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A B S T R A C T 

We investigate the coalescence of massive black hole ( M BH 

� 10 

6 M �) binaries (MBHBs) at 6 < z < 10 by adopting a suite of 
cosmological hydrodynamical simulations of galaxy formation, zoomed-in on biased ( > 3 σ ) o v erdense re gions ( M h ∼ 10 

12 M �
dark matter haloes at z = 6) of the Universe. We first analyse the impact of different resolutions and AGN feedback prescriptions 
on the merger rate, assuming instantaneous mergers. Then, we compute the halo bias correction factor due to the o v erdense 
simulated region. Our simulations predict merger rates that range between 3 and 15 yr −1 at z ∼6, depending on the run considered, 
and after correcting for a bias factor of ∼20 −30. For our fiducial model, we further consider the effect of delay in the MBHB 

coalescence due to dynamical friction. We find that 83 per cent of MBHBs will merge within the Hubble time, and 21 per cent 
within 1 Gyr, namely the age of the Universe at z > 6. We finally compute the expected properties of the gravitational wave 
(GW) signals and find the fraction of LISA detectable events with high signal-to-noise ratio (SNR > 5) to range between 66 per 
cent and 69 per cent. Ho we ver, identifying the electro-magnetic counterpart of these events remains challenging due to the poor 
LISA sky localization that, for the loudest signals ( M c ∼ 10 

6 M � at z = 6), is around 10 deg 

2 . 

Key w ords: gravitational w aves – galaxies: high-redshift – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

t is now widely agreed that that the centres of nearby galaxies
ost massive black holes (MBHs, 10 6 � M BH � 10 10 M �) whose
asses correlates with several properties of the host galaxy itself

e.g. Magorrian et al. 1998 ; Kormendy 2001 ). Observational pieces
f evidence also indicate the existence of bright quasars at z � 6 (e.g.
an et al. 2006 ; Jiang, Jing & Lin 2010 ) powered by supermassive
lack holes (SMBHs, 10 8 � M BH � 10 10 M �) that are accreting
lose to the Eddington rate. It is still a theoretical challenge to explain
ow such SMBHs have been assembled within 1 Gyr after the birth
f the Universe. 
These bright, high- z quasars are expected to be located in massive

ark matter (DM) haloes ( M halo � 10 12 M �). According to the
ierarchical structure formation scenario (e.g. White & Rees 1978 ;
eebles 1980 ; Blumenthal et al. 1984 ), such massive DM haloes
esult from the mergers of smaller haloes that formerly harboured
he initial seeds of the SMBHs we observe at z ∼ 6. Several
andidates have been proposed so far as SMBH seeds: (i) light seeds
 M seed ∼ 10 − 100 M �), formed as remnants of Pop III stars (Madau,
 E-mail: srija.chakraborty@sns.it 

t  

(  

i  

Pub
ozzetti & Dickinson 1998 ; Heger et al. 2003 ; Yoshida, Omukai &
ernquist 2008 ; Hirano et al. 2015 ) at z ∼ 20 −30; (ii) intermediate

eeds ( M seed ∼ 1000 M �), produced in compact nuclear star clusters
s a consequence of runaway stellar mergers at z ∼ 10 −20 (Davies,
iller & Bellovary 2011 ; Devecchi et al. 2012 ; Lupi et al. 2014 ;
apelli 2016 ; Reinoso et al. 2018 ); and (iii) heavy seeds or direct

ollapse black holes (DCBHs, M seed ∼ 10 4 − 10 6 M �), resulting
rom the rapid collapse of metal poor gas clouds in z � 10 atomic
ooling haloes (virial temperature T vir ≥ 10 4 K) where star formation
s prevented by intense H 2 photodissociating Lyman Werner (LW)
adiation (Haehnelt 1994 ; Loeb & Rasio 1994 ; Eisenstein & Loeb
995 ; Silk & Rees 1998 ; Shang, Bryan & Haiman 2010 ; Johnson
t al. 2012 ; Yue et al. 2013 ; Ferrara et al. 2014 ). 

Numerous uncertainties remain associated with each of the scenar-
os discussed abo v e (e.g.Volonteri, Haardt & Madau 2003 ; Koushi-
ppas, Bullock & Dekel 2004 ; Begelman, Volonteri & Rees 2006 ;
odato & Natarajan 2006 ; Tanaka & Haiman 2009 ; Volonteri &
ellovary 2012 ; Latif et al. 2013 ; Woods et al. 2019 ). To understand
hich of the aforementioned scenarios is the most promising in order

o explain the presence of SMBHs at z ∼ 6, it is necessary to study
he still undisco v ered population of intermediate-mass black holes
IMBHs, 10 5 � M BH � 10 7 M �) at 6 � z � 10. Various works have
nvestigated the possibility that these IMBHs lie at the centers of
© 2023 The Author(s) 
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1 MUSIC – Multiscale Initial Conditions for Cosmological Simulations: https: 
// bitbucket.org/ ohahn/ music . 
2 We adopt the following parameters by the Planck Collaboration et al. 
( 2016 ): �M, 0 = 0.3089, �� , 0 = 0.6911, �B, 0 = 0.0486, and 
H 0 = 67 . 74 km s −1 Mpc −1 . 
3 We use the following convention when indicating distances: a letter c before 
the corresponding unit refers to comoving distances (e.g. ckpc), while the 
letter p refers to physical units (e.g. pkpc). When not explicitly stated, we are 
referring to physical distances. 
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warf galaxies (Reines, Greene & Geha 2013 ; Silk 2017 ; Barai & de
ouveia Dal Pino 2019 ), and it is difficult to detect them at high-z
ecause of low surface brightness of the galaxies as well as the low
ntensity of the IMBHs. 

The proposed space-borne gravitational wave (GW) observatory 
aser Interferometer Space Antennae (LISA; eLISA Consortium 

t al. 2013 ), due to be launched in 2034, is potentially an exquisite
ool to accomplish this goal. LISA is in fact designed to be sensitive
o signals in the frequency range 10 −4 −10 −1 Hz, thus capable to
etect GWs from massive (10 4 − 10 8 M �) BH binaries at very-high
edshift (even z ∼ 20 if BHs in this mass range already exist at such
arly epochs; Haehnelt 1994 ; Jaffe & Backer 2003 ; Wyithe & Loeb
003 ; Sesana et al. 2004 , 2005 ; Amaro-Seoane et al. 2022 ). Different
cenarios of BH seeds are expected to leave signatures in all those
bservables that can be probed by GW observations of MBHBs (e.g. 
erger rates and BH mass distribution; Bhowmick et al. 2022 ). 
Sev eral studies hav e used semi-analytical models (SAMs) to 

stimate the MBHB merger rate. For instance, Sesana, Volonteri & 

aardt ( 2007 ) made predictions for the merger rate of MBHs when
he compact objects start their evolution either as DCBHs or as
op III star remnants. In this study, the authors considered different 
tellar feedback regimes to trace the metal enrichment in the gas 
aloes of MBH formation. Differently, Hartwig, Ag arwal & Reg an 
 2018 ) quantified the rate of in situ mergers from binaries of DCBHs.
ayal et al. ( 2019 ) investigated the dependence of the merger rate on

he seed mass (light versus heavy seeds), the merger prescription 
instantaneous versus delayed merger), and cosmic reionization. 
arausse et al. ( 2020 ) focused on different seeding models, including
arious astrophysical processes, such as supernovae feedback. Com- 
arably, numerous SAMs, such as Begelman et al. ( 2006 ), Arun et al.
 2009 ), Klein et al. ( 2016 ), Bonetti et al. ( 2019 ), and Valiante et al.
 2020 ) explored different evolutionary channels of MBHB formation 
seed mass, accretion efficiency, metal enrichment, and merger time- 
cales) that could be detected by milli-Hz GW facilities, like LISA. 

A different approach instead takes advantage of cosmological 
ydrodynamical simulations (HDS; e.g. Di Matteo et al. 2012 ; 
ogelsberger et al. 2014 ; Schaye et al. 2015 ; Volonteri et al. 2017 ;
ong-P ́aez et al. 2023 ) to study the dynamics of gas and its effect on

he evolution of high redshift quasars. Salcido et al. ( 2016 ) studied
he SMBH mergers occurring in a fully cosmological simulation. In 
articular, the authors looked for the expected LISA detection rate 
n the EAGLE run (Schaye et al. 2015 ), including also a prescription
o delay the mergers. More recently, several works made predictions 
or the LISA detection rate taking advantage of the Illustris 
imulations (Nelson et al. 2015 ). Particularly, Katz et al. ( 2019 )
nalysed the effect of different evolutionary models for MBHB and 
tudied the detectability of the merger events (see also Katz & Larson
019 ). DeGraf & Sijacki ( 2019 ) studied how different seeding models 
an affect the statistical properties of the MBH population, and the 
esulting merger rate. Furthermore, DeGraf et al. ( 2021 ) explored the
elation between SMBH mergers and the morphology of their host 
alaxies at z ≤ 4. 

