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A B S T R A C T 

The co-evolution of massive black holes (BHs) and their host galaxies is well established within the hierarchical galaxy formation 

paradigm. Large-scale cosmological simulations are an ideal tool to study the repeated BH mergers, accretion and feedback that 
conspire to regulate this process. While such simulations are of fundamental importance for understanding the complex and 

intertwined relationship between BHs and their hosts, they are plagued with numerical inaccuracies at the scale of individual BH 

orbits. To quantify this issue, taking advantage of the (100 h−1 cMpc )3 FABLE simulation box, we track all individual BH mergers 
and the corresponding host galaxy mergers as a function of cosmic time. We demonstrate that BH mergers frequently occur 
prematurely, well before the corresponding merger of the host galaxies is complete, and that BHs are sometimes erroneously 

displaced from their hosts during close galaxy encounters. Correcting for these artefacts results in substantial macrophysical 
delays, spanning over several Gyrs, which are additional to any microphysical delays arising from unresolved BH binary 

hardening processes. We find that once the macrophysical delays are accounted for, high-mass BH merger events are suppressed, 
affecting the predictions for the BH population that may be observable with LISA ( Laser Interferometer Space Antenna ) and 

pulsar timing arrays. Furthermore, including these macrophysical delays leads to an increase in the number of observable dual 
active galactic nuclei, especially at lower redshifts, with respect to FABLE . Our results highlight the pressing need for more 
accurate modelling of BH dynamics in cosmological simulations of galaxy formation as we prepare for the multimessenger era. 

Key words: gravitational waves – methods: numerical – galaxies: kinematics and dynamics – quasars: supermassive black hole –
black hole mergers. 
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 I N T RO D U C T I O N  

bservations provide compelling evidence that most, if not all, 
assive galaxies host a central supermassive black hole (SMBH) 
ith masses ranging from 106 to 1011 M� (Magorrian et al. 1998 ; 
ichstone et al. 1998 ; Kormendy & Ho 2013 ). Furthermore, these
bservations suggest a relation between SMBHs and their host 
alaxies, with the SMBH mass being found to correlate with key 
tellar properties, such as bulge luminosity, mass, and velocity 
ispersion (Magorrian et al. 1998 ; Gebhardt et al. 2000 ; Ferrarese
002 ; Tremaine et al. 2002 ; Marconi & Hunt 2003 ; Häring & Rix
004 ; Gültekin et al. 2009 ; Kormendy & Ho 2013 ; McConnell & Ma
013 ). These relations suggest an evolutionary link between SMBHs 
nd their host galaxies, influenced by processes such as galaxy 
ergers, active galactic nuclei (AGNs) and stellar feedback (Di 
atteo, Springel & Hernquist 2005 ; Sijacki et al. 2007 ; Hopkins et al.

008 ; Somerville et al. 2008 ; Dubois et al. 2016 ; Terrazas et al. 2020 ).
owever, significant uncertainties remain in these scaling relations 
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nd their evolution across cosmic time (Merloni et al. 2009 ), with
bservations from the James Webb Space Telescope ( JWST ) starting
o provide better constraints on these relations at higher redshifts (see
.g. Maiolino et al. 2024 ). 

In the � -cold dark matter model, galaxies are expected to undergo
ergers throughout the history of the Universe. When both galaxies 

nvolved in a merger host a SMBH, it is expected that a SMBH
inary will form, which may eventually lead to coalescence. Before 
he two merging galaxies coalesce into a single system, it is the
alaxy merger process itself that drives the shrinking of the SMBH
eparation, as the black holes (BHs) remain gravitationally bound to 
he centres of their respective host galaxies. Once the galaxies merge
o form a unified remnant, the continued orbital decay of the SMBH
inary is governed by a series of physical processes operating across
ifferent time and length scales, as outlined in the seminal work of
egelman, Blandford & Rees ( 1980 ). 
During the galaxy merger, the two BHs are still an unbound pair

nd migrate toward the centre of the host galaxy via dynamical
riction (DF, Chandrasekhar 1943 ; Binney & Tremaine 2011 ). As a
H moves through a background of gas, stars, and dark matter (DM),

t generates a wake that exerts a gravitational drag force on the BH,
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ausing it to slow down (Chandrasekhar 1943 ; Antonini & Merritt
012 ; Dosopoulou & Antonini 2017 ). When the binding energy of
he BH pair exceeds the average kinetic energy of the surrounding
tars, the system transitions into a ‘hard’ binary (Binney & Tremaine
011 ). At this stage, DF becomes inefficient, and one of the primary
echanisms for orbital energy extraction is stellar scattering. Stars
ith sufficiently low angular momentum, residing in the so-called

oss-cone of parameter space, interact with the binary. These inter-
ctions transfer energy from the binary to the stars, ejecting them at
igh velocities and shrinking the binary orbit in the process (Quinlan
996 ; Khan et al. 2013 ). Additionally, in gas-rich environments,
 circumbinary disc (CBD) can exert gravitational torques on the
Hs, facilitating orbital decay at separations of approximately 0.1-
0 pc (Pringle 1991 ; Artymowicz & Lubow 1994 ; Gould & Rix 2000 ;
rmitage & Natarajan 2005 ; Lodato et al. 2009 ), with gas residing
ithin the ‘cavity’ of the CBD, such as streams and mini-discs, being

hown to have significant impact in this regime (Franchini, Lupi &
esana 2022 ; Siwek, Weinberger & Hernquist 2023 ; Bourne et al.
024 ). At sufficiently small separations ( � 10−3 pc), gravitational
ave (GW) emission becomes the dominant mechanism for energy

nd angular momentum loss, driving the binary to coalescence (Pe-
ers 1964 ). Throughout these hardening mechanisms, the BHs may
ontinue to accrete material, leading to changes in their mass and spin
s they evolve toward their final pre-merger states (Bardeen & Petter-
on 1975 ; King & Kolb 1999 ; Merritt & Milosavljević 2005 ; Gerosa
t al. 2015 ; Siwek, Kelley & Hernquist 2020 ; Bourne et al. 2024 ). 

JWST is revolutionizing our understanding of the high-redshift
MBH population, enabling detailed studies of the redshift evolution
f SMBH–host galaxy relationships out to redshifts as high as
 ≈ 10 (Pacucci et al. 2023 ; Bogdan et al. 2024 ; Juodžbalis et al.
024 ; Maiolino et al. 2024 ), and perhaps even shedding light on
he seeding mechanisms of SMBHs. Notably, JWST has identified
ual AGN at rates an order of magnitude higher than predictions
rom cosmological simulations (Perna et al. 2023 , 2025 ; Übler et al.
024 ), complementing earlier detections made using other electro-
agnetic (EM) instruments (Rodriguez et al. 2006 ; Comerford et al.

013 ; Goulding et al. 2023 ), and upcoming observations, by for
xample Euclid (Euclid Collaboration 2025 ). However, resolving
he two SMBHs involved in a merger at small separations remains
 significant challenge, with only a handful of resolved systems
eing confirmed (see e.g. Rodriguez et al. 2006 ; Trindade Falc˜ ao
t al. 2024 ). This limits the insights that can be gained into SMBH
ergers through EM observations alone. 
The advent of GW astronomy, marked by the groundbreaking

etection of merging stellar-mass BHs by the Laser Interferometer
ravitational-Wave Observatory ( LIGO , Abbott et al. 2016 ), has

evolutionized our ability to study such phenomena. Advanced LIGO
s now pushing into the intermediate-mass BH regime, with a binary
erger of mass ∼ 150 M� being detected (Abbott et al. 2020 ).
ulsar timing arrays (PTAs) have already provided evidence for a
tochastic GW background (SGWB) in the nHz range, likely sourced
y a population of merging SMBHs at the high-mass end (Agazie
t al. 2023b , a ; Antoniadis et al. 2023 ; Reardon et al. 2023 ; Xu
t al. 2023 ). In the next 10–15 years, the Laser Interferometer
pace Antenna ( LISA ) will be capable of detecting SMBH mergers
n the mass range of 104 − 107 M� out to redshifts as high as
 ∼ 20 (Klein et al. 2016 ; Amaro-Seoane et al. 2017 ; Katz &
arson 2018 ). These GW observations will provide insights into
MBH merger dynamics and probe the SMBH population (Agazie
t al. 2023b ; Sato-Polito, Zaldarriaga & Quataert 2024 ; EPTA
ollaboration & InPTA Collaboration 2024 ). Therefore, it is crucial

o develop accurate theoretical models of SMBH mergers to ensure
NRAS 542, 2019–2038 (2025)
hat GW and EM data from these instruments can be interpreted
ffectively. 

Cosmological hydrodynamical simulations have been essential in
nderstanding the population of SMBHs in our Universe and their
elation with host galaxy properties (see e.g. Sijacki et al. 2015 ;
abouzit et al. 2021 ). In anticipation of upcoming GW observations,

hese state-of-the-art simulations are now being used to better
nderstand the merging population of SMBHs and make predictions
or both merger rates (Kelley, Blecha & Hernquist 2016 ; Khan et al.
016b ; Salcido et al. 2016 ; Chen et al. 2022b , 2025 ; Li et al. 2024 )
nd complementary EM observations of dual AGN (Rosas-Guevara
t al. 2019 ; Volonteri et al. 2022 ; Chen et al. 2023a ; Puerto-Sánchez
t al. 2025 ). 

Despite their varying degrees of success in explaining the prop-
rties of SMBHs, a fundamental challenge for these simulations
ies in the incomplete picture of SMBH seeding mechanisms (In-
yoshi, Visbal & Haiman 2020 ). FABLE , the simulation used in
his work (Henden et al. 2018 ; Henden, Puchwein & Sijacki
019 , 2020 ), together with other widely used simulations adopt a
implistic seeding prescription, placing BH particles with an initial
ass of ∼ 105 M� at the centres of haloes that exceed a certain

hreshold mass (Sijacki et al. 2007 ; Matteo et al. 2008 ; Henden
t al. 2018 ). Although recent efforts have aimed to improve these
eeding models (DeGraf & Sijacki 2019 ; Bhowmick et al. 2024 ),
hey remain a major limitation in capturing the true nature of the
ormation of SMBHs and can significantly affect not just the SMBH
umber density but also SMBH population mass growth through the
erging channel. 
SMBH mergers in cosmological simulations are also hindered by

umerical effects. These arise from the coarse assumptions necessary
o make simulations of large cosmological volumes computationally
easible. A primary limitation is the relatively low spatial resolution
n large-scale cosmological simulations, which typically causes BHs
o merge at separations of several kiloparsecs, bypassing many of
he important hardening mechanisms discussed earlier (Vogelsberger
t al. 2013 ). This issue is well recognized, and to address it,
any authors have applied post-processing techniques to estimate

ime delays at sub-kpc scales, based on the properties of the host
alaxy of the remnant BH (Kelley et al. 2016 , 2017 ; Sayeb et al.
020 ; Li et al. 2022 ). Idealized simulations, performed at much
igher spatial resolution, have also been employed to study SMBH
ergers in greater detail and better constrain hardening processes

t specific scales (Siwek et al. 2023 ; Bourne et al. 2024 ), although
his comes at the cost of sacrificing the statistical power derived
rom larger volumes. More recently, significant progress has been
ade in incorporating these hardening mechanisms directly into

osmological simulations (Mannerkoski et al. 2021 ; Li et al. 2024 ).
n addition to missing out on these important hardening mechanisms,
 consequence of low spatial resolution is that BH particles might
e merged prematurely when two host galaxies undergo close
ncounters during the galaxy merger process (Damiano et al. 2024 ).

