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A B S T R A C T 

Feedback from the jets of radio active galactic nuclei (radio AGN) is regularly implemented into contemporary models of 
galaxy evolution to offset radiative cooling in the large-scale environments in which they typically reside. While previous 
studies suggest that the total kinetic power output from radio AGN is sufficient for this purpose, many have relied on 

jet-power estimation from radio luminosities using generalized scaling relations that neglect additional information such 

as source size and environment. We here infer the cosmic evolution of radio AGN kinetic jet powers using a physically 
motivated semi-analytic model for the first time. Initial analysis on a sample of 619 radio AGN at z < 2 . 5 from LoTSS 
Deep Field and International LOFAR Telescope images of the Lockman Hole implies a population dominated by short- 
lived sources typically of lower jet power. After incorporating weighting towards shorter lifetimes in the inference models, 
we utilize ELAIS-N1 and Boötes LoTSS Deep Field data to expand our analysis to a much larger sample of 5187 objects, 
deriving jet kinetic luminosity functions and integrated kinetic luminosity densities for the radio AGN population out to 
z = 2 . 5 . In broad agreement with previous results in the literature, we find the total power output per comoving volume 
to be ∼ 1032 –1033 W Mpc−3 across the full redshift range, with some suggestions of moderate positive evolution from z 
= 0–1 and little evolution from z = 1–2. These values are compatible with expectations from some cosmological models, 
providing strong evidence for the viability of feedback from radio AGN jets across cosmic time. 

Key words: galaxies: active – galaxies: jets – radio continuum: galaxies. 
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 INTRODUCTION  

adio jets launched by active galactic nuclei (AGN) represent a 
ey driver of the connection between galaxies and their central 
upermassive black holes. In the widely accepted R. D. Blandford 
 R. L. Znajek ( 1977 ) model, jetted AGN extract rotational energy
rom the intrinsic black hole spin via the strong magnetic fields
n the system, which is then channelled along a relativistic col- 
imated outflow into the host galaxy and surrounding environ- 
ent. This energy must ultimately be dissipated, and with the 
mount lost to synchrotron radiation estimated to be typically two
rders of magnitude lower than the mechanical power of the jet 
P. A. G. Scheuer 1974 ), much remains to be dispersed by other
eans. 
There is strong observational evidence that AGN jets can drive 
ultiphase outflows on galaxy scales from both detailed studies 
f individual sources (e.g. M. Villar-Martín et al. 2017 ; M. E. Jarvis
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t al. 2019 ; R. Morganti et al. 2021 ; S. Murthy et al. 2022 ; A.
udibert et al. 2023 ; L. R. Holden et al. 2023 ; L. Ulivi et al. 2024 )
nd statistical studies of large samples (e.g. J. R. Mullaney et al.
013 ; P. Kukreti et al. 2023 , 2025 ; G. Calistro Rivera et al. 2024 ),
ith their impact on the interstellar medium also demonstrated 
y numerical simulations (e.g. D. Mukherjee et al. 2018a , b ; M.
eenakshi et al. 2022 ; R. Y. Talbot, D. Sijacki & M. A. Bourne
022 , 2024 ). Beyond galaxy scales, the large energetic output sup-
lied by radio AGN is thought to offset the radiative cooling of 
as in clusters and groups, supported by the fact that radio jets
ave been seen to trace bubbles and cavities in the hot X-ray-
mitting gas in these environments (see B. R. McNamara & P. E. J.
ulsen 2007 , 2012 ; M. Gitti, F. Brighenti & B. R. McNamara 2012 ;
. J. Hardcastle & J. H. Croston 2020 , for reviews). By inhibiting
he cooling of halo gas and suppressing subsequent star forma- 
ion, this heating has been widely used to explain the dearth of 
bserved high-mass galaxies relative to predictions of the galaxy 
uminosity function from earlier computational models, leading 
o the now common implementation of feedback from radio AGN 

n cosmological simulations of galaxy evolution (e.g. R. G. Bower 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and

https://doi.org/10.1093/mnras/stag757
http://orcid.org/0000-0002-8250-9083
http://orcid.org/0000-0002-6470-7967
http://orcid.org/0000-0003-4223-1117
http://orcid.org/0000-0003-0487-6651
http://orcid.org/0000-0002-1824-0411
mailto:j.pierce3@herts.ac.uk
https://creativecommons.org/licenses/by/4.0/


2 J. C. S. Pierce et al.

M

e  

2  

2
 

f  

p  

r  

q  

i  

l  

r  

g  

r  

o  

a  

o  

j  

e  

m
 

t  

g  

a  

b  

R  

c  

e  

b  

d  

t  

o  

(  

E  

H  

t  

l  

s  

H  

m  

c  

d  

(  

r  

e
 

s  

i  

i  

s  

c  

c  

s  

p  

S  

2  

a  

s  

t  

a  

e  

n  

a  

a  

p  

t  

r  

H  

e  

l  

H
 

d  

c  

l
t  

b  

v  

a  

o
i  

D  

c  

(  

T  

w  

i  

C  

g  

b  

r  

t  

f  

d  

d  

u  

t  

a  

m  

t  

p  

c  

s  

r  

e  

e
 

r  

m  

l  

o  

s  

f
 

L  

c  

(  

t  

r  

i  

i  

o  

o  

s  

n  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/stag757/8660350 by guest on 15 M
ay 2026
t al. 2006 ; D. J. Croton et al. 2006 , 2016 ; M. Vogelsberger et al.
014 ; R. Weinberger et al. 2017 ; R. Davé et al. 2019 ; J. Schaye et al.
025 ). 
A key element of characterizing the impact of radio AGN

eedback lies in determining the total energetic output of the
opulation. Since jet kinetic power is not directly measurable,
esearch in this area must rely on its inference from observable
uantities. One approach, as taken by C. J. Willott et al. ( 1999 ),
s to consider the minimum energy that must be stored in the
obes of the radio source in order to produce the synchrotron
adio emission observed. With assumptions on the source age,
eometry, and the synchrotron radiative efficiency, a theoretical
elation can be formed, allowing an estimate of jet power to be
btained from observed radio luminosity. However, use of such
 conversion requires careful consideration of the many sources
f uncertainty, which principally lie in our lack of clarity on the
et particle content, the low-energy cut-off of the synchrotron-
mitting electron population, and the source age (e.g. T. M. Heck-
an & P. N. Best 2014 ; M. J. Hardcastle & J. H. Croston 2020 ). 
Another approach is to consider the work required to inflate

he bubbles and cavities observed in the hot X-ray-emitting
as surrounding some radio sources. Since their enthalpies
re derivable from spectroscopic X-ray data (possibly aided
y volume measurements from low-frequency radio data; e.g.
. Timmerman et al. 2022 , 2024 ), these structures can act as
alorimeters for the lobe plasma, which, when combined with
stimates of the source age, allow intrinsic jet kinetic powers to
e inferred (e.g. L. Bîrzan et al. 2004 ). Comparisons with radio
ata show these jet power measurements to be correlated with
he observed radio luminosity, which permits the construction
f empirical relations that can be utilized for other radio AGN
e.g. L. Bîrzan et al. 2004 , 2008 ; K. W. Cavagnolo et al. 2010 ;
. O’Sullivan et al. 2011 ; T. M. Heckman & P. N. Best 2014 ).
owever, employing these relations requires us to assume that
hey are universally applicable, when in reality the observed radio
uminosity will be dependent on many physical factors (such as
ource environment, distance, and again particle content; L. E.
. Godfrey & S. S. Shabala 2016 ; M. J. Hardcastle 2018b ), with the
ethod carrying a selection bias towards small sources in rich
luster environments (L. Bîrzan et al. 2012 ) and against powerful
ouble sources with lobes bright in inverse-Compton emission
e.g. M. J. Hardcastle & J. H. Croston 2010 ). In addition, the
equired assumptions about source age may lead to systematic
rrors in the kinetic powers derived in this way. 
Another alternative for jet power inference is to compare ob-
erved radio AGN with predictions from semi-analytic dynam-
cal models of radio source evolution. This procedure typically
nvolves simulating large samples of forward-modelled radio
ources with randomly assigned initial physical properties, in-
luding jet kinetic power, lifetime, and environment, applying the
onstraints from the given sample selection and observations, and
tatistically matching mock observable properties of the resulting
opulation with those of the observed sources (cf. R. J. Turner &
. S. Shabala 2015 ; R. J. Turner, S. S. Shabala & M. G. H. Krause
018 ; M. J. Hardcastle 2018b ; M. J. Hardcastle et al. 2019 ). This
pproach has several advantages: (i) the models are adaptable,
o can be adjusted to consider factors such as differing jet par-
icle content, environmental properties, observing frequencies,
nd observational constraints; (ii) degeneracies due to age and
nvironment are naturally accounted for; (iii) constraints from
umerical simulations can be integrated to help alleviate some
ssumptions; and (iv) each observed source is treated individu-
NRAS 548, 1–14 (2026)
lly, as opposed to a generalized relation being used. The kinetic
owers inferred in this way are seen to be comparable to those ob-
ained from cavity power relations in the higher radio luminosity
egime, but to deviate significantly at lower luminosities (M. J.
ardcastle et al. 2019 ), while they agree with minimum energy
stimations within a factor of a few across a broad range in radio
uminosity, when an appropriate normalization is chosen (M. J.
ardcastle 2018b ). 
The advent of large quantities of highly sensitive radio survey
ata has allowed these jet power inference methods to be used to
onstruct kinetic luminosity functions for the radio AGN popu-
ation and estimate the total power output from jets. Several of 
he most recent advancements in this area have been provided
y observations from the LOw Frequency ARray (LOFAR; M. P.
an Haarlem et al. 2013 ). M. J. Hardcastle et al. ( 2019 ) used
ngular size and radio luminosity measurements for a sample
f 18 948 radio-loud AGN with z < 0 . 8 and L144 > 1023 W Hz−1 

