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ABSTRACT

Utilizing cosmological hydrodynamic simulations we show that there is a brief super-Eddington
accretion phase in typical halos at high redshift, impervious to AGN self-regulation. However, once
having attained a black hole mass of 10* —10% M, AGN feedback process can self-regulate to guide the
SMBHs to grow at a significantly slower, sub-Eddington rate. By redshift z ~ 10 the black hole mass
with an initial super-Eddington jump-start is caught up by that in the case with a steady Eddington
limited case. Thus a continuous Eddington limit case represents the fastest possible route to maximally
grow SMBHs. To account for the observed z = 7— 10 quasars with supermassive black holes of billions
of solar masses, our analysis establishes firmer ground for the need of seed masses of 10* —10° M, that

are not grown via an earlier super-Eddington phase.

1. INTRODUCTION

The formation of supermassive black holes (SMBHSs)
at high redshift is a fundamental problem in astrophysics
(Inayoshi et al. 2020a). The existence of dozens of bright
quasars with luminosities > 10%7 erg s~' at redshift
z > 6 —7 (e.g., Mortlock et al. 2011; Wu et al. 2015;
Banados et al. 2018; Yang et al. 2020; Inayoshi et al.
2020Db; Fan et al. 2023; Maiolino et al. 2024; Akins et al.
2025; Furtak et al. 2024; Lin et al. 2025; Naidu et al.
2025; Kokorev et al. 2023; Tripodi et al. 2024; Larson
et al. 2023; Goulding et al. 2023; Bunker et al. 2023;
Kovécs et al. 2024; Napolitano et al. 2025), indicating
that supermassive black holes (SMBHs) have grown to
masses greater than a few billion solar masses within
less than 1 Gyr, poses one of the greatest challenges to
galaxy formation. Stellar mass black hole seeds cannot
grow to the observed masses, without almost contin-
uous, significantly super-Eddington accretion (Greene
2012; Pezzulli et al. 2016; Inayoshi et al. 2020Db).

Observations of the local Universe show a steep drop
in the abundance of massive black holes below 10*~° M,
(e.g., Greene & Ho 2007; Goulding & Alexander 2009),
suggesting a seed black hole mass close to 10*~° M. If
the growth of SMBHs is accompanied by that of galactic
stellar bulges, as evidenced by the correlation between
SMBH mass and bulge mass/velocity dispersion (e.g.,
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Richstone et al. 1998; Magorrian et al. 1998; Ferrarese
& Merritt 2000; Tremaine et al. 2002), then SMBHs of
masses 10° —10% M, in many bulgeless massive galaxies
(Kormendy & Ho 2013; She et al. 2017) may reflect this
initial black hole mass with minimal additional growth.
Thus, these two pieces of evidence from local observa-
tions provide a tantalizing hint that SMBH has an initial
seed mass around 10* — 10° M.

In this Letter, we perform detailed simulations and
their analysis, varying feedback parameters for both su-
pernovae and SMBHs. We discover a new, important
phenomenon: while an early and brief super-Eddington
accretion phase in halos of mass 10° — 10'° M, when
allowed, the black hole grows at a rate much faster
than the Eddington rate, largely independent of the
AGN-feedback strength prescription. However, once a
BH mass of 10*~° Mg, is reached, this super-Eddington
jump-start is more than compensated for by a subse-
quent, slower, sub-Eddington growth rate, due to exces-
sive earlier feedback during the super-Eddington phase
that rendered a large reduction of the amount of cold
gas surrounding the central BH at later times. By
z ~ 10, the mass of the SMBH in the more steady,
Eddington-limited case exceeds that of the initially
super-Eddington case. Thus, the fastest route to grow
SMBH to z = 7 — 10 is via the Eddington-limited case
and to account for the observed z = 7 — 10 quasars,
seed masses of 10* — 10° M, not grown via an earlier
super-Eddington phase, are required.
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2. METHODOLOGY AND SIMULATION DETAILS

We perform a cosmological hydrodynamic simulation
using the adaptive mesh refinement (AMR) code, RAM-
SES (Teyssier 2002). The initial conditions are gener-
ated with the MUSIC software (Hahn & Abel 2011),
adopting cosmological parameters (£, = 0.288, Q4 =
0.712, Q, = 0.045, Hy = 69.33 kms *Mpc ™}, n, =
0.971, and og = 0.830), consistent with the WMAP9
results (Hinshaw et al. 2013). The simulation box, with
a comoving volume of (6 Mpc)?, is initialized with 1283
root cells. High-resolution dark matter particles with
a mass of 2448 Mg are used for the zoom-in region of
(0.52Mpc)? (comoving), which includes two halos with
2 x 109 Mg < Mpaio < 5 x 109 Mg at z ~ 10. The ha-
los we select are typical halos at z = 10, located within
a filament that is relatively isolated compared to the
richer structures in the upper-left region of the bottom
panel in Fig. 1, thereby avoiding extreme environmen-
tal influences and allowing the results presented to be
representative of halos of similar masses at the relevant
redshift. The Lagrangian volume, or mask, is defined
by a scalar quantity that is advected passively with the
flow throughout the simulation. The halo virial radius
is Ryir = 4kpc, with the gas density and temperature
profiles at z = 10 shown on the left side of Fig.2. These
profiles provide insight into the thermodynamic state of
the halo gas and how it evolves under different physical
conditions. Initially, the passive scalar takes a value of 1
inside the mask and 0 outside. Refinement is allowed in
regions where the passive scalar exceeds 1073, provided
that at least one of the following conditions is satisfied:
i) the number of dark matter particles within the cell ex-
ceeds 8, or ii) the total baryonic mass in the cell exceeds
3060 M. These criteria enable the simulation to achieve
a maximum spatial resolution of Az, ~ 17.9 pc (phys-
ical) at redshift z = 10.

We adopt the equilibrium chemistry model for pri-
mordial species (H and He) assuming collisional ion-
ization equilibrium in the presence of a homogeneous
UV background. The primordial gas is allowed to cool
down to 10*K through collisional ionization, excitation,
recombination, Bremsstrahlung and Compton cooling.
Metal-enriched gas can cool further down using cooling
rates tabulated by Sutherland & Dopita (1993) above
10*K and those from Dalgarno & McCray (1972) be-
low 10*K. The heating of the gas from a uniform UV
background takes place after redshift z,¢;o, = 10, fol-
lowing Prieto et al. (2017). Motivated by the radiation-
hydrodynamic simulation results that the UV back-
ground is self-shielded in optically thick regions (Ros-
dahl & Blaizot 2012), we assume that UV photo-heating

rates are reduced by a factor exp(—npg/nspicia), Where
Nshield — 0.01H cm_?’.

