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A B S T R A C T 

We present an implementation of Pop III.1 seeding of supermassive black holes (SMBHs) in a theoretical model of galaxy 

formation and evolution to assess the growth of the SMBH population and the properties of the host galaxies. The model of Pop 

III.1 seeding involves SMBH formation at redshifts z � 20 in dark matter minihaloes that are isolated from external radiative 
feedback, parametrized by isolation distance d iso . Within a standard � CDM cosmology, we generate dark matter haloes using the 
code PINOCCHIO and seed them according to the Pop III.1 scenario, exploring values of d iso from 50 to 100 kpc (proper distance). 
We consider two alternative cases of SMBH seeding: a halo mass threshold model in which all haloes > 7 × 10 

10 M � are 
seeded with ∼ 10 

5 M � black holes; an all light seed model in which all haloes are seeded with low, stellar mass black holes. We 
follow the redshift evolution of the haloes, populating them with galaxies using the GAlaxy Evolution and Assembly theoretical 
model of galaxy formation, including accretion on SMBHs and related feedback processes. Here we present predictions for 
the properties of galaxy populations, focusing on stellar masses, star formation rates, and black hole masses. The local, z ∼ 0 

metrics of occupation fraction as a function of the galaxy stellar mass, galaxy stellar mass function, and black hole mass function 

all suggest a constraint of d iso < 75 kpc. We discuss the implications of this result for the Pop III.1 seeding mechanism. 

Key words: black hole physics – stars: formation – stars: Population III – galaxies: active – galaxies: formation – galaxies: 
haloes. 
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 I N T RO D U C T I O N  

he origin of supermassive black holes (SMBHs) that reside in the 
uclei of massive galaxies is one of the most pressing topics of
urrent astrophysics research. A central challenge lies in explaining 
he large masses of the black holes observed in bright quasars (QSOs)
t early cosmic epochs. For instance, Wang et al. ( 2021 ) report a

10 9 M � SMBH at z = 7 . 642 which, even assuming Eddington
imited accretion throughout its entire lifetime, would require a seed 

ass of ∼ 10 4 M � at z ∼ 30. These observations impose stringent
onstraints on theories of SMBH formation and growth. 

How SMBHs are seeded has been the subject of numerous studies
see re vie ws of, e.g. Rees 1978 ; Volonteri 2010 ; Inayoshi, Visbal &
aiman 2020 ). Among proposed mechanisms, the direct collapse 

DCBH) scenario advances the idea that a primordial gas cloud 
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osted by a relatively massive, atomically cooled, UV-irradiated 
alo of ∼ 10 8 M � collapses into a single supermassive star of

10 4 −6 M �, subsequently forming a massive seed by z ∼ 10 (e.g.
romm & Loeb 2003 ; Begelman, Volonteri & Rees 2006 ; Montero,

anka & M ̈uller 2012 ). While this mechanism can explain the
umber density of high redshift quasars, its strict conditions hinder 
he formation of sufficient numbers of SMBHs to account for the
bserved SMBH population at z = 0 (Chon et al. 2016 ; Wise et al.
019 ). Other works indicate light seeds, of the order of 100 M �,
o be byproducts of ‘standard’ Pop III stars forming in ∼ 10 6 M �
ark matter ‘minihaloes’ at z ∼ 20 (e.g. Madau & Rees 2001 ; Tan
 McKee 2004 ; McKee & Tan 2008 ). Moreo v er, v ery dense star

lusters at high z may dynamically evolve leading to the formation
f intermediate -mass black hole (IMBH) seeds with 10 2 −4 M � (e.g.
ortegies Zwart et al. 2004 ; Devecchi & Volonteri 2009 ). 
One challenge facing models that start with light or intermediate- 
ass seeds is the apparent dearth of observed IMBHs in the local
niverse (Banik, Tan & Monaco 2019 ; Greene, Strader & Ho 2020 ;
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-2070-9047
http://orcid.org/0000-0002-6260-1165
http://orcid.org/0000-0003-4744-0188
http://orcid.org/0000-0002-6220-9104
http://orcid.org/0000-0002-3301-3321
http://orcid.org/0000-0003-3864-068X
mailto:vieri.cammelli@phd.units.it
https://creativecommons.org/licenses/by/4.0/


852 V. Cammelli et al. 

M

V  

t  

s  

s
 

p  

e  

(  

I  

t  

o  

i  

u  

g  

i  

s  

2  

a  

m  

w  

t  

t  

m  

fl  

t  

t  

c  

i  

h  

o  

m  

2
 

∼  

a  

t  

t  

t  

a  

o  

w  

T  

d  

t  

T  

F  

c  

c  

s  

f  

i  

l  

a  

S  

U  

b  

f  

t  

t  

h  

d  

s  

h  

t
 

c  

t  

s  

t  

n  

s  

a  

T  

t  

p  

m  

e  

(  

A  

o
 

g  

8  

g  

d  

1  

f  

k  

s  

(  

u  

t  

5  

I  

p  

l  

S  

t  

v  

m  

D  

z  

p  

s  

c  

c  

c  

r
W  

o  

7  

t  

o  

l  

m  

S
 

u  

t  

d  

t  

h  

p  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/851/7914165 by C
halm

ers U
niversity of Technology / The M

ain Library user on 08 January 2025
olonteri, Habouzit & Colpi 2021 ). In addition, it is difficult to model
he IMBH seeding in a cosmological context, unless requiring either
ub-grid or probabilistic recipes calibrated on high-resolution zoom
imulations as recently studied by Bhowmick et al. ( 2024b , c ). 

An alternative scenario of SMBH formation from Pop III.1
rotostars has been studied in a cosmological context by Banik
t al. ( 2019 ) (hereafter Paper I) and Singh, Monaco & Tan ( 2023 )
hereafter Paper II). Pop III.1 sources are defined as special Pop
II stars forming at the centre of dark matter (DM) minihaloes in
he early Universe ( z � 20), which are isolated from any source
f stellar or SMBH feedback (McKee & Tan 2008 ). This criterion
s parametrized by an isolation distance d iso , expressed in physical
nits, of the order of � 100 kpc. The physical mechanism that allows
rowth of Pop III.1 protostars to high mass, i.e. � 10 4 M �, is the
nfluence of dark matter annihilation (DMA) on the protostellar
tructure (Spolyar, Freese & Gondolo 2008 ; Natarajan, Tan & O’Shea
009 ; Freese et al. 2010 ; Rindler-Daller et al. 2015 ). The fiducial
ssumption is that dark matter is composed of a weakly interacting
assive particles (WIMPs), which undergoes self-annihilation with a
eak interaction cross-section. If sufficient WIMPs are captured by

he Pop III.1 protostar, then its structure is altered. In particular,
he protostar can remain relatively large as it accretes to high

asses, thus reducing its ionizing feedback on its own accretion
ow. This may enable the efficient accretion of a large fraction of

he entire baryonic content of the parent minihalo, i.e. ∼ 10 5 M �,
o the Pop III.1 protostar, which subsequently, within a few Myr,
ollapses to a SMBH. Other minihaloes are Pop III.2 sources,
.e. still metal free, but, having been irradiated by UV radiation,
ave higher free electron abundances leading to greater abundances
f H 2 and HD, higher cooling rates, and fragmentation to lower
ass, ∼ 10 M �, stars (Greif & Bromm 2006 ; Johnson & Bromm

006 ). 
The Pop III.1 model thus predicts a characteristic mass of
10 5 M � for SMBH seeds and provides an explanation for the

pparent dearth of IMBHs. In addition, the Pop III.1 model predicts
hat SMBHs form very early in the Universe, which provides a
heoretical explanation for the population of high-z SMBHs without
he need for sustained Eddington or super-Eddington levels of
ccretion. Another prediction is that the initial spatial distribution
f SMBHs is relati vely uniform, i.e. with lo w le vels of clustering,
ith the seeds separated from each other by distances of order d iso .
he co-moving number density of SMBHs, n SMBH , is sensitive to
 iso , with a value of about 100 kpc (proper distance) able to explain
he observed local number density of SMBHs of ∼ 5 × 10 −3 Mpc −3 .
he value of d iso also sets a limit on the formation epoch of SMBHs.
or d iso = 50 − 100 kpc, most seeds are formed at z ∼ 30, i.e. with
o-moving separations of ∼ f ew Mpc, and the process is largely
omplete by z ∼ 25, after which n SMBH is nearly constant. This time-
cale has a weak dependence on d iso , with later seeding happening
or smaller d iso . As a result of the initially separated distributions,
n the Pop III.1 model mergers only begin to occur at relatively
ate times, i.e. z � 1, which causes n SMBH to decrease by modest
mounts ∼ 10 − 20 per cent (Singh et al. 2023 ). Consequently, the
MBH number density remains fairly constant down to the local
niverse, with only a small fraction of seeds lost in halo mergers
y z = 0. At redshifts > 5, this model makes strong predictions
or the number of SMBHs we expect in the early Universe (e.g.
heir relative contribution to the luminosity functions), underscoring
he importance of current and future deep field observations of
igh redshift AGNs. Such observations are crucial for potentially
istinguishing among different seeding mechanisms and/or accretion
chemes. Furthermore, by redshift 0 the occupation fraction of seeded
NRAS 536, 851–870 (2025) 
aloes saturates to unity for the most massive haloes as a function of
he isolation distance d iso . 

Numerical simulations of galaxy formation and evolution in
osmological volumes typically have quite limited spatial resolu-
ion and so struggle to capture the processes leading to SMBH
eeding. The lack of knowledge about the physical processes and
he difficulty to treat them from first principles further limit such
umerical approaches. In addition, the real challenge resides in
imultaneously simulating a broad range of scales, from mini-haloes
t z ∼ 20 − 30 up to the structures we observe in the local Universe.
hus, implemented seeding schemes are generally based on simple

hreshold models. In particular, many works seed a SMBH once the
arent halo reaches a certain threshold in dark matter mass, i.e. a halo
ass threshold (HMT) seeding scheme (Sijacki et al. 2007 ; Matteo

t al. 2008 ). The same idea has been used by Vogelsberger et al.
 2014 ) within the Illustris Project, as well as in the Evolution and
ssembly of GaLaxies and their Environments ( EAGLE ) simulations
f Barber et al. ( 2016 ). 
Extending to alternative threshold models, in the HORIZON -active

alactic nucleus (AGN) simulation (with DM mass resolution of
 × 10 8 M �), Volonteri et al. ( 2016 ) implemented lower limits for
as and stellar densities, as well as stellar velocity dispersion, to
etermine if a galaxy hosts a black hole, using a seed mass of
0 5 M �. Their formation was restricted to redshifts z > 1 . 5 and all
orming black holes had to be separated by at least 50 comoving
iloparsecs to prevent multiple black holes from forming in the
ame galaxy . Similarly , the OBELISK simulation (Trebitsch et al.
 2021 ), based on a subvolume of the HORIZON -AGN simulation)
sed a slightly lower seed mass and applied gas and stellar density
hresholds, including gas Jeans instability, requiring an isolation of
0 kpc from other SMBHs to prevent multiple black hole formation.
n another approach, the ROMULUS simulation (Tremmel et al. ( 2017 ),
article DM mass ∼ 3 × 10 5 M �) set criteria based on metallicity
imits, gas density thresholds, and a restricted temperature range for
MBH formation, using a seed mass of 10 6 M �. Additionally, in

he Illustris Project frame work, Bho wmick et al. ( 2022 ) explored
arious gas-based SMBH seeding prescriptions and a range of seed
asses from around 10 4 to 10 6 M �, while keeping a relatively high
M resolution about ∼ 6 × 10 6 M �. Moreo v er, in high-resolution

oom simulations Bhowmick et al. ( 2024a , b , c ) explicitly resolved
ristine and dense gas clouds forming ∼ 10 3 M � seeds and built a
tochastic seeding scheme that can directly set the initial seeding
onditions in lower resolution runs. Using the hydrodynamical
osmological code RAMSES , Habouzit et al. ( 2016 ) investigated the
onditions under which haloes can host DCBHs o v er a large range of
esolutions and box sizes as a function of the illuminating Lyman–

