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A B S T R A C T 

Despite the vast amount of energy released by active galactic nuclei (AGNs), their role in early galaxy formation and in 

regulating the growth of supermassive black holes (SMBHs) remains poorly understood. Through new high-resolution zoom-in 

cosmological simulations, we follow the co-evolution of 105 M� black hole seeds with their host dwarf galaxy. We model ionizing 

feedback from a Pop III.1 progenitor, applicable to a wide range of internally or externally irradiated SMBH formation scenarios. 
The simulated suite progressively spans physics ranging from no AGN feedback to more complex setups including thermal, 
kinetic, and radiative feedback – explored for both low and enhanced AGN power. Across all our models, we find that black hole 
seeds efficiently reach masses of ∼ 107 M� within a ∼ 1010 M� halo by z = 8. Although they exhibit notably different mass 
growth histories, these latter seem unimpeded by the presence of AGN feedback. The simulation including radiative feedback 

is the most distinct, with super-Eddington episodes driving fast and mass-loaded gas outflows (exceeding 2500 km s−1 ) up to 

∼ 50 kpc , along with minor stellar mass suppression in the host galaxy. Our measurements are in broad agreement with moderate 
luminosity quasars recently observed by James Webb Space Telescope , producing overmassive black holes (SMBH-to-galaxy 

mass ratios 0 . 01 − 1), dynamical masses of ∼ 109 . 5 M�, stellar masses of ∼ 108 . 5 M�, and high, though short-lived, Eddington 

fraction accretion rates. These results advocate for a scenario where AGN feedback allows for rapid SMBH growth during the 
reionization era, while driving winds that extend deep into the intergalactic medium-shaping host galaxies as well as more distant 
surroundings. 

Key words: radiative transfer – methods: numerical – galaxies: dwarf – galaxies: formation – galaxies: high-redshift – quasars: 
supermassive black hole. 
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 I N T RO D U C T I O N  

he co-evolution of supermassive black holes (SMBHs) and their 
ost galaxies has been extensively studied in the local Universe (e.g. 
. Kormendy & L. C. Ho 2013 ; A. E. Reines & M. Volonteri 2015 ;
. E. Greene, J. Strader & L. C. Ho 2020 ; V. N. Bennert et al. 2021 ),
evealing tight correlations between the observed SMBH masses and 
arious host galaxy properties. While these relationships are well 
stablished at low redshift, it remains unclear whether they hold at 
igh redshift, and how they evolve with time (e.g. A. W. Graham &
. Sahu 2023 ). There are studies that find observational evidence of

edshift evolution (e.g. A. Merloni et al. 2010 ; V. N. Bennert et al.
011 ; D. Farrah et al. 2023 ), others that report consistency with local
elations (e.g. G. A. Shields et al. 2003 ; Y. Shen et al. 2015 ; H. Suh
t al. 2020 ; J. I. H. Li et al. 2023 ), and potential evidence for only
 subset of relations to evolve (e.g. K. Jahnke et al. 2009 ; X. Ding
t al. 2020 ). One of the strongest local correlations, that between
MBH mass and the velocity dispersion of the galaxy bulge, is
 E-mail: mahsa.sanati@physics.ox.ac.uk 
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ot accessible at high redshift, as isolating the bulge component 
s challenging due to limited spatial resolution and the irregular 
orphologies of early galaxies. Thus many observational studies 

ocused on the relation between SMBH mass and total stellar mass
nstead. These studies, examining smaller and more distant galaxies, 
requently find that BHs in early galaxies appear systematically 
vermassive relative to their inferred stellar masses (I. T. Andika 
t al. 2024 ; R. Maiolino et al. 2024b ; M. A. Stone et al. 2024 ). These
eviations typically lie 1 − 2 dex above the local scaling relations 
Y. Harikane et al. 2023 ; V. Kokorev et al. 2023 ; R. Maiolino
t al. 2024a ; L. J. Furtak et al. 2024 ; I. Juodžbalis et al. 2024 ; P.
atarajan et al. 2024 ; H. Übler et al. 2024 ). While this offset is

ubject to selection biases, such as detection preference for massive 
Hs (e.g. T. T. Ananna et al. 2024 ; A. Lupi et al. 2024 ), and to
ncertainties in mass estimates at high redshift that rely on indirect
ethods and model assumptions not necessarily valid in the early 

tages of BH formation, it nevertheless suggests that SMBHs may 
xperience rapid growth during the early stages of galaxy formation 
e.g. F. Pacucci et al. 2023 ; R. Schneider et al. 2023 ; R. Tripodi et al.
024 ; A. J. Taylor et al. 2025 ; M. Bravo et al. 2025 ; I. Juodžbalis
t al. 2025 ). 
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h permits unrestricted reuse, distribution, and reproduction in any medium,
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Observations of quasars hosting massive BHs already in place at
edshifts z ∼ 4 − 14 (D. D. Kocevski et al. 2023 ; V. Kokorev et al.
023 ; R. L. Larson et al. 2023 ; R. Maiolino et al. 2023 ; Á. Bogdán
t al. 2024 ; R. Maiolino et al. 2024b ; O. E. Kovács et al. 2024 ; J. E.
reene et al. 2024 ) further support this picture, motivating models
f SMBH evolution that rely on massive initial seeds (A. Ferrara
t al. 2014 ; N. Banik, Tan & Monaco 2019 ; H. Xiao et al. 2021 ; R.
arayan & E. Quataert 2023 ; T. Shen et al. 2025 ) as well as periods
f rapid, potentially super-Eddington growth (A. Lupi et al. 2016 ;
. Inayoshi, E. Visbal & Z. Haiman 2020 ; H. Hu et al. 2022b ; W.
assonneau et al. 2023 ; F. Sassano et al. 2023 ; J. S. Bennett et al.

024 ; F. Pacucci & R. Narayan 2024 ; F. Huško et al. 2025 ). These
oderate-luminosity quasars reside within faint, low-mass dwarf-

ize galaxies, showing significant activity from the AGN. Yet, the
mpact of these early AGN on both BH growth and the evolution
f their host galaxies remains poorly understood, highlighting the
ressing necessity to map out AGN feedback and SMBH-galaxy
o-evolution at early cosmic times. 

One of the primary effects associated with AGN feedback on
alaxy evolution is the regulation of star formation (e.g. G. Moun-
richas & V. Buat 2023 ; P. H. Goubert et al. 2024 ; A. F. L. Bluck
t al. 2024 ). This regulatory role has been proposed in high-redshift
alaxies as a potential driver of bursty star formation histories and
pisodes of early quenching or ‘mini-quenching’ (S. Belli et al. 2024 ;
. D’Eugenio et al. 2024 ; T. J. Looser et al. 2025 ), though mainly
n galaxies with masses above the dwarf regime. As observational
vidence grows (T. Dı́az-Santos et al. 2017 ; C.-A. Faucher-Giguère
018 ; R. Endsley et al. 2023 , 2024 ; S. Tacchella, J. C. Forbes & N.
aplar 2020 ), numerous simulations have explored the mechanisms
ehind this burstiness in the early Universe (e.g. J. Rosdahl et al.
022 ; G. Sun et al. 2023 ; T. Dome et al. 2025 ; S. Martin-Alvarez
t al. 2025 ). 

The role of AGN feedback in shaping the low-mass end of the
alaxy population is also gaining increasing attention, as ever more
ompelling observations of local dwarf galaxies exhibiting energetic,
alaxy-wide outflows emerge (e.g. S. J. Penny et al. 2018 ; C. M.
anzano-King, G. Canalizo & L. V. Sales 2019 ; W. Liu et al. 2020 ;

. Davis et al. 2022 ; A. Aravindan et al. 2023 ; M. Singha et al. 2025 ;
. Rodrı́guez Morales et al. 2025 ). These outflows, often enriched
ith metals, increasingly point to AGN-driven feedback as a key

hannel for injecting energy and momentum into the interstellar
edium (ISM) and far into the circumgalactic medium (CGM, A.
. Brooks et al. 2007 ; J. Chisholm et al. 2015 ; T. M. Heckman et al.

015 ; C. C. Hayward & P. F. Hopkins 2017 ; Y. Zheng et al. 2024 ),
ffectively heating and expelling gas from galaxies. While supernova
SN) feedback – particularly when modelled at high resolution (e.g.
. Agertz et al. 2020 ; C.-Y. Hu et al. 2023 ; Y. Revaz 2023 ; M.
anati et al. 2023 ; M. P. Rey et al. 2024 ; N. Lahén et al. 2025 ; M.
o et al. 2025 ; J. Petersson et al. 2025 ; E.-j. Shin et al. 2025 ) and

ncorporating non-thermal processes such as cosmic rays, radiation,
nd magnetic fields – can generate moderately energetic winds (C.
frommer et al. 2007 ; J. Rosdahl et al. 2015 ; G. Dashyan & Y.
ubois 2020 ; P. F. Hopkins et al. 2021 ; M. Y. Grudić et al. 2021 ;
. Farcy et al. 2022 ; S. Martin-Alvarez et al. 2023 ; F. Rodrı́guez
ontero et al. 2024 ), it continues to face various shortcomings.

pecific examples include the high-velocity tail of galactic winds
S. Carniani et al. 2024 ; A. Saldana-Lopez et al. 2025a ), as well as
he entrainment of cold and molecular gas frequently observed in
utflows (e.g. S. Veilleux et al. 2020 ; R. L. Davies et al. 2024 ; K.
dachi et al. 2025 ; M. Bischetti et al. 2025 ). As a result, many models
ave turned to energy input from AGNs to account for such large-
cale effects in low-mass galaxies (e.g. S. Koudmani et al. 2019 ,
NRAS 544, 4317–4335 (2025)
025 ; R. S. Sharma et al. 2023 ; E. Arjona-Gálvez, A. Di Cintio & 

. J. J. Grand 2024 ). 
One of the central challenges in modelling the AGN–galaxy

nterplay lies in capturing the vast dynamical range involved, from
ccretion onto BHs at small scales to large-scale galactic feedback.
oth cosmological and idealized galaxy simulations have been
xtensively used to investigate the formation and growth of SMBHs.
arge-volume cosmological simulations such as HORIZON-AGN

Y. Dubois et al. 2014 ; M. Trebitsch et al. 2021 ), ILLUSTRIS (M.
ogelsberger et al. 2013 ; S. Genel et al. 2014 ; P. Torrey et al.
014 ; D. Sijacki et al. 2015 ), EAGLE (R. A. Crain et al. 2015 ; J.
chaye et al. 2015 ), SIMBA (R. Davé et al. 2019 ), and ASTRID (Y.
i et al. 2022 ) focus on evolving BH populations, in agreement
ith local observational constraints. However, these sophisticated

osmological simulations are limited by numerical resolution and
he absence of key physical processes such as radiative transfer
nd magnetohydrodynamics (MHD), which prevent a more realistic
reatment of AGN feedback. Meanwhile, idealized simulations (e.g.
. T. Lee et al. 2014 ; M. Curtis & D. Sijacki 2015 ; R. S. Beckmann,
. Slyz & J. Devriendt 2018 ; H. Hu et al. 2022a ; J. H. Matthews et al.
023 ; K.-Y. Su et al. 2023 ; K.-Y. Su, G. L. Bryan & Z. Haiman 2025 )
ave focused mainly on investigating the small-scale behaviour of
Hs. Zoom-in cosmological simulations (e.g. T. Costa et al. 2018 ; P.
arai et al. 2018 ; D. Irodotou et al. 2022 ; S. Wellons et al. 2023 ; M.
arcy et al. 2025 ; F. Huško et al. 2025 ) are used as a complementary

echnique to overcome the numerical limitations of large-volume
arent boxes, and as a more cost-effective tool for exploring new
hysical models. They provide the high resolution necessary to form
he dark matter (DM) progenitors of SMBHs host haloes at high
edshifts and allow a detailed tracking of the properties of the gaseous
nvironment where these BHs grow. 

