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Observations of massive supermassive black holes (SMBHs) in the early universe challenge existing
black hole formation models. We propose that soliton cores in fuzzy dark matter (FDM) offer a
potential solution to this timing problem. Our FDM cosmological zoom-in simulations confirm that
for a particle mass mFDM ∼ 10−22 eV, solitons are well developed at redshift z ∼ 7 with masses
of ∼ 109M⊙, comparable to the observed SMBHs. We then demonstrate using hydrodynamic
simulations that, compared to cold dark matter, these high-z massive FDM solitons with mass Ms

can provide additional gravitational potential to accrete gas and boost the Bondi accretion rate of
a growing black hole seed with mass MBH by up to two to four orders of magnitude, in the regime
of efficient cooling and negligible radiation pressure. This accretion boosting mechanism is effective
for 10−22 eV ≲ mFDM ≲ 10−20 eV and potentially beyond as long as Ms > MBH.

Introduction.—Observations of supermassive black
holes (SMBHs) at high redshifts z ≳ 7 [1–8] with
masses of MBH ≳ 107–109 M⊙ represent a significant
challenge to existing black hole (BH) formation models
[9–12]. These SMBHs may originate from various BH
seeds, including massive seeds exceeding 104 M⊙ formed
through direct gas collapse [13–15], lighter seeds (∼ 102–
103 M⊙) formed from Population III stars [16–18], or
intermediate-mass seeds (∼ 103–104 M⊙) formed from
runaway collisions in dense star clusters [19, 20]. To
reach the observed SMBH mass at such high redshifts,
cosmological simulations indicate that these BH seeds
must undergo rapid accretion at rates exceeding those
predicted by standard accretion models. The accretion
of heavy seeds must exceed the Bondi accretion rate
[21, 22], which characterizes the steady-state, spherically-
symmetric, and adiabatic accretion onto a point mass
from a uniform gas [23][112]. In contrast, lighter seeds
need to accrete at or above the Eddington limit [11, 24–
29] for extended periods. Maintaining such high accre-
tion rates is challenging because the Bondi accretion rate
can only exceed the Eddington limit in extremely dense
environments [30], and feedback from the active galactic
nucleus (AGN) further alters the mass accretion [31–34].

Ultra-light dark matter (ULDM) [35–43], also known
as scalar field dark matter or wave dark matter, is one
of the leading dark matter candidates. It consists of
ultra-light bosons with a broad particle mass range of
∼ 10−22–10−6 eV and is well motivated by quantum chro-
modynamics axions [44] and string theory [45]. Extensive

studies have examined ULDM through various astrophys-
ical probes [46–65] and ground-based experiments [66–
74]. The high sensitivity of gravitational-wave detectors
also offers a promising detection method [75–79]. Fur-
thermore, heating from the decay of axion-like particles
may inhibit molecular hydrogen formation, potentially
leading to the direct collapse of gas clouds into SMBHs
[80].

ULDM in the mass range of mFDM ∼ 10−22–10−20 eV
is also referred to as fuzzy dark matter (FDM) [81],
characterized by distinctive wave-like features on sub-
kiloparsec scales, such as density granulation and the
suppression of low-mass halos [82]. It may address small-
scale challenges associated with cold dark matter (CDM)
[83, 84], which remain a topic of debate (e.g., [85]). In
particular, while maintaining the same large-scale struc-
ture as CDM, FDM predicts a unique structure at the
center of each dark matter halo — a soliton core, which
is a stationary, ground-state solution of the Schrödinger-
Poisson equation [86–88]. The soliton half-density radius
rs and total mass Ms as a function of the host halo mass
Mh and redshift z, derived from both numerical simula-
tions [86, 87, 89, 90] and analytical models assuming ther-
mal equilibrium between halos and solitons [87, 91, 92],
are

rs = 0.135 m−1
22

(
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and

Ms = 1.68× 109 m−1
22

(
ζ ′(z)

ζ ′(7)