We adopt a star formation number density threshold
of ng = 65H cm™® with a star formation efficiency of
€, = 0.1, modeled using the Schmidt law p, = e,p/tyy,
where p, is the star formation rate (SFR) density, and
trr = /37/32Gpgas is the local free-fall time of the gas
(Rasera & Teyssier 2006; Dubois & Teyssier 2008). We
assume that 21% of the stellar mass is returned to the
surroundings, with 7.5% consisting of newly synthesized
metals; that is, ngy = 0.21. Massive stars are modeled
as supernovae (SNe) that explode after 10 Myr. For ki-
netic feedback, SNe are implemented as Sedov blasts
with an initial ejecta radius of 35pc. The initial Sedov
blast wave propagates with a velocity given by

V2 l (m)S 1
USedov = fexnsn | —

1/2

USN,

(1)
where fex = 0.05, Az is the size of the cell where the ex-
plosion occurs, dx is the blast radius from the explosion
center, and ugy is the velocity corresponding to the ki-
netic energy of a single SN explosion (Dubois & Teyssier
2008). This model is used as our fiducial SN feedback
scheme.

We also run a simulation based on the mechanical
feedback model from Kimm & Cen (2014), where SN
energy and momentum are injected according to the
evolutionary stage of the Sedov-Taylor blast wave, cap-
turing blastwave momentum and energy in all phases of
the evolution. This model accounts for the continuous
distribution of massive star lifetimes, ranging from 3 to
40 Myr (Kimm et al. 2015).

Additionally, we consider a simulation employing the
delayed cooling model introduced by Teyssier et al.
(2013), where radiative cooling is temporarily disabled
in SN-heated gas. The key free parameter in this model
is tdelay, which sets the timescale for turbulent en-
ergy dissipation. Following previous studies (Teyssier
et al. 2013; Roskar et al. 2014; Mollitor et al. 2015;
Rieder & Teyssier 2016), we adopt a fiducial value of
tdelay = 20 Myr in our simulation.

Supermasive black holes (SMBHs) are modelled using
a sink particle algorithm (Bate et al. 1995; Krumholz
et al. 2004; Bleuler & Teyssier 2014; Biernacki et al.
2017). The formation of sink particles are identified on
the fly using the clump finder PHEW (Bleuler et al.
2015) with an initial seed mass of 103 My. We form the
BH seed with when all of the following conditions are
satisfied: i) the halo mass seed is larger than 4 x 10* Mg,
ii) the gas clump mass is larger than 10 Mg, iii) 4-cell
ball average density larger than SF threshold iv) peak
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density is larger than three times SF threshold. SMBH
accretion follows the Bondi-Hoyle-Lyttleton (Hoyle &
Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) ac-
cretion formalism.

Ampoe G Mgy

(Eg/ﬁboost + ﬁzel)3/2 ’
where, G is the gravitational constant, and p,, =
p/a(xsink) represents the density at infinity in the clas-
sical Bondi accretion solution, where a(zgink) is the di-
mensionless density profile of the Bondi self-similar so-
lution (Shu 1992) and Zgink = T'sink/TBondi is the dimen-
sionless radius evaluated at the sink sphere radius. The
averaged density p, sound speed ¢g, and relative veloc-
ity between the black hole (BH) and the gas @y are
computed within a sphere of radius rsnk = 4AZmin,
with contributions from each cell weighted by w
exp(—r2/r%) (Krumholz et al. 2004). The kernel radius
ri 1s determined based on whether the Bondi radius
TBondi = GMsvpu /(€2 /Broost + V2,;) is resolved or not,
where ¢s and v, are the sound speed and relative ve-
locity in the cell containing the sink particle. The radius
is defined as follows:

(2)

MBondi =

A:17mzn/4 if TBondi < Axmln/4a
TK = § TBondi if Al‘min/4 < TBondi < 2AZmin,

20Tmin i "Bondi > 2AZmin-

3)

To account for unresolved dense and cold gas clumps,
we increase the accretion rate by reducing the average
sound speed ¢, in the vicinity of the sink with Bpeost as
in Booth & Schaye (2009).

In our simulation, we adopt the prescription Mpee =
min(]WBHL7 3 x MEdd) in the super-Eddington case and
Mace = min(MBHL,MEdd) in the Eddington-limited
case, where Mgaq denotes the Eddington accretion rate.
This definition neglects mass loss due to outflows from
the inflowing gas. However, the simulation does account
for baryon loading from feedback-driven outflows. A
drawback of this approach is that it does not strictly
enforce “local mass conservation”. Nonetheless, we ar-
gue that, although the method cannot resolve gas flows
within the Bondi radius down to the black hole, it effec-
tively tracks BH mass growth and the associated feed-
back, which is primarily determined by the BH mass it-
self. In this sense, within the feedback-regulated regime
that we explore here, both the BH mass evolution and
its impact on the surrounding medium are reasonably
captured.

In RAMSES, AGN feedback is implemented through
two distinct modes: a kinetic mode, which operates at
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low accretion rates and is modeled as a jet-like outflow,
and a thermal mode, which becomes active at high but
sub-Eddington accretion rates and heats the surround-
ing gas by releasing thermal energy (Dubois et al. 2012).
The transition between these feedback regimes is deter-
mined by the bolometric luminosity-to-Eddington ratio,
Agdd = L/LEqa.

In the sub-Eddington regime, when Aggq < 0.01, AGN
feedback is in kinetic mode. This mode deposits AGN
feedback energy into a bipolar outflow with a jet ve-
locity of 10*km s™'. The outflow is represented as a
cylindrical volume with a cross-sectional radius Az and
a height of 2Ax following the formulation of Omma et al.
(2004). The energy is injected as kinetic energy into all
cells within the cylinder, as described in Sadowski et al.
(2016), resulting in a total jet feedback energy of

Ejet = GjMaccCQa (4)

where ¢; is the efficiency factor of the kinetic feedback
with an open angle of 180°. And the typical value of ¢;
is 0.1.

When Aggqg > 0.01, the AGN enters the so-called
“quasar” mode. The luminosity of the AGN is calcu-
lated as

LAGN = 6(1]\4acc€'r'027 (5)

with €, = 0.1 represents the accretion disk radiative
efficiency (Shakura & Sunyaev 1973) and ¢, = 0.15
denotes the hydrodynamic coupling efficiency, which
has been calibrated in previous works using RAMSES
code (Teyssier et al. 2011; Dubois et al. 2012; Gabor &
Bournaud 2013). Typical values of ¢, rang from 0.05
(Springel et al. 2005; Wurster & Thacker 2013) to 0.15
(Booth & Schaye 2009; Gabor & Bournaud 2013)

Isotropic feedback is an idealization that may overes-
timate its effects, but our simulations, like most cosmo-
logical studies of AGN winds, adopt this approach. By
varying feedback strengths, we assess the impact of this
potential bias.