Heavy-seed SMBHs are typically modelled in simulations with
 mass resolution of 104 –105 M�, using a threshold criterion either
ased on DM halo mass (e.g. M. Vogelsberger et al. 2014 ; J. Schaye
t al. 2015 ) or on gas properties (e.g. M. Tremmel et al. 2017 ; J. Jeon
t al. 2025 ). However, the pre-formation thermal and dynamical
tate of the gas is often overlooked, a simplification that can strongly
nfluence early accretion rates and AGN–galaxy interplay (e.g. J. L.
ohnson & V. Bromm 2007 ; G. Chiaki et al. 2023 ). In direct collapse
H scenarios, the host halo is typically pre-heated by an external
yman–Werner radiation field to suppress molecular cooling and
revent fragmentation, creating the right conditions for massive seed
ormation (e.g. M. C. Begelman, M. Volonteri & M. J. Rees 2006 ).
imilarly, in Population III.1 (Pop III.1) star progenitor models the
assive star ionizes and heats the host halo, modifying its density

nd temperature before the BH forms (M. Sanati et al. 2025 ). These
ffects are accounted for in the present study by self-consistently
odelling the formation and the radiative feedback of the Pop III.1

tar prior to its collapse into an SMBH. 
Pop III.1 stars offer a natural pathway for producing heavy BH

eeds, forming in locally isolated DM minihaloes (Banik et al. 2019 ;
. Singh, P. Monaco & J. C. Tan 2023 ; V. Cammelli et al. 2025b ; see
. C. Tan et al. 2024 , for a review). Protostars in this scenario grow
o masses comparable to those of heavy BH seeds through energy
njection from the annihilation of weakly interacting massive particle
M (D. Spolyar, K. Freese & P. Gondolo 2008 ; J. C. Tan 2008 ; K.
reese et al. 2009 ; A. Natarajan, J. C. Tan & B. W. O’Shea 2009 ; T.
indler-Daller et al. 2015 ). The injected energy keeps the protostar

n an extended, cool state (photospheric temperature ∼ 104 K) and
ow ionizing feedback, allowing it to accrete a large fraction i.e.
p to ∼ 105 M�, of the baryonic mass contained in the minihalo.
n the cosmological framework of Pop III.1 seeding (Banik et al.
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019 ), this evolutionary pathway occurs only in isolated, undisturbed 
inihaloes, where slow baryonic contraction allows for adiabatic 

ompression of the DM density surrounding the protostar. In contrast, 
inihaloes that remain intact after exposure to ionizing radiation 

evelop elevated free electron fractions, which enhance H2 and HD 

ooling. This leads to fragmentation into multiple lower mass stars. 
ince these so-called Pop III.2 stars are predicted to have masses
f only ∼ 10 − 100 M� (e.g. J. L. Johnson & V. Bromm 2006 ),
hey are unlikely to be an effective source of SMBHs formation. 
he consistency of SMBH number densities predicted by the Pop 

II.1 scenario with observational constraints from both the local and 
igh- z Universe (M. J. Hayes et al. 2024 ; V. Cammelli et al. 2025a ;
. Sanati et al. 2025 , Petkova et al., in preparation) hints at the

otentially important role that Pop III.1 sources play in the formation 
f SMBHs. 
In this manuscript we study the AGN feedback in high-resolution 

oom-in cosmological simulations, exploring the co-evolution of the 
H with its host galaxy. Our physically motivated AGN feedback 
odels capture both radio (kinetic winds) and quasar (radiative) 
odes and include radiative transfer to model AGN radiation 

ffects on the ISM and CGM, which is rarely accounted for at
his resolution. The simulations achieve 14 pc resolution in faint, 
ow-mass galaxies at high redshift (i.e. dwarf galaxies forming in 

1010 M� haloes with stellar masses ∼ 108 . 5 M� at z � 8), allowing 
or an unprecedentedly detailed examination of AGN-driven outflows 
uring uncapped, super-Eddington accretion episodes, and their 
nteraction with the host environment. We compare our predictions 
ith James Webb Space Telescope ( JWST ) observations providing 
ew insight into the physical origin of observed outflows, BH–
alaxy scaling relations, and the signatures of early AGN feedback. 
his paper is organized as follows. The numerical framework 

o generate and evolve our simulations is described in detail in 
ection 2 . The results are presented in Section 3 . Finally, a summary
f our main conclusions and a brief discussion is presented in 
ection 4 . 

 N U M E R I C A L  M E T H O D S  A N D  SIMULAT I ONS  

e generate all the cosmological simulations studied in this work 
sing the RAMSES code (R. Teyssier 2002 ). In addition to the
ollisionless DM and stellar particles, RAMSES employs an adaptive 
esh refinement octree grid to solve the evolution of gas. The 

ode simultaneously and self-consistently model radiative transfer 
J. Rosdahl et al. 2013 ; J. Rosdahl & R. Teyssier 2015 ; J. Rosdahl
t al. 2018 ) and constrained transport (CT) MHD (S. Fromang, 
. Hennebelle & R. Teyssier 2006 ; R. Teyssier, S. Fromang &
. Dormy 2006 ), and BH formation (Y. Dubois et al. 2010 ), in
ddition to treating baryonic physics, such as redshift-evolving 
nd uniform UV heating, gas cooling, star formation, and stellar 
eedback. Below we provide a brief summary of essential features in 
he code. 

.1 Radiative transfer 

e use the RAMSES-RT implementation by J. Rosdahl et al. ( 2013 )
nd J. Rosdahl & R. Teyssier ( 2015 ) for simulating the injection,
ropagation, and interaction of radiation with the multiphase gas. 
ue to our relatively high spatial resolution of �x ≈ 14 pc , we 

xpect well-resolved escape of ionizing radiation both from the 
odel galaxy and within its ISM (T. Kimm & R. Cen 2014 ). In

ts radiation hydrodynamics implementation, RAMSES-RT employs a 
rst-order Godunov method with the M1 closure (C. D. Levermore 
984 ; B. Dubroca & J. Feugeas 1999 ) for the Eddington tensor.
y using an explicit solver for the radiative transport, the advection

ime-step �t , and consequently the CPU time, inversely scale with 
he speed of light c as �t < �x/ 3 c. This constraint mandates a time-
tep significantly shorter than the hydrodynamic time-step, which is 
imited by the maximum velocity of the gas ( ∼ 1000 km s−1 ), rather
han the speed of light. To mitigate this constraint, we adopt the
educed speed of light approximation (N. Y. Gnedin & T. Abel 2001 ).

e set the reduced speed of light at 0 . 2 c, with the radiation solver
ubcycling over the hydrodynamical time-step up to a maximum 

f 500 steps. This adjustment has been found to be sufficient for
odelling the propagation of ionization fronts through the ISM of 

alaxies (J. Rosdahl et al. 2013 ). 
In this work, using the configuration in J. Rosdahl et al. ( 2018 ),

e consider three photo-absorbing species of hydrogen and helium. 
he radiation groups are divided into spectral bins as 

hoton group =
⎧ ⎨ 

⎩ 

H I 13 . 6 eV < εphoton < 24 . 59 eV 

He I 24 . 59 eV < εphoton < 54 . 42 eV 

He II εphoton > 54 . 42 eV . 

(1) 

In our simulations, stellar particles and AGN are the sources of
onizing radiation. For the luminosity of each stellar particle we use
he Binary Population and Spectral Synthesis ( BPASSV2.0 ) model (J.
. Eldridge, R. G. Izzard & C. A. Tout 2008 ; E. R. Stanway, J. J.
ldridge & G. D. Becker 2016 ) to radiate energy into its hosting cell
ith a spectral energy distribution (SED) according to particle mass, 
etallicity, and age. The radiation from AGN is described in detail

ater in this section. 

.2 Ideal MHD 

n the ideal MHD setup, RAMSES employs a CT method (S. Fromang
t al. 2006 ; R. Teyssier et al. 2006 ) to solve the equations that govern
he evolution of the magnetic fields. The induction equation is solved
n a conserved integral form on the cell faces. This requires magnetic
elds to be stored as six fields on the cell faces. This is unlike all

he hydrodynamic quantities in the simulation, namely, densities, 
elocities, and energy components which are stored at the center 
f each gas cell. The CT method ensures that the magnetic field
as zero divergence down to numerical precision, preventing any 
nwanted modifications of conserved quantities (G. Tóth 2000 ) or 
he emergence of magnetohydrodynamical artefacts (P. F. Hopkins 
 M. J. Raives 2016 ). 
In the ideal MHD setup, assuming a highly conductive medium, the

nduction equation is solved with negligible diffusivity. Additionally, 
he distortion of the primordial field due to the velocity perturbations
s only significant at sufficiently small scales and can be disregarded
t galactic scales (I. M. Wasserman 1978a ; P. J. E. Peebles 1980 ).
n the absence of non-ideal magnetic sources such as the Biermann
attery, this leads to ∂ ( a2 B λ) /∂t = 0 for the time evolution of the
eld. As the growth of compressional modes is suppressed before re-
ombination, it solves as B λ(x , t) = B λ(x , trec ) a2 ( trec ) /a2 ( t), where

B λ(x , trec ) refers to the value of the magnetic field at recombination
 t = trec ). In this work, magnetic fields are modelled by an ab-
nitio B λ that is seeded uniformly and aligned with the z-axis 
f the computational domain. In the context of studying galaxy 
volution and the growth of its central SMBH, this setup represents a
rimordial seed for magnetic fields with an initial comoving strength 
f Bλ = 10−21 G coherent on large scales of λ ∼ 1 Mpc , consistent 
ith the lower range of fields produced by the Biermann battery

ffect. In addition to primordial fields, in each SNe event, small-
MNRAS 544, 4317–4335 (2025)
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cale circular loops of magnetic fields are injected in the ISM, which
re described in more detail later in this section. 

.3 Radiative cooling and heating processes 

he hydrodynamical evolution of the gas is coupled to the local
onization via radiation pressure and the non-equilibrium hydrogen
nd helium thermochemistry, as described by J. Rosdahl et al. ( 2013 ).
n addition to primordial gas cooling, we account for metal-line
ooling according to the gas metallicity. Above temperatures of
04 K, we interpolate the pre-calculated tables of CLOUDY (G. J.
erland et al. 1998 ), assuming photoionization equilibrium with a
edshift-evolving ultraviolet (UV) background. Below 104 K, we
ollow fine structure metal cooling rates from A. Rosen & J. N.
regman ( 1995 ). We model the process of reionization, based on

he prediction from F. Haardt & P. Madau ( 1996 ), using a redshift-
ependent UV background, which we initialize at redshift z = 9.
ydrogen self-shielding against the ionizing radiation is incorporated
y suppressing the UV-background heating for gas densities above
H = 0 . 01 cm 

−3 . As the Pop III.1 star forms in metal-free gas,
e employ a low-metallicity floor of [ Fe / H] = −5. Above this
etallicity, fine-structure line cooling of atomic carbon and oxygen is

ssumed to lead to gas fragmentation and the formation of low-mass
tars (V. Bromm & A. Loeb 2003 ). 

