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ABSTRACT

Distant powerful radio-loud active galactic nuclei (RLAgGMNd to reside in dense environ-
ments and are commonly found in proto-clusters atl.3. We examine whether this occurs
because RLAGN are hosted by massive galaxies which prefaitgmeside in rich environ-
ments. We compare the environments of powerful RLAGN.ak1z < 3.2 from the CARLA
survey to a sample of radio-quiet galaxies matched in madsredashift. We find the en-
vironments of RLAGN are significantly denser than those dioajuiet galaxies, implying
that not more than 50% of massive galaxies in this epoch cangwwerful radio-loud jets.
This is not an observational selection effect as we find ndenge to suggest it is easier to
observe the radio emission when the galaxy resides in a @eng@nment. We therefore sug-
gest that the dense Mpc-scale environment fosterfotineationof a radio-jet from an AGN.
We show that the number density of potential RLAGN host gakis consistent with every
> 10" M, cluster having experienced powerful radio-loud feedbacluration ~60 Myr
during 13 < z< 3.2. This feedback could heat the intracluster medium to thentof 0.5-

1 keV per gas particle, which could limit the amount of gadlatée for further star formation
in the proto-cluster galaxies.

Key words. galaxies: active — galaxies: high-redshift

1 INTRODUCTION cently showed that approximately half of all powerful RLAGN
(Lsgompz = 10772 WHz 1) at 13 < z< 3.2 reside in regions that
Radio-loud Active Galaciic Nuclei (RIAGN) are typlcally are denser than average by more than I[@any of these dense re-

0.. Yates, Miller & Pelacoc . .
located _in_dense environments_(e. 8 gions are likely to be proto-clustefs (Wylezalek et al. 2(A®14).
1989; |Hill &Lilly] 1991, [Roche. Eales & Hippelein |_1998; Low-luminosity RLAGN (Ly agHz ~ 10?>°WHz 1) also tend to

%)L(X; i f? Orit;nencﬁgthels%’e E?nstari gens;D Zzgsohttﬁgt reside in rich groups and clust 26hayved
- ALZZ Lo, Y g ug that~ 70% of low-luminosity RLAGN at k< z < 2 are surrounded

]Ehey (\;Wt” collapste |n|t0 (t:Iusters by\}oday, SO thfylareogomlmwr by Mpc-scale galaxy overdensities. Castignani 2tial. (RGlgo
lzteLih 0 as proto-clusters (e.g.. Venemans et al. al. demonstrated that the simple cluster-detection method lng¢he

)- . CARLA survey (Wylezalek et al. 2013, 2014) missed many of the

The Clusters Around Radio-Loud AGN survey (CARLA) re-

clusters around the low-luminosity RLAGN, so it is likelyath
the fraction of powerful RLAGN that reside in proto-clustas

* E-mail: nina.hatch@nottingham.ac.uk higher than 50%. These surveys prove that RLAGN efficientge
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galaxy proto-clusters; the goal of this paper is to undadstahy
RLAGN are such good beacons of proto-clusters.

At z< 0.7 RLAGN occupy richer environments than similarly

massive radio-quiet galaxies (e.n.. Kauffmann, Heckmane&tB

2 METHOD

21 Data

2.1.1 RLAGN sample: CARLA

CARLA is a 400-hour Warn8pitzer Space Telescopeogramme

2008: [R Almei 2013). This implies that the pres- designed to investigate the environments of powerful RLAGhe

ence of a radio-jet depends on environment as well as galaxy

mass. However, this may not be true at higher redshifts. Fualve
RLAGN are hosted by galaxies with a stellar mass-af0'%5 M,
(Seymour et dl, 2007), and the bias of such massive galaxies i
plies they reside in dark matter halos of'4BM, or greater at
all redshifts|(Hartley et &l. 2013). In the local Univerdgstmeans
most massive galaxies reside in group environments, batsas-
sive halos az > 1.5 typically grow into cluster-mass structures by
today (Chi i rdt 2013). Thus massivexgala
ies at high-redshift are likely to trace the progenitorsiof rclus-
ter environments, and the spatial correspondence betwegGR
and proto-clusters may simply occur because distant RLA@&N a

hosted by massive galaxies. In this paper we compare the envi

ronments of 13 < z < 3.2 RLAGN from the CARLA survey to
similarly massive galaxies without radio-jets, to deterenivhether
RLAGN reside in proto-clusters simply because they are ivass
galaxies, or if the presence of a radio-jet depends on emviemt
at high-redshift, as it does in the local Universe.

Another reason why powerful RLAGN may be such good

tracers of proto-clusters is that the radio-emission cteldmpli-
fied if the relativistic electrons are constricted by the steam-

bient gas [(Barthel & Arnalid_1996). An enhancement of the ra-
dio power would produce a selection bias, meaning it is eas-
ier to observe RLAGN when they reside in dense environments.

Several studies have investigated whether this seleciis dx-
ists by searching for a correlation between radio-power emd-
ronmental density, but the results are contradictory. kanmle,
Karouzos, Jarvis & Bonfield (20[14) found no tret a
) found a negative trend, atOlO) foaind
positive trend between radio power and environmental densi
Wylezalek et al.l(2013) showed there is no correlation betvtae

radio power of the CARLA AGN and their environment, suggest-

ing that no selection bias existszt 1.3. Nevertheless, there is so
much confusion in the literature on this topic that a moreépth
analysis is warranted. Therefore we will perform a more itkta
comparison of the radio properties of the CARLA AGN with envi
ronment to determine if the ambient gas affects the radicgon.

CARLA sample consists of 419 very powerful RLAGN lying at
1.3 < z< 3.2 and having a 500 MHz luminosity 10?75 WHz 1.

The sample comprises of 211 radio-loud quasars (RLQs) a@d 20

radio galaxies (RGSs).
The RGs atz > 2 were selected from the compendium of

Miley & De Breuck IZOOB); RGs at < 2 were selected from flux-

limited and ultra-steep spectrum radio surveys to have tmees
distribution of radio-power as the higher-redshift samplee RLQ
sample comprises of optically brighMg < —26.5) quasars in
SDSS |(Schneider etlal. 2010) and the 2dF QSO Redshift Survey

[[2004) with NVSS detections above thgghn, =
10?75 W Hz 1 threshold. More RLQs than HzZRGs matched these
criteria, so we limited the RLQ sample to 211 sources which
matched the redshift and radio-power distribution of theRBz
sample. Full details of the CARLA RLAGN sample can be found
inWylezalek et &ll.[(2013). No information about the enviremts
was taken into account when selecting targets, so the sasmgle-
resentative of the entire powerful RLAGN population at thesd-
shifts.

