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A B S T R A C T 

Radio-AGNs (active galactic nuclei) are observed to be more strongly clustered than non-active galaxies, though it is 
unclear whether this is simply due to their pr efer ence for massive host galaxies, or if they reside in distinct environments 
beyond this mass dependence. Using data from three fields covered by the MIGHTEE surv ey, w e measure the angular 
two -point cross- correlation functions with a large, stellar mass-limited population of near-infrared selected galaxies, 
overcoming limitations of previous single- deep -field studies. By fitting halo occupation distribution models, we infer the 
galaxy bias parameters, b, for radio-AGN in thr ee r edshift ranges with median redshifts of z med = 0 . 76 

+0 . 17 
−0 . 28 , 1 . 25 

+0 . 14 
−0 . 17 , 

and 1 . 75 

+0 . 44 
−0 . 18 , finding b = 1 . 94 

+0 . 07 
−0 . 07 , 2 . 50 

+0 . 11 
−0 . 18 , and 3 . 38 

+0 . 27 
−0 . 38 , respectively. The typical dark matter halo mass decreases 

with increasing redshift: log 10 (〈 M h 〉 / M �) = 13 . 44 

+0 . 08 
−0 . 08 , 13 . 17 

+0 . 07 
−0 . 06 , and 13 . 03 

+0 . 09 
−0 . 10 , which we attribute to the increased 

abundance of cold gas required to fuel AGN activity at earlier times. The AGN duty cycle is determined to be ∼ 5 –9 per cent, 
and w e estimat e that the t otal energy radiat ed by radio-jets ov er 0 < z < 2 . 5 is ∼ 10 

53 J per halo, which is sufficient to 

account for the observed e x cess heating of g as beyond that of gravitational collapse. Comparing the typical dark matter 
halo masses to the values obtained for the control sample, we find that the halo masses of radio-AGN are 1 . 54 

+0 . 47 
−0 . 33 , 1 . 11 

+0 . 25 
−0 . 20 , 

and 1 . 82 

+1 . 04 
−0 . 57 times greater than those of the stellar mass- and redshift-matched galaxies. This difference could arise because 

AGN feedback suppresses stellar mass growth while leaving halo mass unchanged, or because radio-AGN pr efer entially 

reside in earlier forming haloes which are more strongly clustered. 

Key wor ds: g alaxies: active – galaxies: haloes – dark matter – large-scale structure of Universe – cosmology: observa- 
tions – radio continuum: galaxies. 
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 INTRODUCTION  

t is well-established that the environment in which a galaxy 
esides can significantly affect its ev olution, with activ e galactic 
uclei (AGNs) playing an important role in this process (R. G. 
ower et al. 2006 ; D. J. Croton et al. 2006 ; P. F. Hopkins et al.
006 ; C. M. Harrison et al. 2018 ). AGNs are powerful astrophys-
cal phenomena, powered by the accretion of matter on to the
upermassive black hole (SMBH) at the centre of a galaxy (P. 
adovani et al. 2017 ). Radio-AGN r epr esent the most massive and
nergetic AGN in the Universe (P. N. Best et al. 2005 ) with black
ole masses � 10 8 M � (M. J. Jarvis & R. J. McLure 2002 ; R. B.
etcalf & M. Magliocchetti 2006 ). These objects emit r adio w aves

hr ough synchr otr on radiation pr oduced by their jets of r elativis-
ic charged particles (R. Antonucci 1993 ). The energetic input of 
GN through their jets has a significant impact on both their
ost galaxies (e.g. S. Rawlings & M. J. Jarvis 2004 ; V. Springel,
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. Di Matteo & L. Hernquist 2005 ; C. Cicone et al. 2014 ; C. M.
arrison et al. 2014 ) and their large-scale environment (e.g. M.
itti, F. Brighenti & B. R. McNamara 2012 ; R. Gilli et al. 2019 ;
. Eckert et al. 2021 ). By injecting energy into the surrounding
edium, AGN heat the gas in their envir onment, pr eventing it

rom cooling and collapsing to form stars (see B. R. McNamara &
. E. J. Nulsen 2012 for a review). First introduced t o resolv e dis-
repancies between observation and simulations (e.g. R. G. Bower 
t al. 2006 ; D . J . Croton et al. 2006 ; I. G. McCarthy et al. 2010 ),
his process is known as AGN feedback, and is now recognized
s a key mechanism in r egulating g alaxy evolution (A. C. Fabian
012 ; M. Hardcastle & J. Croston 2020 ; M. Gaspari, F. Tombesi &
. Cappi 2020 ). Investigating the environments of AGN helps 

 o det ermine whether certain environmental conditions trigger 
r support AGN activity, and provides an insight into how AGN
eedback influences their surroundings. 

Because radio signals are unatt enuat ed by dust, it is possible to
onduct studies on radio-AGN out to high redshifts ( z ∼ 7 ; e.g.
. Endsley et al. 2022 ). How ev er, such inv estig ations ar e often

imited by the depths of optical follow-up observations which are 
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ecessary to obtain redshifts for these sources (e.g. M. J. Jarvis
t al. 2009 ; K. McAlpine, M. J. Jarvis & D. G. Bonfield 2013 ;
. Smol ̌ci ́c et al. 2017 ). Earlier works on the environments of 
adio sour ces cr oss-matched with optical g alaxies fr om wide-ar ea
urveys, allowing the clustering of AGN to be measured out to
 ∼ 0 . 5 (M. Magliocchetti et al. 2004 ; K. Brand et al. 2005 ; D. A.
ake et al. 2008 ; E. Donoso et al. 2010 ; S. Fine et al. 2011 ). More

ecent efforts have ext ended clust ering analyses t o higher red-
hifts using radio surveys that focus on smaller fields with deeper
ptical surv ey cov erage (R. C. Hickox et al. 2009 ; S. N . Lindsa y,
. J. Jarvis & K. McAlpine 2014 ; M. Magliocchetti et al. 2017 ;
. L. Hale et al. 2018 ; A. Chakraborty et al. 2020 ; A. Mazumder,
. Chakraborty & A. Datta 2022 ). 
Radio-AGN ar e pr edominantly hosted by the most massive

 alaxies, both locally (e.g . S. Eales et al. 1997 ; M. J. Jarvis et al.
001a ; P. N. Best et al. 2005 ; T. Mauch & E. M. Sadler 2007 ; J.
abater et al. 2019 ; A. Capetti et al. 2022 ) and at higher redshifts
e.g. V. Smol ̌ci ́c et al. 2009 ; G. Gürkan, M. J. Hardcastle & M. J.
arvis 2014 ; M. Magliocchetti et al. 2016 ; H. Uchiyama et al. 2022 ;
. N. Best et al. 2023 ). The likelihood of a galaxy hosting an
GN is strongly correlated with its stellar mass (P. N. Best et al.
005 ; T. Mauch & E. M. Sadler 2007 ; J. Sabater et al. 2019 ; M.
agliocchetti et al. 2020 ; R. Kondapally et al. 2025 ), with nearly

ll of the most massive local elliptical galaxies hosting an AGN
M. J. I. Brown et al. 2011 ; A. Capetti et al. 2022 ; R. Grossová et al.
022 ). How ev er, despit e this strong mass dependence, the wide
 ange of r adio luminosities observ ed among AGN appear t o be
argely uncorrelated with the stellar masses of their host galaxies
T. Mauch & E. M. Sadler 2007 ). 

In contrast to optical- AGN (e.g. G . Kauffmann, T. M. Heck-
an & P. N. Best 2008 ; E. Donoso et al. 2010 ; J. Sabater, P. N.
est & M. Argudo-Fernández 2013 ; E. Retana-Montenegro & H.

. A. R öt tgering 2017 ), most radio-AGNs are located in overdense
nd cluster -lik e structures. This has been quantified in numer-
us clustering studies, which consistently show that radio-AGN
nhabit dark matter haloes with characteristic masses of M h ∼
0 13 –10 14 M � across a wide range of radio luminosities, frequen-
ies and redshifts (e.g. R. Allison et al. 2015 ; M. Magliocchetti
t al. 2017 ; E. Retana-Montenegro & H. J. A. Röttgering 2017 ;
. L. Hale et al. 2018 ; G. C. Petter et al. 2024 , see the review
y M. Magliocchetti 2022 ). Radio-AGNs have also been found to
e more concentrat ed t owards clust er centres, with the bright est
luster g alaxy mor e likely to host a radio-AGN than other galaxies
n the same over-density (e.g. P. N. Best et al. 2007 ; V. Smol ̌ci ́c et al.
011 ; N. A. Hatch et al. 2014 ; W. Mo et al. 2018 ; J. H. Croston et al.
019 ). 

Given the strong connection between radio-AGN activity and
ost galaxy mass, an open question is whether their enhanced
lustering is simply due to their pr efer ence for massive hosts, or
f they occupy distinct environments beyond this mass depen-
ence (i.e. are galaxies that host AGN simply a random subset
f massive g alaxies?). Differ ences in the clust ering betw een AGN
nd non-active galaxies of the same stellar mass may arise from
alaxy-level effects, such as feedback reducing star formation or
GN pr efer entially r esiding in g alaxies at the centr es of haloes,
s well as from assembly bias (L. Gao, V. Springel & S. D. M.
hite 2005 ; R. H. Wechsler et al. 2006 ), if AGN and stellar mass-
atched galaxies tend to reside in haloes with different formation

istories at fixed halo mass. Previous works have investigated
his by comparing samples of cross-matched AGN to control
amples with similar properties (see Section 4.3.2 of the review
y M. Magliocchetti 2022 ). A number of studies find that radio-
NRAS 547, 1–24 (2026) 
GN inhabit denser environments and more massive dark matter
aloes than stellar mass-matched galaxies, even when control-

ing for quantities such as velocity dispersion (a pr o xy for black
ole mass) or colour (G. Kauffmann et al. 2008 ; R. Mandelbaum
t al. 2009 ). This environmental enhancement appears to de-
end on both host-galaxy properties and radio luminosity: passive
GN (hosted by galaxies with little ongoing star formation) are
r efer entially found in overdense regions, whereas non-passive
alaxies hosting AGN do not differ from a control sample (S.
ardelli et al. 2010 ). A t the highest r adio luminosities ( L 1 . 4 GHz >

0 24 . 5 W Hz −1 ), the enhanced environmental density was found
o disappear (N. Malavasi et al. 2015 ). More recent work finds
hat radio-AGN largely follow the environments of mass-matched
 alaxies, e x cept for a higher pr evalence of AGN in g alaxy clusters
S. Kolwa et al. 2019 ). 

The connection between the radio luminosity of AGN and
heir envir onments r emains unclear. Pr evious w orks hav e pro-
uced conflicting results on whether the clustering of radio-
GN depends on their luminosity, with some reporting that high-

uminosity AGN are found in higher-density regions than their
ower luminosity counterparts (e.g. S. Bardelli et al. 2010 ; S. N.
indsay et al. 2014 ; C. L. Hale et al. 2018 ; J. H. Croston et al.
019 ; W. Mo et al. 2020 ), while others have found no significant
ependence of environment on radio luminosity (e.g. M. Maglioc-
hetti et al. 2004 ; G. Kauffmann et al. 2008 ; D. Wylezalek et al.
013 ; G. Castignani et al. 2014 ; S. Kolwa et al. 2019 ). Conversely,
 smaller number of studies suggest the opposite trend, with low-
uminosity AGN pr efer entially inhabiting denser r egions (e.g . E.
onoso et al. 2010 ; N. Malavasi et al. 2015 ; H. Uchiyama et al.

022 ). 
To inv estigat e the clust ering of sources, w e measure the tw o-

oint correlation function (TPCF), which is a widely used mea-
ure of the statistical clustering of galaxies. It can be expressed
s the real-space correlation function, ξ (r) , which measures clus-
ering as a function of three-dimensional separation (e.g. P. J. E.
eebles 1980 ; M. Davis & P. J. E. Peebles 1983 ; M. Magliocchetti
t al. 2004 ; A. L. Coil 2013 ), or the angular correlation function,
(θ ) , which quantifies clustering in two - dimensional projections
n the sky when accurate line- of- sight distances are not available
e.g. H. Totsuji & T. Kihara 1969 ; C. M. Cress et al. 1996 ; C. Blake &
. Wall 2002 ; R. A. Overzier et al. 2003 ; Y. Wang, R. J. Brunner &
. C. Dolence 2013 ; P. W. Hatfield et al. 2016 ). 

The clustering of galaxies is closely linked to the underlying
istribution of dark matter in the Universe, as galaxies form
ithin dark matter haloes. The efficiency of galaxy formation

s enhanced in dense envir onments, wher e structur es of a given
ass collapse earlier due to the higher surrounding density. Con-

equently, galaxies do not trace the underlying dark matter dis-
ribution uniformly but are instead biased tracers (H. J. Mo & S.
. M. White 1996 ; J. A. Peacock 1999 ; A. Cooray & R. Sheth 2002 ).
he clustering of galaxies, ξgal , and the background dark matter
istribution, ξDM 

, are related by the bias parameter, b, through 

( r, z ) = 

δgal ( r, z ) 
δDM 

( r, z ) 
= 

√ 

ξgal ( r, z ) 
ξDM 

( r, z ) 
, (1) 

here δgal and δDM 

are the local galaxy and dark matter over-
ensities, respectively (N. Kaiser 1984 ). In the linear regime, the
ias is appr o ximately independent of scale, b( r, z ) ≈ b( z ) . The
ias parameter depends on halo mass, with more massive haloes
eing more strongly clustered, and the epoch of halo collapse,
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ith haloes that collapse earlier having higher bias (H. J. Mo & S.
. M. White 1996 ). 
The aim of this paper is to investigate whether there is a dif-

erence between the environments of radio - selected AGN and 

 control sample of galaxies matched in both stellar mass and 

edshift by comparing their projected clustering. The radio data 
r e fr om the MeerKAT International GHz Tier ed Extrag alactic
xploration (MIGHTEE; M. Jarvis et al. 2016 ) survey, which 

argets multiple well-studied fields with rich ancillary data. Us- 
ng a catalogue of radio sources that have been cross-matched 

ith their host galaxies observed at optical and near-infrared 

NIR) wavelengths, a sample of ∼ 2000 AGN covering ∼ 7 . 5 deg 2 
nd extending to z = 2 . 5 is constructed by applying a redshift-
ependent luminosity thr eshold. Pr evious radio-AGN clustering 
tudies have either used wide-area surveys but with higher flux 
imits (e.g. R. Mandelbaum et al. 2009 ; R. Allison et al. 2015 ; E.
etana-Montenegro & H. J. A. Röttgering 2017 ; G. C. Petter et al.
024 ), or considered a single deep field with area ∼ 2 deg 2 (e.g.
. Magliocchetti et al. 2017 ; C. L. Hale et al. 2018 ). MIGHTEE,

y spanning three widely separated fields with optical/NIR over- 
ap at high radio sensitivity, both reduces the impact of cosmic 
ariance on the clustering measurements and allows clustering 
o be measured out to high redshift. To quantify the differences
n environment, halo occupation models are fit to the measured 

orrelation functions in order to infer the statistical properties of 
he dark matter haloes that the samples inhabit. 

The paper is organized as follows. In Section 2 , the data, the
election of AGN and the construction of the control sample are 
iscussed. In Section 3 , we describe the methods that are used to
easure clustering and the chosen halo occupation model. The 

 esults ar e pr esented and discussed in Section 4 , and our findings
re summarized in Section 5 . 

For all calculations in this paper, we assume � cold dark 

atter ( �CDM ) cosmology with �� = 0 . 7 , �m 

= 0 . 3 , H 0 =
00 h km s −1 Mpc −1 with h = 0 . 7 , σ8 = 0 . 81 , and n s = 0 . 96 . All
agnitudes are given in the AB system (J. B. Oke & J. E. Gunn

983 ). 

 DA  T  A  

.1 Radio data 

he radio sources in this work are from the Data Release 1
DR1; C. L. Hale et al. 2025 ) catalogues of the ∼ 1 . 2 − 1 . 3 GHz

IGHTEE survey (M. Jarvis et al. 2016 ; I. Heywood et al. 2022 ).
oth higher- ( ∼ 5 arcsec ) and lower-resolution ( ∼ 8 arcsec ) im-
ges are available, and we use the catalogues that were derived 

r om the higher-r esolution data. The sour ces span thr ee fields
ith a wealth of available ancillary data: 4 . 2 deg 2 of the Cos-
ic Ev olution Surv ey (COSMOS) field, 14 . 4 deg 2 of the XMM–
ewton Large Scale Structure (XMM-LSS) field, and 1 . 5 deg 2 of 

he Chandra Deep Field -South (CDFS), with central root mean 

quare (r.m.s.) sensitivities of ∼1 . 2 −3 . 6 μJy beam 

−1 . By combin-
ng the fields, we increase the cumulativ e surv ey area and reduce
he impact of cosmic variance on the clustering measurements. 
he wide separation of the fields further helps t o mitigat e field-
pecific systematics that could otherwise affect the results. 