.4 Star formation 

e model star formation employing a magneto-thermo-turbulent
MTT) star formation prescription, presented in more detail in the
ydrodynamical version by T. Kimm et al. ( 2017 ) and M. Trebitsch
t al. ( 2017 ), and in its MHD version by S. Martin-Alvarez et al.
 2020 ). This comprehensive star formation model is particularly
mportant for simulations of low-mass galaxies (M. Sanati et al.
024 ). In summary, gas is allowed to transform into stellar particles
nly in cells that are at the highest level of refinement (Y. Rasera &
. Teyssier 2006 ), and where the local gravitational pull overcomes

he combination of magnetic, thermal, and turbulent support. Then
onversion of gas into stars in star-forming cells follows the Schmidt
aw (M. Schmidt 1959 ), 

˙� = εff 
ρgas 

tff 
, (2) 

here ρgas is gas density, tff is the local free-fall time, and εff is the
fficiency of star formation per free-fall time. In our formulation,
ff is not a constant, but rather computed locally based on the gas
roperties of each region using the multiscale model of P. Padoan &
. Nordlund ( 2011 ) as presented in C. Federrath & R. S. Klessen

 2012 ). 

.5 Stellar feedback 

ach stellar particle in our simulations corresponds to a single stellar
opulation that is characterized by an initial mass function (IMF).
he IMF is modelled as a probability distribution function (PDF)

ollowing P. Kroupa ( 2001 ) and normalized over the complete range
f masses. This allows each stellar particle to have a mass of ∼
 . 4 × 102 − 7 × 103 M�, which is then stochastically populated with
tars within the mass interval of [ 0 . 05 − 50] M� during the initial
0 Myr of its formation. The number of exploding SNe for each
article is then calculated at each time-step based on the lifetimes of
he stars contained. 

We apply the mechanical SN feedback model of T. Kimm & R. Cen
 2014 ). This method involves ejecting momentum in SN explosions,
NRAS 544, 4317–4335 (2025)
hich is determined by the physical characteristics of the gas being
wept up, such as its density nH and metallicity Z, 

SN ( E, nH , Z) ≈ 3 × 105 km s−1 M� E
16 / 17 
51 n

−2 / 17 
H f ( Z) , (3) 

here the momentum input decreases with metallicity as f ( Z) =
ax [ Z/ Z�, 0 . 01] −0 . 14 and E51 is the energy in the unit of 1051 erg .
his method ensures that the feedback from SNe is accurately
odelled at all blast wave stages, from the initial free expansion

o the final momentum-conserving snowplow phase. Along with the
omentum, energy is deposited into the neighbouring cells. The

pecific energy of each SNe has a value εSNe = ESNe /MSNe , where
SNe = 1051 erg and MSNe = 10 M�. Each SNe also returns a fraction
f stellar mass back to the ISM. We use ηSNe = 0 . 2 for fraction
f MSNe returned as gas mass, and ηmetal = 0 . 075 for the newly
ynthesized metals. 

We use the magnetized stellar feedback prescription of S. Martin-
lvarez et al. ( 2021 ). In this approach, three pairs of magnetic
eld loops are injected into the cells surrounding a stellar particle
ndergoing an SN. The magnetic energy released is adjusted to be
pproximately 1 per cent of total SN energy, ESNe . These magnetized
oops, initially spanning ∼ 10 pc , generate a magnetic field with a
trength of � 10μG in each SN event, consistent with observed high
agnetization of SN remnants (E. Parizot et al. 2006 ; see also R.
eck & R. Wielebinski 2013 ; I. Butsky et al. 2017 ; F. Vazza et al.
017 ). 
In summary, our stellar feedback model incorporates radiation,

s discussed earlier in this section, alongside magnetic, kinetic, and
hermal energy inputs. We note that our feedback prescription does
ot include stellar winds and cosmic rays, both of which, along
ith SNe feedback, could potentially reduce the final stellar mass of
ur galaxy model. However, dwarf galaxy simulations (S. Martin-
lvarez et al. 2022 ; M. P. Rey et al. 2025 ) show that radiation

eedback has a greater impact than these other feedback mechanisms.

.6 The SMBHs formation 

e designate the first collapsing DM minihalo as the site of formation
or the Pop III.1 star. This star is formed once our MTT star formation
riterion described above is fulfilled inside this minihalo. 

By definition, Pop III.1 stars form in metal-free gas. As the first
tar in the simulation, no additional metallicity criterion is applied
o its formation. In our simulations, as metal-enrichment from Pop
II stars is not modelled, we impose an initial metallicity floor of
 = 10−4 Z�, with Z� = 0 . 012 (R. Schneider et al. 2012 ), which
orresponds to the critical metallicity required for gas fragmentation
o allow Pop II stellar clusters to form. The Pop III.1 star is modelled
s a single stellar particle with a mass of 105 M�. This mass is
xtracted from the baryonic gas mass in this minihalo, and constitutes
 large proportion of its total baryonic content. During its lifetimes,
he Pop III.1 star has a phase of intense H-ionizing photon emission,
ith rates of ∼ 1053 s−1 sustained for ∼ 107 yr . At the end of its

ifetime, a Pop III.1 star is expected to undergo core collapse to form
n SMBH with high-mass conversion efficiency. To model this in the
imulations, we turn-off the radiation from the star. We modify the
mplementation by Y. Dubois et al. ( 2010 ) to replace the star with an
MBH sink particle with the same mass of 105 M�. This approach
llows the formation site of the BH to be determined primarily by star
ormation, rather than by the gaseous and DM properties of the host
alo. The SMBH thus forms within a nucleus stellar cluster, which
eepens the local gravitational potential and helps stabilize the BH
ynamics, preventing it from rapid displacements or ejection. BH
ynamics are discussed in more detail later in this section. 
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Table 1. Parameters varied in the simulation runs. 

ID AGN feedback εf ,therm 

εf ,kin εf ,rt 

NoBH – 0 0 0 
NoAGN – 0 0 0 
Therm(Edd lim) Only thermal (Edd-limited) 0.15 0 0 
Therm Only thermal 0.15 0 0 
ThermKin Thermal + Kinetic 0.15 0.15 0 
ThermKinRad Thermal + Kinetic + Radiation 0.15 0.15 0.70 
ThermHEKin Thermal + High-energy Kin. 0.15 0.85 0 
ThermHEKinRad Thermal + High-energy kin. + Radiation 0.15 0.85 0.70 

Notes . Columns are: (1) Model ID; (2) AGN feedback components; (3) AGN thermal feedback efficiency; (4) AGN kinetic feedback 
efficiency; and (5) AGN radiative feedback efficiency. 
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.7 SMBHs accretion 

nce the sink particle is formed, it is divided into multiple cloud
articles. Using 2109 clouds distributed every 0 . 5 �x around a sink
article, we tile a sphere with a radius rcloud = 4 �x, effectively
xtending to the comoving radius of ∼40 pc around the BH at our 
esolution. Cloud particles effectively sample local cells and provide 
veraged gas properties, while the sink particle is moving across 
he grid. These averaged quantities are then used to compute the 
H accretion. We use the Bondi–Hoyle–Lyttleton (hereafter BHL, 
. Hoyle & R. A. Lyttleton 1939 ; H. Bondi & F. Hoyle 1944 ; R.
dgar 2004 ) formula to calculate the BH accretion rate: 

˙ BH = 4 π ρ∞ 

vBHL r
2 
BHL , (4) 

here ρ∞ 

is the gas density sufficiently far from the gravitational 
ffects of the sink particle, vBHL is the BHL velocity give by 

BHL =
√ 

c 2 s + vrel 
2 , (5) 

here c s is the average sound speed and v rel is the average of gas 
elocity relative to the BH (these are computed using the volume- 
eighted contribution of cloud particles), and rBHL is the Bondi 

adius given by 

BHL = GMBH /v
2 
BHL . (6) 

G is the gravitational constant and MBH is the mass of the BH.
o relate the gas density at infinity to the average gas density ρ, we
se a Gaussian kernel first introduced in tabulated form by M. R.
rumholz, C. F. McKee & R. I. Klein ( 2004 ). 

cl = exp 

(
− r2 

cl 

r2 
s 

)
, (7) 

here ρ∞ 

= ρ/wcl . This way the weighting of cloud particles 
epends on the distance rcl between the gas cell containing each 
loud particle and the sink particle. The scale radius rs is derived 
rom the minimum cell size and the Bondi radius, 

s =
⎧ ⎨ 

⎩ 

�x/ 4 rBHL < �x/ 4 
rBHL �x/ 4 ≤ rBHL ≤ 2 �x 

2 �x rBHL > 2 �x 

(8) 

The accretion in the Edd lim model (see Table 1 ) is limited by
he Eddington rate, ṀEdd , which depends solely on the BH mass. 
n the other models examined in this work, the accretion rate is not
umerically capped by the Eddington limit; instead gas accretion 
nto the BH is regulated by AGN feedback. Although using an extra
rtificial boost for the accretion rate is a common practice in lower
esolution cosmological simulations, the spatial resolution in this 
ork is sufficient to capture the Bondi radius and does not require

n artificially boosted accretion. 
Once the accretion rate to the sink particle ṀBH ( ρ∞ 

, v rel , c s ) is 
btained, at each time-step �t , the gas mass is transferred from the
ells containing the clouds to the sink particle in a volume-weighted 
cheme, 

mcl = ρcl × Vcl 

ρ × V 

ṀBH �t. (9) 

his is carried out by iterating over all cloud particles in the grid.
ere, �mcl is the gas mass in cloud cells, each with a volume and
ensity of Vcl and ρcl , while V and ρ are the average volume and 
ensity of all cloud cells. 

.8 AGN feedback quasar and radio modes 

imilar to the dual-mode implementation of HORIZON-AGN (Y. 
ubois et al. 2012 ), AGN feedback depends on whether the accretion

ate is comparable to the Eddington limit or below one percent of
˙ Edd . In the former case, the BH is in the quasar mode, where
 large fraction of the mass flow to the accretion disc is efficiently
adiated away. The energy release in this mode is primarily dominated 
y thermal and radiative energy, with a smaller (but non-zero) 
ontribution from kinetic energy which drive outflows and winds. In 
he latter case, the accretion flow to the BH is radiatively inefficient
nd the BH is in the radio mode. Thus, the energy is released
nly in the form of kinetic energy. We do not include an explicit
uty cycle. In both modes (labelled by x), the fraction εf ,x of
he radiated energy LAGN from the accreting gas that is deposited 
ack to the surrounding medium as thermal or kinetic feedback is
iven by 

˙AGN = εf ,x LAGN = εf ,x εr ṀBH c
2 , (10) 

here εr = 0 . 1 is the radiative efficiency of the accretion disc. εf ,x is
ode dependent and its value in each model is given in Table 1 . For

he kinetic feedback, we set εf ,kin = 0 . 15 and 0.85 to represent both
he weak and strong radio feedback models. Along with the kinetic
nergy, momentum is deposited with a velocity of uJ = 104 km s−1 , 
eighted by the distance of the clouds to the sink particle, within

he cloud radius. This mechanical feedback is initially deposited 
sotropically, without a defined cone opening. However, the outflows 
aturally become collimated by the ISM of the galaxy and develop
nto a bipolar structure. Similarly, the thermal energy is uniformly 
eposited within the cloud volume. 