In this work, we adopt cosmological zoom-in HDS of galaxy for-
ation, based on the GADGET-3 code, to investigate the coalescence 

f MBH ( M BH � 10 6 M �) binaries at 6 < z < 10. We consider a
uite of simulations which differ both in terms of resolution and in
he stellar/AGN feedback prescriptions implemented and investigate 
he impact of resolution and feedback on the merger rates of MBHB.
or our fiducial model, we further investigate the associated GW 

roperties (chirp mass, merger rate, characteristic strain, signal-to- 
oise ratio, and angular resolution) of the MBHBs. We also quantify 
he effect of considering delays in MBHB merging due to dynamical 
riction on such GW properties. The paper is organized as follows:
n Section 2 , we describe the numerical simulations analysed in
his work; in Section 3 , we study the merger rate resulting from
ur simulations; and in Section 4 , we analyse the effect of adding
elays in the MBHB coalescence in post-processing. In Section 5 ,
e analyse the GW properties from the MBHB mergers. Finally, we
iscuss our results in Section 6 and draw our conclusions in Section 7 .

 SI MULATI ONS  

n this section, we describe the cosmological HDS adopted in this
ork. We select simulations from the suites introduced by Valentini, 
allerani & Ferrara ( 2021 ) – hereafter V21 – and Barai et al. ( 2018 )
hereafter B18. 
The simulations are performed with the TreePM (particle 
esh) + SPH (smoothed particles hydrodynamics) code GADGET- 
 , an evolution of the public GADGET-2 code (Springel 2005 ), and
ollo w the e volution of a ∼10 12 M � halo at z = 6. In particular, we
onsider the following runs from V21: 

(i) AGN fid : our fiducial model, featuring thermal AGN feedback; 
(ii) BHs noFB : a control run, analogous to AGN fid, in which

Hs and their accretion are included, but AGN feedback is turned
ff; 

and the following runs from B18: 

(i) AGNcone : in which the kinetic feedback is distributed in a
i-cone with and half-opening angle of 45 ◦. 
(ii) AGNsphere : featuring isotropic, kinetic AGN feedback. 

We summarize in the following sections the other main features 
f the simulations that are rele v ant for the present study, while we
efer to the aforementioned papers for details. 

.1 Valentini et al. ( 2021 ) models: AGN fid and BHs noFB 

.1.1 Initial conditions and resolution 

he initial conditions are generated with the code MUSIC 

1 (Hahn &
bel 2011 ), assuming a � CDM cosmology. 2 First, a DM-only

imulation is run from z = 100 to z = 6, with DM particles having a
ass of 9.4 × 10 8 M � in a comoving volume of (148 Mpc). 3 Then,
 halo as massive as M halo = 1.12 × 10 12 M � at z = 6 is selected for
 zoom-in procedure, to run the full HDS. In the zoom-in region, the
ighest resolution particles have a mass of m DM 

= 1.55 × 10 6 M �
nd m gas = 2.89 × 10 5 M �. The gravitational softening lengths are 3 

DM 

= 0.72 ckpc and εbar = 0.41 ckpc for DM and baryon particles,
espectively. 

.1.2 Sub-resolution physics 

(i) Cooling, star formation, and stellar feedback: the multiphase 
nterstellar medium (ISM) is described by means of the MUlti Phase
MNRAS 523, 758–773 (2023) 
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associated with any galaxy in the simulations. We discuss these spurious 
events in Section 4.1 . 
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 article Inte grator (MUPPI) sub-resolution model (Murante et al.
010 , 2015 ; Valentini et al. 2017 , 2019 ). It features metal lines
ooling, an H 2 -based star formation, thermal and kinetic stellar
eedback, the presence of an UV background, and the Tornatore
t al. ( 2007 ) model for chemical evolution. 

(ii) Black holes seeding and merging: BHs are treated as colli-
ionless sink particles. Seeds of mass M BH, seed = 1.48 × 10 5 M �
re implanted in DM haloes with mass exceeding M DM, seed =
.48 × 10 9 M �. This seeding prescription is meant to mimic in
 simplistic way the DCBH scenario described in the section. Two
Hs are allowed to merge when their relative distance becomes

maller than twice the BH gravitational softening length, and their
elativ e v elocity is lower than the sound speed of the local ISM.
he final BH is set on the position of the most massive BH,
hich underwent the merger. BH repositioning (or pinning ) is

mplemented, in order to prevent BHs from wandering from the
entre of the halo in which they reside: at each time-step BHs
re shifted towards the position of minimum gravitational potential
ithin their softening length (as also done in e.g. Booth & Schaye
009 ; Schaye et al. 2015 ; Weinberger et al. 2017 ; Pillepich et al.
018 ). 
(iii) Gas accretion on BHs: besides BH–BH mergers, black holes

re also allowed to grow via gas accretion, as described by the
lassical Bondi–Hoyle–Lyttleton (BHL) model (Hoyle & Lyttleton
939 ; Bondi & Hoyle 1944 ; Bondi 1952 ; Edgar 2004 ): 

˙
 Bondi = 

4 πG 

2 M 

2 
BH ρ(

c 2 s + v 2 
)3 / 2 , (1) 

here G is the gravitational constant, M BH is the BH mass, ρ
s the gas density, c s is the sound speed, and v is the velocity
f the BH relative to the gas. These quantities are evaluated by
v eraging o v er the SPH gas particles within the BH smoothing
ength, with kernel-weighted contributions. Equation ( 1 ) is used to
stimate the contribution to the accretion rate from the cold and
ot phase of the ISM, separately (Steinborn et al. 2015 ; Valentini
t al. 2020 ). Accretion from the cold gas is reduced by taking
nto account its angular momentum (see Valentini et al. 2020 , for
etails). The BH accretion rate is capped to the Eddington accretion
ate. 

(iv) Quasar feedback: a fraction of the accreted rest-mass energy
s radiated away with a radiative efficiency εr , thereby providing a
olometric luminosity for an accreting BH equals to: 

 bol = εr Ṁ BH c 
2 , (2) 

here c is the speed of light and εr = 0.03 (S 

↪ 
adowski & Gaspari

017 ). Then, a fraction εf = 10 −4 (V21) of the radiated luminosity
 bol is coupled thermally and isotropically to the gas surrounding

he BH. The AGN feedback energy is distributed to the hot and
old phases of the multiphase gas particles within the BH smoothing
olume (Valentini et al. 2020 ). 

.2 Barai et al. ( 2018 ) simulations: AGNcone and AGNsphere 

.2.1 Initial conditions and resolution 

nitial conditions are generated as in V21 with the code MUSIC
nd adopting the same cosmology. The parent, DM-only simulation
ollows a comoving volume of (500 Mpc) 3 , with DM particles having
 DM 

= 2 × 10 10 M �. The zoom-in run focuses on a DM halo as
assive as M halo = 4.4 × 10 12 M �; the highest resolution particles

ave m DM 

= 7.54 × 10 6 M � and m gas = 1.41 × 10 6 M �, with a
ravitational softening length εbar = εDM 

= 1.48 ckpc. 
NRAS 523, 758–773 (2023) 
.2.2 Sub-resolution physics 

(i) Cooling, star formation, and stellar feedback: radiative heating
nd cooling is accounted for by employing the CLOUDY cooling
ables computed by Wiersma, Schaye & Smith ( 2009 ). Star formation
s implemented following the ISM multiphase model by Springel &
ernquist ( 2003 ), in which an hot and a cold phase co-exist in
ressure equilibrium, and assuming a density threshold for the
tar formation of n SF = 0.13 cm 

−3 . A Chabrier ( 2003 ) initial
ass function (IMF) in the mass range (0.1 −100) M � is adopted.
tellar evolution and chemical enrichment are computed following
ornatore et al. ( 2007 ). 
(ii) Black hole seeding and merging: As in B18, the theoretical
ass of seed BHs is 10 5 M �. Ho we ver, their dynamical mass is much

maller in the V21 simulations ( ∼ 10 5 m � in V21 versus ∼10 7 M � in
18). The prescription is in fact more refined in V21, where seeded
Hs are linked to stellar particles instead of DM particles. We further
iscuss this point in Section 3.1 . 
(iii) Gas accretion on BHs: as in V21, the BHL model is adopted.

o we ver, the lo wer resolution of the B18 simulations does not
llow to properly describe the accretion process: thus equation
 1 ) is multiplied by a numerical boost factor α = 100 (Springel,
i Matteo & Hernquist 2005 ; Sijacki, Springel & Haehnelt 2009 ;
ogelsberger et al. 2014 ). No angular momentum effects are included

n the B18 formalism, and no distinction between the hot and cold
as phases is considered. 

