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ABSTRACT

Among the emerging excess of massive, bright galaxies at Cosmic Dawn | f 9 seen by the James Webb Space Telescope, several
exhibit spectral features associated with active galactic nuclei (AGN). These AGN candidates suggest that supermassive black
holes (SMBHSs) grow rapidly in the early Universe. In a series of numerical experiments, we investigate how SMBHSs grow within
and influence the most massive galaxies at Cosmic Dawn using cosmological hydrodynamic zoom-in simulations run with the
adaptive mesh refinement code ramses. Our suite of simulations explore how super-Eddington accretion, seed mass, and the
strength of feedback influence SMBH-galaxy co-evolution in the early Universe. We find that SMBH growth is sensitive to stellar
feedback which generates a turbulent-multiphase interstellar medium (1SM) that stochastically starves the SMBH. In the absence
of AGN feedback, we find that the SMBH is starved  50% of the time after the onset of star formation in the galaxy. SMBH
growth can become self-regulated by AGN feedback if the SMBH becomes massive enough, either by accretion or seeding, for
its feedback to dominate the surrounding nuclear region. We find no evidence of galaxy-scale, AGN-driven quenching in the star

formation rate (SFR) across all simulations in our suite.
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1 INTRODUCTION

Since the start of the decade, the James Webb Space Telescope
(JWST) has discovered a plethora of massive galaxies at Cosmic
Dawn (I f 9) with high stellar masses "*¢ f 108 M and/or high
star formation rates (SFRs) *¢ f 1 M yr (Finkelstein et al. 2023;
Labbé et al. 2023; Mason et al. 2023; Carniani et al. 2024) that are
inconsistent with expectations from standard models of galaxy for-
mation (Boylan-Kolchin 2023). The UV luminosity function (UVLF)
inferred from these Massive Dawn Galaxies (MDGSs) suggests that

30% of the baryonic matter accreting onto the host halo must be
converted into stars (Shen et al. 2023). This star-formation e Cciehcy
(SFE) is high relative to the typical SFEs fi 5% in the local Universe
inferred from abundance matching (Rodriguez-Puebla et al. 2017;
Moster et al. 2018; Behroozi et al. 2019).

Dekel et al. (2023) suggest that star formation may be intrinsically
more e [cieht in MDGs due to high gas densities which suppress
stellar feedback. Simple analytic estimates suggest that gas number
densities can reach up to 10° cm 2 in galaxies hosted by haloes with
masses 10 M at redshift | = 9 (Dekel et al. 2023; Andalman
et al. 2025). These densities are seldom found in the local Universe
aside from the nuclear regions of starburst galaxies.

At Cosmic Dawn, cold gas rapidly accretes onto MDGs through
cosmic filaments, seeding strong turbulence (Dekel et al. 2009;
Ginzburg et al. 2022). This picture is consistent with the high ve-
locity dispersions 30 70 km/s observed in high redshift galax-
ies (de Graa[et al. 2024). The e[eck of strong turbulence on star
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formation and stellar feedback is not captured by standard star for-
mation models used in big box cosmological simulations like Eagle
(Schaye et al. 2015; Crain et al. 2015), Flamingo (Schaye et al.
2023), I lustris-TNG (Naiman et al. 2018; Nelson et al. 2018;
Marinacci et al. 2018; Springel et al. 2018; Pillepich et al. 2018),
Sphinx (Rosdahl et al. 2018), Simba Davé et al. (2019), Cosmic
Dawn Il (Ocvirk et al. 2020), and Thesan (Kannan et al. 2022). It is
currently not computationally feasible to simulate the large volumes
f ,100  cMpc” required to sample massive halos while simulta-
neously resolving the turbulent structure of the interstellar medium
(ISM)onscales 10 pc. For this reason, these simulations use a sim-
ple and computationally-e [cieht star formation prescription based
on the Kennicut-Schmidt Law (Kennicutt 1998a,b), tuned to match
observations in the local Universe (e.g. Hopkins et al. 2014).

Cosmological zoom-in simulations informed by big box dark-
matter-only simulations o Lerla solution to this resolution problem.
The dark-matter-only simulations are used to preselect halos of inter-
estwhich are then re-simulated in a smaller box with higher resolution
and full hydrodynamics. This technique is used in several recent sim-
ulations including Renaissance (O’Shea et al. 2015), FirstLight
(Ceverino et al. 2017), Fire-2 (Ma et al. 2018), Flares (Lovell
et al. 2021; Vijayan et al. 2021), Serra (Pallottini et al. 2022), and
Thesan-Zoom (Kannan et al. 2025). While these simulations were
originally designed to forward model observations and population
properties like the UVLF, their use has been extended to better un-
derstand e [cieht star formation in the early Universe (Bassini et al.
2023; Ceverino et al. 2024; Shen et al. 2025a). These studies show
systematically higher star formation e [ciehcies in massive galaxies
at high redshifts, where there are high gas density conditions.
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Andalman et al. (2025) ran cosmological zoom-in simulations us-
ing the adaptive mesh refinement code ramses (Teyssier 2002) and
a physically-motivated multi-freefall model (Federrath & Klessen
2012) to predict the SFR from a subgrid model of turbulence. With
their physically motivated subgrid model of star-formation and abil-
ity to capture large-scale accretion from cosmic filaments (I =
100 ' cMpc)while resolving the turbulent structure of the interstel-

lar medium (ISM) within the galaxy on scales Gmin 10 pc, they
produced a MDG-like galaxy with a high stellar mass **¢  10° M ,
highSFR 50 M yr, and a high local SFE f 10% by I 9. While

these simulations were successful in producing MDG-like galax-
ies, they neglected the role of the central supermassive black hole
(SMBH).

In the local Universe, SMBHSs are ubiquitously found at the centres
of galaxies and co-evolve with their host (e.g. Ciotti & Ostriker 2007;
Fabian 2012; Kormendy & Ho 2013; Heckman & Best 2014; Reines
& Volonteri 2015; Greene et al. 2020b; Bennert et al. 2021). Central
SMBHs in active galactic nuclei (AGN) produce feedback in the
form of winds and jets which heat and ionize the surrounding gas,
thus regulating star formation (Silk & Rees 1998; Di Matteo et al.
2005; Mountrichas & Buat 2023; Goubert et al. 2024; Bluck et al.
2024). The mass of the SMBH is tightly correlated with various
host galaxy properties (e.g. stellar mass, velocity dispersion of the
bulge, and bolometric luminosity) which likely evolve with redshift
(Kau [mhnn et al. 2003; Merloni et al. 2009; Jahnke et al. 2009;
Bennert et al. 2011; Shen et al. 2015; Suh et al. 2020; Ding et al.
2020; Li et al. 2023; Farrah et al. 2023; Graham & Sahu 2023).

Some MDGs exhibit X-ray emission, high ionization lines, and/or
broad line features indicative of AGN (Kocevski etal. 2023; Harikane
et al. 2023; Larson et al. 2023; Ubler et al. 2023, 2024a,b; Maiolino
et al. 2024a,b,c; Matthee et al. 2024; Greene et al. 2024; Juodzbalis
et al. 2024a,b; Scholtz et al. 2025; Perna et al. 2025). Local virial
relations have been used to estimate SMBH masses for a subset of
these galaxies (Kocevski et al. 2023; Ubler et al. 2023; Harikane et al.
2023; Maiolino et al. 2025; Taylor et al. 2025; Tripodi et al. 2024;
Juodzbalis et al. 2024b), but the reliability of those mass estimates
is debated (JuodZbalis et al. 2025; Naidu et al. 2025; Rusakov et al.
2025). Paired with estimates of host galaxy stellar mass (Harikane
et al. 2023; Maiolino et al. 2024c; Juodzbalis et al. 2025), SMBH
mass estimates indicate that several SMBHs at Cosmic Dawn are
overmassive relative to local ""gy  ""¢ relations by at least 1-2
dex (Ubler et al. 2023, 2024a; Harikane et al. 2023; Kokorev et al.
2023; Carnall et al. 2023; Maiolino et al. 2024c; Pacucci et al. 2023;
Maiolino et al. 2024a; Furtak et al. 2024; Juodzbalis et al. 2024b;
Natarajan et al. 2024; Andika et al. 2024), although some of the
discrepancy may arise from selection biases (Ananna et al. 2024;
Lupi et al. 2024b). Regardless, these empirical estimates require a
mechanism to produce overmassive SMBHSs at Cosmic Dawn. The
prominent theoretical proposals invoke either the formation of heavy
seeds f 10* " or super-Eddington accretion.