)(
Mh

1011 M⊙

)1/3

M⊙, (2)

where m22 ≡ mFDM/10−22 eV, ζ ′ = (1 + z)1/2ζ(z)1/6

with ζ(z) = (18π2 + 82(Ωm(z) − 1) − 39(Ωm(z) −
1)2)/Ωm(z) ∼ 180 at z ≥ 1 [93], and Ωm is the matter
density parameter. Ms is roughly 4.2 times larger than
the mass enclosed within rs. Importantly, it remains un-
certain whether Eqs. (1) and (2) can be reliably applied
to massive halos at high redshifts, necessitating the FDM
cosmological simulations performed in this study.

In this Letter, we first conduct FDM cosmological
zoom-in simulations with m22 ∼ 1 to confirm that FDM
halos with Mh ∼ 1011 M⊙ at z ∼ 7 have well-developed
solitons with masses of ∼ 109 M⊙, comparable to SMBHs
and in line with Eqs. (1) and (2). We then demon-
strate using hydrodynamic simulations that, compared
to CDM, these high-z massive FDM solitons can pro-
vide additional gravitational potential to accrete gas and
boost the BH mass accretion rate ṀBH by up to two to
four orders of magnitude when cooling is efficient and
radiation pressure is ignored. This additional boost pro-
vided by FDM solitons offers a potential explanation for
the rapid growth of SMBHs in the early universe, with
accretion rates significantly exceeding those predicted by
the conventional Bondi model.

High-z FDM solitons.—We conduct FDM cosmolog-
ical zoom-in simulations targeting a halo with Mh ∼
7 × 1010 M⊙ at z = 6.87 using the GPU-accelerated
adaptive refinement code GAMER [94]. We investigate
m22 = 1.6 and 0.8 in a cubic domain with a comov-
ing side length of 15 Mpc, a 5123 root grid, and up to
nine refinement levels, achieving a maximum comoving
resolution of 57 pc. Both the simulation domain length
and maximum resolution are about an order of magni-
tude greater than those in [88]. The code employs a new
hybrid scheme integrating a fluid formulation on coarser
grids for large scales and a wave formulation on refined
grids for small scales [95] (see also [96]). We construct the
initial conditions at z = 100 using AxionCAMB [97] and
MUSIC [98]. For comparison, we also conduct CDM simu-
lations using the code GADGET-2 [99] with 10243 particles
and with a similar initial condition, except that there is
no small-scale suppression by FDM quantum pressure in
the initial power spectrum.

Fig. 1 shows the density and gravitational poten-
tial distributions of this target halo. FDM halos with
m22 = 0.8 (1.6) formed at z ∼ 9 (11) and had well-
developed solitons by z ∼ 7 with rs ∼ 0.25 (0.10) kpc
and Ms ∼ 1.4× 109 (8.7× 108)M⊙, consistent with Eqs.
(1) and (2). The larger the m22, the earlier the halos
and solitons form. These solitons match well the analyti-
cal soliton profile [86] and result in a significantly deeper
central gravitational potential than the CDM halo. Ad-
ditionally, our target halos, with Mh ∼ 7 × 1010 M⊙

at z ∼ 7, are common in both CDM and FDM with
m22 ≳ 1, as this mass scale exceeds the FDM half-mode

mass, M1/2 = 3.8 × 1010m
−4/3
22 M⊙, below which the

FDM halo mass function drops significantly compared
to CDM [100]. These validations reinforce the soliton
setup in the following hydrodynamic simulations for in-
vestigating how this additional gravitational potential of
solitons may boost gas accretion and SMBH growth in
the early universe.
BH-soliton accretion setup.—After confirming the ex-

istence of high-z solitons, we examine how the soliton
gravity boosts the accretion rate of a growing BH seed.
We perform hydrodynamic simulations with GAMER to in-
vestigate mass accretion from a uniform gas initially at
rest onto a central BH embedded in an external soliton
potential ϕs0 [89]. To measure ṀBH, we adopt the well-
tested prescription in [101], including a spherical ‘void’
region to model the BH horizon, within which we reset
the density, temperature, and velocity to negligible val-
ues after each time-step ∆t, and infer ṀBH from the mass
difference over ∆t. In order to find the steady-state so-
lution, we fix MBH and perform simulations until ṀBH

saturates (∼ 1000 Bondi times). The gas self-gravity is
ignored as it is much weaker than the BH and soliton
gravity.