n Data Release 1 of the LOFAR Two-Metre Sky Survey (LoTSS
R1; T. W. Shimwell et al. 2019 ), inferring their jet powers via
omparison with the semi-analytic models of M. J. Hardcastle
 2018b ) and constructing a local jet kinetic luminosity function.
he integrated kinetic power output per unit comoving volume
as found to exceed that of X-ray radiative losses from hot gas
n groups and clusters (inferred from H. Böhringer, G. Chon &
. A. Collins 2014 ), demonstrating that radio AGN jets are ener-
etically capable of counterbalancing hot gas cooling, as required
y cosmological models. This was supported by the cavity power
elation results of Z. Igo & A. Merloni ( 2025 ) based on data from
he LOFAR eFEDS survey (Z. Igo et al. 2024 ), who additionally
ound evidence that kinetic power injection from jets provides the
ominant contribution to AGN feedback relative to radiatively
riven winds in the local universe. R. Kondapally et al. ( 2023 )
sed cavity power relations on a large sample of radio AGN de-
ected in the LoTSS Deep Fields (ELAIS-N1, the Lockman Hole,
nd Boötes; C. Tasse et al. 2021 ; J. Sabater et al. 2021 ), finding only
oderate kinetic luminosity evolution for the bulk of the popula-
ion, but providing evidence that the total power output from the
opulation is sufficient to offset expected losses due to radiative
ooling in the redshift range 0 . 5 < z < 2 . 5 . Each of these results is
upported by studies that apply cavity power or minimum energy
elations to radio survey data from other telescopes (e.g. P. N. Best
t al. 2014 ; V. Smolčić et al. 2017 ; L. Ceraj et al. 2018 ; A. Butler
t al. 2019 ; B. Šlaus et al. 2024 ). 
While these results demonstrate the feedback potential of the

adio AGN population across broad periods of cosmic time, the
ajority of the radio sources are unresolved at the limiting angu-
ar resolution of the surveys considered, where the applicability
f cavity power relations is uncertain and where poorly con-
trained source sizes limit the effectiveness of jet power inference
rom semi-analytic models. 
In this paper, we use the insights gleaned from International
OFAR Telescope (ILT) data to build on the work of M. J. Hard-
astle et al. ( 2019 ), by adapting and applying the M. J. Hardcastle
 2018b ) semi-analytic model to a large sample of radio AGN from
he LoTSS Deep Fields and investigating the jet energetics of the
adio AGN population out to redshifts of z = 2 . 5 . We utilize our
mproved measurements of the physical sizes obtained from ILT
maging of the Lockman Hole with limiting angular resolutions
f 0.4 and 1.8 arcsec (F. Sweijen et al. 2022 , 2025 ) to improve
ur understanding of the radio AGN lifetime distribution, and
ubsequently expand our analysis to consider the much larger
umbers of sources available from the 6-arcsec Lockman Hole,
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Table 1. Summary of the LoTSS Deep Field and ILT images and sample sizes used in this work. The NS144 , z column indicates the numbers of objects 
in the fields that meet the sample selection criteria of S144 > 600 μJy and z < 2 . 5 , while the Nfinal column provides the numbers of objects in the final 
samples, which additionally meet the respective photometric selection criteria (see Section 2.3 ). For the Lockman Hole field, the LoTSS-DF sample 
numbers (Section 2.3.2 ) are presented in the standard resolution image row and the Lockman Hole ILT sample numbers (Section 2.3.1 ) are presented in 
both of the subsequent rows. Image references: (1) C. Tasse et al. ( 2021 ); (2) J. Sabater et al. ( 2021 ); (3) F. Sweijen et al. ( 2022 ); (4) F. Sweijen et al. ( 2025 ). 

Field Central RA, Dec. Central RMS Beam Area NS144 , z Nfinal Reference 
[deg] [µJy beam−1 ] [arcsec] [deg2 ] 

Lockman Hole–Standard resolution 161.75, 58.083 22 6 × 6 10.28 2709 1991 1 
Lockman Hole–Intermediate resolution 50 1.8 × 0.84 6.6 847 619 4 
Lockman Hole–High resolution 25 0.45 × 0.40 6.6 847 619 3,4 
ELAIS-N1 242.75, 55.00 20 6 × 6 6.74 1625 1304 2 
Boötes 218.0, 34.50 32 6 × 6 8.63 2064 1895 1 
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LAIS-N1, and Boötes LoTSS Deep Field data. We construct jet 
inetic luminosity functions for several redshift bins in the range 
 . 03 < z < 2 . 5 and derive from these the total kinetic luminosity
ensity of the radio AGN population at each epoch, investigating 
heir evolution across this period of cosmic time. 
The paper is organized as follows. Section 2 outlines the obser-
ational data and samples used for the project, while Section 3 
escribes the semi-analytic model matching approach used for 
he jet power inference. Section 4 details the results, which are 
hen discussed and compared with the literature in Section 5 . The
tudy is summarized in Section 6 . A Lambda cold dark matter
 �CDM) cosmology with H0 = 70 km s−1 Mpc −1 , �m 

= 0 . 3 , and
� = 0 . 7 is adopted throughout this work. We use the conven-
ion Sν ∝ να for the relationship between radio flux density and 
bserving frequency. 

 OBSERVATIONAL  DATA  AND  SAMPLE  

ELECTION  

he samples used for this study were selected from the stan-
ard resolution ELAIS-N1, Lockman Hole, and Boötes LoTSS 
eep Field images (6 arcsec; J. Sabater et al. 2021 ; C. Tasse et al.
021 ) and the higher resolution ILT images for the Lockman 
ole (0.4 and 1.8 arcsec; F. Sweijen et al. 2022 , 2025 ), with the
atter being used for our initial analysis and the former for sub-
equent expansion. A brief overview of the LOFAR observations 
nd sample selection is provided in the following subsections, 
long with details on the source size measurements used in the
nalysis. 

.1 ILT images – the Lockman Hole 

he broad range of baselines provided by the ILT (from ∼102 to 
06 m) permits the study of radio emission from sub-arcsecond to 
rcminute scales. In addition to the LoTSS Deep Field data with
he standard 6 arcsec limiting angular resolution for the Dutch 
OFAR stations (see Section 2.2 ), we utilized the higher resolu-
ion international-baseline ILT images of the Lockman Hole field 
roduced by F. Sweijen et al. ( 2022 , 2025 ) for this work. These
mages, with limiting angular resolutions of 0.45 and 1.8 arcsec, 
ere used to obtain more accurate source size measurements or 
ize limits for objects that were unresolved in the corresponding 
oTSS image for the field (F. Sweijen et al. 2025 ). This was crucial
or constraining the semi-analytic models that produced our sim- 
lated radio sources, particularly in terms of the source lifetime 
istribution, which improved subsequent jet power inference for 
he observed sources across all of the LoTSS Deep Fields (see
ection 3 ). 
The first wide-field ILT image of the central 6.6 deg2 of the
ockman Hole field was produced by F. Sweijen et al. ( 2022 ) from
 single 8-h observation, with a central resolution of 0.38 arcsec ×
.30 arcsec and central root mean square (RMS) sensitivity of 25
Jy beam−1 . For the size measurement work in F. Sweijen et al.
 2025 ), we used these data to produce a mosaic with matching
ensitivity but convolved to a restoring beam of 0.45 arcsec ×
.40 arcsec, which we hereafter refer to as the high-resolution
mage. Following tapering of the data, the calibration solutions 
rom F. Sweijen et al. ( 2022 ) were also used to produce an image
ith an angular resolution of 1.8 arcsec × 0.84 arcsec, with 
entral RMS noise of 50 µJy beam−1 . We hereafter refer to this
s the intermediate-resolution image. Further details on the 
LT observations and image construction can be found in F. 
weijen et al. ( 2022 ) and F. Sweijen et al. ( 2025 ). A summary of 
he properties of the intermediate- and high-resolution images 
s provided in Table 1 . 