Another significant limitation is the challenge of modelling DF
cting on BH particles in cosmological simulations. In these sim-
lations, the masses of surrounding DM, stellar, and gas resolution
lements are often comparable to or exceed those of the BH particles,
specially before the BHs have been able to significantly gain mass,
eading to erratic scattering by the environment and the consequent
heating’ of the BH orbit (see e.g. Power et al. 2003 ; Ludlow
t al. 2019 , for a general discussion and analysis of these issues).
his issue is closely related to, and further exacerbated by, the
eed to ‘soften’ gravitational interactions. In typical cosmological
imulations, the relatively large softening length value (of the order
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f ∼ 102 − 103 pc), by definition reduces the gravitational interaction 
trength between the BH and surrounding matter below this scale. 
his effectively sets a lower limit on the minimum impact parameter 

hat contributes to the drag force on the BH thus greatly limiting
ur ability to resolve DF in cosmological simulations (Merritt 1996 ; 
thanassoula et al. 2000 ; Power et al. 2003 ; Genina, Springel &
antala 2024 ). As a result, SMBH orbits in simulations are frequently
nrealistic, with BHs either wandering away from the central regions 
f their host galaxies or failing to sink efficiently to the galactic
entre. Since galactic nuclei are typically the densest regions of 
alaxies, these inaccuracies in BH orbits can lead to erroneous SMBH 

ccretion rates, affecting the strength of feedback processes and, as 
 consequence, the environmental coupling of SMBHs (Callegari 
t al. 2011 ; Ragone-Figueroa et al. 2018 ). Moreover, the motion
f BH particles involved in numerical SMBH mergers, even when 
bove the spatial resolution, can remain unrealistic. 

Orbit heating and wandering of BH particles are well-known 
umerical artefacts in cosmological simulations, and different ap- 
roaches have been developed to mitigate these effects. For example, 
he ILLUSTRIS and ILLUSTRIS TNG simulations (Genel et al. 2014 ; 
ogelsberger et al. 2014 ; Sijacki et al. 2015 ; Weinberger et al. 2016 ;
illepich et al. 2017 ), and similarly FABLE (Henden et al. 2018 ), adopt
 ‘repositioning’ technique. In this method, BH particles are moved 
owards a local minimum of the gravitational potential within the BH
moothing length at each time-step (Springel, Di Matteo & Hernquist 
005a ; Matteo et al. 2008 ; Sijacki et al. 2015 ; Ragone-Figueroa
t al. 2018 ; Bahé et al. 2022 ). This approach ensures that BHs
argely remain anchored to the central regions of their hosts, enabling 

ore realistic accretion rates. However, it results in BH dynamics 
hat are inherently unphysical. More recent efforts have focused 
n incorporating unresolved DF directly into simulations using 
ub-resolution prescriptions (Petts, Gualandris & Read 2015 ; Petts, 
ead & Gualandris 2016 ; Tremmel et al. 2015 ; Pfister et al. 2019 ;
ird et al. 2022 ; Chen et al. 2022a ; Ma et al. 2023 ; Damiano et al.
024 ). These models aim to approximate DF effects more accurately 
ut often need to rely on idealized assumptions, such as specific 
elocity distributions and uniform background densities, which are 
arely valid in complex astrophysical environments like galaxy 
ergers. Genina et al. ( 2024 ) proposed a correction for unresolved
F using calibrations based on the KETJU code, which employs post-
ewtonian corrections to avoid gravitational softening in interactions 
f BHs and surrounding stars (Rantala et al. 2017 ; Mannerkoski et al.
023 ). While all these methods offer unique advantages, they also 
ave limitations. Notably, none of these approaches can accurately 
odel DF for BH particles with masses comparable to those of
M particles, which, with present mass resolution requirements of 

osmological simulations, correspond to the crucial BH seed growth 
nd merger regime. As a result, these methods are either not yet
obust enough and/or too expensive for widespread implementation 
n large-scale cosmological simulations, where accurately capturing 
H dynamics across a range of environments is essential. 
On the other hand, DF on galactic scales acting on galaxies is

ell modelled in cosmological simulations since it depends largely 
n ‘macrophysical’ properties of the galaxies, as opposed to the 
microphysical’ properties of the BH particle and its surroundings 
hich dictate the motion of SMBHs under DF (Boylan-Kolchin, 
a & Quataert 2007 ; Lotz et al. 2008 ). In this paper, we leverage

his success to explore how numerical limitations, such as low spatial 
esolution and unresolved DF on BHs, influence BH merger rates 
n the FABLE simulation. Our focus is on the initial stage of BH
ardening – namely, DF operating above the resolution limit of the 
imulation. We address this in post-processing by tracking the merger 
rocess of the host galaxies within the simulation and delaying the
H merger event until the host galaxies have merged. We emphasize

hat these time delays arise during the well-resolved phase of galactic
ynamics, and are in addition to those caused by sub-resolution 
ardening mechanisms. During these time delays, we also allow the 
Hs to accrete based on the properties of their host galaxies. We then
valuate the implications of these time delays, together with the pro-
onged accretion they result in for future EM and GW observations. 

The rest of the paper is organized as follows. In Section 2 , we
escribe the FABLE simulation used for this work, and validate the
imulated BH population against key observational data sets. In 
ection 3 , we turn our attention to the SMBH merger population in
ABLE , investigating the dynamics of BHs during galaxy interactions, 
ncluding the numerical effects leading to premature mergers, and 
he observational consequences. We discuss our main findings and 
onclude in Section 4 . 

 T H E  BH  POPULATI ON  IN  FABLE 

n this work, we use the simulation suite FABLE to investigate the
obustness of SMBH merger rates such simulations can predict. In 
his section, we will first start by analysing the population of SMBHs
n FABLE . This is not only crucial to verify the validity of using these
imulations to estimate the population of SMBH mergers, but is also
ecessary when interpreting our results in the context of present 
nd future observations. The FABLE simulation suite is extensively 
escribed by Henden et al. ( 2018 , 2019 , 2020 ) and its extension
o a larger cosmological volume by Bigwood et al. ( 2025 ). A brief
ummary is given here, with an emphasis on the modelling of BH
articles in the simulation. 

.1 Methodology: the FABLE simulation 

.1.1 Basic simulation properties 

he FABLE simulations employ the massively parallel code AREPO 

hich solves the hydrodynamic equations on a Voronoi mesh in 
 quasi-Lagrangian fashion (Springel 2010 ; Pakmor et al. 2015 ).
ravitational interactions are modelled using the TREEPM ap- 
roach whereby stars, DM and BHs are represented by collisionless 
articles. 
FABLE employs a variety of subgrid models that simulate processes 

mportant for galaxy formation. These models are largely based on 
hose employed in the ILLUSTRIS simulation (Vogelsberger et al. 
013 , 2014 ; Torrey et al. 2014 ; Sijacki et al. 2015 ), including
escriptions of star formation (Springel & Hernquist 2003 ), radiative 
ooling (Katz, Weinberg & Hernquist 1996 ; Wiersma, Schaye & 

mith 2009a ), and chemical enrichment (based on work by Wiersma
t al. 2009b ). To improve agreement with observations, the models
escribing stellar feedback (Vogelsberger et al. 2013 ) and AGN 

eedback (Di Matteo et al. 2005 ; Sijacki et al. 2007 ) were updated
n FABLE and calibrated against the local galaxy stellar mass 
unction and the gas mass fractions of observed massive groups 
nd clusters (Henden et al. 2018 ). 

The FABLE simulation suite we use in this work consists of two
arge-volume cosmological simulations, with periodic lengths of 40 
nd 100 h−1 cMpc. We will refer to these as the smaller and larger
ABLE boxes, respectively, when distinguishing between the two. 
ince we are interested in the cosmological population of SMBH 

ergers, including very massive BHs relevant for the PTA regime, 
e primarily use the larger box in this work, hereafter simply referred

o as FABLE . 
MNRAS 542, 2019–2038 (2025)
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This cosmological box is evolved from initial conditions based
n a Planck cosmology (Planck Collaboration XIII 2016 ) with cos-
ological parameters �� 

= 0 . 6935, �M 

= 0 . 3065, �b = 0 . 0483,
8 = 0 . 8154, ns = 0 . 9681, and H0 = 67 . 9 km s−1 Mpc−1 = h ×
00 km s−1 Mpc−1 . The box contains 12803 DM particles with
ass mDM 

= 3 . 4 × 107 h−1 M� and an initial number of 12803 gas
esolution elements with a target mass of m b = 6 . 4 × 106 h−1 M�,
rom which stars and BHs form. The gravitational softening length
s set to 2 . 393 h−1 kpc in physical coordinates below z = 5 and in
omoving coordinates for higher redshifts. The simulation is evolved
ntil z = 0, with the internal parameters of all the particles and gas
ells in the simulation being stored in 136 snapshots. 

.1.2 Modelling the BH population 

Hs are modelled as massive, collisionless sink particles in FABLE .
hese particles are seeded with a mass of 105 h−1 M� in DM haloes
ith a mass exceeding 5 × 1010 h−1 M� that do not already host
 BH particle. During seeding, the highest density gas cell in the
alo is converted into a BH particle (Sijacki et al. 2007 ; Henden
t al. 2018 ). The smoothing length of a BH particle is defined as the
omoving radius of the sphere enclosing the 64 nearest-neighbour
as cells around the BH (Nelson et al. 2019 ). 

As in ILLUSTRIS , and many other large-scale cosmological simula-
ions (Vogelsberger et al. 2014 ; Crain et al. 2015 ; Pillepich et al. 2017 ;
chaye et al. 2023 ), FABLE uses a repositioning scheme to ‘anchor’

he BH particles to the minimum of the host halo’s gravitational
otential. At each time-step, the simulation identifies the particle
ith the lowest gravitational potential within a sphere of radius equal

o the BH’s smoothing length, and relocates the BH particle to that
osition. This prevents spurious BH movement caused by two-body
cattering with DM or star particles which have masses comparable
o that of the BH particle, and is intended to ensure that BHs reside
t the centres of host galaxies to allow BHs to accrete and grow in a
ealistic way (Sijacki et al. 2007 , 2015 ; Bahé et al. 2022 ). 