SMBH seed formation scenarios are typically separated into 3
groups segmented by resulting seed mass: light seeds  10% ** ,
intermediate seeds 10 2 3 ** | and heavy seeds 10 8 ** . Light
seeds are produced by black hole remnants of Population I11 stars
(e.g. Madau & Rees 2001; Schaerer 2002). Intermediate seeds are
likely produced by runaway mergers (e.g. Portegies Zwart et al. 2004;
Freitag et al. 2006; Lupi et al. 2014; Reinoso et al. 2018; Arca Sedda
et al. 2024; Gaete et al. 2024; Rantala & Naab 2025; Dekel et al.
2025). Heavy seeds are produced by the direct collapse of gas in
halos of size 10’ 8 M (e.g. Oh & Haiman 2002; Begelman
et al. 2006; Natarajan 2011; Latif et al. 2013, 2014; Latif & Ferrara
2016; Wise et al. 2019; Basu & Das 2019; Narayan & Quataert
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2023; Shen et al. 2025b). Light and intermediate seed scenarios
require super-Eddington accretion to be consistent with the massive
SMBHs inferred from recent JWST observations (Volonteri & Rees
2005; Madau et al. 2014; Volonteri et al. 2016; Pezzulli et al. 2016;
Inayoshi et al. 2020; Schneider et al. 2023; Massonneau et al. 2023;
Sassano et al. 2023; Bennett et al. 2024; Pacucci & Narayan 2024;
Lupi etal. 2024a,b; Trinca et al. 2024; King 2025; Husko et al. 2025;
Quadri et al. 2025; Sanati et al. 2025). Super-Eddington accretion is
already well studied in tidal disruption events, ultraluminous X-ray
sources, and quasars (see Jiang & Dai 2024, for a review). Several
studies have explored super-Eddington accretion onto SMBHs in
cosmological environments (Di Matteo et al. 2017; Regan et al.
2019; Anglés-Alcazar et al. 2021; Rennehan 2024; Lupi et al. 2024a;
Gordon et al. 2025; Husko et al. 2025; Quadri et al. 2025; Sanati
et al. 2025). These works have shown that, while super-Eddington
accretion is a viable option for rapid SMBH growth, the impact of
AGN and stellar feedback on this growth is still not fully understood
across all possible environments.

In this work, we explore in detail, how SMBHSs grow in and in-
fluence the most massive galaxies at Cosmic Dawn. We do so by
introducing SMBHSs into the precursory simulations of Andalman
et al. (2025) originally designed to replicate the MDGs commonly
seen by JWST. We run a suite of 9 numerical experiments exploring
how AGN feedback, SMBH seed mass, and maximal accretion rates
impact the growth of the SMBH and the co-evolution of the SMBH
with the host galaxy. In Section 2 we introduce the simulations used
in our analysis and in Section 3 we discuss how the SMBH grows and
regulates its own growth via AGN feedback (self-regulates) across all
of the simulations. We also discuss the impact of the SMBH on the
host galaxy and provide insights on growth from relevant timescales
in the simulations. Lastly, in Section 4 we summarize our findings
from this work.

2 SIMULATIONS

In this work, we use the adaptive mesh refinement (AMR) code ram-
ses (Teyssier 2002). ramses simulates the interactions between gas,
star clusters, dark matter, and sink (SMBH) particles in a cosmolog-
ical context. In this section, we describe our simulations of MDGs
with central SMBHs as seen in Fig. 1.

2.1 RAMSES

We build o CfhHe simulation setup in Andalman et al. (2025), which
we recap here for clarity. Throughout this work, we adopt a standard

CDM cosmology with parameters =07, mo=0276, po =
0 049, o = 0 724. ramses evolves gas on an adaptively-refined
numerical grid. Simultaneously, ramses evolves star cluster, dark
matter, and sink particles with a Lagrangian approach. Gas and dark
matter are coupled by the Poisson equation. Gas and star cluster
particles are coupled by star formation and stellar feedback. Sink
particles are evolved using a direct summation approach (Bleuler &
Teyssier 2014).

ramses evolves the hydrodynamical variables (density d, pressure
%, velocity v, and metallicity /) on the grid by solving the Euler
equations with an unsplit second-order Godunov method and an
ideal gas equation of state with W = 5 3. ramses sets the timestep
adaptively by the stability criteria described in Teyssier (2002). In
practice, the typical timestep is 500 yr. Each dark matter or star
cluster particle is prescribed a unique identification number (ID),
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Figure 1. This figure depicts our zoom-in simulation of a massive Cosmic Dawn galaxy at 1 = 9 with a SMBH at the centre regulated by AGN feedback. The
top row shows consecutive zooms into a slice of the gas density depicting gas filaments which feed onto the host galaxy. In the bottom row we show projected
quantities: the gas surface density, temperature (weighted by gas density), and the stellar surface density superimposed on the dark matter surface density. The
cyan star is the SMBH at the centre of the galaxy. The galaxy resembles a clumpy thick disk of stellar clusters.

position X, and velocity v. Star cluster particles also carry additional
metadata: mass <¢, metallicity /, and time of birth Cyjrn.

We generate initial conditions using music (Hahn & Abel 2011).
The initial conditions are chosen such that the galaxy of interest
will form at the centre of our simulation domain: a periodic box of
comoving volume ,100 1 cMpc”3. This is done by first generating
initial conditions at 1 = 100 with music for a fixed low-resolution
(G 02 !cMpe, <gm =172 105 M ) dark matter only
simulation such that a candidate halo with mass **haio > 101 M
forms within the domain by I = 9. From this precursory simulation,
a new set of initial conditions are generated with music including
baryons and dark matter, translated so that the candidate halo forms
near the centre of the box by 1 = 9.

Throughout the simulation the grid mesh refines adaptively, such
that the width of a grid cell can be writtenas G =1 2 where is
the refinement level. As the mesh refines the mass resolution of dark
matter particles is given by <qm = modgito ! 2 % Within the
zoom-in region of interest, the minimum mass resolution of the dark
matter particles is <gm min > 248 10* M (= 14). This minimum
dark matter mass resolution corresponds to a baryon mass resolution
<pmin = <dmminwhere 5y = po mo ~ 0 17.Outside the zoom
region of interest, the mass resolution degrades down to a minimum
refinement level of = 7. In order for a grid cell to refine within
the simulation, the advected refinement mask M must be greater than

0.1 and either the mass of dark matter within the cell must exceed 8
<gm, the baryonic mass in the cell exceeds 8<p, or more than 5 Jeans
lengths are within the cell. These conditions ensure that cells at the
highest refinement level will have the ability to form stars.

As the simulation runs, the domain expands with the Hubble flow.
Each time the physical box size doubles we increment the maximum
refinement level max. We stop refining beyond max = 20 occurring
when the scale factor 0 0 05. This refinement is done to maintain
a physical grid resolution of Gpi, > 10 pc in the zoom-in region
over the entire time evolution of the simulation.

All simulations in this work make use of the Stellar cluster at
Princeton University. Each simulation requires 130 000 CPU
hours running on 2.9 GHz Intel Cascade Lake CPUs.

2.2 Simulating Massive Cosmic Dawn Galaxies

The simulations of Andalman et al. (2025) are designed to simulate
the rare MDGs observed by JWST which commonly have stellar
masses "¢ 108 M and high SFRs *’¢ f 1 M yr (Finkelstein
et al. 2023; Labbé et al. 2023; Mason et al. 2023; Carniani et al.
2024). These galaxies exceed expectations of the UV luminosity
function predicted by standard galaxy formation models (Boylan-
Kolchin 2023; Shen et al. 2023), possibly requiring star formation to
be 5 times more e [Ccieht than what is seen in the local Universe.

MNRAS 000, 1-17 (2025)
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We use the fiducial simulation of Andalman et al. (2025) as a starting
point to investigate the role of SMBH growth and feedback in MDGs.

2.2.1 Star Formation

These simulations avoid extrapolations of empirical relations of star
formation from the local Universe by using a physically-motivated
turbulence-based subgrid multi-freefall star formation model. This
allows for a variable local SFE which can fluctuate across the galaxy
depending on subgrid turbulence as opposed to a fixed global SFE
across the galaxy.

We evolve the turbulent kinetic energy as a passive scalar using
the Large Eddy Simulation (LES) method (Kretschmer & Teyssier
2020) with compressive turbulence forcing (Federrath et al. 2010).
In the multi-freefall star formation model, the local SFE per free-fall
time is calculated using the turbulent kinetic energy assuming that
the density fluctuations follow a log-normal distribution as expected
in a supersonic turbulent medium (Vazquez-Semadeni 1994; Kritsuk
et al. 2007). In each cell, we sample the number of star cluster
particles per timestep from a Poisson distribution to match the desired
SFR. Each star cluster particle has a mass *"¢j = <p min = 4400 *" .

We avoid modelling Pop 111 stars by enriching the ISM to 10 3/
in the initial conditions, surpassing the maximal metallicity which
Pop I11 stars can form from due to fine-structure Carbon and Oxygen
line cooling (Bromm & Loeb 2003). We add cooling terms to the
energy equation based on the local metallicity, assuming equilibrium
chemistry of Hydrogen and Helium (Sutherland & Dopita 1993;
Katz et al. 1996). We assume cosmological abundances of Hydrogen
- = 076 and Helium . = 024. We include additional heating
for difuse gas =y 10 2 cm 2 from a time-dependent uniform
extragalactic UV background (Haardt & Madau 1996; Aubert &
Teyssier 2010). We floor the temperature at the cosmic microwave
background (CMB) temperature at I = 9 givenby)cms ” 2 275K
W1, 1"=2725K.

2.2.2 Stellar Feedback

The prescription for stellar feedback can be broken up into two cat-
egories, early and late type feedback. In both cases, stellar feedback
is due to massive f 8 *" stars. Early type feedback has multiple
sources. Here, we only model thermal pressure associated with pho-
toionization. We note that the e [Cciehcy of photoionization feedback
is sensitive to the star particle mass *"¢, we adopt the fiducial value
""c = 4400 M chosen by Andalman et al. (2025). For further dis-
cussion on the impact of this choice, see Section 2.5 of Andalman
et al. (2025). Late type feedback is due to Type 11 supernovae (SNe),
which occur 3 20 Myr after the birth of the star (Leitherer et al.
1999; Kimm et al. 2015).