.2 LoTSS Deep Fields – ELAIS-N1, Boötes, and the 
ockman Hole 

he goal of the LOFAR Two-Metre Sky Survey (LoTSS) Deep 
ield observations was to provide highly sensitive low-frequency 
adio images for several fields with broad coverage from existing 
ultiwavelength observations, permitting the identification and 
tudy of the host galaxies of fainter or higher redshift radio source
opulations over sky areas wide enough for the construction of 
arge samples (R. Kondapally et al. 2021 ). These are complemen-
ary to the shallower depth, wide-area LoTSS observations of the 
hole of the northern sky (T. W. Shimwell et al. 2017 , 2019 ,
022 ). 
In this work we have used samples selected from the LoTSS
eep Field Data Release 1 images of the ELAIS-N1 (J. Sabater
t al. 2021 ), Lockman Hole, and Boötes (C. Tasse et al. 2021 ) fields.
hese were observed for 164, 112, and 80 h, respectively, with
entral RMS depths of 20, 22, and 32 µJy beam−1 being achieved. 
he fields were all imaged with a common circular Gaussian 
estoring beam with a full width at half-maximum (FWHM) of 
 arcsec across the entire fields of view. A summary of the key
mage properties can be found alongside those of the higher res-
lution ILT observations in Table 1 , with further details on the
bservations and image construction being available in C. Tasse 
t al. ( 2021 ), J. Sabater et al. ( 2021 ), and R. Kondapally et al.
 2021 ). 
MNRAS 548, 1–14 (2026)



4 J. C. S. Pierce et al.

M

2

2

O  

s  

S  

m  

S  

t  

o  

t

 

m  

e
 

n
 

e  

s
 

A
 

a

 

t  

w  

s  

m  

i  

a  

r  

b  

m  

F  

R  

t  

o  

t  

c  

d
 

c  

n  

a  

a  

2  

H  

t  

D  

K

1

t
p
P
a
a
2

I
w

 

o  

c  

i  

L  

S  

f  

m  

t  

u  

c  

L  

t

2

F  

u  

a  

A  

f  

1  

s  

s  

t  

H  

a  

o  

r
 

m  

t  

a  

H  

(  

F  

(  

t  

H  

r  

c  

t  

f
1  

E  

t  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/stag757/8660350 by guest on 15 M
ay 2026
.3 Sample selection 

.3.1 Lockman Hole ILT sample 

ur initial analysis was carried out on a sample of radio AGN
elected from the larger sample of 2192 radio sources from F.
weijen et al. ( 2025 ), which comprises all objects in the Lock-
an Hole high-resolution image field with LoTSS flux densities
144 > 600 µJy. The nature of the sources was determined using
he spectral energy distribution (SED) classifications derived for
bjects in the LoTSS Deep Fields by P. N. Best et al. ( 2023 ), with
he sources being placed in the following categories: 1 

(i) Star-forming galaxies (SFGs) – no evidence for radiative-
ode AGN emission and no radio excess relative to the radio
mission expected from star formation activity; 
(ii) Radio - quiet AGN (RQAGN) – radiative-mode AGN that do
ot display a radio excess; 
(iii) Low-excitation radio galaxies (LERGs) – jet-mode AGN that
xhibit a radio excess and no evidence for radiative-mode emis-
ion; 
(iv) High-excitation radio galaxies (HERGs) – radiative-mode
GN that also exhibit a radio excess; 
(v) Unclassified – sources that cannot reliably be classified into
ny of the previous categories. 

Redshifts are available for all of these classified sources from
he photometric analysis of K. J. Duncan et al. ( 2021 ). The sources
ere assigned spectroscopic redshift values whenever these mea-
urements were available, while a hybrid template fitting and
achine learning technique applied to their ultraviolet to mid-
nfrared photometric data was used to derive redshift estimates in
ll other cases (see K. J. Duncan et al. 2021 , for further details). We
estrict our sample to sources with redshifts z < 2 . 5 , as the SED-
ased classification of radiative-mode AGN becomes significantly
ore incomplete above this redshift (see P. N. Best et al. 2023 ).
ollowing this redshift restriction, 725 LERGs, 122 HERGs, 119
QAGN, 842 SFGs, and 114 unclassified sources remained. For
he final sample of radio AGN, we considered the combined total
f 847 sources from the LERG and HERG categories – we exclude
he RQAGN class due to the uncertainty that the radio emission
an definitively be attributed to jets, as opposed to radiatively
riven winds or other processes (e.g. F. Panessa et al. 2019 ). 
We here note that we could in principle have additionally in-
luded objects in the sample from any SED category with bright-
ess temperatures ( Tb ) in the high-resolution Lockman Hole im-
ge that exceed the maximum predicted value for star formation
t these wavelengths (e.g. Tb > 106 K, as in L. K. Morabito et al.
022 , 2025 ). However, we choose to select only the objects with
ERG and LERG SED classifications in order to maintain consis-
ency with the sample selection for the 6-arcsec resolution LoTSS
eep Field images (Section 2.3.2 ) and with the selection of R.
ondapally et al. ( 2023 ) based on the same data. 2 
NRAS 548, 1–14 (2026)

 Note that the use of SEDs as the basis for these classifications means 
hat they differ from the categorizations based on optical emission-line 
roperties often used in the literature (e.g. S. Buttiglione et al. 2010 ; 
. N. Best & T. M. Heckman 2012 ), which recently include probabilistic 
pproaches (A. B. Drake et al. 2024 ; M. I. Arnaudova et al. 2025 ; Das et 
l., in preparation). 
 To test the effect of adding objects with Tb > 106 K to the Lockman Hole 
LT sample alongside those with HERG and LERG SED classifications, 
e repeated the analysis presented in Section 4.1.1 with these objects 

i
(
e
o
r
t
f
t
3

F
m
I

A final requirement for the sample came from the need for
ptical data for the radio AGN hosts, which was important when
alculating the appropriate cosmological volumes for luminos-
ty function construction (see Section 4.1 ). For objects in the
ockman Hole field, the CFHT-MegaCam g-band data from the
pARCS survey (A. Muzzin et al. 2009 ; G. Wilson et al. 2009 ) were
ound to be most complete. We imposed a g-band limit of g < 24 . 9
ag on the sample of 847 HERG and LERG sources that met
he flux density and redshift criteria, below which the relative
ncertainties in the g-band fluxes all remained less than 20 per
ent, producing a final sample of 619 objects (107 HERGs, 512
ERGs). We refer to this as the Lockman Hole ILT sample from
his point forward. 

.3.2 LoTSS Deep Field samples 

ollowing initial analysis on the Lockman Hole ILT sample, we
tilized the standard resolution (6-arcsec) LoTSS Deep Field im-
ges to expand the analysis to a much larger sample of radio
GN. We used the catalogues produced by P. N. Best et al. ( 2023 )
or the LoTSS Deep Fields, which contained 30 296, 29 691, and
7 628 sources with SED-based classifications (i.e. not ‘Unclas-
ified’) for the ELAIS-N1, Lockman Hole, and Boötes fields, re-
pectively. As with the Lockman Hole ILT sample, we restricted
hese catalogues to include only sources classified as LERGs or
ERGs and applied a matching S144 > 600 µJy flux density cut
nd z < 2 . 5 redshift constraint. This left 1625, 2709, and 2064
bjects in the ELAIS-N1, Lockman Hole, and Boötes catalogues,
espectively. 
Following these restrictions, we again imposed the require-
ent of secure host galaxy detections for the radio AGN, in
he optical or near-infrared (near-IR). SpARCS g-band data were
gain used for the Lockman Hole, while z-band data from the
yper-Suprime-Cam Subaru Strategic Program first data release
HSC-SSP; H. Aihara et al. 2018 ) and J-band data from NEW-
IRM observations of the Spitzer Deep Wide-Field Survey region
A. H. Gonzalez et al. 2010 ) were found to be most complete for
he ELAIS-N1 and Boötes fields, respectively. As for the Lockman
ole ILT sample, magnitude limits were chosen such that the
elative uncertainties in the fluxes all remained less than 20 per
ent, yielding restrictions of z < 23 . 4 mag and J < 22 . 9 mag for
he ELAIS-N1 and Boötes fields. A limit of g < 24 . 9 mag was used
or the Lockman Hole field as before. Final samples of 1991, 3 
304, and 1895 objects were obtained for the Lockman Hole,
LAIS-N1, and Boötes fields, respectively. We hereafter refer to
hese as the Lockman Hole LoTSS-DF, ELAIS-N1, and Boötes
amples. 
ncluded and compared integrated kinetic luminosity density estimates 
see Section 4.2 ) for the two cases. Under the assumption that all radio 
mission originates from radio AGN jets, it was found that adding these 
bjects would increase the integrated kinetic luminosity density in the 
ange 0 . 03 ≤ z < 0 . 7 by around 10 per cent. However, it is important 
o note that this ignores contributions to the radio emission from star- 
ormation-related processes and therefore represents an upper limit, with 
he true factor likely to be smaller. 
 Note that the final Lockman Hole sample drawn from the LoTSS Deep 
ield data is larger than the Lockman Hole ILT sample due to the require- 
ent for sources in the latter to lie within the smaller field of view of the 
LT. 
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.4 Source size measurements – the Lockman Hole ILT 

ample 

eliable measurements of the projected radio source sizes were 
equired to improve comparisons with simulated source popu- 
ations for jet power inference. The methods used to determine 
hese sizes for the Lockman Hole ILT sample are described in
etail in F. Sweijen et al. ( 2025 ), but a brief overview is provided
ere. 