erner (LW) background and supernova (SN) feedback. Under
ptimistic assumptions, their SMBH number density ranges from
 × 10 −7 up to 10 −4 cMpc −3 , still a factor of at least ∼ 10 lower
han the local estimate. Despite the impro v ements in the treatment
f subgrid physics and the implementation of zoom-in approaches,
arge, cosmological simulations do not include yet a full physical

odel for SMBH formation (e.g. see Di Matteo, Angles-Alcazar &
hankar 2023 ). 
A complementary approach with respect to hydrodynamical sim-

lations is provided by semi-analytic models (SAMs). SAMs are
ools used to simulate the evolution of galaxy populations within
ark matter haloes (DMHs) by modelling the physical processes
hat drive the evolution of the baryonic components of dark matter
aloes by invoking theoretically and/or observationally motivated
rescriptions. We stress here that such prescriptions ( sub-grid
hysics) are similarly implemented in hydrodynamical simulations.
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hese processes encompass baryonic gas cooling and heating, star 
ormation, gas accretion onto SMBHs, and their related feedback 
echanisms. The flexibility of these models permits us to obtain 

redictions of galaxy properties across cosmological volumes and 
llo ws ef ficient exploration of the associated parameter space in order
o study the impact of different physical assumptions [for a review 

ee Somerville & Dav ́e ( 2015 ); De Lucia ( 2019 )]. On the other hand,
he price to pay is the lack of a complete and consistent treatment of
he gas hydrodynamics. One limitation of the application of SAMs to 
he study of the early BH seeding lies in the lack of resolution in dark

atter halo trees generated with either N-body simulation or analytic 
ecipes such as Press & Schechter ( 1974 ) and Lacey & Cole ( 1993 ).
n fact, dealing with cosmological volumes significantly impacts the 
odelling of BH seed formation, which depends on the local gas 

onditions within haloes and the DM mass resolution. 
Among the BH seeding mechanisms implemented in SAMs, 

icarte & Natarajan ( 2018 ) used DCBHs whose mass is calculated
roportionally to the DM halo mass. Given their redshift-dependent 
ass resolution scheme, this results in placing � 10 4 M � BH seeds at
 ∼ 15 − 20 in parent haloes of minimum mass about 5 × 10 6 M �.
n the Cosmic Archaeology Tool ( CAT ) presented in Trinca et al.
 2022 ), both light seeds from Pop III stars and DCBHs are considered
o study their contribution to the BH mass function. Similarly, BH
eed masses ranging from 10 2 up to 10 5 M � were assigned in the
ELPHI SAM (Dayal et al. 2019 ) according to the probability of a
alo to host a DCBH or a stellar BH remnant. Sassano et al. ( 2021 )
eeded BHs at the centre of galaxies based on the locally derived
roperties of the halo en vironment. In particular , several thresholds
or the illuminating LW flux, the metallicity and the gas-to-dust 
atio were used to determine whether the final BH would be a light,
edium, or heavy seed. In the L-GALAXIES model, Spinoso et al. 

 2023 ) studied DCBHs according to spatial variations of the star
ormation in terms of chemical and radiative feedback. Since the 
rst mini-haloes ( T vir ∼ 10 3 K) lie below their resolution limit, Pop
II remnant seeds were placed following the sub-grid approach of 
assano et al. ( 2021 ). 
In this paper, we model SMBH formation in a cosmological box 

ithin the standard � CDM cosmogony by exploiting halo merger 
rees generated with PINOCCHIO (Monaco, Theuns & Taffoni 2002 ; 

unari et al. 2017 ) to simulate the large-scale distribution of DMHs.
he PINOCCHIO code follows the evolution of cosmic perturbations 
nd structures based on Lagrangian perturbation theory (LPT), ellip- 
oidal collapse, and excursion-set theory and generates catalogues 
f collapsed objects (i.e. DMHs). Subsequently, these haloes are 
eeded according to their isolation state at the formation time (see 
 aper I and P aper II). By adapting the PINOCCHIO DMH merger

ree to a suitable format, we follow the redshift evolution of these
tructures and we populate them with galaxies utilizing the state- 
f-the-art GAlaxy Evolution and Assembly ( GAEA ) semi-analytic 
odel (SAM) of galaxy formation and evolution (Hirschmann, De 
ucia & Fontanot 2016 ; Fontanot et al. 2020 ; De Lucia et al. 2024 ).
ifferent seeding mechanisms can be explored in this framework, 
ut in this study we focus mainly on the Pop III.1 model. We
ote here that the two key tools that we use in our approach
ave been successfully tested against observational and numerical 
easurements: (i) the GAEA model is able to reproduce a wide 

ange of observational results at z = 0 and up to z ∼ 5; (ii) the
igh resolution realizations of halo merger trees constructed with 
INOCCHIO result from an approximate method which has been shown 
o agree well with simulations down to z = 0, as shown in the abo v e
ited papers and references therein. Note that PINOCCHIO merger 
rees converge with a better accuracy with respect to analytic-based 
nes whose implementation in recent works are not well tested 
elow z ∼4. 
This paper is organized as follows. In Section 2 , we describe in

etail our new fully semi-analytic approach and the implementation 
f SMBH seeding and accretion. The main results of this study,
ogether with the possible implications, are presented in Section 3 .
inally we present our summary and conclusions in Section 4 . A
ompanion follow-up paper (Cammelli et al., in preparation) will 
resent predictions for the luminosity functions of the galaxies and 
GN and their comparison with observational data. 

 M E T H O D S  

n this work, we couple DMH merger trees extracted from cosmolog-
cal boxes simulated using the PINOCCHIO algorithm with the GAEA 

AM, providing predictions of the properties of galaxy populations 
ssociated with the DMH distribution at various redshifts. Given the 
ull semi-analytic approach, we can explore wide ranges of physical 
nd/or observational properties of galaxies with flexibility in the 
hoice of the parametrizations adopted for the physical processes at 
lay. In the following, we give a brief description of the PINOCCHIO

uns and the GAEA model. We then describe how we interface the two
odes. We design a specific code which takes the PINOCCHIO haloes
s inputs, models the physical properties of main and subhaloes 
nd returns DMH merger trees structurally equi v alent to numerically
erived ones. We focus our implementation on different assumptions 
or SMBH seeding mechanisms within the treatment of accretion 
odes onto the central black hole already implemented in GAEA 

Fontanot et al. 2020 ). 
In this paper we adopt the following nomenclature. Gravitationally 

ound DM structures that are not hosted by a larger bound structure
re called haloes , the galaxies lying at their centres are called central
alaxies . Haloes may host smaller bound clumps of DM, we call
hem subhaloes , and the galaxies at their centre satellite galaxies .
n a simulation, the disruption of a subhalo may happen before the
ctual merger should take place, due to limited resolution. Therefore, 
ts associated satellite can exist for some time after the disappearance 
f its subhalo; in this phase it is named orphan galaxy . 

.1 The dark matter skeleton: PINOCCHIO 

INOCCHIO (PIN-pointing Orbit Crossing-Collapsed HIerarchical 
bjects; Monaco et al. 2002 ; Munari et al. 2017 ) is a semi-analytic

ode that follows the formation and merger history of dark matter
aloes in Lagrangian space, that is the space defined by the initial
ositions of mass elements. One can think of PINOCCHIO as an
lgorithm applied to the initial conditions of a simulation, where the
agrangian space is discretized into a grid and each cell is represented
y a massive particle. First, an algorithm based on ellipsoidal collapse 
omputes, for each particle, the time at which the particle is deemed
o reach a multistream region (orbit crossing). The particles are then
rouped into massive haloes, whose position is estimated using LPT. 
s such, this code can be seen as a halo finder in Lagrangian space,

hat pro vides relativ ely accurate halo catalogues without running a
ull numerical simulation. While memory requirements are still high, 
o that a massive run requires a supercomputer, the computational 
ost is thousands time lower than an equivalent N-body simulation. 

For this paper we use the PINOCCHIO run presented in Paper
I of this series, Singh et al. ( 2023 ), i.e. a cubic box of side
9.7 Mpc (40 h 

−1 Mpc with h = 0 . 67) with standard Planck cosmol-
gy (Planck Collaboration VI 2020 ), sampled with 4096 3 particles, 
or a particle mass of 1 . 23 × 10 5 M �. The smallest resolved haloes
MNRAS 536, 851–870 (2025) 
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ere set at 10 particles (an acceptable value for a semi-analytic
lgorithm), i.e. 1 . 23 × 10 6 M �. This box was processed in Paper II
o compute which mini-haloes host SMBH seeds in the Pop III.1
cenario, with fiducial seed mass assumed to be 10 5 M �. Distributing
uch a large box on hundreds of nodes makes it difficult to reconstruct
assive haloes, whose Lagrangian size may be similar or even exceed

he size of a computational domain. As explained in Paper II, for
volution from z = 10 down to z = 0 the box was re-run at a lower
esolution (using 1024 3 particles) on a single node, thus a v oiding any
ssue in the domain decomposition, and the information about which
aloes are seeded was propagated in Lagrangian space by assigning
he seeds to the lower resolution particle that contains the seeded

ini-halo. In the low-resolution run (used in this work), the dark
atter particle mass is ∼ 5 × 10 7 M �, and the smallest resolved halo

s a factor of 10 more massive. PINOCCHIO is also able to produce the
erger history of dark matter haloes with continuous time sampling

y providing the exact redshift for each individual merger event. 

.2 GAEA semi-analytic model 

AEA represents an evolution of the original model published by De
ucia & Blaizot ( 2007 ). In this study, we utilize the version of the
odel published in Fontanot et al. ( 2020 , hereafter F20). The model

ncludes: (a) a comprehensive treatment of chemical enrichment,
xplicitly addressing differential enrichment linked to asymptotic
iant branch (AGB) stars, Type II SNe, and Type Ia SNe (De Lucia
t al. 2014 ); (b) an updated approach to stellar feedback tracing gas
jection via stellar-driven outflows (the model is partially based on
esults from hydrodynamical simulations; Hirschmann et al. 2016 )
oupled with a gas re-incorporation time-scale dependent on DMH
ass (Henriques et al. 2015 ); (c) an impro v ed model for disc sizes

Xie et al. 2017 ) tracking angular momentum evolution through mass
nd energy exchanges within the galaxy; (d) an update modelling
or cold gas accretion onto SMBHs (F20). This latter ingredient is
ele v ant for this study and will be described in more detail in the next
ubsection. 

GAEA has been shown to reproduce a wide range of observations.
ontanot, Hirschmann & Lucia ( 2017b ) demonstrated that the
volution of the galaxy stellar mass function (GSMF) and cosmic
tar formation rate (SFR) obtained from GAEA are in agreement
ith measurements available up to z ∼ 7. Hirschmann et al. ( 2016 )

howed that the model reproduces well the observed gas fractions
nd mass-metallicity relations at z < 3, but tends to o v erpredict the
F acti vity of lo w-mass galaxies at lo w redshift. The model we use

n this study also nicely reproduces the fraction of quiescent galaxies
s a function of stellar mass and hierarchy at low- z (De Lucia,
irschmann & Fontanot 2019 ). Furthermore, the model galaxies

xhibit size–mass and angular momentum–mass relations that are in
elatively good agreement with observational assessments, both in
he local Universe and at higher redshifts (Zoldan et al. 2019 ). In
uture work we will extend our analysis to alternate recent versions
f the model including distinct treatments for the partitioning of cold
as into atomic and molecular hydrogen (Xie et al. 2017 , 2020 ; De
ucia et al. 2024 ), as well as a model accounting for a variable stellar

nitial mass function (Fontanot et al. 2017a , 2018 , 2024 ). Ho we ver,
hese two variations will not be considered in the present study. 