Throughout the simulation, these BH particles grow via mergers
nd accretion (Sijacki et al. 2007 , 2015 ; Vogelsberger et al. 2013 ).
ccretion happens at an Eddington-limited Bondi–Hoyle–Lyttleton-

ike rate 

˙ BH = min 

⎡ 

⎣ 

4 παG2 M2 
BH ρ(

c2 
s + v2 

BH 

) 3 
2 

, ṀEdd 

⎤ 

⎦ , (1) 

here ρ and cs are the density and sound speed, respectively, of the
urrounding gas, vBH is the relative velocity of the BH with respect
o the surrounding gas, and α = 100 is the boosting factor (see e.g.
ijacki, Springel & Haehnelt 2009 , for a discussion about α). As
 consequence of the repositioning scheme described above, BH
elocities in the simulation are not physically meaningful and do
ot represent the movement of an SMBH in a realistic astrophysical
nvironment. Because of this, the relative velocity is neglected when
alculating the accretion rate using equation ( 1 ), which clearly may
ead to overestimation of the accretion rates (Vogelsberger et al.
013 ). The Eddington accretion rate is given by 

˙ Edd = 4 πGMBH mp 

εr cσT 
, (2) 

here mp is the proton mass and σT is the Thomson cross-section.
ccretion happens assuming a radiative efficiency of εr = 0 . 1 (Yu &
remaine 2002 ; Springel et al. 2005b ); a fraction (1 − εr ) of this
ccreted mass is added to the internal mass of the BH particle, while
he rest is made available as feedback energy. 
NRAS 542, 2019–2038 (2025)
In certain cases, the BH particle is located in an environment with
nsufficient gas pressure to compress the gas and raise the density
igher than the star formation threshold. In such cases, the α pre-
actor that is used to account for the unresolved hot and cold phases
f the subgrid interstellar medium could lead to the formation of an
nphysically large and hot gas bubble around the BH accreting from
 low-density medium. This leads to unrealistically high accretion
ates. To correct for this, in ILLUSTRIS and FABLE , the accretion rate
s multiplied by a pre-factor ( Pext /Pref )2 , when the pressure in the
nvironment of the BH particle Pext is less than Pref , a reference
ressure calculated by balancing the cooling losses in the bubble
ith the injected feedback energy from the BH. For further details
n this pressure criterion, see Vogelsberger et al. ( 2013 ). 
Feedback operates in one of two modes, and is determined by the

ddington fraction of the BH, fEdd = ṀBH /ṀEdd . For fEdd > χradio ,
 threshold set to 0.01 in the FABLE model, feedback occurs in quasar
ode in which a fraction of the bolometric luminosity ( εf = 0 . 1) is

oupled thermally to the surrounding gas and energy transfer happens
sotropically (Di Matteo et al. 2005 ; Springel et al. 2005a ). This
ommonly occurs at high redshift when cool gas is abundant and
rives efficient BH accretion and for lower BH masses for which it is
asier to reach high Eddington fractions. For fEdd < χradio , feedback
appens in radio mode in which hot bubbles are injected into the
urrounding gas at random spatial positions to mimic lobe inflation
y an unresolved AGN jet (Sijacki et al. 2007 ). For further details on
he radio and quasar modes in FABLE , see Henden et al. ( 2018 ) and
igwood et al. ( 2025 ). 
Furthermore, in Section 2.2 , we study the quasar luminosity

unction (QLF) resulting from the BH population in FABLE . In order
o calculate the bolometric luminosity of our BH particles due to
ccretion, we first assume that all BHs are radiatively efficient with
uminosities given by 

bol = εr ṀBH c
2 . (3) 

e also study the impact of a separate treatment which accounts for
he radiatively inefficient AGN population, i.e. BHs accreting at low
ddington fractions. For these BHs, we use the approach outlined
y Koudmani et al. ( 2024 ). This uses results from an analytic fitting
unction by Xie & Yuan ( 2012 ) corrected using general relativity and
adiative transfer simulations (Ryan et al. 2017 ). Based on fEdd , the
adiative efficiency εr is then given by 

log εr =

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

−1 . 0 for fEdd ≥ 0 . 1 

−1 . 0 −
(

0 . 0162 
fEdd 

)4 
for 0 . 023 < fEdd < 0 . 1 , 

∑ 

n an (log fEdd )n for 10−4 < fEdd ≤ 0 . 023 , 
∑ 

n bn (log fEdd )n for fEdd ≤ 10−4 . 

(4) 

he fitted values are a0 = −0 . 807, a1 = 0 . 27, an = 0 ( n ≥ 2), b0 =
1 . 749, b1 = −0 . 267, b2 = −0 . 07492, and bn = 0 ( n ≥ 3) (In-

yoshi et al. 2019 ). 

.1.3 BH mergers 

wo BH particles are considered to be merged in FABLE when they
ome within a particle smoothing length of each other. This is an
daptive length that is used to estimate hydrodynamic properties
nd is usually on the order of a kpc. Because of the repositioning
echnique used, a BH merger happens irrespective of the relative
elocities of the two BHs (Sijacki et al. 2015 ). A merger happens
nstantaneously, with the remnant BH having a mass equal to the
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Figure 1. Left: the SFRD (purple curves) and the BHARD, scaled up by a factor of a 100 (teal curves), as a function of redshift for the FABLE simulation. 
The dashed lines shows results for the FABLE box with side length of 40 h−1 cMpc ( FABLE -40), while the solid lines correspond to the box with side length 
of 100 h−1 cMpc ( FABLE -100). The FABLE accretion rate densities are smoothed using a 1D Gaussian filter (see the main text for details). In grey, we show 

observations for the SFRD from Madau & Dickinson ( 2014 ). Right: the total BHARD (thick teal line) and the BHARD split according to BH mass (coloured 
lines according to the legend) as a function of redshift for the larger FABLE box. The BHARD lines are again smoothed using a 1D Gaussian filter. 
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um of the masses of the merging BHs. To avoid confusion, we will
efer to a merger event in the FABLE simulation as a ‘numerical BH
erger’ from now on. 
In addition to the information stored in the simulation snapshots 
entioned in Section 2.1.1 , BH specific output is also recorded at

very time-step, giving better time resolution for BH accretion rates, 
ocal densities around the BHs and numerical merger events. For 
ach merger event, the scale factor and the masses of both BHs are
ecorded at the exact time of the merger. After making some selection
uts, which are discussed in Section 3.2.1 , this merger catalogue is
sed in our analysis. Note that this is the first work to use FABLE , with
ts more realistic galaxy groups and clusters, to study this merging 
opulation of BHs. 

.1.4 Host galaxy identification 

o identify gravitationally bound structures on-the-fly in the simu- 
ation, FABLE uses the friends-of-friends (FoF) and SUBFIND algo- 
ithms (Davis et al. 1985 ; Springel et al. 2001 ; Dolag et al. 2009 ).
he FoF algorithm first identifies ‘haloes’ by grouping together 
M, stars, and gas particles using a characteristic linking length. 
he SUBFIND algorithm then splits these haloes into self-bound 
ubstructures called ‘subhaloes’ which can roughly be interpreted 
s central and satellite galaxies surrounded by their gaseous and 
M haloes. This is done in configuration space by identifying 
ensity peaks. The ‘central subhalo’ is the subhalo at the minimum 

ravitational potential of the FoF halo, while the other subhaloes in 
he FoF halo are considered to be satellites. 

BH particles, like other particles in the simulation, can also be 
ssociated to haloes and subhaloes. According to the BH seeding 
rescription used in FABLE (see Section 2.1.2 ), BHs are seeded in
entral subhaloes. However, their host subhaloes can change via 
 variety of physical processes, including dynamical interactions 
ith other massive structures, or BH mergers themselves. Subhaloes 
ight also host multiple BH particles because of these interactions. 

n order to study the connection between host galaxies and their 
entral BHs, we choose the most massive BH particle associated to
 subhalo. 

To track subhaloes across snaps, subhalo merger trees were 
onstructed using the SUBLINK algorithm (Rodriguez-Gomez et al. 
015 ). In this algorithm, progenitors and descendents of subhaloes 
re identified based on their number of shared particles and their
inding energies. In the context of this work, these subhalo merger
rees are crucial in tracking the host subhaloes of BHs involved in a
H merger event across cosmic time, as will be explained in more
etail in Section 3.1 . 

.2 Results: validating the BH population in FABLE 

hroughout this section, we will present the results for the BH
opulation in the FABLE box with a side length of 100 h−1 cMpc,
hich is then used for BH merger predictions in Section 3 , and

ompare this to the results from the FABLE box with side length
0 h−1 cMpc presented by Henden et al. ( 2018 ) and Koudmani,
enden & Sijacki ( 2021 ). When available, we will also draw

omparisons to observational data. 
The left-hand plot of Fig. 1 shows the star formation rate density

SFRD) and the BH accretion rate density (BHARD). The SFRD 

rom FABLE is calculated by summing the total SFRD within the
tellar half-mass radius of all subhaloes at a specific redshift. This is
hen compared to the best fit from Madau & Dickinson ( 2014 ) which
ses compiled data from ultraviolet (UV) and infrared (IR) obser- 
ations to obtain a comprehensive model of cosmic star formation 
istory. Note that for a direct comparison, we multiply their fit by a
actor of 0.63 to convert from a Salpeter ( 1955 ) initial mass function
IMF) to a Chabrier ( 2003 ) IMF which is what is used in FABLE .
ompared to the Madau & Dickinson ( 2014 ) fit, our SFRD is lower

han observations at z � 1, while being slightly higher than observed
alues at lower redshifts. The observed SFRD peaks at z ∼ 2, while
n FABLE, the SFRD has a broad ‘high’ plateau around this redshift. 

As discussed in Section 2.1.2 , within the Bondi formalism, the
ccretion rate depends on the density and local sound speed of the gas
MNRAS 542, 2019–2038 (2025)



2024 S. Buttigieg et al.

M

Figure 2. Left: the BHMD as a function of redshift, split according to BH mass (coloured lines are as in the legend in the right-hand plot of Fig. 1 ), together 
with the total BHMD (thick teal line) for the FABLE box with side length of 100 h−1 cMpc. The thick grey line shows an estimate by Shen et al. ( 2020 ) for the 
mass density of SMBHs derived from the bolometric luminosity function of AGN. This estimate assumes an average radiative efficiency εr = 0 . 1 and a starting 
redshift of integration equal to 10. The grey shaded region shows the uncertainty in this estimate when increasing or decreasing εr by a factor of two. The inset 
plot shows the number of BHs in each mass bin at z = 0. Right: the BHMF at redshifts z = 0 , 1 , 2 , 3 , and 4, with colours as indicated by the legend, for all BHs 
in the FABLE simulation boxes. The solid lines correspond to the larger FABLE box, while the dashed lines correspond to the smaller box. The light grey shaded 
region shows the BHMF with 1 σ uncertainty region calculated by Shankar ( 2013 ), assuming the MBH − σ relation defined by McConnell & Ma ( 2013 ) and 
applying it to all local galaxies. The thick grey line shows the BHMF calculated using the bolometric luminosity function of AGN in the local universe by Shen 
et al. ( 2020 ) using their ‘deconvolution’ method. 
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urrounding the BH (see equation 1 ). Prevalently, ‘radio’ mode AGN
eedback causes fluctuations in the local density and temperature
lose to the accreting SMBHs which in turn cause the accretion rate to
uctuate. These fluctuations are smoothed using a 1D Gaussian filter

n the BHARD curve so that the overall trend can be studied. 1 The
ifferences in BHARD between the two FABLE boxes, which have
he same mass and spatial resolution, is due to the differing box sizes
s rarer objects corresponding to galaxy groups and clusters are less
revalent in smaller volumes. Thus, the larger FABLE box will have
 larger number of these rarer objects, leading to better population
tatistics. In the larger FABLE box, the peak in the BHARD (around
 ∼ 1 . 2) is more pronounced than the peak in the SFRD and is a
actor of ∼ 200 lower than the SFRD. The right-hand plot of Fig. 1
hows the split of BHARD according to bins in BH mass for the
arger FABLE box. The redshifts at which the BHARD for BHs at a
articular mass peak reflect the cosmic time at which they contribute
he most to the total BHARD with more massive BHs dominating at
ater times. This is due to a combination of their number density and
ccretion rate in absolute numbers. 