(iv) Quasar feedback: black holes are assumed to radiate energy
way with an efficiency of εr = 0.1, and a fraction εf = 0.05 of this
nergy is coupled to the surrounding gas via kinetic feedback as an
nergy-driven wind (see Barai et al. ( 2018 ) for details). The geometry
f the feedback is bi-conical (i.e. energy is injected on to a bi-cone
ith a half-opening angle of 45 ◦) in AGNcone and spherical (i.e.

nergy distributed isotropically) in AGNsphere . BHs grow ∼10 times
ore massive at z = 6 in the AGNcone case than in the AGNsphere

un as shown in top panels of fig. 2 in B18. This is because in the
GNcone run more gas can inflow along the perpendicular direction

o the bi-cone, and accrete on to the black hole. 

A summary of the two different simulation models are provided
n Table 1 for a comprehensive view. 

 M E R G E R  R AT E  

.1 Merger rate from overdense regions 

or the models summarized in Table 1 , we compute the redshift
volution of the MBH merger rate (per unit redshift, per unit time)
or different chirp mass ranges, where the chirp mass is given by
e.g. Cutler & Flanagan 1994 ; Blanchet et al. 1995 ): 

 c = 

( m 1 m 2 ) 3 / 5 

( m 1 + m 2 ) 1 / 5 
, (3) 

nd m 1 and m 2 are the masses of the merging black holes. 4 We show
n Fig. 1 the normalized probability distribution function (PDF) of
he chirp masses resulting from different simulations. Although no
 vident dif ferences among dif ferent models can be seen from this
lot, we note that the B18 simulations predict a larger number of
mall chirp masses ( M c < 10 6 M �) with respect to to V21, and
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Table 1. Summary of the main features of the suites of the cosmological HDS adopted in this work (Valentini et al. 2021 ; Barai et al. 2018 ). 

AGN fid BHs noFB AGNcone AGNsphere 

z = 6 Mass resolution [M �]: Mass resolution [M �]: 
m DM 

= 1.5 × 10 6 m DM 

= 7.54 × 10 6 

m gas = 2.9 × 10 5 m gas = 1.41 × 10 6 

Gas particle smoothing length[pc] = 59 Gas particle smoothing length[pc] = 211 
Size of the zoomed region = 5.25cMpc Size of the zoomed region = 5.21cMpc 

DM halo host: DM halo host: 
M halo = 1 . 1 × 10 12 M � M halo = 4 . 4 × 10 12 M �

εr = 0.03 εr = 0.1 
V21 B18 

M � [M �] 4 × 10 10 3.5 × 10 10 7 × 10 10 6 × 10 10 

SFR [ M �yr −1 ] 200 190 200 300 
M BH [M �] 10 9 5 × 10 11 2 × 10 9 5 × 10 8 

BHAR [ M �yr −1 ] 35 3 × 10 4 89 3 
Feedback Stellar , A GN (thermal) Stellar Stellar , A GN (kinetic, Stellar , A GN (kinetic, 

bi-conical geometry) spherical geometry) 

Figure 1. PDF of chirp mass as resulting from the AGN fid (blue), BHs noFB 

(magenta), AGNcone (red), and AGNsphere (green). 
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nly the BHs noFB and AGNcone simulations predict MBHBs with 
 c > 10 9 M �. 
We then calculate the merger rate from the number density of
ergers, dN/dz per comoving volume, dV as (e.g. Haehnelt 1994 ; 
iardi & Loeb 2000 ): 

dN 

d zd t obs 
= 

4 πcd 2 L 

(1 + z) 2 
dN 

d zd V 

, (4) 

here d L is the luminosity distance of the event. The results are
hown in Fig. 2 . 

The number of MBH mergers predicted by our zoom-in cosmolog- 
cal simulations increases with decreasing redshift, as a consequence 
f the hierarchical structure formation process. Fig. 2 shows that 
he two sets of simulations have different merging histories that 
epend both on the numerical resolution adopted and on the feedback 
mplemented. 

In particular, Fig. 2 shows that the number of mergers predicted 
y the V21 simulations ( ∼100 at z = 6.5 for both AGN fid and
Hs noFB ) is smaller by a factor of at least 2 than the one by the
18 simulations ( > 200 for both AGNcone and AGNsphere case at z 
6.5). This major difference is likely linked to the better numerical 

esolution of the V21 simulations with respect to the B18 ones (see
able 1 ). The condition for seeding ( M h > 10 9 M �) is more easily
atisfied in B18 with respect to V21, because of the larger mass of its
esolution elements. This thus implies a larger number of seeds and
onsequently a larger number of mergers. Even more importantly, 
he excess of mergers in B18 is driven by the high dynamical mass,
hich enters in the BH–BH merger algorithm within the code. 
F or a fix ed numerical resolution, it is possible to study the

ependence of the number of mergers on the feedback implemented. 
n the V21 simulations, we find that for low chirp masses ( < 10 7 M �)
he merger rate predicted by the AGN fid model is higher than the
Hs noFB case. We further note that for M c > 10 7 M � this trend is

eversed, the merger rate in the BHs noFB run is higher than in the
GN fid case. The lack of AGN feedback allows a more efficient gas
ccretion, which makes the black holes to grow more massive and
umerous in the BHs noFB case in this particular chirp mass range. 
Furthermore, we study the trend of the local sound speed in the

SM. In the left-hand panels of Fig. 3 we show the results for the
21 simulation runs. We note that the sound speed is larger in the
Hs noFB run because of the following. In the BHs noFB run, the
ccretion rate is higher than in AGN fid (see Table 1 ); furthermore,
n scales o v er which c s is computed (i.e. the smoothing length of the
lack holes), the heating due to accretion (gravitational compression) 
ominates the heating due to feedback. Thus, the gas temperature 
and consequently c s ) in the BHs noFB run is higher than AGN fid .

e, thus conclude that for M c < 10 7 M �, the merger rate is driven
ainly by the gravity, dynamics, and substructure mergers. 
For the B18 runs, we observe from Fig. 2 that in AGNcone the

umber of mergers is larger by a factor of ∼2 with respect to the
GNsphere case. To investigate this point, in the right-hand panels 
f Fig. 3 we show the PDF of the relative sound speed of the merging
Hs resulting from these simulations. This figure shows that in the
GNcone case, the PDF is shifted towards larger values. As discussed

n Section 2 , two BHs are allowed to merge when their relative
elocity is lower than the sound speed of the local ISM. The higher
s the sound speed the larger is the probability for two BHs to merge.
he sound speed is larger in the AGNcone run because in this case the
ccretion is by far higher than in AGNsphere (see Table 1 ), resulting
n a higher number of mergers. 

We further note that Zana et al. ( 2022 ) already found that different
eedback prescriptions result into different merger rates: in AGNcone , 
alaxies merge faster and more easily than in AGNsphere , possibly
ecause of the stronger feedback due to the larger black hole accretion 
ate (see Table 1 ). This determines a more diffuse gas and stellar
omponent around the host galaxies, which can boost the effect of
MNRAS 523, 758–773 (2023) 
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M

Figure 2. Number of mergers per unit redshift per unit time for AGN fid (blue), BHs noFB (purple), AGNcone feedback (red), and AGNsphere feedback (green). 
The upper left-hand (right) panel shows the merger rates for MBHB systems with chirp mass < 10 6 M � (10 6 < M c < 10 7 M �); the lower left-hand panel shows 
the merger rates for chirp mass > 10 7 M �, while the lower right-hand panel refers to the the cumulative merger rates for all chirp mass ranges. 
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ynamical friction when two galaxies approach, thus lowering the

ynamical time-scale for their merging to occur. 
We finally note that different resolutions and feedback prescrip-

ions also affect the epoch at which the furthest merger event is
ccurring. F or e xample, for M c > 10 7 M �, the furthest GW signal
ccurs in the redshift interval 7.7 < z < 8 and 7.3 < z < 7.5 in the
ase of V21 and B18 simulations, respectively. 

