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ABSTRACT

While mounting observational evidence suggests that intermediate mass black holes (IMBHs) may be important in shaping the
properties of dwarf galaxies both at high redshifts and in the local Universe, our theoretical understanding of how these IMBHs
grow is largely incomplete. To address this, we perform high-resolution simulations of an isolated dwarf galaxy with a virial
mass of 10'° M, harbouring a 10* M, IMBH at its centre at a peak spatial resolution of < 0.01 pc. Within the fully multiphase
interstellar medium (ISM), we incorporate explicit sampling of stars from the initial mass function, photoionization, photoelectric
heating, individual supernovae (SNe), as well as a Shakura-Sunyaev accretion disc model to track the evolution of BH mass and
spin. We find that a nuclear star cluster (NSC) effectively captures the ISM gas and promotes formation of a circumnuclear disc
(CND) on scales of < 7 pc. Simultaneously, gravitational torques from the NSC reduce CND angular momentum on (sub-)parsec
scales, circularizing the gas onto the «-accretion disc and promoting sustained IMBH growth at ~ 0.01 of the Eddington rate.
While in the innermost regions (< 0.5 pc), star formation is highly suppressed, the CND is susceptible to fragmentation, leading
to the formation of massive, young stars. Interestingly, despite an in-situ SN rate of 0.3 Myr~—!, the dense CND persists, sustaining
BH accretion and leading to its net spin-up. Our study demonstrates the complexity of IMBH accretion within a multiphase
ISM, and paves the way for next-generation studies where IMBH growth in a fully cosmological context can be captured.

Key words: accretion, accretion discs —black hole physics — methods: numerical — galaxies: dwarf — galaxies: nuclei — galaxies:

star formation.

1 INTRODUCTION

Intermediate-mass black holes (IMBHs), defined as BHs with masses
ranging from 100 to 10® M, are a critical puzzle piece in our
understanding of the assembly of supermassive black holes (SMBHs;
105 — 10" Mg). As possible analogues of massive galaxies hosting
SMBHs (e.g. J. Magorrian et al. 1998; L. Ferrarese & D. Merritt
2000; N. Hiring & H.-W. Rix 2004; J. Kormendy & L. C. Ho
2013; A. E. Reines & M. Volonteri 2015), lower mass galaxies,
and in particular dwarfs, are considered promising sites for IMBH
formation and growth. This expectation is supported by the well-
established scaling relations between BH masses and host galaxy
properties, such as the stellar velocity dispersion, bulge, and stellar
mass (e.g. J. E. Greene & L. C. Ho 2007; J. E. Greene, J. Strader
& L. C. Ho 2020; A. E. Reines 2022; K. Giiltekin et al. 2022).
However, detecting such low-mass BHs remains challenging, as
their limited dynamical influence and intrinsically low luminosities
make them elusive observational targets (J. E. Greene et al. 2020).
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Nevertheless, the number of IMBH candidates identified in both local
and high-redshift galaxies is steadily increasing, reflecting growing
observational efforts and interest in this population (e.g. S. A. Farrell
et al. 2009; M. Kim et al. 2020; T. A. Davis et al. 2020; R. Pechetti
et al. 2022; F. Pacucci et al. 2023; A. A. Sanchez et al. 2024; A.
Sacchi et al. 2024; B. L. Davis et al. 2024; M. Hiberle et al. 2024; R.
Maiolino et al. 2024; S. D. Bykov, M. R. Gilfanov & R. A. Sunyaev
2024). Fundamental questions, however, remain: how do BH seeds
form and evolve within their host galaxies? How is multiphase gas
funnelled into the vicinity of BHs? How is this inflow ultimately
circularized to a BH accretion disc?

Nuclear star clusters (NSCs), frequently found at the centres of
dwarf galaxies, are particularly favourable for the formation and
growth of IMBHs. With masses ranging from 10* Mg, to 108 Mg
and effective radii of a few parsecs or less, NSCs are among the
densest stellar systems in the Universe (N. Neumayer, A. Seth & T.
Boker 2020). Despite their prevalence, the origin of NSCs remains
an open question. Recent studies suggest they form through multiple
channels: from the remnants of globular clusters (GCs) that spiral
inward due to dynamical friction (e.g. S. D. Tremaine, J. P. Ostriker &
L. Spitzer 1975; R. Capuzzo-Dolcetta 1993; R. Capuzzo-Dolcetta &
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P. Miocchi 2008; M. Agarwal & M. Milosavljevi¢ 2011; E. Portaluri
et al. 2013; O. Y. Gnedin, J. P. Ostriker & S. Tremaine 2014; M.
Poulain et al. 2025; W. Lyu et al. 2025), in-situ star formation at the
galactic centre (e.g. H. H. Loose, E. Kruegel & A. Tutukov 1982; M.
Milosavljevi¢ 2004; C. J. Walcher et al. 2006; E. Schinnerer et al.
2007; F. Antonini, E. Barausse & J. Silk 2015; S. Paudel & S.-J. Yoon
2020; K. Fahrion et al. 2021, 2022; C. Partmann et al. 2025), or via
a combination of both of these processes. The presence of NSCs is
observed in galaxies spanning a wide range of masses, morphologies,
and gas contents, with their nucleation appearing to depend on a
complex interplay of these factors (e.g. I. Y. Georgiev et al. 2009;
M. den Brok et al. 2014; 1. Y. Georgiev et al. 2016). In the Virgo
Cluster, approximately 30 per cent of galaxies with stellar masses
greater than 10’ Mg host NSCs at their centres and this fraction
rises to 80 per cent for galaxies with stellar masses above 10° Mg (R.
Sanchez-Janssen et al. 2019; N. Neumayer et al. 2020; N. Hoyer et al.
2021; S. G. Carlsten et al. 2022). Meanwhile, recent observations
from the James Webb Space Telescope (JWST) have revealed ex-
tremely dense (reaching 10° Mg, pc~>) and clustered star-forming en-
vironments, such as the Cosmic Grapes galaxy (M. W. Topping et al.
2024; S. Fujimoto et al. 2025) and the Cosmic Gems (A. Adamo et al.
2024). These findings suggest that such high-density environments
may not be rare, but perhaps the norm, in high-redshift galaxies.
The dense environment of an NSC provides favourable conditions
for the emergence of IMBH seeds. Studies have shown that dense,
metal-poor star clusters, if sufficiently compact, can trigger repeated
stellar collisions, leading to the formation of very massive stars
(VMSs) with masses up to ~ 103 Mg, which collapse directly into
BHs without losing mass in the process (L. Spitzer & M. E. Stone
1967; L. Spitzer & M. H. Hart 1971; P. J. E. Peebles 1972; M. C.
Begelman & M. J. Rees 1978; M. Mezcua 2017; N. C. Stone, A.
H. W. Kiipper & J. P. Ostriker 2017). These formation process has
been further explored using Monte Carlo method (e.g. M. Freitag,
F. A. Rasio & H. Baumgardt 2006; E. Gonzélez Prieto et al. 2024)
and direct N-body simulations (S. F. Portegies Zwart & S. L. W.
McMillan 2002; H. Katz, D. Sijacki & M. G. Haehnelt 2015; M.
Arca Sedda et al. 2023; A. Rantala, T. Naab & N. Lahén 2024;
M. S. Fujii et al. 2024). Being the most massive members of star
clusters, IMBH seeds experience dynamical friction, causing them
to sink towards the NSC centre, where they may encounter more
material or undergo hierarchical BH mergers that facilitate their
growth (e.g. A. Rantala et al. 2024; M. S. Fujii et al. 2024). The
NSC not only expands the region of gravitational influence but also
increases the escape velocity, thereby mitigating the ejection of BHs
through gravitational-wave-induced recoil kicks (which can reach
up to ~ 5000 km s~') or three-body interactions, both of which
are major obstacles to hierarchical BH growth (N. Neumayer et al.
2020). Furthermore, tidal disruption events (TDEs) within NSCs (N.
C. Stone et al. 2017; F. P. Rizzuto et al. 2023; S. Lee, J.-h. Kim &
B. K. Oh 2023; A. Rantala et al. 2024; J. N. Y. Chang et al. 2025),
which provide additional accretion from disrupted stellar material
and gas inflow facilitated by the NSC’s gravitational potential (M. S.
Fujii et al. 2024; C. Partmann et al. 2025) may promote BH growth.
Once BHs enter the IMBH regime, gas accretion may become
an important channel for their further growth. Decades of research
have sought to understand how gas loses its angular momentum and
is transported from galactic scales to the central BH. Mechanisms
such as galaxy mergers (e.g. L. Hernquist 1989; J. E. Barnes &
L. E. Hernquist 1991) and secular processes, including bars and
spiral waves, can induce gas angular momentum transport and gas
inflows to sub-kiloparsec scales near the galactic centre (e.g. S.
Laine et al. 2002; P. F. Hopkins & E. Quataert 2010; E. Emsellem
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et al. 2015). At scales of < 100 pc, a cascade of non-axisymmetric
gravitational instabilities operating across a range of spatial scales,
such as ‘bars-within-bars’ mechanism (e.g. I. Shlosman, J. Frank &
M. C. Begelman 1989; A. Escala 2007; R. Levine, N. Y. Gnedin &
A.J. S. Hamilton 2010; P. F. Hopkins & E. Quataert 2011; L. Mayer
et al. 2015) may lead to further angular momentum transport. As gas
continues to flow inward, it circularizes in the nuclear region within
a few to tens of parsecs, forming a circumnuclear disc (CND).

Within the CND, a multiphase mixture of gas and dust, spanning
a range of temperatures and ionization states, arises from shocks,
fragmentation, star formation, and feedback from both the active
galactic nucleus and surrounding stars (e.g. W. Maciejewski 2004;
A. Lupi et al. 2016; M. Schartmann et al. 2018; P. F. Hopkins
et al. 2024). On even smaller scales, within the central few parsecs,
structures such as circumnuclear rings, mini-spirals, and mini-bars
further accelerate angular momentum transport, guiding the gas
towards the accretion disc (W. Maciejewski 2004; E. Emsellem
et al. 2015; L. Mayer et al. 2015; A. A. Trani, M. Mapelli & A.
Ballone 2018). At sub-parsec scales (0.1 — 0.01 pc), the gas finally
circularizes into the accretion disc, where it can be funnelled onto
the BH.

A classic approach to modelling BH accretion in galaxy formation
simulations is the Bondi—Hoyle-Lyttleton accretion prescription,
which estimates the accretion rate under the assumption of simple ra-
dial inflow. Thus, it neglects all of the abovementioned complexities
of gas transport and angular momentum transfer. On the other hand,
the only accretion disc model with a global analytical solution, the
Shakura-Sunyaev, or as often called, the a-accretion disc model (N.
I. Shakura & R. A. Sunyaev 1973), accounts for effective viscosity
the angular momentum of accreting gas through a geometrically
thin and optically thick disc towards the BH, allowing for a more
accurate prediction of BH mass growth. Furthermore, gas accretion
not only affects the BH mass but also its spin. J. M. Bardeen & J. A.
Petterson (1975) studied the evolution of a spinning BH within the a-
disc framework, demonstrating how Lense—Thirring precession can
warp and align the accretion disc. Subsequent studies (e.g. J. C. B.
Papaloizou & J. E. Pringle 1983; A. R. King et al. 2005; G. Lodato &
J. E. Pringle 2006) have explored how viscosity and internal torques
influence this alignment process. BH spin is not a passive parameter
merely influenced by accretion; it plays a crucial role in shaping
radiative efficiency and launching relativistic jets (e.g. A. R. King
& J. E. Pringle 2006; D. Sijacki, V. Springel & M. G. Haehnelt
2009; A. Tchekhovskoy, R. Narayan & J. C. McKinney 2011; R. Y.
Talbot, M. A. Bourne & D. Sijacki 2021; R. Y. Talbot, D. Sijacki
& M. A. Bourne 2022). Additionally, in binary mergers, BH spin at
coalescence influences recoil velocities and post-merger evolution
(see e.g. M. Campanelli et al. 2007; J. D. Schnittman 2007; J. C.
McKinney, A. Tchekhovskoy & R. D. Blandford 2012; D. Gerosa
et al. 2015; M. A. Bourne et al. 2024).

In recent years, there has been an increased effort to improve
the modelling of BH spin evolution in simulations. This includes
advancements in idealized hydrodynamical simulations (e.g. D.
Fiacconi, D. Sijacki & J. E. Pringle 2018; R. Y. Talbot et al. 2022;
M. A. Bourne et al. 2024; S. Koudmani et al. 2024), cosmological
simulations (e.g. D. Sijacki et al. 2009; M. Dotti et al. 2013; Y.
Dubois, M. Volonteri & J. Silk 2014; S. Bustamante & V. Springel
2019; Y. Dubois et al. 2021; C. A. Dong-Péez et al. 2023; R. S.
Beckmann et al. 2023; D. Rennehan et al. 2024; F. Husko et al. 2024;
L. Sala et al. 2024; S. Peirani et al. 2024), as well as in general
relativistic magnetohydrodynamical (GRMHD) simulations (e.g. Y.
Cui et al. 2023; G. Fedrigo et al. 2024). However, a key challenge
remains in accurately modelling BH mass and spin evolution based
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Table 1. List of simulations performed in this study. The parameters are: the presence of CGM, whether the simulation includes super-Lagrangian refinement
scheme, whether the simulation includes an NSC, BH accretion prescription adopted, newly created stellar mass in the galactic region, Myew . total, NeWly created
stellar mass in the nuclear region (r < 10 pc), Mpew« Nsc, and the BH mass, M,, at ¢t = 200 Myr.

Setup name CGM Super-Lagrangian NSC BH accretion Mew « total Mpew «.NSC M,
refinement (rest [pc]) (10° Mg) (10° Mp) (10* Mp)

noCGM X X X X 4.86 - -

CGM v X X X 4.48 - -

noNSC v v X a-disc 5.38 - 1.005
NSC-3pc v v 3 a-disc 5.43 6.61 1.107
NSC-5pc v v 5 a-disc 5.35 2.88 1.091
NSC-5pc-noSL v X 5 a-disc 5.32 4.56 1.144
NSC-5pc-Bondi v v 5 Bondi 5.37 3.75 4.572
NSC-9pc v v 9 a-disc 5.43 7.44 1.116

on gas flows from the well-resolved multiphase ISM subject to
realistic stellar feedback. This process requires capturing a wide
range of dynamical scales, from tens of kpc down to the accretion
disc scale (< 0.1 pc).

In this work, we aim to understand IMBH growth by more
precisely modelling the physical processes from a well-resolved ISM
in a galaxy down to the accretion disc at ~ 0.01 pc. To achieve this,
we introduce the MandelZoom project — a new multiscale simulation
framework designed to capture the detailed co-evolution of the
central BH and its host galaxy across a wide dynamic range. Using the
moving-mesh code AREPO, we simulate a realistic multiphase ISM
by tracking the evolution of individual stars and incorporating early
stellar feedback, including photoionization, photoelectric heating
from young massive stars, and supernova (SN) explosions, following
M. C. Smith et al. (2021). Within this resolved ISM, we show how
CNDs form and investigate the impact of NSCs on the circumnuclear
region. Using the super-Lagrangian refinement scheme (M. Curtis &
D. Sijacki 2015), our simulation reaches a resolution of < 0.01 pc,
sufficient to reliably capture the self-gravity radius of the «z-accretion
disc, which allows us to track the mass and angular momentum flux
from the ISM onto the «-disc, and hence determine BH mass and
spin evolution self-consistently. We furthermore trace the evolution
of the CND, which undergoes gravitational instability, warping, in-
situ star formation, and the subsequent heating and disruption via
stellar feedback.

