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Abstract

Coupling between relativistic jets launched by accreting supermassive black holes and the surrounding gaseous
media is a vital ingredient in galaxy evolution models. To constrain the environments in which this feedback takes
place over cosmic time, we study the host-halo properties of luminous low-frequency radio galaxies (L150 MHz
1025.25 WHz−1) selected with the International Low-Frequency Array Telescope out to z∼ 2 through tomographic
clustering and cosmic microwave background lensing measurements. We find that these systems occupy halos
characteristic of galaxy groups (Mh= 1013–1014h−1Me), evolving at a rate consistent with the mean growth rate of
halos over the past ∼10 Gyr. The coevolution of the clustering and the luminosity function reveals that the duty
cycle of these systems is of order ∼10% but has been mildly increasing since z∼ 2, while the duty cycle of quasars
has been declining. We estimate the characteristic kinetic heating power injected by powerful jets per halo as a
function of mass, and compare to the same quantity injected by quasar winds. We find that powerful jet heating
dominates over quasar winds in halos Mh 1013 h−1Me at z< 2. These results conform to the paradigm of galaxy
evolution in which mechanical jet power feedback is the dominant heating mechanism of the gas content of groups
and clusters.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Large-scale structure of the universe (902);
Radio galaxies (1343); Galaxy evolution (594); Clustering (1908)

1. Introduction

Galaxies form in the standard Lambda cold dark matter
(ΛCDM) cosmology when baryons cool onto collapsed dark
matter halos (White & Rees 1978; White & Frenk 1991).
However, galaxy formation models which incorporate only the
first-order baryonic physics such as gravitational shock-heating
and radiative cooling fail to match a wide array of observations
of the most massive systems, galaxy groups, and clusters. In
particular, the efficiency of gas cooling and in turn galaxy
growth is observed to be poorer than these models predict in
more massive systems (Balogh et al. 2001; Benson et al. 2003;
Borgani et al. 2004; Somerville et al. 2008; Benson 2010;
Donahue & Voit 2022).

The advent of the ROSAT, Chandra, and XMM-Newton
X-ray telescopes revealed an unexpected abundance of hot gas
in clusters and groups. The cooling time of X-ray gas cores in
clusters, groups, and elliptical galaxies is observed to be much
shorter than the ages of the systems (Edge et al. 1992;
Cavagnolo et al. 2008; Dunn & Fabian 2008), implying that
thermal energy must be resupplied by an internal mechanism
(Tabor & Binney 1993; Binney & Tabor 1995).

It is now recognized that a supermassive black hole (SMBH)
lies at the center of every massive galaxy (Magorrian et al.
1998; Kormendy & Ho 2013), and that accretion onto this
object triggers active galactic nucleus (AGN) activity which
plays an integral role in shaping the host galaxy’s growth and
evolution through feedback processes (Best et al. 2006;
McNamara & Nulsen 2007, 2012; Cattaneo et al. 2009;

Alexander & Hickox 2012; Fabian 2012; Heckman & Best
2014; Hardcastle & Croston 2020). This picture was cemented
theoretically when cosmological semi-analytic and hydrody-
namic simulations including AGN feedback were able to
address the cooling-flow problem and reproduce observed local
stellar mass functions (Bower et al. 2006; Croton et al. 2006;
McCarthy et al. 2010).
Feedback occurs when the AGN activity deposits kinetic

energy into the surrounding medium through either radiative or
mechanical processes, and these modes of feedback have
canonically been associated with the accretion modes of the
AGN itself (e.g., Churazov et al. 2005; Sijacki et al. 2007;
Bower et al. 2012). Accretion at high Eddington ratios tends to
form radiatively efficient disks, while mechanical energy
dominates the output of AGNs accreting at lower rates. This
picture is however oversimplified, as multiple mechanisms can
contribute to the kinetic output of both radiatively efficient and
inefficient AGN activity (Whittam et al. 2022; Harrison &
Ramos Almeida 2024). For example, compared to the classical
radio-selected AGNs lacking a radiatively efficient disk (low-
excitation radio galaxies, LERGs), high-excitation radio
galaxies (HERGs) host a radiatively efficient disk but also
drive powerful mechanical output. For the purposes of this
work, we will explore the relative feedback roles played by
AGNs injecting energy dominantly through mechanical (jet/
radio-mode) or radiative (quasar/wind-mode) processes, but
we acknowledge these definitions are not perfectly exclusive.
The discovery of X-ray cavities coincident with radio jets

(Boehringer et al. 1993; Carilli et al. 1994; Fabian et al. 2000,
2006) provided evidence for jet-mode feedback in the
aforementioned groups and clusters. These systems serve as
laboratories with which to estimate the jet energy deposition
(Churazov et al. 2000; McNamara et al. 2000; Bîrzan et al.
2004, 2008; Cavagnolo et al. 2010; Timmerman et al. 2022),

The Astrophysical Journal, 972:184 (15pp), 2024 September 10 https://doi.org/10.3847/1538-4357/ad6849
© 2024. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0001-6941-8411
https://orcid.org/0000-0001-6941-8411
https://orcid.org/0000-0001-6941-8411
https://orcid.org/0000-0003-1468-9526
https://orcid.org/0000-0003-1468-9526
https://orcid.org/0000-0003-1468-9526
https://orcid.org/0000-0003-0487-6651
https://orcid.org/0000-0003-0487-6651
https://orcid.org/0000-0003-0487-6651
https://orcid.org/0000-0002-5896-6313
https://orcid.org/0000-0002-5896-6313
https://orcid.org/0000-0002-5896-6313
mailto:grayson.c.petter.gr@dartmouth.edu
http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/902
http://astrothesaurus.org/uat/1343
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/1908
https://doi.org/10.3847/1538-4357/ad6849
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad6849&domain=pdf&date_stamp=2024-09-06
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad6849&domain=pdf&date_stamp=2024-09-06
http://creativecommons.org/licenses/by/4.0/


showing that the mechanical power can greatly exceed that of
the synchrotron luminosity, enough to inflate and heat the
atmospheres of groups and clusters.

Alternatively, radiation pressure from efficient accretion can
drive quasar/wind-mode feedback (Silk & Rees 1998; Elvis
2000; Di Matteo et al. 2005; Springel et al. 2005; Veilleux et al.
2005; Hopkins et al. 2006; Thacker et al. 2006; Laha et al.
2021), evidenced by observed gaseous outflows coincident
with quasar activity (Alexander et al. 2010; Rupke & Veilleux
2011; Harrison et al. 2012, 2014; Liu et al. 2013; Greene et al.
2014; Brusa et al. 2015; Zakamska et al. 2016; Fiore et al.
2017; Perrotta et al. 2019). However, to date, a complete
picture of the relative role that jet-mode and wind-mode
feedback play has been elusive. Radio galaxies are thought to
be preferentially triggered by an advection-dominated accretion
flow (Narayan & Yi 1994), when the SMBH is fed by
condensing hot gas in a massive halo. Meanwhile, quasar
activity is generated by a thin accretion disk (Shakura &
Sunyaev 1973), expected to be fed by cold gas streams in
lower-mass halos (Kereš et al. 2009). This suggests that jet-
mode and wind-mode feedback may be expected to occur in
different environments.

Modern hydrodynamic and semi-analytic galaxy evolution
models routinely implement feedback from AGNs and match a
wide array of observables (Gonzalez-Perez et al. 2014;
Vogelsberger et al. 2014; Schaye et al. 2015; Somerville &
Davé 2015; Croton et al. 2016; Dubois et al. 2016; Kaviraj
et al. 2017; Springel et al. 2018; Davé et al. 2019; Rennehan
et al. 2024). However, feedback effects typically take place on
smaller scales than the resolution elements of simulations, such
that models must assume “subgrid” prescriptions. For a
complete understanding of AGN feedback, observations are
required to constrain which flavor of feedback dominates, and
in which environments. Therefore, in this work, we study the
environments in which luminous low-frequency radio galaxies
occur over the past ∼10 Gyr.