.2 Bias in zoom-in simulations 

ur results are based on small box simulations, zoomed-in on a
assive, biased ( > 3 σ ; e.g. Barkana & Loeb 2001 ) DM halo. As a

esult, the number density of MBHB mergers within the simulated
ox o v erestimates the value in an av erage re gion of the Univ erse. In
NRAS 523, 758–773 (2023) 
hat follows, we estimate the bias of our predictions considering our
ducial run ( AGN fid ). Following the halo mass history suggested
y Correa et al. ( 2015a ), we first calculate the accreted mass ( M h , 0 )
t z = 0 of a 10 12 M � halo at z = 6: 

 h ( z) = M h, 0 (1 + z) αe βz , (5) 

here α = 0.24 and β = −0.75, respectively (Correa et al. 2015b ).
e find M h , 0 = 10 13.75 M �. 
In practice, when computing the merger rate with equation ( 4 ),

e are considering a Universe where all DM haloes have M h =
0 13.75 M � and comoving volume (5 . 25 cMpc) 3 . The result of this
rocedure will be clearly biased compared to a proper calculation in
hich DM haloes span a wider mass range ( M h = 10 10 ∼10 16 M �)

nd have different abundances. This bias cannot be directly computed
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Figure 3. PDF of relative sound speed of merging black holes for AGN fid 
feedback and BHs noFB from V21 (left-hand panel) and AGNcone and 
AGNsphere feedback from B18 (right-hand panel). The top panels show 

the distribution of the sound speeds of MBHBs with M c < 10 7 M � while 
the bottom panels show the same for all MBHBs. 
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Table 2. Comparison with contemporary literature for merger rates at z = 

6. The results of our work are reported after being corrected for the halo bias 
computed in Section 3.2 . 

Reference s Model dN 
d z d t 

[yr −1 ] 

Sesana et al. ( 2007 ) SAM 1.5–25 
Klein et al. ( 2016 ) SAM 10 
Hartwig et al. ( 2018 ) SAM 5 
Dayal et al. ( 2019 ) SAM < 10 
Katz et al. ( 2019 ) HDS 0.01 
This work (bias corrected) HDS 3–15 
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5 We further discuss this point in Section 4 . 
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rom our simulations, but we need to rely on a SAM. In SAMs, in fact,
 wide range of haloes are simulated and the merger rate is computed
rom their collective output, by weighting each halo mass according 
o the Press and Schechter halo mass function (Press & Schechter 
974 ). This latter step is simply obtained by dividing the the merger
ate by the ef fecti v e como ving volume occupied by that halo. It
s therefore also possible to use the SAM output to create biased
niverses, simply by taking haloes of a desired mass and weighting 
hem with a desired ef fecti v e como ving volume. By comparing the
ates obtained from this biased universe to the total one, we can infer
he bias. This is the procedure we follow here. 

We then use the SAM by Barausse ( 2012 ; see also Klein et al.
016 ), and we consider the output of all the trees, weighted on the
ress and Schechter halo mass function (Press & Schechter 1974 ). 
or these calculations, we consider the ‘Q3nod’ run, since it is based
n a model that more closely resembles our prescriptions (heavy 
eeds and no time delays). Furthermore, for a fair comparison with 
ur results, we only consider z > 6 merger events occurring in DM
aloes > 10 9 M � (the threshold mass used in our simulations to seed
BHs) and involving binaries with both BH masses > 10 5 M � (the
ass of our seeds). The merger rate obtained in this case is ∼3 yr −1 .
We next consider two specific merger trees, whose haloes at z =

 are the closest to the M h , 0 value computed abo v e, namely M h 1, 0 =
0 13.7 M � and M h 2, 0 = 10 13.8 M �. We weight the merger rates in
hese two merger trees with the inverse of the comoving volume of
ur refined simulation, namely (5.25 cMpc) 3 . The average of the two
erger rates obtained in this way can be used as a proxy for the
erger rate in a Universe made only of haloes of M h , 0 = 10 13.75 M �

t z = 0. The merger rate obtained in this case is ∼60 yr −1 . 
We, thus estimate that the merger rates computed from our zoom- 

n simulations is biased by a factor ∼20. We repeat the abo v e
alculations for the model ‘popIII’ (which assumes light seeds and 
elays between MBH and galaxy mergers) and the model ‘Q3-d’ 
heavy MBH seeds and delays). In both cases the bias does not
hange significantly, being ∼ 20–30. 

To summarize, our zoom-in simulations predicts a total number 
f merger events per year, at z ∼ 6, that varies between 80 and 300,
epending on the resolution and the star formation/AGN feedback 
rescriptions adopted. By accounting for the halo bias, the number 
f merger events lower to ∼ 3–15 yr −1 . 

.3 Comparison with contemporary works 

n this section, we compare our results at z = 6 with contemporary
orks that make similar calculations, both using SAMs and HDS. For 

his comparison, we only consider those models that do not include
ny time delay in MBHB coalescence, which is consistent with our
ork. 5 We summarize results from different models in Table 2 . 
We first compare our results with the predictions by Sesana et al.

 2007 ) based on the models by Begelman et al. ( 2006 ). In these
orks, DCBH formation is efficient when the haloes o v ercome a
iven threshold of virial temperature ( T vir ≥ 10 4 K): the ‘high-
eedback’ (BVRhf) and ‘low-feedback’ (BVRlf) models differ for 
he efficiency in the distribution of metals produced during the star
ormation process. In the BVRhf (BVRlf) model, the merger rate is
.5 (25) yr −1 . This difference is due to the following: in BVRhF, as
 consequence of the high stellar feedback efficiency that ensures a
wift metal enrichment, the DCBH formation stops as early as z ∼
8; in the BVRlf, the DCBH formation only stops at z ∼ 15, since
he low stellar feedback efficiency allows haloes to remain pristine 
onger. 

Klein et al. ( 2016 ) also investigated the effect of different seeding
odels and time delays between galactic and MBHB mergers on 

he merger rate. For this, they adopted the SAM by Barausse ( 2012 )
nd varied the seeding mass (light seed versus heavy seed), and
ence their halo occupation fraction. They also consider delays in 
BHB caused by MBH environment as well as by triple interactions.
onsidering the model with heavy seeds and instantaneous mergers 

model ‘Q3-nod’) at redshift 6, they predict a merger rate of 10 per
ear. 

We further consider the results by Hartwig et al. ( 2018 ) for
nstantaneously merging binaries with 10 4 < M seed < 10 6 M �, as
erived by assuming a critical LW flux 6 of J c = 30 J 21 . In the Hartwig
t al. ( 2018 ) calculations, the merger rate the DCBH formation rate
eaks at approximately z ∼ 7 after which the DCBH formation stops,
s a result of the metal enrichment and cosmic reionization processes.
he resulting merger rate at z = 6 is 10 yr −1 . For what concerns Dayal
t al. ( 2019 ), they use the SAM of galaxy formation Delphi to track
he effect of different BH parameters on the BH merger rates. The
MNRAS 523, 758–773 (2023) 
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erger rate at z = 6 is found to be < 10 per year. We only consider
he case of instantaneous mergers which does not assume any delays
etween galactic and MBH mergers, referred to as ins1 model in the
ayal et al. ( 2019 ). We also note that they only report the intrinsic
erger rate for all BH mergers (stellar BBH mergers,‘mixed’ merger
ith stellar seed and DCBH as well as DCBH–DCBH mergers). For

his reason, 7 we consider this estimate as an upper limit to the merger
ate when only DCBH are seeded. 

For what concerns HDS, Katz et al. ( 2019 ) used Illustris
o study different populations of MBHs. They predict the effect
n LISA detection rate for dif ferent MBH e volutionary scenario
uch as the effect of delay on the BH particle mergers in the
imulations combined with different BH masses. At z ∼ 6, they
redict the intrinsic merger rate ∼0.01 per year for heavy seeds and
nstantaneous mergers (model ND ). 

To summarize, our results are consistent with previous predictions
rom semi-analytical works (after being corrected for the halo-bias),
hile they are above the predictions by Katz et al. ( 2019 ). This

nconsistency can be ascribed to the different seeding mechanisms
dopted in their work M seed = 1.42 × 10 5 M � BHs seeded in M DM 

=
.1 × 10 10 M � DM haloes): since the DM haloes in which BHs are
eeded are more massive (i.e. less numerous) than ours, we expect
ewer BHs to be seeded in the simulations, resulting into a lower
erger rate. 
Furthermore, in Appendix A , we compare the gravitational wave

ackground (GWB) resulting from our simulations with current
anoGrav, EPT A, and PPT A observations. We notice that this is only
 sanity check to make sure that our predictions are not o v ershooting
urrent observ ational constraints. Ho we ver, it does not represent
 genuine comparison since our predictions do not include any
ontribution from sources at z < 6, which are instead expected to
ominate the background (e.g. Izquierdo-Villalba et al. 2021 ). 