.9 AGN radiation 

n addition to the thermal and kinetic energy ejection described in the
revious section, we release radiation energy from the BHs to account 
or the contribution of AGN to the ionizing radiation field. For this,
MNRAS 544, 4317–4335 (2025)
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e applied the method presented in R. Bieri et al. ( 2017 ). We release
adiation at each fine time-step, and the amount of radiation released
n each frequency bin is given by the luminosity of the quasar in each
and. From the broad-band SED adopted in the unobscured spectrum
f S. Y. Sazonov, J. P. Ostriker & R. A. Sunyaev ( 2004 ), we calculate
he corresponding fraction of the energy distribution, which is then

ultiplied by the quasar luminosity to yield the corresponding group
nergy for each photon group, 

rad = fUV εr ṀBH c
2 , (11) 

ith fUV = fUV ,HI + fUV ,HeI + fUV ,HeII , where, for each photon
roup, the cross-sections are luminosity-weighted averages over the
nergy interval, as described in J. Rosdahl et al. ( 2013 ). In these
imulations, we do not directly model the infrared (IR) emission
rom the dust, and therefore focus on the AGN ionizing luminosity
n the UV bands. Instead, the release of thermal energy, described
n the previous section, represents the AGN luminosity in these
wo absent bands, since they are not energetic enough to ionize the
ydrogen or helium. 

.10 BH dynamics 

n this work, the BH is neither pinned to the centre of mass of its host
alaxy (D. Sijacki et al. 2007 ) nor artificially directed towards the
entre of its host DM halo (T. Costa, D. Sijacki & M. G. Haehnelt
014 ). Instead, we allow it to move freely across the Adaptive
esh Refinement (AMR) grid, with its trajectory determined by

he gravitational pull from the surrounding matter. The accretion of
as onto the BH transfers additional momentum to the sink particle.
imilarly, the relative velocity between the gas and the sink particle
enerates dynamical friction, leading to further momentum transfer
etween the BH and the gas. 

In this scheme, the gas attracted towards the sink particle by
ccretion, generates a local over density behind the moving BH. This
dditional gravitational pull from this overdense gaseous region acts
s a drag force increasing the likelihood of the sink particle staying
n the gravitational well of the dense local gas. The resolution in this
ork is sufficient to resolve this drag force, allowing the simulations

o avoid the common issue of BH ejection from the galactic disc,
 problem frequently encountered in galaxy simulations (D. Sijacki
t al. 2007 ; M. Volonteri et al. 2016 ; P. Biernacki, R. Teyssier & A.
leuler 2017 ; D. J. Bartlett et al. 2021 ). 

.11 Initial conditions and model resolution 

he initial conditions are generated using the MUSIC code (O. Hahn
 T. Abel 2011 ), and the cosmology of Planck Collaboration XIII

 2016 ) with �� 

= 0 . 6911, �m 

= 0 . 3089, �b = 0 . 0486, and h =
 . 678. All simulations are started at redshift z = 100, ensuring that
he rms variance of the initial density field, lies between 0.1 and 0.2
A. Knebe et al. 2009 ; J. O˜ norbe et al. 2015 ). Using the zoom-in
echnique, for the halo studied in this work we refine a 3D ellipsoid
f size about 0 . 85 cMpc across, positioned in the centre of the cubic
imulation box with LBox = 7 . 55 cMpc per side. The size of the
llipsoid is determined such that it encompasses all particles that
ventually reside within the target halo by redshift z = 0. In this
efined region, we achieve DM mass resolution of mDM 

� 104 M�.
NRAS 544, 4317–4335 (2025)
e gradually degrade the resolution, from a minimum level of 10
ithin the zoom region, to 9 outside. 1 

Initially, the domain is discretized with a uniform grid of 10243 

ells. This resolution is preserved within the zoom region, while
he grid is de-refined to level 9 elsewhere. Throughout the course
f the simulation, the adaptive refinement criteria come into play to
ffectively resolve dense and Jeans-unstable regions. When the total
M and gas mass within a grid cell exceeds 8 mDM 

, or when the size
f the grid cell surpasses 4 local Jeans length, a parent grid cell is split
nto 8 equal child cells. This process follows the octree structure of
AMSES , where the size of cell i is determined by the refinement level
f cell li according to �xi = 1 / 2li LBox . In our simulations, with a
aximum refinement level of 19, the initial grid undergoes adaptive

efinement to achieve a minimum cell width of approximately 14 pc .
This zoom-in setup is selected from a cosmological box with

he same size as the lowest resolution of the zoom-in simulation.
he target halo is chosen as the first to collapse in the domain,
nsuring that the BH forms at higher redshift, as allowed by the
op III.1 scenario, and therefore has more time to grow. It reaches a
alo mass and stellar mass of approximately 1010 M� and 108 . 5 M�,
espectively, by redshift z = 8, typical of spheroidal dwarf galaxies
hich quench star formation after the Epoch of Reionisation (EoR).
he results therefore reflect a broad range of systems within the dwarf
ass range, rather than being dependent on the specific properties of

he selected host halo. 

 RESULTS  

.1 The role of AGN feedback in BH–galaxy co-evolution 

he results for the BH accretion rate and final mass, along with
ome of the host galaxy properties, are presented in Fig. 1 . All
he calculations are computed for the galactic region . The physical
adius of this region is approximately 6 kpc at redshift z ∼ 8 which
orresponds to 0.15 times the virial radius of the host DM halo,
vir . The black line in the stellar and gas mass panels represents

he fiducial NoBH model. In the grey model the BH is formed, but
ts AGN feedback is set to zero. In the Edd lim model, in light
reen, AGN activity is constrained by limiting the accretion to the
ddington rate, with feedback released solely as thermal energy. In

he other models, accretion is self-regulated by various feedback
echanisms. The light blue and orange lines represent weak and

trong kinetic feedback, respectively, where the AGN ejects mechan-
cal energy with efficiencies of εf ,Kin = 0 . 15 and 0.85 in both radio
nd quasar modes (the feedback efficiency parameter is explained in
quation 10 ). The two most comprehensive models, shown in dark
lue and red, include AGN radiation which complements the weak
nd strong radio feedback, with radiation included only in the quasar
ode. 
The top panel shows the evolution of the BH mass in different
odels compared to progenitor mass of six observed quasars at

edshifts higher than z = 8 (R. L. Larson et al. 2023 ; V. Kokorev
t al. 2023 ; R. Maiolino et al. 2024b ; O. E. Kovács et al. 2024 ; Á.
ogdán et al. 2024 ; J. E. Greene et al. 2024 ). In the NoAGN model,

he SNe feedback alone is unable to regulate the BH accretion.
his results in a steep increase in BH mass, from an initial seed
f 105 to 5 × 107 in just ∼ 100 Myr . Since the exact impact of
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Figure 1. The effect of AGN feedback components on the time evolution of BH–galaxy properties. From top to bottom, the rows display BH mass, Eddington 
fraction, gas mass, gas net flow, SFR, and stellar mass, within 0 . 15 Rvir . The BH masses are compared to the progenitor mass of observed quasars at redshifts 
z > 8 (R. L. Larson et al. 2023 ; V. Kokorev et al. 2023 ; R. Maiolino et al. 2024b ; O. E. Kovács et al. 2024 ; Á. Bogdán et al. 2024 ; J. E. Greene et al. 2024 ). The 
short super-Eddington accretion episodes, reaching up to 86 times λEdd , are followed by a sharp decline, caused by AGN feedback. The peak in the net gas flow 

into the galaxy in the ThermKinRad model shows the role of radiation besides kinetic winds in launching strong AGN-driven outflows. Reduced gas mass 
and stellar mass in the NoAGN model shows the impact of BH accretion on quenching star formation at redshifts z > 15. 
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GN feedback on BH accretion remains elusive, this unrealistic
oAGN model serves as a reference to see the impact of different

eedback components. The similarity in BH growth between the
herm and NoAGN models show the inefficiency of AGN feedback
hen modelled only by releasing thermal energy due to its little effect
n the gas surrounding the BH. The short time-stepping required by
he high spatial resolution of our simulations reduces the artificial
uildup of feedback energy before it is deposited onto the grid.
his further reduce the effectiveness of thermal feedback, as the
nergy can be rapidly radiated away. We stop these two simulations
t redshift z ∼ 11 due to the high computational cost. When the BH
s not allowed to accrete above the Eddington limit, its mass grows
teadily, drawing from an extensive gas reservoir, and maintaining
 constant growth rate at high redshifts. By redshift z ∼ 9, the BH
eaches its final mass of � 5 × 108 M�. At this stage, the SMBHs
as grown so massive that its mass is comparable to the total baryonic
ass of the galaxy, suggesting it has already accreted nearly all of

he available gas. Its growth slows not due to external regulation, but
imply because little to no gas remains to be accreted. 

In the other four models, the SMBHs accretion is self-regulated
y AGN feedback, and the BH reaches a final mass between

106 and 5 × 107 M� at redshift z = 8. Amongst these four, the
hermKinRad model, which includes AGN radiation and kinetic
inds, leads to the highest SMBHs final mass. Although the final
ass in this model is lower than in the Edd lim case, the resulting
BH /M� ratio remains within the range 0.01 and 1.0, consistent
ith observed scaling relations at high redshifts (further discussed
elow). The BH has the lowest final mass in the ThermHEKinRad
odel, where the same feedback components are present, but with the

ifference that momentum is released in the radio mode at enhanced
ower. As a result, kinetic winds are approximately six times
tronger ( εf ,Kin = 0 . 85 LAGN ) than in the ThermKin model. The
nal BH masses of the two models without radiation, ThermKin and
hermHEKin , lie between those of their counterparts with radiation
hermKinRad and ThermHEKinRad , respectively. Variations

n feedback strength, particularly the inclusion of radiation in the
uasar mode, also affect star formation in the host galaxy. A reduced
tar formation rate (SFR), as in the ThermKinRad model, leaves
ore gas available for BH accretion. In this way, AGN radiation

an enhance BH growth by suppressing star formation. However, if
he AGN also has powerful kinetic feedback in the radio mode,
n addition to radiative feedback in the quasar mode, as in the
hermHEKinRad model, the feedback becomes excessively strong,

hereby preventing gas accretion onto the BH. None the less, one
ould argue that the overall BH growth across these four feedback-
egulated models is broadly similar, with variations in final BH
ass comparable to those arising from stochastic effects in galaxy

volution simulations. 
The second panel shows the Eddington ratio, λEdd , which is the

atio of the Bondi–Hoyle accretion rate, as used in the simulation,
o the Eddington limit which varies proportionally with the BH

ass. The light green line, which maintains λEdd = 1 for most of
he BH evolution, represents the Edd lim model. In all models,
he accretion rate right after BH formation is sub-Eddington for a
ew Myrs . Fig. A1 zooms-in on the first 80 Myr to better highlight
his initial accretion phase. It compares the accretion rate onto a
05 M� BH formed with and without a Pop III.1 star, and shows
hat the pre-heating effect is limited to the first few Myrs of BH
ccretion. The subsequent growth and feedback cycles proceed as
hey would if a seed of comparable mass were inserted directly. The
op III.1 channel nevertheless offers the advantage of producing BH
eeds at very high redshift, thereby maximizing the time available for
NRAS 544, 4317–4335 (2025)
ubsequent growth and making it a particularly compelling pathway
or the formation of the earliest SMBHs. 