The left-hand plot of Fig. 2 shows the BH mass density (BHMD)
plit according to different BH mass bins as indicated in the legend of
ig. 1 . As expected due to their growth via accretion (right-hand plot
f Fig. 1 ) and mergers, more massive BHs dominate the total BHMD
t later redshifts. The inset plot shows the total number of BHs in
ach mass bin at z = 0. Note that as a consequence of a limited
imulation volume, the most massive BHs with mass > 109 M� are
carce and hence results for this mass bin are tentative due to lack
NRAS 542, 2019–2038 (2025)

 The standard deviation of the Gaussian kernel is set to the time interval 
etween four/one simulation snapshots for the larger/smaller FABLE box. The 
pacing between snapshots is adaptive but is on average �a ∼ 0 . 007 and 

0 . 04 for the larger and smaller boxes, respectively. 

i  

s  

w  

t
 

U  
f statistics, although the larger FABLE box offers an improvement
ver the smaller box as discussed above. The total BHMD is shown
n the thick teal line and is compared to the estimate by Shen et al.
 2020 ) obtained via the bolometric luminosity function of AGN
bserved out to z ∼ 6 with a radiative efficiency set to εr = 0 . 1
solid grey line). We also show the uncertainty in this estimate when
ncreasing or decreasing εr by a factor of two by the grey shaded
egion. The population of SMBHs in FABLE fits the observations
ery well, especially at lower redshifts. 

The BH mass function (BHMF) at redshifts z = 0 , 1 , 2 , 3 , and 4 is
hown on the right-hand side of Fig. 2 . The grey shaded region shows
he mass function assuming the MBH − σ relation by McConnell &

a ( 2013 ) applied to all local galaxies with a 1 σ uncertainty as
alculated by Shankar ( 2013 ). The thick grey line shows the BHMF
btained from the bolometric luminosity function of AGN in the
ocal Universe using the ‘deconvolution’ method discussed by Shen
t al. ( 2020 ). FABLE underestimates the number density of BHs
t all mass bins with respect to the estimates by Shankar ( 2013 ).
espite the excellent agreement with the observed BHMD, FABLE is

n disagreement with the constraint on the BHMF from Shen et al.
 2020 ), with the number of low-mass BHs being underestimated
ignificantly (see also detailed discussion on the lack of AGN in
ow-mass galaxies by Koudmani et al. 2021 ), and the number of high-

ass BHs being overestimated. This implies that although the FABLE

imulation is likely correctly predicting the overall mass density of
Hs, the distribution of this mass density across different mass bins

s not quite in agreement with the latest observational estimates. This
s driven by simplistic models of both BH seeding mechanisms and
ubsequent BH growth. The broader picture is similar across many
idely used cosmological simulations, none of which can reproduce

he full range of observational constraints (Habouzit et al. 2021 ). 
With quasars being some of the most luminous objects in the

niverse, it is crucial to check that the predicted QLF from FABLE
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Figure 3. The AGN bolometric luminosity function at redshifts z = 0 . 1 , 1 , and 2 from left to right. The solid teal lines show results from the larger FABLE 

box and are compared to the smaller box shown by the dashed teal lines. For the smaller FABLE box, we assume for simplicity that all BHs in the simulation 
are radiatively efficient. For the larger FABLE box, we show the predicted luminosity function bracketed by this assumption and that accounting for radiatively 
inefficient AGN as discussed in Section 2.1.2 . These simulation results are compared to the global fit by Shen et al. ( 2020 ) made to observed AGN shown in the 
solid grey line (their global fit A is presented here). The grey points with error bars are the data used for this fit. 
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Figure 4. Central BH mass versus stellar mass within the half-mass radius 
( Mstar, HM 

) of all galaxies (central subhaloes) in FABLE at z = 0. The thick grey 
line shows the best fit for the local MBH − Mbulge relation by Kormendy & 

Ho ( 2013 ) fitted to ellipticals and galaxies with bulges only. The grey points 
with error bars are the data used for this fit. Notice that SMBHs in FABLE are 
less massive than predicted by the local relation at the low-mass end, as also 
indicated by Koudmani et al. ( 2021 ). 
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atches observations. However, given that the bright quasars are 
carce in our simulated volumes here we focus on the entire AGN
opulation. Fig. 3 compares the AGN luminosity function of our 
wo FABLE boxes with the global fit to observed AGN by Shen et al.
 2020 ) which compiles measurements made in the optical/UV, X-ray, 
nd IR bands. We plot the results for z = 0 . 1 (for easier comparison
o observational data) and z = 1 , 2. For the simulations, we first show
he results under the assumption that all AGN are radiatively efficient. 
dditionally, for the larger FABLE box, we provide a bracketing of the
redicted luminosity function by including a population of radiatively 
nefficient AGN, as described in Section 2.1.2 and equation ( 4 ). Both
ABLE boxes provide a good fit to the observed AGN luminosity 
unction, especially within the context of results obtained from 

arious cosmological simulations, as can be seen in fig. 5 of Habouzit
t al. ( 2021 ). Notably, FABLE avoids the overprediction of the faint
nd of the luminosity function for higher redshifts which is seen 
n other simulations. As discussed by Bigwood et al. ( 2025 ) and
oudmani, Sijacki & Smith ( 2022 ), FABLE slightly underpredicts 

he QLF at the faint end at lower redshifts. This suggests that the
bserved SMBH population is likely accreting at more efficient rates 
han in FABLE in lower mass galaxies. 

Fig. 4 shows the relationship between the mass of the central 
H and the stellar mass within the half-mass radius, which is a

imple estimate for the bulge mass, of the host subhalo. We note
hat using the stellar mass within the half-mass radius as a proxy for
ulge mass is a common approach in cosmological simulations (see 
or example Matteo et al. 2008 ; Sijacki et al. 2015 ) due to the
hallenges of morphological decomposition when comparing to 
bservations (Scannapieco et al. 2010 ; Dubois et al. 2012 ), though
his simple approach might not capture the full complexity of bulge 
efinitions. The best-fitting MBH − Mbulge relation by Kormendy & 

o ( 2013 ) is also shown together with data from spiral and elliptical
alaxies used for this fit. While fundamental for understanding BH 

o-evolution with host galaxies, this mass relation has a large intrinsic 
catter and becomes highly uncertain at the low-mass end due to the
ifficulty in observing such low-mass BHs. There is also a lack of
onsensus in the literature, with different authors finding somewhat 
ifferent scaling relations (Kormendy & Ho 2013 ; McConnell & 

a 2013 ; Reines & Volonteri 2015 ; Greene, Strader & Ho 2020 ).
eeping in mind that the FABLE simulation successfully reproduces 
he observed galaxy stellar mass function over a wide range of masses
see fig. 1 by Bigwood et al. 2025 and fig. 2 by Henden et al. 2018 ),
ig. 4 shows that FABLE most likely underestimates the masses of
MBHs hosted by low (bulge) mass galaxies. This same trend is
vident when considering the BH mass–stellar mass relation (evalu- 
ted within twice the stellar half-mass radius), as also concluded by
MNRAS 542, 2019–2038 (2025)
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oudmani et al. ( 2021 ), which is in line with our previous findings
egarding the BHMF. Consequently, the SMBH merger rates we
erive for BHs in the mass range 106 M� � MBH � 107 M� should
e interpreted as lower limits of the possible true rates. We investigate
his issue further in Appendix A , where we plot BH mass as a function
f the stellar mass within twice the stellar half-mass radius across
ifferent redshifts (Fig. A1 ). 

 T H E  M E R G I N G  POPULATION  O F  SMBHS  IN  

ABLE 

uilding on the results in Section 2.2 , we now turn our focus to
he merging SMBH population in the simulation. In this section, we
nvestigate how numerical effects lead to premature mergers within
ABLE and present a first attempt at correcting for this in post-
rocessing. 

.1 Premature mergers due to numerical effects 

 BH merger event in FABLE happens as a consequence of a
ubhalo interaction in which both subhaloes host a BH particle. In
osmological simulations, the merging process of subhaloes is often
receded by a series of close encounters, where the two subhaloes
epeatedly approach and recede from one another before the final
oalescence occurs. These interactions are driven by the dynamical
nterplay between the gravitational potential of the two subhaloes and
he surrounding large-scale environment, as well as the DF exerted
y the background matter. Such interactions can also occur during
ubhalo fly-bys without being necessarily succeeded by a subhalo
erger. During these close encounters, it is common for the two BH

articles to come within a smoothing length of each other, triggering
 numerical BH merger event even though the final subhalo (i.e.
alaxy) merger has not yet occurred. This effect is likely often of
urely numerical nature; when the gravitational potentials of the host
ubhaloes are sufficiently well defined for the SUBFIND algorithm to
dentify them as distinct structures, in many cases the BHs should
emain physically bound to the centres of their respective subhaloes
ntil the subhaloes themselves merge, if they do at all. Furthermore,
ecall that when two BHs are numerically merged, their relative
elocities are not taken into account and there are no checks on
hether they are gravitationally bound to each other. Ultimately, very
igh resolution simulations where the DF force is accurately followed
re needed to settle this issue, but for the purpose of this work we
ssume that BHs should reside within the centres of their respective
alaxies during the merging process as long as these galaxies can be
eliably identified by the SUBFIND algorithm, which is a somewhat
implistic but much more reasonable physical scenario. 

In order to study the interplay between subhalo mergers and/or in-
eractions with BH mergers in FABLE , we identify the host subhaloes
f the two BHs involved in a numerical BH merger. We do this in
he most recent snapshot before the numerical merger event where
oth BHs reside in the central subhalo of their respective FoF haloes.
hen there is no common snapshot in which both BHs are in central

ubhaloes, we identify the host subhaloes at the earliest snapshot in
hich both BHs are present in the simulation. We then track these
ost subhaloes using the subhalo merger trees constructed using the
UBLINK algorithm as discussed in Section 2.1.4 . 

