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A B S T R A C T 

While cosmological simulations of galaxy formation have reached maturity and are able to reproduce many fundamental galaxy 

and halo properties, no consensus has yet been reached on the impact of ‘baryonic feedback’ on the non-linear matter power 
spectrum. This severely limits the precision of (and potentially biases) small-scale cosmological constraints obtained from 

weak lensing and galaxy surveys. Recent observational evidence indicates that ‘baryonic feedback’ may be more extreme 
than commonly assumed in current cosmological hydrodynamical simulations. In this paper, we therefore explore a range of 
empirical active galactic nucleus (AGN) feedback models, within the FABLE simulation suite, with different parametrizations as 
a function of cosmic time, host halo properties, and/or spatial location where feedback energy is thermalized. We demonstrate that 
an AGN radio-mode feedback acting in a larger population of black holes, with jets thermalizing at relatively large cluster-centric 
distances, as exemplified by our XFABLE model, is in good agreement with the latest weak lensing + kSZ constraints across all 
k-scales. Furthermore, XFABLE maintains good agreement with the galaxy stellar mass function, and gas fraction measurements, 
as well as consistency with key galaxy group and cluster properties, including scaling relations and intracluster medium radial 
profiles, within current observational uncertainties. Our work highlights the pressing need to model black hole accretion and 

feedback physics with a greater level of realism, including relativistic magnetized jets in full cosmological simulations. Finally, 
we discuss how a range of complementary observational probes in the near future will enable us to constrain AGN feedback 

models, and therefore reduce ‘baryonic feedback’ modelling uncertainty for the upcoming era of large cosmological surveys. 

Key words: black hole physics – methods: numerical – galaxies: formation – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he Lambda cold dark matter ( � CDM) model of cosmology has
roven extremely successful when stress-tested against observations
ver a remarkable span of cosmic history, from low-redshift mea-
urements of the expansion history probed by baryonic acoustic
scillations (e.g. DESI Collaboration 2025a ) and growth of structure
e.g. DESI Collaboration 2025b ) to the accurate measurements
f anisotropies and lensing of the cosmic microwave background
CMB; Planck Collaboration VI 2020 ; Pan et al. 2023 ; Mad-
avacheril et al. 2024 ). The � CDM model assumes the Universe
omprises three main components: dark energy in the form of a
osmological constant ( � ), which drives an accelerated expansion
f the Universe, CDM, which interacts only gravitationally, and
he ordinary baryonic matter, which is, in principle, observable.
 E-mail: lmb224@cam.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Societ
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
owever, it is challenging to map baryons on to the underlying
ark matter distribution due to the complex physical processes
hat regulate baryons’ properties, such as gas radiative cooling and
eating, star formation and associated stellar feedback, and black
ole accretion and feedback physics, which are often referred to
y the umbrella term ‘baryonic feedback’ (Semboloni et al. 2011 ;
an Daalen et al. 2011 ; Vogelsberger et al. 2020 ). These processes
nfluence the total matter distribution through the gas heating and
ooling, the ejection and redistribution of gas (within and) beyond
he virial radii of groups and clusters, and the back-reaction on
he CDM distribution. Therefore, tests of the � CDM model on
elatively small non-linear scales, such as through measurements
f weak galaxy lensing, require accurate models of how ‘baryonic
eedback’ impacts the overall matter distribution (Chisari et al. 2019 ;
chneider et al. 2019 ; Amon & Efstathiou 2022 ; Preston, Amon &
fstathiou 2023 ). 
Hydrodynamical simulations have implemented active galactic

ucleus (AGN) feedback models to demonstrate that it is necessary
© The Author(s) 2025.
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ch permits unrestricted reuse, distribution, and reproduction in any medium,
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o regulate the star formation rate in massive galaxies and prevent 
vercooling of gas in groups and clusters (see Sijacki et al. 2007 ,
cCarthy et al. 2010 , Fabjan et al. 2010 for early studies, and a recent

eview by Bourne & Yang 2023 ). The impact of AGN feedback on
he matter distribution is to suppress the matter power spectrum by 
p to ∼ 30 per cent on the non-linear scales with respect to a dark- 
atter-only scenario; however, the simulations significantly differ 

n their predictions for the amplitude and scale dependence of the 
uppression at scales 0 . 1 h Mpc −1 < k < 10 h Mpc −1 (McCarthy
t al. 2017 ; Springel et al. 2018 ; Chisari et al. 2019 ; van Daalen,
cCarthy & Schaye 2020 ; Pakmor et al. 2023 ; Schaye et al.

023 ; Gebhardt et al. 2024 ; Martin-Alvarez et al. 2024 ; Schaller
t al. 2025 ). These inconsistent predictions can be attributed to 
 number of factors. The modelling choices of the astrophysical 
eedback processes can have a large outcome on the predicted matter 
ower spectrum suppression (Daalen et al. 2011 , 2020 ; Pandey 
t al. 2023 ), in addition to the adopted box size, resolution and
ydrodynamical scheme by different studies. Despite the differences 
n feedback modelling (and the resulting matter power spectrum 

uppression), the state-of-the-art hydrodynamical simulations give 
easonably similar matches to other observations, such as the galaxy 
tellar mass function (GSMF) and X-ray observations of cluster gas 
ass fractions, albeit noting a significant range of observed gas 

ractions at a given halo mass. 
The current level of uncertainty in feedback modelling stands as 

he limiting factor for the precision of cosmological constraints from 

eak galaxy lensing (Amon et al. 2022 ; Dark Energy Survey and
ilo-Degree Survey Collaboration 2023 ). Beyond that, ‘baryonic 

eedback’ may have a role in the so-called ‘ S8 tension’ associated 
ith the � CDM model. Over the last decade, discrepancies 

n the measurements of the clustering amplitude parameter, 1 

8 = σ8 ( �m 

/ 0 . 3)0 . 5 , by weak galaxy lensing surveys with respect to
lanck � CDM best-fitting cosmology have persisted. Amon & Efs- 

athiou ( 2022 ) and Preston et al. ( 2023 ) hypothesized that ‘baryonic
eedback’ could be responsible if it had a stronger impact on the non-
inear matter distribution than that predicted by many state-of-the-art 
ydrodynamical simulations. Indeed, the proposal for more extreme 
eedback has been supported by recent evidence from cosmic 
hear and stacked kinetic Sunyaev–Zeldovich measurements (kSZ; 
igwood et al. 2024 ), measurements of the kSZ effect (Hadzhiyska 
t al. 2024 ; McCarthy et al. 2024 ), cross-correlations of weak lensing
ith diffuse X-ray and thermal SZ (tSZ; Ferreira et al. 2024 ; La Posta

t al. 2025 ), and measurements of the tSZ effect, including the power
pectrum (Ruan, McQuinn & Anderson 2015 ; Crichton et al. 2016 ;
utta Chowdhury & Chatterjee 2017 , Efstathiou & McCarthy 2025 ). 
owever, it remains a challenge to identify a physical mechanism to 
roduce stronger feedback that remains in accord with galaxy group 
nd cluster X-ray data, not only in terms of gas fractions but also of
patially resolved intracluster medium (ICM) properties. 

Feedback effects are among a number of ‘sub-grid’ processes 
hat occur below the resolution scale of cosmological simulations 
nd are therefore modelled through empirical prescriptions that aim 

o capture the complex small-scale physics. In a widely adopted 
ut simplistic picture, AGN feedback is often modelled using two 
rimary modes, dependent on the accretion rate of the supermassive 
lack hole (SMBH), or more specifically the Eddington ratio (Sijacki 
 Here, �m 

is the ratio of the present-day matter density to the critical density 
f the Universe and σ8 is the root mean square linear amplitude of the matter 
uctuation spectrum in spheres of radius 8 h−1 Mpc extrapolated to the present 
ay. 
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o
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X

t al. 2007 ). The quasar-mode (or ‘thermal-mode’) acts at high
MBH accretion rates and is often attributed to high-velocity quasar- 
riven winds directly impacting the host galaxy and circumgalactic 
edium (CGM) (Mullaney et al. 2013 ; Harrison et al. 2014 ). The

adio-mode (or ‘kinetic-mode’) is instead associated with inefficient 
MBH accretion and launches AGN jets impacting the CGM and 

he ICM. These jets inflate expanding bubbles, displacing the hot 
as and leaving cavities and shock-fronts detectable in X-ray images 
f galaxy groups and clusters (Fabian 2012 ). Some hydrodynamical 
imulations distinguish between the two modes by imposing both 
hermal and kinetic outflows, with others opting for a purely thermal
eedback model, regardless of the SMBH accretion state. It should 
e noted however that observationally this picture is less clear, 
oth in terms of the roles that different forms of feedback (i.e.
adiation, winds, and jets) play in galaxy evolution and under what
onditions they are produced, with radio jets being observed in 
ystems undergoing accretion at high, as well as low Eddington 
atios (see e.g. Hardcastle & Croston 2020 ; Hlavacek-Larrondo, Li &
hurazov 2022 , for reviews). 
The choice of sub-grid parameters utilized to model feedback 

rocesses in simulations also plays a role in the varying predictions
f the matter power spectrum suppression. Although physical ar- 
uments can be used to narrow the range of plausible parameter
alues of the feedback models, they are typically poorly constrained 
nd often resolution-dependent. As such, calibrating to external 
bservational data sets is required. Observations of the GSMF, 
tar formation history, and stellar sizes are all frequently used 
o guide hydrodynamical simulations. However, the hot gas mass 
ractions of groups and clusters, measured using X-ray obser- 
ations, are generally the key benchmark of the AGN feedback 
odel efficacy (e.g. McCarthy et al. 2017 ; Henden et al. 2018 ;
chaye et al. 2023 ). 
In this paper, we explore the potential for more extreme AGN

eedback in hydrodynamical simulations. Using the FABLE sim- 
lation framework (Henden et al. 2018 ; Henden, Puchwein & 

ijacki 2019 , 2020 ) as a test-bed, we explore an extensive num-
er of modifications to the AGN feedback model in FABLE, to
emonstrate that it is possible to produce the more extreme matter
ower spectrum suppression required to resolve the S8 tension and 
emain consistent with new observational weak lensing, tSZ, and 
SZ constraints while still maintaining consistency with key galaxy 
nd cluster observables typically used to calibrate simulations, as 
xemplified by our new empirical AGN feedback model, XFABLE. 
e stress that it is crucial that the potential degeneracies within

ydrodynamical simulations are understood if weak lensing analyses 
re to continue utilizing them to calibrate their ‘baryonic feedback’ 
itigation. 
The paper is structured as follows. In Section 2 we motivate

he study by discussing the spread in the suppression of the
atter power spectrum predicted by a range of hydrodynamical 

imulations, despite each providing a good fit to GSMF and cluster
as mass fractions observations. Section 3 describes the basic 
roperties of the simulation suite we utilize. It also details the
omputation of a number of galaxy, group, and cluster properties 
rom the simulation outputs to allow for comparison to observations. 
ection 4 describes the key modifications to the FABLE AGN 

eedback model we test in this work, including XFABLE, and 
he motivations behind the models. In Section 5 we compare the
redictions made by each of our key simulation boxes to a range
f observational measurements. Finally, in Section 6 we summarize 
ur findings from the simulation suite and discuss the outlook for
FABLE. 
MNRAS 542, 3206–3230 (2025)
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 T H E  U N C E RTA I N T Y  IN  SIMULATING  

A RYO N IC  FEEDBACK  A N D  IMPLICATIONS  

O R  S8 TENSION  

ydrodynamical simulations are increasingly sophisticated in their
bility to reproduce realistic cosmic populations of galaxies, galaxy
roups, and clusters. Nevertheless, there is a lack of agreement
n the predictions from the state-of-the-art simulations, with one
articularly salient example being the impact of baryonic physics
n the matter power spectrum (Chisari et al. 2019 ; Daalen et al.
020 ). Weak lensing analyses (in addition to i.e. N ×2pt analyses
nvolving tSZ and kSZ data and effective field theory analyses of
alaxy clustering) require an accurate prediction of the suppression
f the matter power spectrum due to feedback to infer cosmological
arameters, especially if they are to use the (mildly) non-linear
cales. Marginalizing over this spread of possible predictions already
ominates the systematic uncertainty (e.g. Bigwood et al. 2024 ).
o maximize the statistical power of the surveys, a coherent and
onsistent picture of feedback’s impact on the total matter distribution
s critical. 

In this section, to demonstrate this problem, we discuss the z = 0
redictions of the matter power spectrum suppression, GSMF, and
ot gas fraction in groups and clusters from a number of state-of-
he-art cosmological hydrodynamical simulations and compare them
ith available observations. We show the latter two observables

s these are typically the key properties used to calibrate the
eedback parameters in simulations. Indeed, simulations have shown
 remarkable ability to reproduce a wide range of other observables
hen (largely) calibrated to these two key measurements (McCarthy

t al. 2017 ; Henden et al. 2018 ; Schaye et al. 2023 ). 
Fig. 1 shows these properties as measured in the fiducial FABLE

40 h−1 Mpc )3 box (hereinafter FABLE-40) (Henden et al. 2018 ),
s well as a larger (100 h−1 Mpc )3 box we run, employing the
ducial FABLE physics model (hereinafter FABLE-100). 2 We refer

he reader to Section 3 for an introduction to the FABLE simulation
roperties. We compare to FLAMINGO L1 m9 [Schaye et al. 2023 ;
challer et al. 2025 , (1 Gpc )3 box with gas mass resolution of 109 

�], MillenniumTNG [Pakmor et al. 2023 , (740 Mpc)3 box with
as mass resolution of 3 . 1 × 107 M�], SIMBA [Davé et al. 2019 ,
100 h−1 Mpc )3 box with gas mass resolution of 1 . 82 × 107 M�],
nd BAHAMAS [McCarthy et al. 2017 , (400 h−1 Mpc )3 box with
GN feedback parameter �AGN = 7 . 8 and gas mass resolution of
 . 66 × 108 M�/h ]. 

.1 Comparison of cosmological hydrodynamical simulations: 
he matter power spectrum suppression 

he left panel of Fig. 1 shows the predicted suppression of the matter
ower spectrum from each simulation at z = 0. We compare to the
redicted suppression required to reconcile the DES Y3 cosmic shear
8 constraint with the Planck � CDM model, Amod = 0 . 858 ± 0 . 052
Preston et al. 2023 ) (blue band). 3 We also compare to the observa-
NRAS 542, 3206–3230 (2025)

 We note that in this work, we run all simulations, including FABLE-40, 
sing a different random seed that determines the initial Gaussian density 
eld to that utilized for the (40 h−1 Mpc )3 presented in Henden et al. ( 2018 ) 
nd Martin-Alvarez et al. ( 2024 ). We therefore find a small difference in the 
easured matter power spectrum suppression, which lies within the span of 

he scatter in the suppression due to cosmic variance (see Appendix A ). 
 The DES Y3 lensing kernel, which defines the redshift sensitivity of the 
ample, peaks at z ∼ 0 . 4 (Amon et al. 2022 ). Since the best-fitting Amod 

onstraint has no explicit redshift dependence, a comparison to simulations 

s
a
t
4

l
s
w
5

r
s
m

ional constraint from the joint weak lensing and kSZ (WL + kSZ)
nalysis presented in Bigwood et al. ( 2024 ) (purple band). 

All of the hydrodynamical simulations predict suppression of the
atter power spectrum on scales k � 0 . 5 h Mpc −1 . However, there

s no consensus on the amplitude or extent of suppression: at k ∼
 h Mpc −1 the suppression predicted by the simulations displayed
pans 1–5 per cent, and at k ∼ 5 h Mpc −1 the range increases to 5–20
er cent. FLAMINGO, FABLE (see also a recent study by Martin-
lvarez et al. 2024 ), and MTNG740 predict a mild suppression,
hich is not consistent with the Amod or WL + kSZ constraint,

uggesting that if these simulations capture a realistic feedback
cenario, baryonic effects are unable to resolve the S8 tension. The
imulations are not consistent with the larger scale suppression con-
trained by the data at k � 2 h Mpc −1 , except for SIMBA. To avoid
vercrowding Fig. 1 we do not plot the Magneticum (Steinborn et al.
015 ) or Horizon-AGN (Dubois et al. 2014 ) simulations, but we note
agneticum predicts a matter power spectrum suppression closely

ollowing BAHAMAS, and Horizon-AGN predicts a suppression
lose to that measured in MTNG740. 