.4.1 Resolved sources – flood-fill fitting 

he sizes of sources that were resolved in any of the LOFAR
mages (standard resolution, intermediate resolution, or high res- 
lution) were measured using a flood-fill fitting algorithm based 
n the LoMorph 4 code described by B. Mingo et al. ( 2019 ). Image
ixels with flux densities exceeding a threshold set by the highest
alue of 5 σrms or Ipeak / 50 were included in the flood-fill mask,
here σrms is the root-mean-square noise of the image and Ipeak 
s its brightest pixel intensity. Projected physical sizes were then 
erived from the maximum Euclidean angular distance between 
ny included pixels once no further pixels surrounding the de- 
ned region met the threshold. This method was used to provide 
easurements for 232 objects in the Lockman Hole ILT sample; 
69 from the LoTSS Deep Field image, 34 from the intermediate-
esolution image, and 29 from the high-resolution image. 

.4.2 Resolved sources – LoTSS unresolved and ILT 
aint/non-detected 

 different approach was taken for sources that were unresolved 
n the LoTSS Deep Field image but either faint or not detected
n both of the ILT images. For these sources, a lower limit on
heir sizes was derived from a comparison between the LoTSS 
ux density of the source and the surface brightness limitations of 
he intermediate-resolution image, while the LoTSS deconvolved 
ajor axis measurement plus three times the measurement un- 
ertainty, 2 × (θDC maj + 3 σmaj ) , was used as an upper limit. An esti-
ate of the source size was then randomly selected from a log-
niform distribution between these two limits, motivated by the 
arge number of sources that remained unresolved in the high- 
esolution image relative to those resolved in any of the three
ockman Hole images. Objects that were detected in the high- 
esolution image but that had flux densities FILT < 0 . 7 FLoTSS were
lso assigned sizes in this way (this factor is estimated from con-
ideration of the typical combined flux density scale and fitting 
ncertainties; F. Sweijen et al. 2025 ). This method was used to
btain size measurements for 209 sources in the Lockman Hole 
LT sample. 

.4.3 Unresolved sources – 2D - Gaussian fitting 

ize estimates for sources that were unresolved in the LoTSS 
eep Field image and detected but unresolved in either of the
LT images were determined by 2D - Gaussian fitting, performed 
sing the imfit package in casa (CASA Team 2022 ). The high-
esolution image measurement was used for sources that were 
nresolved and securely detected in both ILT images with flux 
 https://github.com/bmingo/LoMorph/ 
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ensities FILT > 0 . 7 FLoTSS , while the intermediate-resolution im- 
ge measurement was used when the source was not securely 
etected in the high-resolution image. For the matching with 
imulated objects from the semi-analytic models, we used a size 
pper limit of 2 × (θDC maj + 3 σmaj ) , 5 where θDC maj is the deconvolved
ajor axis and σmaj its formal error. 14 intermediate-resolution 
easurements and 61 high-resolution measurements were used 
s size limits for sources in the Lockman Hole ILT sample. 
For some LoTSS-unresolved objects in the sample, issues with 

he ILT image quality or with the 2D - Gaussian fitting from imfit
eant that size measurements from the ILT images were not 
sable. In these cases, sizes provided by 2D - Gaussian fits to the
ource emission from PYBDSF (N. Mohan & D. Rafferty 2015 )
erformed by C. Tasse et al. ( 2021 ) and J. Sabater et al. ( 2021 )
ere used. Size measurements for 103 objects were obtained in 
his way, with the θDC maj and σmaj values from the fits again being
sed to set an upper limit of 2 × (θDC maj + 3 σmaj ) on the source size
or use in later analysis. 

.4.4 Visual inspection 

s a final review, visual inspection was used to assess the suitabil-
ty of the sizes provided by the methods above and confirm the ap-
ropriate final measurements. Circles with the sizes determined 
y each method were overlaid on the LoTSS Deep Field and two
LT images of the objects for comparison with the maximum ex-
ents of the observed source emission (see fig. 2 in F. Sweijen et al.
025 , for examples). Size measurements from the intermediate- 
esolution image were found to be the most unreliable, due to
ontamination from the sidelobes of the point spread function 
nd its higher RMS noise, while those from the LoTSS-DF and
igh-resolution images largely performed well in the relevant 
cenarios outlined in this subsection. 

.4.5 P-D diagram 

sing the LoTSS-DF luminosity densities ( L144 ) for the objects 
nd the size measurements from F. Sweijen et al. ( 2025 ), we can
onstruct a power-linear size (P-D) diagram for the Lockman 
ole ILT sample (Fig. 1 ), a frequently used tool for comparing
opulations of radio sources. The results for the HERG and LERG
ubsamples are overlaid on those for the AGN from LoTSS DR2
M. J. Hardcastle et al. 2025 ), with points for the powerful radio
alaxies in the 3CRR sample (R. A. Laing et al. 1983 ) and example
volutionary tracks from the models of M. J. Hardcastle ( 2018b )
lso plotted for reference. 
We immediately see that while there are numerous resolved 
ources with large sizes, the sample also contains many sources 
f galactic or sub-galactic physical scales, with 283 objects (46 
er cent) having sizes less than 30 kpc. This latter region of the
iagram also contains many size limits (112; 40 per cent of objects
 30 kpc), implying the existence of a significant population of 
ruly small sources. A first-order comparison with the predicted 
volutionary tracks from the semi-analytic models suggests that 
MNRAS 548, 1–14 (2026)

he flood-fill method, with a uniform-brightness spherical or elliptical 
mission structure assumed so that the FWHM is equivalent to the half- 
ower brightness. We include the 3 σmaj to allow for uncertainty to be 
epresented in the upper limit. 

https://github.com/bmingo/LoMorph/
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Figure 1. A power-linear size (P-D) diagram for the 619 objects in the Lockman Hole ILT sample, with the AGN subclasses from the SED classifications 
of P. N. Best et al. ( 2023 ) shown separately (HERGs in red, LERGs in indigo). The solid circles represent measured sizes, while the unfilled triangles 
represent size upper limits. Bins for the resolved (green) and unresolved (blue; size limits) radio AGN from LoTSS DR2 are shown, with points for the 
powerful radio sources in the 3CRR sample (R. A. Laing, J. M. Riley & M. S. Longair 1983 ) also plotted for comparison (magenta diamonds). Example 
evolutionary tracks from the semi-analytic models of M. J. Hardcastle ( 2018b ) are overplotted – these are for z = 0 sources with two-sided jet powers 
Q = 1035 , 1036 ... 1040 W lying in the plane of the sky and evolving through a set group environment ( M500 = 2 . 5 × 1013 M�, kT = 1 keV). 
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here are many objects with low kinetic jet powers in the sample.
e reserve further analysis for later sections. 

.5 Source size measurements – the Lockman Hole 
oTSS -DF, ELAIS -N1, and Boötes samples 

s for some of the LoTSS-unresolved objects in the Lockman
ole ILT sample (Section 2.4.3 ), the PYBDSF (N. Mohan & D. Raf-
erty 2015 ) source size measurements from C. Tasse et al. ( 2021 )
nd J. Sabater et al. ( 2021 ) were used for objects in the ELAIS-N1,
ockman Hole LoTSS-DF, and Boötes samples, both for resolved
nd unresolved sources. For unresolved sources, upper limits on
he source sizes were set at 2 × (θDC maj + 3 σmaj ) , as described in
ection 2.4.3 . For resolved sources, sizes are taken as the largest
f the axes determined from moment analyses on the multiple
aussians fitted to the source components by PYBDSF . Resolved
nd unresolved sources were separated using the equation for
he envelope defined by T. W. Shimwell et al. ( 2019 ) in LoTSS
ata Release 1 (as also used by M. J. Hardcastle et al. 2019 ):

int / Speak = 1 . 25 + 3 . 1
(
Speak 
RMS 

)−0 . 53 
, where Speak and Sint represent

he peak and total flux densities and objects with Sint / Speak values
bove this limit were classed as resolved. 
NRAS 548, 1–14 (2026)
 SIMULATIONS  AND  SOURCE  MATCHING  

he main goal of this work is to infer the underlying jet properties
f the observed radio AGN population. To do this, we followed the
pproach of M. J. Hardcastle et al. ( 2019 ) in using semi-analytic
odels to simulate the evolution of a large number of radio
GN with known initial conditions, then matching their mock
bservable properties to those of our observed sources. Details
n the modelling and subsequent matching are provided in the
ollowing subsections. 