This work is organized as follows. Section 2 describes the
simulation setup (Section 2.1—2.3), the super-Lagrangian refinement
scheme (Section 2.4), and the «-accretion disc model (Section 2.5).
In Section 3, we discuss how the ISM evolves in our simulations
and analyse how NSC torques impact the evolution of the CND
(Section 3.1—3.2). We then investigate star formation and stellar
feedback in the CND in Section 3.3. Finally, we explore how the
BH mass and spin evolve within the «-accretion disc framework in
Section 3.5. We discuss our results in Section 4, highlighting the
limitations of our model and potential future improvements before
summarizing our findings in Section 5.

2 NUMERICAL METHODS

2.1 Initial conditions

In this study we adopt a Wolf-Lundmark—Melotte (WLM)-like
dwarf system from M. C. Smith et al. (2021). We generate initial
conditions (ICs) for a dwarf galaxy with a total mass of 10'® M, using
MAKENEWDISK (V. Springel, T. Di Matteo & L. Hernquist 2005). The
IC includes a dark matter halo following the L. Hernquist (1990)

profile, with a concentration parameter ¢ = 15, a spin parameter
A =0.035, and a virial radius ry; = 41 kpc. The ICs contain an
exponential disc with a scale radius of 1.1 kpc. The gas and
stellar discs have total masses of 6.83 x 107 Mg and 9.75 x 10° Mg,
respectively. The vertical distribution of the stellar disc follows a
Gaussian profile with a scale height of 0.7 kpc, while that of the
gas disc is set to achieve hydrostatic equilibrium with an initial
temperature of 10* K. We initially set the metallicity of the gas
to 0.1 Zg. Our standard refinement scheme keeps the mass of gas
cells within a factor of 2 of the target mass, Mg target = 20 Mg,
while the dark matter and pre-existing star particles have masses of
1640 M and 20 M, respectively. The gravitational softening length
for dark matter is 20 pc, while star particles and gas cells (in non-
super-Lagrangian region) have adaptive softening lengths that can go
down to a minimum of 1.75 pc. To avoid artificial initial starbursts,
we pre-process our initial conditions by evolving the system for
100 Myr with radiative cooling enabled, star formation disabled, and
turbulence driven by a modified version of our fiducial SN feedback
model. We further include the circumgalactic medium (CGM), NSCs
with a range of masses and the central massive black hole in our ICs
(see Table 1, which summarizes our entire simulation suite).

The CGM regulates the galactic baryonic cycle by supplying new
gas to the disc and exerting pressure that modulates the outflows.
We use CGM properties, including density, temperature, pressure,
and metallicity, derived from cosmological zoom-in simulations of
dwarf galaxies by S. Koudmani, D. Sijacki & M. C. Smith (2022).
We initialize the CGM density profile to follow the Hernquist profile
in order to achieve hydrostatic equilibrium with the dark matter halo
potential.! The CGM is centred within the simulation box, which has
an extent of 200 x 200 x 4000 kpc?. The total mass of the CGM is
set to 2.64 x 107 My, within the virial radius, r; = 41 kpc. In the
outer regions, a uniform density gas with ny = 2.24 x 107 cm™3
and a temperature of 3000 K fills the entire simulation box. We
initially set a spatially dependent mass resolution within the CGM,
ranging from 20 Mg, near the disc to 10° M, at the edge of the box.
Subsequently, a tracer-dependent refinement scheme is applied to the
CGM, which will be discussed in a later section. In the simulation
without a CGM (noCGM), we set a negligible uniform density in the

"While, in principle, there is no well-defined equilibrium CGM for dwarf
galaxies in a cosmological context, it is important to include a CGM
component within isolated galaxy simulation setups, especially to be able
to model more realistic propagation of galactic inflows and outflows (e.g.
E.-J. Shin, J.-H. Kim & B. K. Oh 2021). Therefore, we have adopted CGM
properties as found in the high-resolution zoom-in simulations of a similar
mass dwarf galaxy (S. Koudmani et al. 2022).

MNRAS 544, 2467-2492 (2025)
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Figure 1. Effective radius versus mass of NSCs in observed dwarf galaxies
with a stellar mass of 107 — 108 M, from literature (circle symbols; 1. Y.
Georgiev et al. 2016) and from our current simulation work (star symbols).
The colour indicates the stellar mass of host galaxies of each NSC. Our
simulations span the observed range of NSC masses and effective radii, for
galaxies of comparable stellar mass. For more information, see Section 2.1.

outer region of the disc, which remains unchanged as it is neither
refined nor derefined.

Lastly, we include NSCs hosting a BH at the centre of the galactic
disc to examine their impact on BH accretion in dwarf galaxies. Fig. 1
presents the observational parameters of NSCs in dwarf galaxies
selected with stellar masses ranging from 10°° Mg to 108° Mg, a
range encompassing the stellar mass of our disc in the ICs (Mg, =
9.75 x 10°My,) from I. Y. Georgiev et al. (2016).

The NSCs hosted by dwarf galaxies of our interest have a density
range of 10! — 10°Mg pc~3. In this work, we test NSCs with
effective radii of 3, 5, and 9 pc with the same total mass of 3.16 x
10° My, corresponding to densities of 5.85 x 10%, 1.26 x 10°, and
2.16 x 10*> Mg pc at their effective radius, respectively. The NSCs
are modelled using the L. Hernquist (1990) profile and consist of
collision-less stellar particles with masses of 6 Mg, representing ‘old’
stars that interact only gravitationally and do not undergo any stellar
evolution or feedback.? We position the NSCs, each hosting a BH
with a mass of 10* Mg, atits centre, consistent with the observational
relation between the NSC mass and BH mass (see e.g. J. E. Greene
et al. 2020, for a recent compilation), at the location of the minimum
gravitational potential within the galactic disc. The gravitational
softening length for NSC particles and BHs is 0.175 pc.

2.2 Gravity and gas physics

The simulations in this paper use the AREPO gravitohydrodynamical
simulation code (V. Springel 2010; R. Pakmor et al. 2016). Gravity
is calculated with a tree-based algorithm, while hydrodynamics
is computed using a finite-volume, second-order Riemann solver
on an unstructured moving mesh based on Voronoi tessellation

2We note that for the same total mass, the Hernquist profile has a lower density
atr < 30 pc compared to I. R. King (1966) profile, which is typically used to
fit observed star clusters. However, this does not affect the conclusion of our
study, as having an NSC with a high density would even further strengthen
our findings (see Section 3.5).

MNRAS 544, 2467-2492 (2025)

with discrete mesh-generating points. The standard mesh refinement
scheme follows a quasi-Lagrangian method, keeping the mean cell
mass at a target mass, 20 Mg.

Cooling and heating rates are computed using the GRACKLE®
library (B. D. Smith et al. 2017), which handles a non-equilibrium
primordial chemistry network of six species, Hi, Hii, Hei, Hen, Hem,
and electrons, tracking the abundances of these species. The metal
cooling rate is provided by pre-computed look-up tables generated by
the photoionization code CLOUDY (G. J. Ferland et al. 2013). We also
adopt the UV background heating model by F. Haardt & P. Madau
(2012), with self-shielding from the UV background based on the A.
Rahmati et al. (2013) prescription as implemented in GRACKLE.

2.3 Star formation and feedback

We include star formation and the stellar feedback linked to individu-
ally tracked massive stars using the scheme presented in M. C. Smith
et al. (2021). We refer the reader to that work for a comprehensive
description of the methods, along with accompanying numerical
tests, but summarize the salient details here.

For each gas cell, we calculate the local Jeans mass as:

5/2,3
7323
6G32p1/2

where ¢ is the sound speed, G is the gravitational constant, and p
is the gas density of the cell. Cells that satisfy My < Nyme are
assigned a non-zero star formation rate (SFR). We choose the Jeans
number, Ny = 8, which is a free parameter for resolving the Jeans
mass. Star forming cells are assigned a SFR

)

] =

Hstar = 6SF’/nce“ s 2
ti

where tiy = /37 /32G p is the local free-fall time and esg = 0.02 is
star formation efficiency, following observed efficiencies in dense
gas (e.g. M. R. Krumholz & J. C. Tan 2007). In addition to other
time-step limiters (e.g. CFL or gravity time-step), we ensure that the
gas consumption time is resolved by limiting the time-step of a cell
to a maximum of 0.1/ /Fitgy,,. Star forming cells are stochastically
converted to collision-less star particles based on their assigned SFR.

At high mass resolution, treating star particles as if they represent
a single stellar population (SSP) that independently fully sample
the stellar initial mass function (IMF) is a poor approximation. For
example, M. C. Smith (2021) demonstrated that such an approach
cannot capture the small-scale spatiotemporal clustering of ionizing
sources (rare but bright OB stars) which has a significant impact
on the efficiency of photoionization feedback to regulate the star
formation in the ISM. Therefore, when a star particle is formed,
we explicitly populate it with individual stellar masses drawn from
the IMF. All stellar feedback channels are then tied directly to the
evolution of those individual stars.* At the mass resolution adopted
in this work, massive stars that drive feedback (= 8 M) are typi-
cally represented by individual star particles. The sampling method
adopted is the ‘adjusted target’ scheme from M. C. Smith (2021).
This method accurately preserves both the shape and normalization
of the input IMF across multiple star particles (which is non-trivial
but necessary to avoid biasing the stellar feedback budget) while not
requiring cell-to-particle or particle-to-particle mass transfers which

3https://grackle.readthedocs.io/

4To reduce memory requirements, once the sampling for a particle is
complete, we discard the record of stars with a mass < 5 Mg since these
are not relevant to any feedback channel included in this work.
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increases complexity. The scheme in general allows a discrepancy
between the dynamical mass of a star particle and its subgrid stellar
inventory, but ensures that this is minimized as much as possible at
the individual particle level and that the total dynamical and inventory
masses are consistent over the population of star particles. For more
details, we refer the reader to M. C. Smith (2021).

We adopt a P. Kroupa (2001) IMF between 0.08 and 100 M and
interpolate lookup tables as a function of zero age main-sequence
(ZAMS) mass for the stars in order to obtain quantities needed for
stellar feedback. For simplicity, we do not interpolate the metallicity
of the stars, instead adopting a single table corresponding to a
metallicity of 0.1 Z (which is the metallicity of the ISM in our initial
conditions). This approximation is valid because none of the relevant
stellar properties vary strongly enough with metallicity relative to
the evolution of metallicity over the course of our simulations. We
obtain stellar lifetimes from the PARSEC grid of stellar tracks (A.
Bressan et al. 2012) and we omit the effects of binary evolution.
FUV (6 — 13.6 eV) and ionizing photon luminosities (> 13.6 eV)
originate from the OSTAR2002 grid of stellar models (T. Lanz & 1.
Hubeny 2003) as compiled by A. Emerick, G. L. Bryan & M.-M.
Mac Low (2019), assuming the ZAMS value throughout the stellar
lifetime.

We include photoelectric heating of dust grains by a spatially
and temporally varying interstellar radiation field (ISRF) sourced
by the individual stars in the domain and pass this as an additional
heating term to GRACKLE. The energy density in the FUV band at the
location of each gas cell is calculated efficiently by approximating
the radiation transport as being composed of a local attenuation at
the source and sink with optically thin transport elsewhere. This
allows the summation of fluxes to be carried out as part of the
gravity tree walk at negligible cost. The dust-to-gas ratio is set as
a function of metallicity using the broken power law of A. Rémy-
Ruyer et al. (2014). Hu regions around photoionizing sources are
modelled using an anisotropic Stromgren-type approximation. The
balance between recombination rate and ionizing photon luminosity
is calculated within 12 independent angular pixels around the source.
This mitigates the mass-biasing error inherent to other similar
methods that instead compute the recombination rate within a sphere.
Overlapping Hn regions from multiple sources are consistently
handled. The maximum size of an Hu region is capped at 50 pc.’
If a cell is identified as belonging to an Hn region, it is heated to
10* K and is forbidden from cooling below that temperature while it
remains tagged as part of a region.

When a star reaches the end of its life, it ceases to contribute
radiation. If it has a ZAMS mass in the range 8 — 35 M, it triggers
a core-collapse SN. We obtain the progenitor-mass-dependent ejecta
mass and metallicity from A. Chieffi & M. Limongi (2004) and
adopt a constant energy of 10°! erg for all SNe, which are modelled
using the approach introduced in M. C. Smith, D. Sijacki & S. Shen
(2018). Namely, mass, metals, energy, and momentum are injected
into the gas cell containing the star particle and its immediate
neighbours (those that share a face with the host cell). Feedback
quantities are distributed amongst the cells in a manner that ensures
an isotropic injection (which is non-trivial in a Lagrangian code).
We adopt a mechanical feedback scheme which compensates for
the missing momentum when the Sedov-Taylor phase of the SN
remnant is unresolved. In practice, at the resolution used in this

SWe choose Fionmax = 50 pc based on the PHANGS-MUSE Hu region
observations from F. Santoro et al. (2022). Also, see appendix C in M. C.
Smith et al. (2021) for a discussion of this choice.
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work, the majority of SNe are already natively well resolved. We do
not include Type Ia SNe or stellar winds in this work, nor do we
include walkaway/runaway OB stars.

2.4 Refinement scheme

2.4.1 CGM region: disc tracer-dependent refinement

As briefly mentioned in Section 2.1, AREPO’s standard refinement
scheme enforces the mass of gas cells within a factor of 2 of the target
mass, which is 20 Mg in our simulation suite. However, applying this
level of resolution across the entire CGM is numerically impractical.
To address this, we implement a tracer-dependent refinement strategy
that enforces high resolution within and around the disc and in
the outflowing material. For all gas cells within the disc region,
defined by a cylindrical radius of 7 kpc and height of 10 kpc, we
assign a passive Lagrangian tracer field, rigisc, Which is set to the
cell mass, me at ¢ = 0. Refinement or de-refinement occurs when
Mgisc/Mcen > 0.1, meaning that only gas cells with a tracer field
comprising more than 10 per cent of the cell mass are eligible to be
split or merged to match the cell mass to the target mass.

2.4.2 Super-Lagrangian refinement around BHs

To resolve the mass and angular momentum transport from ISM to
the self-gravity radius of the accretion disc and the BH system, we
use the super-Lagrangian refinement scheme proposed by M. Curtis
& D. Sijacki (2015). The refinement scheme ensures that the radius
of the cells in the refinement region decreases linearly with radius
as they approach the BH. This method has been extensively tested
for potential spurious numerical artefacts in M. Curtis & D. Sijacki
(2016), M. A. Bourne et al. (2024), S. Koudmani et al. (2024), and
shown to robustly resolve gas dynamics around the BH. Gas cells
within a spherical region of radius R, = 6 pc are split or merged
to keep their cell radius within the range re within RCV(r)/C <

max

Feel < RED(r), where C =4 is a refinement factor that controls

the allowed range of cell sizes. The maximum allowed cell radius,
RED(r), increases linearly from RSy = 0.01 pe at the BH location,

sufficient to very well resolve the self-gravity radius of the accretion

disc, rsg 2 0.1 pc, to Rgf;}f)l = 0.8 pcatr = R,s. With this setup, the
minimum cell size near the BH becomes Re,/C = 2.5 x 1073 pe.

