TRACING INDIVIDUAL BLACK
HOLE GROWTH HISTORIES
AND QUASAR LIGHTCURVES IN
AN N-BODY UNIVERSE

Abstract

We present a new model for the evolution of supermassive black holes
(SMBHs) and quasars across cosmic time. The framework builds on merger
trees from the FLAMINGO large-volume dark-matter-only simulation, link-
ing SMBH growth histories to those of their host halos through parametric
prescriptions that capture both average trends and stochastic variability.
SMBH accretion is modeled self-consistently and directly drives quasar ac-
tivity, with the goal of reproducing the observed evolution of the luminous
quasar population. Our model is designed to match three key observables:
the bolometric quasar luminosity function (QLF), the conditional Eddington
ratio distribution function (cERDF) at fixed bolometric luminosity, and the
clustering of UV-luminous quasars. Despite residual discrepancies at the
faint end of the QLF, in the mean of the cERDF, and in quasar clustering
at z = 4, our model provides a close match to the most robust observational
constraints currently available. Additionally, we find that: (a) SMBHs grow
primarily through bursts of super-critical accretion (Mpy > Mgaq); (b)
these bursts must be sufficiently long-lived, making the coherence timescale
of accretion a key parameter in shaping the SMBH mass distribution; (c) the
predicted Mgp—Mha1o relation remains approximately constant with redshift,
with relatively tight scatter (< 0.3 dex) but extended high-SMBH-mass
tails that give rise to luminous quasars; and (d) mergers contribute only
marginally to SMBH growth compared to accretion, even under optimistic
assumptions about merger timescales and remnant survival. The resulting
SMBH growth histories, merger trees, and quasar light curves provide a
versatile framework for future comparisons with the expanding range of
observational constraints.

Work in preparation: EP, Joseph F Hennawi, Joop Schaye, et al., Tracing individual
black hole growth histories and quasar lightcurves in an N-body Universe, Monthly
Notices of the Royal Astronomical Society, to be submitted.

Reprinted here in its entirety.
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5.1 Introduction

Understanding the growth and evolution of supermassive black holes (SMBHs)
remains a central challenge in astrophysics. These objects are believed to
reside at the centers of nearly all massive galaxies (e.g., Magorrian et al. 1998;
Ferrarese & Merritt 2000; Kormendy & Ho 2013), where their accretion-
powered emission gives rise to Active Galactic Nuclei (AGN) and quasars —
some of the most luminous objects in the Universe (Salpeter 1964; Zel’dovich
& Novikov 1967; Lynden-Bell 1969). Since the discovery of the first quasar
(Schmidt 1963), a robust theoretical framework has emerged: the observed
quasar radiation originates from the release of gravitational energy as matter
accretes onto the black hole, with a small fraction of this rest-mass energy
(known as radiative efficiency) converted into radiation, and the rest fueling
SMBH growth.

Building on this theoretical framework, a foundational link between
quasar activity and black hole growth was established by Soltan (1982).
The Soltan argument posits that the redshift evolution of the quasar lumi-
nosity function (QLF) directly traces the accretion history of SMBHs. By
integrating the observed quasar emission over cosmic time and assuming a
value for the radiative efficiency, one can estimate the total black hole mass
density accumulated during luminous accretion phases. This insight laid
the foundation for a broader class of empirical models for SMBH evolution,
which describe the growth of the black hole mass function by solving a
continuity equation. These models constrain key physical parameters — such
as radiative efficiency, duty cycle, and the Eddington ratio distribution — by
requiring consistency between the observed quasar population across cosmic
time and the local census of dormant black holes (e.g., Yu & Tremaine 2002;
Merloni & Heinz 2008; Shankar et al. 2009; Aversa et al. 2015; Tucci &
Volonteri 2017).

A complementary class of empirical models extends the treatment of
SMBH evolution by explicitly linking it to galaxy formation, typically by
assuming a redshift-dependent relationship between black hole and galaxy
properties. These models build on well-established empirical connections
between dark matter halos, galaxies, and SMBHs (e.g., Kormendy & Ho
2013; Reines & Volonteri 2015), and often adopt semi-empirical galaxy—halo
frameworks (e.g., Behroozi et al. 2013) as a foundation. They then incorpo-
rate SMBH growth and quasar activity in a way that is consistent with both
galaxy and black hole observables (e.g., Croton 2009; Conroy & White 2013;
Caplar et al. 2015). A notable recent example is the TRINITY model (Zhang
et al. 2023), which jointly evolves the average properties of halos, galaxies,
and SMBHs within a unified, data-constrained framework. By reproducing
a wide range of observables — including galaxy stellar mass functions, quasar
luminosity functions, and black hole—galaxy scaling relations — these models
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provide powerful tools to investigate the co-evolution of halos, galaxies, and
black holes across cosmic time.

The rationale behind empirical models stems from the recognition that
a first-principles treatment of SMBH accretion in a cosmological context
remains fundamentally out of reach. While supermassive black holes are
routinely included in both semi-analytic models (SAMs) and cosmological
hydrodynamical simulations — and AGN feedback is widely acknowledged as
a key driver of galaxy evolution (e.g., Somerville & Davé 2015) — current
theoretical frameworks are still limited in their ability to model SMBH
growth in a self-consistent, physically grounded way. The core difficulty
lies in the extreme dynamic range involved: black hole accretion unfolds
on scales much smaller than a parsec (pc), yet it is regulated by — and
feeds back into — processes acting on kiloparsec to tens-of-megaparsec scales.
Bridging these disparate scales in a physically accurate manner remains
computationally unfeasible, complicating the development of robust sub-grid
(physical) models that can be reliably implemented in large-scale simulations
and SAMs.

As a result, while sub-grid prescriptions for star formation processes
have reached a relatively mature and consistent formulation, the modeling
of black hole seeding, accretion, and feedback remains coarse and exhibits
substantial variation across simulation platforms (Habouzit et al. 2021). It is
therefore not surprising that even state-of-the-art cosmological simulations —
despite their success in reproducing galaxy populations across cosmic epochs
(Vogelsberger et al. 2020) — continue to struggle with matching SMBH and
AGN observables. Most are calibrated to reproduce local SMBH-galaxy
scaling relations (e.g., Di Matteo et al. 2005; Booth & Schaye 2009), yet
yield widely divergent predictions for black hole growth and evolution at
earlier times (Habouzit et al. 2021, 2022; Porras-Valverde et al. 2025).

To address these shortcomings, significant effort in recent years has gone
into refining the treatment of AGN in cosmological simulations, with the
goal of more accurately connecting black hole growth to the broader context
of galaxy formation and evolution. Advances have been made across multiple
fronts, including improved models for black hole seeding (e.g., Bhowmick
et al. 2024), more accurate prescriptions for black hole dynamics (e.g., Genina
et al. 2024), revised accretion models that go beyond the classical Bondi-
Hoyle approach (e.g., Koudmani et al. 2024; Weinberger et al. 2025), and
increasingly sophisticated implementations of AGN feedback (e.g., Husko
et al. 2024). Nevertheless, fundamental uncertainties remain — particularly
in the high-redshift regime — underscoring the continued need for flexible,
data-driven models. In this landscape, empirical approaches serve as a
valuable counterpart to simulations, extracting physical constraints directly
from observations and offering an efficient means to explore parameter
space. Ultimately, the combination of improved simulations and empirically
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anchored models offers a promising path toward unraveling the complex
history of SMBH growth across cosmic time.

In parallel with theoretical progress, the observational frontier has been
advancing rapidly — particularly at high redshifts. Over the past few decades,
large-scale spectroscopic surveys have revealed luminous quasars powered by
SMBHs with masses > 10° M, at z 2 6, during the epoch of reionization
(Fan et al. 2006; Mazzucchelli et al. 2017; Farina et al. 2022; Fan et al. 2023),
and even out to z ~ 7.5, just 700 million years after the Big Bang (Banados
et al. 2018; Yang et al. 2020; Wang et al. 2021). These discoveries pose a
significant challenge to conventional models of SMBH formation and growth.
If black hole seeds originate from Population III stellar remnants with initial
masses of ~ 100 Mg, (e.g., Heger et al. 2003), and accrete at the Eddington
limit, there is simply not enough time to reach > 10° Mg by z ~ 7.

This tension has motivated the development of alternative scenarios for
early black hole growth. Proposed pathways include the formation of massive
seeds through the direct collapse of pristine gas clouds (e.g., Bromm & Loeb
2003; Volonteri et al. 2008; Latif & Ferrara 2016), runaway stellar mergers in
dense nuclear star clusters (e.g., Omukai et al. 2008; Devecchi & Volonteri
2009), and sustained phases of super-Eddington accretion (e.g., Volonteri
et al. 2015; Lupi et al. 2016; Inayoshi et al. 2016). Despite their theoretical
appeal, however, current observations are insufficient to distinguish between
these competing models. The problem is fundamentally degenerate: widely
different combinations of initial seed masses, accretion rates, duty cycles,
and merger histories can be fine-tuned to reproduce the observed SMBH
population. Disentangling these scenarios and uncovering the early growth
history of SMBHs requires new and more detailed observations.

Interestingly, new observational probes are now beginning to emerge.
With the advent of JWST, AGN candidates hosting moderately massive
black holes (~ 105-10% M) have been identified at redshifts as high as
z 72 8-10 (e.g., Maiolino et al. 2024; Kokorev et al. 2023; Larson et al. 2023;
Bogdan et al. 2024). Although the physical nature of many of these sources
remains uncertain, ongoing and upcoming wide-field surveys with Euclid
and the Roman Space Telescope are expected to deliver statistically robust
samples of luminous quasars at the highest redshifts (e.g., Yang et al. in
prep.). At the same time, different quasar observables beyond SMBH mass
estimates — such as the luminosity function (Schindler et al. 2023; Matsuoka
et al. 2023), Eddington ratio distributions (Wu et al. 2022), clustering (Arita
et al. 2023; Eilers et al. 2024), and proximity zone sizes (Eilers et al. 2017,
2020; Durovéikova et al. 2024) — are now being extended to earlier epochs.

Emerging trends from these early data are already beginning to challenge
traditional views of SMBH growth in the high-z Universe. In particular,
recent clustering measurements indicate that luminous quasars at z ~ 6 — 7
exhibit surprisingly low duty cycles (Eilers et al. 2024; Pizzati et al. 2024b;
Huang et al. in prep.), suggesting that only a small fraction of SMBHs are
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actively accreting at any given time. These findings are consistent with
independent constraints on quasar lifetimes derived from proximity zone
sizes and damping wings in quasar spectra (Davies et al. 2019; Durovéikova
et al. 2024), as well as from the spatial extent of the Ly« nebulae powered by
quasar radiation (Durovéikova et al. 2025). Taken together, these results are
difficult to reconcile with simple scenarios of continuous, Eddington-limited
growth. Instead, they point toward a more nuanced evolutionary picture,
in which SMBH accretion is stochastic and episodic, luminous phases are
short-lived, and multiple growth pathways — including obscured or radiatively
inefficient accretion — may contribute to the assembly of the most massive
black holes in the early Universe.

At the same time, the analyses presented in Pizzati et al. (2024a,b,
Chapters 2-3) embed the quasar population within a cosmological context,
leveraging luminosity functions and clustering measurements at different
redshifts — including the latest constraints at z = 6. Using a consistent
and homogeneous empirical framework, these studies uncover a puzzling
trend: quasar properties, particularly their clustering, appear to evolve
rapidly with redshift. This behavior is largely driven by the exceptionally
strong clustering signal reported by Shen et al. (2007) at z ~ 4 using Sloan
Digital Sky Survey (SDSS) data — a result that still awaits independent
confirmation, but it nonetheless underscores our incomplete understanding
of quasar evolution beyond cosmic noon. A key limitation of the Pizzati
et al. (2024a,b) studies, however, is that each redshift is modeled in isolation,
without tracing any evolutionary connection across epochs. Constructing a
coherent, time-resolved model of SMBH growth is essential for interpreting
these redshift trends within a unified framework.

Motivated by these considerations — and by the growing body of high-
redshift observational constraints — we introduce a new empirical framework
for modeling the evolution of SMBHs and quasars. Our model, BAQARO
(Black Hole Accretion and Quasar Activity in a Realistic Observational
framework), is designed to capture the early buildup of SMBH mass and the
emergence of luminous quasars from cosmic dawn to cosmic noon. Quasar
activity and SMBH growth are treated self-consistently, incorporating con-
straints not only from quasar luminosity functions but also from clustering
measurements as well as from the distribution of SMBH masses and Edding-
ton ratios at different epochs. This integrated approach allows us to explore
a wide range of physical growth scenarios within a unified, observationally
anchored framework.

