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ABSTRACT

The gas mass fraction of galaxy groups and clusters is a key physical quantity for constraining the impact of feedback
processes on large-scale structure. While several modern cosmological simulations use the gas fraction—halo mass relation
to calibrate their feedback implementations, we note that this relation exhibits substantial intrinsic scatter whose origin
has not been fully elucidated. Using the large-volume Full-hydro Large-scale structure simulations with Allsky Mapping
for the Interpretation of Next Generation Observations (FLAMINGO) hydrodynamical simulations, we examine the role
of both central and satellite supermassive black holes (BHs) in shaping this scatter, probing higher halo masses than
previously possible. For haloes with Msyy < 10'*Mg,, we find that central BH mass correlates strongly and negatively with
gas fraction, such that higher BH masses give rise to lower gas fractions at fixed halo mass, consistent with previous studies.
Interestingly, however, for 101*Mg < Msgy < 10'%3M, the correlation reverses and becomes positive, with overmassive
BHs residing in haloes with above-average gas fractions. By tracing progenitor BHs and haloes through cosmic time, we
show that this behaviour is driven by the expulsion and subsequent re-accretion of halo gas, regulated by the timing
of BH growth and feedback. Specifically, haloes that collapse earlier form BHs earlier, leading to earlier gas expulsion
and re-accretion and a high gas fraction compared to haloes of the same present-day mass that formed later. Our results
demonstrate that present-day scatter in the gas fraction-halo mass relation is strongly shaped by the early growth history
of BHs and their haloes, a prediction that can be tested with future observational measurements.

Key words: methods: numerical - galaxies: clusters: general — galaxies: evolution - galaxies: groups: general — quasars:
supermassive black holes - large-scale structure of Universe.

1 INTRODUCTION

The gas fractions of galaxy groups and clusters provide a key
observational link between the baryonic and dark matter com-
ponents of the large-scale structure (LSS). In sufficiently massive
clusters where the gas fractions are representative of the cosmic
mean, the gas fractions can serve as a cosmological probe, con-
straining parameters such as the total matter density, Qy, (e.g.
S. D. M. White et al. 1993; A. E. Evrard 1997; S. Ettori & A. C.
Fabian 1999; B. Mathiesen, A. E. Evrard & J. J. Mohr 1999; S. W.
Allen, R. W. Schmidt & A. C. Fabian 2002; S. Ettori 2003; S. W.
Allen et al. 2004; S. Ettori et al. 2009). In lower mass galaxy groups
which are typically ‘missing’ baryons relative to the cosmic mean,
the gas fractions play a central role helping to constrain various
astrophysical processes. In particular, so-called ‘baryonic feed-
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back’ has been found to significantly modify the baryon content
of haloes (e.g. M. P. van Daalen et al. 2011; E. Semboloni et al.
2011; I. G. McCarthy et al. 2017; B. A. Terrazas et al. 2020; J. J.
Davies et al. 2020; M. P. van Daalen, I. G. McCarthy & J. Schaye
2020; J. Schaye et al. 2023; M. L. van Loon & M. P. van Daalen
2024). Active galactic nucleus (AGN) feedback in the form of
radiation, winds, and jets in particular can strongly affect halo
gas, by heating, redistributing, or even ejecting it from the system
altogether. These processes reshape both the overall gas fraction
and its radial distribution, while also driving the quenching of
star formation as well as regulating gas cooling and galaxy growth
(for reviews see B. R. McNamara & P. E. J. Nulsen 2007; A. C.
Fabian 2012; M. Gitti, F. Brighenti & B. R. McNamara 2012; M.
Gaspari, F. Tombesi & M. Cappi 2020; D. Eckert et al. 2021).

The effects of AGN feedback are particularly pronounced in
galaxy groups, as the energy output of AGN is comparable to (or
can exceed) the binding energy of the gas (e.g. F. Brighenti & W. G.
Mathews 2002; I. G. McCarthy et al. 2010; M. Gaspari, F. Brighenti
& P. Temi 2012), which is why ejection leading to systematically
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lower gas fractions in groups is possible (see L. Lovisari & S.
Ettori 2021 for a recent review). The mass dependence of gas
fractions therefore encodes key information about the efficiency
of feedback processes and their interplay with dark matter haloes.

While there is consensus that AGN feedback is a key ingredient
required to produce realistic groups and clusters in cosmological
simulations, it is nevertheless the case that predictions of the sim-
ulations can be very sensitive to the details of its implementation
(e.g. I. G. McCarthy et al. 2010; A. M. C. Le Brun et al. 2014;
I. G. McCarthy et al. 2017; J. Schaye et al. 2023; L. Bigwood et
al. 2025). The ability of simulations to reproduce the observed gas
fractions across a wide range of halo masses has therefore become
a key test of the realism of the feedback in the simulations. To this
end, several semi-analytic models (e.g. G. Arico et al. 2021; A. J.
Mead et al. 2021; M. Asgari, A. J. Mead & C. Heymans 2023; A.
Schneider et al. 2025) and modern cosmological simulations (e.g.
BAHAMAS, 1. G. McCarthy et al. 2017; FLAMINGO, J. Schaye
et al. 2023) explicitly calibrate the feedback modelling to the ob-
served median gas fraction-halo mass relation.

We point out, however, that the gas fraction-halo mass relation
exhibits significant intrinsic scatter in the simulations (e.g. I. G.
McCarthy et al. 2017; A. M. C. Le Brun et al. 2017; Oppenheimer
et al. 2021; Marini et al. 2025), as well as in the observations
(see e.g. M. Sun et al. 2009; L. Lovisari, T. H. Reiprich & G.
Schellenberger 2015; D. Akino et al. 2022; P. Popesso et al. 2026),
suggesting that the gas fractions are shaped not only by halo
mass/binding energy, but also by additional factors. Note that it
is challenging to derive robust estimates of the scatter observa-
tionally, owing to the important role that selection effects play
and also uncertainties in halo mass estimation. The study of D.
Akino et al. (2022) may represent the best current attempt to fold
in these effects for a relatively large, well-defined sample (XXL)
with weak lensing-based halo mass estimates. These authors find
an intrinsic scatter of approximately 0.17 dex (=~ 50 per cent) in
gas mass at fixed (true) halo mass, which is comparable to the
predictions of recent cosmological simulations that include the
effects of AGN feedback (e.g. A. M. C. Le Brun et al. 2017).

In terms of what is physically driving the scatter at fixed halo
mass, one possible factor, explored by J. J. Davies et al. (2019,
2020), is the role of assembly history in giving rise to different
feedback histories for haloes of the same mass. Using the EA-
GLE (J. Schaye et al. 2023) and IllustrisTNG (A. Pillepich et al.
2018) simulations, they found a strong anticorrelation between
halo gas fractions and the mass of the central supermassive black
hole (BH) for haloes of mass 1011 Mg < My < 103*M. In other
words, haloes that host more massive-than-average BHs tended
to have formed their BHs earlier and to have undergone stronger
AGN feedback throughout their history, which heats and expels
more gas beyond Ry, leading to lower gas fractions. Conversely,
haloes with undermassive BHs were found to generally retain
higher-than-average gas fractions.

The FLAMINGO suite of large-scale cosmological hydrody-
namical simulations (J. Schaye et al. 2023; R. Kugel et al. 2023)
provides a natural extension to this line of investigation. The suite
is calibrated on both the low-z hot gas mass fractions of galaxy
groups and clusters and the present-day galaxy stellar mass func-
tion (GSMF), and has large volumes of >1 Gpc-a-side. This allows
for robust statistics in the group and cluster regime, enabling us to
probe the connection between central BH mass and gas fraction
at higher halo masses than previously possible.

In this work, we begin by investigating this connection across
a wide halo mass range, and explore how the growth histories of
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central BHs shape the present-day scatter in halo gas fractions.
Specifically, we ask when central BHs inject feedback strongly
enough to alter their host halo’s baryon content, and how this
timing influences their present-day gas fractions. By tracing the
redshift evolution of haloes that host overmassive and undermas-
sive central BHs, we aim to disentangle the physical mechanisms
that drive the observed diversity in gas fractions at fixed halo mass
at the present-day.

In previous literature, the focus has largely been on feedback
from central BHs. However, galaxy groups and clusters form hi-
erarchically and often host numerous additional supermassive
BHs. These can reside in massive satellite galaxies (e.g. A. E.
Reines, J. E. Greene & M. Geha 2013), in the central galaxy as
remnants of mergers (e.g. A. Ricarte et al. 2021), or exist as ‘free-
floating’ BHs ejected through gravitational slingshot interactions
or tidal stripping (e.g. K. T. Voggel et al. 2019). At high halo
masses, the combined mass of these satellite BHs can become
comparable to (or even greater than) that of the central BH. While
each BH individually is typically less massive, they can still ac-
crete and drive AGN feedback, yet their cumulative impact on
halo gas has received relatively little attention.