The catalogues account for the confusion limited nature of the 
IGHTEE images through an it erativ e source det ection proce- 

ure, as described in detail by C. L. Hale et al. ( 2025 ). The result-
ng catalogues contain 20 886, 72 187 and 21 152 radio sources in
he COSMOS, XMM-LSS and CDFS fields, respectively. 
.2 Optical/NIR data 

he catalogues of optical/NIR sources that are used in this study
av e phot ometry from sev eral surv eys. The NIR phot ometry is
rovided by the VISTA Deep Extr agalactic Observ ations (VIDEO) 
urvey (M. J. Jarvis et al. 2013 ) in XMM-LSS and CDFS, and the
ltraVISTA survey (H. J. McCracken et al. 2012 ) in COSMOS
hich covers the YJH K s bands. Further NIR coverage in the grizy
ands for all three fields is provided by the second data release
f the Hyper Suprime-Cam Subaru Str ategic Progr am (HSC-SSP; 
. Aihara et al. 2022 ). The optical photometry includes data from

he Canada-F r ance-Haw aii Telescope Legacy Survey (CFHTLS; 
 .-C. J . Cuillandre et al. 2012 ), which provides ugriz band data
n the COSMOS and XMM-LSS fields, as well as from the VST
ptical Imaging of the CDFS and ES1 Fields (VOICE; M. Vaccari

t al. 2016 ) surv ey, which cov ers the ugriz bands in the CDFS field.
Sour ces wer e selected in the K s -band using the source finding

oftw are SExtra ctor 

1 (E. Bertin & S. Arnouts 1996 ). After 
pplying masks to remove ar eas ar ound bright stars and artifacts,
he resulting catalogues contain 419 015 , 474 602 and 367 090
ources in the COSMOS, XMM-LSS and CDFS fields, respectively, 
overing areas of 1.7, 4.3 and 3 . 3 deg 2 . Ther efor e, in the C OSMOS
nd XMM-LSS fields, the area available for clustering analyses 
s limited by the multiw avelength cover age, while in CDFS it is
imited by the area of the radio observations. 

A comprehensive description of the catalogues will be provided 

y Stylianou et al. (in preparation). 

.3 Redshift PDFs 

pectr oscopic r edshifts ar e available for a subset of sour ces, ob-
ained by cross-matching with the merged spectroscopic cata- 
ogues of M. Vaccari ( 2015 ) using a 1 arcsec matching radius.
or the regions overlapping between the multiwavelength and 

adio data, this results in spectroscopic redshifts for 10 per cent,
3 per cent and 4 per cent of sources in the COSMOS, XMM-LSS,
nd CDFS fields, respectively. 

For the remaining sources, less accurate photometric redshifts 
re used. To account for the uncertainties in these estimates, the
 edshifts ar e r epr esented as pr obability distribution functions ( z-
DFs). In the CDFS field, the z-PDFs were derived using LeP-
ARE (S. Arnouts et al. 1999 ; O. Ilbert et al. 2006 ) which uses a
2 minimization approach to determine the most likely redshift 
y fitting the observed photometry to a suite of galaxy and AGN
 emplat e spectra. For the COSMOS and XMM-LSS fields, z-PDFs
ere found for each galaxy using the methods and catalogues of 

. W. Hatfield et al. ( 2022 ). They combined two methods for esti-
ating photometric redshifts: template fitting using LePHARE , 

nd the machine-learning algorithm GPz (I. A. Almosallam, M. J. 
arvis & S. J. Roberts 2016 ; Z. Gomes et al. 2018 ; N. Stylianou
t al. 2022 ), where a machine-learning model was trained using
alaxies with photometric data and spectroscopic redshifts. This 
roduced two distinct estimates for the z-PDFs of each source that
ere combined using a Hierarchical Bayesian model (T. Dahlen 

t al. 2013 ; K. J. Duncan et al. 2018 , 2019 ) to create a single con-
ensus distribution that outperforms each method individually. 
his is not possible in the CDFS field due to the heterogeneous
ature of the optical- w avelength data and the comparative lack
f spectr oscopic r edshift information in this field. 
MNRAS 547, 1–24 (2026) 

https://www.astromatic.net/software/sextractor/


4 J. Hamlett et al. 

M

Figure 1. Stellar mass and redshift distribution of NIR-selected galaxies 
from all three fields (blue points). The banding effect is caused by the 
discr ete r edshift bins of LePHARE . The black lines ar e the 90 per cent 
st ellar mass complet eness limits in each field, found by following the 
method of L. Pozzetti et al. ( 2010 ). The red boxes are our chosen stellar 
mass and redshift sub - samples. 
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.4 Stellar mass completeness 

he stellar mass of each optical/NIR galaxy was estimated using
he LePHARE code by fixing the redshift to the peak of the z-PDF
orresponding to the best-fitting galaxy t emplat e, and adopting
he G. Bruzual & S. Charlot ( 2003 ) stellar population synthesis

odels available in LePHARE . In the CDFS field, when an AGN
 emplat e provides a bett er fit, w e scale the stellar mass estimate
o the peak AGN z-PDF redshift using M ∗ ∝ D 

2 
L (z) where D L (z)

s the luminosity distance. This appr o ximation is r easonable be-
ause the K s -band observations are relativ ely insensitiv e t o ongo-
ng star formation so consistently trace the bulk of the stellar mass
T. Kodama & R. Bower 2003 ). Ther efor e, although the spectral
nergy distribution of the galaxy may ev olv e with redshift, the
esulting variation in stellar mass estimates for fixed observed
 s -band magnitude will be relatively small. The stellar masses of 

ources with spectroscopic redshifts are similarly scaled. 
St ellar mass complet eness refers t o the st ellar mass abov e

hich all galaxies are detectable given the flux limit of the survey.
elow this limit, an increasing fraction of galaxies are too faint
 o be observ ed, leading t o an incomplet e sample that w ould bias
he clustering results. To determine the completeness limit, the

ethod outlined in L. Pozzetti et al. ( 2010 ) was adopted. This
pproach is illustrated in Fig. 1 , which presents the stellar masses
f the galaxies as a function of peak z-PDF (or spectr oscopic) r ed-
hift. The lowest value of stellar mass, M ∗, at which a galaxy could
e det ect ed is calculat ed using its observ ed 2 arcsec aperture K s -
and magnitude by 

log 10 (M lim 

) = log 10 (M ∗) + 0 . 4 
(
K s − K 

lim 

s 
)
, (2) 

here the completeness limits are K 

lim 

s = 24 . 8 in COSMOS and
 

lim 

s = 23 . 5 in XMM-LSS and CDFS. 2 For each field, we calculate
he minimum masses at which galaxies could be observed and
NRAS 547, 1–24 (2026) 

 The magnitude limit in C OSMOS corr esponds to the 5 σ, 2 ′′ complete- 
ess limits from the fifth UltraVISTA data release (DR5). Although 
tylianou et al. use the deeper DR6 limits, we adopt the DR5 values as this 
s the release that was used for cross-matching the radio and optical/NIR 

atalogues (see Hale et al. in preparation). The magnitude limit in XMM- 

L
t
3

A
t

ompute the 90th percentile of these data for bins of redshift,
hown by the black lines in Fig. 1 . This is used to apply a min-
mum stellar mass threshold in each redshift bin. The red boxes
how the redshift and stellar mass sub - samples that are analysed
n subsequent sections. 

.5 Cross-matching radio sources with host galaxies 

r oss-matching radio sour ces with their optical/NIR counter-
arts associates them with their host galaxies for which redshift
nd stellar mass estimates have been made. Having redshifts en-
bles the conversion of radio-fluxes to luminosities, which are
sed to identify AGN, and allows the sample to be divided into
edshift bins so that the ev olution of clust ering ov er cosmic time
an be inv estigat ed. Without cross-mat ching, multiple radio com-
onents that belong to the same source, for instance the two

obes of a radio jet, could be misidentified as distinct sources
ith small angular separations when they are in fact part of 
 single extended source. When calculating the clustering, this
ould erroneously enhance the signal at small angular scales

e.g. C. M. Cress et al. 1996 ). Associating radio sources with their
rue optical/NIR counterparts allows such radio components to
e correctly merged into a single catalogue entry, and allows
enuinely overlapping sources to be deblended. 

To cross-match radio sources with their K s -band host galax-
es, two methods were used: (i) the aut omat ed Lik elihood Ratio

atching method (H. R. de Ruiter, A. G. Willis & H. C. Arp
977 ; W. Sutherland & W. Saunders 1992 , see e.g. K. McAlpine
t al. 2012 ; R. Kondapally et al. 2021 ; I. H. Whittam et al. 2024 ),
nd (ii) manual cross-matching by MIGHTEE team members via
he MIGHTEE zoo, a Zooniverse project (C. J. Lintott et al. 2008 ;
. Fortson et al. 2012 ) internal to the MIGHTEE consortium.
 detailed description of the cross-matching procedure will be
rovided by Hale et al. (in preparation). 3 
Overall, ∼ 94 per cent, 90 per cent, and 88 per cent of radio

ources in the area that overlaps with the optical/NIR data were
uccessfully matched to their host galaxy in the COSMOS, XMM-
SS and CDFS fields, respectively, resulting in 12 987 , 28 297 and
8 180 cross-matched radio sources. 

.6 Selecting AGN 

n this work, AGNs are selected by their radio luminosities.
ince radio-AGNs are more dominant than star-forming galaxies
t high radio luminosity (e.g. M. Magliocchetti et al. 2002 ; T.
auch & E. M. Sadler 2007 ), it is possible to apply a radio lu-
inosity threshold such that the majority of selected sources are
GNs. To convert the radio flux densities of sources to rest-frame

uminosities at 1 . 4 GHz , we assume that the radio sources exhibit
 simple power -la w radio spectrum S ν ∝ να , where S ν is the flux
ensity of the source with observed effective frequency ν, and the
tandard spectral index of the synchrotron power -la w, α = −0 . 7 ,
s assumed. The local effective frequency at the location of a
ource is derived from the effective frequency maps described in
ection 2.3 of C. L. Hale et al. ( 2025 ). These account for variations
SS and CDFS corresponds to ∼ 90 per cent completeness in VIDEO at 
hat depth (M. J. Jarvis et al. 2013 ). 
 This work used a preliminary version of the Hale et al catalogue from 

ugust 2025; there will be changes in source association between this and 
he final catalogue for a small subset of sources. 
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Figure 2. Radio luminosity at 1.4 GHz as a function of redshift for 
classified sources from I. H. Whittam et al. ( 2022 ). The black points are 
the unclassified sources, blue points are those classified as star-forming 
galaxies or probable star-forming galaxies, and red points are those clas- 
sified as AGN. The star-forming galaxy points are partially transparent 
t o improv e clarity. The solid black line is the radio luminosity threshold, 
L AGN ( z ) , above which 95 per cent of sources are classified as AGN. This 
same threshold is applied to the DR1 radio catalogue to create the AGN 

sample. For comparison, the AGN threshold of M. Magliocchetti et al. 
( 2014 ) is denoted by the dashed cyan line. 
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cross the survey field introduced by instrumental factors such as 
ariations in observed frequency due to the primary beam, where 
ensitivity decr eases acr oss the field, and flagging, which removes
ata affected by interference or instrument issues (B. V. Hugo 
t al. 2022 ). Including the k-correction factor (1 + z) −(1+ α) to ac-
ount for the shift in peak flux frequency due to redshift leads to 

 1 . 4GHz = 

4 πD 

2 
L ( z ) 

(1 + z) 1+ α

( ν

1 . 4 GHz 

)−α

S ν, (3) 

here z is the redshift of the source, and D L ( z ) is the
orresponding luminosity distance. 

To determine the luminosity threshold that separates AGN 

rom star-forming galaxies, we utilise the classified radio sources 
rom I. H. Whittam et al. ( 2022 ). Their study successfully cross-

atched 5223 out of the 6102 (86 per cent) radio sources from
he MIGHTEE Early Science radio continuum data release (I. H. 

hittam et al. 2024 ) with their host galaxies, and classified
8 per cent of these cross-matched sources as AGN, star-forming 
 alaxies, or pr obable star-forming g alaxies within the central 
 . 86 deg 2 of the COSMOS field. The classification was done us-
ng a combination of sever al methods: r adio - e x cess, mid-infrar ed
olours, optical morphology, char acteristic X-r ay emission, and 

ery long baseline interfer ometry measur ements. We bin these 
our ces in r edshift bins containing appr o ximately equal numbers
f objects, and find the minimum L 1 . 4GHz value above which 

5 per cent of sources are classified as AGN. To create a contin-
ous luminosity threshold in redshift, L AGN 

( z ) , w e int erpolat e
n log 10 (L 1 . 4GHz ) between the median redshifts of the sources in
ach bin. The 95 per cent threshold was chosen as a compromise
etween providing a high-purity AGN sample while maintaining 
 sufficiently large population for statistical analysis. Since in this 
ethod AGN are selected by their intrinsic properties (luminosity 

nd redshift) the same threshold is assumed to hold for the DR1
ata. 
Fig. 2 presents the redshift and luminosity distribution of the 

lassified Early Science sources along with our measurements of 
 AGN 

( z ) . For comparison, we also include the AGN luminosity
hreshold of M. Magliocchetti et al. ( 2014 ), which roughly cor-
esponds to the break of the local radio luminosity function of 
tar-forming galaxies. This threshold has been used in several 
revious clustering studies (e.g. M. Magliocchetti et al. 2017 ; A.
hakraborty et al. 2020 ; A. Mazumder et al. 2022 ), and is similar

o ours. 
Of the DR1 radio sources that were not successfully cross- 
atched with their optical/NIR host galaxies, only 75 have ra- 

io flux densities that are high enough to potentially e x ceed
 AGN 

( z ) assuming they hav e z < 2 . 5 . The incomplet eness in
r oss-matching is ther efor e not e xpect ed t o hav e a significant
mpact on the clustering measurements. 

.7 Redshift bins and weights 

e measure the clustering of galaxies for three bins of redshift:
 < z < 1 , 1 < z < 1 . 5 , and 1 . 5 < z < 2 . 5 . These ranges were se-
ect ed t o contain a sufficiently large number of AGN while main-
aining a redshift width of �z ≤ 1 to avoid e x cessive cosmic evo-
ution within a single bin. The numbers of sources in each bin are
iven in Table 1 . 

Since the photometric r edshifts ar e r epr esented as PDFs, the
pproach of S. Arnouts et al. ( 2002 ) is followed and every source is
ssigned a weight for each redshift bin corresponding to the prob-
bility that the true r edshift of the sour ce lies within that redshift
ange. When calculating the clust ering, ev ery galaxy appears in
very redshift bin, with its contribution weighted accordingly. For 
he optical/NIR galaxies, the weights are determined by integrat- 
ng the normalized z -PDF of each source, p i ( z ) , over the redshift
ange of the bin, [ z min , z max ] : 

 i = 

∫ z max 

z min 

p i ( z ) d z . (4) 

or sources with spectroscopic redshifts, w i = 1 if z spec is between
he redshift bin limits and 0 otherwise. 

A radio source will only be classified as an AGN if its lumi-
osity e x ceeds the r edshift-dependent luminosity thr eshold. To

ncorporat e this int o the w eighting, for each radio source 1000
andom redshift samples are drawn from its z-PDF using an in-
 erse cumulativ e distribution function sampler. At each sampled 

 edshift, the corr esponding radio luminosity is computed fr om
he observed flux of the source (scaled to 1 . 4 GHz ), and the
ample is retained if the AGN luminosity threshold is e x ceeded.
he weight assigned to the source, w AGN 

, is then taken to be the
raction of samples that both fall within the redshift bin and meet
he AGN luminosity criterion. For sources with a spectroscopic 
edshift, w AGN 

= 1 if its L 1 . 4GHz > L AGN 

(z spec ) and 0 otherwise. 
In Fig. 3 , we show the distribution of radio sources on the sky

n each field. The transparency of each radio source corresponds 
o the probability that it exceeds the AGN luminosity threshold 

ased on its assigned weight. 