An example of a premature BH merger relative to the subhalo
erger is illustrated in Fig. 5 . This figure shows the projected gas

ensity in a small volume surrounding the merger event, highlighting
he positions of the primary BH (BH1) and the secondary (BH2), their
ost subhaloes, and other nearby BHs in six different simulation
NRAS 542, 2019–2038 (2025)
napshots. In the top-left panel, the two BHs are in the centres of
heir respective host subhaloes. At this cosmic time, the BHs have

asses of 9 . 18 × 107 and 1 . 18 × 107 M� and reside in subhaloes
ith total stellar mass within twice the stellar half-mass radius of
 . 66 × 1011 and 6 . 39 × 1010 M�, respectively. The centre-top panel
orresponds to the snapshot directly preceding the numerical BH
erger, showing the two BHs still within their respective subhaloes,

ut with the secondary BH moving away from the centre of its host
owards the strong gravitational potential of the primary’s host. The
op-right panel shows the snapshot directly succeeding the numerical
H merger, where the remnant BH is located at the centre of the

ubhalo that originally hosted the primary BH, while the BH2 host
ubhalo remains resolved as an independent structure. At this snap,
he remnant BH has a mass of 1 . 16 × 108 M�, with the stellar mass
f its host galaxy being equal to 3 . 55 × 1011 M�. The bottom-left
anel shows the remnant BH undergoing a subsequent merger with
nother BH (the plus symbol indicates that this is no longer the
irect remnant of the main merger event), and the bottom-right panel
eveals the eventual coalescence of the two subhaloes into a single
tructure. This sequence unfolds over 11 snapshots for the selected
erger event with an elapsed time of 1.3 Gyr between the numerical
H merger and the final coalescence of the two host subhaloes. 
A separate but compounding numerical effect also occurs due

o the repositioning scheme described in Section 2.1.2 . During
ravitational interactions with another subhalo, a BH particle can
ot only be displaced from the centre of its original host subhalo
ut, in some cases, also change its host subhalo entirely due to
he strong gravitational influence of the interacting subhaloes. This
ffect is illustrated in Fig. 6 which shows a BH merger event where
oth BHs are removed from their original host subhaloes as a direct
onsequence of the repositioning scheme. At the snapshot where
he host subhaloes are identified (left panel of Fig. 6 ), the primary
nd secondary BHs have masses of 1 . 47 × 105 and 1 . 60 × 106 M�,
espectively. They reside in subhaloes with total stellar mass in twice
he stellar half-mass radius of 1 . 55 × 1010 and 5 . 44 × 1010 M�,
espectively. By the time of numerical BH merger, the primary BH
rows to have a mass larger than the secondary. In the snapshot
irectly succeeding this numerical BH merger (right panel of Fig. 6 ),
he remnant BH has mass equal to 7 . 71 × 108 M� and resides
n the central subhalo of the FoF halo with total mass equal to
 . 01 × 1012 M�. The original host subhaloes have masses of the
rder of 1010 M� and are substructures within the larger central
ubhalo whose strong gravitational potential completely displaces
he remnant from the original satellite subhaloes hosting the BHs.
imilarly to the premature mergers during subhalo interactions
epicted in Fig. 5 , this displacement of BHs away from their original
ost subhaloes is purely a numerical artefact. Physically, BHs are
xpected to remain anchored at the centres of their host galaxies
uring interactions with passing galaxies, as long as the innermost
ense region to which the BH is bound to exists, except in cases where
hose galaxies themselves merge. In some instances, the original host
ubhaloes of the merging BHs can go on to evolve independently,
ith a large spatial separation persisting between them. This can

esult in the original subhaloes even never merging at all, despite
heir BHs having merged within FABLE . 

.2 Methodology: macrophysical time delays to SMBH mergers

n order to quantify the numerical effects described above, we
ntroduce a time delay in post-processing corresponding to the
nterval between the numerical BH merger and the potential eventual
erger of their host subhaloes. It is important to stress that these
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Figure 5. The projected gas density in a small cosmological volume surrounding a representative merger event in FABLE for six different snapshots in the 
simulation. The positions of the primary (BH1) and secondary (BH2) BHs are shown as a white circle and cross, respectively. The positions of their respective 
host subhaloes are shown using the same marker shapes, but in cyan. The direct remnant of the BH merger of interest is shown as a white star, when present, 
while the positions of any other BHs in the vicinity are shown with a white plus symbol. The top-left panel shows the BHs two snapshots before the numerical 
BH merger, with both BHs residing at the centre of their respective host subhaloes. The top-centre panel corresponds to the snapshot directly preceding the 
numerical BH merger and shows BH2 moving away from the centre of its host subhalo due to the repositioning technique used in FABLE . The top-right panel 
shows the snapshot succeeding the merger, with the remnant BH residing in the host subhalo that hosted BH1 initially, and with the two subhaloes still resolved 
as two separate structures. The bottom-left panel shows the remnant BH merging with another BH particle (notice the change from a star marker to a plus 
marker), while on the bottom-right panel, we see the two host subhaloes finally merging into one subhalo. �t in the bottom-left corner of each panel corresponds 
to the time elapsed since the numerical BH merger, with negative values indicating time to numerical BH merger. The scale in the bottom-right corner of each 
plot is given in simulation units. 
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acrophysical time delays are distinct from, and in addition to, the 
icrophysical time delays extensively studied in the literature (see 

he Introduction). The latter are usually calculated from the time 
f numerical BH merger and account for processes governed by 
nresolved subresolution physics. 

.2.1 Selection cuts 

he macrophysical time delays described above are applied to the 
H merger population in FABLE after a few selection cuts are made.
s seen in Fig. 2 , the distribution of BH masses peaks at the low-mass

nd. These low-mass BHs are usually located in satellite subhaloes 
hich quickly merge with a nearby, more massive subhalo, leading 
o a numerical BH merger. Because of our poor understanding of
eeding mechanisms we only keep merger events in which both BH
articles have a mass MBH ≥ 106 M� at the time of numerical BH 

erger. There are a total of 91 879 numerical BH mergers in FABLE

ut of which 11 016 ( ∼ 12 per cent ) involve two non-low-mass BHs.
Our method assumes that DF on galactic scales is well resolved,

nsuring that the subhalo merger time-scales in cosmological sim- 
lations are reliable (Rodriguez-Gomez et al. 2015 ). To mitigate 
umerical artefacts that could undermine this assumption, we focus 
xclusively on merger events where the constituent BHs reside in 
ubhaloes with a total stellar mass, measured within twice their 
MNRAS 542, 2019–2038 (2025)
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Figure 6. The projected gas density around a second representative BH merger event in FABLE . The legend is the same as described in the caption of Fig. 5 . The 
left panel shows the BHs residing at the centres of their respective host haloes. The centre panel shows the two BHs residing in completely different subhaloes 
than their original hosts, while the right panel corresponds to the snapshot directly succeeding the numerical merger event, with the remnant BH residing in 
neither of the original host galaxies. The original host subhaloes do not merge by z = 0 in FABLE . 
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tellar half-mass radius, of at least 100 times the mass of a star
article, i.e. 100 × (6 . 4 × 106 h−1 M�), at the time of host subhalo
dentification. This further reduces our sample size from 11 016 down
o 10 716 BH merger events. 

.2.2 BH accretion 

f BH particles were to remain at the centres of their host subhaloes
etween their numerical merger and the eventual subhalo merger,
hey would continue accreting mass, leading to more massive BHs
t the time of merger. To account for this additional growth, we
ncorporate simple accretion onto the BHs in post-processing. 

To do this, we replicate the simulation’s accretion model as
escribed in Section 2.1.2 . At each snapshot between the numerical
H and the subhalo mergers, we retrieve the physical properties of

he 32 gas cells closest to the position of the subhalo’s most bound
article. These properties are used to calculate the density, sound
peed, and pressure in the central region where the BH particle
ould reside, with values interpolated for the time intervals between

napshots. The BH mass is then evolved according to the Eddington-
imited Bondi–Hoyle–Lyttelton rate, as defined in equation ( 1 ). 2 Note
hat while this approach allows us to gain insight into the likely BH
rowth between numerical BH and subhalo mergers, by construction
his post-processing model cannot account for BH feedback which
ay likely affect the central subhalo properties and the rate of BH

ccretion itself, an issue both for the original FABLE simulation and
ur post-processing analysis. 
NRAS 542, 2019–2038 (2025)

 Although the vBH term in the Bondi–Hoyle–Lyttelton formula can suppress 
he BH accretion rate, we omit it, as is done in FABLE and many other cosmo- 
ogical simulations that implement BH repositioning (see Section 2.1.2 ), in 
rder to replicate the simulation’s accretion prescription as closely as possible. 
e also apply the same pressure criterion as described in Section 2.1.2 . 
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.2.3 Intervening mergers 

ergers between two BH particles in FABLE do not happen in isola-
ion. It is common for such merger events to occur in close proximity
o other mergers within a relatively short period of time, for example,
hen multiple satellite subhaloes, each hosting central SMBHs,
erge with a central subhalo hosting another SMBH. Removing low-
ass BHs from our sample, as discussed in Section 3.2.1 , reduces the

umber of such events drastically, although it does not completely
liminate them. 

Incorporating macrophysical time delays can potentially alter the
equence of merger events in the simulation. This effect is illustrated
n Fig. 5 , where a third BH merges with the remnant BH from the
nitial merger before the host subhaloes have fully merged. If we were
o recompute the order of the mergers within our model, this third BH
hould merge with BH1 before the remnant of this event then merges
ith BH2. Such re-ordering could influence the total masses and mass

atios of the BHs involved in these mergers. However, only 452 out of
he 10 716 merger events (4 per cent) that meet our selection criteria
xperience such a sequence reversal due to macrophysical delays.

hile other events may involve intervening mergers with low-mass
Hs, these are not expected to notably affect the mass ratios or chirp
asses of the primary merger events. Given the low frequency of

ntervening mergers with non-low-mass BHs, we neglect this effect
ithout significantly compromising the population-level results. 

.3 Results: macrophysical time delays to SMBH mergers 

n this section, we analyse the macrophysical time delays discussed
n Section 3.2 to quantify the impact of numerical effects that lead
o premature BH mergers within FABLE . 

From a total of 10 716 mergers which pass our selection criteria
s described in Section 3.2.1 , only 513 merger events have no added
ime delay ( ∼ 5 per cent ). In these merger events, the host subhaloes
erge before the BH particles, i.e. the BH merger happens within
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Figure 7. Distribution of macrophysical time delays in our post-processing 
model. The pink distribution assumes that all host galaxies merge by the end 
of the simulation. This is done by calculating the elapsed time until z = 0 for 
merger events whose host galaxies do not merge within the simulation. The 
teal distribution removes these events and only shows the time delays of BHs 
residing in host galaxies that merge by z = 0. The purple curve shows the time 
delays after artificially delaying those BH mergers whose host galaxies do not 
merge by z = 0 as described in Section 3.3 . Time delays until 1 Gyr are shown 
on a linear scale, while longer time delays are shown on a logarithmic scale. 
The vertical dashed line shows the time delay of 1.3 Gyr for the merger event 
shown in Fig. 5 and corresponding to the median of the latter distribution. 
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he remnant host galaxy. These 513 events occur across a range of
ifferent redshifts and involve different BH masses. Although in 
hese events, there is a trend towards more massive primary BHs of
rder 1010 M� residing in haloes at the more massive end of the mass
pectrum, and secondary BHs residing in more massive subhaloes. 
his is consistent with expectations that more massive subhaloes 
ill have a deeper gravitational potential and thus are more capable 
f ‘holding on’ to their central BHs during subhalo mergers. In
uch cases, after the subhalo merger, the BH orbits are artificially 
nfluenced by the repositioning scheme, and microphysical delays 
hould therefore be applied starting from the earlier time of subhalo 
erger rather than numerical BH merger. However, this correction 
ould only affect a small fraction of the BH merger population 

nd we do not model it in this work. In 541 merger events, the
ost galaxies merge in the snapshot directly after the numerical BH
erger. 
Our time-delay estimates are limited by the coarse temporal 

esolution of subhalo data, which is recorded only at snapshot 
ntervals, unlike the more finely sampled BH merger data. As a 
esult, delays are slightly overestimated, since the actual subhalo 
erger could occur at any time between the last snapshot where both

ubhaloes are resolved and the subsequent one. The snapshot spacing 
aries with redshift, averaging ∼ 0 . 1 Gyr at z = 3 and ∼ 0 . 15 Gyr
t z = 0, which sets an upper bound on the timing uncertainty. 