Over the � 150 Myr (between 200 and 350 Myr after the big bang),
H grows to between 2 and 10 times its initial mass in the AGN-

egulated models, ThermKin , ThermKinRT , ThermHEKin , and
hermHEKinRT , and exceeds a 100-fold increase in the absence
f AGN feedback. The BH mass growth is later interrupted by a
erger event between the BH host halo and a smaller neighbouring

alo occurring between redshifts z = 15 and 11. The accretion rate
ncreases again at redshift z ∼ 9 . 5, following this merger event. We
iscuss the BH and galaxy properties during and after the merger
vent in detail in Section 3.5 . The time evolution of λEdd shows short
uper-Eddington accretion episodes, reaching up to 86 times λEdd .
hese high accretion phases are followed by a sharp decline, caused
y AGN feedback triggered during the peak. For better understanding
hese episodes of low accretion, we look at the gas mass available
or BH to accrete as well as the trajectory of the BH within its host
alaxy. 

Panel three in Fig. 1 shows the total gas mass within the galactic
egion , which corresponds to 0 . 15 Rvir . Panel four shows the gas
et flow, calculated as outflowing gas minus inflowing gas into the
alaxy, in the same region. The increase in the gas net flow into
he galaxy at redshift z < 9 following a merger event leads to a
egulatory cycle of: (i) high BH accretion rates; (ii) triggering of
trong AGN feedback; (iii) AGN-driven high-velocity outflow; (iv)
epletion of gas from the galactic region; and (v) a subsequent drop in
H accretion. This cycle and the resulting outflows are discussed in
etail in Sections 3.2 and 3.4 , respectively. This cycle is particularly
ronounced in the ThermKinRad model, with a net flow of ∼
 × 108 M� yr −1 . In this model, super-Eddington accretion drives
trong outflows and gas depletion, resulting in a significant follow-up
ecrease in the accretion rate of the SMBH. However, it is important
o also consider the role of SNe feedback in driving gas out of the
entral region of the galaxy, as this phase of high accretion, due to a
erger, coincides with a peak in the SFR. 
Panel six in Fig. 1 shows the SFR. All feedback models have a

tar formation history similar to the fiducial NoBH model. The star
ormation in this latter model is not influenced by BH accretion or
GN feedback. Thus, the peak amplitude at z ∼ 10, which marks

he first star formation burst, is higher in this model compared to the
ther models that include BH formation. The main star formation
ursts occur between redshift z = 11 and 9.5, and it coincides with
he merger of the BH host halo and a satellite galaxy initially in a
istance of ∼ 10 kpc at z = 11. The mass brought in by the satellite
s ∼ 8 per cent of the mass of the main galaxy in which the BH
esides. Although the merger leads to an increase in the SFR, the
ignificant outflow of gas at z < 9, specially in the ThermKinRad
odel, is more closely linked to the AGN feedback than to stellar

eedback. This is evidenced by two measurements. First, the peak in
tar formation at z ∼ 10 does not produce comparable outflows, as is
articularly evident in the NoBH model. Secondly, during the outflow
pisode in the ThermKinRad model at z < 9, the gas velocities
each ∼ 3500 km s−1 , far exceeding the typical velocities of a few
undred km s−1 generated by SNe feedback (see e.g. T. Costa et al.
018 ; D. Nelson et al. 2019 ). We discuss the outflow properties in
etail in Section 3.4 . 
The bottom panel of Fig. 1 shows the total stellar mass within the

alactic region , defined as 0 . 15 Rvir . This region also encompasses
he neighbouring minihaloes that later merge with the host galaxy.
he final stellar mass in the ThermKin , ThermHEKin , and
hermHEKinRT are very similar to that in the fiducial NoBH model,
ith only minor differences in their evolution. In contrast, the final
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Figure 2. PDF of the Eddington fraction, λEdd , over the entire BH evolution. 
The accretion rate vary depending on the AGN feedback model. The BH in all 
models primarily grows through accretion rates that are below and comparable 
to the Eddington limit. Only a small fraction of the BH mass grows through 
super-Eddington accretion rates with the maximum of λEdd = 86. 
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tellar mass in the Edd lim model is ∼ 5 times lower than the
oBH model, as the BH has accreted nearly all of the available gas,

eaving little fuel for star formation. An even more extreme trend is
een in the NoAGN and Therm models, where the BH mass growth
xtremely rapidly. The only difference between the Edd lim and 
he Therm models is the imposition of an Eddington limit on the
H accretion rate. This Eddington limit leads the Edd lim model to 

eature ∼ 1 . 6 higher gas mass, and 20 times higher stellar mass than
he Therm model. This Eddington limit prevents rapid gas depletion 
haracteristic of short bursts of super-Eddington accretion, observed 
n the Therm model at redshifts z > 15. This shows the impact
f BH accretion, even in the absence of efficient AGN feedback, 
n quenching star formation at high redshifts, primarily because 
fficient accretion depletes gas from the high-density regions within 
he galaxy, leaving little available for star formation. Similarly in 
he ThermKinRad model, which incorporates AGN radiation, the 
tellar mass is further reduced at lower redshifts. This highlights the 
reat impact of radiation, compared to other feedback components, in 
uppressing star formation when BH growth is sufficient, specially in 
ow-mass galaxies. We discuss the importance of radiation pressure 
n AGN feedback in more detail in Section 3.4 . 

.2 Feedback-driven cycles of super- and sub-Eddington 

ccretion 

s discussed in Section 3.1 , BH growth follows a high accretion–
trong feedback–low accretion cycle rather than maintaining a sus- 
ained high accretion rate. To illustrate this cycle more quantitatively, 
ig. 2 shows the PDF of λEdd for the feedback-regulated models, 
ompared with the NoAGN and Therm models. The shape and 
he location of the peak in the PDFs vary depending on the AGN
eedback model. Although all models contain episodes of super- 
ddington accretion rates ( λEdd > 1), in the self-regulated feedback 
odels the BH primarily grows at rates below yet close to the
ddington limit. In contrast, the NoAGN and Therm models have 
DF peaks at super-Eddington values, showing that when the AGN 

mits weak feedback, there is little to no prevention of BH accretion,
llowing it to grow rapidly. In all AGN feedback-regulated models, 
he PDFs peak near λEdd ∼ 1 which shows accretion predominantly 
ccurs at rates comparable to the Eddington limit. Additionally, the 
resence of lower λEdd values, � 10−2 M� yr −1 , which is absent in 
he NoAGN model, shows the impact of AGN feedback in consistently 
uppressing accretion rates. 

This effect is particularly apparent in the models that include 
adiation, where the peak of the PDF shifts toward lower Eddington 
atios, in both weak and strong radio modes. However, this shift does
ot necessarily translate into reduced BH growth. In particular, the 
hermKinRad model shows the largest BH mass growth among 

he feedback-regulated models despite its peak occurring at lower 
ccretion rates. This is because, while the BH spends more time at
odest accretion levels (as reflected by the higher amplitude of the
DF at lower Eddington ratios), it also undergoes substantial periods 
f high accretion, at rates comparable to or exceeding the Eddington
imit, which drive the bulk of its mass growth. The distinct shape of
he distribution in AGN-regulated models, compared to NoAGN and 
herm , further shows the role of AGN feedback in maintaining
oderate accretion rates and preventing runaway growth. While 

ll feedback-regulated models allow only a small fraction of the 
H mass to grow through super-Eddington rates, their accretion 

each super-Eddington values with maxima of λEdd ∼ 86 , 33 , 8 . 5,
nd 15 in the ThermKin , ThermKinRad , ThermHEKin , and
hermHEKinRad models, respectively. 
We also compare the accretion rates in our models to The JWST

dvanced Deep Extragalactic Survey (JADES) of high-redshift 
MBHs (Y. Harikane et al. 2023 ; R. Maiolino et al. 2023 ; V. Kokorev
t al. 2023 ; D. D. Kocevski et al. 2023 ). In Fig. 3 , we show ṀBH /ṀEdd 

s a function of BH mass for different feedback models. This plot
llustrates the relative accretion rate at each stage of the BH growth,
ighlighting how the accretion rate changes as the BH gains mass
hroughout its evolution. Dashed lines show the average accretion 
ate, λEdd , across BH mass in each model. Comparison with obser- 
ational data shows that our feedback-regulated models successfully 
eproduce BH masses in the range of ∼105 to 5 × 107 M� with 
verage accretion rates comparable and below the Eddington limit. 
n the feedback-regulated models, ThermKin , ThermKinRad , 
hermHEKin , and ThermHEKinRad , λEdd ∼ 0 . 32 , 0 . 27 , 0 . 27,
nd 0.24, respectively. In these models, the accretion rate fluctuates 
round the Eddington limit, with variations comparable to those 
rising from stochastic effects. These fluctuations around λEdd = 1 
urther emphasize the role of AGN feedback, alongside SNe feed- 
ack, in regulating the accretion rate and generating a cycle of high
ccretion followed by a strong feedback. Compared to the Edd lim 
odel, this cycle leads to a more gradual increase in BH mass. In

ontrast, the NoAGN model, with λEdd ∼ 0 . 93, exhibits continuous 
rowth in a single super-Eddington peak without intermittent drops. 
imilarly, the absence of fluctuations in the Therm model, akin to

he NoAGN model, indicates the relatively limited effect of thermal 
eating in our models compared to the more impactful kinetic winds
nd radiative components. 

For SMBHs with masses above 5 × 107 M�, the accretion rate 
n the Edd lim model is higher than the λEdd inferred from 

bservations. This indicates that the steady growth in the Eddington- 
apped model leads to a BH mass–accretion rate relation at odds
ith high redshifts observations. For these massive BHs, the results 
f our AGN feedback-regulated models are constrained by the mass 
f the host galaxy in this work. However, given the high BH mass–
ccretion rates reached by these feedback-regulated models, applying 
ur complete AGN feedback to a more massive galaxy could likely
ield BH masses exceeding 5 × 107 M�. 