We run ten zoom-in cosmological simulations with
identical initial conditions but varying feedback mecha-
nisms. In some simulations, the black hole accretion rate
is Eddington-limited, while in others, super-Eddington
accretion is allowed. For the Eddington-limited sim-
ulations, we cap the accretion rate at the Eddington
limit, whereas in the super-Eddington case the accre-
tion rate is limited to three times the Eddington limit.
Detailed information for each simulation is provided in
Table 1. To simplify the description, each simulation
is assigned a label based on its characteristics. Simu-
lations with super-Eddington accretion are labeled as
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Figure 1. The dark matter projected density, the gas projected density as well as the gas temperature plot shown on the
bottom panel, upper right panel and upper right panel respectively at z = 10. All the length unit in the figure is in physical
unit. The zoom-in region contains two halos with 2 x 10° Mg < Myalo < 5 x 10° Mg at z ~ 10.
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Figure 2. Left: The gas density and temperature profiles of our zoom-in halo at z = 10 are shown in the upper and lower
panels, respectively. While the gas density profiles are broadly consistent across different simulations, which agree well with the
analytical form presented in Inayoshi et al. (2016), the temperature profiles exhibit significant variation. This contrast highlights
that, although gravitational collapse governs the overall gas distribution, the thermal state of the gas is highly sensitive to the
feedback prescriptions and physical processes included in each simulation. Right: (a) The black hole mass growth curves over
time are shown, revealing two distinct phases. Once the black hole reaches a mass of 10* — 10° M during the super-Eddington
accretion phase, AGN feedback self-regulates its growth, causing it to transition to a slower, approximately Eddington-limited
rate. We refer to this stage as the self-regulation phase. (b) The evolution of the black hole accretion rate (Maw, BHAR)
over cosmic time is shown, along with (¢) the Eddington ratio Agaq, and Agaq = MGCC/M Edd, which represents the accretion
rate relative to the Eddington limit. During the super-Eddington phase, the black hole accretion rate Mac. remains close to
its maximum 3 x M Edd in the super-Eddington case and M Edd in the Eddington-limited case. However, upon entering the
self-regulation phase, only the simulations without feedback or with SN-only feedback in the super-Eddington case can sustain
the maximum accretion rate. In contrast, in simulations with AGN feedback, the accretion rate inevitably declines to the
Eddington limit, for the range of the implemented AGN feedback strength or the suite of SN feedback models employed.
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AEdd < 3, while those with Eddington-limited accretion
are labeled as Agqq < 1. Simulations without any feed-
back are labeled as “No feedback”, while those including
only supernova (SN) feedback are labeled as “Only SN”.
The default SN feedback model is kinematic; when the
momentum-driven feedback model is used, we label it as
“mom”, and when the delayed cooling feedback model is
adopted, we label it as “delay”. Simulations with both
SN feedback and active galactic nucleus (AGN) feedback
are labeled according to the specific values of the quasar
mode efficiency factor, €,, and the radio mode efficiency
factor, ;.

The projected dark matter and gas density of the
zoom-in cosmological simulation are shown in Fig. 1.
In the lower panel of Fig. 1, we display the dark mat-
ter distribution of the entire (6 Mpc)? periodic simula-
tion box at z = 10. We then plot the region of our
zoom-in, high-resolution re-simulation with a volume of
52 Kpc® (physical). When zooming in to a much smaller
scale, two halos are clearly visible at the center of our
zoom-in simulation, with masses Mya, = 2 x 107 Mg
and 5 x 10° M, respectively, surrounded by smaller sub-
halos, as shown in the lower right panel. On this smaller
scale, we also present the gas projected density distri-
bution in the upper left panel and the gas temperature
in the upper right panel. From the gas density plot, we
can see that both halos contain dense gas clumps.

3. RESULT
3.1. Two phase of SMBH growth

Based on our zoom-in simulations, we present the
black hole mass growth histories for all eight runs on
the right side of Fig. 2. These growth curves reveal two
distinct phases. Initially, the black hole is seeded with a
mass of 10® My, and undergoes rapid growth via super-
Eddington accretion, in contrast to the more gradual
growth observed in the Eddington-limited cases. We re-
fer to this initial period as the super-Eddington phase.

To examine the effects of AGN feedback during
this phase, we analyze results from three simulations
with varying quasar-mode coupling efficiencies (¢;) and
radio-mode feedback efficiencies (¢;), both within com-
monly adopted parameter ranges. Despite differences
in feedback strength, all simulations undergoing super-
Eddington accretion follow a similar trajectory: the
black hole grows rapidly, albeit briefly, reaching masses
between 10* and 105 M.

This early phase is characterized by efficient black
hole growth, sufficient to produce seed masses of
10*-10° M. Such growth appears to be a generic out-
come at very high redshifts, as our simulations were not
explicitly tuned to promote it. This suggests that early

black holes formed via super-Eddington accretion may
naturally serve as seeds for the formation of billion-solar-
mass SMBHs observed at later cosmic times.

Following this initial phase, the black hole transi-
tions into a self-regulating phase, during which AGN
feedback—when super-Eddington accretion is permit-
ted—emerges as the primary mechanism suppressing
further growth. This effect is significantly stronger than
in simulations with no feedback or only supernova (SN)
feedback. As a result, the accretion rate is effectively
reduced from super-Eddington to sub-Eddington levels,
thereby limiting continued mass accumulation.

This indicates that if the SMBH growth in this sec-
ond phase is SMBH demand driven, not external gas
supplied driven: a faster growth is followed by a longer
dormant period, vice versa. Of course, when at some
point in time the infalling gas runs out, the SMBH stops
growing.

However, the excessive earlier AGN feedback triggered
during the super-Eddington phase significantly depletes
the cold gas reservoir surrounding the central black hole
at later times. As a result, a brief super-Eddington
jump-start fails to be retained and the black hole ac-
creting steadily at the Eddington limit eventually sur-
passes it by z ~ 10. The continuous, Eddington-limited
mode thus represents the fastest sustainable pathway to
maximal SMBH growth. But given that, in our sim-
ulation, black holes follow a two-phase growth trajec-
tory, they can reach ~ 10°Mg in 10'° Mg halos by
z = 10. Compared to the ~ 10* My intermediate-
mass black holes (IMBHs) commonly invoked for dwarf
galaxies (Moran et al. 2014), such two phase SMBH
growth scenario yields significantly more massive seeds.
These could potentially serve as progenitors for Little
Red Dots (LRDs), as suggested by recent studies focus-
ing on slightly larger host halos (Tanaka et al. 2024;
Arita et al. 2025).

3.2. Super-Eddington accretion phase

The most prominent feature of the super-Eddington
accretion phase is the rapid growth of the SMBH seed.
Regardless of the strength of the AGN feedback parame-
ter within a reasonable range or the specific SN feedback
model employed, the black hole growth follows a simi-
lar trajectory. By examining the BH accretion rate and
its evolution over time, we can gain a clear picture of
the accretion history during the super-Eddington phase.
On the right side of Fig. 2, we plot the evolution of the
black hole accretion rate, Macc, as a function of cosmic
time for different simulations. We also show the ratio of
the BH accretion rate to the Eddington accretion rate,