DeepSpitzerdata covering 2 x5.2" were obtained on each
field with the Infrared Array Camera (IRAC; Fazio etlal. 2004)
board theSpitzer Space Telescope3.6 and 4.5:m during cycles
7 and 8. The CARLA 95% completeness limiting magnitudes are
[3.6] = 22.6 and [4.5] = 22.9 mag. Details of the observatiand

data reduction can be foundlin Wylezalek €t al. (2013). Usiireg
well-testedSpitzerIRAC colour criterion[3.6] — [4.5] > —0.1 to

select galaxies at> 1.3,|Wylezalek et &l! (2013) showed that 55%

of these RLAGN are surrounded by significant excesses oxigala
that are likely associated with the RLAGN.

2.1.2 Control fields: UDS and SpUDS

To obtain a control field sample of radio-quiet galaxies vifip
same mass and redshift distribution as the RLAGN, we utihse
UKIDSS Ultra Deep Survey (UDS; Almaini et al., in prep.). The
UDS is a deep 0.8 dégnear-infrared survey overlapping part of
the SubarUXMM-NewtonDeep Survey (SXD08).
In the overlapping-0.54 ded area the total co-moving volume be-
tweenz = 1.3 and 32 is 0.012 Gpc?2. In this volume we expect
approximately 50 proto-clusters that will collapse to fochasters

of Magg > 10 M, (assuming local galaxy cluster number counts

The purpose of this study is to explore why RLAGN are such from|Vikhlinin et all[2008).

good beacons for locating proto-clusters. We test two Hgmises:

A sample of massive galaxies are identified from the UDS

(i) that RLAGN are in denser environments simply becausg the using the photometric redshifts and stellar masses deriyed

are hosted by massive galaxies, and (i) that the dense-phaster
environment amplifies the radio emission causing a selettias.

Hartley et al. [(2013) and_Mortlock etlal. (2013). These atgho

combineU —band data from the Canada-France-Hawaii Telescope

In Sectioli 2 we introduce our data and describe how we create a(Foucaud et al., in preparation) with optical photometignirthe

radio-quiet control sample that is matched in redshift arassn
proxy to the CARLA RLAGN sample. In Sectidd 3 we compare

SXDS, JHK photometry from the 8th data release (DR8) of the
UDS, andSpitzerUltra Deep Survey data (SpUDS; Pl J. Dunlop)

the environments of the RLAGN and radio-quiet massive galax to create & —selectedJ BV RizJHK3.6][4.5] catalogue.

ies, then search for any correlation between the propeofi¢ise
radio-emission and the surrounding environment. We dsstis
implications of our results in Sectidd 4. We use AB magnitude
throughout and ACDM flat cosmology withy = 0.3, Qp = 0.7
andHp = 70km st Mpc 1.

Photometric redshifts were determined by fitting spectnal e
ergy distribution (SED) templates to the photometric daiants.
Following [Hartley et al. [(2013) we remove objects with pgorl
determined photometric redshifts by removing the objediese
minimum x?2 is greater than 135 from the photometric redshift
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Figure 1. The distributions of the redshifts (left), [3.6] magnitsd@niddle), and [3.6]-[4.5] colours (right) of the CARLA neckd radio galaxy sample (red),
the UDS control sample (blue) and the whole CARLA sampledglahown in the left panel only as the IRAC magnitudes anduwml of the RLQs are

dominated by the quasar light. See Sedtion 2.2.1 for ditdilee control sample is closely matched to the CARLA raditagasample; KS tests result in
probabilities in the range of 0.3-0.97, so there are no Bagmit differences between these distributions.

fitting procedure (15% of the sample). Many of the removed ob- 2.2 Control sample
jects are blended sources or optically bright AGN, so thetrobn
sample may be biased against galaxies containing optibeitint

AGN. These objects have average environments, so remdvemg t
from the UDS catalogues does not bias our results. The dismer  |n this section we describe how a radio-quiet control sangble

2.2.1 Creating a control sample matched in mass and redshift
CARLA RLAGN

of the remaining photometric redshifts /(1 + z= 0.031. For galaxies, with similar masses and redshifts as the CARLA-sam
full details regarding the methodology and resulting phuttric ple, were selected from the UDS catalogues. We first remolled a
redshifts of the UDS catalogue, see Hartley ét al. (2013). sources within 2 arcmin of bad regions of the SpUDS data, &b th

we do not include sources whose environments are affected by
bright stars or field edges.

The stellar masses of the—selected UDS galaxies were mea- To form a radio-quiet sample we removed all UDS galaxies
sured by fitting the photometry to a large grid of synthetidSE ~ from the catalogue that were detected in thedBoSubaru/XMM-
from|Bruzual & Charldt((2003) stellar population modelse@ted NewtonDeep Field radio source samplelof Simpson &t al. (2006).
using a Chabrier initial mass functidn; Chalifier 2003)| Batails There are 109 sources with radio fluxes greater thapdgen the
of the fitting procedure are givenlin Mortlock et al. (2013)sTcat- redshift, [3.6] magnitude and colour range of the CARLA s&mp
alogue is 95 per cent complete to Idg /M) = 10.3 at the highest most of which lie atz < 1.8. Although we refer to the remaining
redshift of the CARLA samplez(= 3.2). galaxy sample as ‘radio-quiet’ we note that the 109 flux density

limit of the[Simpson et al[ (2006) catalogue means that thepta

may still include radio-emitting galaxies with a 500 MHz lunos-
ity of 1024*WHz 1 atz=1.3 and up to 1&2WHz latz=3.2
(assuming a spectral index= —0.9: see Fid.bc). These radio lu-
minosities are at least two orders of magnitude lower thamatio
luminosities of the CARLA RLAGN.

