg) ~
11.0-11.9 and log(Lsgy mpz/W Hz™!) ~ 28.2-29.2, respectively,
the RAGERS targets are representative of typical HzRGs at z = 1-
3.5 (De Breuck et al. 2010; Greve et al. in prep). Thus by selecting
RQ analogues to the RAGERS galaxies our study is broadly appli-
cable and representative of RQ galaxies in comparison to the whole
HzRG population at these redshifts.

In order to select appropriate RQ galaxies and study their sub-
millimetre environments, we require: (1) High-quality redshifts and
stellar masses for all RQ galaxies for comparison with the RL sample;
(2) RQ galaxies must reside in areas with contiguous, deep submil-
limetre coverage to enable identification of companion SMGs; and
(3) The targets must have been observed in the radio, to enable the
exclusion of radio-loud galaxies from our study.

We therefore choose the COSMOS field as the location for our
study, due to the wide area, deep radio and submillimetre data, and
extensive optical and near-IR (NIR) photometry and spectroscopy.
The COSMOS2020 catalogue (Weaver et al. 2022) contains extensive
UV-to-NIR photometry covering the entire 2 deg2 of the COSMOS
field, as well as high-quality photometric redshifts and galaxy proper-
ties (such as stellar masses) derived from spectral energy distribution
(SED) fitting. The VLA-COSMOS survey adds extensive radio cov-
erage at 1.4 and 3 GHz (Schinnerer et al. 2004; Smolcié et al. 2017a),
and SCUBA-2 submillimetre observations at 850m are provided by
S2COSMOS (Simpson et al. 2019, henceforth S19). S2COSMOS

reaches a median noise level of ogsoym = 1.2 mly beam™! over

the deepest 1.6 deg2 of the survey (the ‘MAIN’ region), though there
is an additional 1 deg2 ‘supp’ region with shallower data (median
ogsoum = 1.7 mly beam™!), which we exclude from our analy-
ses. Combining the data from COSMO0S2020, VLA-COSMOS and
S2COSMOS enables the effective identification of RQ analogues
for the RAGERS HzRGs and measurement of their submillimetre
environments.

2.1 Sample selection

In order to study RQ galaxies that are analogues of the RAGERS
HzRGs, we require a sample of RQ galaxies with similar stellar
masses and redshifts to RAGERS sources, so that a controlled com-
parison can ultimately be made with the HzRGs (Greve et al. in
prep.). We therefore begin by selecting galaxies from COSM0S2020
(Weaver et al. 2022) that have stellar masses and redshifts within
Alog(My/Mg) = +0.05 and Az = £0.1 of each RAGERS HzRG
(Figure 1). The sizes of the redshift and stellar mass intervals were
chosen such that each RAGERS HzRG has at least 10 RQ analogues
in the final sample. Of the 27 RAGERS RL galaxies, nine have only
have upper limits on their stellar masses (due to AGN contamination
in the photometry) and are therefore excluded, and the remainder of
this study focuses on RQ analogues to the remaining 18 HzRGs in
RAGERS. Note that this criterion removes the three highest-redshift
HzRGs, such that the remaining galaxies reside at z = 1-3.

Having selected COSMOS2020 sources with similar stellar masses
and redshifts to RAGERS galaxies, we next identify and remove can-
didate RL galaxies using VLA-COSMOS (Smol¢i¢ et al. 2017b),
which contains all 3 GHz sources that are detected at >50 (median
o = 2.3mJybeam™!) and have counterparts at optical, near-infrared,
mid-infrared, or X-ray wavelengths. Sources in VLA-COSMOS
are flagged as either moderate-to-high radiative luminosity AGN
(HLAGN), low-to-moderate radiative luminosity AGN (MLAGN),
or star-forming galaxies (SFGs) according to their multiwavelength
properties (see Smolci¢ et al. 2017b for details). Using a matching
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Figure 1. Distribution of the RAGERS radio-loud galaxies (black circles)
in stellar mass and redshift, with green boxes to show the selection criteria
for identifying radio-quiet analogues used in this study. Coloured markers
show all galaxies from COSMOS2020 (Weaver et al. 2022) with redshifts
and stellar masses that satisfy the selection criteria, and also reside in regions
with a local rms noise of <1.3 mJy beam ™! in the S2COSMOS 850 pm map
(Simpson et al. 2019). Blue triangles show the subset of these galaxies that
are flagged as MLAGN or HLAGN in VLA-COSMOS (Smol¢ic et al. 2017b),
while pink dots show galaxies which do not have this flag and thus make it into
the final sample of RQ analogues. The inset panel shows the stellar masses
and redshifts of RAGERS HzRGs overlaid on contours marking the 10th,
30th, 50th, 70th and 90th percentiles of galaxies in the entire COSMOS2020
catalogue, demonstrating that HzRGs (and thus our RQ analogues) have high
stellar masses for their redshifts.

radius of 1" we cross-match the COSMOS2020 catalogue with the
optical/NIR/MIR counterpart positions listed in the VLA-COSMOS
catalogue and exclude any sources flagged as HLAGN or MLAGN
from our sample. We also remove any sources that have multiple
radio components and sources with a probability >20 percent of
being falsely matched to their optical/NIR/MIR counterpart in VLA-
COSMOS.

Finally, we use the sensitivity map from S2COSMOS (Simpson
et al. 2019) to select sources with the deepest 850 um coverage,
where the depth is oyms < 1.3 mJy beam™!. Our study probes the
environments of RQ galaxies out to 6”, so we therefore also require
that the deep SCUBA-2 coverage extends at least 6’ radius around
each RQ galaxy, and we exclude sources that are close to the edge of
the deep SCUBA-2 regions.