ABdd = Mace/ MEda-



Table 1.
simulations at z = 10.
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The detail feedback or super-Eddington accretion utilized in different simulations and the mass attained from

label AGN feedback €q €; SN feedback super-Eddington Mtoml(log)
Mam (109) M. (10%)  Myas(10%) My (10%) Meo1a(10%) Mini (10%)
1 No feedback, Aggq < 1 X - - x X 5.63
4.75 4.77 4.01 0.18 3.83 682.20
2 No feedback, Agqq < 3 a - - x v 5.64
4.76 1.53 3.36 0.18 3.18 179100.40
3 only SN, Apaa < 1 a - - v X 5.56
4.77 1.07 5.14 0.56 4.59 330.47
4 only SN, Agaa < 3 X - - v v 5.59
4.78 0.32 4.74 0.50 4.24 149703.11
s ¢y = 0.15, ¢ = 0.05, Apas < 1 v 0.15 0.05 v x 5.58
4.75 1.48 4.99 0.45 4.53 363.68
6 €y = 0.15,¢; = 0.15, \paa < 3 v 0.05 0.05 v v 5.27
4.72 0.57 4.27 0.60 3.68 709.49
7 € = 0.15,6; = 0.05, Apaa < 3 v 0.15 0.05 v v 5.25
4.70 0.56 4.51 0.79 3.72 831.19
8 €4 = 0.05, ¢; = 0.05, \paa < 3 v 0.15 0.15 v v 5.21
4.69 0.40 4.30 0.58 3.72 347.52
9 €qg = 0.15,¢; = 0.15, A\gqq < 3 mom v 0-15 0.15 v v 5.35
4.83 0.23 4.99 0.7 4.3 211.46
10 €, =0.15,¢; = 0.15, Agqa < 3 delay v 0.15 0.15 4 v 5.36
4.85 0.12 4.94 1.27 3.67 217.67

When the ratio Aggq < 0.01, the black hole enters the
radio mode, where AGN feedback is kinetic and modeled
with jet-like outflows. When Agg4q > 0.01, the AGN en-
ters quasar mode, and the feedback is thermal. During
the super-Eddington phase, we observe that the BH ac-
cretion rate in all simulations reaches its maximum value
for nearly the entire duration of the super-Eddington
phase. For the Eddington-limited case, Agqq =~ 1, and
for super-Eddington cases, Agqq ~ 3. While the im-
plementation of AGN feedback prevents the black hole
from maintaining the maximum accretion rate through-
out the super-Eddington phase, it intermittently enters
a sub-Eddington phase for short periods. However, sim-
ulations with feedback still spend the majority of their
time at the maximum accretion rate during the super-
Eddington phase.

This rapid growth process is facilitated by the large
amount of cold gas present in the center of the halo at
early times, which provides sufficient fuel for the black
hole to grow at a very high accretion rate.

Accretion is governed by the balance between gas cool-
ing, which promotes infall, and feedback heating, which
counteracts it. When the gas cool down, it falls into
the central black hole region with free fall time scale
trg. While as Mg increase, feedback energy becomes

more significant, heating the gas and preventing further
infall. This creates a competition between cooling and
heating. Initially, when Mg,k is small, feedback energy
is weak, allowing cooling to dominate and enabling ef-
ficient black hole accretion. As Mg grows, feedback
energy strengthens, eventually surpassing cooling, lead-
ing to a decline in the accretion rate. This self-regulation
mechanism stabilizes black hole growth.

To physically estimate the black hole mass at this
turning point, we consider the energy balance equation
within the sink sphere. This involves formulating the
energy equation for the average specific internal energy
of the gas within the sink sphere as follows:

dU

T (6)
where U is the total internal energy of the relevant
central region, A(T,Z) the standard temperature and
metallicity dependent cooling rate, the last term on the
right hand side of the equation the cooling rate inte-
grated over a relevant volume surrounding the AGN,
which is shown in panel (c) of Figure 3 to be dominated
by the inner region, indicating that the cooling rate of
the region surrounding the black hole, and hence the so-
lution to the equation is convergent and only weakly de-
pendent on the outer regions. In Eq.6 we have neglected

= LagNn — /A(T7 Z)n*dv,
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the pdV work term for simplicity without a major loss
of accuracy since feedback and cooling terms tend to
dominate.

First, in the super Eddington accretion phase, cooling
dominates over heating. The Bondi accretion rate is so
high that we consider the accretion to be maximum set
(3><M 544 for super Eddington case, Mp4q for Eddington
limit case). And Mpaq is

y 47TGMsinkm Msink
Mipaa = P 7
Edd €:0TC ts (7)

where tg ~ 45Myr is the Salpeter time. In AGN quasar
feedback mode, we have

LAGN = 6(;1]\484&:61"02 (8)

It may be seen that for low mass black holes gas cooling
may dominate over AGN feedback heating. This cold
gas dominated regime remains, until the SMBH mass
grows to the following value

ts

M
Es€q€xC?

i = [a@zpav. o)
For the super-Eddington case, £&s = 3. The typical val-
ues of the physical quantities in Eq. 9 can be obtained
from our simulations. Panel (b) of Fig. 3 shows the
sound speed c,, while panel (c) shows A(T, Z)n?R? as
a function of radius centered on the black hole with 1o
range in purple in the super-Eddington phase. We see
that A(T, Z)n?R? peaks at R ~ 480 pc, which implies
that the integral [ A(T,Z)n?dV will converge at this
radius, with finite contribution from larger radii.

By implementing the integral [A(T,Z)n?dV =
10%2 ergs~! into Eq. 9, we find that, in our simulation,
the black hole mass at the turning point, M’ ,, reaches
5.3 x 10* Mg—in full agreement with the analytical es-
timate shown in panel (a) of Fig. 3.

We can also see how the gas density and temperature
influence the transition black hole mass, as shown in
panel (a) of Fig. 3. The red region indicates where the
transition black hole mass ranges from 10* — 10° Mg,
with the star marking the typical value obtained from
the simulation.

Our analytical analysis also explains why the accretion
rate in the Eddington-limit case does not slow down
at this turning point. In the Eddington-limit case, the
physical quantities discussed above are similar to those
in the super-Eddington case. However, the black hole
mass is not sufficiently large, and as a result, this turning
point does not manifest.

Beyond this turning point, strong feedback causes a
dramatic drop in the accretion rate. After this time,

even with super-Eddington accretion allowed, the ac-
cretion rate in simulations with AGN feedback cannot
maintain a continuous super-Eddington state. In con-
trast, simulations with no feedback or only supernova
(SN) feedback can sustain super-Eddington accretion for
a longer period.

It is important to emphasize that the first drop in
accretion rate is likely due to SN feedback, as this drop
also occurs in the SN-only feedback case. However, this
drop delays black hole growth without halting super-
Eddington accretion, as the accretion rate rebounds to
super-Eddington levels after a short period. In contrast,
the second drop, caused by AGN feedback, forces the
accretion rate to settle at the Eddington limit, regardless
of the strength of the AGN feedback parameters or the
specific SN feedback model employed.

Over the past few decades, observational evidence has
strongly supported the occurrence of super-Eddington
accretion. For example, detections of X-ray binaries
such as SS 433 (Okuda 2002) and ultra-luminous X-
ray sources, which may host stellar-mass black holes,
are considered signatures of accretion rates exceeding
the Eddington limit (Winter et al. 2006). In simula-
tions, super-Eddington accretion is often invoked to ex-
plain the formation of exceptionally massive black holes
observed in the early Universe (Volonteri et al. 2015;
Pezzulli et al. 2017). Therefore, our simulations offer
a natural mechanism for the formation of SMBH seeds
with masses ranging from 10* — 10° M, without relying
on any assumptions, within a brief cosmic timescale of
approximately 50-100 Myr for typical halos at high red-
shift, potentially enabling them to serve as progenitors
of LRDs.