After 20 Myr, all of the massive stars in a cluster will have ex-
ploded. Therefore, we only model early feedback from star cluster
particles younger than 20 Myr. We set the cell temperature to 20000 K
in cells containing young star cluster particles. In the case where mul-
tiple star cluster particles are within a cell, the injected thermal energy
is multiplied by the number of star cluster particles.

Each star cluster particle is expected to produce #sn = j "o <nig
SNe, where j is the mass fraction of massive stars in the stellar pop-
ulation, <pjg is the average mass of a massive star in the stellar
population, and ""¢; is the star cluster particle mass. Andalman et al.
(2025) use <pjig =10 M and j = 0 2 loosely following a Chabrier
(2003) initial mass function. The number of SNe events per timestep
is drawn from a Poisson distribution to match the desired SNe rate.
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We compute the energy and momentum associated with SNe feed-
back using power law fitting functions from Martizzi et al. (2015),
calibrated to their detailed simulations of individual SNe explosions.
If the cooling radius is resolved o1 § 4 G then thermal energy
sn 7 10° ergs is injected into the grid cell. If the cooling radius
is not resolved oo G then instead momentum is injected to
mimic the "snow plough” phase of the blast wave. In the case where
the cooling radius is marginally resolved G ool 4 G, we
interpolate to inject both thermal energy and momentum.

2.3 SMBH Formation & Growth

There are 3 proposed formation channels (light seeds, intermediate
seeds, and heavy seeds) fora SMBH within a host galaxy (see Section
1). While the formation channel of SMBHSs is an open question, it
is not the focus of this work. We use heavy seed masses 10* M
and 105 M motivated by observational constraints on seed mass
from the local Universe (Greene & Ho 2007; Goulding & Alexander
2009). Our default seed mass of 10* M resides at the boundary
between intermediate and heavy seed formation channels. Both of
these channels require the formation site to be dense in either gas
or stars. For this reason, we use the native on-the-fly clump finder
phew (Bleuler et al. 2015) within ramses to locate dense “clumps”
within the simulation. We require that the formation site for a sink to
form must have a halo mass of 108 M with gas and stellar masses
of 10° M . In most of our simulations, we choose our initial sink
mass representing the SMBH to be ""seeq = 10* M (a tenth of the
surrounding mass in stars and gas) which coincidentally similar to
the dark matter mass resolution > <gm min-

Once the SMBH forms, it accretes the surrounding gas within a
sphere of fixed radius Asipk = 4 Gmin ~ 40 pc. We use a subgrid
model for accretion onto the SMBH, since we cannot resolve the in-
tricate accretion physics near the horizon scale (recent breakthroughs
have enabled multi-scale studies that resolve the horizon scale, e.g.
Hopkins et al. 2024; Guo et al. 2025). We use the subgrid model
described in Biernacki et al. (2017), which employs a modified ver-
sion of the Bondi-Hoyle-Lyttleton formula (Hoyle & Lyttleton 1939;
Bondi & Hoyle 1944; Bondi 1952) most applicable to accretion in
turbulent flows (Krumholz & McKee 2005). The formula for the
Bondi accretion rate is written as

ondi = 4Cd 1A, giEbondi 1)

where we define the Bondi velocity Epongi and the Bondi radius Apongi
to be

Evondi = 22,4 E4,  Avondi = —5 Sk 2
bondi

In this work we ignore the relative velocity Er between the gas
and the sink so that the Bondi velocity is only dependent on the
e Lecktive sound speed 2s . The e [eckive sound speed is equal to
the sound speed within the sink radius 2 divided by a boost factor
Vboost»d” = max ,d d¢"23 10 which depends on a threshold crit-
ical gas density d¢ which we set to be 1 H/cc following Biernacki
et al. (2017). We boost the accretion rate to account for unresolved
density and temperature fluctuations smaller than  Gp,j, = 10 pc.
This treatment of boosting the accretion rate is equivalent to the
ubiquitous boosting treatment of Booth & Schaye (2009). Lastly, d1
is defined as

_ hdi
UBnGsink”

where hdi is the average gas density within the sink sphere, Ug

d1 ®)
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Run Name AGN Feedback  Seed Mass[M ] _edd Stellar Feedback
Fiducial_Andalman+25 N/A N/A N/A Fiducial
super_edd_AGN Yes 1% 3 Fiducial
super_edd_no_AGN No 10 3 Fiducial
Yes fo 1 Fiducial
No fo 1 Fiducial
edd_AGN Yes 10 1 Fiducial
edd_no_AGN No fo 1 Fiducial
Yes 10 1 Fiducial
No ii0] 1 Fiducial
low_stellar_edd_AGN Yes 104 1 Low
low_stellar_edd_no_AGN No 104 1 Low

Table 1. We present all the numerical experiments discussed in this work. There are a total of 9 simulations where we toggled AGN feedback, varied SMBH
seed mass, varied the limit of accretion onto the SMBH, and varied the feedback e [ciehcy.

is the dimensionless density profile of a Bondi accretion flow, and
Gsink = Asink Abondi i the dimensionless sink radius. The dimension-
less density profile Ug,G” approaches Ug / G 22 when the flow
within the sink radius is strongly supersonic (Gsijw 1 and it ap-
proaches Ug ” 1 when the flow within the sink radius is strongly
subsonic (Gsink 1) (Krumholz & McKee 2005). The boost factor
Vboost alters where the e [eckive transition from subsonic to super-
sonic lies in this formalism (Biernacki et al. 2017).

Since we do not self-consistently model radiation, we impose a
limit on the Bondi accretion formula where radiation pressure has a
significant e [eck on the accretion flow. This maximum limit on the
accretion rate is commonly known as the Eddington rate

4c "sink<p @
nrfTZ

where <, is the proton mass, ¥y is the Thomson cross section, and

n, = 10% is the radiative e [ciehcy proposed by Shakura & Sunyaev

(1973).1 When accreting at the Eddington rate, the SMBH growth is
exponential

y(eddz

T,
Hgg = —= (5)
Osal
with a characteristic Salpeter timescale gsa > 45 Myr. We define the
maximal accretion factor _egqg ~ »“T&X >4q to increase the Ed-
dington rate by a factor of _¢qq allowing super-Eddington accretion
in our simulations. The standard Eddington limit occurs when we set
_edd = 1.
Ultimately, the accretion rate of the SMBH is given by

y(cc:min o y(edd (6)

a bondi _edd
In practice we divide the Salpeter timescale by _eq¢ to alter the
maximal accretion rate. As the SMBH accretes gas from within the
sink sphere, the sink sphere looses gas mass ~ *"gas = e C. This
is done by removing density from each cell in the sink sphere with
mass-weighting for each cell to prevent completely stripping cells of
low density.

2.4 SMBH Feedback

As the SMBH grows, it releases energy into the surrounding envi-
ronment. In the high redshift Universe, observations suggest AGN

L We note that the radiative e [cighcy could be significantly lower than 10%
(Sadowski et al. 2014; Ryan et al. 2017; Davies et al. 2019) which could raise
the Eddington rate. Lowering this e [Ciehcy would have the same e [eck as
raising the super-Eddington accretion factor _gqq in our simulations.

feedback is dominated by the “quasar mode™: a phase of feedback
characterized by a strong isotropic AGN-driven wind that quickly
thermalizes the surrounding nuclear environment through forward
and reverse shocks. Therefore, in our simulations we inject purely
thermal energy into the sink sphere isotropically. The luminosity of
our SMBH is given by

Yaon = nrnc}'(alcc22 (7

where n¢ is the thermal energy coupling e Lciehcy parameter. The
energy from the SMBH is deposited at every time step  agn =
Tagn Cinto the cells of the sink sphere with mass-weighting.

In cosmological simulations, n¢ is typically chosen between 5%
and 15% depending on resolution to match observables(Springel
et al. 2005; Booth & Schaye 2009; Wurster & Thacker 2013; Gabor
& Bournaud 2013). In our simulations, we consider strong AGN
feedback nc = 15% and no AGN feedback n. = 0%, which lets us
isolate its e [eck.

2.5 Simulation Suite

We run 11 simulations to investigate di Cerent SMBH growth scenar-
ios within an MDG at Cosmic Dawn. Our suite of simulations are
summarized in Table 1. We vary 3 aspects of SMBH growth within
the simulation: strength of AGN feedback n; = ,,0% 15%”", the max-
imal growth rate _¢q¢ = ,1 3 1", and the seed mass of SMBH
"t eed = ,10% 105" M . Across all of our simulations we hold the
same seeding criteria that "*gss "¢ 10°M and ""hao 108 M

which corresponds to a seeding time of I 15 within the host MDG.

As a point of reference, we reproduce the fiducial MDG simula-
tion of Andalman et al. (2025) with no sink particles. Additionally,
we include simulations with lower stellar feedback than the fiducial
model to explore the impact of stellar feedback on SMBH growth
within the MDG. We achieve this by removing early-type feedback
(equivalent to SNeOnly or noPhot simulations of Andalman et al.
(2025)), leaving only feedback from core-collapse SNe. In the ab-
sence of photoionizing feedback the cooling radius ”co remains
unresolved which means that SNe can only inject momentum into
the ISM. We refer to this feedback model as the low stellar feedback
model in Table 1. The low stellar feedback model creates a thinner
and colder disk than the fiducial model, allowing for more e [Cieht
SMBH growth.