 D E L AY S  IN  M B H B  M E R G E R S  

n our simulations, given the limited spatial and temporal resolution,
e are not able to properly follow the dynamics of MBHBs up

o coalescence. This explains the simplified prescription typically
dopted in zoom-in cosmological simulations for BH merging
escribed in Section 2 . Ho we ver, the actual time-scale over which
BHBs merge depends on several factors, e.g. the mass ratio of

he MBHs, their initial separation, and the physical properties of the
alaxy hosting the MBHB. In what follows, for our fiducial model,
e first describe how we associate a MBHB to its host galaxy, and

hen we correct in post-processing the coalescing time of MBHB
ergers including a time delay due to dynamical friction from the

urrounding stars. 8 This allows us to get a first order estimate of
ow our merger rates change due to these effects. The final results
ay anyway vary to some degree from what we report below, if the

ynamical friction were actually implemented in the code, instead of
pplying its effect in post-processing. 

.1 Galaxy-MBHB association 

n this subsection, we describe the method we adopt to associate
 MBHB to its host galaxy. Galaxy identification follows a similar
NRAS 523, 758–773 (2023) 

 They also show that DCBH mergers, noted as ‘type 3’ mergers, are the rarest 
n their BH population. 
 In Appendix B , we describe the stellar hardening physical process that could 
urther delay the coalescence of MBHBs. We find that the resolution of our 
imulations prevents us to make realistic predictions about this effect. 

e
1

d
w
t
o
s

pproach to what has been done in Zana et al. ( 2022 ). We identify 9 

M haloes through the AMIGA halo finder code (Knollmann &
nebe 2009 ). The merger tree for each halo at z � 6 is built by tracing
ack in time the constituent DM particles: their ID is matched in the
rogenitor structures in the previous snaphots. Baryon particles are
ssigned to their related galaxy when: (i) they are located within βr vir 

f a given halo, where r vir is the virial radius of the halo and β = 0.3;
nd (ii) their velocity is lower than the escape velocity, as e v aluated
hrough an analytical integration of the Navarro–Frank–White profile
Navarro, Frenk & White 1996 ) to speed up calculations. We restrict
ur analysis only to those galaxies with M vir > 10 9 M � and M ∗ >

0 7 M �. 
We associate a host galaxy to each merger event, by using the

ollowing procedure: (i) we first assign to each merger event that
alaxy for which its centre of mass is the closest to the position
f the primary BH (BH p ); (ii) we consider only those mergers,
hich are within βr vir of any galaxy. When we associate the galactic
roperties (derived from a snapshot) to a merger event, we consider
he closest 10 snapshot in time to the event itself (see Section 6 for
urther discussion). 

In some cases, our algorithm fails to associate a host galaxy to
 merger event. This may occur because during the time passing
etween the redshift of the event and the closest snapshot, the BH p 

ay hav e mo v ed out of the r vir of the host galaxy. Another possibility
s related to the fact that during the simulation a MBH may be
puriously seeded into a transient matter o v erdensity (incorrectly
dentified as a galaxy by the on-the-fly halo finder); such a MBH
ould then rapidly merge with the MBH of the closest halo

due to the repositioning algorithm) in less than 1 time-step (e.g.
lecha et al. 2015 ; Kelley, Blecha & Hernquist 2016 ; Katz et al. 
019 ). 
We find, in our fiducial model, o v er the 145 total events, 72 per cent

ccur within βr vir , 22 per cent outside βr vir but inside r vir , and
 per cent outside the r vir . We remo v e these spurious events from
ur calculations. 11 

.2 Time delay due to dynamical friction 

he interaction of the MBHBs with stars in their surroundings results
n the MBHs to lose energy, to slo w do wn, and to spiral inwards
radually. (Chandrasekhar 1943 ; Ostriker 1999 ). This process effec-
ively increases the time-scale of the MBHB merger with respect to
he adopted simulations, potentially delaying it by millions or even
illions of years. The amount of dynamical friction experienced by
BHBs depends on the density and distribution of the surrounding

tars, as well as the mass and velocity of the binary. In general, the
ffect of dynamical friction is strongest in regions of high density,
uch as the centers of galaxies, where the density of DM and stars is
he highest. We make a simple calculation following the prescription
f Krolik et al. ( 2019 ), but see also Volonteri et al. ( 2020 ) for more
etails. 
vent, finding no appreciable differences in the main results of our work. 
1 We also calculate the spurious events in AGNcone for comparison of 
ifferent resolutions and we find that the fraction of spurious events increase 
ith the decrease of resolution of the numerical simulation. Over the 1812 

otal events in AGNcone , only 10 per cent occur within βr vir , 20 per cent 
utside βr vir but inside r vir , and 70 per cent outside the r vir . This further 
trengthens our selection of AGN fid as our fiducial model. 
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Figure 4. Number of merger events as a function of the total mass of the system M t and the redshift z of the binary, as resulting from our fiducial run. The 
left-hand panel shows the merger distribution resulting from the simulations while the right-hand panel shows the same distribution after adding the delay time 
due to dynamical friction. The white region in each plot shows the redshift range accessible to the simulations ( z> 6) and the grey region denotes the redshift 
range inaccessible to our simulations. 
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Figur e 5. Mer ger rate per unit redshift z of MBHBs, considering delay times 
in post-processing. In blue, mergers from AGN fid are shown and the same 
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depicts the redshift range, which is inaccessible in our simulations. 

m  

a

5

I  

p
s
G  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/1/758/7165785 by Luisa Ferrini user on 30 M
ay 2023
The frictional time-scale for a massive object in an isothermal 
phere can be written as (Binney & Tremaine 2008 ): 

 df = 0 . 67 Gyr 

(
a 

4 kpc 

)2 ( σ

100 km s −1 

)(
M BH s 

10 8 M �

)−1 1 

� 

, (6) 

here a is the distance of the MBH from the Galaxy Centre 12 , σ is
he central stellar velocity dispersion: 

= (0 . 25 GM ∗/R eff ) 
1 / 2 , (7) 

 ∗ is the total stellar mass of the galaxy hosting the MBHs, computed
s described in Section 4.1 , 

 = ln (1 + M ∗/M BH s ) , (8) 

 eff = 0.1 r vir , and M BH s denotes the mass of the secondary (less
assive) MBH. 
The total time taken by the MBHBs to merge including the 

ynamical friction correction is then given by 

 tot, df = t in + t df , (9) 

here t in is the time at which the merger occurs in the simulation. 
The results of our calculations are reported in Fig. 4 , where we

how the number of merger events (for which we can associate 
 host galaxy) across different mass and redshift ranges without 
ncluding any post-processing delay (left-hand panel), and including 
ynamical friction (right-hand panel). The grey region in each panel 
enotes the redshift range outside the reach of our simulations ( z 
 6). Fig. 5 helps to better visualize the difference in the merger

ate predictions if we assume instantaneous merger (blue line), or 
e include delay due to dynamical friction (yellow line) in post-
rocessing. By adding the delay due to dynamical friction, we find 
hat 17 per cent of the MBHBs of our fiducial calculations are not
2 We calculate a at the snapshot closest in time to the numerical merger. 

1

t

erging within the Hubble time, 21 per cent of the MBHBs merge
t z > 6, and the rest will be delayed to a redshift range z < 6. 

 G W S  F RO M  H I G H  REDSHI FT  M B H B S  

n this section, we estimate the detectability of the merger events
redicted by the V21 AGN fid simulations, 13 by computing the 
ignal-to-noise ratio (SNR) and the angular resolution � of their 
W signals. We also show how these properties vary if time delay
MNRAS 523, 758–773 (2023) 

3 In Appendix C , we compare the GW properties reported in this section for 
he AGN fid with the other simulation runs presented in Section 2 . 
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Figure 6. The yellow–red lines show the varying characteristic strains 
through the inspiral, merger, and ringdown phases for MBHB systems of 
total masses 10 5 , 10 6 , and 10 7 M � from bottom to top. Expected sensitivity 
(green) with various possible sources in units of dimensionless characteristic 
strain amplitude for a three arm configuration of LISA. Plot taken from the 
LISA L3 mission proposal. 15 
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ue to dynamical friction is considered. We assume that a GW signal
s detectable if SNR > 5. Hereafter, for the sake of brevity, we refer to
hese ‘LISA detectable events’ as LDEs. Furthermore, we also depict
he fraction of LDEs in the ‘mass ratio’–‘total mass’ plane with and
ithout considering delay effects. Finally, we discuss the different

cales of interest in time, frequency and spatial ranges of the LDEs. 

.1 SNR ratio and angular resolution 

he SNR accumulated o v er the observational time τ is computed
ollowing the Flanagan & Hughes ( 1998 ) formalism: (

S 

N 

)2 

f 

= 

∫ f + f 

f 

d ln f ′ 
[

h c ( f ′ r ) 
h rms ( f ′ ) 

]2 

, (10) 

here f r is the GW rest-frame frequency, f = f r /(1 + z) is the observed
requency,  f is the frequency shift in the duration of τ , h c is the
 har acteristic str ain , and h rms is the ef fecti ve 14 rms noise of the
nstrument. 