To minimize numerical errors associated with the
rapid accretion caused by a massive soliton, we grad-
ually introduce the soliton potential by ϕs(r, t) =
ϕs0(r) tanh(t/βtg), where tg = GMs/4.2c

3
s, G is the grav-

itational constant, and cs is the ambient sound speed.
β ∼ 0.1–10 is a dimensionless parameter to ensure the
mass accretion remains adiabatic during the entire sim-
ulation.

Table I lists the adopted simulation parameters. We
use an ideal gas equation of state with a range of effective
adiabatic index γ = 1–5/3, mimicking the composite ef-
fect of non-adiabatic micro-scale processes, which are of-
ten dominated by radiative cooling in astrophysical halos.
We probe the ambient temperature T0 = 1–10 eV ∼ 104–
105 K to account for different primordial environments
[102–105]. To investigate how the soliton gravity en-
hances the accretion rate of a growing BH seed, we fix
a typical seed of MBH = 105 M⊙ and probe m22 = 1–10
to ensure Ms ≫ MBH. Note that within this parame-
ter space, rs ≫ rBon, indicating that the soliton and BH
gravity dominate in the outer and inner regions, respec-
tively.

We adopt a cubic computational domain with a side
length of 8 kpc and zero-gradient boundary conditions.
We choose a 643 root grid and double the resolution as
the distance to the BH is halved, with up to 15 refine-
ment levels, covering a dynamic range of six orders of
magnitude with a maximum resolution of 3.8× 10−3 pc.
This ensures that the void region for measuring ṀBH is
resolved by at least 12 cells. Simulations are conducted
in three-dimensional Cartesian coordinates to facilitate
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FIG. 1: FDM cosmological zoom-in simulations. (Left) Projected density in a 1 kpc thick slab through a ∼ 7× 1010M⊙ halo
with m22 = 1.6 (top) and 0.8 (middle) at z = 6.87, normalized to the mean matter density ρm; a CDM counterpart is shown for
comparison (bottom). Insets highlight the central regions, with dashed circles indicating the soliton radii. (Right) Density and
gravitational potential profiles of the FDM and CDM halos (solid lines) and soliton solutions of [86] (dashed lines). Compared
to CDM, distinct and massive soliton cores with rs ∼ 0.1 kpc and Ms ∼ 109M⊙ form in FDM, in agreement with Eqs. (1) and
(2), providing additional gravitational potential to accrete gas and boost SMBH growth in the early universe (see Figs. 2–4).

TABLE I: Simulation parameters. Parameters in the lower
table are derived from those in the upper table, assuming
γ = 1.2. Derived parameters are presented in ascending order
of T0 = 1–10 eV for Bondi-related parameters and m22 = 1–
10 for soliton parameters.

Parameter Value

BH mass (MBH) 105M⊙

Adiabatic index (γ) 1–5/3

Ambient density (ρ0) 10−23 g/cm3

Atomic mass fraction 0.62

Ambient temperature (T0) 1–10 eV

FDM particle mass (m22) 1–10

Halo mass (Mh) 1011M⊙

Redshift (z) 7

Bondi radius (rBon) 2.3–0.23 pc

Bondi time (tBon) 165–5.2 kyr

Bondi sonic point 0.81–0.081 pc

Soliton radius (rs) 135–13.5 pc

Soliton mass (Ms) 16.8–1.68×108M⊙

future incorporation of non-spherically symmetric effects
such as turbulence and rotation. We use the MUSCL-

Hancock integration scheme [106], the HLLC Riemann
solver [106], and the piecewise parabolic reconstruction
method [107]. Dual-energy formalism is applied to reduce
truncation errors in supersonic flow.