With this in mind, we decompose the BH populations of
Full-hydro Large-scale structure simulations with Allsky Map-
ping for the Interpretation of Next Generation Observations
(FLAMINGO) haloes into their central and satellite components,
and investigate how the satellite BH population contributes to
the scatter in the gas fraction-halo mass relation across time.
Our analysis reveals hints of a quenching effect exerted by early-
forming central BHs on their satellites, prompting us to track
fixed satellite BH populations across cosmic time and to examine
the redshift evolution of radial profiles of BHs surrounding the
central.

The structure of this paper is as follows. In Section 2, we give
a brief description of the simulations used (with an emphasis on
their BH sub-grid implementations), and our methods to char-
acterize haloes and their populations of BHs. In Section 3, we
examine the relationship between halo gas and halo mass, and
the dependence of scatter about this relation on the mass of the
various BHs within the halo, at the present-day and at higher
redshift. We posit a theory that we investigate further in Section 4,
where we track the properties of a sub-sample of BHs and haloes
through cosmic time. In Section 5, we explore the idea of mutual
quenching effects between central and satellite BHs, before sum-
marizing our results in Section 6.

2 SIMULATIONS AND METHODOLOGY

2.1 FLAMINGO simulations

We provide here a summary of the key characteristics of the
FLAMINGO simulations and refer the reader to J. Schaye et al.
(2023) and R. Kugel et al. (2023) for more detailed descriptions.
The FLAMINGO (Full-hydro Large-scale structure simula-
tions with Allsky Mapping for the Interpretation of Next Genera-
tion Observations) suite comprises 18 cosmological hydrodynam-
ical simulations as described in J. Schaye et al. (2023) and L. G.
McCarthy et al. (2025), along with two decaying dark matter vari-
ants (W. Elbers et al. 2025) and 12 dark-matter-only simulations.
The simulations were performed using the SWIFT smoothed par-
ticle hydrodynamics (SPH) and gravity code (M. Schaller et al.
2024), employing the SPHENIX SPH scheme (J. Borrow et al.
2022). Initial conditions were generated with a modified version
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of MONOFONIC (O. Hahn et al. 2020; M. Michaux et al. 2021), and
massive neutrinos were implemented using the §; method from
W. Elbers et al. (2021).

The FLAMINGO suite spans a range of cosmologies, box sizes,
resolutions, and sub-grid physics models. Important physical pro-
cesses that occur on scales too small to be directly resolved in the
simulations, such as radiative cooling (S. Ploeckinger & J. Schaye
2020), star formation (J. Schaye & C. Dalla Vecchia 2008), stellar
evolution (R. P. C. Wiersma et al. 2009), and feedback from stars
(E. Chaikin et al. 2023) and AGN, are implemented with sub-grid
models. The feedback processes were calibrated using machine
learning-based emulators to reproduce the observed GSMF and
gas fractions in groups and clusters at low redshift (R. Kugel et al.
2023) in the case of the ‘fiducial’ model. While FLAMINGO also
explores variations in AGN feedback efficiency and nature (with
both radiative wind and kinetic jet models), we focus on the fidu-
cial radiative wind model in this study. Specifically, we use the
high-resolution ‘m8’ run which simulates a (1 Gpc)?® volume with
2 x (3600)* particles of mass mg = 1.3 x 10°M,, (baryonic) and
mcpy = 7.06 x 108Mg, (dark matter). This run adopts cosmolog-
ical parameters from the maximume-likelihood DES Y3 ‘3 x 2pt +
All Ext.’ Lambda cold dark matter (ACDM) model (DES Collab-
oration 2022) and has a maximum proper gravitational softening
length of 2.85 kpc. At z > 2.91, the softening length is held con-
stant in comoving units at 11.2 ckpc. We make use of 13 snap-
shots (at redshifts z = 0,0.1,0.2,0.3,0.4,0.5,0.75,1, 1.5, 2, 3, 4,
and 5) and 78 halo catalogues, as well as a full-sky light-cone
constructed on-the-fly from the hydrodynamical simulation.

2.1.1 Black hole sub-grid implementation

As it is particularly pertinent to this study, we present some
additional details about the BH sub-grid implementation in
FLAMINGO. The implementation is grounded in the methods of
C. M. Booth & J. Schaye (2009) (see also V. Springel 2005; T. Di
Matteo et al. 2008) and is described in detail in J. Schaye et al.
(2023).

Cosmological simulations lack the resolution and detailed
physics to accurately model the formation of BHs (e.g. M. Volon-
teri, M. Habouzit & M. Colpi 2021). Instead, in FLAMINGO BH
particles are injected into haloes which surpass the mass thresh-
old of 2.757 x 10''M, ! (equal to the mass of 391 dark matter
particles) in the case that the halo does not already contain a
BH. The BH particle is seeded at the position of the densest gas
particle in the halo and inherits the mass of that gas particle as
its particle mass. This particle mass, typically of or beyond the
order 10%M,, is a numerical quantity used solely to compute the
gravitational interactions of the BH. Because this mass does not
represent the unresolved physical BH mass, each BH is addi-
tionally assigned a sub-grid mass of 10°M,, at seeding. The sub-
grid mass is the quantity used in all sub-resolution calculations,

IThis halo mass comes from the calibration of the intermediate reso-
lution BAHAMAS and FLAMINGO simulations, corresponding to ap-
proximately 50 particles at that resolution. Thus, essentially all ‘resolved’
haloes are seeded with a BH at intermediate resolution. While a higher
mass threshold could have been adopted, tests demonstrate that it is diffi-
cult to match the location of the knee of the GSMF with a higher threshold
for seeding. We retain the same mass threshold for seeding in the high-
resolution FLAMINGO run to enable us to match the GSMF knee and to
allow a direct comparison between the intermediate and high-resolution
simulations.

Co-evolution of gas and BHs in FLAMINGO 3

including BH growth via gas accretion and mergers, and the as-
sociated feedback processes. Throughout this work, we therefore
refer exclusively to the BH sub-grid mass when discussing BH
properties, and omit further mention of the particle mass.

BHs experience significant dynamical friction, which results
in their migration to the centre of the halo and the restriction
of subsequent movement. FLAMINGO lacks sufficient resolution
to directly model this process, so BHs are repositioned ‘by hand’
at each time-step of the simulation. The BH particle is relocated
on to the position of the gas particle within three gravitational
softening lengths (and within its SPH smoothing kernel) with the
lowest gravitational potential energy, given that this is lower than
the potential of the current position and regardless of the gas par-
ticle’s velocity (asin Y. M. Bahé et al. 2022). For these calculations,
the BH’s own contribution to the potential must be excluded to
prevent it becoming trapped in its own local potential well. This
subtraction has not been applied in most earlier cosmological
simulations, as well as most intermediate-resolution FLAMINGO
runs. The subtraction was taken into account for the high- and
low- resolution simulations as well as the intermediate-resolution
kinetic AGN feedback model. Effects of this are explored in J.
Schaye et al. (2023) and Y. M. Bahé et al. (2022).

The prescription for merging BHs follows Y. M. Bahé et al.
(2022), where two BH particles are merged if they are within
three gravitational softening lengths of each other and if their
relative velocities satisfy Av < \/Gmgy/h, where G is the gravi-
tational constant, mgy is the mass of the larger BH, and h is their
separation. When two BH particles are merged, momentum is
conserved and the lower mass BH particle is removed from the
simulation.

BH accretion is implemented following the methods of C. M.
Booth & J. Schaye (2009), where BHs accrete at a modified Bondi-
Hoyle rate dependent on the local gas density.

FLAMINGO implements two distinct modes of AGN feedback:
the fiducial thermal model and the kinetic jets model, the latter of
which was not employed in this study. The fiducial model follows
the methodology of C. M. Booth & J. Schaye (2009), in which a
fraction of the accreted rest-mass energy, given by €.¢f = 0.015
(where ¢, is the radiative efficiency and e; is the AGN feedback
coupling efficiency), is stored in a sub-grid energy reservoir. Once
the accumulated energy is sufficient to increase the temperature
of a specified number of gas particles, nnes, by a temperature
ATxcn, itisinjected into the nearest gas particles. In FLAMINGO,
Mheat = 1, and ATpgy is a calibrated parameter of value 103%7K
in the case of the high-resolution run (see R. Kugel et al. (2023).
Under typical conditions at high redshift (z = 2), where most of
the gas is ejected (I. G. McCarthy et al. 2011, see also Fig. 5), the
BH accretion is limited to the Eddington rate and the time interval
between AGN feedback events is ~Myr (see fig. 3 of C. M. Booth
& J. Schaye 2009). At lower redshifts the accretion rate on to BHs
in centres of groups and clusters is much lower and the typical
time interval between outbursts is ~100 Myr. We finally note that
FLAMINGO recovers the M* — Mgy relation well (see J. Schaye
et al. 2023), and therefore is well-suited to this study.