Radio galaxies at z< 1 have been found to cluster strongly,
residing in halos of masses ∼1013.2–1013.5 h−1Me (Maglioc-
chetti et al. 2004; Hickox et al. 2009; Mandelbaum et al. 2009),
implying they typically deposit their energy into massive group
environments. It is important to study the environments radio
galaxies occupied during “cosmic noon” (z∼ 2), when the
cosmic star formation efficiency began to decline, likely in part
due to AGN feedback (Madau & Dickinson 2014). To date,
relatively few studies have explored the clustering of radio
galaxies at z> 1, which have been confined to small fields, and
conducted at GHz frequencies (Lindsay et al. 2014;
Magliocchetti et al. 2017; Hale et al. 2018). Recent advances
in low-frequency radio surveys such as with the Low-
Frequency Array (LOFAR; van Haarlem et al. 2013) now
offer a new window on radio galaxy clustering. The depth and
area curate an unprecedentedly large radio AGN sample, and
the low-frequency observations reveal the old electron
populations and thus likely better trace the long-term energy
input of jets into their surroundings.

In this work, we study the host-halo environments of ∼150,000
luminous radio galaxies (L150 MHz 1025.25WHz−1) selected at
low frequencies using the LOFAR telescope with tomographic
clustering and lensing measurements out to z< 2. We find that
luminous radio galaxies occupy massive halo environments
characteristic of galaxy groups (Mh 1013 h−1Me). We estimate
the duty cycle of these systems is of order ∼10%, and has been

increasing with cosmic time since z∼ 2. Interestingly, meanwhile
the duty cycle of quasars has been declining. We finally estimate
the average kinetic heating power released by these systems into
halos as a function of mass, finding that jet-mode heating
dominates over quasar/wind-mode heating in group-scale halos
at z< 2.
Throughout this work, we adopt a “Planck 2018” CMB

+BAO ΛCDM concordance cosmology (Planck Collaboration
et al. 2020), with h=H0/100 km s−1Mpc−1= 0.6766,
Ωm= 0.3111, ΩΛ= 0.6888, σ8= 0.8102, and ns= 0.9665.
We adopt the convention where synchrotron spectra are
parameterized as Sν∝ να, and perform K-corrections through-
out using an assumed spectral index for radio galaxies of
α=−0.7. Any magnitudes are presented in the Vega system,
and any logarithms are in base ten unless otherwise stated.

2. Data

In this work, we study the clustering properties of radio
galaxies selected at 150MHz using LOFAR data. We use
Wide-field Survey Explorer (WISE; Wright et al. 2010)
infrared and DESI Legacy Imaging Survey (DLIS; Dey et al.
2019) optical counterparts for redshift information of the radio
sources, allowing study of the time evolution of their
clustering. Finally, we cross-correlate their positions with
spectroscopic galaxy samples from the Sloan Digital Sky
Survey (SDSS; York et al. 2000) in several redshift bins for
additional resolution in the time evolution.

2.1. The LOFAR Two-meter Sky Survey

The LOFAR is a sensitive interferometric telescope currently
revolutionizing surveys of the radio sky. In particular, the
pioneering LOFAR Two-meter Sky Survey (LoTSS; Shimwell
et al. 2017) is the first to produce deep (rms ∼100 μJy beam−1)
and high-resolution (6″) maps at low frequencies (∼150MHz)
over a wide area, and represents an order of magnitude
sensitivity improvement for typical sources over the Faint
Images of the Radio Sky at Twenty-centimeters (or FIRST)
survey (Becker et al. 1995; Helfand et al. 2015), conducted at
1.4 GHz. The second data release of LoTSS Wide (DR2;
Shimwell et al. 2022) covers 5634 deg2 and catalogs 4,396,228
sources.
This is a premier data set to study radio galaxy clustering

(Siewert et al. 2020; Tiwari et al. 2022; Hale et al. 2024;
Nakoneczny et al. 2024) for a variety of reasons. The detection
depth surpasses the switch point of ∼1.5 mJy below which star-
forming galaxies (SFGs) and radio-quiet AGNs become the
dominant populations (Best et al. 2023), and therefore a deeper
survey would not select a larger sample of radio galaxies on the
basis of flux alone. The wide area is useful for statistical power
in clustering measurements due to the inherent rarity of
luminous radio galaxies, and the survey footprint significantly
overlaps with that of the SDSS, enabling cross-correlations
with spectroscopic samples. The high angular resolution allows
accurate identification of optical/infrared counterparts (e.g.,
Hardcastle et al. 2019, 2023; Williams et al. 2019) for host-
galaxy property and redshift estimation. Finally, low-frequency
observations are well suited to tracing the environments in
which feedback may be taking place, as they are more sensitive
to steep-spectrum, lobe-dominated sources that better trace the
long-term integrated power input into their surroundings than
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GHz frequencies, which are more sensitive to core-dominated
or beamed emission.

We adopt the LoTSS DR2 source catalog presented in
Hardcastle et al. (2023, hereafter H23), which has attempted to
associate double-lobed duplicate detections into single sources,
and match to optical (DLIS; Dey et al. 2019) and/or infrared
(unWISE; Schlafly et al. 2019) counterparts when possible. The
association results from a combination of likelihood-ratio
cross-match methods, machine learning methods, and visual
inspections by astronomers and citizen scientists. Sources with
optical counterparts in the DLIS are enhanced by photometric
redshift estimates (Duncan 2022), which we leverage in our
study. The samples we construct using optical counterpart
photometric redshifts at z< 1 in Section 3 are composed
entirely of sources brighter than the >8 mJy “bright” threshold
referred to in H23, which received the highest priority of visual
inspections. We thus are confident in the robustness and
completeness of our photo-z-selected samples, but we refer the
reader to H23 for a detailed discussion of the association
techniques.

We choose to use only the LoTSS data in the northern
Galactic hemisphere, as this region makes up the majority of
the DR2 footprint (74%), has more uniform imaging depth, and
better overlap with DLIS imaging and SDSS spectroscopic
surveys.

2.2. eBOSS Quasar Sample

One of the goals of this work is to study radio galaxy
clustering and its evolution at z> 1. We therefore utilize
quasars with spectroscopic redshifts from SDSS surveys as
biased matter tracers for cross-correlations with LoTSS-
selected radio galaxies at 1< z< 2.

The Extended Baryon Oscillation Spectroscopic Survey
(eBOSS; Dawson et al. 2016) was a spectroscopic survey
designed to measure baryon acoustic oscillations in the
distribution of three tracers: star-forming emission-line
galaxies, luminous red galaxies, and quasars. The quasar
sample tracing high-redshift structure consists of 343,708
uniformly targeted (Myers et al. 2015) systems at 0.8< z< 2.2,
representing the largest statistical sample of spectroscopic
quasars to date. The eBOSS collaboration has produced large-
scale structure catalogs including randoms and weights for
measuring unbiased correlation functions (Ross et al. 2020).
We utilize the versions presented in Rezaie et al. (2021),
incorporating updated systematic weights.