.8 The matched galaxy sample 

ince our clustering measurements are based on angular sepa- 
ations (see Section 3.1 ), it is essential that the radio-AGN and
omparison galaxy sample have similar redshift distributions; dif- 
er ences in r edshift w ould lead t o variations in the physical scales
orresponding to a given angular separation. Additionally, it is 
ell-established that galaxies with higher stellar masses reside 

n more massive haloes which exhibit stronger clustering signals 
MNRAS 547, 1–24 (2026) 
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M

Table 1. The number counts ( N), median redshift ( z med ) and best-fitting HOD parameters for the full optical/NIR samples (‘All’), the AGN sample 
and the matched galaxy sample, along with the corresponding reduced χ2 

ν = χ2 / d . o . f. , for each stellar mass threshold and redshift bin. All masses are 
given as log 10 values in units of M �. Note that the number counts are actually the sums of the weights in each subsample. The quoted uncertainties 
are the 16 th and 84 th percentiles of the posteriors. 

M ∗ threshold Sample N z med M min M 0 σln M 

M 1 αs χ2 
ν

0 < z < 1 

9.5 All 186 954 0 . 71 +0 . 21 
−0 . 31 11 . 57 +0 . 06 

−0 . 02 9 . 50 +1 . 06 
−1 . 06 0 . 46 +0 . 42 

−0 . 33 12 . 75 +0 . 02 
−0 . 03 1 . 07 +0 . 03 

−0 . 04 2.66 
AGN 952 0 . 76 +0 . 17 

−0 . 28 12 . 81 +0 . 09 
−0 . 13 − 1 13 . 62 +0 . 35 

−0 . 52 0 . 93 +0 . 40 
−0 . 33 0.93 

Matched 1 720 0 . 78 +0 . 15 
−0 . 30 12 . 52 +0 . 12 

−0 . 21 − 1 13 . 46 +0 . 42 
−0 . 79 0 . 84 +0 . 42 

−0 . 25 0.84 

1 < z < 1 . 5 

10 All 69 518 1 . 21 +0 . 21 
−0 . 16 12 . 03 +0 . 08 

−0 . 05 9 . 91 +1 . 19 
−1 . 28 0 . 68 +0 . 40 

−0 . 42 13 . 20 +0 . 02 
−0 . 02 1 . 24 +0 . 03 

−0 . 04 0.34 
AGN 567 1 . 25 +0 . 14 

−0 . 17 12 . 88 +0 . 11 
−0 . 35 − 1 14 . 11 +1 . 24 

−1 . 16 0 . 89 +0 . 45 
−0 . 33 1.50 

Matched 1 229 1 . 22 +0 . 19 
−0 . 16 12 . 64 +0 . 24 

−0 . 50 − 1 13 . 42 +1 . 06 
−0 . 76 1 . 05 +0 . 30 

−0 . 37 0.99 

1 . 5 < z < 2 . 5 

10.4 All 36 207 1 . 85 +0 . 38 
−0 . 26 12 . 41 +0 . 07 

−0 . 06 10 . 17 +1 . 67 
−1 . 51 0 . 74 +0 . 31 

−0 . 45 13 . 52 +0 . 03 
−0 . 03 1 . 48 +0 . 08 

−0 . 18 1.99 
AGN 498 1 . 75 +0 . 44 

−0 . 18 12 . 87 +0 . 18 
−0 . 32 − 1 13 . 93 +1 . 39 

−0 . 75 0 . 99 +0 . 42 
−0 . 42 1.13 

Matched 990 1 . 76 +0 . 44 
−0 . 19 12 . 51 +0 . 25 

−0 . 42 − 1 13 . 97 +1 . 31 
−0 . 90 0 . 90 +0 . 46 

−0 . 37 3.43 

Figure 3. The positions of radio sources on the sky after applying the star mask in each field. The transparency of each point reflects the weight assigned 
to that source, which represents the probability that the source exceeds the AGN luminosity threshold. The fields from left to right are COSMOS, XMM- 
LSS, and CDFS. Note that XMM-LSS (middle) is much larger than the other two fields. 
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e.g. H. J. McCracken et al. 2015 ; P. W. Hatfield et al. 2016 ).
her efor e, t o isolat e the effects of the presence of an AGN on

he clustering signal, we construct a control sample (hereafter the
matched galaxy sample’) from the full galaxy population, such
hat the sum of the z-PDFs and the stellar mass distribution of 
he selected sources closely match those of our AGN sample. 

The first step in constructing the matched galaxy sample is to
easure the AGN host distribution in redshift and stellar mass.

he peak z-PDF values and their corresponding stellar masses
or radio sources with luminosities that exceed L AGN 

(z peak ) are
inned in a regular grid in the z– log 10 M ∗ plane. The binning is
erformed over the ranges 0 < z < 4 and 8 < log 10 (M ∗/ M �) <
3 , using bin widths of �z = 0 . 1 and � log 10 M ∗ = 0 . 05 . This
roduces a two - dimensional histogram that describes the joint
edshift-stellar mass distribution of AGN host galaxies. The
NRAS 547, 1–24 (2026) 
ame binning pr ocedur e is applied to the full optical/NIR galaxy
ample. 

The matched galaxy sample is then constructed by randomly
electing optical/NIR galaxies without replacement on a bin-by-
in basis. In each bin containing at least one AGN, up to twice
s many optical/NIR galaxies as AGN are select ed, subject t o the
umber of available galaxies in that bin. The resulting numbers
f galaxies in the matched galaxy sample in each redshift bin are
hown in Table 1 . 

Although the construction of the matched sample was per-
ormed using the peak z-PDF values, we validate the selection by
ccounting for the redshift uncertainties using the full z-PDFs.
o do this, we sample once from the z-PDF of each galaxy in
he AGN and matched galaxy sample. The stellar masses are
caled to these sampled redshifts using M ∗ ∝ D 

2 
L ( z ) where D L ( z )
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Figure 4. The redshift and stellar mass distributions of galaxies before 
(solid blue line) and after (dashed blue line) mat ching t o the AGN sample 
(solid red line), constructed by sampling from the z-PDF of each galaxy. 
The main panel shows the contour plots of these distributions, while the 
top and right panels display the corresponding normalized histograms for 
redshift and stellar mass, respectively. The contours are the 10, 25, 50, 68, 
and 95 per cent levels. 
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4 https://rmjarvis.github.io/TreeCorr 
s the luminosity distance (as in Section 2.4 ). We then perform
 Kolmogorov–Smirnov (KS) test on the resulting redshift and 

tellar mass distributions between 0 < z < 2 . 5 . Typically, below a
p-value of 0.05, the null hypothesis that both samples come from
he same parent distribution is rejected. Sampling many times, 
e find averages of p = 0 . 10 and 0.07 for the resulting redshift

nd stellar mass distributions, respectively, so they are consistent 
ith being drawn from the same underlying distributions. 
The joint redshift and stellar mass distribution of the full 

ptical/NIR sample before matching, the AGN sample and the 
atched galaxy sample are shown in Fig. 4 . 

 METHODS  

.1 Angular two-point correlation function 

n this work, the projected angular clustering is measured rather 
han the full three-dimensional spatial clustering because we lack 

r ecise spectr oscopic r edshifts for most sour ces. Without accu-
at e redshifts, estimat es of ξ (r) could be biased due t o uncertain-
ies in the line- of- sight distances. ω( θ ) is defined as the e x cess
robability of finding a pair of galaxies from two populations 
eparated by an angle θ on the sky, over the probability that would
e obtained if the galaxies were distributed randomly: 

P = σ [1 + ω(θ )] δ�, (5) 

here δP is the probability of finding two galaxies separated by 
ngle θ , σ is the surface density of sources on the sky, and δ� is
he solid angle (P. J. E. Peebles 1980 ). If the separation between
airs of g alaxies fr om the same population is measur ed, then ω(θ )

s known as the auto -corr elation function, wher eas if the two pop-
lations are distinct, it is known as the cross -correlation function. 
n the case of the cr oss-corr elation betw een tw o populations with
urface densities σ1 and σ2 , the e x cess pr obability is given by 

P 12 = σ1 σ2 [1 + ω(θ )] δ�1 δ�2 . (6) 

.1.1 Estimating ω(θ ) from data 

he TPCF can be estimated using the data by comparing the pair
ounts of separations between data sources for bins of angular 
eparation to pair counts of separations between sources in a 
atalogue of sources with randomly generated positions. We use 
he estimator of I. Szapudi & A. S. Szalay ( 1998 ): 

( θ ) = 

D n D m 

( θ ) − D n R m 

(θ ) − D m 

R n (θ ) + R n R m 

(θ ) 
R n R m 

( θ ) 
, (7) 

here D n D m 

( θ ) , D n R m 

( θ ) and R n R m 

(θ ) are the data–data, data–
 andom and r andom–r andom pair counts for separations within
t o θ + d θ betw een the tw o populations, denot ed by n, m = 1 , 2 .
or n = m , this e xpr ession r educes t o the aut ocorrelation estima-

or of S. D. Landy & A. S. Szalay ( 1993 ), who showed that the
nclusion of the cross-term, D n R m 

(θ ) , in the estimator produces 
rrors that are closer to their expected Poissonian values. When 

alculating the pair counts, each galaxy contributes only its as- 
igned weight. Since O(10) times more random positions than 

ata are used in order to minimize statistical noise in pair counts,
ll pair counts are normalized by the total number of counts over
ll bins of angular separation so that they sum to unity. 

Since the bin counts ar e discr ete, it may naively be assumed
hat the uncertainties on ω(θ ) for the i th θ bin are Poissonian, and
iven by 

ω i = 

1 + ω i √ 

DD i 
, (8) 

her e DD i ar e the unnormalized data–data pair counts for that
in. How ev er, this underestimat es the uncertainties as it fails t o
ake into account both the fact that the θ bins are correlated,
nd the contribution of cosmic variance from large-scale matter 
uctuations which dominates the uncertainty on large angular 
cales. Instead, the uncertainties in ω(θ ) are calculated using 
he jackknife sampling method (M. H. Quenouille 1956 ). Here, 
he survey field is split into N patch subr egions of r oughly equal
rea. Each patch is then excluded in turn from the clustering
easur ements r esulting in N patch estimates of ω i . The elements

f the covariance matrix are then estimated to be 

ov i j (ω ) = 

N patch − 1 
N patch 

N patch ∑ 

k=1 

(
ω 

k 
i − ω i 

) (
ω 

k 
j − ω j 

)
, (9) 

here ω 

k 
i is the value of ω i in the k th jackknife realisation, and

he expectation value, ω i , is the mean value of ω i over all N patch 

ackknife estimates, ω i = 

∑ N patch 
k=1 ω 

k 
i /N patch . The uncertainty on ω i 

s the standard deviation of the individual jackknife realizations 
rom the mean value multiplied by 

√ 

N patch − 1 which qualita- 
ively accounts for the fact that the individual jackknife samples 
re not independent (P. Norberg et al. 2009 ). 

To calculate the clustering results in this work, the TreeCorr
 python package (M. Jarvis, G. Bernstein & B. Jain 2004 ) is used,
hich takes N patch , and the RA and Dec of the data and random

ources as inputs. We also provide the weight for each data source,
s described in Section 2.7 . The estimator of equation ( 7 ) is then
MNRAS 547, 1–24 (2026) 
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sed t o calculat e ω(θ ) . For the jackknife uncertainties, w e use
 patch = 100 patches spread over the three fields. 

.1.2 Random catalogues 

s discussed in Section 3.1.1 , to estimate the TPCF of the data,
 catalogue of randomly distributed sources is required. The se-
ection of objects in these catalogues should mirror the selection
f the data to ensure that the physical clustering of sources is
easured, rather than observational selection effects which will

ffect the observed density of sources. 
To generate sources for the radio random catalogues, the ap-

roach of C. L. Hale et al. ( 2018 ) is followed. First, random points
n RA and cos ( Dec ) are generated, and any points that lie out-
ide of the r.m.s. map of the fields are removed. This is repeated
ntil there are ∼ 2 × 10 7 points in each field. Next, each point

s randomly assigned a flux density and redshift from an entry
n the Square Kilometre Array Design Study (SKADS) 100 deg 2 
imulated Sky simulations component catalogue (R. J. Wilman
t al. 2008 , 2010 ). This flux is scaled to 1.4 GHz using the maps
f local effective frequencies (as discussed in Section 2.6 ) and
ssuming the power -la w relation S ν ∝ να . 

The noise across each field is not uniform due to the varia-
ion in beam sensitivity and artifacts around bright sources. This
ntroduces deviations to the observed fluxes, causing some faint
ources to appear to fall below the detection thr eshold, wher eas
thers may be boosted above it. This affects the completeness
f the catalogue and the distribution of sources, especially near
he edges of the fields where the noise is gr eatest. To r eplicate
hese effects in the random catalogue, a noise term is added to
he assigned flux of each point. This is sampled from a Gaussian
istribution with a mean of zero and standard deviation equal
o the corresponding r.m.s. value at the location of the point.
he total flux of each point is then calculated as the sum of the
ssigned flux and this noise, and a point is included in the random
atalogue only if its total flux is greater than a 5 σ threshold,
here σ is the r.m.s. at the location of the point. For the remain-

ng points, their 1 . 4 GHz luminosities are calculated using their
caled fluxes and assigned redshifts, and the AGN luminosity
hreshold of Section 2.6 is applied. 

More advanced processes exist to account for other factors that
ffect the selection of sources, such as extended sources having
ow er signal-t o-noise ratios (SNR), and smearing due to time and
andwidth aver aging, calibr ation errors and ionospheric distor-
ion reducing peak flux densities (C. L. Hale et al. 2024 ). How ev er,
9 per cent of sources with w AGN 

> 0 . 1 have a SNR > 28 σ , so
hese effects will be minimal. 

After repeating this process for each of the three fields, a star
ask is applied to e x clude random sour ces located near bright

tars where photometric measurements in the optical/NIR data
re not possible. Finally, we randomly select ten times as many
andom sources as there are data sources in each field. Using a
ignificantly larger number of random sources than data reduces
he statistical noise in the TPCF estimation. 

.2 HOD modelling 

o connect the AGN clustering measurements to the statistical
roperties of the dark matter haloes they inhabit, we make use
f a halo - occupation distribution (HOD; A. A. Berlind & D. H.
einberg 2002 ; A. Cooray & R. Sheth 2002 ; I. Zehavi et al. 2005 )
NRAS 547, 1–24 (2026) 
odel. The HOD framework links the typical number of galaxies
n a halo with its mass, providing a statistical description of how
alaxies occupy dark matter haloes. This relies on knowledge of 
oth the halo profile and the halo mass function, which must be
alibrated using numerical simulations. By assuming a model of 
ow the bias varies with halo mass, the correlation function of 
alaxies can be predicted and compared to observational data.
he parameters of the HOD model, such as the minimum halo
ass r equir ed to host a central galaxy and how the number of 

at ellit e g alaxies incr eases with mass, can then be constrained
y fitting the correlation function predicted by the model to the
bserv ed clust ering measurements (I. Zehavi et al. 2005 ; Z. Zheng
t al. 2005 ). 

In HOD modelling, each dark matter halo is assumed to be
opulated by either zero or one central galaxy with a number
f orbiting sat ellit e galaxies. The occupation of galaxies depends
olely on halo mass, with no additional dependence on its en-
ironment or formation history. Central galaxies are present in
aloes with sufficiently large mass, and sat ellit e galaxies only
ccupy haloes that already host a central galaxy. The number of 
at ellit es then increases monotonically with halo mass (Z. Zheng
t al. 2005 ). 

For a choice of concentration–mass relation (how the concen-
r ation of dark mat ter haloes depends on their mass), halo mass
unction (the number density of haloes as a function of mass),
nd halo bias model (how dark matter haloes are distributed
elativ e t o the ov er all mat t er distribution of the Univ erse), the
OD model can be used to predict the galaxy power-spectrum,

nd then projected to give the angular correlation function (K.-
. Ng & G.-C. Liu 1999 ; G. Chon et al. 2004 ). 
Within the HOD framework, the TPCF can be decomposed

nt o tw o contributions: the one -halo term and the two -halo term
A. A. Berlind & D. H. Weinberg 2002 ). The one-halo term de-
cribes the clustering signal from pairs of galaxies that reside
ithin the same dark matter halo. This term dominates at small

ngular scales, typically corresponding to physical scales of less
han ∼ 1 Mpc (A. Cooray & R. Sheth 2002 ), and reflects the in-
ernal structure of haloes, including the distribution of sat ellit e
 alaxies ar ound the central galaxy. In contrast, the tw o-halo t erm
ccounts for the clustering of galaxies that reside in separate dark
atter haloes. It becomes significant at larger angular scales and

s governed by the large-scale distribution of dark matter haloes,
racing the underlying cosmic web. 