The model is built on the merger trees and halo catalogs from the dark-
matter-only (DMO) version of the FLAMINGO cosmological simulation suite
(Schaye et al. 2023; Kugel et al. 2023). Specifically, we use the (2.8 cGpc)?
volume run, which offers the statistical power needed to sample the rare,
luminous (Lye = 1047 ergs~!) quasar population out to the highest redshifts.
By leveraging the output of large N-body simulations, we are able to trace
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SMBH accretion histories and quasar light curves along individual halo
growth trajectories, naturally capturing the diversity and stochasticity of
black hole evolutionary pathways. This is essential to recover the most
massive SMBHs (> 10° M) observed at early times, which are extreme
outliers in the distribution of SMBH growth histories. Furthermore, modeling
quasar clustering directly from the simulated large-scale structure eliminates
the need for linear bias or halo model prescriptions, which are known to
perform poorly for the halo mass and redshift regimes relevant to bright
quasars (e.g., Mead & Verde 2021).

2, we introduce the

The paper is structured as follows. In Section 5.2,

key components of the BAQARO model and the data it aims to reproduce.
In Section 5.3, we present the main results of our analysis, comparing our
fiducial model with all observational constraints. Section 5.3.3 studies the
implications of our model for the growth of SMBHs at early cosmic times
and for the scaling relations between quasar/SMBH and halo properties. We
summarize our findings and discuss our results from a broader perspective
in Section 5.4.

Methods

At its core, BAQARO combines DMO cosmological simulations with a
phenomenological prescription for black hole seeding and growth. We use
the merger trees extracted from the FLAMINGO large-volume simulation to
trace the assembly histories of dark matter halos, within which we model the
evolution of SMBHs. Black holes are seeded in early halos and subsequently
grow through a combination of gas accretion and black hole mergers. The
accretion rate, together with an assumed radiative efficiency, determines the
bolometric luminosity of each SMBH, allowing us to predict quasar light
curves along with individual merger histories.

Our primary goal is to reproduce the statistical properties of the bright
quasar population from cosmic dawn to cosmic noon. To this end, we
calibrate our model to match three key observables across redshift: (i)
the quasar luminosity function (QLF), (ii) the conditional Eddington ratio
distribution function (cERDF), and (iii) the large-scale clustering of quasars.
These constraints jointly inform the underlying growth histories of SMBHs
and the physical conditions that shape quasar activity.

In the remainder of this section, we describe each component of the model
in detail, beginning with the underlying simulation and halo merger trees,
and proceeding through the prescriptions for seeding, merger, accretion, and
quasar luminosity modeling.
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5.2.1 Extracting halo mass histories and merger trees
from the FLAMINGO simulation

To model the evolution of SMBHs and quasars in a cosmological context,
we require a realistic description of the growth and assembly histories of
dark matter halos across cosmic time. This is crucial because quasars
are rare, highly biased tracers that inhabit the most massive and rapidly
evolving structures in the Universe — environments whose complexity and
stochasticity cannot be fully captured by analytic models of merger trees
or average mass accretion histories (e.g., extended Press—Schechter; Lacey
& Cole 1993). In particular, analytic approaches struggle to reproduce
the nonlinear structure formation, mergers, and diverse growth trajectories
of massive halos, especially at high redshift. Large cosmological N-body
simulations, by contrast, can track halo growth and merger histories in detail,
providing the physically grounded framework needed to model the evolution
of luminous quasars in the Universe.

We obtain these halo growth histories from the DMO version of the
FLAMINGO cosmological simulations (Schaye et al. 2023; Kugel et al. 2023),
which combine the resolution and large volume necessary to capture the
environments in which luminous quasars form and evolve. FLAMINGO is
a suite of state-of-the-art simulations run with the SWIFT code (Schaller
et al. 2024), which couples an N-body gravity solver with smooth particle
hydrodynamics (SPH). Gravitational interactions are computed using the
Fast Multipole Method (Greengard & Rokhlin 1987). The simulations
adopt the “3x2pt + all” cosmological parameters from Abbott et al. (2022):
Q. = 0.306, Q, = 0.0486, 05 = 0.807, Hy = 68.1 kms~*, Mpc~!, and
ns = 0.967, with a total neutrino mass of 0.06eV. Massive neutrinos
are included via the §f method of Elbers et al. (2021). Initial conditions
are generated with multi-fluid third-order Lagrangian perturbation theory
(3LPT), using partially fixed phases to reduce cosmic variance (Angulo &
Pontzen 2016): the amplitudes of modes with (kL)? < 1025 are set to match
the mean variance, where k is the wavenumber and L the box size.

In this work, we employ the DMO FLAMINGO run with a comoving box
size of L = 2.8cGpc, comprising 50403 cold dark matter (CDM) particles
and 28003 neutrino particles. This corresponds to a CDM particle mass of
Mepym = 6.72 x 10° Mg, which — although relatively low in resolution — is
sufficient to resolve the massive haloes expected to host luminous quasars.
In future developments of our model, we plan to address this limitation by
exploiting the newly developed FLAMINGO-10k simulation (Schaller et al.,
in prep.; Pizzati et al. 2024b), which contains eight times more particles and
will enable us to trace SMBH growth starting from significantly lower-mass
progenitors.
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Figure 5.1: Top: Probability distribution of the specific halo accretion rate (sHAR)
measured between two consecutive snapshots (Eq. 5.1). The corresponding redshifts
are shown with different colors. The median values of the distributions are highlighted
with dotted vertical lines. Bottom: Evolution of the median (solid line) and 16th-84th
percentiles (shaded region) of the specific halo accretion rate as a function of redshift. The
median specific halo accretion rate decreases by almost one order of magnitude between
z~ 8.5 and z ~ 2.5.

5.2.1.1 Subhalo masses and specific halo accretion rates

Our first step is to construct a comprehensive halo catalog across all sim-
ulation snapshots of interest. Specifically, we consider the 39 snapshots
spanning from z = 15 — the highest redshift available in the simulation —
down to z = 2. This lower redshift limit, which currently bounds our model
to cosmic noon, is chosen to reduce computational cost; it will be extended
in future iterations of the model. The snapshots are approximately evenly
spaced in time, with a mean spacing of ~ 80 Myr. The time intervals in the
redshift range considered vary from a minimum of 40 Myr to a maximum of
180 Myr.

We use the FLAMINGO halo catalogs generated with the HBT-HERONS
code (Forouhar Moreno et al. 2025), an upgraded implementation of the
Hierarchical Bound-Tracing (HBT) algorithm originally developed by Han
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et al. (2012, 2018). HBT-HERONS identifies subhalos and follows their
evolution across time by accounting for key physical processes such as mergers,
accretion, and tidal stripping. To achieve this, it tags particles associated
with a subhalo at a given snapshot based on their dynamical history, and then
propagates these associations forward in time. In later snapshots, particles
that originated from the same progenitor subhalo are regrouped to identify
descendant subhalo candidates. This approach ensures temporal consistency
and enables accurate reconstruction of merger trees for substructures in
simulations. Notably, the resulting merger trees exhibit significantly fewer
pathological failures — such as mass swapping or unphysical transients — than
those created with other tree-building algorithms (Chandro-Gomez et al.
2025). These features make HBT-HERONS particularly well suited to our
study, as capturing the hierarchical evolution of SMBHs depends critically
on the fidelity of halo merger trees.

We adopt the bound mass definition for measuring subhalo masses:
for each subhalo, the mass is computed by summing the gravitationally
bound particles. However, satellite subhalos are often subject to strong tidal
stripping, which can significantly reduce their instantaneous bound mass
and thereby obscure their past gravitational influence. For this reason, we
use the peak bound mass, Mpeak, defined as the maximum bound mass a
subhalo has reached over the course of its assembly history. Conveniently,
HBT-HERONS provides this quantity for each object by default, and we
adopt it as our fiducial subhalo mass definition — i.e., we take My, = Mpeak.
Using this convention, we construct subhalo mass histories by following each
object from the snapshot where it first appears through to the final snapshot
included in our model, currently set at z = 2.

Although HBT-HERONS is capable of identifying subhaloes down to
a minimum of 20 particles, we apply a stricter resolution cut to ensure
the robustness of our results. Specifically, we exclude any halo that never
exceeds 40 bound particles at any point between its formation and z = 2.
This threshold removes transient or poorly resolved subhaloes that could
otherwise introduce noise or instability, while retaining the well-resolved
halos that meaningfully contribute to the buildup of supermassive black
holes and the quasar population.

In addition to tracking subhalo masses, we also measure halo accretion
rates, defined as the mass growth of subhaloes per unit time. These are
computed directly from the merger trees by taking the difference in halo
mass between two consecutive snapshots and dividing by the time interval
separating them. In FLAMINGO, the typical snapshot spacing is ~ 80 Myr
(see above), which corresponds to a substantial fraction of the dynamical time
for the halos of interest at the redshifts we study. This snapshot cadence
allows us to resolve halo growth on timescales that are well-matched to
the key cosmological processes governing halo and galaxy evolution — and,
ultimately, the long-term fueling of SMBHs.
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While the time spacing between snapshots in FLAMINGO is approxi-
mately constant, it is not strictly uniform across all redshifts. As a result,
the accretion rates we compute are averaged over different time intervals at
different epochs. In this initial analysis, we do not correct for this variation.
However, because these differences are modest and the overall cadence re-
mains physically meaningful, we do not expect this to introduce significant
biases in our results. Nonetheless, we plan to implement redshift-dependent
correction factors in future iterations to more rigorously account for this
effect.

We emphasize that the computed accretion rates reflect the total mass
growth of halos, including both smooth accretion and mergers. We do not
attempt to separate these contributions, as both cosmological inflows and
merger events are expected to play important roles in triggering black hole
growth and quasar activity. For our purposes — linking SMBH accretion to
host halo evolution — this combined accretion measure provides a physically
motivated and practical proxy.

The top panel of Fig. 5.1 shows the distribution of specific accretion
rates, sMaCC, for all halos in the simulation across a range of redshifts
— corresponding to a subset of all the available snapshots. The specific
accretion rate between two consecutive snapshots ¢ and ¢ + 1 is defined as:

My i1 — My
(tig1 —ti) My’

where My, ; and t; are the halo mass and cosmic time at snapshot 4, respec-
tively. This quantity captures the relative growth rate of halos and serves as
the foundation for our SMBH accretion prescriptions (Sec. 5.2.2).

The bottom panel of Fig. 5.1 illustrates the redshift evolution of halo
growth by showing the median and scatter (standard deviation) of the specific
accretion rate distribution as a function of redshift. As expected, typical
accretion rates are higher at earlier cosmic times, reflecting the accelerated
pace of structure formation in the high-redshift Universe (e.g., McBride et al.
2009).

§Maces = (5.1)

5.2.1.2 Construction of the merger tree catalogs

Thanks to the structure of HBT-HERONS, merger trees are naturally con-
structed by following the evolution of subhalos over time through the tracker
particle method described above. To build our merger tree catalog, we
extract descendant information for each subhalo flagged as “dead” by the
halo finder. This status is assigned when a subhalo is either gravitationally
disrupted or sinks toward the center of a larger halo, meeting the merging
criterion defined in Forouhar Moreno et al. (2025).

For subhaloes that have sunk, we directly identify the halo they merge
into — referred to as the sink halo in the code. For those that are disrupted but
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Figure 5.2: Top: Fraction of cold gas accreted onto halos, f.o1q, as a function of halo
mass, Mpa1o- The cold fraction accounts for the suppression of cold inflows in massive
halos, where virial shock heating raises the gas temperature above the cooling threshold.
We adopt the parametrization of Correa et al. (2018, see Eq. 5.5), assuming a redshift-
independent f.o1q since their model shows only weak evolution beyond cosmic noon.
Bottom: Radiative efficiency, ¢, as a function of the specific black hole accretion rate,
Nace. We adopt the parametrization of Madau et al. (2014), fixing the spin parameter to
a = 0.67, which yields a sub-Eddington efficiency of eg =~ 0.1. As nacc approaches and
exceeds the Eddington limit, € decreases due to the transition to the slim-disk regime,
where photon trapping and advective processes reduce the radiative output of the accretion
flow (e.g., Sadowski et al. 2014).

not sunk, we search for a descendant subhalo that shares the majority of the
tracker particles previously bound to the disrupted object. If such a match
is found, it is designated as the descendant. If no suitable descendant can
be identified based on particle overlap, we fall back to the HBT parent—child
hierarchy, assuming the subhalo merges with its immediate parent as defined
by the algorithm.