2.3. LoTSS Deep Data

We make use of derived data products from the first data
release of the LoTSS Deep survey (Sabater et al. 2021; Tasse
et al. 2021) to verify our sample selections and redshift distri-
butions. This lies among the deepest (rms ∼20μJy bm−1) radio
surveys to date, but covers more than an order of magnitude
wider area than the comparable depth VLA-COSMOS survey
(Smolčić et al. 2017), totaling 25 deg2 with overlapping deep
multiwavelength photometry in the Boötes, Lockman Hole, and
ELAIS-N1 fields. This photometry allows for host identification
(Kondapally et al. 2021), photometric redshift estimation
(Duncan et al. 2021), source classification and host-galaxy
property constraint through spectral energy decomposition
(Best et al. 2023, hereafter B23), and the measurement of the
radio AGN and star formation luminosity functions (LFs;

Kondapally et al. 2022). The redshift information is crucial to
our clustering and lensing analysis, and the LFs will allow
estimation of the occupation statistics when combined with
clustering measurements. We update the catalogs with the new
Dark Energy Spectroscopic Instrument (DESI) early release data
(DESI Collaboration et al. 2024) for additional spectroscopic
redshifts where available. We prioritize the data in the Boötes
field unless otherwise stated, as this region has the best
spectroscopic coverage, primarily courtesy of the AGN and
Galaxy Evolution Survey (or AGES; Kochanek et al. 2012).

2.4. Planck Cosmic Microwave Background Lensing Map

Cosmic microwave background photons emitted during the
recombination epoch have been gravitationally lensed by the
intervening structure, and provide a complementary probe of
high-redshift galaxies’ host-halo properties along with correla-
tion functions. A number of high-resolution CMB experiments
have now produced wide-area maps of the lensing convergence
κ, a projected surface mass density tracing structure from
0.5 z 5 (e.g., Planck Collaboration et al. 2020; Madhava-
cheril et al. 2024; Omori et al. 2023). Only Planckʼs all-sky
survey overlaps with LoTSS DR2, and thus we use the Planck
final release (PR4) lensing map (Carron et al. 2022) as an
independent constraint on the host-halo properties of the LoTSS
radio galaxies. We also make use of the provided simulated
maps to estimate uncertainties. We produce maps from the
combined temperature and polarization data (minimum-variance
reconstruction) at NSIDE= 1024 resolution using ℓ-modes
<2048 for cross-correlation with radio galaxy overdensity maps.

2.5. CatWISE Infrared Photometry

Many luminous radio galaxies at higher redshifts (z 1) are
hosted by galaxies too faint to be readily detected in the optical
wave band at the DLIS depth. However, their hosts can be easier
recovered at near-infrared wavelengths, as aged stellar
populations exhibit a negative K-correction out to z∼ 2 at
observed-frame 3–5 μm. Thus, we update the H23 catalog with
deeper WISE data than was used in H23 to push the host-galaxy
detection to higher redshift. WISE is a space telescope which has
mapped the entire sky in four infrared bands, centered at 3.4,
4.6, 12, and 22 μm (named W1, W2, W3, and W4, respectively).
WISE continues to operate in the two shorter-wavelength bands
in its post-cryogenic phase (Mainzer et al. 2011), and the deeper
resulting imaging continues to detect fainter and higher-redshift
galaxies. The H23 LoTSS catalog has associated radio sources
with unWISE counterparts when possible, and 69% of
S150 MHz> 2 mJy sources have a W1/W2 measurement.
However, the CatWISE2020 (Marocco et al. 2021) catalog
probes deeper than unWISE, which facilitates detection of host-
galaxy counterparts of radio galaxies at higher redshift. We
match the H23 catalog with CatWISE2020 using a conservative
match radius of 2 5 (from the H23 counterpart if available, then
the radio position), and let the CatWISE measurements
supersede unWISE where applicable. This raises the fraction
of S150 MHz> 2 mJy systems with infrared counterparts to 79%.
As expected, systems detected in CatWISE but not unWISE are
found to have a redshift distribution peaking at z∼ 2 in the
LoTSS Deep fields. We will leverage the feature that higher-
redshift galaxies will appear both redder and fainter in W1/W2
space (Schlafly et al. 2019; Krolewski et al. 2020) to select z> 1
radio galaxies in Section 3.
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3. Radio Galaxy Samples

We aim to study the environments of luminous radio
galaxies across cosmic time, including at the relatively
unexplored epoch of z> 1. However, the subset of LoTSS
sources dominated by radio galaxies (S150 MHz 2 mJy)
exhibits a broad redshift distribution peaking at z∼ 0.5 with
a long tail toward higher redshifts (Alonso et al. 2021; Duncan
et al. 2021, B23). Thus, in this work, we use optical/infrared
counterparts to separate the radio galaxies into three broad
redshift regimes. We then also utilize a tomographic technique
whereby we cross-correlate radio sources with tracer popula-
tions of galaxies at known redshift for additional time
resolution in the study of their clustering.

The host galaxies of luminous radio galaxies are massive at
z 1 (Må∼ 1011Me; B23), and thus readily detectable in the
optical wave band at the depth of the DLIS out to z 1, where
their photo-zs are reliable (Duncan 2022). At higher redshifts,
host galaxies undetectable in the DLIS can be recovered at
infrared wave bands probed by WISE (Section 2.5). We thus
use optical counterparts to LoTSS sources augmented by
photo-zs to select samples of radio galaxies at z< 1, and WISE
counterparts to select systems at z> 1.

We match a flux-limited (S150 MHz> 2.5 mJy) subset of the
H23 catalog dominated by radio galaxies (∼88%) with WISE
counterparts to the LoTSS Deep catalog in the Boötes field for
deep photometric or spectroscopic redshift information
(Duncan et al. 2021), and display the resulting WISE color–
magnitude diagram in Figure 1. Sources are colored by their
broad redshift regime and galaxies belonging to redshift epochs
cluster together in the diagram, demonstrating that WISE

magnitudes and colors can be used to isolate radio galaxies at
high redshift.

3.1. High-z Radio Galaxies

To curate the z> 1 sample, we adopt the sliding color cut
form of Schlafly et al. (2019) designed to select high-redshift
galaxies shown in Figure 1 with a red dashed line, along with a
90% W2 completeness cut (Marocco et al. 2021). We also
incorporate a photometric redshift cut of zphot> 1 for sources
with an optical counterpart to cull low-redshift interlopers:

⎧
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This flux cut corresponds to a luminosity limit of ∼1025.25

WHz−1 at z∼ 1.5. We refer to this sample of bright LoTSS
sources with faint/red WISE counterparts as our high-redshift
radio galaxy (HzRG; z> 1) sample throughout the rest of the
text. Ninety-five percent of these sources are classified as radio
galaxies in B23, verifying the reliability of our z> 1 radio
galaxy selection.

3.2. Intermediate-z Radio Galaxies

At z 1, reliable photo-zs enable construction of approxi-
mately radio luminosity-limited samples, as opposed to the
flux-limited HzRG sample. For broad correspondence with the
luminosity distribution probed by the HzRG sample, we select
systems with L150 MHz(zphot)> 1025.25 WHz−1. As S150 MHz>
8 mJy sources received the highest priority of visual
associations in H23, the above luminosity limit requires that
we limit to zphot 0.8 for uniform selection. Additionally, we
use the converse of the WISE color cut for HzRGs to remove
likely z> 1 interlopers. Together, these cuts form a selection
for intermediate-z radio galaxies (IzRGs; 0.5< z< 0.8):
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3.3. Low-z Radio Galaxies

Finally, we extend our study once more to lower redshift
with the same strategy presented for IzRGs, forming a selection
for low-z radio galaxies (LzRGs; 0.25< z< 0.5):
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3.4. Luminosity Distributions

We show the luminosity–redshift distributions of our
samples in Figure 2. This demonstrates that our selections
define samples with similar luminosity thresholds (L150 MHz
1025.25 WHz−1) from 0.25 z 2. These systems are
complete to luminosities ∼1 dex below the break of the radio
AGN LF (Kondapally et al. 2023), implying that they are
representative of the global heating output of jetted AGNs. The
top panel shows that the samples are dominated by LERGs at

Figure 1. An infrared WISE diagram of LoTSS-bright (S150 MHz > 2.5 mJy)
galaxies in the Boötes field, colored by their broad redshift regime (Duncan
et al. 2021, B23), with yellow, orange, and red corresponding to the redshift
ranges z ä [0, 0.5], [0.5, 1], and [1, 3], respectively. Galaxies at different
redshift epochs broadly cluster together in the diagram. We display our sliding
color cut for selecting high-redshift z > 1 radio galaxies (Equation (1)) with a
red dashed line, highlighting the sources satisfying this cut in bold. The Assef
et al. (2018) R90 criterion for selecting radiative-mode quasars is drawn with a
gray dotted line; most of these radio galaxies would not be selected as WISE
quasars. Sources with radio emission consistent with their far-infrared star
formation rates (B23) are highlighted with an additional internal blue star
marker, and are mostly confined to low redshifts. This figure demonstrates that
the infrared counterpart properties of LoTSS sources can be used to select a
complete and reliable sample of radio galaxies at 1  z  2.
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z< 2, with negligible contamination rates of radio-quiet AGNs
and SFGs.