We note that the FABLE predictions for the two box sizes explored
ere are in good agreement with each other at k < 3 h Mpc −1 , and
oth show a maximum suppression at k ∼ 10 h Mpc −1 . FABLE-
00 shows a slightly larger peak suppression of ∼13 per cent,
ompared to ∼10 per cent in the FABLE-40 box. This result is
onsistent with the impact of box size found in Springel et al.
 2018 ). We additionally found that there was no systematic difference
etween the two FABLE boxes when investigating the matter power
pectrum suppression with redshift. We conclude that the greater
eak suppression in the FABLE-100 box at z = 0 likely results from
he stochastic nature of radio-mode feedback in massive haloes. 

.2 Comparison of cosmological hydrodynamical simulations: 
he GSMF 

he GSMF is sensitive to the baryonic processes governing star
ormation, including cooling, stellar, and AGN feedback channels.
s it is tightly constrained by data at z = 0, it provides a good

est of galaxy formation models and has been used to calibrate
he above simulations. In the middle panel of Fig. 1 , we show the
SMF measurements of D’Souza et al. ( 2015 ), Baldry et al. ( 2012 ),
ernardi et al. ( 2013 ), Driver et al. ( 2022 ), and Li & White ( 2009 ).
e compare these measurements with the FABLE simulations, as
ell as FLAMINGO, MTNG740, SIMBA, and BAHAMAS. 
Generally, each simulation is in good agreement with the ob-

ervations. 4 We note that both FABLE boxes show similarly good
greement with observational data, with the larger FABLE-100
ox being able to better sample rare high stellar mass galaxies
log 10 ( M∗[M�]) ∼ 12), and hence extend the GSMF tail. 5 Nev-
rtheless, it is notable that independent simulations, in similarly
ood agreement with GSMF observations (at least at z = 0) given
hould ideally be done at z ∼ 0 . 4, but as simulation predictions are not readily 
vailable, we plot all simulation results at z = 0. For the FABLE-only analysis 
hat we present later (see Fig. 3 ), we discuss the redshift dependence. 
 Note that MTNG740 predictions for galaxies with stellar mass 
og 10 ( M∗[M�]) < 11 largely stem from the effective mass resolution of the 
imulations, with higher resolution TNG results in much closer agreement 
ith the data (for further details see Pakmor et al. 2023 ). 
 For massive galaxies, the GSMF is overpredicted by FABLE. Further 
efinements in baryonic ‘sub-grid’ physics, and a different choice of the 
tellar mass aperture (such as the commonly adopted 30 kpc fixed aperture), 
ay improve the agreement, but this is beyond the scope of this paper. 
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Figure 1. The z = 0 properties of the FABLE-40 (dashed purple line) and FABLE-100 (solid purple line) simulations compared to observational constraints 
and other hydrodynamical simulations; FLAMINGO L1 m9 (hereafter denoted as FLAMINGO) (Schaye et al. 2023 ; Schaller et al. 2025 , black solid line), 
MTNG740 (Pakmor et al. 2023 , black dashed line), SIMBA (Davé et al. 2019 , black dotted line), and BAHAMAS (McCarthy et al. 2017 , black dash–dotted 
line). Left: the matter power spectrum suppression due to baryonic effects, P ( k ) /PDMonly ( k ), compared to the Amod = 0 . 858 ± 0 . 052 constraint (blue, shaded; 
Preston et al. 2023 ), and the constraint from the combined DES Y3 cosmic shear and ACT kSZ (WL + kSZ) analysis of Bigwood et al. ( 2024 ) (purple, shaded). 
Centre: the GSMF for the above-mentioned simulation projects and FABLE. We further plot observational measurements of D’Souza, Vegetti & Kauffmann 
( 2015 ) ( z = 0 . 1), Baldry et al. ( 2012 ) ( z < 0 . 06), Bernardi et al. ( 2018 ) ( z < 0 . 1), Driver et al. ( 2022 ) ( z < 0 . 1), and Li & White ( 2009 ) (0 . 001 < z < 0 . 5) as 
the grey errorbars. Right: the hot gas fraction measured within r500 as a function of halo mass M500 or the above-mentioned simulation projects and FABLE. For 
FABLE-40 and FABLE-100, lines denote the median relation and the purple band denotes the quartiles of the distribution in FABLE-100. For FABLE-100, we 
plot the most massive systems that cannot be binned due to poor statistics as individual data points. The grey data points are the measurements of Vikhlinin et al. 
( 2006 ) ( z < 0 . 25), Maughan et al. ( 2008 ) (0 . 1 < z < 1 . 3), Croston et al. ( 2008 ) ( z < 0 . 2), Gonzalez et al. ( 2013 ) ( z < 0 . 2), Lovisari, Reiprich & Schellenberger 
( 2015 ) ( z < 0 . 4), and Eckert et al. ( 2016 ) (0 . 05 < z < 1 . 1), and the grey shaded regions show the 1 σ constraints of Akino et al. ( 2022 ) ( z < 1). We demonstrate 
that despite each simulation showing reasonable fits to observations, the predictions for the suppression of the matter power spectrum at z = 0 vary significantly. 
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he observed uncertainties, predict significantly different baryonic 
uppression of the matter power spectrum. 

.3 Comparison of cosmological hydrodynamical simulations: 
ot gas fractions in groups and clusters 

he mass fractions of gas and stars in simulated groups and clusters
re very sensitive to the AGN feedback modelling. Furthermore, 
he total baryon fraction has been shown to be directly related to
he matter power spectrum suppression (Daalen et al. 2020 ; Salcido 
t al. 2023 ; Martin-Alvarez et al. 2024 ). The right panel of Fig. 1
hows the hot gas fraction in groups and clusters, where simulation 
redictions from FABLE, FLAMINGO, 6 MTNG740, SIMBA, and 
AHAMAS are plotted. For the FABLE-100 box, in addition to 

he median, we show the quartiles of the gas fraction distribution
s the purple-shaded band. 7 For comparison, we plot the X-ray- 
erived measurements of Akino et al. ( 2022 ), 8 Vikhlinin et al. ( 2006 )
 z < 0 . 25), Maughan et al. ( 2008 ) (0 . 1 < z < 1 . 3), Croston et al.
 2008 ) ( z < 0 . 2), Gonzalez et al. ( 2013 ) ( z < 0 . 2), Lovisari et al.
 2015 ) ( z < 0 . 4), and Eckert et al. ( 2016 ) (0 . 05 < z < 1 . 1). We
ote that the cluster masses of Akino et al. ( 2022 ) and Eckert et al.
 2016 ) are derived via weak lensing estimates, whereas the remaining
ources use X-ray hydrostatic cluster masses. The latter are derived 
 We note that the FLAMINGO suite has also explored more extreme feedback 
ariants that exhibit gas mass fractions lower than the fiducial FLAMINGO 

1 m9 box we compare to (see table 2 of Schaye et al. 2023 and Schaller 
t al. 2025 ). 
 In Fig. 1 , and throughout the remainder of the work, the shaded bands 
howing the quartile regions finish at the mid-point of the highest bin. 
 We note that unlike the remainder of the observational data sets where we 
lot individual objects, we plot the best-fitting relation of Akino et al. ( 2022 ), 
s the data are model-dependent on error correlation considerations. 
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e

f

9

t
P

nder the assumption of hydrostatic equilibrium and hence may 
nderestimate the true halo mass by 10–35 per cent (e.g. due to
eglecting non-thermal pressure support), with the exact magnitude 
f the bias still debated (see Pratt et al. 2019 , for a review). For
llustrative purposes, the arrow indicates the effect on observations 
o correct for a 30 per cent mass bias. 

The two FABLE boxes are in very good agreement for groups of
ass M500 < 1014 M�, with the FABLE-100 box having a large 

nough sample of clusters to compute the gas fractions up to
500 ∼ 4 × 1014 M�. FABLE-100 displays a very good match to 

he data, as well as the predictions from FLAMINGO, BAHAMAS, 
nd SIMBA. 9 However, the scatter in the observed data is significant.
e therefore re-emphasize the point made in the previous section: 
GN feedback models that produce reasonable gas fractions (within 

he large observed scatter) exhibit a large discrepancy in the matter
ower spectrum suppression for cosmological studies. 
We further observe that the gas fraction–halo mass relation 
easured in a hydrodynamical simulation could lie up to ∼ 3 σ lower

han the one measured in FABLE-100 while still remaining within the
arge scatter of the data. More powerful AGN feedback responsible 
or this greater expulsion of gas may, in theory, then produce a power
pectrum suppression greater than that predicted by the simulations 
n the left panel of Fig. 1 . Moreover, provided the observed scatter
s real, it remains to be understood if simulations need to produce
 larger variety of gas fractions at a given halo mass, which would
oint towards a more stochastic nature of AGN feedback and more
xtreme feedback for a sub-set of objects. 

Motivated by these findings, we explore the possibility of AGN 

eedback that produces a more extreme matter power spectrum 
MNRAS 542, 3206–3230 (2025)

 We note again the exception of MTNG740, which is at the upper end of 
he observations and the other simulations displayed, and refer the reader to 
akmor et al. ( 2023 ) where this result was initially discussed. 
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uppression, in better agreement with observational constraints,
hile preserving the match to the observed gas fractions and GSMF.

 M E T H O D O L O G Y  

.1 Numerical code and basic simulation properties 

n this study, simulations are performed with the massively parallel
oving-mesh code AREPO (Springel 2010 ; Pakmor et al. 2016 ). The
reePM approach is used for computing gravitational interactions
nd hydrodynamics is solved on a quasi-Lagrangian Voronoi mesh,
hich approximately moves with the local flow velocity. 
As a starting point, we adopt the FABLE simulation model. Its key

haracteristics are described below and we refer the reader to Henden
t al. ( 2018 , 2019 , 2020 ) for a more detailed discussion. In a nutshell,
he FABLE project adopts the same sub-grid models for gas radiative
ooling (Katz, Weinberg & Hernquist 1996 ; Wiersma, Schaye &
mith 2009a ), chemical enrichment (Wiersma et al. 2009b ), and star
ormation (Springel & Hernquist 2003 ), subject to a spatially uniform
V background (Katz et al. 1996 ; Faucher-Giguère et al. 2009 ), as
eveloped for the Illustris project (Vogelsberger et al. 2013 ; Torrey
t al. 2014 ). While the Illustris simulation models stellar winds in
 purely kinetic fashion at launch, in FABLE, one-third of the wind
nergy is thermal (Marinacci, Pakmor & Springel 2014 ; Henden
t al. 2018 ). The fiducial FABLE model adopts two modes for AGN
eedback: a quasar-mode for black holes in the radiatively efficient
ccretion regime (Di Matteo, Springel & Hernquist 2005 ; Springel,
i Matteo & Hernquist 2005 ) and a radio-mode feedback for the

adiatively inefficient accretion regime (Sijacki et al. 2007 ), as in
he Illustris model (Sijacki et al. 2015 ). The quasar-mode thermally
nd isotropically couples a fraction of the available feedback energy
o the surrounding gas, whereas the radio-mode injects hot bubbles
t some distance from the black hole, mimicking the radio lobes
nflated by ‘mechanical’ feedback. Compared to Illustris, the two

ain differences in FABLE stem from adopting a fixed duty cycle in
he quasar-mode, instead of injecting thermal energy continuously
see Booth & Schaye 2009 ; Henden et al. 2018 ), and from reducing
he duty cycle of radio bubble inflation, which leads to a more
requent but less energetic radio-mode feedback. We note that stellar
nd AGN feedback in FABLE have been calibrated to reproduce the
SMF and the gas mass fractions of massive haloes in the local
niverse (see also McCarthy et al. 2017 ; Schaye et al. 2023 , for
 similar calibration strategy). We perform uniform cosmological
oxes and do not consider the zoom-in group and cluster simulations
rom the original FABLE suite. 

We build a suite of 40 h−1 cMpc-side simulation boxes to explore
he effect of AGN feedback modifications to the FABLE model and
osmic variance (see Appendix A ). These boxes have 5123 dark
atter particles and gas cells (approximately), corresponding to a

ark matter particle mass mDM 

= 3 . 4 × 107 h−1 M� and mean target
as cell mass m̄gas = 6 . 4 × 106 h−1 M�. We set the gravitational
oftening length to 2 . 4 h−1 pkpc (physical coordinates) below z = 5
nd fix it in comoving coordinates at higher redshifts by following
he empirical recommendation of Power et al. ( 2003 ). To ensure
e have a sufficient statistical sample of galaxy groups and (low
ass) galaxy clusters, we run two further cosmological boxes with a

ide length of 100 h−1 cMpc, both for the fiducial FABLE baryonic
hysics model (FABLE-100) and for one of our new modified AGN
eedback models, which henceforth we denote as ‘XFABLE-100’.
hese larger boxes have the same mass and spatial resolution as the
0 h−1 cMpc on-a-side boxes, tracking 12803 dark matter particles
nd ∼ 12803 gas cells. Boxes are evolved to z = 0 and adopt initial
NRAS 542, 3206–3230 (2025)
onditions consistent with the cosmological parameters measured
y Planck Collaboration VI ( 2020 ) ( �� 

= 0 . 6856, �M 

= 0 . 3144,
b = 0 . 0494, σ8 = 0 . 8154, ns = 0 . 9681, and H0 = 67 . 32 km s−1 

pc−1 ). 

.2 Black hole accretion and feedback in FABLE-like 
imulation models 

n this work we focus on modifications to the AGN feedback model,
ince it has been shown to have the dominant effect in causing
uppression of the matter power spectrum (see e.g. Chisari et al.
019 ; Daalen et al. 2020 ; Martin-Alvarez et al. 2024 ). We first
escribe the fiducial FABLE black hole accretion and feedback
odel. Summaries of the key model parameters and their values

n both the fiducial FABLE and the XFABLE models are listed in
able 1 . 
Black hole formation proceeds by placing seed black holes of
ass 105 h−1 M� into every halo of mass greater than 5 × 1010 

−1 M�, where haloes are identified using a fast friend-of-friend
FoF) algorithm on the fly. Black holes are modelled as collisionless
ink particles and are able to grow in mass through black hole mergers
nd gas accretion. 

The black hole accretion rate, ṀBH , is given by the Bondi–Hoyle–
yttleton formula, where a dimensionless parameter, α, boosts the
ccretion rate as 

˙ BH = 4 παG2 M2 
BH ρ

c3 
s 

, (1) 

here ρ and cs are the gas density and sound speed, respectively.
ote that ṀBH is capped at the Eddington limit. In the radiatively

fficient regime, the black hole bolometric luminosity, Lbol , is given
y 

bol = εr ṀBH c
2 , (2) 

here εr is the radiative efficiency and c is the speed of light. 
Feedback occurs in one of two modes, solely determined by the

atio of the accretion rate of the black hole to the Eddington rate,
BH = ṀBH /ṀEdd . If the black hole is accreting efficiently and fBH 

xceeds the threshold of χradio , the quasar-mode is operating. This is
ypically the dominant feedback process at high redshifts, where
 copious gas supply maintains high black hole accretion rates.
 fraction of the bolometric luminosity is coupled thermally and

sotropically to the gas surrounding the black hole, εf , resulting in
he feedback energy, Efeed , being given by 

˙feed = εf Lbol . (3) 

If the thermal energy injected into gas cells is unable to sig-
ificantly raise the gas temperature (for example as the result of
preading the energy over a large gas mass), or is predominantly
njected into high-density gas, then the energy can be radiated
way before impacting the environment (Katz et al. 1996 ; Booth &
chaye 2009 ; Bourne, Zubovas & Nayakshin 2015 ). To prevent this
umerical ‘overcooling’, the feedback energy is stored for the time
eriod of the duty cycle, �t , and the energy accumulated in this time
eriod is released in a single feedback event (following a similar
pproach to Le Brun et al. 2014 ; Schaye et al. 2015 ). 