In a very small fraction of cases (< 0.1%), no parent halo can be identified.
These cases typically involve low-mass or field haloes that become tidally
disrupted or were only transiently detected due to noise or numerical artifacts.
We classify such objects as “lost”, and we do not attempt to track the evolution
of their associated SMBHs beyond the point of disruption.

5.2.2 Modeling SMBH and quasar evolution

Our model for the growth and radiative output of SMBHs is built around
three key components: initialization, accretion (and the associated quasar
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Table 5.1: Free parameters of the model, together with their values for the fiducial run analyzed in this work

parameter, along with the corresponding equation, is also provided.

. A brief description of each

Parameter Value (fiducial model) Description Equation
Miart 5 x 105 Mg SMBH mass initialized in newly-formed halos -
Teoherence 10 Myr Coherence timescale of SMBH accretion Eq. 5.12
Nav,0 —1.12 Average sBHAR for mgooa,m% =1 Q%H.L Eq. 5.7
Tav,evol 0.95 Power-law index of the average sSBHAR — mgooaboo relation  Eq. 5.7
o) 0.52 Scatter in the sSBHAR for miooahoo =1 Q&QL Eq. 5.8
Oevol —0.17 Power-law index of the sSBHAR scatter — E&SE@% relation Eq. 5.8
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emission), and mergers. Each of these processes is detailed separately in the
subsections that follow.

5.2.2.1 Black hole initialization

For the initialization of black holes, we adopt a simple prescription: a black
hole is assigned to the center of each subhalo at the snapshot where the halo
first appears in the merger tree. The black hole is initialized with a fixed
mass, Mgtars. This mass should not be interpreted as a physical seed mass in
the early Universe, but rather as an empirical value that marks the beginning
of the SMBH growth track within our model. A physical treatment of the
seed mass regime would require either simulations with much higher mass
resolution, capable of resolving halos down to ~ 106—107 M, or an analytical
framework extending SMBH growth histories down to 102 — 10* M.

Using a uniform value of Mg, for all subhalos is, of course, a strong
simplification. In reality, SMBH masses are expected to vary with host halo
mass — which is similar for newly formed halos but not identical — as well
as with the formation environment and underlying seeding channel (e.g.,
Li et al. 2021; Jeon et al. 2025). While intrinsic scatter in Mg,y could be
easily incorporated into our framework to reflect these diverse formation
pathways, its impact on our predictions is largely degenerate with scatter in
the accretion rates. In practice, the quasar luminosities and final black hole
masses are determined primarily by the integrated accretion history rather
than the precise initial mass.

Nevertheless, the interplay between seeding and accretion remains an
important open question for SMBH evolution models. In future work, we
plan to explore alternative initialization prescriptions and to quantify the
extent to which different assumptions about M., can be disentangled from
variations in accretion.

5.2.2.2 Black hole mergers

Black hole mergers are implemented in our model using a straightforward,
mass-conserving prescription: when two host halos merge, we assume their
central SMBHs merge instantaneously, and the remnant is assigned a mass
equal to the sum of the progenitor masses. This simplifying assumption
neglects the complex dynamical processes that, in reality, delay SMBH
coalescence after the host halos (or galaxies) merge.

In hierarchical structure formation, the two SMBHs first sink toward the
common centre via dynamical friction against the surrounding dark matter,
gas, and stars (Begelman et al. 1980; Mayer et al. 2007). At kiloparsec to
parsec scales, the pair forms a bound binary that hardens further through
stellar scattering (e.g., Milosavljevi¢ & Merritt 2001) and/or interaction
with circumbinary gas discs (e.g., Dotti et al. 2012). Only once gravitational
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wave (GW) emission dominates the energy loss does the binary inspiral and
coalesce. This multi-stage process can introduce delays ranging from a few
hundred Myr to several Gyr between the halo merger and SMBH coalescence,
depending on the host properties, gas content, and redshift.

The coalescence itself can impart a GW recoil velocity to the remnant
SMBH due to the asymmetric emission of gravitational waves (Bekenstein
1973). Numerical relativity simulations show that these kicks can reach up
to several thousand km/s for particular mass ratios and spin configurations
(e.g., Herrmann et al. 2007). In massive galaxies, such velocities may cause
the SMBH to oscillate about the galactic centre for hundreds of Myr, while
in lower-mass systems they can exceed the escape speed, ejecting the SMBH
entirely from its host (e.g., Blecha & Loeb 2008).

While these processes can be incorporated into physical models via
phenomenological prescriptions (e.g., Volonteri & Rees 2006; Tanaka &
Haiman 2009; Kelley et al. 2017), here we adopt the most conservative choice
and neglect them. This effectively assumes zero delay between the subhalo
merger and SMBH coalescence, and ignores the possibility of displacement
or ejection. As such, our treatment yields an upper limit to the contribution
of mergers to SMBH mass growth. As shown in Sec. 5.3.3.3, even under
this optimistic assumption, mergers contribute only a subdominant fraction
of SMBH growth across almost all redshifts of interest. The details of the
merger prescriptions, therefore, have little influence on our main results,
although they could become important in future work where we plan to
study the SMBH merger rates and the occupation fraction of SMBHs in
galaxy populations.

5.2.2.3 Black hole accretion and quasar radiation

In contrast to seeding and mergers, modeling black hole accretion — and the
associated quasar activity — requires more detailed physical prescriptions.
Accretion is the dominant growth channel for SMBHs over most of cosmic
history and directly governs their observable luminosity output. Our ap-
proach is to connect the specific black hole accretion rate (sSBHAR) to the
specific halo accretion rate of the host subhalo, supplemented by a stochastic
component that accounts for the scatter seen in observationally inferred
accretion rates (e.g., Alexander et al. 2025).

We describe the probability distribution of the sSBHAR as a conditional
function, P(7acc | sMCOld,aCC), where 7, is the black hole accretion rate
normalized to the Eddington rate, and sMCOld’aCC is the specific cold gas
accretion rate onto the halo. The black hole specific accretion rate, nacc, is
given by

MBH,aCC (5 2)
Mgaa

Nacc =
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where ]\ZI'BH,MC is the SMBH mass accretion rate and MEdd is the Eddington
accretion rate. The latter depends on the adopted radiative efficiency ¢y = 0.1
via MEdd = Lgaa/ eoc?, with the Eddington luminosity scaling linearly with
black hole mass:

47TGMBHmpC

or

M
Ligq = ~ 1.3 x 10%® <MBH) ergs™ !, (5.3)

o}

where G is the gravitational constant, m,, is the proton mass, c is the speed
of light, or is the Thomson cross-section, and Mgy is the black hole mass.

The specific cold gas accretion rate onto halos, sMCOld,aCC, is obtained
by applying a cold fraction, f.oq, to the total specific halo accretion rate,
$Mace (Fig. 5.2, top panel):

SMcold,acc = fcold SMacc' (54)

The cold fraction encapsulates the physical suppression of cold inflows in
massive halos, where virial shock heating raises the gas temperature above
the cooling threshold (Dekel & Birnboim 2006). In contrast, low-mass halos —
particularly at high redshift — can sustain efficient cold gas accretion through
narrow filaments of the cosmic web.

We model f.o1q as a function of halo mass, My, following the phenomeno-
logical fit proposed by Correa et al. (2018). Their model, calibrated on the
EAGLE simulation (Schaye et al. 2015), reproduces the transition between
cold-mode accretion in low-mass halos and hot-mode accretion in massive
halos. While in general f.,q depends on both halo mass and redshift, the
parametrization of Correa et al. (2018) shows only weak redshift evolution
beyond cosmic noon. We therefore adopt a fixed functional form across

cosmic time: )

a”

L+ (3)
with a = —1.07 and log;((M;/2/Mg) = 12.8 fixed following Correa et al.
(2018). In this model, M;/, marks the characteristic halo mass where half
of the inflowing gas is in the cold phase, while a controls the steepness of
the transition between cold and hot accretion regimes. As shown in the top
panel of Fig. 5.2, the cold fraction declines sharply above Mj, ~ 10125 M,
reflecting the increasing dominance of virial shock heating in massive halos.
Because sMCOld,aCC is the primary driver of SMBH fueling in our frame-
work, this scaling provides a direct link between large-scale halo growth and
the small-scale accretion processes that power quasars. In this model, the
black hole accretion rate depends solely on the host halo mass — through its
cold gas fraction — and on its total accretion rate. We do not impose any
explicit redshift dependence, based on the assumption that the fundamental
physical mechanisms governing SMBH growth are not directly dictated by

feota(Mp) =1 — (5.5)
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cosmic time. Instead, redshift dependence emerges naturally through the
evolution of the specific halo accretion rate itself (Fig. 5.1, bottom panel).
As discussed in Sec. 5.3, this physically motivated, minimal prescription
captures the key trends in SMBH and quasar evolution that our model is
designed to reproduce.

The conditional accretion rate distribution, P(nacc|5Mc01d,acc), can in
principle take a variety of functional forms. We experimented with several
parametrizations, including log-normal distributions, Schechter functions,
and broken power laws. For the purposes of this work, we adopt a log-normal
form, which we find to provide an adequate fit to the data while remaining
mathematically simple. The conditional sSBHAR distribution is thus written
as

P(logl() nacc|SMcold,acc) =
1 logfo (nacc/nav(SMcold,acc)) (56)

= 0 ex — 0
Vv 271—(7(<9]\4cold,acc) P 202(5Mcold,acc)

where 7,y and o are the mean and log-normal scatter (expressed in dex) of
the distribution, respectively.

In our implementation, the mean and scatter are each parametrized as a
power-law function of the specific cold gas accretion rate:

. MNav,evol
y SMcold acc

av SMCO acc) = Tav - 5.7

Nav ($Meod ace) = 71 ,o< TGyr | ) (5.7)
. Oevol
y SMcold acc

o(sMeold ace) = 09 | ————— 5.8

( 1d,acc) 0( 1Gyr— ) (5.8)

This choice keeps the model both flexible and interpretable: 7y and o¢ set
the normalization of the distribution at a fiducial accretion rate of 1 Gyr™*,
while 7evo1 and oeyo) control how the mean and scatter respond to changes
in cold gas supply.

Although more elaborate functional forms are possible — including broken
power laws or redshift-dependent terms — we find that this simple, four-
parameter power-law scaling yields a satisfactory match to the observational
constraints considered in this work. As shown later, it captures both the
central trend and the dispersion of the SBHAR distribution across the relevant
range of halo accretion rates.

Once the sSBHAR distribution is specified, we can compute SMBH mass
growth by accretion between two consecutive simulation snapshots. Assuming
that 7, remains constant between snapshots ¢ and ¢+ 1, the black hole mass
evolves according to the exponential growth expected for Eddington-limited
accretion:

tiaz1 — t;
Mgu(tiv1) = Mpu(t:) exp [H] ; (5.9)
tacc(nacc)
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where tacc(Nace) is the Salpeter timescale corresponding to the chosen accre-
tion rate.

The Salpeter timescale quantifies the e-folding time for black hole mass
growth at a given 7,.. and radiative efficiency e:

€ orc 4.5 x 107 yr ( € ) 0.9
tace(Nace) = ~ - s 5.10
(77 ) (1 - e)nacc 471—Gmp nacc 0.1 1 — € ( )

The numerical approximation corresponds to the canonical Salpeter time for
€ =0.1 and nyec = 1.

In general, the radiative efficiency € is not a fixed quantity, but depends on
the accretion rate, 7,... Both analytic arguments and numerical simulations
indicate the existence of distinct accretion regimes with different radiative
properties (e.g., Shakura & Sunyaev 1973; Abramowicz et al. 1988; Sadowski
et al. 2014). At sub-Eddington rates (1.cc < 1), accretion flows are typically
radiatively efficient and well described by the geometrically thin, optically
thick Shakura—Sunyaev disk model (Shakura & Sunyaev 1973). In this
regime, € is approximately constant — typically ¢ ~ 0.06-0.3 depending
on black hole spin — reflecting the high efficiency with which gravitational
binding energy is converted into radiation (Thorne 1974).

As the accretion rate approaches and exceeds the Eddington limit (9acc 2
1), however, the efficiency can drop sharply. In this regime, accretion is often
described by slim-disk models (Abramowicz et al. 1988; Sadowski et al. 2014)
in which photon trapping becomes significant: radiation generated in the
inner disk is advected inward with the gas rather than escaping. Combined
with powerful radiation-driven outflows, this effect leads to a “saturated”
luminosity that increases only logarithmically with 7,.. (Ohsuga et al. 2005;
Jiang et al. 2014). Consequently, the SMBH can experience rapid mass
growth while radiating only modestly above the Eddington luminosity.