We find that the simulations with ""seeq = 10* M, eqq = 1
are the only simulations in our suite where AGN feedback strength
does not play a significant role in SMBH evolution (see Fig. 2). This
finding motivates the inclusion of simulations varying the maximal
growth rate and the seed mass as we expect these parameters to have
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the most dominant impact on the resulting SMBH mass by 1 9.
Beyond the Eddington limit, we explore mildly super-Eddington ac-
cretion _gqg = 3 and extreme super-Eddington accretion _egqq = 1
where we remove the Eddington limit entirely. In our simulations,
extreme super-Eddington accretion achieves a maximum accretion
rate comparable to _eg¢  10°  10*. Both super-Eddington simu-
lations show a significant di Cerence in SMBH evolution when AGN
feedback strength is varied. The super-Eddington simulations with
AGN feedback deviate from their no AGN feedback counterpart
when ""gink 10° M , this motivates our choice of seed mass

for the high_seed_edd_AGN and high_seed_edd_no_AGN simu-

lations. In Section 3 we explain the diversity in SMBH evolution
between our simulations and explore the impact of the SMBH on the
host galaxy across all of the simulations.

3 RESULTS

In Section 3.1 we first present an analytical framework to understand
the growth of the SMBH across our simulations. By modelling the
competition between heating and cooling in the sink sphere we gain
insights into transitions between di [erent accretion regimes. We use
this modelling framework to explain how the SMBH grows within
the host galaxy across all our simulations in Section 3.2. In Section
3.3 we describe the impact of the SMBH on the host galaxy across
all of our simulations. In Section 3.4 we identify relevant resolution-
independent growth timescales which o [erlphysical insights about
SMBH growth in massive galaxies at Cosmic Dawn.

3.1 SMBH Accretion Regimes

Following Biernacki et al. (2017), SMBH growth in our simulations
can be understood by considering the competition between heating
and cooling within the sink sphere. Gas near the SMBH is heated
by AGN feedback and cooled by radiative losses. The mean specific
internal energy within the sink sphere is governed by the following
equation

3n LN "
0= = =)/ ®)
|{Zs}nk | z }
AGN Heating Cooling

where +gnk is the sink sphere volume, =y is the gas density, and

») /" is the cooling function, which depends on temperature and
metallicity (Katz et al. 1996; Sutherland & Dopita 1993). The specific
internal energy is related to the temperature and the sound speed by

2 IB) a2
Tl A ©)
where we have assumed an ideal gas.

Like Biernacki et al. (2017), we identify two accretion regimes:
cold and hot. In the cold accretion regime, the cooling term dominates
the heating term in equation 8. As a result, the sound speed is kept
close to the floor temperature. If the SMBH is at rest in the centre of
the galaxy, then the Bondi accretion rate is

w92
Hpondi 7 ded (10)
25,0
Therefore, a low sound speed implies *bongi_edd **edd » SO the
accretion rate is limited by _eqq ¥id / "sink. 1fthe SMBH accretes
at this maximum rate, then it will grow exponentially with a charac-
teristic growth timescale of gsa ” 45 Myr _eqq . In Fig. 2 we show
these exponential growth tracks as black dashed curves.
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3.1.1 Transition from Cold to Hot Accretion Regime

As the SMBH grows, the Eddington accretion rate increases and
heating from AGN feedback becomes increasingly important relative
to radiative cooling. The SMBH transitions into the hot accretion
regime when the heating and cooling terms are equal. This transition
occurs at a critical SMBH mass

W:ﬁ ) " sink (11)

ool — Osal
sink crit —

We are interested in the critical mass corresponding to the maxi-

mum (over temperature) of the cooling function ) /”. which we
parametrize as
(
5 102 £ if/ 02/
”/vv ” max» ") VAN /
10 % otherwise
(12)

This parametrization is most applicable to gas with significant metal
enrichment. If *"ge § "% . when 7 max» ,) /. then
heating dominates over cooling regardless of the temperature of the
gas. In other words, if AGN heating causes the temperature to rise
within the sink sphere after cooling has reached a maximum, then
there is no way for cooling to stop runaway heating.

Plugging in our parametrized version of the cooling function we

have

ool 22 10°M =y 2/ A
sink crit edd 10cm 3 / 40 pc

We show the time evolution of this threshold in the top panel of Fig. 3.
To account for metal enrichment over time we use the average mass-
weighted metallicity within the sink sphere as a function of time in our
calculation of the critical mass threshold.? An important departure
from the work of Biernacki et al. (2017) comes from the di Cerknce
in the underlying nature of the ISM. In the MDG environment, the
turbulent-multiphase 1SM consists of sloshing patches of cold-dense
(= 10%cm 3 ¢s 10 km s)andhot-di[ISe (=4 10 cm 3 ¢
108 km s) gas with a density and sound speed contrast between the
two phases of f 2 3 orders of magnitude (see Fig. 4). In Biernacki
et al. (2017), the SMBH undergoes sustained accretion of dense gas
from a relatively stable ISM in a late-type galaxy.

In the late type galaxy environment of Biernacki et al. (2017)
the SMBH only has to exceed the critical mass once to transition
into the heating dominated regime and achieve self-regulation from
runaway heating. However, in the MDG environment, the SMBH
often exceeds the critical mass in hot-di [use pockets of the ISM, but
not in cold-dense patches where the critical mass is larger by a factor
up to 10* (Fig. 3).

When the SMBH sits in a cold-dense patch of the ISM, it enters
deep into the cold accretion regime and accretes maximally at the
(super-)Eddington-limited rate, which we call the feast mode. When
the SMBH enters a hot-di [1Sk pocket, it enters into the hot accretion
regime and accretes at the Bondi-limited rate (*pondi _edd **edd ),
which we call the starvation mode. The naming reflects the fact that
the accretion rate is so small in the starvation mode that the SMBH
growth e [ctively stagnates.® We provide a schematic of this picture

(13)

2 We do not store metallicity in the sink sphere at every time step, but instead
at every output dump. We linearly interpolate the metallicity between outputs
to include it in our calculation of the critical cooling mass threshold.

3 Throughout this work, any reference to the feast and starvation modes of
accretion implies environment-induced entry into the cold and hot accretion
regime.
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Figure 2. Mass evolution of the SMBH as a function of time for all simulations in our suite (see Table 1). Solid coloured curves denote simulations with AGN
feedback and dashed coloured curves denote simulations without AGN feedback. Thin-black dashed lines correspond to exponential (super-)Eddington growth
with a slope determined by _¢qq . The black dotted curve denotes the critical self-regulated mass * ';Snck «it equired for AGN feedback to unbind gas in the sink
sphere from the halo. For context, we include observations of Cosmic Dawn AGN with JWST (Maiolino et al. 2024a; Natarajan et al. 2024; Napolitano et al.
2025a; Taylor et al. 2025; Naidu et al. 2025). The zoom-in panels show snapshots of the projected density field within a 500 pc region around the sink sphere
at early and late times for di [erent simulations. The cyan rings denote the sink sphere with radius Asj,x = 40 pc. The arced arrows denote the suppression in

the growth slope caused by the turbulent-multiphase ISM environment. We provide a heuristic diagram to show how the environment impacts SMBH growth in

the bottom right. Simulations with no AGN feedback in the fiducial ISM model show the same amount of starvation (U

stellar feedback model indicate no starvation (U = 1).

in the bottom right panel of Fig. 2. The underlying properties of the
ISM have a direct impact on the growth of the SMBH by determining
the duration and stochasticity of feast and starvation modes (Section
3.2).

If the mass of the SMBH is greater than the critical cooling mass
threshold for the majority of the time spent in hot-di [use pockets
of the ISM (f 50%), then AGN feedback will influence the sur-
rounding environment of the SMBH (Section 3.2). If the SMBH s
not massive enough to sustain being above the critical cooling mass
threshold, then it may not become capable of generating enough ther-
mal pressure to influence the surrounding environment and achieve
self-regulation at Cosmic Dawn.

3.1.2 Hot Accretion Regime to Self-Regulation

If we assume that the SMBH has been in the hot accretion regime
long enough to mediate the nuclear region of the galaxy, then we can
ignore the cooling term in equation 8 and take e = P ondi- We
then solve the simplified di Cerential equation for the time evolution
of the sound speed assuming Bondi-limited accretion of an ideal gas

0 5) while simulations with the low

onto the SMBH, as done in Biernacki et al. (2017), which yields
" 2 s

—Sm 14
Asink Asink ( )

This model implies that the temperature in the sink region grows
indefinitely. However, eventually the gas near the SMBH expands and
cools adiabatically. The relevant timescale for cooling via adiabatic
expansion is the sound-crossing time of the sink sphere geross.l” =
Asink 2s,0". By plugging this timescale into equation 14, we find the
maximum sound speed in the hot accretion phase is

" 6

25 max = 2snQcross” = ?ncnr22 — sk (15)

Asink

If the SMBH is massive %ﬂough such that 25 max exceeds the escape
velocity of the halo Eesc = 2 ""hato Analo, then it is possible for the
SMBH to unbind gas from the halo via runaway thermal heating
from AGN feedback. By equating Eesc t0 25 max, We find the critical

MNRAS 000, 1-17 (2025)
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SMBH threshold mass is

s
e Ak 2 12 Thao 16)
sink crit 15 ncnr22 Ahalo
where the halo radius is given by
3 "halo 13
A = — 17
halo 4c am ( )
where d, is the mean comoving density of the universeand = 200

is the critical overdensity for spherical collapse. If *"sink i "SeiSan orit
then we expect the thermal energy deposited into the sink sphere by
AGN feedback to be strong enough to completely remove any gas that
could be accreted, e Ceckively regulating the growth of the SMBH.
Therefore, in the absence of stellar feedback, ** Seisrﬁ( orit Fepresents the

self-regulated mass of the SMBH. Numerically this self-regulated
mass can be written as

A "
wuesC > 6 sink halo
sink crit 4 1°M 40 pc 1011 M

which corresponds to the self-regulated mass at the end of our sim-
ulation when I = 9. In our simulations, stellar feedback complicates
this picture by seeding the turbulent-multiphase ISM, so **& . is
an e [ective upper bound on the mass of the SMBH in the hot regime
which can be seen in Fig. 2 (black-dotted curve).