The next step was to select galaxies which have a similar

The UDS galaxies were classified as star-forming or quies-
cent using the two colour rest-frantl/ J selection introduced by
Wuyts et al. (2007). Our division follows the boundaries diedi by
Williams et al. (2009), and extends theiklz < 2 values to higher

redshift. However, quiescent galaxies selected by thihiotktan o -
be contaminated by AGN and dusty star-forming objects. &foee distribution of stellar mass as the CARLA RLAGN. Radio-loud
galaxies are among the most massive galaxies at every fiedshi

we reclassify galaxies as star-forming if they are fit by apkate . L
- 81 ; - D [Seymour et a1 (2007) found that none of the 70 radio galaxies
with sSSFR> 10~°yr~+, or if the galaxy is associated wittspitzer the Spitzerhigh-redshift radio galaxy (SHzRG) programme had a

24um source, with a flux that would imply a sSSER7.43 11yr—1 )]
(a stellar mass doubling time less than #he 0 Hubble time). As stellar mag$ < 10103 Mo, so all UDS galaxies with stellar masses

03
shown by Stern et @06), the 2 data reliably breaks the de- < 191 Mo were removed from the c_ontrol sample. Wg_tested
generacy between passive and dusty red galaxies. the impact of this mass cut by leaving in all control galaxigth

< 1093 M, and find that our results do not change.

To derive the stellar masses of the CARLA RLAGN requires

) ) ) multicomponent SED fitting that takes into account lightiirthe
The environment of the UDS massive galaxies were measured AN as well as the stellar population. To do this requires-mid

using SPUDS, a 1 dégycle 4SpitzerLegacy program which en-  infrared data at wavelengths 5um to remove the hot dust com-

compasses the UDS field. We used the SpUDBa8d 45um cat- ponent (e.d. De Breuck etlal. 2070; Drouart éf al. 2014), agl-h
alogues OML@13), which were extractehftbe resolution data to remove the direct AGN light (€.g. Hatchlzt
public mosaics in the same way as for CARLA. The catalogues

were extracted in dual-image mode with th&idn image used

as the detection image. Th? SpuUDS dgta reazis@nsitivities of 1 The SHzRG galaxy masses were reduced by 13% to account fdifthe
[3.6] ~ [4.5] ~ 24 mag, but in all following work the catalogues ferences in assumed initial mass functions in the SED fitliroupa 2001
were cut to the shallower depth of the CARLA data. for SHzRG versus Chabrier 2003 for the UDS).
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@). Since these data are not available for the majoritthef 2.2.2 Stellar masses of the CARLA and control galaxies
CARLA sample we are unable to perform adequate fits to the SEDs
to obtain stellar masses.

An alternative to deriving stellar masses is using 8pétzer
IRAC fluxes and colours as mass proxies. Btzer[3.6] and
[4.5] bands cover rest-frame near-infrared emissio®-(@um) for
galaxies at B < z< 3.2, hence are relatively good tracers of stel-
lar mass. We cannot use ti$pitzerlRAC fluxes of the CARLA
guasars as mass proxies, as these objects are dominateé by th
light from the central AGN. However, the IRAC fluxes of the 208 .

because we must rely on mass proxies.

CARLA radio galaxies, whose central AGN light is mostly ob- The near-IR luminosity of a galaxy is a good measure of its

scured, are likely to be good mass proxies. stellar masd i ~hail 998), therefore we ¢

To form the control sample we divided the 208 radio galaxies
in the CARLA sample into ten redshift bins of widffz = 0.19; all .lRAC [3.6]and [4.5] p_hoto_metry O.f the RLAGN and co_ntrol gela
ies to rest-frame luminosities using the spectroscopic @rato-

CARLARLAGN have spectroscopically measured redshiftstEa metric redshifts, respectively. We then linearly integtel or ex-

redshift bin was subdivided into twe!ve [3'6] magnlltudesbmf trapolate these two data points to measure the rest-fradsgaurh.
A m = 0.33, which was further subdivided into four bins of [3.6]- o . : .
. . luminosities of the galaxies. This wavelength is close &Jthband
[4.5] colour withA colour= 0.3. Thus the 208 CARLA radio galax- N
; - ; . . ) ? central wavelength and was chosen because it lies in bettheen
ies were divided into 480 bins. The radio-quiet UDS galawiese L )
- : ) . observed [3.6] and [4.5] bands for the majority of the gadaxiAs
divided into the same 480 bins, and from each bin we randoeily s . - ; . )
. . . : illustrated in the top panel of Figl 2, the CARLA radio gakesiand
lected twice the number of UDS galaxies as CARLA radio g&sxi . S
control galaxies are so similar in rest-frame lu&8babsolute mag-

Eighteen bins contained fewer UDS galaxies than CARLA radio . - T
galaxies, therefore we gave an extra weight to the 38 UD&igasla ?gggegt%at aKStestis unable to distinguish between trasptes

in these bins so they had the equivalent weight of 114 gaaXiee Approximately a fifth of our reduced CARLA radio-galaxy

final control sample consisted of 280 galaxies. subsample have stellar masses measur S ) (20

A sub_set of 68 CARLA radio galaxies fell in bins that were using SED fitting of 3 to 7Qum photometry. These masses are
not occupied by any UDS source. These sources were generallyvery similar to those of the control galaxies (measureduhdSED
bright and red galaxies at high-redshift. It is likely thaetIRAC

. . ; ) fitting of U—band to 45um photometry), as shown in the bottom
fluxes from these galaxies are contaminated by direct AGi big  panel of Figk2. A KS test results in P=0.15, which means tigre

hot dust. The caveat to using IRAC magnitudes as a mass pEoxy | no significant difference between the masses of these 25 RLAG

that approximately a third of radio galaxies aBk z < 3.2 are )
dominated, at rest-frame 1161, by AGN-heated hot dust emis- and the control galaxies. These two tests suggest that titeoto

sion rather than stellar emission_(De Breuck et al. 2010ps€h galaxy sample is well-matched in mass to the CARLA RLAGN.
galaxies appear slightly brighter and redder than galeofiesm-

ilar mass without AGN. We thus removed the 68 galaxies froen th

CARLA radio galaxy sample to leave a subsample of 140 galax- 2-2-3 Galaxy type

ies that matches the control sample perfectly in redst#fé]fand ~ yhiist forming a control sample it is important to considetaxy
[3.6]-[4.5]. Removing these galaxies does not affect oaults as type, as passive galaxies are located in denser envirosrtiesn
the redshifts and environmental densities of the remaiGiARLA their star-forming counterparts up m~ 1.8 (Chuter et all 2011;
radio galaxies are very similar to the full CARLA sample (aewn IQuadri et all 2012). RLAGN at.3 < z < 3.2 do not conform to a
in Figs[1 andB). It is possible that some RLAGN in our rema@ni  gjngle galaxy type. RLAGN hosts at 1.8 tend to contain old, qui-
CARLA radio galaxy sample are still contaminated by low leve  gscent stellar populations, and their light profiles aréilainto the
of hot dust emission in the IRAC bands, however, this meaat th  §e \aucouleurs profile (e.4.. Best, Longair & Roettgeringdoin