To prevent the formation of extremely low-mass star particles in the
refinement region, we explicitly prevent star formation in gas cells
with masses less than 0.08 M.

Fig. 2 shows the distribution of gas cell sizes and masses as a
function of the radial distance from the BH in the NSC-5pc run at
t = 135 Myr, with the colour indicating the gas density. For r > 10
kpc, the size and mass resolution remain unchanged unless more than
10 per cent from the gas disc cell is transferred to the CGM cells.
In the region R.s < r < 10 kpc, the refinement scheme maintains
the mass resolution within a factor of 2 of M ger,gas = 20 Mg, by
construction. Note that the deviation in both size and mass of cells
within the region r ~ 6 pc — 1 kpc is due to the formation of dense
structures, such as gas clumps, and the star formation feedback in the
galactic disc. Atr = rgg, the cell size is less than 0.04 pc and reaches
down to < 0.01 pc, while the cell mass ranges from 107> Mg <
Meepp < 1072 Mg.

Fig. 3 shows Voronoi slice plots of gas cells near the BH,
comparing runs with and without the super-Lagrangian refinement
scheme. The presence of the NSC increases the gas density near
the BH, reducing the gas cell size in both the NSC-5pc-noSL and
NSC-5pc runs. In the two left panels, outside the refinement region

MNRAS 544, 2467-2492 (2025)
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Figure 2. Distribution of spatial (leff) and mass (right) resolution as a function of radial distance from the BH for the gas cells in NSC-5pc run at t = 135
Myr. Colours represent the cell density in each 2D bin. The red dashed line indicates the typical self-gravity radius, rsg ~ 0.15 pc. The black dotted line marks
the refinement radius, R.f = 6 pc. The green dash-dotted line denotes the virial radius, rvir = 41 kpc, and the blue solid line denotes the gas target mass for the
refinement in the simulation. The innermost region within rsg is very well resolved. For more information, see Section 2.4.
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Figure 3. Slice of the Voronoi tessellation centred at the location of the BH,
showing individual gas cells at = 135 Myr for NSC-5pc-noSL and NSC-
5pc runs. The right panels are ten times zoomed-in images of the left panels.
The blue cross mark indicates the location of the BH, and the black-dashed
and red-dotted circles represent the refinement radius, Rref = 6 pc, and the
self-gravity radius, rsg ~ 0.15 pc, respectively. For more information, see
Section 2.4.2.

(black-dashed circle), the cell size remains unaffected by the refine-
ment scheme. However, within the refinement region, as shown in the
zoomed-in region in the middle and right panels, the cell size varies
significantly depending on whether the super-Lagrangian refinement
scheme is applied. Specifically, with super-Lagrangian refinement
switched on, the self-gravity radius of the accretion disc, rsg ~ 0.15
pc (marked by the red-dotted circle; see Fig. B1 for its evolution),
is resolved by 2072 cells in this snapshot. The Voronoi mesh in our
simulation remains regular and ‘round’-shaped at all spatial scales,
seamlessly bridging regions with different resolutions, and exhibiting
no visible artefacts at refinement boundaries. By employing the
super-Lagrangian refinement, our simulation captures hydrodynam-
ical processes from the ISM down to the self-gravity radius of the
accretion disc, allowing for a more accurate and self-consistent study
of the co-evolution between the BH and the host galaxy.

MNRAS 544, 2467-2492 (2025)

2.5 Black hole accretion model

2.5.1 a-accretion disc and black hole spin model

Following D. Fiacconi et al. (2018), we assume a subgrid accretion
disc that follows a steady-state N. I. Shakura & R. A. Sunyaev (1973)
solution and compute its evolution analytically on-the-fly. The model
tracks both the mass and angular momentum evolution of the BH
and its accretion disc. These two components are coupled via mass
accretion and the J. M. Bardeen & J. A. Petterson (1975) effect. The
latter is relevant for a tilted accretion disc around a spinning BH,
whereby Lense-Thirring precession causes the inner accretion disc
to warp and viscous forces act to align the inner disc and the BH
spin. Compared to the D. Fiacconi et al. (2018) model, we make
some modifications in the treatment of mass and angular momentum
inflow estimation.

In D. Fiacconi et al. (2018), the mass and angular momentum flux
are estimated within a volume encompassing the 32 closest mesh-
generating points, calculated with a kernel-weighted interpolation.
In our simulation, which fully resolves the self-gravity radius rsg of
the accretion disc at all times, we instead directly measure the mass
and angular momentum flow through the spherical surface at rsg. For
mass flux estimation, we account for the gas cells satisfying v, < 0
and L < Lg, in a spherical shell of radius 0.5 rsg < r < 1.5 rsg,
where r is distance from the BH, L, is specific angular momentum
of accretion disc, v, and L are radial velocity and specific angular mo-
mentum of the gas cell, respectively. This approach ensures we only
account for gas thatis ‘inflowing’ and can ‘circularize’ onto the accre-
tion disc. The mass flux, M,, and specific angular momentum carried
by the mass flux, L;,, to the accretion disc are calculated as follows:

_ Zmivr.i
—

My, = 3)
! AXghel

=4 m; Uy Zi

Py = Ziili @

Z m; v
where m;, v;;, L; are the mass, relative radial velocity, and specific
angular momentum of the i-th gas cell, respectively, and the
summation is carried out for the inflowing and circularized gas cells
within the shell with a width Axgey = rsg. The inflowing specific
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angular momentum, Zin, is calculated as a weighted average of the
angular momentum of the gas cells, where the weights correspond to
each cell’s contribution to the mass inflow. The resulting M;, and Zin
are used to update the mass and angular momentum of the «-disc,

Mg = Min — M. o, Q)
\_}d = Minzin - ‘70,07 (6)

where My, J; are the mass and angular momentum inflow rate to the

accretion disc, respectively,6 and M.,o, }.,0 are the mass and angular
momentum inflows from the accretion disc to the BH, which in turn
drive the evolution of the BH following the model of D. Fiacconi
et al. (2018).
The initial mass of the BH is set to 10* My and the accretion
disc is set to 10> Mg. The initial accretion rate is set assuming
Y — 0.003. The initial spin parameter of the BH is chosen as
a, = 0.7. This, in turn, allows the determination of the initial angular
momentum of both the BH and the accretion disc, based on the
masses of the BH, accretion disc, the BH spin parameter, and the
initial Eddington fraction. We set the angular momenta of both the
BH and the accretion disc to initially be aligned with the angular
momentum of the galactic disc.

3 RESULTS

3.1 Simulation overview

Fig. 4 presents maps of key gas properties from the NSC-5pc run,
which simultaneously resolves spatial scales from the CGM (= 200
kpc) down to the galactic nuclear self-gravitating region (~ 0.15 pc).
The selected time, r = 135 Myr, captures the moment just before the
SNe disrupt the nuclear disc, when the circumnuclear gas disc is
at its most massive during the simulation. The left panels show the
gas surface density of the large-scale galactic disc within a 3 kpc
on a side box, together with zoom-in boxes centred on the BH,
with 400 pc, 30 pc (face-on and edge-on), and 3 pc on a side. The
right panels show density-weighted gas temperature, projected Hy
fraction, Xy, /(X + Xny,), density-weighted specific angular mo-
mentum, and Toomre Q parameter. Coloured dots indicate individual
young massive stars with masses above 5 Mg, which drive stellar
feedback. Multiple stars may overlap at the same position within a
single star particle.

The ISM exhibits a thermodynamically complex structure, com-
prising of cold, dense clumps and filaments, warm, more diffuse gas,
and hot, diffuse ‘voids’ shaped by recent stellar feedback. These
‘voids’ vary in size, ranging from a few tens of parsecs to several
hundred parsecs. Generally, the ionized gas appears diffuse and hot,
while the neutral hydrogen regions trace the cold, dense gas. Regions
where the projected ionized fraction is as high as 80 per cent are
driven by recent episodes of massive star formation, followed by
photoionization, which heats the ISM up to 10* K, as shown in
the temperature map. This early feedback mechanism regulates the
formation of star clusters and subsequently SNe clustering (e.g. M.
C. Smith et al. 2021). Spatial regions where the temperature exceeds
10* K are due to the recent SN explosions by massive stars. In these
regions, remnants of earlier photoionization feedback, occurring
prior to the SNe, can also be observed.

SHere, the viscous torque resulting from the misalignment between the
inflowing gas and the «-disc is negligible (see Appendix C).

BH accretion in dwarfs 2473

Gas angular momentum is significantly influenced by SNe, which
drive turbulent flows and redistribute angular momentum in the ISM.
The multiphase ISM feels the NSC gravitational potential, with
orbit crossings generating shocks that efficiently dissipate energy
(e.g. P. F. Hopkins & E. Quataert 2011). Consequently, angular
momentum decreases from ~ 10?7 cm?s~! in the outer region (scales
of a few 100 pc) to ~ 10?° cm?s~! in the central region (on ~ 10
pc scales). This gas subsequently circularizes around the galactic
nucleus, forming a cold, dense CND with a radius of approximately
7 pc.” Once a CND forms, the inflowing gas experiences torques
from the CND gas, aligning its angular momentum with that of the
CND. However, when a large amount of inflowing gas accretes onto
the CND, the torque exerted by the CND becomes insufficient to
alter the angular momentum of the inflowing gas. As a result, the
inflowing gas rotates in a misaligned direction relative to the inner
disc, leading to warping of the CND, as shown in the bottom-left
edge-on gas surface density map.

The CND gas at a few parsecs from the BH loses its angular
momentum primarily due to the gravitational torques exerted by the
NSC and also the torques from the mini-spiral that forms at r ~ 1
pc, given that the Toomre parameter is low. Consequently, the CND’s
angular momentum decreases from 10>°>cm?s~! to below the specific
angular momentum of the accretion disc, Ly ~ 4 x 103cm?s™! at
r ~ 0.5 pc within a few Myr. This circularized gas is then transferred
to the accretion disc, altering the mass and angular momentum of
the accretion disc and, subsequently, the BH. The bottom-left panel
shows the angular momentum versor of the galactic disc (blue arrow),
of the gas within the self-gravity radius (red arrow), as well as
the spin direction of the BH (black arrow). Note that these three
angular momenta are misaligned, indicating complex and dynamic
gas inflows and torque interplay, which we observe throughout the
entire galactic evolution (for further details see Section 3.4).

The gas surface density of the CND is approximately 107 —
10* Mg pc2. Along the edge of the CND, the disc becomes Toomre
unstable, leading to the formation of tens and even hundreds of
young stars orbiting a few pc away from the central BH. Some of
these stars explode as SN and are able to (temporarily) halt further
star formation. We note that the CND can withstand SNe rates of
0.3 Myr~! within the r < 10 pc region (tens of successive SNe
during 25 Myr; for further details see Section 2.3), allowing the BH
to continue accreting gas over 150 Myr. However, the CND can be
completely evaporated by a larger SN explosion rate, and it takes
2 50 Myr for a new CND to form from large-scale inflows (for
further details see Section 3.5).

3.2 The impact of the NSC on the circumnuclear gas

In this section, we explore how the presence of an NSC influences
the thermodynamic properties of the gas and consequently the mass
inflow rate onto the central BH. Fig. 5 shows maps of gas surface
density, density-weighted temperature, density-weighted specific
angular momentum, and density-weighted torque within the central
30 pcregion att = 135 Myr for noNSC (top row; face-on) and NSC-
5pc (bottom two rows; face-on and edge-on) runs. We calculate
the specific torque on gas cells by directly summing the individual

"Hereafter, we use the term ‘CND’ to refer to the gas disc on the r ~ 0.2 —
7 pc scales, distinct from ‘accretion disc’, which refers to the subgrid model
for the disc near the BH on the r < 0.2 pc scale.
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Figure 4. Visualization of the NSC-5pc run at t = 135 Myr. Left: Gas surface density projections within zoom-in boxes of 2 kpc, 400 pc, 30 pc (face-on and
edge-on), and 3 pc on a side. The reddish dots in one sub-panel represent the locations of young star particles (age < 10 Myr), with the dot size indicating the
mass of star particles and the colour encoding their age. The stellar mass range is 6.68 — 37.9 M, at this snapshot. In the bottom sub-panel the red-dashed circle
presents the self-gravity radius of accretion disc, rsg ~ 0.15 pc while the red and blue arrows show the angular momentum versors of the gas within rsg and
galactic disc, respectively, while the black arrow indicates the BH spin direction. The BH spin evolves due to the gas inflows through the self-gravity radius of
the accretion disc. Right (from the top to the bottom): maps of density-weighted gas temperature, fraction of Hii, density-weighted specific angular momentum,
and the Toomre Q parameter. Note that on all scales gas is multiphase, and it exhibits complex morphology and dynamics, with clumpy, filamentary structure
and inflowing gas streams on different orbits leading to a warped CND in the centre. For more information, see Section 3.1.
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Figure 5. Top two rows: maps of gas surface density, temperature (density-weighted), specific angular momentum (density-weighted), specific torque (density-
weighted) exerted on the gas near the BH at 1 = 135 Myr for noNSC and NSC-5pc runs. The projection boxes are aligned with the angular momentum vector of
the gas and are centred on the BH. Bottom row: panels show the analogous edge-on maps for NSC-5pc run. Central gas and torque properties are significantly
influenced by the presence of the NSC. For more information, see Section 3.2.

particle specific torques acting on the i-th gas cell:

7= x ST ™

= |rj —ril
where j runs over all particles within 500 pc from the BH, M; is
the mass of j-th particle, and 7; is the position vector of the i-th gas
particle from BH. This approach allows us to evaluate the influence
of the torque exerted by each component (gas, dark matter, and stellar
particles for the disc, NSC, and newly formed stars).

In the noNSC run, a gas clump with surface density of a few
10 Mpc~2, is captured by the BH potential. This gas has a temper-
ature of a few times 10° K and a specific angular momentum greater
than 10%cm?s™!, i.e. too high to be able to circularize on the a-disc.
We further note that the gas fails to form any steady structure in the
vicinity of the BH in the absence of the NSC. In contrast, the presence
of the NSC dramatically alters the gas dynamics. Specifically, in
the NSC-5pc run, several cold, dense streams lose their angular
momentum and circularize onto the nuclear region, resulting in the
formation of a thin gaseous disc with a radius of approximately 7 pc
around the BH. Within this disc, the gas surface density reaches very
high values of > 500 My pc~2, and the gas is very cold with a
temperature of < 100 K. As discussed in the Section 3.1, when the
angular momentum of the larger scale accreting streams differs from
that of the CND — an occurrence that happens frequently — the CND
becomes warped. In the inner region, complex structures such as
multiple mini-spiral arms and mini-bar form at r < 3 pc with the gas
in the mini-bar having a particularly low angular momentum. These
structures facilitate the dissipation of the gas angular momentum via

their torques (see e.g. I. Shlosman et al. 1989; P. F. Hopkins & E.
Quataert 2010).