Both critical masses are explicit functions of Agj, with **S%! ./

sink crit
3 wwesc . H ici 1 -
Ak and "0 i 7 Asink, meaning they are explicitly resolution de

pendent quantities. If our e Cective minimum resolution was 1 pc in-
stead of 10 pc then we would expect the cold-to-hot accretion regime
transition mass to be 1000 smaller and the self-regulated mass to be
10 smaller. This is obviously not a satisfactory result, as it prevents
our model to be fully predictive. One can speculate that multiple
missing physical ingredients could provide fixed physical scales over
which feedback energy will be deposited (non-equilibrium radiation,
relativistic particles and cosmic rays, magnetic fields...) but this is
beyond the scope of this paper.

In summary, we have described the possible states the SMBH
can be in throughout the simulation. The possible accretion regimes
are bifurcated into the cooling-dominated (cold) maximal accretion
regime limited by _egq *eq¢ and the heating-dominated (hot) sub-
maximal accretion regime limited by *ondi- The transition between
these two regimes occurs when *“ginx ~ "sci(r)ﬂO(Icrit' The ISM in the
MDG environment is turbulent and multiphase with cold-dense and
hot-di [use patches which the sink sphere can plunge into, compli-
cating this picture by raising or lowering Scl‘r’]‘l’(' orit Y 4 orders
of magnitude, triggering feast or starvation modes of accretion. If
"Ysink i ;‘r’]‘;' orit for su Lciehtly long, then the thermal pressure from
AGN feedback will be strong enough to influence the surrounding
environment, e Ceckively stabilizing the ISM immediately surround-
ing the sink sphere. If this happens then there will be su [cieht time
for runaway AGN heating that can unbind gas from the halo. The
mass of the SMBH then grows in step with the self-regulated mass
" e s In Section 3.2 we examine the SMBH growth across all

sink crit”
simulations in our suite with this framework in mind.

(18)

3.2 Growth of the SMBH

All simulations in our suite (outlined in Table 1) with the fiducial
stellar feedback model have 2 distinct epochs of growth: the calm
accretion epoch limited by _eqq 44 and the bursty accretion epoch.
In Fig. 2, we show that the transition between these two epochs of
growth occurs shortly after C 300 Myr for all simulations except
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Figure 3. In the top panel we show the critical mass threshold for heating
from AGN feedback to dominate over cooling SCI?]?(' ot "elative to the sink
mass as a function of time for all simulations with AGN feedback enabled.
In the bottom panel we show the gas density within the sink sphere for each
simulation. For clarity, all curves shown are running averages with a window

size of 5 Myrs.

those where _¢qq = 1. One can see this transition as a departure
from the black dashed lines denoting exponential (super-)Eddington
limited growth. This transition occurs because of stellar feedback.

3.2.1 The Bursty Epoch

The first significant burst of star formation in our simulated MDGs
occurs at 300 Myr (Sec. 3.3). The ensuing stellar feedback drives ISM
turbulence and creates pockets of hot-di [usk gas in an otherwise cold-
dense medium. The sink sphere stochastically samples this multi-
phase structure, leading to alternating periods of feast and starvation
mode accretion.

Stochastic plunges into the cold-dense medium can be seen in the
fluctuations of density and sound speed within the sink sphere in Fig.
4. This e[ect is most clear in simulations without AGN feedback
(dashed lines) because there is no way for the SMBH to influence
the surrounding environment aside from accreting gas. It is clear
from the bottom row of Fig. 4 that when density abruptly rises and
the sound speed abruptly falls as the sink sphere enters a cold-dense
patch of the ISM, the accretion rate reaches the (super-)Eddington
rate (feast mode). Similarly, when the density abruptly falls and the
sound speed abruptly rises as the sink sphere leaves a cold-dense
patch of the ISM, the accretion rate drops substantially (starvation
mode).

We model the mass evolution that arises from this bursty ac-
cretion history as a piecewise exponential function schematically
drawn in the bottom-right panel of Fig. 2. The mass evolution af-
ter C 300 Myr consists of many bursts of maximal exponential
accretion followed by short stagnations of growth. The stochasticity
of these feast and starvation modes is set by the stochasticity of the
SFR. According to Fig. 12 of Andalman et al. (2025), the power
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Figure 4. Sink sphere properties as a function of time. Each column represents a di [erent set of simulations from the suite outlined in Table 1. In all panels,
solid lines denote simulations with AGN feedback and dashed lines denote simulations without AGN feedback. The top and middle rows show the density (blue)
and sound speed (red) within the sink sphere. The bottom row shows the accretion rate relative to the Eddington rate. For clarity all curves shown are running

averages with a smoothing window of 5 Myrs.

spectral density (PSD) of the SFR follows a red noise distribution
over fluctuation timescales of 1 - 10 Myrs and white noise outside of
those timescales. The duration and occurrence rates of feast modes
reflect these red-noise distributed timescales. Stochasticity in SFR
along with the strength of stellar feedback directly sets the distribu-
tion of occurrence rates and durations of feast and starvation modes
of accretion by setting the properties of the multiphase ISM.

A common feature seen in all (super-)Eddington limited simula-
tions that use our fiducial stellar feedback model but do not have AGN
feedback is that there is a consistent suppression in the exponential
growth timescale by a factor

fl
0" 30
—ﬂ—3C (19)

where (" is an indicator function that can be written as

«
o= 1 if y(acc = _edd /edd

. (20)
0 otherwise

We find the suppression factor to be U 05 for our fiducial ISM
model. This implies that the SMBH spends nearly the same amount
of time in the starvation mode as it does in the feast mode. The
accretion rate in the bursty accretion epoch can be simply described
then as *cc U _edd *eqd in the absence of AGN feedback.

We show that the suppression factor depends sensitively on the
conditions of the ISM by showing the mass evolution of the SMBH in
the same MDG but instead with the low stellar feedback model. In the
low stellar feedback model early-type stellar feedback is turned o (s
that SNe are only injecting momentum into the gas. In the low stellar
feedback model the ISM does not contain hot-di [use patches so the
density in the nuclear environment is sustained at =4 10% cm 3,
This environment allows the SMBH to steadily grow at a maximal
accretion rate until it surpasses ;‘r’]‘l’(' erit 108 M (see equation 13)
which means the SMBH is in the feast mode the entire duration of the
simulation (U = 1). In Fig. 2, we compare the projected density field

in the vicinity of the sink sphere to illuminate this description. At
early times (C fi 300 Myr) there is no significant di [erence between
stellar feedback models and the cold-dense gas is smoothly varying
within the nuclear region. At late times (( 500 Myr) there are
significant di Cerences in the nuclear region of the ISM between the
low and fiducial stellar feedback models. The gas density in the
fiducial stellar feedback model is patchy with high density contrast
between ISM phases while the gas density in the low stellar feedback
model is more reminiscent of early times.

3.2.2 Self-Regulation

We see in the top panel of Fig. 2 that once the edd_AGN and
edd_no_AGN simulations enter into the bursty accretion epoch there
is no significant di Cerence in SMBH growth between the simula-
tion with no AGN feedback (red dashed curve) and the simulation
with AGN feedback (red solid curve). This implies that the SMBH
is not self-regulated by AGN feedback but instead entirely regulated
by stellar feedback during this epoch. This is in contrast to all other
simulations with the fiducial stellar feedback model where we do see
a divergence in mass evolution between simulations with AGN feed-
back and simulations without AGN feedback in the bursty accretion
epoch.

When we examine Fig. 2 for diLerences between the edd_AGN
simulation and the rest of the simulations that achieve self-regulation,
it is immediately clear that by the time of entry into the bursty
accretion epoch, the SMBH in the edd_AGN simulation is an order of
magnitude less massive than in the other simulations. One can intuit
that the di [erence in SMBH mass at this point in time is crucial to
explain this behaviour. Using the formalism described in Section 3.1,
we can understand why by comparing the sink mass to the critical
cooling mass ;‘r’]i' orit 88 done in Fig. 3.

During the calm accretion epoch, the environment of the
SMBH is approximately equivalent for all simulations that have a

MNRAS 000, 1-17 (2025)
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Figure 5. The SFR as a function of time over the duration of our simulations.
This quantity is computed from stars within a 2 kpc box centred on the SMBH
at the centre of the galaxy. All curves correspond to a running average with
a window of 10 Myr. The black dash-dot curve is the measured SFR from
the base fiducial simulation of Andalman et al. (2025) with no SMBH. The
solid coloured lines correspond to simulations with AGN feedback and the
dashed coloured lines correspond to simulations without AGN feedback. In
total there are SFRs for 9 simulations as a function of time.