For fBH < χradio , the radiatively inefficient radio-mode operates.
ot bubbles of radius, Rbub , are injected at a random spatial position
ithin a sphere of radius, Dbub , from the black hole, to mimic

njection by an unresolved AGN jet. This results in a largely
sotropic feedback once averaged over sufficient time. The bubbles
re periodically injected after the gain in the black hole’s mass has
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Table 1. The key parameters associated with black hole accretion and feedback in the FABLE and XFABLE models. 

Parameter Description Value in FABLE Value in XFABLE 

α Dimensionless parameter boosting the black hole accretion rate (equation 1 ). 100 100 
χradio Accretion rate threshold in Eddington units separating quasar and radio-mode 0.01 0.1 

activity. The quasar-mode acts when ṀBH /ṀEdd > χradio , and the radio-mode 
when ṀBH /ṀEdd < χradio . 

εr Radiative efficiency, determining the fraction of energy gained from mass 0.1 0.1 
accretion that may be converted to radiation (equation 2 ). 

εf Thermal coupling associated with the quasar-mode, determining the fraction 
of 

0.1 0.1 

the bolometric luminosity to be converted to thermal energy (equation 3 ). 
�t [Myr] Duty cycle of the quasar-mode: the time for which feedback energy is stored 25 25 

before it is released in a single feedback event. 
εm 

Efficiency of mechanical heating associated with the radio-mode (equation 4 ). 0.8 0.8 
δBH Duty cycle of radio-mode; bubbles are injected after the mass gain of the 0.01 0.01 

black hole has exceeded δBH = δMBH /MBH . 
Dbub [ h−1 kpc] Distance bubbles are injected from the black hole in the radio-mode. equation ( 5 ), with Dbub , 0 = 30 100 
Rbub [ h−1 kpc] Radius of the injected bubbles in the radio-mode. equation ( 6 ), with Rbub , 0 = 50 50 
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xceeded δBH = δMBH /MBH . The energy content of the resulting 
ubble is given by 

bub = εm 

εr δMBH c
2 , (4) 

here εm 

is the efficiency of this ‘mechanical’ heating. In the fiducial 
odel, the bubble distance and radius are scaled with energy and ICM 

ensity, ρICM 

, according to 

bub = Dbub , 0 

(
Ebub /Ebub , 0 

ρICM 

/ρICM , 0 

)1 / 5 

, (5) 

bub = Rbub , 0 

(
Ebub /Ebub , 0 

ρICM 

/ρICM , 0 

)1 / 5 

, (6) 

here Dbub , 0 , Rbub , 0 , Ebub , 0 , and ρICM , 0 are normalization constants. 
his follows the studies Scheuer ( 1974 ), Begelman & Cioffi ( 1989 ),
nd Heinz, Reynolds & Begelman ( 1998 ), which show that more
nergetic AGN jets will lead to larger lobes at a greater distance
rom the black hole, and a greater ICM density will have the inverse
ffect of confining the bubbles. 

Note that when we modify the FABLE AGN feedback model, we 
est removing the scaling of equation ( 5 ) and equation ( 6 ) and fixing

bub and Dbub to specific values. In this scenario, the bubbles are 
njected at a random spatial position on a spherical shell (rather than
ithin the sphere) of radius Dbub . 

.3 Comparison to observations: methodology 

n this section we describe the derivation of a number of observables
hat we use to differentiate and validate our feedback models. 

.3.1 The matter power spectrum and the Amod model 

e calculate the 3D matter power spectrum, Pm 

( k), using the 
outines of Pylians (Villaescusa-Navarro 2018 ). We first calculate 
he overdensity field, δ( x) = ρ( x) /ρ̄( x) − 1, on a discrete Cartesian
rid with 5123 pixels for boxes with side length 40 h−1 Mpc and 
0243 pixels for boxes with sides of 100 h−1 Mpc. Taking the 
oordinates in the simulation snapshots, we assign gas cells, black 
oles, stars, and dark matter particles to the grid via the first-order
inear cloud-in-cell (CIC) scheme, weighting by their mass. Using 
ast Fourier transforms the Fourier modes of the density contrast field 
re computed, δ( k ), and the effect of the smoothing from the CIC
ernel is deconvolved. The power spectrum is then calculated as the
ean power per k -mode, Pm 

( k ) = 〈| δ( k ) |2 〉 . To clearly isolated the
ffect of ‘baryonic feedback’ on the power spectrum, we calculate the
atio of the full matter power spectrum to the dark-matter-only case,
m 

( k ) /PDMonly ( k ), where PDMonly ( k ) is the power spectrum computed
n a gravity-only FABLE box with identical initial conditions and 
ox size to that used to calculate Pm 

( k). 
The prediction for extreme suppression of the non-linear matter 

ower spectrum as a viable solution to the S8 tension was first
roposed by Amon & Efstathiou ( 2022 ) and Preston et al. ( 2023 )
sing a phenomenological model, Amod . In this simple model, the 
mplitude of the non-linear power spectrum is modified by the 
arameter Amod according to 

m 

( k, z) = P L 
m 

( k, z) + Amod [ P
NL 
m 

( k, z) − P L 
m 

( k, z)] , (7) 

here the superscripts L and NL refer to the linear and non-
inear power spectra, respectively, with the latter assuming CDM 

osmology. We refer to this model throughout this work in our
ssessment of the plausibility of more extreme AGN feedback. 

.3.2 GSMF calculation 

n our simulation boxes, we define a galaxy as a subhalo found by the
UBFIND algorithm (Davis et al. 1985 ; Springel et al. 2001 ; Dolag
t al. 2009 ), which has more than 100 star particles. Defining the total
tellar mass of the simulated galaxy as the sum of all the star particles
ound to the subhalo can overestimate the GSMF at the high-mass
nd (for further details see e.g. Henden et al. 2018 ). As a result, in
his work we follow Genel et al. ( 2014 ) and define the galaxy stellar

ass as that measured within twice the stellar half-mass radius of
he subhalo, as given in the Subfind catalogue. Note that following
enden et al. ( 2018 ), when comparing to observations, for all stellar
asses we assume a Chabrier ( 2003 ) initial mass function (IMF),
hich involves subtracting 0.25 dex for a Salpeter ( 1955 ) IMF and
.05 dex for a Kroupa ( 2001 ) IMF. 

.3.3 Quasar luminosity function calculation 

or black holes in radiatively efficient regime we calculate the 
olometric luminosities of black holes in our simulation boxes, Lbol , 
ccording to equation ( 2 ). As, for example, discussed in Churazov
t al. ( 2005 ), the radiative luminosity of AGN accreting at low fBH ,
MNRAS 542, 3206–3230 (2025)
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.e. those in the radio-mode, may be significantly lower than the
alues obtained by naively using equation ( 2 ). 

We therefore explore the impact on the quasar luminosity function
QLF) of distinguishing radiatively efficient and radiatively ineffi-
ient AGNs. AGNs with fBH ≥ 0 . 01, i.e. those in the quasar-mode in
ABLE, have bolometric luminosities calculated following equation
 2 ). For AGNs with fBH < 0 . 01, we follow Churazov et al. ( 2005 ) and
abouzit et al. ( 2022 ), and approximate the bolometric luminosities

s follows: 

bol = 10 fBH εr ṀBH c
2 . (8) 

e use a linear spline to smooth the transition region in fBH between
he two regimes. By comparing bolometric luminosities calculated
ith this distinction to those calculated under the assumption that

ll AGNs are radiatively efficient, we aim to somewhat bracket the
iable range of the QLF predicted by our models in comparison to
bservations. 

.3.4 Gas and stellar mass fractions calculation 

o calculate the mass fractions, we select groups and clusters as
aloes found using the FoF algorithm with mass M500 > 1012 M�.
e define M500 as the mass contained within a sphere of radius

500 , centred on the minimum potential of the halo, where the mean
ensity is 500 × the critical density of the Universe. The vast majority
f gas fraction measurements in the literature are derived from X-ray
mission from hot diffuse gas. Therefore, to compare our simulated
esults with these observations, we follow the approach of Henden
t al. ( 2018 ) by excluding gas cells with a temperature below T <

 × 104 K and those above the density threshold required for star
ormation, thereby assuming their contribution to the X-ray emission
s negligible. We measure both gas and stellar masses within r500 ,
electing cells within this radius using a K-D tree algorithm. 

.3.5 X-ray scaling relations calculation 

e use the ICM’s bolometric luminosity in combination with other
lobal cluster properties to derive the X-ray scaling relations. We
ake a more simplistic approach to that used in Henden et al. ( 2018 ),
hich involved the generation of mock X-ray spectra to derive X-ray

uminosities. We follow Rybicki & Lightman ( 1985 ) to estimate
he hot ICM X-ray luminosity measured within r500 , Lbol 

500 . The
remsstrahlung emissivity density εff is given as 

ff = 1 . 4 × 10−27 T 1 / 2 ne ni Z
2 gB (erg s−1 cm 

−3 ) , (9) 

here T is the gas temperature, ne and ni are the electron and ion
umber densities, respectively, and gB = 1 . 2 is the average Gaunt
actor. Assuming a fully ionized primordial plasma so that ne ni ≈
 . 4 ρ2 / ( μmp )2 , we arrive at 

bol 
500 =

2 . 35 × 10−27 

μ2 m2 
p 

r500 ∑ 

i 

mi ρi T
1 / 2 
i (erg s−1 ) , (10) 

here mi , ρi , and Ti are the mass, density, and temperature of ith
as cell, mp is the proton mass, and μ = 0 . 59 is the mean molecular
eight. 
We investigate the X-ray scaling relations between Lbol 

500 , M500 ,
he gas mass within r500 , Mgas , and the mass-weighted mean
emperature within r500 , T500 , mw . We note that T500 , mw differs from
he characteristic temperature of equation ( 14 ). As with gas mass
ractions, since we are comparing to X-ray observations from hot
iffuse gas, we measure these quantities in the simulations using
NRAS 542, 3206–3230 (2025)
nly the hot and non-star-forming gas, following the cuts described in
ection 3.3.4 . Following Henden et al. ( 2019 ), we make an additional
ut excluding gas cells with a temperature greater than four times
he virial temperature, i.e. kb T < 4 GM200 μmp / 2 r200 . This upper
hreshold aims to exclude the AGN-driven bubbles created by the
adio-mode feedback model, which would contribute excessively
igh-temperature gas to the scaling relations if a recent strong
eedback event had occurred. The simplistic radio-mode model does
ot capture non-thermal pressure support within bubbles, which
eans in observations the bubbles should not contribute to the scaling

elations until thermalization has occurred. Removing the artificially
ot gas created by the feedback model thus reduces bias with respect
o the observations. 

Finally, we compute the X-ray proxy of the tSZ Compton Y500 

arameter, YX (Kravtsov, Vikhlinin & Nagai 2006 ). YX is the product
f the mean X-ray spectroscopic temperature of a cluster and the gas
ass measured within r500 , and is thus sensitive to the cluster’s

otal thermal energy. We approximate the spectroscopic temperature
s T500 , mw . Following appendix B2 of Henden et al. ( 2018 ), which
nds no systematic offset between temperatures derived from X-ray
pectra versus mass-weighted temperatures, we calculate YX as 

X = T500 , mw Mgas . (11) 

s above, we exclude the cold and star-forming gas (Section 3.3.4 ),
n addition to the high-temperature AGN-driven bubbles. 

.3.6 Thermal Sunyaev–Zel’dovich Compton Y parameter 
alculation 

he thermal Sunyaev–Zel’dovich effect probes the line-of-sight
ntegrated electron pressure, P , and is typically parametrized via
he Compton Y500 parameter; 

2 
a ( z) Y500 = σT 

me c2 

∫ r500 

0 
P d V , (12) 

here D2 
a ( z) is the angular diameter distance of the cluster, σT is the

homson cross-section, and me is the electron mass. The quantity
ntegrates the electron pressure in r500 , thus providing a measure of
he cluster’s thermal energy. 

We compare the simulation computed Y500 –M500 relation with
lanck Collaboration XI ( 2013 ) results, as well as the Wang et al.
 2016 ) re-analysis, which uses weak-lensing calibrated halo masses.
o facilitate comparison to the observations, we scale Y500 to a fixed
ngular diameter distance of 500 Mpc. Furthermore, the Planck
ollaboration XI ( 2013 ) analysis integrates the tSZ flux within a
rojected circular aperture of radius 5 r500 (giving Y5 r500 ), rather than
500 . In their analysis a conversion of Y500 = Y5 r500 / 1 . 796 was thus
pplied, which assumes the universal pressure profile of Arnaud
t al. ( 2010 ) as the spatial template in their matched filter. Since
he Arnaud et al. ( 2010 ) profile is not well constrained at 5 r500 , we
void the dependency on the assumed modelling choices used in the
lanck Collaboration XI ( 2013 ) analysis when deriving the inferred
500 from Y5 r500 , and follow Henden et al. ( 2018 ) in measuring the
 parameter directly within 5 r500 in the simulation boxes. We revert

he Y500 measurements of Planck Collaboration XI ( 2013 ) back to
5 r500 with the 1.796 multiplicative factor. 

.3.7 The ICM profiles calculation 

o calculate the electron density, ne and temperature, T , for groups
nd clusters in our simulation boxes, for a given halo, we select gas
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ells within 3 r500 and divide the gas cells into 10 concentric log-
rithmically spaced radial bins. We calculate the volume-weighted 
ean electron density, ne , and mass-weighted mean temperature, 
 . Since ICM profiles in literature are typically derived from X-ray
bservations of hot and dilute plasma, we make the same exclusions 
f gas cells as described in Section 3.3.4 , i.e. ensuring gas cells have
 > 3 × 104 K and zero star formation rate. In the volume-weighted
ase, we take the total volume of the bin as the sum of the gas cell
olumes, in order to account for the exclusion of gas cells due to
he temperature and star formation rate cut. To calculate pressure, 
 , and entropy, K , radial profiles, we take the product of individual
alo ne ( r) and T ( r) profiles according to 

 ( r) = kB ne ( r) T ( r) and K( r) = kB T ( r) /n2 / 3 
e ( r) , (13) 

here kB is the Boltzmann constant. To allow for comparison 
etween haloes of different mass, we normalize the temperature, 
ressure, and entropy profiles by the ‘characteristic’ quantities T500 , 
500 , and K500 . T500 is defined as 

500 = μmp GM500 / 2 r500 , (14) 

500 is defined as 

500 = kB T500 /n
2 / 3 
e , 500 , (15) 

ith ne , 500 = 500 fb ρc ( z) /μe mp , where fb = �b /�m 

and ρc = 

(100 h )2 / 8 πG are the cosmological baryon fraction and critical
ensity corresponding to our simulation cosmology, respectively, 
nd μe = 1 . 14 is the molecular weight per free electron. P500 is
efined as 

500 = kB ne , 500 T500 . (16) 

 E X P L O R I N G  AG N  FEEDBACK  IN  

A BLE-LIKE  SIMULATION  M O D E L S  

n Section 2 , we demonstrated that although many independent 
ydrodynamical simulations can attain suitable fits to measured 
SMF and hot gas fractions in groups and clusters, the predicted 
atter power spectrum suppression from ‘baryonic feedback’ can 

ary significantly. This raises the question: what is the maximum 

mount of non-linear suppression one can obtain in a hydrodynamical 
imulation while still maintaining good agreement with the observa- 
ions? 