The final sample consists of the 1128 galaxies that remain after
applying all of these selection criteria. Of the 1128 galaxies there
are between 11 and 185 RQ analogues (median 51) for each of the
18 RAGERS HzRGs. The stellar masses and redshifts of this sample
of RQ galaxies, compared with the HzRGs from RAGERS and the
whole COSMOS2020 catalogue are shown in Figure 1.

It is worth noting that while our selection criteria do not enforce
any explicit cuts in radio luminosity, it is possible to verify that
these galaxies are significantly less radio-loud than the RAGERS
HzRGs (for which Lsgo muz = 10%8-2; De Breuck et al. 2010).
Of the 1128 galaxies in our RQ sample, 164 have counterparts in
the VLA-COSMOS catalogue (14.6 percent; Smolci¢ et al. 2017b).
For these 164 galaxies we use the rest-frame 1.4 GHz and 3 GHz
luminosities from VLA-COSMOS to calculate the radio spectral in-
dex! and extrapolate to estimate the rest-frame 500 MHz luminosity.

! For galaxies where only 3 GHz luminosities were measured, SmolGi¢ et al.
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The distribution of the resultant rest-frame 500 MHz luminosities
has a median of Lsoymu, = 10241¥0-5 W Hz~!, with a maxi-
mum of Lspg mpz ~ 1022 W Hz™!. The remaining 964 galaxies
in our RQ sample (85.4 percent) have no counterpart in the VLA-
COSMOS catalogue, and can thus be safely assumed to also satisfy
Lsoo Mz < 1022 W Hz~!. The galaxies in our sample thus have
radio luminosities at least three orders of magnitude lower than those
of the RAGERS HzRGs, ensuring a sufficient dichotomy between the
two samples.

3 CALCULATING NUMBER COUNTS

In order to probe the environments of RQ galaxies we measure the
850 um number counts in apertures around the target galaxies. Num-
ber counts quantify the surface density of sources as a function of
their submillimetre flux density; as such they provide the most di-
rect measure of source abundance and environment. Number counts
are particularly useful for submillimetre data as they do not require
cross matching to other wavelengths or obtaining redshifts, both of
which are challenging and biased for SMGs due to the large beam
sizes of single-dish surveys and the faintness of these dusty, high-
redshift galaxies at optical and near-IR wavelengths (e.g. see Casey
et al. 2014 for a review). In this study we measure both the differen-
tial (dN/dS [m]y deg_z]) and cumulative (N (>S) [deg_z]) number
counts around the RQ galaxies and the blank field. We use both
differential and cumulative counts because of the different strengths
and weaknesses of the two measurements: differential counts have
the advantage that the measurements in each bin are relatively inde-
pendent of each other, but cumulative counts contain more sources
in the fainter bins and therefore have smaller uncertainties.

Constructing number counts requires an understanding of how
the completeness of the survey varies with observed parameters.
S19 used simulations to map the variation in completeness of
S2COSMOS as a function of deboosted 850 um flux density and
local rms noise and we use this result for our completeness correc-
tion. Following S19, we create 10* realisations of the S2COSMOS
catalogue, where each version is generated by randomly drawing (de-
boosted) flux densities for each submillimetre source based on the
uncertainties in the original S2COSMOS catalogue. Completeness
corrections are then calculated for each randomly drawn flux den-
sity and the local rms of the source using the completeness function
derived in S19.

Number counts are derived for the environments of the RQ galaxies
selected in §2 by considering one RQ analogue for each RAGERS
HzRG at a time. These galaxies are randomly chosen but with the
proviso that the same galaxy cannot be selected as an analogue for
multiple HzZRGs, as would otherwise be possible for RL galaxies with
similar stellar masses and redshifts (see Figure 1). We then identify
submillimetre sources in S2COSMOS that lie within apertures of
radius R centred on each RQ galaxy. To assess the scale of any
overdensities and examine whether the choice of radius affects the
results we construct four versions of the number counts using radii
of 17, 2/, 4, and 6’. These radii correspond to physical scales of
~0.5-3 Mpc at the redshifts probed by this study.

For each of the 10% realisations of the S2COSMOS catalogue,
the selected submillimetre sources are binned by their randomly
drawn deboosted flux densities and each source is weighted by the
reciprocal of the completeness corresponding to its local rms noise

(2017b) assume a spectral index @ = —0.7 to estimate the 1.4 GHz luminosi-
ties.
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and deboosted flux density. For the differential number counts, the
weighted counts in each bin are divided by the product of the bin
width (AS) and the combined area of the apertures used to survey the
RQ galaxy environments (Ator); for the cumulative number counts,
each bin is just divided by A¢. Each aperture is treated independently
— i.e. any overlap between apertures is ignored, and sources within
the overlapping area are multiply counted — such that At is simply
the sum of each aperture’s area.

The random selection of RQ galaxies is repeated 1000 times and
number counts constructed for all 10* realisations of the catalogue
each time, such that each bin ultimately has a distribution of 18 x 107
values associated with it. The width of this distribution encapsulates
the uncertainties from both the source flux densities and the stochas-
ticity in the selection of RQ analogues for each iteration. The final
bin heights are then taken to be the medians of these distributions
and the bin uncertainties incorporate both the 16th—84th percentile
ranges in the distributions and Poissonian uncertainties.