We not e, how ev er, that HOD modelling t ends t o underpredict
he clustering signal in the ‘quasi-linear’ transitional regime be-
ween the one- and two-halo terms. This is due to halo - e x clusion
ffects (haloes cannot overlap) and the breakdown of linear per-
urbation theory on these scales (e.g. C. Fedeli et al. 2014 ; A. J.

ead et al. 2015 ). While there is no simple correction, this caveat
hould be kept in mind when interpreting our results. 

.2.1 The HOD model 

or the HOD modelling in this w ork, w e use the LSST Dark
nergy Science Collaboration’s Core Cosmology Library ( CCL ) 5 
ython package (N. E. Chisari et al. 2019 ). We assume the A. R.
uffy et al. ( 2008 ) concentration–mass relation, the G. Despali

t al. ( 2016 ) halo mass function, and the J. L. Tinker et al. ( 2010 )
alo bias model, which w ere calibrat ed using simulations. It is

https://github.com/LSSTDESC/CCL
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lso assumed that the radial distribution of dark matter within 

aloes has a N avarr o–Fr enk–White pr ofile (NFW; J. F. N avarr o,
. S. Frenk & S. D. M. White 1996 ), and that the distribution
f sat ellit e g alaxies dir ectly follows this pr ofile. Halo masses ar e
aken to be the virial mass, defined with respect to the critical
ensity following G. L. Bryan & M. L. Norman ( 1998 ). 
The HOD model used by CCL draws from several papers, in-

luding Z. Zheng et al. ( 2005 ), S. Ando, A. Benoit-Lévy & E.
omatsu ( 2017 ), and A. Nicola et al. ( 2020 ), and has the following
v e paramet ers of int erest: 

(i) M min , the characteristic halo mass at which half of haloes
ost a central galaxy; 
(ii) M 0 , the minimum halo mass r equir ed for a halo to host a

at ellit e galaxy; 
(iii) M 1 , the characteristic halo mass at which a halo typically 

ontains a single sat ellit e galaxy; 
(iv) σln M 

describes the smoothness of the transition in halo 
ass for central galaxy formation; 6 and 

(v) αs , the power -la w index governing how the number of satel-
ites scales with the halo mass. 

For a given halo mass, M h , the average number of central galax-
es is given by an e xpr ession that smoothly transitions from 0 to
: 

 c (M h ) = 

1 
2 

[
1 + erf 

(
ln M h − ln M min 

σln M 

)]
, (10) 

here the error function 

rf (x) = 

2 √ 

π

∫ x 

0 
d t e −t 2 . (11) 

bove the minimum mass r equir ed to host a satellite galaxy, M 0 ,
he average number of satellites in a halo that contains a central
 alaxy incr eases as a power law: 

 s (M h ) = �(M h − M 0 ) 
(

M h − M 0 

M 1 

)αs 

, (12) 

here �(x) is the Heaviside step function. 
The average total number of galaxies in a halo of given halo
ass is then, 

 tot (M h ) = N c (M h ) ×
[
1 + N s (M h ) 

]
. (13) 

ote that N tot is defined so that a halo must have a central galaxy
n order to have a satellite contribution to the total number of 
alaxies. 

Once the best-fitting HOD parameters have been determined, 
he following values can be derived: the mean halo mass, 

 M h 〉 ( z ) = 

∫ 
d M M n ( M, z ) 

N tot ( M) 
n g ( z ) 

, (14) 

he fraction of galaxies that are sat ellit es, 

f sat ( z ) = 1 − f cen ( z ) = 1 −
∫ 

d M n ( M, z ) 
N c ( M) 
n g ( z ) 

, (15) 

nd the mean galaxy bias, 

( z ) = 

∫ 
d M b h ( M, z ) n ( M, z ) 

N tot ( M) 
n g ( z ) 

, (16) 
 Note that σln M 

is defined such that all logarithms of mass entering 
 c (M h ) are natural logarithms. This differs from the convention in some 
apers where log 10 is used. 7
here n ( M, z ) is the halo mass function, b h ( M, z ) is the halo bias
odel, and the integrals are normalized by the mean number 

ensity of galaxies, 

 g ( z ) = 

∫ 
d M n ( M, z ) N tot ( M) . (17) 

One additional consideration when modelling the cross- 
orrelation functions is the overlap between the samples. In other 
lustering studies, it is usually assumed that the two populations 
eing cr oss-corr elated ar e independent, or that the overlap be-
ween the two samples is small enough that it can be ignored.
ow ev er, our AGNs are a subset of the optical/NIR galaxies, and

he matched galaxy sample is drawn from the full optical/NIR 

opulation. This introduces additional self-pairing terms when 

easuring the cr oss-corr elation that correspond to galaxies that 
r e pr esent in both samples. To account for these effects in the
odel, we modified the CCL code, with the theory and changes 

escribed in Appendix A . 

.2.2 Model fitting and integral constraints 

ince the observed fields have finite sizes, the maximum possible 
ngular separation of two sources is limited. The observed TPCF, 
 obs , will ther efor e be under estimated at large angular scales and
egatively offset from the true TPCF, ω true : 

 obs (θ ) = ω true (θ ) − σ 2 
IC , (18) 

here the offset, σ 2 
IC , is known as the integral constraint. Its value

s given analytically by the e xpr ession fr om E. J. Groth & P. J. E.
eebles ( 1977 ), 

2 
IC = 

1 
�2 

“
ω true (θ ) d�1 d�2 , (19) 

here d�1 d�2 denotes integrating over the field solid angle 
wice. This can be estimated numerically using the random–
andom pair counts (N. Roche & S. A. Eales 1999 ): 

2 
IC = 

∑ 

i R n R m 

(θi ) ω 

true 
i ∑ 

i R n R m 

(θi ) 
. (20) 

To fit our model to the observed TPCF, we use the Markov
hain Monte Carlo (MCMC) sampling method provided by 
he python package emcee 7 (D . F oreman-Mackey et al. 
013 ). The starting positions of the walkers are drawn 

andomly from uniform priors over 11 < log 10 (M min / M �) <
5 ; 8 < log 10 (M 0 / M �) < log 10 (M 1 / M �) ; 0 < σln M 

< 1 . 4 ;
og 10 (M min / M �) < log 10 (M 1 / M �) < 16 ; and 0 . 4 < αs < 1 . 6 .
lthough the parameters are fit separately in each of the redshift
ins, they are assumed to be constant within each bin. 

The tw o paramet ers, M min and σln M 

, that control the shape of 
 c (M h ) , are highly degenerate since both have qualitatively simi-

ar effects on ω(θ ) (A. N. Salcedo et al. 2020 ). For the optical/NIR
alaxy TPCFs, this degeneracy is broken using n g by fitting si- 
ultaneously to both the measured ω(θ ) using the covariance 
atrix defined in equation ( 9 ), and the observed number density

f galaxies. A Gaussian likelihood is defined, L = exp (− 1 
2 χ

2 ) ,
MNRAS 547, 1–24 (2026) 

 https://emcee.readthedocs.io/en/stable/ 

https://emcee.readthedocs.io/en/stable/
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here the total χ2 is the sum of these two contributions: 

2 = 

∑ 

i 

∑ 

j 

(
ω 

true 
i − ω 

model 
i 

)
Cov −1 

i j 

(
ω 

true 
j − ω 

model 
j 

)

+ 

(
N 

obs 
g − N 

mod 
g 

)2 

σ 2 
gal 

. (21) 

n the first term, ω 

model 
i is the value of the TPCF from the HOD

odel for the i th θ bin, ω 

true 
i is related to the measured TPCF by

quation ( 18 ), and Cov −1 
i j are the components of the inverse of 

he covariance matrix. In the second term, the observed number
f galaxies, N 

obs 
g , is the sum of the assigned weights for galaxies

bov e the st ellar mass threshold (i.e. N 

obs 
g = 

∑ 

i w i ), and the num-
er of galaxies predicted by a given model is found by multiplying
he predicted number density by the comoving volume covered by
he fields: 

 

mod 
g = n g × �

4 π
× 4 

3 
π

[
d 

3 (z max ) − d 

3 (z min ) 
]
, (22) 

here d( z ) is the comoving distance to redshift z, and � is the
olid angle covered by the fields in steradians. The uncertainty on
he number of galaxies, σ 2 

gal = σ 2 
Pois + σ 2 

cv , contains contributions

rom Poisson noise, σPois = 

√ 

N 

mod 
g , and cosmic variance, σcv =

 σdm 

N 

mod 
g . The galaxy bias is calculated using equation ( 16 ) at

ach step in the MCMC chain, and the fractional dark matter
oot cosmic variance, σdm 

, in each field is estimated using the
osmic variance cookbook of B. P. Moster et al. ( 2011 ) which
cales with the width of the redshift bin as σdm 

∝ �z −1 / 2 . The
otal cosmic variance for the combined fields is then given by a
 olume w eight ed sum, 

2 
cv = 

∑ 

i V 

2 
i σ

2 
i 

( 
∑ 

i V i ) 2 
, (23) 

here V i is the comoving volume of each field between the red-
hift bin limits, calculated as in equation ( 22 ). 

For the AGN and matched galaxy sample TPCFs, the model
s fitted solely to ω(θ ) (the first term of equation 21 ) with the
 gal t erms omitt ed. This is because the observed AGN popula-

ion is not complete, since not all radio sources are successfully
ross-matched with their host galaxies, which will decrease the
nferr ed number density. A dditionally, the number of galaxies in
he matched sample is chosen arbitrarily, and so cannot be used
n the model fitting. When fitting to the TPCF of the optical/NIR
alaxies, we include both terms. 

Since the number of AGN is relatively small, the uncertainties
n the AGN autocorrelation are large, leading to weak constraints
n the HOD parameters when fitting to it alone. For this reason,
e fit to the cr oss-corr elation between the AGN (or matched

alaxy) sample and the optical/NIR g alaxies. This r equir es knowl-
dge of the best-fit ting HOD par ameters for the optical/NIR sam-
le. To pr operly pr opag ate uncertainties, in each r edshift bin, a

oint fitting is performed to the optical/NIR auto - correlation, the
GN cr oss-corr elation, and the matched galaxy cross-correlation,

imultaneously. The total likelihood is the product of the individ-
al likelihoods: 

L tot (φAGN 

, φmat , φopt ) (24) 
= L opt (φopt ) L AGN ×opt (φAGN 

, φopt ) L mat ×opt (φmat , φopt ) , 

here φopt , φAGN 

, and φmat are the HOD parameters for the op-
ical/NIR, AGN, and matched galaxy samples, respectively. This
NRAS 547, 1–24 (2026) 
ssumes that the uncertainties on the cr oss-corr elations ar e in-
ependent of those on the optical/NIR aut ocorrelation. Giv en
hat the optical/NIR sample is over an order of magnitude larger
han the AGN and matched galaxy samples, the uncertainties
n the cr oss-corr elation measur ements will be dominated by the
hot noise of the lat ter, r ather than by fluctuations in the opti-
al/NIR population. The covariance between the uncertainties
ill ther efor e be small, and we find that fitting to the autocor-

elation function alone gives the same best-fit ting par ameters as
hose obtained when fitting to the three sets of measurements
imultaneously. 

When fitting to the optical/NIR autocorrelation functions, all
v e HOD paramet ers are fit. How ev er, for the AGN and mat ched
alaxy samples, the fit is restricted to only three free parameters:
 min , M 1 and αs , while fixing M 0 = M min and σln M 

= 1 , chosen
 o be consist ent with the values found for high-luminosity radio-
alaxies by G. C. Petter et al. ( 2024 ). We find that allowing M 0 to
ary has a negligible impact on the resulting model correlation
unction and the best-fitting values of the other parameters. Fix-
ng σln M 

is necessary because, for these samples, number density
onstraints cannot be reliably used to break its degeneracy with
 min . 
We use 60 walkers (5 per model parameter) with a 500 step

urn-in phase and 2500 iterations. The fitting for the 1 . 5 < z <
 . 5 bin was also repeated with twice as many iterations which
roduced almost identical best-fitting HOD parameters and un-
ertainties, so we are confident that the number of iterations
ere is sufficient to reach convergence. The quoted upper and

ower uncertainties for the HOD parameters are the 16 th and 84 th 
ercentiles of the posterior distributions. 

 R E S U LT S  AND  DISCUSSION  

.1 Autocorrelation functions of AGN and matched 

alaxies 

ig. 5 presents the measured autocorrelation functions of the
GN and matched galaxy samples for each redshift bin. The
ottom panels in each plot are the ratio of the two correlation
unctions. The uncertainties are found using jackknife patches,
s discussed in Section 3.1.1 . We use θ bins ranging from θ =
 × 10 −3 − 1 ◦, producing 7 values of ω i that are uniformly spaced
n log θ space. The lower θ limit was chosen to be appr o ximately
wice the 5 arcsec resolution of the radio data, below which ra-
io source blending may become an issue, while the upper limit
as chosen to be slightly greater than the angular scale where

he measurements drop to zero due to the finite sizes of the
elds. 
All of the individual points of the measured autocorrelation

unction for the two samples overlap within the uncertainties. To
ssess whether the differences between the two curves are statisti-
ally significant, we perform a χ2 test, accounting for correlations
etween θ bins using the covariance matrices that were calcu-

ated with equation ( 9 ). We take χ2 = �T [ Cov (�) ] −1 
�, where

he total covariance matrix, Cov (�) , is the sum of the individ-
al matrices for the two samples, and � = ω AGN 

− ω mat is the
ifference between the two curves. The corresponding p-value is
omputed using the χ2 cumulative distribution function, which
uantifies the probability of obtaining the observed difference
nder the null hypothesis that the two samples have the same
nderlying clustering. 
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Figur e 5. The measur ed angular tw o-point aut ocorrelation functions, ω(θ ) , for AGN (r ed cir cles) and the st ellar mass-mat ched galaxies sample (blue 
squares) as functions of angular separation, θ , for each redshift bin. Left to right, these are: 0 < z < 1 , 1 < z < 1 . 5 and 1 . 5 < z < 2 . 5 . Open markers are 
negative values. For clarity, the matched g alaxy corr elations ar e offset by +0 . 1 de x in θ . The bottom panels give the ratio of the two correlation functions, 
with the black horizontal line at ω AGN /ω mat = 1 . 
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From the lowest to highest redshift bin, we obtain p-values of 
.91, 0.99, and 0.82, which are all much higher than the signifi-
ance thr eshold. Ther e is ther efor e no str ong evidence for signifi-
ant difference between the autocorrelations of the two samples. 
his motivates our use of the cr oss-corr elation functions with the

ull galaxy population. 

.2 Cr oss-corr elation functions of AGN and matched 

alaxies with optical/NIR galaxies 

o further inv estigat e the environmental differences between 

GN and the matched galaxy sample, we measure their cross- 
orrelations with the full galaxy population. Since the opti- 
al/NIR galaxy catalogue is significantly larger than the AGN 

ample, computing the cr oss-corr elation gr eatly incr eases the
umber of pair counts. This reduces statistical uncertainties and 

ncreases the likelihood of detecting significant differences in 

lust ering betw een the tw o samples. The smaller error bars will
lso produce tighter constraints on the best-fit ting HOD par am-
ters. As before, the measurements are limited by the resolution 

f the radio data, so we adopt the same θ range as for the auto-
orr elation measur ements while incr easing the number of bins
o 10. 