.1 Simulated radio source populations 

ollowing M. J. Hardcastle et al. ( 2019 ), we used the semi-analytic
odel of M. J. Hardcastle ( 2018b ) to simulate radio AGN pop-
lations. Initialization of the model required the random selec-
ion of several key physical properties for the radio sources. We
imulated 10 000 radio sources per redshift interval of 0.1 in the
ange [0.05, 2.45]. Improving on previous iterations, a redshift-
ependent halo mass function was employed for the random
election of the source environments (from J. Tinker et al. 2008 ),
mplemented in Python using the COLOSSUS package (B. Diemer
018 ). The lower mass limit for the selection was also redshift
ependent, set to 1013 M� at z = 0 . 05 and to the equivalent values
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6 This value was chosen for the matching to ensure that the observed 
and simulated sources were consistent within a factor of 1.5. This was 
found to provide the best compromise between obtaining a high number 
of matches and ensuring reasonable accuracy for the jet power inference. 
7 For the optical or near-IR data, it was important to consider the redshift 
dependence of the part of the host galaxy SED being observed in the 
corresponding bandpass. As in our previous work (M. J. Hardcastle et al. 
2025 ), we used the kcorrect code (M. R. Blanton & S. Roweis 2007 ) 
to obtain rest-frame SED templates and calculate the expected observed 
fluxes in the given bandpass as a function of redshift, comparing these 
values with the relevant magnitude limits in Section 2.3 to calculate Vmax 
in cases limited by the optical or near-IR data. 
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t all higher redshifts, as determined by the Tinker et al. evolu-
ion. The upper mass limit was fixed at 1015 M�. Jet powers were
andomly selected from a log-uniform distribution between the 
imits Q = 1033 –1039 . 5 W. The simulations were run for a total of 
200 Myr from before the cosmic epoch defined by each redshift,
ith random uniform radio source birth times within this interval 
eing assigned. Source orientations relative to the line of sight 
ere drawn under the assumption of isotropy. 
The results of M. J. Hardcastle et al. ( 2019 ) suggested that
niform and log-uniform source lifetime distributions could be 
nvoked to explain the size distributions for different components 
f the radio AGN population, but that neither individually results 
n a size distribution that aptly matches that of the population as a
hole. Consequently, we trialled sets of simulations considering 
oth types of lifetime distribution and compared their mock ob- 
ervable properties (projected physical size and radio luminosity) 
o those of the Lockman Hole ILT sample, for which we have the
ost constraining size measurements or limits. Source lifetimes 
ere randomly selected from the range 0.1 to 1000 Myr in each
ase. Fig. 2 demonstrates how the simulated sources populate P-D 

pace when using these two distributions, with the observational 
esults from the Lockman Hole ILT sample overplotted for com- 
arison. 
Observed sources were matched to the simulated sources in 

erms of projected physical size, 144 MHz radio luminosity and 
edshift, to investigate the success of the uniform and log-uniform
ifetime realizations (the criteria are detailed in Section 3.2 ). 
hile comparable numbers of matches are obtained when using 
ach implementation (both with success rates of ∼98 per cent), 
t is found that a log-uniform lifetime distribution better popu- 
ates the small physical size, low radio luminosity region of the
-D diagram where many of the observational data points lie, 
specially pertinent considering that many of the points in this 
egion are size limits. It is found that 6 per cent of the simu-
ated sources from the log-uniform realization have sizes < 50 kpc 
nd luminosities less than the median of the observed sources 
log10 (L144MHz / W Hz−1 ) = 24 . 7 ), compared to just 2 per cent in
he uniform lifetime case, with matching success rates of 98 per
ent and 95 per cent achieved in this region, respectively. The log-
niform realization also appears to provide a better representa- 
ion of the P-D space occupied by the observed sources as a whole,
ith an overall rate of 0.79 matches per simulated source being 
chieved compared to a rate of 0.59 for the uniform realization. 
s a result, we adopted a log-uniform lifetime distribution when 
enerating simulated source populations for this work. 

.2 Matching to observed sources 

fter the log-uniform lifetime distribution was chosen and simu- 
ated source populations were produced, final matching of simu- 
ated to observed sources was carried out to achieve the main goal
f inferring the kinetic jet powers. 
As a first step, the observational constraints for the different 

mages were taken into account. The simulated sources were 
ltered to match the > 600 µJy flux density constraint imposed 
or all of the observed samples. The central RMS values for the
hree LoTSS Deep Fields were used to calculate surface brightness 
imits for source detection, with the flux densities and projected 
ngular sizes for the simulated sources then used to restrict the
ool to those with sufficient surface brightness to be detected. 
After applying the observational constraints, the remaining 

imulated objects were considered as matches to the observed 
ources if the following criteria were met: (i) they were closer
han 0.1 in redshift ( | zobs − zsim 

| < 0 . 1 ); (ii) the radio luminosi-
ies were consistent within 0.18 dex 6 ( | log10 (L144 , obs / L144 , sim 

) | <
 . 18 ); and (iii) the projected physical sizes were consistent within
.18 dex ( | log10 (θobs /θsim 

) | < 0 . 18 ). If an observed source was
eemed unresolved, constraint (iii) was adjusted, such that all 
imulated sources with projected physical size less than twice the 
econvolved major axis plus three times the measurement uncer- 
ainty ( θsim 

< 2 × (θDC maj + 3 σmaj ) ) were considered for matching.
esolved and unresolved sources in the LoTSS Deep Field sam- 
les were identified as detailed in Section 2.5 . For the Lockman
ole ILT sample, resolved and unresolved sources were separated 
s described in Section 2.4 , with the additional stipulation that
bjects with projected angular sizes above 15 arcsec were deemed 
o be resolved. 
Once appropriate matches were identified, each observed 
ource was assigned the Gaussian-weighted mean kinetic jet 
ower of its matched simulated sources, with weights determined 
y the observed-to-simulated source separations in P–D parame- 
er space. These values were used as the inferred jet powers in
ll subsequent analysis. Matches were found for 605 of the 619
bjects in the Lockman Hole ILT sample (98 per cent), while 1913
96 per cent), 1243 (95 per cent), and 1687 (89 per cent) of objects
n the Lockman Hole LoTSS-DF, ELAIS-N1, and Boötes samples 
ere found to have matches, respectively. Only these matched 
ources were used for the analysis presented in Section 4 . 

 RESULTS  

.1 The local kinetic luminosity function 

sing the inferred jet powers and known optical magnitudes and 
adio flux densities for the observed sources, kinetic luminosity 
unctions could be constructed. In line with many previous stud- 
es in this area (e.g. W. L. Williams et al. 2018 ; R. Kondapally et al.
022 ; M. J. Hardcastle et al. 2025 ), we followed the 1 /Vmax ap-
roach to derive the luminosity functions (M. Schmidt 1968 ; J. J.
ondon 1989 ). The radio source number densities in each kinetic
et power bin ( ρ) are derived using the expression ρ = ∑ 

i 1 /Vi ,
here Vi = Vmax −Vmin and Vmin and Vmax denote the volumes 
orresponding to the minimum and maximum distances within 
hich a radio source could be detected. Vmin was set by the lower
edshift limit for the luminosity function being derived, while 
max was dependent on comparison between the optical or near- 
R magnitudes and radio flux densities of the sources with the
orresponding observational limits, 7 as well as the upper redshift 
imit for the luminosity function being constructed. The initial re- 
ults obtained for the Lockman Hole ILT and LoTSS-DF samples 
MNRAS 548, 1–14 (2026)
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Figure 2. Comparison of realizations of the simulated source populations drawn from uniform (left; 46 897 sources) and log-uniform (right; 11 957 
sources) lifetime distributions, with observational data from the Lockman Hole ILT sample overplotted. The HERG (red) and LERG (blue) subclasses 
from the classifications of P. N. Best et al. ( 2023 ) are again shown separately, with resolved (solid circles) and unresolved (unfilled triangles) sources also 
indicated. 
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re detailed in Section 4.1.1 , with those derived from combining
ll three LoTSS Deep Field samples described in Section 4.1.2 . 