One of the aims of this work is to test whether RLAGN reside in
denser environments than similarly massive radio-quiéixies.
Hence the validity of our results hinges on our selectionadratrol
sample that is well-matched in both redshift and mass. Tdehiét
selectionis trivial since the CARLA RLAGN all have speciropic
redshifts and the photometric redshifts of the UDS cataagye of
high quality (Hartley et dl. 2013). Ensuring that our cohsam-

ple matches the stellar masses of the CARLA RLAGN is harder

our mass-matching will be on the conservative side, anddheal contrast, RLAGN hosts at> 2 often have clumpy morphologies
galaxies selected may be slightly more massive than the @ARL 54 high star formation ratNels (Pentericci et al. 1999; Droetzal.
radio galaxies. 2014). It is likely that the CARLA RLAGN comprise a range of

In Fig[l we compare the redshifts, [3.6], and [3.6]-[4.5] galaxy types. The control sample similarly contains a migaiixy
colours of the CARLA radio galaxy subsample and the control types, with approximately 55% defined as quiescent.
sample. Kolmogorov-Smirnov (KS) tests result in probdiiesi of With only IRAC colour information for the CARLA RLAGN
0.77,0.97, and 0.33, for the redshifts, magnitudes andics|oe- itis not possible to form a control sample that matches getigxe
spectively. These tests suggest there are no significdeteatites exactly. However, we checked our results whilst limiting ton-
in these properties between the CARLA radio galaxy subsampl o] sample to quiescent galaxies only, and then with sieming

and UDS control galaxies. galaxies only, and found no difference in the results (sesti@e
The fraction of control galaxies that host radio-quiet AGASW 377 for more details).

measured using deeyMM-Newtondata 8). The
closestk-band selected galaxy within 5 arcsec of the X-ray point
source was assumed to be the galaxy counterpart, whichtedsul

in 191 X-ray point sources in the redshift rang8 & z < 3.2. Ap- 2:3 Measuring environment

proximately 7% of the control galaxies have X-ray detectiomi- The environments of the CARLA RLAGN and control galaxies
cating they host radio-quiet AGN. There is no significanfedénce were measured by counting the numberSgitzerIRAC colour-

in the IRAC luminosity, colour or environment between theax- selected galaxies within' tadius circles centred on each galaxy in
bright control galaxies and the rest of the control sample. the samples. This radius was chosen because it correspmiads t

© RAS, MNRAS000, 000-000
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Figure 2. A comparison of the rest-frame 1.2 absolute magnitudes (top
panel) and stellar masses (bottom panel) between the CARLAGR! and
the control galaxies. There is no significant differencehia test-frame
1.25:m absolute magnitudes, and the stellar masses of the cgafenlies
are very similar to the stellar masses of the 25 CARLA RLAGHIt tivere
measured using SED fitting of@to 70um photometry bmm.
). Hence the control galaxies are well-matched ifestetass to the
CARLA RLAGN.

angular size ofv 0.5 Mpc at 13 < z < 3.2, which is the typical ra-

dius of a high-redshift cluster. The well-test@b] — [4.5] > —0.1

colour-cut was used to remove galaxies witk: 1.3

[2008:| Muzzin et al. 2013b; Rettura et al. 2014, see discnsisio
Galametz et al. 2012). Using this criterion we expect to iobta
z> 1.3 galaxy sample with only 18 20% contamination by low-
redshift interloper3b). This colouresion cri-
terion identifies a homogenous sample of galaxies out~03.2
because [4.5] is almost constant for galaxiez at 0.7 due to
a negativek-correction, and these wavelengths cover thaih6
stellar bump for galaxies at.3d < z < 3.2. This stellar bump is
a prominent feature regardless of a galaxy’s star formatisn
tory. For the rest of this work we refer to the objects matgttime
[3.6] — [4.5] > —0.1 colour selection as ‘IRAC-selected sources’.

An object is defined as an IRAC-selected source if it is de-
tected above the.Bum 95% completeness limit of the CARLA
data ([4.5}22.9 mag) and has a colour [#.6] —[4.5] > —0.1. If
the source is not detected ab@m, an upper limit of the [3.6]-
[4.5] colour is determined using the58 detection limit of the
3.6um CARLA data ([3.6]=22.8 mag). This is the same criteria
used as in Wylezalek etlal. (2014), although differs front trsed
inWylezalek et al.[(2013) in terms of theGjm depth.

Most galaxies associated with the RLAGN will have mag-
nitudes fainter tham* — 1, wherem* is the characteristic ap-
parent magnitude of the proto-clusters surrounding the GNA
(McLure & Dunlop 2001). Wylezalek et al, (2014) measungdat
[4.5] for all proto-clusters associated with the CARLA RLAGN
6 redshift bins spanning.3 < z < 3.2. They foundm* to be in
the range of 19.85 to 20.4D.20 mag, which is consistent with
the proto-cluster galaxies forming at- 3 and passively evolving

© RAS, MNRAS000, 000-000

thereafterm® at 4.5um is approximately constant acros8 k¥ z <

3.2 because of a negatike-correction caused by the@.um stel-

lar bump that enters th®pitzerlRAC bands in this redshift range.
Therefore, we assume the averageof ~ 20.1 mag is valid for all

the CARLA proto-cluste& and any IRAC-selected source with
[4.5]< 19.1 mag was not included in our measurement of the en-
vironment for both the RLAGN fields and the control field. This
selection should also remove many of the low-redshift lopars.