.2.1 SMBH accretion and feedback 

he modelling adopted in GAEA for the accretion onto the SMBH
s described in detail in F20. We note here that this phenomenon is
NRAS 536, 851–870 (2025) 
reated following two main specific prescriptions. A first accretion
hannel from hot gas, known as radio-mode , is modelled according
o the implementation of Croton et al. ( 2006 ). In this mode, the
ccretion rate is proportional to the mass of the BH ( M BH ), to the
irial velocity V vir and to the fraction of the hot gas in the DMH
 f hot ), adjusted by a free parameter k radio : 

˙
 R = k radio 

M BH 

10 8 M �

f hot 

0 . 1 

(
V vir 

200 km s −1 

)3 

. (1) 

Ho we ver, the more luminous AGNs arise from a second accretion
ode, traditionally termed the QSO-mode : in particular we take

dvantage of the modelling of cold gas accretion onto SMBHs
resented in F20. In particular, we refer to the model implementation
efined as F06-GAEA in F20, which is based on prescriptions first
escribed by Fontanot et al. ( 2006 ). The occurrence of the AGN
henomenon has been accomplished by using a three phase approach.
1) The first phase requires that a fraction of the cold gas available in
he galaxy dissipates a substantial amount of angular momentum and
athers in the central region, turning into a gas reservoir available
or accretion onto the BH. (2) The amount of cold gas flowing from
he reservoir towards the centre of the galaxy leads to accretion onto
he BH. (3) Ultimately, outflows induced by the AGN lead to the
xpulsion of a portion of the galaxy’s gas content. 

This model assumes that disc instabilities and galaxy mergers
ead to an efficient angular momentum loss and trigger QSO-mode
ccretion events. Typically this loss of angular momentum results
rom SFR episodes in the central regions, which inject turbulence
nd e x ert radiation drag. We assume that, follo wing merger e vents,
he BH reservoir accretion rate is proportional to the central SFR via
he free parameter f lowJ schematized as: 

˙
 

cs 
rsv = f lowJ ψ cs , (2) 

ith ψ cs estimated via the collisional starburst prescriptions from
omerville, Primack & Faber ( 2001 ) and it equals the amount of SFR

n the central regions triggered by the merger itself. It is important
o note that BHs are assumed to merge instantaneously (no delay is
ssigned) once the host galaxies have merged. 

For disc instabilities, the net result in GAEA involves moving a
raction of stars from the stellar disc to the stellar bulge so as to
estore stability (De Lucia et al. 2011 ). Since there is no star formation
ssociated by construction, we assume the reservoir growth rate to
e proportional to the bulge grow rate Ṁ bulge . Hence: 

˙
 

di 
rsv = f lowJ μṀ bulge , (3) 

here the free parameters f lowJ and μ (6 × 10 −3 and 10, respectively,
s in F20) regulate the fraction of gas accreted due to angular
omentum loss. 
Once the reservoir gathers gas around the central BH, accretion

pisodes can be triggered. Following the viscous accretion rate
erived by Granato et al. ( 2004 ), we define the accretion onto the BH
s: 

˙
 BH = f BH 

σ 3 
B 

G 

(
M rsv 

M BH 

)3 / 2 (
1 + 

M BH 

M rsv 

)1 / 2 

, (4) 

here σB is the velocity dispersion of the bulge component, assumed
o scale linearly with V vir as derived by Ferrarese ( 2002 ) for a sample
f local galaxies. 
This prescription, once coupled with the amount of gas accu-
ulated into the reservoir, can induce accretion rates beyond the
ddington limit. We limit the actual accretion rate to: 

˙
 max = 10 

M BH 

t 
= 10 Ṁ edd , (5) 
edd 
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here Ṁ edd is the accretion rate of a BH shining at the Eddington
uminosity with a radiative efficiency of 10 per cent, over an 
ddington–Salpeter time-scale t edd � 45 Myr. This upper limit is 
upported by both observational and theoretical findings (see e.g. 
iang, Stone & Davis 2019 ; Takeo et al. 2019 ; Delvecchio et al. 2020 ).
ome theoretical models indicate that such large accretion rates may 
ccur via intermittent bursts, particularly at higher redshifts (e.g. 
nayoshi, Haiman & Ostriker 2016 ). 

F20 examined the impact of AGN activity on the host galaxy, 
pecifically focusing on its cold gas phase. AGNs are believed 
o influence the surrounding medium by actively heating it, and 
ventually leading to the expulsion of cold gas via galactic winds 
riven by the AGN. SNe explosions combined with the radiation 
ressure of the AGN are assumed to promote further accretion by 
ompressing part of the ISM ( f cen ∼ 10 −3 ) in the central region.
his material is eventually added to the BH reservoir (see Monaco 
 Fontanot 2005 ). Each accretion episode described by equation 

 4 ) triggers an AGN-dri ven outflo w, with a rate that is modelled
ssuming a scaling relation with the BH accretion rate: 

˙
 qw = εqw Ṁ BH , (6) 

here εqw is a free parameter which value is 320 as reported by F20.
ote that this AGN-driven wind scaling shows results consistent 
ith both hydrodynamical cosmological simulations (Brennan et al. 
018 ) and observational findings (Fiore et al. 2017 ). 

.3 Building the merger trees 

he standard GAEA runs have been defined on DMH merger trees
xtracted from the Millennium Simulation suite (Springel et al. 
005 ). The merger tree format adopted in GAEA is organized as
ollows. The starting point is a temporal sequence of snapshots ,
here the position and velocity of all particles at a given time is
rovided. First, DM haloes are identified using a classical Friends- 
f-Friends (FoF) algorithm. Then, a second algorithm ( SUBFIND ) 
dentifies subhaloes in each FoF group. Finally, the merger trees 
re built by identifying unique descendants for all subhaloes (see 
pringel et al. 2005 for details). For each identified halo or subhalo,
ointers and physical quantities are stored at the same redshifts of
he snapshots. These merger trees are then provided to GAEA as a
keleton for the galaxy formation model. 

At the resolution of the Millennium simulation, dark matter 
ubhaloes disappear , i.e. cannot be identified anymore as distinct 
ubhaloes, at typically large distances from the halo centre, when the 
erger is likely incomplete. Since the baryons are more centrally 

oncentrated than dark matter, this time is presumably underestimat- 
ng the time at which the hosted satellite galaxy is expected to merge
ith the central galaxy. In GAEA , this numerical effect is mitigated
y modelling orphan galaxies: when a subhalo is lost, its satellite 
alaxy is assigned a residual merger time, estimated using dynamical 
riction arguments, and its evolution is followed until it merges with 
he central galaxy of the host halo. The position and velocities of
rphan galaxies are obtained by following the most bound particle 
f the disrupted subhalo. 
The formalism and the structure of the PINOCCHIO merger trees (see 

ection 2.1 ) are substantially different compared to the numerical 
nes. The outputs are provided in the form of merging histories
nd catalogues of dark matter haloes. The merger histories offer a 
ontinuous time sampling that uniquely determines the evolution 
f every single halo along the merger tree, providing the mass, the
edshift of first appearance, the merging redshift (if any), the halo ID,
nd other useful pointers. The catalogues supply, according to a time 
rid, the information about mass, position, velocity, and halo ID for
ll haloes. Thus, in order to use PINOCCHIO outputs as GAEA inputs,
t is necessary to adapt the merger trees to a different format, and add
uantities that are used by GAEA and not available in PINOCCHIO as
etailed in the following. 
As a first step, for the existing haloes, at any given time we linearly

nterpolate in redshift the position, velocity, and mass between the 
wo closest PINOCCHIO catalogues. In fact, both PINOCCHIO and 
AEA do not require running on a shared, pre-defined time grid.
epending on the specific scientific application, without re-running 

INOCCHIO we can interpolate the physical quantities available in 
he catalogues according to an y giv en snapshot list. The accuracy of
uch interpolation is assured by the fact that PINOCCHIO halo positions 
re predicted with LPT. This allows us to run PINOCCHIO once and
hen freely choose the snapshot list as input to GAEA afterwards.
or the purpose of this study, given the relatively small volume, we
et twice as many snapshots as in the Millennium, equally spaced
n the logarithm of the scale factor a from redshift 127 to 0. This
uarantees the self-consistency with the GAEA predictions based on 
he Millennium merger trees and to concurrently increase the time 
ampling for a better time resolution. At redshifts abo v e ∼ 4 we also
est a time sampling with four times the number of snapshots with
espect to the Millennium one and we verify that the predictions are
table and robust as one decreases the integration time-step in the
emi-analytic model. 

Secondly, one physical quantity required by GAEA , but unavailable 
n PINOCCHIO , is the maximum rotational velocity of the halo V max .
n dark matter N-body simulations this quantity is estimated as: 

 max = max 
(√ 

GM ( r ) 

r 

)
. (7) 

he radius r runs o v er all the particles bound to the halo. In
INOCCHIO merger trees, such information is not directly available. 
e utilize instead: 

 max = f ( z) V circ , (8) 

here a dimensionless factor f ( z) (of the order of unity), which is a
unction of redshift, multiplies the circular velocity of the halo which
an be estimated as: 

 circ = 

3 
√ 

10 GH ( z) M , (9) 

here H ( z) is the Hubble parameter and M the mass of the halo
efined and calibrated against FoF halo masses (Monaco et al. 2002 ).
Finally, it is important to note that in PINOCCHIO , when two haloes
erge (referred to as the accretion time), the smaller one gives its
ass to the larger one, and is removed from the halo list, meaning that

t is not further updated. This means we cannot keep track of these
aloes in the simulation once they become subhaloes. Therefore, we 
odel the presence of subhaloes by assigning a survi v al time to each

alo that is lost following a merger. This approach integrates the
erger tree with information on its subhalo, as detailed by Berner

t al. ( 2022 ) (see the next section). 

.3.1 Modelling subhaloes 

n order to cast the abo v e requirements into the PINOCCHIO -based
pproach, we have written a translation code that models the presence 
f subhaloes and adds physical information to properly mimic and 
utput Millennium-like DMH merger trees. We use results derived 
rom both theoretically and numerically predicted quantities to fill 
he required physical information and add the treatment of subhaloes. 
MNRAS 536, 851–870 (2025) 
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Figure 1. Halo mass functions (HMF) at redshift z = 0 from the PINOCCHIO 

Millennium-like box and the Millennium simulation (solid lines). Due to the 
different definition of the halo mass, at z = 0 the halo masses in PINOCCHIO 

are moderately higher compared to the Millennium haloes. We calibrate the 
PINOCCHIO HMF by using a polynomial fit of mass difference at a given 
number density that is a function of the redshift (dotted line). 
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n particular, we assign a population of subhaloes within each halo
y: (1) assuming a spatial distribution for subhaloes following a
avarro–Frenk–White (NFW) density profile (Navarro, Frenk &
hite 1997 ); (2) implementing a statistically derived distribution

or the angular momentum of subhaloes based on the orbital binding
nergies observed in numerical simulations (Zentner et al. 2005 ;
irrer et al. 2014 ); and (3) assigning a subhalo survi v al time since
ccretion (Boylan-Kolchin, Ma & Quataert 2008 ; Berner et al. 2022 ).
ote that the NFW profile is not accurate for subhaloes in the

nner regions of the DMHs, but describes well the observed spatial
istribution of galaxies (e.g. Gao et al. 2004 ). We opt to sample the
osition of subhaloes from the NFW distribution at each output time,
hich means there is no correlation in their spatial position between

wo consecutive snapshots. In fact, subhalo orbits and positions do
ot affect the physical treatment of galaxies in the F20 version of the
AEA model. 
We define a total merging time of each subhalo since the merging

f the two haloes (accretion time) as the sum of the survi v al time
f dark matter subhaloes, derived from simulations, and the residual
erging time of their galaxies at the time subhaloes disappear. This

s supported by the fact that in our runs of GAEA , satellite and orphan
alaxies are equally treated. Our approach takes into account the two
hases separately. We initially adopt a halo survi v al time to shape
he first part of the total merging time, practically mimicking the
atellite phase t sat . Given the merging subhalo mass m sub , the main
alo mass M main and the orbital circularity η at merger, we assume
with reference to equation (2.6) from Berner et al. 2022 ]: 

 sat = A ( D) τdyn 

(
M main 
m sub 

)b( D) 

log 
(

1 + 

M main 
m sub 

) exp ( c η) , (10) 

here A and b are functions of the linear growth factor D( z) and c
s a free parameter. The time-scale τdyn is the dynamical time at the
irial radius, which is assumed to depend on the Hubble constant H 

nly and its value is of the order of ∼ 0 . 1 H 

−1 . 
Next, we add a second time calibrated by estimating the residual
erging time of orphan galaxies assigned by GAEA as a function of

he halo masses at the time the subhaloes disappear in the Millennium
imulation. This was originally derived from the classical dynamical
riction time-scale (Chandrasekhar 1943 ; Binney & Tremaine 1987 ),
dapted to be applied in SAMs (e.g. De Lucia & Blaizot 2007 ;
oylan-Kolchin et al. 2008 ; De Lucia et al. 2010 ), which requires

nputs of the position of the subhalo at the time it is lost in the
imulation. Since this information is not available in PINOCCHIO , we
ssume a dependence only on the mass ratio between the merging
alo ( m sub ) and the main halo ( M main ) at the accretion time. We
lso attempt to factor out the dependence on the redshift by directly
tting the ratio between the extra orphan time t orph and the age
f the Universe, t age , at the accretion time. Based on the abo v e
onsiderations, we derive a formula for the orphan time, given by: 

 orph = t age k 

(
m sub 
M main 

)α

log 
(

1 + 

m sub 
M main 

)β
, (11) 

here k , α, and β are free parameters (see the next section for the
alibrated values). 