2.2 Characterizing haloes and black hole populations

Haloes are identified using the HBT-HERONS structure finder
(V. J. F. Moreno et al. 2025), an updated version of the Hier-
archical Bound Tracing algorithm (HBT+; J. Han et al. 2018).
This structure finder begins by grouping particles with a friends-
of-friends (FoF) percolation algorithm, in which an FoF group
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consists of dark matter particles separated by less than 0.2 times
the mean interparticle distance. Gas, stellar, and BH particles
in the hydrodynamical simulations are then assigned to their
nearest dark matter FoF group. In addition to FoF grouping,
HBT-HERONS employs a history-based approach to identify self-
gravitating sub-structures, which are tracked from early times,
with temporal information being used to disentangle complex
particle distributions at subsequent times. Throughout this work,
a number of halo properties across a variety of apertures are
computed using the Spherical Overdensity Aperture Processor
(soap; R. McGibbon et al. 2025).

We adopt the spherical overdensity definition of halo mass,
M50, corresponding to the mass enclosed within a radius Rsgp,
where the mean interior density equals 500 times the critical den-
sity of the Universe, peit. Each halo is centred on its most bound
particle. We select central haloes with Msy > 102M,, to ensure
sufficient resolution. This selection yields a sample of 1031 755
haloes, including 93 727 with Msy > 103Mg, and 5378 with
Msg > 10"Mg. These large-number statistics are made possible
by FLAMINGO’s substantial volume.

We consider three types of BH population: total, central, and
satellite. The mass distributions of these populations are shown
in Fig. 1, where each hexbin includes at least three BHs (or BH
populations). The solid black line represents the running median,
computed in bins of 0.1 dex, and the shaded region indicates the
10th to 90th percentile range of the data. Each bin is colour-coded
by the mass of the most massive BH (mmBH) in the correspond-
ing halo.

The total BH population (top panel) includes all BHs located
within Rsgy of their host haloes, regardless of whether they are
gravitationally bound. The number count of these BHs as a func-
tion of halo mass can be seen in the inset plot in the middle panel
of Fig. 1. As expected, the number of BHs increases with halo
mass, with the most massive haloes containing on the order of
103 BHs.

We define the central BH (middle panel) as the most massive
BH within 30 kpc of the halo centre. The halo centre is defined
by HBT-HERONS and SOAP as the position of the most bound
particle, which may be a dark matter, stellar, gas, or BH particle.
In FLAMINGOQO, it is not a mathematical requirement that mas-
sive BHs are repositioned on to the halo centre. Instead, BHs are
repositioned on to the gas particle with the lowest potential en-
ergy within the SPH kernel of the BH particle (see Section 2.1.1),
provided that gas particle has a lower gravitational potential en-
ergy than the BH particle. As a result, BHs can in some cases
reside in a local potential minimum rather than at the global halo
centre (e.g. during mergers). In the majority of cases, the most
massive BH migrates to the halo’s potential minimum, which
typically coincides with the position of the most bound particle.
However, in rare circumstances (e.g. following a major merger),
these two locations can differ substantially, and the most massive
BH may lie outside the 30 kpc selection radius. In such cases,
our criterion misclassifies a low-mass (e.g. seed-mass) BH as the
central BH. These systems appear in Fig. 1 as a distinct near-
seed-mass population. Each such halo does host a much more
massive BH (indicated by the colour-coding), but it lies beyond
the 30 kpc selection radius. Across the halo mass range studied,
only 0.060 per cent of central BHs fall below 3 x 10°Mg, and thus
do not affect later results. We have examined how the position of
the most bound particle changes with time for these rare cases,
using the associated halo merger trees from HBT-HERONS. We
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Figure 1. The present-day supermassive black hole mass, Mgy, as a
function of halo mass, Msg, for the total (top), central (centre), and
satellite (bottom) BH populations in the FLAMINGO high-resolution
(1 Gpc)® volume. Note that the satellite BH mass is defined as the sum
of the masses of all satellite BHs within Rsgo. A given hexbin contains at
least three data points and is coloured by the median mass of the most
massive BH (Mmmpn) of the haloes that occupy that space in the relation.
The solid black line represents the median trend and the grey shaded
region encompasses the 10th-90th percentile range. The inset plot in the
top panel shows the median satellite BH contribution to the total BH
mass budget as a function of halo mass, with the 16th-84th percentile
range indicated by the shaded region. The inset plot in the middle panel
shows the median number of BHs within Rsgg, Npy, in bins of halo
mass, with the shaded region enclosing the 10th-90th percentile of data.
Each population exhibits large scatter at fixed halo mass, a key driver of
variations in halo gas fractions discussed later. At the most massive cluster
scales, satellite BHs contribute a total mass on par with the central BH,
highlighting their potential role in shaping the halo gas content.
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find that these rare cases tend to show rapid evolution of the
location of the most bound particle compared to the much more
typical case of a smoothly varying position (due to the cluster bulk
velocity), which would indeed suggest that there have been recent
dynamical disturbances for these rare cases.

We define satellite BHs as all BHs within Rsqy of the central
halo, excluding the central BH itself. This definition therefore
includes BHs in satellite galaxies as well as free-floating BHs,
ejected or displaced through processes such as tidal stripping or
gravitational slingshot interactions. The bottom panel of Fig. 1
shows the fotal mass of all satellite BHs per central halo, rather
than individual sub-halo BHs. Compared to centrals, these pop-
ulations display much larger scatter, reflecting their less self-
regulated accretion and highly diverse merger histories. The inset
plot in the top panel demonstrates the median contribution from
satellite BHs to the total BH mass budget as a function of halo
mass. For the most massive clusters, the combined satellite BH
mass becomes comparable to that of the central, corresponding
to & 50 per cent of the total BH mass budget.? Despite this, the
cumulative feedback from satellite BHs has received little atten-
tion in the literature, motivating our investigation into their role
alongside central BHs.

As expected, the masses of both central and satellite BHs in-
crease with halo mass, with each population exhibiting substan-
tial intrinsic scatter (0.24 dex for central BHs and 0.56 for satellites
in haloes with 10*7 Mg < M5 < 10'*Mg). A key question is
whether this scatter couples to baryonic properties of the halo,
given that BH feedback can reshape the distribution and thermo-
dynamic state of halo gas. We therefore now turn to examine the
dependence of the halo gas fraction on BH mass.

3 GAS FRACTION-HALO MASS RELATION:
DEPENDENCE ON BH MASS

We begin by examining the relationship between the halo gas
fraction and halo mass at the present-day, and the dependence of
scatter about this relation on the mass of the BHs within the halo.
The gas fractions of haloes were computed as the ratio of gas mass
within Rs to the total halo mass, M5, regardless of temperature,
i.e. fagas = Mgas(r < Rsoo)/Mseo. To quantify the scatter in BH mass
across the halo population, for each BH we compute the ratio
of its mass to the median BH mass at fixed halo mass. These
ratios are calculated in bins of 0.1 dex separately for the total BH
population, as well as separately for centrals and satellites. Note
that the ratio Mpy, sateltite/MBH, satellite median €Xcludes haloes with
zero satellite BH mass.

Fig. 2 shows the present-day halo gas fraction, fgs, as a func-
tion of halo mass, Msg. The solid line shows a running median,
computed in bins of 0.1 dex, the dot-dashed lines indicate the
10th-90th percentile range, and the horizontal dashed line gives
the universal baryon fraction in FLAMINGO. The Spearman rank
correlation coefficient, p, for the fes — Mpa/MaH, median relation
is shown beneath the main panel for the total BH mass. Most
scatter in the gas fraction occurs at low halo masses, below M3y &
10'2My,. In this regime, haloes have relatively shallow potential
wells, and gas expulsion is primarily driven by supernova feed-
back (see J. Schaye et al. 2023 for details of the stellar feedback
prescription). AGN feedback becomes effective at higher halo

2Note that this may be an underestimate, as the repositioning scheme
used in FLAMINGO likely maximizes the merger rates of BHs.
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Figure 2. The present-day relation between halo gas fraction, fg,s, and
halo mass, Msg. Each hexbin is colour-coded by the median BH mass
ratio, M /MgH, median, for the total BH population. This quantifies the
scatter in BH mass by taking the ratio between a halo’s total BH mass
and the median total BH mass at fixed halo mass. The dot-dashed lines
enclose the 10th-90th percentile range. The colour bar limits correspond
to the 16th-84th percentile range of median Mgy /MgH, median Values for
haloes with Msgg > 10'23Mg,. The solid line shows the running median
of fgas in bins of 0.1 dex in Msgg, while the horizontal dashed black
line represents the universal baryon fraction in FLAMINGO. Marginal
histograms of fgas and Msgo are displayed to the right of and above the
main panel, respectively. The Spearman rank correlation coefficient, p,
quantifying the fgas—MpH/MBH, median relation, is indicated below the
main panel. This relation exhibits substantial intrinsic scatter, which is
reduced following the onset of AGN feedback. At low halo masses, a
clear negative correlation emerges: overmassive BH populations reside
in haloes with below-average gas fractions, and vice versa. Above Mspp ~
10M,, however, the trend reverses, with overmassive BH populations
instead associated with haloes of higher-than-average gas fractions.

masses, leading to a sharp reduction in the gas fraction and its
scatter. This is also where we see the trend transition from low-
mass gas-poor galaxy haloes to high-mass gas-rich galaxy group
(1083Mg < Msg < 10*Mg) and cluster (Msoy > 10%M,,) haloes.
Beyond this mass scale, the scatter remains approximately con-
stant before declining at Msy ~ 10'*>M,, where the mass con-
tent is more reflective of the cosmic mean. The trend begins to
plateau below the cosmic baryon fraction in the galaxy cluster
regime, the deficit accounted for by the baryons within stars.