3.3. Self regulation of AGN feedback

When entering the self-regulation phase, feedback en-
ergy exceeds cooling, preventing the black hole from sus-
taining a very high accretion rate. Consequently, its
growth trajectory closely follows the Eddington accre-
tion rate.

To investigate how AGN feedback self-regulates black
hole growth, we present the evolution of the total mass
in various physical components—stars (yellow dashed
line), gas (light blue solid line), hot gas (red dash-dot
line), cold gas (blue dotted line), and black holes (purple
solid line)—over time in two regions: the galaxy region
(0.1Ryir) and the black hole region (0.01R,;.). This
evolution is shown in Fig. 3 (d, e, f).

In Fig. 3, we compare the simulation with only su-
pernova (SN) feedback (panel d) to the case that in-
cludes both supernova and AGN feedback with super-
Eddington accretion (panel e). When SN feedback is in-
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average gas temperature < T' >. The black star represents the typical value obtained from our simulations, while the red region
highlights the range where MY, falls between 10 — 10° My .(b) The time evolution of the sound speed near the black hole, ¢,
is shown, while (c) presents the squared gas density in spherical shells as a function of radius centered on the black hole times
radius cubed, n?R®, where the area under the curve is proportional to the cooling rate contribution. (d, e, f) The evolution of
stellar mass, total gas mass, hot gas mass, and cold gas mass over time for two regions: the galaxy region (0.1Rvir) and the black
hole region (0.01Ryir). Panel (d) corresponds to the SN-only case with Agdaa < 3, panel (e) to g = 0.15, ¢; = 0.05, and Agdaa < 3,
and panel (f) to €; = 0.15, ¢; = 0.05, and Agaa < 1. Once SMBHs reach masses of 10* — 10% M, their growth transitions to a
self-regulated phase, driven by AGN feedback that expels gas from the surrounding region. This process ultimately regulates
accretion, with higher accretion rates leading to stronger feedback.

Figure 3. (a) The distribution of the transition black hole mass MY, determined by the average gas density < n >, and the

troduced in the super-Eddington accretion case (panel As the hot gas component also decreases and the stel-
d), we see a decline in cold gas before the transition from lar component does not show significant growth, the
the super-Eddington phase to the self-regulation phase. most plausible explanation for the disappearance of cold
This drop corresponds to the first decline described in gas is that it is being expelled from the black hole re-
Sec. 3.2. gion by AGN feedback. This feedback mechanism drives
Following this, the cold gas mass begins to increase. both cold and hot gas outward, preventing cold gas from
Since the heating effect of SN feedback is temporary, returning to the black hole region for an extended pe-
the black hole resumes its growth, and this process does riod. Without a sufficient supply of cold gas as fuel,
not hinder its long-term accretion. However, when AGN super-Eddington accretion can no longer be sustained,
feedback is included, as shown in panel (e), a key dif- causing the black hole accretion rate to drop back to the
ference emerges: at the transition between the super- Eddington limit.
Eddington accretion phase and the self-regulation phase, By comparing the super-Eddington case (panel e) with
the re-cooling of cold gas observed in the SN-only case the Eddington-limited case that includes AGN feedback

disappears from the black hole region. (panel f) in Fig. 3, we find that while the black hole ini-
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tially grows rapidly during the super-Eddington phase,
its growth rate declines sharply as AGN feedback ex-
pels gas from the surrounding region. This ultimately
leads to a final black hole mass comparable to that in
the Eddington-limited scenario.

While super-Eddington accretion enables rapid early
growth, it also triggers strong AGN feedback, which in
turn suppresses further accretion. In other words, the
black hole self-regulates its growth through feedback-
driven gas depletion. This prolonged gas expulsion is
consistently observed across all three super-Eddington
simulations, despite variations in the feedback effi-
ciency parameters ¢, and ¢;, indicating that the self-
regulation phase is a robust and universal feature of
super-Eddington growth.

Owing to strong AGN feedback during the self-
regulation phase, black hole growth in the super-
Eddington case proceeds more slowly than in the
Eddington-limited case, consistent with the findings of
Massonneau et al. (2023). The Eddington-limited black
hole surpasses its super-Eddington counterpart in mass
by z = 10 under all feedback strengths we have tested.
This suggests that continuous, Eddington-limited accre-
tion represents the fastest sustainable pathway to max-
imal SMBH growth.

3.4. Comparison with observations

Our simulated halos are of typical size at z = 10,
only slightly larger than the so-called nonlinear mass
predicted by the PS theory at z = 10 using the equation:

o(M;) = 8.(2) = 1.686(1 + 2) (10)

and M} = 2.2 x 10° Mg /h. The halo in our simulation
has a mass of M}, = 5.6 x 10° Mg, which means that the
halos we modeled are commonly found in the Universe.

Such typical halos provide a valuable framework for
understanding the existence of the numerous bright
quasars observed at high redshifts. In Fig. 4, we present
the redshift-black hole mass relation from our simula-
tions, alongside the population of spectroscopically con-
firmed quasars at z > 6. Following a similar approach
to Taylor et al. (2025), we also include simple analyti-
cal growth tracks assuming Eddington-limited accretion
(with a 10% radiative efficiency) for both light seeds
(~ 102 M) and heavy seeds (= 10* Mg). The red
shaded region illustrates the growth trajectories of heavy
seeds forming between redshifts 25 and 15 that begin
accreting at the Eddington. For stellar-remnant light
seeds, we plot formation redshifts ranging from 30 to
15. The vertical black dotted line denotes the transi-
tion from the super-Eddington accretion phase to the
self-regulation phase.

Our results indicate that although an initial super-
Eddington jump-start enables rapid early growth, the
accompanying strong AGN feedback ultimately sup-
presses further accretion, as detailed in Sec. 3. Conse-
quently, the Eddington-limited growth mode emerges as
the fastest sustainable pathway for assembling SMBHs
by z = 7-10. The most important finding in our analy-
sis is that super-Eddington accretion is not the solution
to grow a stellar mass BH to the observed QSO SMBHs
at z = 7—10. Seed black holes with initial masses in the
range of 10*-10° Mg, at z = 15— 20 will be needed, with
the additional condition that the subsequent growth is
at the Eddington rate continuously.

We emphasize that the actual mechanism of AGN
feedback remains uncertain. The model used in our sim-
ulations may not fully capture the true nature of feed-
back. In the limiting case where AGN feedback is neg-
ligible or absent, super-Eddington accretion could pro-
ceed unimpeded, potentially allowing stellar-mass seeds
to grow rapidly into very massive black holes. This could
provide a straightforward explanation for the existence
of extremely massive black holes, such as the one in-
ferred in GHZ9. But if AGN feedback were entirely
ineffective, we would expect an overabundance of overly
massive black holes, which is not observed. This im-
plies that strong AGN feedback likely regulates black
hole growth in most cases, although an alternative real-
istic feedback mechanism could potentially replace the
one currently assumed, and that the number of AGN
feedback-free black holes should remain limited.