.3 The effect of black hole offsets with respect to the host 
alaxy on its evolution 

n Section 3.1 , we discussed how BH mass growth is shaped by the
roperties of gas available for accretion – primarily limited by both 
GN and SNe feedback. However, the dynamics of SMBHs can 
lso influence their growth and accretion rates (B. D. Smith et al.
018 ; H. Pfister et al. 2019 ). In this section, we explore how the
MNRAS 544, 4317–4335 (2025)
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Figure 3. The Eddington fraction versus BH mass compared to the observed JADES sample in yellow hexagons. ṀBH represents the BH accretion rate 
following the Bondi–Hoyle model, while the ṀEdd represents the accretion to the BH if it follows the Eddington limit. The green line shows Edd lim model 
where the AGN activity is Eddington limited. In other models, the accretion is self-regulated by different feedback models. In the weakest AGN model, Therm 
in dark green, where the feedback is limited to releasing thermal energy in the quasar mode without ejecting mechanical feedback or emitting radiation, most of 
the BH mass is accreted in the initial super-Eddington phase in the first ∼ 60 Myr . The accretion rate in other models, regulated by a more comprehensive AGN 

feedback, leads to a more gradual build up of the BH mass. 

No BH

Figure 4. Time evolution of the BH relative displacement with respect to the 
centre of the galaxy, and its variation depending on the AGN feedback model. 
For the BH to grow efficiently, its trajectory must intersect with dense gas 
clouds, primarily concentrated in the central region of the galaxy. On average 
across its evolution, the BH remains at a distance of a few hundred pc from 

the galaxy centre. 
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H moves within its hosting galaxy to better understand changes
n its accretion rate over time. For studying the BH offset, a key
dvantage of the simulations in this work is that the BH trajectory
s determined directly by the gravitational field solution, without
ny artificial constraints pinning the BH to the region of maximum
ensity or to the centre of the halo. 
Fig. 4 shows the distance of the sink particle from the centre

f its host galaxy, ‖rsink ‖ , over time. Initially, the BH seed forms
t the exact position where its progenitor star dies. Since this is
NRAS 544, 4317–4335 (2025)
he first star to form in the simulation box, the BH initial position
losely coincides with the peak density of the galaxy (M. Sanati et al.
025 ). Over time, both the BH position and the centre of mass of
he galaxy shift, as revealed by their varying relative distances in the
gure. 
We find different feedback models to have an important effect on

he relative BH displacement. In the NoAGN , Edd lim , and Therm
odels, featuring either no AGN feedback or an inefficient only-

hermal feedback, ‖rsink ‖ can reach values as small as ∼ 1pc . In the
oAGN and Therm models, the BH spends � 15 Myr inside the cen-

ral region. During this time, it grows rapidly, reaching a maximum
ccretion rate of � 14 ṀEdd . This initial phase of fast accretion leads
o significant BH mass growth, which increases the dynamical fric-
ion it experiences. As a result, the BH remains anchored near the cen-
re, enabling continued growth. However, as discussed in Section 3.1 ,
his rapid accretion also depletes the surrounding gas, weakening the
entral gravitational potential. As a result, after this brief phase of
igh accretion near the galaxy centre, the BH struggles to stay within
 10 pc of the central region. There is a similar interplay between
H mass growth, and its trajectory when comparing the ThermKin ,
hermKinRad , ThermHEKin , and ThermHEKinRad models to

he Edd lim model. For the BH to grow efficiently in the feedback-
egulated models, its trajectory must intersect dense gas clouds,
hich are primarily concentrated in the galactic centre. However, in

he feedback-regulated runs, the BH typically maintains an average
istance of a few hundred pc from the centre, while in the Edd lim
odel it stays closer, within � 100 pc , for most of its evolution. This

ifference arises because the lighter BHs in the feedback-regulated
odels experience weaker dynamical friction and are more easily
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Figure 5. Density-weighted projection of gas density in grey, separated into 
inflowing gas in blue with radial velocity vr < −30 km s−1 , and high-speed 
outflowing gas in red with vr > 300 km s−1 , and low-speed outflowing gas in 
green with vr > 30 km s−1 . In the ThemKinRad model with strong accretion 
rate, AGN-driven radiation pressure generates outflows extending to ∼ 50 kpc 
at redshift z ∼ 8 . 5, with maximum radial velocities exceeding 2500 km s−1 . 
The white circle shows the galactic region with radius of 6 kpc at redshift 
z ∼ 8 which corresponds to 0.15 times the virial radius of the galaxy. 
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erturbed, especially during merger events, compared to the more 
assive, steadily growing BH in the Edd lim model. 

.4 AGN-driven galactic scale outflows 

ig. 5 showcases the qualitative properties of the outflows in the 
GN-regulated models, at increasing time from left to right columns. 
he density-weighted projection of the total gas density is shown 

n grey. Inflowing gas with a radial velocity offset with respect 
o the galaxy of vr < −30 km s−1 is shown in blue. Outflowing 
as is separated into two groups: slow winds with vr > 30 km s−1 

hown in orange, and fast winds with vr > 300 km s−1 shown in 
ed. The white circle shows the galactic region with size ∼ 6 kpc , 
qual to 0.15 of the virial radius of the host DM halo. From top to
ottom, panels in the first and third rows show weak and strong radio
eedback, ThermKin and ThermHEKin , respectively. The second 
nd fourth rows show the ThermKinRad and ThermHEKinRad 
odels, which also include AGN radiative feedback in addition to 

adio modes. 
At redshift z ∼ 9, the BH undergoes a period of intense accretion,

riven by a merger event. This elevated accretion rate generates 
trong AGN feedback. In the ThermHEKinRad model (fourth row), 
he BH accretion rate is the lowest among the four models, resulting
n weak AGN feedback and the smallest fraction of outflowing gas
in red). The ThermKin and ThermHEKin models (first and third 
ows), BH has a higher accretion rate and generates stronger feedback 
see Section 3.1 ). However, the leftmost panels at z = 8 . 77 show
hat the accreting BH remains enshrouded by dense gas layers (in
ed), causing the feedback to become confined within the galactic 
ucleus. Since thermal energy is included in all of these models,
his confinement shows that thermal pressure alone is insufficient 
o lift against the potential the gas layers enshrouding the AGN.
his is a result of the high binding energy of the central region. In
ontrast, in the ThermKinRad model (second row), after an event 
f high accretion rates, AGN-driven radiation pressure generates 
utflows extending to a comoving radius of ∼ 50 ckpc at redshift 
 ∼ 8 . 5. This is due to two key factors: (1) a comparison between the
igh accretion rates in the ThermKin and ThermKinRad models 
t redshift z ∼ 9 (see Fig. 1 ), following the merger event, shows
hat a high BH accretion rate alone is not sufficient to sweep up
he gas through feedback. Although in both models BH undergoes 
 super-Eddington accretion at this redshift, the momentum-driven 
omponent of the feedback is too weak to unbind the tightly held
as and initiate a significant outflow. This highlights the critical role
f AGN radiation feedback in driving galactic-scale outflows. (2) A 

omparison between the ThermKinRad and ThermHEKinRad 
odels shows that radiation pressure is particularly effective at 

enerating galactic outflows when the BH accretion rate is com- 
arable to the Eddington limit. While both models include radiative 
eedback, the ThermKinRad model shows significantly stronger 
utflows due to its more efficient BH growth. The accumulation BH
ass in this model is approximately 50 times higher than in the
hermHEKinRad model (see Section 3.1 ), resulting in stronger 
GN feedback. 
In summary, AGN radiative feedback enables the BH to have a

reater impact on the host galaxy, by allowing for more efficient and
apid BH growth, primarily through the suppression of star formation 
as discussed in Section 3.1 ), and by driving strong outflows. In
he latter process, radiation heats and rarefies the surrounding gas, 
reating low-density channels through which kinetic winds can more 
asily escape. We note that in massive galaxies, hosting > 109 M�
MBHs, radiation has a limited impact and a multiscattered radiation 
ressure in the form of IR) feedback is required to obtain fast
utflows (T. Costa et al. 2018 ). Although IR feedback resulting from
adiation pressure on dust is not included in this work, its impact
s more significant in more massive z > 6 galaxies with high metal
nrichment. The small mass of the galaxy simulated in this work,
ombined with its low IR–optical depth due to its low metallicity,
inimizes the relevance of IR feedback in this context. 
Thus, in this setup, AGN radiation is likely driven primarily by UV

hotoionization heating, rather than by IR trapping or dust-induced 
adiation pressure. We do not model the hard X-ray regime, where
ompton and inverse Compton scattering can heat or cool the gas in

he immediate vicinity of the source toward a Compton equilibrium 

emperature of 2 × 107 K – effects that remain spatially confined and 
inimally influence the ISM (e.g. L. Ciotti & J. P. Ostriker 2012 ).
evertheless, the inclusion of X-ray radiation field extending to large 

adii may inject energy into diffuse gas (e.g. D. C. Hambrick et al.
011 ; L. Scharré, D. Sorini & R. Davé 2024 ) and generate more
ramatic outflows. We leave this avenue for future work. 
Disentangling the physical mechanisms that drive galactic out- 

ows is observationally challenging due to the complex interplay 
etween different feedback processes. SN feedback may contribute to 
reating low-density chimneys within the central dense gas, making 
t easier for outflows to launch. It can have a complementary effect
MNRAS 544, 4317–4335 (2025)
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Figure 6. Radial velocity distribution of outflowing gas within a physical 
radius of 6 kpc (equivalent to the white circle in Fig. 5 ). The figure focuses 
on 71 Myr of outflow evolution between redshift z ∼ 8 and 9, following the 
merger event at redshift z ∼ 9 and subsequent cold gas inflow. Each panel 
represents a different AGN-feedback regulated model. Strong outflows with 
maximum radial velocities exceeding 2000 km s−1 in model ThermKinRad 
arise from the combined effects of high BH accretion rates and AGN-driven 
radiation pressure, which we attribute to radiation unbinding the dense gas 
surrounding the BH. 
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o AGN feedback in expelling gas. To verify that the galactic-scale
utflows, particularly in the ThermKinRad model, are primarily
GN-driven, with stellar feedback playing a secondary role, we
ompare the gas velocity in this model to that in others. This
llows to assess the relative contributions of AGN and SNe feedback
n driving the outflows. Fig. 6 shows the PDF of radial velocity
cross different models. The radial velocity is computed for gas
ocated within ∼ 6 kpc physical radius of the simulated galaxy.
his radius is equivalent to the white circle in Fig. 5 . We focus
n ∼ 71 Myr of outflow evolution, between redshift z ∼ 9 and 8.
his marks the period right after the BH host galaxy has merged
ith a satellite companion (see also Section 3.5 ). The different line

olours represent successive time-steps, with red corresponding to
igher redshift ( z � 9) and blue to later times ( z � 8). At early times
red curves), there is little high-velocity outflowing gas in any of
he models. As time progresses, particularly around z � 8 . 5, shown
n light blue, yellow, and orange, high-velocity outflows begin to
evelop. This is especially prominent in the ThermKinRad model,
hich shows a significant broadening of the PDF toward higher
elocities. Eventually, as the gas expands and escapes, the overall
adial velocity distribution shifts and narrows again (dark blue).

hile the BH accretion rate increases in all models after the merger
vent, ṀBH in ThermKinRad model reaches 5 − 15 times higher
ompared to the rest. After the merger event, the SFR increases
imilarly across all models, with a peak at z � 9. However, the high
adial gas velocities, exceeding 2500 km s−1 , correlates more closely
ith a significant boost in BH accretion rate in the ThermKinRad
odel, rather than with increased star formation activity present

cross all models, following the merger event, whose redshift is
arked by the grey dashed lines. Although all models exhibit

utflows with velocities vr > 500 km s−1 , the fraction of gas reaching
uch speeds is ∼ 400 times greater in the ThermKinRad model.
his aligns with high-redshift observations of outflows at similar
elocities (S. Carniani et al. 2024 ; A. Saldana-Lopez et al. 2025a ),
uggesting that a significant mass of high-velocity gas is required for
NRAS 544, 4317–4335 (2025)
etection. In summary, the high velocities of the outflows, specially
onsidering their occurrence following a significant BH growth,
upports the argument that these outflows are primarily AGN-driven
ather than resulting from SNe feedback. Such energetic outflows,
hen breaking out of the galaxy, carry magnetic energy along their
ath (e.g. D. Wittor, F. Vazza & M. Brüggen 2017 ; A. A. Garcia
t al. 2021 ; J. Blunier & A. Neronov 2024 ). The extent of these
agnetized outflows, generated by AGN feedback, can be compared

o the remnants of primordial magnetic fields from the early Universe
e.g. I. Wasserman 1978b ; E.-J. Kim, A. V. Olinto & R. Rosner 1996 ;
. Gopal & S. K. Sethi 2003 ; K. Subramanian 2016 ; M. Sanati et al.
020 ; D. Garg, R. Durrer & J. Schober 2025 ). This comparison
ould reveal the role of low-mass galaxies in magnetizing the IGM,
articularly inside and at the edges of cosmic voids where dwarf-
ize galaxies are more abundant and their outflows may play a more
ignificant role than those of more massive galaxies. 