In some cases, the host galaxies of the BHs involved in a merger
vent fail to merge by the end of the simulation, i.e. by z = 0. This
appens for 3140 events ( ∼ 29 per cent ). For brevity, we will refer
o such events as ‘non-mergers’ from here onwards. 

The distributions of macrophysical time delays in our model, with 
ifferent treatments of non-mergers, are shown in Fig. 7 . The pink
istogram shows the distribution of time delays assuming that all host
alaxies merge by redshift zero, i.e. for non-mergers, we calculate 
he time elapsed until redshift zero from the point of numerical 
H merger. We then omit these non-merger events and show the 
acrophysical time-delay distribution for those events whose host 

alaxies do merge by the end of the simulation, in teal. We use
his distribution to obtain a probability distribution function and 
se this to estimate the total macrophysical time delay for non- 
ergers based on the time elapsed between the numerical BH merger 

nd z = 0. This distribution is then shown by the purple line. This
atter distribution gives a maximum macrophysical time delay of 
2.6 Gyr and a median of 1.3 Gyr. We find a weak correlation between
pecific gas mass fraction and our macrophysical time delays, with 
horter delays associated with higher gas fractions. This likely arises 
ecause, in denser environments, the BHs have smaller smoothing 
engths, reducing the likelihood of numerical BH mergers during 
ubhalo interactions. 

The merger event illustrated in Fig. 5 has a time delay equal to
.3 Gyr, corresponding to the median value in our sample. This
elay, indicated by the vertical purple dashed line in Fig. 7 , provides
 representative example of the merger events in our sample. Notably, 
he host galaxies in Fig. 5 undergo significant morphological trans- 
ormations between the numerical BH merger and the coalescence 
f the host subhaloes. The distribution of time delays in Fig. 7 thus
uggests that these macrophysical delays drive substantial changes 
n the morphology of SMBH merger host galaxies. To compare to 
icrophysical delays obtained from cosmological simulations, we 

efer to the study by Kelley et al. ( 2016 ) in which the hardening time-
cales from DF, stellar scattering, gas drag, and GW emission are 
odelled using a post-processing approach based on the properties 

f the remnant host galaxy. In their fiducial model, they find a
edian microphysical time delay for the full sample of 29 Gyr. 
his is much longer than the age of the Universe and only 20 per cent
f the binaries coalesce before z = 0. The median is reduced to
.9 Gyr when considering only systems with a total mass > 108 M�
nd mass ratio > 0 . 2. Although these values strongly depend on
odel assumptions such as the loss-cone refilling rate, they are 

omparable to our macrophysical delays, highlighting the importance 
f considering both effects in predictions for future observations. 
The suppression between the first two distributions (pink and teal) 

n Fig. 7 is directly caused by non-merger events, by definition
f the distributions. While a slight suppression is present across 
he entire range of time delays, it becomes most pronounced for
elays exceeding ∼ 1 Gyr. The consistent suppression across the full 
ime range corresponds to premature BH mergers during ongoing 
alaxy mergers, as highlighted in Fig. 5 , that do not merge by z = 0,
esulting in non-merger events. This effect is particularly relevant at 
ower redshifts. However, the majority of these non-mergers, which 
ominate the tail ends of the distributions, stem from the numerical
ffect illustrated in Fig. 6 in which BH particles are repositioned to
ifferent subhaloes and lose their association with their original host 
ubhaloes. Consequently, these hosts often evolve independently, and 
re likely to never merge, leading to large macrophysical delays in
ur model. 
To calculate time delays from subgrid hardening mechanisms, 

s described in the Introduction, an initial separation at which to
nitialize these subresolution prescriptions is required. This should 
oughly match the separation of the BHs at which their orbits within
he cosmological simulation are no longer tracked, i.e. the separation 
t which they are considered to be merged within the simulation.
n previous works, an upper limit for this initial separation was
aken to be the smoothing length of the more massive BH particle in
he snapshot directly preceding the numerical merger event (Kelley 
MNRAS 542, 2019–2038 (2025)
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Figure 8. Separations of BHs calculated using the smoothing length of the 
more massive BH in teal, compared to the host galaxy separations in the 
snapshot preceding the host–galaxy merger in pink. The solid pink distribution 
includes the separation of the host subhaloes at z = 0 for non-mergers. The 
dotted pink line plots the distribution of host galaxy separations without these 
non-merger events. The vertical lines show the median of the distributions, 
with the dashed lines corresponding to the two former distributions (in 
matching colours) and the dotted line corresponding to the events without 
non-mergers. 
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t al. 2016 ), or a small multiple of the spatial resolution of the
imulation (Li et al. 2024 ). We plot the distribution of BH separations
sing the particle smoothing lengths for our sample of merger events
n FABLE in teal in Fig. 8 , which matches distributions shown by
elley et al. ( 2016 ). However, since the time of BH merger in FABLE

s dominated by numerical effects, as depicted in Figs 5 and 6 ,
he corresponding BH separations at merger are also plagued by
hese numerical artefacts, and no longer correspond to the particle
moothing lengths at the redshift at which we consider the BHs to
e finally merged within our macrophysical delay model. 
We argue that a better, albeit more conservative estimate for the

nitial separation which can be obtained from these large-volume
osmological boxes, is the separation between the original host
ubhaloes, in the snapshot before subhalo merger. The distribution
f these separations for the same sample of merger events is shown
n pink in Fig. 8 , with the solid line corresponding to the full
erger sample and the dotted line excluding non-merger events. The

orresponding vertical dashed lines in Fig. 8 indicate the median for
ach distribution, with the median galaxy separation being roughly
wo orders of magnitude larger than the BH separation set by
heir smoothing lengths. This would imply that a longer phase of
rbit shrinking via DF is required when modelling subresolution
ardening mechanisms using the galaxy separation as an educated
uess for the initial separation. This would inadvertently lead to
ignificantly longer microphysical time delays than our current best
stimates when using BH smoothing lengths, compounding the
dded macrophysical delays from our model. 

.3.1 Implications for GW observations 

n order to quantify the effects of our macrophysical delays on GW
bservations, we compare the subsample of merger events passing
ur selection criteria in FABLE without any modifications, with added
NRAS 542, 2019–2038 (2025)
acrophysical time delays but no modification to their masses, and
ith added delays while allowing for growth by accretion to happen

s discussed in Section 3.2.2 . In order to isolate the effects of
ur macrophysical delays on the observable population of SMBH
ergers, we neglect any microphysical time delays arising from

nresolved hardening mechanisms, unless otherwise stated. 
As indicated in Fig. 7 , in our model the number of merger events

s reduced, as some host galaxies do not merge by the end of the
imulation. Consequently, introducing macrophysical delays alters
he mass distribution of the merger population, with accretion further

odifying their masses. Fig. 9 displays the number density of merger
vents occurring before z = 0 as a function of key mass parameters:
rimary mass M1 , secondary mass M2 , chirp mass M , and mass
atio q = M2 /M1 , where the chirp mass is defined as 

 = ( M1 M2 ) 
3 / 5 

( M1 + M2 )1 / 5 
. (5) 

he distribution with respect to primary mass (top-left) shows that
hile the number of mergers decreases across all masses after in-

roducing macrophysical delays, the suppression is strongest at high
1 , which is then reflected in the chirp mass distribution (bottom-

eft). This effect arises because SMBH growth through accretion and
ergers leads to the formation of larger BHs at later cosmic times

n FABLE , as highlighted by the BHMF in Fig. 2 . Since high-mass
ergers predominantly occur at lower redshifts, applying time delays

hifts many of these mergers into the future, removing them from
he observed population. In contrast, the suppression in secondary

ass M2 (top-right) is more uniform across the full mass range.
he reduction in high-mass primaries also decreases the number
f mergers with the most extreme mass ratios, though the overall
umber of merger events declines across all q values (bottom-right).
otably, incorporating accretion during the added macrophysical
elays does not significantly alter any of the distributions in Fig. 9 . 
We further investigate this accreted mass during our macrophysical

elays in Fig. 10 . This figure shows the distribution of normalized
ccreted mass for merger events whose host galaxies merge by
 = 0. Normalized accreted mass is defined as ( MBH , merger+ � tmacro −

BH , merger ) /MBH , merger , where MBH , merger is the BH mass at the
ime of numerical BH merger, while MBH , merger+ � tmacro is the BH

ass after the macrophysical time delay. We exclude BHs which
ccrete no mass during the macrophysical time delay, either due
o this delay being equal to zero, or because they reside in gas-
oor galaxies. We find that the amount of mass accreted during this
elay is generally low. However, about 4 per cent of the BHs in this
gure at least double their mass, likely corresponding to the tail
f the macrophysical time-delay distribution (teal colour), showing
Hs that merge by z = 0, in Fig. 7 . We also find that secondary BHs

ystematically accrete more mass than primary BHs during these
elays. As discussed in Section 3.2.2 , this happens because our post-
rocessing approach cannot self-consistently model BH feedback.
econdary host galaxies which are prematurely stripped of their
entral BH particle (see Fig. 5 ) will not have any BH feedback to
egulate central gas densities, allowing BHs to accrete at higher rates
n post-processing. On the other hand, primary host galaxies which
end to host the more massive remnant BH during this delay than
hould be the case, experience feedback that is too strong (due to BH
ass dependence), pushing gas away from the central regions of the

alaxy, leading to lower accretion rates calculated in post-processing.
his might also affect the SFRs in these host galaxies. 
Fig. 11 illustrates the relation between merger chirp mass M and

edshift z in FABLE for our three different models. Note that the
eal contours, corresponding to the unmodified population in FABLE ,
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Figure 9. Distributions of the number density of events as a function of primary mass M1 (top left), secondary mass M2 (top right), chirp mass M (lower left), 
and mass ratio q (lower right). The teal lines correspond to the unmodified merger population in FABLE , the pink lines add our macrophysical delays without 
changing the BH masses, and the purple lines show the distribution when accounting for BH accretion during the macrophysical delays. 
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ontain a larger number of events than the contours including delays, 
s the latter do not include non-merger events, making them a subset
f the original population. In the top and right subpanels, the marginal
istributions of chirp mass and redshift, respectively, are shown. 
Our macrophysical delays slightly suppress events at redshifts z > 

, with the effect of increasing the number of events occurring at 0 <
 < 1, although the location of the peak of the redshift distribution
oes not shift significantly. A more pronounced effect is the shift
oward lower chirp masses across all redshifts which can be seen both
n the 2D and 1D distributions. The broad peak in the distribution of
hirp masses at ∼ 107 M� produced by FABLE is shifted towards ∼
 × 106 M� and becomes more pronounced. The teal contours from 

he unmodified FABLE simulation in the 2D contour plot highlight 
ow high-mass mergers occur at later redshifts. Showing the joint 
istribution of chirp mass and redshift breaks the degeneracy seen in 
he top panel and in Fig. 9 which group mergers across all redshifts.
ecause of this, it is clearer to see the impact of accretion on the
istribution of chirp masses at specific redshifts. In general, our 
ccretion model shifts mergers at fixed z-values towards higher chirp 
asses, however this effect is not large enough to recover the highest

hirp mass events that are lost with the introduction of macrophysical
ime delays. 