To address this issue, we ran over 40 different FABLE-like 
40 h−1 Mpc )3 simulation boxes, modifying various aspects of the 
GN feedback model in order to study the resultant power spectrum 

uppression and compare to a number of galaxy, group and cluster 
bservations. The AGN feedback parameters utilized for the full set 
f simulation boxes are listed in Table B1 . We select four illustrative
GN feedback models to discuss throughout the remainder of the 
ork. These are the named boxes in Table B1 , i.e. QuasarBoost z2-
0, RadioBoost-40, RadioBoost MBH , radio -40 and, XFABLE. In the 
ollowing sections, we detail the motivation and modifications made 
o the fiducial FABLE AGN feedback model for each of these 
ariations. 

.1 QuasarBoost z2-40: a quasar-mode boost before cosmic noon 

irst, we boost the quasar-mode at high redshift by increasing the 
imensionless parameter α and the feedback coupling efficiency εf 

t z > 2. Increasing α will result in a given black hole accreting at
 greater rate (equation 1 ), up to the Eddington limit, powering
 quasar with a larger bolometric luminosity and thus allowing 
ore feedback energy to be available (equation 3 ). Increasing εf 

esults in a greater fraction of a quasar’s bolometric luminosity 
eing converted to thermal energy (equation 3 ). Given that the AGN
eedback model in FABLE was calibrated on the observed GSMF and 
ot gas fractions in groups and clusters, one may expect that naive
oosts to these parameters would result in poor agreement between 
he simulations and observations. Certainly, significantly increasing 
he thermal heating in the centre of galaxies would overquench star
ormation and drive more powerful outflows reducing the hot gas 
raction. 

It is important to note however that FABLE is calibrated to data at
 = 0. Observationally measured properties of hot haloes in groups
nd clusters (especially with masses comparable to FABLE objects) 
ecome sparse with increasing redshift, particularly beyond cosmic 
oon at z ∼ 2. We therefore test boosting both α and εf by a
actor of 100 for z > 2 while resetting parameters to their fiducial
alues α = 100 and εf = 0 . 1 at z < 2. We keep all other model
arameters, including those associated with the radio-mode, at their 
ducial FABLE values. The threshold redshift of z = 2 is chosen as

t approximately corresponds to the peaks in star formation rate and
lack hole growth (Madau & Dickinson 2014 ). Furthermore, the large 
oost of a factor of 100 is chosen to exemplify the interplay between
he maximum attainable matter power spectrum suppression and the 
amage to the GSMF and hot gas fractions. As noted in Section 2.1 ,
he DES Y3 redshift distribution peaks at z = 0 . 4, meaning it is at this
edshift that a greater matter power spectrum suppression is observed. 
ur modification could allow a more destructive feedback scenario, 
hich produces a greater matter power spectrum suppression at 
 � 0 . 4, yet allow galaxy, group, and cluster properties to recover by
 ∼ 0, remaining in good agreement with current observations, which 
s qualitatively in line with the galaxy cluster the pre-heating scenario
see e.g. Borgani et al. 2001 ; Voit et al. 2003 ). We note, however,
hat even if this feedback model successfully reproduces z = 0 group
nd cluster properties, remnants of the extreme feedback may persist 
n the hot CGM, or be visible in the CGM of z ∼ 2–4 progenitors
f present-day galaxy groups and clusters. Such remnants would 
ct as a useful diagnostic tool to constrain AGN feedback models
nd assess the plausibility of our enhanced feedback model. It is
herefore crucial that the model also reproduces CGM properties, as 
iscussed in Section 5.3.3 (see also Lau et al. 2025 for a comparison
f simulation models with the observations of Zhang et al. 2024a ; b ).

.2 RadioBoost-40: a high-redshift boost to the radio-mode 

ext, we consider modifications to the radio-mode AGN feedback. 
e note that the matter power spectrum suppression required by 

he Amod and WL + kSZ models to resolve the S8 tension shows
he greatest discrepancy with FABLE and other hydrodynamical 
imulations in the mildly non-linear regime of k ∼ 1 h Mpc −1 (see the
eft panel of Fig. 1 ), corresponding to relatively large spatial scales
f ∼ 10 Mpc at z = 0. This indicates that AGN feedback would
e required to impact the matter distribution at greater distances 
rom the central black hole than currently occurs in the FABLE
odel. Motivated by this, our first radio-mode modification involves 

njecting the hot radio-mode bubbles at a greater distance from the
lack hole by increasing the Dbub parameter. This mimics bubbles 
rising from AGN jets, which have travelled further through the 
ntervening ICM. This qualitatively shares some similarities with 
he hydrodynamical decoupling of AGN jets in the SIMBA model 
Davé et al. 2019 ), although the exact details of the implementation
re considerably different. 
MNRAS 542, 3206–3230 (2025)
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A major increase of Dbub from its fiducial value at z ∼ 0 would
e expected to reduce the hot gas fraction measured within r500 ,
nd possibly result in a poorer fit to the data. We therefore follow
 similar approach to the previous Section 4.1 and trial a redshift-
ependent Dbub . We test increasing Dbub at high redshifts, with the
im of redistributing matter on the larger scales and thus suppressing
he mildly non-linear matter power spectrum. We then decrease Dbub 

ith redshift at late time, with the purpose of ensuring gas can re-
ccrete and allow the simulated gas fractions to attain good agreement
ith low-redshift observations. 
The RadioBoost-40 simulation demonstrates this model. At z > 4

e fix Dbub = 500 h−1 kpc. From z = 4 to z = 0 we then decrease
bub linearly with redshift until it reaches the value of Dbub = 30

−1 kpc at z = 0. We fix the bubble radius Rbub to its fiducial
ormalization value of 50 h−1 kpc. Note that we therefore remove
he re-scaling of Dbub and Rbub with the bubble energy and ICM
ensity, given in equation ( 5 ) and equation ( 6 ), to have more control
ver the model. Furthermore, to increase the proportion of black
oles undergoing feedback in this modified radio-mode, we increase
radio to 0.1. We keep all other aspects of the model, including the
uasar-mode, as in fiducial FABLE. 

.3 RadioBoost MBH , radio -40: a boost to the radio-mode for the 
ost massive SMBHs 

he next modified AGN feedback model we test builds on the
odifications to the radio-mode outlined in the previous Section 4.2 .
e discussed that increasing the matter power spectrum suppression

n the larger mildly non-linear scales could be possible through
n increase to the distance that the hot ‘AGN jet-driven’ bubbles
re injected at from the black hole. We however cannot guarantee
hat gas can re-accrete sufficiently in late times to recover observed
as fractions while maintaining the larger scale power spectrum
uppression we desire. In this section, we therefore consider an
lternate approach. 

The box exemplifying our new approach is labelled
RadioBoost MBH , radio -40’. First, we increase the bubble distance
o Dbub = 100 h−1 kpc at all redshifts. Furthermore, we allow
he radio-mode to act in only the largest haloes, motivated by
he aim of preserving reasonable gas fractions in (small) groups,
here feedback-induced gas expulsion occurs more easily for the

ower mass systems with smaller binding energies. It has been
hown that above a stellar mass of 1011 M�, radio-loud AGNs
re possibly always ‘switched on’ (see Hardcastle & Croston 2020
nd references therein). This also approximately corresponds to the
hreshold halo mass for which a sufficiently dense hot halo is in
lace such that it can confine the radio bubbles and ensure that a
ufficient fraction of energy from bubbles can be transferred to the
CM. 

We therefore allow radio-mode feedback to operate only in
aloes that have a considerable ‘hot halo’ component, corresponding
oughly to M500 ≈ 1013 M�, log 10 ( M∗[M�]) ≈ 11 (using the best-
tting Moster et al. 2010 stellar mass–halo mass relationship),
nd log 10 ( MBH [M�) ≈ 9 (using the best-fitting Kormendy & Ho
013 stellar mass–black hole mass scaling relation). We retain the
radio = 0 . 1 of the previous section, and allow only haloes accreting
elow this limit and with black hole mass log 10 ( MBH [M�]) > 9 to
e in the radio-mode. Black holes of mass log 10 ( MBH [M�]) < 9
re only allowed to undergo quasar-mode feedback, regardless
f their accretion rate. This model has some qualitative simi-
arities to the adopted separation between the quasar and radio-

ode in the IllustrisTNG simulation (Weinberger et al. 2018 ), but
NRAS 542, 3206–3230 (2025)
ote that quantitative details and radio-mode implementation are
ifferent. 

.4 XFABLE: a pressure-limited boosted radio-mode for the 
ost massive SMBHs 

inally, we consider an additional modification to the
RadioBoost MBH , radio -40’ model described in the previous section.
he modifications to the fiducial FABLE radio-mode described thus

ar do not address the energy transferred to the ICM by the injected
adio bubbles. In fact, in fiducial FABLE there is no physical cap
n the pressure contrast between the inflating bubble and the ICM.
his can result in high Mach number shocks that are not typically
bserved around X-ray cavities (see Fabian 2012 , for a review).
urthermore, dedicated high-resolution simulations of jets in galaxy
lusters typically find that they are inflated in approximate pressure
quilibrium (Hardcastle & Krause 2013 ; Bourne & Sijacki 2021 ).
onsidering that the ‘RadioBoost MBH , radio -40’ model may result in a
ore destructive feedback scenario since bubbles are injected further

rom the central black hole, we test additionally applying an upper
imit on the energy of the bubble with respect to the ICM. The box
hat exemplifies this modification is labelled ‘XFABLE’, in which we
nsure the energy content of the bubble is limited to Ebub /EICM 

< 20.
his limit was chosen through a series of trial runs, with the aim
f achieving a balance between injecting sufficient energy into
he ICM to suppress the matter power spectrum and preventing
hermodynamic profiles of the ICM deviating significantly from
bservations. 
In addition to the (40 h−1 Mpc )3 volume ran with this model

XFABLE-40), we additionally run a (100 h−1 Mpc )3 box for im-
roved statistics of rare systems (XFABLE-100). 

.5 Visualization of the FABLE simulation suite 

ig. 2 shows visualizations of the z = 0 large-scale structure formed
n each of the simulation boxes introduced in this section. Since the
40 h−1 Mpc )3 and (100 h−1 Mpc )3 boxes were ran with the same
andom seed for the initial conditions, we find that the cosmic web
ooks comparable between the volumes, with the largest clusters
ying at approximately the same relative location between boxes.
he (100 h−1 Mpc )3 boxes however allow for rarer objects to form,
ith the three most massive clusters in FABLE-100 being of mass
500 = 4 . 05 × 1014 M�, 3 . 89 × 1014 M�, 3 . 20 × 1014 M�, com-

ared to M500 = 1 . 46 × 1014 M�, 1 . 01 × 1014 M�, 4 . 59 × 1013 M�
n FABLE-40. 

The surface gas mass density of the FABLE-100 and XFABLE-100
olumes look largely similar, albeit with XFABLE-100 displaying
omewhat lower densities at the nodes. In the (40 h−1 Mpc )3 volumes
e see greater variation in the surface gas density distribution
etween AGN feedback models. In particular, the RadioBoost-40
nd RadioBoost MBH , radio -40 visualizations reveal a more ‘fuzzy’
as distribution, with less defined filaments and nodes than fiducial
ABLE-40. This largely arises from the choice of increased Dbub 

arameter in these AGN feedback models, which redistributes gas
o larger distances from the central SMBH. The mass-weighted
emperature projections further display the extremity of hot gas redis-
ribution imposed by the RadioBoost-40 and RadioBoost MBH , radio -
0 models. The temperature projections also reveal clear deviations
etween the FABLE and XFABLE models, most notably that
ubbles of hot gas around the largest clusters reach greater radii in
FABLE. 



Large-scale AGN feedback in XFABLE 3215

Figure 2. Projections visualizing the key simulation boxes analysed in this work. The top panels display the blend of the gas surface density and mass-weighted 
temperature projections of the two (100 h−1 Mpc )3 volumes: fiducial FABLE-100 and the modified AGN feedback model, XFABLE-100. The middle panels 
show the gas surface density of the corresponding (40 h−1 Mpc )3 FABLE-40 and XFABLE-40 boxes, in addition to the other modified AGN feedback models; 
QuasarBoost z2-40, RadioBoost-40, and RadioBoost MBH , radio -40. The lower panels show mass-weighted temperature projections for the same (40 h−1 Mpc )3 

volumes. All visualizations represent projections through the full depth of each simulation box at z = 0. 
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 C O N S T R A I N I N G  AG N  FEEDBACK  M O D E L S  

H RO U G H  C O M PA R I S O N  WITH  

BSERVATION S  

n this section, we test the ability of the models outlined in the
revious section to reproduce a range of observed galaxy, SMBH, 
alaxy group, and galaxy cluster properties. We discuss models that 
an be ruled out as viable modifications to the FABLE feedback 
odel, as well as the constraining power of specific observations 

o distinguish and/or exclude our theoretical models. Through- 
ut Section 5 , we plot results from (40 h−1 Mpc )3 boxes using
ashed lines and from the (100 h−1 Mpc )3 FABLE and XFABLE 

oxes using solid lines. Observational measurements are shown in 
rey. 
.1 The suppression of the matter power spectrum 

e begin by discussing the baryonic suppression of the matter 
ower spectrum with respect to a dark-matter-only simulation, as 
redicted by FABLE and each of the modified feedback boxes. Fig. 3
hows the suppression at z = 0 , 1 , 2 and at z = 0 . 4, with the latter
edshift plotted for comparison to the Amod model, which we recall 
s the model required to produce enough suppression to be a viable
olution to the S8 tension (see Section 2.1 ). We also plot at z = 0 . 4
mod binned in k-space, Ai , to highlight the scale-dependence of 

he suppression (Preston et al. 2023 ). At z = 0 we also compare
o the constraints attained by the combined weak lensing and kSZ
WL + kSZ) analysis presented in Bigwood et al. ( 2024 ) (purple
and). These constraints were computed at z = 0, in contrast to the
MNRAS 542, 3206–3230 (2025)
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Figure 3. The matter power spectrum suppression due to baryonic effects measured in each of our key simulation boxes, plotted at z = 0 (upper left), z = 0 . 4 
(upper right), z = 1 (lower left), and z = 2 (lower right). The dashed lines denote (40 h−1 Mpc )3 boxes, and the solid lines show (100 h−1 Mpc )3 boxes. We show 

the fiducial FABLE boxes (purple) and our key modified AGN feedback models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio - 
40 (light green), and XFABLE (dark green). At z = 0 we plot as the purple shaded region the constraints attained in a combined DES Y3 cosmic shear and 
ACT kSZ (WL + kSZ) analysis, presented in Bigwood et al. ( 2024 ). At z = 0 . 4 we plot as the light blue shaded region the Amod = 0 . 858 ± 0 . 052 constraints 
of Preston et al. ( 2023 ) required to reconcile cosmology attained in a DES Y3 cosmic shear analysis with the Planck best-fitting � CDM model. The dark blue 
shaded region shows the corresponding 1 σ constraints when splitting the model into bins in wavenumber, Ai . 
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onstraints attained using the Amod model, which has no explicit
edshift dependence, and hence is plotted at z ∼ 0 . 4 where the total
ES Y3 redshift distribution peaks. 
In line with Martin-Alvarez et al. ( 2024 ), we find that the sup-

ression produced by the fiducial FABLE boxes (purple) increases
ith time, with the suppression pushing to larger k-scales and a
reater amplitude with decreasing redshift. This trend is observed
n each of the modified feedback boxes, with the exception of
uasarBoost z2-40 (light blue). In this model, the high-redshift
uasar-mode boost, and thus the increased thermal energy supplied
o the gas, has significantly increased the power suppression at
 = 2 with respect to fiducial FABLE, as expected. Specifically,
t k = 10 h Mpc −1 the suppression increases from ∼ 2 per cent
o ∼ 25 per cent in QuasarBoost z2-40, and interestingly produces
uppression on scales as large as k ∼ 0 . 5 h Mpc −1 . We, however, find
hat the power suppression decreases in the QuasarBoost z2-40 model
eyond z < 2, and produces less suppression than fiducial FABLE
n scales 1 h Mpc −1 < k < 10 h Mpc −1 at z < 0 . 4. Furthermore, the
ox is unable to reproduce the Amod suppression required at z = 0 . 4,
NRAS 542, 3206–3230 (2025)
nd therefore this modification to the AGN feedback model cannot
rovide a solution to the S8 tension, hinting at a need for sufficiently
trong AGN feedback at lower redshifts as well. 