3.5. Redshift Distributions

Crucial to interpretation of a clustering or lensing
measurement is knowledge of a sample’s redshift distribution.
After curating the HzRG, IzRG, and LzRG samples using
optical/infrared information, we estimate their redshift
distributions using the LoTSS source-associated redshift
catalogs of Duncan et al. (2021) and B23. We display the
resulting redshift distributions in Figure 3. The proposed
selections clearly curate samples in distinct redshift regimes,
allowing the study of radio galaxy clustering evolution.

To generate the redshift distribution of HzRGs which relies
heavily on photometric rather than spectroscopic estimates, we
have incorporated the photo-z probability density functions.
Even after this step, we observe that the redshift distribution
features “peaks,” notably at z∼ 1.1 and z∼ 1.7, as noted in
Kondapally et al. (2022). These result from photometric
redshift aliasing due to gaps in filter coverage, and are thus
unphysical. We thus filter the HzRG redshift distribution with a
linear Savitsky–Golay filter, and use this smoothed redshift
distribution in all subsequent analyses, though this does not
materially affect our results.

To confirm the validity of these cross-match redshift
distributions, we derive independent estimates using the
clustering redshift technique (Newman 2008; Ménard et al.
2013; Chiang & Ménard 2019), as implemented in the
Tomographer web tool.3 This yields a bias-scaled redshift
distribution b z dN dz( ) , but untangling any bias evolution from
the redshift distribution is degenerate with the goal of this
work. Instead, we use this information as a qualitative check on
our redshift distributions and assume that the bias evolves
inversely with the cosmological growth factor (b∝ 1/D
(z); e.g., Alonso et al. 2021). We show the results of the
clustering redshift technique in the top panel of Figure 3,
confirming that our selections generate radio galaxy samples at
three largely distinct redshift epochs. We do not use this
clustering-based redshift distribution in any further analysis,
rather this serves as a qualitative check that our sample
selections are performing as intended.

3.6. Sample Properties

We thus have constructed samples of luminous (L150 MHz
1025.25 WHz−1) radio galaxies at low (z= 0.4), intermediate
(z= 0.6), and high redshift (z= 1.5) using optical and infrared
counterparts to LoTSS sources to probe the host-halo
environments of low-frequency radio galaxies over cosmic
time. We note that this sample is composed of the most

Figure 2. The luminosity–redshift distributions of our samples using redshift
estimates from the Boötes LoTSS Deep field. The dashed yellow, orange, and
red lines show the luminosity thresholds corresponding to the selections for
LzRGs, IzRGs, and HzRGs, respectively. This demonstrates that we are able to
curate samples with similar luminosity thresholds at three characteristic redshift
epochs. Sources outside the selection boundaries result from discrepancies
between the (Duncan 2022) photo-z and the best deep-field redshift estimate.
Gray contours show the distribution of the full radio galaxy populations
recovered in LoTSS Deep. Circular, triangular, square, and star markers denote
classifications as LERGs, HERGs, RQAGNs, and SFGs, respectively. The top
panel shows the LERG and HERG fractions of our combined samples binned
in redshift, demonstrating that our sample contains a mix of the two
populations, with LERGs dominating at z < 2. The characteristic break
luminosity of the radio galaxy luminosity function Lå (Kondapally et al. 2023)
is shown with a purple band, demonstrating that our selections curate
representative samples of radio galaxies.

Figure 3. We show the redshift distributions of LzRGs, IzRGs, and HzRGs
with yellow hatched, orange dashed, and filled red histograms, respectively.
We also show a Savitsky–Golay filter fit to the HzRG distribution with a dotted
red line to smooth over the artificial peaks in the distribution, which we use in
our analysis. The top panel displays corresponding redshift distributions
implied from a clustering-based method using the Tomographer web tool
assuming a fiducial redshift-bias dependence (see text). This qualitatively
verifies the efficacy of the selection techniques and the validity of the cross-
match redshift distributions. This figure demonstrates that our selections curate
radio galaxies in three largely distinct redshift epochs.

3 http://tomographer.org
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luminous radio galaxies, with limits ∼1 dex below the break
luminosity Lå. As the total kinetic power output of all radio
galaxies is dominated by relatively luminous sources
(Kondapally et al. 2023), systems of the luminosities
considered here contribute more than half of all the kinetic
luminosity density of all radio AGNs. If radio jets are
indeed important in shaping galaxy evolution, this sample
should thus be significantly representative of the environ-
ments in which feedback is taking place. We note that
recovering the remainder of fainter radio galaxies over wide
swaths of sky will be challenging without corresponding far-
infrared data to disentangle star formation processes. The
sample has a low contamination rate (<5%) by pure SFGs and
radio-quiet AGNs (RQAGNs), and is dominated by LERGs.
As noted in Kondapally et al. (2022), this sample is also
hosted by predominantly SFGs at high redshift, transitioning
to being hosted almost entirely by luminous passive galaxies
at z< 1.

3.7. Masking

Clustering measurements are sensitive to systematics in
the selection function of the given sample of galaxies.
It is therefore paramount to characterize the angular
selection function of the survey. We characterize the
footprint of the LoTSS Wide DR2 using a multi-order
coverage (MOC) map.4 We then stitch together an estimate
of the rms imaging noise from the provided rms map of each
facet, by projecting to a NSIDE = 4096 HEALPix map.5

Next, we downgrade the map to NSIDE = 128 using the
median of the child pixels. Finally, we mask regions of the
sky with local median rms >0.2 mJy beam−1, totaling 1.5% of
the LoTSS Galactic north footprint. Our samples of radio
sources (S150 MHz> 2.5 mJy) are thus expected to be highly
complete.

Requiring optical/infrared counterparts to the radio sources
from WISE and/or DLIS introduces additional considerations
in the selection functions of our samples. We thus leverage a
series of HEALPix maps characterizing angular systematics
generated by the DESI collaboration (Myers et al. 2023).6

First, we limit the footprint to that of the DLIS Data Release 8
using the provided MOC. We mask regions of abnormally
shallow WISE imaging depth (5σ W2 point-spread function,
PSF, depth <17.25). Next, we limit the footprint to where
DLIS made at least three observations in each of the g, r, and z
bands, and the 5σ PSF z-band depth was at least z[AB]> 23.
We also construct a veto NSIDE = 4096 mask of regions
with DLIS bitmask flags touching a bright star or large
galaxy in the Siena Galaxy Atlas (Moustakas et al. 2023).
Finally, we measure trends of each sample’s density with
Galactic/ecliptic coordinates, stellar density, and Galactic
reddening. We observe significant deviations at reddening
values E(B− V )> 0.1 and at stellar densities >2000 deg−2,
and thus mask these regions. In total, 12.5% of the LoTSS
DR2 north Galactic footprint is masked by our procedure,
leaving 3654 deg2 of survey area. In the case of cross-
correlations with SDSS spectroscopic quasars, we mask the
HzRG sample with the eBOSS masks, and correspondingly we

mask the spectroscopic sample with the LoTSS mask described
above.7

4. Measurements

We perform a variety of measurements to study the halo
environments of luminous low-frequency radio galaxies over
cosmic time. All correlation function measurements are
performed with the Corrfunc (Sinha & Garrison 2020)
package.