Fig. 6 shows the measured cross-correlations of AGN with opti- 
al/NIR galaxies and the cross-correlations of the matched galaxy 
ample with optical/NIR galaxies as functions of angular separa- 
ion for each of our redshift bins and stellar mass thresholds. The
ncertainties are found using the jackknife method described in 

ection 3.1 . 
For the 0 < z < 1 redshift bin at small angular separations,

he cr oss-corr elation signal for AGN is str onger than that of the
atched galaxy sample, suggesting that galaxies are more densely 

luster ed ar ound AGN within the same halo than non-active 
alaxies of similar stellar mass. The ratio plots shows that for
 < z < 1 , the AGN clustering signal is ∼ 1 . 5 times greater on
cales � 0 . 1 ◦. For higher redshifts, the difference between the
 e  
GN and matched galaxy signals is less pronounced; though, the 
GN measurements tend to lie consistently above those of the 
atched sample. 
For larger angular separations, how ev er, the cr oss-corr elations

or AGN and the matched g alaxies ar e indistinguishable within
he uncertainties in all redshift bins. On large scales where the
lustering of galaxies is well described by linear perturbation 

heory, the autocorrelation of AGN is proportional to the square 
f the bias parameter, b 2 AGN 

, whereas the cross-correlation scales 
s the product of the biases of the two populations, b AGN 

b opt (A.
ooray & R. Sheth 2002 ). As a r esult, the r elative differ ence in bias
etween the AGN and matched galaxy sample is less pronounced 

n the two-halo term of the cr oss-corr elation. 
To test whether the differences between the two curves are 

tatistically significant, we perform the same χ2 test as described 

n Section 4.1 . Since in each bin the AGN and matched galaxy
amples ar e cr oss-corr elated with the same g alaxy sample, their
easur ements ar e not independent, and this must be accounted

or in the covariance matrix. The total covariance matrix is 

Cov (ω AGN 

− ω mat ) = Cov (ω AGN 

) + Cov (ω mat ) 
− [

Cov (ω AGN 

, ω mat ) + Cov T (ω AGN 

, ω mat ) 
]
, (25) 

here Cov (ω AGN 

) and Cov (ω mat ) are the covariance matrices for
he AGN and matched galaxy cross-correlations estimated using 
quation ( 9 ), and the elements of the cross-covariance matrix are
iven by P. Norberg et al. ( 2009 ) 

Cov i j (ω AGN 

, ω mat ) 

= 

N patch − 1 
N patch 

N patch ∑ 

k=1 

(
ω 

k 
AGN 

− ω AGN 

)
i 

(
ω 

k 
mat − ω mat 

)
j , (26) 

ith Cov T i j (ω AGN 

, ω mat ) = Cov ji (ω AGN 

, ω mat ) its transpose. Per-
orming the t est, w e find a p-value of 7 . 9 × 10 −3 for the 0 < z < 1
edshift bin which is significantly below the p = 0 . 05 significance
hreshold, so the correlation functions differ significantly. How- 
ver, for the 1 < z < 1 . 5 and 1 . 5 < z < 2 . 5 bins, we find p = 0 . 23
MNRAS 547, 1–24 (2026) 
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M

Figur e 6. The measur ed angular two-point cr oss-corr elation functions, ω(θ ) , between AGN and optical/NIR g alaxies (r ed cir cles), and the cr oss- 
correlation of stellar mass-matched galaxies with optical/NIR galaxies (blue squares) as functions of angular separation, θ , for each redshift bin. Left to 
right, these are: 0 < z < 1 , 1 < z < 1 . 5 and 1 . 5 < z < 2 . 5 . The solid lines are the best-fitting HOD models and the shaded regions are the 1 σ confidence 
intervals. The bottom panels gives the ratio of the two correlation functions, with the black horizontal line at ω AGN /ω mat = 1 . 
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nd 0.06, respectively, so there is no significant difference be-
ween the two clustering signals. 

The enhanced clustering in the lowest redshift bin implies that
GN ar e mor e biased tr acers of the underlying dark mat ter dis-

ribution and, in turn, reside in more massive dark matter haloes
ompared t o non-activ e galaxies of the same stellar masses, in
greement with the findings of previous works (e.g. G. Kauff-
ann et al. 2008 ; R. Mandelbaum et al. 2009 ; S. Bardelli et al.

010 ; N. Malavasi et al. 2015 ). 
In addition to measuring the clustering of the AGN and
at ched sample, w e also inv estigat ed whether the cross-

orrelations of AGN with the optical/NIR galaxy sample depend
n their radio luminosity by dividing the sample into low- and
igh-luminosity sub - samples. Since the AGN selection threshold

s redshift-dependent, a corresponding minimum luminosity was
pplied in each bin so that the subsamples were drawn from com-
arable redshift distributions. New AGN weights were recom-
uted for each radio source following a similar pr ocedur e to that

n Section 2.7 , giving the probability that the source both exceeds
he luminosity threshold and falls within the luminosity range of 
he subsample. Applying the same significance test as above, no
ignificant differ ences wer e found betw een the clust ering of low-
nd high-luminosity AGN. While this null result may indicate
hat the environments of AGN are genuinely independent of ra-
io luminosity, it is more likely a consequence of the large statisti-
al uncertainties resulting from the small sample sizes. Ther efor e,
 larger dataset is r equir ed to establish this conclusively. 

.3 HOD modelling results 

aving determined that galaxies hosting AGN are significantly
or e cluster ed than non-active g alaxies mat ched in st ellar mass,
e now present the results of HOD modelling to infer the prop-

rties of the dark matter haloes that host our galaxy samples. We
rst present the best-fitting HOD parameters for the optical/NIR
utocorrelations function for each redshift and stellar mass bin,
NRAS 547, 1–24 (2026) 
hich must be known to measure the HOD parameters of the
GN and matched galaxy samples from their cross-correlations.
e then derive the best-fitting AGN HOD parameters and com-

ar e to pr evious r esults in the lit erature. Finally, w e compare
he best-fit ting HOD par amet ers of the AGN and mat ched galaxy
amples. 

Table 1 presents the best-fit ting HOD par ameters for the opti-
al/NIR, matched galaxy and AGN samples for each stellar mass
nd redshift bin along with the number of objects in each sample
nd the median redshifts. 

.3.1 Optical/NIR sample HOD results 

n this section, the best-fit ting HOD par ameters for the autocor-
elations of the optical/NIR samples are discussed and compared
o the values found by previous works. The measured autocorre-
ation functions and best-fitting models are shown in Fig. 7 . 

For the best-fit ting HOD par ameters, reduced χ2 
ν = 2 . 66 , 0.34,

nd 1.99 were obtained for the 0 < z < 1 , 1 < z < 1 . 5 and 1 . 5 <
 < 2 . 5 r edshift bins, r espectively. The number of degr ees of fr ee-
om is calculated as the number of θ bins (10) plus one (for fitting
o n g ), minus the number of model parameters (5). 

Table 2 presents the characteristic halo masses, M min and M 1 ,
r om pr evious studies that use the same fiv e paramet er HOD

odel. We include the results for their closest matching redshift
anges and stellar mass thresholds to the three used in this work.
n particular, P. W. Hatfield et al. ( 2016 ) measured the autocor-
elation function of galaxies from the first data release of the
IDEO survey out to z ∼ 1 . 7 over an area of 1 . 5 deg 2 , while H. J.
cCracken et al. ( 2015 ) measured the clustering of galaxies from
ltraVISTA to z ∼ 2 over 1 deg 2 . 
Ov erall, w e find that our measurements of M min and M 1 

r e br oadly consistent with those studies across the full red-
hift range considered. In the lowest redshift bin, we find a
lightly lower value of log 10 (M min / M ∗) = 11 . 57 +0 . 06 

−0 . 02 compared to
he log 10 (M min / M ∗) = 11 . 80 +0 . 09 

−0 . 08 reported by P. W. Hatfield et al.
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Figure 7. The measured angular two-point autocorrelation functions, ω(θ ) , for the full optical/NIR galaxy populations (upwards pointing green 
triangles) as functions of angular separation, θ , for each stellar mass and redshift bin. Left to right, these are: 0 < z < 1 , 1 < z < 1 . 5 , and 1 . 5 < z < 2 . 5 
with stellar mass thresholds of log 10 (M ∗/M �) > 9 . 5 , 10 and 10.4, respectively. The solid lines are the best-fitting HOD models and the shaded regions 
are the 1 σ confidence int ervals. Not e that the model is fitted to the observed number densities of galaxies in addition to the clustering measurements 
shown in this figure. 

Table 2. Characteristic halo masses, M min and M 1 , of optical/NIR g alaxies fr om pr evious works for comparable redshift ranges and stellar mass 
thresholds to the three used in this study. 

Survey Reference Redshift M ∗ threshold log 10 (M min / M �) log 10 (M 1 / M �) 

VIDEO P. W. Hatfield et al. ( 2016 ) 0 . 5 < z < 0 . 75 9.6 11 . 80 +0 . 09 
−0 . 08 12 . 80 +0 . 22 

−0 . 16 
1 < z < 1 . 25 10.1 12 . 00 +0 . 06 

−0 . 08 13 . 20 +0 . 14 
−0 . 24 

UltraVISTA H. J. McCracken et al. ( 2015 ) 1 . 5 < z < 2 . 5 10.4 ∼ 12 . 3 ∼ 13 . 5 
(see their fig. 9) 
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 2016 ), although their result corresponds to a stellar mass thresh-
ld that is higher by 0 . 1 dex . The overall agreement in the inferred
OD paramet ers, t ogether with the acceptable reduced χ2 values, 

mproves confidence in the reliability of the AGN HOD parame- 
 ers deriv ed fr om the cr oss-corr elations. 

.3.2 AGN sample HOD results 

his section discusses the best-fit ting HOD par ameters for the
GN cr oss-corr elation functions presented in Table 1 , and com-
ares the derived typical halo masses and bias values to previous
esults in the literature. 

Good fits to the AGN cr oss-corr elation wer e obtained for all
edshift bins with reduced chi-squared values of χ2 

ν = 0 . 93 , 1.50
nd 1.13, for the 0 < z < 1 , 1 < z < 1 . 5 and 1 . 5 < z < 2 . 5 redshift
ins, respectively, for 7 degrees of freedom. 

The best-constrained parameter in terms of relative uncer- 
ainty is M min , which remains consistent across the redshift 
ins. It ranges from log 10 (M min / M �) = 12 . 81 +0 . 09 

−0 . 13 in the 0 < z <
 bin to log 10 (M min / M �) = 12 . 87 +0 . 18 

−0 . 32 in the 1 . 5 < z < 2 . 5 bin.
his suggests that the characteristic halo mass r equir ed to host
 radio-AGN does not ev olv e strongly ov er the redshift range
onsidered. In the int ermediat e-redshift bin, 1 < z < 1 . 5 , with
 med = 1 . 25 +0 . 14 

−0 . 17 , we obtain log 10 (M min / M �) = 12 . 88 +0 . 11 
−0 . 35 . This is

ower than the value reported by M. Magliocchetti et al. ( 2017 )
f log 10 (M min / M �) = 13 . 6 +0 . 3 
−0 . 6 for a Very Large Array (VLA) ra-

io sample in COSMOS at z ≈ 1 . 25 . They assumed that all
 adio-AGN are centr al galaxies (i.e. one AGN per halo) and
t only to the two-halo term, for which angular correlation 

cales with the bias as ω 2h ∝ b 2 . Sat ellit es pr efer entially r eside
n higher mass haloes (typically around M 1 ) that have larger
 h (M h , z) . Including sat ellit es ther efor e raises the mean bias
bov e what w ould be predict ed for centrals alone. To r epr o-
uce the observed two-halo amplitude with central galaxies only, 
 min must be driven to higher values so that galaxies occupy
ore massive, and hence more biased, haloes. This may ex- 

lain our lower M min value, although we note the large uncer-
ainty associated with the measurement of M. Magliocchetti et al. 
 2017 ) due to the limited area coverage within just the COSMOS
eld. 
The parameters that determine the number of AGN satellite 

alaxies, M 1 and αs , are poorly constrained with large uncertain- 
ies relativ e t o those of the full optical/NIR sample. For increasing
edshift bins, we find log 10 (M 1 / M �) = 13 . 62 +0 . 35 

−0 . 52 , 14 . 11 +1 . 24 
−1 . 16 and

3 . 93 +1 . 39 
−0 . 75 . If the fraction of AGN hosts that are sat ellit e galaxies

s small, variations in M 1 or αs will have minimal effect on the
odelled correlation function (see the flat prior distributions in 

ppendix B ). Evaluating equation ( 15 ), we derive satellite frac-
ions of f sat = 0 . 18 +0 . 16 

−0 . 09 , 0 . 06 +0 . 21 
−0 . 05 and 0 . 06 +0 . 09 

−0 . 05 . This aligns with
bservations that the vast majority of radio-loud AGNs are lo- 
MNRAS 547, 1–24 (2026) 
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M

Table 3. The values of the typical halo mass, 〈 M h 〉 , the sat ellit e fraction, 
f sat , and the bias parameter, b, for the AGN and matched galaxy samples 
in each redshift bin. To obtain a single value in each bin, we marginal- 
ize 〈 M h 〉 ( z ) , f sat ( z ) , and b( z ) over the r espective r edshift distributions. 
Uncertainties are obtained by sampling from the posteriors of the HOD 

parameters and taking the 16 th and 84 th percentiles. 

Sample log 10 (〈 M h 〉 / M �) f sat b 

0 < z < 1 

AGN 13 . 44 +0 . 08 
−0 . 08 0 . 18 +0 . 16 

−0 . 09 1 . 94 +0 . 07 
−0 . 07 

Matched 13 . 25 +0 . 08 
−0 . 09 0 . 18 +0 . 18 

−0 . 10 1 . 69 +0 . 07 
−0 . 06 

1 < z < 1 . 5 

AGN 13 . 17 +0 . 07 
−0 . 06 0 . 06 +0 . 21 

−0 . 05 2 . 50 +0 . 11 
−0 . 18 

Matched 13 . 12 +0 . 06 
−0 . 06 0 . 15 +0 . 16 

−0 . 12 2 . 33 +0 . 14 
−0 . 19 

1 . 5 < z < 2 . 5 

AGN 13 . 03 +0 . 09 
−0 . 10 0 . 06 +0 . 09 

−0 . 05 3 . 38 +0 . 27 
−0 . 38 

Matched 12 . 77 +0 . 14 
−0 . 17 0 . 05 +0 . 08 

−0 . 05 2 . 79 +0 . 32 
−0 . 38 
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ated at the centres of their haloes (e.g. N. A. Hatch et al. 2014 ;
. Mo et al. 2018 ; J. H. Croston et al. 2019 ). 
Table 3 presents the values of the derived parameters, 〈 M h 〉 ,

f sat , and b, for the AGN and matched galaxy samples. These were
valuated by sampling from the posterior distributions of the
est-fitting HOD parameters, and a single value for each redshift
in was found by marginalizing 〈 M h ( z ) 〉 , f sat ( z ) , and b( z ) over the
edshift distribution of the sample. Although all three of the AGN
OD paramet ers are consist ent betw een the redshift bins, the

orresponding values of 〈 M h 〉 vary due to the evolving halo mass
unction. For 1 . 5 < z < 2 . 5 , we find log 10 (〈 M h 〉 / M �) = 13 . 03 +0 . 09

−0 . 10
hich increases to log 10 (〈 M h 〉 / M �) = 13 . 44 +0 . 08 

−0 . 08 by 0 < z < 1 .
his suggests that radio-AGN in our sample typically reside in
 alaxy gr oups, which have halo masses of M h ∼ 10 11 − 10 14 M �,
ather than larger galaxy clusters with M h � 10 14 M � (S. H. Lim
t al. 2017 ; V. F. Calderon & A. A. Berlind 2019 ). This is in agree-
ent with studies that inv estigat e galaxy densities around radio-
 alaxies (e.g . P. N. Best 2004 ; J. H. Cr oston et al. 2019 ). 

At low redshift, our estimate of 〈 M h 〉 for 0 < z < 1 is in line
ith the findings of previous works. For example, R. C. Hickox

t al. ( 2009 ) inv estigat ed the clust ering of radio sources with
 1 . 4 GHz > 10 23 . 8 W Hz −1 and 0 . 25 < z < 0 . 8 using the Wester-
ork Synthesis Radio Telescope (W. H. de Vries et al. 2002 ),
nd found radio-AGNs ar e str ongly cluster ed with halo masses
og 10 (M h / M �) ≈ 13 . 3 (conv ert ed t o our cosmology using h =
 . 7 ). R. Mandelbaum et al. ( 2009 ) measured the clustering and
ensing of radio-AGN with z � 0 . 3 from the Faint Images of the
adio Sky at Twenty-Centimetres radio survey (FIRST; R. H.
ecker, R. L. White & D. J. Helfand 1995 ), and found that they

eside in less massive haloes with log 10 (M h / M �) ≈ 13 . 0 . 
Our estimates of 〈 M h 〉 at higher redshift are similar to the

ndings of previous clustering studies, though they lie at the
ower end of the reported range. For example, R. Allison
t al. ( 2015 ) cr oss-corr elated radio-AGN fr om FIRS T with lens-
ng of the cosmic microwave background and found a typ-
cal halo mass of log 10 (〈 M h 〉 / M �) = 13 . 6 +0 . 3 

−0 . 4 at a redshift of 
 ≈ 1 . 5 . This is consistent with our value at z med = 1 . 25 +0 . 14 

−0 . 17 of 
og 10 (〈 M h 〉 / M �) = 13 . 17 +0 . 07 

−0 . 06 . E. Retana-Montenegro & H. J. A.
 öt tgering ( 2017 ) measured the projected correlation function
f radio-loud quasars from FIRST over the redshift range 0 . 3 <
NRAS 547, 1–24 (2026) 
 < 2 . 3 , and found a higher average dark matter halo masses of 
og (〈 M h 〉 / M �) ∼ 13 . 5 at z ∼ 1 . 5 . 