In this work, the adopted functional form of €(7)acc) is shown in Fig.
5.2 (bottom panel). It reproduces the two main regimes outlined above:
(i) a constant radiative efficiency at low and moderate accretion rates, in
agreement with thin-disk theory, and (ii) a capped luminosity at super-
Eddington rates, consistent with slim-disk prescriptions. We follow the
parametrization of Madau et al. (2014), which empirically fits the results
of general relativistic radiation-hydrodynamic simulations (Sadowski et al.
2014) as a function of black hole spin. Since our model does not track
spin evolution, we adopt the curve corresponding to a fixed dimensionless
spin parameter a = 0.67, yielding a constant sub-Eddington efficiency of
€9 ~ 0.1. This choice provides a smooth and physically motivated transition
between the sub- and super-Eddington regimes, while preserving the correct
asymptotic limits in both.

Because the time interval between consecutive simulation snapshots
is typically much longer than the characteristic variability timescales of
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SMBH accretion, assuming a fixed value of 7,.. across an entire snapshot
interval would be a poor approximation. Instead, we decide to “subcycle” the
integration of each SMBH’s mass history by introducing a shorter timescale,
Teoherence, Which we interpret as the coherence timescale of the accretion
process. Over each interval of length Tconerence, the accretion rate is held
constant; at the end of the interval, we draw a new, independent value of
7Nace from the conditional sSBHAR distribution.

In reality, SMBH accretion is a stochastic process spanning a wide hier-
archy of variability timescales, from days to hundreds of million years. By
adopting Teonerence as an effective coherence timescale, we approximate this
stochasticity in a computationally tractable way, while preserving the statis-
tical properties of the underlying accretion distribution. Further discussion
on the role of Tconerence in the growth of SMBHs can be found in Sec. 5.3.3.2.

Between two consecutive simulation snapshots, ¢ and 7 + 1, we therefore
draw

N= V“_ﬂ (5.11)

Tcoherence

independent values 7acc,j, and compute the SMBH mass at ¢;41 as:

N
MBH(tz’+1) = MBH(ti) €XP | Tcoherence Ztgclc(nacc7j) , (512)
=1

where tacc(Macc,;) i the Salpeter timescale corresponding to the j-th sampled
accretion rate.

At the same time, the sampled accretion rates determine the radiative
output of quasars. In practice, we assign the bolometric luminosity of each
SMBH at snapshot ¢ using the most recent sampled accretion rate, nacc,i,
via:

Lbol (tz) = 6("’]accj) Tacc,i MEdd C2~ (513>

This framework yields, for each subhalo in the simulation, a self-consistent
prediction for the SMBH mass, bolometric luminosity, and Eddington ratio
at every snapshot. These can then be directly compared to observational
constraints across cosmic time, enabling a joint test of both SMBH growth
and quasar demographics in our model.

5.2.3 Overview of the observational constraints

We consider three key observational constraints, all targeting the luminous
quasar population (Lpe = 10*° ergs™!): (i) the bolometric quasar luminos-
ity function (QLF), (ii) the large-scale clustering of quasars, and (iii) the
conditional Eddington ratio distribution function (cERDF) at fixed quasar
luminosity.
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Figure 5.3: Probability distribution functions of the specific black hole accretion rate,
Nace (solid lines), and the Eddington ratio, Agqq (dotted lines), shown in bins of the specific
cold accretion rate onto the halo. The 7acc distributions are drawn from the theoretical
conditional probability P(ﬂacc|5Mcold,acc) (Eq. 5.6), using the fiducial parameter values
listed in Tab. 5.1. The Agqq distributions, in contrast, are measured directly from the
model output. At sub-Eddington rates, they follow the same trend as P(nacc|sMco1d7acc)
(with minor mismatches due to the non-uniform distribution of SMcold,acc within each
bin), but they deviate markedly as Aggq approaches unity (dashed vertical line), reflecting
the drop in radiative efficiency in this regime.
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Figure 5.4: Probability distribution functions of the Eddington ratio, Agqq, at different
redshifts (solid colored lines) for the fiducial model described in Tab. 5.1. At high
redshift, the majority of SMBHs accrete efficiently with Agqq 2 0.1, whereas at later
times accretion becomes progressively less efficient and the distribution shifts toward
lower values. The dashed vertical line indicates the Eddington limit, Agqq = 1.

Our first constraint is the bolometric QLF, which provides the most
direct observable for comparison with theoretical models of quasar evolution.
Unlike single-band surveys — particularly rest-frame UV selections, which
systematically miss obscured quasars — the bolometric QLF combines multi-
wavelength AGN datasets to reconstruct the full quasar population. Modern
compilations draw on X-ray, mid-infrared, UV-optical, and radio observations
(e.g., Hopkins et al. 2007; Shen et al. 2020). X-ray data are especially
valuable, as measurements of hydrogen column densities enable population-
level obscuration corrections and yield intrinsic luminosities even for heavily
absorbed sources (Ueda et al. 2014). By synthesizing these corrections
across multiple bands, bolometric QLFs provide the most complete available
census of SMBH accretion and thus a robust benchmark for testing models.
In particular, using bolometric QLFs allows us to bypass the need for an
explicit obscuration prescription in our framework. Likewise, the other two
observables we consider — the clustering of quasars and the cERDF — remain
unaffected by obscuration, provided that, at fixed luminosity, obscured and
unobscured quasars represent a random subsample of the overall population.

Here, we adopt the bolometric QLF of Shen et al. (2020), which pro-

vides the most recent and comprehensive compilation of multi-wavelength
data spanning z ~ 0 — 6. Since our focus is on luminous quasars (L 2
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10*° ergs™!), the strongest constraints come from obscuration-corrected
UV-optical samples such as those presented by Kulkarni et al. (2019), sup-
plemented at high redshift by dedicated surveys (e.g., Matsuoka et al. 2018;
Wang et al. 2019).

Although bolometric QLF reconstructions provide a substantially im-
proved census of AGN activity and serve as a key benchmark for our model,
significant uncertainties remain — particularly at high redshift, where both
the fraction and physical nature of obscured quasars are still debated. In
practice, X-ray-based obscuration corrections are possible only up to z < 34
and rely on uncertain extrapolations beyond this regime. Meanwhile, recent
observations (e.g., Vito et al. 2018; Circosta et al. 2019; D’Amato et al. 2020;
Gilli et al. 2022) and cosmological simulations (e.g., Ni et al. 2020; Vito
et al. 2022; Bennett et al. 2024) suggest that quasars in the early Universe
may be embedded in dense gas environments that drive high obscuration
fractions, implying a rapid evolution of obscuration properties at z 2 4. If
so, current bolometric QLF estimates at these redshifts likely underestimate
the true space density of quasars, making them a conservative lower limit
for comparison with theoretical models.

For the clustering of quasars, we rely on measurements of the two-point
auto-correlation function from large spectroscopic surveys, which provide the
most direct probe of quasar environments on cosmological scales. Numerous
studies have characterized quasar clustering across a broad redshift range
(e.g., Porciani et al. 2004; Croom et al. 2005; Porciani & Norberg 2006;
Shen et al. 2007; da Angela et al. 2008; Ross et al. 2009; White et al.
2012; Eftekharzadeh et al. 2015), consistently finding that luminous quasars
typically reside in dark matter halos of mass ~ 10*2-10'3 M. In this work,
which focuses on cosmic noon and earlier epochs, we adopt three key datasets:
(i) the high-precision clustering constraints from the BOSS survey at cosmic
noon (z & 2.5, Eftekharzadeh et al. 2015); (ii) the strong clustering of
quasars at z = 4 reported by Shen et al. (2007) using SDSS measurements;
and (iii) the recent quasar—galaxy cross-correlation measurements at z ~ 6
from the EIGER JWST survey (Eilers et al. 2024; Pizzati et al. 2024D).
We do not include the auto-correlation function of faint quasars at z ~ 6
presented by Arita et al. (2023) because, as shown in Pizzati et al. (2024a,
see their Appendix D), these data are not sufficiently constraining.

Each of the clustering measurements we consider applies a luminosity
threshold, selecting quasars brighter than a given L. Since quasar cluster-
ing may depend on luminosity, it is essential to adopt consistent thresholds
when comparing our model predictions to the data. Accordingly, we impose
the same luminosity cuts as in the observations, denoted Ly thr. For the
Eftekharzadeh et al. (2015) and Shen et al. (2007) measurements, we follow
the thresholds used in the analysis of Pizzati et al. (2024a, see their Sec.
3.1): these are log, Luol thr/ergs™! = 46.1 and logyo Lol thr/ergs™ = 46.7,
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respectively. For the EIGER measurements of Eilers et al. (2024), we adopt
the same threshold as in Pizzati et al. (2024b): logq Lbol thr/ergs ™! = 47.1.

Finally, the cERDF is defined as the probability distribution of Eddington
ratios at fixed bolometric luminosity, P(Agad | Lbo1). We use this quantity
because it provides direct constraints on SMBH properties through broad-
line measurements, while being robust to survey incompleteness. At fixed
luminosity, the distribution of black hole mass estimates — and thus of
AEdd — is determined primarily by the widths of broad emission lines in
quasar spectra. Since these line widths are largely unaffected by survey
flux limits, the cERDF is considerably less sensitive to selection effects than
other diagnostics such as the total ERDF or the black hole mass function
(BHMF).

We estimate the cEDRF using the SDSS quasar compilation in Wu &
Shen (2022), which covers the redshift range z =~ 0 — 6. To extend the high-
redshift coverage, we also incorporate the compilation of Fan et al. (2023),
which includes all quasars known at z > 5.9 at the time of publication. In
constructing the cERDF, we restrict the sample to sources with reliable
SMBH mass estimates, and compute the Eddington ratio of each quasar as
Agdd = Lbol/Lgdaqa. Bolometric luminosities are derived from UV /optical
magnitudes using the bolometric correction of Richards et al. (2006).

5.2.4 Fiducial model and parameter inference

The ultimate goal of our framework is to perform parameter inference and as-
sess the predictive power of current quasar observables in constraining models
of SMBH evolution. We plan to do so by writing a joint likelihood func-
tion for our model parameters, O : (Mgtart, Teoherences Tav,05 Tav,evols 005 Tevol )-
The likelihood will incorporate the independent constraints coming from the
three observables described in Sec. 5.2.3 — the QLF, the quasar auto-/cross-
correlation functions (“corr”), and the cERDF:

[(total) _ ~(QLF) p(corr) o (cERDF) (514)

The first two likelihood terms have the same expression:

1

£9aD10) = s e (—5 W S -, (519

with k& € {QLF, corr}, d®) being for the set of n data points with means y
and covariance ¥ coming from observations, and p the set of values predicted
by our models.

For the third likelihood term, we directly compare the two-dimensional
distribution in the bolometric luminosity-Eddington ratio plane predicted
by our model with that measured from observations. Let d(¢FRPF) —
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Figure 5.5: Evolution of black hole mass as a function of cosmic time (bottom axis) and
redshift (top axis) for a subsample of 150 objects selected from the first 1000 halos to form
in the simulation. Each track is color-coded by the instantaneous bolometric luminosity
of the corresponding quasar. Tracks that terminate abruptly correspond to halos that
either merge with more massive systems or are lost in the merger tree (see Sec. 5.2.1.2).

{(AEdd.i» Lbol,i)} denote the set of Eddington ratios and bolometric lumi-
nosities measured observationally, and let P(Agdd, Lbol) represent the corre-
sponding probability distribution predicted by the model. The likelihood
can then be written as:

£ (cERDF) (d(cERDF) |@) _ HPO\Edd,ia Lbol,i) (5.16)

While this inference roadmap is straightforward in principle, it is chal-
lenging to implement in practice. Performing inference requires evaluating
the model many thousands of times across parameter space, which is com-
putationally prohibitive: depending on the configuration, a single run of our
model can take from several minutes to one hour. This makes direct inference
with methods such as Markov Chain Montecarlo (MCMC) unfeasible.

To overcome this limitation, our long-term strategy is to construct a
statistical emulator for the model observables, capable of reproducing the
output of the full model at negligible computational cost. Such an emulator
will enable efficient MCMC exploration of parameter space and a rigorous
inference of posterior distributions. Development of this emulator is ongoing
and will be included in future updates of this manuscript.
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In the present study, we instead adopt a simpler approach: we fix
the model parameters to fiducial values, chosen through a combination of
trial-and-error exploration and preliminary experiments with the emula-
tor. A systematic parameter inference study, together with an optimized
parametrization of the accretion and merger processes, is deferred to forth-
coming work.