The large volume of FLAMINGO enables significantly im-
proved halo statistics compared to previous studies, particularly
at the high-mass end. This is illustrated in the marginal his-
tograms (top and right panels of Fig. 2), which show the number
counts of haloes across the relation.

In Fig. 2, each hexbin is colour-coded by the median
Mgu/MgH, median for the total BH population. The colour bar
shown within the main panel has limits corresponding to the
16th-84th percentile range for all hexbins for haloes above
Mspo > 10'2°M,. In other words, red (blue) hexbins indicate
haloes hosting overmassive (undermassive) total BH populations
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6 E. E. Costelloetal.

relative to the median total BH mass typical for their halo mass.
We see a strong negative correlation at low halo mass, Msyp =
1012M,, as reflected in the Spearman coefficient. Beyond this
mass scale, the correlation strength decreases until it becomes
weakly positive at Msg ~ 101*Mg,. To further investigate this
behaviour, we next decompose the total BH population into its
central and satellite components.

Fig. 3 presents the fg,s—Ms relations at z = 0, colour-coded by
Mgu /Mgu, median for both the central (top) and satellite (bottom)
BH populations. As in the previous figure, the solid black line
indicates the running median, the horizontal dashed line repre-
sents the cosmic baryon fraction, and the sub-panel beneath each
main plot shows the running Spearman rank correlation coeffi-
cient for the feus—Mpr/MpH, median relation for the corresponding
BH population. We begin by directing the reader’s attention to the
upper panel.

J. J. Davies et al. (2019, 2020), in their studies of Lx galaxies
in EAGLE (J. Schaye et al. 2015) and IllustrisTNG (A. Pillepich
et al. 2018), demonstrated that overmassive central BHs are as-
sociated with lower-than-average gas fractions across the approx-
imate halo mass range 10''"Mg < My < 10'>°M,. This result
is physically intuitive, as more massive central BHs are expected
to have injected more feedback energy, which can expel gas more
efficiently, thereby reducing the gas fraction. A similar trend is
evident in FLAMINGO, as seen in the top panel of Fig. 3, where
haloes with Msy < 10'*°M,, hosting overmassive central BHs
tend to have below-average gas fractions, and vice versa.

However, at higher halo masses, which are not well-sampled
by smaller volume simulations like EAGLE, we observe an in-
triguing reversal of this trend: overmassive BHs are now asso-
ciated with higher gas fractions. The inversion is reflected in
the Spearman correlation coefficient, although the quantitative
strength of the correlation appears weaker than suggested by
visual inspection. This apparent discrepancy may arise because
the plots do not weight BHs by their number density per bin. By
construction, BHs tend to cluster around the median mass ratio
(Mgy /MgH, median = 1), but our focus here is on BHs that deviate
significantly from the median and here the statistics are more
limited.

At the highest halo masses, in the galaxy cluster regime
(10'5Mp < Msgo < 10"°My), the correlation weakens further.
This is due to a combination of poorer statistics and the increasing
gravitational binding energy of haloes, which reduces the effi-
ciency of BH feedback in removing gas from the system.

Turning to the bottom panel of Fig. 3, which shows the satel-
lite BH populations, we first note that low-mass haloes with
low gas fractions tend to host satellite BHs with a lower-than-
average combined mass. Interestingly, this correlation reverses
at Msp ~ 10"*M,, where high-mass haloes with high gas frac-
tions are found to host undermassive satellite BH populations.
This behaviour appears to be the inverse of the trend observed
for central BHs; that is, haloes with overmassive central BHs
are typically associated with undermassive satellite BH popula-
tions, and vice versa. We emphasize that this anticorrelation is
not merely a consequence of the conservation of total BH mass
(where M5y = MR + M), as each Mpu/Mpy, median Was com-
puted independently, with respect to their own population. For
example, because there is scatter in the total BH mass, it is possi-
ble for the same halo to simultaneously have both overmassive (or
undermassive) central and satellite BH masses with respect to the
median central and satellite BH masses at that halo mass. Having
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Figure 3. The present-day fgas — log;(Mseo) relation colour-coded by
the median Mgy /MpH, median fOr the central (top) and satellite (bottom)
BH populations. The colour bar limits are set by the interquartile range
of hexbin medians for haloes above Msgy < 10'>°M, for each BH pop-
ulation. The black solid line indicates the running median, the hor-
izontal dashed black line represents the universal baryon fraction in
FLAMINGO. The running Spearman rank correlation coefficient is dis-
played below each panel. Consistent with previous work, haloes with
Msgo S 10123 M, that host overmassive central BHs tend to have below-
average gas fractions, and vice versa. Beyond this halo mass, however, the
correlation becomes positive, where overmassive central BHs reside in
haloes with higher gas fractions. The opposite trend is evident in satellite
BHs, suggesting an anticorrelation between central and satellite BH mass:
haloes with overmassive central BHs are likely to have an undermassive
population of satellite BHs.
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Figure 4. Relations between halo gas fraction, fg.s, and halo mass, Msg, across the redshift range 3 <z <0, colour-coded by the median
Mg /Mg, median for central BHs at that redshift. The maximum and minimum colour-bar limits are set by the interquartile range of hexbin medians for
haloes with M5y > 1012°M, at z = 0. The solid black curves show the running median, calculated in bins of 0.1 dex. The corresponding Spearman rank
correlation coefficient, calculated in bins of 0.1 dex, is shown below each main panel. The horizontal dashed line shows the universal baryon fraction
in FLAMINGO, the dot-dashed enclosed region in the bottom right panel shows haloes within the mass bin 10> Mg < Msgp < 10'4M, whose BHs
we track through cosmic time in Section 4. For z > 1.5, a strong negative correlation is evident, with all overmassive BHs residing in haloes with low gas
fractions, independent of halo mass. For 0.25 < z < 1.5, this trend transitions, as an increasing fraction of massive haloes with overmassive central BHs
exhibit elevated gas fractions. By z = 0, haloes above Msoy ~ 10'*M, predominantly host overmassive central BHs and have above-average gas fractions.
In Section 4, we show that this reversal is driven by the ejection and subsequent re-accretion of halo gas.

said that, haloes where satellite BHs are able to more successfully
merge with the central BH may contribute to the anticorrelation
observed in the bottom panel of Fig. 3. Alternatively, it may be the
result of preprocessing of satellite galaxies prior to or during their
infall, or that feedback from the central BH directly influences the
growth of surrounding satellite BHs.

Comparing this figure to Fig. 2, we find that central BHs dom-
inate the overall trend across most of the halo mass range. How-
ever, there is some evidence that satellite BHs contribute more
significantly at the highest halo masses. This is expected, as mas-
sive haloes host a larger number of satellite galaxies, and the
combined mass of their BH populations can become comparable
to, or greater than, that of the central BH.

3.1 Redshift evolution

To investigate the surprising reversal in the fgas—Mpn/MpH, median
correlation, it is helpful to examine its redshift evolution. This

may help determine whether the reversal emerges at a specific
epoch in the simulation, and whether or not this coincides with
key physical transitions, such as the onset of efficient AGN feed-
back, the establishment of hot gaseous haloes, or the re-accretion
of previously expelled gas.

Fig. 4 illustrates the redshift evolution of the relationship
between halo gas fraction and central BH mass ratio. Similar
to Fig. 3, Fig. 4 shows the halo gas fraction as a function of
halo mass, colour-coded by the median central BH mass ratio,
Mg /MBgH, median- Each panel corresponds to a different redshift
within the range 0 < z < 3. The colour scale reflects the 16th-
84th percentile range of median central My /Mgy, median Values at
z = 0, and is applied uniformly across all panels for consistent vi-
sual comparison. Again, the solid black curve denotes the median
relation between gas fraction and halo mass, while the horizontal
dashed black line indicates the universal baryon fraction. The
Spearman rank correlation coefficient, calculated in bins of 0.1
dex, is shown below each panel.
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8 E.E. Costello et al.