The models RadioBoost-40 (yellow), RadioBoost MBH , radio -40
light green), and XFABLE (dark green) are all able to produce
 greater non-linear suppression of the matter power spectrum than
ducial FABLE for 0 . 1 h Mpc −1 < k < 10 h Mpc −1 at 0 < z < 2. In
articular, RadioBoost-40 predicts the most extreme baryonic impact
f all illustrative models shown, and at z = 0 suppresses the power
pectrum by ∼ 25 per cent at k = 3 h Mpc −1 (compared to a ∼ 5
er cent suppression in the fiducial FABLE box). It lies consistent
ith both the Amod and Ai models at z = 0 . 4, and the constraint

ttained from a weak lensing and kSZ combined analysis at z = 0
Bigwood et al. 2024 ). Since the RadioBoost MBH , radio -40 model
estricts a ‘boosted’ radio-mode to act for only the most massive
lack holes in the box, we inevitably find that this model predicts
 less extreme suppression at all k than RadioBoost-40, at z = 0
uppressing the power spectrum by ∼ 17 per cent at k = 3 h Mpc −1 .
adioBoost MBH , radio -40 is however still able to lie within both the
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Figure 4. The GSMF measured within twice the stellar half-mass radius in each of our key simulation boxes, plotted at z = 0 (left), z = 1 (centre), and z = 2 
(right). The dashed lines denote (40 h−1 Mpc )3 boxes, and the solid lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. We show the fiducial FABLE 

boxes (purple) and our key modified AGN feedback models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green), 
and XFABLE (dark green). The grey data points show observational constraints. At z = 0 we plot the results of Baldry et al. ( 2012 ) ( z < 0 . 06), Li & White 
( 2009 ) (0 . 001 < z < 0 . 5), D’Souza et al. ( 2015 ) ( z = 0 . 1) Bernardi et al. ( 2018 ) z < 0 . 1), and Driver et al. ( 2022 ) ( z < 0 . 1). At z = 1 we plot Ilbert et al. 
( 2013 ) (0 . 8 < z < 1 . 1), Muzzin et al. ( 2013 ) (plotting both 0 . 5 < z < 1 . 0 and 1 . 0 < z < 1 . 5), and Santini et al. ( 2012 ) (0 . 6 < z < 1 . 0). Similarly at z = 2 we 
plot Ilbert et al. ( 2013 ) (plotting both constraints for 1 . 5 < z < 2 . 0 and 2 . 0 < z < 2 . 5), Muzzin et al. ( 2013 ) (plotting both constraints for 1 . 5 < z < 2 . 0 and 
2 . 0 < z < 2 . 5) and Santini et al. ( 2012 ) (1 . 8 < z < 2 . 5). Note that we convert all observational measurements to a Chabrier ( 2003 ) IMF. We show that XFABLE 

remains an equally good fit to the observations as FABLE, and that the QuasarBoost z2-40 and RadioBoost-40 boxes are ruled out by the data. 
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mod and WL + kSZ bands. The additional pressure limit on the AGN 

ubbles imposed in the XFABLE box further reduces the suppression 
easured at all k and z shown. XFABLE attains a z = 0 suppression

f ∼ 13 per cent at k = 3 h Mpc −1 , approximately 2.5 greater than
easured in FABLE. This brings XFABLE to lie within the 1 σ
L + kSZ constraints of Bigwood et al. ( 2024 ) at nearly all scales

t which we expect the matter power spectrum to be suppressed due
o feedback, i.e. within 0 . 1 h Mpc −1 < k < 10 h Mpc −1 . XFABLE
lso lies consistently within the 1 σ Amod and Ai model predictions 
t k � 1 h Mpc −1 , lying within 2 σ at the larger mildly non-linear
cales. 

The default FABLE and QuasarBoost z2-40 models fail to match 
he the power suppression constrained by weak lensing and kSZ 

bservations, while the RadioBoost-40, RadioBoost MBH , radio -40, and 
FABLE models are consistent with the observations, and the 
redicted suppression to resolve the S8 tension. It is interesting to 
ote that our comparison between different AGN feedback models 
oes not favour very strong ejective AGN feedback at cosmic noon 
r higher redshifts (as advocated by basic pre-heating scenarios), 
iven that there is sufficient cosmic time for this ejected gas to re-
all back within the galaxy groups and clusters at low redshifts,
nd hence significantly reduce the suppression of the matter power 
pectrum where we have the best observational constraints. Instead, 
GN feedback that regulates their host properties seems to be 

equired at lower redshifts as well, in accord with the observed 
resence of radio jets and lobes in local galaxy groups and 
lusters. 

.2 Galaxy and SMBH population properties 

.2.1 The GSMF 

ig. 4 shows the GSMF at z = 0 , 1, and 2 for FABLE and each of
ur four illustrative modified AGN feedback models. We compare to 
bservational results measured using data attained from a number 
f surveys and fields: Baldry et al. ( 2012 ) (Galaxy And Mass
ssembly, GAMA), Li & White ( 2009 ) (Sloan Digital Sky Survey,
 g
DSS), D’Souza et al. ( 2015 ) (SDSS), Bernardi et al. ( 2018 ) (SDSS),
river et al. ( 2022 ) (GAMA), Ilbert et al. ( 2013 ) (UltraVISTA),
uzzin et al. ( 2013 ) (COSMOS/UltraVISTA), and Santini et al.

 2012 ) (Wide Field Camera 3, WFC3). The redshift ranges of the
ata plotted is shown in the caption. In line with Henden et al.
 2018 ) and by construction, the fiducial FABLE boxes display a
ery good agreement with the observations at z = 0. At z = 1
ABLE underestimates the knee of the GSMF compared to the 
ata, and at z = 2 the simulated GSMF is systematically lower
or log 10 ( M∗[ M�] > 10 . 3 (also seen in Henden et al. 2018 ), but
aintains a broadly good qualitative agreement. 
The QuasarBoost z2-40 model provides the poorest fit to the 

ata, significantly underestimating the stellar mass throughout the 
alaxy population. The boost to the quasar-mode increases thermal 
nergy injected into the central galaxy at z > 2, over quenching the
tar formation predicted at z = 2 compared to observations. The
SMF begins to recover towards z = 0 with the implementation
f the fiducial quasar-mode parameters at z < 2 due to gas fallback;
owever, sufficient stellar mass cannot be formed to match the data at
 = 0. This strongly indicates (even considering significant changes 
n the stellar feedback sector) that strong ejective central gas removal
ue to AGN feedback is disfavoured, generating unrealistic star 
ormation histories of the entire galaxy population. 

At z ≤ 1, the RadioBoost-40 model also underestimates the 
assive tail (log 10 ( M∗[ M�]) > 10 . 5) of the GSMF. Recall that this
odel imposes a linearly decreasing bubble distance with redshift, as 
ell as ensuring that more black holes are in the radio-mode at a given

ime with an increased χradio . We compare to further observables 
o diagnose the source of the low GSMF (see Section 5.3.1 and
ection 5.3.4 ). 
Both the RadioBoost MBH , radio -40 and XFABLE models are in ex- 

ellent agreement with the fiducial FABLE simulation and maintain 
he same level of agreement to observations at z = 0 , 1, and 2. This
ndicates that fixing Dbub = 100 h−1 kpc at all times, in addition to
llowing the radio-mode to act in only the most massive haloes, is
ble to prevent the overheating/ejection of gas within the central 
alaxy and maintain realistic star formation. The addition of the 
MNRAS 542, 3206–3230 (2025)
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Figure 5. The bolometric QLF for each of our key simulation models, plotted at z = 0 . 1 (left), z = 1 (centre), and z = 2 (right). The dashed lines denote 
(40 h−1 Mpc )3 boxes, and the solid lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. We show the fiducial FABLE boxes (purple) and our key 
modified AGN feedback models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green), and XFABLE (dark green). 
Lines show the QLF computed under the assumption that all AGN are radiatively efficient. For the FABLE-100 and XFABLE-100 boxes, we add a shaded area 
that brackets the predicted luminosity function spanned by this assumption and that accounting for the radiatively inefficient AGN population at low Eddington 
ratios (see Section 3.3.3 ). The grey data points show observational constraints from the Shen et al. ( 2020 ) compilation. We demonstrate that the z = 0 . 1 QLF is 
robust to the differences in the feedback model we show, but that the QuasarBoost z2-40 model is ruled out at z ≥ 1. 
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10 Furthermore, we have analysed MBH –M∗ scaling relation for all of our 
AGN feedback models and compared them to the observationally derived 
relations of Reines & Volonteri ( 2015 ) and Greene, Strader & Ho ( 2020 ). 
Due to the scatter in the available observational data, we find that we cannot 
exclude any of our modified feedback boxes using the MBH –M∗ scaling 
relation alone. 
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GN bubble pressure limit in XFABLE has no appreciable impact
n the GSMF, likely because the radio-mode is heating only the
utskirts of galaxies and therefore the stellar population remains
argely unaffected. 

Comparison to observed GSMF can therefore rule out the
uasarBoost z2-40 and RadioBoost-40 models, as they lead to

xtreme stellar mass overquenching, with the default FABLE,
adioBoost MBH , radio -40, and XFABLE models remaining in good
greement with the data. We conclude from this analysis that any
ignificant variations of the AGN feedback, which could lead to
ufficiently large matter power spectrum suppression, need to largely
ct in galactic outskirts rather than galaxy central regions. Keeping
he same stellar feedback model as in FABLE, it seems hard to
econcile the observed matter power spectrum suppression and
SMF data for strong centrally ejective AGN feedback models,
inting that the AGN feedback needs to be largely ‘preventative’
nd/or act on large scales. This point can be made even stronger,
y noting that FABLE overquenches galaxies at the massive end at
 ∼ 2, which implies that either stellar and/or AGN feedback acting
n galaxy cores at early cosmic times before the cosmic noon is
oo powerful. Resolving this issue would either require less strong
eedback overall at high cosmic times or AGN feedback, which
s more ‘preventative’ and/or ejective but at large distances from
alactic centres. 

.2.2 The bolometric QLF 

ince quasars are the most luminous non-transient objects in the
niverse, they can be detected and characterized to beyond z > 7. As
 result, the redshift evolution of the QLF provides a unique window
nto the growth of the active SMBH population and therefore is a key
eference to compare our simulated SMBHs to. We compare our sim-
lated quasar populations against the compilation of observational
easurements by Shen et al. ( 2020 ), which includes quasar samples
easured in the optical/UV, X-ray and infrared bands. Fig. 5 plots

he simulated and observed bolometric QLFs at z = 0 . 1, z = 1, and
NRAS 542, 3206–3230 (2025)
 = 2, with the former redshift plotted due to the greater availability
f data for comparison at z = 0 . 1 rather than z = 0. 
At z = 0 . 1, we find a good agreement between each of the modified

GN feedback models, fiducial FABLE, and the observational data.
his implies that the number density of low-redshift quasars and

heir luminosities are relatively robust to the explored changes in
GN feedback prescriptions, and based on the QLF we cannot
asily differentiate between models that predict a vastly different
uppression of the matter power spectrum. 10 We further note that at
he bright end, XFABLE appears to overproduce the number density
f the most luminous quasars in the box (log 10 ( Lbol [erg s−1 ]) > 45)
f we naively assume that all SMBHs are radiatively efficient.
ccounting for a population of radiatively inefficient accretors at

ow Eddington ratios with the shaded areas bracketing the predicted
ABLE and XFABLE QLFs spanned by the assumption that all AGN
re radiatively efficient (as is often assumed in luminosity functions
erived from hydrodynamical simulation), and a calculation based
n explicitly distinguishing between the luminosities of radiatively
fficient and radiatively inefficient AGN (computed as detailed in
ection 3.3.3 ) largely removes this discrepancy, highlighting the

mportance of accurately computing radiative efficiencies. We finally
ote that all models somewhat underpredict the z = 0 . 1 QLF at
he faint end ((log 10 ( Lbol [erg s−1 ]) < 43 . 5), which indicates that
he observed population is likely accreting more efficiently than
n FABLE-like models in lower mass galaxies (we further caveat
hat we do not model X-ray binaries in this work). This intriguingly
oints towards a scenario of potentially greater feedback from these
ow-luminosity AGNs than modelled in the FABLE-like models (see
lso detailed discussion in Koudmani, Sijacki & Smith 2022 ). Note
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11 High-resolution simulations able to capture relativistic AGN jet propagation 
and bubble-inflation would self-consistently determine where and in which 
haloes the jet energy is thermalized, which would naturally lead to a scatter 
in the gas mass fraction relation, without introducing any sharp features. 
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hat the simulated QLFs should be seen in the context of current
osmological hydrodynamical simulations, which show a significant 
ncertainty in predicting the bolometric QLF (see fig. 5 of Habouzit 
t al. 2022 ). 

At z > 1 each of the radio-mode modifications, i.e. RadioBoost-
0, RadioBoost MBH , radio -40, and XFABLE also do not deviate from 

he prediction by the fiducial FABLE model and agree very well 
ith observational data. Hence, we can further infer that the SMBH’s
rowth is not significantly impacted by the radio-mode bubbles acting 
ar from the galaxy centre at these redshifts. Despite recovering by 
 = 0 . 1, the QuasarBoost z2-40 model significantly underestimates 
he QLF at z = 1 and z = 2. From this, we deduce that the outflows
esulting from the increased thermal feedback drive too much gas 
way from central SMBHs, preventing their growth and therefore 
educing the number density of luminous quasars. This same process 
verquenches the central galaxies as shown in Section 5.2.1 . 

.3 Global properties of galaxy groups and clusters 

.3.1 Hot gas mass fractions 

he upper left panel of Fig. 6 shows the z = 0 hot gas mass fractions
n the simulated groups and clusters for each illustrative AGN 

eedback model, in comparison to observations at z ∼ 0. As in Fig. 1 ,
e plot the gas mass-halo mass of Akino et al. ( 2022 ) derived from

he XXL X-ray selected sample, using the Hyper Suprime-Cam’s 
hotometry and weak-lensing mass measurements. We also plot a 
ange of X-ray observations from Vikhlinin et al. ( 2006 ) ( Chandra ),

aughan et al. ( 2008 ) ( Chandra ACIS-I), Croston et al. ( 2008 )
 XMM–Newton REXCESS), Gonzalez et al. ( 2013 ) ( XMM–Newton ),
ovisari et al. ( 2015 ) ( XMM–Newton , selected using the ROSAT All-
ky Survey), and Eckert et al. ( 2016 ) (XXL-100-GC clusters from
XM–Newton ). The redshift ranges of the data plotted is shown in the
gure caption. We add an arrow to Fig. 6 indicating what would be

he likely effect on X-ray-derived observations if one would correct 
or a hydrostatic mass bias of 30 per cent. 