Finally, the total merging time of the satellite galaxy is the sum
f the estimated halo survi v al time as in equation ( 10 ) and the
odelled extra time for orphan galaxies given by equation ( 11 )

see Appendix A ). Note that while the individual contributions from
hese time-scales vary depending on the mass resolution of the DMH
NRAS 536, 851–870 (2025) 
rees, their combined total remains resolution-independent. This is
ecause the total merging time is determined by the halo mass ratio
nd the accretion redshift. Hence, directly adding the total merging
ime to newly identified subhaloes ensures that the construction of the
INOCCHIO merger trees does not depend on the DM mass resolution.

.4 Calibrating the trees 

s discussed in Section 2.3 , our reference GAEA realization is run
n merger trees extracted from the Millennium Simulation. This
s a numerical realization of a cosmological volume of side 500
 

−1 Mpc assuming the WMAP1 lambda cold dark matter cosmology
 �� 

= 0 . 75, �m 

= 0 . 25, �b = 0 . 045, n = 1, σ8 = 0 . 9, and H 0 =
3 km s −1 Mpc −1 ; Springel et al. 2005 ). We run a PINOCCHIO box
hat matches the Millennium one in terms of particle mass resolution,
olume, and cosmological parameters. This run has been used to
alibrate the time-scales discussed in the previous section. 

The different definition of halo mass between the two simulations
esults in DM halo masses which are on average a factor of ∼2–
 more massive in PINOCCHIO with respect to the Millennium (see
ig. 1 ). This difference requires us to calibrate, at each snapshot,

he PINOCCHIO halo mass function (HMF) to match the Millennium
ne. To do so, we bin the range of cumulative number density n
etween the maximum halo mass for which we count at least ten
bjects and the minimum halo mass corresponding to the resolution
f the simulation ( ∼ 5 × 10 8 M �). In such an interval, we fit both
he PINOCCHIO and Millennium HMFs and we retrieve their ratio
n halo mass for an y giv en number density. Then, we multiply the
INOCCHIO halo mass by the correspondent correction factor. This
peration provides haloes with the same mass distribution of the
illennium simulation, thus a v oiding introducing systematic bias in

ubsequent steps. With a similar strategy, we calibrate the distribution
f the maximum rotational velocity of the halo, V max , introducing a
orrection factor in order to match the distribution extracted from the
illennium main haloes as a function of redshift (see equation 8 ).
dditionally, the process of the assembly of the merger trees involves
arameters we need to adjust, specifically the ones associated with
he estimate of the merging time. For this scope, we run the GAEA
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Figure 2. Upper panel: GSMF at redshift z = 0 from the Millennium-like 
box. Dashed (dotted) lines indicate the contribution of the central (satellite 
and orphan) galaxies, respectively. While central galaxies show remarkable 
agreement, PINOCCHIO ’s low mass satellites differ by a factor of ∼ 4 in number 
density with respect to the Millennium ones. Lower panel: Total GSMF at 
z = 0 from the Millennium-like box. The symbols show observed data points 
from Cole et al. ( 2001 ), Bell et al. ( 2003 ), Panter et al. ( 2007 ), and P ́erez- 
Gonz ́alez et al. ( 2008 ). This plot shows the goodness of the calibration, 
especially abo v e 10 10 M �. 

Figure 3. A simplified illustration of the Pop III.1 SMBH seeding scheme 
(see the text) showing the conditions for a star to be isolated enough to be 
considered as a Pop III.1 star. Adapted from Singh et al. ( 2023 ). 
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emi-analytic model on the translated merger trees generated from 

he PINOCCHIO box as described abo v e. Then we aim at calibrating
he parameters involved in the construction of the merging times t sat 

nd t orph by reproducing the GSMF at redshift z = 0. In fact, the
erging history of galaxies plays a crucial role in the build-up of

heir stellar and gas mass content, as well as shaping the cosmic
tar formation rate density and AGN activity across the age of the
niverse. 
We explore different combinations of the satellite t sat and orphan 

 orph time-scales in order to reproduce the normalization and the 
osition of the knee of the GSMF at z ∼ 0. In particular the total
erging time of the satellite galaxies impacts on the total number 

ensity in terms of their relative contribution to the GSMF. Therefore,
e calibrate the parameters in equations ( 10 ) and ( 11 ) by matching

t the same time the GSMF of central and satellite galaxies obtaining
he following values: 

A = 

⎧ ⎨ 

⎩ 

0 . 39 for D( z) > 0 . 8 
0 . 195 + 

0 . 195 
0 . 2 ( D( z) − 0 . 6) for 0 . 8 ≥ D( z) ≥ 0 . 6 

0 . 195 
(

D( z) 
0 . 6 

)2 
for D( z) < 0 . 6 

b = 1 . 015 · D( z) 

c = 1 . 3 

k = 0 . 3 

α = 0 . 94 

β = 1 . 7 . 

(12) 

Fig. 2 shows the result of our best estimate of the GSMF from both
opulations of galaxies (upper panel). The GSMF of centrals using 
he PINOCCHIO merger trees agrees well with the Millennium-based 
redictions for stellar masses abo v e few times 10 10 M �, throughout
he knee until the exponential cut-off at the high-mass end. On the
ther hand, satellites show a substantial difference (a factor of up 
o ∼ 4) at the low mass end of the GSMF, i.e. at masses below ∼
0 10 M �, even though the total gap in the bottom panel is dominated
y the central galaxies. We argue that this difference is due to the
ntrinsic differences in the features of the PINOCCHIO and Millennium 

imulations in the definition and construction of merger events (orbit 
rossing versus FoF). As a consequence, this effect causes a dearth 
f small mass haloes as one approaches ∼ few 10 9 M �, explaining
he gap in the number density of galaxies. Ho we ver, if one compares
he total GSMF combining all types of galaxies (bottom panel), the 
ifference in the low-mass end reduces to a factor of ∼ 2 or less.
e also verify that at earlier epochs, when the fraction of satellite

alaxies is lower, the impact of the merging time is marginal. Our
SMF reproduces the trend obtained from the Millennium-based 
redictions with a better agreement compared to z ∼ 0. Bearing 
n mind these caveats, we consider the calibration resulting in the 
SMF depicted in Fig. 2 as being sufficiently accurate for the scope
f this work and we opt not to calibrate the GAEA physical parameters
eeping the values proposed by F20 (see also Appendix B ). 

.5 Seeding SMBHs 

he primary goal of our paper is to investigate the impact of the
op III.1 SMBH seeding scheme on galaxy and SMBH properties. 
his seeding scheme is illustrated in Fig. 3 (for a more detailed

ntroduction of the seeding we refer to Banik et al. 2019 ; Singh et al.
023 ). In the figure, three stars, denoted as A, B, and C, reside in
ifferent haloes. Among them, only A and C evolve into Pop III.1
upermassive protostars, while B is designated as a lower mass Pop 
MNRAS 536, 851–870 (2025) 
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II.2 star. This classification depends on their physical separation
rom other sources at the time of their formation. 

Star A, forming first, e x erts its influence within a sphere of radius
qual to d feedback , primarily driven by radiative feedback. Since this
tar originates in a pristine primordial gas environment, devoid of
ny influence from neighbouring stars, it falls under the category of
 Pop III.1 star. Star B, on the other hand, forms at a distance less
han d feedback from star A, subjecting it to the effects of feedback.
onsequently, it is classified as a Pop III.2 star (or even a Pop II star

f the gas cloud it forms from is chemically enriched). Finally, star C
orms beyond the regions influenced by feedback from stars A and
. As a result, it is are designated as another Pop III.1 source. 
The physical mechanism that may allow SMBH formation is the

mpact of dark matter annihilation heating on the structure of the Pop
II.1 protostar (Spolyar et al. 2008 ; Natarajan et al. 2009 ; Rindler-
aller et al. 2015 ). The expected effect is to keep the protostar

elatively large and cool, thus emitting a weak flux of ionizing
adiation. Efficient collapse of the baryonic content of the minihalo to
he Pop III.1 protostar, i.e. yielding a mass of ∼ 10 5 M �, is assumed
o occur. After a few Myr of evolution, this source is then expected
o form a SMBH of similar mass. Thus the initial mass of the SMBH
eeds that we implement in the Pop III.1 scheme is M BH = 10 5 M �.

The main parameter of the Pop III.1 model is the isolation distance,
 iso , which is required for a minihalo to form a Pop III.1 source. Banik
t al. ( 2019 ) and Singh et al. ( 2023 ) have shown that values of d iso �
0 to 100 kpc (proper distance) are sufficient to yield o v erall numbers
f SMBHs consistent with estimates of local number densities at
 = 0. We will thus consider values of d iso = 50 , 75 , 100 kpc in our
odelling. 
We also consider two other seeding models. The first of these is the

H seeding scheme that is implemented within GAEA and described
n detail in Xie et al. ( 2017 ). Recall that this scheme has been tested
t the Millennium simulation resolution and is intended to be a
ubgrid model that is not attempting to mimic any seeding scenario.

henever a new DMH is resolved in the PINOCCHIO simulation, we
ssign it a BH mass ( M BH ) scaled with the parent DMH mass ( M DM 

): 

 BH = 

(
M DM 

10 10 M �h 

−1 

)1 . 33 10 10 M �h 

−1 

3 × 10 6 
, (13) 

here the index of the relation is derived from Volonteri, Natarajan
 G ̈ultekin ( 2011 ). We refer to this scheme in which all haloes are

eeded as ALS (All Light Seed). Note that this is an ad-hoc model that
imics the formation of seeds from Pop III stars and estimates their

volution by accretion before the halo is resolv ed. Giv en the relativ ely
igh mass resolution of our PINOCCHIO box (see Section 2.1 ), applying
quation ( 13 ) to the M DM 

mass distribution results in BH seed masses
f the order of ∼ 10 1 −2 M �. This mechanism ef fecti vely depicts a
cenario where every single halo is seeded with a Pop III remnant
H and can be considered an implementation of the standard light-

eed Pop III model described in Section 1 . Note that this seeding
cheme has been tested previously only at the resolution of the order
f the Millennium Simulation (Xie et al. 2017 ). The GAEA version
resented in F20 and used in the model calibration described in
ection 2.4 is based on this latter seeding scheme. 
Finally, for continuity with Paper II we also consider the

MT seeding scheme, where all haloes with mass > M thr = 7 . 1 ×
0 10 M � are seeded with a 1 . 4 × 10 5 M � BH. This is the typical
eeding scheme used in hydro simulations (e.g. Vogelsberger et al.
014 ), ho we ver the v alue of the threshold mass is determined by
he mass resolution of simulations able to resolve galaxies in a
osmological box. The box used to obtain our results has a much
igher resolution, so this scheme can be considered as a toy model
NRAS 536, 851–870 (2025) 
or a seeding scheme where BH seeds appear later in the evolution
f the Universe. 