As cosmic time progresses, haloes grow hierarchically and are
able to reach higher masses; consequently, at high redshift, the
most massive haloes (i.e. massive galaxy groups and clusters)
are not yet in place and thus are absent from the sample. In
the top leftmost panel (z = 3), a strong negative correlation is
evident: haloes hosting overmassive (undermassive) central BHs
exhibit systematically lower (higher) gas fractions, largely inde-
pendent of halo mass. As the simulation evolves, the onset of
a reversal in this correlation can first be seen at approximately
z ~ 1.5, where some haloes with overmassive BHs begin to retain
or reacquire higher gas fractions. By z = 1, halo growth extends
the sampled mass range, and the correlation continues to weaken.
At this stage, haloes with Msy ~ 10*~10'*M,, hosting overmas-
sive BHs now appear both above and below the median gas
fraction. In contrast, more massive haloes (Msgy ~ 10#-10M)
with overmassive BHs largely retain suppressed gas fractions. By
z = 0 (bottom rightmost panel), the correlation has fully flipped.
Haloes with Msy > 10'* M now predominantly exhibit high gas
fractions in the presence of overmassive central BHs, indicating
a reversal in the nature of the coupling between BH growth and
halo gas content over time.

We posit that a possible explanation for the observed change in
correlation is the recapture of previously ejected gas. Haloes host-
ing overmassive central BHs at low redshift will have typically
formed their BHs early in cosmic history. These BHs will have
grown via a combination of accretion and mergers, eventually
generating powerful feedback that expels large amounts of gas
from the halo, and prevents the BH’s own growth via accretion.
However, while accretion is suppressed, the central BH may con-
tinue to grow through mergers as the host halo evolves. Gas that
was expelled (but not far enough to escape the halo’s potential
well) during earlier feedback episodes can later be re-accreted on
to the halo. The gas content of the halo can also increase through
feedback events from nearby systems by redistributing their gas
into the Lagrangian region that will eventually become the clus-
ter. This will result in haloes that host overmassive central BHs
and simultaneously exhibit higher-than-average gas fractions at
late times. We explore this hypothesis in more detail in Section 4,
where we track individual progenitor BHs and their associated
halo properties across cosmic time.

4 CO-EVOLUTION OF BLACK HOLES AND GAS

As outlined in the previous section, high-mass haloes hosting
overmassive BHs begin to show rising gas fractions around z ~
1.5. To assess whether this trend is directly tied to BH mass, we
track individual progenitor central BHs and connect them to their
corresponding halo properties across redshift.

We begin by selecting group-scale haloes at z = 0 within the
mass range 1037°Mg < Msg < 10%*Mg, corresponding to the
regime where overmassive central BHs are associated with high
gas fractions, and vice versa. This mass bin is highlighted in
a dash-dotted box in Fig. 4. From this set, we identify haloes
above and below the 90th and 10th percentiles of the gas fraction
distribution, which we refer to as the ‘upper’ and ‘lower’ fgs
samples, respectively. As noted, for each selected halo we identify
the central BH as the most massive BH within a 30 kpc radius of
the halo centre, yielding a total of 1420 central BHs, evenly split
between the upper and lower samples.

Because only a limited number of high-resolution snapshots
were stored long-term, we combine both light-cones and snap-
shots to track BHs and their host haloes through cosmic time. At
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high redshift, where snapshots are unavailable, we use halo and
particle lightcone outputs, linking BH particles to their nearest
halo centre with the cKDTree distance search algorithm from
the scipy.spatial module, and retrieve halo properties via
SOAP. At low redshift, snapshots cover the full simulation vol-
ume, and we therefore use them directly to track BHs, again using
the SOAP catalogues to access halo properties.

To further investigate the anticorrelation between the central
and satellite BH masses seen in Fig. 3, we apply a similar proce-
dure to track the evolution of satellite BHs. We select the same
halo sample as before, again focusing on those in the upper
(>90th percentile) and lower (<10th percentile) extremes of the
gas fraction distribution in massive groups. From each of these
haloes, we identify all BHs within Rsq, excluding the central BH.
This fixed set of progenitor satellite BHs, defined at z = 0, is then
traced back in time using the same procedure as before, with
properties grouped by redshift and host halo ID at z = 0.

Fig. 5 displays the results of BH tracking for the upper and
lower fg,s samples, shown in red and navy, respectively. Across all
panels, the solid lines denote the median track of the 710 central
BHs per sample or the halo properties that they’re linked to, and
the shaded regions enclose the 16th—84th percentile range.

The top panel shows the redshift evolution of Msy for the
upper and lower samples. As defined, all haloes at z = 01lie within
the mass bin 1037 My < Msgy < 10¥M. Within this selection,
there is a small offset in median halo mass at z = 0 between sam-
ples, with the upper sample having a median ~ 0.1 dex higher.
However, our conclusions are unaffected by this given the small
magnitude of this difference and the overlap in the percentile
ranges of the halo mass distributions of the two samples. Both
sets of haloes begin their growth at z =~ 10, but the upper fgs
sample experiences a much quicker increase in mass, resulting
in earlier BH growth.

The centre panel shows the evolution of BH mass across red-
shift for the upper and lower fg,s samples. Solid lines show the
median central BH mass, and dashed lines show the median
satellite BH population mass for the upper (pink) and lower (light
blue) fs samples. The corresponding dotted lines show the total
accreted masses of each BH sub-set, i.e. the contribution to the
BH mass through accretion, rather than via mergers. We empha-
size again that in this plot, we are tracking fixed BH populations
of central and satellite BHs, rather than tracking fixed haloes.
To visualize BH formation times, the inset panel shows the nor-
malized number of BHs per redshift bin as a function of their
formation redshift, Zseed-

As shown in Fig. 3, systems with high gas fractions at z =0
have more massive central BHs. These upper fg,s systems formed
their central BHs earlier, at z &~ 11, with their growth beginning
at z ~ 6. As haloes in the lower fg,s sample grow comparatively
more slowly at early times, the formation of their BHs is also
delayed with respect to those in the higher fg,, sample. These
median formation times are z &~ 9 and z ~ 5 for the higher and
lower fgs samples, respectively.

The lower panel of Fig. 5 shows the evolution of halo gas frac-
tions for the upper and lower fy,s samples. We see that the high
feas Systems eject approximately half of their gas from Rso be-
tween z ~ 6 and z ~ 3, coinciding with the time of rapid central
BH growth. Gas that was expelled from Rsq (but not far enough
to escape the halo potential well altogether) is then re-accreted on
to the halo from z ~ 2, when the gas fraction begins to increase. A
similar (but delayed) trend can be seen for the lower fg,s sample,
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Figure 5. The redshift evolution of central BHs and their haloes within
the z = 0 mass range 13.75 < log;o(Msgo) < 14 split into the 90th (upper,
red) and 10th (lower, navy) percentiles of the fg,s distribution at z = 0.
Solid lines show the median trend per sample, and shaded regions enclose
the 16th-84th percentile range. (Top) The evolution of median halo mass,
M09, with redshift. (Centre) BH mass, Mpy, as a function of redshift. Solid
lines show the median central BH masses for the upper (red) and lower
(navy) fgas samples, and dashed lines show the upper (pink) and lower
(light blue) median satellite BH population masses. Dotted lines indicate
the total accreted BH mass per sample. The inset panel shows the nor-
malised number of BHs per redshift interval against the redshift at which
these BHs were formed, Zgeeq. (Bottom) Gas fraction within Rsoo, fgas,
as a function of redshift. Haloes that collapse earlier form central BHs
earlier, leading to earlier gas expulsion and re-accretion, and resulting in
a relatively high gas fraction compared to haloes of the same present-day
mass that formed later.
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Figure 6. The evolution of the halo gas fraction as a function of
halo mass, Msg, for haloes selected within the upper (red) and
lower (navy) 10th percentiles of thefg,s distribution at z =0 within
13.75 < log;((Ms00/Mg) < 14. For each BH/halo system, the main pro-
genitor is tracked across redshift, producing an evolutionary track in the
JSeas=Msooplane. Solid lines show the median evolutionary track for each
sample, computed in bins of Msgo, while the shaded regions enclose the
16th-84th percentile range of the track distributions. The vertical black
dashed line marks the halo mass at which BHs are seeded in FLAMINGO,
Mgeeq = 2.757 x 101'Mg. The depletion of gas occurs when haloes reach
a characteristic mass threshold, but the redshift at which this occurs de-
termines how efficiently that gas is expelled and subsequently re-accreted.

wherein feedback begins at z &~ 5 and re-accretion begins at z ~
1.5. These systems experience significantly more quenching due
to the ejection of gas at a fixed halo mass being more effective at
later times (as halo binding energy ¢ o« —M>/3(1 + z)). Interest-
ingly, the lower f,,s sample’s gas fraction plateaus after z ~ 0.4
coinciding with a similar flattening in the halo mass growth.
This suggests that the stunted re-accretion may be linked to the
reduced deepening of the halo potential well at late times.