24 Propertiesof CARLA RLAGN

If RLAGN are good tracers of proto-clusters because they are
easier to detect when they reside in dense environmentsxwe e
pect to see correlations between their environment and riugio-
properties. We therefore measured the spectral indetwhere

S, O v%), bolometric luminosity, radio emission extent and super-
massive black hole (SMBH) mass of the CARLA RLAGN to in-
vestigate possible trends with our environmental measemém

2.4.1 Black hole masses and bolometric quasar luminosity

The SMBH masses and the bolometric luminosities of the 211
radio-loud quasars in the CARLA sample were obtained froen th
SDSS 11). The SMBH masses are virial masses,
i.e.,it is assumed that the broad-line emission regionrialised
and the continuum luminosity and broad emission line width a
good proxies for the broad-line region radius and velocégpec-
tively. Due to the spectral coverage of the SDSS data the g

is used to calculate the virial mass of the SMBH for RLAGN at
z< 1.9, whilst for all higher redshift RLAGN the @ line is
used|(McLure & Jarvis 2002; Vestergaard 2002). We note keaet
are large uncertainties and significant systematic bisssscated
with these SMBH mass estimates, which are described inl dietai

Shen et &l[(2011).

2.4.2 Extent of the radio emission

The sizes of the radio emission of CARLA sources were medsure
from the Very Large Array (VLA) Faint Images of the Radio Sky a
Twenty-cm (FIRST) surve97)atl.4 GHz which

has a resolution of’5 We matched the 2013 June 05 version of
the FIRST catalogue with the CARLA sources and identified 284
sources covered by FIRST. All sources in the catalogue tae h

a > 5% probability of being a spurious source were removed; the
RLAGN are very bright so it is common that nearby sources are
sidelobes.

We identified RLAGN which had multiple radio components
within 1/, and defined the radio extent as the largest distance be-
tween the radio sources detected withinof the RLAGN host
galaxy. All sources were visually inspected for classiedio com-
ponent distribution. For AGN with only single radio compate
we identified the closest radio counterpart withihdnd the size
was defined as the full-width-at-half-maximum (FWHM) of the
major axis, which had been deconvolved to remove blurring by
the elliptical Gaussian point-spread function, down to gomaxis
FWHM < 2”. Sources with major axis FWHM 2" were classified
as unresolved. Of the 284 CARLA RLAGN with FIRST coverage,

2 We found no difference in our results if we used the full rangen*

found bMI@M) as apposed to the avemige
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Figure 3. A comparison of the environment surrounding the CARLA
RLAGN (red and black) and the UDS control sample (blue). Thei-e
ronment is assessed using the density of IRAC-selectecce®within an
arcmin radius. The black dashed histogram shows the full IGAABam-
ple. The solid red histogram comprises of the radio galaxyRCA sub-
sample described in Sectibn 2J2.1. The environments ofithsasnple and
full CARLA sample are statistically indistinguishable (K&st results in
P = 0.95). However, the environment of the control sample diff@gmifi-
cantly from both CARLA samples (KB ~ 10~4).

127 are extended sources (74 with multiple radio compohents
157 are unresolved sources.

2.4.3 Spectral indices

The spectral index of the radio emission was measured byg-cros
correlating two radio surveys with similar spatial resmnt(45-
80"): the 1.4 GHz NRAO VLA Sky Surve Al._1598)
and the 74 MHz VLA Low-Frequency Sky Survem& al.
). Radio-loud quasars may emit time-variable Dopganted
emission so it is not reliable to measure their spectratigliirom
surveys taken several years apart. Therefore we only mnedéser
spectral indices for the 158 radio-loud galaxies in the CARBm-

ple that are covered by both the NVSS and VLSS radio surveys.

3 RESULTS

3.1 DoRLAGN trace proto-clusterssimply becausethey are
hosted by massive galaxies?

If RLAGN reside in dense environments simply because they ar
hosted by massive galaxies, then we expect massive ra@o-qu
galaxies to occupy similarly dense environments. In[HigeZam-
pare the environments of CARLA RLAGN to the control sam-
ple. The environments of all 419 RLAGN in the CARLA sample
are very similar to the radio-galaxy subsample (a KS testgiv
P=0.95). The environments of the control galaxies are onagee
less dense than the surroundings of the RLAGN in both CARLA

TRAC-selected galaxy density (arcmin'Z)
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Figure 4. The radial profile of the IRAC-selected galaxy density suna
ing CARLA RLAGN and control galaxies. The top panel displeglé
CARLA and control galaxies, the middle panel shows galawibeh have
central arcmin densities between 14 and 18 IRAC-selectéakiga per
arcmir?, and the bottom panel shows galaxies with central arcmisiden
ties in the range of 7 to 11 IRAC-selected galaxies per arrfiine central
RLAGN and massive control galaxy are not included, and uacgies are
Vv/N. The RLAGN are in denser environments on all scales. In thi@ivo
two panels the profiles of the central arcmin are similar (@ystruction),
but at larger radii the RLAGN are denser than the controbgedaindicating
that larger and more massive structures surround the RLAGM radius is
shown both in arcmin, and proper angular distance for gedaaiz = 2.2
(which is the median redshift of the CARLA sample).

samples. A KS test results in a probability<0fl0~* (~ 40 signif-
icance) that the radio-loud and radio-quiet galaxies eesigimilar
environments. This means the high mass of the RLAGN hostgis n
the only reason why they trace rich environments.

Galaxy type may also influence our results as quiescent-galax
ies are located in denser environments than actively etamig
galaxies, at fixed stellar mass, even upzte 1.8 MI.
). We therefore checked the influence of galaxy type on ou
results by limiting the control sample to quiescent galsvaely,
and then with star-forming galaxies only. We found no difese
in the results, with both quiescent and star-forming cdrgem-
ples differing from the CARLA sample witha!significance. This
means that RLAGN reside in richer environments than all$yqfe
similarly massive galaxies.

In Fig.[4 we show the difference between the environments of
the RLAGN and the control galaxies in more detail by comgarin
their average radial density profiles. The top panel of[Fghdws
that the environments of RLAGN are denser than the contlakga
ies at all scales, having both more nearby neighbours andjerla
excess beyond 0.5 Mpc.

We then compare the radial profiles surrounding RLAGN and

© RAS, MNRAS000, 000-000
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control galaxies that have similar densities within a 1 ancna-
dius, choosing both high density regions with44& < 18 IRAC-
selected galaxies per arcriimiddle panel of Fig:4) and under-
dense regions with Z ¥ < 11 IRAC-selected galaxies per arcrin
(bottom panel of Fid.J4). The central densities are comparaip
construction, but beyond 1 arcmir 0.5 Mpc) the profiles diverge:
RLAGN reside in denser large-scale environments than the@o
galaxies.