To analyse the cause of the gas angular momentum transport, the
rightmost panels of Fig. 5 show maps of the density-weighted specific
torque acting along the gas angular momentum (7 - L) near the BH at
t = 135 Myr for the noNSC and NSC- 5pc runs. The torque includes
contribution from all mass components. In noNSC, the torque
direction is highly random at r 2 5 pc, and it is mainly exerted by
dark matter and gas. In the vicinity of the BH, the torque magnitude is
significantly smaller compared to thatinNSC-5pc. As discussed, the
NSC in NSC-5pc creates a denser, more structured gas distribution
near the BH, resulting in a stronger and more coherent torque. For gas
within 5 pc, where the NSC density distribution is most dominant,
high-density gas gravitationally interacts with NSC stars, resulting in
large-amplitude but finely structured torques within the CND. At an
instantaneous level, the spatial regions with 7 - L. < 0and T - L > 0
are roughly comparable. We discuss total torques and their time
evolution in Section 3.2.1, where the net trends are revealed.

Fig. 6 shows the radial profiles of key gas properties near the BH
across different simulation models. The thick-solid lines represent
time-averaged profiles over the first 135 Myr (with a time-step of
1 Myr), spanning from the formation of the CND to its disruption by
stellar feedback from in-situ star formation.

First, we focus on the influence of the NSC while keeping the BH
accretion model fixed to the ‘a-disc’ prescription. All runs exhibit
a similar density profile in the r 2 30 pc region, but they diverge
at smaller radii, where the NSC potential becomes significant. In
the absence of the NSC, the time-averaged density profile decreases

MNRAS 544, 2467-2492 (2025)
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Figure 6. Radial profiles of gas density (density-weighted), temperature (density-weighted), pressure (density-weighted), specific angular momentum (density-
weighted), azimuthal velocity (density-weighted), and mass inflow rate. The lines represent the median values during the first 135 Myr. Red dotted line and red
shaded region indicate the location of a-disc self-gravity radius, rsg, while the blue dotted line and blue shaded region denote the value of the specific angular
momentum of accretion disc, Lq. Mass and angular momentum flux that ultimately may reach the BH depend not only crucially on the numerical resolution,
but also on the detailed properties of gas and stars in the innermost region, including the presence of the NSC, as well as on the choice of accretion prescription

onto the BH. For more information, see Section 3.2.

monotonically toward the BH and drops to negligible levels at r < 4
pc, suggesting a lack of sustained gas inflow. Conversely, in the
presence of the NSC, the density rises steeply toward the BH at
r = 10 pc, marking the onset of the CND. When inflowing gas
streams fed from the galactic disc are present, the density outside
of the CND (10 pc < r < 100 pc) reaches levels comparable to
the outer density of the CND (see Fig. 5). However, for most of
the time, such inflowing streams are suppressed by intense stellar
feedback from young stars near the CND (r < 50 pc), preventing the
sustained build-up of dense gas in this region. The density profile
peaks at > 1072° g cm~ at » = 3 pc, marking the densest region in
the ISM, and slightly decreases as it approaches the BH within the
range rsg < r < 3 pc. The high-density nature of the CND enables
it to withstand SN explosions occurring in the circumnuclear region.

MNRAS 544, 2467-2492 (2025)

At r < rsg, the density drops to a few times 10722g cm™ as the

BH accretes gas from its immediate surroundings. We find no strong
trends between runs with different NSC effective radii and the size
of the CND that forms; however, more compact NSCs correspond to
more diffuse gas in the vicinity of the BH.

In the outer galactic disc (» > 30 pc), the gas temperature fluctu-
ates between 10 and 10 K due to the formation of cold gas clumps
or streams, subsequent star formation, and the heating induced by
stellar feedback. In the presence of the NSC, due to the high-density
CND that forms, the temperature drops significantly from ~ 103 K to
20K at the edge of the CND. It then plateaus before rising again as it
approaches the self-gravity radius rsg. We find a systematic correla-
tion between NSC compactness and CND temperature: a denser NSC
corresponds to slightly hotter (and more pressurized) CNDs, with this
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trend becoming more pronounced within the self-gravity radius. This
is attributed to the deeper gravitational potential of a denser NSC,
which enhances both the kinetic and thermal energy of the gas (see
Fig. F1). The pressure in the galactic disc rises from 10 to 1 pc,
peaking at > 8 x 10! dyn cm~2 for NSC-3pc and then decreases
in the centre most region as the gas circularizes onto the «-disc.

The specific angular momentum of the gas increases monotoni-
cally with r. As shown in Fig. 5, the specific angular momentum
reaches ~ 10%cm?s™! at r = 5 pc, primarily due to the shocks
induced by orbit crossings in the presence of the NSC. In the
region rsg <r <5 pc, where the CND is located, the slope of
the angular momentum profiles becomes slightly steeper, decreasing
to ~ 10%cm?s™! at r = rgg. This value is lower than the specific
angular momentum of the « accretion disc, Ly ~ 3 x 10% cm? s7!
(see Appendix B for the evolution of the accretion disc properties),
allowing the gas to effectively circularize onto the accretion disc.
The time-averaged profiles of the noNSC simulation exhibit similar
trends to the runs with an NSC in the outer galactic region; however,
they show a clear drop at r ~ 1 pc, indicating that negligible gas
reaches the BH.

The bottom-left panel of Fig. 6 shows the density-weighted gas
azimuthal velocity profiles, defined as V,, = |v — (U - #)#|, for each
simulation. The azimuthal velocity is nearly constant at ~ 2 km s~!
within the self-gravity radius, and further-out it increases with radius,
peaking at 8 — 10 km s™! at » ~ 4 pc in the presence of the NSC.
We note that the entire galactic disc is supersonic, particularly in
the CND, where the low temperature (< 100 K) results in a Mach
number reaching ~ 20 in the presence of an NSC. As expected, a
denser NSC leads to higher azimuthal velocities due to the larger
enclosed mass, especially within r < 3 pc. The radial velocity is of
the order of ~ 0.1 — 1 km s~', which is 10-100 times lower than
the azimuthal velocity, confirming that the gas is largely rotationally
supported. This well-defined gas rotation supports the continuous
growth of the accretion disc angular momentum, a topic that will be
discussed in Section 3.5.

Additionally, to verify that our simulated galaxies exhibit realistic
stellar kinematics, within twice the stellar half-mass radius we
compute the stellar rotational velocity, vVio. = 6.58 km s~!, the
velocity dispersion, o, , = 14.2 km s~!, and the ratio of rotational
velocity to velocity dispersion, Vre./0y .« ~ 0.46, which all align
well with observations of similarly massive dwarfs as reported by
C. Wheeler et al. (2017; see also Appendix D where we directly
compare the rotation curve of our simulated dwarf with observational
constraints on the WLM dwarf galaxy).

The bottom-right panel of Fig. 6 shows the mass inflow rate profiles
for our simulation suite. To compute the mass flow rate, we measure
the net mass flux of gas across concentric spherical shells. The inflow
rate increases with radius in the region 10 pc < r < 1 kpc. In the
region r ~ 2 — 10 pc, where the CND is located, the inflow rate is
higher further in and exhibits a peak at the location of the density
maximum. The position and amplitude of this inflow peak have a
slight dependence on the NSC density: a denser NSC leads to a higher
inflow rate and shifts the peak closer to the BH. This enhanced matter
transport inwards at » ~ 2 pc is driven by the torques exerted by the
NSC within the CND, a topic that will be discussed in Section 3.2.1.
At distances around rsg, the average inflow rate is < 107> Mgyr .8

8We note here that the inflow rate continues to decrease within rsg as we
approach innermost regions. This implies that the inflow rate is likely to
depend sensitively on the choice of the spatial region within which it is
computed. Here we adopt a numerically robust approach by ensuring that the
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Finally, we compare the o-disc models to the Bondi—-Hoyle—
Lyttleton (Bondi) model, with the BH accretion rate modelled as
Mpongi = 4p G2M?/c3, where p and ¢, represent the density and
the sound speed of the gas in the vicinity of the BH, respectively. The
model is subject to the same super-Lagrangian refinement conditions,
and contains the same NSC as the NSC-5pc run. In Fig. 6, green
lines present the results of the NSC-5pc-Bondi run. The Bondi
radius is defined as rgong; = 2GM, /cf. This radius in our simulation
iS gondi = 1 — 200 pc and is very well resolved. The time-averaged
gas density in the vicinity of the BH is significantly lower than in
our fiducial model, particularly within » < 200 pc, where Bondi
accretion occurs. We reiterate that the CND is formed by the NSC
potential; however, the CND mass is lower than in the fiducial model
due to gas depletion by episodic and excessive BH accretion, which
by definition does not take into account gas angular momentum. This
makes gas more vulnerable to disruption by stellar feedback in the
vicinity of the BH, leading to large fluctuations in the BH accretion
rate, which we discuss in Section 3.5.2. Notably, the temperature of
the CND is high, reaching > 10> K. The elevated temperature of
the CND can be explained by two factors. Due to the low density,
cooling is inefficient. In addition, under these low-density conditions,
the gas maintains a high temperature in order to sustain pressure
equilibrium near the BH. Ultimately, this comparison highlights
both the importance of numerical resolution and the accurate mod-
elling of accretion processes to understand how BHs acquire their
mass.

3.2.1 Torque properties

In this section, we examine the central mass distribution and
quantitatively analyse the effects of gravitational torques exerted by
each mass component on the gas. Left-hand panels of Fig. 7 show the
time-averaged radial profiles of enclosed mass, which is split into gas,
newly formed stars and stars in the galactic disc, NSC (where present)
and dark matter. For r > 20 pc, where the influence of the NSC is
less significant, the mass distributions of each component are similar
between noNSC and NSC- 5pc runs, with dark matter and gas being
the dominant contributors to the total mass. However, forr < 20pc, a
distinct difference in mass distribution is observed between noNSC
and NSC-5pc, especially for the gas and newly formed stars. In
the absence of the NSC, the gas distribution significantly fluctuates
compared to NSC-5pc, and there is a lack of central gas reservoir,
as gas inflows are highly episodic. In the presence of the NSC, its
gravitational potential pulls ~ 6.1 x 10> Mg, of gas within » < 6 pc,
with the gas distribution extending down to < 0.01 pc. Moreover,
thanks to the presence of the NSC, in this central gas-rich region a
large number of stars form, preferentially between 2 and 10 pc, a
topic that will be discussed in Section 3.3.

The middle panels of Fig. 7 show the magnitude of the density-
weighted specific torque (7) exerted on the gas by different compo-
nents, as labelled in the legend. Here, we compute the magnitude
of the specific torque for each gas cell and then take the density-
weighted average within radial bins. Clearly, for the noNSC run,
the specific torque exerted on gas can only become apparent at the
onset of the gas profile at r > 1 pc, where the gas distribution starts.

rsg is well resolved, which may, however, provide an upper bound on the
accretion rate onto the a-disc. Even higher resolution simulations accurately
resolving gas and stellar dynamics and their respective torques will be needed
in future to settle this question, which is something we plan to address in our
future work.

MNRAS 544, 2467-2492 (2025)

920z Ateniged ¢ uo 1senb Aq GE//828/L9V2/Z/yyS/aI01HE/SEIUW WO dNO"0IWepED.)/:Sdy WOy papeojumoq



2478

E.-J. Shin et al.

1.0
107 1% "a
— 10* £ 7100 z 03 |
s b ‘ 5 A
= 10! 5§ 108) — O % 00 VT
v = Dark Matter g
= o —— Disk Star w3
1072 10°{ — Nsc . —0.5
=== Newly-formed Star
10-5 10* -l
0 107! 10° 10! 10? 0 107! 10° 10! 10? 10 107! 10° 10! 107
1.0
107 [NSC—5pc 10'2
° @ | g
2 E \ =l 00.—-_/\wée\‘g;’ )=
0 Ew : TTYCR T
= i 3 \I
1072 10° 1w —0.5
10-5 10* -1.0
107! 100 10! 10? 107! 10° 10! 10% 10! 10° 10! 10?

Distance from BH, r [pc]

Distance from BH, r [pc]

Distance from BH, r [pc]

Figure 7. Radial profiles of enclosed mass (left), the magnitude of specific torque (density-weighted; middle), and specific torque acting along gas angular
momentum, T - L. (density-weighted; right), exerted on gas by different components. The top and bottom rows show results for the noNSC and NSC-5pc
simulation, respectively. The solid lines represent the median values during the first 135 Myr, and shaded region denotes the 16th and 84th percentiles. An NSC
is crucial in bringing the gas towards the innermost regions and torquing it down. For more information, see Section 3.2.1.

The dominant contribution to the torque comes from dark matter
and gas self-torque throughout the entire region. As observed in
Fig. 5, the torque magnitude decreases as it approaches the BH,
reaching < 10'%m?s~2 at r = 5 pc. In the NSC-5pc simulation,
the most significant contribution to the specific torque comes from
the NSC component at r < 8 pc, which is 5 — 20 times greater than
the contributions from either gas or dark matter within the region.
It reaches a magnitude of 10''cm?s~2 at r ~ 1 pc and decreases
outwards as the influence of the NSC potential diminishes with
increasing radius. Among the mass components in the CND region,
the self-torque exerted by gas is the second most dominant. It reaches
~ 3 x 10"%m?s72 at r ~ 2 pc, where the gas density is the highest
and where we observe significant CND warping. We further note, as
evidenced in the middle row of Fig. 5, that the gas in the CND disc has
lopsided m = 1-like structures and an appearance of a mini-bar-like
structure within the central pc. The torque exerted by newly formed
stars increases and peaks at 6 pc, near the edge of the CND; however,
its contribution remains significantly lower than that of other mass
components.

Right-hand panels of Fig. 7 show the radial profiles of density-
weighted specific torque exerted by each component, but now acting
along the gas angular momentum versor (7 - L), indicating how the
angular momentum of gas is influenced by gravitational torque. In
the noNSC run, the dark matter and gas components exert a highly
fluctuating torque on the gas, suggesting that, in the absence of an
NSC, the gas both loses and gains angular momentum through self-
gravity and gravitational interactions with the dark matter halo. In
the NSC-5pc simulation, central 7 - L behaviour is more complex.
In the region = 1 to 7 pc, the time-averaged torque exerted by the
gas itself (indicated by the blue line) is positive, contributing to an
increase of the gas angular momentum. Once the CND has formed,
misaligned inflows of gas, which have higher gas angular momentum,
stream onto and lead to warping of the CND and positive torques.
Meanwhile, the net torque exerted by the NSC preferentially acts in
the opposite direction to the angular momentum of the inflowing gas
and is overall stronger.