4.1. Radio Galaxy Autocorrelations

First, we measure the angular autocorrelation functions of
the luminous radio galaxy samples. The angular autocorrelation
function is the excess probability above that of a Poisson
distribution for detecting a pair of galaxies separated by an
angle θ (Peebles 1980). We mask the data and random catalogs
identically (Section 3.7), and then measure the angular
clustering using the Landy & Szalay (1993) estimator:

q =
- +

w
DD 2DR RR

DD
, 4( ) ( )

where DD, DR, and RR are normalized counts for data–data,
data–random, and random–random pairs, respectively. We
interpret the autocorrelations both with linear and full halo
occupation distribution (HOD) models in (Section 5). There-
fore, we measure the autocorrelations at projected angular
scales for the median redshift of the sample corresponding to
0.5–25 h−1 Mpc for the full HOD constraint, but fit only over
5–25 h−1 Mpc when assuming linear models.
To estimate uncertainties on all correlation functions, we

split the survey footprint into 30 equal-area patches using k-
means clustering, then perform a bootstrap resampling of the
patches (e.g., Efron 1982; Norberg et al. 2009), calculating a
correlation function with the data and randoms from each draw.
This process is repeated 500 times and the variance across
realizations is taken to be the variance of our measurement.
We show the autocorrelation function measurements of our

radio galaxy samples in Figure 4. Each sample’s clustering is
very well fit by a HOD model (Section 5.2), allowing the
inference of the host-halo properties of radio galaxies.

4.2. Tomographic Cross-Correlations

To probe the redshift evolution of radio galaxy clustering at
z> 1, we also cross-correlate the radio galaxies with samples of
quasars at known redshift, using a tomographic technique. We
thus cross-correlate HzRGs with eBOSS quasars in redshift
slices. After cleaning each sample with the mask of the other
(Section 3.7), we bin the eBOSS sample into two slices,
1< z< 1.5 and 1.5< z< 2. We then measure the angular
cross-correlations of each slice with the HzRGs, using the
Davis & Peebles (1983) estimator:

q = -w
D D

D R
1, 51 2

1 2
( ) ( )

where HzRGs and quasars make up the first and second
samples, respectively. This estimator depends only on the
quasar selection function. We use the provided quasar weights
as specified by Rezaie et al. (2021), while the radio galaxies are

4 https://hips.astron.nl/ASTRON/P/lotss_dr2_high/Moc.fits
5 https://lofar-surveys.org/dr2_release.html
6 https://data.desi.lbl.gov/public/ets/target/catalogs/dr9/1.1.1/pixweight/
main/resolve/dark/pixweight-1-dark.fits 7 https://data.sdss.org/sas/dr16/eboss/lss/catalogs/DR16/
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weighted to unity. We show the results of these cross-
correlations in Figure 5. The measurements are well fit by
linearly biased models, and their bias factors are larger than the
bias of quasars being correlated against, implying they occupy
more massive halos.

4.3. Matter Tracer Autocorrelations

In order to interpret the above cross-correlations, we must
estimate the bias parameters of the tracer populations being
correlated against. Therefore, we measure the projected spatial
clustering of the eBOSS quasars and BOSS galaxies in each
redshift slice. We first measure the two-dimensional correlation
function ξ(rp, π) using the Landy & Szalay (1993) estimator,
before integrating over the line of sight to the projected
correlation function for mitigation of redshift space distortions
(Davis & Peebles 1983; Kaiser 1987), up to a maximum line-

Figure 4. The autocorrelation function measurements of LzRGs (top panel in
yellow), IzRGs (middle panel in orange), and HzRGs (bottom panel in red).
Filled markers show the measurements on linear projected scales
(5–25 h−1 Mpc) at the median redshift of the sample, while open markers
represent other scales. The projected scale of ∼1 Mpc h−1 delineating the
boundary of the one- and two-halo terms is shown with vertical gray lines. The
best fit of a linear model to the linear scales is shown with a dashed colored
line. We also show the best-fit HOD models to the full range of scales using
transparent lines drawn from the posterior distributions. We thus are able to
constrain the host-halo properties of luminous radio galaxies at three redshift
epochs at z < 2.

Figure 5. The tomographic angular cross-correlation function measurements
between HzRGs and eBOSS quasars in two redshift slices, displayed in the
upper-left corners. The linear matter model for the samples’ redshift overlap is
shown with a black dotted line, while the 1σ confidence interval of the quasar
tracer bias is shown with teal bands. HzRGs are best fit with higher bias
parameters than quasars, indicating they occupy more massive halos
from 1 < z < 2.
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of-sight separation p = 40max h−1 Mpc:

ò p x p=
p

w r d r2 , . 6p p p
0

max

( ) ( ) ( )

4.4. Radio Galaxy CMB Lensing

Complementing the autocorrelation measurement of HzRGs,
we acquire an independent constraint on the halos hosting
HzRGs using a cross-correlation of their positions with the
Planck CMB lensing convergence (κ) map (Section 2.4). First,
we produce a fractional overdensity (δ) map of radio galaxies at
the same NSIDE= 1024 resolution as the lensing map:

d
r r

r
=

- á ñ
á ñ

, 7RG ( )

where ρ represents the galaxy counts-in-cells. We then must
estimate the cross-power spectrum of this overdensity map with
the lensing map. Harmonic analysis of maps which do not
cover the entire sphere induces mode coupling, such as for
surveys with a limited footprint. However, a fast and nearly
optimal estimator to measure an unbiased pseudo-spectrum is
implemented in the NaMASTER package (Hivon et al. 2002;
Alonso et al. 2019). We mask the radio galaxy density map
(Section 3.7), and mask the lensing map with the provided
mask after apodizing the edges with a 1° FWHM Gaussian
(Krolewski et al. 2020). With NaMASTER, we measure the
cross-spectrum in 10 logarithmically spaced bins from
200< ℓ< 2000. For error estimation, we repeat the above
process with 100 provided realizations of simulated len-
sing maps.

We show the resulting cross-spectrum of HzRG density with
CMB lensing convergence in Figure 6. This spectrum is well fit
by a linearly biased halo model (Section 5), allowing inference

of the host-halo properties in an independent manner from the
clustering.
We perform a lensing analysis only of HzRGs for a number

of reasons. First, CMB lensing is most efficient at z∼ 1–2.
Interpretation of the HzRG measurements also relies on
constraint of the redshift distribution through photometric
redshifts, more so than LzRGs and IzRGs, allowing a
comparison of the HzRG lensing and clustering measurements
to test for systematics in the redshift distribution (e.g., Petter
et al. 2023). The LzRG sample is too sparse and at too low
redshift to detect a significant signal. Finally, we observe that a
cross-correlation between IzRG positions and CMB lensing is
not well fit by a linear model. This implies contamination in the
CMB lensing map from the sources, which is consistent with
the fact that this sample is significantly brighter in the radio
band than HzRGs.