To interpret the submillimetre number counts around RQ galaxies
we require a measure of the number counts in the blank field. Whilst
blank-field 850um counts have been studied previously (e.g. Casey
et al. 2013; Hsu et al. 2016; Geach et al. 2017; Simpson et al. 2019;
Garratt et al. 2023) we regenerate them using the MAIN sample from
S2COSMOS (Aot = 1.6 degz) and our method and binning to ensure
a direct like-for-like comparison. In generating the blank-field counts
all 10* realisations of the catalogue are used and we have verified
that our results are consistent with those from S19 and S19 showed
that COSMOS is similarly dense at 850um as other blank fields.

4 RESULTS
4.1 The environments of massive RQ galaxies

The differential and cumulative number counts for the RQ galaxy
environments we calculated as described in §3 and are presented in
Figure 2. Results are shown separately for the four different search
radii of 17, 27,4/, and 6, alongside the blank-field results constructed
from the main S2COSMOS sample. The combined number counts
for all the RQ analogues are highlighted and it is these that we use
for the remainder of our analyses. We also show the number counts
around the RQ analogues of each RAGERS HzRG to demonstrate
the scatter between fields, though the small numbers involved mean
that uncertainties on these subsets are significant. When considering
the whole sample, there is qualitatively no significant difference be-
tween the number counts of the blank field and the RQ environment,
regardless of the spatial scale considered.

To quantitatively determine whether the environments of RQ
galaxies have different submillimetre number counts we fit them with
Schechter functions (Schechter 1976). Differential number counts are
typically parameterised using Schechter functions of the form

dN Ny (S ‘Vex S n
as ~ Sy \So P75,

where Ny and Sg determine surface density and flux density at the
‘knee’ of the Schechter function, respectively, and vy is the slope of
the function at the faint end. By integrating Equation 1 the same
parameters are used to define a function to fit the cumulative counts:

© dN S’
N> S') = —dS=NoI'(-y + 1, — 2
)= [ Ggds=Nory+1. 50 @

where I” represents the upper incomplete gamma function.
The best-fit parameters for the functions described by Equations 1
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Figure 2. Differential (left) and cumulative (right) 850m number counts comparing the regions around RQ galaxies with the blank field. Each row shows the
measurements and Schechter function fits using a different radius to search for candidate submillimetre companions (black points), as indicated in the top-right
corner of each panel (top to bottom: 1’,2’,4’, 6"). Red diamonds and dashed lines represent the blank field and show the number counts and corresponding
fits for the entire MaIN region of the S2COSMOS field, created using the method described in §3 and catalogue from S19. Grey lines show the results for the
RQ analogues of each individual RAGERS HzRG and give an indication of the scatter between different RQ galaxy regions (though the small number statistics
means that uncertainties are significant). Solid black lines show the best-fit Schechter functions for the combined datasets when all parameters are allowed to
vary, and dotted black lines show the fits when Ny is the only free parameter (i.e. Sp and 7y are fixed to the blank field values; see §4.1). Bins with flux density
< 3 mJy are marked with open symbols and excluded from the fitting due to low completeness. There is no significant difference between the submillimetre

environments of the RQ sample and the blank field at any of these scales.

and 2 are measured for both the blank field and the RQ environment
number counts using a Markov Chain Monte Carlo (MCMC) fitting
procedure. Bins with flux density < 3 mlJy are excluded from the
fitting due to low completeness. The Sy, Ng and y measured for
each region are summarised in Figure 3 (including the correlations

between parameters) and Table 1, and the corresponding best-fits are
shown on the number counts in Figure 2.

As shown by Figure 3, at all scales examined (radii of 1” to 6”) there
is no significant difference between the best-fit parameters in regions
close to RQ galaxies and the blank-field. The significant overlap,

MNRAS 000, 1-13 (2024)
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even at the 1o level indicates that there is no significant overdensity
of 850 um-selected SMGs in the environments of RQ galaxies.

Due to the sizeable uncertainties in our number counts and in fit-
ting three-parameter Schechter functions, we also test for significant
differences in the N parameter when Sy and y are both fixed to the
blank-field values, i.e. for Sy = 3.1 (3.0) mJy and y = 1.6 (1.5)
for the differential (cumulative) number counts. Since the Ny pa-
rameter scales the number density of submillimetre sources (i.e. the
y-axis on Figure 2) a value of N significantly above the blank-field
value would imply an overdense environment. However, even with
the added constraints of a single parameter fit (and the resulting
smaller uncertainties), we still find no significant difference between
the blank-field and the environments of the RQ analogues (see Ta-
ble 1). These results are in contrast to the environments of HzRGs,
which have been found to contain overdensities of submillimetre
sources (e.g. Ivison et al. 2000; Stevens et al. 2003, 2010; Greve
et al. 2007; Rigby et al. 2014).

4.2 The environments of radio AGN in COSMOS

When selecting the RQ sample we excluded any galaxies that had
been flagged as ‘MLAGN’ or ‘HLAGN’ in the VLA-COSMOS cat-
alogue (Smolci¢ et al. 2017b; blue triangles in Figure 1), so as to
minimise any contamination by radio-loud sources (§2.1). We are
therefore able to repeat the construction of the number counts, but
in environments around galaxies with AGN-driven radio emission.
This sample consists of 148 galaxies, with a median of 6 matched in
mass and redshift to each of the 18 considered RAGERS HzRGs.