MNRAS 544, 2467-2492 (2025)

This negative torque arises from the dynamical interaction be-
tween the rotating, axisymmetric CND and the initially dispersion-
supported, spherical NSC. As the two components interact gravita-
tionally, the CND exerts a positive torque on the NSC, transferring
angular momentum to it. In return, the wake that the CND generates
in the NSC exerts a negative torque on the CND. This mutual
angular momentum exchange is analogous to dynamical friction
between a rotating disc (or bar) and a spherical dark matter (or
stellar) system (see e.g. the seminal papers by J. A. Sellwood
1980; M. D. Weinberg 1985; S. Tremaine & J. P. Ostriker 1999,
where in our case the CND plays the role of the disc/bar, while
the NSC corresponds to the dark matter halo). We emphasize that
the axisymmetric, flattened CND induces a wake and a strong
quadrupolar torque structure onto the spherically symmetric NSC,
enabling the angular momentum transfer from the CND to the
NSC, such that the CND can lose sufficient angular momentum
to circularize onto the a-disc (see Appendix E for more details and a
visual of the torque map). Furthermore, we note that the self-torque
exerted by gas decreases for r < 1.5 pc and the torque actually be-
comes negative for 0.4 < r < 0.8 pc, where the mini-bar is located.
However, its amplitude remains significantly lower than that of the
NSC.

Next, we explore how NSCs of different compactness affect the
torque exerted on the gas. Fig. 8 shows the same quantities as Fig. 7
but focusing only on the gas-NSC interaction for our three different
NSC models. We find that the NSC radial mass profiles are very stable
and largely remain unchanged over 135 Myr. As shown in the middle
panel of Fig. 8, a denser NSC exerts a stronger specific torque, with
the the torque peaking closer to the BH at r ~ 0.95, 1.2, and 1.7 pc,
for the NSC-3pc, NSC-5pc, and NSC - 9pc runs, respectively. The
positions of maximum torque (star symbols) correspond well with
the spatial location where |V(M_/r)| is maximal (circle symbols),
as M_/r reflects the gravitational potential, and thus, V(M_/r)
represents the acceleration vector.

As observed in Fig. 6, at the edge of the CND (r ~ 7 pc),

the specific angular momentum of the gas is around 10¥cm?s™!.
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Figure 8. Radial profiles of enclosed mass (leff), the magnitude of specific torque (density-weighted; middle), and specific torque acting along gas angular
momentum, T - L (density-weighted; right), exerted on gas by the NSC stars. The solid lines represent the median values during the first 135 Myr, and the
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the location of maximum value of |V(M_(r)/r)| in the left panel, and star dots indicate the maximum values of the specific torque in middle panel. For more

information, see Section 3.2.1.

Consequently, the characteristic time-scale for the NSC torque to
actis ~ L/t < 3 Myr, which is consistent with our observation that
the CND forms and gas inflows toward the BH within < 3 Myr
from the start of the simulations.” A denser NSC exerts a stronger
torque and promotes faster formation of the CND, which in turn
influences the time evolution of the BH accretion, a topic that will
be discussed in Section 3.5. For r > 10 pc, this trend reverses:
a compact NSC exerts weaker torques, as its mass distribution
becomes less significant farther away from the centre. As shown
in the right panel, the NSC torque predominantly acts on the gas
in the opposite direction of the gas angular momentum, reducing
it, particularly in the region » ~ 0.7 — 7 pc. Within the innermost
region (r < 0.7 pe), the torque mostly fluctuates in sign, without clear
trends.

As mentioned earlier, the CND gas loses its angular momentum
due to the torque exerted by the NSC, which, in turn, increases
the angular momentum of the NSC. For example, in the NSC-
3pc simulation the specific angular momentum of the NSC within
r = 6 pc initially measures approximately 3.15 x 10?2cm?s~! and
increases to a median value of approximately 6.97 x 10*2cm?s~!
over 135 Myr. The median value of the NSC’s specific angular
momentum increase depends on its density, with more compact
NSCs leading to greater gas inflow, increasing by 125 per cent, 25.1
per cent, and 12.4 per cent for NSC-3pc, NSC-5pc, and NSC-
9pc, respectively. We measured v, /o of our simulated NSCs to be
~ 0.0143 — 0.023, which is small but still comparable to observed
NSCs, ranging from 0.02 to 0.3 within their effective radii (see
Fig. 2, e.g. FCC177, FCC277, and FCC310 in M. Lyubenova & A.
Tsatsi 2019). We note that the specific angular momentum of the
NSCs is two orders of magnitude smaller than that of the CND (see
Fig. 6). Even if the CND were associated with a more rotation-
supported NSC (say, with a tenfold higher v, /0), the specific
angular momentum of the simulated NSC would still be much smaller
than that of the CND, and it would still be able to exert a strong
enough negative torque on the CND.

9Given the deep gravitational potential of the NSC, the free-fall velocity at
r =6pcis vy = /2GM_/r ~ 16 km s~!, which corresponds to a free-fall
time-scale of approximately 0.40 Myr. However, the gas has a significant
azimuthal velocity component, V4 > 10 km s~!at r =6 pc (see Fig. 6),
requiring angular momentum transport via torques in order to be accreted
onto the BH. Therefore, the relevant time-scale for circularization should be
L/t <3 Myr.

Finally, to investigate how the CND rotation may induce NSC
ellipticity, €, we compute the mass tensor of the NSCs for r < 6 pc
following (see e.g. G. Despali, C. Giocoli & G. Tormen 2014),

1
My = I Z TialiBs

where r; is the position vector of i-th particle, and the summation
is carried out for r < res. Diagonalizing the mass tensor yields
eigenvalues [; (i = 1,2, 3; [} > [, > [3), from which the ellipticity
is given by e = (A — A3)/2A, where A; = /I;, A =>_A;. Our
results show that the NSC ellipticity is strongly influenced by the
CND rotation. For NSC-3pc, ellipticity increases from € = 0.00206
to 0.0103, while for NSC-5pc and NSC-9pc, it increases from
0.00261 to 0.00638, and from 0.00259 to 0.00378, respectively. The
observed ellipticity of NSCs with masses of Mysc = 10° — 10° Mg,
is reported to be approximately 0.02 — 0.4 (for e.g. M. Lyubenova
& A. Tsatsi 2019; N. Hoyer et al. 2023), which exceeds those
in our simulations. This likely arises because our initial NSCs
are highly isotropic and we are simulating a dwarf galaxy in
isolation over a limited period of time. None the less, our findings
demonstrate that CND formation can significantly enhance the
rotation and ellipticity of the host NSC. We further note that the
correlation between NSC density and both angular momentum
transport and orbital ellipticity aligns with the behaviour of T - L.
In the low-density NSC-9pc case, although the torque is weaker,
the gas has intrinsically lower angular momentum due to the
shallower potential and lower kinetic energy, allowing for effective
circularization.

(®)

3.3 Star formation in the circumnuclear region

3.3.1 How does in-situ star formation feedback affect CND
properties?

NSCs are typically thought to be composed of old stars, however,
recent studies have confirmed the presence of multiple stellar popula-
tions and ongoing star formation (e.g. S. Paudel & S.-J. Yoon 2020; K.
Fahrion et al. 2022, 2024). Therefore, in this section, we investigate
gravitational instability in the circumnuclear region and its role in
triggering star formation. Fig. 9 illustrates the evolution of the CND
in the NSC-5pc run, displaying gas surface density and temperature
maps alongside radial profiles of the Toomre Q parameter and SFR
surface density. The left-hand set of panels depicts the formation and
evolution of the initial stellar generation, while the right-hand set of

MNRAS 544, 2467-2492 (2025)
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Figure 9. Time evolution of the CND in NSC-5pc due to feedback from massive stars and SN explosions. The first three columns illustrate the formation
and evolution of the ‘first’ generation of stars in the CND, while the subsequent three columns show the ‘second’ generation. The panels display maps of gas
surface density (left columns), density-weighted temperature (middle columns), as well as radial profiles of the Toomre Q parameter (blue-solid lines) and the
surface density of SFR (red-solid lines) in the right columns. Blue-dashed lines show the threshold value of the Toomre parameter, Q = 1.2. The coloured dots
represent the locations of individual young massive stars responsible for stellar feedback (age < 35 Myr; mass > 5 Mg), with the dot size indicating the stellar
masses and the colour encoding their age. Across the simulated time span, the stellar mass of massive stars ranges from 5.4 to 78.4 M. The CND survives SN
explosions from the first stellar generation and keeps feeding the central BH, but becomes Toomre stable, preventing further in-situ star formation. At a later
time, large-scale gas inflows replenish the CND, which becomes Toomre unstable again, and drives a large SFR peak, which ultimately leads to the entire CND

dispersal. For more information, see Section 3.3.

panels shows the second generation. Individual young massive stars
with masses above 5 Mg and ages less than 35 Myr are shown as
coloured dots. This age threshold approximately corresponds to the
lifetime of an 8 M, star.

At t = 22 Myr, within the dense, cold CND, the gas becomes
gravitationally unstable at r ~ 4 — 7 pc (see also Fig. 4). In re-
gions where Q < 1.2, young stars form at a rate reaching Yggr =~
1 Mpyr—'kpc™>. As illustrated with the dots colour-coded by stellar
age, at t = 22 Myr massive stars form and rotate in the CND within
the Toomre-unstable region, emitting UV photons that ionize and
heat the surrounding CND gas. After their short lifetime on the main
sequence, these massive stars explode as SNe, partially disrupting
the CND and sweeping away gas streams from the circumnuclear
region (see maps at + = 34.5 Myr). This strong stellar feedback in
the CND renders the circumnuclear region for r > 6 pc highly stable,
with Q > 10%. These SNe explosions not only heat the circumnuclear
region, but also generate shocks within the CND, compressing the
gas towards the BH and shifting the minimum Toomre Q closer to
the centre. This process triggers a significant yet short-lived boost
in both in-situ star formation (see panels at + = 34.5 Myr with
srr ~ 0.2Mgyr'kpc~2 atr ~ 2 pc) and BH accretion. Despite the
disruption, the CND withstands the SNe of the first stellar generation
(see panels at ¢+ = 51.5 Myr, which show the circumnuclear region
after the final SN have exploded from this generation), although
it becomes Toomre-stable and further star formation ceases. This
allows the BH to stably accrete gas from the CND.

Around 50 Myr after the previous SN explosions (¢t =~ 100 Myr),
dense gas streams from the outer regions are captured by the NSC
potential and accreted onto the CND, triggering the formation of
a second stellar generation. By ¢ = 135 Myr, the large gas inflow
and subsequent gravitational instability lead to the formation of
a large number of young massive stars. At this time, nearly the
entire CND region becomes Toomre-unstable, with the SFR surface

MNRAS 544, 2467-2492 (2025)

density reaching Sspr > 2Mg yr—'kpc™? at r ~ 5 pc. Similar to
the first stellar generation, the feedback from young massive stars
disrupts the CND. However, by t = 155 Myr, SNe from the second-
generation stars completely evaporate the CND. As a result, inflow
to the accretion disc is terminated. Due to CND’s diffuse and hot
state, the Toomre Q reaches values as high as O > 100atr ~ 1 pe,
rendering the entire circumnuclear region stable.

InFig. 10, we present the time evolution of the SFR, inflow/outflow
rate (fop row), and enclosed gas mass (second row) within 10 pc of
the BH for simulations with NSCs of different effective radii. The
gas mass is divided into cold (T < 100 K) and warm gas (7 > 100
K). The CND gas mass fluctuates between 10 and 10* M, which is
slightly lower than values reported in the literature (10* — 10° Mg;
for e.g. M. Schartmann et al. 2018; C. K. Dinh et al. 2021; S. Solanki
etal. 2023), where CNDs are modelled in more massive host systems.
NSCs with different densities do not significantly affect the SFR
in the CND or the enclosed gas mass. As observed in Fig. 4, gas
accretes onto the CND primarily in the form of dense streams, where
itlosesits internal energy through cooling. Withinr < 10 pc, cold gas
dominates, comprising approximately 80 — 99 per cent of the total
gas mass. We find that when the total gas mass exceeds ~ 10* Mg
(black dashed line in the second row panels), the CND becomes
unstable and begins forming stars. We note that this limit increases
in denser NSCs, which is attributed to stronger tidal forces (larger
second derivatives of the potential; see also Appendix F), leading to
enhanced gravitational instability.

In the CND, star formation occurs through multiple cycles,
with two distinct episodes observed over a span of 200 Myr (at
aroundt ~ 10 — 50 Myrandz ~ 110 — 150 Myr), each lasting < 25
Myr. As shown in Fig. 9, the SNe from the first-generation stars
do not completely evaporate the CND, allowing it to persist for
~ 140 Myr in all three runs. The highly dense nature of the CND
(Zgas 2 10° M pe™2; see Fig. 5) enables it to withstand tens of SNe
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Figure 10. The time evolution of SFR in central 10 pc region as well as the gas inflow and outflow rates at = 10 pc (top row); enclosed gas mass, also split
by gas temperature (r < 10 pc; second row); number of SNe within different spatial regions (third row); and angular momentum direction of CND compared
to the galactic disc (Lenp - ﬁgal; bottom row). Gas is categorized as ‘cold’” or ‘warm’ based on a temperature threshold of 100 K. The black-dashed horizontal
lines in the second-row panels indicate the mass threshold at which star formation begins in CNDs, while the shaded region represents the period when SFR
is non-zero. The angular momentum of CND is density-weighted. It is shown with a solid line when the total enclosed mass (M. ga5) exceeds 103 Mg and
with a light grey dashed line otherwise. The CNDs in the different NSC runs survive the SNe after the first stellar generation; however, after the second stellar
generation, the CNDs are evaporated by the SNe in the circumnuclear region. For more information, see Section 3.3.

explosions, with an event rate of at least 0.3 Myr~! within r < 10
pc and 0.7 Myr~! within < 50 pc (see also e.g. Y. Shi et al. 2023).
During the second stellar generation, the SFR in all three runs reaches
> 107* Mg yr~!, which is about 10 per cent of the SFR in the entire
galactic disc (see also Fig. A2). The SNe from the second stellar
generation evaporate the CND, causing the central region to lose
more than 90 per cent of its gas. The third row of Fig. 10 shows the
number of SN events in time bins (Ny,s = 20; At = 10 Myr) within
10, 30, and 50 pc from the BH. The CND gas evaporates when the
number of SN events becomes sufficiently high, i.e. around 20 per
10 Myr.

The total stellar mass in the nucleus (r < 10 pc) is summarized
in Table 1, with the mass fraction of newly formed stars in the
nucleus relative to the total stellar mass being 1.22 per cent, 0.538
per cent, and 1.39 per cent for the NSC-3pc, NSC-5pc, and NSC-
9pc runs, respectively. We find that the in-sifu star formation is
influenced by the conditions of the ISM within 50 pc of the BH.
Notably, the SFR in the NSC-5pc run is relatively lower than in the
other runs. As a result of early stellar feedback and SNe explosions
near the CND (r > 10 pc) during the early phase of the second stellar
generation (see the red bar), the hot gas mass increases at r = 140
Myr. Even in the absence of SNe within r < 10 pc, this rise in hot
gas mass prevents gravitational instability and suppresses SFR in the

CND. Furthermore, in the simulation without an NSC, star formation
does not occur within » < 10 pc of the BH over the 200 Myr
period.