In the shaded, grey background of Fig. 11 , we plot the contours
f constant LISA signal-to-noise ratio (SNR), i.e. the ‘waterfall 
lot’. The SNR calculations were performed using the tool Binary 
bservability With Illustrative Exploration (BOWIE, Katz & Larson 
018 ) and the ’IMRPhenomD’ waveform (Husa et al. 2016 ; Khan
t al. 2016a ). For these SNR calculations, we assume two non-
pinning BHs with a fixed mass ratio of q = 0 . 5 on a circular
rbit and use the sky-averaged LISA phase A noise curve above
0−4 Hz , including the confusion noise from galactic white dwarf 
inaries (Ruiter et al. 2010 ; Colpi et al. 2024 ). Despite these
implifications, these sensitivity curves give a good impression of 
ISA ’s sensitivity and show the implications of our macrophyiscal 

ime delays. For the high-mass binaries studied here, LISA will 
bserve the entire GW signal above 10−4 Hz which lasts � 1 month.
MNRAS 542, 2019–2038 (2025)
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Figure 10. Normalized accreted mass between the numerical BH merger 
and the end of the macrophysical time delay, i.e. ( MBH , merger+ � tmacro −
MBH , merger ) /MBH , merger (see the main text for more details), for the subset of 
BH merger events whose host galaxies merge by z = 0. The distribution for 
primary BHs is shown in pink, while that for the secondary BHs is shown 
in teal. The corresponding vertical dashed lines indicate the median of each 
distribution. This shows that secondary BHs systematically accrete more mass 
than primary BHs in our post-processing approach. 

Figure 11. The main figure shows the distribution of merger events in 
redshift-chirp mass space. The teal contours show this distribution from 

FABLE , the distribution shown in pink adds our macrophysical time delays in 
post-processing whilst leaving the BH masses unchanged, and the distribution 
shown in purple adds the same macrophysical time delays whilst also allowing 
the BHs to accrete during this delay time. The contours show 10 per cent, 
50 per cent, and 90 per cent of our sample. Grey shaded regions show the 
curves of constant SNR for LISA as indicated by the colour bar and as 
discussed in Section 3.3.1 . The top plot shows the marginal distribution of 
chirp masses, while the right-hand side plot shows the distribution of redshifts. 

Figure 12. Cumulative merger number binned by primary mass. The solid 
lines show the unmodified merger population in FABLE , whilst the dotted lines 
show the cumulative distribution after adding macrophysical time delays. 
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ISA will also observe SMBH mergers with smaller chip masses
hich are not included here because they do not pass the mass cut

pplied to the FABLE catalogue described in Section 3.2.1 . The shift in
he SMBH population towards lower redshifts due to macrophysical
elays means that the binaries that merge will have higher LISA SNRs
han predicted by FABLE , improving their detectability. Furthermore,
he suppression of high-mass mergers implies that LISA will be able
o detect a larger percentage of merger events at higher SNR, leading
o a more complete understanding of the merging SMBH population.

The suppression of high-mass merger events is also highlighted
n Fig. 12 which shows the cumulative number of mergers as a
unction of redshift binned according to the primary mass, M1 . The
nmodified merger population in FABLE is compared to the merger
opulation after the addition of our macrophysical time delays. Note
hat accounting for accretion does not significantly alter the BH

asses, and therefore does not affect the binning or the results shown
n this figure. The number of mergers is reduced across all mass bins
ith the introduction of these time delays although the effect becomes
ore noticeable as the mass of the primary increases, in agreement
ith Figs 9 and 11 . In both cases, BH mergers with 107 M� < M1 <

08 M� dominate the merger rate which is broadly consistent with
revious predictions from cosmological simulations (Salcido et al.
016 ; DeGraf & Sijacki 2019 ). At higher redshifts, the number of
ergers increases with decreasing primary mass which is consistent
ith the cosmic growth of SMBHs via accretion and mergers. 
Fig. 13 shows the expected SGWB sourced by the population

f merger events in FABLE passing our selection criteria within
he PTA frequency sensitivity range for all three of our models.
o calculate the strain, we use the HOLODECK package for SMBH
inary population synthesis and GW calculations (Kelley et al. 2016 ;
gazie et al. 2023b ). Based on each population of mergers, discrete

ealizations of the binary population are generated using a weighted
ampling approach, with each SMBH binary in our sample being
eighted using a Poisson distribution. For each realization, the total

train in each observed frequency bin is calculated by averaging over
he angle and polarization for binaries on circular orbits (Finn &
horne 2000 ). Accounting for unresolved hardening processes is
xpected to significantly further delay SMBH mergers, but their
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Figure 13. The SGWB strain generated from the subsample of merger events 
in FABLE passing our selection criteria (see Section 3.2.1 ). The unmodified 
population is shown in teal, the population with added macrophysical time 
delays is shown in pink, while the population with added macrophysical 
time delays as well as allowing for BH accretion during these delays is 
shown in purple. For all simulation models we further assume that unresolved 
hardening microphysical delays are equal to 1 Gyr. For the unmodified merger 
population we use the initial separations set by the BH smoothing lengths 
whereas for the two populations with added macrophysical delays we initialise 
the binaries at the separation of the host galaxies. We draw 1000 realizations 
from our discrete binary population in order to estimate the SGWB in each 
case. The solid lines indicate the median of these realizations, while the 
interquartile range is highlighted by the shaded regions. The grey dashed line 
with the shaded region shows the power-law fit from the NANOGrav 15-yr 
data set (median with 90 per cent credible interval). The grey violins show 

the Hellings–Downs correlated free spectrum posteriors from the same data 
set for the first five frequency bins (see Agazie et al. 2023b , for more details). 
The frequency range plotted corresponds to the sensitivity of PTAs after 20 yr 
of observations. 
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odelling still involves large uncertainties. To isolate the effect of 
ur macrophysical delays, we adopt a fixed microphysical hardening 
ime delay of 1 Gyr as a simplifying assumption, following the 
pproach by Agazie et al. ( 2023b ). We set the initial separations of
he unmodified merger events to the particle smoothing lengths of 
he primary BHs (teal distribution in Fig. 8 ). For the two populations
ith added macrophysical delays we use the host galaxy separations 

pink distribution in Fig. 8 ) as the initial separations. 
As expected, the addition of macrophysical delays suppresses the 

GWB across all frequencies due to the reduction in the number of
erger events that occur before z = 0, specifically at the high-mass

nd of the distribution, as illustrated in Fig. 12 , which is the main
ontribution to the SGWB. Allowing the BHs to grow via accretion 
uring the added macrophysical delays does not significantly boost 
he amplitude of the signal. Theoretically, for a large population 
f sources, and assuming circular orbits decaying primarily due to 
W emission, the characteristic strain is expected to scale with 

requency as hc ( f ) = AGWB ( f /f0 ) 
−2 / 3 (Phinney 2001 ). We show 

his as the grey dashed line in Fig. 13 using the fiducial result
rom the North American Nanohertz Observatory for Gravitational 

aves (NANOGrav) power-law analysis of the 15-yr data set with an 
mplitude at the reference frequency of AGWB = 2 . 4+ 0 . 7 

−0 . 6 × 1015 . We 
lso show the results of the Hellings–Downs correlated free-spectrum 

nalysis, independent of the power-law assumption, for the first five 
requency bins of the NANOGrav 15-yr data set, which give the best
onstraints on the SGWB amplitude (Agazie et al. 2023b ). All three
f our models underpredict the amplitude of the SGWB (with respect
o both the power-law and free-spectrum analyses) in the frequency 
ange ( ∼ 2 − 10) nHz where NANOGrav is most sensitive. 

This is consistent with previous predictions from cosmological 
imulations (see for example Kelley et al. 2016 ) and studies that
uggest that BH mass relations need to have a significantly higher
ormalization, or significantly evolve with redshift, in order to match 
he PTA signal (Chen, Yu & Lu 2023b ). Reducing the fixed hardening
ime-scale to 0.1 Gyr, as also studied by Agazie et al. ( 2023b ), does
ot reconcile the predicted signal with the NANOGrav result. This 
ighlights the necessity of using a more realistic hardening model for
icrophysical delays, opposed to the fixed hardening time used here, 
hich can significantly impact the predicted amplitude of the SGWB. 
We also note the possible impact that a limited box size may

ave on these predictions. As BHs at the massive end of the mass
pectrum with MBH � 1010 M�, which can have a significant impact 
n the amplitude of the SGWB, are missing from the cosmological
ox with side-length of 100 h−1 cMpc used for this study, due to
heir low number density. We have investigated the impact of adding
uch high-mass BHs to the FABLE population and found that their
nclusion can amplify the predicted SGWB signal at the low end
f the frequency range, but that this amplification depends on the
etails of the modelling choices made for this high-mass population. 
 detailed investigation of the effect of the limited box size on
redictions of the SGWB is left for future work. 
Eccentric orbits, expected at large binary separations but not 
odelled here, could boost the SGWB amplitude by shortening 

inary lifetimes and increasing merger rates (Kelley et al. 2017 ; Man-
erkoski et al. 2022 ). On the other hand, if binaries remain eccentric
p until the GW-dominated stage of the binary evolution, this leads
o a suppression of the GW signal due to faster orbital decay, which
ould further increase the discrepancy with observations (Sesana 
013 ; Chen, Sesana & Del Pozzo 2017 ). 
Focusing on the shape of the spectrum, all three of our models

eviate from the expected f −2 / 3 power law at the high-frequency 
nd. This is expected, as at the high-frequency end the population
s incomplete, with higher mass binaries merging before reaching 
his frequency (Sesana, Vecchio & Colacino 2008 ; Sato-Polito & 

aldarriaga 2025 ). At the low-frequency end, all three models 
lightly diverge from this simple power law due to environmental 
ffects since the inspiral at large separations is not purely driven
y GW radiation. However, this behaviour is highly sensitive to 
he chosen sub-grid hardening model, and can also be affected by
ccentric orbits (Chen et al. 2017 ). 