Furthermore, black hole mergers can represent an al-
ternative pathway for rapid growth. For instance, in-
corporating mergers alongside super-Eddington accre-
tion could more easily account for objects like GN-z11.
However, this scenario should be considered a supple-
mentary channel and deserves further investigation to
evaluate its importance.

3.5. Comparison with other works

This study presents some new findings. Here we com-
pare our results with some of previous works on super-
Eddington accretion, where relevant or possible.

Inayoshi et al. (2016) perform one-dimensional radi-
ation hydrodynamical simulations to study very high-
rate, spherically symmetric accretion flows onto massive
black holes. They find that the black hole mass can
grow to at least Mpy = 10° Mg via hyper-Eddington
accretion, independent of the initial seed mass. This
argument relies on the assumption that efficient atomic
cooling establishes a gas density profile (o< 7=2), which
is in good agreement with our simulated gas profiles.
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Figure 4. Following Taylor et al. (2025), we present the redshifts and black hole masses from our simulations, along with the
population of spectroscopically confirmed quasars at z > 6. We also include a simple growth model for 10> M (blue shading)
and 10* M (red shading) black hole seeds accreting at the Eddington limit. A vertical black dotted line marks the transition
from the super-Eddington accretion phase to the self-regulation phase. By z ~ 10, the SMBH in the more steady, Eddington-
limited scenario surpasses its initially super-Eddington jump-start counterpart in mass, indicating that the Eddington-limited
mode provides the fastest sustainable pathway for SMBH growth. To account for the > 10° Mg quasars observed at z = 7-10,
seed black holes with initial masses of 10*-10° Mg, are required.

Using their analytic expressions:

1
To =~ 1.9 x 10° M K ( s Z) , (11)

21

and

Mgy 1.4 x 10° T2/ Tyira Mo, (12)
and applying our simulation parameters of Ty ~ 7 X
10* K and T, ~ 10* K, we obtain Mgy < 10° M. This
estimate is slightly higher than our results with Mgy ~
10° Mg, likely due to the inclusion of star formation and
SN feedback in our simulations, which can terminate
hyper-Eddington accretion earlier and limit black hole
growth.

Nonetheless, their analytical treatment of gas profile
of halo region on the left side of Fig.2 and the conclu-
sion that the final BH mass is largely independent of the
initial seed mass are in good agreement with our simu-
lation results. This suggests that a substantial amount
of gas is already present within the halo and available to
fuel black hole growth once it reaches the central region.

However, it is important to clarify a key difference in
interpretation. While the authors argue that once seed
black holes grow to > 105 Mg via hyper-Eddington ac-
cretion, no further rapid growth phase is needed to reach
supermassive black hole masses (= 10° M) at high red-
shift, our results indicate otherwise. After the hyper-
Eddington phase, strong feedback suppresses further gas
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inflow, leading to a slower accretion phase. This decel-
erated growth is eventually overtaken by the Eddington-
limited accretion mode case. As a result, we argue that
Eddington-limited accretion remains the most efficient
long-term growth mode for black hole seeds.

In Massonneau et al. (2023), although a different AGN
feedback model is adopted—kinetic feedback in the in-
ner region and thermal feedback in the outer region dur-
ing super-Eddington accretion—and the simulation as-
sumes a massive BH seed of 105 Mg, their results are
consistent with ours: super-Eddington accretion does
not lead to significantly faster black hole growth com-
pared to the Eddington-limited case. This is because,
once the black hole forms as a heavy seed, it already lies
beyond the super-Eddington growth phase, and strong
feedback mechanisms are already in place, effectively
limiting further rapid accretion.

Our simulations begin with a light BH seed of
103 M, enabling us to capture the growth phase and
hence the two-phase growth process: an initial super-
Eddington accretion phase followed by a transition to
sub-Eddington growth. Therefore, the findings in Mas-
sonneau et al. (2023) is consistent with and in some sense
support the conclusion of our two-phase growth scenario
where a slower growth phase is inevitable.

4. CONCLUSION

In this work, we employ cosmological hydrodynamic
simulations to investigate the growth rate of super-
massive black holes (SMBHs). We identify a key
phenomenon: during the early stages, when super-
Eddington accretion is permitted in halos of mass
109-10'° My, SMBH growth proceeds through a two-
phase process: an initial super-Eddington accretion
phase followed by a self-regulation phase.

In the super-Eddington phase, our simulations re-
veal a new scenario in which SMBH
of 10*-10% My naturally form within a short cosmic
timescale of approximately 50-100 Myr. This early
growth is largely insensitive to AGN feedback param-
eters or the specific SN feedback model employed, high-
lighting a robust and efficient mechanism for rapid black
hole formation at high redshift. The growth rate during
this phase significantly exceeds that of the Eddington-
limited case. However, once the SMBH reaches a mass
of 10*-10° M, it transitions into a self-regulated phase,
in which AGN feedback expels cold gas from the vicin-
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ity of the black hole and suppresses further accretion to
sub-Eddington levels.

By z ~ 10, the SMBH in the Eddington-limited case
ultimately overtakes its initially super-Eddington coun-
terpart in mass. This suggests that the continuous,
Eddington-limited mode constitutes the fastest sustain-
able pathway to growing SMBHs to the billion-solar-
mass scales observed at z = 7-10. To explain the
abundance of luminous quasars at these redshifts, seed
black holes with initial masses of 10*-10% M, are re-
quired. But theses massive seeds have to originated dif-
ferently than those produced "naturally” during a super-
Eddington accretion phase.

The halo modeled in this study represents a typi-
cal high-redshift environment, commonly found in the
early universe, reinforcing the broader applicability of
our findings to the general SMBH population.

The most important finding in our analysis is that
super-Eddington accretion is not the solution to grow
a stellar mass BH to the observed overmassive QSO
SMBHs at z = 7 — 10. Seed black holes with initial
masses in the range of 10%-10% Mg, at z = 15 — 20 will
be needed. But theses massive seeds have to originated
differently than those that super-Eddington accretion
phase appears to "naturally” produce.

5. ACKNOWLEDGMENTS

We acknowledge the support from the National
Key Research and Development Program of China
(No.2022YFA1602903), the NSFC (No. 11825303,
12347103, 11861131006, 12233005), the science research
grants from the China Manned Space project with No.
CMS-CSST-2021-A03, CMS-CSST-2021-B01, the Fun-
damental Research Funds for the Central Universities of
China (226-2022-00216), the start-up funding of Zhe-
jiang University and Zhejiang provincial top level re-
search support program. R.C. and Z.W. thanks Prince-
ton University for hospitality during a visit when this
work was initiated. We also acknowledge the cosmology
simulation database (CSD) in the National Basic Sci-
ence Data Center (NBSDC) and its funds the NBSDC-
DB-10. The simulations and analysis presented in this
article were carried out on the SilkRiver Supercomputer
of Zhejiang University.