This excess at large radii is not an artefact of the data re-
duction as the raw number counts of the SpUDS control field
and the CARLA fields are in good agreement (shown in Fig. 2 of
Wylezalek et alll 2013). These radial profiles imply the durtes
surrounding the RLAGN are more extended than those arousd ma
sive radio-quiet galaxies. It is possible that the strietigurround-
ing RLAGN are more massive, or alternatively, the extendegts
ture may be the signature of merging galaxy groups or clsister
ISimpson & Rawlings (2002) suggested that powerful RLAGRE li
the CARLA galaxies, may pinpoint merging clusters as they ma
be triggered by galaxy-galaxy interactions that occurrmymerg-
ers. Regardless of the origin of the extended structureldFgows
that RLAGN are more likely to reside in high-mass groups and
clusters than the average radio-quiet massive galaxy, iétkair
< larcmin environment (0.5 Mpc) appears average or undeseden

Overall, these results mean that the probability a radidsje
launched from an AGN depends on the Mpc-scale environmsnt, a
well as the galaxy mass. These results are in agreementtwities
of z< 0.7 RLAGN, such a$ Kauffmann, Heckman & Eest (2008)
and_BamQ_s_AlmﬁLd_aﬁLhL_czﬂls) who showed that RLAGN are lo-
cated in significantly denser environments than similarbssive
samples of quiescent galaxies. They also suggest thatghelen-
sity environment promotes the launch of radio jets from SNBH 10 15 20
Our results extend these studies to the high-redshift Weéyeand Density (arcmin”)
show that environment continues to have a strong influence on

AGN properties at B <z<32. . Figure 5. Examining relationships between the large-scale enviesmrof
The overdensities surrounding the CARLA RLAGN extend the CARLA RLAGN and properties of the radio emission and SMBkm

beyond 2, i.e. 23 — 4.2 cMpc (co-moving Mpc). According to the top to bottom: (a) the extent of the radio emission for resd\CARLA
models of_Chiang. Overzier & Gebhardt (2013), this implieatt sources; (b) ratio of radio to bolometric AGN power (for the@Ronly); (c)
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the typical masses of the overdensities are greater th¥h\VLO. spectral indexx (whereS, 0 v9); and (d) SMBH mass for the 211 CARLA
This mass is spread across a few hundred dylpad many of ~ AGN matched with the Shen etldl. (2011) SDSS catalogue. Sintitts are
these regions are likely to be diffuse proto-clusters rathan SMBH masses derived from Migwhilst open circles are derived from&
rich clusters. In time, these regions will collapse to beeaish Open diamonds are the mean in each density bin. There is nelattn

between RLAGN environment and any radio property, althotighe is a

clusters, but at the epoch of observation, the local enkrent e ¢ °
low-significance (2.8) weak correlation with SMBH mass.

of the high-redshift RLAGN may be similar to that of low-
and intermediate-redshift RLAGN, which are generally tedain

galaxy groups and poor clustefs (Fisher et al. 1996:] Bes6,200
2004;[McLure & Dunlold 200

1). It is possible that this partau Number  Spearman-rank P

coefficient
environment, where galaxy mergers and harassment arg litxel
be frequent, is very efficient at creating radio-jets. Extent of radio emission 127 0.03 0.77
L Radid/L Bolometric 211 -0.05 0.40
Spectral index 158 0.08 0.29
3.2 Observational selection biases SMBH mass 211 a6 0.02

In the previous section we showed that RLAGN are generallndo

in denser environments than radio-quiet galaxies. In thigian Table 1. Results from Spearman rank correlation test between tieel lfg-

. . ; . . rameters and the surrounding galaxy density of RLAGN. Pagptiobability
we examine whether there is an observational selectionthés of obtaining the rank coefficient by chance; P values grehger 005 mean

makes it easier for us to observe RLAGN if they are located in the correlation is not significant. The only significant etation is between

dense environments. the environmental galaxy density and the SMBH mass of the ®NA
Barthel & Arnaud [(1996) suggested that radio luminosity is

enhanced in rich environments because the relativistisnpdais

confined by dense intracluster medium (ICM). This confinemen

prevents the radio lobes from expanding adiabatically,alzdger

fraction of the electron’s energy is lost through synclontemis-

sion rather than expansion losses. Therefore these corsnedes

© RAS, MNRAS000, 000-000
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are more efficient in transferring AGN power into radio luwsa
ity. In a luminosity-limited sample of radio-loud galaxjesich as
the CARLA sample, this effect may create a selection biathdf
relativistic plasma is confined we also expect the sourc@pear
smaller, and the spectral index of their radio emission ¢éetn
due to Fermi acceleration across the shock fronts as th@dtsts

decelerate (Athreya & Kapahi 1998; Klamer ef al. 2006).

Whilst these RLAGN exhibit richer than average environreeatt
radii greater than’1(Fig.[4), the radio emission from all CARLA
RLAGN is limited to within ¥ of the host galaxy and therefore
is unlikely to be greatly affected by the gas associated thigse
more distant structures. This implies that dense ambientsyaot
a prerequisite for high-redshift radio-jets to be detected

We conclude that radio emission from the CARLA sample

We test whether the properties of the radio emission are af- is not significantly or systematically amplified when a CARLA

fected by the ambient gas in rich environments in [Hig.5 by in-
vestigating correlations between the environments of tARICA
galaxies and their extent, spectral index and the ratioaif tladio

to bolometric luminosity (for the quasars). There are tweeeds

to our method. First, our measure of environment is not robus
for individual objects as it is strongly influenced by cosméri-
ance along the line of sight. Nevertheless, our large sampkns
this variance should balance out and we are able to measire st
tistical properties. Second, complex trends exist betwadio ex-
tent, spectral index, luminosity and redshift (Blundell &\Ringjs
@). We try to minimise these issues by using the CARLA sam-
ple which is comprised of only the most powerful RLAGN which
reside in a narrow 3 Gyr window 3 < z< 3.2), yet these intrinsic
relations may make it difficult to find independent correlas with
environmental galaxy density.