.3.2 Implications for EM observations 

he addition of macrophysical time delays not only impacts GW ob-
ervations, as discussed earlier, but also influences key astrophysical 
roperties of the SMBH population relevant for EM observations. 
To illustrate this point, the distributions of Eddington fractions, as 

efined in Section 2.1.2 , are shown in Fig. 14 . These distributions
how Eddington fractions of dual AGN, as we group together the
ddington fractions of both the primary and secondary BHs involved 

n a merger event. To obtain the distribution from the unmodified
ABLE simulation, we use the instantaneous accretion rate of the 
Hs in the snapshot directly preceding the numerical BH merger. 

n our post-processed accretion model, we use the accretion rate 
alculated from gas cells in the central regions of the host subhaloes as
MNRAS 542, 2019–2038 (2025)



2034 S. Buttigieg et al.

M

Figure 14. Distribution of Eddington fractions for dual AGN calculated in 
the snapshot before numerical BH merger for both the primary and secondary 
BHs in FABLE (teal line) compared to our model with macrophysical delays 
(pink line) where Eddington fractions are evaluated in the snapshot before 
host subhaloes merge. The vertical dashed lines show the median of the 
corresponding distribution. 
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escribed in Section 3.2.2 , in the snapshot before the subhalo merger.
or merger events whose host galaxies do not merge by z = 0, we

ake the accretion rate in the last snapshot of the simulation. Note
hat the Eddington ratios of these dual AGNs are measured when the
Hs are at separations as shown in Fig. 8 . 
In our model, the median Eddington fraction of dual AGN

ecreases by around one order of magnitude compared to FABLE . This
ligns with the observed redshift evolution of Eddington fractions. At
igh redshifts, the central regions of galaxies contain abundant cold
as that efficiently accretes onto BHs, whereas at lower redshifts,
tar formation and feedback processes suppress gas inflow, reducing
ccretion rates and lowering Eddington fractions (Shen & Kelly
012 ). By delaying BH mergers, macrophysical time delays shift
hese events to lower redshifts, naturally leading to lower Eddington
ractions. The difference in medians between the two distributions
n Fig. 14 is comparable to the change in median Eddington fraction
etween z = 1 and 2 in FABLE , which corresponds approximately to
he median macrophysical delay of 1.3 Gyr. Additionally, since our
odel incorporates macrophysical time delays on galactic scales,

esulting in a higher number of binary SMBHs that do not merge
y z = 0, we expect an increased prevalence of dual AGN at lower
edshifts. In summary, our model predicts a population of dual AGN
ith lower luminosities, at lower redshifts and with larger separations

han that inferred directly from FABLE . 
Note that the peak at high Eddington fractions in the FABLE distri-

ution (Fig. 14 ) arises because we are specifically considering BHs
osted in galaxies undergoing a merger event or close encounter. Dur-
ng galaxy mergers, strong tidal forces remove angular momentum
rom gas, driving it towards the central SMBHs and triggering AGN
ctivity, which enhances accretion rates and increases Eddington
ractions (Toomre & Toomre 1972 ; Barnes & Hernquist 1991 , 1996 ;
albot, Sijacki & Bourne 2024 ). In contrast, this peak is significantly

ess pronounced in our post-processed model, however it is not
traightforward to isolate a single physical interpretation of this re-
ult. As highlighted in Fig. 10 and the corresponding discussion, more
NRAS 542, 2019–2038 (2025)
as infalls onto the secondary BH, since no BH particle is present
n the original simulation and thus no AGN feedback is available
o regulate gas inflow into the centre of the subhalo. However, the
resence of an overmassive remnant BH in the primary halo may have
he opposite effect on the accretion rate of the primary BH in our

odel, suppressing it through excessive feedback. 3 This limitation
nderscores the challenges of implementing macrophysical time
elays and accretion corrections in post-processing to account for
remature BH mergers. In such models, AGN feedback cannot be
onsistently tracked, which in turn alters the accretion history of the
onstituent BHs together with key host galaxy properties. 

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

n this work, we use the FABLE cosmological boxes with periodic
engths of 40 and 100 h−1 cMpc (Henden et al. 2018 , 2019 , 2020 ;
igwood et al. 2025 ) to study the population of merging SMBHs. We
egin by examining the key properties of the BH population within
he simulation and validating them against observations. Our analysis
hows that FABLE reproduces the observed present-day BHMD and
GN luminosity function very well. However, it underpredicts the
umber density of low-mass BHs and overpredicts the number
ensity of the most massive BHs compared to the observationally
nferred BHMF. Additionally, FABLE reproduces the MBH − Mbulge 

elation well, but tends to underestimate BH masses for low-mass
alaxies (i.e. Mstar, HM 

� 5 × 1010 M�). These results put FABLE

n par with other widely used cosmological simulations, with no
imulation currently being able to accurately predict all observed
MBH population properties (Habouzit et al. 2021 ). 
Focusing on the population of merging BHs, we have found that

he majority of BHs merge prematurely in relation to the merger
f their host galaxies in FABLE due to two compounding numerical
ffects. 

(i) In the simulation, two BHs merge when they come within
 smoothing length of each other, irrespective of whether they
re gravitationally bound or not. This can occur while their host
ubhaloes are still interacting (e.g. at the first passage) but have not
et fully merged. 

(ii) During subhalo interactions, strong variations in gravitational
otentials, or steep potentials of nearby subhaloes can cause BHs
o be gradually ‘repositioned’ to a subhalo other than their original
ost. 

These numerical effects are also expected to play a role in other
idely used cosmological simulations that implement a similar repo-

itioning scheme as is used in FABLE . These include ILLUSTRIS , IL-
USTRISTNG , MILLENIUMTNG , EAGLE , FLAMINGO , and BAHAMAS ,
ome of which have been used in previous works to make predictions
f SMBH merger rates (Kelley et al. 2016 ; McCarthy et al. 2016 ;
alcido et al. 2016 ; DeGraf & Sijacki 2019 ; Siwek et al. 2020 ; Li et al.
022 ; Pakmor et al. 2023 ; Schaye et al. 2023 ). We have conducted the
rst study that quantifies these numerical effects and provide an initial
ttempt at correcting for them. We do so by adding macrophysical
ime delays that correspond to the time elapsed in the simulation
etween numerical BH merger and the merger of the host subhaloes,
hich we track throughout the merger process. During these delays,
Hs are allowed to grow in post-processing via Eddington limited,
BH 
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ondi-like accretion based on the central gas properties of their host
ubhaloes. Our main findings are summarized below. 

(i) These macrophysical time delays affect 93 per cent of the BH
erging population we study, in which we consider all BH mergers 

n FABLE with MBH > 106 M� at the time of numerical merger, 
esiding in sufficiently massive subhaloes. These delays precede 
ny microphysical time delays arising from unresolved small-scale 
ardening processes and are on average of the order of a few Gyrs,
xtending to � 12 Gyr, a timespan over which host galaxies undergo
ignificant morphological changes. 

(ii) We argue that the BH separations at the time of numerical 
H mergers suffer from the same numerical artefacts as the merger 

imes themselves. Using these as initial separations for calculating 
ubgrid hardening time-scales may lead to systematic errors. A more 
eliable, albeit conservative, alternative is to use the subhalo (galaxy) 
eparations from the snapshot immediately before the subhaloes 
erge. These separations are, on average, two orders of magnitude 

arger than the BH separations, with clear implications for the length 
f microphysical time delays. 
(iii) The introduction of macrophysical time delays suppresses 

igh-mass merger events. Although accretion during the delay pushes 
urviving mergers toward higher chirp masses, it does not fully com- 
ensate for the suppression of the most massive events. Consequently, 
ISA will detect a higher percentage of SMBH mergers, leading to a
ore complete view of the merging SMBH population. 
(iv) The reduction in BH merger rates, specifically in the highest 
ass bin, will directly affect the SGWB detected by PTAs, with 
 suppression observed across the full detectable frequency range. 
ur findings also illustrate how assumptions about SMBH hardening 
echanisms shape the predicted SGWB signal. 
(v) The large macrophysical time delays imply an increase in the 

umber of observable dual AGN at later cosmic times. Moreover, 
hese dual AGNs are predicted to be fainter than those in the original
ABLE simulation, consistent with the observed redshift evolution of 
ddington fractions, and residing at larger separations. 

It is important to note that our method assumes that our substruc-
ure finding algorithm can accurately identify these substructures 
hich host BH particles. Substructure finding algorithms may 

truggle to identify subhaloes in the central region of the host halo and 
ather associate the corresponding particles to the central subhalo (for 
 recent study on this, see Moreno et al. 2025 ). If the central subhalo
nd any of these neighbouring subhaloes host a BH, our method may
ssume an earlier host galaxy merger time if the SUBFIND algorithm 

s unable to resolve the two structures. Thus, using more accurate 
ubhalo-finding algorithms might increase our macrophysical delays 
n certain cases. Furthermore, all substructure finding algorithms will 
truggle with subhalo identification for low-mass objects close to the 
esolution limit of simulations. Unfortunately, these are precisely the 
bjects that host low-mass or seed BHs which recent JWST observa- 
ions are starting to probe, indicating that very high resolution sim-
lations are needed to understand this interesting BH mass regime. 
In conclusion, our findings demonstrate that numerical choices in 

H modelling within cosmological simulations significantly impact 
he predicted properties of merging SMBH populations. In this 
ork, we quantify this issue and present a first attempt at miti-
ating for incorrect BH positions using a post-processing approach. 
owever, the accuracy with which cosmological simulations capture 

he interplay between central BHs and their host galaxies cannot 
e fully reproduced through post-processing alone, underscoring 
 fundamental limitation of this method. Therefore, while these 
imulations remain a powerful tool for predicting current and future 
W and EM observations, our results highlight the pressing need 
or more precise modelling of both BH and BH binary orbits, both
bove and below the resolution limit of simulations. 
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PPENDI X  A :  REDSHIFT  E VO L U T I O N  O F  T H E  

H  MASS–STELLAR  MASS  SCALI NG  

ELATI ON  

n Fig. A1 , we show the redshift evolution of the BH mass relation,
here we plot the BH mass as a function of the stellar mass within

wice the stellar half-mass radius of the host galaxy. We do this
or easier comparison to observations, rather than using a proxy 
or the bulge mass as was done in Fig. 4 , as it is increasingly
ore challenging to separate the mass of the bulge from the total

tellar mass of galaxies at high redshifts (Davari, Ho & Peng 2016 ).
e compare these to observations by Reines & Volonteri ( 2015 )

nd Greene et al. ( 2020 ) at z = 0. The cosmic evolution of this
elation is not yet well understood, with recent JWST measurements 
ortraying a complex picture (Maiolino et al. 2024 ), and thus it is
ifficult to compare the population of BHs in FABLE to the observed
opulation of SMBHs in this respect (Merloni et al. 2009 ). However,
his figure indicates that host galaxies in the simulation are growing

ore rapidly than their central BHs, especially at the low-mass 
nd. Future observations with JWST and GRAVITY + will provide 
etter constraints on this mass relation up to z � 2, improving
ur understanding of BH and galaxy co-evolution in the early 
niverse (Gravity + Collaboration 2022 ; Abuter et al. 2024 ). 
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Figure A1. The evolution of the central BH mass versus stellar mass within twice the half-mass radius of all galaxies in FABLE . The redshifts shown are 
z = 0 , 2 , and 4. The best fits from Reines & Volonteri ( 2015 ) and Greene et al. ( 2020 ) at z = 0 are also shown for comparison. 
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