REFERENCES

Akins, H. B., Casey, C. M., Berg, D. A., et al. 2025, ApJL,
980, L29, doi: 10.3847/2041-8213/adab76

Arita, J., Kashikawa, N., Onoue, M., et al. 2025, MNRAS,
536, 3677, doi: 10.1093/mnras/stae2765


http://doi.org/10.3847/2041-8213/adab76
http://doi.org/10.1093/mnras/stae2765

Banados, E., Venemans, B. P., Mazzucchelli, C., et al. 2018,
Nature, 553, 473, doi: 10.1038 /nature25180

Bate, M. R., Bonnell, I. A.; & Price, N. M. 1995, MNRAS,
277, 362, doi: 10.1093/mnras/277.2.362

Biernacki, P., Teyssier, R., & Bleuler, A. 2017, MNRAS,
469, 295, doi: 10.1093 /mnras/stx845

Bleuler, A., & Teyssier, R. 2014, MNRAS, 445, 4015,
doi: 10.1093 /mnras/stu2005

Bleuler, A., Teyssier, R., Carassou, S., & Martizzi, D. 2015,
Computational Astrophysics and Cosmology, 2, 5,
doi: 10.1186/s40668-015-0009-7

Bondi, H. 1952, MNRAS, 112, 195,
doi: 10.1093/mnras/112.2.195

Bondi, H., & Hoyle, F. 1944, MNRAS, 104, 273,
doi: 10.1093/mnras/104.5.273

Booth, C. M., & Schaye, J. 2009, MNRAS, 398, 53,
doi: 10.1111/j.1365-2966.2009.15043.x

Bunker, A. J., Saxena, A., Cameron, A. J., et al. 2023,
A&A, 677, A88, doi: 10.1051/0004-6361/202346159

Dalgarno, A., & McCray, R. A. 1972, ARA&A, 10, 375,
doi: 10.1146 /annurev.aa.10.090172.002111

Dubois, Y., Devriendt, J., Slyz, A., & Teyssier, R. 2012,
MNRAS, 420, 2662,
doi: 10.1111/j.1365-2966.2011.20236.x

Dubois, Y., & Teyssier, R. 2008, A&A, 477, 79,
doi: 10.1051/0004-6361:20078326

Fan, X., Bafiados, E., & Simcoe, R. A. 2023, ARA&A, 61,
373, doi: 10.1146 /annurev-astro-052920-102455

Ferrarese, L., & Merritt, D. 2000, ApJL, 539, L9,
doi: 10.1086/312838

Furtak, L. J., Labbé, 1., Zitrin, A., et al. 2024, Nature, 628,
57, doi: 10.1038/s41586-024-07184-8

Gabor, J. M., & Bournaud, F. 2013, MNRAS, 434, 606,
doi: 10.1093/mnras/stt1046

Goulding, A. D., & Alexander, D. M. 2009, MNRAS, 398,
1165, doi: 10.1111/j.1365-2966.2009.15194.x

Goulding, A. D., Greene, J. E.; Setton, D. J., et al. 2023,
ApJL, 955, L24, doi: 10.3847/2041-8213 /acf7ch

Greene, J. E. 2012, Nature Communications, 3, 1304,
doi: 10.1038/ncomms2314

Greene, J. E., & Ho, L. C. 2007, ApJ, 670, 92,
doi: 10.1086,/522082

Hahn, O., & Abel, T. 2011, MNRAS, 415, 2101,
doi: 10.1111/j.1365-2966.2011.18820.x

Hinshaw, G., Larson, D., Komatsu, E., et al. 2013, ApJS,
208, 19, doi: 10.1088,/0067-0049,/208/2/19

Hoyle, F., & Lyttleton, R. A. 1939, Proceedings of the
Cambridge Philosophical Society, 35, 405,
doi: 10.1017/S0305004100021150

13

Inayoshi, K., Haiman, Z., & Ostriker, J. P. 2016, MNRAS,
459, 3738, doi: 10.1093 /mnras/stw836

Inayoshi, K., Visbal, E., & Haiman, Z. 2020a, ARA&A, 58,
27, doi: 10.1146/annurev-astro-120419-014455

—. 2020b, ARA&A, 58, 27,
doi: 10.1146/annurev-astro-120419-014455

Kimm, T., & Cen, R. 2014, ApJ, 788, 121,
doi: 10.1088,/0004-637X/788/2/121

Kimm, T., Cen, R., Devriendt, J., Dubois, Y., & Slyz, A.
2015, MNRAS, 451, 2900, doi: 10.1093/mnras/stv1211

Kokorev, V., Fujimoto, S., Labbe, 1., et al. 2023, ApJL,
957, L7, doi: 10.3847/2041-8213/ad037a

Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511,
doi: 10.1146/annurev-astro-082708-101811

Kovacs, O. E., Bogdén, A., Natarajan, P., et al. 2024,
ApJL, 965, 121, doi: 10.3847/2041-8213/ad391f

Krumholz, M. R., McKee, C. F., & Klein, R. I. 2004, ApJ,
611, 399, doi: 10.1086/421935

Larson, R. L., Finkelstein, S. L., Kocevski, D. D., et al.
2023, ApJL, 953, L29, doi: 10.3847/2041-8213/ace619

Lin, X., Fan, X., Wang, F., et al. 2025, arXiv e-prints,
arXiv:2504.08039, doi: 10.48550/arXiv.2504.08039

Magorrian, J., Tremaine, S., Richstone, D.; et al. 1998, AJ,
115, 2285, doi: 10.1086/300353

Maiolino, R., Scholtz, J., Curtis-Lake, E., et al. 2024, A&A,
691, A145, doi: 10.1051,/0004-6361 /202347640

Massonneau, W., Volonteri, M., Dubois, Y., & Beckmann,
R. S. 2023, A&A, 670, A180,
doi: 10.1051/0004-6361/202243170

Mollitor, P., Nezri, E., & Teyssier, R. 2015, MNRAS, 447,
1353, doi: 10.1093/mnras/stu2466

Moran, E. C., Shahinyan, K., Sugarman, H. R., Vélez,
D. O., & Eracleous, M. 2014, AJ, 148, 136,
doi: 10.1088/0004-6256/148/6/136

Mortlock, D. J., Warren, S. J., Venemans, B. P., et al. 2011,
Nature, 474, 616, doi: 10.1038/nature10159

Naidu, R. P., Matthee, J., Katz, H., et al. 2025, arXiv
e-prints, arXiv:2503.16596,
doi: 10.48550/arXiv.2503.16596

Napolitano, L., Castellano, M., Pentericci, L., et al. 2025,
A&A, 693, A50, doi: 10.1051/0004-6361/202452090

Okuda, T. 2002, PASJ, 54, 253, doi: 10.1093/pasj/54.2.253

Omma, H., Binney, J., Bryan, G., & Slyz, A. 2004,
MNRAS, 348, 1105,
doi: 10.1111/j.1365-2966.2004.07382.x

Pezzulli, E., Valiante, R., & Schneider, R. 2016, MNRAS,
458, 3047, doi: 10.1093 /mnras/stw505