For both samples, the formation of satellite BHs begins at z ~
5, with the vast majority being formed below z ~ 1. While the
formation epochs are similar, high fg.s haloes at z = 0 host about
50 per cent more satellite BHs, primarily because their higher
halo masses naturally imply richer satellite populations. Despite
this numerical advantage, satellite BHs in the lower fg,, sample
begin growing in mass earlier and ultimately reach much higher
combined masses, comparable to that of their central BHs. This
anti-correlation between central and satellite BH mass may be
explained by the growth histories of their host galaxies: satellite
galaxies originate as centrals, form a BH, and evolve before being
accreted into the group or cluster, where ram-pressure stripping
truncates their growth. Satellites that fall in later can therefore
grow their BHs for longer, potentially accounting for the higher
satellite masses in the lower fg, sample. Alternatively, these
results may point to a direct physical connection between cen-
tral and satellite BHs, suggesting some form of mutual regula-
tion or quenching. We explore this possible ‘proximity effect’ in
Section 5.

The ejection and re-accretion of halo gas can be seen in Fig. 6,
which shows the same upper and lower fz,s samples as before.
The main progenitor haloes are tracked through the same redshift
range as Fig. 5. For each BH/halo system, the halo gas fraction

MNRAS 549, 1-15 (2026)

920z aunp Gz uo 1sanb Ag $678898/SH60RIS//61S/81011B/SEIUW/WO0D dNO"dIWSpEI.//:SdNY WO} PPEOJUMO(]



10 E. E. Costello et al.

t[Gyr]
20 4.0 6.0 8.0 10.0 12.0
TrrorTre | LA B B B T
feas Sample Aperture
—— Upper ™= R2s00
0.20 bp R
=== Lower ™= I{500
0.15
S
é‘)
0.10
0.05
\~_-__-
| IPETE B 1 | IR B L | PR S T T L
10.06.040 20 1.0 05 0.1

z

Figure 7. The gas fraction history as a function of redshift in haloes
within the z =0 mass bin 13.75 < log;,(Mso0/Mp) < 14 for differ-
ent apertures: fgas, Ryspo(2)s feas, Rsoo (2)s faas, Rago (2)> ANA fias, 5xRso (2)-
Darker coloured lines represent the gas fraction within smaller apertures.
The solid lines indicate the haloes within the 90th (upper) percentile of
feas atz = 0 and the dashed lines the 10th (lower) percentile. Gas fractions
decline sharply at the onset of AGN feedback, with smaller apertures
showing earlier and stronger depletion. At late times, re-accretion be-
gins from the outside-in, with larger apertures increasing in gas fraction
earlier.

and M5 are recorded at each redshift, producing an evolution-
ary track in the fgs—Msoo plane. The median evolutionary track
for each sample is then computed from these individual tracks
in bins of M5 and plotted as a solid line. The shaded regions
indicate the 16th-84th percentile range of the track distributions.
In both cases, gas ejection begins at halo masses above the scale
where BHs are seeded (indicated by the vertical dashed line), but
the redshift at which this occurs is not fixed. Instead, the halo
formation history determines when the mass threshold for BH
formation is crossed, and thus when feedback is triggered, which
in turn sets both the timing and efficiency of gas ejection and re-
accretion. C. M. Booth & J. Schaye (2010, 2011) and W. Elbers et
al. (2025) likewise found that the halo formation epoch regulates
the onset of BH growth and the subsequent expulsion of gas.
Exactly why the feedback is more/less effective if haloes cross this
mass threshold at different times is an interesting question: later-
triggered feedback may leave less time for re-accretion, while it
may also be intrinsically more effective at low redshift when halo
and cosmic gas densities are lower. Additionally, as the galaxy
around the BH varies with redshift, the effects of stellar feedback
may also be significant.

To explore re-accretion further, we examine the redshift evolu-
tion of halo gas fractions within multiple apertures: Ras00, Rs00,
R0, and 5 x Rsgp, With spherical overdensity quantities com-
puted using SOAP. These results are shown in Fig. 7, with larger
apertures indicated by progressively lighter shades for the upper
(solid) and lower (dashed) fg.s samples.

Across all apertures, gas fractions initially decline at the onset
of central BH feedback. Smaller apertures lose gas earlier and
more severely, as these are closer to, and therefore more affected
by, the central BH. For both samples, the strongest reduction
occurs within R,sy9, Which loses approximately 80 per cent of
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its original gas content, and shifts from being the most gas-rich
aperture to the most gas-poor. The fractional loss decreases with
increasing aperture size, such that the ejection beyond 5 x Rsgo is
relatively modest.

The lower- fg, sample, whose central BH feedback begins later,
consistently shows stronger depletion across all apertures. This
provides further evidence that feedback is more effective at lower
redshift, as discussed previously.

Signs of re-accretion are visible in all but the largest aperture.
For both samples, the recovery begins first within R,q, followed
by Rspo and then R,so9, consistent with an outside-in accretion
scenario. Although the gas fraction within 5 x Rsopy remains rel-
atively unaffected, there is a large increase in the gas fraction
within smaller radii, suggesting that some gas which has been
ejected, but not beyond 5 x Rsg, has fallen back in, providing
indirect evidence for the re-accretion of previously ejected gas.
Although re-accretion proceeds efficiently at intermediate red-
shifts, it appears to plateau at late times. At this particular mass
scale (Msgy ~ 10'* M), only a fraction of the original gas content
is restored, showing that BH feedback causes long-lasting sup-
pression. The largest aperture exhibits the weakest gas depletion
and no obvious sign of re-accretion. Note that for the upper fgs
sample, most of this depletion is on account of star formation
rather than gas ejection.

To distinguish whether the observed recovery of gas is, in fact,
a result of the re-accretion of previously ejected gas (as opposed
to accretion of previously unassociated gas), we track the gas par-
ticles that reside within Rsyo of haloes in the upper and lower fgs
samples at z = 0. We broadly classify a gas particle as re-accreted
if it previously resided within Rsqy of a halo, was subsequently
ejected beyond that radius, and later re-entered within Rsyy of
a halo. Note that because of the hierarchical nature of halo as-
sembly, asking whether a particle was ejected and re-accreted on
to a system is a somewhat nuanced question. Broadly speaking,
one can define three re-accretion channels. The first channel,
which we label ‘Main — Main’ corresponds to gas which was
originally within Rsoo of a halo on the main progenitor branch,
was ejected outside of Rsy, and was later re-accreted on to this
same main progenitor halo. We expect this channel to be the
dominant source of re-accreted gas. The second channel, ‘Other
— Main’, describes gas that originally resided within Rsqy of a
halo outside of the main progenitor branch, was expelled, and
subsequently accreted on to the main progenitor halo. We still
refer to this as re-accretion, since in the absence of feedback this
gas would have ended up in the final system. The final channel,
‘Other — Other’, is associated with gas that originated within Rs
of a halo outside of the main progenitor branch, was expelled,
and subsequently re-accreted on to another (or the same) halo
outside of the main progenitor branch. The gas in this channel is
delivered to the final system via a merger on to the main branch.

From our analysis we find the ‘Other — Other’ channel makes
a negligible contribution to the final gas fraction of haloes. The
‘Other — Main’ channel is more significant (contributing up to
~10 per cent) of the final gas mass within Rsy, but, based on
how this channel is defined, it is difficult to distinguish gas that
was once in another halo, ejected, and then accreted on the main
progenitor branch from a scenario where gas is ram pressure
stripped from an infalling satellite. We therefore focus our analy-
sis on the most significant (and unambiguous) channel, ‘Main —
Main’, where gas is ejected from and re-accreted on to the main
progenitor branch.
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Figure 8. (Top) The mass fraction of gas particles from the upper (red)
and lower (navy) fgas samples that have, at some epoch, been ejected from
and subsequently re-accreted into Rsyp of a halo on the main progeni-
tor branch, fre accreted, @ @ function of radius, r/Rso9. The re-accretion
fraction within main progenitor haloes increases with radius, consistent
with an outside-in re-accretion scenario. (Bottom) The cumulative PDF
(normalized to z = 0) of the redshift of re-accretion; i.e. the redshift at
which a gas particle is first identified as having re-entered Rsgo of the main
progenitor halo from which it was ejected at an earlier time. Gas particles
in upper fgas sample are re-accreted earlier than in the lower fgas sample,
consistent with Fig. 5.