.1.1 The Lockman Hole 

e first compare the results obtained for the Lockman Hole ILT
nd LoTSS-DF samples. Due to the smaller size of the Lockman
ole ILT sample, we limit this comparison to kinetic luminosity
unctions in the local universe where both samples have suitable
ource counts. This also permits comparison with the results
btained by M. J. Hardcastle et al. ( 2019 ) for local LoTSS DR1
GN, which were obtained using the same jet power inference
pproach. 
Jet kinetic luminosity functions for the Lockman Hole ILT and
oTSS-DF samples in the redshift range 0 . 03 ≤ z < 0 . 7 are shown
n Fig. 3 (left panel), alongside the results of M. J. Hardcastle
t al. ( 2019 ). It is seen that although the luminosity function
or the Lockman Hole ILT sample extends to lower jet powers
hen compared to that of the LoTSS-DF sample, while the latter
xtends to relatively higher jet powers, the luminosity functions
re broadly consistent in the jet power range in which they over-
ap. This concordance is also seen in the Qρ(Q ) plot shown in
ig. 3 (right panel), which offers an impression of the total power
utput provided by jets of different powers based on these data. 
The higher jet power extension for the LoTSS-DF sample can
artly be explained by the larger sky area covered by the LoTSS
eep Field data relative to that of the ILT images (10.28 and
.6 deg2 , respectively), leading to the inclusion of more sources
ith higher radio luminosities and thus typically higher inferred
inetic powers. The additional lower jet power sources identi-
ed from the ILT sample data can be attributed to the smaller
easured sizes or size limits, given that while the source lifetime
s the main determinant of the source size in the semi-analytic
odels, smaller radio sources are still found to more frequently
NRAS 548, 1–14 (2026)
e of lower jet power. The broad consistency elsewhere implies
hat when a log-uniform lifetime distribution is used to generate
he simulated source population in the semi-analytic models, as
otivated by the analysis on the Lockman Hole ILT sample (see
ection 3.1 ), the inferred jet powers are not strongly dependent
n whether the LoTSS only or LoTSS plus ILT size measurements
re used. This opens up the possibility of expanding the analysis
o the other LoTSS Deep Field data, where only LoTSS-based
ize measurements and limits are available (as detailed in Sec-
ion 4.1.2 ). 
When compared to the results of M. J. Hardcastle et al. ( 2019 ),

t is seen that while the number densities typically lie within a fac-
or of a few of those suggested by the Lockman Hole luminosity
unctions at higher jet powers, the Lockman Hole data suggest
hat sources with lower jet powers are more common (Fig. 3 ;
eft panel), and hence that they provide a larger contribution
o the local radio AGN power output (Fig. 3 ; right panel). This
iscrepancy can potentially be explained by the differing levels
f completeness that the LoTSS DR1 and LoTSS Deep Field data
ave at lower flux densities, with the latter observations having
uch improved sensitivity relative to the former (e.g. a central
MS of 22 µJy beam−1 for the Lockman Hole LoTSS Deep Field
mage compared to a median sensitivity of 71 µJy beam−1 for
oTSS DR1). 

.1.2 LoTSS Deep Fields 

he broad consistency found between the kinetic luminosity
unctions of the Lockman Hole ILT and LoTSS-DF samples
rovided justification for extending the analysis to include the
LAIS-N1 and Boötes LoTSS Deep Fields. This allowed for a
uch larger sample to be studied, and permitted investigation
f the evolution of the jet kinetic luminosity functions (see
ection 4.2 ). 
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Figure 3. Kinetic luminosity functions for radio AGN with 0 . 03 ≤ z < 0 . 7 , derived using the ILT (teal) and LoTSS Deep Field (blue) images for the 
Lockman Hole. The results of M. J. Hardcastle et al. ( 2019 ) are also shown, for comparison. Left panel: the unscaled luminosity function. Right panel: 
the luminosity function multiplied by Q , emphasizing the contribution to the overall integrated luminosity density as a function of Q . 
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Fig. 4 shows the jet kinetic luminosity functions constructed 
or each of the three LoTSS Deep Fields in the same redshift
ange as Fig. 3 ( 0 . 03 ≤ z < 0 . 7 ). The average luminosity func-
ion across the Deep Fields is also shown, with the LoTSS DR1
GN data from M. J. Hardcastle et al. ( 2019 ) again presented for
omparison. We see that the ELAIS-N1 and Boötes luminosity 
unctions follow the same broad trend as that of the Lockman 
ole, with a steep increase towards lower jet powers and number
ensities that consistently exceed those derived from the LoTSS 
R1 data across the majority of the jet power range covered. The
verage Deep Field line diverges strongly from the LoTSS DR1 
ine at the lowest jet powers, with the number density of order
ne magnitude lower for the latter at Q = 1035 W. 
Fig. 4 also shows the kinetic luminosity functions for the deep 
elds multiplied by Q . We see that the kinetic power output den-
ity remains relatively flat across the range of Q considered, im-
lying that, in contrast with the results obtained from LoTSS DR1,
adio sources with lower jet powers provide an important contri- 
ution to the total energetic output of the population. Although 
he high kinetic power radio galaxies still provide the dominant 
ontribution, given the increasing number of AGN sources with 
ow radio luminosities being detected by modern surveys (e.g. 
. W. Shimwell et al. 2019 , 2022 ; L. K. Morabito et al. 2022 , 2025 ;
. D. Baldi 2023 ; C. L. Hale et al. 2025 ), this result would have
trong implications for AGN feedback models. 

.2 The evolution of the jet kinetic luminosity function 

e next constructed kinetic luminosity functions over the full 
edshift range of the three deep fields, 0 < z < 2 . 5 , binning in five
road redshift bins. As we have seen that the low-redshift Deep 
ield luminosity functions are in good agreement (Section 4.1.2 ), 
e simply use the average of the luminosity functions for the
hree fields in this analysis. 
There is little dependence on redshift seen in the resulting 
oTSS Deep Field luminosity functions (Fig. 5 ). Although the 
uminosity functions span different luminosity ranges as a result 
f the flux density limit of the samples and the larger volumes
vailable at high redshift, they are very similar in their general 
ocation in the plot and can be characterized roughly as power 
aws in Q with similar normalization and slope. No positive evo- 
ution in the normalization is seen with redshift and there is little
ign of a break in the kinetic luminosity function. 
To allow a direct comparison with other work, we integrate 

he kinetic luminosity function over the jet power range 1034 . 5 to 
039 . 5 W (the latter being about the maximum jet power that is
bserved in the local Universe). To do this, we characterized the
uminosity function in each of the five redshift bins as a power
aw; we fitted a power law to each, took the mean slope from
hese fits, and then refitted for normalization with the slope of 
he power law in each redshift bin fixed to the mean. Integrating
cross the Qρ(Q ) curves derived from these latter fixed-slope fits
hen allowed us to estimate the kinetic luminosity density (the 
otal power output from radio AGN per comoving volume) as a
unction of redshift. 
Because the lower redshift bins do not probe enough volume 

o include the most luminous sources, there is substantial uncer- 
ainty in the integral of the kinetic luminosity function (which 
ould turn down sharply outside the range we observe), but we
an derive an upper limit by extrapolating the integral over the
ull range between 1034 . 5 and 1039 . 5 W and a lower limit by in-
egrating over only the range of kinetic powers observed in each
edshift bin. In Fig. 6 we plot this whole range to illustrate the ob-
ervational uncertainty, together with estimates of this quantity 
t different redshifts from earlier work. The implications of this 
lot are discussed in the following section. 

 DISCUSSION  

.1 The cosmic evolution of radio AGN jet powers 

he main result from our analysis is a new estimate of the evo-
ution of the radio AGN kinetic luminosity function and total 
ower output over cosmic time out to z ≈ 2 , as shown in Fig. 6 .
ur estimated kinetic luminosity densities agree well in terms of 
agnitude and suggested evolution with the results of R. Kon- 
apally et al. ( 2023 ) derived from the same data, as well as with
arlier analysis by V. Smolčić et al. ( 2017 ) on VLA-COSMOS data,
oth of which employ generalized radio luminosity to kinetic 
ower relations. However, our models incorporate more physical 
ffects, including the observed size distribution, the evolution 
f the halo mass function with redshift, and the dependence of 
MNRAS 548, 1–14 (2026)
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Figure 4. Kinetic luminosity functions for radio AGN with 0 . 03 ≤ z < 0 . 7 , derived using the Lockman Hole (blue), ELAIS-N1 (orange), and Bootes 
(green) LoTSS Deep Field images. The average luminosity function for the three fields is shown in black. The results of M. J. Hardcastle et al. ( 2019 ) 
are also shown, for comparison. Left panel: the unscaled luminosity function. Right panel: the luminosity function multiplied by Q , emphasizing the 
contribution to the overall integrated luminosity as a function of Q . 