We start defining the strain amplitude (sky and polarization
veraged) of GWs emitted by two black holes of chirp mass M c 

hat are merging at redshift z, following Hawking & Israel ( 1989 ): 

 = 

8 π2 / 3 

10 1 / 2 
G 

5 / 3 M c 
5 / 3 

c 4 r( z) 
f 2 / 3 r , (11) 

here r ( z) is the luminosity distance of the merging events. MBHBs
pend a mass-dependent amount of time in each frequency band, as
hown in Fig. 6 . 

It is, thus common to compute the characteristic strain amplitude
hat also depends on the number of cycles spent in the LISA
andwidth by the binaries: 

 c = h 

√ 

n � 

1 

3 1 / 2 π2 / 3 

G 

5 / 6 M c 
5 / 6 

c 3 / 2 d L 
f −1 / 6 

r , (12) 

here n is the number of cycles spent in a frequency interval  f : 

 � f 2 r / ̇f r = 

5 

96 π8 / 3 

c 5 

G 

5 / 3 M c 
5 / 3 f 

−5 / 3 
r , (13) 

nd the rest-frame frequency shift rate is expressed as 

 ̇r = 

df r 

dt r 
= 

96 π8 / 3 G 

5 / 3 

5 c 5 
M c 

5 / 3 f 11 / 3 
r , (14) 

ssuming that the backreaction from GW emission dominates the
rbital decay of a binary. 
The LISA rms noise h rms is instead given by 

 rms ( f ) ≡
√ 

f S n ( f ) , (15) 

here S n is the LISA power spectral density (PSD): 

S n ( f ) = 

20 

3 

4 S n , acc ( f ) + S n , sn ( f ) + S n , omn ( f ) 

L 

2 

×
⎡ 

⎣ 1 + 

( 

f 
0 . 41 c 

2 L 

) 2 
⎤ 

⎦ , 

(16) 

 corresponds to the detector arm length, and S n, acc , S n, sn , and S n, omn 

re the noise components due to low-frequency acceleration, shot
NRAS 523, 758–773 (2023) 

4 The total LISA h rms noise is the sum in quadrature of the instrumental 
ms noise and the confusion noise from unresolved galactic (Nelemans, 
ungelson & Portegies Zwart 2001 ), extragalactic (Farmer & Phinney 2003 ), 
nd white dwarf-white dwarf binaries. The number of these sources is 
xpected to decrease as the LISA mission progresses and a larger number 
f foreground sources are detected and removed. 

o  

1

1

c
f
e

oise and other measurement noise, respectively (Klein et al. 2016 ;
mith & Caldwell 2019 ), parametrized as 16 

S n , acc = 

9 × 10 −30 

(2 πf ) 4 

(
1 + 

10 −4 

f 

)
[ m 

2 Hz −1 ] , 

S n , sn = 2 . 22 × 10 −23 [ m 

2 Hz −1 ] , 

 n , omn = 2 . 65 × 10 −23 [ m 

2 Hz −1 ] . (17) 

In an ideal experiment, to maximize the SNR, one should integrate
quation ( 10 ) o v er the entire duration of the GW event. Most of the
ifetime of a GW emitted by a MBHB is encompassed within the time
nterval between when the distance between the two MBHs becomes
lose to the hardening radius r h (the inspiral phase begins) and when
t reaches the innermost-stable circular orbit radius r isco (the merging
hase begins). In this case, the integration limits should range
etween a minimum frequency f min = f h at the r h and the frequency
 max = f isco at the r isco . Ho we v er, in a real e xperiment, a GW ev ent
an be detected by LISA only if its frequency is included in the range
10 −4 –1.0) Hz and the SNR o v ercomes a certain threshold (here taken
s SNR thresh = 5). We, thus consider as f min the frequency at which
NR > SNR thresh . We, hence calculate the SNR for each merger event

n AGN fid , and we find the results shown in the upper panels of Fig. 7 .
The upper left-hand panel of Fig. 7 shows the trend of the SNR

ith redshift, without assuming any time delay. For a given chirp
ass, the further the source is located, the lower is the SNR of the
W event. Furthermore, although h c increases with the mass of the
BHB system, for a fixed redshift, the SNR is higher for sources
ith lower chirp mass. This trend occurs because low-mass binaries
erge slower and enter in the LISA band sooner: hence, they stay in

he LISA band for longer time and accumulate more SNR o v er their
nspiraling lifetime. The maximum SNR that is resulting in this case
s ∼100. 

The upper right-hand panel of Fig. 7 shows instead the same trend
f the SNR with redshift, when time delay due to dynamical friction
5 https:// www.elisascience.org/files/publications/ LISA L3 20170120.pdf
6 These values hold for the current LISA design, that presents three space- 
rafts connected by six links. Given the large uncertainties on the very-low 

requency LISA sensitivity, we adopt a pessimistic cut at 10 −4 Hz (Sesana 
t al. 2004 ). 

art/stad1493_f6.eps
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Figure 7. SNR ratio (upper panel) and angular resolution (lower panel) of MBHB mergers resulting from our simulations, with (without) delay times considered 
in right-hand (left) panel colour-coded according to their chirp mass. The shaded grey area represents the redshift range inaccessible to our simulations. Filled 
and empty circles represents detectable and undetectable events, respectively. The detectability threshold has been set to SNR thres = 5. 
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Figure 8. Fraction of detectable merger events as a function of the total mass 
of the system M t = m 1 + m 2 and the mass ratio m 1 / m 2 of the binary. 

5

F  

‘  

m  

(
d

 

l  

o  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/1/758/7165785 by Luisa Ferrini user on 30 M
ay 2023
s taken into account. We find that in this case events delayed at
pochs z < 6 are characterized by SNRs that can be as high as
0 3 −10 4 , while at z > 6 the highest SNR limit remains the same as
GN fid without any delays (SNR ∼ 150). 
Finally, for the prospect of follow-up observations with electro- 
agnetic telescopes, we calculate the LISA angular resolutions of 
DEs to quantify how large is the region in the sky that must be
o v ered by a telescope to detect the electromagnetic signals from
erging MBHBs. We adopt the results found by McGee, Sesana & 

ecchio ( 2020 ), which are derived from a range of population
odels: the median angular resolution � can be associated with the 
edian SNR at which a merger is observed by the following relation: 

≈ 0 . 5 

(
SNR 

10 3 

)−7 / 4 

deg 2 . (18) 

The lower panel of Fig. 7 tracks the redshift evolution of the
ngular resolution for LDEs. Following the SNR trend, the optimal 
ngular resolution is found for lower redshift (higher h c ) and smaller
hirp mass (higher SNR) systems. This figure clearly shows that, 
lthough GW events from MBHB coalescence can be detected 
t high- z, their sky localization is poor (10 deg 2 in the most
ptimistic case; see also McWilliams et al. 2011 ), making follow-up 
bservations in different EM bands challenging. 
.2 Mass ratio 

ig. 8 shows how the number of LDEs is distributed in terms of the
mass ratio’ (defined as m 1 / m 2 , and shown in the x- axis) and the ‘total
ass’ ( M t = m 1 + m 2 , and shown in the y- axis), for AGN fid with

right) and without (left) considering additional delay in the mergers 
ue to dynamical friction. 
The highest fraction of LDEs occurs for equi-mass binaries, in the

ow mass range ( M t � 3 × 10 6 M �), irrespective of consideration
f delay time and is about 35 per cent–40 per cent of the total LDE
opulation in each run. In other words, ‘just-seeded’ black holes in
MNRAS 523, 758–773 (2023) 
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M

Table 3. Detectability of MBHBs with LISA for the simulation runs adopted in this work (first column). The second column reports 
the total number of mergers in each run ( N total ) while the third shows the LDEs fraction ( f det ) in each run. The fourth (fifth, sixth, and 
seventh) column the chirp mass (observational time, observed frequency, and observed initial distace of separation) ranges for the LDEs. 
The eighth (ninth) column shows the fraction f out ( f und ) of MBHBs whose frequency is outside the LISA band (inside the LISA band 
but do not reach the required SNR threshold). In the last column, the minimum and maximum SNR accumulated by MBHBs, which 
merge within the LISA band but fail to reach the SNR threshold for detectability (SNR und ) are also shown. 