The bottom row of Fig. 10 shows the evolution of the angular
momentum of the CND over 200 Myr. We calculate the density-
weighted angular momentum of the CND, ZCND within r < 10 pc
and compute the inner product of its versor with that of the galactic
disc (Lenp - ﬁgal) to estimate the alignment of the CND relative
to the galactic disc. Gas inflows into the vicinity of the BH and
forms the CND within < 3 Myr of the beginning of the simulation,
after which the CND rotation direction changes due to both inflows
and outflows. Typically, the CND does not manage to align with
the galactic disc, oscillating at angles of approximately < 45° in
the NSC-5pc and NSC-9pc runs, while in the NSC-3pc run,
it exhibits a slightly broader range of misalignment of 30 — 110°.
For the NSC-3pc run, the SNe within the CND induce stronger
outflows compared to the other runs, reaching rates of 107> Mgyr~!
at + = 20 Myr, rapidly shifting the CND’s direction from ~ 40°
to ~ 100°. The subsequent inflowing gas alters the CND’s orien-
tation, causing back-and-forth variations by more than 2> 40° for
t = 10 — 140 Myr. We note that this variation in CND rotation leads
to warping within the CND, which will be discussed in the following
section.
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Figure 11. Gas density projections (top) and slice plots (bottom) in the nuclear region at four different times in NSC-5pc run. The projection box is 30 pc in
size and centred on the BH, while the slice plot is taken on a very thin plane of 12 pc in length that contains the BH. The arrows indicate the direction of angular
momentum of the galactic disc (white), CND (yellow), accretion disc (red), and BH spin (black). The inflowing gas has a different angular momentum direction
compared to the CND, causing the CND to gradually reorient itself from the outer edge toward the centre and forming a warped disc, which is re-aligning with
the angular momentum of the inflowing gas. The inner disc undergoes rapid precession. For further details, see Section 3.4.

3.4 Circumnuclear disc and galactic disc misalignment and
warping

The top panels of Fig. 11 show a sequence of gas surface densities
in the nuclear region at four different times for the NSC-5pc run.
The angular momentum directions of the galactic disc (white), CND
(vellow), accretion disc (red), and BH spin (black) are indicated with
arrows. At = 102 Myr, the angular momentum direction of the CND
deviates by approximately 40° from that of the galactic disc. Once
the CND forms, the torque exerted by the CND aligns the inflowing
gas to the CND, as shown in Fig. 7. However, when a large amount
of inflowing gas, rotating along a different axis, is accreted onto the
CND, it continues to be misaligned with respect to the CND’s inner
regions (see the second and third panels in Fig. 11). This leads to
the formation of a warped CND. Over time, we observe that the
inner disc gradually aligns with the outer disc due to gas depletion
by the BH and the torque exerted by the outer disc. Specifically, by
t = 138.8 Myr, the inner disc becomes aligned with the outer disc.

As shown in the bottom panels of Fig. 11, where central gas
density slices are displayed, the rotation of the inner region (r < 2
pc) of the CND is rapid and chaotic, exhibiting precession. This
precession is induced by the relative motion of the BH with respect
to the CND, which leads to mini-spirals and multiple circumnuclear
rings within the CND. The direction of both the BH spin and the
angular momentum of the accretion disc remains nearly unchanged
over 30 Myr. We note that the specific angular momentum of the
inflowing gas, L;,, oscillates around a level that is approximately
10 per cent of that of the a-accretion disc (which will be discussed
in detail later). The mass accretion rate is M;, ~ 0.01 My Myr™!,
resulting in a 0.1 per cent difference in total angular momentum over
1 Myr. The detailed evolution of the accretion disc and BH spin,
as well as the strong alignment between them, will be discussed in
Section 3.5.

This significant change in the angular momentum of the CND
results in distinct rotational characteristics for different stellar
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generations. Fig. 12 shows projections of newly formed stars in
the nuclear region at the completion of the first and second stellar
generations for our different NSC runs. For the first stellar generation,
spanning ¢ ~ 10 — 50 Myr, the angular momentum of the newly
formed stars deviates by 52°, 41°, and 40° from that of the galactic
disc in the NSC-3pc, NSC-5pc, and NSC- 9pc runs, respectively.
However, for t ~ 100 — 140 Myr, the inflowing gas alters the
rotation direction of the CND (see the bottom panels of Fig. 10),
resulting in the formation of young stars aligned with the reoriented
CND. As shown in the second and third rows of Fig. 12, the young
stars rotate in a plane which is clearly distinct from that of the older
stellar disc. Notably, in the NSC-3pc run, the rotation directions of
the first and second generations differ by nearly 90°. Additionally,
we observe that the stellar disc formed by the second generation
of stars is itself warped in the NSC-3pc and NSC-9pc runs. This
suggests that different stellar generations can exhibit complex and
distinct kinematic properties in the nuclear region. Interestingly, this
configuration is reminiscent of the Milky Way nuclear star cluster,
where two stellar discs — one rotating clockwise and the other
counter-clockwise — have been observed around Sagittarius A (for
e.g. R. Genzel, F. Eisenhauer & S. Gillessen 2010).

3.5 Evolution of the black hole

3.5.1 Black hole and accretion disc evolution

We now analyse how larger scale mass and angular momentum flows
influence BH and «-accretion disc evolution. Fig. 13 shows mass and
angular momentum (or spin) evolution of the inflowing gas onto the
accretion disc (left column), accretion disc (middle column), and
BH (right column) in simulations with and without an NSC. In
the noNSC run, gas intermittently flows towards the accretion disc,
with a mass inflow rate ranging between 10~¢ and 1077 Mg yr~'.
In contrast, the inflow is considerably more sustained and higher
in the presence of an NSC, oscillating around 107> Mg yr~!. This
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Figure 12. The projections of newly formed star particles in the nuclear region at the completion of the first (fop) and second (middle and bottom) stellar
generations for the three different NSC runs. The colour indicates the formation time (top and middle) of each stellar particle and its line-of-sight velocity
(bottom). The z-axis of the projection box is aligned with the cross-product of the angular momentum of the first and second stellar generation for clarity. The
top right arrows indicate the angular momentum direction of the galactic disc (grey), the stellar disc of the first generation (navy), and the second generation
(green). The CND changes its direction over time, resulting in each stellar generation having a different rotational plane. For more information, see Section 3.4.
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Figure 13. The mass (fop) and angular momentum (bottom) evolution of inflowing gas (leff), accretion disc (middle), and BH (right) for runs without and with
NSCs. Thick lines in the top left panel represent the inflowing mass rate to the accretion disc, while the thin lines represent the BH accretion rate. The bottom
left panel shows the specific angular momentum of inflowing gas, aligned with the angular momentum of the accretion disc. Inclusion of an NSC leads to a
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sustained BH mass growth and spin-up. For more information, see Section 3.5.1.
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inflow rate is consistent with the time-averaged radial inflow profiles
observed near the self-gravity radius, rsg ~ 1.5 pc, as shown in
Fig. 6.

At the beginning of the simulation, we observe that the CND forms
slightly faster in the run with a denser NSC, due to the stronger
torque (see Fig. 8). This initially results in a higher inflow rate,
which is then regulated by stellar feedback from the young stars in
the CND. After the feedback-induced regulation, the CND becomes
dynamically stable, and the BH accretion persists uninterrupted until
t ~ 140 Myr in all three simulations with an NSC, at which point
the CND is completely evaporated by SNe formed in situ. Notably,
initially SN explosions enhance the mass inflow rate to the accretion
disc, leading to sharp increases at t ~ 20 Myr and 7 ~ 120 — 150
Myr. This is because SNe rapidly compress the surrounding gas,
generating shocks near the BH that concentrate the gas and facilitate
efficient mass inflow onto the accretion disc. '

When the inflow rate exceeds the BH accretion rate, the accretion
disc mass increases, and vice versa, as shown in the middle panel.
The initial mass of the accretion disc is set to 100 Mg,. In the presence
of an NSC, the accretion disc mass increases up to 150 Mg, at which
point the BH accretion rate becomes comparable to the inflowing
mass rate during the first 20 Myr, establishing a stable equilibrium
until # = 100 Myr, when a large inflow of material from the ISM
occurs (see Fig. 10). As previously shown, bursty star formation and
subsequent SNe at around r = 140 — 150 Myr evaporate the nuclear
gas, causing the accretion disc mass to decrease as it is accreted onto
the BH. In the absence of an NSC, episodic inflows lead to slight
increases in the accretion disc mass, but overall, the accretion disc
mass is reduced due to BH accretion.'!

By comparing M;, (top-left panel) and My (top-middle panel) in
Fig. 13, we find that the BH accretion rate approximately follows
the evolutionary trend of the accretion disc [see also equation (2)
in D. Fiacconi et al. (2018)]. Over 200 Myr, the BH mass increases
by 10 per cent in the presence of an NSC, compared to only a
0.5 per cent increase in its absence (see also Table 1). However, no
clear correlation is observed between the NSC density and the growth
of the accretion disc or BH mass. The evolution of the accretion disc
and BH is instead determined by both the state of the CND and stellar
feedback in the circumnuclear region. While the BH growth in the
presence of the NSC is modest, we emphasize here that our dwarf
galaxy simulations are performed both in approximate equilibrium
and in isolation, and we would expect that the fresh gas supply from
the cosmic web and environmental perturbations, especially at high
redshift (M. C. Smith, D. Sijacki & S. Shen 2019), may lead to higher
BH fuelling.

The bottom-left panel shows the evolution of the specific angular
momentum of the inflowing gas, which influences the accretion disc’s
angular momentum. The angular momentum amplitude oscillates
around 5 x 10?2cm?s™! across the different runs. In the absence
of an NSC, the direction of the inflowing gas shows random
variation, resulting in minimal changes to the accretion disc’s angular
momentum, Jy over the entire 200 Myr. In contrast, the presence of
an NSC enables coherently aligned gas accretion for ~ 140 Myr.

10While SNe may contribute to angular momentum cancellation, their
dominant effect is to transport pre-existing low angular momentum gas from
r < 1 pc (see Fig. 6) toward the accretion disc’s self-gravity radius.

"In low accretion rate regimes, especially in the noNSC run, a thick disc
model may provide a more realistic description (see e.g. S. Koudmani et al.
2024). However, we apply the o-disc model uniformly across all runs to enable
a fair comparison of NSC effects. A more detailed treatment of accretion disc
physics will be explored in future work.
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Figure 14. Time evolution of BH’s Eddington fraction for different simu-
lation models. In the Bondi accretion model BH growth is overestimated as
gas angular momentum is not taken into account, whereas the «-disc model
shows much more moderate growth, which is boosted in the presence of a
NSC. For more information, see Section 3.5.2.

This originates from the rotationally supported CND formed in the
presence of the NSC (see Fig. 6), leading to an increase in the
angular momentum of the accretion disc, as shown in the bottom-
middle panel. Notably, in the NSC-5pc simulation, the inflowing
gas remains aligned with the rotation of the accretion disc throughout
the 140 Myr period, resulting in a 63 per cent increase in angular
momentum, whereas other runs with an NSC show increases of up
to 36 per cent.

Finally, the bottom-right panel shows the evolution of the spin
parameter of the BH. The Bardeen—Petterson torques drive alignment
between the accretion disc and the BH spin, ensuring that in the
setups considered here, the accretion disc always corotates with the
BH such that matter accretion onto the BH drives the growth of the
spin parameter in a manner analogous to the mass growth of the BH
(see Fig. 11 and D. Fiacconi et al. 2018). Since our BH mass is small
(M, ~ 10* Mg,) and the accretion disc typically dominates the total
angular momentum budget (see Fig. B1), the time-scale of the J. M.
Bardeen & J. A. Petterson (1975) effect is on the order of a few Myr.
Although the angular momentum of the accretion disc changes over
time due to gas inflow, the BH, and the disc repeatedly re-align. The
prolonged coherent matter accretion drives the growth of the spin
parameter, increasing it from an initial value of 0.7 to 2 0.8 in the
presence of the NSC. However, in the absence of an NSC and the
supply of gas for accretion that it promotes, the BH spin remains
nearly constant, staying at < 0.71.

3.5.2 Bondi—-Hoyle—Lyttleton accretion versus a-disc accretion
model

Fig. 14 shows the BH Eddington fractions for different accretion
schemes and different NSC properties that we have explored in this
study. Consistent with the findings from Fig. 13, the Eddington frac-
tion in the fiducial model (i.e. with the ‘w-disc’ scheme) sensitively
depends on the presence of an NSC: with an NSC the Eddington
fraction is > 1072, while in the absence of an NSC it is about one
order of magnitude lower, ~ 1073, We further note that the ‘a-disc’
simulation with a NSC but without super-Lagrangian refinement
(NSC-5pc-noSL) while qualitatively similar to NSC- 5pc, exhibits
clear quantitative differences: the gas in the vicinity of the BH within
the CND cannot reach as high densities, and hence is unable to
withstand strong stellar feedback which leads to its disruption. As a
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result, gas inflow to the accretion disc ceases, resulting in only two
distinct episodes of BH accretion in this run. This result highlights the
need for both very high resolution and realistic physical modelling
to be able to retain feedback-resistant material and track BH fuelling
with greater accuracy.

Specifically, this point is further underscored when we turn to the
analysis of the Bondi accretion model. In the NSC-5pc-Bondi
run, the BH reaches the Eddington limit ( fgaq = 1) at t < 40 Myr
and ¢ = 155 — 180 Myr, but in between it drops as low as 107°. We
note that the initially high BH accretion rate in the Bondi model
inhibits the formation of a dense CND, which slightly delays star
formation in the CND (both for the first and second generation). At
t ~ 50 Myr, SNe in the circumnuclear region completely evaporate
the CND, which is less massive and more diffuse than the CND in
the fiducial models. At¢ ~ 100 Myr, the NSC accretes gas again and
forms a new CND. With the Bondi model, the BH mass increases
by 460 per cent over 200 Myr, while the a-disc accretion model
shows only a 10 per cent increase for the same simulation setup (see
Table 1). The Bondi accretion model neglects the angular momentum
of the inflowing gas, clearly leading to an overestimation of the BH
accretion rate. However, it should be noted that, in the presence
of AGN feedback, the strong dependence of Bondi accretion on
gas density and sound speed makes the BH growth self-regulating,
thereby ultimately suppressing very large BH growth we observe
here.

4 DISCUSSION

In this study, we take advantage of very high-resolution simulations
of individual dwarf galaxies where individual star formation is
resolved. Furthermore, by accurately resolving gas on the scale of the
accretion disc self-gravity radius with super-Lagrangian refinement,
we investigate how the multiphase ISM feeds the BH and influences
its spin, both with and without an NSC.

A study that is closest to ours is by C. Partmann et al. (2025), who
explored BH accretion and nuclear star formation with NSCs in dwarf
galaxy systems using pc-scale resolution simulations. Comparison
to our results provides useful insights into the role of NSCs and
accretion models. In general, we find a broad agreement with their
findings, which is encouraging and firmly underscores the presence
of an NSC can promote nuclear gas inflows and support the growth
of the central BH in simulations of dwarf galaxies (and likely in more
massive systems as well). More specifically, their study found that
the explosion of nuclear SNe evaporates all the gas within the central
10 pc, limiting BH accretion to short periods of only a few tens of
Myr. Our simulations having a higher spatial and mass resolution near
the BH due to super-Lagrangian refinement, capture the formation of
a CND — a much denser (reaching Tenp 2 10° Mg pc?) and colder
(Tenp ~ 10% K) structure. This structure can remain largely intact
despite SN feedback, surviving SNe rates of ~ 0.3 Myr~! in the
r < 10 pc region (and 0.7 Myr~! in r < 50 pc; see Fig. 10), thereby
allowing the host BH to accrete stably over long periods (i.e. of the
order of 140 Myr).