The fiducial values used for all model parameters are listed in Table 5.1.
The seed black hole mass is set to Mgiary = 5 x 106 Mg: given the resolution
of the simulation, this corresponds to assigning each newly formed halo
a black hole initially ~ 5 x 10* times less massive than its host, broadly
consistent with local SMBH-halo scaling relations. The coherence timescale
of accretion, Tcoherence, 1S Set to 10 Myr. This value ensures that individual
high-accretion episodes are sufficiently long-lived to contribute meaningfully
to SMBH growth, while remaining short compared to cosmological timescales.
A more detailed discussion on T¢oherence and our prior knowledge on the
duration of SMBH accretion episodes is deferred to Sec. 5.3.3.2.

The ERDF parameters are set to the following fiducial values: 1,y 0 =
—1.12, Nayevol = 0.95,009 = 0.52,0¢vo1 = —0.17. This parametrization pro-
duces the conditional sBHAR distributions shown as dotted lines in Fig.
5.3. At high cold halo accretion rates (log, SJ\ICOMmc/Gyf1 > 0.5), the
sBHAR distribution becomes relatively narrow and centered at values close
to or above the Eddington limit. As cold accretion onto halos declines, the
distribution broadens and peaks at much lower sSBHAR values.

The corresponding conditional distributions of the observed Eddington
ratio, Agaa = Lbol/Lrdd, are shown with solid lines. Importantly, Agaq
coincides with 7,.. only if the radiative efficiency is constant. In our model,
where €(nacc) varies with accretion rate, Agqq no longer traces the intrinsic
growth rate directly. This is evident in Fig. 5.3: while the Agqq distributions
follow the sSBHAR distributions at sub-Eddington rates (where € is roughly
constant), they remain sharply peaked near the Eddington limit even when
the intrinsic sSBHAR far exceeds unity. Physically, this reflects the saturation
of radiative output in the super-Eddington regime, where SMBHs can
accrete mass at highly efficient rates without producing proportionally higher
luminosities. This effect has been invoked to explain the rapid assembly of
massive black holes in the early Universe (e.g., Madau et al. 2014; Volonteri
et al. 2015), and plays a central role also in our framework (see Sec. 5.3.1).

Figure 5.4 shows the distributions of observed Eddington ratios, binned
by redshift. The model predicts a pronounced redshift evolution in SMBH
accretion properties, driven primarily by the changing halo accretion rates
over cosmic time (Fig. 5.1, bottom). At the epoch of reionization (z 2 6),
the majority of SMBHs are actively accreting at Agqq = 0.1, consistent with
rapid and efficient growth. By cosmic noon (z ~ 2), however, only a small
fraction of SMBHs remain in the high-accretion regime, reflecting the global
decline in gas accretion rates and SMBH activity. We note that very low
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Eddington ratios (Agqq < 0.01-0.1) are only useful for theoretical modeling
as they are effectively unobservable in current quasar surveys. Consequently,
the fraction of SMBHs accreting below this threshold defines an effective
duty cycle of quasar activity in our framework. This duty cycle evolves
rapidly with redshift, in agreement with expectations from measurements of
the QLF and quasar clustering (e.g., Martini & Weinberg 2001; Haiman &
Hui 2001; Pizzati et al. 2024b).

Results

We now turn to the results of the fiducial run introduced above. We begin
by examining how SMBHs assemble their mass in our framework, focusing
on the predicted accretion histories and comparing their radiative output to
quasar observables. We then explore the broader implications of these results
for the growth of SMBHs across cosmic history, with particular attention to
the connection between black holes and the properties of their host halos.

5.3.1 The buildup of supermassive black holes across
cosmic history

Figure 5.5 illustrates the mass assembly of SMBHs for a subsample of 150
objects, selected from the first 1000 halos formed in the simulation (i.e.,
halos that form at z > 10). The growth of these early black holes is initially
rapid: within the first billion years, SMBH masses increase from the seed
value Mgy up to Mgy ~ 10° Mg by z =~ 6. This phase of accelerated
growth coincides with sustained episodes of luminous quasar activity, with
bolometric luminosities reaching Ly = 10*7 ergs—!. At lower redshifts,
however, the buildup of SMBHs slows significantly. The vigorous accretion
that characterizes the high-z regime — and enables the emergence of the first
bright quasars — gradually gives way to a more quiescent growth pattern.
By cosmic noon, quasars are powered less by rapid accretion and more by
the sheer mass of their SMBHs: even relatively modest accretion rates can
produce large luminosities once Mpy exceeds 103-10° M.

Overall, the bulk of the early-forming population grows from Mg, at
cosmic dawn to My ~ 108-10° Mg, by z ~ 2. Only a small subset of outliers
— i.e., SMBHs experiencing unusually efficient or repeated accretion episodes
— are able to reach the extreme SMBH masses associated with the brightest
quasars observed across cosmic time. Tracking these rare growth histories,
rather than focusing solely on population averages, is therefore essential for
understanding the origin of luminous quasars.

These trends can be examined in more detail by following individual
SMBH and quasar luminosity histories, as shown in Fig. 5.6. Here we select
six halos that formed in the second snapshot of the simulation (z = 12.26) and
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Figure 5.6: Individual accretion histories of SMBHs and their quasar light curves as a function of cosmic time (bottom axis) and redshift (top
axis). We select six halos that form in the second snapshot of the simulation (z = 12.26). The SMBH mass is shown in red, alongside the host
halo mass scaled down by 10° (green dotted). For reference, the steep and shallow gray lines indicate idealized SMBH growth tracks at constant
accretion rates of nacc = 1 (Eddington rate) and nacc = 0.1, respectively. The quasar bolometric luminosity is plotted in blue; the blue and red
curves intersect when quasars radiate at the Eddington limit. The bottom panels show the evolution of the specific black hole accretion rate,
Nace, for each object (purple), compared to the population median (dotted gray line) and 16th—84th percentile range (shaded gray region).
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plot their SMBH mass evolution (red) alongside the corresponding host halo
mass (green, scaled down by 10°). The associated quasar luminosity histories
are shown in blue. Red and blue curves intersect when quasars radiate at
the Eddington limit, while blue lines above the red indicate super-Eddington
radiative phases. For reference, the light gray curves represent idealized
cases of continuous SMBH growth from M., at the Eddington limit and at
0.1 MEdd. The smaller panels further show the accretion histories in terms
of the sSBHAR 7, (purple), compared against the population median and
16th-84th percentiles (gray dotted line and shaded region) across cosmic
time.

Across all examples, the same qualitative pattern emerges: rapid SMBH
growth at z 2 6, followed by a marked slowdown at later times. This
behavior is driven directly by the evolving distribution of sSBHARs. At
early times, SMBHs accrete at rates close to the Eddington limit; by lower
redshifts, the distribution broadens and shifts toward low values (... < 1%),
consistent with the decline in cosmic gas supply. In most cases, SMBH
growth closely tracks that of the host halo (green lines). However, stochastic

variations in the accretion rate lead to significant departures in some cases.

Crucially, short bursts of super-critical accretion (nacc > 1) play a decisive
role in driving SMBHs to higher masses on short timescales. For instance,
the bottom-left panel of Fig. 5.6 shows an SMBH reaching ~ 10° M, at
z =~ 6 through repeated episodes of super-critical accretion. Importantly,
because the radiative efficiency e drops steeply in the super-critical regime
(Fig.5.2, bottom), very high accretion rates do not translate into equally
high radiative output. Even when 7, > 1, the corresponding Eddington
ratio saturates only modestly above unity (Fig. 5.3). This feature allows
SMBHs in our model to gain mass rapidly at high redshift through brief
high-accretion bursts (1 < 7,.c < 10), while remaining consistent with the
empirical fact that strongly super-Eddington quasars are not observed at
any epoch. In Sec. 5.3.2, we quantify this comparison by confronting our
predicted Eddington ratio distributions with observations.

Interestingly, even with such strong accretion bursts, SMBH growth never
systematically exceeds the analytic Eddington-limited growth curve (light
gray). This highlights a central result of our model: sustained, uninterrupted
Eddington-limited accretion is not a viable growth pathway. Instead, SMBHs
grow through a stochastic sequence of accretion episodes — alternating
between super-critical bursts and long periods of less efficient, sub-Eddington
accretion. This produces growth tracks that may cluster around, but rarely
exceed, the simple Eddington-limited scenario, while still enabling a subset
of black holes to assemble the extreme masses required to power luminous
quasars at all epochs.
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Figure 5.7: Comparison between the bolometric quasar luminosity function (QLF) predicted by our model and the compilation of Shen
et al. (2020). Each panel corresponds to a different redshift, from z = 2.0 to z = 6.0, while the bottom-right panel combines all redshifts
to illustrate evolutionary trends. Model predictions for the full SMBH population are shown as solid colored lines, and those restricted to
Mgy > 108 Mg as dashed lines. Observational data — drawn from X-ray, UV-optical, infrared, and radio surveys, and corrected for obscuration
using wavelength-dependent bolometric corrections — are shown as colored points with error bars.
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5.3.2 Comparison with quasar observables

In Fig. 5.7, we compare the predictions of our fiducial model (solid lines) to
the bolometric QLF of Shen et al. (2020, see Sec. 5.2.3). Each panel shows
a different redshift slice from z = 2 to z = 6, while the bottom-right panel
combines all redshifts to highlight the overall evolutionary trend.

We find that our model reproduces the observed QLF very well for
luminous quasars (Lpe = 10%%ergs™!), which constitute the primary
targets of UV-optical surveys. The large cosmological volume of FLAMINGO
allows us to follow the quasar population up to extreme luminosities of
Lyl = 10*8 ergs™!, and down to space densities as low as n ~ 109 cMpc>.
This statistical power makes it possible to robustly probe the rarest, most
luminous quasars, and we find that the bright-end slope of the QLF is
accurately reproduced across all redshifts considered.

At the faint end, however, discrepancies arise. Observationally, the QLF
flattens significantly toward low luminosities, whereas our model predicts a
steeper continuation and thus an excess population of faint quasars/AGN,
particularly at high redshift. This tension is not unique to our framework:
many theoretical models have long struggled to reproduce the faint-end
behavior of the QLF from first principles (e.g., Degraf et al. 2010).

It is important to emphasize that the faint end of the QLF is itself
highly uncertain observationally. In UV-optical surveys, the QLF can be
probed down to Ly, ~ 10*°ergs™!, but at these luminosities quasars
become increasingly difficult to distinguish from UV-bright galaxies, and
completeness corrections are non-trivial. X-ray surveys extend coverage to
lower luminosities, Lpo ~ 10*3-10%* ergs™!, but rely heavily on uncertain
photometric redshifts and rarely extend beyond z 2 3. Moreover, the level of
obscuration at low luminosities and high redshifts is still poorly constrained:
if the obscured fraction is higher than currently assumed (e.g., Ueda et al.
2014), present-day bolometric QLF estimates may underestimate the true
space density of faint quasars.

The advent of JWST has opened a new observational window onto
the faint end of the quasar population. Early studies identifying broad-
line AGN through rest-frame optical diagnostics suggest the presence of a
more numerous faint population than previously inferred, with bolometric
luminosities of Lyo ~ 10*3 — 10% ergs~! and black hole masses of Mgy ~
10% — 108 Mg, (e.g., Harikane et al. 2023; Maiolino et al. 2024; Juodzbalis et al.
2025). Strikingly, our model naturally predicts such a population: low-mass
SMBHs that were largely invisible to pre-JWST surveys make a substantial
contribution to the faint end of the QLF. This is illustrated in Fig. 5.7
by comparing the full QLF (solid lines) with that obtained by restricting
to SMBHs with Mpy > 108 M, (dashed lines). The strong divergence of
the two curves at Ly, < 10%° ergs™! highlights the predicted dominance of
small SMBHs in this regime — consistent with the emerging JWST results.
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Figure 5.8: Comparison between the binned conditional Eddington ratio distribution functions (cERDFs) predicted by our model and those
derived from SMBH mass and quasar luminosity compilations of Wu & Shen (2022, z &~ 2-5) and Fan et al. (2023, z 2 6). Observed distributions
are shown as histograms, color-coded by bolometric luminosity, with dotted vertical lines marking their medians. Predictions from the fiducial
model are shown as thin solid lines. While the model broadly reproduces the observed trends with both redshift and luminosity, it systematically
predicts higher Eddington ratios than observed.
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However, current JWST-based estimates remain highly uncertain, and the
physical nature and demographics of these faint sources are still the subject
of active debate.

If the faint QLF measurements in Fig. 5.7 are correct, then the faint-
end excess predicted by our model reflects a genuine shortcoming of the
framework. In this scenario, the model reproduces the QLF data across
luminosities reasonably well only when restricted to Mgy > 10 My SMBHs
(dashed lines). However, the additional population of lower-mass black holes
accreting at or above the Eddington limit reaches luminosities comparable
to faint quasars, thereby altering the predicted shape of the QLF. If such a
population does not exist in reality, this would imply that SMBHs in our
model are, on average, accreting — and thus radiating — more efficiently
than is observed. This discrepancy could signal missing physical processes
that regulate accretion in low-mass systems, such as stronger radiative
or mechanical feedback, limited gas supply due to inefficient inflows, or
environmental effects that suppress sustained high-Eddington accretion.
More complex parametrizations are needed to account for these effects in
the context of our framework.