5. Modeling

To interpret the clustering measurements and constrain the
environments in which radio galaxies release their energy, we
model the measurements within a halo model framework
(Seljak 2000; Cooray & Sheth 2002). Throughout this section,
χ(z) is the comoving distance, k is the comoving wavenumber,
and c is the speed of light. We assume that dark matter halos
follow the Navarro–Frenk–White (or NFW; Navarro et al.
1997) density profile, and the mass–concentration relation of
Duffy et al. (2008), where the mass is defined within a radius
containing 200 times the universal critical density. We adopt
the halo mass function dn dM M z,( ) of Tinker et al. (2008),
and the halo mass–bias relation b(M, z) of Tinker et al. (2010).
Finally, we utilize CAMB (Lewis et al. 2000) to compute all
linear matter power spectra Pmm(k, z).
An angular correlation function between two matter tracers

can be modeled using the Limber (1953) approximation
(Peebles 1980; Peacock 1991):

⎜ ⎟
⎛
⎝

⎞
⎠

ò òq
c p

qc=w dz
dz

d

dN

dz

dN

dz

dk k
P J k

2
, 8

i j
ij 0( ) ( ) ( )

where J0 is the zeroth-order Bessel function of the first kind,
and dN dzi j, are the normalized redshift distributions of the two
tracers, identical in the case of an autocorrelation. For a linearly
biased model, the power spectrum is then given by bias factors
multiplied by the matter power spectrum:

=P k z b b P k z, , . 9ij i j mm( ) ( ) ( )

We also model the spatial autocorrelations of eBOSS quasars
to interpret the tomographic cross-correlation measurements.
This involves deducing the tracer bias by modeling the
projected correlation functions (Section 4.3). The spatial
correlation function ξ(r) is the Fourier transform of the
galaxy/quasar auto spectrum Pgg. The projected correlation
function is then an Abel transform of ξ(r):

ò
x

=
-

¥
w r dr

r r

r r
2 . 10p p

r
p

2 2p

( ) ( ) ( )

5.1. Modeling CMB Lensing

We also model the cross-spectrum between radio galaxy
overdensity and CMB lensing convergence. This is again given

Figure 6. The cross-correlation measurement of HzRG densities with Planck
CMB lensing convergence κ. The matter spectrum for the redshift distribution
is shown with a black dashed line, while the best linearly biased fit is shown
with a red dashed line. We also show the predictions of the lensing spectrum
drawn from the HOD posterior fit to the autocorrelation clustering
measurement (Figure 4), demonstrating excellent agreement between the
lensing and clustering analyses, and providing a systematic test of the HzRG
redshift distribution.
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by a Limber (1953) integral over the lensing and galaxy
projection kernels:
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where the CMB lensing kernel is given by (e.g., Cooray & Hu
2000)
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and the linearly biased galaxy overdensity kernel is

c
=W z b

dz

d
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The effective redshift at which we report the bias
measurement is weighted by the lensing kernel (Modi et al.
2017; Krolewski et al. 2024):

ò
c

c
= kz dz

d

dz

dN

dz

z
W . 14eff 2

( )

We do not consider magnification bias, as we measure the
response of the number counts of our only flux-limited sample
(HzRGs) against limiting flux/magnitude ( º =ms d N dmlog10

0.412 0.001), which is sufficiently near the value of sμ= 0.4
at which magnification bias is zero.

5.2. Halo Occupation Distribution Modeling

We also model the radio galaxy autocorrelation functions in
a HOD framework (Scoccimarro et al. 2001; Berlind &
Weinberg 2002) for a more complete interpretation of how
these systems occupy their host halos than the linear bias
model. This entails replacing the power Pij in Equation (8) with
a HOD power spectrum.

A HOD power spectrum is the sum of the “one-halo”
power arising from pairs of galaxies in common halos, and the
“two-halo” term from pairs between different halos. The HOD
〈N(M)〉 is the mean number of galaxies belonging to halos of
mass M, decomposed into contributions from galaxies at the
centers of halos, 〈Nc(M)〉, and secondary or “satellite”’ galaxies
belonging to the same halos, 〈Ns(M)〉:

We adopt the HOD model of Zheng et al. (2007) and Zehavi
et al. (2011), which implements the central occupation as a
softened step function:

⎜ ⎟
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where “erf” is the Gauss error function, Mmin is the minimum
halo mass required to host a radio galaxy, and s Mlog10

is the
softening parameter. The satellite HOD is then given as
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where Θ is the Heaviside step function, M0 is the minimum
mass to host a satellite quasar, and M1 is the mass at which the
term transitions to power-law form. We enforce =M M0 min to
reduce the degrees of freedom, such that the minimum mass to
host a central or satellite is identical. Our HOD models thus
contain four free parameters: Mmin, s Mlog10

, M1, and α.

We compute the HOD power spectra given a set of
parameters using the Core Cosmology Library (Chisari
et al. 2019) package. Finally, unphysical one-halo power at
large scales is suppressed using the Mead et al. (2021)
prescription, and a smoothing is applied to intermediate
scales between the one- and two-halo regimes (Mead et al.
2015). We refer the reader to Petter et al. (2023) for additional
details in the HOD modeling procedure. The observed
autocorrelation functions are fit using the emcee (Foreman-
Mackey et al. 2013) sampler, using broad Gaussian (1σ) priors
of log = M 13 210 min , s = 0.5 0.5Mlog , log10M1= 14± 2,
and α= 1± 0.5.

6. Results

We can now interpret all of the observed autocorrelation
functions, cross-correlations with CMB lensing, and cross-
correlation functions with spectroscopic galaxy tracers in the
halo model framework to constrain the environments in which
radio galaxies release their energy.

6.1. Effective Halo Masses

We display the effective host-halo mass results from all
clustering measurements of luminous low-frequency radio
galaxies at z< 2 in Figure 7. These systems occupy massive
group halos of ∼1013–1014 h−1Me for the past ∼10 Gyr, with
an increasing effective halo mass with cosmic time consistent
with the mean growth rate of halos (Fakhouri et al. 2010). We
conclude that luminous radio galaxies are typically hosted by
group-scale halos across time, and that the occurrence of these

Figure 7. The effective halo masses of luminous low-frequency radio galaxies
from z < 2. The red cross markers show the tomographic cross-correlations
between eBOSS QSOs (halo masses shown with blue bands) and HzRGs. The
solid circles in yellow, orange, and red show the linear fits to the
autocorrelations of LzRGs, IzRGs, and HzRGs, and the open circle shows
the result from HzRG CMB lensing. Radio galaxies are strongly clustered
across cosmic time, residing in group-scale halos. The median and mean halo
growth rates from Fakhouri et al. (2010) are shown with dashed and dotted
lines, respectively, for a halo whose progenitor mass was 1012.8 h−1 Me at
z = 2.5. This shows that the effective host-halo mass of radio galaxies evolves
at a rate consistent with the mean growth rate of halos. The halos hosting
luminous low-frequency radio galaxies at cosmic noon are expected to evolve
on average into massive groups or clusters by the present.
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systems is intimately connected to host-halo mass (e.g., Hatch
et al. 2014). These observations support the paradigm where
radiatively inefficient accretion resulting in jets is driven by gas
condensation from the hot halo, and may also reflect the fact
that more massive halos contain more gas for jets to collide into
and emit at low frequencies via shocks.

Though there are relatively few studies of radio galaxy
environments at z> 1, our results at lower redshifts appear to
be consistent with previous studies at z< 1. Clustering studies
of radio galaxies at z< 1 reveal they exist in group
environments (Hickox et al. 2009; Mandelbaum et al. 2009).
This is consistent with studies of the galaxy overdensities
surrounding z< 1 radio galaxies, which also show they are on
average found in galaxy groups (Best 2004; Ineson et al. 2015;
Ching et al. 2017; Croston et al. 2019).

At higher redshift (z> 1), we find similar agreement with
previous results including clustering (Lindsay et al. 2014;
Magliocchetti et al. 2017; Hale et al. 2018) and environmental
(Hatch et al. 2014) studies, conducted at GHz frequencies.
These results support the paradigm where radio galaxy activity
must be intimately connected with the large-scale environment
(Magliocchetti 2022).