One possible explanation for our slightly lower halo mass es-
imates is the difference in flux limits across surveys. Both of 
hese studies adopted a flux density threshold of S 1 . 4GHz > 1 mJy .
imilarly, M. Magliocchetti et al. ( 2017 ) imposed a S 1 . 4GHz >

 . 15 mJy flux density limit. The minimum fluxes selected by our
uminosity threshold for increasing redshift bins are S 1 . 4GHz >

 . 18 , 0.13 and 0 . 17 mJy . Higher flux thresholds will pr efer en-
ially select more luminous radio-AGN, especially at high red-
hift, than the deeper MIGHTEE sample (compar e fig . 3 of E.
etana-Montenegro & H. J. A. R öt tgering 2017 to our Fig. 2 ).
revious works have found that the clustering strength is cor-
elated with luminosity (e.g. S. Bardelli et al. 2010 ; S. N. Lind-
ay et al. 2014 ; C. L. Hale et al. 2018 ; J. H. Croston et al. 2019 ;
. Mo et al. 2020 ), implying that more luminous AGN occupy
ore massive haloes. In support of this explanation, C. L. Hale

t al. ( 2018 ), who measured the angular autocorrelation of radio
our ces fr om VLA observations of the C OSMOS field at a lower
ux limit of ∼ 13 μJy beam 

−1 at 3 GHz ( 0 . 02 mJy beam 

−1 at
 . 4 GHz assuming α = −0 . 7 ) also found lower halo mass es-
imates of log 10 (M h / M �) ∼ 13 . 1 − 13 . 3 for AGN with L 3GHz >

0 23 W Hz −1 . This would also explain the lower mass estimates
f R. Mandelbaum et al. ( 2009 ) whose sample extended to
 1 . 4GHz ≈ 10 23 W Hz −1 compared to our threshold of L AGN 

(z =
) ≈ 10 23 . 4 W Hz −1 . 
Our finding that the typical host halo mass of radio-AGN in-

reases at later times is an important result of this work. This
r end may r eflect the gr eater abundance of cold g as for accr etion
t earlier epochs which would allow for radio-AGN activity to
ccur in lower-mass haloes. Such a scenario would account for
he strong evolution in the comoving space number density of 
owerful radio sources (J. S. Dunlop & J. A. Peacock 1990 ; M. J.
arvis et al. 2001b ; E. E. Rigby et al. 2011 ). Previous clustering
tudies have found little evolution in the environments of radio-
GN out to z ∼ 2 . 5 (see Section 3.2 of M. Magliocchetti et al.
017 ). Though C. L. Hale et al. ( 2018 ) observed a flattening of 
he bias parameter with increasing redshift which would suggest
 decrease in typical host halo mass. 

Fig . 8 pr esents our estimates of the AGN bias parameter as
 function of redshift, showing a clear increase in bias towards
arlier times. Included in the plot ar e r esults obtained by pre-
ious radio-AGN clustering studies at a range of observing fre-
uencies. These include the r esults fr om R. C. Hickox et al.
 2009 ), R. Allison et al. ( 2015 ), M. Magliocchetti et al. ( 2017 ),
. Retana-Montenegro & H. J. A. Röttgering ( 2017 ), and C. L.
ale et al. ( 2018 ). Also included are the bias estimates of A.
hakraborty et al. ( 2020 ), who inv estigat ed the clustering of 

adio - selected AGN at 400 MHz and 612 MHz using archival data
rom the upgraded Giant Metrewave Radio Telescope (uGMRT;
. Chakraborty et al. 2019 ); and A. Mazumder et al. ( 2022 ),
ho inv estigat ed the clust ering of radio sources at 325 MHz us-

ng archival GMRT data (G. Swarup et al. 1991 ). Excluded from
he plot are the anomalously high bias values of S. N. Lind-
ay et al. ( 2014 ) who cr oss-corr elated VLA radio sour ces with
ptical and NIR galaxies and found b(z = 1 . 35) = 7 . 62 ± 1 . 27 ,
(z = 1 . 55) = 9 . 91 ± 2 . 48 and b(z = 1 . 77) = 11 . 14 ± 3 . 01 for lu-
inosity thresholds of L 1 . 4GHz > 10 23 , 10 23 . 5 , and 10 24 W Hz −1 ,

espectively. The most directly comparable study to this work is
hat of C. L. Hale et al. ( 2018 ), which used a source sample of 
imilar depth and comparable r.m.s. radio sensitivity to that of 
he MIGHTEE dataset. 
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Figure 8. Radio-AGN bias estimates from this work (black circles) and previous clustering studies as a function of redshift. These include bias estimates 
fr om: R. C. Hicko x et al. 2009 (pink plusses); R. Allison et al. 2015 (purple cross); M. Magliocchetti et al. 2017 (blue star); E. Retana-Montenegro & H. J. A. 
Röttg ering 2017 (g old hexag ons); the full AGN population from C. L. Hale et al. 2018 (red squares), and high-luminosity AGN ( L 3GHz > 10 23 W Hz −1 ; 
cyan diamonds); A. Chakraborty et al. 2020 (green triangles); and A. Mazumder et al. 2022 (downwards-pointing magenta triangles). 
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For our lowest redshift bin, we find a bias of b = 1 . 94 +0 . 07 
−0 . 07 at

 med = 0 . 76 +0 . 17 
−0 . 28 , in agreement with the value reported by C. L.

ale et al. ( 2018 ) of b = 2 . 1 ± 0 . 2 for AGN with z < 1 at a com-
arable median redshift of z med = 0 . 70 . C. L. Hale et al. also report
 bias of b = 2 . 9 +0 . 3 

−0 . 3 at z med = 0 . 84 for a high-luminosity subsam-
le selected with L 3GHz > 10 23 W Hz −1 , equivalent to L 1 . 4GHz > 

0 23 . 2 W Hz −1 . That luminosity cut lies below our L AGN 

( z ) thresh-
ld over the redshift range of the bin, so this is the population that
s most similar to the sample used in this work at this redshift,
nd we find our measured bias to be lower than theirs. In the
nt ermediat e redshift range, 1 < z < 1 . 5 , we find b = 2 . 50 +0 . 11 

−0 . 18 at
 med = 1 . 25 +0 . 14 

−0 . 17 which is significantly lower than the b = 3 . 6 ±
 . 2 at z med = 1 . 24 reported by C. L. Hale et al. for their full AGN
ample across their whole redshift range ( �z ≈ 4 ). For our high-
st redshift bin, 1 . 5 < z < 2 . 5 , we obtain b = 3 . 38 +0 . 27 

−0 . 38 at z med =
 . 75 +0 . 44 

−0 . 18 , in agreement with their b = 3 . 5 ± 0 . 4 at z med = 1 . 77 for
GN with z ≥ 1 . Our result is also consistent with their high-

uminosity sample bias value of b = 4 . 0 +0 . 3 
−0 . 4 at z med = 1 . 79 . 

The lower bias values found in this work may stem from several
act ors. First, w e used a narrower redshift bins which reduces the
lending of potentially evolving clustering signals over cosmic 
ime. Since radio-AGN are selected by their luminosity alone, 
nother possibility is that the sample is contaminated with star- 
orming g alaxies, which ar e known to be less clustered than
GN (e.g. M. Magliocchetti et al. 2017 ; C. L. Hale et al. 2018 ;
. Chakraborty et al. 2020 ). To t est this, w e experiment ed with

ncreasing the luminosity threshold used to select AGN from the 
inimum luminosity above which 95 per cent of sources in I. H.
hittam et al. ( 2022 ) were classified as AGN, to the luminosity

bove which 100 per cent of sour ces wer e classified as AGN (see
ection 2.6 ). No significant increase in the bias parameter was 
ound. 

C. L. Hale et al. ( 2018 ), A. Chakraborty et al. ( 2020 ), and A.
azumder et al. ( 2022 ) all obtain their bias estimates by fitting

 power law to the angular autocorrelation function of the form
(θ ) ∝ θ−0 . 8 . The most likely explanation for the lower bias val-
es is that, instead of fitting a simple power law to the entire
 m
lustering signal, in this work the one- and two-halo term con-
ributions are modelled separately, resulting in a more accurate 
 epr esentation of the true clustering signal. Fitting a power -la w
i.e. a straight line in log ω- log θ) does not account for the dip in
lustering amplitude at intermediate scales where the one- and 

wo-halo regimes meet. Because the majority of the data points 
ie near the peaks of the one- and two-halo contributions, the
ower -la w fit will be pulled up to match those measurements.
his would result in a poorer fit at int ermediat e scales and an
verestimation of the clustering amplitude, leading to a higher 
nferred bias. 

.3.3 AGN duty cycle 

n addition to constraining the halo mass and bias from clus-
 ering, the HOD framew ork can be used t o estimat e the AGN
uty cycle. This is the fraction of time during which a SMBH

s observable as a radio-AGN given the luminosity threshold. At 
ny redshift, only a fraction f DC of galaxies hosting a sufficiently
assive SMBH will be radio-loud and included in the sample. 
ssuming that the fraction of active SMBHs is random, and not

orrelated with halo mass, this int ermitt ency can be implemented
n the HOD framework by rescaling the central galaxy occupation 

e.g. T. Miyaji et al. 2011 ; M. Krumpe et al. 2015 ): 

 c (M h ) → f DC N c (M h ) . (27) 

ow ev er, introducing a mass-independent multiplicative factor 
imply renormalizes both the model pair counts and the mean 

umber density. Pair counts in the one- and tw o-halo t erms
cale with the products of the occupation numbers (for example, 
 c × N c or N c × N s ; see Appendix A ), so they pick up the same
v erall fact or of f DC as the mean galaxy number density (equa-
ion 17 ). Because the TPCF is normalized by the mean density
A. Nicola et al. 2020 ), this global factor cancels out, and the nor-

alized clustering signal is unchanged. Consequently, a mass- 
ndependent f DC cannot be constrained by fitting to the clustering 

easurements alone. 
MNRAS 547, 1–24 (2026) 
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Inst ead, f DC can be estimat ed from the number densities. A
tr aightforw ar d appr oach is to compar e the ratio of the number
ensity of observed AGN to that of potential host galaxies (i.e.
alaxies in haloes massive enough to host such AGN). The ob-
erved number is found by summing the weights, while the num-
er density of potential host galaxies is found by marginalizing
quation ( 17 ) for the best-fitting AGN HOD paramet ers ov er the
edshift distribution, such that 

f DC = 

∑ 

i w AGN ,i 

n 

mod 
AGN 

V tot 
, (28) 

here V tot is the total comoving volume covered by the fields
etween the limits of the redshift bin. The observed AGN number
ensity can be directly taken from the weights provided the selec-
ion is v olume-limit ed for the chosen luminosity threshold and
edshift bin. In this case, the sample is complete across the bin
nd no AGN are missed purely due to sensitivity. If the selection
f AGN was flux-limited, the completeness would vary with red-
hift, and the direct counts would underestimate the true number
ensity. As evident in Fig. 2 , the selection threshold, L AGN 

( z ) ,
emains above the survey flux limit at all redshifts in each bin. 

One caveat of this method is the fact that appr o ximately
0 per cent of the radio sources were not successfully cross-
atched with their optical counterparts and ar e e x cluded fr om

he sample, slightly lowering the duty cy cle estimat es. These un-
atched sour ces ar e pr edominantly low-SNR detections, while

he luminosity threshold primarily selects high-SNR sources (see
ection 3.1.2 ), so the impact of this incompleteness is minimal. 

Sampling from the HOD parameter posteriors, we find f DC =
 . 09 +0 . 03 

−0 . 03 , 0 . 08 +0 . 04 
−0 . 06 , and 0 . 05 +0 . 04 

−0 . 03 for the 0 < z < 1 , 1 < z < 1 . 5 ,
nd 1 . 5 < z < 2 . 5 r edshift bins, r espectiv ely. These estimat es
re consistent with the results of G. C. Petter et al. ( 2024 ),
ho calculated the duty cycle of low-frequency radio - galaxies
ith L 150MHz � 10 25 . 25 W Hz −1 (equivalent to � 10 24 . 6 W Hz −1 at
 . 4 GHz ) which is similar to L AGN 

( z ) in the 1 . 5 < z < 2 . 5 redshift
in. They found that the duty cycle increases from ∼ 5 per cent at
 ∼ 1 . 5 up to ∼ 10 − 20 per cent for z � 1 . 

The fraction of galaxies that host radio-AGN is a strong
unction of galaxy mass, increasing as ∝ M 

2 . 5 
∗ (e.g. P. N. Best

t al. 2005 ) in the local Universe. It is ther efor e important to
uote host galaxy stellar masses alongside duty cy cle estimat es.
ampling from the z-PDFs of radio sources and retaining only
amples where the corresponding luminosity exceeds L AGN 

( z ) ,
e find median stellar masses for increasing redshift bins of 

og 10 (M ∗, med / M �) = 10 . 95 +0 . 29 
−0 . 52 , 10 . 82 +0 . 34 

−0 . 47 and 10 . 82 +0 . 35 
−0 . 52 . 

Given this strong stellar mass dependence, an effective duty
ycle can also be inferred by calculating the ratio of the num-
er of radio-AGN to the total number of galaxies within stellar
ass r anges. A t the median stellar masses of our samples, we

nd that this alt ernativ e approach yields duty cycle estimates
hat are lower by a factor of ∼ 2 − 4 , similar to the AGN frac-
ions reported in previous studies at these masses (e.g. P. N. Best
t al. 2005 ; J. Sabater et al. 2019 ; R. Kondapally et al. 2025 ). In
ection 4.3.5 , we show that stellar mass-matched control galax-
es have different HOD parameters than AGN hosts, so AGN
alo occupation is not determined by stellar mass alone. The
enominator in the stellar mass-based duty cycle ther efor e in-
ludes galaxies in a larger range of halo envir onments, wher eas
he HOD estimate is restricted to the subset of haloes consis-
ent with the clustering signal, leading to a higher inferred duty
ycle. 
NRAS 547, 1–24 (2026) 
The duty cycle can be used to calculate a characteristic time-
cale, τ , of the observable AGN phase. It can be estimated by
ultiplying the measured duty cycle by the cosmic time inter-

al spanned by the redshift bin limits, �t : τ = f DC �t . This rep-
esents the total time that an AGN would be radiating above
he luminosity threshold between the redshift limits of the bin,
ot the duration of a single episode of activity. We find τ ≈
70 Myr for 0 < z < 1 (which spans �t = 7 . 7 Gyr ), τ ≈ 130 Myr
or 1 < z < 1 . 5 ( �t = 1 . 6 Gyr ) and τ ≈ 76 Myr for 1 . 5 < z < 2 . 5
 �t = 1 . 6 Gyr ). The sum of these characteristic time-scales of 

880 Myr over 0 < z < 2 . 5 is similar to the value of ∼ 1 Gyr
erived by M. Magliocchetti et al. ( 2017 ) for 0 < z < 2 . 3 and a
imilar luminosity threshold. Given that the lifetimes of radio-
right AGN are limit ed t o a few ×10 Myr (K. M. Blundell & S.
awlings 1999 ), this suggests that AGN undergo multiple radio-

oud episodes during this period. Evidence for such r ecurr ent ac-
ivity is observed in ‘restarting’ AGN, where multiple generations
f radio jets are seen within the same source (e.g. L. Lara et al.
999 ; A. P. Schoenmakers et al. 2000 ; D . J . Saikia & M. J amr ozy
009 ; S. Nandi & D. J. Saikia 2012 ; V. H. Mahatma 2023 ). 

.3.4 Energy deposited by jet heating 

e now quantify the energy deposited by radio-AGN into the sur-
 ounding g as via heating fr om their jets. The total kinetic energy
mitted per halo over the time period �t is roughly estimated as 

E kin = 

∫ ∞ 

L AGN ( z ) 
d log L �(L, z) ∫ ∞ 

0 d M n ( M, z ) N c ( M) 
× �t, (29) 

here �( L, z ) is the kinetic heating rate density for radio - e x cess
GN from R. Kondapally et al. ( 2023 ), derived by combining the
volving luminosity functions of R. Kondapally et al. ( 2022 ) with
he 1 . 4 GHz to kinetic jet power relation of T. M. Heckman &
. N. Best ( 2014 ). The latter is based on the results of L. Bîrzan
t al. ( 2008 ) and K. W. Cavagnolo et al. ( 2010 ), and was calibrated
y considering the work r equir ed t o inflat e X-ray cavities. The
umerator in the fraction r epr esents the total jet power density of 
GN radiating above the luminosity selection threshold L AGN 

( z ) ,
hile the denominator gives the comoving number density of 
aloes capable of hosting such AGN. Since the kinetic heating

s dominated by sources with L 1 . 4GHz � 10 25 . 5 W Hz −1 (R. Konda-
ally et al. 2023 ) which is well above L AGN 

( z ) , essentially all of the
eating power is captured. 
For our increasing redshift bins, we find �E kin ≈ 4 × 10 53 ,

 × 10 53 and 2 × 10 53 J per halo. Reproducing the observed en-
ropy and thermal properties of the intracluster medium requires
dditional heating of 0 . 5 − 1 keV per gas particle beyond that of 
ravitational collapse (S. Borgani et al. 2002 ; A. V. Kravtsov &
. Borgani 2012 ). Assuming a halo mass of 10 13 . 3 M �, a gas
ass fraction of 5 per cent (P. Popesso et al. 2024 ), and N gas =
 gas / (μp m p ) with mean molecular mass μp = 0 . 6 for ionized gas

e.g. X.-P. Wu, Y.-J. Xue & L.-Z. Fang 1999 ) and proton mass m p ,
his corresponds to 2 − 3 × 10 53 J . Therefore, the energy provided
y jets over 0 < z < 2 . 5 is sufficient to account for this additional
eating. 