A discrepancy between our model predictions for SMBH accretion and
observations becomes indeed apparent when examining the cERDF in Fig. 5.8,
where we show the distribution of Eddington ratios in bins of bolometric
luminosity. In practice, the two-dimensional distribution P(Agqd, Lbol) is
projected into a set of one-dimensional distributions by slicing along narrow
Ly bins. Comparing the observed distributions (histograms) with those
predicted by the model (thin solid lines) reveals a systematic offset: the
model consistently produces Eddington ratio distributions skewed toward
higher values relative to the data. The difference is modest — the peaks of
the two distributions typically agree within 1o — but its persistence across
all redshifts and luminosities suggests that it reflects a genuine limitation of
the model rather than statistical noise.

This systematic bias toward higher Agqq is also what drives the large pop-
ulation of lower-mass SMBHs in our model to reach bolometric luminosities
comparable to those of faint quasars. Reducing the average accretion rates
would suppress the number of such faint sources and improve agreement
with observations, but it would also prevent SMBHs from growing rapidly
enough to reach the extreme masses required to power the brightest quasars.
This underscores a fundamental challenge: reconciling the high accretion
rates seemingly necessary to assemble billion-solar-mass black holes at early
times with the empirical evidence that most observed quasars radiate at
Eddington ratios around or below unity. Although our prescription for ra-
diative efficiency in the super-critical regime (Madau et al. 2014) suppresses
the luminosities of rapidly accreting quasars, limiting them to radiate only
modestly above the Eddington limit (Fig. 5.3), we conclude that this effect
alone does not fully reconcile the tension between modest observed Edding-
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ton ratios and the growth rates required for SMBH assembly. Resolving
this discrepancy will require further work to test whether refined param-
eter choices, alternative radiative efficiency prescriptions, or more flexible
accretion models can provide a better match.

Despite this offset, our fiducial model successfully reproduces the main
behavior of the cERDF. In particular, it captures the observed trend that the
cERDF peaks at higher Aggqq with both increasing redshift and increasing
bolometric luminosity. This agreement suggests that while the model slightly
overestimates accretion efficiencies, it nonetheless recovers the key qualitative
features of SMBH growth across cosmic time and luminosity, making it a
solid foundation for future refinements.

The last observable we consider is the clustering of quasars. As discussed
in Sec. 5.2.3, we include measurements of the quasar auto-correlation function
at z &~ 2.5 and z ~ 4, as well as the quasar—galaxy cross-correlation function
at z = 6. In principle, the auto-correlation could be computed directly
from the quasars in our model above a chosen luminosity threshold, Lboj thr-
However, this approach is not feasible for the quasar-galaxy cross-correlation,
since the FLAMINGO run used here does not resolve the majority of galaxy-
hosting halos'. To ensure consistency across all redshifts, we instead adopt
the framework developed by Pizzati et al. (2024a,b), and compute clustering
predictions from the quasar host mass function (QHMF)-.

The QHMF is defined as the halo mass distribution of quasars brighter
than Lyopthr. Given a QHMEF, the clustering can be predicted under the
assumption that halo mass alone determines the bias — i.e., neglecting any
assembly bias contributions (e.g., Wechsler et al. 2006). This assumption is
reasonable in our context, as assembly bias is expected to play a minor role,
and current quasar clustering measurements are not yet precise enough to be
dominated by such effects (e.g., Bonoli et al. 2010). Using the halo correlation
fitting framework of Pizzati et al. (2024a), we compute the quasar auto-
correlation functions at z ~ 2.5 and z & 4 given the QHMFs at the respective
redshifts (see their Eqs. 7-8). For the quasar—galaxy cross-correlation at
z = 6, we combine the QHMF with a galaxy host mass function (GHMF)
following Eqgs. 3-5 in Pizzati et al. (2024b). For the GHMF, based on
[O 11| -emitting galaxies, we adopt the measurements of Eilers et al. (2024),
and approximate it with a simple cutoff form in which the HMF is set to
zero below 10g; Mmin gal/Me = 10.56.

1By extending our framework to the larger FLAMINGO-10k simulation (Schaller et al.,
in prep.; Pizzati et al. 2024b), we will be able to compute the quasar-galaxy cross-
correlation function directly from the simulation outputs. Work on this extension is
currently underway.

2Pizzati et al. (2024a,b) also rely on the FLAMINGO suite of cosmological simulations.
In their approach, the simulations are used to calibrate a fitting model that predicts the
clustering of any halo population (both auto- and cross-correlations) directly from its
mass distribution.
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Figure 5.10: Comparison between quasar clustering predicted by our model and observational measurements at three redshifts: z ~ 2.5
(quasar auto-correlation function from Eftekharzadeh et al. 2015), z & 4 (quasar auto-correlation function from Shen et al. 2007), and z =~ 6
(quasar—galaxy cross-correlation function from Eilers et al. 2024). Model predictions are derived from the quasar host mass functions (QHMFs),
adopting luminosity thresholds matched to each dataset, as described in Sec. 5.2.3.
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Figure 5.9 shows the QHMF (solid lines) from our fiducial run, using a
uniform luminosity threshold of log;y Lpol thr/€rg s~1 = 46.5 at all redshifts.
For comparison, the halo mass function (dashed line) is also shown, illus-
trating the fraction of halos active as quasars at a given mass. This fraction
can be interpreted as the quasar duty cycle (e.g., Martini & Weinberg 2001;
Haiman & Hui 2001; Pizzati et al. 2024a). At all redshifts, the QHMF peaks
in the range Mpalo ~ 10'2-10'3 M, in good agreement with general observa-
tional trends. As redshift decreases, the QHMF peak shifts to progressively
higher halo masses, and the distribution broadens, reflecting the growing
diversity of quasar host environments.

Finally, Fig. 5.10 compares the clustering predicted by our model with the
observational measurements described in Sec. 5.2.3. To ensure consistency,
we compute clustering from the QHMFs using the same luminosity thresholds
as the data at each redshift. This differs slightly from the QHMFs shown
in Fig. 5.9 (that are obtained with a uniform luminosity threshold), but in
practice the impact is modest: in our framework, quasar clustering depends
only weakly on luminosity, in agreement with observations that find a mild or
negligible luminosity dependence (e.g., Adelberger & Steidel 2005; Porciani
et al. 2004; Shen et al. 2009; Eftekharzadeh et al. 2015).

At z = 2.5, our fiducial run reproduces very well the tight clustering
constraints from the BOSS survey (Eftekharzadeh et al. 2015). Indeed,
Pizzati et al. (2024a) derived the QHMF at this redshift by jointly fitting
the QLF and clustering, finding a broad distribution peaking at M., =
10'2° Mg, in excellent agreement with our model predictions.

At z =~ 4, by contrast, our model underpredicts the remarkably strong
clustering measured by Shen et al. (2007) from SDSS quasars. Those data
imply a very rapid evolution of quasar bias with redshift — a result that
has long posed challenges for models of quasar and SMBH evolution (e.g.,
White et al. 2008; Shankar et al. 2010). More recent measurements at
comparable (He et al. 2018; Timlin et al. 2018) and higher redshifts (Filers
et al. 2024; Pizzati et al. 2024b) indicate weaker clustering, casting doubt
on the extreme values implied by Shen et al. (2007). It is therefore not
surprising that our model — like many other empirical models and SAMs
(e.g., Conroy & White 2013; Fanidakis et al. 2013) — predicts significantly
lower clustering at z ~ 4. Matching the Shen et al. (2007) result would
require an extremely narrow QHMF, with virtually all luminous quasars
confined to the most massive halos (Pizzati et al. 2024a). Such a scenario
is difficult to reconcile with the intrinsic stochasticity that, in our model,
drives extreme SMBH growth at early cosmic times (Sec. 5.3.3.1). The
presence of stochasticity inevitably lowers the clustering, as it implies that
even lower-mass halos can host massive, highly accreting SMBHs. This
tension highlights the need for further work to establish whether the z ~ 4
clustering measurements can be reconciled with the broader set of quasar and
SMBH constraints, and calls for new clustering analyses at similar redshifts
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— such as those anticipated from DESI (Yang et al. 2023) — which will be
essential to determine whether the strong z = 4 signal reflects genuine quasar
physics or arises from observational systematics.

At z = 6, the agreement improves again. The EIGER survey (Eilers et al.
2024) measures a clustering signal somewhat stronger than our prediction,
consistent with a QHMF peaking near ~ 1012 M, (Pizzati et al. 2024b).
Our model predicts a slightly lower peak halo mass and weaker clustering,
but the discrepancy is modest, and a refined choice of model parameters
would likely bring the results into even closer agreement. Moreover, the
EIGER result is based on only five quasar fields and is therefore highly
sensitive to cosmic variance. In future iterations, we will compare against
forthcoming results from the JWST ASPIRE survey (Wang et al. 2023,
Wang et al. in prep.), which will provide clustering measurements from a
much larger sample of 25 quasars. These data, which are largely consistent
with EIGER but significantly more robust against cosmic variance (Huang
et al. in prep.), will offer a more stringent benchmark for constraining our
model at early cosmic times.

5.3.3 Implications for SMBH growth and scaling rela-
tions

The central question we set out to address in this work is straightforward:
can a simple, physically-motivated model for black hole formation and evo-
lution reproduce the diverse properties of bright quasars observed across
cosmic time? While additional work is required to perform a full inference
analysis and refine the model parameters, the results presented in Sec. 5.3.2
demonstrate that the answer is encouragingly positive. Our framework suc-
cessfully captures the key observational benchmarks — the quasar luminosity
function, the conditional Eddington ratio distribution, and quasar clustering
— for a wide redshift range.

Building on this result, we now turn to the broader implications of the
model. In particular, we examine how our framework informs the scaling
relations between SMBHs and their host halos, and what it reveals about
the physical processes that govern SMBH growth across cosmic history. By
connecting the global quasar population to the detailed assembly histories
of halos, our model provides a natural way to probe both the average
evolutionary pathways and the stochastic variability that drive the emergence
of the most massive black holes.

5.3.3.1 The black hole mass-halo mass relation across cosmic
history

Figure 5.11 shows the black hole mass—halo mass (Mpu—Mhpalo) relation
predicted by our fiducial model. Each panel displays the full distribution of
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SMBHs at a given redshift as a two-dimensional histogram in the Mgy—Mya10
plane (with logarithmic color scaling to highlight the tails), while points and
error bars denote the median and 16th—84th percentiles of Mpy in bins of halo
mass. For reference, a linear relation with normalization My /Myalo = 105
is shown as a dashed line.

It is important to stress that the relation shown here cannot be directly
compared to observations. In reality, SMBH mass measurements are subject
to systematic uncertainties of order ~ 0.5 dex, and only a biased subset
of the population is accessible — either luminous quasars radiating above
survey thresholds or, in the nearby Universe, the most massive black holes
detectable through dynamical methods. By contrast, our model includes the
entire SMBH population, independent of observability, and assumes perfect
knowledge of their masses.

With these caveats in mind, the relation exhibits a clear, nearly linear
trend with relatively small scatter (< 0.3 dex). The very tight distribution
at low SMBH and halo masses primarily reflects our assumption of a fixed
seeding mass, Mgiart. At larger masses the scatter increases moderately, but
the relation remains well-defined, a direct consequence of our prescription
that ties SMBH growth to halo accretion. This coupling is also evident
in Fig. 5.6, where the growth of individual SMBHs broadly parallels the
assembly of their host halos.

The bottom-right panel of Fig. 5.11 highlights the redshift evolution of
the median relation and its scatter. Overall, the evolution is modest: at
Myato S 1013 Mg, both the normalization and slope of the relation increase
toward lower redshifts. At the high-mass end, by contrast, the relation shows
a clear flattening, which becomes more apparent once massive halos emerge in
significant numbers near cosmic noon. This flattening is a direct consequence
of our cold-gas accretion prescription: once halos exceed ~ 10125713 Mg,
the smaller cold gas accretion rates limit the ability of SMBHs to grow in
lockstep with their hosts. As a result, the most massive halos host SMBHs
that grow more slowly relative to halo mass assembly. This behavior mirrors
the turnover observed in the stellar-to-halo mass relation (e.g., Behroozi
et al. 2019), and underscores a common physical picture in which cooling
inefficiencies in massive halos suppress baryonic growth across both galaxies
and SMBHs.