Algorithmically, our approach is as follows for the ‘Main —
Main’ channel. We select all gas particles that lie within Rsy
of systems in the upper and lower fg,s samples. We then trace
these particles back in time using their unique particle IDs,
extracting their properties from every available snapshot (at red-
shifts z =0, 0.1,0.2, 0.3,0.4,0.5,0.75,1, 1.5, 2, 3, 4, and 5). We
use the HBT-HERONS merger trees for each halo in the fg,, sam-
ples and record whether or not a given gas particle is within
Rsoo of the main progenitor halo at each snapshot. As already
described, a particle is flagged as being re-accreted if it previously
resided within Rsq of the main progenitor halo, was subsequently
ejected beyond Rsy, and later re-entered within Rso of the main
progenitor.

The top panel of Fig. 8 shows the mass fraction of gas particles
that have been re-accreted into haloes in the main progenitor
branch by z = 0, fie.accreted, il shells of Rsq for the upper (red) and
lower (navy) fgs samples. We note that, because of the limited
number of snapshots and their wide cadence, these re-accretion
fractions are likely an underestimate, as gas particles that are
ejected from and subsequently re-accreted into a halo between
consecutive snapshots are not captured by our analysis.

The maximum fre-accreted T€aChes 34 per cent in the upper and
29 per centin the lower fy,s sample. Across all radii, the upper fgas
sample exhibits a systematically higher fie.accreted than the lower
feas sample, reflecting the earlier onset of re-accretion in the
former. The increase in the overall gas fraction due to main pro-
genitor re-accretion is consistent with the increase in fg,s shown
in the bottom panel of Fig. 5. This is also reflected in the bottom
panel of Fig. 8, which shows the cumulative PDF (normalized to
z = 0) for the redshift of re-accretion i.e. the snapshot redshift at
which a gas particle is first identified as having re-entered Rsy
of the main progenitor halo from which it was ejected at earlier
times. The earlier onset of re-accretion in the upper fgs sample
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can be seen explicitly. The staircase pattern reflects the limited
number of snapshots and their relatively wide temporal spacing.
Nevertheless, the distribution remains informative for exploring
the overall trend.

Returning to our earlier hypothesis, we find that haloes with
above-average present-day gas fractions tend to have grown ear-
lier in cosmic time. These early-forming haloes form their cen-
tral BHs at higher redshifts, enabling prolonged accretion-driven
growth. As a result, these BHs reach higher masses and become
overmassive relative to the general population. By z ~ 6, strong
AGN feedback from the central BH expels a significant fraction of
the halo gas to large radii, and effectively quenches further accre-
tion. While the central BH may continue to grow via mergers and
remain overmassive, the growth of satellite BHs is suppressed,
resulting in a larger population of low-mass satellites at z = 0. As
the halo continues to evolve, previously ejected gas begins to re-
accrete, leading to arise in fgas around z ~ 1.5. Asshown in Fig. 7,
this re-accretion proceeds in an outside-in fashion. Evidence for
re-accretion was also reported by L. Lucie-Smith et al. (2025), who
found that both the amount of gas recaptured and the redshift at
which it occurs depend on halo mass and feedback strength in
various FLAMINGO runs.

The evolutionary pathway differs for haloes with below-
average present-day gas fractions. These haloes assemble later
than those in the upper sample, resulting in a delayed formation
of their central BHs. Central BH growth begins around z = 5,
coinciding with the appearance of satellite BHs. Due to the de-
layed onset, the central BHs reach lower masses and the satellites
reach higher masses by the time significant feedback occurs. Nev-
ertheless, this feedback is more impactful, as it occurs at a lower
redshift, when gas densities and binding energies are smaller.
Gas re-accretion is also delayed relative to the upper sample and
is much less efficient, possibly due to accretion on to satellite
galaxies in the halo outskirts.

Understanding the role of satellite BHs in this context is non-
trivial. In particular, it remains unclear how satellite BHs in the
lower sample grow to significantly higher masses despite their
lower numbers. We examine this in detail in Section 5, where we
explore the radial distributions of these BH populations.

5 THE PROXIMITY EFFECT

In Fig. 3, we observed an anticorrelation between the scatter
in central and satellite BH masses: haloes hosting overmassive
central BHs tend to have undermassive satellite BH populations,
and vice versa. Furthermore, Fig. 5 showed that, within the mass
bin 10137 Mg < Msg < 10*M,,, haloes with high gas fractions
and overmassive central BHs contain approximately 1.5 times
as many satellite BHs as their low- fy,s counterparts. However,
despite their greater number, the satellites in these high- fo,
haloes are significantly less massive compared to those in low-
Jfeas haloes. The latter grow to much higher masses, such that
their total mass becomes comparable to that of the central BH by
low redshift. This raises a key question: what suppresses satellite
BH growth in the high-fs.s (upper) sample, or conversely, what
drives the enhanced satellite BH growth in the low- fg,s (lower)
sample?

One possibility is that the relevant processes occur during pre-
processing, before the satellite BHs (and their sub-haloes) fall into
groups. Although satellites in the upper and lower f,,s samples
are formed at similar epochs (see Fig. 5), those in the lower fg,s
sample may reside in sub-haloes with later infall times, allowing
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them to accrete efficiently from a local gas supply for longer. By
the time these sub-haloes fall into the group environment and
lose gas through ram-pressure stripping, their BHs are already
more massive.

Alternatively - or additionally, since the two effects need not
be independent - these results may suggest a form of mutual
quenching, wherein feedback from central BHs suppresses accre-
tion on to surrounding BHs destined to become satellites of the
main progenitor halo. In this scenario, the early, intense feedback
from the upper fg,s sample central BHs inhibits the growth of
their satellite BHs, producing haloes with many satellites but
relatively little satellite BH mass. To explore these scenarios, we
examine the redshift evolution of radial profiles centred on the
central BH.

For the same two central BH samples described before (com-
prising 710 BHs each from the upper and lower 10th per-
centiles of the fy, distribution within the halo mass bin
1037°Mg < Mspp < 10Mg, at z = 0) we construct radial pro-
files centred on each central BH. Specifically, we define a sphere
of radius 100 physical Mpc around each central BH and perform
a nearest-neighbour search to identify all BHs within this region,
excluding the central BH itself to avoid skewing average quanti-
ties. The resulting radial distributions from all spheres in a given
sample are then aggregated. This procedure is repeated at each
available snapshot across the redshift range z = 0 — 5.

Fig. 9 shows the radial number density profiles multiplied by
r?, n(r)r?, for the upper (red) and lower (navy) fg.s samples, with
each panel corresponding to a different redshift. In each panel,
the z = 0 profiles are shown as faint dot-dashed lines for refer-
ence. The dashed vertical line indicates the median virial radius
of haloes in both samples, Ry, using the definition presented in
G. L. Bryan & M. L. Norman 1998, with the upper and lower fg,
samples shown in red and navy, respectively. In the same colours,
the dotted line marks the median Rsq for each sample. The upper
feas sample consistently contains a higher number of BHs than
the lower fg.s sample, even up to z = 5, with most forming after
z ~ 0.5. As discussed earlier, this is likely due to these haloes be-
ing slightly more massive, and hence containing more satellites.
In fact, the upper fgs sample remains dominant in BH number
density over the entire redshift range.

Fig. 10 shows the radial BH mass density profiles multiplied
by r2, p(r)r?, for both samples across the redshift range, fol-
lowing the same formatting as Fig. 9. Unlike the BH number
density profiles, the BH mass is not always most concentrated
near the central BH. At z ~ 3, we observe a suppression in the
central mass density of the lower fy,s sample, which coincides
with the onset of feedback in these haloes. This suppression
begins to diminish by z &~ 1.5. Interestingly, although the upper
feas sample has a larger BH number density across all redshifts,
it only has a larger BH mass density until z ~ 1.5. After this
point, the lower f,s sample overtakes it in BH mass, indicating
that although this sample has fewer satellite BHs by number, the
combined mass of the satellite BHs becomes significant at low
redshift.

In addition to the number and mass density profiles, we have
also examined the fraction of satellite BHs that are actively ac-
creting gas (using their instantaneous accreting rates) as function
of radius from the central BH and redshift. Consistent with the
mass density profile trends shown in Fig. 10, we find that a larger
fraction of satellite BHs within a few Mpc of the central BH are
actively accreting gas in the low fg,, sample compared to the
upper fgs sample below z ~ 1.5.
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Figure 9. Radial number density profiles of BHs centred on the central
BHs of the upper (red) and lower (navy) z =0 fgs samples, shown at
various redshifts. In the same colours, the median virial radius, Ry,
for each sample is indicated by the vertical dashed line, while Rsg is
shown by the vertical dotted line. Faint dot-dashed lines in red and navy
show the corresponding z = 0 profiles for reference. Haloes with high gas
fractions at z = 0 have more satellite BHs across the entire redshift range.