This result aligns with the findings of Y. Shi et al. (2023), who
investigated BH accretion within massive star-forming gas clumps
and reported that surface densities exceeding 10* M pc™2 can persist
throughout the episodes of strong stellar feedback. However, Y. Shi
et al. (2023) did not observe the formation of a fast-rotating CND,
as they did not model a centrally concentrated gravitational potential
such as the one provided by the NSC in our simulations. Similarly,
M. Schartmann et al. (2018) studied star formation in CNDs with
radii of several hundred parsecs. They found that the CND undergoes
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Figure 15. The SFR surface density in nuclear region versus NSC mass for
this work and observations in nucleated late-type dwarf galaxies from K.
Fahrion et al. (2022) (circle). The colour of symbols represents the stellar
mass of the host galaxy. The triangle and square symbols represent the
median value of the SFR surface density for # = 0 — 200 Myr within spheres
of r = 10 and 25 pc, respectively, which correspond to the half of FWHM
values estimated based on the maximum and minimum resolutions, following
K. Fahrion et al. (2022). The error bars associated with triangle and square
symbols indicate the Sth and 95th percentiles of the distribution evaluated over
t = 0 — 200 Myr. Note that both friangle and square symbols correspond to
the same NSC mass, Mnsc = 3.16 x 107 Mg, but are slightly offset for
clarity. We find that the simulated SFR surface density matches well the
observations, both in terms of NSC masses as well as host galaxy stellar
mass. For more information, see Section 4.

strong fragmentation, forming massive clumps due to gravitational
instability and intense nuclear starburst. In our simulation, the CND
forms within a lower mass galaxy, leading to a CND mass that is
100 times lower. Moreover, the presence of an NSC leads to a steeper
potential gradient compared to the bulge, enhancing the rotation of
the CND. This enhanced rotation suppresses severe fragmentation,
distinguishing our findings from previous studies of star formation
in CNDs.

To further understand whether our simulated CNDs and the in-situ
SFR they sustain are realistic, we compare with recent observations
of dwarf galaxies. K. Fahrion et al. (2022) studied the SFR surface
density in the circumnuclear regions of nucleated late-type dwarf
galaxies using integral-field spectroscopy data obtained with the
Multi-Unit Spectroscopic Explorer (MUSE). Fig. 15 compares the
time-averaged (median) SFR surface density within the full-width at
half-maximum (FWHM) and the mass of NSCs between our work
and that of K. Fahrion et al. (2022). We calculate the SFR surface
density over 200 Myr with a time-step of 10 Myr. The maximum and
minimum FWHM of NSC stars in our simulations are estimated
based on the minimum and maximum spatial resolutions of the
observed samples in K. Fahrion et al. (2022, 4.8 and 20 pc), resulting
in FWHM values of 20 and 50 pc, respectively. All three different
NSCs share the same FWHM values for these resolutions.

The SFR surface densities in the simulations range from ~ 1072
to 0.4 Mg yr~! kpc™2, comparable to the observed data. Notably,
despite having the smallest total stellar mass in the central region
within the simulation sample, NSC- 5pc exhibits the highest median
SFR surface density.!> This can be attributed to its steadier SFR

12However, a distinct correlation between NSC mass and either SFR surface
density or the stellar mass of the host galaxy is not present in the observational
sample. Similarly, no strict correlation is found between the SFR and NSC
density.
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evolution, which is regulated by SN feedback in the outer regions
(r > 10 pc; see Fig. 10). In contrast, simulations such as NSC-3pc
and NSC-9pc experience more bursty star formation. Moreover,
we note that approximately 1 per cent of the total mass of newly
formed stars originates in the nuclear region when an NSC is present
(see Table 1). This ongoing star formation contributes to the gradual
growth of NSCs, which increase in mass by 1 —2 per cent over
200 Myr through in-situ star formation. In contrast, noNSC shows
no star formation in the vicinity of the BH within r < 10 pc, further
emphasizing the localized nature of star formation driven by NSCs.

In Section 3.4, we have analysed a persistent misalignment
between the CND and the galactic disc, including a warped CND, as
well as a misalignment between CND and the inner accretion disc and
BH spin. This finding is consistent with the widely observed finding
that the ‘spin axis’ as inferred from AGN jet orientations, shows
misalignment with the angular momentum of gas on an observable
‘macroscopic’ scale within galaxies. A. L. Kinney et al. (2000)
reported an angular offset between the accretion disc and the galactic
disc in a sample of Seyfert galaxies and discussed the possibility that
this offset arises from the inflowing gas onto the accretion disc being
tilted or from the gravitational potential of an NSC surrounding the
BH being misaligned. The warped disc in the CND or accretion
disc can be probed using (Mega)Maser observations via VLBI. For
instance, in NGC 4258, a thin gas disc within the sup-parsec region
of the nucleus is found to be substantially warped (e.g. M. Miyoshi
et al. 1995; W. A. Baan et al. 2022; F.-H. Liang et al. 2024). MUSE
observations of M87 reveal a 400 kms~! biconical outflow aligned
with the jet, and a sub-arcsecond (~ 5 pc) ionized gas disc that is
significantly warped. The innermost part of the disc has a position
angle nearly perpendicular to the jet axis, indicating strong kinematic
misalignment on small scales (e.g. B. Jeter & A. E. Broderick 2021;
J. Osorno et al. 2023). The distinct kinematic behaviour of different
stellar generations in nuclear regions is reminiscent of the central
0.5 pc of Sgr A* region, where two counterrotating stellar discs of
similar ages have been observed (e.g. T. Paumard et al. 2006; H.
Bartko et al. 2009; R. Genzel et al. 2010; A. Mastrobuono-Battisti
et al. 2019).

4.1 Caveats and future work

In this section, we highlight some caveats and future developments
for our model. In this study, for the sake of simplicity and to isolate
the impact of stellar feedback, we focus on the BH accretion and
do not include any BH feedback, such as jets, wind, or radiation,
which can affect the CND evolution and ISM in the circumnuclear
region. Such feedback may drive mass-loaded outflows that starve
the nucleus of fresh fuel, particularly in the shallow potential wells
of dwarf galaxies (e.g. S. Koudmani et al. 2022; R. S. Sharma et al.
2023). In future work, we plan to include BH-driven jet and wind
feedback fully coupled to the BH spin to explore this important issue
(e.g. R. Y. Talbot et al. 2022, 2024).

In addition, our simulations do not model cosmological con-
text. However, to somewhat mitigate this caveat, we calibrate the
thermodynamical properties of the CGM based on cosmological
zoom-in simulations of dwarf galaxies (S. Koudmani et al. 2022)
to mimic the likely CGM inflow rates and model more realistic
galactic outflow propagation. We also note that major mergers are
extremely rare in such very low mass systems; for instance, S.
Koudmani et al. (2022) report only one merger with a stellar mass
ratio greater than 1:100 at z = 4 (see also G. Martin et al. 2021).
None the less, fully cosmological zoom-in simulations of dwarf
galaxies with NSC will be crucial to better understand the likely
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BH fuelling in these systems, which is something we plan to tackle
in our future work. Such cosmological simulations, including AGN
feedback, will be able to shed light on the possible link between
the morphological/kinematical structure of dwarfs (with and without
NSCs) and AGN activity (see e.g. S. J. Kimbrell et al. 2021, for an
observational study) as well as on the relationship between the BH
mass and NSC mass (see e.g. J. E. Greene et al. 2020) across cosmic
time.

Also, our simulations do not account for magnetic fields, which
may alter the dynamics of the CND and subsequent BH accretion. For
example, P. F. Hopkins et al. (2024) showed that magnetic fields may
exert a strong negative torque on the gas, leading to the formation of
a thick and dense CND.

Another important accretion channel for IMBHs is tidal disruption
events (TDEs) of stars, especially in dense stellar systems such as
NSC (e.g. K. Zubovas 2019; S. Lee et al. 2023; A. Rantala et al.
2024; J. N. Y. Chang et al. 2025). Using observational constraints
on stellar density profiles in star clusters and BH masses, J. N. Y.
Chang et al. (2025) estimated the TDE rate to be 1076 — 10~ yr~!
for BHs with masses in the range of 10* — 10° My, which becomes
comparable to gas accretion rates in our simulation. Our simulation
models the NSC using a single particle mass (6 Mg) with a softened
gravitational force (ensc = 0.175pc), which implies that we are
unable to properly capture gravitational dynamics on scales smaller
than ensc. Consequently, both the relaxation process and mass
segregation in NSCs cannot be resolved within the scope of our
current work. To achieve a more accurate assessment of BH growth,
we plan to incorporate the TDE channel into our BH accretion
modelling and implement direct N-body calculations with a more
reasonable stellar mass distribution.

In the super-Lagrangian refinement region, we explicitly prevent
star formation in gas cells with masses below 0.08 Mg in order to
avoid the formation of excessively low-mass star particles. However,
as shown in Fig. 9, the Toomre-unstable region is located at » > 0.3
pc, where larger gas cells are located, and we have confirmed that all
gas cells with m¢; < 0.08 Mg would have anyway been ineligible
for star formation via our standard prescription (i.e. the local Jeans
mass was always more than 8 times the cell mass) throughout the
entire simulation.

5 CONCLUSIONS

In this study we perform a high-resolution MandelZoom simulation
suite considering an isolated dwarf galaxy at a mean baryonic mass
resolution of 20 Mg and peak spatial resolution of < 0.01 pc. The
dwarf galaxy is composed of a central IMBH with a mass of 10* Mg,
a gaseous and stellar disc with a combined baryonic mass of ~
7.8 x 10’ Mg, and a DM halo. The total mass of the galaxy is
10'° M, and it is embedded within an extended CGM.

To model a realistic ISM, we explicitly sample stars according
to an IMF and track the individual stellar evolution, incorporating
stellar feedback mechanisms such as photoionization, photoelectric
heating, and individual SN explosions. Furthermore, our simulation
suite explores dwarf galaxies both with and without NSCs, covering
arange of NSC densities. By employing a super-Lagrangian refine-
ment approach, we attain a spatial resolution of < 0.01 pc near the
BH. This enables us to reliably capture the detailed hydrodynamic
and gravitational interactions from the galactic-disc-scale down
to the self-gravitating region of the «-accretion disc, where we
track BH mass and spin evolution assuming the standard Shakura-
Sunyaev accretion disc model. The combination of super-Lagrangian
refinement, resolved individual stars, and detailed BH accretion

920z Ateniged ¢ uo 1senb Aq GE//828/L9V2/Z/yyS/aI01HE/SEIUW WO dNO"0IWepED.)/:Sdy WOy papeojumoq



modelling allows us to resolve key processes governing angular
momentum and mass transfer onto the IMBH, providing critical
insights into its long-term growth and thermodynamic state on the
surrounding environment. We summarize our main results as follows:

(i) Multiphase ISM structure within the galactic disc comprises of
cold-dense clumps, filaments, warm medium, and hot-diffuse voids,
which are shaped by stellar feedback. In the presence of an NSC, the
multiphase gas is effectively captured and circularized around the
galactic nucleus, forming a cold, dense CND with a radius of < 7 pc.
The CND has a mass of 103 — 10* M, a very high surface density
of ~ 103 Mg pc~? and is mainly composed of cold gas with < 102
K. This CND is highly turbulent, with a Mach number of ~ 20, due
to shocks induced by circumnuclear structures, such as mini-spirals,
mini-bar, and circumnuclear rings, as well as in-situ star formation.

(ii) The gas in the CND constantly loses its angular momentum
primarily due to the torque exerted by the NSC at r ~ 1 pc and
also due to circumnuclear bars, spirals, and rings at » << 1 pc. This
leads to effective gas circularization onto the «-accretion disc and
ultimately transfer of mass and angular momentum onto the BH.
The BH growth is none the less moderate, leading to ~ 10 per cent
increase with respect to the initial BH mass after 200 Myr, but it is
sustained at about ~ 0.01 of the Eddington rate, with peaks up to 0.1,
which correspond to bolometric luminosities of Ly ~ 1.2 x 10% —
4.2 x 10" erg s7!.

(iii) When the CND becomes Toomre unstable, young stars form
in the CND, and the subsequent SNe heat the CND and halt
successive star formation. The star formation episodes last < 25
Myr, resulting in multiple stellar generations in the nucleus. Due
to its highly dense nature, the CND can withstand a SNe rate of
0.3 Myr~! with tens of successive SNe explosions within » < 10 pc,
which allows the BH to continue accreting gas over 150 Myr.

(iv) The CND is misaligned with respect to the galactic disc and
changes its rotational axis on a time-scale of 2> 20 Myr. Large inflows
of fresh ISM gas further lead to CND warping. As stars form within
the CND and its rotation axis evolves over time, different stellar
generations move within distinct rotational planes and are warped as
well.

(v) The mass of the «-accretion disc fluctuates around 1 —
2 per cent of the BH mass, due to a balance between inflows from
the ISM and BH accretion. For our IMBH mass regime, the accretion
disc dominates the angular momentum budget, which results in the
alignment of the BH spin to the accretion disc. This allows the BH
spin parameter a, to steadily increase due to prolonged coherent
accretion in the presence of an NSC.

(vi) In the absence of an NSC, the gas fails to form any stable
structure in the vicinity of the BH, with low mass flux flows having
random angular momentum sporadically reaching the accretion disc.
As a result, both the accretion disc and BH accretion are largely
insignificant and much reduced compared to the simulations with
NSCs. This indicates that NSCs are crucial in understanding IMBH
growth in dwarf galaxies.

(vii) When comparing the «-accretion disc model with the tra-
ditionally used Bondi model, we find that the latter leads to a
very different accretion history and significantly faster BH growth,
resulting in a final BH mass that is a factor of ~ 4 higher. Since
the Bondi model assumes radial symmetry, neglects the angular
momentum of accreting gas, and does not differentiate between gas
phases, it ultimately leads to a systematic overestimation of BH
accretion.

Our simulations highlight the need to study BH fuelling within a
resolved, multiphase ISM at sub-pc resolution. We demonstrate how

BH accretion in dwarfs 2487

the complex interplay between stellar feedback, NSCs, and dense
(warped) CNDs can both lead to nuclear in-situ star formation and
sustained BH growth. Exploring such setups, where key BH feedback
channels are accounted for as well, in full cosmological simulations
is becoming possible. It will ultimately allow us to shed light on the
build-up of the elusive high redshift black hole population, which is
currently one of the most puzzling astrophysical quests.
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APPENDIX A: CIRCUMGALACTIC MEDIUM
PROPERTIES

Fig. A1 shows gas density projections and Voronoi mesh slice plots
for simulations with and without CGM. In the noCGM run, the gas
density in the central region (» < 7 kpc) is comparable to that in the
CGM run, but it decreases significantly with radius and has large cell
sizes. Note that cell sizes in the noCGM run remain uniform across
the entire box, except in regions containing hot, diffuse outflows from
the disc. In contrast, the gas distribution in the CGM run maintains an
almost constant gas surface density of approximately 0.1 Mg, pc~>
throughout the entire box. The cell sizes are configured to increase
with radius according to the spatially dependent resolution scheme,
allowing CGM cells to be refined or derefined when the outflow mass
fraction in the cell exceeds 10 per cent (see Section 2.4.1).