(super-)Eddington limit. The characteristic density of this environ-
ment is =y 10% cm 3 which implies "sci?&lcrit 108 M . This
implies the heating provided from AGN feedback is insignificant
when compared to cooling in this epoch. Once stellar feedback turns
on and the SMBH transitions into the bursty epoch of accretion, the
sink sphere enters into a hot-di [use pocket of the ISM and the den-
sity within the sink sphere decreases by 1 2 dex which in turn
lowers the critical cooling massto **%%! .~ 10* 10% M (see Fig.
3). In these hot-di [use patches it is then less clear how dominant or
subdominant AGN heating is over cooling because the cooling mass
is rapidly fluctuating above and below the SMBH mass by 1 dex.
The subsequent 50 Myrs are crucial in determining the fate
of the SMBH because it is representative of what happens when
the sink sphere enters into a hot-di [use pocket of the ISM. Dur-
ing this period, the longer AGN heating is dominant over cooling
(sinc 17" L), the more capable the SMBH is of generating
su [cieht outward pressure to modify and mediate the ISM of the
surrounding nuclear region. Mediation of the ISM occurs because
AGN feedback sources thermal energy which drives pressure gra-
dients that enhance mixing between the ISM phases in the nuclear
region. This mediation has the e [eck of reducing the frequency and
duration of abrupt increases in sink sphere density because it pre-
vents the sink sphere from completely plunging into patches of the
cold-dense ISM. The fraction of time that AGN heating dominates
over cooling in this period is  30% for the edd_AGN simulation,
60% for the high_seed_edd_AGN simulation, 80% for the

super_edd_AGN simulation, and 100% for the no_edd_AGN simula-

tion. When we compare the sink sphere environment in simulations
with and without AGN feedback (solid and dashed curves in Fig. 4)
between ¢ 300 MyrandC 350 Myr, it is clear that the SMBH in

the no_edd_AGN simulation is the most capable of altering the nu-

clear environment and the SMBH in the edd_AGN simulation is the
least capable of altering the nuclear environment through turbulent
mixing.

If the ISM in the nuclear environment is su [ciehtly pacified in the
initial 50 Myrs of the bursty accretion epoch, then there is enough
time for the sound speed to rise as runaway heating occurs (see
equation 14). Once the sound speed approaches the escape velocity
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of the halo the SMBH becomes capable of unbinding sink sphere gas
from the halo, regulating its own growth to achieve self-regulation.
The SMB!—| th.en grows in step with the self-regulated mass ** &
as shown in Fig. 2.

We attribute the di Cerknce in amplitude between the self-regulated
mass and the mass of SMBHs that achieve self-regulation to an as-
sumption of the Biernacki et al. (2017) model. The original form of
the model assumes that there is little stochasticity in the ISM envi-
ronment and that cold-dense gas is distributed nearly isotropically
around the SMBH. In our MDG environment, this assumption is not
necessarily true. The ISM of the MDG is multiphase and turbulent
which means that the sink sphere could be straddling between cold-
dense patches and hot-di [use pockets of the ISM at any given time
within the bursty accretion epoch. We provide an qualitative example
of this picture in the rightmost zoom-in panel of Fig. 2.

The fraction of the sink sphere that is in a hot-di [use pocket of
the ISM will be capable of the runaway heating required for self-
regulation while the remainder of the sink sphere is incapable of
heating cold-dense gas. This leads to venting as AGN heated gas
follows a path of least resistance through the hot-di [use ISM. When
compared to the isotropic assumption, this e [eck reduces the mass
required to heat hot-di [uSk gas to the escape velocity because there
is less gas which needs to be heated. This in turn lowers the e [ecktive
self-regulation mass "Seisnck it Dy @factor 0 5iso 1 that accounts
for the fraction of solid angles the AGN heated gas can escape the sink
sphere through. Empirically, we find this fraction to be 55, 07 in
the calm accretion epoch (C fi 300 Myr) and 5 0 5 in the bursty
accretion epoch (C f 300 Myr).

While there is some variation in the growth of the SMBH across
all the self-regulated simulations early on, by 380 Myr, they all
follow the same evolutionary growth track determined by the self-
regulated mass. If the growth of the SMBH is described by self-
regulation, then the resulting mass can be tuned using the thermal
energy coupling e [ciehcy parameter n.. According to equation 16,

the self-regulated mass has the proportionality "Seiick arit 7 AsinkNe 12,
Using this relation, if we want ""gnx 107 M by | 9 at fixed

resolution, then we need to decrease n; by a factor of 100. Similarly,
if we increase our minimum resolution to  Gmin = 1 pc, then we
would need to reduce n. by a factor of 100 to keep the resulting
SMBH massat 105 M .

In the edd_AGN simulation, self-regulation does not happen.
Instead the SMBH fails to achieve self-regulation in the initial

50 Myrs of the bursty accretion epoch because an insu [cieht
amount of time (fi 50%) is spent above the critical cooling mass.
Surprisingly, this remains true even as the SMBH grows more mas-
sive than  10° M : the same mass that all the other simulations
achieve self-regulation. We explain this result with the chemical
evolution of the galaxy. The metallicity evolution in the sink sphere
grows exponentially, achieving an order of magnitude of growth from
( 300 MyrtoC 550 Myr. Since "sci(r):l)(Icrit / /, we expect the
critical cooling mass to also grow secularly by an order of magnitude
over the simulation. Coincidentally, in the bursty accretion epoch the
SMBH also accretes exponentially at a rate of *5cc  U_edd *ead
which translates to an order of magnitude increase in mass over the
same window of time when _¢gqq¢ = 1 and U = 0 5 (fiducial ISM).
In other words, at fixed gas density, the SMBH mass and the critical
cooling mass grow together from ¢ 300 Myr to ¢ 550 Myr.
This implies that the SMBH in the edd_AGN simulation is simply not
capable of achieving self-regulation at Cosmic Dawn because the
critical mass required to overcome cooling is a moving goal post that
cannot be passed. We will discuss this result further in Section 3.4.



3.2.3 Comparison to Observations

We compare the simulated SMBH masses in our simulation suite
to recent JWST observations of AGN at Cosmic Dawn (I § 9) in
Fig. 2. These observations yield mass estimates of 5 SMBHSs with
masses f 108 M : UHZ-1 (Goulding et al. 2023; Natarajan et al.
2024), GHZ9 (Napolitano et al. 2025a,b), CAPERS-LRD-z9 (Taylor
et al. 2025), MoM-z14 (Naidu et al. 2025) and GN-z11.* While not
all of these measurements are accompanied by robust stellar mass
estimates, the stellar mass estimates of these host galaxies are within
**¢ 10% ® M which is comparable to our simulated MDG.
Aside from GN-z11, our self-regulated SMBHs are 1-2 dex lower
in mass than the JWST SMBH mass estimates. At our resolution, we
require coupling to be roughly 100 less e [cieht n; fi 0 15% for the
self-regulated mass ""¢ . to be consistent with these observations

sink crit
(assuming 5o 0 5). This would also increase Scl‘r’]‘ll' orit DY the same
factor. This implies that when n; fi 0 15%, any Eddington limited
SMBH (_eqg = 1) with a plausible seed mass (""seeq fi 108 M )
would be incapable of achieving self-regulation because it would be
incapable of generating su [cieht heat to overtake cooling, preventing
runaway heating.

We note that we assume a fixed radiative e [ciehcy n; = 10%
and fixed resolution Asjnk = 10 pc when making this statement. If
we were to increase the minimum resolution to  Gmin 1 pc then
we would require a much smaller coupling e [Ciehcy to raise the
self-regulated mass to be consistent with observations which in-turn
could also prevent self-regulation. It is unclear if this would be true
as increasing resolution can have other unforeseen e [ecks (e.g. gas
density is smoothed over the resolution scale). Alternatively, if we
were to lower the radiative e [ciehcy to n, = 1% then we would
expect *.qq to increase by a factor of 10. In this scenario, any seed
mass could achieve self-regulation while accreting at the Eddington
rate.

With these assumptions and caveats in mind, we identify only
one clear possible evolutionary pathway in our simulations for the
SMBH that results in masses comparable to MoM-z14, GN-z11,
UHZ-1, GHZ9, and CAPERS-LRD-z9 while being self-regulated
in the MDG environment. The pathway requires that the SMBH
is seeded with ""seeq f 10* M at | 15, undergoes marginally
super-Eddington accretion _eqq f 3, and heats the surrounding en-
vironmentine Lciehtly n; fi 0 15%. This picture is broadly consistent
with the findings of Lupi et al. (2024a), which show that it is pos-
sible for a SMBH to undergo sustained bursts of super-Eddington
accretion while having ine Ccieht AGN feedback in the high redshift
universe. We note that one should be wary of the resolution depen-
dence (and the tunability via nc and n;) of the critical masses that
dictate self-regulation in our simulations. Future work is required
to identify fundamental fixed physical scales that are not resolution
dependent which describe how feedback energy is deposited into the
environment. ldentifying these physical scales will require inclusion
of missing physics not included in our simulations.

3.3 Impact of SMBH on the Host Galaxy

As discussed in Andalman et al. (2025) and in Section 2, the galaxy
that forms without a SMBH at the galactic centre is a thick disc par-
tially supported by rotation and partially supported by turbulence.

4 There is an ongoing debate on the nature of GN-z11 based on di [&fent
interpretations of the spectral energy distribution (Maiolino et al. 20243;
Bunker et al. 2023).
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The disc is filled with gas spanning out to ”gss 700 pc and stars
spanning out to “gas 400 pc. The baryonic content within the
galaxy is predominantly in cold-dense clusters of diameter 100 pc.
The halo is growing nearly exponentially up to I 9 due to a con-
tinuous supply of cold gas and dark matter from surrounding cosmic
filaments. The continuous supply of cold gas allows for intense sus-
tained star formation within dense stellar clusters inside the galaxy
from1l 15tol 9. This description remains unchanged across all
of our simulations.