 RESULTS  

ere we present the predicted properties of the galaxy popula-
ions based on DMH merger trees extracted from the 40 Mpc
 

−1 PINOCCHIO box described in Section 2.1 and translated as
xplained in Section 2.3 . We e v aluate the Pop III.1 seeding model
or three cases of d iso = 50, 75, and 100 kpc (see Section 2.5 ), as
ell as for the ALS and HMT seeding schemes. Unless otherwise

pecified, we apply the accretion scheme onto the SMBH described
n Section 2.2.1 . Throughout this work, the three cases of isolation
istance d iso = 50, 75, and 100 kpc are depicted in orange, red, and
lue, respectively, while the ALS and HMT models are shown in
agenta and green, respectively. 

.1 Occupation fractions 

e examine the cosmic evolution of the fraction of galaxies that are
eeded with SMBHs, i.e. the SMBH occupation fraction , including
s a function of various physical properties. In Fig. 4 we show
he evolution of the SMBH occupation fraction, i.e. the fraction
f seeded galaxies, as a function of various galaxy properties from
edshift z ∼ 10 down to z ∼ 0. Different columns indicate different
alaxy quantities, from left to right: halo mass, stellar mass, hot gas
ass, and star formation rate (SFR). The ALS seeding scheme is

y construction al w ays identical to unity. For a more meaningful
omparison in terms of occupation fractions of SMBHs, here we
lso consider the ALS case applying a cut in BH mass abo v e 10 5 M �
hereafter depicted with the label ALS-cut). 

At all epochs, the SMBH occupation fractions as a function of halo
ass, stellar mass, and hot gas mass ha ve similar beha viours across
op III.1 seeding models. As the isolation distance decreases, the
ccupation fraction rises. SMBHs tend to reside in the more massive
ystems, as the Pop III.1 model places them in the first locally formed
ini-haloes, which are more likely to be the progenitors of the largest

tructures later on. While the high-mass end occupation fraction as a
unction of halo mass reaches unity for all models at redshift zero, this
s not the case for the occupation fraction as a function of stellar mass,
.e. only ∼ 60 per cent of galaxies with highest level of stellar mass
 ∼ 10 12 M �) are seeded in the d iso = 100 kpc case, but rising to about
00 per cent in the d iso = 50 kpc case. The various Pop III.1 cases
how occupation fractions that rise gradually for M star � 10 7 M � to
0 9 M � as d iso rises from 50 to 100 kpc. On the other hand, the HMT
odel shows an occupation fraction that rises very steeply to unity

or stellar masses � few × 10 9 M � across all epochs. The ALS-cut
ase presents a similar shape, but shifted downward by one order of
agnitude to 10 8 M � by z ∼0. This reflects the fact that, when a low
ass seeding scenario is applied, the viscous accretion mode soon

stablishes a BH growth rate proportional to the SFR reproducing
he local scaling at the latest epochs ( M star ∼ 10 3 M BH ). Therefore,
pplying a cut in M BH corresponds to impose a sharp threshold for
 star . 
Thus a key difference between the Pop III.1 models and the HMT

nd ALS seeding schemes is that the Pop III.1 models have much
maller SMBH occupation fractions at relatively high values of M star .
his implies a population of unseeded galaxies reaching large values
f M star . Indeed, in the absence of AGN feedback, these systems
eep forming stars with relatively high rates at all redshifts, which
nfluences the SMBH occupation fraction versus SFR, discussed
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Figure 4. Occupation fraction of seeded galaxies as a function of different galaxy properties for several redshifts. From left to right: halo mass, stellar mass, 
hot gas mass, and star formation rate (SFR). The six lines show different seeding mechanisms. 
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elow. A related consequence is that the Pop III.1 models have a
arger scatter in the M star − M halo relation, discussed in Section 3.4 . 

When considering SMBH occupation fraction as a function of 
ot gas mass, to the extent that more massive haloes and/or stellar
omponents correlate with M hot , we see similar trends. Ho we ver,
t intermediate redshifts we see that there is a population of seeded
alaxies with very low values of M hot , which are attributed to systems
n which AGN feedback prevents the build up of hot gas mass. 

Fig. 4 also shows the evolution of the occupation fractions as
 function of SFR. At later epochs, from redshift ∼ 4 down to
ntermediate redshifts (z ∼2), one sees how seeded galaxies, mostly 
esiding in more massive galaxies, tend to have larger SFR. At the
ame time AGN feedback begins to influence the gas in these galax-
es, leading to an efficient suppression of star formation in massive
ystems. This demonstrates the ef fecti veness of radiomode AGN 

eedback in keeping galaxies passive. By redshift z ∼0 the fraction
f passive galaxies, characterized by SFRs lower than 10 −3 M � yr −1 ,
eaches SMBH occupation fractions of unity across all models. 
o we ver, we see that the ALS-cut scheme reaches one about SFR of
0 −3 M � yr −1 , but it drops down to small fractions soon after. One
MNRAS 536, 851–870 (2025) 
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Figure 5. Occupation fraction of seeded galaxies as a function of the stellar 
mass at redshift zero. The six lines show different seeding mechanisms. In the 
range of stellar masses between few in 10 8 and 10 10 M �, we compare against 
dif ferent observ ational constraints for the occupation fraction. X-ray sources 
detected in local surv e ys pose some lower limit to the occupation fraction as 
presented by Miller et al. ( 2015 ) drawn as the shaded region. We also show 

the more stringent constraints as reported by Nguyen et al. ( 2019 ) obtained 
from dynamical findings in a small sample of nearby galaxies. 
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hould keep in mind that ALS-cut does not track the whole population
f seeded galaxies, but only the ones having M BH > 10 5 M �. As
pposed to the other models, this latter subsample of galaxies is not
 xclusiv e in terms of radiomode AGN feedback since this also affects
alaxies with BHs just below the BH mass cut, contaminating the
easurements of the occupation fraction for the SFR as well as for

he hot gas. 
As a point of comparison with observational data, in Fig. 5

e illustrate constraints for the fraction of observed local galaxies
osting a SMBH in the range of stellar masses between few in 10 8 

nd 10 10 M �. Observationally, dynamical and X-ray measurements
ased on local galaxies seem to agree that at least � 50 per cent of the
opulation in this mass range host a SMBH with mass ∼ 10 4 −6 M �
see discussion in Greene et al. 2020 ). In particular, Nguyen et al.
 2019 ) show that out of 10 galaxies within a distance of 4 Mpc
or which dynamical measurements are available, only five SMBHs
re detected, inferring a lower limit for the occupation fraction.
dditionally, Miller et al. ( 2015 ) advocate a lower limit of 20 per cent
ith a most probable estimate of around 70 per cent based on the
etection of X-ray sources in local galaxies within a comparable
tellar mass. 

Fig. 5 illustrates that current observational measurements are not
f sufficient precision to discriminate between the different models.
f the quality and statistics of observational samples can be increased
o reduce the uncertainties, then the presented models could be
istinguished. Ho we ver, it is interesting to note that our simulations
resent a better agreement in terms of the occupation fraction when
 iso approaches the value of 50 kpc, as we allow more haloes to be
eeded. Conversely, the 75 and 100 kpc cases struggle to produce
arge enough occupation fractions while the ALS-cut and HMT

odel tends to create more numerous SMBHs although still in
greement with Miller et al. ( 2015 ). On the other hand, the ALS
cenario would be difficult to test against current observations as the
NRAS 536, 851–870 (2025) 
otality of galaxies in this mass range would host a BH, whose mass
ould span from stellar seeds up to the SMBH regime. 

.2 Stellar mass function 

n Fig. 6 we illustrate the cosmic evolution of the GSMFs e v aluated
or the Pop III.1 seeding models from z ∼ 0 up to 3. For the
edshift zero case, we see that below stellar masses of approximately
 × 10 10 M � the predicted functions match reasonably well down
o low masses of M star ∼ 10 8 M �. In this regime, the majority of
alaxies are non-seeded, and so there is little impact, i.e. due to AGN
eedback, of varying d iso . On the other hand, reducing d iso from 100
o 50 kpc has a dramatic impact at the high-mass end of the GSMF.
pecifically, while the 75 and 100 kpc models struggle to reproduce

he exponential cutoff of the GSMF above a few ×10 10 M �, the
0 kpc case is able to maintain good agreement with the observational
ata. This is due to the action of AGN feedback in suppressing the
uild-up of high stellar mass galaxies. We see that the ALS and HMT
odels, having similar, saturated occupation fractions at high stellar
asses, are also able to reproduce the local high-mass end of the
SMF. It is worth stressing that the agreement with observational

onstraints cannot be impro v ed by a different parameter calibration,
s the lack of a central SMBH in unseeded galaxies prevents the
nset of Radio-mode feedback in the first place, and stellar feedback
lone is insufficient to reduce the number of massive galaxies while
eeping a good agreement at lower masses and using realistic loading
actors (White & Frenk 1991 ). 

Moving to higher redshifts, the differences between seeded and
on-seeded galaxies become less visible in terms of average stellar
ass distribution, as the SMBH are not big enough to affect the

volution of the host galaxy by means of radio-mode feedback. This
lso reflects in the GSMF: if we look at the evolution of the GSMF
p to redshift z � 2 right at the peak of the cosmic SFR, the different
solation distance scenarios become more similar and all of them
end to agree with the observed data (see higher redshift panels).
his makes it more difficult to use such an observable to discern
mong the seeding criteria, i.e. d iso , at z � 1. 

.3 Local black hole mass function 

ere we present basic predictions for the mass distribution of the
MBH population at z ∼ 0. As shown in Fig. 7 , the three d iso 

ases predict different trends for the black hole mass function
BHMF). As a reference, observational constraints are compared
o our predictions, derived from a sample of local galaxies (shaded
rea Mutlu-Pakdil, Seigar & Davis 2016 ) and from the unbiased
orrected relation from Shankar et al. ( 2020 ) (hatched area). Overall,
e see that the d iso = 75 kpc case predicts number densities of
MBHs in approximate agreement with the observational data. The
 iso = 100 kpc case falls slightly below the observed values, while
he d iso = 50 kpc case is slightly higher. 

In the high mass end, we see that both the HMT and ALS models do
ot produce as man y v ery high mass SMBHs as the Pop III.1 models.
e expect this is due to a combination of factors: (1) competition

etween SMBHs for available gas mass; (2) a greater degree of
GN radiomode feedback, due to larger occupation fractions, which

educes the amount of gas available for SMBH accretion. Conversely,
he HMT and ALS models predict the presence of much larger
opulations of lower mass SMBHs. In particular, the ALS model,
hich invokes seeds down to stellar mass scales, predicts a large
opulation of IMBHs. 
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Figure 6. Cosmic evolution of the GSMF from redshift 0 up to 3. Solid (dashed) lines indicate the contribution of all (seeded) galaxies, respectively. The shaded 
areas depict the Poisson uncertainties in each mass bin. Results for Pop III.1 models with three values of isolation distance (in proper distance) are shown, as 
labelled. Observed data are in grey symbols (Cole et al. 2001 ; Bell et al. 2003 ; Drory et al. 2004 ; Bundy, Ellis & Conselice 2005 ; Fontana et al. 2006 ; Panter 
et al. 2007 ; P ́erez-Gonz ́alez et al. 2008 ; Van Den Bosch et al. 2008 ). As a reference, the dotted horizontal line stands for 10 objects per mass bin in the whole 
volume of the box. The GSMF tells us the isolation distance parameter that better reproduces the observed trend, especially at the massive end. The 50 kpc 
case agrees with the exponential cut off of the massive population of galaxies from the local relation, where almost every galaxy with a stellar mass higher than 
∼ 3 × 10 10 M � is assumed to host a SMBH, up to z ∼ 1. At redshift 0 we compare with the HMT and ALS seeding schemes. These two cases mostly o v erlap in 
the graph. While ALS well reproduces the local observational trend by construction, HMT naturally seeds every massive galaxy resulting in efficient quenching 
of star formation in such systems. We use them as reference models to validate the Pop III.1 seeding at redshift z = 0. The dashed line of the HMT scheme tells 
us that the fraction of seeded galaxies rises sharply up to one abo v e ∼ 10 9 M � as shown from Fig. 5 . 
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.4 The M BH 

− M star relation 

ere we consider the relation between central SMBH mass and 
alactic stellar mass for the different models of SMBH seeding. 
ecall that, as described abo v e, these results are based on the fiducial
MBH growth model adopted by F20. The scatter plots in Fig. 8 show

he populations of seeded galaxies for the various seeding schemes 
columns) at redshift zero (bottom row), with high redshift results 
hown in the other rows. Note that in the following analysis, we
xclude unseeded galaxies, which, as discussed in Section 3.1 , for
he Pop III.1 models can be a significant fraction of the systems
ven in the high M star regime. Thus when comparing our results to
bservational samples, only galaxies with confirmed SMBHs, i.e. 
ot just upper limits, should be used. 