Note that < 1.5% of these 148 VLA-COSMOS MLAGN/HLAGN
analogues to RAGERS HzRGs are ‘radio loud’: applying the same
method as described in §2.1 to estimate their rest-frame 500 MHz
luminosities, we found that only two of the 148 MLAGN/HLAGN
(1.35%) have Lsgomp, > 1027 W Hz~! (the traditional definition
for ‘radio-loud’ galaxies and HzRGs, and the cutoff for RAGERS
galaxies; Miley & De Breuck 2008), with the median of the dis-
tribution being log(Lsoo muz/W Hz™1) = 24.2*_'%75. The major-
ity (98.6 percent) of these galaxies are therefore not true HzRGs
and have significantly fainter radio luminosities than the RAGERS
sample. We emphasise that while the median luminosity for the
MLAGN/HLAGN sample is similar to that quoted for galaxies in our
RQ sample (L5gp Muz = 1024-120-5w Hz~1; see §2.1), the latter was
calculated using the 14.6 percent of RQ analogues with counterparts
in the VLA-COSMOS catalogue, such that the true distribution of
Ls0 MHz for our RQ analogues likely extends to much lower values.
The MLAGN/HLAGN sample thus probes an intermediate regime
between HzRGs and our RQ sample.

We repeat the construction of the number counts and Schechter
function fitting within 1/, 2/, 4’ and 6’ of galaxies in this
MLAGN/HLAGN sample and find no significant difference with re-
spect to either the blank field or the RQ environment number counts.
Whilst in contrast with studies of SMGs around HzRGs (e.g. Ivi-
son et al. 2000; Stevens et al. 2003, 2010; Greve et al. 2007; Rigby
et al. 2014) this result is likely due to the MLAGN/HLAGN sample
not being traditional radio-loud galaxies, and instead having radio
emission that is more similar to RQ galaxies.

4.3 Sensitivity to overdensities

In order to interpret the significance of the apparent similarity be-
tween the environments of the RQ analogues and the blank field the
next step is to determine the strength of overdensity that is required
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for a signal to be detected using our analyses. To address this question
we measure the counts from randomly drawn samples of mock sub-
millimetre sources, increasing the sample size (i.e. equivalent of N)
to find the minimum number of sources required to measure number
counts that are significantly different to those of the blank-field.

The procedure is as follows, and is repeated for each of the four
spatial scales studied (17, 2/, 4’and 6”). Firstly, each bin centre (or
lower bin edge in the case of cumulative counts) is assigned a prob-
ability of selection based on the shape of the best-fit blank-field
Schechter function (§4.1). An initial number of simulated galaxies,
Nga1, is generated based on these probabilities and each simulated
galaxy is assigned flux density uncertainties that match the median
values of real S2COSMOS sources in the relevant flux bin. As with
the calculation of the real number counts (§3) we then create 10*
realisations of the simulated catalogue and the entire process — from
randomly choosing Ng, flux densities onwards — is repeated 1000
times for each Ngyy, such that each bin has a distribution of 107 pos-
sible counts associated with it. The number counts in each bin is then
the medians of these values, and the uncertainties account for both
Poissonian uncertainties and the 16th—84th percentile ranges.

A Schechter function of the form described by Equation 1 (or its
integral described by Equation 2 for the cumulative counts) is fitted
to the resultant number counts by fixing Sy and y to the blank-field
values and scaling Ny, as was done for the real RQ galaxies (§4.1).
We then define the quantity ¢, to parameterise the relative measured
density of the simulated number counts, such that:

fit
NO

=N—8f—1, (3)

¢

where Ngt is the best-fit value to the simulated number counts and

Ngf is the blank-field value. Thus, ¢ = 0 indicates the number counts
that are identical to those of the blank field. The significance of an
overdensity in the simulated number counts is given by the ratio of
¢ to its 1o uncertainty. If this ratio is greater than unity, then the
overdensity has a significance of >1¢. This procedure is repeated
until the value of Ny, converges on the minimum number of galaxies
required for a 10~ overdensity to be detected, which is parameterised

as Nmin
gal *

To translate N, g:iil“ into terminology more commonly used in pro-
tocluster studies, we calculate the overdensity parameter, 6, which
for a given dataset is defined as:

Ndata
gal

Nbf
gal

d=

-1, 4)

where Ng:lta is the number of galaxies in the data and Ngl is the
number of galaxies in the blank field across the same flux density
range and area as the dataset. Environments for which § > 0 are
therefore overdense relative to the blank field, while those with § < 0
are underdense. In our estimate of the minimum overdensity to which

our method is sensitive, Ng:lta is substituted for Ngliln, while the

calculation of Ngil depends on the type of number counts (differential
or cumulative): for differential number counts, Nbil is calculated by
summing all bins > 3 mJy after multiplying by the simulated area
and the bin widths; for cumulative number counts it is given by the
value of the 3 mJy bin multiplied by the simulated area.

This analysis shows that our study of differential submillimetre
number counts is sensitive to overdensities with ¢ > 1.2, 0.93, 0.86,
and 0.85 forradii of 17,2’,4’, and 6’, respectively. For the cumulative
counts, we are sensitive to § > 0.47, 0.40, 0.38, and 0.37 for 1/, 2/,
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Table 1. Best-fit Schechter parameters for the differential and cumulative number counts, obtained from MCMC fitting. The values quoted are the medians of
the posterior distributions for each parameter obtained through MCMC fitting, with 10 uncertainties defined by the 16th and 84th percentiles. Ny values in

brackets show the results of fixing Sp and 7 to the blank-field values.