Run N total f det M c [10 6 M �] t obs [days] νobs [mHz] R obs [10 −6 pc] f out [mHz] f und [mHz] SNR und 

AGN fid 145 0.69 0.9–7.0 0.5–30 0.10–0.38 1.9–9.3 0.31 0 .04 0.8–4.0 
AGN fid + DF 116 0.66 0.2–3.2 0.0–18 0.10–0.9 0.1–9.6 0.31 0 .01 1.33 
BHs noFB 140 0.46 0.9–6.0 0.7–39 0.09–0.38 1.9–9.5 0.50 0 .03 0.7–3.9 
AGNcone 583 0.76 0.6–10 1.1–75 0.09–0.42 1.8–10.5 0.22 0 .02 0.4–4.7 
AGNsphere 415 0.78 0.6–7.5 0.6–54 0.09–0.40 1.6–8.4 0.22 0 .005 1.6–3.7 
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inaries have a higher probability to coalesce as compared to black
oles with higher mass, assembled by accretion and/or merging. 
Furthermore, we note that for a fixed M t , the larger is the mass

atio the higher is the fraction of mergers. This is simply due to the
act that the number of black holes decreases with increasing masses,
hus for a fixed M t most of the mergers occurs for the BHs with lowest

ass. 

.3 T ime, fr equency, and spatial scales of inter est 

wo MBHs 17 at a distance R require a certain time to merge through
he emission of GWs. Such a time-scale is called coalescing time
 t coal ) and defined as 

 coal = 

5 

256 

c 5 R 

4 

G 

3 M 

2 
t μ

, (19) 

here R is the initial separation of the two merging MBHs and
= M 1 M 2 / M t is the symmetric mass ratio. Ho we ver, as already

entioned in Section 5.1 , we can detect the GW signal only after
NR > SNR thresh . We, thus compute the observational time as the

ime interval between the moment when SNR > SNR thresh and when
he two MBHs start merging: 

 obs = t coal | SNR > SNR thresh , (20) 

hich provides the period of time during which the GW event is
ctually observable. This time-scale provides the interval of time
equired to eventually trigger electromagnetic telescopes for follow-
p observations to find the EM counterpart of the MBHB merging
see for example Loeb 2016 ), or to simply probe the host galaxies of
he system. 

To the observational time t obs of a merger event we can associate
he frequency νobs and the separation of the MBHs such that
NR > SNR thresh , which are related by the following expression: 

obs = π−1 

(
GM t 

R 

3 
obs 

)1 / 2 

. (21) 

e summarize the resulting scales of interest in Table 3 . 

 C AV E ATS  A N D  DISCUSSION  

he results presented in this work are affected by several limitations:

(i) Spatial resolution: the dynamical range required to study galaxy
ormation and BH co-evolution through numerical simulations is
NRAS 523, 758–773 (2023) 

7 We only consider binary coalescences in our analysis, neglecting systems 
omposed by three (or more) MBHs. 

1

s

xtremely large, ranging from hundreds of Mpc scales (to search for
assive DM haloes in N -body simulations) to sub-kpc scales (re-

uired to properly model gas accretion on to BHs and the subsequent
eedback processes). This implies that the spatial resolution that is
ossible to achieve within a reasonable amount of computational
ime is typical limited to tens of pc scale, 18 namely more than 7
rders of magnitude larger than the typical scales of interest for GW
tudies (see Table 3 ). 

(ii) Temporal resolution: a discussion similar to the spatial reso-
ution can be done for what concerns the temporal resolution. Black
ole properties in our simulations are evolved with time-steps of
0.01 −1 Myr, which are several orders of magnitude larger than

he typical scales of interest for GW studies (see Table 3 ). The
ituation gets worse if we consider the time interval between two
napshots ( ∼tens Myr). This implies that we are not associating an
DE to the galaxy properties at the time of the coalescence (see
ection 4.1 ). 
(iii) Seeding prescription: our simulations are based on a seeding

rescription that mimicks the DCBH, given the mass of the seeds
hat we choose. Ho we ver, the formation of a DCBH is go v erned by
 complex network of physical processes (i.e. H 2 formation, metal
nrichment, and radiative transfer) that is impossible to take into
ccount self-consistently in cosmological zoom-in HDS. Our seeding
rescription (namely a BH of mass 10 5 M � in each 10 9 M � DM
alo) is, thus certainly o v erestimating the number of MBHs in B18
imulations (see e.g. Vito et al. 2022 ) and consequently the expected
umber of merger events reported here. 

For the reasons reported above, the merger rate computed in this
ork represents a solid upper limit on the number of merger events

hat LISA will be able to detect. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we adopted a suite of cosmological zoom-in HDS
f galaxy formation and BH co-e volution, de veloped with the
ADGET-3 code, and characterized by different numerical reso-

utions and star formation/AGN feedback prescriptions. Our simu-
ations are based on a seeding prescription such that M seed ∼ 10 5 

 � BHs are planted in M DM 

∼ 10 9 M � DM haloes; furthermore,
f two BHs are at a distance smaller than the smoothing length
f the simulations and their relative velocity is smaller than the
ocal sound speed, they are assumed to merge instantaneously.

e use these simulations to investigate the coalescence of MBHB
8 The largest spatial resolution achieved so far by zoom-in cosmological 
imulations is ∼15 pc of a z = 7 quasar (Lupi et al. 2019 ). 
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 M BH � 10 6 M �) at 6 < z < 10 and to compute their GW properties.
e summarize below the findings of our work and draw the main

onclusions arising from these results. 

(i) Merger rate: we calculated the merger rates of MBHBs with 
ifferent AGN feedback scenarios and numerical resolution: thermal 
 AGN fid and BHs noFB by V21, m DM 

= 1.5 × 10 6 M �) and
inetic ( AGNcone and AGNsphere by B18, m DM 

= 7.5 × 10 6 M �).
e found that the merger rate strongly depends on the numerical 

esolution adopted, ranging within 80–300 events per year in the 
21 and B18, respectively at redshift 6. Furthermore, the merger 

ates of MBHBs at fixed resolution depend on the feedback recipe 
mplemented: the AGN fid model predicts a merger rate that is a
actor × 2 higher than BHs noFB at z ∼ 6 for chirp masses in
he range 10 6 < M c < 10 7 M �; analogously, the AGNcone model
redicts a merger rate that is a factor × 3 higher than AGNsphere at
 ∼ 6 both for low ( M c < 10 6 M �) and high ( M c > 10 7 M �) chirp
asses. Different feedback prescriptions and numerical resolutions 

lso affect the epoch of the furthest GW signal detectable with LISA:
n the V21 simulations, for M c > 10 7 M �, the furthest GW signal
ccurs at z ∼ 7.7 −8.0 while in the B18 at z ∼ 7.3 −7.5. We discussed
n details all the physical and numerical explanations for these trends
nd we underlined the several motivations that make our predictions 
tringent upper limits to the actual merger rates that are expected to be
bserved. 
(ii) Halo bias: our merger rate predictions are biased since they 

re based on zoom-in simulations targeting massive DM haloes. To 
uantify this bias, we adopted the SAM by Barausse ( 2012 ) and
howed that a MBH model like ours (with heavy BH seeds and
nstantaneous mergers) o v erpredicts the actual merger rate by a factor
f ∼ 20 at comparable redshifts (z > 6). For lighter seeds as well
s heavy seed models with time delays included, the merger rate 
 v erprediction still remains at a factor between 20 and 30. 
(iii) Delays in MBHB mergers: we corrected in post-processing 

he coalescing time of MBHB mergers including a time delay due to
ynamical friction from the surrounding stars. We found that, if this
elay is considered, 83 per cent of MBHBs will merge within the
ubble time, but only 21 per cent of them, will merge within 1 Gyr,
amely the age of the Universe at z > 6. 
(iv) SNR ratio and angular resolution: taking into account the 

ISA frequency bands, we calculated the SNR ratio and the angular 
esolution of the GW events predicted by our fiducial run, AGN fid .
he fraction of LISA detectable events with high SNR ratio (SNR
 5) ranges between 66 per cent and 69 per cent depending on

he inclusion of time delays in post-processing. The largest SNR is
eached in the case of low chirp masses ( < 10 6 M �) which, although
eing characterized by a smaller characteristic strain, remain in the 
ISA band for a longer time, thus decreasing the noise and increasing

he SNR. These systems are ho we ver, characterized by very low
ngular resolutions (10 deg 2 ). 

(v) Mass ratio of LDEs: we computed the distribution of the mass
atio of the LDEs in the AGN fid run and we found that the maximum
umber of mergers occurs for equi-massed binaries, which are ‘just- 
eeded’ (i.e. with M BH ∼ 10 5 M �). For a fixed total mass of a

BHB, the number of mergers increases with increasing mass ratio, 
hich can be attributed to hierarchical structure formation: several 

ow-mass MBHs merge (and accrete) to form more massive MBHs. 
his remained true even when further time delays in merging are 
onsidered. 