.4.1 Redshift zero results 

ocusing first on the local results, we see a general trend of more
assive black holes being found in galaxies with larger stellar 
asses. Since the Pop III.1 model assumes seed masses of 10 5 M �,
e see a flattening of the M BH − M star relation to this level as one
oes to lower mass galaxies. This feature is not seen in the HMT
odel since requiring a threshold halo mass of 7 × 10 10 M � naturally

mposes an ef fecti ve threshold on M star for seeded galaxies. This
eature is also not seen in the ALS seeding scheme, since the seed
asses in this model are much smaller than 10 5 M �. 
In general, the M BH − M star relation can be approximated as a

ower law, especially if one restricts to limited ranges in stellar
ass. We thus fit the following function to the distributions: 

 BH = M BH , 9 

(
M star 

10 9 M �

)α

(14) 

nd consider a stellar mass of 10 9 M � as fiducial scale at which to
ivide low-mass and high-mass galactic systems. However, we set a 
ower limit of M star = 10 8 M �, which is designed to make the metrics
f the low-mass case easier to compare to observed systems. We also
onsider a very high-mass range at M star > 10 11 M �. We carry out
MNRAS 536, 851–870 (2025) 
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Figure 7. Black hole mass function at redshift z ∼ 0. Solid lines indicate the contribution of different seeding schemes. The shaded areas around the lines 
depict the Poisson uncertainties in each mass bin. Observed data are taken from a sample of local galaxies (shaded area Mutlu-Pakdil et al. 2016 ) and from the 
unbiased corrected relation from Shankar et al. ( 2020 ) (hatched area). As a reference, the dotted horizontal line stands for 10 objects per mass bin in the whole 
volume of the box. 
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ower-law fits to the binned median values of M BH , i.e. giving equal
eight to the different bins of M star , which are distributed evenly

n logarithm and spaced every ∼0.33 dex. We require at least five
ources in a given bin to include it in the fit. Every median value
s then weighted with its corresponding standard error, which in
he least populated high-mass bins is about 0.3 dex. We report the

aximum range of the black hole distribution via a metric M BH , max10 ,
hich is the geometric mean mass of the ten most massive black
oles in the simulation domain of ∼ (60 Mpc ) 3 . We also measure the
ispersion, σ about each best-fitting power-law M BH − M star relation,
veraging the dispersions in each mass bin equally. The redshift zero
esults for α, M BH , 9 and σ for the low-, high-, and very high-mass
ases, as well as M BH , max10 , are reported in Table 1 for the various
eeding schemes. These power-law fits are also plotted in Fig. 9 . 

For galaxies with M star < 10 9 M �, the properties of the best-
tting power law show that the Pop III.1 models have the most
hallo w po wer-law indices, i.e. αlow � 0 . 6, with the d iso = 100 kpc
ase having the shallowest index of 0.56. In comparison, the HMT
odel has αlow � 1 . 3, while the ALS model has αlow � 0 . 8. On the

ther hand, the amplitude of the power-law fits, as measured by
 BH , 9 , show very little variation ( � 0 . 1 dex) between the models.

he dispersion about the power law is similar among the models
t 0.5 de x, e xcept for the two larger d iso cases where it drops at
.4 dex for the 100 kpc model. This trend in the Pop III.1 models
esults from the fact that for smaller values of d iso , a broader variety
f haloes is seeded, leading to a wider range of growth and star
ormation histories that then lead to greater scatter in the M BH − M star 

elation. 
In the high-mass regime, with M star > 10 9 M �, the processes

eading to black hole growth and star formation result in an
 BH − M star relation that is relatively similar between the different

eeding schemes, so it becomes harder to distinguish the models from
he statistics of their M BH − M star relations. Nevertheless, from the
esults shown in Table 1 we notice that, in contrast to the low-mass
NRAS 536, 851–870 (2025) 
egime, the Pop III.1 models have systematically higher values of
ispersion about their best-fitting power laws, i.e. σhigh � 0 . 7, while
he HMT model has σhigh � 0 . 5 and the ALS model 0.4. Similar
onclusions can be drawn for the very high-mass regime. This is
aused by the Pop III.1 models having quite large volumes that are
revented from forming seeds, i.e. via the isolation distance criteria,
nd these volumes can contain relatively massive haloes that form
alaxies with relatively high M star that either never host a SMBH
see the comparatively low occupation fractions in Fig. 5 of the Pop
II.1 models) or gain a relatively low-mass SMBH from later merger
ith a smaller halo/galaxy. 
We also notice that at the highest masses there is evidence for

teepening of the power -law beha viour of the M BH − M star relation.
his is most noticeable for the Pop III.1 models, which tend to
ave a greater number of more massive SMBHs (see Fig. 7 ). After
nspecting the accretion histories of some example cases, we attribute
his as being due to reduced impact of AGN feedback in the Pop
II.1 models given their overall smaller numbers of SMBHs. Indeed,
GN feedback processes act as regulators of the cold gas content in
alaxies, by heating their cold gas component and displacing it to the
ot phase. This implies that unseeded galaxies in Pop III.1 models
end to accumulate larger cold gas reservoirs with respect to seeded
nes. Therefore, when these galaxies became satellites in massive
aloes and merge with a central seeded galaxies, the y pro vide more
old gas available for accretion onto the central SMBH with respect
o seeded galaxies (see Section 2.2.1 ), thus enhancing the final BH

ass achieved compared to the HMT and ALS cases. 
To quantify these differences, we refer to the power-law fits for

he very high-mass regime (see Table 1 ). In the top panel of Fig. 9
e see that for larger values of d iso Pop III.1 models show a steeper

lope up to ∼1.7 for the 100 and 75 kpc cases, while other seeding
riteria present comparable shallower trends with power-law indexes
bout 1.3–1.4. This is a direct consequence of the already mentioned
ompetition effect on the BH accretion (e.g. see also the BHMF in
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Figure 8. Scatter plot of the evolution of the M BH − M star relation at several redshifts. Different columns represent various seeding schemes. At redshift z ∼ 0 
we compare our predictions for our seeded galaxies with several best fits from local observations: dynamical measurements from Kormendy & Ho ( 2013 ) 
(KH + 13), including massive bulge-dominated quiescent galaxies, while Reines & Volonteri ( 2015 ) (RV + 15) use a different mass-to-light ratio, plus an extended 
sample combining local early- and late-type galaxies by Greene et al. ( 2020 ) (G + 20). At z ∼ 2, we report the RV + 15 fit for reference. Moving upward, the 
high-z ro ws sho w the comparison with recent results from the JFAINT sample: in Pacucci et al. ( 2023 ), they directly fit the data in the redshift range z ∼ 4 − 7 
while Li et al. ( 2024 ) estimate an unbiased fit taking into account the uncertainties on the mass measurements and selection effects. Shaded regions illustrate the 
intrinsic scatter at 1-sigma according to each relation. Coloured symbols show faint AGNs taken from Harikane et al. ( 2023 ), Kocevski et al. ( 2023 ), Maiolino 
et al. ( 2024 ), Übler et al. ( 2023 ) and reported according to their redshifts. In the top row, results at z ∼ 10 are shown against the single data point (GN-z11) from 

Maiolino et al. ( 2024 ). 
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Table 1. Fitting parameters and derived quantities: the slope α, the intercept 
M BH , 9 (at M star = 10 9 M �), and dispersion σ are shown at z ∼0. We also 
report the average (geometric mean) mass of the 10 most massive BHs. 

z ∼0 
50 kpc 75 kpc 100 kpc HMT ALS 

αvh 1.38 1.71 1.69 1.37 1.29 
log( M BH , 9 , vh [M �]) 4.99 4.35 4.31 5.16 5.37 
σvh [dex] 0.74 0.98 0.79 0.32 0.29 

αhigh 0.73 0.76 0.89 0.83 0.82 
log( M BH , 9 , high [M �]) 6.08 6.05 5.97 6.06 6.19 
σhigh [dex] 0.61 0.68 0.63 0.43 0.40 

αlow 0.63 0.61 0.56 1.29 0.80 
log( M BH , 9 , low [M �]) 6.19 6.20 6.19 6.18 6.32 
σlow [dex] 0.50 0.43 0.40 0.50 0.51 

log( M BH , max10 [M �]) 8.99 9.26 9.23 8.62 8.65 

Figure 9. Power-law fits to the M BH − M star relation at z ∼ 0. Dotted lines 
depict local fits with associated dispersion (shaded areas). The indices α are 
shown in the legend. Solid lines indicate the fit results to the median SMBH 

masses (data points with dispersion) in several stellar mass bins for different 
seeding models. The stellar mass range co v ered by the solid lines corresponds 
to the fitted interval. 

Figure 10. Power-law fits to the M BH − M star relation at z ∼ 5. Dashed lines 
depict fits to the JFAINT data with associated dispersion (shaded areas). For 
reference, we also show the dotted line reporting the RV + 15 fit. The indices 
α are shown in the legend. (a) Upper panel: Solid lines indicate the fit results 
to the median SMBH masses (data points with dispersion) in several stellar 
mass bins for different seeding models. The stellar mass range co v ered by the 
lines corresponds to the fitted interval in the global range. (b) Lower panel: 
As (a), but the fits extend over the low-mass range. 
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ig. 7 ). In terms of scatter, we observe larger values in this stellar
ass regime for the Pop III.1 model. 
Related to the very-high mass regime of the M BH − M star relation,

e see that M BH , max10 is higher in the Pop III.1 models, i.e. 1 − 2 ×
0 9 M �, than in the HMT or ALS models, where it is � 5 × 10 8 M �.
e again attribute this to reduced competition for gas in the Pop

II.1 models due to smaller o v erall numbers of SMBHs. Also, the
ncreased number of BH mergers in HMT and especially in ALS is
ot significant for the o v erall growth of the central SMBH, as the
ajority of mergers can contribute only up to a few percent of the

otal mass. Recall that the extra seeds in this two schemes are likely
o happen in relatively low-mass haloes since the most massive ones
re seeded in all the scenarios. 