Radius ['] Np [deg™?] So [mJy] ¥
5700 3000 1.5 2.2
1 5600:1500 (6700t2500) 3'1t1.2 2'2J:1,6
Differential 2 5500799 (580013%0) 3.1+ 1.8+43
3100 670 1.6 0.8
4 490073500 (5430%€70) 2,916 1.4408
2300 460 1.4 0.8
6 530072500 (524045%)  2.8*L4 14708
1600 1.1 0.6
S2COSMOS - 5400+15% ER S WOyl
6000 2500 1.9 1.9
1 49007520 (6900+3300)  3.2715 2,171
Cumulative 2 4800M0%0 (5820%H19)  3.01G 1.7
2400 560 1.6 0.9
4 440072000 (551073%0) 2,956 1.3709
1700 350 1.2 0.8
6 50001790 (5220%3%0)  2.6*L2 12408
1000 0.8 0.5
S2COSMOS - 510012 3.0008 15402

4’, and 6’ radii. Thus, the lack of detections in any of our samples,
suggests that RQ galaxies are inregions with ¢ < 0.4 at submillimetre
wavelengths. For comparison, Rigby et al. (2014) found values of ¢
ranging from —0.27—0.9 for 500 pm-selected sources in known
protoclusters around HzRGs at z ~ 2—4, using a search radius of
3.5". Targeted 870 um observations of the ~ 140 arcmin? region
around the HZRG MRC1138-262 at z = 2.16 revealed an overdensity
of SMGs with § ~ 1-3 (Dannerbauer et al. 2014). Meanwhile the
1.1 mm number counts presented by Zeballos et al. (2018) indicate
SMG overdensities of 6 ~ 1 in 3/16 of their target HzRG fields, and
an overdensity of § > 2 when all of their target fields are combined
and the central 1.5” regions around the central AGN considered.
Thus, overdensities commensurate with those around HzRGs would
have been detected by our study of submillimetre number counts
around RQ galaxies, and the absence of the detection of a significant
overdensity requires that RQ galaxies at z = 1-3 are in less overdense
environments than HzRGs of similar masses. The implications of this
finding are discussed further in §5.

4.4 Density of faint sources

Single-dish submillimetre surveys (including S2COSMOS) are af-
fected by confusion and high backgrounds: much of the “noise" in the
maps is from a background of faint sources. By studying the statistic
of noise peaks in the maps we can therefore probe the distribution
of galaxies that are below the flux limit of the catalogue (e.g. Glenn
et al. 2010; Viero et al. 2013).

We next investigate the environments of the RQ analogues using
the S2COSMOS signal-to-noise (SNR) map to track whether there is
an overdensity of faint submillimetre sources in these regions. SNR
peaks are identified in the map using the PyTHON package PHOTUTILS
(Bradley et al. 2022) with detection thresholds from 1.5—4 and the
surface density of these peaks within 17, 2, 4/, and 6" of each RQ
analogue is calculated. The blank-field density is estimated (for each
aperture radius) by randomly placing 104 apertures across the SNR
map and repeating the calculation.

We compare the blank-field and RQ galaxy environments by com-
paring the surface density distributions between the regions around
RQ galaxies and the blank field, as shown in Figure 4 for the

SNR > 1.5 detections (top four panels) and the SNR > 4.0 detec-
tions (bottom four panels). To quantitatively compare the statistics
of SNR peaks in the blank field and near RQ galaxies we perform
a two-sample Kolmogorov-Smirnov (KS) test on the resultant distri-
butions.

For SNR detection thresholds < 2.5 (e.g. top four panels of Fig-
ure 4) the KS test shows that there is no significant difference between
the blank-field distributions at any radii (p > 0.11, and typically
p > 0.4). For the higher SNR thresholds (e.g. bottom four panels
of Figure 4), where a larger fraction of the SNR peaks are likely
real sources, the p-values exhibit a trend such that at the largest radii
the distributions of source density between the blank-field and RQ
galaxies are likely drawn from the same distribution, but they start to
show hints of a different distributions at the smallest radii. The most
significant result is in the 1’ radii search for SNR > 4 peaks in the
map (i.e. the closest analogue to using the S2COSMOS catalogue
directly), where p = 7 X 1076, corresponding to a ~4.50" confidence
that the distribution between RQ environments and the blank-field
are different at this scale and SNR limit. The KS test significance
drops to ~2.50" at 2’ (p = 0.025) and is even lower at larger radii
and smaller SNR thresholds. If this result is confirmed then it sug-
gests that RQ galaxies may be marginally overdense at small scales
(~ 1, which corresponds to ~ 0.5 Mpc at z ~ 2) for faint sources
at submillimetre wavelengths, when compared to the blank field.
We caution however that these differences could be driven by small
number statistics, as there are few object within these small radii.

We perform the same analysis for the sample of HLAGN/MLAGN
galaxies discussed in §4.2 but find no significant difference compared
with the blank field, obtaining p > 0.34) regardless of search radius
or SNR threshold. The only possible exception occurs when the SNR
threshold is set to > 1.5 and a search radius of 1’ is used; in this
instance p = 0.004, corresponding to ~ 2.9¢ significance. However,
given the small size of the HLAGN/MLAGN sample (148 galaxies;
§4.2) and the rapid decline in the significance of the discrepancy as
the SNR threshold increases (dropping to < 1.80 for SNR > 1.6,
and to < 1.40 for SNR > 1.7), we attribute this signal as an anomaly
driven by small number statistics.

MNRAS 000, 1-13 (2024)
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Figure 3. Contours representing the 1o~ confidence regions for the parameters of the Schechter functions fitted to the differential (left) and cumulative (right)
number counts. Data points and error bars show the medians and 16th—84th percentile ranges on each individual parameter. Black circles and thick contours
represent the fits to the RQ analogue number counts when a 4’ radius is used; squares, upward triangles and downward triangles are used for radii of 1’, 2" and
6’, respectively. Red diamonds and dashed contours show the results for the blank-field, based on the main sample of S2COSMOS. There is significant overlap
between the measurements at all radii and with the blank-field results, demonstrating that there is no significant difference between the 1-6" scale environments

of our RQ analogues and the blank field.