6.2. Halo Occupation Distributions

For a more sophisticated interpretation of the manner in
which radio galaxies occupy their host halos than a single
effective host mass, we display the posterior distributions of
HOD model fits to the autocorrelation functions of LzRGs,
IzRGs, and HzRGs in Figure 8. We observe that luminous
radio galaxies broadly exhibit similar HODs at z 2, hosted by
halos Mh 1013 h−1Me. Interestingly, the similar effective
satellite halo mass of M1∼ 1014.25 h−1Me across redshift may
imply a difference in the satellite fraction at z> 1 compared to

z< 1, because of the fact that these extremely massive halos
are increasingly rare at higher redshift. Indeed, we estimate the
satellite fraction of HzRGs to be = -

+f 1 %sat 0.1
2 , while the

satellite fractions of IzRGs are = -
+f 13 %sat 4

7 , and LzRGs are
= -

+f 23 %sat 11
19 . We caution that this is a suggestive lead for

future study, and tentatively highlight that this may be
connected to the evolution of star-forming properties, FR I/
FR II status, and accretion mode from high to low redshift.
We also display the confidence intervals of the HODs in

Figure 9. This more clearly demonstrates the similarity of radio
galaxies’ HODs since z 2. The amplitudes of the HODs are
modulated by their respective duty cycles (Section 6.3). We
also display the best-fit HOD for optically luminous quasars
from early DESI data (Prada et al. 2023). This shows that radio
galaxies occupy systematically more massive halos than
quasars, which has implications about which environments
jets and quasar winds provide their feedback energy into. We
will incorporate this information in weighing the relative
contribution of jets and winds as a function of environment in
Section 6.4.

6.3. Duty Cycle

A constraint on the properties of halos hosting radio galaxies
can be combined with the radio AGN LF to constrain the
occupation fraction or duty cycle of these systems. A
comparison of the number density of radio galaxies in the
sample to the number density of halos massive enough to host
them yields the fraction of said halos at a given time which host
an observable radio AGN. Assuming that every sufficiently
massive halo hosts a central galaxy with a SMBH, this
occupation fraction is interpreted as a duty cycle fduty, or
fraction of time that a SMBH hosted by these halos is
observable as a radio galaxy in the survey (e.g., Haiman & Hui
2001; Martini & Weinberg 2001).
To estimate the radio galaxy duty cycle, we refit all

clustering measurements (Section 4) with a minimum halo
mass parameter, Mmin, required to host a radio galaxy rather

Figure 8. A corner plot of the HOD parameter posterior distributions (68% and
95% intervals) from fits to the autocorrelation functions of radio galaxies at
z ∼ 0.4 (yellow), ∼0.6 (orange), and ∼1.5 (red). Radio galaxies at z < 2 appear
to have central occupations similar across time, hosted by halos more massive
than 1013 h−1 Me. However, the evolving halo mass function implies that
radio galaxies appear to be satellites in their halos more often at z < 1 than at
z ∼ 1.5, at rates of ∼10% and ∼1%, respectively.

Figure 9. The HODs (68% confidence intervals) inferred from fits to angular
autocorrelations of LzRGs, IzRGs, and HzRGs. The populations are strongly
clustered, hosted by halos 1013 h−1 Me across cosmic time. We also show the
HOD of Type-1 quasars at z ∼ 1.5 derived from early DESI data (Prada
et al. 2023) in blue, demonstrating that radio galaxies occupy significantly
more massive halos than quasars at z ∼ 1.5.
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than the effective mass used before, using the relation between
minimum mass and bias:
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We then estimate the space density of halos more massive
than Mmin by integrating the Tinker et al. (2008) halo mass
function over mass and the considered redshift distribution. To
estimate the space densities of the radio galaxies, we integrate
the LoTSS Deep radio AGN LFs of Kondapally et al. (2022).
We consider the best-fit LFs including all radio-excess AGNs,
allowing for luminosity and density evolution, as presented in
Kondapally et al. (2023). We account for the fact that our
HzRG sample is limited by flux rather than luminosity by
integrating above an evolving luminosity threshold with
interpolation between LFs measured in different redshift
epochs. At z< 0.5, where a best-fit LF is not provided, we
interpolate between the LF measured at 0.5< z< 1 and the
local (z< 0.3) LF from Sabater et al. (2019) and Kondapally
et al. (2022). We adopt the local LF of Kondapally et al. (2022)
at L150 MHz< 1026 WHz−1, and the LF of Sabater et al. (2019)
above this limit, for reasons discussed in Kondapally et al.
(2022), though choosing one or the other does not change the
interpretation of our results.

We display the resulting duty-cycle estimates in Figure 10.
Luminous low-frequency radio galaxies exhibit duty cycles of
order ∼10% since z< 2, mildly increasing over the past
10 Gyr. The characteristic observable lifetime is thus ∼1 Gyr,
consistent with the estimate of Magliocchetti et al. (2017). We
also display the implied duty cycle of eBOSS quasars from
Laurent et al. (2017), which rises and falls before and after
cosmic noon. Thus, z∼ 2 appears to mark the beginning of the

end of the “quasar epoch,” and the emergence of more frequent
radio galaxy activity.

6.4. Heating Power Per Halo

Having constrained the host-halo properties of luminous
radio galaxies, we can now consider the energetics of the
heating they supply to their environments. Here, we estimate
the time-averaged kinetic heating power injected per host halo,
and compare this to the same quantity for radiatively driven
quasar winds across cosmic time.
Kondapally et al. (2023) recently estimated the kinetic

heating rate of radio galaxies as a function of 150MHz
luminosity—known as a specific heating rate Ψ(L150,z)—by
convolving the LFs of Kondapally et al. (2022) with a
conversion between luminosity and kinetic jet power. They
use the Heckman & Best (2014) relation calibrated using X-ray
cluster cavities to trace the work done by jets observed at
1.4 GHz (Bîrzan et al. 2008; Cavagnolo et al. 2010). This
heating rate thus specifies the spatially averaged kinetic power
released into a unit volume as a function of radio luminosity.
Kondapally et al. (2023) finds that the total heating is
dominated by relatively high-luminosity sources (L150
1025 WHz−1), similar to our sample. They find that the total
heating is dominated by LERGs, and that the global kinetic
heating dominates over radiative quasar-mode feedback since
z 2. However, as quasars and radio galaxies occupy halos
differently, a more meaningful comparison is between the
energy injected by jets versus winds within halos in a certain
mass range.
We integrate the Kondapally et al. (2023) specific heating

rates (for all radio-excess AGNs) over luminosity using the flux
or luminosity limit of our sample at each redshift, yielding a
total kinetic heating power sourced from these jets per unit
volume, a kinetic luminosity density. The volume and time-
averaged kinetic power injected by jets per halo into halos
within some mass interval is given by the division of the kinetic
luminosity density with the number density of halos in the mass
interval, then multiplied by the fraction of luminous radio
galaxies which reside in halos within that mass interval, which
depends on the HOD:
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We can now compare this energy output to that of radiative-
mode quasars’ kinetic contribution in the form of winds.
Hopkins et al. (2007) estimated the cumulative bolometric
power density Ubol released by radiative-mode AGNs over time
by integrating their AGN LFs under the Soltan (1982)
argument, assuming a 10% radiative efficiency. Only a fraction
of this energy is ultimately transferred to kinetic energy in
gaseous winds, found to vary considerably between studies
(0.0001%–1%; Fiore et al. 2017; Lacy et al. 2019; Lutz et al.
2020; Dall’Agnol de Oliveira et al. 2021; Kakkad et al. 2022;
Massingill et al. 2024). Like in Kondapally et al. (2023), here
we adopt a characteristic range of fwind= 0.1%–0.5%. To
compute the average quasar-driven wind power density, we
multiply this factor by the bolometric energy density released
per unit of cosmological time within the same redshift intervals
probed by our radio galaxy samples. Analogous with
Equation (18), the power released by quasars into halos in a

Figure 10. The duty cycle of luminous low-frequency radio galaxies over z < 2
implied by our clustering measurements and the LFs of Kondapally et al.
(2022) are shown in yellow, orange, and red markers. These systems appear to
be active for ∼10% of the Hubble time, and rise from ∼5% at z ∼ 1.5 to ∼20%
at z ∼ 0.4. We also show the 1σ confidence interval for the duty cycle of
eBOSS quasars determined by Laurent et al. (2017) with a teal band.
Interestingly, the luminous radio galaxy and quasar duty cycles appear to
diverge after z ∼ 1.5.
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The second term modulates the power by the fraction of the
total AGN luminosity density contributed by quasars relative to
all AGNs. For this, we adopt the best-fit AGN LF of Shen
et al. (2020).