Fig. A2 compares the time-averaged radial profiles of gas density,
temperature, metallicity, pressure, and radial velocity, as well as
the time evolution of the star formation rate, between the two
simulations. In both simulations, the gas distribution in the disc
region, particularly within r < 3 kpc, exhibits significant variation
over time, driven by intense star formation and stellar feedback. In
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Figure Al. Visuals of noCGM (top) and CGM (bottom) runs at t = 200 Myr.
Left: edge-on gas density projection plots in the (100 kpc)® box. Right:
Voronoi slice plots of gas cells. The gas cells size as a function of radius
is shown in Fig. 2. For more information, see Section 2.4.1 and Appendix A.

the noCGM run, the density distribution around r = 10 kpc fluctuates
with time due to SNe-driven outflows. In contrast, the outer disc
region in the CGM run remains stable, as its gas distribution is
approximate thermodynamic equilibrium. As shown in Fig. A1, the
noCGM run exhibits significant radial variations, characterized by a
more diffuse, cold, and low-pressure medium compared to the CGM
run. In the outer disc of the CGM run, the gas maintains a constant
density of 1072°g cm ™, a temperature of 3 x 10* K, and a pressure
of 1077 dyn cm™2.

Examining the metallicity distribution reveals that stellar
feedback-driven outflows in the noCGM run extend to approximately
20 kpc, with outflow velocities reaching 70 km s~! at a radius of
around 50 kpc. In contrast, in the CGM run, most metals are confined
within a radius of 3 kpc at + = 200 Myr. This confinement is caused
by ram pressure between the metal-rich outflows and the CGM.
The ram pressure further reduces outflow velocity to approximately
10 km s™! (see e.g. E.-J. Shin et al. 2021). We note that these CGM
properties are consistent with the CGM distribution observed in
cosmological zoom-in simulations of dwarf galaxies by S. Koudmani
et al. (2022).

Lastly, in the bottom-right panel, we present the time evolution of
the SFR for the CGM and noCGM runs. Both runs exhibit a similar
SFR trend. Initially, the SFRs decrease during the first 20 Myr due to
photoionization feedback driven by massive stars formed during the
initial star formation episode (see Fig. 6 and discussion in M. C. Smith
et al. 2021). Subsequently, the SFR increases until + = 100 Myr
and stabilizes at approximately 2.5 x 1073 Mg yr~!. This smooth
evolution of the SFR is attributed to early stellar feedback processes,
namely photoionization and photoelectric heating (M. C. Smith et al.
2021). The total masses of newly formed stars are 4.86 x 10° Mg and
4.48 x 10° M, for the CGM and noCGM runs, respectively. Since the
CGM was initialized in an equilibrium state consistent with the halo
structure, it does not exert additional pressure on the disc. However,
we note that if the CGM is not in hydrostatic equilibrium with the

MNRAS 544, 2467-2492 (2025)

920z Arenigad g1 uo 1sanb Aq GE//828/.9v2/Z/y¥S/P0Ie/Seluw/woo dno-ojwapese//:sdny Wwoly papeojumoq


http://dx.doi.org/10.1093/mnras/stx2381
http://dx.doi.org/10.1051/0004-6361:20066711
http://dx.doi.org/10.1086/522203
http://dx.doi.org/10.3847/1538-4357/ace046
http://dx.doi.org/10.1093/mnras/stac3245
http://dx.doi.org/10.3847/1538-4357/abffd0
http://dx.doi.org/10.1038/338045a0
http://dx.doi.org/10.1111/j.1365-2966.2009.15452.x
http://dx.doi.org/10.1093/mnras/stw3291
http://dx.doi.org/10.1093/mnras/stab291
http://dx.doi.org/10.1093/mnras/sty994
http://dx.doi.org/10.1093/mnras/stz599
http://dx.doi.org/10.1093/mnras/stab1896
http://dx.doi.org/10.3847/1538-4357/acdb6f
http://dx.doi.org/10.1086/150855
http://dx.doi.org/10.1086/149032
http://dx.doi.org/10.1111/j.1365-2966.2009.15715.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09238.x
http://dx.doi.org/10.1093/mnras/stx097
http://dx.doi.org/10.1093/mnras/stab804
http://dx.doi.org/10.1093/mnras/stac1566
http://dx.doi.org/10.1093/mnras/stae392
http://dx.doi.org/10.1111/j.1745-3933.2011.01147.x
http://dx.doi.org/10.1093/mnras/stae682
http://dx.doi.org/10.3847/1538-4357/aad414
http://dx.doi.org/10.1046/j.1365-8711.1999.02558.x
http://dx.doi.org/10.1086/153422
http://dx.doi.org/10.1086/505166
http://dx.doi.org/10.1093/mnras/213.3.451
http://dx.doi.org/10.1093/mnras/stw2583
http://dx.doi.org/10.1093/mnras/sty3211
http://dx.doi.org/10.1093/mnras/stu1906

2490  E.-J. Shin et al.

10-19
1072 107
= 1021 10713
; g
107 % 10-15
= 10~ 017
107% 10-10 ‘\\
1
10° 10! 10? 10° 10! 10?
Radius [kpc] Radius [kpc]
0.004
= ge I T; 0.003
£ : £ 3
= N £ 1 <
BS ) - & 0.002
N "| A
1
\ 0.001
\
L WY
10° 10! 102 10! 102 0 50 100 150 200
Radius [kpc] Radius [kpc] Time [Myr]

Figure A2. Radial profiles of gas density (density-weighted), temperature (density-weighted), pressure (density-weighted), radial velocity (density-weighted),
metallicity (density-weighted) as well as the time evolution of SFR for noCGM and CGM runs. The metallicity difference, Z — Zpoor, represents the deviation of
metallicity from the initial value, Zgoor = 0.1Zg. The dashed lines indicate the results at 200 Myr, while the solid lines show the median values over 200 Myr.
The shaded regions represent the 16th and 84th percentiles during 200 Myr. For more information, see Appendix A.

halo potential, the SFR could be increased by CGM pressure or
inflows, though this is not the case in our simulation.

APPENDIX B: EVOLUTION OF a-ACCRETION
DISC: SELF-GRAVITY RADIUS AND ANGULAR
MOMENTUM

In this section, we briefly discuss the time evolution of accretion
disc properties. The self-gravity radius of accretion disc, rsg is
defined where the Toomre parameter Q below the critical value,
Q(rsg) = 1; we limit the accretion disc mass to be smaller than

2845 245 o —52/45
B0~ 125 x10° () (—fEdd) ( : ) :
T'Sch 0.1 0.1 10 Mg

(B1)

where o = 0.1 is the Shakura—Sunyaev viscosity parameter and
rsen = 2GM,/c? is the Schwarzschild radius, while the specific
angular momentum of the accretion disc follows:

Lg ~ 1.23 x 10%*cm?s™!

() () () ()
0.1 10* Mg 0.1 106 Mg
For the detailed derivation, we refer to appendix A in D. Fiacconi
et al. (2018).

The left panel of Fig. B1 shows the evolution of the self-gravity
radius in the simulations with and without an NSC. As can be
seen from equation (B1), the self-gravity radius exhibits an inverse
correlation with the Eddington fraction, fgqq. Initially, the self-
gravity radius is approximately 0.4 pc, determined by the initial
accretion disc mass and the Eddington fraction. In runs with an
NSC, the accretion disc is continuously supplied with material from
the CND, which increases the Eddington fraction and consequently
causes the self-gravity radius to shrink to = 0.1 pc. For the run
without an NSC, the self-gravity radius increases as the Eddington
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fraction decreases (see Fig. 14), except during episodic accretion
events at + = 40 — 50 Myr and ¢t = 100 — 140 Myr. By ¢ = 200
Myr, the self-gravity radius reaches 0.9 pc.

The specific angular momentum of the accretion disc, shown in
the middle panel of Fig. B1, follows similar trends, as expected from
equation (B2). In the presence of a NSC, the specific angular mo-

mentum fluctuates between 3 x 102 and 6 x 10%* cm? s~!, whereas

in the absence of a NSC, it increases and reaches to 8 x 102 cm? s~!
att = 200 Myr.

The right panel of Fig. B1 shows the evolution of the angular
momentum ratio between the accretion disc and the BH (J4/J,).
In all models, the angular momentum of the accretion disc is
dominant, and the BH has only < 0.5 per cent of the total angular
momentum over the entire simulated time-span. In the absence of an
NSC, the ratio remains relatively constant, as BH accretion exceeds
external mass inflow onto the a-accretion disc, gradually reducing the
accretion disc’s angular momentum budget. In contrast, as shown in
Section 3.5, in runs with an NSC, the inflow from the CND increases
the angular momentum of the accretion disc by 36-63 per cent,
which results in a notable change in J4/J,. As shown in Fig. 13,
in the NSC-5pc simulation, inflowing gas remains aligned with the
rotation of the accretion disc throughout the 140 Myr period, driving
a faster increase in the angular momentum of the accretion disc. As
discussed in Section 3.5, when the BH spin aligns with the accretion
disc, accretion from the disc onto the BH drives an increase in the
angular momentum of the BH (also see D. Fiacconi et al. 2018).
Thus, without sufficiently high angular momentum replenishment,
the disc will gradually lose its angular momentum to the BH.

APPENDIX C: TORQUE FROM
CND-ACCRETION DISC MISALIGNMENT

In this section, we estimate the viscous torque exchanged between
the CND and the «-disc due to their misalignment. According to J.
C. B. Papaloizou & J. E. Pringle (1983), assuming the presence of
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Figure B1. Time evolution of the accretion disc’s self-gravity radius (left), specific angular momentum (middle), and the angular momentum ratio between the

accretion disc and the BH (Jq/J,; right), For more details, see Appendix B.

effective viscosity, the specific torque exerted between the inner and
outer disc can be approximated as follows:

Twarp ~ 2mvERw® m

3
~ 4.1 x 10°cm?s™2 v b2 "
' ) 2.2 x 108 cm? 57! 103 Mgpe—2 0.2pc

w |df/dr| m O\
(6>< 10*143*1> <90°/0.1pc> <IOOM®> ' €D

where v is the effective viscosity, mgy, r, X, w is the mass, radius,
surface density, and angular velocity of the inner disc (i.e. a-disc),
respectively, and |df/dr| is the magnitude of the radial derivative
of the unit tilt vector between the outer disc and inner disc. For
our simulation setup the resulting torque time-scale due to the warp
remains on the order of ~ 1 Gyr. Therefore, in equation (6), we can
ignore the torque term arising from the misalignment between the
CND and the accretion disc.

APPENDIX D: GAS ROTATION CURVE
COMPARISON

Fig. D1 shows the rotational velocity curves of our simulated dwarf
galaxy with and without NSC (crimson and black lines, respectively),
along with the observed WLM galaxy (red dots). The WLM data
are taken from J. I. Read et al. (2016), with dark matter halo
mass of Magy = 8.3733 x 10° Mg, and a concentration parameter
of c = 1732, both quoted at 68 per cent confidence. Our halo
parameters fall within the quoted error ranges. Overall, the rotation
curves of both noNSC and NSC-5pc runs agree well with the
observed data within +5 km s~ !, showing that our initial conditions
are consistent with the rotation curve of WLM. We further verified
that the rotation curve remains stable throughout the simulation,
exhibiting only minor variations. Moreover, J. I. Read et al. (2016)
compared concentration parameters for dwarf galaxies of similar
mass and found values in the range ¢ = 15.1 — 28.9. This indicates
that our adopted concentration of ¢ = 15 lies at the conservative end
of the observed distribution. Importantly, despite this conservative
choice, the CND still forms rapidly in our simulations, appearing
within only ~3 Myr from the simulation start, which demonstrates
the robustness of this process.

50
noNSC
—— NSC-—5pc
401
¢ WLM—Read+2016
= 304
=
=
S5 201
101
0 ] | } } !
0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Figure D1. Comparison of rotation curves between our simulated dwarf
galaxies (noNSC and NSC-5pc runs) and the WLM dwarf galaxy based on
Hidata analysed by J. I. Read et al. (2016).

APPENDIX E: TORQUE INTERACTION
BETWEEN THE CND AND NSC

In this section, we provide further details on the torque interaction
between the CND and the NSC. Fig. E1 shows the edge-on view
of the CND surface density (leff) and the corresponding map of
the gravitational torque exerted on the NSC by the CND (right) for
the NSC-5pc run at = 135 Myr. The quadrupolar pattern induced
by the (warped) CND, characterized by alternating signs at the
quadrant boundaries where the torque changes direction, is clearly
evident. This pattern reflects the gravitational coupling between the
axisymmetric CND and the NSC, whereby CND induces a wake
in the NSC which exerts a torque on the CND slowing it down.
As a consequence the NSC gradually gains angular momentum and
becomes aligned with the CND. The torque strength is on the order
of ~ 10" cm? s~2, comparable in magnitude to the NSC torque
shown in Fig. 8. This behaviour is analogous to the resonant torque
mechanism (see e.g. J. A. Sellwood 1980; M. D. Weinberg 1985; S.
Tremaine & J. P. Ostriker 1999), in which the axisymmetric structure
excites a coherent response in the surrounding spherical stellar or
dark matter system, which in turn absorbs and dissipates the angular
momentum of the bar or disc.
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Figure E1. Projected gas surface density in the region where CND resides (leff) and the corresponding torque map (right) showing the edge-on view of the
NSC-5pc run at t = 135 Myr. The torque map shows the mass-weighted gravitational torque exerted by the CND on the NSC. The cross symbol marks the

location of the BH.

APPENDIX F: ENERGY DISTRIBUTION IN THE
CIRCUMNUCLEAR REGION

Fig. F1 shows the radial distribution of specific gravitational po-
tential, thermal, and kinetic energy in the circumnuclear region for
simulations with and without an NSC. For r > 100 pc, the energy
profiles remain similar regardless of the presence of an NSC. As
the system approaches the NSC, a denser NSC produces a deeper
gravitational potential. The potential energy difference between the
most compact configuration (NSC-3pc) and the most diffuse one

(NSC-9pc) is approximately 2 x 10'% erg g~!. The denser NSC has
a steeper potential gradient at r = 1 — 10 pc, inducing a stronger
tidal force. This, in turn, makes the denser NSC more gravitationally
stable, increasing the mass threshold for the star formation as shown
in Fig. 10. As expected, the deeper gravitational potential allows the
system to rotate faster, leading to a higher kinetic energy forr < 7 pc

(see also Fig. 6). In such a potential well, the circumnuclear region
can sustain a hotter and more turbulent gas. In the absence of the

NSC, the potential energy does not exceed —8.1 x 1073 erg g7!,
resulting in inefficient accretion onto the CND.
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Figure F1. Radial profiles of specific potential energy (density-weighted; left), specific thermal energy (density-weighted; middle), and specific kinetic energy
(density-weighted; right). The lines represent the median values during the first 135 Myr.
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