4.5 The environments of individual galaxies

The results presented thus far quantify the SMG density in the average
environments of high-mass RQ galaxies, and in HLAGN/MLAGN of
similar masses and redshifts, all of which are selected as analogues
to the RAGERS HzRG sample (see §2.1). While this is our primary
goal, one question that we can also address is whether any individ-
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ual galaxies in our samples are seen to reside in significant SMG
overdensities.

We thus measure the SMG overdensity in the environment of
each RQ/HLAGN/MLAGN galaxy using the following procedure:
First, any sources from the S2COSMOS catalogue that lie within
R =1’,2",4" and 6’ of the target galaxy are identified, and their flux
densities and corresponding completeness corrections retrieved from
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Figure 4. Distribution of the density of submillimetre peaks with SNR > 1.5 (top four panels) and SNR > 4 (bottom four panels) around RQ galaxies compared
with the blank field. The histograms compare regions of radius, R = 1,2/, 4’and 6’ (as labelled) around RQ galaxies with the equivalent blank field area. Vertical
lines and shaded regions show the median and 16 — 84th percentiles of the distributions, which significantly overlap in most panels. Results from two-sample
KS-tests (p and D) are printed on the right of each panel and show that for the SNR > 1.5 peaks (top) in all four cases the regions around RQ galaxies are
consistent with being drawn from the same distribution as the blank-field. As discussed in §4.4 the results are similar for all radii and SNR thresholds tested,
though at the bight-end there is a hint of overdensity at the smallest scales as shown by the SNR > 4 histograms (bottom).

each of the 10% realisations of the catalogue created in §3. For each represent Nd:I‘a from Equation 4, and uncertainties are estimated
realisation, we exclude any sources whose flux density is < 3 mlJy using the 16th-84th percentile range and factoring in Poissonian
and count the remaining sources within the desired separation R uncertainties. The overdensity ¢ is then calculated via Equation 4,

from the target galaxy, applying a completeness correction for each where N b; is estimated by multiplying the 3 mJy bin from the blank-
source. The median of the resultant distribution is then taken to &
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field cumulative number counts by the area being probed (i.e. nR?
in degz).

For each environment we quantify the significance of the over-
density or underdensity as the ratio of its value to its uncertainty, i.e.
d/0 . Since the uncertainties on § are typically asymmetric, different
treatment is required for overdensities and underdensities: for over-
densities (i.e. 6 > 0) we use the uncertainty in the negative direction
as o s, while for underdensities (i.e. 6 < 0) we use the uncertainty in
the positive direction. Environments for which |6|/0s < n are then
considered consistent with the blank field to within no.

Figure 5 shows the distributions of &/0s for our RQ and
HLAGN/MLAGN samples. Note that we opt to show this quantity
rather than ¢ itself in order to incorporate the variation in uncertainty
from system to system. Regardless of the search radius used (R =17,
2’, 4 or 6'), the majority of galaxies lie within the region bounded
by 6/0s = £1 (the shaded, hatched region in Figure 5) and are thus
consistent with the blank field to within 1o. For comparison, we also
plot on Figure 5 a Gaussian distribution with a mean and variance of
zero and unity, respectively. For all but the 1” search radius there is no
evidence of deviation from the Gaussian distribution in both the RQ
and HLAGN/MLAGN samples. In the case of the 1’ search radius
(top left panels in Figure 5) a Gaussian distribution is a poor match
to the observations. However, in this case, underdensities are hard
to identify due to the small number of galaxies in the search area.
This dearth of underdense regions is the likely cause of the observed
non-Gaussianity. Excluding this case, we thus find no excess of over-
densities relative to Gaussian expectations, implying that there is no
systematic tendency for either sample to reside in significantly over-
dense regions. These findings are consistent with the number counts
for each sample presented in §4.1 and §4.2.

Since many of the galaxies in these samples have been detected
in VLA-COSMOS (14.6 percent of the RQ galaxies and 100 percent
of the HLAGN/MLAGN; Smolci¢ et al. 2017b), we also investigate
any potential dependence of §/c s on the rest-frame 500 MHz radio
luminosities calculated in §2.1. To this end we add circles (triangles)
to the top of each panel in Figure 5 to show the values of § /o s for the
environments of individual galaxies in the RQ (HLAGN/MLAGN)
sample, with positions along the y—axis chosen randomly for visual-
isation purposes, and colours according to their rest-frame 500 MHz
Iuminosities (VLA-COSMOS non-detections are shown in grey). We
see no overall correlation between the radio luminosity of a galaxy
and the value of §/c0 s for its environment. Of particular interest are
the two HLAGN/MLAGN galaxies with Lsog vy, > 1027 W Hz™!
(red triangles in Figure 5), as these would meet the criterion for being
HzRGs (Miley & De Breuck 2008). One might then expect them to
reside in SMG overdensities such as those identified around other
HzRGs (e.g. Ivison et al. 2000; Stevens et al. 2003, 2010; Greve et al.
2007; Rigby et al. 2014; Dannerbauer et al. 2014; Zeballos et al.
2018), yet they show no signs of residing in significantly overdense
environments regardless of the radius used to identify possible SMG
companions. The only possible exception occurs when a radius of 6’
is used, at which point one of the two galaxies resides in a ~1.40
overdensity. However, even then the other is located in a ~1.30 un-
derdensity on these scales, such that on average there is no tendency
for these galaxies to reside in SMG overdensities. This would how-
ever be consistent with the significant field-to-field variation seen for
HzRGs at 500 um (Rigby et al. 2014) and at 1.1 mm (Zeballos et al.
2018). Future comparison of these galaxy environments with those
of the stellar mass- and redshift-matched RAGERS HzRGs will help
in understanding the cause of this variation.
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5 DISCUSSION