Recently, several observational studies have found evidence that 
as mass fractions in group-mass systems may be lower than previous
easurements derived using X-ray bright groups. These include 

he constraints of Popesso et al. ( 2024 ), which measure the gas
ass fractions in optically selected groups using eROSITA. Their 

ptical selection aims to circumvent the potential biases that previous 
easurements of X-ray bright groups may have been susceptible to; 

amely that flux-limited X-ray selected samples can miss groups that 
ave undergone feedback-induced gas removal and therefore have re- 
uced X-ray luminosities. This may result in previous measurements 
f X-ray bright groups overestimating gas mass fractions in group- 
ass systems (Popesso et al. 2024 ). Independently, the joint weak 

ensing + kSZ analysis of Bigwood et al. ( 2024 ) also constrained
as mass fractions in groups to be lower than the existing X-ray
easurements. We therefore add these recent constraints to Fig. 6 . 
In agreement with Henden et al. ( 2018 ), the fiducial FABLE-

00 box provides a good fit to the observational data points at
 = 0. We note however that in light of the recent group-mass
onstraints of Popesso et al. ( 2024 ) and Bigwood et al. ( 2024 )
avouring lower gas mass fractions than previous measurements, 
he fiducial FABLE model may require re-calibration to match ob- 
ervations for the least massive groups at M500 � 2 − 3 × 1013 M�. 
e find that the RadioBoost MBH , radio -40 and XFABLE models also 

ie within the large scatter of the observations. XFABLE displays 
 drop in the gas mass fractions at M500 ∼ 1013 M�, owing to the
implistic nature of the modified sub-grid implementation of AGN 
eedback, which allows the boosted radio-mode to act solely in haloes 
pproximately above this mass 11 (see Section 4.4 ). We note that we
lso ran a box with an identical model to XFABLE, but with a
ower minimum black hole mass at which radio-mode feedback is 
llowed to occur; decreasing the limit from log 10 ( MBH [M�]) > 9 to
og 10 ( MBH [M�]) > 8 . 5 (see Table B1 ). We found that the impact of
llowing lower mass black holes to undergo radio-mode feedback 
as to lower the gas fractions with respect to XFABLE in haloes
ith 5 × 1012 M� � M500 � 2 × 1013 M�, and to cause a greater

uppression of the matter power spectrum but only at k > 2 h Mpc −1 ,
eaving the suppression on larger scales unchanged. Furthermore, 
t is also interesting to note that both the RadioBoost MBH , radio -40
nd XFABLE models display significantly increased scatter in the 
redicted hot gas fractions for halo masses M500 � 1013 M� due to the
ore bursty nature of radio-mode, which is able to better reproduce

he large observed scatter inferred from X-ray observations. 
The RadioBoost-40 model predicts gas fractions up to a factor 

f 4 smaller than the fiducial FABLE model at z = 0, with a
onstant median gas fraction of Mgas , 500 /M500 ∼ 0 . 01 across the 
roup population. Since this modified AGN feedback model injects 
adio bubbles at a greater distance from the central black hole, we
an infer that too much gas is ejected beyond r500 , placing gas mass
ractions at the lower end of observations, especially for the most
assive systems present in the box. This effect is amplified by the

ncreased χradio = 0 . 1, which forces more black holes be in the more
fficient radio-mode. We note however that the RadioBoost-40 model 
s in reasonable agreement with the recent group-mass constraints of 
opesso et al. ( 2024 ) and Bigwood et al. ( 2024 ). 
The QuasarBoost z2-40 box lies above fiducial FABLE gas fraction 

t z = 0 and at the very upper end of the observational scatter. As
iscussed in Section 5.1 , at z > 2, significantly more thermal energy
s supplied close to the black hole, driving powerful outflows that
edistribute gas beyond r500 and reduce the measured gas fractions. 
his gas re-accretes only towards z = 0, resulting in the higher
as fractions. This model also displays a steeper mass trend than
ducial FABLE, indicating that ‘tuned down’ quasar feedback at 

ower redshifts is preferentially unable to prevent gas re-accretion 
n more massive haloes (see also Martin-Alvarez et al. ( 2024 ) for a
iscussion on the scale dependence of the feedback modes). 
The lower left panel of Fig. 6 shows the redshift evolution in the

ot gas mass fractions for the same set of simulation models. Here,
e calculate the median and the quartiles in the hot gas fractions

or the simulated haloes satisfying M500 > 5 × 1012 M�. Unfor- 
unately, currently there are no available observations overlapping 
ith the resolvable range of FABLE group masses to benchmark 

hese models at z ≥ 1, however we plot the redshift dependence to
race the evolution of gas ejection induced by our AGN feedback

odel variations. This prediction will turn very useful for the next
eneration SZ measurements, such as the Simons Observatory. 
We find that in the fiducial FABLE box, the gas mass fractions

ecrease with time from z < 3. This is due to late-time feedback
n the radio-mode inducing gas expulsion beyond R500 (see Martin- 
lvarez et al. ( 2024 ) which demonstrated this is the dominant feed-
ack mode at low redshift). This trend is also observed in each of the
odified radio-mode boxes; RadioBoost-40, RadioBoost MBH , radio - 

0 and XFABLE. The RadioBoost MBH , radio -40 and XFABLE boxes 
MNRAS 542, 3206–3230 (2025)
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Figure 6. The hot gas mass and stellar mass fractions in each of our key simulation models, measured within r500 . The dashed lines denote (40 h−1 Mpc )3 

boxes, and the solid lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. For each box, the solid/dashed lines denote the median relation, and the 
shaded regions span the upper and lower quartiles of the distribution. We do not show the quartile regions of the FABLE-40 and XFABLE-40 boxes to avoid 
overcrowding the figure. For FABLE-100 and XFABLE-100, we plot the most massive systems that cannot be binned due to poor statistics as individual data 
points. We show the fiducial FABLE boxes (purple) and our key modified AGN feedback models: QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), 
RadioBoost MBH , radio -40 (light green), and XFABLE (dark green). Upper left: the hot gas mass fraction as a function of halo mass M500 at z = 0. The grey data 
points are the observation derived measurements of Popesso et al. ( 2024 ) ( z < 0 . 2), Vikhlinin et al. ( 2006 ) ( z < 0 . 25), Maughan et al. ( 2008 ) (0 . 1 < z < 1 . 3), 
Croston et al. ( 2008 ) ( z < 0 . 2), Gonzalez et al. ( 2013 ) ( z < 0 . 2), Lovisari et al. ( 2015 ) ( z < 0 . 4), and Eckert et al. ( 2016 ) (0 . 05 < z < 1 . 1). The light grey 
shaded region shows the 1 σ constraints derived from the joint weak lensing + kSZ analysis of Bigwood et al. ( 2024 ) and the dark grey shaded regions show 

the 1 σ constraints of Akino et al. ( 2022 ) ( z < 1). Upper right: the total stellar mass fraction as a function of halo mass M500 at z = 0. The grey data points are 
the observationally derived measurements of Gonzalez et al. ( 2013 ) ( z < 0 . 2), Kravtsov, Vikhlinin & Meshcheryakov ( 2018 ) ( z < 0 . 1), and Zhang et al. ( 2011 ) 
( z < 0 . 035). The grey shaded regions show the 1 σ constraints of Akino et al. ( 2022 ) ( z < 1). An arrow is added to upper panels, indicating what would be the 
likely effect on X-ray-derived observations if one would correct for a hydrostatic mass bias of 30 per cent. Lower panels: the redshift evolution of the hot gas 
mass fraction (left) and the total stellar mass fraction (right) for haloes M500 > 5 × 1012 M�. We demonstrate that alike FABLE, XFABLE also shows a good 
agreement with the available data at z = 0. 
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isplay a redshift evolution in the hot gas mass fraction in good
greement with fiducial FABLE. The RadioBoost-40 box however
ies lower than FABLE at all redshifts shown, displaying gas fractions
pproximately half of those in FABLE already at z = 2. This is
ue to the model’s increased Dbub and χradio parameters at all z,
eading to the likely overejection of gas. As with the matter power
pectrum suppression, the QuasarBoost z2-40 modification displays
he opposite redshift trend to the other boxes. We find that the
volution is consistent with the previously discussed picture of
verexpulsion of gas at z > 2 and late-time re-accretion; the gas
NRAS 542, 3206–3230 (2025)
ass fractions increase with time between 0 < z < 2, transitioning
rom lying below fiducial FABLE at z = 2 to lying above at z = 0. 

To summarize, even by taking the considerable scatter in
he observed hot gas fractions at face value, the RadioBoost-
0 and QuasarBoost z2-40 models are largely disfavoured. The
adioBoost MBH , radio -40 and XFABLE models can predict larger
ariations in hot gas fractions, and the new group-size data hint that
adio-mode feedback could be even more effective that assumed
n XFABLE for these low mass systems. Future X-ray and SZ
ata will be crucial to both constrain the required burstiness of
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Figure 7. The stellar mass fractions in each of our key simulation boxes, 
recomputed with M200 as the halo mass and calculating the stellar mass within 
twice the stellar half-mass radius. The dashed lines denote (40 h−1 Mpc )3 

boxes, and solid lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. 
For each box, the solid/dashed lines denote the median relation, and the shaded 
regions span the upper and lower quartiles, calculated in bins of M500 . We 
do not show the quartile regions of the FABLE-40 and XFABLE-40 boxes 
to avoid overcrowding the figure. For FABLE-100 and XFABLE-100, we 
plot the most massive systems that cannot be binned due to poor statistics 
as individual data points. We show the fiducial FABLE boxes (purple) and 
our key modified AGN feedback models; QuasarBoost z2-40 (light blue), 
RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green) and XFABLE 

(dark green). We compare to the abundance matching models of Moster et al. 
( 2018 ) (light grey), Behroozi et al. ( 2019 ) (medium grey) and Kravtsov et al. 
( 2018 ) (dark grey). We show that the FABLE and XFABLE models are in 
equally good agreement with the abundance matching models. 
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adio-mode feedback and how ‘ejective’ AGN feedback is likely 
o be as a function of cosmic time. 

.3.2 Stellar mass fractions 

n the upper right panel of Fig. 6 we plot the stellar mass fraction in
roups and clusters at z = 0, measured in the fiducial and modified
ABLE boxes. We compute the total stellar mass within R500 without 
ifferentiating the contributions from the brightest central galaxy, 
atellite galaxies and the intracluster light, and refer the reader to 
enden et al. ( 2020 ) where the stellar mass content of the individual

omponents are studied in detail. We compare our results to the 
tellar mass–halo relation of Akino et al. ( 2022 ) derived from
he XXL X-ray-selected sample, using the Hyper Suprime-Cam’s 
hotometry and weak-lensing mass measurements. We also plot 
-ray measurements derived from a number of surveys: Gonzalez 

t al. ( 2013 ) ( XMM–Newton ), Kravtsov et al. ( 2018 ) ( XMM–Newton ,
handra , and SDSS), and Zhang et al. ( 2011 ) ( XMM–Newton ,
OSAT, and SDSS), with the redshift ranges of the data listed in

he figure caption. The cluster masses of Akino et al. ( 2022 ) are
erived via weak lensing estimates, whereas the remaining sources 
se X-ray hydrostatic cluster masses. As in Fig. 1 , we therefore add
n arrow to Fig. 6 indicating the effect on observations of correcting
or a hydrostatic mass bias of 30 per cent. 

The fiducial FABLE-100 box displays a very good agreement 
ith the observational data at z = 0, consistent with the fit pre-

ented in Henden et al. ( 2018 ) for the FABLE-40 box. The
adioBoost MBH , radio -40 and XFABLE modifications also lie in 
xcellent agreement with fiducial FABLE and the available observa- 
ions. As observed when discussing the GSMF (Section 5.2.1 ), the 
uasarBoost z2-40 model significantly overquenches star formation, 
ith less than ∼ 1 per cent of the halo mass residing in stars at
 = 0. The stellar mass fraction in the RadioBoost-40 model also
eems largely disfavoured by observational constraints at z = 0, in 
ine with our results for the GSMF. 

The lower right panel of Fig. 6 shows the evolution in the
tellar fractions for haloes with M500 > 5 × 1012 M� in each of the 
llustrative models. As with the hot gas mass fractions, we lack z ≥ 1
bservations of groups and clusters with masses overlapping those 
n FABLE, and therefore cannot at present directly benchmark the 
tellar fractions at higher redshifts, with our models providing useful 
redictions for future observations. FABLE, RadioBoost MBH , radio - 
0, and XFABLE all display a comparable redshift evolution of the 
tellar mass fraction. RadioBoost-40 displays a stellar fraction in 
ood agreement with FABLE at z ≥ 2, however falls to a factor of

2 lower by z = 0 due to the prevalence of the extreme radio-mode
t late cosmic times. QuasarBoost z2-40 exhibits stellar fractions that 
re a factor of ∼ 4 lower than FABLE at all redshifts shown. In this
odel we note a marginal recovery in the stellar mass fractions

t z < 2 as the quasar-mode feedback parameters return to the
ducial values, however this is insufficient to reach reasonable stellar 
raction. 

Fig. 7 shows the stellar mass fractions recomputed with M200 as 
he halo mass and calculating the stellar mass within twice the stellar
alf-mass radius, rather than within r500 . This facilitates comparison 
o the abundance matching models of, for example, Moster, Naab & 

hite ( 2018 ), Behroozi et al. ( 2019 ), and Kravtsov et al. ( 2018 ),
llowing us to benchmark our lowest mass groups. We find once 
gain that fiducial FABLE, RadioBoost MBH , radio -40, and XFABLE 

re all in good agreement with the abundance matching models for
ll group masses. At the massive end, our predicted stellar masses are
omewhat too high with respect to the abundance matching models 
f Moster et al. ( 2018 ) and Behroozi et al. ( 2019 ), but agree quite
ell with the estimates from Kravtsov et al. ( 2018 ), indicating that

he most massive galaxies in FABLE are reasonably realistic but 
erhaps not quite sufficiently quenched (Henden et al. 2020 ). As in
he upper right panel of Fig. 6 , the underestimation of the stellar

ass in the QuasarBoost z2-40 and RadioBoost-40 models lead to 
heir agreement with the observations at M200 > 2 × 1011 M� and 

200 > 5 × 1011 M�, respectively, being poor. 

.3.3 X-ray scaling relations 

hus far we have studied gas and stellar fraction of galaxy groups and
lusters. Here, we extend our analysis of these objects by presenting
caling relations between global X-ray derived properties of groups 
nd clusters for FABLE and our key modified feedback models. 
omparing these to the wealth of observational data provides another 
enchmark that the AGN feedback model is able to produce a
ealistic cluster population, since the relations will be susceptible 
o independent model dependencies and systematics than cluster 
as and stellar fraction measurements. We compare to a number 
f observational measurements from different surveys: Eckmiller, 
udson & Reiprich ( 2011 ) ( Chandra ), Mahdavi et al. ( 2013 ) ( Chan-
ra and XMM–Newton ), Lovisari et al. ( 2015 ) ( XMM–Newton , with
MNRAS 542, 3206–3230 (2025)
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Figure 8. The z = 0 scaling relations between halo mass M500 , hot gas mass Mgas , X-ray hot ICM luminosity Lbol 
500 , and the mass-weighted mean temperature 

T500 , mw , measured in each of our key simulation models. All quantities are measured within r500 . The dashed lines denote (40 h−1 Mpc )3 boxes, and solid 
lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. For each box, the solid/dashed lines denote the median relation, and the shaded regions span the 
upper and lower quartiles. We do not show the quartile regions of the FABLE-40 and XFABLE-40 boxes to avoid overcrowding the figure. For FABLE-100 
and XFABLE-100, we plot the most massive systems that cannot be binned due to poor statistics as individual data points. We show the fiducial FABLE 

boxes (purple) and our key modified AGN feedback models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green) 
and XFABLE (dark green). We plot as the grey data points the M500 − T500 , mw observational data of Eckmiller et al. ( 2011 ) ( z < 0 . 5), Mahdavi et al. ( 2013 ) 
( z < 0 . 6), Lovisari et al. ( 2015 ) ( z < 0 . 4), Pratt et al. ( 2009 ) ( z < 0 . 2), the Mgas − T500 data of Mahdavi et al. ( 2013 ) ( z < 0 . 6), Pratt et al. ( 2009 ) ( z < 0 . 2), 
Eckmiller et al. ( 2011 ) ( z < 0 . 5), the Lbol 

500 − M500 data of Zou et al. ( 2016 ) (0 . 01 < z < 0 . 05), Pratt et al. ( 2009 ) ( z < 0 . 2), Giles et al. ( 2016 ) ( z < 1 . 1), and 
the Lbol 

500 − T500 of Osmond & Ponman ( 2004 ), Maughan et al. ( 2012 ) (0 . 1 < z < 1 . 3), Zou et al. ( 2016 ) (0 . 01 < z < 0 . 05) and Pratt et al. ( 2009 ) ( z < 0 . 2). We 
show that XFABLE displays an improved fit to the scaling relations compared to FABLE. 
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12 This is unlikely an effect of unrealistic ICM temperatures, see detailed 
reasoning in Henden et al. ( 2018 ). 
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OSAT-selected clusters), Pratt et al. ( 2009 ) (REXCESS XMM–

ewton survey), Zou et al. ( 2016 ) ( Chandra ), Giles et al. ( 2016 )
XXL survey, XMM–Newton ), Osmond & Ponman ( 2004 ) (GEMS
nd ROSAT), and Maughan et al. ( 2012 ) ( Chandra ). 