.3.5 Comparison of the AGN and matched galaxy sample 
est-fitting HOD parameters 

n this section, we compare the best-fitting HOD parameters and
eriv ed quantities betw een the AGN and mat ched galaxy sam-
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les. For the matched galaxy sample cr oss-corr elations, our best-
tting models yield reduced chi-squared values of χ2 

ν = 0 . 84 , 0.99
nd 3.43 for incr easing r edshift bins. We consider the higher χ2 

ν in
he highest redshift bin acceptable given that we use a simplified
hree-parameter model, and fit a single, non-evolving set of HOD 

aramet ers ov er a br oad r edshift range, �z = 1 . 
The only statistically significant difference in the individual 
OD paramet ers betw een the tw o samples is in their M min 

alues for the 0 < z < 1 redshift bin. For the AGN sample,
og 10 (M min / M �) = 12 . 81 +0 . 09 

−0 . 13 compared to log 10 (M min / M �) =
2 . 52 +0 . 12 

−0 . 21 for the matched galaxy sample. Due to their large un-
ertainties, the sat ellit e paramet ers, M 1 and αs , are consistent
ithin the uncertainties between the AGN and matched galaxy 

ample for all redshift bins. 
Despite the overlap in the uncertainties of the individual HOD 

ar ameters, the v alues of the derived parameters given in Ta-
le 3 exhibit significant differences. This is because much of 
he uncertainty in M min and M 1 is a result of their degener-
cy, as evidenced by the elongated contours in the corner plots
see Appendix B ). The largest difference in 〈 M h 〉 between the
GN and matched galaxy samples is in the highest redshift bin,
 . 5 < z < 2 . 5 : for AGN, log 10 (〈 M h 〉 / M �) = 13 . 03 +0 . 09 

−0 . 10 compared
o log 10 (〈 M h 〉 / M �) = 12 . 77 +0 . 14 

−0 . 17 for the matched galaxy sample.
his means that the typical halo mass hosting galaxies with radio-
GN is appr o ximately 1 . 82 +1 . 04 

−0 . 57 times gr eater than that of non-
ctive galaxies with similar stellar masses. The significant dif- 
erence in 〈 M h 〉 persists for the lowest redshift bin, 0 < z < 1 .
ere, the AGN sample gives log 10 (〈 M h 〉 / M �) = 13 . 44 +0 . 08 

−0 . 08 com-
ared to log 10 (〈 M h 〉 / M �) = 13 . 25 +0 . 08 

−0 . 09 for the matched galaxy
ample, differing by a factor of 1 . 54 +0 . 47 

−0 . 33 . This is consistent with
he results of R. Mandelbaum et al. ( 2009 ) who found that
he dark matter halo masses of low redshift ( z < 0 . 3 ), radio-
oud AGN were about twice as massive as those of a control
ample matched in stellar mass. However, for the intermedi- 
te redshift bin, 1 < z < 1 . 5 , the two values of 〈 M h 〉 overlap
ithin the uncertainties: log 10 (〈 M h 〉 / M �) = 13 . 17 +0 . 07 

−0 . 06 for AGN
nd log 10 (〈 M h 〉 / M �) = 13 . 12 +0 . 06 

−0 . 06 for the matched galaxy sample,
iving a ratio of 1 . 11 +0 . 25 

−0 . 20 . Though, it is worth noting that all
hree ratios are statistically consistent with each other within the 
ncertainties. 
It is unclear whether the halo mass e x cess seen in AGN hosts

s a driver of AGN activity, or a consequence of it. On one hand,
adio- AGN activity ma y be enhanced in over dense structur es.

ore massive haloes have deeper gravitational potential wells 
hich will more efficiently channel gas toward the central galaxy, 
roviding fuel for the SMBH. Such environments are also more 

ikely to host mechanisms that promote gas inflows, such as 
alaxy interactions (e.g. M. S. Alonso et al. 2007 ; J. Sabater et al.
013 ; A. D. Goulding et al. 2018 ) and mergers (e.g. N. Fanidakis
t al. 2010 ; E. Treister et al. 2012 ; F. Gao et al. 2020 ; J. C. S. Pierce
t al. 2022 ) which are known from simulations to be efficient
t driving gas towards galaxy centres (V. Springel et al. 2005 ),
riggering AGN activity. 

On the other hand, the observed halo mass e x cess could be
ue to the cumulative effect of feedback; by suppressing star 
ormation, jet-mode feedback will reduce stellar mass while leav- 
ng halo mass unchanged (D. J. Croton et al. 2006 ; R. G. Bower
t al. 2006 ; T. M. Heckman & P. N. Best 2014 ; M. Hardcastle &
. Croston 2020 ; L. Scharré, D. Sorini & R. Davé 2024 ). As a
 esult, AGN host g alaxies would be assigned to a low er st ellar

ass bin despite residing in more massive halos. At fixed stel-
ar mass, this effect would naturally produce a clustering e x cess
elativ e t o non-activ e galaxies. A pot ential cav eat is that the ac-
ive lifetimes of radio-AGN are on the order of a few ×10 Myr
K. M. Blundell & S. Rawlings 1999 ) whereas galaxy quench-
ng occurs on longer time-scales of ∼ 500 Myr (J. Lian et al.
016 ). How ev er, our estimat e of the cumulativ e activ e lifetime
f radio-AGN of ∼ 1 Gyr over 0 < z < 2 . 5 suggests that repeated
ycles of activity could be sufficient to sustain this quenching 
rocess. 
The higher derived halo masses may also reflect assembly bias, 

hereby clustering depends on properties beyond halo mass. In 

tandard HOD modelling, it is assumed that the clustering of 
alaxies depends solely on halo mass, but in reality haloes of the
ame mass can differ in clustering strength depending on their 
ormation history (L. Gao et al. 2005 ; R. H. Wechsler et al. 2006 ;
 . J . Croton, L. Gao & S. D . M. White 2007 ; L. Gao & S. D . M. White
007 ). At fixed mass, haloes that formed earlier have a higher
lustering amplitude than haloes that formed more recently (J. F. 
 avarr o et al. 1996 ; L. Gao et al. 2005 ; R. H. Wechsler et al. 2006 ).

f AGN pr efer entially r eside in such early-forming haloes, they
ould appear both more clustered and have had a longer period
ver which their central black holes could grow. 

Distinguishing between these scenarios is challenging within 

he standard HOD framework, which assumes that clustering 
epends only on halo mass, and it is likely that a combination
f these effects contributes to the observed difference. 

An additional possibility is that differences in black hole mass 
ontribut e t o the enhanced clust ering of radio- AGN . There is
ome evidence that AGN powered by more massive black holes 
luster mor e str ongly (e.g . N. A. Hatch et al. 2014 ; E. Retana-
ontenegro & H. J. A. R öt tgering 2017 ). Since the fraction of 

alaxies that are radio-loud increases with black hole mass (e.g. 
. J. McLure & M. J. Jarvis 2004 ; P. N. Best et al. 2005 ; R. B.
etcalf & M. Magliocchetti 2006 ; I. H. Whittam et al. 2022 ;
. L. Jackson et al. 2026 ), and our AGN sample is selected by

adio luminosity, the observ ed clust ering e x cess could ther efor e
eflect systematic differences in black hole mass. How ev er, be-
ause black hole mass correlates with host galaxy stellar mass 
e.g. J. Magorrian et al. 1998 ; N. Häring & H.-W. Rix 2004 ; N. J.

cConnell & C.-P. Ma 2013 ; J. Kormendy & L. C. Ho 2013 ), our
t ellar mass mat ching should largely remov e this effect. Conse-
uently, black hole mass would only play an additional role if jet
ower depends mor e str ongly on black hole mass than black hole
ass does on stellar mass. 
We also note that it is likely that many of the galaxies in the
atched sample also underwent radio-loud AGN activity at ear- 

ier epochs. This would also dilute any differences we are able
o measure in the clustering of current radio-loud AGN and the
adio - dormant AGN in the control sample. The true difference
n the halo masses of stellar mass-matched galaxies with and 

ithout AGN may ther efor e be greater. 

 CONCLUSION  

n this w ork, w e compared the environments of radio-AGN to
hose of control galaxies matched in both stellar mass and red-
hift. Although it is well established that radio-AGN reside in the
ost massive dark matter haloes (M. Magliocchetti et al. 2004 ; R.
andelbaum et al. 2009 ; R. Allison et al. 2015 ; M. Magliocchetti

t al. 2017 ; E. Retana-Montenegro & H. J. A. R öt tgering 2017 ; C. L.
ale et al. 2018 ), our aim was to determine whether this is solely
 consequence of their pr efer ence for massive host g alaxies, or
MNRAS 547, 1–24 (2026) 
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hether radio-AGN activity is linked to some additional environ-
ental pr efer ence. 
Using radio sources from the MIGHTEE radio survey that had

een cross-matched with their optical/NIR counterparts from
ISTA and HSC, w e construct ed a sample of ∼ 2000 AGN se-

ected by their radio luminosities. A control sample of galaxies
atched in both stellar mass and redshift was drawn from the

ptical/NIR galaxy catalogue, accounting for the full photometric
edshift PDFs. These samples were divided into three redshift
anges: 0 < z < 1 , 1 < z < 1 . 5 and 1 . 5 < z < 2 . 5 . 

Measurements of the angular tw o-point aut ocorrelation func-
ions showed no significant difference between the AGN and

atched galaxy samples. This motivated our use of the cross-
orrelations with the full galaxy population, where the increased
air counts reduces statistical uncertainties, and we found that
GN are more clustered than the control sample. 
By fitting a HOD model to the measured clustering signals, the

tatistical properties of the dark matter haloes that our samples
nhabit were investig ated. AGN wer e found to occupy dark matter
aloes with masses log 10 (M h / M �) � 12 . 8 . Unlike some previous
tudies that report no significant evolution in the environmen-
al properties of radio-AGN (e.g. M. Magliocchetti et al. 2017 ),
e find a clear decrease in the typical halo mass of radio-AGN
ith redshift: for increasing redshift bins, log 10 (〈 M h 〉 / M �) =

3 . 44 +0 . 08 
−0 . 08 , 13 . 17 +0 . 07 

−0 . 06 , and 13 . 03 +0 . 09 
−0 . 10 . We interpret this trend as

 consequence of the higher abundance of cold gas at earlier
pochs, which could more readily fuel AGN activity. This would
lso explain the strong evolution in the comoving space number
ensity of powerful radio sources (J. S. Dunlop & J. A. Peacock
990 ; M. J. Jarvis et al. 2001b ; E. E. Rigby et al. 2011 ). The masses
e obtain are broadly consistent with previous works (R. C.
ickox et al. 2009 ; R. Mandelbaum et al. 2009 ; R. Allison et al.

015 ; M. Magliocchetti et al. 2017 ; E. Retana-Montenegro & H.
. A. R öt tgering 2017 ; C. L. Hale et al. 2018 ), though lie at the
ower end of mass estimates. This may be because MIGHTEE
as a lower flux limit than previous surveys which would pref-
rentially select lower-luminosity radio- AGN . Our halo masses
uggest that radio-AGN typically reside in galaxy groups rather
han higher mass clusters (S. H. Lim et al. 2017 ; V. F. Calderon &
. A. Berlind 2019 ). 
For incr easing r edshift bins, w e find bias paramet ers for radio-

GN of b = 1 . 94 +0 . 07 
−0 . 07 , 2 . 50 +0 . 11 

−0 . 18 and 3 . 38 +0 . 27 
−0 . 38 . Comparing these

ias estimates with those found by C. L. Hale et al. ( 2018 ), our
easurements in the lowest and highest redshift bins are con-

istent with their values within the uncertainties. However, for
he int ermediat e redshift bin, our value is significantly lower . W e
ttribut e this t o the use of full HOD modelling, which explicitly
odels the one- and two-halo contributions to the clustering

ignal, rather than using a simple power -la w fit. 
By comparing the ratio of the number of observed radio-AGN

o the number of galaxies in haloes massive enough to host
 SMBH predicted by the HOD model, a duty cycle of ∼ 5 −
 per cent is inferred. Given that the active lifetime of radio-AGN
s limited to a few ×10 Myr (K. M. Blundell & S. Rawlings 1999 ),
his implies that each AGN undergoes multiple periods of radio-
oud activity over the redshift ranges considered. We estimate that
he cumulative energy deposited into the intergalactic medium by
adio jets since z = 2 . 5 is ∼ 10 53 J . This is sufficient to account for
he observed e x cess energy in the g as of g alaxy gr oups assuming
 . 5 –1 keV of additional heating per gas particle above that of 
ravitational collapse. 
NRAS 547, 1–24 (2026) 
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Comparing the typical halo masses that we derive for the AGN
nd matched galaxy samples, we find that for 0 < z < 1 , the
ypical dark matter halo mass of radio-AGN is 1 . 54 +0 . 47 

−0 . 33 times
reater than that of galaxies matched in stellar mass and red-
hift. A similarly significant e x cess is seen at 1 . 5 < z < 2 . 5 , with
 ratio of 1 . 82 +1 . 04 

−0 . 57 . The halo mass e x cess of radio- AGN ma y be a
esult of AGN feedback which would suppress star formation and
esult in lower stellar masses for the same halo mass. Alterna-
ively, it could indicate that galaxies hosting radio-AGN preferen-
ially reside in earlier-forming and more clustered haloes, which
ave had more time to accrete gas and grow their central black
ole. 
The main limitation of this work is the number of AGN, which

eads to large statistical uncertainties in the measured correlation
unctions. A larger sample would allow for tighter constraints on
he HOD parameters and the use of narrower redshift bins to bet-
er trace the evolution of radio-AGN environments. It would also
llow for a robust comparison between low- and high-luminosity
GN populations. Radio clustering studies have been limited by

he lack of overlapping multiwavelength data that are required to
btain the redshifts of host galaxies. Current and upcoming wide-
rea radio surveys such as with the Low -F requency Arr ay (LO-
AR; M. P. van Haarlem 2005 ), the Australian Square Kilometre
rray Pathfinder radio telescope (ASKAP; R. P. Norris et al. 2011 )

nd ultimately the Square Kilometre Array Observatory 8 (SKAO)
ill produce vastly increased source counts, with photometric

edshift information provided by the next generation of surveys
ith LSS T (LSS T Science Collaboration 2009 ) and E uclid (E uclid
ollaboration 2025 ) together with spectroscopic programmes like
ESI (M. Levi et al. 2013 ) and WEAVE-LOFAR (D . J . B. Smith

t al. 2016 ). 
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P P E N D I X  A:  C RO S S - COR R E L AT I O N  MODEL  

n this section, we discuss the halo model for the cr oss-corr elation
etween the AGN (or matched galaxy) sample, labelled with su- 
erscript A , and the full optical/NIR population, B . It is assumed
hat sample A is a subset of sample B , so while all central galaxies
n A are also in B , only a fraction f c (M) of central galaxies in B
re also in A . Similarly, only a fraction f s (M) of sat ellit e galaxies
n B are also in A , and all sat ellit es in A are in B . 