In this study we used number counts to show that massive RQ galaxies
at z = 1-3 reside in regions that have similar submillimetre source
density to blank-field regions. The RQ galaxies have ¢ < 0.4, though
our constraints are marginally stronger on larger scales (up to ~
3 Mpc) and weaker on smaller scales (down to to ~ 0.5 Mpc; §4.3).
Similarly, our study of peaks in the 850 um SNR map found that the
regions around massive RQ galaxies are mostly consistent with being
drawn from the same distribution as blank-field regions, although
there is a hint of some overdensity on < 1’ (~ 0.5 Mpc) scales.

The sample of RQ galaxies analysed was selected to match specific
HzRGs in stellar mass and redshift (§2), the nature of whose envi-
ronments is as yet unknown. We therefore emphasise that the goal
of this paper is to pave the way for a comparison of the submillime-
tre environments of RQ galaxies and HzRGs, controlled for stellar
mass and redshift; this will be conducted in a future RAGERS paper
(Greve et al. in prep.). Even so, there are several known examples of
HzRGs residing in regions that are overdense in the submillimetre
(e.g. Ivison et al. 2000; Stevens et al. 2003, 2010; Greve et al. 2007;
Rigby et al. 2014; Dannerbauer et al. 2014; Zeballos et al. 2018),
albeit with significant field-to-field variation seen at both 500 um
(Rigby et al. 2014) and at 1.1 mm (Zeballos et al. 2018). The lack
of SMG overdensity seen in the environments of our RQ galaxies
therefore suggests that there is difference between the submillimetre
environments around massive RQ galaxies and HzRGs at z ~ 1-3.
This implies that either the AGN or the radio emission has direct
impact on the environment and star-formation activity in galaxies
around HzRGs, or the HzRGs themselves are preferentially located
in overdense regions, including regions with a lot of star-formation
in submillimetre sources.

We also investigated the number counts in regions around galax-
ies with radio emission and classified as MLAGN or HLAGN by
SmolCi¢ et al. (2017b) and find no significant overdensities around
these galaxies. These radio galaxies have significantly lower radio
luminosity than “classic” HzRGs, and this non-detection also sug-
gests that they reside in environments for which § < 0.4. These
results imply that the presence of an AGN alone is not linked with
the density of the surrounding environment; only when these AGN
are radio-loud is there a preference towards residing in overdensities.

Overall, our results are consistent with a picture similar to those
discussed by Wylezalek et al. (2013), in which regions of higher
galaxy density impact the production of jets and radio emission from
AGN. For example, galaxy mergers in overdensities may increase the
spin of black holes, which makes them more able to power radio jets
(e.g. Wilson & Colbert 1995; Sikora et al. 2007). Another possibility
is the jet confinement theory, which proposes that radio synchrotron
emission may be brightened by interaction with a denser intergalactic
medium (IGM; Barthel & Arnaud 1996). Our study of the SNR peaks
in the SCUBA-2 map suggested that RQ galaxies may be in small
overdensities on < 0.5 Mpc scales (§4.4). If this result is found to
be robust (e.g. in studies of larger samples, or deeper data) then it
cannot be caused by interaction of radio jets with the IGM (since
large-scale jets are not present in RQ galaxies). Instead such a result
would suggest that some of the observed overdensity around these
RQ galaxies and their RL counterparts is due to their high stellar
masses predisposing them to occupy high-density environments, but
with HzRGs being most likely to be present in the most massive halos
due to galaxy mergers or interaction with the IGM.

It is intriguing to note that our results and these hypotheses are
in contrast with an initial examination of the SHARK semi-analytic
model of galaxy formation (Lagos et al. 2018). Detailed analyses of
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Figure 5. Distributions of the ratio of the SMG overdensity parameter ¢ to its uncertainty o s, which we use as a proxy for the significance of a given
overdensity/underdensity in the environments of galaxies in our RQ (magenta, solid) and HLAGN/MLAGN (blue, dotted) samples. Each panel is labelled with
the radius used to search for SMG companions. At all radii we find that the majority or galaxies in both samples are consistent with the blank-field to within 1o,
as indicated by the shaded and hatched region between 6/0 s = +1. Furthermore the distributions are generally centred around /0 s ~ 0, and are roughly
symmetric except when the smallest radius is used, at which point small number statistics are expected to make the detection of underdensities difficult. The grey
curve in each panel shows a Gaussian distribution with a mean of zero and a variance of unity, which approximately matches the observed distributions. Circles
(triangles) at the top of each panel show the value of §/0 s for each individual galaxy in the RQ (HLAGN/MLAGN) sample, with randomly-chosen positions
along the y—axis. These points are coloured according to the rest-frame 500 MHz luminosity of the galaxy (Lsoo muz; see §2.1 for details) with VLA-COSMOS
non-detections shown in grey. Overall we see no trend between Lsoo mu, and 6/ 0 s.

the submillimetre environments of simulated HzRGs and otherwise
similar RQ galaxies in SHARK will be presented in Vijayan et al. (in
prep.). The forthcoming analyses of our new SCUBA-2 observations
of the mass- and redshift-matched HzRG sample in RAGERS will
enable confirmation of our detection of a difference in the submil-
limetre environments of HzRGs and RQ galaxies (Greve et al. in
prep.).