As shown in FigCh, there is no significant correlation betwee
the radio properties of the RLAGN and its environment. Thame
radio extent of resolved sources+s125kpc (median~ 80 kpc)
and is approximately constant with density. A Spearman camk
relation test shows that neither the ratio of radio-to-b@étric lu-
minosity, nor the spectral index is correlated with the sunding
galaxy density (see Talflé 1). There is also no significafemihce
between the environments of radio sources that are resoitbe
FIRST survey and those that are not (KS p=0.16). Taking into a
count the caveats discussed above, this indicates thakzthefshe
radio emission is not affected by the Mpc-scale environnoéttie
AGN host galaxy.

There is no evidence that the sizes, spectral indices ar hadi
minosities of the AGN are affected by their environment, $iote
all three properties depend on other properties, such a®ega-
tation and redshift, we are unable to draw strong conclgsimm
these null results alone. However the literature also sstgghat
powerful radio emission is not enhanced in dense envirotsnen
nor is a dense environment a prerequisite for visible radiise
sion.\Wylezalek et al| (2013) found no correlation betweenria-
dio power of the CARLA AGN and their environment over 2 or-
ders of magnitude in radio power, covering28-295w Hz 1.
Similarly, [Karouzos, Jarvis & Bonfield (2014) found no trele-
tween radio power and environmental density of lower-lursity
RLAGN, though at lower redshifts, atOlO)Tﬁb
a negative trend between radio power and galaxy clusteonaf
dio galaxies. In contrast to these wo {al. (pédind
a trend of increasing galaxy overdensity with increasing\NAG-
dio luminosity forz~ 1 RLAGN. These works all look at different
ranges of radio power, which may explain some of the diffeesn
in the results. Whilst there is not unanimous agreement gsidhe
literature, the majority of studies suggest that the radinihosity
of a RLAGN is not amplified in dense environments.

source lies within a dense environment, and therefore tisene
observational selection bias that makes it easier for ubsemve
RLAGN when they are located in richer environments. Since we
cannot invoke an observational selection bias to explamréBults
from Sectiod 3.1 (that RLAGN reside in denser environmemas t
radio-quiet galaxies), we resort to the alternative exqian: the
probability of the central SMBH launching a radio-emittijeg de-
pends on the host galaxy’s environment.

If the large-scale environment influences the propertigh®f
SMBH directly we may expect a correlation between the SMBH
mass and its environment. Although there is a great dealaifesc
in Fig.[3d, we find a mildly significant, but small tendency foore
massive SMBHs to lie in denser environments: the Spearman co
relation coefficient is A6 at 98% confidence. This correlation may
simply result from the relation between stellar and SMBH snas
(Ferrarese & Merrift 2000) and the tendency for high massxjes
to reside in denser environments than low mass galaxiesefdre
further investigation of this trend requires a study of theien-
ment and SMBH mass of RLAGN at fixed stellar mass. Because the
significance of the correlation is so low, we do not discusgésult
further, however even if this correlation is real, it canegplain
why RLAGN tend to reside in dense environments. Powerful ra-
dio emission from AGN require the SMBHs to have masses greate
than 18 M, but there is no strong correlation between black hole

mass and radio luminosity (McLure & JarVis 2004).

4 DISCUSSION
4.1 Why do RLAGN tend toresidein proto-clusters?

The main goal of this study is to examine why RLAGN are com-
monly found in proto-clusters. We showed that RLAGN reside i
denser environments than similarly massive radio-quiéixigs,
which suggests a connection between the Mpc-scale envanm
and radio-loudness. We also showed that this connectioot idue
to the ICM environment amplifying the radio emission. Owsuis
therefore suggest that theunchingof powerful radio jets depends
in some way on the environment of the host galaxy. We can, how-
ever, only speculate on ways the Mpc-scale environmentrdln i
ence the properties of the AGN on sub-pc scales.

The semi-analytic galaxy formation models of Fanidakisi et a
) suggest that galaxy mergers are very important fieirohén-
ing whether an AGN becomes radio-lolid, Fanidakis et al. 1201
were able to reproduce the radio luminosity function as lasithe
black holes accreted gas in a chaotic manner (which keepspthe
of most black holes low; King & Prindle 2006), but the spin loét
most massive black holes was driven by black hole mergerglwh

Powerful radio jets can also be observed outside dense en-themselves are driven by the galaxy merger rate). These blac

vironments:| Venemans etlal. (2007) searched for protdesisis
around 8 RLAGN and found that 2 were not in dense environ-
ments. Additionally, almost a quarter (24%) of CARLA RLAGN
reside in average environments: the galaxy densities nvithbf
these sources are less thao above the control field density.

hole mergers result in rapidly spinning black holes, whicaym
be more likely to launch powerful jets (e.g., Blandford & Feta

). We expect high galaxy merger rates in proto-clusbers
cause of the high galaxy densities and the relatively lovoael
ity dispersions compared to virialized cluste

© RAS, MNRAS000, 000-000
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[2007{ Shimakawa et Al. 2014). Indekd, Lotz et al. (2011)ddhe
merger rate in @ = 1.62 proto-cluster was-10 times higher than
the coeval field rate. High galaxy merger rates imply higichla
hole merger rates, and therefore high black hole spins,hwiay
explain why proto-clusters commonly host RLAGN.

Muzzin et al[ 2013a), and does not appear to evolve rapidiysac
the 13 < z< 3.2 redshift interval. However, the uncertainties on
this number density are large because cosmic variance tiamg s
impact on measuring the density of such rare sources.

Using equation 1 we estimate that a powerful RLAGN is

However, the radio-loudness of an AGN depends on more than radio-bright for at least 2 per cent of the time between3.2 and

just the spin of the black hole; the accretion mode of the AGN
is also important | (Tchekhovskoy, Narayan & McKinngy 2010).
Fernandes et al. (2011) found a correlation between jet pane
accretion rate, which implies that high accretion ratesegeired

to generate the powerful jets of the CARLA RLAGN. Frequent
galaxy mergers in the proto-cluster environment will dungtdc
gas into the RLAGN host galaxy. Some fraction of this gasdslyi

to have sufficiently low angular momentum to fall into the lews,
leading to high accretion rates on to the black hole. Thuptbt-
cluster environment may promote high accretion rates orpsub
scales, which are required to generate powerful RLAGN.