The computation in Equation (19) depends on the HOD of
quasars, which we must assume for the purposes of this work.
The effective masses of halos hosting Type-1 quasars appear
remarkably consistent since z∼ 6 and across luminosity
(Porciani et al. 2004; Croom et al. 2005; Porciani & Norberg
2006; Myers et al. 2007; Shen et al. 2007; da Ângela et al.
2008; Padmanabhan et al. 2009; Eftekharzadeh et al. 2015;
Laurent et al. 2017; He et al. 2018; Timlin et al. 2018; Geach
et al. 2019; Petter et al. 2022; Arita et al. 2023; Prada et al.
2023; Yuan et al. 2024; Eilers et al. 2024), at a few times
1012 h−1Me. However, the full quasar HOD (Richardson et al.
2012; Eftekharzadeh et al. 2019) and its possible evolution or
luminosity dependence has remained difficult to study. Here,
we adopt the quasar HOD of Prada et al. (2023), assuming that
it is valid across cosmic time and at all luminosities above
Lbol 1045 erg s−1, though we acknowledge our following
interpretation may depend on the validity of this assumption.

Dividing Equations (18) and (19) gives the ratio of kinetic
power injected by luminous jets versus luminous quasar winds
into halos within a given mass range. We estimate this ratio in
10 mass intervals from 1012 to 1013.75 h−1Me, and display the
result in Figure 11. This demonstrates that the feedback energy
injected globally by jets dominates in halos Mh 1013 h−1Me,
while quasar winds may dominate in lower-mass halos. This
can be understood as a consequence of the result of Kondapally
et al. (2023) that jet-heating dominates the total heating budget
at z 2 across all environments, unified with our clustering
constraints showing that radio galaxies are typically found in
halos 1013 h−1Me, while quasars are found in lower-mass
halos (Figure 9).

We raise the caveat that considering only Type-1/
unobscured quasars may provide an incomplete picture of
radiatively driven winds. Obscured quasars are canonically
obscured by orientation with the line of sight, but a growing
body of evidence may instead favor an evolutionary model of
obscuration (Sanders et al. 1988; Alexander & Hickox 2012;
Hickox & Alexander 2018), where some quasars are obscured
by galactic or circumnuclear gas during an evolutionary phase.
Obscured/reddened quasars are sometimes observed to be
more strongly clustered than unobscured systems (Hickox et al.
2011; Donoso et al. 2014; DiPompeo et al. 2017; Petter et al.
2023), occupy galaxies forming stars more vigorously (Chen
et al. 2015; Andonie et al. 2022), and show enhanced radio
emission (Klindt et al. 2019), possibly tracing winds (Rosario
et al. 2021). The high clustering amplitude and duty cycle of
∼10% (Petter et al. 2023) are similar to the radio galaxies
studied in this work, suggesting a possible stronger influence
on the halos considered here compared to unobscured quasars.
However, further constraints on obscured quasars’ clustering

evolution, their LFs, and their radiation wind-coupling
efficiency will be required to make meaningful constraints on
their contribution to kinetic feedback.
We also note that, by necessity, we have selected a

heterogeneous radio galaxy population, containing a mix of
LERGs and HERGs, FR I and FR II systems, which are hosted
by a mix of star-forming and quiescent galaxies. Croston et al.
(2019) finds that FR I systems at z< 0.4 occupy systematically
richer environments than FR II analogs. Binning samples by
Fanaroff–Riley class may become possible with upcoming
subarcsecond LOFAR imaging (Sweijen et al. 2022).
We note that the conversion rate between observed radio

luminosity and mechanical power is subject to significant
systematic uncertainties (Willott et al. 1999; Hardcastle &
Krause 2013; Hardcastle 2018). Therefore, further calibration
of such a relation at 150 MHz and at high redshift, along with
more precise clustering measurements, are required to uncover
which form of feedback dominates in massive halos at high
redshift.

7. Conclusions

In this work, we select luminous (L150 MHz
1025.25 WHz−1) low-frequency radio galaxies, bin them into
redshift epochs using optical and infrared counterparts, and
study the evolution of their clustering properties from z< 2.
We summarize our results as follows:

1. These systems are strongly clustered at z< 2, hosted by
group-scale halos (1013− 1014 h−1Me). The effective
halo mass thus increases with cosmic time at a rate
consistent with the mean growth rate of halos. The

Figure 11. The ratio of the kinetic heating power injected into halos within a
mass interval of 0.25 dex by luminous radio galaxies compared with quasar
winds. This comparison results from combining the radio galaxy HODs
presented in this work, the jet-heating rates of Kondapally et al. (2023), the
bolometric quasar power densities of Hopkins et al. (2007), the quasar HOD of
Prada et al. (2023), and assuming a wind-coupling range fwind = 0.1%–0.5%
according to Equations (18) and (19). Luminous jets appear to dominate the
global heating in environments 1013 h−1 Me at z < 2. We note that this
computation assumes that the HODs of radio galaxies and quasars are
luminosity independent, and the quasar HOD is also redshift independent. In
this picture, jet-mode feedback appears to dominate the global kinetic input
into group- and cluster-scale halos, while quasar winds may dominate at lower
masses.
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minimum halo mass of ∼1013 h−1Me derived from HOD
modeling is consistent with a model where the triggering
of low-frequency radio galaxy activity is strongly linked
to the condensation of gas from a hot halo.

2. The coevolution of the radio galaxy clustering and LF
implies that the duty cycle of these systems is of order
∼10% for the past 10 Gyr, mildly increasing during this
epoch where the quasar duty cycle has been declining.
The characteristic observable lifetime of these systems is
thus order ∼1 Gyr.

3. The kinetic power injected into group halos
(Mh 1013 h−1Me) appears to be dominated by
luminous radio galaxies rather than radiatively efficient
quasar wind power since z< 2. Radio galaxies are thus
expected to be more efficient drivers of feedback in
groups for at least the last ∼10 Gyr. Improved
constraints on the relation from radio luminosity to
kinetic power, the fraction of quasar luminosity coupled
to winds, the HODs of radio galaxies and quasars, and
any possible evolution with luminosity are required to
confirm this result.

The upcoming WEAVE-LOFAR spectroscopic follow-up
survey of LoTSS-detected sources (Smith et al. 2016) will
improve precision on the clustering properties of radio galaxies,
mitigate against any systematics in the radio galaxy redshift
distribution, and possibly support separately studying cluster-
ing for LERGs and HERGs. Furthermore, upcoming sub-
arcsecond imaging (Sweijen et al. 2022) of the LoTSS Wide
area using the International LOFAR baselines should allow
purer selection of radio galaxies to fainter fluxes using
brightness temperature criteria (Morabito et al. 2022).
Higher-resolution imaging should also allow for more precise
cross-matching at alternate wavelengths, and enable clustering
studies as a function of FR I/II status. Finally, future X-ray
missions such as Athena (Nandra et al. 2013) will detect the gas
in groups and clusters out to z∼ 2 heated in part by the systems
studied in this work.

This work shows that jet-mode feedback appears to be the
dominant source of heating in massive environments at z< 2.
However, further constraints on the evolution of radio galaxy
clustering with redshift and luminosity, as well as the
conversions between radio luminosity and mechanical power,
are required to perform a census of jet-mode feedback and
uncover the complete picture of how SMBH accretion shapes
galaxy growth across time.
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