We compare our z = 0 results to various observational constraints
see Fig. 9 ). In particular, we consider the empirical M BH − M star re-
ations obtained from: (1) the M BH − M bulge relation from Kormendy
 Ho ( 2013 ) (hereafter KH + 13), who use dynamical measurements

f massive bulge-dominated quiescent galaxies and who find an
ntrinsic scatter about the relation of about 0.3 dex; (2) the Reines
 Volonteri ( 2015 ) (hereafter RV + 15) relation, which fits the same
 BH − M star data set of KH + 13, but with an updated mass-to-light

atio, resulting in a lower normalization; (3) the Greene et al. ( 2020 )
hereafter G + 20) relation, which considers low-mass ( ∼ 10 5 M �)
MBHs and their host galaxies. We note that the inclusion of low-
ass objects in the G + 20 fit down to stellar masses of ∼ 10 9 M �

auses the sample to be sparse and potentially biased for stellar
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Table 2. Fitting parameters and derived quantities: the slope α, the intercept 
M BH , 9 (at M star = 10 9 M �), and dispersion σ are shown at z ∼5. We also 
report the average (geometric mean) mass of the 10 most massive BHs. 

z ∼5 
50 kpc 75 kpc 100 kpc HMT ALS 

αhigh 0.75 – – 0.83 0.78 
log( M BH , 9 , high [M �]) 6.08 – – 6.13 6.19 
σhigh [dex] 0.46 – – 0.39 0.36 

αlow 0.65 0.60 0.58 0.96 1.04 
log( M BH , 9 , low [M �]) 6.07 6.02 6.01 6.13 6.23 
σlow [dex] 0.39 0.38 0.35 0.49 0.58 

log( M BH , max10 [M �]) 6.75 6.65 6.56 6.91 6.93 
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Figure 11. Medians (in log scale, solid lines) of the Eddington ratio λedd 
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asses below 10 10 M �, where the number of objects measured 
ia dynamical methods is small. We note also that low-mass and 
aint SMBHs are more likely to be missed in observational surv e ys,
otentially biasing the derived relations (e.g. Shankar et al. 2020 ). 
In the range of measured stellar masses from ∼ 10 9 M � up to

0 12 M �, all theoretical predictions show agreement within the 1-
igma bands of the observational fits provided by RV + 15 and by the
ample used in G + 20. As discussed abo v e, the largest differences
etween the theoretical models in this regime are in the very high-
ass regime, so this may be a promising area for future, more detailed 

bservational tests. 
In the low-mass regime, i.e. � 10 9 M �, there are larger differences

etween the models. As discussed the Pop III.1 models have shal-
ower indices and higher amplitudes than the HMT and ALS models, 
nd these appear to be less in agreement with the RV + 15 and G + 20
bserv ational results. Ho we ver, as mentioned the data are relatively
parse in this regime and potentially subject significant systematic 
ncertainties and observational biases. From the theoretical point of 
iew the precise amplitude and power-law index is also sensitive 
o choice of a single seed mass of 10 5 M �. Still, since the models
ho w greatest dif ferences in this regime, we consider than improving
he observational constraints at these lower values of M star is a high
riority. 

.4.2 High-r edshift r esults 

oving to higher redshifts, in the first five rows of Fig. 8 we show
he evolution of the M BH − M star relation of the simulated seeded 
alaxies from z ∼ 10 down to z ∼ 2. To guide the eye, the light
reen dashed line shows the local relation from R V + 15. T able 2
eports power-law fit results for the z ∼ 5 sample. 

As we proceed to higher redshift, the most obvious feature is that
here are relati vely fe w massi ve galaxies and associated highest mass
MBHs. To help quantify this trend, Table 2 reports the results for

og M BH , max10 for the different seeding schemes at z ∼ 5. We see that 
og ( M̄ BH , max10 � 7 for most of the models, dropping to 6.56 for the
op III.1 model with d iso = 100 kpc. This is likely to reflect the
act that this case has the fewest SMBHs and so a reduced sampling
f the relatively rare conditions that lead to the strongest growth. 
n the high-mass regime, the d iso = 75 and 100 kpc cases do not
orm sufficient SMBHs for us to measure the M BH − M star relation. 
or the other seeding schemes, we see quite similar power-law fits,
ut with the Pop III.1 d iso = 50 kpc case having moderately higher
ispersion (see Fig. 10 ). In the low-mass regime, as at z = 0, we see
ignificantly shallower indices in the Pop III.1 models ( αlow � 0 . 6)
ompared to the HMT and ALS models ( αlow � 1 . 0). Furthermore,
he Pop III.1 models have smaller dispersions than the HMT and ALS
ases. Among the different Pop III.1 models, the effect of varying
he isolation distance d iso is relatively hard to distinguish from the
 BH − M star relation fits. 
Considering the evolution with redshift, among the various seeding 

chemes, the HMT is the one showing the largest evolution from
 ∼ 10 down to 4 as the process of seeding haloes with SMBHs
tarts relatively late (i.e. z ∼ 10, see Paper II). In the ALS seeding
odel, the BH seeds gro w relati vely fast and by z � 7 they have

lready caught up with the SMBH populations formed from heavy 
eeds. This is due to the combination of the viscous accretion mode
nto the BH and the small seed mass. In fact, seeding with stellar
ass BHs allows these objects to accrete several times their own
ass as the BH accretion rate goes up to 10 times the Eddington

imit and they keep accumulating mass until they become massive 
nough to self-regulate their own growth primarily via AGN radio- 
ode feedback (see also Fig. 11 ). 
In Fig. 8 we also compare the theoretical models with recent results

btained from deep JWST galaxy surv e ys where it has been possible
o find very faint AGNs otherwise undetected with other facilities 
hereafter JFAINT sample). Due to the relatively small volume of 
ur PINOCCHIO box ( ∼ 60 : cMpc per side; see Section 2.1 ), caution
s required when comparing these theoretical results with the full 
FAINT sample, which is derived from surveys covering larger 
olumes. In particular, larger simulation volumes are required to 
ake comparison with the rarest, very luminous quasars. 
Focusing on redshifts 4 to 7, we plot data from Maiolino et al.

 2024 ) (twelve low-luminosity AGNs), Harikane et al. ( 2023 ) (ten
bjects), Kocevski et al. ( 2023 ) (2 objects), and Übler et al. ( 2023 )
1 object). This JFAINT sample includes sources available from 

ifferent surv e ys, specifically from the CEERS (Finkelstein et al.
023 ), JADES (Eisenstein et al. 2023 ) and ERO (Pontoppidan et al.
022 ) programmes. In the z ∼10 row we report the single data
oint (GN-z11) from Maiolino et al. ( 2024 ). It is worth noting
hat the JFAINT sample has been selected by looking for the
road component of the H α and H β lines by means of NIRspec
equiring a specific threshold for the full-width half-maximum 

FWHM). Additionally, BH masses are measured using a relation 
onnecting the BH mass to the FWHM of the broad line, mainly
 α, calibrated locally using the decomposition of the broad and
arrow components of the emission lines (see Harikane et al. 2023 ;
aiolino et al. 2024 ). Stellar masses are instead typically estimated
MNRAS 536, 851–870 (2025) 
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M

Figure 12. Normalized histograms (in log scale) of the Eddington ratio λedd for in different redshift bins as a function of the seeding mechanism. The spacing 
in redshift bins corresponds to a linear spacing in the logarithm of the scale factor a. 
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ia SED fitting, which carries significant uncertainties to corrections
elated to dust attenuation, assumptions about metallicity, and AGN 

ontribution. 
This sample of JWST -detected AGNs has been used to estimate

he M BH − M star at earlier epochs. Pacucci et al. ( 2023 ) (P + 23)
erformed a direct fit of the JFAINT data in order to derive the
ntrinsic M BH − M star relation at a mean redshift of ∼ 5 (golden
olid line), concluding that high- z SMBHs tend to be o v ermassiv e
y a factor of 10–100 with respect to the local relation. This
nterpretation implies that, even with very massive seeds, super-
ddington accretion episodes are required to frequently occur at
igh redshift. More recently, Li et al. ( 2024 ) (Li + 24) have presented
 study of the same sample of objects as in P + 23 including a
etailed analysis of the possible biases. In fact, uncertainties due
he measurement of both BH and stellar mass and selection effects
aused by flux-limited detection may lead to biased conclusions.
ccording to these authors, the observed data can be explained by

ssuming that the intrinsic M BH − M star relation is more similar to
he local one (e.g. of KH + 13). Their result, shown by the black
ine, suggests that local and high-z relations behave in a similar way,
here the JFAINT sample is an extremely biased selection towards

he most luminous objects. 
Our predicted BH masses are, on average, lower by one order

f magnitude in BH mass with respect to the most massive BHs
n the JFAINT sample (with mean redshift � 5 . 2), while we can
each reasonably high stellar masses by redshift ∼ 5. Our M BH −
 star relations do not match the P + 23 fit, while showing a much

etter agreement with the estimate of Li + 24. If the P + 23 results
re confirmed as a robust estimate for the true high- zM BH − M star 

elation, there are two possible arguments that can explain the lack
f v ery massiv e BHs in our model predictions. On the one hand,
he accretion scheme onto the central BH used in this study was
alibrated by F20 in the GAEA framework to match AGN bolometric
uminosity functions up to redshift ∼ 4. The fact that our realizations
o not reco v er such high BH masses may be connected with the
hysics implemented in the growth model driven by gas momentum
oss and viscous accretion, which sets the time-scale of the accretion
NRAS 536, 851–870 (2025) 
ate being inversely proportional to the BH mass as in equation ( 4 ).
o we ver, at higher redshift cold gas accretion may be expected to be
 more continuous process (e.g. Inayoshi et al. 2016 ) that does not
eed trigger events such as galaxy mergers and/or disc instabilities
o happen. If true, this could lead SMBHs to grow on shorter time-
cales and/or at higher efficiencies than we have so far implemented
see the discussion in Section 2.2.1 ). 

Additionally, the limited size of our PINOCCHIO box also limits
ur ability to sample extreme, rare objects that undergo the fastest,
ost efficient accretion. This volume effect is particularly evident

y looking at the top row at z ∼ 10, where only single objects can
ccasionally match the GN-z11 data point within its error bars. We
ote that our simulated volume is at least a factor of 10 smaller than
hose probed by the JADES and CEERS programs. 

Furthermore, the measurements of BH masses using local cali-
rations may be significantly biased upward (by up to one order of
agnitude), as suggested recently by Abuter et al. ( 2024 ). Other

onsiderations are that for the Pop III.1 and HMT models we
eed galaxies with a delta function distribution of BH mass at
0 5 M �. More realistically, we would include a range of masses with
ispersion, and this would enhance the chance to obtain a few, larger
MBH masses. 

.5 Eddington ratios 

ere we examine the distribution of Eddington ratios, λedd , that are
resent in our modelled SMBH populations. Figs 11 and 12 show
n different formats the distribution of λedd across different seeding
odels as a function of redshift. The solid lines in Fig. 11 show the
edian λedd of the different models, with shaded areas being the 1 σ

ispersion as a function of redshift. Fig. 12 shows the normalized
istograms of λedd in ten redshift bins. For Pop III.1 models, the
istributions, including median values, of λedd are relatively similar.
e do notice that, especially at higher redshifts, the cases with

arger d iso have a higher proportion of higher accretion rate SMBHs.
omparing high and low redshifts, at higher redshifts the SMBHs

end to have higher accretion rates, with a median λedd of ∼ 10 −3 to
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0 −2 down to z ∼ 1 for d iso = 75 and 100 kpc cases and z ∼ 2 for
 iso = 50 kpc. After this, SMBHs start to self-regulate their growth
ia AGN feedback. This decreases the available gas which in turn 
owers the average accretion to λedd ∼ 10 −4 by z ∼0. However, the 
istograms in Fig. 12 show that the SMBHs have a tail towards
ccretions close to the Eddington limit (or even super-Eddington), 
hich would manifest as luminous AGN, including quasars. 
On the other hand, the HMT and ALS models exhibit different 

istributions of λedd . In the case of HMT, the BH seeds appear at
ower redshift ( z ∼ 10) in already massive haloes where a substantial
mount of gas available for accretion has gathered during its previous 
istory. At this point, the central BHs are able to accrete efficiently
esulting in λedd of about an order of magnitude larger than in the
op III.1 models. Ho we ver, belo w z ∼ 3 the HMT BHs tend to align
ith the behaviour of the Pop III.1 populations. 
For the ALS model, the BH seeds are significantly lower in 
ass than the other seeding models considered in this study. This

xplains the fact that down to z ∼ 8 the large majority of BHs are
ccreting at super-Eddington rates (limited at 10 times as a basic 
odel assumption). In fact, in the viscous accretion prescription the 

ccretion rate is proportional to the ratio between the BH gas reservoir
nd the BH mass. Until the ALS BHs reach the supermassive regime,
his ratio takes values much larger with respect to the other models,
xplaining the trends observed in Figs 12 and 11 . At lower redshifts,
hese systems tend to run out of gas available for BH accretion,
s all haloes are seeded (e.g. see the BHMF in Fig. 7 ). We note
hat by z ∼ 2 and down to the local Universe, all the models have
enerally similar distributions, although the ALS model retains an 
xcess of very high, super-Eddington accretors, mostly being low- 
nd intermediate-mass BHs. 