Figure 5. The evolution of the average kinetic luminosity functions for radio AGN in the redshift range z = [0 . 03 , 2 . 5] across the Lockman Hole, 
ELAIS-N1, and Bootes LoTSS Deep Field images. Left panel: the unscaled luminosity function. Right panel: the luminosity function multiplied by Q , 
emphasizing the contribution to the overall integrated luminosity as a function of Q . 

i  

(  

t  

H  

i  

s  

A  

(  

w  

f  

d
 

r  

e  

t  

f  

t  

c  

k  

k  

o  

u  

e
i  

t  

f
t  

t  

O  

2  

l  

e  

t  

u
 

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/stag757/8660350 by guest on 15 M
ay 2026
nverse-Compton losses on redshift. We also see good consistency
within a factor of a few) between our low-redshift estimates and
he low- z estimates from R. J. Turner & S. S. Shabala ( 2015 ), M. J.
ardcastle et al. ( 2019 ), and Z. Igo & A. Merloni ( 2025 ), bearing
n mind the large uncertainties on our low- z results due to the
mall volume sampled, and the fact that we pick up more low- z
GN in this work than were identified by M. J. Hardcastle et al.
 2019 ). Our results combined with those of others are consistent
ith moderate positive evolution of the luminosity density (by a
actor of a few) between z = 0 and z = 1 , and relatively flat or
eclining luminosity density beyond that. 
As already noted by R. Kondapally et al. ( 2023 ), numbers in the

ange around 5 × 1032 W Mpc−3 at z = 1 are compatible with the
xpectations from some models of galaxy formation and evolu-
ion, although the R. Kondapally et al. ( 2023 ) data and models
ocused particularly on the LERG population, whereas we are
rying to estimate the output of all jetted AGN (see M. Hard-
astle 2018a for the reasoning behind this decision). We already
NRAS 548, 1–14 (2026)
now from the work of M. J. Hardcastle et al. ( 2019 ) that the
inetic luminosity density is more than sufficient to offset the
bserved local radiative cooling of groups and clusters in the local
niverse. Any excess of kinetic luminosity density relative to the
xpectations from feedback models can be explained in terms of 
nefficient coupling of the jet to the material that actually needs
o be heated in order to keep the hot halo hot and prevent star
ormation – we know that large radio sources spend much of 
heir time doing work on parts of the cluster environment where
he cooling time is very long, and can even escape into voids (H.
mma & J. Binney 2004 ; M. J. Hardcastle & M. G. H. Krause
013 ; M. S. S. L. Oei et al. 2024 ). Our z ∼ 0 estimate of the kinetic
uminosity density is a factor of a few higher than that in our
arlier work (M. J. Hardcastle et al. 2019 ) but, as discussed above,
his is because a larger number of low-luminosity AGN are picked
p in the current sample. 
The large uncertainties on our results, particularly at low z,
how that the LoTSS Deep Fields are not large enough to capture
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Figure 6. The integrated kinetic power density output from the radio AGN population as a function of redshift. The teal stars indicate the values derived 
when the kinetic luminosity functions were fitted with a slope fixed to the average value obtained from fits where both the gradient and normalization 
were free parameters (see Section 4.2 , for further details on the fitting). The darker teal shading around these points indicates the 16th–84th percentile 
range. The teal dot–dashed line indicates the lower limit on the kinetic power density at each redshift, obtained when using integration limits given by 
the range of kinetic powers observed for each redshift bin, as opposed to the fixed log 10 (Q ) = 34.5 and 39.5 limits considered for the teal stars. Data 
from other observational studies in this area are shown for comparison (also presented in Table 2 ), which are as follows: P. N. Best et al. ( 2014 ; magenta 
inverted triangles); R. J. Turner & S. S. Shabala ( 2015 ; light blue square); V. Smolčić et al. ( 2017 ) best-fitting curves based on pure luminosity evolution 
(blue dashed line) and pure density evolution (red dashed line); M. J. Hardcastle et al. ( 2019 ; green triangle); R. Kondapally et al. ( 2023 ), where red circles 
represent LERGs and grey circles represent all radio-excess AGN, with the shaded regions representing associated uncertainty ranges; and Z. Igo & A. 
Merloni ( 2025 ; purple diamond). 
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8 A comparison between the results of our jet power inference method 
and several generalized scaling relations from the literature can be found 
in M. J. Hardcastle et al. ( 2019 ). We have verified that the current data 
compare similarly, and we find no significant variation with redshift or 
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he full range of kinetic powers and environments in the powerful
GN population, and this gives rise to substantial uncertainty on 
he evolution of the kinetic luminosity function. At low z we can
ddress this using the population of AGN in the wide-area LoTSS
urvey, where the evolution of the radio luminosity function can 
e very well constrained (M. J. Hardcastle et al. 2025 ). We will re-
ort on that analysis in a subsequent publication, but it will only
ive constraints out to z ≈ 1 due to the requirement for detection
n the DESI Legacy survey. Traditionally, the problem with wide- 
eld radio surveys has always been the difficulty of obtaining 
ptical IDs out to high redshift without expensive pointed optical 
ollow-up, meaning that it has always been necessary to combine 
ide and deep observations to get the best results (e.g. B. Šlaus
t al. 2024 ). However, the Euclid mission (Euclid Collaboration 
025 ) is in the process of carrying out a wide-area optical survey,
hich, together with complementary ground-based observations, 
ill be the deepest wide-area optical survey yet, and should be 
apable of detecting the host galaxies of radio AGN out to z ≈ 2 .
here will be around 6000 square degrees of overlap between 
he final Euclid northern-sky survey and the forthcoming LoTSS 
R3, which will enable radio source evolution studies to be car- 
ied out out to ‘cosmic noon’ with a sample size of around 106 ob-
ects. This should give us the definitive answers to the questions
osed by our existing work. 
b

.2 Modelling radio AGN jet dynamics and jet power 
nference 

 key feature of our work here and earlier (M. J. Hardcastle et al.
019 ) is that we are trying to use a physically motivated model for
GN evolution to infer jet power, rather than using simple scaling
elations with radio luminosity such as those of C. J. Willott et al.
 1999 ) or K. W. Cavagnolo et al. ( 2010 ). Discrepancies between
he integrated kinetic luminosity densities in different studies 
an arise as a result of different choices of scaling relations, or
reely adjustable normalization parameters in the scaling rela- 
ions used. In principle, at least, our approach improves on these
ethods because it directly uses all available physical informa- 
ion (so far, source size and redshift as well as radio luminosity,
ut environmental and integrated spectral index information will 
e included in later implementations) and the free parameters 
hat the model does have can be largely tied to observations. 8 
There are, however, inevitable downsides to attempts to use 

 physically motivated model. One of them is that it leads us
MNRAS 548, 1–14 (2026)

etween the jet powers inferred for our HERGs and LERGs. 
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Table 2. Comparison of the integrated jet kinetic power outputs per 
comoving volume from several radio AGN samples, as shown in Fig. 6 . 
References for the relevant literature data are included in the first column. 
The fixed slope extrapolation values from this work (Section 4.2 ) show 

the results of integrating the best MCMC line fits across a common range 
of Q = 1034 . 5 to 1039 . 5 W, with the uncertainties representing the results 
derived from the 16th and 84th percentile values for the fit parameters. 
The results calculated by only integrating across the range of Q values 
covered by the kinetic luminosity functions in each redshift bin are also 
presented, representing lower limits on the integrated kinetic luminosity 
density. 