Fig. 8 plots the relations M500 − T500 , mw (upper left), Mgas −
500 , mw (upper right), Lbol 

500 − M500 (lower left), and Lbol 
500 − T500 

lower right). We find that with the exception of the RadioBoost-40
nd QuasarBoost z2-40 models, all the other AGN feedback models
how scaling relations in very good agreement with fiducial FABLE,
nd with the observational data, with XFABLE displaying the best
greement for the most massive objects. 

Consistent with Section 5.3.1 , QuasarBoost z2-40 displays gas
asses lying marginally higher than FABLE at all mean gas temper-

tures as well as increased ICM X-ray luminosities due to too high
as fractions at variance with observational data. The RadioBoost-
NRAS 542, 3206–3230 (2025)
0 model appears at variance with observations for most scaling
elations examined, but the overlap with data is limited. 

Finally, we note that at low T500 , mw all our simulation models over-
redict X-ray bolometric luminosities, apart from the RadioBoost-40
odel (see bottom right panel). This finding is interesting, as it likely

ndicates that our luminosities and hence gas fractions 12 may be too
igh in the lowest mass systems in agreement with the latest X-ray
easurements from eROSITA (Popesso et al. 2024 ), as well as the

ndications from the kSZ effect (Bigwood et al. 2024 ; Hadzhiyska
t al. 2024 ) (see Fig. 6 ). 
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Figure 9. The tSZ–halo mass relation, Y5 r500 − M500 , at z = 0 measured in 
each of our key simulation models. We compute Y5 r500 by measuring the 
Compton Y parameter within a spherical aperture of 5 r500 (as motivated 
in Section 3.3.6 ) and rescaling to a fixed angular diameter distance of 500 
Mpc. The dashed lines denote (40 h−1 Mpc )3 boxes, and the solid lines 
show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. For each box, the 
solid/dashed lines denote the median relation, and the shaded regions span 
the upper and lower quartiles. We do not show the quartile regions of 
the FABLE-40 and XFABLE-40 boxes to avoid overcrowding the figure. 
We show the fiducial FABLE boxes (purple) and our key modified AGN 

feedback models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), 
RadioBoost MBH , radio -40 (light green) and XFABLE (dark green). We com- 
pare to the observationally derived best-fitting scaling relation of Planck 
Collaboration XI ( 2013 ) (grey dashed line and shaded region) and the re- 
calibration of the Planck Collaboration XI ( 2013 ) data by Wang et al. ( 2016 ) 
(grey square data points). We do not extrapolate the Planck Collaboration 
XI ( 2013 ) relation to lower halo-masses than the last well constrained data- 
point. To examine the differences between the predicted Y5 r500 − M500 in each 
box with greater clarity, the lower sub-panel shows the fractional difference 
between the median Y5 r500 − M500 relation as measured in the fiducial FABLE 

box and the remaining models, ( Y5 r500 − Y5 r500 ,FABLE ) /Y5 r500 ,FABLE . We 
similarly re-scale the observational data in the lower panel. We demonstrate 
that modified AGN feedback boxes produce a reasonable fit to the data, albeit 
being somewhat low, with some variation in the predictions between models. 
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.3.4 The tSZ Y5 r500 − M500 relation 

-ray measurements of the ICM typically probe the most massive, 
nd thus X-ray luminous, clusters in the Universe (but see recent 
ork by Popesso et al. 2024 ). SZ measurements provide a unique

nd complementary window into feedback as a result of its sensitivity
o higher redshift systems, as well as groups and low mass clusters,
hich are believed to be more affected than massive clusters by AGN-
riven gas ejection due to their shallower gravitational potential 
ells. Comparison of observed tSZ scaling relations with simulation 
redictions therefore provide insights into feedback’s impact on a 
ifferent cluster population to that studied with X-rays, with mea- 
urements prone to an independent set of systematics. Fig. 9 shows
he Y5 r − M500 relation calculated in FABLE and each of the key 
500 
GN feedback simulation models, with the lower subplot displaying 
he residual Y5 r500 with respect to fiducial FABLE. We compare the 
imulated results to the Planck Collaboration XI ( 2013 ) Yr500 − M500 

easurements (with halo masses estimated using the stellar mass- 
alo mass relation derived from a galaxy formation simulation), as 
ell as the re-analysis of Wang et al. ( 2016 ) with weak-lensing

alibrated masses. As a result, neither data set is susceptible to X-ray
ydrostatic mass bias. As discussed in Section 3.3.6 , we multiply
r500 in both observational data sets by a factor of 1.796 in order to
btain Y5 r500 and avoid the modelling assumptions used in the Planck 
nalyses. 

We find that each of the modified feedback boxes, with the excep-
ion of QuasarBoost z2-40 and RadioBoost-40, show little deviation 
o FABLE in the slope and amplitude of the Y5 r500 − M500 relation. 
ince Y5 r500 provides a measure of a group’s thermal energy, this 

ndicates that the RadioBoost MBH , radio -40 and XFABLE feedback 
odels likely do not overheat the systems, as was previously reflected 

n the GSMF (Section 5.2.1 ), which analogously showed that there
as sufficient cool gas in these models for realistic star formation.
he QuasarBoost z2-40 model displays a higher amplitude of the 
5 r500 − M500 relation, which is consistent with higher gas fraction 
ue to low-redshift gas re-accretion in this model. It also shows an
mproved agreement over FABLE, when compared to the observed 
elation of Planck Collaboration XI ( 2013 ) and Wang et al. ( 2016 ),
ut for wrong reasons given that higher amplitude is driven by a too
arge amount of ICM gas. 

The RadioBoost-40 model measures a low Y5 r500 for group-scale 
aloes. This indicates that the feedback has expelled sufficient gas 
eyond r500 to significantly reduce the thermal energy of groups. This, 
s previously hinted at in the X-ray scaling relations (Section 5.3.3 ),
nforms us that the low GSMF at z = 0 discussed in Section 5.2.1
esults from the feedback model leading to galaxies being gas- 
oor, rather than effective star formation being prevented through 
verheating. We verify this picture in Section 3.3.7 , where we gain
nsight into the local thermodynamic processes acting within groups 
hrough the radial profiles. 

.3.5 The X-ray YX, 500 − M500 relation 

he final global cluster property we explore in Fig. 10 is the X-ray
nalogue of the Compton Yr500 parameter, YX, 500 . We compute the 
X, 500 –M500 relation for FABLE and each of our modified feedback 
oxes, and compare to the measurements of Maughan et al. ( 2008 )
 Chandra ), Arnaud, Pointecouteau & Pratt ( 2007 ) ( XMM–Newton )
nd Eckmiller et al. ( 2011 ) ( Chandra ). 

Alike Y5 r500 , YX, 500 is similarly sensitive to the thermal energy of 
roups and clusters within r500 (Kravtsov et al. 2006 ). We therefore
nd broadly the same relationship between the YX, 500 − M500 relation 
rom our key simulation models as detailed in Section 5.3.4 ; i.e.
he relation measured in FABLE and each of the modified feed-
ack models display similar slopes, however the amplitude of the 
adioBoost-40 model lies low. For groups of mass M500 ∼ 1013 M�, 
X, 500 is approximately half the value in the RadioBoost-40 box 
ompared to FABLE and can be ruled out by the observations. Both
he FABLE-100 and XFABLE-100 models remain in agreement with 
he observations, with the two models showing little deviation in their
redicted relation. 

.4 Thermodynamic profiles of the ICM 

n this section, we compute spherically averaged radial profiles of 
he ICM in order to validate the local thermodynamical properties 
MNRAS 542, 3206–3230 (2025)
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M

Figure 10. The YX, 500 − M500 measured in each of our key simulation 
boxes. Here, YX, 500 is the X-ray proxy of the tSZ Compton Y500 parameter, 
measured within a spherical aperture of radius r500 according to equation ( 11 ). 
The dashed lines denote (40 h−1 Mpc )3 boxes, and the solid lines show the 
(100 h−1 Mpc )3 FABLE and XFABLE boxes. For each box, the solid/dashed 
lines denote the median relation, and the shaded regions span the upper and 
lower quartiles. We do not show the quartile regions of the FABLE-40 and 
XFABLE-40 boxes to avoid overcrowding the figure. For FABLE-100 and 
XFABLE-100, we plot the most massive systems that cannot be binned due to 
poor statistics as individual data points. We show the fiducial FABLE boxes 
(purple) and our key modified AGN feedback models; QuasarBoost z2-40 
(light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green), 
and XFABLE (dark green). We compare our simulation measured relations 
to the observational measurements of Maughan et al. ( 2008 ) (plotting only 
the clusters at z < 0 . 2), Arnaud et al. ( 2007 ) ( z < 0 . 2) and Eckmiller et al. 
( 2011 ) ( z < 0 . 05), shown as the grey data points. We show that alike FABLE, 
XFABLE also lies in good agreement with the observational data. 
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f our simulated groups and clusters. Fig. 11 shows the mean profile
eighted by halo mass for haloes within a given halo mass range
atched to observations, as well as the 1 σ region spanned by the

ample of simulated profiles. We measure profiles of the electron
umber density ( ne ), the dimensionless temperature ( T /T500 ), the
imensionless pressure ( P /P500 ) and the dimensionless entropy
 K/K500 ) in FABLE and each of our modified feedback boxes. We
ompare to the measured profiles of Sun et al. ( 2009 ) ( Chandra ),
nd the electron density profiles of Pratt et al. ( 2022 ) ( XMM –Newton
EXCESS sample). 
We have followed common practice in normalizing the dimension-

ess profiles T /T500 , P /P500 and K/K500 under the assumption that
 self-similar model holds, in order to remove the mass-dependent
rends and facilitate comparison between haloes of different masses.
his procedure however does not remove the potential mass bias that
ay exist between simulations and the observations we compare

o, and typically such a bias has not been mitigated for in previous
omparisons. Since the halo mass is related to the characteristic
emperature by T500 ∝ M

2 / 3 
500 , correcting for a typical 30 per cent

ydrostatic mass bias in the Sun et al. ( 2009 ) halo mass estimates
ould shift the masses to larger values and therefore the observed
imensionless radial temperature profiles to lower values (and
imilar for the pressure and entropy profiles, since P500 ∝ M

2 / 3 
500 

nd K500 ∝ M
2 / 3 ). Furthermore as r500 ∝ M

1 / 3 , correcting for a
NRAS 542, 3206–3230 (2025)

500 500 
ydrostatic mass bias would shift all observed profiles plotted in
ig. 11 to smaller radii. As discussed in Henden et al. ( 2018 ),
nother important consideration is the sample selection. If groups
r clusters are selected within a given halo mass range to compare
ith observations, the effective mass range may differ between

imulations and the X-ray data due to the mass bias. Finally, since
he observed groups and clusters are X-ray selected and thus biased
oward the most X-ray luminous systems, even when halo masses
re matched, the observed profiles may show additional scatter. For
xample, the electron density profiles may span a broader range and
xtend to lower densities. Each of these considerations should be kept
n mind when comparing simulations and observations, and we refer
he reader to Henden et al. ( 2018 ) for a more detailed discussion. 

The FABLE-100 box remains consistent with the FABLE-40 box,
hich was verified in Henden et al. ( 2018 ) to produce very good

greement with the measured thermodynamic profiles of Sun et al.
 2009 ). As anticipated from our previous analysis, and recalling that
he RadioBoost-40 model allows for a larger fraction of black holes
o be in the radio-mode, as well as injecting AGN-driven bubbles at
 greater distance from the galaxy centre, it is not surprising that this
odel leads to an ICM with high-entropy outskirts, low-pressure

nner regions, and in general reduced electron density, rendering
he model incompatible with observations. The QuasarBoost z2-40
odel predicts somewhat too high mean gas densities and too low
ean temperatures for the intermediate range of spatial scales, 0 . 2 <
/r500 < 0 . 5. The RadioBoost MBH , radio -40 modification, which we
ecall implements a boosted radio-mode in only the heaviest SMBHs,
as thus far remained largely consistent against the galaxy, group and
luster observations we have tested it against. The thermodynamic
rofiles however indicate that this model leads to too strong shock
eating of the ICM. The mean density and pressure profiles are
ystematically lower than observational profiles at all radii, and the
ntropy and temperature profiles around r/r500 ∼ 0 . 5 − 0 . 6 display
haracteristic signatures of ICM overheating by too powerful AGN
eedback, motivating the addition of a pressure-limit in the XFABLE
odel. 
The XFABLE model produces thermodynamic profiles that remain

n good agreement with the observational measurements. This
ighlights the importance of modelling AGN-driven bubble feedback
s a ‘gentle’ heating processes. Nevertheless, XFABLE predicts
omewhat lower densities within groups and clusters, as well as
ower gas pressures and higher gas entropy outskirts, which hint that
his model is likely too effective at heating the ICM. Matching the
bserved ICM profiles from small groups to most massive clusters,
s well as reproducing the cool core versus non-cool core population
emains one of the very important benchmarks for theoretical models
f AGN feedback. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

osmological analyses using non-linear scales crucially rely on
ccurate theoretical predictions of the baryonic physics impact on
he matter power spectrum. However, state-of-the-art cosmological
alaxy formation simulations, such as FLAMINGO (Schaye et al.
023 ), MillenniumTNG (Pakmor et al. 2023 ), SIMBA (Davé et al.
019 ), BAHAMAS (McCarthy et al. 2017 ), FABLE (Henden et al.
018 ), Horizon-AGN (Dubois et al. 2014 ), and Magneticum (Stein-
orn et al. 2015 ), currently do not provide a consensus view on
his fundamental issue, as too large uncertainties persist in our
nderstanding of modus operandi of stellar and AGN feedback
rocesses. This astrophysical model uncertainty limits cosmological
recision of weak lensing analyses (e.g. Amon et al. 2022 ; Dark
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Figure 11. Thermodynamic radial profiles of the hot ICM measured in each of our key simulation boxes at z = 0. In each panel, we compare to the Sun et al. 
( 2009 ) observationally derived ICM profiles (shown as the grey lines) and therefore compute profiles for simulated haloes with masses lying within the range 
spanned by Sun et al. ( 2009 ) sample, 1 . 48 × 1013 < M500 [M�] < 1 . 49 × 1014 . For the electron density profiles, we also compare to a sample of Pratt et al. 
( 2022 ) profiles which include several heavier haloes and therefore compute profiles for simulated haloes with masses 1 . 48 × 1013 < M500 [M�] < 1 . 89 × 1014 . 
For each box, the solid/dashed lines denote the mean profile weighted by halo mass and the shaded regions show the 1 σ region spanned by the simulated profile 
sample. We do not show the 1 σ region of the FABLE-40 and XFABLE-40 boxes to avoid overcrowding the figure. The dashed lines denote (40 h−1 Mpc )3 boxes, 
and the solid lines show the (100 h−1 Mpc )3 FABLE and XFABLE boxes. We show the fiducial FABLE boxes (purple) and our key modified AGN feedback 
models; QuasarBoost z2-40 (light blue), RadioBoost-40 (yellow), RadioBoost MBH , radio -40 (light green) and XFABLE (dark green). Upper left: Electron number 
density profiles of the ICM. Upper right: Dimensionless temperature profile of the ICM, normalized by the characteristic temperature T500 (equation 14 ). Lower 
left: Dimensionless pressure profiles of the ICM, normalized by the characteristic pressure P500 (equation 16 ). For reference, we also plot the universal pressure 
profile of Arnaud et al. ( 2010 ). Lower right: Dimensionless entropy profiles of the ICM, normalized by the characteristic entropy K500 (equation 15 ). We 
compare to the measurements of Sun et al. ( 2009 ) (0 . 012 < z < 0 . 12) and Pratt et al. ( 2022 ) (0 . 056 < z < 0 . 108) when available. 
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nergy Survey and Kilo-Degree Survey Collaboration 2023 ), and 
t is possible that underestimating feedback effects can bias current 
onstraints or mask the ability to test for signatures of models beyond
 CDM (Amon & Efstathiou 2022 ; Preston et al. 2023 ). In the

pcoming era of the Rubin Observatory Legacy Survey of Space 
nd Time, the Euclid mission, and the Nancy Grace Roman Space 
elescope , pinning down the amplitude and extent of the suppression
f the matter power spectrum due to ‘baryonic feedback’ is critical. 
Recent studies indicate that ‘baryonic feedback’ may be more 

xtreme than state-of-the-art hydrodynamical simulations (Preston 
t al. 2023 ; Bigwood et al. 2024 ; McCarthy et al. 2024 ). Furthermore,
ecent eROSITA measurements that probe systems down to low- 
ass groups point towards lower gas fractions (Popesso et al. 2024 ).
otivated by these findings, we have explored a range of AGN
eedback models built around the FABLE project (Henden et al. 
018 ; Henden et al. 2019 , 2020 ) to understand the plausibility of
tronger AGN feedback models. 