Despite the relatively small scatter, most SMBHs in our model remain
below Mgy ~ 10%, M across all redshifts and halo mass bins, with the
median relation at high redshift reaching only Mgy ~ 10%, My even in
the most massive halos. The billion-solar-mass SMBHs powering luminous
quasars at early times are therefore not typical products of the mean relation,
but instead arise as stochastic outliers in the accretion history distribution.
Indeed, the rare objects with Mgy > 10° M are found in a wide range of
halo masses, indicating that their rapid growth is driven more by fluctuations
in accretion than by steady halo mass assembly. This finding reinforces the
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importance of tracing individual SMBH growth trajectories — rather than
relying solely on population averages — to capture the formation pathways
of luminous quasars.

This intrinsic stochasticity also explains why our model struggles to
reproduce the strong clustering signal measured at z = 4 by Shen et al.
(2007, Sec. 5.3.2). Matching such strong clustering would require the massive
SMBHs powering quasars to reside exclusively in the most massive halos
— contrary to the broad range of environments predicted here. One could,
in principle, reduce stochasticity by shifting the median relation upward
(i.e., assuming more efficient accretion on average), or by allowing SMBHs
in massive halos to continue accreting by relaxing the cold-gas suppression.
However, both approaches would likely lead to an overproduction of extremely
massive black holes at later times, in conflict with constraints in the local
Universe. While low-redshift data are not explicitly included here, future
work will explore whether low-z constraints, such as the local Mgy—Myalo
relation (e.g., Ferrarese & Merritt 2000), can help anchor the high-redshift
regime and clarify which pathways of early SMBH growth remain consistent
with observational constraints at later cosmic time.

5.3.3.2 The coherence timescale of the accretion process

A key driver of stochasticity in our SMBH growth model is the coherence
timescale of the accretion process, Teonerence- L his often-overlooked parameter
sets the degree of temporal correlation in SMBH accretion. While the
intrinsic shape of the accretion rate (sSBHAR) distribution, P(nacc|s]\./[cold’acc),
specifies only the zeroth moment of the accretion stochastic process, Teoherence
encodes its higher-order temporal structure, determining how fluctuations
are sampled and accumulated over time.

If Teonerence 1S large, accretion bursts persist for extended periods; over the
interval between two snapshots, the accretion history is then determined by
only a few draws from the P (nacc |8Mco1d7 acc) distribution, yielding substantial
object-to-object scatter in final SMBH masses. Conversely, a very small
Teoherence Yields many (approximately) independent draws in a fixed interval,
so individual histories converge toward the mean behavior of the distribution.
As Eq. 5.12 makes explicit, SMBH growth is governed by the sample mean
of the .1 (Macc) distribution. If N =~ At/Teonerence i the effective number of
independent draws over a snapshot interval At, then the standard deviation of
the sample mean distribution scales as N ~'/2 o (Teoherence/At)/? — directly
linking larger Teoherence t0 larger variance in SMBH growth.

Consequently, Tconerence has clear population-level implications. A very
short coherence timescale drives SMBHs with similar seed masses and for-
mation times to follow nearly identical, smooth growth tracks, set primarily
by their average halo accretion rate. In contrast, a longer Tcoherence induces
genuine diversity in growth paths even at fixed halo accretion rate, generating
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Figure 5.12: Black hole mass function (BHMF) for all SMBHs in the simulation. Solid
lines show the fiducial run (Tab. 5.1; Teonerence = 10 Myr) at different redshifts (colors),
while dashed lines show the results with a shorter coherence timescale of Teoherence = 1
Myr, keeping all other parameters fixed. The choice of Tcoherence has a strong impact on
the high-mass tail of the BHMF, which corresponds to the most massive SMBHs powering
bright quasars across cosmic history.

intrinsic mass scatter in addition to the stochasticity already encoded in the
distribution P(nacc|SMcold,acc). The latter primarily governs the short-term
variability seen in individual quasar light curves.

These effects are illustrated in Fig. 5.12, which shows the black hole
mass function (BHMF) for the entire SMBH population at different redshifts.
We compare two cases: our fiducial model with Teonerence = 10 Myr and
an alternative run with Teonerence = 1 Myr, keeping all other parameters
fixed (Tab. 5.1). The contrast is striking: the 1 Myr run produces a much
narrower BHMF', making it substantially more difficult to grow the most
massive SMBHs observed at all redshifts. As a consequence, the individual
growth histories shown in Figs. 5.5 and 5.6 would appear far more uniform
for Teoherence = 1 Myr, with significantly reduced diversity in accretion
trajectories.

The Mpu—Mhalo relation discussed in Sec. 5.3.3.1 is likewise strongly
influenced by Tcoherence- A shorter coherence timescale greatly reduces the
scatter in this relation — forcing SMBH growth tracks to closely follow those
of their host halos — and suppresses the stochastic outliers that, in our model,
give rise to the brightest quasars across cosmic time. Following Eq. 5.12, and
consistent with the central limit theorem, the distribution of SMBH masses
at fixed halo mass approaches a narrow log-normal as T¢oherence decreases.
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Conversely, a longer coherence timescale preserves extended high-mass tails
in the distribution, enabling a subset of SMBHs to reach extreme masses
and power the billion-solar-mass quasars observed in the early Universe.

Despite its importance, the coherence timescale of accretion is inevitably
degenerate with other parameters that regulate SMBH growth. For instance,
a shorter Teonerence could, in principle, be offset by increasing the scatter in the
accretion rate distribution P(naCC|SMCO1d,aCC) — though this freedom is limited,
since the distribution is already anchored to the observed shape of the QLF —
or by introducing additional variance through seeding or merger prescriptions.
What makes the accretion timescale especially compelling, however, is that
it can also be constrained through completely independent methods that
probe quasar lifetimes and duty cycles (e.g., Martini 2004). For example,
proximity-zone measurements in quasar spectra suggest that quasars must
typically have been actively accreting for 10*-107 years to produce the
observed ionization structures around them (e.g., Eilers et al. 2017), setting
a firm lower limit on the accretion timescale. Meanwhile, clustering-based
duty cycle estimates provide complementary constraints by measuring how
long quasars, on average, remain above a given luminosity threshold (Martini
& Weinberg 2001; Haiman & Hui 2001). Taken together, these independent
probes elevate Tcoherence from a tunable modeling parameter to a physically
interpretable quantity with broad observational implications.

Indeed, from a physical standpoint, Tconerence Can be interpreted as
the characteristic timescale of the processes that regulate quasar activity.
These processes remain poorly constrained: it is still unclear whether most
variability arises from rapid, small-scale fluctuations in accretion flows, or
from longer-term, secular changes associated with galaxy and halo evolution,
with short-term variability contributing only secondarily (e.g., Alexander
et al. 2025). A more general framework than that developed here could, in
principle, capture the full hierarchy of variability timescales by parametrizing
the stochastic accretion process in terms of, e.g., its power spectral density,
thereby quantifying the relative importance of different physical mechanisms.
While developing such a framework lies beyond the scope of this work, it
represents a promising avenue for future research. Ultimately, by combining
the full suite of constraints — proximity zones and clustering-based estimates
of quasar lifetimes and duty cycles, instantaneous accretion traced by the
QLF, and long-term SMBH growth inferred from the cERDF and local
SMBH mass measurements — it may become possible to phenomenologically
uncover the processes that govern SMBH evolution across cosmic time.

5.3.3.3 The relative role of mergers and accretion

In Fig. 5.13, we examine the relative importance of mergers and gas accretion
in driving SMBH growth. The solid lines show the BHMF from our fiducial
run, where both accretion and mergers are included. The dashed lines
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Figure 5.13: Black hole mass function (BHMF) for all SMBHs in the simulation at
different redshifts (colors), illustrating the relative contributions of mergers and accretion
to SMBH growth in our fiducial model. Solid lines show the full BHMF including both
accretion and mergers. Dashed lines show the BHMF when only accretion is included
(merging SMBHs are removed without contributing mass), demonstrating that mergers
have only a marginal effect on the overall distribution. When accretion is switched off,
mergers alone fail to produce sufficiently massive SMBHs to match observations (dotted).

represent a run where mergers are switched off by simply discarding merged
SMBHs (i.e., black holes that are “sinked” or disrupted, see Sec. 5.2.1.2)
without adding their mass to the remnant. The comparison reveals that
mergers contribute only minimally across the entire redshift and mass range
probed. At high redshift, the solid and dashed curves are indistinguishable,
while at z < 4 a slight difference emerges around Mpy ~ 108-°-10%° M.
These SMBHs likely reside in massive halos where cold-gas accretion has
been suppressed; in such cases, mergers provide the only significant growth
channel, producing the small offset. However, this difference is marginal
and unlikely to affect any of the quasar observables considered here. This
conclusion is broadly consistent with previous studies, which suggest that
mergers become important only for the most massive SMBHs whose gas
accretion has already been quenched (e.g., Shankar et al. 2009; Volonteri
2012; Pacucci & Loeb 2020). Extending our model to lower redshifts will
allow us to probe this regime in more detail.

The dotted lines in Fig. 5.13 illustrate the BHMF when accretion is com-
pletely switched off and SMBHs grow only through mergers. In this scenario,
SMBH masses never exceed ~ 10% M, even by cosmic noon. The BHMF
evolves from being entirely seed-dominated at high redshift to gradually
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incorporating more growing SMBHs, reflecting the slow accumulation of
mass as black holes merge hierarchically in the ACDM paradigm.
Although mergers do not play a dominant role in shaping SMBH growth or
quasar observables in our current framework, quantifying their contribution
is nonetheless crucial for an independent and complementary test of SMBH
assembly. Gravitational-wave observations, in particular, are sensitive almost
exclusively to mergers and provide a window into a regime that is otherwise
invisible to traditional electromagnetic probes. Pulsar timing arrays (PTAs)
have already begun to place constraints on the gravitational-wave background
generated by SMBH binaries (e.g., Agazie et al. 2023), offering indirect
evidence for the demographics of massive black hole pairs at z < 2. The
upcoming LISA mission, on the other hand, will directly detect individual
SMBH merger events over a wide range of redshifts and masses, reaching
into the early Universe and probing the very systems responsible for seeding
and assembling today’s SMBH population (e.g., Amaro-Seoane et al. 2023).
Because our framework is explicitly constructed from cosmological merger
trees, it is particularly well suited to generate detailed predictions for the
merger rates, mass ratios, and redshift distribution of SMBH binaries. Even
if mergers are subdominant for quasar fueling, their gravitational-wave
signatures could provide the cleanest observational handle on SMBH assembly
histories. In this sense, gravitational-wave observatories will not only test the
merger-driven growth channel but also offer an entirely orthogonal way to
validate models like ours. In future work, we plan to extend our model in this
direction, leveraging its merger-based nature to make concrete predictions
for the SMBH merger landscape in the upcoming era of PTAs and LISA.

Discussion and summary

In this work we introduced BAQARO (Black hole Accretion and Quasar
Activity in a Realistic Observational framework), a new empirical model for
the cosmological evolution of supermassive black holes (SMBHs) and quasars
from cosmic dawn to cosmic noon. The framework is built on subhalo merger
trees from the N-body version of the FLAMINGO large-volume simulation
(Schaye et al. 2023; Kugel et al. 2023), and links SMBH growth to halo
assembly through a compact set of parametric prescriptions designed to
capture both average evolutionary trends and stochastic variability. A key
design choice is the absence of explicit redshift dependence: cosmic evolution
enters naturally through the changing specific halo accretion rate (sHAR),
allowing the same physical mapping to be applied seamlessly from the epoch
of reionization to cosmic noon. The model produces full SMBH mass growth
histories, quasar light curves, SMBH merger trees, and host-halo statistics,
providing a versatile platform for direct comparison with a wide range of
observational constraints.
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The model incorporates three main ingredients — seeding, accretion, and
mergers — implemented as follows. (i) Seeding. Because subhalos in our
merger trees are only resolved once they reach relatively large masses, we
initialize each newly formed halo with a fixed “seed” black hole of mass Mgtart

early growth and establishes the baseline of the Mpy-Mya, relation. In this
work we adopt a single fiducial value of Mgat, deferring exploration of a
distribution of seed masses to future extensions of the model.