In the low-redshift Universe, AGN feedback quenches star forma-
tion in galaxies (Silk & Rees 1998; Di Matteo et al. 2005; Moun-
trichas & Buat 2023; Goubert et al. 2024; Bluck et al. 2024). One
would expect that we would see substantial suppression in the SFR
across the galaxy over time due to additional thermal energy being
deposited into the galaxy from the SMBH but this is not what we
find in our simulations. Instead, in Fig. 5, we find that the secular
evolution of the SFR is left intact across all simulations. This is a
departure from expectations, we provide further explanation for this
behaviour in Section 3.4 using relevant growth timescales in the sim-
ulated system. There are fluctuations in the SFR with a characteristic
timescale of ¢ fi 20 Myr but these fluctuations do not suggest any
systemic quenching of the galaxy.

In the simulations with no Eddington limit (no_edd_AGN and
no_edd_no_AGN) there is a substantial dip in star formation within
the galaxy at C 300 Myr. When AGN feedback is turned on and
there is no Eddington limit (solid green), the SMBH reaches self-

regulation within ¢ 1 Myr and grows to *"guc > *"SS .

10° M . Once self-regulation is achieved, the SMBH injects thermal
energy into the surrounding interstellar medium. AtC 300 Myr the
galaxy is significantly smallerthanat( 550 Myrwhich allows AGN
feedback to temporarily quench star formation in the few constituent
stellar clusters close to the SMBH which constitute a significant
fraction of the total stellar mass at that time. When AGN feedback is
turned o Cand there is no Eddington limit (dashed green) we also see
comparable quenching within the galaxy around ¢ 300 Myr in Fig.
5. In this case, the SMBH continues to grow at a rapid e [ective rate
_edd  10%  10* reaching f 10’3 M by ¢ 300 Myr, achieving
the same e [eck as before by instead accreting all the cold gas close to
the few dense stellar clusters rather than heating the gas via feedback.

The resilience of star formation within the galaxy can also be
seen in the ""gy-""¢ relation. In Fig. 6 we show the simulated tra-
jectories on the ""gy-""¢ plane. Regardless of the growth of the
SMBH across all simulations, the final stellar mass of the galaxy
remains unchanged. Stellar feedback becomes substantial once the
galaxy reaches a stellar mass of 108 M which occursat 1 14 in
our simulations. Even in the most extreme SMBH growth scenario
(no_edd_no_AGN, green dashed curve) there is no significant im-
pact on the resulting stellar mass. The SMBH becomes 40 larger
than the stellar mass of the galaxy within 1 Myr after being seeded.
Growth then slows: first from accreting all the gas within the sink
sphere during the calm accretion epoch, then from stellar feedback
regulating accretion after entering into the bursty accretion epoch.
During this period of slowed SMBH growth, the galaxy continues
to grow exponentially via accretion from cosmic filaments. The cold
gas accreted from cosmic filaments fuels star formation in the outer
regions of the galaxy, ultimately leaving no impact on the resulting
stellar mass.

Between simulations there are significant deviations in growth
trajectories in the *"gy-""¢ plane. As a consequence of our seeding
prescription described in Section 2.3, all growth trajectories in Fig. 6
startat ""gy ""¢ 001 0 1 (high relative to local relations Reines
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Figure 6. This figure shows the mass of the SMBH at the centre of our
simulated MDG relative to the stellar mass enclosed within a sphere around
the galaxy of radius 1 kpc. Solid lines denote simulations with AGN feedback
turned on with ,n. = 15%” and dashed lines indicate simulations with AGN
feedback turned o[ ,h; = 0%”. In total we show how 8 of our simulations
compare to observations of AGN between 4 1 11 observed with JWST
(Ubler et al. 2023; Harikane et al. 2023; Kokorev et al. 2023; Maiolino
et al. 2024c; Juodzbalis et al. 2025). These simulations vary the Eddington
accretion limit by a factor of _¢4q and the SMBH seed mass *"geq. The
green lines correspond to simulations where the Eddington limit was removed
entirely. The dash-dot curves show local Universe relations from Reines &
Volonteri (2015) and Greene et al. (2020a).

& Volonteri 2015; Greene et al. 2020a). The SMBH-galaxy co-
evolution in our simulations intersects local relationsby I 9 when
_edd = 1 or when self-regulation via AGN feedback is achieved.
While these simulations do intersect local relations, they fall below
the known population of high redshift AGN seen with JWST (Ubler
et al. 2023; Harikane et al. 2023; Kokorev et al. 2023; Maiolino
et al. 2024c; Juodzbalis et al. 2025) between 4 1 11. In these
simulations *%ink fi *“¢ for most of the simulation. Meanwhile,
simulations with super-Eddington accretion and no AGN feedback
can achieve * f *“¢, allowing an upward climb in the ""gy-
""¢ plane. The simulation that best matches the population of high

redshift AGN seen by JWST is super_edd_no_AGN. We note that a

simulation with AGN feedback can achieve a similar outcome so long
as the self-regulated mass "S> . is tuned via the thermal energy
coupling e [ciehcy parameter n¢ fi 0 15% and the SMBH is capable
of super-Eddington accretion to grow in step with the self-regulated

mass as discussed in Section 3.2.

MNRAS 000, 1-17 (2025)

3.4 Insights From Timescales

There are 3 relevant exponential growth timescales which we use to
gain insights about our simulated system: the growth timescale of the
SMBH gsa ” 45 Myr U_eqq , the growth timescale of the halo ghajo,
and the growth timescale of the self-regulation mass of the SMBH
Oesc-

According to (Dekel et al. 2013; Correa et al. 2015; Andalman
et al. 2025), at Cosmic Dawn, a halo of mass *"hao Will accrete
exponentially with redshift at a specific accretion rate

. \% 1
halo halo 1, 2= _—_ (21)

""halo 1012 M Ohalo

We define B as the specific accretion rate onto a **naio = 102M  halo
at I = 0and V to be the power law of the fluctuation power spectrum.
These parameters are found to be B > 003 Gyr *and V > 014 in
Dekel et al. (2013). As time progresses the exponential growth of the
halo slows down ghaio 7 1 , 1” 5 2 which can be seen in Fig. 7. We
measure the growth timescale of the halo in the fiducial simulation
of Andalman et al. (2025) with no additional SMBH influence (black
curve) and find the analytic form is a valid but rough approximation
to our simulations.

The halo growth timescale is crucial in describing the evolution
of our critical mass thresholds (;‘r’]‘f(' it and TTEe L) derived in
Section 3.1. As mentioned in Section 3.1 and 3.2, the critical cooling-
to-heating mass threshold grows with metallicity. Empirically we find
the metallicity of the gas within the galaxy (and the sink sphere) is
well described by exponential growth with growth timescale ghajo-
One would expect this to be the case because metal enrichment is
a direct result from the recycling of gas into stars which in-turn
depends on the fresh supply of cold gas onto the halo. In other
words, we would expectZ / **¢ / **1ai0. Therefore, we expect that
the critical cooling mass threshold evolves with time proportionally
to the halo
/sci%il crit / 1

v = cool -7
sink crit =,

22
Ohalo ( )

We note that this is a simplistic approximation that ignores outflows
from stellar feedback. These outflows can induce fluctuations in the
metallicity on timescales that are short relative to ghaio. We ignore
these fluctuations as they are not important in describing the secular
evolution of the critical cooling mass threshold.

We can express the growth of the self-regulated mass using the
growth of the halo. With a little manipulation, we can rewrite equation
16 assuming that the Universe at Cosmic Dawn is well described by
an Einstein-deSitter universe such that d, = d. =3 2,1” 8c and
0 / (3 2. When we do so, the self-regulated mass can be written as

'y _ 2 nl“..hanAsink 2 L2 nuw

seisnck crit = 2 15nrnc / ul halo (23)
In this form it is clear that the self-regulated mass is proportional
to the mass of the halo "4, and the Hubble parameter 1" ~

0 monl . 1”2 This implies that **&%

sink crit grows exponentially
with timescale

1 Poke _ 13
N wwesC =— 5l (24)
Jesc sinkcrit Ghalo 2

We note that, although the values of ";?1‘;' g @nd TS L are ex-
plicitly resolution dependent, their growth timescales (ghaio and Qesc)
are not resolution dependent quantities.

We show these 3 growth timescales as a function of time in Fig.



7. The Salpeter timescale g remains constant while gesc and ghaio
grow with time, implying a decrease in the rate of growth. Coinciden-
tally, ghalo and gsa are comparable until the transition from the calm
accretion epoch to the bursty accretion epoch (( ¢ 300 Myr). The
measured halo growth timescale in our simulation ghajo sim remains
comparable to gs until C 350 Myr. In the bursty accretion epoch
the turbulent-multiphase ISM induces starvation modes which in-
creases the e [ective growth timescale by a factor of 1 U. This extends
the time spent in the simulation where gpajo fi gsat UtoC 460 Myr
for the simulation (ghato sim,» black curve) and ¢ 420 Myr for the
analytical form (gnalo, blue curve).

Since ""halo ""sink, @ comparable growth timescale implies
that a0 *ink. If We assume that "¢ = Nint 5 " “hato, Where
nint f 10% is the integrated SFE (see Andalman et al. (2025)) and

% = po mo is the universal baryon fraction, then we expect
o ¥nk. By writing the ratio explicitly
/07 ""¢  Osal U_edd
174 T (25)
sink sink Ohalo

we can see that it is f 10° 1 for the entire duration of our
simulation (assuming _egqg = 1 and U = 0 5). This is confirmed by
the rightward SMBH-galaxy co-evolution trajectories in Fig. 6. Only
when _eqq i 1can *nk i *“¢ during the bursty accretion epoch in
our MDG environment.