BH-soliton accretion results.—Fig. 2 shows the gas pro-
files of a representative case with γ = 1.2, T0 = 10 eV,
and m22 = 1. We compare three scenarios: BH-only,
soliton-only, and with both BH and soliton. The BH-only
case confirms that our simulation setup can reproduce
the analytical Bondi solution. The simulation with both
BH and soliton shows a two-stage accretion attributed
to Ms ≫ MBH and rs ≫ rBon. The first-stage accretion
results from the soliton gravity and is stalled around rs
due to its finite size. The gas density and temperature
at rBon ≲ r ≲ rs increase by a factor of ρinc/ρ0 ∼ 1000
and Tinc/T0 ∼ 4, respectively, satisfying the adiabatic
condition T ∝ ργ−1. Both ρinc and Tinc are independent
of MBH, as confirmed by the consistency between the
soliton-only and BH-soliton simulations at r ≳ rBon.

The second-stage accretion occurs within rBon where
the BH gravity dominates over the soliton gravity. The
gas profiles still satisfy the Bondi solution but with
a boosting factor α ∼ 125 compared to the BH-only
case due to the significantly increased ambient density
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from the first-stage accretion. Here we define α =
ṀBH/ṀBon0, where ṀBH is measured directly from a
BH-soliton simulation and ṀBon0 is the theoretical BH-
only Bondi accretion rate from T0 and ρ0. Note that from
ṀBon ∝ ρT−3/2 and the adiabatic condition during the
first-stage accretion, we can infer α = (ρinc/ρ0)

(5−3γ)/2 ∼
125, in agreement with the measured value.

Fig. 3 plots the boosting factor α as a function of γ
for the four corner cases: (T0/eV, m22) = (1, 1), (1,
10), (10, 1), (10, 10), revealing a strong dependence on
γ and a relatively weak dependence on T0 and m22. In
general, the softer the equation of state, the larger the
α, increasing from close to unity (γ = 5/3) to three to
four orders of magnitude (γ = 1) regardless of T0 and
m22. This is consistent with the adiabatic prediction,
α = (ρinc/ρ0)

(5−3γ)/2, which gives α = 1 for γ = 5/3
and α = ρinc/ρ0 for γ = 1. For comparison, we also
plot the Eddington limit α = ṀEdd/ṀBon0 with T0 = 1
and 10 eV, where ṀEdd is the Eddington accretion rate
assuming a radiation efficiency of 10%. Note that ṀBH ≳
ṀEdd for γ ≲ 1.4 at T0 = 1 eV and γ ≲ 1.2 at T0 = 10 eV,
indicating that solitons can help approach or even exceed
the Eddington limit.

Fig. 3 suggests that α increases with increasing m22

and decreasing T0 for γ ≲ 1.4. To investigate this fur-
ther, we plot in Fig. 4 the boosting factor as a function
of T0 and m22 for γ = 1.2, showing an approximately
linear dependence on T−1

0 and m22. This relation is at-
tributed to the balance between gas pressure and soliton
gravity in the first-stage accretion. For a given ρ0, a
lower T0 leads to higher density compression and thus a
larger α. Similarly, for a fixedMh in Eqs. (1) and (2), the
gravitational acceleration near the soliton radius scales as
Ms/r

2
s ∝ (1 + z)3/2m22. Therefore, a larger m22 corre-

sponds to a stronger soliton gravity that can accrete more
gas inside rs to boost ṀBH. The above (1+ z)3/2 depen-
dence also indicates that for a given Mh, solitons have a
greater impact at higher redshifts. This can compensate
for the lower ṀBH in the BH-only accretion scenario at
higher redshifts when MBH is low.