(ii) Accretion. We tie the specific black hole accretion rate (sBHAR) to
the specific cold halo accretion rate, sMCOld’aCC = feold(My) sMaCC, measured
between two consecutive snapshots. The cold fraction feoa(My), taken from
Correa et al. (2018), accounts for the suppression of cold inflows in massive
halos due to virial shock heating, while allowing efficient accretion in low-mass
halos at high redshift. Conditional on sMcold,acc, we draw the Eddington-
normalized accretion rate, 1,cc = Mgn / Mgqd, from a log-normal distribution
whose mean and scatter scale as power laws of sMCOld’aCC (Sec. 5.2.2.3).
The radiative efficiency €(7acc) is prescribed following slim-disk models
(Sadowski et al. 2014; Madau et al. 2014), transitioning from a thin-disk
plateau at sub-Eddington rates to a saturated luminosity at super-Eddington
rates. This ensures that the bolometric luminosity, Lyol = € Nacc MEddCQ,
remains physically consistent across regimes. To model stochastic variability,
SMBH masses are advanced by sub-cycling each snapshot into intervals of
a coherence timescale, Tcoherence: Mace 1S held constant over Teoherence and
redrawn thereafter. This single parameter controls how strongly growth
histories “average out” versus retain long-lived bursts.

(iii) Mergers. When subhalos merge, their central SMBHs are assumed
to coalesce following a simplified and optimistic prescription: the remnant
SMBH has a mass equal to the sum of the progenitors, and no black hole is
ejected from the host subhalo as a result of gravitational recoil (Sec. 5.2.2.2).
This treatment is similar to that adopted in many large-scale cosmological
hydrodynamical simulations (e.g., Habouzit et al. 2021). We also perform
control experiments in which we suppress the mass contribution from mergers,
or conversely suppress accretion, to isolate their relative roles.

By construction, BAQARO is anchored to three observational diagnostics
that probe complementary aspects of quasar physics (Sec. 5.2.3): (a) the bolo-
metric quasar luminosity function (QLF), which traces the global abundance
of quasars as a function of luminosity; (b) the conditional Eddington-ratio
distribution function (cERDF), P(Agdd|Lbo1), which leverages broad-line
SMBH mass estimates to probe instantaneous fueling at fixed luminosity;
and (c) the large-scale clustering of UV-luminous quasars, which constrains
typical host halo masses and duty cycles. In practice, we compare our pre-
dictions with the bolometric QLF compilation of Shen et al. (2020), cERDF
measurements derived from SDSS and high-redshift samples (Wu & Shen
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2022; Fan et al. 2023), and the quasar auto-correlation functions from BOSS
and SDSS (Eftekharzadeh et al. 2015; Shen et al. 2007) as well as the recent
JWST constraints on the high-z quasar-galaxy cross-correlation function
(Eilers et al. 2024).

In the analysis presented here, we have focused on the results of a single
fiducial run, with the free parameters of the model fixed to the values
listed in Tab. 5.1. This calibration was chosen to approximately reproduce
the main quasar observables while enabling us to explore the qualitative
implications of the framework. In forthcoming work, we will move beyond
this fiducial calibration and perform a full Bayesian inference of the model
parameters. This will be made possible by developing an emulator trained
on the model outputs that can approximate the predicted observables at
negligible computational cost (Sec. 5.2.4). The emulator will enable Markov
Chain Monte Carlo (MCMC) exploration of the parameter space, allowing us
to rigorously quantify parameter degeneracies, assess the constraining power
of each observable, and obtain posterior distributions jointly constrained by
the QLF, cERDF, and clustering. Such an inference pipeline will sharpen
the predictive power of the model, provide robust uncertainty estimates, and
establish a systematic connection between phenomenological modeling and
observational data.

Our results show that the fiducial model provides a satisfactory match to
the bright end of the bolometric QLF (Lyo > 10%° — 10% ergs~1), the main
evolutionary trends of the cERDF, and the clustering of quasars at z =~ 2.5
and z ~ 6. Nonetheless, several tensions remain: the model overpredicts the
abundance of faint quasars, particularly at high redshift; it yields Eddington
ratios that are systematically biased toward slightly higher values than those
observed across all redshifts and luminosities; and it underestimates the
clustering amplitude at z ~ 4, failing to match the strong signal reported
by Shen et al. (2007). These discrepancies may point to missing physics
in our prescriptions — for example, more complex parametrizations of how
accretion is regulated in low-mass SMBHs, or refined treatments of radiative
efficiency and luminosity output across different accretion regimes.

At the same time, however, some of these relevant observational con-
straints remain highly uncertain. The faint end of the QLF is difficult
to measure due to incompleteness, obscuration, and contamination from
star-forming galaxies. Similarly, the extreme clustering amplitude at z ~ 4
is debated, with more recent studies reporting weaker signals (e.g., He et al.
2018). Addressing these issues thus requires advances on both the modeling
and observational fronts. Forthcoming wide-field surveys such as DESI,
Euclid, and Roman, combined with deep AGN samples from JWST, will
provide a far more complete view of quasar demographics and environments,
offering critical tests for models like BAQARO.
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In addition to confronting the model with key observables, we analyzed
the internal assembly of SMBHs in BAQARO and its connection to the
growth of their host halos. This leads to several conclusions:

e Accretion dominates SMBH growth. In our model, SMBHs grow pre-
dominantly through bursts of near- or super-critical accretion, whereas
mergers contribute only a minor fraction of the overall mass bud-
get (Fig. 5.13). Even under optimistic assumptions about merger
timescales and remnant survival, the impact of mergers remains
marginal. They can provide modest mass boosts for very massive
systems (Mpu ~ 10°Mg) in gas-poor halos at late times, but they
are incapable of producing the billion-solar-mass SMBHs observed as
luminous quasars at all redshifts. This result reinforces a broad con-
sensus from both analytical arguments and cosmological simulations
that sustained accretion, rather than mergers, is the dominant channel
of SMBH assembly across cosmic history (e.g., Shankar et al. 2009;
Volonteri et al. 2016).

e Accreting black holes undergo rapid mass assembly at z 2 6, followed
by a marked decline in growth rates toward cosmic noon (Fig. 5.5).
This overall trend reflects the evolution of halo accretion histories,
but stochasticity plays a decisive role in shaping the distribution of
SMBH masses. In particular, some black holes become extreme outliers,
building up significantly more mass than average through short-lived
episodes of very high, but radiatively inefficient, accretion (Fig. 5.6).
Such bursts allow rare SMBHs to reach ~ 10° M, by 2 ~ 6, consistent
with previous models of rapid early SMBH growth (e.g., Madau et al.
2014; Volonteri et al. 2015; Lupi et al. 2016). Crucially, these events
are not directly tied to halo mass assembly, but instead emerge from
stochastic fluctuations in the accretion rate distribution. Tracking these
rare, burst-driven growth histories — rather than focusing solely on
population averages — is therefore essential for explaining the emergence
of the most massive quasars in the early Universe.

e As a consequence of this SMBH-halo co-evolution, the predicted Mpy-
M1 relation in BAQARO is approximately linear and nearly constant
with redshift, with an intrinsic scatter of < 0.3 dex (Fig. 5.11). This
tight correlation reflects the average tendency of SMBH growth to follow
halo accretion. However, consistent with the stochastic growth episodes
discussed above, the most massive SMBHs powering luminous quasars
at all cosmic times do not emerge from the mean relation. Instead,
they appear as rare outliers, produced by bursts of unusually efficient
accretion rather than steady halo assembly. These stochastic extremes
are essential for explaining the billion-solar-mass SMBHs observed at
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high redshift, but they also complicate simple interpretations of quasar
environments that rely on a deterministic Mpg-Mpao mapping.

e A key driver of this stochasticity in SMBH evolution is the coherence
timescale of the accretion process, Teoherence- Short values of Teoherence
lead to SMBH mass functions that are narrow, with little diversity
in individual growth histories, as accretion fluctuations are averaged
out. In contrast, longer coherence timescales preserve broad high-mass
tails in the distribution, enabling rare SMBHs to reach Mpy = 10° Mg
already at early cosmic times (Fig. 5.12). This makes Tcoherence @ critical
parameter for determining whether the model can produce the most
massive quasars seen at z = 6. Independent constraints from proximity-
zone measurements and clustering-based duty cycle estimates suggest
timescales for SMBH accretion and quasar activity of ~ 104107 yr
(e.g., Eilers et al. 2017, 2024; Pizzati et al. 2024Db), placing Teoherence il
a regime where it directly connects phenomenological modeling with
observables. As such, it provides a promising avenue to tie SMBH
accretion physics to measurable quantities, and to test whether the
observed diversity in quasar activity is consistent with burst-driven
growth.

The version of BAQARO presented here is a preliminary implementation
of the framework. Several avenues for further development are already clear.
First, a full parameter inference must be carried out. This will enable
us to quantify parameter degeneracies, identify which observables drive
the strongest constraints, and obtain robust posteriors for SMBH growth
prescriptions. Such an inference pipeline will significantly strengthen the
predictive power of the model.

Second, the redshift range of the model must be extended. Our current
analysis is restricted to 2 < z < 15, mainly to reduce computational costs.
Extending BAQARO down to z = 0 will allow direct tests against the local
scaling relations, the observed black hole mass function, and the full history
of quasar downsizing. This step will also make it possible to connect high-z
accretion-driven growth to the observed demographics of SMBHs in the
nearby Universe.

Third, the treatment of the low-mass and seeding regime needs to be
improved. At present, the limited resolution of the FLAMINGO simulation
prevents us from resolving the formation and early growth of low-mass
SMBHs. We plan to tackle this in two complementary ways: (i) by rebuilding
the model on the larger, higher-resolution FLAMINGO-10k run (Schaller et
al. in prep.), and (ii) by incorporating analytical prescriptions to capture
the unresolved early phases of SMBH seeding and growth. Together, these
approaches will allow us to explore the critical regime of Mgy ~ 10*-10" My,
which remains one of the most uncertain aspects of SMBH evolution.
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With these developments, we hope to address several key questions that
remain open in our present analysis. For example: can the strong clustering
signal reported by Shen et al. (2007) at z ~ 4 be ruled out as an observational
systematic, or is there a physically consistent way to connect it with the
rapid SMBH buildup at higher redshift and the subsequent evolution to
lower redshift? More broadly, how much can we learn from clustering-based
estimates of the quasar duty cycle across cosmic time? And how can these
constraints be tied to lifetime estimates from quasar proximity zones and
damping-wing analyses (e.g., Eilers et al. 2017; Durovéikové et al. 2024),
and ultimately to the coherence timescale of the accretion process? Because
BAQARO resolves individual SMBH accretion histories, it naturally predicts
the fraction of time black holes spend above a given luminosity threshold.
This definition of duty cycle can be compared directly with clustering-based
estimates and with lifetime measurements from proximity zones, providing a
coherent test of whether short-lived, bursty accretion episodes are compatible
with the observed demographics of quasars.

Another major uncertainty concerns the role of super-critical accretion
in the assembly of early SMBHs. Our results suggest that bursts of highly
efficient accretion are essential for producing billion-solar-mass quasars by
z 2 6, with short-lived episodes of ~1-10 Myr compatible with lifetime and
duty cycle constraints at z & 6 (Pizzati et al. 2024b). Yet it remains unclear
how robust this channel is compared to alternative pathways, and to what
degree super-critical accretion can complement or replace heavy seeding
scenarios. In the current version of the model, SMBHs are initialized with a
fixed seed mass, meaning that the degeneracy between seed properties and
subsequent accretion histories remains unresolved. Breaking this degeneracy
will be critical for distinguishing between different theories of early black
hole formation.

Encouragingly, the next generation of observational constraints will
provide powerful tests of these ideas. Ongoing and upcoming surveys with
JWST, Euclid, and Roman will directly probe the abundance of 106-10° M,
SMBHSs at z 2 7, offering new leverage on the high-redshift early accretion
regime. At the same time, a complementary window is opening through
gravitational-wave astronomy. Extending the model to the local Universe
will allow us to connect with the recent evidence for a nano-Hz gravitational-
wave background from pulsar timing arrays — signals that are expected to
become even more constraining in the near future (e.g., Agazie et al. 2023).
Moreover, the model is well-suited to make forecasts for LISA, which will
detect individual SMBH mergers across cosmic time and a broad mass range
(e.g., Amaro-Seoane et al. 2023). These gravitational-wave observations will
provide an entirely orthogonal test of SMBH assembly, probing the merger-
driven channel that is otherwise invisible in traditional electromagnetic
surveys.
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In summary, our analysis shows that a simple, observationally anchored
framework can account for the main demographics of luminous quasars
across cosmic time while naturally incorporating the stochasticity required
to produce the most extreme SMBHs. Looking ahead, the combination of
large-volume simulations, flexible empirical prescriptions, and the rapidly
expanding suite of multi-wavelength and multi-messenger observations will
enable BAQARO and analogous models to refine our understanding of how
the Universe assembled its first quasars and, ultimately, the billion-solar-
mass black holes that continue to shape galaxy evolution to the present
day.
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