One of the main goals of our study was to quantify the range of
ncertainties on the merger rate of LISA detectable events. We find 
hat considerable different merger rates result from the simulations 
n our suite. To get a more reliable constraint on this important issue,
he shortage of currently adopted models should be addressed. For 
hat concerns the EM signals arising from LDEs, the main challenge

emains the poor LISA sky localization that in the most optimistic
ase ( M c ∼ 10 6 M � at z = 6) is around 10 de g 2 . F or this reason,
t is important to further investigate the EM properties of LDEs to
earch for eventual, unique signatures from MBH coalescences to 
aximize the chances of their detections, which we address in our

uture work. 
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Figure A1. Stochastic GWB spectrum calculated from our fiducial model 
(red solid line). The circles, squares, and triangles represent EPTA, PPTA, 
and NanoGrav data, respectively. Dark (light) grey shaded region depicts the 
1 σ (2 σ ) confidence level of the predictions by Sesana et al. ( 2016 ). The green 
dot-dashed line shows the results by Izquierdo-Villalba et al. ( 2021 ): A yr −1 

∼ 1 . 2 ×10 −15 . The solid pink line refers to the Illustris predictions of 
A yr −1 ∼ 7 . 1 ×10 −16 (Kelley et al. 2016 ). The cyan dashed line shows the 

results by Jaffe & Backer ( 2003 ): A yr −1 ∼ 1 ×10 −16 . 
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19 The sphere of influence is approximated as the sphere containing twice the 
binary mass in stars. 
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ith frequencies between 10 −9 and 10 −7 Hz. In this nano-Hz regime, 
he signal mostly arises from stochastic GWB produced by the 
ncoherent superposition of GWs from the population of inspiralling 

BHBs o v erlapping in frequencies. The characteristic strain arising 
rom this stochastic GWB can be written as (Sesana, Vecchio & 

olacino 2008 ) 

 

2 
c ( f ) = 

4 G 

5 / 3 

f 2 c 2 π

∫ ∫ 
d zd M 

(1 + z) 

d 2 N 

d zd M 

dE GW 

( M ) 

d ln f r 
, (A1) 

here d 2 N/d zd M is the comoving number density of MBHB
erger per unit redshift, and rest-frame chirp mass, f is the frequency

f the GWs in the observer frame, and d E GW 

/ d ln f r is the energy
mitted per logarithmic rest-frame frequency, f r . 

Assuming the inspiralling population of MBHBs in the PTA band 
re in perfect circular orbits, equation ( A1 ) can be re-written as 

 

2 
c ( f ) = 

4 G 

5 / 3 f −4 / 3 

3 c 2 π1 / 3 

∫ ∫ 
d zd M 

d 2 N 

d zd M 

M 

5 / 3 

(1 + z) 1 / 3 
. (A2) 

his type of relation is typically written as 

 c ( f ) = A 

(
f 

f 0 

)−2 / 3 

, (A3) 

here A is the amplitude of the signal at the reference frequency
 0 , which is usually normalized at f 0 = 1yr −1 , and A( f 0 = 1yr −1 ) is
ypically denoted as A yr −1 . 

We present our predictions in Fig. A1 , where we apply a bias
orrection factor of 20 (see Section 3.2 ). We find A yr −1 ∼ 2 ×10 −16 ,
hich is below the upper limits placed by the NANOGrav (Arzou- 
anian et al. 2018 ), EPTA (Lentati et al. 2015 ) observations, and

he PPTA observations (Shannon et al. 2015 ). We emphasize that 
ur predictions do not include any contribution from sources at z 
 6, which are instead expected to dominate the background (e.g. 
zquierdo-Villalba et al. 2021 ). 
PPENDI X  B:  TIME  DELAY  D U E  TO  STELLAR  

A R D E N I N G  

tellar hardening is the process by which stars interact with the
BHB and gradually become more tightly bound to it o v er time.

or already bound MBHBs, the gravitational field can be strong 
nough to disrupt the orbits of nearby stars. As a result, some of
hese stars can be captured by the MBHB and start to orbit around it
Mikkola & Valtonen 1992 ). As these stars continue to interact with
he binary, they can extract energy and angular momentum from the

BHB, causing it to become more tightly bound (Quinlan 1996 ). 
We compute the stellar hardening time-scale following Sesana & 

han ( 2015 ): 

 stellar = 15 . 18 Gyr 
( σinf 

km s −1 

)(
ρinf 

M �pc −3 

)−1 (
a gw 

10 −3 pc 

)−1 

, (B1) 

here σ inf and ρ inf are the velocity dispersion and the stellar density 
t the sphere of influence, 19 and a gw is the transition separation of
tellar hardening and GW hardening at which the binary spends most
f its time: 

inf = ( GM t /r inf ) 
1 / 2 , (B2) 

inf = 

(3 − γ ) M ∗r 
−γ

inf 

8 πR 

3 −γ

eff 

, (B3) 

a gw = 2 . 64 × 10 −2 pc ×[
σinf 

km s −1 

M �pc −3 

ρinf 

15 

H 

(
M BH p M BH s M t 

2 × 10 24 M 

3 �

)]1 / 5 

, 
(B4) 

here r inf is the radius containing twice the binary mass in stars: 

 inf = R eff 

(
4 M t 

M ∗

)1 / (3 −γ ) 

, (B5) 

nd we assume the index γ = 2 (Volonteri et al. 2020 ) and H = 15
Sesana & Khan 2015 ). 

Finally, the total time of the MBHB merger including dynamical 
riction and stellar hardening is given by: 

 tot, stellar = t tot, df + t stellar (B6) 

According to the formalism reported abo v e, we find that t stellar 

aries in the range 1–10 Gyr, since central stellar densities are in the
ange 40–600 M �pc −3 . These ρ inf values are not a fair representation,
ikely because the resolution of our simulations do not allow us
o properly determine the matter distribution on such small scales. 
or comparison, in Sgr A 

∗ ρinf ∼ 7 × 10 4 M � pc −3 . In addition,
alaxies at high redshift are likely more centrally concentrated 
han local galaxies. Thus, we would expect ρ inf values even larger 
han what is found in Sgr A 

∗. For all these reasons, we do not
nclude the delay due to stellar hardening in our post-processing 
alculations. 

PPENDI X  C :  G W  D E T E C TA B L E S  F O R  

I FFERENT  SI MULATI ON  RU N S  

ere, we show the comparison of different GW detectables for the
imulation runs A GNcone , A GNsphere , and BHs noFB compared
ith AGN fid . In all cases we report the results for a biased halo with
o delays in post-processing. Fig. C1 shows the redshift distribution 
MNRAS 523, 758–773 (2023) 
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Figure C1. SNR ratio (upper panel) and angular resolution (lower panel) of MBHB mergers resulting from different runs of our simulations, colour-coded 
according to their chirp mass. Filled and empty circles represents detectable and undetectable e vents, respecti vely. The detectability threshold has been set to 
SNR thres = 5. 
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Figure C2. Fraction of detectable merger events as a function of the total 
mass of the system M t = m 1 + m 2 and the mass ratio m 1 / m 2 of the binary. 
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f SNR (upper panel) and angular resolution (lower panel) of the 
W e vents for dif ferent chirp masses in our four dif ferent simulation

uits. The o v erall trend in the SNR and resolution distribution
s explained in Section 5.1 . Since only in the B18 simulations
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
he chirp mass PDF is populated for M c < 10 6 M �, this explains
hy for these simulations the SNR predicted reaches the highest 
alue (SNR > 160). Apart from this aspect (and the different
umber of events predicted, already discussed in Section 3.1 ), we
o not find in the SNR predictions huge differences among different
odels. Consequently, the corresponding angular resolutions of 

vent the loudest GW events remain quite poor ( ∼10 deg 2 ) for all
odels. 
In Fig. C2 , we also show the fraction of mergers are distributed in

he ‘mass ratio’ and ‘total mass’ plane, in the four simulation runs
nalysed in this work. The different co v erage of the ‘mass ratio’–
total mass’ plane simply reflects the different numbers of LDEs in
he simulations runs: as shown in Table 3 a higher number of LDEs
ccurs in the AGNcone run, which shows the most densely populated
mass ratio’–‘total mass’ plane, while the smaller number of LDEs 
s predicted in the BHs noFB run. 

As seen in Section 5.2 , highest fraction of LDEs occurs for equi-
ass binaries, in the low mass range ( M t � 3 × 10 6 M �), independent

f the feedback implemented and the simulation resolution and 
t ranges between 20 per cent and 40 per cent of the total LDE
opulation in each run. 
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