Discussion.—The two-stage accretion occurs only
when rs ≫ rBon and Ms ≫ MBH. The former condition
can be violated for higher m22 or lower T0, assuming a
fixed MBH = 105 M⊙. For example, for m22 ∼ 100 and
T0 = 1 eV, rs ∼ rBon, and the accretion reverts to the
single-stage process. However, Ms ∼ 107 M⊙ ≫ MBH

remains (Ms ∝ m−1
22 from Eq. (2)), and our simulation

demonstrates a boosting factor of ∼ 1000 for γ = 1.2. For
even larger particle masses in the range 103 ≲ m22 ≲ 104,
as suggested by some stringent constraints [47, 53, 108],
substantial boosting is still expected for lighter BH seeds
with MBH ≲ 105 M⊙. As MBH grows with time, eventu-
ally MBH ≳ Ms, and ṀBH transitions back to the con-
ventional single-stage Bondi accretion without significant
boosting.

The boosting factor α strongly depends on the effec-

tive adiabatic index γ, reaching α ≳ 10 (100) only when
γ ≲ 1.4 (1.2) (Fig. 3). What is the appropriate value
of γ in the environment of early BHs? Consider a gas
halo with T ∼ 1–10 eV, the normalized cooling rate is
Λ ∼ 10−22–10−21 erg cm3/s [107]. Assuming a gas num-
ber density of ∼ 10 cm−3, the cooling timescale is ∼ 0.1–
1 kyr, significantly shorter than the Bondi time tBon in
Table I. This estimate indicates efficient cooling and a
low γ < 5/3 tied to a large boosting. This is further
corroborated by the expectation of chaotic cold accre-
tion frequently occurring in massive BHs and developing
similarly elevated boosting factors [109].

To verify the robustness of our simulations, we confirm
that the saturated α is insensitive to MBH, ρ0, and initial
gas profiles, provided that MBH ≪ Ms holds and the gas
self-gravity is negligible. Additionally, α is independent
of the radius of the central void region as long as it is
within the sonic point and resolved by at least 12 cells.
The artificial parameter β, used for the gradual inclusion
of the soliton potential, introduces ∼ 35% uncertainty in
α but does not affect the main conclusions of this study.

Rotation, turbulence, magnetic field, AGN feedback,
and radiation pressure, not currently considered in this
study, can provide additional support against accretion
and reduce both BH-only and BH-soliton accretion rates.
Nevertheless, the boosting factor, defined as the ratio be-
tween the two rates, will likely remain substantial. Our
current three-dimensional simulations make it straight-
forward to incorporate these additional factors, along
with radiative cooling, which we will consider in future
work.

We note that the boosting mechanism proposed here
is likely applicable to other dark matter models that can
form dense cores at high redshifts, such as self-interacting
dark matter [110].

Conclusions.—Soliton cores in FDM provide a poten-
tial solution to the timing problem of SMBH growth
in the early universe. Our FDM cosmological zoom-in
simulations with a particle mass m22 ∼ 1 confirm that
∼ 1011 M⊙ halos at z ∼ 7 have well-developed solitons
with masses of ∼ 109 M⊙, comparable to the observed
SMBH masses at similar epochs and significantly more
massive than the BH seeds commonly employed in cos-
mological simulations. We then demonstrate quantita-
tively with hydrodynamic simulations how the additional
soliton potential accretes gas to increase the ambient gas
density around the BH, thereby boosting the Bondi ac-
cretion rate in its early evolution stage when the BH
mass is much smaller than the soliton mass. We find
that the BH accretion rate ṀBH can be boosted by two
to four orders of magnitude with m22 = 1–100, pro-
vided that radiative cooling is efficient leading to an ef-
fective γ ≲ 1.2. Substantial boosting is also expected
for 102 ≲ m22 ≲ 104, especially for lighter BH seeds.
For the same γ, ṀBH increases approximately linearly
with decreasing ambient gas temperature and increasing
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FIG. 2: Gas profiles of a representative BH-soliton accretion simulation with γ = 1.2, T0 = 10 eV and m22 = 1. We compare
three cases: (a) BH-only (b) soliton-only, and (c) both BH and soliton. Case (a) confirms that our simulation setup can
reproduce the analytical Bondi solution (black solid line). Case (b) illustrates the region dominated by the soliton gravity.
Case (c) presents the two-stage accretion feature of a BH-soliton system; the profile within rBon still matches the Bondi solution
(grey solid line) but with a boosting factor α ∼ 125 (see Fig. 3) compared to the BH-only case due to the greatly increased
ambient density in rBon ≲ r ≲ rs accreted by the soliton gravity. See text for details.