.5 Impact of merger on BH growth 

s discussed in Section 3.1 , one possible trigger for efficient
ccretion onto a central galaxy BH is a merger event. Such event
nables clumps of cold, dense gas to refill the innermost regions of
he BH host galaxy, driving significant BH growth following the
erger. The merger is illustrated in Fig. 7 . At redshift z < 12,
 satellite galaxy with a mass of ∼ 5 × 105 M� approaches the
H host galaxy, which has a stellar mass of M� ∼ 107 M�. The

wo galaxies are initially at a distance of � 10 kpc at redshift
 � 12. The infall process concludes before redshift z = 8. Each
rey point corresponds to a stellar particle in the host galaxy.
tellar particles in the satellite galaxy are colour-coded according

o redshift, with the centre of stellar mass marked by a black 
ross. 

Before the merger, the BH host galaxy has a size of ∼ 1 kpc at
edshift z � 12. After the merger, although the galaxy remains intact,
ts stellar distribution is disturbed by the satellite infall, which leads
o an increase in its size across all models. The origin of this size
rowth, occurring over ∼ 250 Myr during the merger is driven by
he expansion of the stellar component and is likely linked to the
apid modification of the gravitational potential (A. Pontzen & F.
overnato 2012 ; D. Martizzi, R. Teyssier & B. Moore 2013 ). The
ark green circle shows the position of the sink particle, traced by
olid lines. While the infall of the satellite supplies the BH host galaxy
ith approximately 106 M� of gas at redshift z � 12, this supply

s secondary to the mass already present in the system. Instead,
he primary effect of the merger on the BH growth is inducing
he compression of mass and gravitational potential in the central
egion, leading to enhanced BH accretion. Second, it disturbs the
H dynamics, and shifts its position relative to the galaxy center. 
Fig. 8 more quantitatively shows the properties of both BH and

alaxy during the merger. The top panel shows the stellar mass
f the main galaxy hosting the BH, and that of its satellite, with
tar symbols connected by solid and dashed lines, respectively.
efore the merger, the stellar mass in the BH host galaxy varies

rom M� = 5 × 106 in the ThermHEKinRad to 2 × 107 M� in
he ThermKin . Interestingly, the stellar masses in the two models
ith AGN radiation are similar, and lower than those in the two
odels without this component, which also overlap. This shows

he impact of AGN radiation feedback in reducing the SFR. The
erger happens between this galaxy and a smaller companion with

tellar mass of ∼ 4 − 8 × 105 , which is slightly lower in models with
tronger AGN feedback. The stellar masses in the companion galaxy
ollow this order: ThermKin , ThermKinRad , ThermHEKin ,
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Figure 7. Merger event between redshifts z ∼ 11 and 8. The panels from left to right show the ThermKin , ThermKinRad , ThermHEKin , and 
ThermHEKinRad models, respectively. The redshift range is selected to showcase the stellar distribution in the main halo of the galaxy hosting the BH, 
as well as position of the BH, before and after the infall of its satellite. The stars in the main galaxy are shown in grey, while those in the satellite are colour-coded 
with the corresponding redshift. The green circle and the black cross show the position of the BH and the centre of mass of the satellite galaxy, respectively. 

Figure 8. Galaxy and BH properties, before and after a merger event between 
redshift z ∼ 11 and 8, in feedback-regulated models. First panel: the stellar 
mass of the main galaxy hosting the BH, and that of its satellite are shown 
by stars connected by solid and dashed lines, respectively. Circles connected 
by solid lines indicate a sharp increase in BH mass across all models. Second 
panel: the half-mass radius, R12 , of the main galaxy and its satellite are 
shown by solid and dashed lines, respectively. The merger event disturbs 
the stellar distribution in the main galaxy, but the AGN outflows in the 
ThermKinRad model cause a further increase in R12 . Third panel: the SFR 

and BH accretion rate. During the merger event, gas compression boosts the 
SFR. A second SFR peak results from the inflow of cold gas from the satellite. 
BH accretion rates increase in all models post-merger, with a prominent peak 
in the ThermKinRad model. Fourth panel: the merger impact shows a 
similar merger process across all models. 
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nd ThermHEKinRad . While the role of stochasticity in galaxy 
volution simulations cannot be overlooked, this difference in the 
tellar mass may be due to the long-range effects of AGN feedback
n star formation in neighbouring galaxies, extending up to several 
pc (the initial distance between the two galaxy is � 10 kpc at 
edshift z � 12). The evolution of BH mass during the merger event
s depicted with circles connected by solid lines, showing a sharp
ncrease in BH growth across all models, immediately following the 
nfall of the satellite galaxy. This highlights the dynamic interplay 
etween galactic interactions and BH evolution, particularly in the 
ore chaotic environment of high redshifts. 
The merger also disrupts the stellar distribution in both the 

ost and satellite galaxies. The impact on the half-mass radius, 
12 , is shown in the second panel of Fig. 8 for both galaxies.
rior to the merger, the size of the satellite galaxy is relatively
imilar across different feedback models. However, R12 in the main 
alaxy shows slight variations between the models. These differences 
ppear to correlate with the strength of the AGN feedback, with the
alaxy being more extended when it is hosting a more massive BH
hat generates stronger feedback (see also Section 3.4 ). Following 
he merger, there is an in situ burst of star formation. With all
ewly formed stars associated to the main galaxy. These stars are
rimarily formed in the central region of the system, effectively 
ecreasing its half-mass radius and leading to a more compact 
alaxy. An exception is the ThermKinRad model, where strong 
GN radiative feedback dominates and disperses the stars instead. 

n all feedback models, the merger disturbs and gravitationally heats 
he stellar distribution, causing the size of the satellite galaxy to 
ncrease. 

In the third panel, we examine the impact of the merger on both
he BH accretion rate and the SFR in the host galaxy, represented by
olid and dashed lines, respectively. The SFR begins to rise sharply at
edshifts z � 11 across all models. We attribute this to gravitational
nteractions between the merging galaxies, which compress the gas 
nd enhance the star formation efficiency, as well as the overall
rowth in halo mass. A similar trend is observed for the BH accretion
ate, which also experiences a significant boost following the merger. 
mong the feedback regulated models here, the ThermKinRad 
odel shows the highest accretion rate peak. ṀBH in this model 

eaches 1 . 5 M� yr −1 , compared to 0 . 1 − 0 . 3 M� yr −1 in the other
odels. This is consistent with its hosting of the most massive BH

efore the merger, as a larger BH mass naturally supports a higher
MNRAS 544, 4317–4335 (2025)
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Figure 9. Host galaxy properties as a function of BH mass in AGN feedback- 
regulated models. The panels show the time evolution of stellar mass (top), 
stellar velocity dispersion (middle), and stellar dynamical mass (bottom) as 
a function of BH mass, between redshift z ∼ 12 and 8. For comparison, 
final stellar masses are shown as star symbols in the bottom panel alongside 
the evolution of dynamical masses. The results are compared with JADES 
observations at high redshifts (4 < z < 7, R. Maiolino et al. 2023 ), and local 
scaling relations of V. N. Bennert et al. ( 2021 ), J. Kormendy & L. C. Ho 
( 2013 ), A. E. Reines & M. Volonteri ( 2015 ), and J. E. Greene et al. ( 2020 ). 
Shaded regions show the dispersion and uncertainty of the fits. In simulated 
galaxies, the MBH /M� ratio remains between 0.01 and 1. The exception is 
the ThermHEKinRT model with the lowest BH mass growth and MBH /M� 

ratio below 0.01. Overall, the scaling relations show a great agreement with 
high-redshift observations. 

a
s

 

t  

r  

m  

T  

o  

m  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/4317/8326521 by guest on 12 D
ecem

ber 2025
In the bottom panel, we analyse the characteristics of the infall by
xamining the impact parameter of the merging galaxies. The impact
arameter decreases over time as the satellite galaxy approaches
he central galaxy. A comparison across feedback-regulated models
eveals that the BH host galaxy undergoes a similar merging process,
ith comparable gravitational interactions in all cases. Thus, the
bserved differences in BH growth, accretion rate, and star formation,
re likely attributed to the distinct effects of AGN feedback on the
ost galaxy in each model. 

.6 BH–host galaxy scaling relations 

ig. 9 shows the co-evolution of the host galaxy properties with
he mass of their hosted BH. The top panel shows the evolution of
tellar mass, represented by solid lines, with circles indicating the
nal stellar at redshift z = 8. Straight dash–dotted lines in dark blue
orrespond to constant values of MBH /M� = 0 . 01, 0.1, and 1. Local
caling relations obtained by A. E. Reines & M. Volonteri ( 2015 )
nd more recently by J. E. Greene et al. ( 2020 ) are shown in dark and
ight green, respectively. Dashed lines show their best fitting relation,
ith the shaded area indicating the scatter and slope uncertainty in

ach sample. The yellow hexagons show the JADES observations of
uasars at redshift 4 < z < 11 (R. Maiolino et al. 2023 ). The JADES
ample exhibits a significant deviation from local observations in the
H mass–stellar mass scaling relation, particularly for low stellar
ass galaxies with M� < 109 M�. The stellar mass versus BH mass

elation of our simulated galaxy is comparable to the outliers in
he JADES sample, and we observe a similar deviation from the
ow-redshift scaling relation at high redshift. Consistent with high-
edshift observations, all our feedback-regulated models show that
Hs between redshifts z ∼ 12 and 8 are significantly overmassive

elative to the stellar mass of their host galaxies, compared to local
caling relations. In the ThermKinRad model, we even find the BH
ass approaches a significant fraction of its host galaxy stellar mass.
The middle panel shows the mass-weighted 3D stellar velocity

ispersion σ . As in the top panel, the green shaded region represents
he 1 σ dispersion of the Local scaling relation provided by J. E.
reene et al. ( 2020 ). For calculating σ , we use the stellar component
ithin 2 R1 / 2 , where R1 / 2 is the half stellar mass radius. The evolution
f the ThermHEKinRad model (red line), with the strongest AGN
eedback and least efficient BH growth, aligns with the higher
elocity dispersion values inferred from observations in the Local
roup. However, we note that at such low stellar masses, the local

caling relation is not well constrained and primarily relies on
xtrapolation from the higher mass regime. The three other models
ith more efficient BH growth deviate from the Local MBH − σ

elation and instead are more closely consistent with high-redshift
WST observations. 