We have performed a large simulation suite that systematically 
xplores AGN feedback models that act differently either as a 
unction of cosmic time, host halo properties, and/or spatial location 
here feedback energy is effectively coupled with the surrounding 
edium. Within this suite we found a viable AGN feedback model,
FABLE, that causes strong matter power spectrum suppression 
n large scales ( k � 1 h Mpc −1 ). To achieve this, AGN radio-mode
eedback needs to (i) act in larger population of black holes with
espect to the FABLE model (i.e. below the Eddington accretion rate
MNRAS 542, 3206–3230 (2025)
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atio of ≈ 0 . 1); (ii) (at least) operate in halo hosts that have a well-
eveloped ‘hot atmosphere’ ( M500 ≈ 1013 M�); and (iii) have jet
obes thermalizing at relatively large cluster-centric distances ( ≈ 100
−1 kpc). Our main findings from our simulation suite are as follows:

(i) To produce sufficiently large matter power spectrum suppres-
ion consistent with the latest observational constraints (e.g. Bigwood
t al. 2024 ), AGN feedback needs to redistribute large amounts of
as towards outskirts of groups and clusters. This process cannot
perate only at early cosmic times, as gas re-accretion on to the
rowing cluster’s potential wells needs to be prevented at low
edshifts. This process also needs to act across a range of halo
asses up to the largest galaxy clusters probed by our simulations

 M500 ∼ 5 × 1014 M�) to cause sufficient matter power spectrum
uppression at low k values, k � 1 h Mpc −1 (in agreement with
ndings from e.g. van Loon & van Daalen 2024 ; Martin-Alvarez
t al. 2024 ). 

(ii) While AGN feedback needs to push sufficient amounts of
as to large cluster-centric distances, strong AGN feedback, which
emoves the central gas reservoir, is clearly disfavoured. Such
odelling choice easily overquenches central galaxies, with the

bserved GSMF at different redshifts providing stringent constraints
n the amount of central cold gas that is needed to build realistic
alaxy stellar masses. 

(iii) Several of our key simulation models produce a reasonable
osmological population of SMBHs, with black hole–host galaxy
caling relations and redshift evolution of QLF in agreement with
bservations. Comparisons to these observables do not allow us to
onstrain AGN feedback models, which produce markedly different
atter power spectrum suppressions. 
(iv) Importantly, we found a novel empirical AGN feedback
odel, XFABLE, that is able to produce large matter power spectrum

uppression at low k-values while maintaining a very good agreement
ith GSMF, gas fractions in groups and clusters, and all key galaxy

luster X-ray and tSZ scaling relations. This indicates that there
ay exist a physically plausible galaxy formation model within the
 CDM Universe, which is consistent with all current observational

onstraints from this diverse range of data sets, without the need to
nvoke alternative cosmological models. 

(v) Interestingly, both recent joint weak lensing + kSZ (Bigwood
t al. 2024 ) and X-ray constraints (Popesso et al. 2024 ) indicate
hat the gas fraction in a few times 1012 –1013 M� systems may be
ven lower than in the XFABLE model, but we emphasize that to
roduce matter power suppression on large scales ( k � 1 h Mpc −1 ),
ccurately modelling AGN feedback effects in more massive haloes
s the key. 

(vi) Unsurprisingly, radial profiles of key thermodynamical prop-
rties of the ICM provide crucial constraints on the nature and modus
perandi of AGN feedback, facilitating to differentiate between the
odels that eject too much gas versus the models that overheat the

as at large radii. XFABLE retains good agreement with ICM radial
rofiles, but our detailed comparison clearly points towards the need
o more self-consistently model AGN bubble inflation via jets and to
ccount for the relativistic population within the jet lobes. 

The XFABLE model is deliberately constructed to impact gas at
arger cluster-centric distances and allows for a larger population of
MBHs to act in radio-mode. However, if such an AGN feedback
odel is physically viable, the fundamental question remains for

ow it operates in detail. Tantalizingly, recent LOFAR observations
ave revealed AGN-driven radio jets spanning ∼ 7 Mpc from the
ost galaxy with stellar mass of ∼ 5 . 5 − 6 . 7 × 1011 M� (Oei et al.
024 ), which would directly heat the IGM. LOFAR’s LoTSS DR2
NRAS 542, 3206–3230 (2025)
urvey has recently revealed more than 10 000 of such giant radio
alaxies (Mostert et al. 2024 ), with ILoTSS and SKA providing
onstrains on this rapidly rising population in the near future. These
bservational findings suggest that for a sufficiently large fraction
f systems, radio lobes may well be inflated at large distances from
he central galaxy proving a direct heating source at large-scales.
one the less, future observations constraining this population and
etailed numerical simulations of magnetized relativistic jets in full
osmological simulations will be needed to understand jet energetics
nd the likely thermalization of the surrounding medium (Ehlert et al.
018 ; Bourne, Sijacki & Puchwein 2019 ; Bourne & Sijacki 2021 ). 
It is important to stress that a large range of AGN models explored

n this work, which lead to markedly different matter power spectrum
uppressions, still rely on the underlying FABLE-like baryonic
hysics modelling. Specifically, we have not explored any variations
o star formation and associated stellar feedback models, and we
ave not explored alternative black hole accretion prescriptions or
ifferent heating channels, such as cosmic-ray-driven or radiation-
ressure-driven outflows, for example. This highlights that the pa-
ameter space of baryonic physics modelling is much more vast than
hat explored here (or within most state-of-the-art large cosmological
imulations) and that there may be even more degeneracies within
odels of these complex processes and the signatures they leave on

he matter power spectrum. The range in the matter power spectrum
uppression spanned by the various simulations (left panel of Fig. 1 )
ay therefore significantly widen, before it is better constrained by

bservations. We stress that in cosmological analyses, it is critical
hat feedback mitigation strategies are flexible enough to capture
he extent of the feedback modelling uncertainties, considering the
otential degeneracies in the power suppression. 
The future observational landscape to unravel how ‘baryonic

eedback’ operates is promising. eROSITA is already transforming
ur knowledge of galaxy clusters and groups, probing into low-
ass regime. Gas fraction measurements and detections of spatially

esolved ICM properties of group-sized objects both locally and at
igh redshifts, via X-rays with eROSITA, and the Athena X-ray
bservatory in future, will provide crucial constraints on the nature
f AGN feedback as a function of cosmic time. X-ray detections
f hot gas in filaments and of the warm-hot intergalactic medium
ill provide complementary constraints on the baryon cycle and
as redistribution from groups and clusters. Upcoming weak lensing
urveys will also allow us to reconstruct the non-linear matter power
pectrum, allowing us to distinguish between different models of
baryonic feedback’ (Preston et al. 2024 ). Moreover, thermal and
inetic SZ observations with ACT and shortly with the Simons
bservatory, both via stacking and characterization of individual

ystems, will independently constrain galaxy group and cluster gas
roperties, probing both lower mass systems and feedback effects
t large cluster-centric distances. Furthermore, constrains on the
tellar mass assembly of brightest cluster galaxies that large galaxy
urveys such as LSST and Euclid will elucidate the role of ‘ejective’
GN feedback as well as constrain stellar feedback channels in these

ystem. Radio facilities such as CHIME (CHIME/FRB Collaboration
021 ) are also rapidly expanding the catalogue of detected fast radio
ursts (FRBs), which enable direct measurements of the free electron
olumn density out to large cosmological distances, thereby tracing
he baryon distribution (see e.g. Medlock et al. 2025 ). This work
ill pave the way for constraining feedback processes across cosmic

ime using upcoming FRB catalogues, including the tens of thousands
xpected to be detected by CHORD (Vanderlinde et al. 2019 ). Finally,
OFAR has uncovered an unprecedented population of giant radio
alaxies, and with ILoTSS and SKA on the horizon we will soon get
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 much better insight into the crucial issue of AGN jet energy transfer
nto the surrounding medium. Together with the rapid advancement 
f galaxy formation simulations, which are now starting to tackle 
omplex physics of radiation effects on the fly, cosmic-ray-driven 
eedback, and black hole physics through realistic accretion discs 
nd magnetized relativistic jets, our ability to constrain baryonic 
hysics for precision cosmology is within reach. 
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PPENDI X  A :  T H E  I M PAC T  O F  COSMI C  

A R I A N C E  

n this appendix, we investigate the effect of cosmic variance on
he matter power spectrum suppression due to ‘baryonic feedback’.

e run five (40 h−1 Mpc )3 simulations with the fiducial FABLE
odel, testing five different values of the random seed that deter-
ines the initial Gaussian density field (with ‘Seed 0’ being the

andom seed utilized for all boxes described in the main text).
ig. A1 demonstrates that the choice of random seed has a non-
egligable impact on the matter spectrum suppression at z = 0. At
 = 5 h Mpc −1 we see variations in the predicted suppression of

5 per cent . The maximum suppression varies by a similar amount,
ith the location of the maxima shifting marginally between boxes,

ying in the range k ∼ 7–10 h Mpc −1 . The difference in predictions
etween variations of the initial Gaussian density field results from
he different numbers of the high-mass haloes realized by z = 0,
xasperated by the limited box size. Since AGNs exhibiting the most
xtreme feedback live in these rare overdense environments (Daalen
t al. 2020 ), the suppression due to ‘baryonic feedback’ effects is
ffected by cosmic variance due to the different numbers of powerful
GNs realized. Our results using the larger (100 h−1 Mpc )3 boxes

hould be relatively robust to these effects, but even larger box sizes
re desirable to fully test the convergence of the models to the box
ize (see e.g. Daalen et al. 2020 ; Pakmor et al. 2023 ; Schaller et al.
025 ). 
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Figure A1. The impact of cosmic variance on the z = 0 matter power spec- 
trum due to baryonic effects, P ( k) /PDM 

, measured in (40 h−1 Mpc )3 FABLE 

boxes. The coloured lines show the measured P ( k) /PDM 

in (40 h−1 Mpc )3 

simulations ran with different values of random seed that determines the initial 
Gaussian density field. Seed 0 is the FABLE-40 box, ran with the random 

seed utilized for all boxes described in the main text. We plot the suppression 
measured in the FABLE (40 h−1 Mpc )3 box presented in Henden et al. ( 2018 ) 
and Martin-Alvarez et al. ( 2024 ), which was also ran with a different random 

seed to that utilized in this work. 

A

T  

l

PPENDI X  B:  FULL  SI MULATI ON  SUITE  

able B1 lists the key parameter choices for the full suite of FABLE-
ike modified AGN feedback simulation boxes ran in this work. 
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Table B1. The key AGN feedback parameters utilized in the full suite of FABLE-like (40 h−1 Mpc )3 simulations ran for this work. Parameters follow the 
definitions in Table 1 , adding MBH , radio as the black hole mass limit above which radio-mode feedback is allowed to occur (introduced in Section 4.3 ) and 
Ebub /EICM 

as the limit on the energy content of radio-mode bubbles (introduced in Section 4.4 ). A parameter that varies with redshift, z, as a step function 
is represented in the format z < 2 : 30, z > 2 : 100, where in this example 30 is the value of the parameter for z < 2 and 100 is its value for z > 2. A linear 
evolution in a parameter is represented in the format z = 0 : 30 → z = 4 : 500, where in this example the parameter is fixed to 500 at z > 4, and decreases 
linearly to 30 by z = 0. 

Simulation name χradio α εf �t εm 

Dbub Rbub MBH , radio Ebub /EICM 

[Myr] [kpc h−1 ] [kpc h−1 ] [1010 M� h−1 ] 

Fiducial box settings 
FABLE 0.01 100 0.1 25 0.8 30 50 – –

z-dependent quasar-mode 
QuasarBoost z2 0.01 z < 2 : 100a , z < 2 : 0 . 1a , 25 0.8 30 50 – –

z > 2 : 104 z > 2 : 10 

z-dependent εm 

in radio-mode 
- 0.01 100 0.1 25 z < 2 : 0 . 8, 30 50 – –

z > 2 : 8 

z-dependent Dbub in radio-mode 
– 0.01b 100b 0.1b 25 0.8 z < 2 : 30, 50b – –

z > 2 : 100 

RadioBoost 0.1c 100 0.1 25 0.8c z = 0 : 30 → 50 – –
z = 4 : 500c 

MBH 

-threshold for radio-mode 
RadioBoost MBH , radio 0.1 100 0.1 25 0.8 100d 50 0.06d –

further Ebub /EICM 

limiter 
XFABLE 0.1e 100 0.1 25 0.8 100e 50 0.06f 20g 

Notes. a Keeping other parameters the same, we also tested combinations of (i) fixing α = 100 at all z, (ii ) setting α to 1000 for z > 2, (iii ) fixing εf = 0 . 1 at 
all z, and (iv ) setting εf to 1 for z > 2. 
b Keeping other parameters the same, we also tested boxes with (i) χradio = 0 . 1, α = 1000, εf = 1 and (ii ) χradio = 0 . 1, Rbub = 20. 
c Keeping other parameters the same, we tested combinations of (i) χradio = 0 . 01 , 0 . 05, (ii ) a linear evolution of εm as z = 0 : 0 . 1 → z = 4 : 0 . 8, (iii ) setting 
Dbub to 300 for z > 4, (iv ) setting Dbub to 100 at z = 0, and (v) keeping Dbub fixed for 0 < z < 1. 
d Keeping other parameters the same, we also explored Dbub = 30 , 50 , 150 , 200 and MBH , radio = 0 . 01. 
e Keeping other parameters the same, we tested changing χradio to 0.02, and Dbub to 200 , 500. 
f We also explored MBH , radio = 0 . 02. 
g Keeping other parameters the same, we also tested Ebub /EICM 

= 2 , 4 , 6 , 50 , 100 , 200 , 500 , 800. 
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