m22. Such boosted accretion rates due to FDM could
provide a natural way for early BHs to maintain near-
or super-Eddington accretion and substantially aid their
rapid growth in the early universe.
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[6] Á. Bogdán et al., Evidence for heavy-seed origin of early
supermassive black holes from a z ≈ 10 X-ray quasar,

https://github.com/gamer-project/gamer
mailto:hyschive@phys.ntu.edu.tw


6

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Effective adiabatic index 

100

101

102

103

104

Bo
os

tin
g 

fa
ct

or
 

T0=10eV

T0=1eVCase in Fig. 2

T0= 1 eV, m22=1
T0= 1 eV, m22=10
T0= 10 eV, m22=1
T0= 10 eV, m22=10

FIG. 3: Strong dependence of the boosting factor α on the
effective adiabatic index γ for the four corner cases of (T0,
m22). α increases with decreasing γ and exceeds two (one)
orders of magnitude when γ ≲ 1.2 (1.4) regardless of T0 and
m22. For comparison, dashed lines show the Eddington limit
with T0 = 1 and 10 eV. The arrow indicates the case in Fig. 2.

100 101/4 102/4 103/4 101

m22

100

101/4

102/4

103/4

101

T 0
(e

V)

102

103

Bo
os

tin
g 

fa
ct

or
 

FIG. 4: Boosting factor α as a function of T0 and m22 with
γ = 1.2. α generally exceeds two orders of magnitude and
increases with increasing m22 and decreasing T0.

Nature Astronomy 8, 126 (2024).
[7] S. E. I. Bosman et al., A mature quasar at cosmic dawn

revealed by JWST rest-frame infrared spectroscopy, Na-
ture Astronomy , 1 (2024).

[8] H. Suh et al., A super-Eddington-accreting black hole
˜1.5 Gyr after the Big Bang observed with JWST, Na-
ture Astronomy , 1 (2024).

[9] R. Valiante, B. Agarwal, M. Habouzit, and E. Pezzulli,
On the formation of the first quasars, Publications of
the Astronomical Society of Australia 34, e031 (2017).

[10] T. E. Woods et al., Titans of the early Universe: The
Prato statement on the origin of the first supermassive
black holes, Publications of the Astronomical Society of
Australia 36, e027 (2019).

[11] K. Inayoshi, E. Visbal, and Z. Haiman, The assembly
of the first massive black holes, Annu. Rev. Astron. As-
trophys 58, 27 (2020).

[12] Q. Zhu et al., The formation of the first quasars: the
black hole seeds, accretion, and feedback models, Mon.
Not. R. Astron. Soc. 514, 5583 (2022).

[13] J. H. Wise et al., Formation of massive black holes in
rapidly growing pre-galactic gas clouds, Nature (Lon-
don) 566, 85 (2019).

[14] F. Sassano et al., Light, medium-weight, or heavy? The
nature of the first supermassive black hole seeds, Mon.
Not. R. Astron. Soc. 506, 613 (2021).

[15] L. Mayer, P. R. Capelo, L. Zwick, and T. Di Matteo,
Direct formation of massive black holes via dynamical
collapse in metal-enriched merging galaxies at z ∼ 10:
Fully cosmological simulations, Astrophys. J. 961, 76
(2024).

[16] V. Bromm, Formation of the first stars, Reports on
Progress in Physics 76, 112901 (2013).