We caution that while we have not detected significant overdensi-
ties of SMGs in the environments of massive RQ galaxies (and of sim-
ilarly massive galaxies classified as HLAGN/MLAGN by Smol¢i¢
et al. 2017b), this does not mean that these galaxies do not reside
in overdense environments. Firstly we are limited by the lack of
redshift information for the submillimetre sources in S2COSMOS,
consequently having to restrict our search to projected overdensities;
it is possible that many of the galaxies examined in this study reside
in physical (volumetric) overdensities which have been smoothed
out by the inclusion of foreground/background galaxies in our study.
Secondly, searches in the submillimetre regime are inherently biased
towards gas-rich galaxies with high star formation rates, such that
galaxies undergoing less active star formation will likely lie below
the confusion limit of S2COSMOS and thus evade detection. Indeed,

one might expect galaxies in the environments of HzRGs to be in-
herently more gas-rich than those near RQ galaxies: several studies
have indicated that star formation activity approximately scales with
AGN activity (e.g. Florez et al. 2020; Zhuang & Ho 2020; Zhuang
etal. 2021; Xie et al. 2021), likely as a result of both being fueled by
similar reservoirs of gas in the host galaxy (e.g. Sanders et al. 1988;
Hopkins et al. 2008; Zhuang et al. 2021). Galaxies in the same large-
scale structure as a radio-loud (and therefore likely gas-rich) AGN
host may then also be similarly gas-rich, owing both to their common
heritage and to their shared environment. Conversely, RQ galaxies
with little to no nuclear activity may tend to reside in gas-poor en-
vironments, surrounded by galaxies that are similarly gas-poor and
thus difficult to detect in the submillimetre regime. We therefore can-
not altogether rule out the possibility that these RQ galaxies reside
in overdensities of gas-poor galaxies.

6 CONCLUSIONS

We have conducted a search for 850 um-selected SMGs in the envi-
ronments of massive, radio-quiet galaxies at z ~ 1-3 in the COSMOS
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field. The sample of RQ galaxies was selected to match the stellar
masses and redshifts of HzZRGs so our results can be compared with
studies of HzRGs. Our main conclusions are as follows:

e Using data from the S2COSMOS catalogue (Simpson et al.
2019) we constructed number counts in the regions of the RQ galax-
ies and compared these with the blank-field to determine whether
massive, z ~ 1-3 RQ galaxies typically reside in overdense regions,
as is expected of their radio-loud counterparts. No significant dif-
ference is detected between the number counts for the environments
of the RQ galaxies and those for the blank field. This result remains
when examining regions from 1’ to 6’ scales and using both differen-
tial and cumulative number counts. It also holds both for completely
free Schechter function fits and when fixing Sg and « to the blank-
field values to pinpoint any difference in Ny.

e We tested the sensitivity of our analyses to identifying SMG
overdensities by using simulated number counts, and found that we
can detect overdensities with ¢ = 0.4. This threshold is sufficient
to identify many known protoclusters, though there is significant
variation between fields, particularly at submillimetre wavelengths.

e A similar examination of the submillimetre number counts
around galaxies detected in the radio and classified MLAGN or
HLAGN by Smolci¢ et al. (2017b) found that these sources are also
in environments that are statistically indistinguishable (i.e. 6 < 0.4
using our method) from the blank-field. These galaxies have some
radio emission, but they are not HzZRGs and have median rest-frame
500 MHz luminosity that is nearly three orders of magnitude fainter
than HzRGs.

e To probe faint sources not individually-detected in the
S2COSMOS catalogue we also investigated the distribution of SNR
peaks in the 850 um map and used KS tests to search for differences
between the region around massive, z ~ 1-3 RQ galaxies and the
blank field. We test detection thresholds of SNR> 1.5 up to SNR> 4
(similar to the S2COSMOS catalogue) and regions of 1” to 6" radius,
finding that the density of submillimetre peaks around RQ galaxies is
consistent with the blank field in most cases. For the higher SNR cuts
and the smaller radii the KS test p statistic is smallest, and suggests
that there may be some weak overdensities around RQ galaxies when
compared to the field.

e We calculated the overdensity parameter ¢ for individual galax-
ies in both the RQ and HLAGN/MLAGN samples, along with the
corresponding uncertainty o 5. Using §/0 s as a measure of the sig-
nificance of a given overdensity, we find that while some individual
galaxies in each sample reside in overdensities of >10, the numbers
of such overdensities do not exceed expectations from a Gaussian
distribution, regardless of the search radius used. This reinforces
the conclusion that there is no systematic tendency for galaxies in
either the RQ or HLAGN/MLAGN samples to reside in overdense
environments.

Thus, our analyses suggest that massive RQ galaxies at high redshift
do not typically reside in substantial SMG overdensities. This contrast
with previous studies of HzRGs (e.g. Rigby et al. 2014) suggests
that the mechanisms powering RL galaxies have some link with
the wider environment. We purport that this link may be driven by
galaxy mergers in overdense environments elevating the accretion
rate (and/or the spin) of the central black hole to produce more
powerful radio jets. An alternative explanation is that a denser IGM
enhances the synchrotron radiation emitted by radio jets, such that
radio galaxies in overdense environments appear more luminous than
their counterparts in lower-density environments. Future RAGERS
papers will compare these findings in detail with results for the RL
sample (Greve et al. in prep.) and with expectations from simulations
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(Vijayan et al. in prep.) and further explore the role of environment
in regulating AGN activity.
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