 SU M M A RY  A N D  C O N C L U S I O N S  

n this work, we have introduced a no v el semi-analytic approach that
ccounts for different SMBH seeding scenarios within theoretical 
odels of galaxy formation and evolution. It utilizes merger trees 

enerated by the PINOCCHIO code for dark matter haloes, extends 
hem by incorporating subhaloes, and then applies the GAEA semi- 
nalytic model to populate these haloes with observable galaxies. 
his approach allows us to investigate a wide range of galaxy prop-
rties by adjusting various parameters go v erning galaxy formation 
ithout e xpensiv e N-body and/or hydrodynamical simulations. The 

volution of subhaloes and their merging with the main haloes 
s implemented via physically moti v ated models that have been 
alibrated on simulations. 

We first adapted the structure of PINOCCHIO merger trees to the 
illennium simulation format by adding information about the 

ubhaloes. We assume a spatial distribution for subhaloes following a 
FW density profile (Navarro et al. 1997 ), statistical prescriptions for 

he angular momentum (Zentner et al. 2005 ; Birrer et al. 2014 ), and
 subhalo survi v al time since accretion (Boylan-Kolchin et al. 2008 ;
erner et al. 2022 ). This ensures that the GAEA model will be able

o run on PINOCCHIO -generated halo merger trees. We calibrated this
ethod on a Millennium-like PINOCCHIO box making sure that we 

ed the semi-analytic model with a consistent halo mass function. By
nchoring the calibration to the local observed GSMF, we estimated 
 total survi v al time for satellite galaxies, which is tuned to reproduce
he exponential cut-off of the high-mass end of the predicted GSMF
t z ∼ 0. This approach makes it possible to apply our fully semi-
nalytic pipeline to a variety of scientific cases beyond the scope of
his paper. 
We have primarily focused on the impact of implementing different 
echanisms for seeding SMBHs, especially focusing on the Pop III.1 
odel, which postulates a new mechanism for the formation of all
MBHs. We have investigated three values of the isolation distance 

hat is needed for a given minihalo to be a Pop III.1 source. For
omparison, we have examined the HMT used by the Illustris-TNG
imulations in which every halo exceeding a mass of 7 . 1 × 10 10 M �
s seeded with a BH of mass 1 . 4 × 10 5 M �. As another example
ase, we also considered predictions for the standard seeding scheme 
mplemented in GAEA based on ALS. Here, the initial mass of the
H seed scales with the initial halo mass, resulting in light seeds of

he order of stellar mass BHs. 
Within our framework, we have explored the implications of this 

et of seeding models when applied to cosmological volumes in 
 galaxy formation and evolution framework down to low redshifts. 
nlike other astrophysical models, the Pop III.1 scenario presents the 

arliest and least clustered distribution of seeds, affording relatively 
onger periods of time for black hole growth via accretion, reducing
he need for sustained modes of super-Eddington accretion. 

Our main findings are the following: 

(i) For the Pop III.1 models, SMBH seeds are predominantly 
bundant in massive galaxies, with the occupation fraction increasing 
s d iso decreases. By z ∼ 0, the occupation fraction reaches unity for
alo masses abo v e 10 13 M � across all models. AGN feedback signifi-
antly influences the thermal state of the gas and the SFR, quenching
eeded galaxies by z ∼ 0. The observational measurements of the 
ccupation fraction in the local Universe as a function of stellar mass
uggest that d iso < 75 kpc. In contrast, the HMT and ALS scheme
roduce too many BHs in systems with M star ∼ 10 9 −10 M �. 
(ii) The AGN radiomode feedback affects the shape of the GSMF 

y decreasing the SFR in massive galaxies, if hosting a SMBH,
nd causing the exponential cut-off at the high-mass end. At z ∼ 0,
he low-mass end of the GSMFs obtained from Pop III.1 models is
enerally similar to the predictions of the HMT and ALS models
nd with the observations, as in this regime the number densities are
e gulated by SN feedback. Abo v e few ×10 13 M �, smaller isolation
istances are fa v oured to reproduce the quenching of the majority of
assive galaxies, consistent with d iso � 75 kpc scenarios. 
(iii) The slope of the BHMF at low SMBH masses is found to be

 crucial way to distinguish different seeding models. Our fa v oured
ases with d iso < 75 kpc match the high-mass end of the BHMF
nd is in reasonable agreement with estimates at the low-mass end.
o we ver, it should be noted that the observational constraints are

elatively uncertain in this regime and many lower mass SMBHs 
ay be missed in current surv e ys. 
(iv) The predicted M BH − M star relations at redshift zero show 

ome differences between the models. The main differences are a 
rend for the Pop III.1 models to have modestly steeper indices in the
ery high-mass regime, i.e. with M star > 10 11 M �. Larger differences
re present in the low-mass regime, i.e. with M star < 10 9 M �, which
eflects the imprint of the assumed mass scale of the seeds, i.e.
 BH = 10 5 M �. We note that so far we have made very simple

ssumptions for this seed mass. We also note that the observational
ata in the regime are subject to significant uncertainties due to the
ifficulty of obtaining a complete census of SMBHs in this regime. 
(v) At high redshifts, comparison of the model M BH − M star 

elations with observational constraints derived from JWST -detected 
GN candidates remains open to debate as the probed ranges of BH
nd stellar masses are likely biased upwards by the most luminous
bjects and not well sampled by the limited volume of the simulation
onsidered in this study. 
MNRAS 536, 851–870 (2025) 
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(vi) The distribution of λedd suggests that, within the viscous
ccretion model for the BHs adopted in GAEA , massive seeds do
ot grow very efficiently in their early phases, while light seeds tend
o accrete at the maximum rate allowed (i.e. 10 times Eddington). 

(vii) All three local, z ∼ 0 metrics of occupation fraction as a
unction of the galaxy stellar mass, GSMF, and BHMF suggest a
onstraint of d iso < 75 kpc. Such a value places a constraint on
hysical models for the isolation distance, e.g. due to photoionization
rom the Pop III.1 source. 

Expanding on this final point, a reference scale for radiative
eedback from the Pop III.1 sources themselves is the radius of
he Str ̈omgren sphere of a supermassive, ∼ 10 5 M � protostar, which
ay have a final phase of evolution that involves being on or close

o the ZAMS for several Myr. Such a star is expected to have a
-ionizing photon luminosity of S ∼ 10 53 H-ionizing photons per

econd and to heat its H II region to temperatures of T ∼ 30 000 K.
hen, the radius of the H II region adopting a mean intergalactic
edium density is 

 HII = 61 . 3 S 1 / 3 53 T 
0 . 27 

3 e4 

(
n H 

n H , z = 30 

)−2 / 3 

kpc , (15) 

here S 53 ≡ S/ (10 53 s −1 ), T 3 e4 ≡ T / (3 × 10 4 K), and n H , z = 30 is the
ean number density of H nuclei in the IGM at z = 30. We note that

his mean density scales as (1 + z) 3 , so by z = 20, the mean density
rops by a factor of 0.310, which would increase r HII by a factor of
.18. We also note that the actual size of the H II region may be limited
y R-type expansion, with the time-scale to establish ionization
quilibrium being longer than 10 Myr. This would tend to make
he size of the H II region somewhat smaller than the estimate given
n equation ( 15 ). In spite of these uncertainties, we consider the close
orrespondence of this ionization feedback scale with the constraint
n d iso < 75 kpc derived from our semi-analytic modelling of galaxy
volution and SMBH growth to indicate that this feedback process
ay well play an important role in setting the conditions for Pop III.1

upermassive star and SMBH formation, with the regions affected by
he H II regions forming lower mass Pop III.2 stars (Greif & Bromm
006 ; Johnson & Bromm 2006 ) (see Section 1 ). 
The next major step that is needed to enable further comparison

f model results with observational data is to make predictions for
he luminosities of the galaxies and AGN in these simulations. This
s the focus of a follow-up paper to this work (Cammelli et al., in
repaparation). Another promising avenue is to utilize the developed
MBH growth models to make predictions for the gravitational wave
mission from these different seeding scenarios (Singh et al., in
reparation). 
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Figure A1. Estimated total survi v al time in Gyr for seeded haloes for the 
d iso = 50 kpc case as a function of the halo mass ratio and colour coded with 
the mass of the most massive (primary) halo. 
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PPENDI X  A :  G A L A X Y  SURV I VAL  TIME  

s discussed in Section 2.4 , we adopt the sum of two different time
cales when dealing with galaxy mergers. First, we estimate the time
he subhalo will survive within the main halo group, which has been
 v aluated via comparison against N-body simulations Berner et al.
 2022 ). Secondly we keep track of the orphan galaxies by adding a
econd time which mimics the phase during which a galaxy would
rbit around the central one and eventually merge with it. In Fig. A1
e present the estimated total survi v al time of satellite galaxies as a

unction of the halo mass ratio calculated at the halo merging time
aken from PINOCCHIO using the values reported in equation ( 12 ). In
articular, we report data from the seeded halos for the d iso = 50 kpc
ase. This distribution of points has been calibrated to reproduce the
illennium one as obtained from the standard implementation of 

AEA . The impact of the total survi v al time proposed in equation ( 10 ))
nd ( 11 ) introduces a dual dependence. Mergers with comparable
alo masses tend to last on average few Gyr and typically this happens
hen the two merging halos belong to the low mass end of the halo
ass function. As one increases the mass of the primary halo, it
ill eventually merge with even smaller halos. For these cases the

otal survi v al time will o v ershoot the age of the Universe and the
wo structures will never merge. This is in agreement with findings
n simulations (Somerville & Dav ́e 2015 ). The more comparable are
he encounters, the more efficient we expect the interaction to be
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i.e. via dynamical friction, ram pressure stripping, tidal disruption
orces, etc.), resulting in a shorter time scale. Conversely, on average
mall galaxies joining a massive central galaxy group are thought to
ndergo very minor physical effects, ending up orbiting around the
entral galaxy undisturbed for tens or thousands of Hubble times. 

PPENDIX  B:  CALIBRATED  G A L A X Y  

TELLAR  MASS  F U N C T I O N  

he galaxy survi v al time introduced in Section 2.3 and showed
n Appendix A as a function of the halo mass ratio plays a
rucial role in shaping the GSMF. Once again we note that our
alibration process has been performed aiming at reproducing the
NRAS 536, 851–870 (2025) 

igure B1. GSMF predictions based on the Millennium simulation box compared
or the calibration of the merging times (see Section 2.4 ). Upper panels : satellite
otted and dashed lines, respectively. Lower panels : total GSMFs. Various symbols
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illennium-based result at redshift 0, and not against observational
ata. In this appendix we show the results from the calibrated
SMFs at redshifts z ∼ 1 to 3. In particular we emphasize that
ur PINOCCHIO -based GSMF well reproduces the Millennium-based
redictions up to z ∼ 3 and abo v e. The agreement between the
wo different trends is depicted in Fig. B1 , where we indicate

illennium- and PINOCCHIO -based GSMFs in blue and red, re-
pectively. This supports the goodness of our calibration of the
alaxy survi v al time in order to obtain reliable model galaxy 
atalogues. 
 to the GSMF extracted from our Millennium-like PINOCCHIO box run used 
 and central galaxies contributions to the GSMF are reported separately in 
 show observational estimates as reported in Fig. 2 . 
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