Pezzulli, E., Volonteri, M., Schneider, R., & Valiante, R.
2017, MNRAS, 471, 589, doi: 10.1093/mnras/stx1640


http://doi.org/10.1038/nature25180
http://doi.org/10.1093/mnras/277.2.362
http://doi.org/10.1093/mnras/stx845
http://doi.org/10.1093/mnras/stu2005
http://doi.org/10.1186/s40668-015-0009-7
http://doi.org/10.1093/mnras/112.2.195
http://doi.org/10.1093/mnras/104.5.273
http://doi.org/10.1111/j.1365-2966.2009.15043.x
http://doi.org/10.1051/0004-6361/202346159
http://doi.org/10.1146/annurev.aa.10.090172.002111
http://doi.org/10.1111/j.1365-2966.2011.20236.x
http://doi.org/10.1051/0004-6361:20078326
http://doi.org/10.1146/annurev-astro-052920-102455
http://doi.org/10.1086/312838
http://doi.org/10.1038/s41586-024-07184-8
http://doi.org/10.1093/mnras/stt1046
http://doi.org/10.1111/j.1365-2966.2009.15194.x
http://doi.org/10.3847/2041-8213/acf7c5
http://doi.org/10.1038/ncomms2314
http://doi.org/10.1086/522082
http://doi.org/10.1111/j.1365-2966.2011.18820.x
http://doi.org/10.1088/0067-0049/208/2/19
http://doi.org/10.1017/S0305004100021150
http://doi.org/10.1093/mnras/stw836
http://doi.org/10.1146/annurev-astro-120419-014455
http://doi.org/10.1146/annurev-astro-120419-014455
http://doi.org/10.1088/0004-637X/788/2/121
http://doi.org/10.1093/mnras/stv1211
http://doi.org/10.3847/2041-8213/ad037a
http://doi.org/10.1146/annurev-astro-082708-101811
http://doi.org/10.3847/2041-8213/ad391f
http://doi.org/10.1086/421935
http://doi.org/10.3847/2041-8213/ace619
http://doi.org/10.48550/arXiv.2504.08039
http://doi.org/10.1086/300353
http://doi.org/10.1051/0004-6361/202347640
http://doi.org/10.1051/0004-6361/202243170
http://doi.org/10.1093/mnras/stu2466
http://doi.org/10.1088/0004-6256/148/6/136
http://doi.org/10.1038/nature10159
http://doi.org/10.48550/arXiv.2503.16596
http://doi.org/10.1051/0004-6361/202452090
http://doi.org/10.1093/pasj/54.2.253
http://doi.org/10.1111/j.1365-2966.2004.07382.x
http://doi.org/10.1093/mnras/stw505
http://doi.org/10.1093/mnras/stx1640

14

Prieto, J., Escala, A.; Volonteri, M., & Dubois, Y. 2017,
ApJ, 836, 216, doi: 10.3847/1538-4357 /aabbe’

Rasera, Y., & Teyssier, R. 2006, A&A, 445, 1,
doi: 10.1051/0004-6361:20053116

Richstone, D., Ajhar, E. A., Bender, R., et al. 1998,
Nature, 395, A14+

Rieder, M., & Teyssier, R. 2016, MNRAS, 457, 1722,
doi: 10.1093 /mnras/stv2985

Rosdahl, J., & Blaizot, J. 2012, MNRAS, 423, 344,
doi: 10.1111/j.1365-2966.2012.20883.x

Roskar, R., Teyssier, R., Agertz, O., Wetzstein, M., &
Moore, B. 2014, MNRAS, 444, 2837,
doi: 10.1093/mnras/stul548

Sadowski, A., Lasota, J.-P., Abramowicz, M. A., &
Narayan, R. 2016, MNRAS, 456, 3915,
doi: 10.1093/mnras/stv2854

Shakura, N. 1., & Sunyaev, R. A. 1973, A&A, 24, 337

She, R., Ho, L. C., & Feng, H. 2017, ApJ, 842, 131,
doi: 10.3847/1538-4357 /aa7634

Shu, F. H. 1992, Journal of the British Astronomical
Association, 102, 230

Springel, V., Di Matteo, T., & Hernquist, L. 2005,
MNRAS, 361, 776, doi: 10.1111/j.1365-2966.2005.09238.x

Sutherland, R. S., & Dopita, M. A. 1993, ApJS, 88, 253,
doi: 10.1086,/191823

Tanaka, T. S.; Silverman, J. D., Shimasaku, K., et al. 2024,
arXiv e-prints, arXiv:2412.14246,
doi: 10.48550/arXiv.2412.14246

Taylor, A. J., Kokorev, V., Kocevski, D. D., et al. 2025,
arXiv e-prints, arXiv:2505.04609,
doi: 10.48550/arXiv.2505.04609

Teyssier, R. 2002, A&A, 385, 337,
doi: 10.1051/0004-6361:20011817

Teyssier, R., Moore, B., Martizzi, D., Dubois, Y., & Mayer,
L. 2011, MNRAS, 414, 195,
doi: 10.1111/j.1365-2966.2011.18399.x

Teyssier, R., Pontzen, A., Dubois, Y., & Read, J. I. 2013,
MNRAS, 429, 3068, doi: 10.1093/mnras/sts563

Tremaine, S., Gebhardt, K., Bender, R., et al. 2002, ApJ,
574, 740

Tripodi, R., Martis, N., Markov, V., et al. 2024, arXiv
e-prints, arXiv:2412.04983,
doi: 10.48550/arXiv.2412.04983

Volonteri, M., Silk, J., & Dubus, G. 2015, ApJ, 804, 148,
doi: 10.1088/0004-637X/804,/2/148

Winter, L. M., Mushotzky, R. F.; & Reynolds, C. S. 2006,
ApJ, 649, 730, doi: 10.1086 /506579

Wu, X.-B., Wang, F., Fan, X., et al. 2015, Nature, 518, 512,
doi: 10.1038 /naturel4241

Wurster, J., & Thacker, R. J. 2013, MNRAS, 431, 539,
doi: 10.1093/mnras/stt182

Yang, J., Wang, F., Fan, X., et al. 2020, ApJL, 897, L14,
doi: 10.3847/2041-8213/ab9c26


http://doi.org/10.3847/1538-4357/aa5be5
http://doi.org/10.1051/0004-6361:20053116
http://doi.org/10.1093/mnras/stv2985
http://doi.org/10.1111/j.1365-2966.2012.20883.x
http://doi.org/10.1093/mnras/stu1548
http://doi.org/10.1093/mnras/stv2854
http://doi.org/10.3847/1538-4357/aa7634
http://doi.org/10.1111/j.1365-2966.2005.09238.x
http://doi.org/10.1086/191823
http://doi.org/10.48550/arXiv.2412.14246
http://doi.org/10.48550/arXiv.2505.04609
http://doi.org/10.1051/0004-6361:20011817
http://doi.org/10.1111/j.1365-2966.2011.18399.x
http://doi.org/10.1093/mnras/sts563
http://doi.org/10.48550/arXiv.2412.04983
http://doi.org/10.1088/0004-637X/804/2/148
http://doi.org/10.1086/506579
http://doi.org/10.1038/nature14241
http://doi.org/10.1093/mnras/stt182
http://doi.org/10.3847/2041-8213/ab9c26

	Introduction
	METHODOLOGY AND SIMULATION DETAILS
	Result
	Two phase of SMBH growth
	Super-Eddington accretion phase
	Self regulation of AGN feedback
	Comparison with observations
	Comparison with other works

	Conclusion
	Acknowledgments