While these trends have established the time frame over which
the anticorrelation in gas fraction and satellite BH mass is es-
tablished (i.e. below z ~ 1.5) they do not allow us to defini-
tively distinguish between the two physical scenarios (central BH
quenching of satellites versus differences in the environmental
processing of the satellites) discussed above. We leave a more
detailed analysis of these possibilities for future work.

6 SUMMARY AND CONCLUSIONS

The gas fractions of galaxy groups and clusters provide a key
observational link between astrophysics and cosmology in LSS.
Several modern cosmological simulations and analytic models
are calibrated against the median gas fraction-halo mass relation
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Figure 10. Radial mass density profiles of BHs centred on the central
BHs of the upper (red) and lower (navy) z =0 fgs samples, shown at
various redshifts. The median virial radius, Ry, for the upper and lower
Jfeas samples is indicated by the vertical dashed line, while Rsgo is shown
by the vertical dotted line, in red and navy, respectively. Faint dot-dashed
lines in red and navy show the corresponding z = 0 profiles for refer-
ence. Although the upper fg,s sample maintains a consistently higher BH
number density of satellites across all redshifts, it only dominates in BH
mass density until z = 1.5 (see Fig. 9), after which the lower gas fraction
sample overtakes. Despite hosting fewer satellites by number, the lower
Jfeas sample’s BHs grow to be more massive by low redshift.

of massive systems, but this relation exhibits substantial intrinsic
scatter that has not received much attention in the literature.
Understanding the physical drivers of this scatter is likely to be
crucial for both interpreting observations and improving models
of feedback.

J. J. Davies et al. (2019, 2020) previously identified a negative
correlation between fg,s and central Mpy for haloes of 10'-° Mg, <
My < 101*Mg. However, whether this result also extends to
groups and clusters was unclear, due to the limited simulation
volumes employed in those studies. Furthermore, groups and
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clusters also host massive satellite BHs, whose combined masses
- and therefore cumulative feedback - are comparable to that of
their centrals.

The aim of this work was therefore not only to probe
higher halo masses, but also to disentangle the relative roles of
central and satellite BHs in shaping the gas content of massive
haloes across cosmic time. To achieve this, we employed the high-
resolution 1 Gpc-a-side FLAMINGO simulation, calibrated to re-
produce observed median gas mass fraction—-halo mass relation
of low-z groups and clusters as well as the present-day galaxy
stellar mass function. We examined the scatter around the fg,s—
M relation and its dependence on the total, central, and satellite
BH population masses, before tracking a sub-set of BHs through
cosmic time, to understand how their assembly histories have
shaped their present-day gas content. Our main results are as
follows:

(i) Consistent with previous studies, we find a negative corre-
lation between fg,s and central Mgy /Mg, median fOr haloes with
Msp < 10'2°Mg, at z = 0. At low halo masses, therefore, galaxies
hosting overmassive central BHs reside in gas-poor haloes, while
undermassive BHs reside in gas-rich haloes. This confirms that
a major source of scatter in the fg.s—Msgo relation is due to AGN
feedback from the central BH (Fig. 3, top). The scatter is driven by
a form of assembly bias, whereby early-collapsing (and more con-
centrated) haloes form their central BHs faster leading to more
efficient early gas ejection compared to later forming haloes of
the same mass.

(ii) For more massive haloes (101*Mg < M5y < 10*5M,, at
z = 0), this trend reverses: fy,s correlates positively with central
Mg /Mgh, median- Overmassive central BHs in this regime are as-
sociated with relatively gas-rich haloes (Fig. 3, top).

(iii) Satellite BH populations exhibit the opposite behaviour:
low-mass, gas-poor haloes (and high-mass, gas-rich haloes) host
undermassive satellite BH populations, and vice versa. This es-
tablishes a clear anticorrelation between central and satellite BH
masses — haloes with an overmassive central BH are likely to host
an undermassive population of satellite BHs (Fig. 3, bottom).

(iv) Across almost all halo masses, central BHs dominate the
dependence of fgs—Msgo scatter on BH mass. Only in the most
massive haloes (Msy > 10'%°M,), where the combined mass of
satellite BHs approaches that of the central BH (Fig. 1), does this
correlation weaken (Fig. 2). Whether this reflects weaker feed-
back in deep potential wells, significant satellite BH feedback, or
limited statistics remains unclear.

(v) The correlation between fgs and central Mgy /Mgy, median
evolves with redshift. At z > 1.5 (maximum Msy, ~ 10'3°M,,),
the correlation is uniformly negative: overmassive (undermas-
sive) BHs reside in gas-poor (gas-rich) haloes regardless of halo
mass (Fig. 4, top left). At 1.5 <z < 0.25 (maximum Msy ~
10'4#M,,), the trend reverses for M5y, > 10'*M,, with overmas-
sive BHs in group-scale haloes increasingly linked to high gas
fractions. By z = 0.75, the relation is degenerate, with overmas-
sive BHs found in both extremely gas-rich and gas-poor haloes
(Fig. 4, top right). By z =0, the reversal is complete: above
(below) My = 10*M,, overmassive (undermassive) BHs are
hosted by gas-rich (gas-poor) haloes (Fig. 4, bottom right).

(vi) By tracking progenitor haloes (within 10837Mg <
Msp(z = 0) < 10M) and BHs with extreme gas fractions
at z = 0 through cosmic time, we probe this surprising reversal
and find that haloes with above-average present-day gas fractions
assembled earlier in time (Fig. 5, top), so form their central BH
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at higher redshift, enabling prolonged accretion-driven growth
such that they become overmassive relative to the general BH
population (Fig. 5, centre). An earlier onset of strong AGN
feedback then expels around half of the halo gas from Rsg
(Fig. 5, bottom) as well as beyond 5 x Rsy (Fig. 7). At z = 1.5,
outside-in re-accretion begins (Figs 8, 7, 5 bottom), where
previously ejected gas begins to re-accrete, driving their recovery
to high gas fractions.

(vii) On the other hand, haloes with below-average present-day
gas fractions assemble later (Fig. 5, upper), delaying the forma-
tion and growth of their central BHs (Fig. 5, centre) and allowing
more time for satellite BHs to grow. Central BH feedback at lower
redshift depletes a higher amount of gas (Fig. 5, bottom), and
re-accretion is not as efficient, resulting in a below-average gas
fraction at the present-day (Fig. 7).

(viii) Our results show that the resulting halo gas fractions
depend on the early formation history of the halo and its BHs. In
particular, haloes that form earlier also have earlier forming BHs
that expel gas from the main progenitor system earlier. However,
such early-forming systems ultimately (by z = 0) tend to be less
efficient at expelling gas, possibly because there is more time for
re-accretion compared to later forming haloes which expelled
their gas more recently (Fig. 6).

In the final stages of preparing this article, Marini et al. 2025
presented an analysis of the X-ray detectability of galaxy groups
in the relatively large Magneticum Box2/hr run, which is 500
Mpc on a side. In particular, they explored the link between BH
feedback, hot gas fractions, and X-ray detectability. Interestingly,
at z = 0 they found an anticorrelation between BH mass and
hot gas fraction over the entire mass range (10'>°Mg < M5y <
10'*5My,) they explored; see their fig. 9. On the other hand, our
study using the FLAMINGO simulations shows a reversal of this
trend above Msy =~ 10'*°My. The origin of this difference in
findings is unclear, but may stem from differences in the AGN
feedback prescriptions of the two simulations. In this regard, it is
interesting to note that Magneticum has a dual model for AGN
feedback, where the efficiency of feedback is strongly elevated at
low accretion rates (which occurs predominantly in more mas-
sive systems and at later times). In FLAMINGO, the feedback
efficiency is independent of accretion rate. It is particularly in-
teresting that their systems with relatively lower gas fractions at
z = 0 are continuing to eject substantial quantities of gas even
at the present day (see their fig. 5) while haloes with relatively
higher gas fractions are in a re-accretion phase. This differs from
FLAMINGO, where both the lower and upper fgs samples we
have defined are firmly in a re-accretion phase and have been so
since at least z &~ 1.5. It would be instructive to perform a more
direct comparison between these and other simulations, which
we leave for future work.

In summary, we find that the scatter in the present-day fgas—
M relation at the group and cluster scale is strongly influenced
by the early growth history of central BHs and their host haloes.
While the importance of high-redshift gas ejection in shaping
present-day gas fractions is not unexpected, our results highlight
how the formation history and growth of BHs play a decisive role
in determining large-scale baryonic structure. Testing these ideas
observationally will require joint measurements of BH masses
and halo gas fractions, ideally in statistically large samples. Up-
coming and ongoing efforts from surveys such as MASSIVE,
which directly measures central BHs in the most massive nearby
galaxies, to future high-resolution X-ray and Sunyaev-Zel'dovich
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programmes with facilities such as eROSITA, will provide crucial
data for confronting these predictions and disentangling the roles
of central and satellite BHs in shaping halo gas content.
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