Reference 
Kinetic luminosity 

density Redshift range 
[W Mpc−3 ] 

P. N. Best et al. ( 2014 ) ( 1 . 6 ± 0 . 3) × 1032 0 ≤ z ≤ 0 . 3 
( 2 . 8 ± 0 . 6) × 1032 0 . 5 ≤ z ≤ 0 . 7 
( 1 . 3 ± 0 . 4) × 1032 0 . 7 ≤ z ≤ 1 . 0 

R. J. Turner & S. S. Shabala 
( 2015 ) 

8 × 1031 0 . 03 ≤ z ≤ 0 . 1 

M. J. Hardcastle et al. ( 2019 ) 7 × 1031 0 . 01 ≤ z ≤ 0 . 7 
R. Kondapally et al. ( 2023 ) 
– Radio - excess AGN 4 . 7+0 . 4 

−0 . 3 × 1032 0 . 5 ≤ z ≤ 1 . 0 
4 . 3+0 . 4 

−0 . 3 × 1032 1 . 0 ≤ z ≤ 1 . 5 
6 . 2+0 . 5 

−0 . 4 × 1032 1 . 5 ≤ z ≤ 2 . 0 
4 . 4+0 . 4 

−0 . 3 × 1032 2 . 0 ≤ z ≤ 2 . 5 
– All LERGs 3 . 9+0 . 3 

−0 . 2 × 1032 0 . 5 ≤ z ≤ 1 . 0 
3 . 4+0 . 3 

−0 . 2 × 1032 1 . 0 ≤ z ≤ 1 . 5 
5 . 2+0 . 4 

−0 . 3 × 1032 1 . 5 ≤ z ≤ 2 . 0 
4 . 0+0 . 4 

−0 . 3 × 1032 2 . 0 ≤ z ≤ 2 . 5 
Z. Igo & A. Merloni ( 2025 ) 1 . 4+0 . 7 

−0 . 8 × 1032 0 ≤ z ≤ 0 . 285 
This work 
– Fixed slope extrapolation 5 . 8+0 . 5 

−0 . 4 × 1032 0 . 03 ≤ z ≤ 0 . 3 
4 . 4+0 . 2 

−0 . 2 × 1032 0 . 3 ≤ z ≤ 0 . 7 
3 . 0+0 . 2 

−0 . 1 × 1032 0 . 7 ≤ z ≤ 1 . 0 
3 . 7+0 . 2 

−0 . 2 × 1032 1 . 0 ≤ z ≤ 1 . 5 
3 . 3+0 . 2 

−0 . 2 × 1032 1 . 5 ≤ z ≤ 2 . 5 
– No extrapolation 9 . 3 × 1031 0 . 03 ≤ z ≤ 0 . 3 

1 . 6 × 1032 0 . 3 ≤ z ≤ 0 . 7 
1 . 6 × 1032 0 . 7 ≤ z ≤ 1 . 0 
2 . 8 × 1032 1 . 0 ≤ z ≤ 1 . 5 
2 . 3 × 1032 1 . 5 ≤ z ≤ 2 . 5 
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o face some of the remaining unknown physical properties of 
he sources (conveniently hidden in the uncertainty factors of 
he scaling relations): for example, our lack of environmental
nformation for the sources in the current sample leads us to
ssume a particular prior for the halo masses of their environ-
ents that may not be correct, and that would translate to a
ystematic shift in the inferred jet powers (in the sense that if 
ll the environments were systematically richer than in our prior,
he inferred jet powers would all be systematically high relative
o their true values). We will return to jet power inference mak-
ng use of available environmental constraints when we consider
he kinetic luminosity function of the LoTSS DR2 AGN (Pierce
t al. in preparation) but obtaining environmental information
ut to high redshifts is challenging. Another issue is the varying
article content in real radio AGN (J. H. Croston, J. Ineson &
. J. Hardcastle 2018 ); while our models are calibrated to pow-
rful FRII-type radio galaxies in which the radiating electrons
nd positrons appear to dominate the lobe pressure, it seems
mpossible to evade the conclusion that a substantial amount of 
he jet power in low-power objects goes into heating entrained
NRAS 548, 1–14 (2026)
aryonic material from stellar winds and possibly the external
nvironment, and in that case the radio luminosity for a given jet
ower would substantially decrease, meaning that we would be
ubstantially underestimating the true kinetic luminosity density
ontribution from low-power objects. Other physical effects, such
s jet precession due to binary supermassive black holes (M. G. H.
rause et al. 2025 ), are also not represented in the models. 
In addition, there are multiple analytic models of radio source
volution available to do this inference (e.g. R. J. Turner et al.
023 ; P. Beltrán-Palau, M. Perucho & J. María Martí 2025 ), and
o far we have only used our own. While these latest models
hare several fundamental assumptions they differ in detail, with
iffering prescriptions for key physical aspects such as early-time
ersus late-time evolution, the pressure profile of the ambient
edium and the predicted radio luminosities resulting in diver-
ences in the evolutionary tracks of the radio sources through P-
 space (see discussions in R. J. Turner & S. S. Shabala 2023 ; P.
eltrán-Palau et al. 2025 ). This would lead to differences in the ki-
etic jet powers inferred, subsequently affecting the kinetic lumi-
osity functions and integrated luminosity densities obtained. A
etailed quantitative comparison of the different available mod-
ls and an understanding of their biases with respect to each other
ould be very valuable; we leave this for future work. 
Finally, we note that our whole approach of inferring kinetic

uminosity functions is an attempt to meet cosmological models
alfway by providing them with a number that is comparable to
omething that can be extracted relatively easily from simulations
the power in ‘AGN feedback’, however that is implemented in the
imulation). In many ways it would be better for the radio source
odelling to be part of the cosmological simulations themselves,
llowing full forward modelling of observables like the radio lu-
inosity function along with the observational selection effects
n the population. Efforts to identify radio AGN and produce
adio luminosity functions by post-processing simulations (e.g.
. Thomas et al. 2021 ) are encouraging, but are based on rela-
ively crude assumptions about the relationship between accre-
ion and radio luminosity. Incorporating the full range of radio
GN physics, starting from our best understanding of the jet
eneration mechanism and its relationship to black hole spin, is a
ey requirement for exploiting the constraints on the radio source
opulation that are now being provided by sensitive surveys with
OFAR, MeerKAT, and ASKAP, and in the near future with the
quare Kilometer Array (SKA). 

 SUMMARY  AND  CONCLUSIONS  

eedback from radio AGN jets is a feature of modern models of 
alaxy evolution, commonly invoked to counterbalance radiative
ooling in large-scale cosmological environments and match the
bserved galaxy luminosity function. Although previous work in
his area suggests that the radio AGN population carries enough
ower in jets to provide this regulation, much remains to be un-
erstood about how this mode of feedback operates in detail, on
arious physical scales and across cosmic time. In this work, we
ave used large samples of radio AGN selected from the Lockman
ole, ELAIS-N1, and Boötes LoTSS Deep Fields to investigate the
osmic evolution of radio AGN jet kinetic powers out to z = 2 . 5 .
n contrast with the generalized radio luminosity scaling relation
ethods used in most previous studies, we infer the kinetic pow-
rs using a physically motivated semi-analytic model; the first
ime this evolution has been explored using this method out to
igher redshifts. 
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Our initial analysis was carried out on a sample of 619 radio
GN selected from LoTSS Deep Field and ILT images of the
ockman Hole with limiting angular resolutions of 6, 1.8, and 0.4 
rcsec – the Lockman Hole ILT sample. Utilizing size measure- 
ents obtained for these objects in our previous work (F. Sweijen 
t al. 2025 ), we found that the semi-analytic models required a
ifetime distribution that was heavily weighted towards short- 
ived sources in order to match the large number of physically 
mall objects in the sample. Using our selection of a log-uniform
ifetime distribution, we found that the local kinetic luminosity 
unction ( z < 0 . 7 ) derived for sources in this sample showed good
greement with that obtained when using a sample selected from 

he LoTSS Deep Field observations alone. Based on this finding, 
e expanded our analysis to consider further large samples of 
ources selected from the LoTSS Deep Field data for the ELAIS-
1 and Boötes fields. 
After updating the inference models of M. J. Hardcastle et al. 

 2019 ) with the source lifetime distribution implied by the Lock-
an Hole ILT results, we made estimates of the kinetic lumi-
osity function and its integral, the kinetic luminosity density, 
ver the redshift range z = 0 to z = 2 . 5 , using the full combined
ample of 5187 objects selected from the LoTSS Deep Field data. 
ncouragingly, broad agreement between these results and those 
rom the various different methods that have been employed by 
revious works (mostly making use of simple scaling relations), 
oth using the LOFAR data and using other surveys. All the
vailable data are consistent with a moderate positive evolution 
f the kinetic luminosity density from AGN between z = 0 and
 = 1 , followed by a period where it is roughly constant between
 = 1 and z = 2 . The kinetic luminosity values we obtain are of 
rder 1032 to 1033 W Mpc−3 across the full redshift range studied, 
onsistent with the expectations of some cosmological models of 
alaxy formation and evolution. 
In future work, we will utilize the high sensitivity provided by 

elescopes such as LOFAR, MeerKAT, ASKAP, and in the near 
uture the SKA, alongside the wide-field, high-resolution images 
f the ILoTSS survey, to conduct further comprehensive investi- 
ation of feedback from the radio AGN population across broad 
anges of size and radio luminosity. The next generation of deep 
ide-area optical survey data from facilities such as Euclid will 
lso enable the improved detection and characterization of the 
adio AGN host galaxies. In conjunction with this, we will use
onstraints on the environments of local radio sources provided 
y LOFAR, among other factors, to improve our characterization 
f radio source evolution using semi-analytic modelling. Com- 
arison between the results of the existing inference models in 
he literature will also help in this aspect. 
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