The full halo model power spectrum is the sum of the one- and
wo-halo contributions (A. Cooray & R. Sheth 2002 ): 

 hm 

( k | z ) = P 1h ( k | z ) + P 2h ( k | z ) . (A1) 

The two-halo term measures the clustering between galaxies 
hat reside in different haloes, so depends only on the large-scale 
ias of each sample. It ther efor e r emains unchanged fr om the
tandard form: 

 2h ( k | z ) = 

1 
n 

A 
g n 

B 
g 

I( k, z | U 

A ) I( k, z | U 

B ) P lin ( k | z ) , (A2) 

her e n 

A 
g and n 

B 
g ar e the predicted mean number densities of 

alaxies in each sample given by equation ( 17 ), P lin ( k | z ) is the
inear matter power spectrum, and the integral 

(k, z | U ) = 

∫ 
d M n (M , z) b h (M , z) 〈 U (k | M) 〉 . (A3) 

 U (k | M) 〉 is the Fourier transform of the mean galaxy density
rofile for a halo of mass M: 

 n g (r) | M) 〉 = N c (M) [ 1 + n s (r | M) ] 
= N c (M) 

[
1 + N s (M ) u s (r | M ) 

]
, (A4) 

here the normalized distribution of sat ellit es, u s (r | M) , is a
unction of radial distance from the halo centre, r. The distribu-
ion of sat ellit es in a halo is assumed t o follow that of the dark
atter, which is modelled as a truncated NFW (J. F. N avarr o et al.

996 ) profile (see A. Nicola et al. 2020 for the full parametriza-
ion). Then 

 U (k | M) 〉 = N c (M) [ 1 + n s (k | M) ] 
= N c (M) 

[
1 + N s (M ) ̃  u s (k | M ) 

]
, (A5) 

here ˜ u s (k | M) is the Fourier transform of u s (r | M) . 
The one-halo term of the cr oss-corr elation power spectrum 

ccounts for pairs of galaxies that reside in the same halo. It is
iven by 

 1h ( k | z ) = 

1 
n 

A 
g n 

B 
g 

∫ 
d M n ( M, z ) 〈 U 

A ( k | M) U 

B ( k | M) 〉 . (A6) 

f the two samples were drawn completely independently of each 

ther, then their joint two-point Fourier moment would factorize: 

〈 U 

A ( k | M) U 

B ( k | M) 〉 = 〈 U 

A (k | M) 〉〈 U 

B (k | M) 〉 
= N 

A 
c ( M) N 

B 
c ( M) 

[(
N 

A 
s ( M) + N 

B 
s ( M) 

)
˜ u s ( k | M) 

+ N 

A 
s ( M) N 

B 
s ( M) ̃  u 

2 
s ( k | M) 

]
. (A7) 

ow ev er, since the samples overlap, this cannot be assumed to be
he case. 

To derive 〈 U 

A U 

B 〉 for the case where A is a subset of B , we
ivide the halo into small volume elements, �V , with coordinates
 . In the following, we dr op the e xplicit M notation for br evity.
he Fourier transforms then become discrete sums: 

 U 

A ( k) U 

B ( k) 〉 = 

1 
( �V ) 2 

∑ 

X,X ′ 
e ik(X −X ′ ) ( �V ) 2 〈 N 

A 
X N 

B 
X ′ 〉 . (A8) 

 N 

A 
X N 

B 
X ′ 〉 can be decomposed into the contributions from central–

entr al, centr al–sat ellit e, sat ellit e-central, and sat ellit e–sat ellit e
alaxy pairs: 

〈 N 

A 
X N 

B 
X ′ 〉 

= 〈 N 

A 
cX N 

B 
cX ′ 〉 + 〈 N 

A 
cX N 

B 
sX ′ 〉 + 〈 N 

A 
sX N 

B 
cX ′ 〉 + 〈 N 

A 
sX N 

B 
sX ′ 〉 , (A9) 

her e, for e xample, N 

A 
c X ≡ N 

A 
c (X ) ∈ { 0 , 1 } denotes the number of 

entral galaxies from sample A in the volume element at position
 , with analogous definitions for sat ellit e galaxies and for sample
 . 
To evaluate these four terms, we introduce P (N X ) , the proba-

ility distribution for finding N X galaxies in the volume element 
t position X . For central galaxies, the expectation value is 

1 ∑ 

N c X =0 

N c X P (N c X ) = P (N c X = 1) = δK 
X 0 N c , (A10) 

here N c is the mean number of central galaxies per halo from
quation ( 10 ), and the Kroneck er -delta function, δK , reflects the
ssumption that central galaxies reside at the centre of their halo,
 = 0 . 
For sat ellit e g alaxies, the e xpectation value, 
∞ ∑ 

N s X =0 

N s X P (N s X ) = 〈 N s X 〉 = N c n s (X ) = N c N s u s (X ) , (A11) 

here N s is the mean number of sat ellit e galaxies in a halo with a
entral galaxy from equation ( 12 ), u s (X ) is the normalized spatial
rofile of sat ellit e galaxies within the halo, and n s (X ) ≡ N s u s (X ) .
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The centr al–centr al t erm is giv en by 

 N 

A 
cX N 

B 
cX ′ 〉 = δK 

X X ′ δ
K 
X 0 

∑ 

N A c ,N B c 

N 

A 
c N 

B 
c P (N 

A 
c , N 

B 
c ) 

= δK 
X X ′ δ

K 
X 0 

∑ 

N B c 

N 

B 
c P (N 

B 
c ) 

∑ 

N A c 

N 

A 
c P (N 

A 
c | N 

B 
c ) 

= δK 
X X ′ δ

K 
X 0 

∑ 

N B c 

N 

B 
c P (N 

B 
c ) f c N 

B 
c 

= δK 
X X ′ δ

K 
X 0 f c 

∑ 

N B c 

N 

B 
c P (N 

B 
c ) (A12) 

= δK 
X X ′ δ

K 
X 0 f c N 

B 
c , 

here between the third and fourth lines the identity N c 
2 = N c 

as been used, since N c ∈ { 0 , 1 } . 
The sat ellit e–sat ellit e t erm is giv en by 

 N 

A 
sX N 

B 
sX ′ 〉 = 

∑ 

N A sX ,N 
B 
sX ′ 

N 

A 
sX N 

B 
sX ′ P (N 

A 
sX , N 

B 
sX ′ ) 

= 

∑ 

N A sX ,N 
B 
sX ′ 

N 

B 
sX ′ P (N 

B 
sX ′ ) N 

A 
sX P (N 

A 
sX | N 

B 
sX ′ ) . (A13) 

f X � = X 

′ then the two satellites are distinct, and the probability
f finding a sat ellit e at X from sample A is independent of the
robability of finding a sat ellit e at X 

′ from sample B . How ev er, if 
 = X 

′ then they are the same galaxy, and in order for there to
e a sat ellit e at X in sample A , there must also be a sat ellit e from
ample B at X . Ther efor e, 

(N 

A 
sX | N 

B 
sX ′ ) = 

{
P (N 

A 
sX ) , if X � = X 

′ 

P (N 

A 
sX | N 

B 
s X ) , if X = X 

′ . (A14) 

eparating these two cases, and making use of the fact that
at ellit e g alaxies ar e Poisson distributed so the variance 〈 N s 

2 〉 −
 N s 〉 2 = 〈 N s 〉 , 

 N 

A 
sX N 

B 
sX ′ 〉 = 

∑ 

N A sX 
N 

A 
sX P (N 

A 
sX ) 

∑ 

N B sX ′ 
N 

B 
sX ′ P (N 

B 
sX ′ )(1 − δK 

X X ′ ) (A15) 

+ δK 
X X ′ 

∑ 

N B s X 
N 

B 
s X P (N 

B 
s X ) 

∑ 

N A sX 
N 

A 
sX P (N 

A 
sX | N 

B 
s X ) 

= 〈 N 

A 
sX 〉〈 N 

B 
sX ′ 〉 (1 − δK 

X X ′ ) 
+ δK 

X X ′ f s 
∑ 

N B s X 
( N 

B 
s X ) 2 P ( N 

B 
s X ) 

= f s 〈 N 

B 
s X 〉〈 N 

B 
sX ′ 〉 (1 − δK 

X X ′ ) 

+ δK 
X X ′ f s 

(
〈 N 

B 
s X 〉 2 + 〈 N 

B 
s X 〉 

)
= f s 〈 N 

B 
s X 〉〈 N 

B 
sX ′ 〉 + δK 

X X ′ f s 〈 N 

B 
s X 〉 

= f s N 

B 
c 

2 
n 

B 
s ( X ) n 

B 
s ( X 

′ ) + δK 
X X ′ f s N 

B 
c n 

B 
s (X ) . 

N e xt we consider the central-satellite contribution with a cen-
ral galaxy from sample B and a sat ellit e from A : 

 N 

B 
cX ′ N 

A 
sX 〉 = 

∑ 

N A sX ,N 
B 
s X ,N 

B 
cX ′ 

N 

B 
cX ′ N 

A 
sX P (N 

A 
sX , N 

B 
s X , N 

B 
cX ′ ) (A16) 

= 

∑ 

N A sX ,N 
B 
s X ,N 

B 
cX ′ 

N 

B 
cX ′ N 

A 
sX 

×P (N 

A 
sX | N 

B 
s X , N 

B 
cX ′ ) P (N 

B 
s X | N 

B 
cX ′ ) P (N 

B 
cX ′ ) 

= f s 
∑ 

N B s X ,N 
B 
cX ′ 

N 

B 
cX ′ N 

B 
s X P (N 

B 
s X | N 

B 
cX ′ ) P (N 

B 
cX ′ ) 

= δK 
X ′ 0 f s N 

B 
c 〈 N 

B 
s X | N 

B 
cX ′ = 1 〉 

= δK 
X ′ 0 f s N 

B 
c n 

B 
s (X ) . 
NRAS 547, 1–24 (2026) 
nd similarly for the sat ellit e–central t erm: 

 N 

A 
cX N 

B 
sX ′ 〉 = 

∑ 

N A cX ,N 
B 
cX ,N 

B 
sX ′ 

N 

A 
cX N 

B 
sX ′ P (N 

A 
cX , N 

B 
cX , N 

B 
sX ′ ) (A17) 

= 

∑ 

N A cX ,N 
B 
c X ,N 

B 
sX ′ 

N 

A 
cX N 

B 
sX ′ 

×P (N 

A 
cX | N 

B 
cX , N 

B 
sX ′ ) P (N 

B 
sX ′ | N 

B 
cX ) P (N 

B 
cX ) 

= f c 
∑ 

N B cX ,N 
B 
sX ′ 

N 

B 
sX ′ N 

B 
cX P (N 

B 
sX ′ | N 

B 
cX ) P (N 

B 
cX ) 

= δK 
X 0 f c N 

B 
c 〈 N 

B 
sX ′ | N 

B 
cX = 1 〉 

= δK 
X 0 f c N 

B 
c n 

B 
s (X 

′ ) . 

Putting these terms into equation ( A9 ): 

〈 U 

A ( k | M) U 

B ( k | M) 〉 = 

∑ 

X,X ′ e ik(X −X ′ ) (A18) 

×
[ 
δK 

X X ′ δ
K 
X 0 f c N 

B 
c + f s N 

B 
c 

2 
n 

B 
s ( X ) n 

B 
s ( X 

′ ) + δK 
X X ′ f s N 

B 
c n 

B 
s (X ) 

+ δK 
X ′ 0 f s N 

B 
c n 

B 
s (X ) + δK 

X 0 f c N 

B 
c n 

B 
s (X 

′ ) 
] 

 f c N 

B 
c + f s N 

B 
c 

2 
n 

B 
s 

∗( k) n 

B 
s ( k) + 

∑ 

X f s N 

B 
c n 

B 
s (X ) 

+ f s N 

B 
c n 

B 
s 

∗(k) + f c N 

B 
c n 

B 
s (k) 

 f c N 

B 
c + f s N 

B 
c 

2 (
N 

B 
s ˜ u s (k) 

)2 
+ f s N 

B 
c N 

B 
s 

+ 

(
f s + f c 

)
N 

B 
c N 

B 
s ˜ u s (k) , 

here we have made use of the normalization 

∑ 

X u s (X ) = 1 . 
The first and third terms represent centr al–centr al and

at ellit e–sat ellit e self-pairings between galaxies common to both
amples. These terms are independent of k, so they correspond to
he shot-noise contribution to the power spectrum which affects
nly the zero-lag correlation function ( θ = 0 ). Since we do not
nclude this in our analysis, these terms can be neglected, so 

 1h ( k | z ) = 

1 
n A g n B g 

∫ 
d M n ( M, z ) (A19) 

×
[ (

f s (M) + f c (M ) 
)
N 

B 
c (M ) N 

B 
s (M ) ̃  u s (k | M ) 

+ f s ( M) 
(

N 

B 
c ( M) N 

B 
s ( M) ̃  u s ( k | M) 

)2 ] 
. 

The fractions of central and sat ellit e galaxies in sample B that
re also in sample A for a given set of HOD parameters are given
y 

f c ( M) = 

N 

A 
c ( M) 

N 

B 
c ( M) 

, (A20) 

nd 

f s ( M) = 

N 

A 
c ( M) N 

A 
s ( M) 

N 

B 
c ( M) N 

B 
s ( M) 

. (A21) 

To implement this in CCL , the fourier_2pt method of the
rofile2ptHOD class 9 was modified. 
Once the halo model power spectrum has been calculated, the

ngular clustering can be predicted using CCL (see section 2.4.1 of 
. E. Chisari et al. 2019 ). Using the Limber appr o ximation (D. N.
imber 1954 ; N. Afshordi, Y.-S. Loh & M. A. Strauss 2004 ), the
ngular power spectrum can be written as 

 � = 

2 
2 � + 1 

∫ 
d k P hm 

( k | z � )�A 
� ( k)�B 

� ( k) , (A22) 

https://github.com/LSSTDESC/CCL/blob/master/pyccl/halos/profiles_2pt.py


Halo environments of MIGHTEE radio-AGN 23 

w  

z  

f
t

�

w  

 

n  

m

ω

w
p

p
a  

t  

9  

b  

e
s  

s
c  

i  

a  

o  

i  

g  

a  

c  

m
c
s
a  

m  

p

A
T

F  

b
g

here a radial distance χ� ≡ (� + 1 / 2) /k has been defined and
 � is the corresponding redshift. �A 

� (k) and �B 
� (k) are the transfer

unctions corresponding to the samples. For galaxy number count 
racers, these are given by 

NC 
� ( k) = 

H( z � ) 
c 

p z ( z � ) , (A23) 

here H( z ) is the Hubble parameter, c is the speed of light and
p z ( z ) is the normalized redshift distribution of the sample. Fi-

ally, the angular correction function, ω(θ ) , is obtained by sum-
ing over the multipole moments: 

( θ ) = 

1 
4 π

∑ 

� 

( 2 � + 1) C � P � ( cos θ ) , (A24) 

here P � (x) are the zeroth-order associated Legendre 
olynomials. 
Because stellar mass thresholds are applied to the optical/NIR 

opulation but not the AGN and matched galaxy samples, the 
ssumption that A is a subset of B is only appr o ximate. For the
w o low er redshift bins ( 0 < z < 1 and 1 < z < 1 . 5 ), fewer than
 per cent of galaxies in A lie below the stellar mass thresholds,
ut this rises to ∼ 18 per cent for 1 . 5 < z < 2 . 5 . The only differ-
nce in the two-point Fourier moment between the cases where 
amples A and B are independent (equation A7 ) and when A is a
ubset of B (equation A18 ) is in the central–sat ellit e and sat ellit e–
entral contributions, which ar e pr oportional to ˜ u s (k | M) . Isolat-
ng these t erms, w e hav e N 

A 
c N 

B 
c N 

B 
s + N 

B 
c N 

A 
c N 

A 
s when the samples

re independent and N 

A 
c N 

B 
s + N 

A 
c N 

A 
s when one is a subset of the

ther . W e find that the second term in each of these e xpr essions
s much smaller than the first term since N 

B 
s � N 

A 
s , so can be ne-

lected, and the independent case differs only by a factor of N 

B 
c . In

 perfect subset, N 

B 
c = 1 whenever N 

A 
c > 0 , so the two e xpr essions

oincide. When some of A ’s central galaxies fall below B ’s stellar
ass limit, N 

B 
c < 1 in those haloes, and exactly that fraction of 

entral–sat ellit e pairs is lost, producing a small, scale-dependent 
uppression of the one-halo t erm. How ev er, because M 

B 
1 � M 

A 
min 

nd M 

B 
min , both N 

A 
c and N 

B 
c are very close to 1 at the halo

asses where B ’s sat ellit es first appear, so the loss is negligible in
ractice. 

P P E N D I X  B :  P O ST E R I O R  P R  OB  A B I L I T I E S  OF  

H E  HOD  PARAMETERS  

ig. B1 shows the two - dimensional posterior distributions of the
est-fitting HOD model parameters for the AGN and matched 

alaxy samples for each redshift bin. 
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Figure B1. The posterior distributions and corresponding histograms of the best-fitting HOD model parameters for the AGN (solid red) and matched 
galaxy (dashed blue) samples for each redshift bin. The contours are the 68 per cent and 95 per cent confidence intervals. 
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