[17] T. H. Greif, The numerical frontier of the high-redshift
Universe, Computational Astrophysics and Cosmology
2, 3 (2015).

[18] K. Sugimura, T. Matsumoto, T. Hosokawa, S. Hirano,
and K. Omukai, The birth of a massive first-star binary,
Astrophys. J. Lett. 892, L14 (2020).

[19] K. Omukai, R. Schneider, and Z. Haiman, Can super-
massive black holes form in metal-enriched high-redshift
protogalaxies?, Astrophys. J. 686, 801 (2008).

[20] B. Devecchi and M. Volonteri, Formation of the first
nuclear clusters and massive black holes at high redshift,
Astrophys. J. 694, 302 (2009).

[21] J. Jeon, B. Liu, V. Bromm, and S. L. Finkelstein, Ob-
servability of low-luminosity AGNs in the early Universe
with JWST, Mon. Not. R. Astron. Soc. 524, 176 (2023).

[22] J. Jeon, V. Bromm, B. Liu, and S. L. Finkelstein,
Physical pathways for JWST-observed supermassive
black holes in the early Universe, arXiv e-prints ,
arXiv:2402.18773 (2024).

[23] H. Bondi, On spherically symmetrical accretion, Mon.
Not. R. Astron. Soc. 112, 195 (1952).

[24] M. Smole, M. Micic, and N. Martinovic, SMBH growth
parameters in the early Universe of Millennium and
Millennium-II simulations, Mon. Not. R. Astron. Soc.
451, 1964 (2015).

[25] K. Inayoshi, Z. Haiman, and J. P. Ostriker, Hyper-
Eddington accretion flows on to massive black holes,
Mon. Not. R. Astron. Soc. 459, 3738 (2016).

[26] E. Pezzulli, M. Volonteri, R. Schneider, and R. Valiante,
The sustainable growth of the first black holes, Mon.
Not. R. Astron. Soc. 471, 589 (2017).

[27] L. Mayer, Super-Eddington accretion; flow regimes and
conditions in high-z galaxies, in Formation of the First
Black Holes, edited by M. Latif and D. Schleicher, pp.
195–222, World Scientific, 2019.

[28] R. Maiolino et al., A small and vigorous black hole in
the early Universe, Nature (London) 627, 59 (2024).

[29] Y. Shi, K. Kremer, and P. F. Hopkins, From seeds to
supermassive black holes: Capture, growth, migration,
and pairing in dense protobulge environments, Astro-
phys. J. Lett. 969, L31 (2024).

[30] J. S. B. Wyithe and A. Loeb, Photon trapping enables
super-Eddington growth of black hole seeds in galaxies
at high redshift, Mon. Not. R. Astron. Soc. 425, 2892
(2012).



7

[31] J. Wurster and R. J. Thacker, A comparative study of
AGN feedback algorithms, Mon. Not. R. Astron. Soc.
431, 2513 (2013).

[32] M. Gaspari, F. Tombesi, and M. Cappi, Linking macro-,
meso- and microscales in multiphase AGN feeding and
feedback, Nature Astronomy 4, 10 (2020).

[33] M. Valentini et al., Impact of AGN feedback on galaxies
and their multiphase ISM across cosmic time, Mon. Not.
R. Astron. Soc. 491, 2779 (2020).

[34] Z. Yao, F. Yuan, and J. P. Ostriker, Active galactic
nucleus feedback in an elliptical galaxy with the most
updated AGN physics: Parameter explorations, Mon.
Not. R. Astron. Soc. 501, 398 (2021).

[35] P. J. E. Peebles, Fluid dark matter, Astrophys. J. Lett.
534, L127 (2000).

[36] F. S. Guzmán and T. Matos, Scalar fields as dark matter
in spiral galaxies, Classical and Quantum Gravity 17,
L9 (2000).

[37] J. Goodman, Repulsive dark matter, New Astronomy
5, 103 (2000).
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