The halo is capable of accreting dark matter and cold gas from
cosmic filaments at a rate that is fast enough to continuously replenish
any gas in the galaxy that might be accreted onto the SMBH, even at a
maximal accretion rate (unless _eqq i 1). Furthermore, any heating
done by AGN feedback is not capable of quenching star formation
across the galaxy because there is a constant fresh supply of cold
gas to replace any pre-existing heated gas. In other words, AGN
feedback cannot regulate star formation on a galactic scale unless the
growth timescale of the halo is much larger than the maximal growth
timescale of the SMBH (ghaio Osal U_edd )- When this is true,
AGN feedback can regulate star formation because the gas used to
form stars in the galaxy cannot be immediately replaced by cold gas
accreted onto the galaxy. This provides a fundamental explanation
for why, across all of our simulations, there is no secular quenching
of the SFR in Fig. 5.

This behaviour will not persist indefinitely. As time progresses,
Ohato grows with time, therefore **¢ decreases with time. Eventually,
halo growth will slow to a rate that is unsustainable to replenish the
cold gas reservoir needed for a sustained SFR of 10 100 M yr.
As a result, star formation will slow down, stellar feedback will heat
up the ISM, and the intense turbulent-multiphase ISM seen in our
simulations will relax. As the ISM begins to stabilize we expect 5iso
and U to slowly increase back to unity. As this happens, the SMBH-
galaxy co-evolution will be better described by the standard model
of Biernacki et al. (2017). We also expect that rightward movement
in Fig. 6 will slow as the SFR drops. As this happens, self-regulated
SMBHs will slowly crawl up the local Universe relations (Reines &
Volonteri 2015; Greene et al. 2020a) in the *"gy "¢ plane.

Insimulations that do not enter the self-regulated regime (edd_AGN

and edd_no_AGN) at Cosmic Dawn, the picture is di Cerent. As dis-

cussed in Section 3.2, stellar feedback drives the properties of the
ISM which regulates SMBH growth after entering into the bursty
accretion epoch, not AGN feedback. This e [eck is captured by mul-
tiplying the Eddington rate by a factor U 0 5 (see Fig. 2). We show
in Fig. 7 that coincidentally, the e [ective growth timescale of the
SMBH gsa1 U_eqq IS greater than or comparable to the halo growth
time scale for most of our simulation (when _¢qq =1 and U =05).
We expect that when ghalo Gsar U, the mass of the SMBH will be
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Figure 7. We show the exponential growth timescale g as a function of time
(or redshift) for the critical self-regulation timescale gesc (red), the halo ghalo
(blue), and the Eddington limit gy (yellow). The growth of the halo measured
in the simulation gpalo sim IS depicted in black and can be approximated by
equation 21 at early times. We note that as time progresses the growth of the
halo slows down while the Salpeter timescale remains constant.

able to grow faster than * ;?1‘;' oit @nd eventually catchupby I 6 7
when ""gink

107 M . Once this happens then the SMBH will
achieve runaway heating and begin self-regulation.

Since gesc increases with time faster than gpao, We expect the self-
regulated mass to grow slowly relative to the critical cooling mass
threshold. By the time ""si f "5 .., it is entirely possible that
;%?J orit could be greater than the self-regulation mass **2% .. If
this is true, then the SMBH would need to become more massive than
"t o orit 10 become self-regulated. This implies that a SMBH that is
not capable of achieving self-regulation at Cosmic Dawn could grow
to be larger than a SMBH that did achieve self-regulation early on. If
the thermal energy coupling e LCciehcy was lowered n; fi 0 15% then
the result could be more extreme. The self-regulated mass would be
raised by a factor of 10 while the critical cooling mass threshold
would be raised by a factor of 100. This would increase the amount
of time needed for ""gink f * SC,?]‘;' oriv @llowing the resulting SMBH to
be even more massive than SMBHs that achieved self-regulation at
Cosmic Dawn. The SMBH overgrowth that results from this process
creates a violent burst of feedback that halts SMBH growth until

"sink ";Srfk orit- From this example we learn that, if the SMBH
does not become massive enough for AGN feedback to be a dominant
growth regulator before star formation turns on in the galaxy, then
the SMBH will have to wait until after Cosmic Dawn to become
self-regulated and it might become more massive than a SMBH that

became self-regulated at Cosmic Dawn.

4 CONCLUSIONS

In this work we conduct a suite of numerical experiments to ex-
plore how SMBHs grow in and influence massive galaxies at Cosmic
Dawn. Our suite contains 11 simulations varying the strength of AGN
feedback (n; = 0% or n, = 15%), the seed mass (""seeq = 10* M

Or ""seed = 10° M ), maximal accretion rate (_eqq = 1 3 1), and
the strength of stellar feedback. By default our simulations use the
fiducial setup of Andalman et al. (2025) as our base MDG (see Fig.
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1) which the SMBH resides in and interacts with. Our key findings
from this work are listed below.

SMBH Growth in the MDG Environment: Once star
formation turns on in the galaxy, the ISM in the nuclear region
becomes turbulent and multiphase due to stellar feedback. We denote
this epoch as the bursty epoch of accretion (¢ f 300 Myr). The ISM
in the bursty epoch of accretion consists primarily of patches of
cold-dense and hot-di [use gas which allow the SMBH to feast or
starve as the sink sphere passes through these patches respectively
(see Figures 2 and 4). The stochasticity of these feast and starvation
accretion modes is determined by the stochasticity of the SFR and
the strength of stellar feedback. In the fiducial MDG environment
we find that the SMBH spends approximately equal time in the feast
mode as the starvation mode during the bursty epoch of accretion
(U 05). We provide a simple analytical treatment to account for
the role of the turbulent-multiphase MDG environment in SMBH
growth (assuming AGN feedback to be weakly coupled to the gas or
non-existent) by multiplying the Eddington rate by U.

To Self-Regulate or Not to Self-Regulate: It is not guaranteed
that the SMBH will achieve self-regulation via AGN feedback in the
MDG environment. We find that the SMBH must become massive
enough (either by accretion or by seeding) for AGN heating to
dominate over cooling within the sink sphere (**sin f "9/ )
while in the hot-di [use patches of the ISM. The capability of the
SMBH to modify and mediate the nuclear region of the ISM via
AGN feedback is proportional to the amount of time spent above
the critical cooling mass threshold (see Figures 3 and 4). If f 50%
of the time in hot-di [use pockets is spent above the critical cooling
mass threshold then runaway heating occurs within the sink sphere.
As the hot-di [usk gas is super-heated, the gas is anisotropically
ejected out of the halo. The mass evolution of the SMBH is then well
described by the self-regulated mass ** & ... If the SMBH did not
become massive enough to achieve self-regulation at Cosmic Dawn
it will be forced to wait until a later time to do so. This evolutionary
pathway could end in a higher resulting SMBH mass than SMBHs
that achieve self-regulation at Cosmic Dawn.

Impact on the Host Galaxy: In our simulations AGN feedback
has no elect on the secular evolution of the SFR (see Fig. 5)
and the resulting stellar mass of the galaxy by | 9 (see Fig.
6). This is a departure from expectations that we explain through
comparing exponential growth timescales (see Fig. 7). The SMBH
cannot regulate star formation in the galaxy because the exponential
growth rate of the halo (which sets the SFR, and thus the strength
of stellar feedback) is su [ciehtly high that any heat transferred to
the surrounding gas by AGN feedback is futile against the constant
replenishing stream of fresh cold gas from surrounding cosmic
filaments via halo accretion.

Comparisons to Observations: We compare our simulations
to observations of high redshift AGN seen by JWST. Of all the
simulations in our suite, we find the super_edd_no_AGN simulation
(""seed  10* M , eqq = 3) to best match the observed populations
of AGN seed by JWST (see Figures 2 and 6). At our resolution,
we determine that a low thermal energy coupling coe Lcieht n; fi
0 15% is necessary for a self-regulated SMBH to become comparable
to the mass estimates of MoM-z14, GN-z11, UHZ-1, GHZ9, and
CAPERS-LRD-z9. Additionally, our numerical experiments indicate
that super-Eddington accretion (_eqq f 3) is necessary for the SMBH
to become massive enough to enter the self-regulated regime if n; fi

MNRAS 000, 1-17 (2025)

0 15% without requiring a seed mass above predictions from direct
collapse scenarios (*"seeq f 106 M ).

Going forward, pushing to a higher spatial resolution Gmin 1 pc
would be a valuable test to validate our theory and our findings. There
are several additional physical e [ects which remain to be modelled
in these simulations which could all impact our results. The in-
clusion of radiative feedback with ramses-rt will be an important
next-step in our simulations which could a [eck the strength of stellar
and AGN feedback (Ferrara et al. 2025; Lupi et al. 2024a; Sanati
et al. 2025). Additionally, our work assumes equilibrium thermo-
chemistry between hydrogen, helium, and metals but accounting for
non-equilibrium thermochemistry with ramses-rt can have a sig-
nificant impact on our results (Rosdahl et al. 2013). Ultimately, the
inclusion of higher spatial resolution, radiative transfer, and non-
equilibrium thermochemistry would bring us closer to making direct
predictions of galaxies and AGN at Cosmic Dawn.
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