4.2 Fraction of massive galaxies that become power ful
RLAGN

The environments of radio-quiet massive galaxies diffemfthose
of RLAGN, which means only a subset of massive galaxies wuder
radio-loud feedback as powerful agdgmpz = 107> WHz 1. We
estimate this fraction by scaling the CARLA probability dén
histogram in Fid.3, using a least squares fitting algoritbm,jt
matches the height of the control histogram at high derss{tid-
20 galaxies per arcmirf). We find that 50% of the control galax-
ies have similar environments to the CARLA RLABNThere-
fore only 50% of the massive control galaxies can go through a
RLAGN phase as powerful assgomuz = 10775 WHz 1 during
13<z<3.2.

A major limitation of this result is that we only discuss the
most powerful radio-loud sources aBk z < 3.2, rather than all
RLAGN. We cannot constrain the fraction of massive galatties
have RLAGN feedback, only the fraction that undergo the most
powerful feedback usually associated with FRII radio gi&lsx

4.3 Total lifetime of theradio-emitting phase

The proportion of time a RLAGN host galaxy is observed asaadi
loud can be estimated through the ratio of RLAGN to pote et
galaxies:

_ n(RLAGN
" n(host x frL

@)

where fg_ is the fraction of galaxies that can become radio-loud
(< 0.5), n(host) is the number density of galaxies that have sim-
ilar masses as the RLAGN galaxies, am@®LAGN) is the num-
ber density of RLAGN with lsoomnz > 10775 W Hz 1, which

is 5— 10 x 108 Mpc—3 comoving at 13 < z < 3.2 (Rigby et al.
2011).

A large uncertainty in this calculation comes frahost). The
stellar mass function is so steep at the high mass endhast) is
completely dependent on the number density of the most weassi
hosts (i.e., galaxies witk: 1011° M). The number density of

105 M, galaxies is~ 1— 7 x 1078 Mpc—2 (Santini et all 2012;

3 We obtain similar results when we run the algorithm usinéecéit den-
sity bin sizes, and when we use the full CARLA sample or the CAR
radio galaxy subsample.
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z=1.3, i.e.> 60 Myr. The radio-bright lifetime of RLAGN is lim-
ited to a fewx 10 Myr (Blundell & Rawlings 1999) so this result is
consistent with galaxies undergoing a single powerful RINAdir-

ing this period. However, since we derive lower limits of tbéal
radio-emitting lifetime we cannot rule out that powerfulli@loud
AGN feedback is a reoccurring phenomenon with each RLAGN
host galaxy undergoing multiple powerful radio-loud eplis® be-
tweenz= 3.2 andz= 1.3.

4.4 Heatingtheintracluster medium

Approximately half of CARLA RLAGN reside in rich environ-
ments containing IRAC-selected overdensities-&o significance
(Wylezalek et al. 2014). These environments are highlytikebe
proto-clusters or clusters, several of which have alreantron-
firmed (Venemans et Al. 2007; Galametz et al. 2010; Hatch et al
2011b] Galametz et al. 2013). However, Fig. 4 shows that then
RLAGN which have low densities in the central arcmin havaeic
environments at larger radii(0.5 Mpc). Therefore it is possible
that the majority of RLAGN reside in clusters and proto-tius.

The maximum number density of galaxies that become radio-
loud is a fewx10~®Mpc—2 and is therefore similar to that of
10 M, galaxy clusters in the present day (Vikhlinin elial. 2009).
It is therefore possible that every galaxy cluster hostedveepful
RLAGN at some point between3< z < 3.2.

The minimum radio-loud lifetime allows us to estimate the to
tal energy deposited into the forming ICM. The energy output
powerful RLAGN atz > 2 is a fewx 10°9 erg in 30 Myr consider-
ing only the electron population, and up to®%@rg when includ-
ing the protons in the jets (Erlund et al. 2006; Johnson|&@Go7;
[Erlund, Fabian & Blundell 2008).

It is well known that extra heating of the ICM on top of grav-
itational heating, of about 0.5-1 keV per particle, is regdito re-
produce the observed excess of ICM entropy (Kravtsov & Borga
[2012). In a cluster of gas massx110t M, this would require
1—2x 10°2erg. So the energy deposited by the RLAGN across
their active lifetime is sufficient to provide a large frawtiof this
energy to the ICM. If jets are able to couple efficiently witie sur-
rounding gas, then these powerful early feedback eventhaam
a dramatic and long-lasting impact on the intracluster gasiting
the intracluster gas may choke the proto-cluster galaxiesitiing
off the gas supply and limiting further stellar and SMBH gthw

i 4).

5 CONCLUSIONS

We have shown that the environments of high-redshift RLAGHN a
similarly massive radio-quiet galaxies differ so signifittg that

less than half of the massive galaxy population (with masstse
range 161115 M) at 13 < z< 3.2 may host a powerful RLAGN.
Even when we compare the subset of RLAGN and control galaxies
that have the same density within0.5 Mpc, we find the RLAGN
have richer environments beyond this radius, implying thal
reside in larger structures. Thus having a high stellar rdass not
ensure that a galaxy will host a RLAGN and we suggest that the
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presence of a radio-loud jet may be influenced by the Mpaescal

environment of the host galaxy.

The correlation between radio-loud AGN activity and high
density environments is not the result of an observatioslalcsion
bias. We examined whether dense environments amplifieadhe r
emission from a RLAGN by confining the radio emitting plasma o
transforming AGN power into radio power. We found no correla
tion between the environment and the radio size, spectiaior
fraction of AGN power emitted at radio frequencies. In aidait
approximately a quarter of RLAGN appear to reside in avesage
vironments on 0.5Mpc scales (which is typically the sizehd# t
radio emission). We therefore conclude that dense envieotsrdo
not greatly amplify the radio emission from a RLAGN at thislre
shift, but the probability that a jet is launched from thetrgaaxy
is likely to depend on the Mpc-scale environment.

We estimate the maximum space density of galaxies that ex-

perience a radio-loud episode in the epoch.8t1z < 3.2 to be a
fewx10~6 Mpc—3, which is similar to the space density of proto-
clusters: objects that can collapse to form 40 M, galaxy clus-
ter by the present day. Distant clusters and proto-clusterseli-
ably found near powerful radio-loud AGN (Venemans ét al. 7200
Galametz et al. 2010, 2d13; Hatch effal. 2011a.b; Wylezalak e

) so it is possible that every cluster progenitor exgpeed a
powerful feedback episode during8lk z < 3.2. We estimate that
each powerful radio-loud galaxy is active for at least 60 My if
the jets contain protons, then this feedback could provid®migh
energy per gas particle to pre-heat the forming ICM.
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