The bottom panel shows the dynamical mass of the galaxy, Mdyn ,
s a function of its residing BH mass. The grey dashed line shows
he best fit to the BH mass–bulge mass data from J. Kormendy &
. C. Ho ( 2013 ), and the shaded region shows the 1 σ dispersion
f the relation. Same as velocity dispersion, the stellar Mdyn in our
imulations is computed within twice the half-mass radius, and linked
o the velocity dispersion through the Virial theorem, 

dyn = 2 R1 / 2 × σ (2 R1 / 2 ) 

G 

, (12) 

o facilitate comparison, the final stellar mass in each model at
edshift z � 8 is shown with stellar symbols. As expected, the
ynamical masses in all models are higher than the stellar masses,
NRAS 544, 4317–4335 (2025)
nd the deviation from the local fit is not as strong as the MBH − M� 

caling relation. 
In summary, the SMBH–galaxy scaling relations obtained for

he modelled galaxies indicate that BH seeds grow efficiently,
eaching masses comparable to or exceeding 107 M� by z = 8, while
aintaining a BH-to-stellar mass ratio within 0 . 01 < MBH /M� < 1.
he SMBHs mass, along with the stellar and dynamical masses
f the host galaxy, is consistent with high-redshift observations of
oderate-luminosity quasars in low-mass galaxies. However, similar

o these observations, the BHs in our models appear overmassive
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elative to the stellar mass of galaxies they reside in as predicted by
he SMBH–galaxy scaling relation in the local Universe. 

In summary, the rapid BH mass growth in our simulations can 
ikely be explained by several distinctive aspects of our approach 
ompared to prior zoom-in studies of AGN evolution. Our physically 
otivated AGN feedback models capture both radio and quasar 
odes (e.g. Y. Dubois et al. 2012 , 2014 ; R. Weinberger et al. 2017 ,

018 ) and include radiative transfer (see also M. Trebitsch et al.
021 ) to model AGN radiation effects on the ISM and CGM, which
s rarely accounted for at this resolution. A key avenue for further
mprovement of this model is the inclusion of dust physics and 
GN IR feedback (e.g. T. Costa et al. 2018 ), and the injection of
osmic rays and magnetic fields (e.g. F. Vazza et al. 2025 ). The
imulations achieve 14 pc resolution in faint, low-mass galaxies at 
igh redshift (i.e. dwarf galaxies forming in ∼ 1010 M� haloes with 
tellar masses ∼ 108 . 5 M� at z � 8). Owing to this high resolution, 
either BH accretion nor AGN feedback requires artificial boosting 
e.g. explored in S. Koudmani, D. Sijacki & M. C. Smith 2022 ),
hich is a common practice in lower-resolution simulations. The 
igh spatial resolution also enables us to resolve the multiphase 
SM, track the escape of ionizing radiation, and achieve an un- 
recedentedly detailed examination of AGN-driven outflows during 
ncapped, super-Eddington accretion episodes (e.g. J. Sunseri, Z. L. 
ndalman & R. Teyssier 2025 ) and their interaction with the host

nvironment. 
Importantly, the BH is not artificially fixed at the galaxy centre 

ut is free to move, making its growth more responsive to the
volving galactic environment, including inflowing gas from the 
GM. The on-the-fly radiative transfer also has an indirect impact on 
H dynamics (M. Tremmel et al. 2015 ) by preventing the formation
f massive cold gas clumps. This is particularly important during the 
arly stages, when the BH has a low mass and could otherwise be
ignificantly perturbed by a passing clump, potentially leading to its 
jection from the galaxy. The Pop III.1 channel offers the advantage 
f producing BH seeds at very high redshift, thereby maximizing the 
ime available for subsequent growth (e.g. S. McAlpine et al. 2018 ).
he BH seed itself forms self-consistently as one of the first objects

n the galaxy, in the same region where the earliest star formation
akes place, instead of being placed using clump-finding techniques 
r mass threshold (e.g. T.-E. Bulichi et al. 2025 ). This suppresses
arly star formation and leaves more gas available for BH accretion 
P. Barai & E. M. de Gouveia Dal Pino 2019 ; R. S. Sharma et al. 2020 ;
. Wellons et al. 2023 ; E. Arjona-Gálvez et al. 2024 ), in contrast with
any previous studies where stellar build-up dominates before BH 

rowth (M. Habouzit, M. Volonteri & Y. Dubois 2017 ; D. Anglés-
lcázar et al. 2017 ; M. Trebitsch et al. 2018 ; P. F. Hopkins et al.
022 ; L. Byrne et al. 2023 ). Moreover, forming the BH within a
uclear star-forming region deepens the local gravitational potential, 
urther stabilizes its dynamics (J. M. Bellovary et al. 2021 ; L. Ma
t al. 2021 ; R. S. Sharma et al. 2022 ; R. S. Beckmann et al. 2023 ).
he comprehensive treatment of star formation (using MTT criteria) 
nd stellar feedback (mechanical, radiative, and magnetic), and their 
mpact on the state of the gas and steady BH growth, is another key
eature in these simulations. 

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

n this work, we explore how various AGN physical processes and 
onfigurations shape the co-evolution of a model galaxy and its 
entral SMBH at high redshifts. We conduct cosmological radiative- 
agnetohydrodynamical simulations of a zoom-in galaxy with stellar 
ass of � 5 × 108 M� down to redshift z = 8. All simulations are
enerated using our modified version of the RAMSES code. In addition
o two models without AGN feedback and one where BH accretion
s limited by the Eddington rate, we systematically build up the AGN
eedback by adding different physical components and processes. 
hese include thermal energy injection, kinetic winds (representing 
oth weak and strong radio-mode feedback), and AGN radiation. 
his step-by-step approach allows us to deconvolve and study how 

ach feedback mechanism contributes to regulating BH accretion 
nd growth. Our main findings are as follows: 

(i) We find SMBHs to rapidly grow during the dawn of the first
alaxies, through AGN self-regulated accretion. Our 105 M� initial 
ass seeds can grow and even exceed 107 M� by redshift z = 8, with
H-to-stellar mass ratio of 0 . 01 < MBH /M� < 1. With typical host
alaxy stellar masses of � 108 M�, our simulated SMBHs resemble 
igh-redshift observations of moderate-luminosity quasars fuelled 
y overmassive SMBHs in low-mass galaxies. 
(ii) We find super-Eddington accretion episodes, reaching up to 

pproximately hundred times the Eddington limit. These episodes are 
riven either by continuous gas inflows or triggered by merger events
etween the BH host halo and the neighbouring subhaloes, mainly 
t redshifts between z = 12 and 8. These episodes are followed by
trong AGN feedback that thwarts BH growth, driving a feedback 
egulating cycle that prevents sustained super-Eddington accretion. 

(iii) We find AGN radiative feedback to play a crucial role in
aunching high-velocity galactic outflows. It creates low-density 
hannels that allow feedback to escape when high-density gas 
ccumulates around the BH during super-Eddington accretion events. 
his drives strong outflows extending to ∼ 50 kpc at redshift z ∼ 8 . 5,

eaturing maximum radial velocities exceeding 2500 km s−1 . 
(iv) The SMBHs are allowed to move freely within our simula- 

ions, with them typically remaining at a few hundred pc from the 
alaxy centre. We find that the BH mass growth and its proximity to
he galaxy centre correlates over its evolution. 

In these simulations, BH seeds originate from Pop III.1 star 
rogenitors, which naturally form heavy seeds at the highest red- 
hifts. We self-consistently model the formation and irradiation of 
he progenitor star, explicitly capturing pre-heating effects often 
eglected in simulations seeding SMBHs, therefore also may be 
elevant to other SMBH formation pathways that involve pre-heating 
f the gas in the host halo by internal or external sources. Our work
hows that the effect of pre-heating is limited to delaying the onset
f BH accretion only by a few Myrs. 
Overall, our work shows the important role of AGN feedback in

egulating the growth of SMBHs, and the importance of accounting 
or additional physical processes such as their radiative feedback. 
ariations in these physics shape the co-evolution of SMBHs with 

heir host galaxy as well as the SFR and gas dynamics within galaxies.
In this work, by incorporating high-resolution treatments of AGN 

eedback, including radiative transfer that allows BH accretion to 
elf-regulate while permitting episodes of super-Eddington growth, 
nd by modelling the BH as one of the first objects in the galaxy,
mbedded in the nucleus of the star-forming region, we naturally 
eproduce rapid SMBH growth consistent with recent JWST observa- 
ions. Moreover, AGN feedbacks are closely linked to the launching 
f high-velocity outflows that can reach large distances, injecting 
etals and energy into the IGM (Sanati et al., in preparation), and

hereby influencing a broader region than the galaxy nucleus. In 
uture work, we will investigate the effects of accounting for cosmic
ays and magnetism. These are particularly poorly understood in 
he context of high-resolution galaxy formation. They may influence 
alactic-scale outflows, cooling rates, and the propagation of energy 
MNRAS 544, 4317–4335 (2025)
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hrough the ISM and IGM. We anticipate them to have a non-
egligible impact on gas dynamics in the immediate vicinity of the
H as well as on star formation in the galactic scale. Investigating

hese additional components will be crucial to gaining a more com-
rehensive understanding of the interplay between AGN feedback,
H growth, and galaxy evolution in a cosmological context. 
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Figure A1. Evolution of the BH accretion rate following the formation of 
an SMBH with and without a Pop III.1 progenitor. The solid and dashed 
lines show the Bondi–Hoyle and Eddington accretion rates, respectively. The 
Pop III.1 star emits a strong radiation field for 10 Myr , shown as the grey 
region. The initially low accretion rate in the Pop III.1 scenario results from 

the hot, ionized gas produced by star. In this model, efficient BH accretion is 
already recovered ∼ 20 Myr , and all memory of the seeding scenario is lost 
after ∼ 70 Myr . In the presence of AGN feedback, we expect this period to 
be shorter and comparable to the onset of super-Eddington accretion. 
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 substantial fraction of the galaxy gas mass, and its subsequent 
adiative feedback heats and ionizes its surrounding gas, temporarily 
educing the available cold gas supply for accretion. As a result,
he SMBH seed forms in an initially hot and diffuse environment. 
his drives a short delay between BH formation and the onset of
The Author(s) 2025. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
fficient accretion. Despite this seeding scenario, we find accretion 
nto the SMBH to rapidly become efficient and match the Eddington
imit, only after ∼ 20 Myr . Even in the absence of AGN feedback, all
emory of the seeding scenario is deleted from the growth rate in less

han ∼ 100 Myr . In the presence of AGN feedback, we expect this
emory to be erased more rapidly, by the time our SMBH reaches
ddington limit-like accretion rates. 
MNRAS 544, 4317–4335 (2025)
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